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Introduction

Electrolyte thermodynamics is one of the major challenges in today's thermodynamic applications. This was already pointed out ten years ago by Hendriks et al. [START_REF] Hendriks | Industrial Requirements for Thermodynamics and Transport Properties[END_REF] and very recently by Kontogeorgis et al. [START_REF] Kontogeorgis | Industrial Requirements for Thermodynamic and Transport Properties[END_REF] . The reason why this application domain is so challenging may be summarized in four bullet points:

-The data often refer to simple systems and do not include mixtures related to those of interest in industrial applications (this is perhaps true in many other fields) -Very few models are available in commercial simulators, and these models allow reaching high salinities and/or high temperature conditions only through strong parameterization efforts. In other words, no truly predictive approach exist, despite the many attempts in the academic community [START_REF] Held | Thermodynamic gE Models and Equations of State for Electrolytes in a Water-Poor Medium: A Review[END_REF][START_REF] Kontogeorgis | Thermodynamic Models for Industrial Applications: From Classical and Advanced Mixing Rules to Association Theories[END_REF][START_REF] May | Thermodynamic Modeling of Aqueous Electrolyte Systems:Current Status[END_REF] . -Many electrolyte applications feature reactive compounds, meaning that the true species in a solution may be very different from the apparent species. As a consequence, the number of binary interaction parameters to be considered in the -empirical-equations may become very large. -Last, but not least, the number of phases that may appear in these applications may be numerous (sometimes several liquids, or more often several solid phases) which implies the necessity to have access to robust and stable algorithms that allow both physical and chemical equilibrium to be computed.

Recently, IFPEN has initiated a joint industry project (JIP) called EleTher to increase the visibility of the efforts in this field.

The first goal of the JIP is to promote activity in this field in the thermodynamic community at large. To this end, we have set up a web site (www.elether.fr) where several example applications are provided, with contact persons in the different partner companies. The second goal is to propose best practices for the workflow that is recommended whenever a new thermodynamic model must be developed for an industrial process (Figure 1).

Figure 1. Three steps workflow for EleTher Project

Figure 1 shows the three proposed steps. At first, data needs to be collected: no thermodynamic model can be considered safe unless it has been validated using data. Yet, the data themselves may be scattered or inconsistent. This is why a consistency analysis is recommended, as discussed by various authors [START_REF] Diky | ThermoData Engine (TDE): Software Implementation of the Dynamic Data Evaluation Concept. 4. Chemical Reactions[END_REF] . Unfortunately, very often, the data do not lie in the region of interest for the industrial applications. This means that a reliable extrapolation tool must be available. Several methods may exist, from very simple, as graphical extrapolations [START_REF] Mathias | Modified Trouton's ule for the Estimation, orrelation, and Evaluation of Pure-Component Vapor Pressure[END_REF][START_REF] Rozmus | Long chain multifunctional molecules with GC-PPC-SAFT: Limits of data and model[END_REF] to very complex as molecular simulations [START_REF] Tsai | Monte Carlo simulations of H2O-CaCl2 and H2O-CaCl2-CO2 mixtures[END_REF] , going through advanced equations of state [START_REF] Kontogeorgis | Thermodynamic Models for Industrial Applications: From Classical and Advanced Mixing Rules to Association Theories[END_REF][START_REF] Kontogeorgis | The Debye-Hückel theory and its importance in modeling electrolyte solutions[END_REF] . The resulting values may be called pseudoexperimental, as they are reasonable extrapolations of actual data. At last, the industrial model that is to be used in the process simulator must be parameterized [START_REF] Schlaikjer | An ion-specific approach to parametrization[END_REF] , which may be a significant challenge, considering the large number of potential parameters. This paper is a summary of the work performed during the first year of the JIP. Focusing on a simple example (water + alkali-halides), we have explored some aspects of the first and the second stages of this workflow: data gathering and analysis. For that purpose, the paper has been divided into three main sections. First, the data themselves are presented: both their theoretical definition is explored and their availability. Two sections are next devoted to the consistency analysis: internal consistency and external consistency. A final discussion and conclusion closes this paper.

Data investigated

Some property definitions

Mean ionic activity coefficients

The ionic activity coefficient, i , describes the deviation of the ion activity with respect to a defined 'ideal behaviour'. The ideal behaviour that is usually considered for electrolyte systems is defined as the fugacity being proportional to the molality. The prime refers to the asymmetric definition: its value becomes one at infinite dilution in the solvent. Detailed definitions of this property are given in textbooks, as for example [START_REF] Kontogeorgis | Thermodynamic Models for Industrial Applications: From Classical and Advanced Mixing Rules to Association Theories[END_REF][START_REF] Thomsen | Electrolyte Solutions: Thermodynamics, Crystallization, Separation Methods[END_REF] Although some authors publish individual ionic activity coefficients [START_REF] Wilczek-Vera | Towards accurate values of individual ion activities: Additional data for NaCl, NaBr and KCl, and new data for NH4Cl:A Festschrift in Honor of John M. Prausnitz[END_REF][START_REF] Vera | General Aspects of Ionic Activities in Aqueous Solutions[END_REF] we have in this work only used mean ionic activity coefficients (MIAC) which are defined on a molality basis (indicated by a superscript m) as:

r n ⁄
(1) Where the subscripts "+" and "-" point to anion and cation, while r and n are their respective stoichiometric coefficients (here always one), and r + n is their sum, here 2.

Osmotic coefficients

The osmotic coefficient is a measure of the non-ideal behaviour of the solvent in a mixed solution. The usual definition of the osmotic coefficient ( ) is: 16 ln ln a m

(2)

It is related to the molality based activity coefficient using the Gibbs-Duhem relationship which can be written as: [START_REF] Kontogeorgis | Thermodynamic Models for Industrial Applications: From Classical and Advanced Mixing Rules to Association Theories[END_REF] 

m
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Where a is the activity coefficient of the solvent; is its molecular weight (kg /mol); m is the molality of the solute (moles of B/kg solvent). It may be pointed out that the usual definition of an ideal solution ( =1), yields =1 only at low salt content.

Bubble pressures

Another property investigated here is the bubble pressure. In the range of temperature of interest, only the solvents are considered to evaporate, the salts remain in the liquid phase. The equation that must be solved is then (ignoring the Poynting correction and the vapour phase non-ideality is reasonble at low pressure):

∑ (4)

Where

T is the vapor pressure of the solvent A at the concerned temperature (the exponent  points to saturation). In this work, we consider only water as a solvent.

Relative apparent molar enthalpy of solution

The enthalpy of solution refers to the change of enthalpy when a certain quantity of solute is mixed with the solvent. It is obtained by slowly adding a salt to the solution that is initially pure. Hence, the difference in enthalpy is measured between the mixtures that contain solvent (A) and solute (B) on the one hand, and the compounds taken as pure on the other hand. Yet, the pure solvent is generally a liquid and the pure solute is a solid:
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Where The partial molar properties are computed from the reference state properties (pure for A, infinite dilution for B) and the partial molar excess property:
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And
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Where, according to the Gibbs-Helmholtz equation:
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Where the prime indicates that the asymmetric activity coefficient is used (the ideal behaviour -unit actictivity coefficient-is reached when the solute B is infinitely diluted in the solvent A). Notice that the activity coefficient used here is that based on mole fraction, not molality.

An example of such data is given in figure 2. It shows that the data do not start at zero enthalpy, and it goes through a maximum before showing a decreasing trend. [START_REF] Taniewska-Osinska | Calorimetric Investigations of Aqueous Solutions of Sodium Chloride and Cobalt(II) Chloride at Several Temperatures[END_REF] From equations ( 5) through (8), the enthalpy of solution can also be written as:
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Where the enthalpy of mixing, ' M h , is written with a prime because it refers to an asymmetric reference state:

'' M E E A A B B h x h
x h  (11) Be careful that the limiting value IS NOT the enthalpy difference between liquid and solid for the 

298.15K

A value of the enthalpy at infinite dilution must therefore be defined before computing the enthalpies of solution from equation (10). Enthalpies at infinite dilution at different temperatures have been determined in order to interpolate to different temperatures. As an example, the enthalpy of solution at infinite dilution for KCl at different temperatures is shown on figure 3.

Figure 3. Enthalpy of solution at infinite dilution for KCl at different temperatures

This correlation is used below (internal consistency) for analyzing the data.

Global view of all data.

We focus on monovalent salts in pure water, but will attempt to search a large variety of properties. All data are obtained from the Detherm data base (2018 issue). Supplementary information(pdf in a zip format) provides the list of all available data including the temperature range and the maximum molalities.

The different phase equilibrium properties studied in this work are represented in Table 1. In this representation it can be shown that data for salts and water as solvent is available for a wide range of properties. All properties studied are found for all of the salts. Lithium fluoride (LiF) is the only salt without any data related to activity coefficients: this salt is very insoluble in water. The maximum molality of LiF in water is 0.05 M. It can also be concluded that the majority of the data found was studied at 298.15 K. In addition, the majority of articles concern densities and solid-liquid equilibria. 

Analysis of data versus salt solubility in water

The solubility limit of the salts NaCl and LiCl as a function of the temperature are shown in figure 4 and figure 5, respectively. In both graphs the maximum molality found in experimental data analyses for activity coefficients, osmotic coefficients and VLE (bubble pressure) is also represented. With this representation it is possible to identify the regions with gaps in the data that are of interest to be filled by additional measurements. The analysis was limited to 650 K (some data do have been reported up to the critical point of water). Figure 4 shows that for NaCl, activity data can be found essentially up to the solubility limit in the full range of temperatures. For the activity coefficients, data are available up to 470 K, while for the osmotic coefficients, the highest reported temperature is 573 K. Bubble pressure data are available in the low temperature region, and again at high temperatures. Figure 5 shows the same representation for LiCl. Here again, activity coefficient data reach 470 K, but the maximum molality is far below the actual solubility limit. Osmotic coefficient data span essentially the same temperature and composition range. Bubble pressure data reaches higher temperatures and molalities, but still do not cover the entire possible region. It is therefore a good example where additional measurements could be of particular benefit.

Figure 6 shows such plots for all monovalent salts. Following observations can be made:

-Solubility data:

o The amount, quality and temperature range of the solubility data varies largely from one salt to another. Only the highest values, that are compatible with the fluid phase data, are presented. o The solubilities sometimes show a kink, indicating a change in crystal structure o Low solubilities are observed for the salts (in order) LiF, NaF, KCl, RbBr, and CsI. The largest solubility is found for CsF followed by LiI. The trend indicates follows somehow a relation between cation and anion size, which will be further discussed below. o The solubility always increases with temperature, except for LiF and NaF where the solubility shows a maximum. In the case of NaF, bubble pressure measurements have been performed for molalities that seem to be higher than the solubility. It is not possible to state whether solubility data (open diamonds) are wrong or whether the bubble pressure have been measured with an oversaturated solution.

-Activity coefficient data:

o These data sets are often reported at lower temperatures, and up to a concentration limit that does not reach the solubility. o There is always one isotherm available at 298.15 K, but in many cases not more. o In almost all instances, no activity data can be found at high temperature/ high molality.

-Osmotic coefficient:

o These data are slightly more abundant than activity coefficient data, but do often not reach the solubility limit. -VLE data o VLE data sets are the most abundant type of data, especially at high temperature. -Global: o It should be stressed that the activity coefficient, osmotic coefficient and VLE data really refer to the same reality: they can be transformed into one another, as was discussed above and will be stressed again in the internal consistency analysis. o Up to 373.15 K (100°C), data are generally available until the solubility limit. At higher temperatures, data become much scarcer. o Only NaCl is fully documented. o RbF and RbI are the least documented. 

Internal consistency analysis

Internal consistency is the analysis of the quality of data for different properties focusing on a specific system using a thermodynamic consistency test. Yet, for using the conventional consistency tests (Point Test, Area test, etc. [START_REF] Wisniak | A fresh look at the thermodynamic consistency of vapourliquid equilibria data[END_REF] ), vapour phase compositions are required, which is not the case for electrolyte systems. This is why only the method based on residuals is used, as proposed by [START_REF] Wisniak | Analysis of residuals -a useful tool for phase equilibrium data analysis[END_REF][START_REF] Carrero-Mantilla | Thermodynamic and statistical consistency of vapor-liquid equilibrium data[END_REF] . We use a thermodynamic model that has intrinsically embedded the following thermodynamic relations:

-The Gibbs-Duhem equation relates salt activity coefficients and osmotic coefficients (equation ( 3)) -The modified Raoult law can be used to test consistency of vapor pressures and solvent activity coefficient (equation ( 4)) -The Gibbs-Helmholtz equation relates the derivatives of the activity coefficients with the enthalpies of solution (equations ( 8) and ( 9)

)
As an example, we will evaluate a large dataset for a simple system consisting of different types of data. This is performed by comparing the deviations between the selected model and the data. The objective here is to focus on the method rather than on the final results. The deviations are defined as:

elative deviation calculated e perimental e perimental (12) Where X is the property studied, in this work, it includes the mean ionic activity coefficient (MIAC), the osmotic coefficient and the enthalpy of solution.

The model is expected to behave well and be as accurate as possible. Hence, a correlative model with many parameters is the most suitable. The analysis of the deviations will make it possible to distinguish three types of behaviour:

-The deviations of a majority of datasets will scatter around zero. This scatter is then an indication of the experimental uncertainties. -Some datasets may feature large deviations. It is then possible that the deviations follow a systematic trend, which can then be attributed to an error in the model correlation -Some datasets feature large deviations, but lie clearly out of the trend. These will need to be investigated further and perhaps removed due to the fact that they are wrong.

Selection of the model for internal consistency analysis

The model selected for internal consistency analysis is the eNRTL model [START_REF] Chen | A local composition model for the excess Gibbs energy of aqueous electrolyte systems[END_REF] . The reason for this choice is that for pure water solvent, it is a consistent model (i.e. not a simple correlation, but an expression that is consistently derived from a Gibbs excess energy expression) with a reasonable number of parameters. This is in fact not so for mixed solvents, that are out of the scope of this work. This model is widely used for industrial applications, and specifically in simulations tools such as ASPEN ® . In this work, the in-house thermo library was used. The model contains three adjustable binary parameters for each pair of species (moleculeion pair) and for each isotherm: the non-randomness parameter , and two energy-related parameters that are called ater-salt and salt-ater . In this study the non-randomness parameter is fixed to 0.2. The temperature dependence of both parameters is taken as follows :

( T T ref ) (13) 
This equation contains only 2 temperature dependent parameters. Hence, equivalent parameters need to be determined, Table 2 shows the parameters used in this work. They have been fitted so as to represent as closely as possible the ASPEN ® parameters for temperature dependency of within the temperature range from 0-100°C. 

Results of internal consistency

In what follows, only one example has been selected to illustrate the procedure: the basic idea is to analyze the deviations of the datasets with respect to a given model. Not all properties are systematically investigated in this paper, as the objective is to propose a procedure. In principle, as many thermodynamic properties as possible should be thus investigated to reach a good thermodynamic consistency. The case study of interest is KCl with the analysis of mean ionic activity coefficient, osmotic coefficient, bubble pressure and enthalpy of solution.

Deviation plots are shown in figure 7 (mean ionic activity coefficients), figure 8 (osmotic coefficients), figure 9 (bubble pressures) and figure 10 (enthalpies of solution). In each of these figures, two subplots are shown, together with a legend that refer to the Detherm UTI [START_REF] Detherm | Thermophysical properties of pure substances and mixtures[END_REF] . The corresponding references are available in the supplementary material. The left plot shows the deviations as a function of molality, the right plot as a function of temperature.

If the model and data had been perfect, the deviations would scatter around zero, and the average value of the scatter would provide an indication on the experimental uncertainty. As it is, we in fact see that the points follow some trend. This global trend illustrates the model imperfections. The observed trend-line is an indication of the model inadequacy to describe the physical phenomenonno model is perfect, the scatter around the trend-line is experimental uncertainty. Two types of imperfections can be identified: either with molality or with temperature.

Regarding temperature imperfections, it can be mentioned that at the highest temperatures of interest here, the pressure may reach up to 5 MPa, resulting in the need to correct the bubble pressure calculation equation ( 4) with the saturated water fugacity coefficient. In fact, the method used here is unable to distinguish between the imperfections related to an oversimplified temperature function for the parameters and this pressure effect. Hence, we only mention temperature imperfection of the model. What we want to identify is whether experimental sets provide deviations that cannot be explained by either of these observations: they do not follow the trend and they show values that lie outside the experimental uncertainty region. In this case, for two sets, DDB-ELE:2015/10469 and DDB-ELE:2017/12064 the deviations are clearly related to a bad temperature extrapolation of the model. However, the trend of the deviations at high temperature is not well established: the data at 372 K (DDB-ELE:2015/10085), 394 K and 413 K (DDB-ELE:2015/10062) show a medium deviation that has the opposite trend as that for 438 and 498 K. It looks reasonable to put in question the data at medium temperature (DDB-ELE:2015/10085).

Mean ionic activity coefficients

When looking closer at the data by DDB-ELE:2017/12064, it appears that the points on both plots are very scattered (especially at molalities above 3). Hence, it is safe to consider these data as inconsistent. Considering that one single point of reference DDB-ELE:2011-DEC/4119 has a very large deviation: it is highly probable that this corresponds to a typing mistake, so e shouldn't discard the entire reference for this reason.

Bubble pressure

Data measurements of bubble pressure in the presence of salts are also often available. They can be computed with the same e-NRTL model using equation ( 4). The water vapour pressure from DIPPR is used. In figure 9 a similar analysis as shown for the previous properties is applied. From figure 9, the 5 inconsistent data sets are rather simple to spot. The large majority of the data are very accurate, and the activity coefficient of the solvent (water) deviates very little from unity for molalities up to 5. Hence, this nearly ideal mixing behavior is observed in the investigated region.

It should be mentioned that one dataset is not shown in figure 9 because its deviations were an order of magnitude out of range (2008-FEB-20-14:50/40751). These data should obviously also be discarded.

Enthalpy of solution

The enthalpy of solution is investigated in figure 10. The plots on figure 10 show a systematic positive deviation. This is probably related to the fact that the parameterization was done without taking this property into account, which is related to the temperature dependence of the activity coefficients.

The largest deviations are observed at high salt concentration (2008-FEB-20-14:50/13394). Yet these are not inconsistencies because other data (2008-FEB-20-14:50/15297) indicate a similar trend. This indicates that the model is not appropriate for extrapolating enthalpies with salt concentration. At low concentration, a large scatter illustrates the difficulty in measuring this property that has a global uncertainty of 3%. No data sets are associated with an obvious inconsistency.

Conclusion of the study for KCl

Table 3 summarizes the observations made for the KCl properties. 

Conclusion of internal consistency

The procedure used for the internal consistency analysis leads to three types of deviations:

-Deviations related to model imperfections at high molality -Deviations related to model imperfections at high temperature -Deviations related to inconsistent data The first type of deviations could be reduced by using another model. The second by improving the temperature dependence of the parameters. Only the third type of deviations lead to a possible rejection of the data.

One salt (KCl) is presented in this paper, but three other salts (NaCl, LiCl, CsCl) have been analyzed in a similar way. The results of internal consistency found for NaCl and LiCl are very different. For NaCl more data is available and the deviations are lower than for LiCl. Moreover, the deviations found for NaCl are caused by the model imperfections due to high temperatures or temperatures lower than 25°C. On the other hand, for LiCl some deviations may be explained by measurements at high temperatures or high molality range. The applied model does not properly represent the extreme conditions. Yet, some data are found to be inconsistent. The consistency for each salt must be investigated separately.

External consistency analysis

The purpose of the external consistency is to give an overview of the property trend for different chemical systems within the same family of compounds. In what follows, we focus on the molality based mean ionic activity coefficient because this property is well documented and the thermodynamic relationships discussed in section 2 allow to reconstruct many other properties. The activity coefficient has a well-documented shape, showing a minimum with increasing molality. This minimum is a consequence of the balance of forces, the long-range electrostatic forces having the most important impact at low molality, while the opposing trend at high molality is generally attributed to the short range interactions resulting from a competition between ion-solvent and ion-ion electrostatic forces. There is a consensus to describe the low molality solvation forces with a Debye-Hückel or primitive Mean Spherical Approximation (MSA) type equation, while the description of the short range interactions is less evident in the literature. It is our opinion that it is worth investigating the trends provided by the data before deciding on the model to be used.

In the following, we propose a tool that allows investigating the trends. All data used in this analysis have been validated through the internal consistency method.

Method

External consistency methodologies were discussed in the past by other authors: Matthias et al. [START_REF] Mathias | Modified Trouton's ule for the Estimation, orrelation, and Evaluation of Pure-Component Vapor Pressure[END_REF] , Rozmus et al. [START_REF] Rozmus | Long chain multifunctional molecules with GC-PPC-SAFT: Limits of data and model[END_REF] and Jaber [START_REF] Jaber | Extension of the predictive GC-PPC-SAFT Equation of State to multifunctional molecules[END_REF] . Their approach consists in a graphical analysis of values that summarize the actual data (typically, they try finding a linear function and analyze slope and intercept).

In this work, the Bromley model 24 was selected, essentially because it has been shown that the B parameter has a consistent trend when comparing different salts 25 26 . It is therefore expected that the Bromley model is more predictive and allows better parameter extrapolation. A drawback of the Bromley model is that the author replaces the mole fraction based activity coefficient ( i ) with the molality based activity coefficient ( i m ) without any explanation and without any attempt to perform a correct conversion between the two types of activity coefficients.

In other words, the model wrongly assumes that the Debye-Hückel term is molality based [START_REF] Thomsen | Electrolyte Solutions: Thermodynamics, Crystallization[END_REF] . This error was not considered in what follows: the model is considered as empirical and the B parameter was systematically fitted to the data.

In order to determine the Bromley parameter B, the standard deviation is minimized for either activity or osmotic coefficients using the same criterion as shown in equation (12).

In order to achieve external consistency, it is important to understand the meaning and influence of the parameters of the model. The Bromley equation is:

ln | |√ √ (14) 
where

ln ⁄ . . | | . | | (15) 
The parameter of the Bromley equation represents the Debye-Hückel interactions at low concentration of salt. This parameter depends on temperature. It is computed from

√ e √ r k T (16) 
where is the density and r is the relative permittivity of the solvent, here water. For the density, DIPPR 28 correlation 116 was used:
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Where
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The parameters for equations ( 17) and ( 18) are available in Table 4 Table 4 : Water parameters used in equations ( 17) and (18). This yields at 298.15K: = 1.173816 (kg/mol) 1/2 . The parameter B represents the increase in the activity coefficient at high molality caused by short range interactions. Consequently, a higher value of the parameter B implies a stronger increase in the activity coefficient. Table 5 shows the parameter B optimized for every system (pure water + monovalent salts) from the activity coefficient data up to 5 M. No data was found for the Lithium Fluoride (LiF) activity coefficient due its low solubility in water. For CsBr and CsI salts, B has a negative value. Effect of type of salt The behaviour of the avtivity coefficient curves is investigated for different salts in figure 11. In some cases, the activity coefficient increases strongly (e.g. LiCl), whereas, with other salts, the increase is almost insignificant (e.g. CsI). 5). The color code refers to figure 14: red means strongly hydrating salts; green means ion-pairing salts; orange is half-way. Some salts are highly soluble in water (see also figure 6). In fact, the molality scale was sometimes truncated in figure 11 so as to remain within the 5 M scale. The saturation molality of LiBr at 298.15K is 21.68 molal [START_REF] Simmons | The Systems Lithium Chloride-Water-Ethyl Alcohol and Lithium Bromide-Water-Ethyl Alcohol1,2[END_REF] . Figure 12 shows the representation of the activity coefficient of LiBr. 5 so as to show the optimal value over this large molality scale). Data from [START_REF] Hamer | Osmotic Coefficients and Mean Activity Coefficients of Uni-Univalent Electrolytes in Water at 25 C[END_REF] .

Dielectric constant, equation

Density (kmol/m 3 ), equation (18) 
In that representation the imperfections of the model due to the high molality are shown. In this and following figure 13, the parameter was fitted over the entire molality scale (i.e. not as shown in Table 5). The Bromley model, fitted until saturation molality, is able to represent the experimental data behavior until 10 molal approximately. Beyond that point, the model does no longer follow the experimental trend. The figure 14 represents the computation of the same data series but for the osmotic coefficient with the Bromley model. It is interesting to note that at high molality the osmotic coefficient data shows a flattening and stabilizes at  = 4. That behavior was observed for all the salts at molality higher than 15 M.

Effect of type of salt on the B parameter

The discussion is inspired for a large part by the works of Duignan 32 and Collins [START_REF] Collins | Ions from the Hofmeister series and osmolytes:Effects on proteins in solution and in the crystallization process[END_REF] . They introduced the Law of Matching Water Affinities (LMWA), that suggests a relationship between the solvation and the size difference between anion and cation. Using the Pauling diameters (from Ahmed [START_REF] Ahmed | Modélisation thermodynamique des mélanges électrolytiques multi-solvants pour les simulateurs de procédés[END_REF] ), the dependence of B on this difference is illustrated in figure 14. 5) with the difference of anion and cation diameter. The color code distinguishes between : red, strongly hydrating salts and green, salts with little hydration; orange is intermediate.

The trend shows a minimum when the difference between ionic diameters is equal to 1 Å. The parameter increases more significantly when the diameter of the anion is larger than that of the cation, compared to when the cation is bigger than the anion. This trend was already brought up and explained by Collins using the Law of Matching Water Affinities [START_REF] Collins | A thermodynamic model for strong aqueous electrolytes based on the eSAFT-VR Mie equation of state[END_REF] . This law states that there is a different effect on the hydration of ions depending on their charge and their size. According to the author, small ions (with high charge density) are considered kosmotropes, strongly hydrated ions. In opposition, the large monovalent ions (low charge density) are weakly hydrated ions and called chaotropes.

Based on the heat of the solution, the affinity with water according to the ion size can be determined. The combination of two small or two large ions results in an increased trend of ion pairing. On the other hand, the combination of ions with different sizes involves strong interactions with water.

Variation of the parameter B of Bromley with the temperature

It has been observed by some authors 36 that the temperature behavior of the activity coefficient is not monotonous: Figure 15 shows that the activity coefficient curves first increase and then decrease with temperature. The experimental data [START_REF] Harned | The thermodynamic properties of aqueous sodium chloride solutions from 0 to 40°[END_REF][START_REF] Gibbard | Liquid-vapor equilibrium of aqueous sodium chloride, from 298 to 373.deg.K and from 1 to 6 mol kg-1, and related properties[END_REF] are presented by smoothed lines in order to have a better view and interpretation of the variation. In a simplified vision where B expresses the balance between water-ion and ion-ion short range interactions, it may be concluded that the relative importance of these two types of interactions changes yielding a maximum close to 323 K. Using this concept, increasing temperature would result in stronger ion pairing as compared to the ionater 'solvation'. Obviously, in reality, the phenomena that occur are much more complex, and a more fundamental study would be required to explain this trend.

In order to verify whether that this trend is significant, the same analysis was performed for all monovalent salts. The parameter B was regressed both from osmotic coefficients and activity coefficients in order to be able to extend the temperature range covered.

Figure 17 shows the behavior of the B parameter with temperature for all salts. The blue diamonds are obtained from activity coefficient data, and the red squares from osmotic coefficients. Several conclusions can be drawn from the figure.

The first conclusion concerns the availability of experimental data at different temperatures for the salts studied: this was already observed from figure 6. For some salts, data are only available at 298.15 K, either for the ionic activity or for osmotic coefficient data. That is the case for all iodide and rubidium salts, as well as for cesium fluoride. For NaF, KCl and NaBr, no activity coefficient data have been found above 300 K. At higher temperatures, only osmotic coefficients data are available for computing the B parameter. It is true that vapour pressure data could also be used, but the uncertainty (and therefore the scatter) on the parameter is then much larger so that they cannot be exploited in this context.

The next conclusion concerns internal data consistency. For example, in the case of CsCl, two points are determined to be inconsistent as they do not follow the same trend as the others. These points are marked with an empty square in the figure. The NaF results show similar type of internal inconsistencies: at 298.15K, it is impossible to reconcile the osmotic coefficient and the activity coefficient results. In fact, no agreement exists even among various sources of activity coefficients as the B parameter varies between 0.016 (DDB-ELE:2008-JAN/4392) and 0.05 kg/mol (DDB-ELE:2008-JAN/2054). We should note that for this particular salt, due to the solubility being small (maximum molality = 1M), the uncertainty on these values are probably rather large.

Finally, we can discuss the external consistency, or the similarity in trend between the observed figures. The maximum of the B parameter with respect to temperature, which was observed for NaCl appears clearly for a number of other salts, (NaBr, KBr and perhaps CsCl). The inflexion temperature is around 340 K for NaCl and 320 K for NaBr. On the other hand, other salts do not present a maximum value of the parameter B. That is the case of LiCl and LiBr. In these cases, the parameter B always decreases with increasing temperature. It may be assumed that the maximum of these salts occurs at very low temperature, but this is pure speculation. It is extremely difficult to reach a conclusion regarding the true temperature trend of the salt activities, and more fundamental experimental work would be more than welcome in this area.

Conclusions

This work is performed as a part of the EleTher JIP, whose objective is to define best practices for the development of industrial models. The scope of this work is the analysis of non-reactive, monovalent salts in water and mixed solvents. A large number of data exist for these systems. The data have been collected and analyzed following a thermodynamic method. Several conclusions can be drawn.

Figure 6 shows a summary of the most important available data. Although the data for these types of salts are numerous, they are often limited to specific regions (low temperatures, low molalities, largely investigated salts). Considering the theoretical importance of the alkali halides, it seems that a renewed effort would be welcome to complete the picture.

It is essential to have a more complete vie of these 'simple' systems in order to better understand the fundamental phenomena occurring in non-reactive electrolytes.

The internal consistency results show that the method of data analysis by calculation of the deviations with the eNRTL is a technique to identify possible inconsistent data. The method finds its limitations due to the fact that the model itself is not capable of reproducing correctly the full range of available data. This could have been improved through additional parameter regression, but remains limited because of the quality of the eNRTL model itself at very high molalities.

In this work, as an example, four properties have been analyzed: activity coefficient, osmotic coefficient, bubble pressures and dilution enthalpy, for four salts LiCl, NaCl, KCl and CsCl. Several inconsistent datasets have been identified, as summarized in tables 14, through 17. This work has also brought into light the sensitivity of the data to the model: it is recommended to prefer activity coefficient data since the model is most sensitive to these data. Second are osmotic coefficient data, and last are bubble pressure data.

External consistency was evaluated using the Bromley model. It provides a method to identify relations between the physical properties of the electrolyte systems and the parameter B. Those relations can be used for parameter prediction and properties computations. The parameter B shows a logical trend when it is represented as a function of size difference between anion and cation. For pure water as the solvent, the parameter seems to be a measure of the solvation interactions, according to the Law of Matching Water Affinities.

The variation of the parameter B with the temperature could be analyzed for a large number of salts. It often presents a maximum value with temperature. This was clearly visible with several chlorides and bromide salts (except for Li+ as cation, where the trend is systematically decreasing). This observation is worth to further analyze relating it to changes in solvation behavior with temperature.

Supporting Information

Two files are added as supporting information: a zip file that contains pdf documents with the references and details on all data used, and a pdf file providing the references corresponding to the UTI codes used in this paper.
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  are the partial molar enthalpies of the solvent (A) and the solute (B), while * A h and *,S B h are the pure component enthalpies; for A in the liquid phase, and for B in the solid phase.

Figure 2 :

 2 Figure 2: Molar enthalpy of solution of NaCl as given by the DETHERM reference 2008-FEB-20-14:50/15845[START_REF] Taniewska-Osinska | Calorimetric Investigations of Aqueous Solutions of Sodium Chloride and Cobalt(II) Chloride at Several Temperatures[END_REF] 
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 4 Figure 4.Maximum molality of available data compared to the solubility limit of NaCl.

Figure 5 .

 5 Figure 5. Maximum molality of available data compared to the solubility limit of LiCl.

Figure 6 .

 6 Figure 6. Data availability as a function of temperature for different salts. X-axis shows the temperature (in K), and the Y axis is the molality. The blue diamonds are maximum solubilities of the salts in water, the red squares represents the maximum molality found in activity coefficient data and the green triangles the maximum molality of osmotic coefficient data. The orange circles show the maximum molality for vapor pressure data.

Figure 7 .Figure 8 :

 78 Figure 7. Relative deviations between the data and eNRTL for the activity coefficient of KCl with water as solvent. On the top (a) as a function of molality; on the bottom (b) as a function of temperature. The legend provides the Detherm UTI code 22 only for the series that are discussed in the text. All series and corresponding references are available in the supplementary material.In this analysis, the model appears to perform reasonably well, since the global trend-line essentially follows the zero deviation line. This means that none of the deviations can really be attributed to model imperfections. Yet, following three sets are found to be inconsistent (deviations above 3%): DDB-ELE:2016/11706, DDB-ELE:2011-

Figure 9 :

 9 Figure 9: Relative deviations between the data and eNRTL for the bubble pressures of KCl with water as solvent. On the top (a) as a function of molality; on the bottom (b) as a function of temperature. The legend provides the Detherm UTI code 22 only for the series that are discussed in the text. All series and corresponding references are available in the supplementary material.

Figure 10 :

 10 Figure 10 : Relative deviations between the data and eNRTL for the enthalpies of dilution of KCl with water as solvent. On the top (a) as a function of molality; on the bottom (b) as a function of temperature. The legend provides the Detherm UTI code 22 only for the series that are discussed in the text. All series and corresponding references are available in the supplementary material.

Figure 11 :

 11 Figure 11: Variation of the activity coefficient with molality for different salts. The x axis refers to the molality and the y axis to the mean ionic activity coefficient. The blue points correspond to the experimental data and the red line is the Bromley model (B as shown in Table5). The color code refers to figure14: red means strongly hydrating salts; green means ion-pairing salts; orange is half-way.

Figure 12 .

 12 Figure 12. Activity coefficient with Bromley for LiBr with water at 298.15 K, until saturation molality. (B=0.1627 kg/mol, different from the value found in Table 5 so as to show the optimal value over this large molality scale). Data from 31 .

Figure 13 .

 13 Figure 13. Osmotic coefficient with Bromley for LiBr with water until saturation molality (B=0.1627 kg/mol, different from the value found in table 19 so as to show the optimal value over this large molality scale). Data from 31 .

Figure 14 .

 14 Figure 14. Variation of the parameter B (from Table5) with the difference of anion and cation diameter. The color code distinguishes between : red, strongly hydrating salts and green, salts with little hydration; orange is intermediate.

Figure 15 .Figure 16 .

 1516 Figure 15. Experimental data for NaCl at different temperatures 37, 38 .The observed behavior can be related to the parameter B. The figure16indeed shows that the optimized parameter has a maximum around 323.15K.

Figure 17 .

 17 Figure 17. Variation of the parameter B of Bromley adjusted to the activity coefficient and the osmotic coefficient at different temperatures for different salts. The X axis shows the temperature (K) and the Y axis shows the value of B in kg/mol. The blue diamonds are obtained from mean ionic activity coefficients, the red squares from osmotic coefficients.

  

  

  

Table 1 . Classification of experimental data properties for different monovalent salts with pure water as solvent. Color codes are provided below the table. An "article" refers to a source of experimental data (one reference).

 1 

	y = -143.32x + 60220

Enthalpy at infinite dilution (J/mol) Temperature (K) Li Na K Rb Cs F 7 articles 31 articles 28 articles 7 articles 6 articles 1 article 2 articles 3 articles 1 article 1 article 14 articles 11 articles. Data at 3 diff Temperatures 5 articles. Only at 298 K 6 articles. Only at 298 K 6 articles. Only at 298 K 2 articles 1 article 2 articles 41 articles 21 articles 11 articles 10 articles

  

4 articles 6 articles 4 articles Only at 298 K 4 articles Cl 117 articles 323 articles 266 articles 42 articles 53 articles 21 articles. 60 articles. 42 articles. 13 articles. Only at 298 K 17 articles. 25 articles 43 articles 27 articles 6 articles 5 articles 15 articles 28 articles 26 articles 4 articles 4 articles 128 articles 390 articles 374 articles 74 articles 73 articles 26 articles 47 articles 35 articles 7 articles 18 articles Br 47 articles 94 articles 112 articles 9 articles 21 articles 4 articles. Only at 298 K 26 articles. 10 articles. Only at 298 K 4 articles. Only at 298 K 6 articles. Only at 298 K 11 articles 11 articles 9 articles 1 articles 3 articles 4 articles 7 articles 6 articles 3 articles 1 article 44 articles 79 articles 113 articles 20 articles 29 articles 7 articles 13 articles 11 articles 3 articles 5 articles I 24 articles 70 articles 74 articles 7 articles 7 articles 4 articles. Only at 298 K 7 articles. Only at 298 K 7 articles. Only at 298 K 4 articles. Only at 298 K 4 articles. Only at 298 K 4 articles 7 articles 8 articles 1 article 1 article 12 articles 9 articles 2 articles 9 articles 20 articles 52 articles 77 articles 9 articles 9 articles 4 articles 6 articles 6 articles 3 articles 3 articles

  

Table 2 .: KCl parameters used in equation (13) to calculate (water-salt) ; with Tref = 298.15K (determined so as to fit the Aspen parameters)

 2 

		C	D
	Water -KCl	8.2007	397.756
	KCl -Water	-4.1669	-66.457

Table 3 : Deviating sets as observed from the KCl data. The labels correspond to the Detherm UTI code 22 . The corresponding references are available in the supplementary material.

 3 

	Mean	Ionic	Activity	Osmotic Coefficient	Bubble pressure	Enthalpies of Solution
	Coefficient					
	Temperature extrapolation			DDB-ELE:2015/10469		
	Concentration					
	extrapolation					

Table 5 . Values of the parameters B (kg/mol) obtained for Bromley model for different salts at 298.15 K

 5 

	Ions	Li	Na	K	Rb	Cs
	F	No data	0.05029	0.05869	0.07490	0.09895
	Cl	0.13450	0.05935	0.02640	0.01745	0.00350
	Br	0.15418	0.08077	0.03177	0.01316	-0.00184
	I	0.19215	0.10137	0.04572	0.01293	-0.01465
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