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Temperature dependence and short-range electrolytic
interactions within the e-PPC-SAFT framework

Juan Sebastian ROA PINTO, Nicolas FERRANDO, Jean-Charles de HEMPTINNE, Amparo
GALINDO

Abstract

Understanding and modelling electrolyte systems is of interest both in an industrial context and from a
fundamental point of view. Their importance is related to their key role played in traditional and
emerging industries, and to the ubiquitous presence of saline solutions in biological, chemical, and
geological environments. The development of electrolyte equations of state has advanced greatly in
recent years, with the aim to describe the properties of electrolyte systems using a limited number of
parameters, in a way that allows describing accurately the equilibrium properties of these solutions.
Here, we explore the temperature and salt concentration dependence of various PPC-SAFT-based
models, using simple alkali halide salts (primarily NaCl). The dispersion and association free-energy
terms characteristic of SAFT-like equations are compared for the description of the ion-solvent non-
Coulombic interactions. Several formulations of the dielectric constant are also investigated. In all
models the MSA term is used to account for the electrostatic interactions between the ions and the Born
term is added to model the ion-solvent electrostatic interactions. The molecular model parameters are
determined by comparison to experimental enthalpy of solution, activity coefficient, osmotic coefficient
and apparent molar volume data.

We find that equivalent results can be obtained with or without incorporating a explicit salt concentration
dependence in the treatment of the dielectric constant; the most accurate results (smallest average
absolute relative deviation) when comparing to experimental the data chosen are found in the case that
salt concentration is not explicitly considered. For each approach, the most sensitive parameters are
identified, which makes it possible to reduce the number of adjustable parameters without significantly
affecting the overall quality of the model. We find that both the approach incorporating a dispersion
term and that using an association term in the treatment of short-range interactions yield similar results.
Unfortunately, none of the models can describe accurately and with physically meaningful parameters
the correct low-temperature trend of the mean ionic activity coefficient observed experimentally.
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1 Introduction

Electrolyte solutions are present in traditional industries, such as pharmaceutical, nuclear, and oil and
gas, and also in emerging industries in the context of green-energy production, such as in bio-refining,
underground gas storage, battery production, water treatment and the metal industry and recycling.
Phase equilibrium calculations are a fundamental part of both the piloting and the design of processing
plants. For example, in biorefining, the presence of electrolytes causes a significant change in the
equilibrium of complex systems, especially in the liquid-liquid equilibrium (LLE). Ions affect the
hydrogen-bonding structure as well as other intermolecular forces of the system, such that the mutual
solubility between solvents (in mixed-solvent systems) changes in either phase (water-rich and organic-
rich). In this context, thermodynamic models capable of delivering accurate properties of such systems
are especially important, including models suitable to treat the mutual solubilities of, water and organic
solvents in the presence of salts [1]. In underground storage of hydrogen in salt caverns, the prediction
of the vapour-liquid equilibrium (VLE) between gas and saturated brines, is necessary to correctly size
surface facilities during preliminary design phase, and to determine the storage performance and
improve its exploitation during operations [2]. Electrolytes are also often found pharmaceutical
processes, in which. thermodynamic models capable of predicting the solubility of active pharmaceutical
ingredients in water and organic solvents plays a key role in the discovery and formulation of new drugs
in the design, synthesis, extraction, purification, formulation, absorption and distribution in body fluids
[3]. The need for efficient and accurate thermodynamic data and models is a common denominator for
these industries.

Notwithstanding their industrial and scientific importance, the prediction and calculation of
thermodynamic properties of electrolytes and phase equilibrium in the presence of ions with equation-
of-state approaches remains a significant challenge. Many reviews of the thermodynamics of electrolyte
solutions have been presented in the literature; e.g., Donohue et al. [4] reviewed Pinsky and Takano [5]
Maribo-Mogensen [6, 7] and Ahmed [8, 9].

Kontogeorgis et al. [7] have recently reviewed the state of the art on the modelling of electrolyte
systems, highlighting open questions in related to this challenge: the formation of ion pairs, the
importance of the Born term, the best way to parameterize the models, how the dielectric constant should
be modelled, and which model should be used to take into account the electrostatic interactions, are
discussed in their review. These questions give an idea of the most important current issues in the study
of electrolyte systems. For some of them some consensus exists. For example, Maribo-Mogensen et al.
[10] have demonstrated that the most commonly used theories for incorporating the electrostatic
interactions between ions (the Debye-Hiickel and MSA approaches) are practically equivalent in their
ability to provide accurate descriptions of the experimental phase behaviour of electrolyte solutions
(subject to the characterisation of the model parameters in each approach). Little consensus exists for
some of the other questions however, and multiple points of view can still be found. This is the case of
the use and meaning of the Born term: authors [9, 11-14] defend its use stating that it describes ion-
solvent interactions in models where the solvent polarity is not accounted for otherwise, and in primitive
models [13]. Other authors such as Simonin et al. [15] suggest that this term should not be included in
models for electrolytes, as its magnitude greatly overestimates the ion-dipole contribution for most
systems. It is important to mention, however, that the correct sign of the solvation energy of ionic
species, and the partitioning of ionic species in the liquid phase, cannot be modelled naturally without
the inclusion of this free-energy term in models that do not otherwise account for solvent-ion
electrostatic interactions.

The model used to incorporate the dielectric constant is also of interest, as its precise value has a direct
impact on both the Born and ion-ion (DH or MSA) free-energy terms. The dielectric constant is function
of the thermodynamic state, and a such a function of temperature and pressure (or density/volume) as
well as concentration of the salt. The model proposed by Schreckenberg [13] is convenient as it depends
on temperature and volume, as it should be in an equation of state context, and it implicitly accounts for
changes in concentration through the density-dependence of the solvent (i.e., note that concentration



changes result in density changes of the solution). The salt concentration dependence can also be taken
into account by either the Pottel [16] or the Simonin models [17].

The formation of ion-pairs is rarely accounted for in equation of state models of strong electrolytes, as
complete dissociation of the salt is assumed from the outset. At high temperatures and in non-aqueous
solvents however, the formation of ion-pairs can have an important effect on the thermodynamics of the
system. Held [18] for example points out that ion pairing does not only occur in systems with low water
content or with mixed solvents, but also in aqueous systems, even at moderate salt concentrations.
Simonin et al. [19], have developed a model that combines the MSA with ion pair formation (BiMSA).
In SAFT frameworks, attractive interactions between ions can be included through dispersion [20-22]
(although not strictly pairing) and association [9, 11] terms. These terms are account for attractive
interactions between neutral molecules but can be used to mimic the very strong ion-ion or ion-solvent
interactions, to a degree. The formation of ion pairs is inversely linked to the solvation of the ions, since
the more ions are solvated, the less chance of ion pair formation, and vice versa. For this reason, it is of
interest to consider ion-pairing and solvation together.

Furthermore, the quality of a given thermodynamic model highly depends on the experimental data used
in its parameterisation. Key experimental properties typically used in the study of electrolyte systems
are mean ionic activity coefficient, osmotic coefficient, liquid (single phase or saturate) density, and
vapour pressure. Properties such as the enthalpy, and Gibbs-free energy of solution can also be used.
The enthalpy is related to the temperature derivative of the Gibbs energy, and as such constitutes a
stringent test of the global quality of the model

In the current work, a number of modelling approaches are compared in their ability to reproduce
experimental equilibrium properties of aqueous solutions of NaCl. The mean ionic activity coefficient,
the osmotic coefficient, the enthalpy of solution and the apparent molar volume are used in the
comparison, and especial emphasis is placed in reproducing the temperature dependence of the ionic
activity coefficient. As well as carrying out careful parametrisation of the models proposed, an effort is
made to keep the number of molecular model parameters to a minimum, and to ensure that their values
are physically meaningful. We use on NaCl as the main case study, and extension to other alkali halide
is proposed. In section 2, an analysis of the data and the key properties used for modelling electrolytes
are presented. In sections 3 and 4 the models proposed are presented together with the different free-
energy contributions incorporated, as well as the parameterization strategies that have been used. In
sections 5 and 6 a discussion of the results and conclusions is presented.



2 Thermodynamic property data

Mean ionic activity coefficient (MIAC), osmotic coefficient, apparent molar volume, and enthalpy of
solution data are considered. The MIAC directly relates to the excess chemical potential of the ionic
species, while the osmotic coefficient is closely related to the vapour pressure and chemical potential of
the solvent. These two properties are related by the Gibbs-Duhem relation [14, 23], some authors use
both in model development [24], while others use only one to determine parameters and the other one
to assess the validity of the models develop [14]. The apparent molar volume provides a stringent test
related to the size parameters (ion and solvent diameters) in the models, while the enthalpy of solution
is chosen to capture the temperature dependent behaviour of the infinite dilution regime. We chose not
to compare to the Gibbs-free energy of solvation because this property is used to fix Born diameters. As
will be shown later in section 5.2 the Gibbs energy of solvation depends strongly on the Born term.

At a specified temperature and total volume, we consider fluid mixtures consisting of water (the solvent
(A)) and a salt (the solute) which is fully dissociated into its constituent ions following an equilibrium
reaction. For a salt X,, Y, _, the equilibrium can be described as:

X, Y, vy X5 v Y5 (1)

where v, and v_ are the stoichiometric coefficients of the cation (X) with valency Z, and the anion (Y)
with valency Z_, respectively. In our case we consider only monovalent salts v, = v_ = 1, and the salt
is further written as XY.

Molarity is often the unit of concentration used in electrolytic systems. Molality is defined as the number
of moles of a given salt (XY per kilogram of solvent (4). However, in calculations with equations of
state it is the mole fraction that is used. The mole fraction of a given ion i can be calculated from the
molality as:

o = ViMyy
t V'me+1/MWA

2
where v; is the stoichiometric coefficient ofioni, v = Z?j’l"s v; , and MW, denotes the molecular weight
of the solvent in units of kg mol ™.

2.1 Mean ionic activity coefficient

The activity coefficient describes the deviation of the fugacity with respect to an ideal solution behaviour
[25]:

fi=xi'f:')’i 3)

In this equation, f; stands for the fugacity of the ion i, x; is the mole fraction of the ion i, and f;" is the
fugacity in the reference state. Activity coefficients are often determined by carrying out electromotive
force (EMF) measurements, on cells in which the concentration of the ion of interest is known [26]. In
addition, despite some attempts to do so [27, 28], it is very difficult to distinguish between cation and
anion activity coefficient, as both are simultaneously present in the solution. The mean ionic activity
coefficient which is defined on a molality basis (indicated by a superscript m) is defined as:

1
Vi,m V—'m)m 4)

= (7x Ty

where y}™ is the mean ionic activity coefficient and 7;('+’m, }/;’"m are the activity coefficients of the cation

and anion, respectively. When molality is used as concentration unit, the molality-based activity
coefficient is thus defined. Yet, the equation of state framework is based on mole fractions, and the mole
fraction-based activity coefficient of an ion i (y;) is obtained from the fugacity coefficients as follows:
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where, @; is the fugacity coefficient of ion i in the fluid mixture and ¢; its fugacity coefficient in the
reference state (pure water). The mole fraction-based activity coefficient is converted into molality-
based activity coefficient ( ") using:

m _—

p"= Y X ©)

where x4 is the mole fraction of the solvent.

The trend of the mean ionic activity coefficient with composition and temperature has recently been
discussed by Vaque et al. [29]. At fixed temperature, the MIAC initially decreases as the concentration
of ions in solution increases; authors [29, 30] attribute this decrease to dominating electrostatic forces,
and higher concentrations, related to what is called ‘solvation’ (Figure 1). This increase may be more or
less pronounced depending on temperature and salt considered.
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Figure 1 : Experimental mean ionic activity coefficient data for NaCl at different temperatures [31, 32]. The
corresponding pressure is 1 atm for the data at temperatures between 273.15 and 373.15 K, while saturation
pressure was used in the measurements at higher temperatures.

2.2 Osmotic coefficient

The osmotic coefficient (¢p) is a measure of the deviation of the solvent from the ideal behaviour[33]:
_ —lnay
My vy +vo) myy

Xa
= — _ 7
d) I’l(XA yA)l_xA (7
where a4 is the activity of the solvent (4), M 4 is the molecular weight of the solvent, m yy is the molality
of the salt (XY) and y, is the activity coefficient of the solvent.

Osmotic coefficient can be measured using various methods such as freezing point depression, boiling
point elevation and the isopiestic method [26]. It can be calculated from either the difference between
the measured freezing point and that expected for an ideal solution, or from differences in boiling
temperatures [26]. In the isopiestic method [34] the solvent activity of a sample is determined by placing
the sample in equilibrium with a reference solute of known solvent activity. After several days or weeks
(when equilibrium is reached between the two samples), the masses of the samples are measured to
determine the amount of water in each. The solvent activity of the reference salt solution is a known
function of the salt concentration. At equilibrium, the water activities in both samples will be equal,
therefore, the water activity of the salt solution under study will be known.

As mentioned above, it is important to note also that the osmotic coefficient is directly related to the
molality-based activity coefficient through the Gibbs—Duhem relation [23]; i.e.:
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2.3 Apparent molar volume
The apparent molar volume is defined as [26]:
_ (v — xav,) )

’U -_——
+ (g +x2)

where v and v, are the molar volumes of the solution and of the solvent respectively, and x, and x_ are
the mole fractions of the cation and the anion.

While the molar density of an electrolyte decreases with salinity, the molar volume and the apparent
molar volume goes up (see Figure 2). In practice, it is impossible to differentiate the contribution of
separate ions, and hence a representation of + is used to denote the overall apparent molar volume for
the solution. This property expresses the change in the volume of the solution when a salt is added. As
can be seen in Figure 2 the change in this property with mole fraction is larger than for the molar volume
of the solution, making it more sensitive to the values of parameters in the model.
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Figure 2 : Molar density p, molar volume ¥ and apparent molar volume v, as a function of NaCl concentration at
298 K [35, 36].

2.4 The enthalpy of solution

The molar enthalpy of solution refers to the change of enthalpy when a certain quantity of solute is
mixed with the solvent. Experimentally it is obtained by slowly adding a salt to the solution (that is
initially pure), and measuring the heat required to maintain a constant temperature with a calorimeter.

The molar enthalpy of solution (h°") may be expressed as:

* *,S
H — (nahj + ngyhyy (10)

hsol =
Nxy
where the total enthalpy of the solution, H, is written as the sum of number of moles times the partial
molar enthalpies (h;) of the compounds [29]:

H = nAEA + an}_le = nA(hz + ]'_lg) + an(h;}oY + ]'_lfé;) (l 1)

Here, hj is the molar enthalpy of pure solvent 4 (which is the reference state enthalpy of the solvent),
hE is the excess partial molar enthalpy of the solvent 4, h is the molar enthalpy of solute (salt XY) at
infinite dilution (which is the reference state enthalpy of the solute), hZ} is the excess partial molar
enthalpy of solute in the asymmetric convention. In equation (12), the enthalpy difference is divided by
the amount (number of moles) of salt added. Hence:



— S J— — J—
nahj + nxy(h}}"y — hyy + h)E(y) _ nyhj + nyyhgy

o) *S

nyy nyy

(ny + nygy) * hM £S hM £S5
= + (h)%oy —hyy) = a + (h)%oy — hyy

(12)

Nxy

where the prime (') refers to the asymmetric convention. The asymmetric mixing enthalpy is written as:
hM, =fo_l£+xBf_lg' (13)

The partial molar excess enthalpy can be obtained from the activity coefficient as:

hf = hy —hy = —RT?

(14)
N
In the case that an asymmetric activity coefficient is used (electrolyte systems), the excess partial molar
enthalpy (h%}) can be calculated as:

_ _ din v,
%y = hxy — h¥y = —RT? —aﬁy (15)
N
and hence
A’ dln y, oln yy'
_— - — + _— 16)
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Furthermore, most of the data available correspond to highly dilute solutions (x, = 1 and therefore
74 = 1). Therefore, combining equations (12) and (16), one finds:

aln y,,'

hsol ~ _RTZ
oT

+ (higy — hyy (17)
N

In order to transform the enthalpy of solution in terms of the mean ionic activity coefficient (7&’”) it is
necessary to use equation (6), and to use the equivalence between the activity of the salt and that of the
ions (i.e., myy gy = myxyd-myyy® for a 1:1 salt) [37], which yields y,, = n;—)f (yg‘) . The enthalpy of
solution is thus obtained as:

myy Olny

hs°! ~ —2RT?
X4 T

- (g — s a9

or, in other words, the enthalpy of solution is the result of a sum of a constant term (hgy, — h;,s,) and a
).
N

In Figure 3 the enthalpy of solution [38] as a function of salinity is shown. It can be seen that it is not
zero in the limit of pure solvent:

_ _ dlny™
term related to the change in the MIAC with temperature ( ;lTyi

Xxy—0 xxy—0 \ Xxy

. . hM, * S
lim (k%) = lim |— |+ (h§y — hiy (19)

. e . N e
In addition, this limit is not equal to the heat of solution (hgy, — hx'ls,), because llm0 (x ) * 0.
Xxy— XY

As suggested by Vaque Aura [29], an interpolation of the enthalpies at infinite dilution as a function of
temperature was proposed:



lim (hSOl) =aT* +bT +¢ (20)
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where a, b and ¢ are empirical parameters.

A linear behaviour was found for the salts KCI, NaBr and KBr. For NaCl a quadratic behaviour is
reported [29]. In Table 1 the parameters used for equation 20, for the 4 salts used in this work are
reported.

Table 1 : Parameters used for the calculation of the enthalpy of solution at infinite dilution, for NaCl, KCIl, NaBr and
KBr. a, b and c are the parameters used in the equation (20).

Salt a b c references
NacCl 2.3343 -1502.8 244509 [38, 39]
KCl 0 -143.32 60220 [39, 40]
NaBr 0 -120.46 35422 [41, 42]
KBr 0 -170.40 71112 [43]
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Figure 3 : Experimental molar enthalpy of solution of aqueous NaCl [38] at different temperatures and 1 bar
pressure.

Thus, when the enthalpy of solution decreases with composition, as observed in the largest part of the

.. . .. . ) dlny™m .
composition range (see Figure 3), the slope of the activity coefficient with temperature ( a;i | ) is
N

expected to increase.

In Figure 4 the natural logarithm of the mean ionic activity coefficient as a function of temperature is
shown for two salt concentrations. As can be seen, in the lower temperature range (below 308 K), the
slope is slightly more positive in the case of 3 molal concentration than in the 1 molal case. This behavior
is directly related to the behavior of the enthalpy of solution. The larger the slope (which is equal to the
derivative of /n(MIAC) with respect to temperature) the lower the value of the enthalpy of solution. This
shows that there is a correlation between these two properties.
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Figure 4 : Variation of the natural logarithm of experimental mean ionic activity coefficient (ln(}/}r")) with

temperature at fixed molality.

Few authors use the enthalpy of solution in model development and assessment, as capturing the
temperature change of the MIAC of strong electrolytes is an especially stringent test of any model.



3 Modelling framework

In the PPC-SAFT EoS [11, 44], the residual Helmholtz free energy of the electrolyte mixture is given
as a sum of terms as:

A Res — g HS + ADisp 4 AChainy pPolar 4 pAssoc | AMSA 4 pBorn 1)

accounting for of hard sphere (4 ') repulsion interactions, van der Waals interactions (also known as
dispersion interactions AP*P), a term accounting for the formation of chains (4"*") in non-spherical
models, polar (AP°") and association interactions, (A455°¢) together with long-range ion-ion
interactions and solvent-ion interactions. The theory of Debye-Hiickel [45] or of Blum (primitive Mean
spherical approximation) [46], have been shown to be almost equivalent by Maribo-Mogensen et al
[10] in terms of their accuracy in the treatment of the Coulombic contribution for experimental
electrolytes. In the current study, the primitive MSA is used (4"54). Ion-solvent interactions (also called
solvation interactions) are included. In our current work the classic term developed by Born [47] is used.

It is our intention to evaluate and discuss several options in the choice of the terms in the PPC-SAFT
EoS. In Table 2 the combinations studied in our current work are shown. The proposed models are
divided into two groups: The first group (models of type 1) contains models that use the dispersion term
to describe the short-range interactions involving ions. The second group (models type 2) contains
models that use the association term to model the short-range interactions between ions. All other terms
are identical. The distinction is implemented through a priory assumptions on the values of the model
parameters. In type 1 models, ion-ion association energies are set to zero, while in models of type 2, the
ion-ion dispersive energies are set to zero. A further subdivision is made based on the way the dielectric
constant is used. Three models for the calculation of the dielectric constant are considered. They are
further discussed in section 3.7.

Table 2 : PPC-SAFT EoS models for compared in the current work .

‘ Model
Interaction Dispersive models (Models 1) Associative models (Models 2)
1.0 1.1 1.2 2.0 2.1 2.2
all all all all all all
Hard sphere molecules molecules  molecules molecules molecules  molecules
solv-solv solv-solv solv-solv
Dispersion ion-solv ion-solv ion-solv solv-solv solv-solv solv-solv
ion-ion ion-ion ion-ion
solv-solv solv-solv solv-solv
Association solv-solv solv-solv solv-solv ion-solv ion-solv ion-solv
cat-ani cat-ani cat-ani
Polar solv-solv solv-solv solv-solv solv-solv solv-solv solv-solv
Born ion-solv ion-solv ion-solv ion-solv ion-solv ion-solv
MSA cat-ani cat-ani cat-ani cat-ani cat-ani cat-ani
Dielectric Schreckenberg Pottel Simonin  Schreckenberg Pottel Simonin
constant

@. The meaning of the abbreviations presented in the table are: solv-solv = solvent-solvent, ion-solv = ion-solvent, ion-ion =
all the ion-ion interactions and cat-ani = cation-anion interactions. In the current work the solvent is always water.

Table 3 : Pure component parameters of water used in the current work, taken from [9]. m is the chain length, ¢!I° is

the hard sphere diameter, €, is the dispersion energy, £4F is the association energy,
k4P is the association volume, M is the association sites, y is the dipole moment and
Xp, is the dipole fraction.



Parameter Value Parameter Value

alis /A See Note &8 /ky /K 1813
m, 1.02122 KB 0.044394
e,/ ks) K 201.747 M 4
u/D 1.85 Xp 0.276

Note: A temperature-dependent diameter is used only for water molecules in this study. The segment diameter of pure water is given by [48
(in A): oS = 2.2423 + 051212 exp(0.001126 - T) + 2222

T2
absolute deviation for density is 0.72% and for vapour pressure is 2.32% [9].

with T the temperature in K. With these parameters the mean

3.1 Hard sphere term

In the hard sphere term the repulsive interactions of the molecules within the system are accounted for.
The equation used to calculate the contribution of repulsive interactions to Helmholtz energy is given
as [49, 50]:

AT eV [(G3 36152 G3

R~ 7y K? - q") A =Sty T a- cg)Z] )
with;

Sk = HNTApZ?ﬂ xi(di(T))k and dy(T) = of"® [1 - ﬂie(_g%)] 23)

where, p is the molar density of the fluid, o/’ is the hard sphere diameter, &; is the dispersive energy
parameter, A; is the softness parameter which is equal to 0.12 (except for water in the model used in this
work: 4;= 0.203). For water, the temperature dependence of d;(T) was modified by Ahmed et al. [9].
N, is Avogadro’s number, d; (T) is the segment diameter proposed in [51], x; is the mole fraction of the
component i, V' is the volume and R is the universal gas constant. The hard sphere term is characterised
by the hard sphere diameter (a/*), which is specific for each ion.

3.2 Dispersion term
The Helmholtz energy for dispersion is given as [8]:
ADiSp A1 AZ

— (24)
RT RT + RT
where:
Aq —(”
BT —2mp £G3L gty (xi, p)x?dx (25a)
1
A, azhs d ®
RT = TP <Zhs +p 99 > g3 %[Pfl glhjs(xilp)xzdx] (25b)
HS 1 dij S, (dij ég2)2

14 T(a-g) (1-g)

where x = 5 is the reduced radial distance from the centre of a segment, Z"¢ is the compressibility

factor, gi}j{S is the radial distribution function that expresses the probability of finding a molecule j at a
distance d;; from molecule i [25, 50, 52] and &, is calculated by equation (23), eo3 and €203 represent
average values obtained by a mixing rule based on the Van der Waals one fluid theory [52]:
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The dispersion term requires two parameters: the distance of closest approach (ag-s) and the binary
dispersion energy (¢;;). The distance of closest approach is computed directly from the hard sphere
diameters:

HS HS
ps _ %t

ij = )

In the present study the binary dispersion energy is presented directly. In dispersive models (models 1),
six such interactions will be considered: water-water (the parameters are taken directly from Table 3),

anion-water, cation-water, cation-anion as well as anion-anion and cation-cation. In associative models
(models 2), only water-water dispersion energy is considered.

o (29)

3.3 Association term

The Wertheim association term considers the short-range directional interactions. It can be considered
as a pseudo-chemical term that describes the formation of a chemical bond between sites. Hence, the
first step when using this term is to define the number of sites and their charge, for each species. The
association term contribution to the Helmholtz energy is given as [53]:

AAssoc XAL- 1
T - z Tli; [(lnXA" i ) + EML':| (30)
l i

where M; is the number of association sites in a molecule i and X4 is the fraction of molecules of type
i not bonded at site A computed as:

-1

X4 =11+ NAUZ(pXBjAAsz) (31)

Bj

The equilibrium constant is expressed as A%4ifj between the A site of molecule i and the B site of
molecule j. The equation used to calculate the this constant is [77]:
AiBj HSJHS

9 9j .
ij = “HS, HS (32
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where gi?s is the radial distribution function and given in equation 26.

The site-site association interactions (A%¢8/) are characterized by two binary parameters, the association
energy (¢4i7) and the association volume (k#i8/). In dispersive models, only water has interaction sites
(4C type as shown in Table 3). On the other hand, in associative models (models 2) association
interactions are used for ion-ion interactions too. We follow the work of Ahmed et al. [8], and describe
the cations using 7 interaction sites and the anions with 6 sites.

3.4 Polar term

An improved representation of the behaviour of water can be obtained by taking into account the polarity
of the molecule [48, 54, 55]. Here we use the term proposed by Jog and Chapman [56] to describe this
type of interactions:
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Here y; is the dipole moment and x,,; the fraction of the polar hard spheres of molecule i. I ;; and I3 ;j;
are correlations representing integrals over statistical properties.

3.5 Mean spherical approximation

The primitive mean spherical approximation (MSA) describes long-range cation-anion interactions
(coulombic interactions). The unrestricted of MSA is used in this work, in which each ion has a specific
MSA diameter (6}54) different than the hard-sphere diameter The final expression of the Helmholtz
energy is given as [46]:

AMSA Nge? N~ mz?2r vrs
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RT 4m e,e, RT Lu 1 + ['a}S4  3m
i

where &, is the dielectric constant of the fluid (see section 3.7), &, is the dielectric constant in the

vacuum (8.85418x107'2 C mol ™), n; is the number of moles of ion i, e is the electron charge (1.60218x10-
19°(C), Z; is the ion valency, and I the shielding parameter that is calculated as follows:
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3.6 Born term

The Born contribution describes the change in free energy of the ions due to a change in dielectric
constant. It was first introduced by Born [47], and now very often used in electrolyte models [9, 11, 57].
It is given by as:

Aporn N2 (1 1>ioznsnizi2 o
RT — 4me,RT &) £ gBorn ‘

is the Born (solvated) diameter for each ion.

where g£°™

In this work, we have set the value for each ion to the value corresponding to the experimental Gibbs
energy of solvation, as suggested by Fawcett ef al. [58]. Equation (39), is used and the resulting Born
diameters are shown in Table 4.

AsGy =
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Born
4'7":50 Esolvent
Table 4 : Experimental Gibbs energy of Solvation [58] and Born diameters for each ion. A;G; is the Gibbs energy of

solvation and 03‘" ™ s the Born diameter.

Cation AsG; /K] / mol aBorn/ R Anion AsG; /K] / mol aborn/ R




[58] [58]
Na* -424 3.23 Cr -304 4.51
K* -352 3.89 Br -278 4.93

3.7 Dielectric constants

When using a primitive model, an empirical correlation for the dielectric constant is required. Maribo-
Mogensen [6] reported in his review of electrolytic models, that the majority of studies ignore the
volumetric dependence of the dielectric constant (using a correlation of the static permittivity of water
as a function of temperature at the saturation line), and the compositional dependence (unless the model
is applied to mixed solvents). There are some exceptions [11, 59, 60], in which the authors have used
empirical correlations that are function of water density. Inchekel [60] made a comparison of how well
NaCl activity coefficients can be matched using two empirical models for the dielectric constant. On the
other hand, Ahmed et al. [9] showed that the mean ionic activity coefficient calculations are improved
when using the correlation proposed by Schreckenberg [13] for pure compounds (solvent), and adding
the Pottel model [16] to take into account the effect of ion species concentration within the system.

Industrial electrolyte models consider usually that the dielectric constant is independent of the ionic
concentration, which is not true in practice. Their argument is that the models used to make these
calculations (MSA, Debye-Hiickel and Born) are developed at infinite dilution conditions [61]. These
models provide a corrective energy related to the charging of one ion or the ion-ion interactions.
However, considering a thermodynamic cycle explained by Rozmus [62], the composition, temperature,
and volume are constant throughout the cycle. The only thing that varies are the interactions between
the different species of the system. This means that when considering the interactions involving the ions,
the composition of the system is not at infinite dilution, but at the true concentration of the system. This
is why a number of authors [9, 11, 60] suggest using a salt concentration-dependent dielectric constant.
Maribo-Mogensen [6, 63, 64] has shown that the use of such dependency provides a non-negligible
change on the behaviour of the compositional derivative of the Helmholtz energy.

Three models for the dielectric constant are considered in this work: the model of Schreckenberg et al.
[13], which describes the property as a function temperature and of the solvent density, in addition to
two other models based on the Schreckenberg et al. model but explicit accounting for salt concentration.

Schreckenberg’s Model
The correlation proposed by Schreckenberg et al. [ 13] for the calculation of the dielectric constant is:
Nsolvent dr
& = &r solvent = 1+ %dv (T - 1) (40)

where Ng,pent 1S the number of moles of solvent V' is the volume of system, T is the temperature, d,,
and dy are constants with a value for water of 0.3777 dm*/mol and 1403 K respectively. Although this
model does not consider explicitly the effect of the presence of salts in the solution, there is an implicit

dependence through the use of Dsolvent

Pottel’s model

This model of Pottel [16] is one of the most widely used to evaluate salt concentration effect on dielectric
constant of electrolyte solutions. It is derived from the Onsager equations, linking the dielectric constant
of the solution to the ionic compactness of the saturated solution which represents the cavities
surrounding each ion [16], as:

1-¢,

s,
1+3

&—1= (gr,Solvent - 1) 41

The ion concentration intervenes through the theoretical compactness of the ions (i;):
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where € solvent 1S the dielectric constant of the solvent (for which the model of Schreckenberg is

used), o/ is the hard sphere diameter and V is the volume of the system. This model is purely
predictive, as it does not require any additional empirical parameter.

(42)

Simonin’s model

Simonin's model [17] has a more empirical structure and uses an adjustable parameter a;,, (one per ion
pair). Thanks to this adjustable parameter, the concentration dependence of the dielectric constant can
be better considered.

Er,Solvent

& = 1+ Z@onS( ] )
i \@ion X;

where £; solvent 1S the dielectric constant of the solvent (computed using the Schreckenberg model,
equation (40)), a;,n is the adjustable parameter and X; is the molar fraction of the ions. Roa et al. [2]
report that the variation of the parameter (a;,,) with respect to the temperature follows a linear trend
for the aqueous NaCl solution. Based on this observation, Roa proposed to include two new parameters
within Simonin's model. For this, the parameter (@;,,) was transformed into.

aion(T) = aT,ion(T - 298-15) + Ao,ion (44)

(43)

Therefore, equation (44) can be rewritten as:

_ Er Solvent
1+ Z%ons ((aT,ion(T —298.15) + ao,ion)xi)

where ar o, and a, ;,,, are adjustable parameters.

&r (45)



4 Model parameterization for NaCl

In order to analyse the behaviour of the different models proposed, several properties have been selected
and tested on a single salt. The objective is to investigate the ability of the models proposed to reproduce
different properties, rather than to construct a readily useable model.

The objective function (OF) used is given as:

1nser Npt/
. . .. L2
OF = EZ W z wj (Deaie = Dep “6)
j=1 i=1

where n,, is the number of data series, Npt’is the number of values for the data series j, Wy’ is global

weight for each data series J, Wji is the local weight for the i™ value of data series j,_ D b are the

calc
calculated data and Dé’,JCp the experimental data. In practice, the experimental uncertainties may be
considered proportional to the experimental value, yielding

2
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In some cases, the uncertainty is given in absolute terms:
112
wi = <_) (47b)
J el
The global weight of the property may be taken as inversely proportional to the number of points, which
is why we have:
i\ 2
J
; w,
W =|—= (48)

where Wsj should be adapted to the relative importance of the property in the objective function. For
each property j.

4.1 Database

A selection among the large amount of data was made according to the internal consistency analysis
procedure of Vaque et al. [16]. In Table 5 temperature and concentration ranges used and corresponding
references for aqueous NaCl are given.

Table 5 : Number of experimental data points (Npt)), uncertainty (err(%) or e/), data serial weight (W‘{.),
temperature and concentration range of each properties used for the optimizations of aqueous NaCL y;" is the mean

ionic activity coefficient, ¢ is the osmotic coefficient, h*°! is the enthalpy of solution and V. is the apparent molar

volume.
7;" ¢ hso! |2 Reference

Npt/ 220 115 106 73
err(%) or 2% 5% 50 J/mol 10%
w 1 1 0.01 1 [31,32, 35,
Temperature ranee / K 273.15-  298.15-  278.15- 278.15- 38, 65-68]

P & 47315  573.15  308.15 318.15
Molality range (mol.kg™) 0-6 0-10 0-5 0-6

The four properties described in section 2 are used for model parameterization (mean ionic activity
coefficient, osmotic coefficient, apparent molar volume, and enthalpy of solution). These properties vary



in different ways with temperature and salt concentration, making the optimizations challenging. The

uncertainties and the weight factors (err(%) - e/ and w{ ) used in this work are presented in Table 5.
They are selected as follows: the individual uncertainties, err(%) or e/  are determined based on
knowledge from the experimental uncertainties [29]. The weight on each series is estimated in such a
way that all four of properties carry a similar weight in the optimal value of the objective function. In
Table 6 an example of the contribution of each sub-function to the total objective function is given,
based on the data of Table 5.

Table 6 : Contribution of the different sub-objective functions (sOF) to the total objective function (OF) in the
regression of the NaCl aqueous solution using model 1.2. y" is the mean ionic activity coefficient, ¢ is the osmotic

coefficient, h*°! is the enthalpy of solution and v, is the apparent molar volume.

Optimisation point 7s sOF ¢ sOF h**! SOF v3SOF Total OF
Optimisation starting 754 1.56 4.08 422 17.40
model

Optimum model 1.97 0.44 470 0.25 735

As can be seen in Table 6, at the initial model of optimisation the contribution of the enthalpy of solution
is lower than that of the mean ionic activity coefficient and apparent molar volume, but maintains the
same order of magnitude. On the other hand, when we focus on the optimal model, it can be seen that
even though the weight of the enthalpy of solution series is much lower than that of the mean ionic
activity coefficient, this property ends up being the one that generates the largest contribution to the total
objective function. Its value is in fact higher than it was at the starting point, illustrating that it is very
difficult to minimize all properties simultaneously. This unexpected behaviour could point to
inaccuracies in the model. As discussed below, it appears that the reason for this increase in the objective
function is that the enthalpy of solution data are at low temperature (278-308 K) whereas the other data
(mean ionic activity coefficient, and especially osmotic coefficients) are in a very different temperature
range (up to 573 K). The model is unable to capture simultaneously the upward going slope at low
temperature and the downward slope at high temperature (see Figure 4). In what follows, we will also
use the average absolute relative deviation (AARD) of each data series (j), defined as:

NPt D4 D
1 D7  —D_.
AARDj(%) = Z ( calc — exp ) -100% (49)
Nptj Desp

4.2 Optimisation strategies

The number of possible parameters in the models presented is rather large. In a first step, it is decided
to investigate all of them. A number of criteria are considered to investigate the quality of the results.
Firstly, the deviations (AARD) must be small (< 10%) for each property. This first criterion imposes a
stringent test as we use four different types of properties, each one providing a different sensitivity to
the model. The second criterion is based on the physical meaning of the parameters. In contrast with
empirical models, the SAFT family of models are based on molecular models that imply some
restrictions on the parameter values. Finally, the sensitivity of the global objective function, and of each
individual property within the objective function towards the parameter values is investigated. This
sensitivity analysis will allow us to reduce the number of parameters.

Two strategies are used to carry out the optimisations. The parameters and their possible restrictions are
presented in Table 7. In strategy “a” all available parameters are adjusted. For the dispersive models,
the interactions between the ions and the solvent, as well as the interactions between the ions (cation-
cation, anion-anion and cation-anion) are taken into account. For associative models, interactions
between ions of same charge are not allowed in the framework. In strategy “b”, only 3 parameters are
used for both dispersive and associative models. The discussion of why these parameters have been set

in strategy “b” is presented below.



Table 7 : Unitary and binary parameters used for the optimisation strategies “a” and “b” @. Both strategies are
applied for both dispersive and associative models. ¢f'°, 6/54 and 6?°™ are the hard sphere, MSA and Born
diameters, respectively, @gjon and dr ;,, are the adjustable parameters of the Simonin dielectric constant, &;; is the
dispersion energy, sf}B is the association energy and kf}B is the association volume.

Strategy “a,7 4‘b,7
Unary parameters (both types of model)
af's Variable Variable
aMsA Variable Fixed**
gporn Fixed (see section 3.6)
Ao,ion” Variable see 0
A1ion” section 3.7%*

Binary parameters for dispersive models (models type 1)
Ewater—Water Fixed Fixed
ENa—-Water Variable Fixed
Ecl—water Variable Fixed
ENa—Na Variable 0
Ecl—cl Variable 0
ENa—cl Variable Variable

Binary parameters for associative models (models type 2)

4B . .
Ewater-water Fixed Fixed
S,Cg_wmer Variable Variable
eé‘f_wam Variable Fixed
S,cg_a Variable Variable

AB
gNu—Na 0 0

AB

cl-ct 0 0
kAB .

Na—Water Variable 0.044
kel ater Variable 0.044
ks ., Variable 0.044

AB
k Na-a 0 0
ke 0 0

Number of parameters
Model 1.0, 1.1 9 3
Model 1.2 11
Model 2.0, 2.1 10 3
Model 2.2 12

*Used only for models 1.2 and 2.2

** See equation (54).

@ In the dispersive models only the association energy between water molecules
is taken into account, the other association interactions are equal to 0. For the
associative models only the dispersion energy between water molecules is
considered, all other dispersion interactions are set to zero.

4.3 Results

4.3.1 Models type 1 (dispersive models)
a. Strategy “a”

In Table 8 the AARD (%) obtained with the optimisation strategy “a” applied to dispersive models are
presented. It can be observed that the deviations for the different properties are not of the same order of
magnitude. The deviations on the enthalpy of solution are often much larger than those for the other



properties. None of the dispersive models investigated in this work are able to reproduce quantitatively
the downward trend of the enthalpy of solution with molality (see Figure 6). This is related to the fact
that none of the models can reproduce accurately the low temperature increasing behaviour of the mean
ionic activity coefficient with temperature. Indeed, as shown further, the only model that yields
qualitatively good results for the enthalpy of solution, also shows a correct behaviour of the mean ionic
activity coefficient with respect to temperature.

Table 8 : Average absolute relative deviation (AARD) of the optimisations of dispersive models using optimisation

strategy “a” (model 1.2’ is discussed in section 4.3.1-1II). y;" is the mean ionic activity coefficient, ¢ is the osmotic

coefficient, h*°! is the enthalpy of solution and v, is the apparent molar volume. In bold the results of the model with
the lowest AARD.

Model 1.0 Model 1.1 Model 1.2 Model 1.2°
AARD;/% AARD;/% AARD;/% AARD;/%
i 3.53 3.36 3.10 3.33
) 5.72 5.15 4.82 5.70
B! 37.94 38.22 37.44 36.37
A 6.61 5.44 5.72 5.43

Osmotic coefficients and mean ionic activity coefficients are related through the Gibbs-Duhem
relationship. Yet, the data on osmotic coefficients are available at much higher temperature and
concentration. Therefore, the deviations on the osmotic coefficients are an indication of the capacity of
the model to extrapolate both towards high temperatures and concentrations. The apparent molar
volumes provide a detailed view on the quality for the molar density of the models. For this property,
deviations below 10% can be considered acceptable. In Table 8, the model 1.2 which leads to the lowest
deviations is highlighted in bold. The results obtained with models 1.0 and 1.2 are similar except for the
deviation in the apparent molar volume.

As shown in Figure 5, using model 1.2 it is possible to represent accurately the mean ionic activity
coefficient with respect to the salt concentration. However, the model results in a continuous decrease
of the MIAC with respect to temperature. Therefore, a positive slope of the enthalpy of solution is
observed (see Figure 6). The osmotic coefficients and apparent molar volume are both well represented
qualitatively and quantitatively (see supplementary information A). Graphs showing the detailed
contribution of each term to the natural logarithm of mean ionic activity coefficient at 298 K, and the
behaviour of the different dielectric constants models with respect to temperature and salt concentration
are provided in supplementary information B and C.
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Figure 5 : NaCl mean ionic activity coefficient (") as a function of salt concentration obtained from the optimisation

of model 1.2 using optimisation strategy “a”. The symbols represent the experimental data and the curves show the
results obtained with the model. The calculations were made at 1 bar for temperatures up to 373.15 K, the saturation
pressure of the solvent was used for temperatures above 373.15 K.
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Figure 6 : NaCl enthalpy of solution as a function of salt concentration obtained from the optimisation of model 1.2
using optimisation strategy “a”. The symbols represent the experimental data and the curves represent the results
obtained with the model. The calculations were made at 1 bar.

Since the final objective of this study is to obtain a model that is consistent with the physics of the
electrolytic solutions, it is important to verify that the adjusted parameters make sense from a physical

point of view. In Table 9 the parameters obtained for the different models with optimisation strategy “a
are shown.

Three different criteria are used to analyse parameter consistency:

I.  The first criterion is based on the comparison between MSA diameter and hard sphere
diameter.

As MSA diameter (JQ/ISA) can be seen as a hydrated ion diameter, it must be bigger or equal to the hard
sphere diameter (O'lHS ). In addition, the hard sphere diameter of the cation (aﬁ;) must be smaller than

the hard sphere diameter of the anion (GIC'IIS—), following the conclusion of several fundamental studies
[69, 70].

Table 9 : Parameters obtained of the optimisation of dispersive models using the optimisation strategy "a". In bold,

inconsistencies regarding diameters and energy parameters (discussed below). £;; is the dispersion energy, af's, aMs4

and a?"m are the hard sphere, MSA and Born diameters respectively, &g ;,, and ar ;,, are the adjustable

parameters of the Simonin dielectric constant.

Parameters Model 1.0 Model 1.1 Model 1.2 Model 1.2’
Ewater-water/kp/ K 201.75

Ena-water/ ksl K 392.25 370.79 570.16 590.59
eciwater/kp/ K 379.82 427.55 257.40 287.46
Ena—ci/ks/ K 332.29 721.46 709.67 794.42
ena—na/ks/ K 477.09 148.57 651.02 763.48
eci—ci/ks/ K 720.61 492.07 343.50 366.24
e waer kB! K 1813.00

ol /A 3.22 3.42 3.59 3.76
ol 1 K 2.810 2.640 2.530 2.310
oMsA ) A 1.59® 1.40® 3.34@ 4.03
oMsa s A 7.49 5.11 4.09 3.50
ofom/ A 3.23

afom/ A 4.51

ao,ion - - 0.013 0
Ar.ion - - -0.001 0

° In dispersive models only water-water association interactions are taken into account. The Born diameter has been fixed for all models using
the values presented in Table 4 (see section 3.6). Water-water dispersion and association energies are also fixed [9].
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In Table 9, the diameters that do not meet the above conditions are highlighted in bold. As can be seen
in the table, none of the models have physically consistent diameters. However, with model 1.2' only
one diameter is inconsistent. This may suggest firstly that there are several local minima, and secondly
that using the salt concentration explicitly within the dielectric constant, may lead to problems of
consistency between the parameters.

II.  The second criterion is based on the interaction energies:

As a second consistency test, it is checked whether the attractive interaction parameters between the like
charge ions are physically consistent. The potential energy as a function of the distance may be evaluated
as the sum of a square well (SW) and a coulombic (Coulomb) interaction:

'U.(Tij) = U(Tl‘j)SW + U(Tl‘j)coulomb (50)

The square-well (u(r;;)°") and the Coulomb (u(r;;)€°“"") potential are given by [25, 61] as follows:

u(m)* =—g;  when  off <ry; <o/ (51)
Coulomb z;z;e’
u(r;) onome = (52)
4me, &1y

A negative (attractive) interaction energy can only be observed when the intermolecular distance lies
between 0'{]1-5 and }\0'{}5 . The parameter A is the well width and can be taken at 1.2 or 1.5 depending on
the authors [20, 71], in this study A is equal to 1.2. For two ions of the same charge not to attract each
other, the potential energy must be always greater than or equal to 0. Applying these conditions and
combining equations (50), (51) and (52) yields:

z;zje? N
fij = dmeyerda])® oY
Equation (54) can be used to assess whether the parameters obtained for the dispersion energies would
not lead to an unphysical attraction of ions of the same charge. If the ion-ion dispersion energy is bigger
than the one obtained from equation (54), the parameters are rejected. By applying this analysis to the
results obtained in Table 9, it was observed that the models 1.2 and 1.2’ present inconsistent parameters.
In both cases cation-cation attractive interaction is obtained (bold parameters in Table 9). Therefore, no
dispersive model presented here is physically consistent. This proves that even if a model can represent
experimental data accurately, it does not mean that it is physically correct. Some authors such as Held
et al. [72, 73] have used optimisation strategies in which they cancel interactions between like-charged
ions. By this way, the consistency problem presented above is solved.

I1I. The third criterion is based on the dielectric constant

In Figure 7 the water dielectric constant calculated by each of the three models as a function of salt
concentration is shown. For the calculation of the Simonin dielectric constant, the parameters presented
in Table 9 were used. As can be seen in Figure 7, both the Schreckenberg and Simonin models generate
very similar results for the dielectric constant. On the other hand, the Pottel model is more sensitive to
the variation of the salt concentration and differs significantly from the two other models. This is
because the parameter values of the Simonin model are very small, which may indicate that the system
tends to eliminate the impact of salt concentration within the Simonin dielectric constant. Note that the
Schreckenberg model shows a decreasing trend of the dielectric constant with molality, even though the
salt mole fraction does not appear in equation (40). It is related to the decrease of the ratio ng,pent/V.-
As will be shown later (in section 4.3.2) this tendency is repeated for the associative models, where the
best results are obtained with the model 2.0 (Schreckenberg model for dielectric constant). The
behaviour of the different dielectric constants with respect to salt concentration and at different
temperatures is presented in supplementary information C.
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Figure 7 : Dielectric constant as a function of NaCl concentration at 298.15 K, using the parameters presented in
Table 9 for the three dispersive models 1.0 (Schreckenberg), 1.1 (Pottel) and 1.2 (Simonin).

It is interesting to consider why, considering that the only difference between the models is the dielectric
constant, and that this property is almost identical in models 1.0 and 1.2, the parameters values and the
AARD % should also be very similar. In Table 8 the deviations shown are of the same order for the two
models, except for apparent molar volume. Yet the parameters values are very different. This is most
probably because local minima that have been reached resulting from parameter degeneracy. When
regressing the parameters again (using the parameters of model 1.2 as a starting point for optimisation,
and setting a ;,, = 0 and ary ;,, = 0, which is equivalent to model 1.0), new parameters are obtained
with values close to the parameters of model 1.2 (see Table 9). The deviations are shown in Table 8
(model 1.2”). It appears that the deviations are similar, but even smaller than those obtained with model
1.2, confirming that (1) there are local minima, and that (2) this approach is the one to be recommended.

b. Strategy “b”

The goal of strategy “b” is to reduce the number of adjustable parameters. A global sensitivity analysis
was performed on the optimal solution of strategy “a” (model 1.2). It allows visualizing how much the
objective function is affected by a variation on any given input parameter. This analysis is performed
by analysis of variance and Monte-Carlo sampling is used to construct response surfaces of each

objective function [74].

From the sensitivity analysis the three most important parameters for the dispersive models are found to
be the hard sphere diameters of both ions and the dispersion energy between the cation and the anion.
Therefore, these three parameters are the only ones used in regression strategy “b”. Taking advantage
of the fact that the MSA diameters are not as sensitive and to reduce the number of adjustable parameters,
a proportionality parameter between the hard sphere and the MSA diameters is introduced as:

oS4 =gHS - 1.5 (54

Using the arguments developed above, a second optimization is performed with a reduced number of
parameters (strategy “b” in Table 7). As shown in Table 10, after reducing the number of parameters
from 11 to 3 the results have not worsened greatly. An increase in the deviation of no more than 3% is
obtained, except for the case of the apparent molar volume, for which it increases by almost 3.5%. The
deviation increases in the osmotic coefficient and in the enthalpy of solution are larger than in the mean
ionic activity coefficient. This is a consequence of a deterioration of low enthalpy of solution and high
temperature osmotic coefficient properties, as is also visible in Figure 8. It can be seen in the figure that
the model can reproduce the mean ionic activity coefficient with respect to salt concentration, but
unfortunately not the trend with respect to temperature. This is expected considering that the original
model, with all parameters was also unable to reproduce the temperature dependence of the MIAC. A
large deviation at low (273.15 K) and high (473.15 K) temperature is observed. The graphs of the results
obtained for the other properties are presented in supplementary Information A.

Table 10 : Comparison between the best results obtained using optimisation strategy “a” (model 1.2 - 11 parameters),
and the results obtained using optimisation strategy “b” (model 1.0 — 3 parameters).
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Figure 8 : NaCl mean ionic activity coefficient as a function of salt concentration obtained from the optimisation of

model 1.0 using optimisation strategy “b”. The symbols represent the experimental data and the curves the results

obtained with the model. The calculations were made at 1 bar for temperatures up to 373.15 K, then the saturation
pressure of the solvent was used for temperatures above 373.15 K.

The parameters obtained for model 1.0 using strategy “b” are shown in Table 11. The parameters used
to optimise the model are in bold.

Table 11 : Parameters obtained from the optimisation of model 1.0 using optimisation strategy “b” 9. Regressed

parameters are in bold. &;; is the dispersion energy, sf}B is the association energy, 0{"5, o54 and gB°™ are the hard
sphere, MSA and Born diameters respectively.
Parameter value Parameter value
Ewater—water/ kgl K 201.75 allS 1A 2.74
Ena—water/ ksl K 201.75 oS 1A 2.84
Eci—water/ k5! K 201.75 oisA | R 3.14
enva—ci/ks! K 56.79 oMsa ) A 5.17
Ena—na/kp! K 0.00 ofomy A 3.23
eci—c1/ks! K 0.00 ofom/ A 451

g8 Jkg /K 1813.00

water—Water
@ In dispersive models only water-water association interactions are taken into account. lon-water dispersion energies are fixed with a value
equal to the water-water dispersion energy. Cation-cation and anion-anion dispersion energies are set to 0. The MSA diameter is calculated
using equation 54. Born diameter has been fixed using the values presented in Table 4 (see section 3.6). Water-water dispersion and association
energies are also fixed [9].

As a conclusion for the dispersive models, it is possible to reach reasonable accuracy on the investigated
properties, with the exception of the temperature-dependence of mean ionic activity coefficient (and
consequently on enthalpy of solution). It is thus shown that the number of parameters can be reduced
without greatly affecting the quality of the model.

4.3.2 Models type 2 (Associative models)

For the case of the associative-type models, the same procedure described in the previous section for the
dispersive models is applied.

a. Strategy “a”

Using this strategy, the number of parameters is very large (see Table 7: 10 to 12 parameters).
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Table 12 : Absolute relative deviation (ARD) from the optimisations of associative models using optimisation strategy
“a”.y ™ is the mean ionic activity coefficient, ¢ is the osmotic coefficient, hs°l is the enthalpy of solution and vy is the
apparent molar volume. In bold the results of the model with the lowest ARD.

Model 2.0  Model 2.1 Model 2.2
AARD; /% AARD;/% AARD;/%

7 1.02 2.07 1.63

¢ 2.97 2.49 1.60
R 1699 31.54 23.15
Vi 4.96 8.58 5.70

In Table 12 the AARD (%) obtained with optimisation strategy “a” applied to the associative models
are shown, and in Table 13 the corresponding parameters are presented. As shown in Figure 9, model
2.0 leads to a very accurate representation of the mean ionic activity coefficient with respect to not only
salt concentration, but also temperature, in contrast to dispersive models. This same type of behaviour
is found in model 2.2, but with lower accuracy. In contrast, model 2.1 only reproduces the behaviour
of the mean ionic activity coefficient with respect to the salt concentration. As can be seen in Table 12,
the deviation of the enthalpy of solution of model 2.1 is almost twice the deviation of model 2.0.

1,1 8000

£ #273.15K A298.15K x323.15K (a) 7000 (b)

1 %1348 15K =373.15K 4398.15K
0.0 [[*423.15K @448.15K -473.15K 6000
75000 F
0.8 S ! xff 2
N E 4000 * X
0,7 ; 3000 &R | : :
0.6 = 2000 [[W27815K 4283.15K x288.15K Rl §
0,5 [|+293.15K =298.15K =303.15K
1000 30s 15 K

0,4 0 1 1 1 1 1 1 1 1 1

0 6 0 4

2 4 2
m/ (mol-kg) m/ (mol-kg™)

Figure 9 : (a) NaCl mean ionic activity coefficient and (b) enthalpy of solution as a function of the salt concentration
obtained from the optimisation of model 2.0 using optimisation strategy “a”. The symbols represent the experimental
data and the curves represent the results obtained with the model. The calculations were made at 1 bar for
temperatures up to 373.15 K, then the saturation pressure of the solvent was used for temperatures above 373.15 K.

In Figure 9 and Figure 10 the mean ionic activity coefficient and enthalpy of solution results for models
2.0 and 2.1, respectively, are shown. In Figure 9, it can be gleaned that model 2.0 can reproduce
qualitatively the behaviour of the enthalpy of solution with respect to the salt concentration. In contrast,
model 2.1 does not reproduce this behaviour (see Figure 10). The relationship between the slope of
enthalpy of solution curve and the temperature behaviour of the mean ionic activity coefficient was
pointed out theoretically in section 2.4. Here, it can be seen that the model correctly follows the theory:
only model 2.0, that has the correct enthalpy of solution slope is able to follow the mean ionic activity
coefficient trend with a maximum value close to 323 K.
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Figure 10 : (a) NaCl mean ionic activity coefficient and (b) enthalpy of solution as a function of salt concentration
obtained from the optimisation of model 2.1 using optimisation strategy “a”. The symbols represent the experimental
data and the curves represent the results obtained with the model. The calculations were made at 1 bar for
temperatures up to 373.15 K, then the saturation pressure of the solvent was used for temperatures above 373.15 K.

As with the dispersive models, the parameters are checked for their physical consistency. In Table 13 a
summary of the parameters obtained for the associative models with the optimisation strategy “a” are
shown. Due to the association scheme proposed, the interaction between two ions is only possible if
they are of different charges. Thus, in contrast to dispersive models, associative models do not consider
short range cation-cation and anion-anion interactions. Hence, the physical consistency analysis focuses
only on adjusted diameters, with the same criterion as for dispersive model analysis.

Table 13 : Parameters obtained from the optimisation of associative models using the optimisation strategy "a" @. In

. . . . . AB . . . 1,AB
bold, inconsistencies regarding diameters. g, 1Is the association energy, Ky, 1 ater

MS.

o! A and O.Burn

HS

is the association volume, o} °,

i are the hard sphere, MSA and Born diameters respectively, agion and arion are the adjustable
parameters of the Simonin dielectric constant.

Parameters Model 2.0 Model 2.1 Model 2.2

szgter—Water/kB /K 201.61

ENa-water kg I K 1813.00

E’X a-water Jkg /K 2132.21 2450.28 1762.99

&8 water /KB 1 K 2319.02 1994.12 2981.09

ens . /ks/K 2410.64 2100.38 871.87

kag-water 0.005 0.064 0.003
L water 0.02 0.003 0.016

kil ., 0.002 0.002 0.001

ofiS /A 1.00 1.42 4.08

alis /A 4.17 4.32 2.019®

oA 1 A 5.86 1.00® 3.97

alis4 /A 2.00 ® 6.24 6.64

ogomy & 323

afom/ A 451

ayion - - -0.047

arpion - - -0.003

@ In associative models only water-water dispersion interactions are taken into account. Born diameter has been fixed for all models
using the values presented in Table 4 (see section 3.6). Water-water dispersion and association energies are also fixed [9].

(1) ~MSA HS
ac>” < 0g

@ MSA HS
) oA < of;

0 off <o

In Table 13 the diameters that do not meet the consistency criterion are highlighted. None of the models
have physically consistent parameters. It should be noted that all parameters that are not physically
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consistent reach the lower limit imposed in the optimisations. This may be an indicator that the models
are over-parameterised. Sensitivity analysis has therefore been used to verify the impact of the
parameters on the objective function, and to reduce the number of parameters used for optimisation in
strategy “b”.

b. Strategy “b”

As for dispersive model, the parameters a ;,,, and ar ;,,, are close to zero, indicating again that taking
explicitly into account salt effect in dielectric constant has no real effect on the results. The sensitivity
analysis is focused on model 2.0, which leads to the best results in strategy “a”. Similar conclusion is
reached as for dispersive models, in that the most influential parameters are the hard sphere diameters
and the interaction energy between cation and anion. In contrast to the dispersive models, the energy of
association between cation and water is also found to have an important impact on the objective function.
Therefore, the parameterization can be limited to 4 parameters. This is further reduced by considering
that the response surface of the hard sphere diameters (Figure 11) highlights a correlation between the
diameters.

Figure 11 : Response surface showing the effect of the hard sphere diameters on the total objective function

In addition, in Figure 11 that the experimental Pauling diameter of the cation (1.9 A) is located in a
reasonably flat zone. For this reason, the value of the cation hard sphere diameter is set equal to the
Pauling diameter. Finally, association volumes are observed to have a poor impact on the objective
function, compared to other parameters. To reduce the number of adjustable parameters, their values are
fixed to that of water, as was done in previous studies [9, 11]. As in dispersive models, the MSA diameter
does not have a high impact on the objective function and is fixed using equation (54). Strategy “b”
summarized in Table 7 is now applied to model 2.0.

Table 14 : Comparison of the best results obtained using optimisation strategy “a” (model 2.0 - 10 parameters), with
the results obtained using optimisation strategy “b” (model 2.0 — 3 parameters). y}" is the mean ionic activity

coefficient, ¢ is the osmotic coefficient, h*°! is the enthalpy of solution and V. is the apparent molar volume.

AARD; / %

}/in ¢ hsol vy
a (Model 2.0) 1.02 2.97 16.99 4.96
b (Model 2.0) 3.56 5.61 34.58 14.01

Strategy

There are now only 3 parameters left, which are association energy cation-solvent (Sl’sg_w ater KB
cation-anion association energy (51‘35_ ¢ /kg) and anion hard sphere diameter (olf%). In Table 14 the

[T 2]

comparison of the AARD results of model 2.0 using optimisation strategy “a” and “b” are compared.
The deviations are similar for the mean ionic activity coefficient and osmotic coefficient (difference less
than 3% in both cases). However, the ARD for enthalpy of solution is more than double and almost
triple for apparent molar volume. In Figure 12 the quality of this new model is seen. The model can
describe the mean ionic activity coefficient as a function of concentration, but only at intermediate
temperatures, and incapable to capture the slope of enthalpy of solution. The increase in the deviation
of the apparent molar volume can be attributed to the fact that in strategy “b”, only the hard sphere
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diameter of the anion has been optimised, while this property is strongly dependent on the hard sphere
diameter of both ions.

1,1 8000
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Figure 12 : (a) Mean ionic activity coefficient and (b) enthalpy of solution as a function of salt concentration obtained

from the optimisation of model 2.0 using optimisation strategy “b”. The symbols represent the experimental data and

the curves represent the results obtained with the model. The calculations were made at 1 bar for temperatures up to
373.15 K, then the saturation pressure of the solvent was used for temperatures above 373.15 K.

Table 15 presents the parameter values obtained for model 2.0 using strategy “b”. In bold the parameters
used to optimise the model.

Table 15 : Parameters obtained from the optimisation of model 1.0 using optimisation strategy “b” . Only bold

parameters are regressed. s‘l-q]-B is the association energy, kﬁi_wm” is the association volume, 6/%, 6¥54 and ¢2°™ are
the hard sphere, MSA and Born diameters respectively.

Parameter value Parameter value

e water /K8 /K 1813.00  Euter_water/kp | K 201.61
€0l vater ks 1 K 2617.86 oS/ A 1.9

ngz-wmr /ks /1K 1813.00 ol /A 3.96
g,Xl a—ci Jkg /K 2047.78 a,c;{j /1} 2.85

izg—wmer 0.044 JCE;OM/I;S 5.94
kill;water ggjj algzrn/ . 323
Na—cl : oo /A 4.51

¢ In associative models only water-water dispersion interactions are taken into account. Anion-water association energy, ion-water association
volume and cation-anion association volume are fixed with a value equal to the water-water association energy and water-water association
volume respectively. The cation hard sphere diameter is fixed with the Pauling diameter. The MSA diameter is calculated using equation 54.
Born diameter has been fixed using the values presented in Table 4 (see section 3.6). Water-water dispersion and association energies are also
fixed [9].

As a conclusion on the use of associative models, it appears that the large number of parameters makes
it possible to reach a very nice representation of the data, but at the price of non-physical parameters.
The most important parameters are the cation-anion interaction energy. It is observed that when the
number of parameters is reduced in such a way as to make the order of the diameters physically
meaningful, it becomes impossible to represent correctly the enthalpy of solution and the temperature
trend of the mean ionic activity coefficient.
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5 Discussion

Having settled on two modelling approaches that provide equivalent results, we can now evaluate their
behavior on various salts and properties. In this section, we first evaluate how the model can be
extrapolated to other salts. We then present how the use of the full model impacts the Gibbs energy of
solvation and finally, some discussion is proposed on single ionic activity coefficients. The salts
considered are NaCl, KCl, NaBr and KBr. In Table 16 the temperature and concentration range of the
experimental data used for each salt are presented.

Table 16 : Number of experimental data points (Npt/), temperature and concentration range of each property used
for the optimizations of models 1.0 and 2.0 @. ;" is the mean ionic activity coefficient, ¢ is the osmotic coefficient, hso!
is the enthalpy of solution and v, is the apparent molar volume.

Salt 7’.|_1.n ¢ hs°! Vi Reference
Npt’ 82 120 64 75
Temperature range 273.15-  273.15- 298.15- 273.15-
KCl1 /K 323.15  413.15 348.15 323.15 [75-82]
Molality range / 0-45 0-52 0-06  03-1
mol.kg
Npt/ 133 233 17 24
Temperature range 273.15-  298.15- 298.15- _
NaBr /K 333.15  498.15  333.15 298.15 [678’62;3
Molality range / 0-95 0-106 0-02 0-83
mol.kg
Npt/ 29 286 52 52
Temperature range 298.15- 283.15- 313.15-
KBr /K 29815 4og.15 31305 553.15 [42’6%’8?4’
Molality range / 0-55 0-75 0-6  01-15

mol.kg™!
a Uncertainty (err(%) — e’) and data serial weight (wi) are the same for all salts and are presented in Table 5.

5.1 Model extension to 4 salts

Using the approaches chosen in the previous section, an extension has been made to model the same
properties in aqueous solution of 4 salts, using the strategy “b” previously described (3 adjustable
parameters). The deviations with respect to the data whose references and those provided in Tables 1
and 16 are given in Table 17. The resulting parameters from the model optimisation are shown in Table
18. Note that the parameters for NaCl have been re-optimised. This was done to find parameters that
work well for salts that share the same ions (NaCl, KCI, NaBr).

Table 17 : Absolute relative deviations (ARD) from optimisation of models 1.0 and 2.0 using optimisation
strategy “b”. yi" is the mean ionic activity coefficient, ¢ is the osmotic coefficient, h*°! is the enthalpy of solution and

v, is the apparent molar volume.

Model 1.0 (Dispersive model) Model 2.0 (Associative model)
NaCl KCI NaBr KBr NaCl KClI NaBr KBr
AARD; /%
7f 3.98 3.56 6.17 3.53 3.90 1.54 5.53 1.16
¢ 6.18 4.14 7.60 6.03 7.19 1.42 7.70 2.19
R 42.16 1.16 2.95 7.54 40.46 1.06 2.83 5.53

Vi 6.86 6.23 22.26 6.06 10.90 36.23 39.22 4.06
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Table 18 : Parameters obtained from the optimisation of model 1.0 and 2.0 using optimisation strategy “b”, for

aqueous NaCl, KCl, NaBr and KBr @. Only bold parameters are regressed. o?s, o

M54 and ¢B°™ are the hard sphere,

MSA and Born diameters respectively. &;; is the dispersion energy, &;;” is the association energy, ky, ;... is the

association volume.

Model 1.0 (Dispersive model)

Model 2 (Associative model)

Parameters NaCl KC1 NaBr KBr NaCl KCl1 NaBr KBr
oS0l A 211 3.46 2.11 3.46 1.90 2.66 1.90 2.66
alts. /A 3.32 3.32 348 348 3.84 3.84 3.69 3.69
oMsa /A 434 415 434 415 2.85 3.99 2.85 3.99
oMsa /A 453 453 521 521 5.76 5.76 5.54 5.54
ang ™/ A 3.23
o™/ A 4.51
Ewater-water/Kp I K 201.61
cat—warer/ ks | K 201.61 201.61 201.61 201.61 - - - -
Eani—water/ ks /| K 201.61 201.61 201.61 201.61 - - - -
€cat—ani/ ks | K 26.76 238.61 543  198.18 - - - -
€cat—car/kn 1 K 0.00 000  0.00  0.00 - - - -
Eani—ani/ks | K 0.00  0.00  0.00  0.00 - - - -
Epater—water /K8 1 K 1813.00
€2 waier /KB K - - - - 1270.11 1531.28 1270.11 1531.28
2% water /K8 K - - - - 1813.00 1813.00 1813.00 1813.00
& ani [ Kp | K - - - i 0.00 000 000 20116
K at-water - - - - 0.04 004 004 004
ko water - - - - 0.04 004 004 004

cat—ani - - - - 0.04 0.04 0.04 0.04

° In dispersive model 1.0 only water-water association interactions are taken into account. In associative model 2.0 only water-water dispersion
interactions are considered lon-water dispersion energies are fixed with a value equal to the water-water dispersion energy. Cation-cation and
anion-anion dispersion energies are set to 0. Anion-water association energy, ion-water association volume and cation-anion association
volume are fixed with a value equal to the water-water association energy and water-water association volume respectively. The cation hard
sphere diameter is fixed with the Pauling diameter. The MSA diameter is calculated using equation 54. Born diameter has been fixed using the
values presented in Table 4 (see section 3.6). Water-water dispersion and association energies are also fixed [9].

Several observations can be made.

5.1.1 Regarding the comparison between the two models

The global observation is that the two models are equally able to represent the four salts considered: the
deviations are generally of the same order of magnitude (up to 6% for mean ionic activity coefficient
and up to 8% for osmotic coefficient). Regarding the enthalpy of solution, only the NaCl deviations are
significant, which is easily explained by the fact that only for this salt, high concentration enthalpies of
solution are available. Concerning apparent molar volume, those of KCl and NaBr seem particularly
difficult to capture correctly. It is important to remember that the apparent molar volume expresses the
change in the volume of the solution when salt is added, this property is very sensitive and generates
very small values, so it is difficult to obtain low deviations. The sensitivity analysis performed for the
NaCl aqueous solution showed that the apparent molar volume is particularly sensitive to the variation
of the hard sphere diameter. This explains why higher ARDs are obtained with the 2.0 model, as in this
model only the HS diameter of the anions was optimised.

5.1.2 Regarding the parameter values.

Vaque Aura et al. [29] discussed how the shape of the mean ionic activity coefficient curve illustrates
the competing tendency of ion solvation (curve leans upward) and ion pairing (curve leans downward).
In the SAFT models, this competition can be made visible by comparing respectively the ion-water and
ion-ion interaction parameters. According to Vaque Aura et al., the order of most solvating (least
pairing) to least solvating (most pairing) salts is as follows: NaBr > NaCl > KBr > KCl, this same trend
can be seen in the experimental data at 298.15 K in Figure 13. Looking at the magnitude of the model
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1.0 parameters, where only ion-pairing parameters have been allowed to change, it appears indeed that
NaBr has the lowest ion-pair interaction energy, while KBr and KCI have the highest values, KCI
showing the highest value. The trend of these parameters agrees with the conclusions of Vaque Aura et
al. [29]. For model 2.0, the association parameters are fitted. Almost all ion pair parameters are zero,
pointing to full dissociation, except for KBr. For this last salt, it is true that 201 K is extremely small,
and can therefore be considered zero as well. Hence, for this model, the solvation (ion-water) parameters
should be used as a guide. Yet, here the trend seems opposite: the salts that are expected to “solvate”
more have a smaller cation-water interaction energy. This may be caused by the imposed value of the
association energy of the anion with water, that is larger than the one that is found between cation and
water. It is known that cations are more solvated than anions [37].

1,1 1,1
1 1
0,9 0,9
0,8 0,8
E-H EH
~ 0,7 ~ 0,7
0,6 0,6
0,5 0,5
0’4 1 1 1 1 1 1 1 1 1 1 1 0’4 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 0 2 4 6
m/ (mol-kg™) m/ (mol-kg™)

Figure 13 : Comparison of the mean ionic activity coefficient calculation for NaBr, NaCl, KBr and KCI salts at 298 K.
(a) using model 1.0 and (b) using model 2.0. The symbols are the experimental data and the curves represent the
model. Calculations were made at 1 bar.

As can be seen in Figure 13, both models follow the trend of the experimental data. Model 2.0 generates
better results, especially for KBr and KCI salts.

The trend of the hard sphere ionic parameters is shown in Figure 14. The MSA diameters are
systematically obtained by multiplying the hard sphere diameter by 1.5 (see equation (54)). It appears
that for the model 2.0, the fitted parameters are very close to those of Pauling, except for the diameter
of the ion Br - which is smaller than the Pauling diameter. For model 1.0, a small inversion is observed,
the diameter of the potassium is larger than the diameter of the chlorine.

5
o MI1.0
o M2.0 Cl-
4t . .
[ ° Q_
<3 Br
Zn o
T~ Na+ K+
S °
2r °
1 -
O 1 1 1 1 1 1

Pauling3diameter /A4

Figure 14 : Comparison of the hard sphere diameters obtained for the models 1.0 (M1.0) and 2.0 (M2.0), with the
Pauling diameter. Blue points are dispersive model 1.0 and red points are associative model 2.0.

5.1.3 Regarding the maximum of mean ionic activity coefficient with temperature

As shown by Vaque Aura et al. [29] the dependence of the mean ionic activity coefficient with
temperature for the 4 salts considered presents an increase and in some cases a maximum, as can be seen
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in Figure 15. As mentioned above, this type of behaviour is difficult to capture, even for NaCl, where
the enthalpy of solution values that are included in the objective function reach large molalities (up to 5
molal as shown for example in Figure 12(b)). For all other salts, the deviations on the enthalpy of
solution are very small because the data are insignificant (concentration below 0.6 molal), and as a
consequence, the mean ionic activity coefficient continually decreases with temperature.

1 1
- NaCl L (b) NaCl
09 r ——KCl 09 r ——KCl
- NaBr I NaBr
0,8 m m 058 r =
PO A a4 A
£n0,7 + 4 A g+ 07 | 4 “
. L A B L A
0,6 I~ X A 0’6 - A
| N . L V@ﬁ( N
0,5 r A 0,5 r A
0,4 1 1 1 1 1 1 1 1 1 1 1 0’4 1 1 1 1 1 1 1 1 1 1 1
250 350 450 550 250 350 450 550
T/K T/K

Figure 15 : Variation of mean ionic activity coefficient with respect to temperature at 3.5 molal. The dots represent
the experimental data and the curves the model. (a) Model 1.0 and (b) Model 2.0.

A possible way to correct the model is to include temperature-dependent interaction parameters. Using
model 1, this has been done in the past [89]. For model 2.0, the framework of the association term leads
to a decrease of association force when temperature increases. It is not designed to allow for changing
this dependence.

5.2 Representation of the Gibbs energy of solvation

Even though the Born radius is calculated from the Gibbs energy of solvation, it is be worth assessing
if this property can be described accurately. Using the SAFT framework, the Gibbs energy of solvation
of an ion is directly related to the fugacity coefficient of that ion at infinite dilution in water:

ASGl_l(OO)_ 1( aAOO) l<Z> (55)
rT ~ W) TR\ Lon,,,) T Mz

In Table 19 the experimental values of the Gibbs energy of solvation and the calculated values for all
the ions used in this work are shown. The calculated values were obtained using the parameters presented
in Table 18. The AARD (%) of the calculated values does not exceed 5% with either model 1.0 or model
2.0.

Table 19 : Comparison between the experimental and calculated Gibbs energy of solvation for Na+, K+, ClI- and Br-
ions, using dispersive and associative models . A;G;Exp. is the experimental Gibbs energy of solvation and A;G; Cale
is the Gibbs energy of solvation calculated with each model.

AsG; Exp. AsG; Calc. A;G;Calc. AsGExp. A G;Calc. A;G;Calc.
Cation / kJ/mol / kJ/mol / kJ/mol Anion / kJ/mol / kJ/mol / kJ/mol
[58] MI1.0 M2.0 [58] MI1.0 M2.0
Na* -424.00 -429.44 -423.75 Cl- -304.00 -308.29 -313.69
K* -352.00 -358.16 -360.85 Br- -278.00 -281.88 -289.33

@ The calculation of the Gibbs energy of solvation was done using the parameters presented in Table 18. M1.0 refers to the dispersive model
1.0 and M2.0 refers to the associative model 2.0.

5.3 Single ionic activity coefficients (SIAC)

A number of authors [27, 28], have tried to obtain data for the individual activity coefficient of the ions.
For the NaCl salt, their results show that the activity coefficient of the cation is higher than the activity
coefficient of the anion. This may indicate that the cation is more solvated than the anion. To compare
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models 1.0 and 2.0 with these results, the individual activity coefficient for NaCl was calculated using
the parameters presented in Table 18.
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Figure 16 Individual activity coefficient (y+, y-) of chloride and sodium as a function of salt concentration at 298.15 K.
(a) using model 1.0, (b) using model 2.0. The dots represent the experimental data [28] and curves the model.
Calculations were made at 1 bar.

In Figure 16(a) model 1.0 shows an inverse behavior compared to the experimental data. Although the
parameters appear to be physically consistent, the model is not able to reproduce this property correctly.
This may be because the two dispersion energies are equal. In Figure 16(b) the trend is also inverse.
This behaviour may be due to the very high value of the association energy of the anion (chlorine). For
model 2.0 the association energy of the cation (sodium) was used as an adjustable parameter. Therefore,
it may be assumed that this parameter compensates for the excess solvation of the anion, by decreasing
the association energy of the cation. This would explain why the association energies of both ions in
model 2.0 show an inverse behaviour to the expected one.

5.4 Comments on the contribution to the natural logarithm of mean ionic
activity coefficient

Extracting conclusions by analysing the contribution of each term to the natural logarithm of the MIAC
is quite complex. However, some observations have been made by comparing the contribution of terms
for dispersive and associative models. In Figure 17 the two models that have been selected as the most
accurate ones (in strategy “a”) are compared (the corresponding plots for all models are available in
supplementary information B).

In Figure 17(a) the dispersive approach is considered. In this case, both the dispersion and MSA terms
generate a negative contribution. They are counterbalanced by the hard sphere, Born and association
terms (water-water associations exist in this model, and they have an impact on the ionic activity
coefficients). In contrast, the contributions using the association model, shown in Figure 17(b), the hard
sphere term has a negative effect, in addition to MSA, and the association, much larger in magnitude, is
the only significant positive contribution. The large, and opposite, contributions of the Hard Sphere term
need to be further understood, but explain why the ionic hard sphere diameters have a large impact on
the result.

The same trends are observed for all sub-models (i.e., using various types of dielectric constant

functionalities). The Born contribution is obviously larger when using the Pottel correction, because the
dielectric constant decreases much faster, but it does not change the global picture.
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Figure 17 : Effect of the various terms on the natural logarithm of mean ionic activity coefficient for aqueous NaCl as
a function of salt concentration at 298 K (a) using model 1.2 and (b) using model 2.0. Where HS=hard sphere,
Disp=dispersion, Asso=association, Polar=polar, MSA= MSA and Born=Born terms, Sum = sum of all terms and
Exp= experimental mean ionic activity coefficient data.
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Conclusion

The objective of this work was to benchmark various PPC-SAFT-based equations of state for describing
the temperature trend of mean ionic activity coefficient, and more particularly at the low temperature,
where an anomalous behaviour is observed.

To this end, four important properties for NaCl aqueous solutions have been used (mean ionic activity
coefficient, osmotic coefficient, enthalpy of solution and apparent molar volume). Three other salts
(KBr, KCI, NaBr) have been investigated as extensions in the discussion section.

The use of enthalpy of solution data that cover a large concentration range and a low temperature range
(below 323 K) is found to be consistent with a rising value of mean ionic activity coefficient at fixed
molality in this low temperature range, resulting effectively in a maximum in the temperature trend close
to 320 K. This trend has rarely been pointed out, and it appears that, to the best of our knowledge, no
author has attempted to describe it. Our attempts to do so show that it is very difficult to model it for a
model with physically consistent parameters. We believe that the only way to reach this goal would be
to use temperature-dependent parameters.

Two modelling approaches have been compared. The main difference between the models is the way in
which short-range interactions involving ions are considered (solvation interactions and ion pair
formation), in addition to the different models used to describe the dielectric constant. The first approach
(dispersive models) consists in using a dispersion term, while the second approach (associative models)
consists in using the Wertheim association term. In both approaches the MSA term was used to account
for long-range electrostatic interactions and the Born term to model electrostatic interactions between
ions and solvent. No major difference in the capacity of modelling the target properties was found.

Three different sub-models have been used to calculate the dielectric constant of the solutions. In the
present study it is observed that the addition of an explicit salt concentration dependence on top of the
implicit Schreckenberg model [13] is not needed for the description of the activity coefficient for the
system NaCl + water. The parameters that take into account the salt concentration (g o, and ar jop)
for the Simonin correction tend to zero. Furthermore, a sensitivity analysis showed that these Simonin
parameters have low influence on the objective function. In most cases, the models in which the Pottel
dielectric constant was used gave the worst results. These results may indicate that it is not necessary to
use an explicit salt concentration-dependent dielectric constant for the study of electrolytic systems.
However, A more detailed study may help further clarifying these observations.

The use of the Born term remains essential, though, for representing Gibbs energies of solvation. For
this property, the Born term has the largest impact, as was also shown by Fawcett [58].

This study has also identified the most sensitive parameters in modelling electrolyte solutions with PPC-
SAFT, allowing a reduction of the number of adjustable parameters without significantly affecting the
quality of the model. Some consistency constraints were also applied to obtain adequate results with
physically consistent parameters. For the dispersive model, the hard sphere diameter (o/'%) of both ions
and the cation-anion dispersion energy (&car—an;) Were identified as the most influential parameters. For
associative model, the most influential parameters were the cation-water association energy

AB . . . . AB . .
(eCat_Water ), the cation-anion association energy (&5q:—qn; ) and the hard sphere diameter of the anion

(5. ).). In both cases the parameters that consider the interactions between the cation and anion, were

found to be quite influential in the model.
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