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RESUMEN

Durante los ultimos afios, la necesidad de mejorar los modelos termodindmicos, haciéndolos mas
precisos y predecibles para sistemas complejos, ha aumentado [1]. La complejidad de los sistemas
electroliticos se debe principalmente a las fuertes interacciones entre los iones, las fuerzas de
hidratacion generadas durante la disociacidn de la sal y las fuerzas fisicas a altas concentraciones de
soluto. Estas fuerzas dificultan la precisiéon en los céalculos del equilibrio de fases en las mezclas
electroliticas. En consecuencia, los modelos termodinamicos de electrolitos existentes muestran
algunas limitaciones y estdn lejos de estar completamente optimizados para las simulaciones
industriales. La termodindmica basada en mezclas de electrolitos y disolventes mixtos requiere un
mayor desarrollo e investigacion [2].

Para hacer frente a ese problema, en el presente trabajo se presenta una estrategia para analizar la
coherencia interna y externa de los datos experimentales en las mezclas de electrolitos. La
coherencia interna es la identificacién de datos inconsistentes para un sistema especifico. Para ello,
se establece una metodologia sencilla para analizar las desviaciones entre los datos experimentales
de las diferentes propiedades termodinamicas, y el modelo termodinamico “Electrolyte Non-Random
Two-Liquid” (eNRTL). El objetivo es analizar las desviaciones de los datos disponibles e identificar las
causas de las desviaciones mas relevantes.

Por otro lado, el objetivo de la coherencia externa es identificar las posibles relaciones légicas entre
las propiedades fisicas de los sistemas y el pardmetro de un modelo termodinamico. El analisis
correcto de estas relaciones proporciona informaciéon sobre el comportamiento de los sistemas
electroliticos y también puede ser Gtil para la prediccidn y la extrapolacién de los pardmetros. Para
una interpretacién simplificada y precisa de los resultados, la coherencia externa requiere la
seleccidon de un modelo electrolitico con un bajo nimero de pardmetros. El modelo de Bromley, que
s6lo depende de un parametro ajustable [3], ha sido seleccionado después de ser comparado con
otros modelos simplificados. El pardmetro ajustable B de Bromley ha sido optimizado y estudiado
para diferentes sistemas electroliticos y para diferentes condiciones. El parametro se relaciond con
las propiedades fisicas de los componentes para definir posibles relaciones légicas entre ellos.

Los sistemas electroliticos representan una mezcla entre sales y disolvente a diferentes condiciones
(temperatura, presién, concentracion de sales). Los sistemas estudiados estan compuestos por las
sales monovalentes mas comunes, agua pura y un alcohol primario (metanol, etanol, 1-propanol, 1-
butanol). Los datos disponibles de los sistemas descritos se han resumido y analizado en funcion de
las diferentes propiedades termodindmicas estudiadas.

Palabras clave: Coherencia de datos; Modelos termodinamicos electroliticos; Modelo de Bromley;
Modelo eNRTL; Sistemas electroliticos; Disolventes mixtos; Propiedades termodinamicas.



ABSTRACT

In the recent years, the need to improve the thermodynamic models, making them more precise and
predictable for complex systems, has increased [1]. The complexity of electrolyte systems is caused
by the strong interactions between ions, the hydration forces that take place during salt dissociation,
and the physical forces at high concentrations of solute. These forces make difficult the calculations
of phase equilibrium in electrolyte mixtures. Consequently, the existing thermodynamic electrolyte
models show some limitations and are far from being completely optimized for industrial
simulations. Thermodynamics based on electrolyte mixtures and mixed solvents requires further
development and research [2].

To deal with that problem, the present work presents a strategy to analyze the internal and external
consistency of experimental data in electrolyte mixtures. Internal consistency is the identification of
inconsistent data in a specific system. For that purpose, a simple methodology to analyze the
deviations between the experimental data of different thermodynamic properties, and the
Electrolyte Non-Random Two-Liquid (eNRTL) thermodynamic model, is established. The objective is
to analyze the deviations for the available data and to identify the causes of the more relevant
deviations.

On the other hand, the objective of external consistency is to identify logical relations between the
physical properties of systems and the parameter of a thermodynamic model. The correct analysis of
these relations gives information about the behavior of electrolyte systems and may also be useful
for parameters predictions and extrapolation. For a simplified and precise interpretation of results,
external consistency requires the selection of an electrolyte model with low number of parameters.
The Bromley model, which only depends on one adjustable parameter [3], has been selected after
being compared to other simplified models. The adjustable parameter B of Bromley has been
optimized and studied for different electrolyte systems. The parameter was related to the physical
properties of components in order to define potential logical relations between them.

Electrolyte systems represent a mixture between salts and solvent at different conditions
(temperature, pressure, concentration of salts). The systems studied are composed by the most
common monovalent salts, pure water, and a primary alcohol (methanol, ethanol, 1-propanol, 1-
butanol). The available data of the described systems have been summarized and analyzed for the
different thermodynamic properties studied.

Key words: Data consistency; Electrolyte thermodynamic models; Bromley model; eNRTL model;
Electrolyte systems; Mixed solvents; Thermodynamic properties.
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1. INTRODUCTION

The population worldwide suffer a substantial growth over the last century. This growing population
causes an increase in production and consumption [4]. The improvement in the quality of life causes
the necessity to develop advanced engineering materials, chemical products and improve processes
efficiency.

In separation processes, the mixture of fluids are separated normally by distillation, absorption or
extraction through diffusional techniques. Those processes require a good understanding and
modeling of thermodynamics. The separation of compounds cannot be properly understood without
the inclusion of validated thermodynamic models. The equilibrium properties of the fluids and the
thermodynamic models need to be optimized to deal with the design of the separation processes. In
addition, thermodynamic models have to be reliable and representative of the experimental data [5].
Research and applications of new industrial technologies and new methods of energy production and
storage are directly followed by the need of more precise thermodynamic models. Consequently, the
need of improving the thermodynamic models for a better description of the industrial applications
has strongly increased.

Thermodynamics of systems with strong and weak electrolytes has taken a high importance in the
last years, however, the capabilities of the thermodynamics model are far to be completely
optimized because of the complexity of the molecular interactions [2]. Long range and short range
interactions taking place in electrolyte systems make difficult the precise calculations of phase
equilibrium. Consequently, thermodynamics models based on electrolyte systems required more
development and research.

This introduction chapter defines the scope of the work and the main necessity and applications of
electrolyte systems. It describes the main objectives of the present work and the methodology
followed for the analysis of internal consistency and external consistency.



1.1 SCOPE OF THE WORK

IFPEN is a French company whose objective is to produce research, innovations and training for

industrial applications in the fields of energy, transport and environment. The present work has been

performed in the physico-chemistry and applied mechanics direction at IFP Energies Nouvelles

(IFPEN), in the department of Thermodynamics and Molecular Modeling. IFPEN is a French company

whose objective is to produce research, innovations and training for industrial applications in the

fields of energy, transport and environment. The main purpose of the company and its mission is to

achieve technological and innovative solutions in order to contribute in the energy sector and in

climate change challenges [6]. Consequently the research center priority is to provide solutions to

the society challenges of energy and climate by adapting the transition through a sustainable

mobility and the necessity of a more diversified energy mix worldwide. The following table 1

summarizes the sectors of activity in IFPEN.

Table 1. Description of the main activity sector in IFP Energies Nouvelles [6].

SUSTAINABLE

Hybrid and electric drives: Development of efficient and high power electrical

machines.

MOBILITY - Thermal engines: Improving thermal engines on energy efficiency, reduction of
pollutant emissions and optimization in fuels uses.
- Biogas: Eco-efficient processes for purification of biogas before reinjection into the
network.
RENEWABLES . . . .
ENERGIES - Hydrogen: Development of economically sustainable technologies to insert hydrogen

into the energy mix.

- Energy storage: The improvement of surface storage processes of electrical energy.

RESPONSIBLE
HYDROCARBONS

Fuels: Development of catalysts and hydrodesulfuration processes, hydro treatments,

catalytic reforming and isomerization of paraffins, aiming more environmentally fuels.
Petrochemistry: Developing catalysts and processes for olefins and aromatics

production, to improve the performance of existing technologies, and the purity.
Gas treatment: Studying the conversion of natural gas for the hydrogen production
through the development of processes with high energy efficiency.

ENVIRONMENT
AND CLIMATE

CO2 capture, storage and uses: Investigation in CO2 capture processes, CO2 storage
technologies and monitoring of storage sites in order to ensure their safety and
sustainability over long periods of time.

Plastic recycling: Playing a role in chemical recycling technologies, in order to upgrade
used plastics.

Environmental monitoring: Development of methods of exploration, characterization,
exploitation and monitoring allowing the safe development of new energy
technologies based on the use of the subsoil




The main objective of the physico-chemistry and applied mechanics direction is to design innovative
technological systems and to contribute in the development of products and processes for energy
transition and sustainable mobility. It develops the knowledge, tools of calculations and experimental
means adapted to the different needs to implement them in the applied projects. One branch of the
direction is specialize in thermodynamic processes and molecular modeling. These competences,
complementary to one another, make it possible to approach at the relevant scales, the analysis, the
characterization and the qualification of the behavior

The present work in IFPEN is associated with the Elether project. This project is defined as a
thermodynamic Joint Industrial Project (JIP) which constitutes an industrial community on electrolyte
thermodynamics. The figure 1 shows the industrial communities representing Elether Joint Industrial

project.
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Figure 1. Industrial communities composing the JIP of Elether

Industrial applications require good description of several properties of mixtures that contain
electrolytes. Electrolytic systems pose two particular problems: the inclusion of long-distance
interactions and the reactivity of species. The existing industrial models are not good at extrapolating
the few existing data and the JIP aims to create an industrial community for electrolyte systems
foresting best practices concerning:

e Communicating regarding the challenges.

e Elaborate a methodology to analyze the data in view of identifying trends that can be used to
extrapolate.
e Extrapolation methods and identification of most significant lacks

e Parameterization of industrial models for mixed solvents including acids, alcohols, and aprotic
solvents.

e Propose a Best Practice workflow.



The methodology of the project is organized in three steps. Elether project requires the
representation of a number of case studies for electrolyte systems. Each of these categories will be
investigated through some typical examples. In all exanimated cases, the three steps methodology
are represented in the figure 2.

Data
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=>Use experimental data and
* molecular simulation « pseudo-experimental » data to
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=> identify limits where new data are

{eeded

Figure 2. Methodology for ELETHER Project

At first, data availability and consistency are evaluated. Data consistency means evaluation of the
quality of the data when confronted with each other considering the thermodynamic relationships.
External consistency means evaluating the quality of the trends within a given family. Partners have
access to the references of the data used for each of the systems examined. Second, advanced tools
are used to extrapolate the data to domains of interest to the applications, but where no such data
are available. At last, a classical industrial model that is available in a process simulators is calibrated
for the system of interest.



1.2 APPLICATIONS OF ELECTROLYTES

Electrolyte applications are present in a great deal of industrial processes. The optimization of the
processes and the property calculations for the systems requires a proper understanding of the
electrolyte effects in the process concerned. In some cases, the presence of salts is problematic and
some techniques are needed in order to remove the salts from the mixture. In other cases, salts
change the thermodynamic properties of mixture and can be added to help with the removal of
other undesirable compounds [7]. Some of the main applications of the electrolytes system are
represented in the figure 3.

Biomass Treatment Corrosion Batteries

Fluid phase Carbon and capture

Scale formation extraction and storage

Green solvent Pharmaceutical Gas hydrate
design processes formation

Figure 3. Main industrial applications of the electrolytes systems

Some of the main applications involving electrolytes systems are described with more details. These
processes involve environmental constraints in water treatment, pharmaceutical processes using
polymer electrolytes, batteries applications, scaling in heat exchangers that damage the equipment,
and gas hydrates inhibitors

1- Environmental

Environmental applications include wastewater treatment. In some processes, such as petroleum,
leather or food-processing, industry wastewater recovered contains high salts concentration. The
water needs an important treatment before the release in the environment. The aim of the
treatment is to reduce its content on dissolved hydrocarbons and salts [8]. High concentration of salt
in the water has a negative impact in the aquatic life, water quality and agriculture. Various
techniques are currently used for salts removal. Some examples of these processes are reverse
osmosis, ion exchange, electrodialysis or biological treatments [9].



2- Pharmaceutical

Electrolyte systems play also an important role in the pharmaceutical industry. One example of the
application of electrolytes can be found in drug delivery and solubility. The skin is the largest organ in
the human body and it is considered an extremely important organ for all the functions of our body.
The organ it is composed by a tissue organize into different layers: the dermis, epidermis and the
hypodermis. One of the main functions of the skin is to protect, it is the first protection from
infections and bacteria. The skin acts also as a physical and biochemical barrier. As a consequence,
the pharmaceutical industry looks for new techniques to improve the wound of skin injuries and
burns. Control drug delivery in the damage area is one of the most used techniques to support skin
injuries [10]. Some tissue engineering techniques facilitate the transport of ionic drugs in the
different skin layers using an electric current. Polymer electrolytes are polymers capable of
conducting ions [11]. In addition, some polymers are highly biocompatible and are adequate to
reduce rejection. They are as a consequence potential candidates to host the drugs for the delivery
on the affected area . For instance, some pharmaceutical processes require to predict or provide
knowledge of the solubility in mixture of solvents in presence of salts.

3- Batteries:

As it can be seen in figure 4, the main elements that form a lithium battery are a cathode, an anode,
an electrolyte, and a separator. During the charge process, lithium ions move from the cathode to
the anode. The movement is done under a the electric field via the Li*-conductive electrolyte.
Electrons are simultaneously donated by the cathode host, in order to maintain electric neutrality,
and flow to the anode via an external electrically conductive circuit.
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Figure 4. Mechanism of lithium-ion batteries [12].

Recent studies of rechargeable batteries use polymer electrolyte. The mentioned polymers are
composed by a membrane which possess ionic conductivity. That material might improve lithium-
battery technologies as it can be used to replacing the liquid electrolyte in the batteries. They allow
the fabrication of flexible, compact, laminated solid-state materials free from leaks [13]. The latest
research based on batteries has been specially oriented to the technology based on polymers
electrolyte for batteries [14]. Lithium is the lightest of all metals and it can provide the conductivity.
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When lithium is used as anode in contact with ionic lithium salt electrolytes, it can provide a wider
electropositive potential window. These batteries can facilitate a very high energy density. In fact,
these batteries are being manufactured presently on a large scale and used as rechargeable power
packs in a wide variety of applications [15].

4- Scale in heat exchangers:

Scaling in heat exchangers is caused by some salts for which the solubility decrease with increasing
temperature or with a change in the pressure of the system. The increase of resistance to heat,
caused by scaling of the heat transfer surface, reduces the efficiency of the heat exchanger. Other
consequences of the scaling phenomena are energy losses, excessive cleaning operations causing
interruptions in the production. For heat exchangers applied in industry, a continuous or periodical
mechanical cleaning of the heat transfer surfaces is often required. In special cases, addition of
chemicals to the liquid prevents or reduces fouling [16]. However, mechanical cleaning systems
require investment and additional operating cost. The nature of the fluid and the salt concentration,
the velocity, the surface material, the temperature and the pressure are properties that define rate
of formation of the fouling layer. In cooling water systems, calcium carbonate is a major component
of fouling deposits [17]. Design of heat exchangers usually takes into account the decrease of heat
transfer during operation and compensates for it by an increase of the heat transfer area. Tubes
geometry can be modified in order to improve the heat exchange area and improve the heat transfer
coefficients [18]. Figure 5 shows a picture from a shell and tube heat exchanger with the
precipitation of salts due to scaling.

Figure 5. Image of scaling in a shell and tube heat exchanger [19].
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5- Gas hydrates

Gas hydrate formation has taken an important role worldwide. The combination of small molecules
such as methane, carbon dioxide, nitrogen or hydrogen, with water under specific conditions (low
temperature and high pressure) is the cause of crystalline solid structures formation [20]. This
structures are known as gas hydrates. Therefore, gas hydrates can be defined as a structure
composed of water and small gas molecules trapped inside the solid structure. In some cases the
solid structures are studied for positive applications such as carbon dioxide capture, gas storage,
water treatment technologies or even separation processes [20]. However, the oil and gas
transportation processes aim to avoid this phenomena, because it can deal on pipeline plugging and
efficiency problems [21]. Inhibitors are a possible solution to prevent the gas hydrate formation.
Electrolytes can be used to change the phase transition conditions thus preventing the gas hydrate
formation [22]. The picture in figure 6 shows the gas hydrate formation in a pipe.

Figure 6. Gas hydrate formation in a pipe [23].

6- Carbon capture

One of the potential solutions of carbon dioxide emission to the atmosphere is based on carbon
capture [24]. Several techniques exist for carbon capture processes. Post-combustion capture via
chemical absorption is one of the most interesting and innovative techniques [25]. The process using
an aqueous mono-ethanol-amine (MEA) solution has been highly tested and investigated during the
last decades. However, the use of this solvent entails large heat requirements, degradation and
corrosion issues and risks of emissions of degradation products. Hence, alternatives are being
investigated, among which aqueous ammonia is a valid candidate. The inclusion of the systems
involves the uses of electrolyte properties. In order to evaluate the complex CO,—NH3—H,0 system, a
thermodynamic model capable of describing solid—liquid—vapor equilibrium and thermal properties,
over the wide temperature range from 0 to 150 °C, is necessary [26].

11



1.3 OBJECTIVES

The first steps for the development of a thermodynamic model in view of process simulation is data
gathering and evaluation. This is also the first step in the EleTher workflow. This work focuses on this
step by proposing a consistency analysis. For that purpose, the study has been divided into two
different data analysis: The internal consistency and the external consistency.

Internal consistency is the analysis of the quality of data for different properties in a system.
According to thermodynamics, there exist relationships between properties. Thermodynamic models
incorporate these relationships. The objective of internal consistency is to make sure that all the data
of a given system form an internally consistent body. This is then performed by analyzing the
deviations between model calculations and the available experimental data. The purpose of the
study is to analyze the trends followed by the deviations and to identify inconsistent data series. Each
system requires the study of different properties at different conditions such as temperature,
pressure or high concentration electrolytes. An analysis, a comparison and a summary of the
available data for all the properties has to be done for the different systems.

External consistency refers to the relation between different systems and at different conditions. The
objective of external consistency is also to evaluate whether trends can be made visible among the
many data. To that end, a simple model is used, with a single parameter. This parameter is then
correlated with physical properties for extrapolation to other conditions and systems. The objective
of external consistency is also the analysis of the trends which makes it possible to identify outliers
and possibly domains in need of additional experimental measurements. The observed trend may
make it possible to find a predictive approach allowing to evaluate the physical properties of systems
for which no data exist.

In the present work, these two types of consistency analyses will be performed on systems
composed by non-reactive monovalent salts with water as pure solvent as well as with mixed
solvents. Mixed solvents involve pure water with a primary alcohol (methanol, ethanol, 1-propanol,
1-butanol). The properties concerned by the present work are: The mean ionic activity coefficients
(¥), the vapor-liquid equilibrium (VLE), the osmotic coefficient (¢), the enthalpies of solution and the
solid-liquid equilibrium (SLE).

12



The figure 7 represents the different systems studied. It shows the monovalent salts studied,
classified by cations and anions and the and the type of solvents used.

Li*

LiF Licl LiBr Lil
NaF NaCl NaBr Nal
KF KCl KBr K
RbF RbCl RbBr Rbl
CsF CsCl CsBr Csl

Figure 7. Representation the systems studied composed by monovalent salt and different solvents

1.4 METHODOLOGY FOR DATA CONSISTENCY ANALYSIS

The methodology followed in order to achieve the objectives mentioned is explained in figure 8. The
representation shows a schematic diagram that summarizes the steps followed for external and

internal consistency analysis.

Methodology
for data
consistency
analysis

INTERNAL H| Data collection H Model selection li
CONSISTENCY

Comparison of the
deviations of the
model with
experimental data

Analysis of results
and determination of
inconsistent data

EXTERNAL

CONSISTENCY

Consistent data
selection

Model selection

Optimisation of

the parameter of ——

the model

Evaluation of logical
trends of the
parameter with
physical properties

Figure 8. Scheme of the methodology used to analyze internal and external consistency
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Internal consistency starts with data collection. All the data available in Detherm IFPEN data base
have been classified and organized in function of the properties for all the systems. After the
collection, a model has to be selected. As mentioned before, for internal consistency an
advanced/accurate model is needed. It is important to have the lowest deviations possible to
correctly visualize the outliers. After the selection of the model, the deviations between the model
and experimental data are calculated for a specific property. The last step consists in evaluating the
deviations and in identifying inconsistent data. In order to make sure that no unexpected but real
phenomenon is detected, further study of these data is needed so as to be able to justify their
rejection.

In the external consistency analysis, the data used in this type of consistency must have been
validated previously through the internal consistency analysis. After classification, external
consistency requires the selection of a simple model with one adjustable parameter. The
methodology requires the regression of this parameter. Moreover, the model has to be evaluated for
the different fundamental properties studied. The last part of this evaluation is the presentation and
analysis of results. The optimized parameter is represented as a function of several physical
properties and conditions. The trends and logic of this representations in comparison to electrolyte
interactions are analyzed and tested to other systems.
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2. DEFINITIONS AND PROPERTIES IN ELECTROLYTE SYSTEMS

Historically, in the field of electrolyte thermodynamics, a concentration unit different from the mole
fraction is often used, such as the molarity or the molality. For modern simulation programs and
thermodynamic models equations, the composition is described in mole fraction. Consequently, it is
essential to define the relation between the molality of the salts in the solvent and the mole fraction.
The following paragraphs describe the existing mathematical relations between the properties and a
concrete definition. It also describes the properties studied in the present work for electrolyte
systems.

2.1 CONCENTRATION UNITS FOR ELECTROLYTE SYSTEMS

The definitions and equations of the main concentration units used in electrolyte systems are
described

2.1.1 Molarity (mol of solute/volume (L) of solution)

The molarity gives the number of moles of a solute in one liter of solvent. This unit is not
recommended for thermodynamic applications because it is dependent on temperature and on
pressure. The volume is not conserved when changing operating conditions (pressure, temperature,
composition) and there is an excess volume that is not taken into account. Moreover, it is not a
practical unit due to the fact that experimental data in electrolytes mixtures is calculated in molality.
In order to convert molarity to molality units or mole fraction units, the density needs to be known.
The density of the solution is also highly influence by the temperature or the pressure. The definition
of the molarity is written as:

nsalt(m0|)
VOIumesolution (I-)

Molarity = (2.1.1)

2.1.2 Molality (mol of solute/kg of solvent)

The molality is the most common concentration unit for the description of electrolyte solutions. That
concentration unit is very often used in the presentation of experimental data. The molality mi of an
ion i, is the number of moles ni, of the ion per kg of solvent. It is very common to evaluate the water
as solvent at normal conditions (i.e. 25°C and 1 bar). Molality is a popular unit for salt solutions due
to the fact that the concentrations in molality units give practical numbers (often between 0 and 20
for most salts), while the concentrations in mole fraction units are very small.

15



The molality (my) is defined as:

nsalt(m0|) (2 1 2)

mg

B Masssolvent(kg)

It can be seen that the molality concentration unit is only dependent on the amount of the relevant
solute and the amount of solvent (it is the important to define exactly what is a solvent; often this is
water). The mole fraction unit and the molarity units on the other hand, are also dependent on the
amount of other solutes present. Nevertheless, it is highly interesting to relate the molality with the
molarity. That relation is calculated with the relation between the mass of the solvent and the
density of the solution. The mass of the solvent is first divided into:

Massgolvent = Masssoiytion - Masss,t (2.1.3)

The mass of the solution can be calculated as the volume of the solution multiplied by the density:

kg
Masssoiution (K8) = Vsolution (ma) ) psolution(ﬁ) (2-1-4)
The mass of the salt can also be calculated as:
Ivlasssalt = Ngait” Mwsalt (2-1-5)

Replacing the equation (2.1.4) and (2.1.5) in the equation (2.1.3) and then in equation (2.1.2), the last

one remains:

n
m, = salt (2.1.6)

Vsolution * Psolution™ Nsalt” Mwsalt

The equation is arranged in order to replace the moles of the salt and the volume by the molarity.
The molality is then isolated in order to have the concentration unit in function of the molarity. The
following final equation is deduced.

Molarity 217
m, = 1.
s - (Molarity - Mwg,;) 2.1.7)

psqution
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2.1.3 Molar fraction

The mole fraction unit most often is used in thermodynamic models for electrolytes. It is defined as
the number of moles of a component in a system divided by the total number of moles. Molar
fractions are described by x; in the liquid phase and are defined as:

n;
X; = o (2.1.8)

Where n is the mole number.

Most thermodynamic models use the molar fraction as concentration unit. It is important to find the
relation between the molar fraction and the molality. The deduction of the relation is the following:

n
m, = salt (2.1.9)

Nsolvent * MWsolvent

The number of moles can be divided by the total number of moles in the denominator and the
numerator. The relation can then be written depending in the molar fraction of salt and solvent:

X
m, = salt (2.1.10)

Xsolvent * MTsolvent

As the system is defined with salt and solvent, the molar fraction of solvent can be express as the one
minus the molar fraction of the salt.

m, = Xsalt (2.1.11)
(1- Xsalt) * Mrsovent

Isolating the molar fraction of the salt, the final relation is found

Molality - Mregent
- 1+M0|a||ty . Mrsolvent

(2.1.12)

Xsalt

In some cases it is interesting to define the molar fraction of the salt in function of the molar fraction
of the solvent. The sum of the mole fraction of solvent plus the mole fraction of water is equal to
one, it can be deduced also that:

Xsalt = Molality - Xsoent * MFgolvent (2-1-13)
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Often, the ionic concentration is used rather than that of the salt. It is important to understand that
for monovalent salts the molality of the salt is always equal to the molality of each ion due to the fact
that the moles of salt are the same as the moles of anion and the moles of cation. However, based on
the molar fractions, the total amount of moles is different after the dissociation of the salt into
electrolytes. As a consequence the molar fraction of salt is different from those of dissociated ions.
The following demonstration is based on the sodium chloride salt but can be applied for any type of

salt.
NNacl NNa+
MNacl = = (2.1.14)
kgsolvent kgsolvent
The expression is represented within the mole fraction dependency:
X
Myac = m (2.1.15)

Xwater * MFwater

The molar fraction of the water can be expressed from the molar fraction of the sodium cation. The
sum of the molar fraction of water plus sodium cation plus chloride anion has to be equal to one. As
the moles of cation and anion are the same because the reaction is 1:1, the expression can be
written as:

Xwater = 1 — 2 Xnas (2.1.16)

So the molality equation is directly related to molar fraction of sodium cation as:

XNa+

Myacl = (2.1.17)
° (1 -2 XNa+) * Mryater
Isolation now the molar fraction of sodium cation:
Molalit - Mr
Xnas = Ynaci * Whwater (2.1.18)
1+ (2 - Molalityy,¢ - Mryater)
The equation can be simplified to:
1
XNgs+ = 1 (2.1.19)

2+

Molality, - Mryater
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2.2 THERMODYNAMIC PROPERTIES IN ELECTROLYTE SYSTEMS

Before the study of the different models and the analysis of experimental data, the fundamental
equations in electrolyte systems have to be described. The properties for ideal and real solutions are
extremely important as the thermodynamic models are often based on the distinction between an
‘ideal’ contribution and an ‘excess’ contribution. The excess can never be properly understood if the
‘ideal’ contribution is not well defined. In the present chapter the thermodynamic properties of
electrolyte systems are defined. The properties studied in the present work are: The chemical
potential in electrolyte systems, the activity coefficients, the osmotic coefficient, the vapor-liquid and
solid-liquid equilibrium and the enthalpies.

2.2.1 Definition of chemical potential

One of the most fundamental thermodynamic properties is the chemical potential. The chemical
potential is defined as the Gibbs energy changes (absorbed or released) caused by the change of the
particle number of a given component. The chemical property represents the contribution of the
component to the total Gibbs Energy. The chemical potential defines the variation of the Gibbs
energy with respect to the amount of a component i when the pressure, the temperature and the
amount of the other components remain constant. The definition of the chemical potential and its
relation with the Gibbs energy is established by the following equation:

(2.2.1)

G
K ]

on; PTN

The chemical potential is used to determine the equilibrium of a system. When equilibrium is
reached, the chemical potential of each substance in one phase will be equal to the chemical
potential of the substance in the other phases of the system.
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2.2.2 Definition of fugacity in relation with chemical potential

The chemical potential may also be expressed in terms of fugacity. The fugacity represents the
tendency of the component to escape from a phase. The relation between the chemical potential
and the fugacity is defined in the following equation:

W= uiref+ R-T-In (/%) (2.2.2)

ref

f; stands for the fugacity and f~' represents the reference fugacity of the component i.

The chemical potential is a state function that requires a reference state in order to be computed.
The reference state is arbitrary and may be different according to the compound studied. Four pieces
of information define a reference state: temperature, pressure, composition and physical state. In all
the reference states, the use of the equation implies that the temperature of the reference state is
equal to that of the studied fluid. The remain three pieces of information have to be defined. Several
choices can be made: ideal gas, pure liquid, infinite dilution or one molal (see tables below).

Table 2 shows the definition of the ideal gas as reference state.

Table 2. Conditions for ideal gas reference state

Symbol reference | Definition | Pressure | Temperature Physical state Composition

(#) Ideal Gas 1 atm Temp Ideal gas Pure component

This is what is often used for neutral molecules. Data of formation properties are available in the
DIPPR database. The fugacity in the reference state is 1 atm, which means that:

—# f
Ho=p" +RTIn Tatm (2.2.3)

fi expressed in atmospheres.
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The table 3 collects the conditions used for the pure liquid reference state.

Table 3. Conditions for pure liquid reference state

Symbol
y Definition Pressure | Temperature Physical state Composition
reference
(©) Pure liquid p° Temp Liquid Pure component

This case is used for liquid phase mixtures. The fugacity is then expressed as

fi=x-f ¥ o

(2.2.4)

Where ¥; is the activity coefficient that describes the deviation from the ideal mixture, which is a
linear relationship between fugacity and mole fraction. g; is a correction to the pressure. It is the
Poynting correction, represented by:

~ exp (

1 P
L= — Ld
o= oo [ )

RT

vt (P—Pf)

(2.2.5)

In the last equation v} is the liquid molar volume of the component i

Therefore the chemical potential remains:

W=+ RT-In(jé) = W +RT-In(x - v; - 0,)

The table 4 collects the conditions used for the infinite dilution reference state.

Table 4. Conditions for infinite dilution reference state

(2.2.6)

Symbol
v Definition Pressure | Temperature Physical state Composition
reference
Ideal liquid defined with the
Henry convention, in a given
solvent (often water):
TR ideal
(*) Infinite dilution olvent Temp %% = x-H, Pure
Where
-
Hi= lim —
xi=0 X;
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This case is used for solutes (neutral gases or very dilute compounds), generally in combination with
solvents where the pure component reference state is used.

The fugacity is then written as:

fi = Xi . Hi " Y-;k . Sor (227)

Note that both Poynting and activity coefficient now refer to the infinite dilution reference state. The
chemical potential is computed as:

W = p°+RT:In (;—;o) =W’ +RT-In(x " ¥{ - ) (2.2.8)

The table 5 collects the conditions used for the molality base reference state.

Table 5. Conditions for molality base reference state

Symbol reference | Definition | Pressure | Temperature Physical state Composition
Ideal liquid defined
as:
cideal _ Unit molality in
I I I
(m) Molality olvent Temp water
Wh
ere m? = 1mol/kg
f.
H™ = lim —
Xi—=>0 m;

The last case is most often used for electrolytes. Note that here a different reference state is used for
the definition of the activity coefficient and reference state chemical potential.

The fugacity is now written as:

f=m-H" - o (2.2.9)

In the case of the molality scale, the Henry constant is defined differently:

HM = lim e (2.2.10)
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Again, the activity coefficient, that carries an (m) as superscript, is still defined as deviation from the
ideal behavior, but since this ideality is different, its meaning is not the same. The correspondence
between activity coefficients will be discussed in the next section. The Pointing correction can be
neglected for low pressure systems. At the reference state for chemical potential, the fugacity is
written as:

fM=md-HP" (2.2.11)

Introducing the terms for the molality activity coefficient and the term for the molality based
standard state, the chemical potential in molality base can be written:

m

fi m; - Y]
W = p"+RT-In <f—m) =u" +RT: In( "y ) (2.2.12)

u™ stands for the chemical potential of solute i in a hypothetical, ideal solution. The term m? is equal
to 1 mol/kg and it is usually omitted from the equation thus remaining:

K= 1™+ RT-In(m; - ¥") (2.2.13)

2.2.3 Activity coefficient

The activity coefficient represent the deviation from an ideal behavior. It can defined as:

fi

i
Y = m (2214)
i

In electrolyte systems, several concentration units and several definitions of ideal solutions can be
used. This leads to different definition of the activity coefficient. Most often, the ideal behavior is
taken as a fugacity that behaves proportionally with the mole fraction.

ﬁideal = x; _firef (2.2.15)

ref

The proportionality factor f;~ depends on the reference selected. Often, the reference state stands

for the Lewis convention or the so-called symmetric convention takes the proportionality factor as
the pure component fugacity.

f * .
f=f = )!vl_n)’llfi (2.2.16)
Taken into consideration this convention, the ideal fugacity is:

feal = 5" (2.2.17)
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So the real fugacity can be calculated as:

fi =x fl* Y, (2.2.18)

The activity coefficient ¥; in that case is known as the symmetrical activity coefficient.

The fugacity can be also computed with the proportionality factor taken as the infinite dilution limit
in the pure solvent. That case corresponds to the so-called asymmetric convention or Henry
convention. With this definition the Henry constant is need for the definition of the ideal fugacity.

The reference fugacity stays for the Henry constant limit defined as:

ref __ * — i ﬁ
fim =H )!il_rpo <Xi) (2.2.19)
The ideal fugacity in that case is defined as:
fideal — y. . K’ (2.2.20)

The final definition of the fugacity based on the infinite dilution remains:

f=x H oy (2.2.21)

A relation can be defined between the Lewis and Henry convention, defined with the relation of the
activity coefficients:

ﬁ:xi-fi Y =X H vy, (2222)

With the value of the Henry constant equal to:

H; = lim (ﬁ) =fi* ¥ (2.2.23)

Xi—=>0 \X;

Hence the relation between the two conventions is simplified to:
Y, = — (2.2.24)

The infinite dilution activity coefficient of a component in water varies depending on the operating
pressure and temperature. From the last equation in can be deduced that Yi* is equal to 1 at infinite
dilution. Yi* is the rational, unsymmetrical, activity coefficient. That parameter refers to the fact that
this activity coefficient has a value of unity at infinite dilution rather than the value of the pure
component state [2]. Standard state properties for the reference state based on the unsymmetrical
activity coefficient are calculated easier. That is the reason why unsymmetrical activity coefficient is
widely used for ions. On the opposite side, the corresponding values for the pure component
standard state with symmetric activity coefficients cannot be measured for ions [27].
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In case of electrolyte systems, another reference state can be defined based on molality units. The
new reference state varies slightly from the ideal behavior and it is often defined as fugacity that is
proportional to molality

ideal (m m; f

froeam - — f (2.2.25)
m;
Where m{ = 1 mol/kg and is used so as to have a dimensionless concentration unit. The reference
state is then always taken at infinite dilution. The final equation for the fugacity with molality
concentration stays for:

fi=m - H™ym (2.2.26)

The figure 9 illustrates the ways to define the ideal behavior, and therefore deviation from this ideal
behavior.

extrapolation to x = 1 gives extrapolation t
1408404 —— - i
x=1gives | ™

i

1.20E+04 ﬂ

// extrapolation tg
1.00E+04 AT | x=1gives|H,
8.00E+03 // ng_FEH|

// —fug Henry

6.00E+03 .
4.00E+03 —fug_mola ||tv
2.00E+03 | //

0.00E+00

fugacity

0 0.02 0.04 0.06 0.08 0.1

mole fraction salt

Figure 9. Example of the fugacity of a salt as a function of its mole fraction

The blue line shows the actual fugacity as a function of the mole fraction of salt. The other lines show
the different definitions of ‘ideal behavior’ that may be used to define activity coefficients. The green
line represents the symmetric convention and the red line stands for the asymmetric convention
(reference state = infinite dilution). In case of electrolyte systems, the ideal behavior is defined as
fugacity that is proportional to molality (represented by the violet line in the figure). In contrast to
the red and green lines, this line is not straight when plotted as a function of mole fraction. At the
origin, it has an identical slope as the red line, but because of the non-linearity between molality and
mole fraction, it deviates at higher concentrations. This is why the activity coefficients that
correspond to these two reference states are not equal.
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The transformation between activity coefficients is made using the relation between the molality and
the mole fraction of salt and water as solvent defined in the equation (2.1.11) and the fact that

lim Xyater = 1:
m;—0

H™ = lim PN (. s lim L M, - H (2.2.27)
mi—>0 mi mi_>0 Xi mi_>0 Xi
Therefore:
fi=m;- Hi(m) 'Yi(m) = ¢Yi(m) =X 'Hvy (2.2.28)
Xy * My,

Which simplifies into

L -y, (2.2.29)

Generally speaking, the activity coefficient of ionic solutes can never be measured independently
from each other. In practice, a mean ionic activity coefficient (MIAC) is defined. Considering one
general salt XY that dissociates into X* cation and Y™:

XY, © rX""+ ny'™

In the equation, r and n are the stoichiometric coefficients of the cation and the anion respectively.
With the combination of chemical potential in molality base defined in equation (2.2.13) and the
activity coefficients, it can be demonstrated that [27]:

W™ = re ™ el 4 RT - In (e mp ") (2230)

The mean activity coefficient (MIAC) can defined as:

1
MIAC = (Ygation ) anion) /v (2'2'31)

Y
Where:
v=r+n
In the same way, the mean molality is defined as:
MMIAC = (m[ - mD) v (2.2.32)
If the standard state chemical potential of the salt in solution is:

ugm) =r- uEm) +n- ugm) (2.2.33)

And we combine the last definitions, the equation (2.60) can be written as:

ui(m) = u{™M+ v - RT - In(mMIAC . yMIAC) (2.2.34)
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2.2.4 Osmotic coefficient and osmotic pressure

The activity coefficient of solvents (most generally water) is not measured in the same way as that of
the ions. As a consequence, another concept has to be introduced. The osmotic pressure is the
pressure needed to prevent solvent flow across a semipermeable membrane that separates a
solution from a solvent. Solvent flows towards the salt containing solution until the pressure
difference balances its fugacity on both sides of the membrane. The figure 10 shows a simple
representation of the effect of osmotic pressure for a water and salt mixture.

Osmaotic pressure [s]
(m)

I ®
L]
< Water + salt
, , Q o P
ure water = o
e ° o
Figure 10. Definition scheme of the osmotic coefficient
The osmotic pressure is defined as:
T = (Psalt - Ppure) (2.2.35)

At equilibrium, the chemical potential of the solvent on both sides of the membrane must be equal.
The compartment at the left, has a chemical potential which depends only on the pressure as it
contains the pure solvent. On the other side, the compartment on the right, contains the solute. The
chemical potential of the solvent depends on the mole fraction of the solvent and on the pressure of
the left side. The equilibrium conditions is then defined:

Wy (Poure) = K™ (Psart) (2.2.36)

That equation can also be written with the fugacities relation:

f:\’(PPUI’e) = fwix(Psalt) (2.2.37)
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The left hand fugacity (at P,,) can be computed from the pure solvent fugacity at Py, and a
Poynting correction:

« . Y
fw(Ppure) = fw(PsaIt) s exp (— R _IYV) (2.2.38)

The right-hand side is computed using activity coefficient:
fwiX(PsaIt) = f\»;v(Psalt) T Xy " Yw (2.2.39)

Hence, if the equation (2.2.38) and (2.2.39) are placed in the equation (2.2.37) the fugacity of pure
solvent at Psalt can be eliminated. The equation remains:

v,
exp( . _I‘f') = Xy, * Yy (2.2.40)
Taking the logarithm, one finds:
v,
( — TW) = —In(x,, - ¥y) (2.241)

The osmotic pressure is then found from:

T

=—R-T-In(xw-yw) (2.2.42)
™ 2.

The osmotic coefficient is related to the osmotic pressure. It quantifies the deviation from a solvent
from the ideal behavior. The osmotic coefficient is defined as:

s
- qrideal

0 (2.2.43)

The ideal osmotic pressure is found when the activity coefficient is unity:

7tideal
—R-T-In(xy)

- (2.2.44)
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The mole fraction of water can be expressed in function of the mole fraction of salt:

T[ideal
_ —R-T-In (1—x,)
N v

(2.2.45)

In infinite dilution, the mole fraction of salt is tends to zero small. When x, is small the logarithm
In (1—x,) can be approximate to —x,. With that supposition:

ideal _ RTToXg
m'e = ——— (2.2.46)
v
This is not exactly identical to (2.2.44), but in practice, this is the definition used for the ideal osmotic

pressure.

The osmotic coefficient () represents the activity of solvents within an electrolyte solution. It is a
parameter which characterizes the non-ideality of a solvent. For any aqueous solution, the osmotic
coefficient is defined as [28]:

b= T - In(x, * Yu) _ In ayater
n—ideal MW RV mS MW v mS

(2.2.47)

Where:

a,, is the activity coefficient of water; M,, is the molecular weight of the water (kg of water/mol of
water); m, is the molality of the solute (moles of salt/kg of water)and v is the sum of the
stoichiometric coefficients of the electrolytes in the chemical dissociation of the salt.
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The Gibbs-Duhem equation can be used to relate the activity coefficients of the previous models with
the osmotic coefficient of the solvent. With this equation, it is possible to determine a model for the
osmotic coefficient of the solvent thus obtaining the activity coefficient of the water. The Gibbs-
Duhem equation at a constant temperature and pressure considers that:

> nivdu = 0 (2.2.48)

Applying the Gibbs-Duhem equation for the system studied of salt and water

Nwater * Alwater + Nsait * disare = 0 (2.2.49)

The chemical potential of water can be written as:

Hwater = .u'\(/)vater +RT In(xw ’ Yw) (2250)

Adding the last equation and equation (2.2.34) to equation (2.2.49), it remains:
Nwater * d[W3ater + RTIN(xy = ¥y )] + Ngape - d[pM+ v+ RT - In(mMIAC . yMIAO)] = o (2.2.51)

As the standard state chemical potentials are constant at constant temperature and pressure,
this reduces to:

Nwater * d 1N @yater + Neaie * ¥ - d In (MMIAC. yMIACY = ¢ (2.2.52)

With the definition of molality found in equation (2.1.9), the last equation is written as:

d1n Ayater + Mg * Myyaey * ¥+ d In (MMAC . yMIAC) = g (2.2.53)

Integration from m, = 0, where ¢ = 1 and In YM!A¢

gives:
ms

In ayater + M yarer " V" Mst Mg My o "V f mg* dln (YMAS) =0 (2.2.54)
0

Division with My, ... " V' ms and using the definition of the osmotic coefficient in equation
(2.2.47) gives:

1 ms
b=1 +Hf m; + dInyMIAC (2.2.55)
s 70

Osmotic coefficients can be obtained by integration of equation. The integration can be
performed analytically with the application of a thermodynamic model.
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2.2.5 Vapor-liquid equilibrium

Another type of property that needs to be calculated is the vapor-pressure. Only the solvent can
evaporate, the salts remain in the liquid phase. The equation that is solved is then:

Pt = Xwater * Ywater * Pg/ater(T) (2-2-56)

Where P.:r(T) is the vapor-pressure of the water at the concerned temperature.

The last equation can be expressed in function of the activity of water. The activity coefficient for the
water is defined as:

Awater = Xwater " ¥Ywater (2.2.57)
So the equation for the vapor-pressure is simplified:

Pr = ayater PSvater(T) (2.2.58)

In some cases it is interesting to related the vapor-pressure computation to the osmotic coefficient.
The two properties are directly related as they both depend directly on the activity of water. The
relation is shown on the next equation:

In ayarer = €~ PMwoms 2.2.59
ate

The parameter v is the sum of the dissociation coefficients of the salt [2]. In the case of monovalent
salts, as the case studied, the value of this parameter is equal to two.
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2.2.6 Solid-liquid equilibrium

In electrolyte systems two solid-liquid equilibrium reactions may be encountered. The equilibrium
between the liquid and solid for the solvent and the equilibrium of salt saturation. The equilibrium
respect to the solvent is more widely studied due to the fact that fundamental properties for the
solvent at the temperature and pressure of crystallization are easier to determine than for the salt
equilibrium. Considering that the component studied crystallizes as a pure component, the
thermodynamic equilibrium condition base on fugacity for solid-liquid equilibrium states that:

*Qqli *Liqui Liquid
f Solid =f Liquid , . v (2.2.60)

The relation between fugacities can be related by equilibrium properties using the Gibbs-Helmonhltz
equation. The equation at any temperature T and pressure P stays for:

*Solid
. AH:. Ten  ACp.. [T T Avp. (P—P
Lauid | 7R - T, T R LT T R T,

The equation is composed of three terms. The first term corresponds to the effect of temperature on
the change in Gibss energy, which is expressed using the enthalpy change upon fusion, the second
term refers to the fact that this enthalpy may not be constant, in which case its temperature
dependence is taken into account, using cP and the third term of the equation correspond to the
correction for the variation on pressure that may affect the system (sort of Poynting effect). The last
term can be neglected when the pressure change is low. The equation remains:

*Solid
. AHg. Tey  ACpe [Tk T,

in (1o =] =— (1——F')+—F'-[—F'—1—|n(—F')] (2.2.62)
Liqui R-Te, T R T T

The physical parameters that form the equation are:

AHg, is the heat of fusion and it is defined as the difference between the enthalpy of the liquid and

the enthalpy of the solid. The heat of fusion is positive as the liquid has more energy than the solid.
Tg, is the fusion temperature of the component i
T is the temperature of the study

ACpFi is the difference in heat capacities. Corresponds to the heat capacity of liquid minus the heat

capacity of solid.
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2.2.7 Definitions of enthalpies

Experimental values on all energy quantities are defined as differences. They require a process where
two containers are mixed to yield a final one. The analysis shown here illustrates the use of
enthalpies, but the same definitions apply to Gibbs energies, entropies or heat capacities. Lower case
symbols are molar properties, upper case are total properties.

B’(start)

>

A’+B’ (end)
A’ (start)

Figure 11. Representation of energy quantities definition

The measurement then yields the difference:
AH =(n, +ng )% —(n h3™ +nghg™ ') (2.2.63)

In that case, the enthalpy difference is a total property measured in J. The molar enthalpy h here has
both superscripts and subscripts. The subscripts refers to the composition of the system (A’ and B’
are often the pure solvent and solute, but one of the two may also be a mixture). The superscript
refers to the conditions (pressure, temperature and physical state).

The results are always presented in molar form, which leads to:

N +n. )he  —(n, hs@™ 4 et
Ah=(  + ) —(ah ) in J/mol (2.2.64)
n

The enthalpy difference is measured in J/mol and, n may be n,., N;. or N, +nN..

In some cases it is interesting to distinguish between integral properties, where n is final, and
differential properties, which are taken in the limit of n infinitely small: :

end startA' startB'
A =Iim(nA.+nB.)hA.+B. —(nehg™™ + nghg™)
n—0 n

(2.2.65)
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Table 6 then summarizes the various definitions found for different types of enthalpies

Table 6. Definitions found for different types of enthalpy

A' B' (A+B)'
. . - . . . n Comment
Composition | Condition | Composition | Condition | Composition | Condition
P,T,Liquid Also called
Mixing pure A P, T, liquid pure B P, T liquid (single nA + nB Excess
phase) property.
P, T,Liquid
Solution pure A P, T, liquid pure B P,T,solid (single nB -
always the phase)
sum of A' i i
e P T Liquid This pl;]c;rierty is
Solvation pure A P, T, liquid pure B P,T,solid (single nB=0 .
hase) composition
P dependent
P.TLiquid Requires two
Dilution pure A P, T, liquid A+B P,T,liquid (single nA q "
phase) compositions

Let us for convenience also define the partial molar properties which is the heat provided by the

system when adding one molecule of type i to the mixture:

~_oH

=

TP

Note that this partial molar property is related to the phase equilibrium properties as

he =h, —h, =—RT

Where ﬁiE is the excess partial molar enthalpy.

20Iny,

oT

N

(2.2.66)

(2.2.67)

The asterisk indicates the pure component property in the same (liquid) phase, at the same pressure

and temperature as the mixture.

When an asymmetric activity coefficient is considered (which is the case for electrolyte systems, the

excess partial molar enthalpy is in fact:

he =hg —h;* =—RT

20Iny'y

aT |y

Where the ‘infinite’ sign shows that the value is taken at infinite dilution in the solvent.

(2.2.68)
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Since this is a difference between two enthalpies, it is fully defined as such: it doesn’t require a
reference state. The enthalpy of the liquid mixture is then written as:

H =n,h, +nghy =n, (hy +hy)+ng (hy” +hy) (2.2.69)
Or

h=x, (hy +h)+x (hs” +hy ) (2.2.70)

The mixing property is most common in solution thermodynamics, but can often not be measured
correctly when the solute is not liquid at the given pressure and temperature.

o (Ny+ng)hy e —(nAh;-l-th;)

= (2.2.71)
nA + nB
Which can then be written as:
* IhE ®© I\ E * 0
o =(nA(hA+hA )+ng (g + g ))—(nAhA+thB) 2272)
n,+nNg
Or

h" = x,hE +x.hs (2.2.73)

The enthalpy of solution is obtained by slowly adding a salt to the solution that is initially pure.
Hence the difference in enthalpy is measured between the mixture that contain solvent (A) and
solute (B) from the difference between as follows:

(nA(h:\ +hy)+ng (hg +hg ))—(nAhZ +ngh;°)

Ng

hSoI —

(2.2.74)
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In contrast with the mixing enthalpy, the reference state for the solute, B, is now the solid phase, and
the measure ratio is taken over the number of moles of B.

e © _15S , RE = —
Naha +nB(hB —hg” +hg )_ nhs+nghg N

hSoI — (h;o _h;,S)
n n
" B B (2.2.75)
n,+ng)h . h" .
BUSLILS +(hg —hg®)=—+(hg —hg*)
nB XB
The zero value is often called @, the relative apparent molar enthalpy of the solute B :
lim h>' =®, (2.2.76)

xg —0

The enthalpy of dilution is obtained by slowly adding pure solvent A to a solvent + salt mixture.
Hence the difference in enthalpy is measured as follows:

_ "h' +n,h )= (nih! +n.h! )—nlh;
hD,|_(AA BB) (OAA BB) Alla (2.2.77)
I’]A
Where
1] I _ A0
Ny, —N, =N, (2.2.78)

The data often provide two compositions, | and Il. As such, they are difficult to use. Yet, differential

. Lo _ —y = =
measurements are interesting since when NS is very small, we may state h,' =h, =h, and

ha' =hy =h, such that

TR
_ n,)h - . -
lim h®" = ( A OA) A —h; =h, —h; =hS which s also noted as L (2.2.79)
na—0 nA
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3. THERMODYNAMIC MODELS FOR ELECTROLYTE SYSTEMS

In order to relate mathematically the fundamental properties of systems and to describe properly
the phase behavior of solutions, a thermodynamic model is required [29]. This chapter describes the
most important models developed accounting for electrolytes interactions.

3.1 TYPES OF INTERACTIONS IN ELECTROLYTE SYSTEMS

The interactions are classified into long range interactions, intermediate range interactions and short
range interactions depending on the effect of the potential energy of the interactions with the
distance. An advanced thermodynamic model must be able to represent each of these correctly.
Nevertheless, the majority of the models are structured with terms representing only long and
intermediate range interactions. lon-lon interactions are electrostatic interactions considered as long
range interactions because they have an effect over a long distance. lon-dipole interactions, that take
place between ions and polar molecules such as water are intermediate range interactions. Those
interactions are not as strong as the long range interactions but the potential energy of ion-dipole
interactions is proportional to 1/r> and the potential energy of dipole-dipole interactions is
proportional to 1/r3. Finally, the short range interactions are mainly caused by intermolecular forces
such as hydrogen bonds. The potential energy caused by short range interactions is proportional to
the sixth power of the inverse separation distance.

The figure 12 represents a scheme of the different interactions existing in electrolyte systems and
their classification.

v

c)

(a)

-
-2
/@

Figure 12. Different interactions in electrolyte systems. (a) lon-lon or long range interactions. (b) and
(c) represent the short range interactions
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3.2 MODELS FOR LONG RANGE INTERACTIONS

The first electrolyte models created, focused only on the electrostatic interactions. The models were
based on Debye-Hiickel studies [30].

3.2.1 The Debye-Hiickel theory

One of the first theoretical works on electrolytes was developed by P.Debye and E.Hiickel in 1923
[30]. This theory is one of the oldest models which is capable of describing long-range electrostatic
interactions between ions. The Debye-Hiickel model explains the deviation of electrolyte solutions
from the ideal behavior (activity coefficient model). It uses the Poisson equation to express the
energy resulting from the presence of a point charge in a cloud of charges. The final mathematical
expression in terms of Helmholtz energy is obtained by solving Poisson’s equation and Boltzmann
distribution function for volumetric charge density around a central ion. The Debye-Hlickel is based
on a continuum model that takes into account some assumptions and considerations. These
assumptions are summarized in the figure 13

The solute is completely dissociated (strong electrolyte)

lons in the dissolution are spherical and the solvation of ions is ignored

The solvent plays any role. It is the support for the dissociation of ions
(medium) and it is characterized by the dielectric constant

The individual ions which sourrond a central ion are represented as a cloud of
charge density

JH N N NS
T L LT

Figure 13. Assumptions for the Debye-Hiickel model.

One of these assumptions considers that the solvent does not play any role in the interactions. In
fact, in the Debye-Hiickel model, the solvent is regarded as a dielectric continuum. The solvent only
provides a medium for the ions and it is characterized by the dielectric constant (also known as
permittivity). The dielectric constant of a solvent has an effect on the range of Coulombic reactions.
It has a value closer to 1 for non-polar solvents and it increases with polar molecules. It is also
dependent of the temperature, the solvent and the concentration of solute in the systems. g is the
permittivity of vacuum and €, is the relative permittivity or the dielectric constant. The dielectric
constant is reduced as the concentration of salt increases in the mixture [2].
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According to Coulomb’s law, the forces of interaction between two electric charges, separated by a
distance r is given by the following equation:

Z,-Z,-e?
Fo = 1'42

=— 3.2.1
4.n.€r.80.r2 ( )

One of the most important property that the electrolyte models takes into account is the Debye
screening length (1/ k). This property represents the approximate radius of the ionic atmosphere
created by the ions and it has units of distance. Overall, the Debye screening length, determines the
range of ionic interactions and beyond this range the Coulombic interactions are very small or null
and can be neglected. The screening distance, ka, is calculated as the product of the distance of
closest approach, a and a parameter k that is expressed as:

2.e2.NA.p.|
K = —_—
80'8r-Kb'T

Models based on the Debye-Hiickel theory depend of physical parameters that characterize the

(3.2.2)

system and the solvent. The different parameters shown in equations (3.2.1) and (3.2.2) are listed on
the table 7.

Table 7. Parameters of the Debye-Hickel model

Parameters Description of the parameter Units
K Kappa m?
Z; Charge of cation Unitless
Z; Charge of anion Unitless
e Electronic charge 1,6-10°C
€ Dielectric constant of the solvent Unitless
€0 Dielectric constant of vacuum 8.8542:10*2 C*- J! - mol?
r Distance between electric charges m
Na Avogrado number 6.023-10% - mol*
P Density Kg-m?3
Ky, Boltzmann Constant J-K?!
T Temperature K

The ionic strength is a parameter that describes the concentration of ions in the solution. Salts are
ionic compounds that dissociate into cations and anions in presence of a solvent. The ionic strength
is a function of the concentration of all the ions in the presence of the solution. The ionic strength is

1
=5 me

calculated with the molality as:

(3.2.3)

Where:

m;: Is the molality in moles/kg of ion and z; correspond to the ionic charge of the ion
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3.2.2 Debye Hiickel limiting law

The Debye-Hiickel limiting law is the basis of all the electrolyte models and its main objective is to
represent a model for electrostatic interactions. Applying the Poisson’s equation, taking into
consideration the electrostatic interactions the following equation can be demonstrated :

—/9" - a7/ K

Iny = 3.2.4
ny 8 m-gpeKg' T ( )

If we substitute the Debye screening length equation in the previous formula, we arrive to the

following equation:

(3.2.5)
(3.2.6)
The equation can be grouped as:
| —e (3.2.7)
ny = . 2.
Y 8-m-ggrg-Kg-T
The equation can be re-written, and is better known in following form:
Iny =—Apy 22Vl (3.2.8)

e

Apy = /2Ny p-( )3 (3.2.9)

Ja g e Kg T

Where the terms that form the equation are defined as:

e Debye-Hickel parameter: Apy
e Product of the ionic charge of the anion and the cation: zj2 =/7"-77/

. 1
e lonicstrength: 1= S ¥m, -2

This model is not valid at high concentration of salt. It is normally applicable up to a concentration of
0.002 molal, otherwise the behavior of the model becomes very distant from the real behavior of the
parameters. This model, is known to be good representation of the experimental data only when the
concentration is lower than 0.002 molal [27].
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3.2.3 Extended Debye-Hiickel

The Debye-Hiickel model cannot stand alone as a model for electrolyte solutions as it does not
consider the short range interactions. It should be combined with another term in order to fully
describe the properties of concentrated electrolyte solutions [27]. In extended Debye-Hiickel,
another constant is added. This constant takes into account the distance of the closest approach (a).
The distance is the closest distance that any other ion can approach the central ion. It is close to the
hydrated ion diameter. The typical values for the distance of the closest approach are between
3.5-10° m and 6.2:10° m.

/ZCZA/'\/T

InY:—AD '
H 1+BDH\/T

(3.2.10)

The Debye-Hickel constant A remains the same and depends mainly on the solvent and on the
temperature.

Aoy = J2ToNp P ()3 (3.2.11)

4-megeck T
The parameter B stands for:

(3.2.12)

(3.2.13)

The representation of the model versus de experimental data for the NaCl at 298.15 K is represent in
the figure 14.

Variation of activity coefficient for Debye-Hiickel
limiting law and Extended Debye-Hiickel

0 ¢
<«
0,2 - P
& Experimental data
0,4 -
: == Debye-Hlckel limiting law
~ 06 -
Extended Debye-Hiickel
_0,8 u
-1 T T ]
0 1 2 3

Figure 14. Model of Extended Debye-Hiickel for activity coefficient at 298.15 K compared to data [31]

It can be observed that the model is improved and slightly better than the simplified Debye-Hiickel
thanks to the addition of the parameter B

41



3.3 EMPIRICAL MODELS FOR SHORT RANGE INTERACTIONS

The Hickel model and the Bromley are described in this chapter. Both models are compared with
more detail in the section 6.1

3.3.1 Hiickel model description

The Hickel model improves the Debye-Hiickel model by the addition of a parameter [32]. It adds a
second parameter, proportional to the ionic strength, so as to make it possible to extend the
application range of the model and to found a more accurate parameterization. The addition of the
parameter allows to calculate activity coefficients up to higher concentrations with good accuracy.
The equation of model proposed is as follows:

Iny* = —Apy Sew/ (33.1)
1 + BDH " \/_I
In this equation, no theoretical development is proposed for the parameter C. It is therefore
necessarily adjusted. E. Hiickel justified the addition of the C parameter by showing that according to
theory, a term proportional to the ionic strength would take the variation of the dielectric constant
with the composition into account [32].

3.3.2 Bromley model description

The Bromley equation was developed in 1973 [3]. The objective of the model was to calculate the
activity coefficients for aqueous electrolyte solutions with a high concentration range, exceeding the
validity limits of the Debye-Hiickel model. The model and the parameters of the model will be
described as well as the main properties of the equation.

The Bromley model is an electrolyte model that calculates the mean ionic coefficient of aqueous salt
solution based on a single adjustable parameter B. The model is based on the Debye-Hiickel equation
and two additional terms both function of the ionic strength. It is written as:

222/ V1
InNY™ = —Apy % +C-1 (3.3.2)
0,06 + 0,6B 2.2
c/In10 = ( 1C5A) /22 | g (3.3.3)
(14 =21)?
/ZcZA/

Note that, Bromley replaced the activity coefficient Y by the molality based activity coefficient y™
without any attempt to perform a correct conversion between the two types of activity coefficients.
However, at high concentration of salts the approximation is more accurate as the Debye-Hiickel
contribution has less importance.
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An approximation of the optimized B parameter can be calculated with the parameters of Bromley of
the cations and anions. Bromley deduced a tendency that was described by the next equation. The
values of the Bromley parameters of cations and anions are found in Bromley study [3].

B=B,+B. +(5,6) (3.3.4)

3.3.3 Pitzer Debye-Hiickel

Another empirical model for electrolyte system is the Pizer model. In 1973, K.S. Pitzer et al.
developed their first paper concerning the description of aqueous electrolyte solutions [33]. The
model is an activity model developed from the extended Debye-Hickel model [34]. The expression of
the excess free energy is:

WGG;T =fO+ 2 Z Ai(Dmyjm; + Z Z Z iy (3.3.5)
v [ i j k

In the last equation, the sub index i, j and k stay for the solutes (ions and neutral species dissociated).

The water solvent is implicit. The definition of the other terms is:

| is the lonic strength
w,, is the solvent mass (kg)
m; is the molality of the component i (mol/kg d'eau)
Ajj is the interaction binary interaction coefficient for short distance between the component i and j

Mij is the interaction ternary coefficient short distance between the component i, j, k

The first function f(I) correspond to Pitzer’s empirical modification of the Debye-Hickel Gibbs
excess function [35]. It depends on the ionic strength. The second virial coefficient 4;(1), is the
binary interaction coefficient for short interactions between pairs of ions. it depends also on the ionic
strength. The third virial coefficient is represented by the term py,, it is a ternary interaction
coefficient also for short distance between the components i, j, k. The dependence of the i respect
to the ionic strength is neglected. This parameter is used for cation-anion-anion and cation-cation-
anion interactions. Cation-cation-cation interactions and anion-anion-anion interactions are also
neglected.

£ = —%- In (1 + bI¥?) (3.3.6)

The parameter b = 1.2 [34].
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Pitzer defines also the equation for the mean molal activity coefficient. It is written as:

] 15
%) ¥ (33.7)

2vcv
Inym=/zc-zA/-fY+mS( E A)Bz_f+m§<

In that equation:

f¥= -2t +

ADH[ N 2
3 [1+bVi b

In(1+ b\ﬂ)] (3.3.8)

Apy is the Debye-Hiickel parameter and v, v, the stoichiometric coefficients of the dissociated
cation and anion. v stands for the sum of both dissociation coefficients.

Moreover, the term B} stands for:
BY

=20, + 2—/2 (1 -1+ aVi—0.5a%)exp (—avl)) (3.3.9)

In this equation, a = 2.0. The two parameters B0 and 1 are adjustable parameters in the model.

The term C} corresponds to:
y_3 o
C+ = EC+ (3310)

Where C$ is an adjustable parameter in the model.
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3.4 LOCAL COMPOSOTION MODELS

Local composition models assume that the composition of a molecule i is affected by its neighboring
molecules j, and is therefore different from its overall composition in the liquid [36]. The models
based on local composition define that some molecules have a preference to surround specific
molecules depending on their sizes, shapes, and interaction energies. Extended UNIQUAC and
Electrolyte Nonrandom Two-Liquid (eNRTL) are models for based on local composition.

3.4.1 Extended UNIQUAC

The extended UNIQUAC model is an extension of UNIQUAC. The Debye-Hiickel model was added to
UNIQUAC model in order to represent electrolyte mixtures. The model has proved its applicability for
calculations of vapor-liquid-liquid-solid equilibria and of thermal properties in aqueous solutions
containing electrolytes and non-electrolytes. The model is shown in its current form here as it is
presented by Thomsen [37].

The extended UNIQUAC model consists of three terms: a combinatorial or entropic term, a residual
or enthalpic term and an electrostatic term

ex _ (ex ex ex
G = GCombinatorial + GResidual + GExtended Debye-Hiickel (3-4-1)

The combinatorial and the residual terms are identical to the terms used in the traditional UNIQUAC
equation [38].

3.4.2 Electrolyte Nonrandom two-liquid (eNRTL)

The electrolyte NRTL model uses a local composition concept adapted to electrolyte solutions. It is a
combination of the NRTL model and the Pitzer-Debye-Hickel term [39]. The local composition
concept is modified for ions and the model parameters are salt specific. The electrolyte NRTL model
uses a local composition concept adapted to electrolyte solutions [40]. The use of a Pitzer-Debye-
Hickel term instead of the Extended Debye-Hiickel term does not make much difference.

The NRTL local composition model only has an enthalpic term, it uses no volume and surface area
fractions and has no entropic term.

The use of salt specific parameters rather than ion specific parameters requires that a suitable mixing
rule is applied. Otherwise calculations of solution properties would depend on how the composition
of the solution is defined. A solution of equal amounts of CaCl2 and MgNOs could as well be defined
as a solution of Ca(NO3)2 and MgCl2. The electrolyte NRTL model is widely used as it is the model
implemented in the commercial simulator ASPEN.
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3.5 ADVANCED EQUATIONS OF STATE

Equations of state have also been used to describe electrolyte mixtures. They are well summarized
in the book by Kontogeorgis [2] or in the thesis by Maribo-Mogensen [41]. Instead of using the Lewis-
Randall (PT) framework, equations of state are developed based on the T-V framework. The most
well-known ones are cubic, but more recently SAFT-type equations of state are also used.

In all cases, a specific term accounting for long-range interactions needs to be added. Some authors
use directly the Debye Hiickel term, others use the Means Spherical Approximation (MSA). Maribo-
Mogensen [42] has shown that both terms behave similarly.

Recently, many developments concerning electrolytes systems use the Statistical Associating Fluid
Theory (SAFT). SAFT is an advanced thermodynamic equation of state where perturbation terms are
used to correct the Helmholtz energy of a reference system. It is based on a statistical perturbation
theory. Perturbation theory is a mathematical theory which provides an approximate solution to a
problem. The solution is obtained by adding corrections (perturbations) to a reference behavior, as a
Taylor series expansion [43] [44]. The mathematical expression describing the residual Helmholtz
energy is given as in the following equation:

Ares = Aref + Aperturbation (3-4-2)

Where Aretis the Helmholtz energy of reference state, often the hard sphere fluid. The perturbation
term (Aperturbation), accounts for various interactions such as hard sphere, chain, dispersion,
association, polar. No equation of state is used on this work
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4. EXISTING DATA

The objective of this chapter is to describe and summarize the data available for electrolyte systems.
The general existing data articles for mixtures of water and monovalent salts with water as solvent
and with mixed solvents is summarized.

4.1 GLOBAL VIEW OF ALL DATA

Before the analysis of data consistency, data have to be classified. A strategy to classify data is by a
representation of different properties for a specific system. In this chapter the properties of
monovalent salts with pure water have been summarized. The different phase equilibrium properties
studied in this work are represented by a color code as defined in the figure 15.

Solid-Liquid equilibrium Liquid-Liguid equilibrium Osmotic coefficient

Figure 15. Color legend for the experimental data in phase equilibrium found for different salts type

The following tables represent the number of articles found in Detherm data base (2018 issue). The
data series include experimental data for the properties studied for pure water as solvent and for the
mixed solvents. In addition to the properties classification, the tables include also the number of
articles found and studied in internal consistency and the data series of activity coefficient which
have data at different temperature.
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The table 8 represent a summary of data series for the pure water as solvent.

Table 8. Classification of experimental data properties for different monovalent salts with pure water

as solvent
Li Na K Rb Cs
7 articles 31 articles 28 articles 7 articles 6 articles
11 articles. Only at | 5 articles. Only at | 6 articles. Only at 6 articles. Only at
F 298 K 298 K 298 K 298 K
14 articles 41 articles 21 articles 11 articles 10 articles
4 articles 6 articles 4 articles 4 articles
31 articles 323 articles 266 articles 42 articles 53 articles
21 articles. 60 articles. 42 articles. 13 articles. Only at 17 articles.
Different T Different T Different T 298 K Different T
O e | o | waces | owdes | swce |
128 articles 390 articles 374 articles 74 articles 73 articles
26 articles 47 articles 35 articles 7 articles 18 articles
47 articles 94 articles 112 articles 9 articles 21 articles
4 articles. Only at 26 articles. 10 articles. Only at | 4 articles. Only at 6 articles. Only at
298 K Different T 298 K 298 K 298 K
Br
44 articles 79 articles 113 articles 20 articles 29 articles
7 articles 13 articles 11 articles 3 articles 5 articles
24 articles 70 articles 74 articles 7 articles 7 articles
4 articles. Only at | 7 articles. Only at | 7 articles. Only at | 4 articles. Only at 4 articles. Only at
298 K 298 K 298 K 298 K 298 K
'|  aarides | 7arides | sarticles |  taties |  1artices |
20 articles 52 articles 77 articles 9 articles 9 articles
4 articles 6 articles 6 articles 3 articles 3 articles

In this representation it can be shown that data for salts and water as solvent is available for a wide
range of properties. Every property studied are found for all 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 into water is 0.05 M. It can be also conclude that the majority of the data
found was study at 298.15 K. In addition, the majority of articles about density and solid-Liquid

equilibrium.
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The table 9 represent a summary of data series for different salts and pure water and methanol as
solvent.

Table 9. Classification of experimental data properties for different monovalent salts with pure water
and methanol as solvent

Li Na K Rb Cs

3 articles. Only at 298 K Low
molality (up to 0,5 M

F maximum) 1 article 1 article
2 articles
5 articles 11 articles 2 articles 3 articles

4 articles. Only at 7 articles. Only at 298 K 2 articles. Only at 4 articles. Only at 298 K

al 298 K (One with 308 and 318 K) 298 K 3 articles. Only at
298 K
— 1 article
2 articles 17 articles 15 articles
2 articles 3 articles
1 articles 3 articles 2 articles. At 298 K.

1 article. Only at 298 K Low molality (up to 0,7

1 articles
M maximum)

Br

1 articles

3 articles 5 articles

4 articles 2 articles 3 article

1 articles. At 298 K. Low
molality (up to 0,7 M
maximum)

2 articles 4 articles

The summary of data series for the salts combined with water and methanol solvents show that for
mixed solvents less properties are available. Some salts present data series only accounting for one
specific property whereas other salts such as RbF or Lil do not have experimental data studies. That
lack of data may be in some cases due to low solubility of salts in the solvent. Temperature analysis
shows that the data for the system studied is available only at 298.15. Only NaCl presents some data
at different temperature than the room temperature. In other cases, the data found are only given at
low molality. As an example, it is the case for the CsBr, the activity coefficients data series are studied
for a maximum molality of 0.7 molal even if its saturation molality with a small concentration of
methanol can reach 5 molal of maximum salt concentration. That factor is a limitation for
thermodynamics studies as the data does not represent the extend behavior of the salts. These
conditions are important and must be analyzed in the internal consistency. Another conclusion of the
summary is that the majority of data is related to activity coefficient and solid-liquid equilibrium.
Vapour-liquid equilibrium data including vapour phase composition are key to determine the activity
of the individual solvents.

The same analysis of available data for the other mixed solvents (ethanol,1-propanol and 1-butanol)
are shown in Appendix 1.
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4.2 ACTIVITY COEFFICIENTS DATA

The table 10 represents an example of the data available for the LiCl and the activity coefficient

property. The table represents the reference of the article, the year and the author. Related to the

data the table show the temperature range included in the data, the maximum molality and the

number of points of activity coefficients found in the respective article.

Table 10. Data available for LiCl and water for activity coefficient property

LiCl Activity coefficient

Temperature Maxim.um Number
Reference* Year Author range (K) molality of
(moles/kg) | points
DDB-ELE:2008-JAN/173 1972 Hamer,W.J.;Wu,Y.C. 298.15 19.22 43
DDB-ELE:2015/10145 1920 Noyes,A.A.;Maclnnes,D.A. 298.15 3 13
DDB-ELE:2011-DEC/8173 | 1929 Harned,H.S. 298.15 4 12
DDB-ELE:2015-Mar/9909 | 1993 | Wang,R.L.;Yan,Y.;Zhang,Z.;Wu,G.L. 298.15 6 10
DDB-ELE:2008-JAN/1906 | 1993 Wang,R.;Yao,Y.;Wu,G. 298.15 6 8
DDB-ELE:2017/11949 1979 Campbell,A.N.;Bhatnagar,O.N. 323.15...423.15 3.2 6
DDB-ELE:2010-DEC/7609 | 1964 Lebed,V.l.;Aleksandrov,V.V. 298.15 ... 363.15 0.1 5
DDB-ELE:2008-JAN/6189 | 1966 Shkodin,A.M.;Shapovalov,L.Ya. 298.15 0.006 8
DDB-ELE:2015/10320 1992 Yao,Y.;Sun,B.;Song,P.; 298.15 19.85 22
Zhang,Z.;Wang,R.;Chen,J.

DDB-ELE:2008-JAN/5892 | 1934 Robinson,R.A.;Sinclair,D.A. 298.15 3 10
DDB-ELE:2017/12018 1981 Holmes,H.F.;Mesmer,R.E. 383.15...473.15 6 7
DDB-ELE:2008-JAN/3801 | 1932 Pearce,).N.;Nelson,A.F. 298.15 11.1 21
DDB-ELE:2017/12103 1963 Caramazza,R. 273.15...323.15 6 13
DDB-ELE:2017/12631 1960 Lengyel,S.;Giber,J).;Tamas,J. 288.15 ... 308.15 17.73 9
DDB-ELE:2017/12259 1920 Maclnnes,D.A.;Beattie,].A. 298.15 3 8
DDB-ELE:2015/10246 1945 Robinson,R.A. 298.15 20 51
DDB-ELE:2008-JAN/5814 | 1930 Akerloef,G. 298.15 1 5

DDB-ELE:2015/10722 2014 | Zhao,X.;Li,S.;Zhai,Q.;Jiang,Y.;Hu,M. 298.15 1.55 113
DDB-ELE:2011-DEC/8397 | 2010 Morales,].W.; Galleguillos,H.R.; 288.15 ... 308.15 4.05 12

Graber,T.A.; Hernandez-Luis,F.

DDB-ELE:2008-JAN/1080 | 1949 Robinson,R.A.;Stokes,R.H. 298.15 20 37
DDB-ELE:2009-AUG/6923 | 2008 Hu,M.;Tang,J.;Li,S.;Xia,S.;Jiang,Y. 298.15 0.44 9

* The references are coded according to the Detherm conventions: the actual literature references

can be extracted from these codes if needed.
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The table 11 gives information selecting the maximum temperature range and the maximum molality
found for each salt with pure water as solvent. The data is synthetized including the salt, the
different properties studied, the number of articles found for each property, the maximum
temperature range found and the minimum and maximum molality. The table gives idea about the
data existing but a more accurate study implies a more detailed analysis. Note that in some cases the
maximum molality is higher than the saturation molality at 298.15 K. In this study, the maximum
molality correspond to the article at higher temperature.

The tables concerning the other properties are joined in appendix 2

Table 11. Summary of the salts for activity coefficient

Activity coefficient
Salts Maximum molality data at
Number of articles | Temperature range (K) 298.15 (moles/kg)
LiF 0
LiCl 21 273.15-473.15 19.85
LiBr 4 298.15 20
Lil 4 298.15 12.05
NaF 11 288.15-308.15 1
NaCl 57 273.15-363.15 6.14
NaBr 26 273.15-333.15 9.2
Nal 7 298.15-363.15 12
KF 5 298.15-473.15 17.5
KCl 38 273,15 -363,15 5
KBr 10 298.15 5.5
KI 6 298.15 4.5
RbF 6 298.15 3.5
RbCl 12 283.15-363.15 7.8
RbBr 4 298.15 5
Rbl 4 298.15 5
CsF 6 298.15 3.5
CsCl 17 273.15-773.15 35
CsBr 6 298.15 5
Csl 4 298.15 3

51



4.3 ANALYSIS OF DATA VERSUS SOLUBILITY

The limit of solubility of the salts NaCl and LiCl in function of the temperature are shown in figure 16
and 17 respectively. In both graphs the maximum molality found in experimental data analysis for
activity coefficient and osmotic coefficient is also represented. With the representation it is possible
to identify how much data is available at a range close to the maximum solubility. It allow also to
identify unavailable data at a specific temperature range.

Variation of the solubility of NaCl with
temperature
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Figure 16. Solubility of NaCl in function of temperature.

For NaCl, it exist a wide variety of data. Specially concerning osmotic coefficient, the number of data
involve a large temperature domain close to the saturation of the salt in water. Respect to activity
coefficient, data is available until 470 K, after that temperature no data was found concerning
activity coefficient of NaCl

Variation of the solubility of LiCl with
temperature
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Figure 17. Solubility of LiCl in function of temperature.

In the case of LiCl only data is available until the saturation molality at 298.15 K for activity and
osmotic coefficient. At other temperatures, the available data is studied until 5 molal.
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The figure 18 presents the solubility in function of the temperature for the salts studied. The x axis refers to the temperature in K and the y axis to the
molality. It can be observed that some salts have a wide range of data close to the maximum solubility for activity and osmotic coefficients (NaCl, KCI, NaF)
The x axis refer to the temperature in K and the y axis to the molality. Other salts have a lack of data available and the range of molality study is far from the
saturation molality (LiBr, KBr, CsCl, Nal).
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Figure 18. Variation of the solubility with temperature for different salts. The blue diamonds are maximum solubility of the salts in water, the red squares
represents the maximum molality found in experimental data of activity coefficient and the green triangles the maximum molality found in experimental data
of osmotic coefficient 53



5. ANALYSIS OF RESULTS FOR INTERNAL CONSISTENCY

5.1 PROCEDURE FOR INTERNAL CONSISTENCY ANALYSIS

The objective of the internal consistency analysis [45] is to evaluate whether the data satisfy
thermodynamic consistency. We know that relationships exist among the properties:

- Gibbs-Duhem relates activity coefficients of various compound (solutes and solvents) (equation
2.2.55)

- The modified Raoult law can be used to test consistency of vapor pressures and solvent activity
coefficient

- Gibbs-Helmholtz relates the derivatives of the activity coefficients with the enthalpies, or heat of
solution

These relationships may not be obvious when looking at the data themselves. A thermodynamic
model contains these relationships by construction. This is why it is proposed to use a model to test
them. The consistency analysis consists in computing the deviations between the experimental data
and the experimental values for a large number of properties. The relative deviations are computed
as follows:

_ Xcalculated - Xexperimental

Relative deviation (%) = 100 (5.1.1)

Xexperimental

Where X is the property studied, in this work, salt activity coefficient (MIAC), osmotic coefficient and
solution enthalpy.

Ideally, this model should be as accurate as possible. The relative deviations have been calculated for
different properties and systems concerned by this study. In order to analyze the calculations, the
deviations are represented as a function of the molality and the temperature. That representation
gives information about the molality and temperature effect as it allows to compare the deviations at
different concentration and temperature range for all the data series. In a second part of the
analysis, the results of the deviations are represented in function of the mean temperature and the
mean molality. The last representations does not allow to identify the data series inconsistent as
they are based on the mean of temperature and concentration independently of the reference.
However, it may give interesting information about the model limits and the specific condition that
creates more scatter. For the analysis of results it is important to take into account that the relative
deviations calculated can be negative or positive, depending on the values obtained by the model. A
negative deviations means that the calculated points are below the experimental points, whereas a
positive deviation indicates that the calculated points are greater than the experimental and the
model is above the experimental point.
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5.2 SELECTION OF THE MODEL FOR INTERNAL CONSISTENCY ANALYSIS

The model selected for internal consistency analysis is the eNRTL model. This model is widely used
for industrial applications, and specifically in simulations tools such as ASPEN. The eNRTL contains
three adjustable binary parameters for each pair of species. In this study the non-randomness
parameter is fixed to 0.2. For a system made of a salt and a solvent the remaining binary parameters
are two (tau(water-salt) and tau(salt-water)). Two binary parameters are equal for monovalent salt
and stay for the interaction between water and cation and the water and the anion, and two other
equal parameters for interactions between cation and water and anion and water. The temperature
dependence of the parameters is provided in ASPEN with following rule:

Du—s (T -1 T
Twater-salt = Cw—s T T + By f +In (_ITef> (5.2.1)

The binary parameters depend on the constants C,D and E that can be found from ASPEN database.

The salts selected for internal consistency study were the LiCl, NaCl, KCI, CsCl with water as pure
solvent. The parameters of used in ASPEN for the salts mentioned are specified in the Table 12

Table 12. Parameters used in ASPEN to calculate T (water-ion) for NaCl

Parameters from ASPEN: Water-salt
C D E

Water - LiCl 7.94709 605.785 -2.13858
LiCl - water -4.30847 -247.351 1.82945
Water - NaCl 5.9802 841.518 7.4335
NaCl - Water -3.78917 -216.365 -1.10042
Water - KCI 6.84954 402.982 0.206522
KCl - Water -4.06009 -30.9353 1.42956
Water - CsCl 7.66143 252.948 -1.21597
CsCl - Water -4.37244 51.2273 1.81383

In the IFPEN (Carnot) code, the temperature dependence is expressed using a simplified equation :

1 1
Twater-salt = Cw—s T Dw—s ° (? + %) (5.2.2)
This equation only depends on 2 parameters that have a relevant importance for the variation of the

temperature. Hence, equivalent parameters need to be determined, Table 13 shows the equivalent
parameters that have been fitted in the temperature range of 298.15 K-350.15 K.
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Table 13. Parameters used in IFPEN to calculate T (water-ion) for NaCl

Parameters from IFPEN: Water-cation-anion
C D

Water - LiCl 9.9835 658.988

LiCl - Water -5.142 -292.931
Water - NaCl 8.7889 669.732
NaCl — Water -4.5128 -191.012
Water - KCI 8.2007 397.756

KCl - Water -4.1669 -66.457
Water - CsCl 8.5124 283.114

CsCl - Water -4.20448 6.1977

Figure 19 compare the two functions for the parameter of water-NaCl as an example.
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Figure 19. Comparison of parameters T(Water-lon) of ASPEN and IFPEN

The representation of the parameter Tau for interactions between water with cation or anion is very
representative until 340 K. This temperature limit was selected because most data are within the 0 -
100°C range (i.e. 273 — 373K). Above this temperature the parameter calculation is slightly different.
That variation is important to take it into consideration, the deviation between the ASPEN model and
the IFPEN model will increase above 340 K. However, for internal consistency this can be considered

irrelevant as we are looking for clear inconsistent data that does not follow the same trend as the
other data series.
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5.3 RESULTS OF INTERNAL CONSISTENCY

5.3.1 Analysis and interpretation of the deviations with NaCl

The following figures 20 and 21 are complementary. They represent the relative deviations as a
function of the molality (figure 20) or as a function of temperature (figure 21) for activity coefficients
of NaCl with water as solvent. Each color and symbol represent a different data series. In some cases,
the same data reference presents experimental data at different temperature but following the same
experimental analysis. These data series are represented with the same color and symbol.
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Figure 20. Analysis of the relative deviations in function of the molality for activity coefficients of
NaCl with water as solvent
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Figure 21. Analysis of the relative deviations in function of the temperature for activity coefficients of
NaCl with water as solvent
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The Detherm reference of the papers studied in the previous graphs are represented on figure 22
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Figure 22. References used for internal consistency of activity coefficient NaCl

If the model and data had been perfect, the deviations should 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 a global trend. This is especially visible in figure 20. This global trend
illustrates the model imperfections. It is visible that the e-NRTL model is accurate within +/- 5% until
a molality of 5, but starts underestimating the activity coefficient beyond that point. Figure 21 shows
that e-NRTL as it is coded in the IFP code extrapolates rather well at high temperature, but provides
larger deviations at low temperature.

In order to correctly analyze the consistency of specific data series, both graphs have to be analyzed
simultaneously. From figure 20, it can be observed that the majority of deviations for different data
series are comprised between -5% and +5%. The eNRTL is quite accurate in activity coefficient
representation. However, two series have a larger deviations than 5% (DDB-ELE:2008-JAN/1890;
DDB-ELE:2008-JAN/2071) and one article reaches the amount -10% of relative deviations (DDB-
ELE:2010-DEC/7612). In order to interpret correctly, these deviations have to be located also on
figure 21, as a function of temperature. Doing so, it can be found out whether the deviations are
caused by a the fact that the model is less accurate at low or high temperature or whether it is due to
inconsistent data. It can be seen that for the data series analyzed before, with the highest deviations,
both data series have been measured at low temperature, close to 0°C and at high temperature
around 333 K for one data series and 363 K for the one with more positive deviations. The trend of
the deviations with temperature is consistent among all points and shows that the model
extrapolates badly especially at low temperature.

The table 14 represents the references found for activity coefficient of NaCl that have a different
trend from the other series of data. That references have been analyzed.

Table 14. Inconsistent data series identified for NaCl activity coefficient

Reference inconsistent Justification

DDB-ELE:2008-JAN/1890 Article from 1932. Activity coefficient calculated with an amalgam cell.

Not accurate tecnhique used for temperatures different from 25°C

DDB-ELE:2008-JAN/2071 | Article from 1939. Uses data from the last reference mentioned and they

used a specific equation to extropolate the electromotive force data.
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Both references are based on the same data measurement. The reference DDB-ELE:2008-JAN/2071
improves slightly the DDB-ELE:2008-JAN/1890 measurements and as it can be seen the deviations
are lower. The main problem of both series is that they are the more ancient series studied. The
measurement equipment and the extrapolation techniques used to be less precise.

It is interesting also to analyze the deviations found by removing the data series with large
deviations, and by zooming on the low molality, so as to eliminate the model imperfections. The
representation also allows to analyze the scatter generated. The figure 23 analyzes the relative
deviations until a maximum concentration of 2 molal and without the data mentioned before with
the highest deviations. It can be seen that the scatter (difference in deviations between series) is
approximately 4%.
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Figure 23. Analysis of the relative deviations in function of the molality for activity coefficients of
NaCl with water as solvent without the data series presenting the highest deviations.

It can be concluded that the data series with more deviations (DDB-ELE:2009-NOV/1976) arrive at a
maximun of 5% of relative deviations while the rest of data series tend to have less deviations. The
temperature related to the experimental data must also be verified. From the represetation 18 it can
be conclude that the temperature for the mentioned experimental data is 313K and 333 K which is

the higher temperature for the represented data. The deviations can also be explained by the model
imperfections.

The same study has been done for osmotic coefficient. The figure 24 represents the relative
deviations as a function of the molality and the figure 25 as a function of temperature for osmotic
coefficients of NaCl with water as solvent.
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Figure 24. Analysis of the relative deviations in function of the molality for osmotic coefficients of
NaCl with water as solvent
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Figure 25. Analysis of the relative deviations in function of the temperature for osmotic coefficients
of NaCl with water as solvent

# DDB-ELE:2008-JAN/186
W DDB-ELE:2016/11375

A DDB-ELE:2008-JAN/1736

# DDB-ELE:2008-JAN/5058

 DDB-ELE:2008-JAN/6099

@ DDB-ELE:2013-DEC/9067

+ DDB-ELE:2008-JAN/2852
- DDB-ELE:2008-JAN/480

= DDB-ELE:2009-AUG/7271

4+ DDB-ELE:2015/10412

M DDB-ELE:2008-JAN/56

< DDB-ELE:2008-JAN/3929

# DDB-ELE:2008-JAN/2518
® DDB-ELE:2008-JAN/76
+DDB-ELE:2017/12678
= DDB-ELE:2008-JAN/2242
# DDB-ELE:2008-JAN/2371
W DDB-ELE:2010-DEC/8045
A DDB-ELE:2009-AUG/7495
> DDB-ELE:2008-JAN/4836
. DDB-ELE:2015/10470
© DDB-ELE:2015-Mar/9760
-+ DDB-ELE:2015/10310
=DDB-ELE:2008-JAN/5778

DDB-ELE:2008-JAN/5027
# DDB-ELE:2008-JAN/2834
W DDB-ELE:2008-JAN/3391
DDB-ELE:2008-JAN/6074
t. DDB-ELE:2015/10458
DDB-ELE:2015/10645
+ DDB-ELE:2016/11271
DDB-ELE:2012-NOV/8520
DDB-ELE:2016/10917
DDB-ELE:2016/11444
DDB-ELE:2017/12781

The Detherm references for the osmotic coefficient of NaCl are shown on figure 26.
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Figure 26. Detherm references used for internal consistency of osmotic coefficient NaCl
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With the osmotic coefficient it can be seen that the highest deviations are found for the series
measured at the lowest temperature (DDB-ELE:2008-JAN/2518). Even with the low temperature, the
deviations of the points tend to follow the same trend as the other points of the graph 24. That show
again the model imperfections to represent low temperature activity coefficients close to the water
freezing point. Concerning high temperatures, the model is also unable to stabilize the deviations.
Above 350 K the relative deviations increase significantly but the trend of the deviations in function
the trend of the other deviations (DDB-ELE:2015/10412, DDB-ELE:2008-JAN/1736, DDB-ELE:2008-
JAN/76). As a consequence, for NaCl osmotic coefficient there is no evidence that any data series
study is inconsistent. The model computation at high and low temperatures need to be improved in
order to perform a more accurate analysis.

Another study has been performed for the relative deviations of the enthalpy of solution for the
NaCl. The figures 27 and 28 represent the study of the deviations for NaCl on the enthalpy of solution
in function of the molality and the temperature respectively.
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Figure 27. Relative deviations with the molality for enthalpy of dilution of NaCl with water
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Figure 28. Relative deviations with temperature for enthalpies of solution of NaCl with water
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The Detherm references for the enthalpy of solution studied of NaCl are shown on figure 29.

# 2008-FEB-20-14:50/13349
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2008-JAN-29-13:45/17

Figure 29. Detherm references used for internal consistency of enthalpy of solution LiCl

Both graph show that the data series available for the enthalpy of solutions in NaCl is reduced. It is
difficult to evaluate the trend of the relative deviations with low experimental data points. It can be
also conclude from the figure 27 the percentage of relative deviations is quite constant as we
increase the molality. That effect can be shown mainly in the data series (2008-FEB-20-14:50/15282)
and (2008-FEB-20-14:50/15296). On the other hand, the deviations increase significantly as the
temperature increases (2008-FEB-20-14:50/16429). As a consequence the model is able to represent
the data of enthalpy of solution more accurately as the molality increases but has more difficulty to
represent high temperatures.

The internal consistency analysis of the other salts studied (CsCl and KCl) is shown on appendix 3

5.3.2 Analysis and interpretation of the deviations with LiCl

Figures 30 and 31 present the deviations observed with LiCl data. This compound is of specific
interest because its solubility is large, and therefore it is a true challenge to the model to reach these
high concentration ranges. LiCl saturation molality at 298.15 is around 21.7 molal and the one of
NaCl is approximately 6 M. Consequently, the LiCl analysis not only allows to determine the
consistency of the data, but also to test the quality of the model at high concentration range. The
representation of relative deviations in LiCl salt in function of the molality is represented in figure 30
for activity coefficients and in figure 31 for osmotic coefficient.
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Figure 30. Analysis of the relative deviations in function of the molality for activity coefficients of LiCl
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Figure 31. Analysis of the relative deviations in function of temperature for activity coefficients of LiCl

The references from Detherm for the activity coefficient of LiCl are presented on figure 32.
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Figure 32. Detherm references used for internal consistency of activity coefficient LiCl
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Analyzing the last graphs, it can be observed that the highest deviations are found for series with a
molality above 6 M (DDB-ELE:2008-JAN/1080, DDB-ELE:2015/10145). However, the majority of the
mentioned deviations follow the same trend. It can be concluded that these deviations are caused by
model imperfections due to high salt concentrations. On the other hand, model imperfections due to
high temperature can also be identified in figure 31. The reference DDB-ELE:2017/12018 show high
positive deviations in figure 30. That date series can be identify also in figure 31, the analysis of this
data series shows that measurements has been done at a temperature higher than 360K. Moreover,
the deviations of the points try to follow the same trend as the rest of the points but with higher
deviations due to the temperature. On the other hand, the data series DDB-ELE:2008-JAN/3801 and
DDB-ELE:2008-JAN/6189 have very high deviations (-70%) and the data is measured at 298.15 K.
Furthermore, these data does not follow the same trend of the other points set by the model. As a
consequence, the mentioned data can be classified as inconsistent data.

The table 15 presents the different inconsistent data series found and the explanation of its
consistency.

Table 15. Explanation of deviations for data series identified for LiCl activity coefficient

Reference inconsistent Justification

DDB-ELE:2008-JAN/1080 High molality. Model imperfection
DDB-ELE:2017/12018 High temperature. Model imperfection

DDB-ELE:2008-JAN/3801 Not direct calculation of activity coefficient. Computation from

osmotic coefficient with a model

DDB-ELE:2008-JAN/6189 The calculation has not been made by electromotive techniques.
Computation from osmotic coefficient with a model

The same study has been done for osmotic coefficient of LiCl. The figure 33 represents the relative
deviations as a function of the molality. Following the same logic, the figure 34 represents the
relative deviations as a function of temperature for osmotic coefficients.

Relative deviations of LiCl osmotic coefficient in
function of the molality with e_NRTL model
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Figure 33. Analysis of the relative deviations in function of the molality for osmotic coefficients of LiCl
with water as solvent
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Relative deviations of LiCl osmotic coefficient in
function of the temperature with e_NRTL model
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Figure 34. Analysis of the relative deviations in function of the temperature for osmotic coefficients
of LiCl with water as solvent

The references from Detherm for the osmotic coefficient of LiCl are presented on figure 35
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Figure 35. Detherm references used for internal consistency of osmotic coefficient LiCl

The same conclusions found in the activity coefficient analysis are found for the osmotic coefficient.
Models imperfections due to high molality of LiCl can be found (DDB-ELE:2016/11522; DDB-
ELE:2008-JAN/172). That references follow the same trend as all the points, they are measured at
298.15 K but the reach relative deviations around -40% at high molality. The reference DDB-
ELE:2008-JAN/6145 is an example of model imperfections caused by high temperatures. The
reference is measured at a temperature around 500 K. The figure 33 shows that that the reference
try to follow the trend of the other deviations but with higher deviations (more than 20%). By
contrast, the reference DDB-ELE:2017/12063 show he highest deviations and the points do not
follow the model trend, they just increase without any stabilization as the other points. That data can
be consider as inconsistent data.
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The representation of the deviations without including the data with the highest deviations is shown
in figure 36. It is an strategy to determine the scatter in osmotic coefficient computation for LiCl.

Relative deviations of LiCl osmotic coefficient in
function of the molality with e_NRTL model
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Figure 36. Analysis of the relative deviations in function of the molality for activity coefficients of LiCl
with water as solvent until 2M.

In the graph it shown that the scatter around the general trend is lower than thet observed for
activity coefficients: here, one may state that the experimental uncertainty is close to +/- 2%. In a
first part, between 0 and 0.5 molal, the deviations are only negative. That part corresponds to the
electrostatic interactions, The osmotic coefficients calculated with the model respect to these
interactions are lower than experimental points for all the data series calculated. After 0.5 molal the
deviations increase, that become positive deviations after 1 molal.

In Appendix 3 the internal consistency study for the KCl and CsCl is presented.

5.4 CONCLUSION ON INTERNAL CONSISTENCY

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 the LiCl. Moreover, the deviations found for NaCl are
caused by the model imperfections due to high temperature 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 model used do not represent properly the extreme conditions. However,
some data is found inconsistent itself. Different measurement methodologies or extrapolation
techniques from other properties are the consequences of stronger deviations in LiCl. As a
consequence, the consistency for each salt has to be studied separately. The deviations due to model
imperfections have to be identified from the measurement deviations that do not follow the same
trend as the other data series.
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6. ANALYSIS OF RESULTS FOR EXTERNAL CONSISTENCY

For the external consistency, the data used for parameter adjustment and interpolation has been
validated in the internal consistency methodology. Hence, a correct representation and analysis of
internal consistency is essential before external consistency determination.

6.1 SELECTION OF THE MODEL FOR EXTERNAL CONSISTENCY ANALYSIS

External consistency requires the selection of a simple model with one adjustable parameter. In that
part the selection of the Bromley model for external consistency is justified. The model
parameterization consists in minimizing the deviations between consistent data of a specific property
and the different models studied are compared. The objective function used is:

n

2
1 X — X :
Standard deviation (%) = — Z( calculated ex"”"“““’") £100 6.1.1)

Xexperimental

i=1

Where X is the property studied. In this work, the standard deviation is minimized on activity
coefficients, and on osmotic coefficients. It should be noted that when the molality range where data
exist is small, the accuracy of the parameter becomes very small (the uncertainty on the parameter is
large). This is observed for certain salts with low solubility or with mixed solvents.

The Extended Debye-Hickel model, the Hiickel model and the Bromley model have been tested (see
section 3.3). In order to select the proper model, the precision on the models regression is
compared. The figure 37 presents the comparison of the models for activity coefficient for the MIAC
of the NaCl and water mixture at 298.15 K. The parameter of each model have been optimized for
consistent experimental data of activity coefficient by the minimization of the standard deviation.
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Figure 37. Comparison of the models for activity coefficient at 298.15 K compared to data [31]

The analysis of the deviations and the values of the parameter optimized for each model can be
compared in the table 16.

Table 16. Comparison of the parameter adjusted and the standard deviations for the Hlickel and the
Bromley model in NaCl at 298.15 K

Hickel model Bromley
Parameter C of Standard Parameter B of Standard
HUCKEL Deviation (%) BROMLEY Deviation (%)
0.1164 0.24 0.05935 0.532

The model of Extended Debye-Hiickel is not a model that represent the tendency of the experimental
data up to 0.2 molal approximately. This model only follows the experimental points at low
concentration of salt due to the Debye-Hiickel limiting law behavior.

Comparing the Hiickel model and the Bromley model, it appears that both models represent the
experimental data points accurately and there is not a notable difference between them. The model
of Hiickel present slight less deviations in the regression than the Bromley model. However, a
thermodynamic model for external consistency can be selected according to the physical meaning of
the adjustable parameter. E. Hickel justified the addition of the C parameter by showing that
according to theory, a term proportional to the ionic strength would take the variation of the
dielectric constant with the composition into account [46]. As a consequence, the parameter is
added to fit the model but a physical sense of the parameter cannot be defined.

On the other hand, the parameter B of Bromley is a predictive parameter that can be calculated as an
approximation depending on the electrolytes of the salt, whereas the parameter C in Hiickel is an
adjustable parameter that gradually modifies the slope of the curve but cannot be predicted.
Consequently, the Bromley model is more predictive in terms of parameterization thus meaning an
important advantage for extrapolation and parameter estimation. The Bromley model is a more
predictive model. However, a drawback of the Bromley model is that the author replaces the
rational, unsymmetrical, activity coefficient (Yi*) with the molality base activity coefficient (v;")
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-Hiickel term
is molality based [27].

Taking the advantages and drawbacks of every model, the Bromley model was selected. It has been
shown that the parameter has a consistent trend when comparing different salts [3] [47].
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6.2 EVALUATION OF THE BROMLEY MODEL

6.2.1 Analysis and influence of the parameters of the Bromley model

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:

_ SN
C/In10 = (0,06 + 0'618 g’*) LT (6.2.2)
SR END

The parameter Apy of the Bromley equation represents the electrostatic interactions at low
concentration of salt. It stands for the decrease of the activity coefficient and represents the slope of
first part of the curve. The parameter is dependent mainly in the temperature, density and the
dielectric constant of the solvent. The parameter B represents the increase in the activity coefficient
at high molality caused by solvation. Consequently, a higher value of the parameter B implies a
stronger increase in the activity coefficient. The graph on figure 38 represents the contribution in the
Bromley model in the activity coefficient equation.
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Figure 38. Type of interactions represented by the parameter of the Bromley model and effects on
the activity coefficient.
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6.2.2 Computation and relation of properties with Bromley model

The parameter B has been optimized for every system from the activity coefficient experimental
data. The left columns of Table 17 represents the values of the optimized parameter B of Bromley for
different monovalent salts. The right columns collects the standard deviations.

Table 17. Values of the parameters B obtained for Bromley model for different salts at 298.15 K

lons Li Na K Rb Cs
F Non data 0.0174 | 0.438% | 0.0632 | 0.288% | 0.0749 |0.748 % | 0.0990 | 0.598 %
Cl | 0.1345 | 0.345% | 0.0594 | 0.532% | 0.0264 | 0.549% | 0.0178 [0.087 % | 0.0089 | 0.431 %
Br | 0.1542 | 0.544% | 0.0808 | 0.527 % | 0.0318 | 0.410% | 0.0132 |0.103 %|-0.0018 [ 0.373 %
| 0.1922 | 0.462% | 0.1014 | 0.113% | 0.0457 | 0.613% | 0.0129 [0.057 %|-0.0147| 0.107 %

Any data was found for the Lithium Fluoride (LiF) activity coefficient due its low solubility in water.
For CsBr and Csl salts, the parameter B has a negative value. That negative values correspond to a
constant value of the parameter B at high molality. In the results of external consistency the effect of
the solvation in the parameter B is tested. Overall, the standard deviations of the salts have a low
value.

The consistency of the Bromley model is analyzed for NaCl. The activity coefficient property is related
with the osmotic coefficient through the Gibbs-Duhem equation (equation 2.2.55). The analytical
calculation found in Bromley paper [3] is compared to numerical calculation of osmotic coefficient.

Figure 39 shows the mentioned comparison. The parameter B used for both representations has
been optimized from the activity coefficient.

Variation of the osmotic coefficient with the molality
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Figure 39. Model of Bromley for osmotic coefficient at 298.15 K compared to data [48]
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From the graph it can be concluded that both model follow the tendency of experimental data. The
figure determine that the analytical model is more precise than the numerical model as expected. In
order to validate the relation of properties with the Bromley model, the vapor-pressure is also
computed following equation (2.2.58) in chapter 2.2.5. The calculation of the water activity allows to
calculate the vapor-pressure of the system. The representation of vapor pressure for the NaCl at
298.15 K is compute on the figure 40.
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Figure 40. Model of Bromley for Vapor Liquid equilibrium at 298.15 K compared to data [49]

The standard deviation of the representation is 0.0189 %. As it can be with that value also in the
graph the regression of the vapor-pressure for the NaCl is quite precise. The Bromley model is as a
consequence a consistent model for monovalent salts and the fundamental properties of systems
can be related with the selected model.
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6.2.3 Different behavior of salts

The behavior in the trend of the variation of the activity coefficient may be different depending on
the salt studied. In some cases, the activity coefficient increases highly, whereas, with other salts, the
increase is not notorious. The figures 41 and 42 represent the activity coefficient for Lil and the CsCl
salts with water at 298.15 K.
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Figure 41. Computation of activity coefficient with Bromley for Lil with water at 298.15 K
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Figure 42. Computation of activity coefficient with Bromley for CsCl with water at 298.15 K

The activity coefficient of the LiBr increases at high concentration of salt. On the other hand, activity
coefficient of CsCl remains quite constant after 1 molal. The parameter B represents the increase in
the activity coefficient due to the solvation. As a consequence we might think that for that it is
possible that for the CsCl the solvation is less than for the other salt or even that there is not
solvation. In fact the parameter B of LiBr was 0.1542 and 0.0089 for CsCl. The activity coefficient
representation of all the salts studied is represented in the next figure 43.
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The x axis refer to the molality and the y axis to the activity coefficient. The blue points correspond to the experimental data and the red line is the Bromley
model representation with the optimized parameter B.
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Figure 43. Variation of the activity coefficient with molality for different salts. The blue diamonds are the experimental data, the red line represent the
Bromley model computation for the activity coefficient.
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Some salt are highly soluble in water and can reach high saturation molality. The saturation molality
of LiBr is 21.68 molal [50]. The figure 44 shows the representation of the activity coefficient of LiBr.
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Figure 44. Activity coefficient with Bromley for LiBr with water at 298.15 K

In that representation the imperfections of the model due to the high molality are shown. The
Bromley model is able to represent the experimental data behavior until 10 molal approximately.
When the increase of the activity coefficient is more severe, the model do not follow the trend of
experimental data. In fact, any existing thermodynamic model is able to represent this high molality
range [1]. The parameters of the more developed models are optimized considering a limited
maximum molality. The figure 45 represents the computation of the same data series but for the
osmotic coefficient with the Bromley model.
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Figure 45. Osmotic coefficient with Bromley for LiBr with water until saturation molality.

In that representation the imperfection of the model at high molality are can also be found. It is
interesting to note that at high molality the experimental data trend becomes flat and tends to
stabilize at around 4 M. That behavior has been observed for all the salts at high saturation molality
in the osmotic coefficient representation.
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6.3 EXTERNAL CONSISTENCY FOR PURE WATER SOLVENT

The parameter B seems to have a relation with the different trends shown in the previous chapter.
Relations between the parameter B and physical properties of the systems are analyzed. Several
tests are proposed below, inspired for a large part by the works of Duignan [51] and Collins [52].

6.3.1 Variation of the parameter B of Bromley with the Free Energy of Solvation

Duignan et al suggests that the parameter B, as it describes the solvation, is related to the Gibbs
energy of solvation [51]. The values of cation and anion solvation energies were determined by

Tissandier et al [53]. These solvation energy represents the best measure of the ion’s affinity for
water.

The analysis is repeated here and is represented on figure 46. The values of the parameter B were
the optimized parameters found in table 17. It shows the variation of the optimized parameter B
against the difference in cation and anion solvation energies.
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Figure 46. Variation of the optimized parameter B in function of the difference in cation and anion
solvation energies

The results obtained were the same as the results of Duignan et al [51]. The salts with higher
difference between the solvation of the cation and the anion have a higher value of the parameter B.
The ionic solvation energy is related to the ionic size through the Born equation.

75



The relation may be observed by the representation of the difference between the values of cation
and anion solvation energies in function of the difference between the diameter of the anion and the
cation. In that representation the influence of the solvation and the ions size can be analyzed.

Pauling diameter values used have been taken from Saifuddin work [43]. The diameters difference
are shown in Table 18.

Table 18. Values of the difference of the anion and the cation Pauling diameter (in Armstrong)

lons Li Na K Rb Cs

F 1.52 0.82 0.06 -0.24 -0.66
Cl 2.42 1.72 0.96 0.66 0.24
Br 2.7 2 1.24 0.94 0.52
| 3.12 2.42 1.66 1.36 0.94

The figure 47 represents the difference between the values of cation and anion solvation energies in
function of the difference between the diameter of the anion and the cation
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Figure 47. Representation of the energy of solvation in function of the size of difference between the
size of ions

From the graph it can be observed that the higher the difference between the diameter of the ions
is, the higher the solvation energy. Moreover, the different salts seem to have a linear tendency and
they are located in preferential areas according to the anion size. As a consequence, the parameter B
and the solvation might also be dependent on the cations and anions diameter. The variation of the
parameter B with the size of ions is studied.
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6.3.2 Variation of the parameter B of Bromley with the size of ions

The influence of cation and anion size on the parameter B of Bromley model is studied. A strategy is
to represent the variation of the parameter with the difference between the diameter of anion of
cation calculated on the previous table 18. The values of the optimized parameter B are taken from
table 17. The figure 48 gives information about the variation of the optimized parameter B with the
size of ions.
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Figure 48. Variation of the parameter B with the diameter of anion and cation difference

A higher difference between the size of the ions means a higher value of the parameter B. It can be
also seen that the parameter B seems to have a minimum when the difference between ions is equal
to 1. The parameter increases when the diameter of the cation is higher than the anion diameter but
it increases more significantly when the anion is bigger than the cation. The parameter B is affected
by the cation and anion size in a different manner As a consequence, the anion size has more
important in the prediction of the parameter B with the size of the ions. A parabolic curve appears,
that can be approximated with the correlation:

Parameter B (298.15 K) = 0.0344 - x2 — 0.0589 * x + 0.0529 (6.3.1)
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This phenomenon is explained by Collins using the Law of Matching Water Affinities [54]. That 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 size of ions can be
determined. The combination of small ions or big ions together do not involve strong interactions
with water. On the other hand, the combination of ions with different salts involves strong
interactions with water. The figure 49 shows the law of matching water affinities for the combination
of ions with different size. The figure is based on the representation from [52].

+ )+ (- )

kosmotrope - kosmotrope

— | No strong interactions with water

L Strong interactions with water

chaotrope - kosmotrope

Figure 49. Influence of the size of ions in the interactions with water. The law of matching water
affinities.
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6.3.3 Variation of the parameter B with the solubility of salts

The parameters B optimized for each monovalent salt are represented in function of the solubility at
298.15 K. The table 19 gives information of the solubility of the monovalent salts at 298.15 measured
in molality [55].

Table 19. Solubility for the monovalent at 298.15 K in molality (moles of salt/kg of water)

lons Li Na K Rb Cs
F 0.051 1.00 17.72 28.8 29.88
a 19.44 6.31 4.84 7.85 11.59
Br 21.68 9.22 5.72 6.91 5.8
| 12.75 12.31 8.93 7.63 3.35

The figure 50 represents the variation of the parameter B with the solubility.
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Figure 50. Variation of the optimized parameter B in function of against the solubility of salts in water
at 298. 15K

From the representation it is observed that it is more difficult to find a relation of the parameters
with the solubility. In fact, the solubility the saturation of salts in the systems. It is so more difficult to
find a relation with the parameter B as it is representing the increase of the activity coefficient due to
medium range interactions. However, it can be also concluded that the salts are located in
preferential zones according to the cation of the salt. The exception stand for the CsF and RbF and
KF. All these salts have in common the presence of fluoride which is a very small atom. It is known
that fluorides behaves very differently from the other salts because of very strong hydration: the
parameter B increases with increasing cation size [29] [43].
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6.3.4 Variation of the parameter B of Bromley with the temperature

6.3.4.1 High temperature behavior
It has been observed by some authors [56] that the temperature behavior of the activity coefficient is

not monotonous: Figure 51 shows that the activity coefficient curves first increase and then
decrease. The experimental data [57] [58] is presented with smoothed lines in order to have a more
clear view and interpretation of the variation.
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molality for NaCl at different temperatures
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Figure 51. Representation of experimental data for NaCl at different temperatures [57] [58].

The observed behavior can be related to the parameter B. As the parameter represents the increase
of the model for the activity coefficient, it is expected that the parameter B may reach a maximum at
around 323.15 K. The figure 52 presents the optimized parameter in function of the temperature
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Figure 52. Study of the variation of the parameter B of Bromley with the temperature for the NaCl

From the graph represented it is observed that the parameter B increases until a maximum
corresponding to 323.15 K and decreases after this temperature. If it is accepted that B expresses the
solvation (ion-water) interactions, it may be concluded that the solvation reaches a maximum close
to 323K, and that beyond this temperature, water-ion interactions decrease. In order to verify is this
trend is common for the monovalent salts, the same analysis has been done for different salts. The
parameter B was regressed also from osmotic coefficients in order to have more temperature data
available.
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Figure 53 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.
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Figure 53. Variation of the parameter B of Bromley adjusted with the activity coefficient and the osmotic coefficient at different temperatures for different
salts. The blue diamonds are obtained from the activity coefficients, the red squares from osmotic coefficient.
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Several conclusion are obtained from the previous figure 53. The first conclusion obtained concerns
the availability of experimental data at different temperatures for the salts studied. Some salt only
data are available at 298.15 K for the activity and osmotic coefficient data. That is the case of all the
iodides, all salt including rubidium and the cesium fluoride. Other salts, even if they cover a wide
range of temperature, have some missing data at specific temperatures. That lack of data can be
observed in the previous figure and make difficult the interpretation of results. In some cases the
lack of data is notorious. For the KCI and the NaBr missing data for activity coefficient and osmotic
coefficient can be shown between 300 and 400 K. Furthermore, the data at high temperature is
compute only from osmotic coefficient because the temperature cover by the activity coefficient
measurements is always lower. The fact of computing the parameter B from to different properties
creates more scatter in the model computation and makes more difficult to identify the precise trend
of the parameter with temperature.

Following the data analysis, in some cases, some inconsistent points may be found. In the case of
CsCl, two points are determined to be inconsistent as they do not follow the sale trend as the other.
These point are marked with an empty square in the figure. As it can be observed the incertitude
increases with these points. It can also be seen that they may be inconsistent, the calculated
parameter B for this points is slightly higher than the normal tendency of the other points.

For the other salts, the variation of the parameter B with the temperature follows different
tendencies depending on the salt. It can be observed that the NaCl and NaBr salts have a maximum
value of the parameter B at an specific temperature. That inflexion temperature is around 340 K for
the 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 the LiCl and the LiBr. In these cases, the parameter B always
decreases with the increase of temperature. It can be thought that the maximum of these salts has
already been achieve as the tendency of the parameter B is to decrease.

A different trend of the parameter B with the temperature is followed by the NaF. For that salt the
variation of the parameter B represents a very different trend compared to the other salts. It can be
seen that the parameter B drops as the temperature increases and it seems to reach a minimum.
More data is needed at higher temperatures than 360 K in order to analyze more precisely the
variation of the parameter of the NaF.
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6.4 EXTERNAL CONSISTENCY FOR MIXED SOLVENTS

6.4.1 Computation and analysis of properties for mixed solvents

In mixed solvents, the parameters used to characterize the solvent are different. The variation of the
mole fraction of alcohol has a direct impact on the dielectric constant and as a consequence on the
properties computations. The mixed solvents investigated are composed of water and alcohol. The
dielectric constant and the density of the solvent may vary significantly with a variation of the alcohol
concentration, thus affecting the value of the Debye-Hickel parameter Apn.

6.4.1.1 Model for density

The calculation of the density in a mixture was calculated by a the mixed rule. As the density is an
specific property, the density of the mixture is calculated within the specific volume.

1 1
Pk =T T SE oo (6.4.1)

n .
Vinix i=1 Vi " X

Figure 54 represents the variation of the density of the mixed solvents in function of the molar
fraction of methanol.
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Figure 54. Representation of the experimental data and the model for the density of methanol with
water [59]

For the water and methanol as solvent it can be seen that the model represents correctly the
variation of the density. The deviations from experimental data are justified by the use of the
volumetric fraction. Volumetric fractions suppose a problem in non-ideal mixtures as the excess
volume is not calculated in the model. For the solvents used in this work the mixing rule model is
consider as valid because is a simple model and with low deviations in the solvents studied.
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6.4.1.2 Model for dielectric constant

The dielectric constant represents the factor by which the electric field between the charges is
decreased relative to vacuum. The approximation used for the model is calculated as the volume
fraction average of the pure dielectric constants for the solvents involved in the process.

solvents

The volume fractions are calculated with the molar fractions and the molar densities of the solvents:

v — Volume; _Xi/pi 6.4.3
"7 XiVolume;  yXi (6.43)

The following figure 55 represents the variation of the dielectric constant with the molar fraction of
methanol. The graphs show the experimental data representation and the tendency of the model.

Variation of the dielectric constant of water and with the
mole fraction of methanol
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Figure 55. Representation of the experimental data and the model for the dielectric constant of
methanol with water [60]

The model based has approximately the same pattern as the experimental data. For other solvents,
higher deviations may be done because the model varies with the temperature and with the molar
fraction of solvent but it is considered to be independent on the salt concentration. Even the
negative aspects, the dielectric constant model is selected. It is a simple model, not difficult to
represent and quite precise for the mixed solvents studied. The same mixed rule model has been
done apply for the alcohol solvents.
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6.4.1.3 Activity coefficient computation

The quality of the Bromley model for mixed solvents is evaluated. In that study the temperature used
for every system is 298.15 K as no data have been found for alcoholic mixed solvents systems at
different temperatures. In mixed solvents the variation of the parameter B is influenced mainly by
the concentration of alcohol in the solvent. The figure 56 represents the model regression and the

experimental for the pure water and different concentrations of methanol.

Variation of activity coefficients with the molality in Bromley
model for NaCl and methanol at 298.15 K
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Figure 56. Representation of the experimental data of activity coefficients for the NaCl in function of
the molality of the salts at different molar fraction of methanol [31, 61].

The study is completed with the table 20. It collects the results obtained for the parameter of Debye-
Hickel, the adjusted Bromley parameter and the standard deviations. The numerical values allow a
better analysis of the results.

Table 20. Different results obtained in the regression of NaCl with methanol

Pure water Water + 0.1232 Water + 0.2726
Param. Param. B Std dev Param. Param. B Std dev | Param. Param. B Std dev
Aph (kg'mol) (%) Apy (kg:mol ) (%) Apy (kg:mol ) (%)
1.1728 0.0594 0.532 1.4512 0.0654 0.133 1.8082 0.0662 0.259

It can be observed that as we increase the concentration of methanol in the mixture Debye-Hickel
parameter increases (Apy). This is directly related to the decrease on the dielectric constant with the
concentration of methanol. The lower polarity of the solvent, so the interactions between anion and
cation increase. In addition, it can also be seen that the parameter B of Bromley increases with the
alcohol content (with decreasing polarity). The higher the alcohol content, the more difficult it

becomes to determine B because the salt saturation strongly decreases.
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6.4.2 Variation of the parameter B of Bromley with the concentration of solvent

The variation of the parameter B with the mole fraction of the alcohol is studied for different salt.
The results are represented in figure 57.
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Figure 57. Representation of the B of Bromley in different salts for different molar fractions of
methanol.

The parameter B increases as the mole fraction of solvent increases for every salt studied. That
behavior was not as expected. With an alcoholic solvent the solvation of water is reduced.
Consequently, with an increase in the concentration of solvent and the decrease of the dielectric
constant, the parameter B should decrease if it stands for the solvation of water. The increase of the
parameter B can be explained by the increase of the parameter of Debye-Hiickel (Apy) shown before
in Table 19. When the dielectric constant increases, the parameter Apy, increases. The parameter Apy
increases more than the solvation decreases and the parameter B has a higher value in order to
compensate that increase on the slope of the activity coefficient at low concentration. The
parameter B is a semi-empirical parameter and cannot represent the mixed solvents interactions due
to the non-ideality of the system. As a consequence, the parameter of the model cannot reflect the
physical properties relations for mixed alcoholic solvents.
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The figure 58 gives the same type of information with a solvent that is even less polar, ethanol.
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Figure 58. Representation of the B of Bromley in different salts for different molar fractions of
ethanol.

The shapes of the curves obtained in the graph are similar to those obtained with methanol. The
curves present a more linear behavior at low ethanol concentration and increases more severely
with more alcohol concentration. In the case of ethanol the parameters optimized B is larger than
with methanol for all the salts. The parameter Apy is higher with a more non polar solvent and as a
consequence the parameter B optimized has to be higher. That also accounts for the solubility, the

more the molecular weight and the concentration of the alcohol solvent the less soluble the salt is in
the system.
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6.4.3 Variation of the parameter B of Bromley with the size of ions

The parameter B optimized in mixed solvents has been represented in function of the size of the
ions. The figure 59 represents the optimized parameter B in function of the diameter of anion and
cation obtained from table 18. The representation includes results for methanol as solvent for
different salts a different concentrations of solvent.

Variation of parameter B for different salts with water and
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Figure 59. Representation of parameters B of Bromley in function of the difference between the ions
diameter for different concentration of water and methanol as solvents

The plot can be compared to that of figure 48 in pure water. Less salts could be investigated so that
only the increasing branch of the parabola is visible here (we have only examples where the anion is
much larger than the cation). In that case, the parameter B increases when the difference between
the diameter of anion and cation increases. The law of matching water affinities justify that behavior.
It can be also seen that the parameter B increases as the mole fraction of methanol increases. The
more the concentration of methanol, the higher the parameter B. That relation might be useful for
the extrapolation of the parameter B for a monovalent salt at a specific alcohol concentration.
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6.4.4 Variation of the parameter B of Bromley with the dielectric constant

We have observed that the polarity of the solvent has an important impact on the ionic activity
coefficient. The dielectric constant may be used as a convenient measure of the polarity.
Consequently, we evaluate here how the parameter B depends on the dielectric constant. The figure
60 represents the ratio of B/BO parameter for all the salts. The study takes into account the data at
25°C. The analysis compares the different alcoholic solvents and different concentrations. The
parameter B regression for solvents with smaller dielectric constants is prone to very large
uncertainties as a consequence of the very low solubility of the salts in these solvents (figure 56).
Consequently, the minimum value of the dielectric is limited to 45. Figure 60 presents the parameter
B/BO in the y axis where BO is the parameter optimized at 298.15 K and with pure water. That
division has been done in order to have the same starting point for the same salts.

Variation of the parameter B in function of the variation of
the Dielectric constant for different salts at 298.15 K
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Figure 60. Variation of the parameter B of Bromley with the dielectric constant for different salts and
concentration of alcoholics solvents

The points are in general terms in the same area and the increase in a similar manner as the
dielectric constant decrease or as the concentration of alcoholic solvent increases. A correlation can
be constructed through the points:

B/BO =73
e(—0.0275-D) (64‘1)
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7. EXTRAPOLATION CALCULATIONS

7.1 EXTRAPOLATION TO LOW TEMPERATURE

The example described below shows how temperature extrapolation towards the low temperature
makes it possible to reconcile two different types of properties (activity coefficients and water
freezing point depression.

The relation between the parameter B and the temperature can be used for predicting the
parameter at other temperatures. A prediction of this parameter has been done at low temperatures
for the computation of the solid-liquid equilibrium of LiCl. The figure 61 presents the variation of the
optimized parameter B with temperature for the mentioned salt and the linear equation established
for the parameters extrapolation.
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Figure 61. Variation of the optimized parameter B with temperature for LiCl

The equation that represent this regression is as follows:
Parameter B for LiCI(T) = —0.0003 - T + 0.2239 (7.1.1)

In solid-liquid equilibrium, the data studied [62] takes into account the crystallization of water
between 268.25 K and 273.15 K. The parameter B of systems at the mentioned temperatures is
calculated with the regressed equation. With the parameter B the activity of water can be calculated.
The activity was calculated from the osmotic coefficient computed using the analytical equation of
Bromley [3].

89



The theoretical values of the activity of water at the studied temperature were also calculated in
order to compared with the results with the Bromley model. The theoretical calculations were
determined with the equation 2.2.62 in chapter 2.2.6.

Figure 62 shows the results obtained. The graph presents the theoretical calculations of the activity
of water and the calculation with the Bromley model and the estimated parameter B.

Solid-liquid equilibrium representation for NaCl at different
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Figure 62. Solid-liquid equilibrium for the LiCl

As it can be shown the results obtained are satisfactory. The Bromley model is able to represent the
solid-liquid equilibrium for water as solvent and with the LiCl as solute. It can be said that
extrapolation of the parameters B at lower temperatures are satisfactory.
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7.2 EXTRAPOLATION FOR MIXED SOLVENTS PREDICTIONS

Using the correlative equations that have been shown for the observed trends, a prediction of the
behavior of a salt + solvent system can be estimated. The procedure is as follows:

- Estimate the BO parameter from the difference in anion and cation diameters (equation 6.3.1,

figure 48)

- Estimate the B/BO ratio from the solvent dielectric constant (equation 6.4.1, figure 60)
- Using B, and the properties relations, predict the behavior of the desired property.

A predictivity test is performed for mixed solvents. The parameter B was evaluated for NaCl and
0.1232 mole fraction of methanol. Data have been found for this system, that have not been used in
the development of the method [61]. The calculation of the regressed parameter B considering the

variation of the dielectric constant, is summarized in Table 21.

Table 21. Prediction of the parameter B for NaCl with 0.1232 mole fraction of methanol

D water and methanol 0.1232 molar (Dimensionless) 67.36
B/Bo (Dimensionless) 1.184
Diameter of anion (A) - Diameter cation (A) 1.72

BO predicted for NaCl (298.15 K) (kg - mol?) 0.0518

B predicted for NaCl and 0.1232 methanol (kg - mol™) 0.06137

Figure 63 shows the activity coefficient of NaCl with 0.1232 mole fraction of methanol at 298.15 K.
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Figure 63. Activity coefficient for NaCl with 0.1232 mole fraction of methanol at 298.15 K

Very good agreement is found. The B parameter can be either regressed on these data (B = 0.06543

kg - mol?) or predicted using the proposed methodology (B = 0.06137 kg - mol?). The difference

between the two values is less than 0.41 %
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If we assume that the mixed solvent behaves as a unique compound with intermediate properties
between those of water and methanol, then it is in principle possible to also predict solvent
properties, as for example vapor pressure. Such data do exist [63]: Figure 64 shows the bubble
pressure of NaCl + methanol + water at 298.15 K. The prediction is done as represented in Table 22.

Table 22. Prediction of the parameter B for NaCl with 0.1 mole fraction of methanol

D water and methanol 0.1 molar fraction (Dimensionless) 69.19
B/Bo (Dimensionless) 1.089
Diameter of anion - Diameter cation (A) 1.72
BO predicted for NaCl (298.15 K) (kg - mol?) 0.0518
B predicted for NaCl and 0.1 methanol 0.0564

Raoult’s law has been used in the model for the calculation of the pressure of the mixture and the
calculated pressure has been modified by the activity of the solvent determined with the Bromley
model.
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Figure 64. Vapor-liquid equilibrium of NaCl with water and 0.1 mole fraction of methanol at 298.15 K

The predicted vapor pressure decrease with molality while the experimental data increase in mixed
solvents. The Bromley model cannot represent properly the experimental data tendency. The reason
is related to the fact that the two solvent compounds interact very differently with the salt: the
activity coefficients of each compound cannot be replaced by an average one for the solvent. Water
is strongly solvated, so that its activity coefficient is smaller than one, while the alcohol doesn’t like
the presence of the salt, and features consequently a strongly positive activity coefficient. The high
bubble pressure shows that the alcohol preferentially vaporizes. The only way to reproduce correctly
the mixed solvent VLE data is to use a model where the two solvents are distinguished, as for
example e-NRTL.
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8. 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 methodology. Several conclusions can be
drawn:

- Pure water solvent: Although the data for these type of salts are numerous, they are limited in
number when reaching higher temperatures. Up to 373.15 (100°C), data are generally available
until the solubility limit. At higher temperature, data become much scarcer. Rb salts and | salts
have not data of activity coefficients at a temperature different from 298.15 K. For Cs, this is the
case for CsF and Csl. In addition, KCl has a lack of data between 340 K and 400 K with activity
coefficient and osmotic coefficients. LiBr and NaBr have also a lack of data between 300 K and 400
K for the same properties.

- In the case of mixed solvents, the missing data is more notorious. Some monovalent salts have
not any type of data when they are combined with water and with an alcohol. As the complexity
of the alcohol increases, less data can be found. For water and ethanol as mixed solvents, only
data of activity coefficient was found for NaCl, LiCl, CsCl, NaBr. If we focus on water and 1-
propanol, only data concerning activity coefficient was found for KCl. Moreover, mixed solvents
systems have only data at 298.15 K. The lack of data available makes it difficult to validate the
trends that are observed.

The internal consistency results show that the methodology of data analysis by calculation of the
deviations with the eNRTL is a technique to identify possible inconsistent data. The methodology
contributes also to determine the limitations of the model at different conditions such as high
molality and high temperature. From the internal consistency analysis it has been observed that the
model eNRTL has high deviations as the molality or temperature range increases. The consistency
between three properties have been analyzed : activity coefficient, osmotic coefficient and dilution
enthalpy. for LiCl, NaCl, KCl and CsCl. Among these salts, for activity coefficient, the percentage of
consistent data has been 85%, 91%, 86%, 64% respectively. Some inconsistent points have also been
identified with CsCl and NaF.
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External consistency was performed 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 tendency when it is represented in function of size difference between anion and cation.
The parameter can represent the solvation interactions for the systems of salts and water as solvent.
That relation can be explained by 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 be be further analyzed and related to the change in solvation behavior with
temperature.

For mixed solvents, the Bromley model is used by assuming a pseudo-solvent having intermediate
properties between that of water and alcohol. Here, one can no longer state that the size of the B
parameter is indicative of solvation. In fact, this parameter increases with decreasing polarity of the
solvent. A relationship of B with the dielectric constant of the mixed solvent could be identified. It
allows extrapolating the observed behaviour. This trend could be also further analysed with non-
alcoholic mixed solvents.
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APPENDIX

APPENDIX 1. Existing data summary for different properties

The table 23 represent a summary of data series for different salts and pure water and ethanol as
solvent.

Table 23. Classification of experimental data properties for different monovalent salts with pure

water and ethanol as solvent

Li Na K Rb Cs
1 article 2 articles
F . 1 article
1 article 2 articles
1 article
3 articles 4 articles 4 articles 2 articles
1 articles. Only at 298
2 articles. Only at | 4 articles. Only | K. The maximum molar 3 articles 2 articles. Only at
al 298 K at 298 K fraction of ethanol is 298 K
very low
| 3articles |  7artiles [ 4articles | 3 articles
29 articles 4 articles 1 article
3 articles N 22 articles X
1 article 1 article
1 article. At 298 K.
2 articles. Only at . Low molality (up to
1 article .
298 K 0,7 M maximum)
Br 3 articles
2 articles
2 articles 10 articles
6 articles 4 articles
|
. 9 articles
4 articles

The system composed by water and ethanol present more salts without any type of data than the
previous system. Additionally, there are less variety of data properties for each salt. NaCl, KF, NaF
and CsCl salt show some results of experimental data related to liquid-liquid equilibrium. In this
system also the solid-liquid equilibrium property is the predominant property. It is also more difficult
to find data for activities coefficients.
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propanol and pure water with 1-butanol respectively.

The table 25 and 26 represent a summary of data series for different salts and pure water with 1-

Table 24. Classification of experimental data properties for different monovalent salts with pure

water and 1-propanol as solvent

Li Na K Rb Cs
F 4 articles
7 articles 1 article 1 article 1 article
2 articles
Cl 2 articles .
3 articles
articles 13 articles 4 articles
2 articles 12 articles 10 articles
1 article
2 articles
3 articles 2 articles
2 article
3 articles

Table 25. Classification of experimental data properties for different monovalent salts with pure

water and 1-butanol as solvent

Li Na K Rb Cs
F 1 article 1 article 2 articles
1 article. At 298 K Low
. Molality .
1 article 2 articles
cl 1 article 1 article
4 articles
4 articles 10 articles 6 articles
1 article 1 article
2 articles 2 articles
3 articles 1 article

The two type of solvents present less data properties available for the properties. In addition, some
salts do not present any type of properties data. The Liquid-Liquid equilibrium is the predominant
property as we increase the number of carbon of the solvent. The decrease of the solubility of the
salt as we increase the number of carbons of the solvent make more the difficult the data
measurements.
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APPENDIX 2. Summary of available data for monovalent salts

Table 26. Summary of the salts for osmotic coefficient

Osmotic coefficient

salts Number of articles | Temperature range (K) | Maximum molality (moles/Kg)
LiF 0
LiCl 25 273.15-473.15 20
LiBr 7 298.15 - 498.15 20
Lil 4 298.15 12.05
NaF 4 298.15 - 353.15 1.2
NaCl 47 273.15-573.15 6.14
NaBr 13 298.15 - 498.15 10.618
Nal 5 283.15 - 348.15 12.34
KF 6 283.15-473.15 17.5
KCl 35 273,15-523,15 8.5
KBr 11 298.15 - 498.15 7.43
KI 6 298.15 8.98
RbF 4 298.15 3.5
RbCl 6 298.15 7.8
RbBr 3 298.15 5
Rbl 3 298.15 5
CsF 4 298.15 3.5
CsCl 17 298.15-523.15 11.4
CsBr 5 298.15 - 498.15 8.27
Csl 3 298.15 3
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APPENDIX 3. Internal consistency analysis for the KCl and the CsCl

KCl Analysis:
Relative deviations of KCl activity coefficient in function of
the molality with e_NRTL model
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Figure 65. Analysis of the relative deviations in function of the molality for activity coefficient of KCl
with water as solvent
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Figure 66. Analysis of the relative deviations in function of the temperature for activity coefficient of
KCl with water as solvent
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Figure 67. References used for internal consistency of activity coefficient KCI

Relative deviations of KCl osmotic coefficient in
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Figure 68. Analysis of the relative deviations in function of the molality for osmotic coefficient of KCI
with water as solvent
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Figure 69. Analysis of the relative deviations in function of the temperature for osmotic coefficient of
KCl with water as solvent
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Figure 70. References used in internal consistency of osmotic coefficient for KCl
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Relative deviations of KCl enthalpy of solution in
function of the molality with e_NRTL model
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Figure 71. Analysis of the relative deviations in function of the molality for enthalpy of solution of KClI
with water as solvent
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Figure 72. Analysis of the relative deviations in function of the temperature for enthalpy of solution
of KCl with water as solvent
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Figure 73. References used in internal consistency of enthalpy of solution for KCI

W 2008-FEB-20-14:50/16003
2008-FEB-20-14:50/16488
2008-FEB-20-14:50/15876
2008-FEB-20-14:50/15896
2008-FEB-20-14:50/15283

105



KCl Analysis:

Relative deviations of CsCl activity coefficient in function of
the molality with e_NRTL model
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Figure 74. Analysis of the relative deviations in function of the molality for activity coefficient of CsCl
with water as solvent
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Figure 75. Analysis of the relative deviations in function of the temperature for activity coefficient of
CsCl with water as solvent
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Figure 76. References used in internal consistency of activity coefficient for CsCl

Relative deviations of CsCl osmotic coefficient in function of
the molality with e_NRTL model
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Figure 77. Analysis of the relative deviations in function of the molality for osmotic coefficient of CsCl
with water as solvent
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Relative deviations of CsCl osmotic coefficient in function of
the temperature with e_NRTL model
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Figure 79. References used in internal consistency of osmotic coefficient for CsCl

Figure 78. Analysis of the relative deviations in function of the temperature for osmotic coefficient of
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