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Abstract 

The nitrate salt mixture Solar Salt is applied as heat storage material in large-scale energy storage 

systems that are essential components of concentrating solar power plants to enable dispatchable 

electricity production. The maximum storage temperature does not exceed 565 °C in existing 

systems, but is intended to increase in the future to improve the efficiency and the capacity of the 

storage technology. However, chemical reactions in the molten Solar Salt intensify and accelerate 

with increasing temperature, leading to thermal instability of the storage material, and to 

decomposition products including corrosive ions and toxic gases. The decomposition process must 

be understood to maintain material stability at increased temperatures. In this thesis, the reactions that 

form the relevant decomposition products are experimentally investigated and mathematically 

described. The reaction of nitrate ions to nitrite ions constitutes the first step of the decomposition 

process, and the chemical equilibrium is described in two temperature regimes (450-550 and 560-

630 °C). The intrinsic kinetics of the nitrite formation are investigated up to 550 °C by 

thermogravimetric analysis, and a differential rate law for both forward and reverse reaction kinetics 

is derived. In a second step, the nitrite ions are considered to decompose to oxide ions. Uniquely, this 

thesis presents experiments that prove chemical equilibrium including oxide ions in Solar Salt. 

Adding nitrous gases to a synthetic air purge stabilizes the oxide content, which is demonstrated at 

600 and 620 °C. These results are particularly valuable, because oxide ions have shown to aggravate 

steel corrosion in Solar Salt, and thereby reduce the lifetime of the storage system. The intrinsic 

kinetics of the oxide formation are investigated in air atmosphere up to 630 °C. A mathematical 

kinetics description is developed, and the parameters are obtained by fitting the experimental results. 

Overall, the decomposition reactions form a consistent network, characterized by chemical equilibria 

and intrinsic kinetics of two reactions. The results can improve molten salt heat storage technology 

by providing Solar Salt stability predictions at existing and higher operation temperatures.  
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Kurzzusammenfassung in deutscher Sprache 

Titel:  
Chemische Gleichgewichte und die intrinsische Reaktionskinetik in einer Nitratsalzschmelze 

Die Nitratsalzmischung „Solarsalz“ wird als Wärmespeichermedium in großtechnischen 

Speichersystemen eingesetzt, die wesentliche Bestandteile von konzentrierenden Solarkraftwerken 

sind, um die Stromproduktion der Nachfrage anzupassen. Die Speichertemperatur beträgt in 

bestehenden Systemen maximal 565 °C, soll aber zukünftig ansteigen, um den Wirkungsgrad bei der 

Verstromung und die Speicherkapazität zu erhöhen. Chemische Reaktionen in Flüssigsalz werden 

jedoch durch steigende Temperaturen beschleunigt und verstärkt, was zu thermischer Instabilität des 

Speichermaterials führt und wodurch vermehrt Zersetzungsprodukte einschließlich korrosiver Ionen 

und toxischer Gase entstehen. Ein grundlegendes Verständnis des Zersetzungsprozesses ist 

notwendig, um die Materialien bei erhöhten Temperaturen stabil zu halten. In dieser Dissertation sind 

Reaktionen, die relevanten Zersetzungsprodukte bilden, experimentell untersucht und mathematisch 

beschrieben. Die Reaktion von Nitrationen zu Nitritionen stellt den ersten Schritt des 

Zersetzungsprozesses dar und das zugehörige chemische Gleichgewicht ist in zwei 

Temperaturbereichen (450-550 und 560-630 °C) bestimmt. Die intrinsische Kinetik der Nitritbildung 

ist bis 550 °C durch thermogravimetrische Analyse untersucht. Das differentielle Zeitgesetz enthält 

die Kinetik der Hin- als auch der Rückreaktion. Die Zersetzung von Nitritionen weiter zu Oxidionen 

wird als zweiter Schritt betrachtet. Erstmalig zeigt diese Arbeit Experimente, die ein chemisches 

Gleichgewicht mit Beteiligung von Oxidionen in Solarsalz belegen. Der Zusatz nitroser Gase zum 

Spülgas (synthetische Luft) stabilisiert den Oxidgehalt, was bei 600 und 620 °C nachgewiesen ist. 

Diese Ergebnisse sind besonders wertvoll, da Oxidionen Stahlkorrosion in Solarsalz verstärken. Die 

intrinsische Kinetik der Oxidbildung ist in Luftatmosphäre bis 630 °C untersucht und mathematisch 

ausgedrückt. Die Kinetikparameter sind durch Fit der experimentellen Ergebnisse ermittelt. 

Insgesamt bilden die Zersetzungsreaktionen ein konsistentes Netzwerk, das durch chemische 

Gleichgewichte und die intrinsische Kinetik zweier Reaktionen beschrieben ist. Die Ergebnisse 

tragen zur Entwicklung der Flüssigsalz-Wärmespeichertechnologie durch Vorhersage der 

Solarsalzstabilität bei bestehenden und höheren Betriebstemperaturen bei.  
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List of symbols, abbreviations and chemical formula 

�(�)  Pre-exponential factor in the Arrhenius equation of reaction (R) �������  ��  Heat capacity of the storage material � ∙ ���� ∙ ���  ��  Molar concentration of species i ��� ∙ ���  ��,��  Molar concentration of species i at chemical equilibrium ��� ∙ ���  ��,(�)  Activation energy of reaction (R) �� ∙ ����� ∙ ���  ��  Gibbs free energy of formation of species i �� ∙ �����  ��,�  Gibbs free energy at constant pressure and temperature �� ∙ �����  Δ(�)�  Gibbs free energy of reaction (R) �� ∙ �����  ��  Enthalpy of formation of species i �� ∙ �����  Δ(�)�  Enthalpy of reaction (R) �� ∙ �����  �(�)  Equilibrium constant of reaction (R) 1  ��,(�)  Forward reaction rate constant of reaction (R) �������  ��,(�)  Reverse reaction rate constant of reaction (R) �������  �  Mass of storage material ��  ��  Amount of substance of species i ���  ��  Partial pressure of gas i ���  ��  Reference pressure, 1 ��� ���  ��  Capacity of the heat storage system �  �  Ideal gas constant, 8.314 � ∙ ����� ∙ ��� � ∙ ����� ∙ ���  �(�)  Reaction rate of reaction (R) ��� ∙ ��� ∙ ���  ��  Entropy of formation of species i � ∙ ����� ∙ ���  Δ(�)�  Entropy of reaction (R) � ∙ ����� ∙ ���  �  Slope of a linear fit curve �������  �  Time �, ℎ  Δ�  Operating temperature range of the storage system �  ��  Heat sink temperature �  ��  Maximum storage temperature °�, �  �  Temperature °�, �  �  Volume ��  ��  Molar ratio of i relative to the total amount of substance ��� ∙ �����  ��,��  Molar ratio of i relative to the total amount of substance at chemical 
equilibrium 

��� ∙ �����  ��  Y-intercept of a linear fit curve �������  �  Efficiency of the conversion heat-to-power 1  ��  Chemical potential of i � ∙ �����  ��∗  Chemical potential of I at a reference state � ∙ �����  ��  Stoichiometric coefficient of i 1  �  Progress of a physical-chemical process (reaction, phase change) ���  �  Density of Solar Salt �� ∙ ���  
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(N) Nitrite forming reaction, defined at page 6 
(O) Oxide forming reaction, defined at page 6 
(C) Carbonate forming reaction, defined at page 7 
(G) Gas phase reaction of nitrous gases, defined at page 7 

 

CSP Concentrating solar power 
TES Thermal energy storage 
HTF Heat transfer fluid 
IC Ion chromatography 
TGA Thermogravimetric analysis 

 ��  Deprotonated form of acid �� ��  Base, proton acceptor ���  Carbon dioxide ���  Chloride ion �����  Carbonate ion ��  Acid, protonated molecule � ��  Protonated form of base �� ���  Hydrochloric acid �����  Carbonic acid ���  Water �����  Hydrogen carbonate ion ��  Hydrogen cation, proton �����  Potassium carbonate ����  Potassium nitrate ����  Potassium nitrite ���  Potassium oxide ��  Potassium cation ������  Sodium carbonate �����  Sodium nitrate �����  Sodium nitrite ����  Sodium oxide ���  Sodium cation ��  Nitrogen ��  Nitrogen monoxide ���  Nitrogen dioxide ���  Dinitrogen oxide ′����′  Mixture of gases with stoichiometric ratio nitrogen:oxygen 2:3 ����  Nitrate anion, nitrate ion ����  Nitrite anion, nitrite ion ��  Oxygen ���  Oxide ion ���  Hydroxide ion 
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1 Introduction 

Two critical chemical reactions that occur during thermal decomposition of molten nitrate salts are 

focused on in this thesis. The formation of nitrite ions and oxide ions is investigated experimentally, 

and model descriptions regarding the intrinsic kinetics and the thermodynamic equilibria are 

developed for both reactions. The results demonstrate the time dependence of the decomposition 

progress, and the feasibility of salt stabilization by meeting the requirements of chemical equilibria. 

The examined material Solar Salt is applied in thermal energy storage, and the motivation for the 

presented physical-chemical study is based on actual technological developments, which is 

expounded in this first introductory section.  

A reliable and adequate energy supply is mandatory for almost all aspects of modern life. Persistence 

and progress of industry and economy, social life, health care, traffic, information technology and 

much else requires various types of energy. The energy demand is fluctuating in the rhythm of day 

and night, heat and cold, weekend, workdays, and holidays. In the past, the overwhelming part of 

energy demand in Germany was covered by fossil energy sources (coal, oil, gas), and nuclear energy. 

They allow energy generation whenever it is needed, independent from other restrictions. Some plants 

are designed for constant supply, and therefore appropriate for the base load of the electrical grid. 

Others can be used for temporary demand peaks. For reasons of climate protection, carbon neutrality 

and ecology, the fossil energy sources are gradually complemented and replaced by renewable energy 

sources, e.g. sun and wind. Both depend on weather conditions which fluctuate over time. Thus, they 

are per se not suitable for base load energy supply, and for adjusting the energy production to the 

demand peaks. Briefly spoken, the coexistence of fluctuating demand and fluctuating generation of 

energy requires storage technologies for the times of dispatch. The storage systems need to be charged 

with excess energy, and they provide energy later on. 1-4 

Different types of energy (e.g. thermal, electrical, or mechanical energy) generally can be converted 

into each other. The classification of energy storage in figure 1.1 is based on the different types of 

energy. For thermal energy storage (TES), temperature differences or gradients are required to heat 

up (or to cool down) a material, or to induce a phase change of a material. TES can be a cost-efficient 

energy storage technology because of the use of low-price materials, and because of its scalability. 

Liquid storage materials are favorable due to their pumpability. 5,6 

The material Solar Salt (a mixture of 60 wt.% sodium nitrate and 40 wt.% potassium nitrate) is 

investigated in this thesis. Compared to alternatively possible materials, it can be used in a broad 

operation temperature range (low melting temperature and high thermal stability); it is nontoxic, and 



1.1 State-of-the-art technology 
 

2 
 

has a high density, high heat capacity, low viscosity, low vapor pressure and a competitive price. 

Hence, Solar Salt is already applied in large-scale storage systems connected to concentrating solar 

power plants (see section 1.1). 7-12 

 

Figure 1.1: Types of energy storage, structured with a focus on the storage material. Solar Salt which is the storage 
material considered in this thesis belongs to the category of thermal energy storage in liquids. It is a nitrate salt mixture 
used in its liquid state. 

1.1 State-of-the-art technology  

Solar Salt is a widely used material to transfer and store thermal energy in concentrating solar power 

(CSP) plants. A general set-up of a CSP plant comprises mirrors that concentrate the sunlight. The 

light is absorbed and transformed to heat (thermal energy), and the heat is used to generate electrical 

power in a steam turbine. The two common types of CSP plants differ in the type of mirror and 

absorber arrangement, as well as in the arising absorber temperatures. Most CSP plants currently in 

operation belong to the parabolic trough type. Their linear parabolic mirrors and the absorber tubes 

in the focal point are sketched in Figure 1.2(a). Thermal oil which is mainly used as heat transfer fluid 

(HTF) flows through the absorber tubes reaches temperatures up to 400 °C. A currently expanding 

sector of CSP plants are of the solar power tower type. A field of almost planar reflectors (called 

heliostats) concentrates the sunlight on a central receiver (see figure 1.2(b)), where the temperatures 

are notably higher than in the parabolic trough plants. Therefore, steam or molten salts are chosen as 

HTF instead of thermal oil for thermal stability reasons. At the time of writing, practically all large-

scale tower installations utilize molten salt as HTF and storage medium due to a lack of affordable 

storage solutions for steam as HTF. The higher temperatures enhance the efficiency of the power 

generation, and the storage capacity (see section 1.2), which are advantages of the power tower 

technology. 8,9,13,14 
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                              (a)                                                       (b) 
Figure 1.2: Two major types of reflector and absorber arrangements in CSP plants. The figures are taken from the 
reference 8.  

Integration of TES into CSP plants enables operation of the steam turbine also during the night or in 

cloudy weather. If thermal oil is used as HTF, the heat is transferred to molten salt, which is termed 

indirect storage (e.g. in the CSP plants Noor II, Morocco and Andasol, Spain). If Solar Salt is applied 

as HTF, it can be stored directly in insulated tanks (e.g. in the CSP plants Archimede, Italy and 

Delingha, China). 15 The integration of a direct storage unit into a solar power tower plant is sketched 

in figure 1.3. The two tanks are located in between the receiver tower and the steam generator of the 

power block, and serve as a reservoir for hot and cold molten salt. To conclude, integration of Solar 

Salt TES to CSP is commercially available. It adds the benefit of continuous power generation and 

flexibility to the CSP technology, which are unique features among the renewable energy plants. 8,9,16 

 

Figure 1.3: Integration of molten Salt TES in a central receiver CSP plant. The molten salt is used as both heat transfer 
fluid and storage medium in a so-called direct storage system. The figure is taken from the reference 16.  
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1.2 Motivation 

The existing large-scale Solar Salt TES systems demonstrate the technical feasibility, and the 

industrial interest for this type of energy storage. Further cost reduction is intended to promote 

renewable energy generation, and to keep Solar Salt TES competitive compared to other energy 

storage options. Cost reductions can be achieved in several ways. First, the lifetime of the storage 

system, in particular of the storage material, can increase. Increased lifetime enables longer operation 

of the storage system at similar capital costs. Second, broadening the operation temperature range 

reduces the amount of storage material at constant storage capacity. Equation (1) describes the amount 

of heat that can be stored �� when a material with mass � and heat capacity �� is heated (or cooled) 

to a temperature difference of Δ�. For Solar Salt, the lower operating temperature is restricted by the 

melting point. In this case, smaller tank volumes are sufficient to store a certain amount of heat when 

the upper storage temperature increases, which is sketched in figure 1.4. Since the storage material is 

one of the major cost factors, reducing the amount of material has a significant effect. 6 Third, the 

temperatures can increases to enhance the efficiency of the conversion heat-to-power. This correlation 

is shown in equation (2), with � being the Carnot efficiency, and �� and �� being the maximum 

storage temperature and the heat sink temperature, respectively. Advanced and efficient steam 

turbines require temperatures above the actual state-of-the-art temperature of Solar Salt (about 

565 °C). 9,13,17 

�� = � ∙ �� ∙ Δ� (1) � = 1 − �� ��⁄  (2) 
 

Regarding the Solar Salt, lifetime and temperature increase are limited by material degradation and 

decomposition processes. Long-term laboratory tests and pilot plants reveal corrosion of steel 

components that are in contact with the molten salt, evolution of toxic gases, pressure increase and 

the formation of solid phases or precipitates. Thermal decomposition of the nitrate salt mixture 

becomes faster and stronger with increasing temperature. 18-23 

The resulting dilemma is summarized in figure 1.4. Further development of CSP plants and the Solar 

Salt TES technology by increasing the upper temperature is intended. This increase positively affects 

the storage capacity (or the material expense, respectively) and the power cycle efficiency. However, 

higher temperatures entail material degradation related to thermal decomposition, which are 

addressed in this thesis.  
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Figure 1.4: Development of Solar Salt TES towards higher temperatures. An upper storage temperature above the state-
of-the-art limit of 565 °C is beneficial with regard to the material expense and the conversion efficiency, but also 
challenging in terms of material stability. 

One conceivable solution is to expand the thermal stability of Solar Salt towards higher temperatures. 

Generally, measures that stabilize the molten salt at higher temperatures are equally appropriate to 

prolong the lifetime of Solar Salt in state-of-the-art systems. For the success of this approach, 

knowledge about the thermal decomposition of Solar Salt is absolutely necessary. This thesis focusses 

on a detailed understanding of the decompositions process, the network of chemical reactions, the 

participating ions and gases, chemical equilibria and reaction kinetics. The resulting descriptions are 

intended to contribute to the prediction of optimum conditions for material stability, such as specific 

operating strategies or adjustment of the atmosphere. Finally, this work aims to help establish highly 

efficient, sustainable and economic Solar Salt TES systems.  

1.3 State-of-knowledge on nitrate salt chemistry 

This section provides an overview of material data, qualitative observations in previous laboratory 

tests, and the reaction chemistry according to literature. Most reviewed studies refer to Solar Salt, 

which is a mixture of sodium nitrate (�����) and potassium nitrate (����). Besides, it is sometimes 

reasonable to include investigations of the single salts, of similar nitrate salts or nitrate salt mixtures. 

The emphasis is on the data and findings that are relevant for the investigations of this thesis. In this 

section, the literature is reviewed on a more general level. The papers I, II and III (see appendix) 

provide detailed insights with regard to the particular research topics.  

Solar salt is composed of 60 wt.% (64 mol%) sodium nitrate and 40 wt.% (36 mol%) potassium 

nitrate. The eutectic composition is found to be the equimolar mixture 24. The density � is described 

by equation (3), which is based on the data of the references 25,26.  

� = 2268.9 �� ∙ ��� − 0.6395 �� ∙ ��� ∙ ��� ∙ � (3) 
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The application of Solar Salt in TES systems requires compatibility of the molten salt and steel. 

Therefore, corrosion is addressed in many studies. The literature reveals that corrosion intensifies 

with increasing temperatures 20,21,27,28, by impurities in the molten salt 29-31, and with salt aging 18,32. 

Corrosion mechanisms are postulated by some authors 22,33, but not definitely proven. Molten nitrate 

salts are known to spread intensely on many surfaces, e.g. metals or ceramics. In small-scale 

experiments, a significant amount of the salt sample can creep out of the crucible or distribute over 

the entire set-up.  

Evolution of gases from the molten nitrate salt is observed. Early studies report gas bubbles, or 

measured the volume of the emerging gas 34. Development of gas analysis methods allowed the 

identification of the gas types and ratios. Oxygen gas (��) is found most frequently, followed by 

nitrogen monoxide (��) and nitrogen dioxide (���), nitrogen (��) and dinitrogen oxide (���). 35-38 

Linking the gas species with chemical reactions is reviewed in the following paragraphs.  

Undecomposed molten Solar Salt contains sodium cations (���) and potassium cations (��), and 

nitrate anions (����). For molten salt decomposition, the anion chemistry dominates. Hence, the 

discussion focuses on anion reactions. The most frequently reported thermal decomposition reaction 

of nitrate salts is the formation of nitrite ions and oxygen gas according to reaction (N). 39-43 In oxygen 

containing atmospheres, the reaction obtains chemical equilibrium. The nitrite ion concentration at 

chemical equilibrium increases with increasing temperature and decreasing oxygen partial pressure. 

Thermodynamic data of the reaction equilibrium of reaction (N) are published for the Solar Salt 

mixture 42, for a similar mixture of sodium nitrate and potassium nitrate 39, and for the single salts 
40,41,44. This data enables the calculation of the nitrate and nitrite ion content depending on the 

temperature and oxygen partial pressure. The reaction kinetics are investigated for the single salts 
40,41,45, and for an equimolar mixture of ����� and ���� 39,46. A comprehensive description of the 

reversible reaction kinetics in Solar Salt is missing. A detailed review of the literature of reaction (N) 

can be found in paper I.  

���� ⇌ ���� + 0.5 �� (N) 
 

Above 500 °C, the formation of oxide ions (���) is reported. It is accompanied by the evolution of 

gases. Nitrous gases (e.g. �� and ���), oxygen and nitrogen are mentioned in different publications, 

e.g. via reactions (4) and (5). The stoichiometry of the evolving gases remains uncertain in the 

literature. Therefore, it is reasonable to condense the varying proposed reaction equations to reaction 

(O), which substitutes the particular reaction gases with ′����′. ′����′ serves as a placeholder for 

any mixture of gases with a stoichiometric ratio 3:2 of nitrogen to oxygen. In the literature, the oxide 
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forming reactions are expected to be reversible, although evidence for the reversibility and for 

chemical equilibrium is lacking. Nitrate ions are discussed less frequently as reactants than nitrite 

ions. Several studies assume that the reaction kinetics are first order with respect to nitrite ions.32,35-

37,47-53 

2 ���� ⇌ ��� + ��� + �� (4) 2 ���� ⇌ ��� + �� + 1.5 �� (5) 2 ���� ⇌ ��� + ′����′ (O) 
 

The carbonate ion (�����) formation according to reaction (C) is mentioned in several publications. 

Some studies exclude the formation of carbonates by avoiding sources of carbon (e.g. by using ���-

free purge gas or atmospheres). 19,20,23,42,54,55 

��� + ��� ⇌ ����� (C) 
 

In the gas phase, the oxidation of �� to ��� via reaction (G) is reported. 53 Thermodynamic data for 

equilibrium predictions are available 44. The ratios of �� and ��� at 0.2 bar oxygen pressure are 

shown in figure 1.5. The kinetics of this reaction are reviewed by Tsukahara. 56 Only the original 

publications of Tipper et al., Ashmore et al. and Olbregts et al. 57-59 match the temperature range that 

is relevant for Solar Salt.  

�� + 0.5 �� ⇌ ��� (G) 
 

 
Figure 1.5: Gas phase equilibrium of reaction (G) at 0.2 bar �� calculated with listed thermodynamic data 44. The 
equilibrium ratio of nitrogen monoxide and nitrogen dioxide depends on the temperature. A similar diagram is published 
in the reference 60. 
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In brief, the nitrite forming reaction (N) is well accepted, and to a certain extent quantitatively 

described in the literature. The oxide formation in nitrate salts is discussed qualitatively, and many 

reaction equations are proposed. The research topics of this thesis connect to the literature. Literature 

gaps and the resulting research questions are deduced in the following section 1.4.  

1.4 Aims and scope of research 

This thesis presents experiments and theoretical considerations that focus on thermal decomposition 

reactions of molten Solar Salt. The aim is to identify and experimentally prove the reactions, to 

quantify them, and to develop a model description in terms of mathematical equations.  

According to previous studies, mainly nitrite ions and oxide ions are formed in molten Solar Salt. The 

nitrite ion formation (reaction (N)) is first observed when the molten salt temperature rises. It is 

considered as a starting reaction that provides a basis for further decomposition processes. Therefore, 

accurate knowledge about the nitrite ion forming reaction is necessary for the description of the entire 

thermal decomposition. The thermodynamic data of reaction (N) in Solar Salt is only published in 

one reference 42. Confirming the existing thermodynamic results, also in comparison to single salt 

data, and providing a broader data basis is the first objective in paper I. The kinetics of reaction (N) 

are not described for Solar Salt in the literature, and their description for a similar salt mixture is only 

valid for the particular experimental conditions in the reference 39. A reliable description of the 

intrinsic kinetics for the forward and reverse reaction (N), which is in agreement with the chemical 

equilibrium, is intended in the second part of paper I. Both reaction kinetics and thermodynamics 

are expected to include the influence of the temperature, and of the oxygen pressure in the connected 

gas atmosphere.  

High concentrations of alkali oxide ions are related to intense corrosion of steel, which is in contact 

with molten Solar Salt. Additionally, oxide ions can further react to chromium oxide ions, which 

would lead to toxicity and disposal issues. Hence, scientific findings on the oxide ion formation are 

crucial to avoid these reactions, and to maintain material quality in molten salt systems. The literature 

presents various reaction equations that include oxide ion formation, but none of them is verified. A 

reliable representative reaction equation is required for predictions of chemical equilibria and 

strategies for salt stabilization. Systemizing the proposed equilibrium reactions and identifying the 

key differences is one part of paper III. Constant oxide ion concentrations over time due to chemical 

equilibrium are not reported in the literature for molten nitrate salts. Such results give insights on the 

reversibility of the oxide formation, and in the composition of the liquid-gas system that is required 
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for chemical equilibrium. Experiments that prove chemical equilibria are the main objective of paper 

III.  

Previous studies indicate that the formation of oxide ions increases with temperature. Quantitative 

data on the reaction kinetics potentially enables the localization of fast salt decomposition in a molten 

salt system, and could allow for specific stabilizing measures in those areas. However, the necessary 

experiments and data are not presented by the literature. Paper II intends to fill this gap by providing 

experimental data and a model description of the oxide ion formation kinetics.  

The approach and the methods in this thesis are chosen with regard to the technological application 

of Solar Salt in energy storage systems and the developments in the CSP and potentially new 

application fields. For example, temperature ranges (450-620 °C) and atmospheres (mainly air or 

synthetic air) similar to the (prospective) storage and HTF system conditions are chosen. Thermal 

decomposition processes often are complex sequences or networks of reaction steps. Their 

descriptions are simplified by appropriate approximations, and by prioritizing technologically 

relevant decomposition products and reaction directions.  
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2 Theoretical background and experimental methods 

2.1 Chemical thermodynamics 

Thermodynamics of chemical reactions 

The thermodynamically most favorable state of a system at given temperature and pressure (isobar 

and isotherm closed system) is characterized by a minimum in the Gibbs free energy ��,�. Changes 

of the system (in terms the amounts of substance or the composition of the phases) away from this 

state would always cause an increase of the Gibbs free energy. The condition for the thermodynamic 

state is therefore expressed in equation (6). Spontaneous processes in such a system are related to a 

decrease of the Gibbs free energy, see equation (7).  

���,� = � (6) ∆��,� < � (7) 
 

When gas dissolves in a liquid phase or when a chemical reaction takes place, the amounts of the 

considered particles change. These changes affect the Gibbs free energy. Thermodynamics refer to 

those changes of the Gibbs free energy caused by changing numbers of particles � (��) as chemical 

potential ��. It is shown as the partial derivative in equation (8). The chemical potential is also termed 

partial molar Gibbs free energy since it refers to the amount of particles (moles) of one specific 

substance assuming that all other substances remain unchanged. In a closed system, changes in the 

amounts of particles due to distribution among phases or due to chemical reactions depend on each 

other. They are linked by the stoichiometric coefficients �� of the regarded process via equation (10c). 

The correlation is shown for an exemplary reaction in table 2.1. Accordingly, equation (8) is 

transformed to a more general form in equation (9). Equation (9) describes changes in the Gibbs free 

energy of a closed system due to processes that alter the compositions.  

� �������,�,���� = �� (8) 

����� ��,� = � �����  (9) 
 

 

 



2 Theoretical background and experimental methods 

11 
 

Table 2.1: Relating the reaction stoichiometry to the conversion �, and to changes in the amounts of particles ���. 
Exemplary reaction of A and B to C and D with stoichiometry �� =−3, �� = −1, �� = 1, �� = 2.  3 � + � → � + 2 � (10a) 

Changes in the amounts of particles ��, ��, �� and �� when the 
reaction happens 100 mol times (conversion progress �� = 100 ���). ��� = �� ∙ �� (10b) 

  ��� = −��� ���, ��� = −��� ���, ��� = ��� ���, ��� = ��� ��� 
Correlation of the changes in the amounts of particles �� = ����� = ����� = ����� = ⋯ (10c) 

 

The chemical potential of a substance � in ideal solutions is given in equation (11). It includes the 

chemical potential of this substance at a reference state ��∗, and a logarithmic term of the molar ratio ��, which is the amount of particles of � relative to all particles in the regarded phase.  

�� = ��∗ + �� ln �� (11) 
 

In order to describe the thermodynamic equilibrium of a reaction, equations (6), (9) and (11) are 

combined to equation (12a) with the intention to find the minimum of the Gibbs free energy. The 

chemical potential is expressed by equation (11). In equation (12b), all constant terms are shifted to 

the left side of the equation, and summarized to the equilibrium constant of the regarded reaction �(�) 
in equation (12c). The right side of equation (12c) is the quotient of reaction products and reactants, 

each to the power of their stoichiometric coefficients. Equation (12c) is termed ‘law of mass action’. 

It describes the thermodynamically favorable compositions, which are the chemical equilibria of a 

reaction. At chemical equilibrium, macroscopically, the reaction does not proceed in one (forward) 

or the other direction.  

0 = ����� ��,� = � ����� = � ����∗� + �� � �� ln ��,���  (12a) − ∑ ����∗��� = ln � ��,�����  (12b) 

��� �− ∑ ����∗��� � = �(�) = � ��,�����  (12c) 
 

The sum of the chemical potentials at reference state multiplied by the stoichiometric coefficients is 

the Gibbs free energy of reaction Δ(�)�, and it can be split in two temperature independent 

parameters, which are the reaction enthalpy Δ(�)� and the reaction entropy Δ(�)�, see equation (13). 

Combining equations (12c) and (13) to equation (14) reveals the temperature dependence of the 

equilibrium constant �(�). The logarithmic equilibrium constant is proportional to the inverse 
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temperature. The reaction energies (Δ(�)�, Δ(�)� and Δ(�)�) can be determined based on 

experimental equilibrium results. The process is sketched in figure 2.1. The equilibrium compositions 

at different temperatures allow calculation of several equilibrium constants �(�). The logarithm of 

those constants is plotted versus the inverse temperature (according to equation (14)), and the data is 

fitted linearly. The two resulting fit parameters are transformed to the reaction energies (slope to 

reaction enthalpy, and y-intercept to reaction entropy, see equation (14) and figure 2.1). 61,62 

� ����∗� = Δ(�)� = Δ�� − � ∙ Δ(�)� (13) 

ln �(�) = −Δ(�)��� = ��� ∙ −Δ(�)�� + Δ(�)�� = ��� ∙ � + �� (14) 
 

 

Figure 2.1: Evaluation of experimental equilibrium compositions ��,��  with regard to the equilibrium constants �(�), and 
the thermodynamic reaction parameters, enthalpy of reaction Δ(�)� and entropy of reaction Δ(�)�. 

Hess’s law and calculation of chemical equilibria 

Chemical reactions produce or consume energy. Most chemical substances can be formed via 

different reaction paths. According to Hess’s law, the energy changes (∆(�)�, ∆(�)� and ∆(�)�) are 

the same, irrespective of the specific reaction path. An example (for the enthalpy) is given is figure 

2.2. ��� can form on reaction path A in two steps. First, �� and �� react to �� which is characterized 

by the reaction enthalpy ∆���, and second, the �� further reacts to ��� with the reaction enthalpy ∆���. The second reaction path B is the direct reaction of �� and �� to ��� with the reaction enthalpy ∆��. The total enthalpy of path A (∆��� + ∆���) is equal to the enthalpy of path B (∆��), see 

equation (15).  

This thermodynamic principle (Hess’s law) is applied in this thesis for calculations of reaction 

enthalpies and entropies, and equilibrium constants �(�). It can be an alternative to experimental 

investigations, and serves as comparison to experiments.  
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∆��� + ∆��� = ∆�� (15) ∆(�)���→��� = ���� − ���� + 0.5 ���� (16) 
 

 

 

 

Figure 2.2: Illustration of the Hess’s law. ��� is formed in a two-step reaction (path A) or in a single step reaction (path 
B), and the overall energy change (e.g. the enthalpy change ∆�) does not depend on the particular reaction path. 

The standard energies of formation (��, ��, ��) are listed for many pure chemical substances, e.g. in 

the references 44,52. They refer to the reaction that describes their formation from the elements in their 

most stable form. For example, in figure 2.2, ��� is the standard enthalpy of formation of ��, and ���� is the standard enthalpy of formation of ���. Both describe the reaction of the most stable form 

of oxygen and nitrogen at a reference temperature and pressure (most commonly 289.15 K and 1 bar) 

which is gaseous �� and �� to �� or ��� at the regarded temperature. When those two standard 

enthalpies of formation are known, the enthalpy of the reaction from �� to ��� can be calculated 

via equation (16). Generally, reaction energies (Δ(�)�, Δ(�)�, Δ(�)�) are calculated according to 

equations (17) based on the standard energies of formation (��, ��, ��) of reactants and products. 61,62 

∆(�)� = � �����  (17a) 

∆(�)� = � �����  (17b) 

∆(�)� = � �����  (17c) 
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Heterogeneous reactions 

Chemical compounds can be restricted to one phase of a system, or they are distributed among two 

or more phases. The exemplary reaction (18) occurs in the liquid phase, and comprises a species � 

that is mainly located in the gas phase, but also dissolved in the liquid phase. In this case, two 

equilibria have to be considered. The first one is the solubility equilibrium of species � (equations 

(19a) and (19b)), and the second one is the reaction equilibrium in the liquid phase (equations (20a) 

and (20b)). Frequently, the solubility description of a gas in the regarded liquid (that allows 

calculation of ��(�) in equation (19b) and (20b)) is not available in the literature and difficult to access 

experimentally, which prevents calculation of the reaction equilibrium via equation (20b). Analyzing 

or controlling the composition of the gas phase (resulting in a known partial pressure ��) is commonly 

more feasible. It therefore makes sense to combine the two equilibrium descriptions (19b) and (20b) 

to the overall equilibrium expression (21) which describes the reaction equilibrium in terms of molar 

ratios and partial pressures, that are accessible. A similar discussion for the particular case of reaction 

(N) can be found in paper I. 61,62 

� + � ⇌ � (18) �(�) ⇌ �(�) (19a) �(���) = ��(�)�� ��⁄  (19b) �(�) + �(�) ⇌ �(�) (20a) �(��)� = ��(�)��(�)��(�)  (20b) 

�(��) = �(��)� ∙ �(���) = ��(�)��(�) �� ��⁄  (21) 
 

2.2 Reaction kinetics 

Reaction kinetics addresses the time dependence of a reaction. More precisely, it describes how often 

a reaction occurs per unit time.  

Elementary reactions 

The mechanism of an elementary reaction happens at once, and cannot be subdivided into several 

steps. For such reactions, the common description of the reaction kinetics in a liquid or in a gas is 

based on the following approach. First, the probability of collision of the reacting particles is 
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described. For a chemical reaction, the participating molecules, atoms or ions must be in close 

proximity, which is also termed a collision. This probability is proportional to the concentrations of 

the particles. The collision probability of the exemplary reaction (18) in the forward direction is 

included by ���� ∙ ���� in equation (22). Second, the probability of reaction is considered. The 

colliding particles must have a certain energy that enables the chemical reaction. The energy barrier 

is known as the activation energy of a reaction ��,�,(��). Not all particles in a system have the same 

energy. Instead, the energy is distributed according to the Maxwell-Boltzmann distribution. The 

colliding particles sometimes have the required energy and the reaction happens, and sometimes the 

collision is not accompanied by a chemical reaction. With rising temperature, the particle energy 

distribution is shifted towards higher energies, the reaction probability increases, and reactions 

between particles become more frequent. This temperature dependence is included in the reaction 

constant ��,(��) in equation (22), which is further defined in equation (23). The reaction constant 

increases with an increasing temperature, or with a decreasing activation energy ��,�,(��). Multiplying 

the collision probability (collisions per unit time and volume) with the reaction probability (reactions 

per collision) results in the reaction rate (reactions per unit time and volume). Multiplication with the 

regarded volume finally results in the reaction rate �(�), which describes the number of reactions per 

unit time. The reaction rate is linked to changes in the amounts of particles in equation (24). 63,64 

��,(��) = ���� ∙ ���� ∙ ��,(��) ∙ � (22) ��,(��) = ��,(��) ∙ ����− ��,�,(��) ��⁄ � (23) 1�� ����� = �(�) (24) 
 

Multistep reactions 

Frequently, chemical reactions summarize a reaction mechanism that can be expressed in terms of 

several steps. Each of those steps is supposed to be an elementary reaction. For reaction kinetics, the 

slowest elementary reaction of the regarded process must be identified (or assumed), because this 

slowest step determines and limits the reaction kinetics of the entire process. This procedure is called 

the ‘rate determining step approximation’. The other reaction steps are fast compared to the slowest 

step, and are assumed to be infinitely fast and complete, or in chemical equilibrium (‘quasi steady 

state approximation’).  

An example for those approximations is given in equations (25a)-(25d). Equation (25a) shows the 

elementary steps of the reaction of A to D. The second step (reaction of B to C) is the slowest step, 

and is considered the rate determining step. The kinetic rate law (equation (25b)) therefore refers to 
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this elementary reaction and includes the concentration of B �� (which is the ‘rate determining step 

approximation’). Species A is in equilibrium with species B, and the reversible A-B reaction is 

relatively fast. Consequently, it is assumed that the equilibrium description in equation (25c) is always 

valid, and �� can be replaced by �(��)�� in equation (25d) (which is the ‘quasi steady state 

approximation’). Finally, the reaction of C to D is relatively fast, and the reaction rate is related to 

changes in the amount of D (instead to C) in equation (25d) because an instantaneous reaction to D 

can be assumed. 63,64 

��(��)⇌������(��)⟶����� ⟶����� (25a) 

� = �� ∙ �(��) ∙ � (25b) �(��) = �� ��⁄  (25c) � = �(��)�� ∙ �(��) ∙ � = �����  (25d) 
 

Reversible reactions 

For reversible elementary reactions, the reaction kinetics of both reaction directions can be described 

in one rate law. For the exemplary reaction (18), the first term of the kinetics equation (26) refers to 

the forward reaction, and is characterized by the forward rate constant ��,(��). The second term with 

the reverse rate constant ��,(��) corresponds to the reverse reaction, and has a different (negative) 

sign. Both reactions (forward and reverse) occur simultaneously on a molecular level. If the first term 

predominates, the forward reaction is observed macroscopically, and the reaction rate is positive (and 

vice versa). At chemical equilibrium, the overall reaction rate equals zero, and no reaction is observed 

(macroscopically). This situation is agreement with equation (26) when the two terms compensate 

each other. On a molecular level, the forward reaction is equally frequent than the reverse reaction. 

At chemical equilibrium, the kinetic rate law can be transformed into the quotient of products and 

reactants, see equations (27a) and (27b), and equals the law of mass action (compare equation (12c)) 

which is the thermodynamic equilibrium description of the reaction. Equation (27b) finally shows 

that the thermodynamics and kinetics of an elementary reversible reaction are linked. The equilibrium 

constant �(��) is related to the two reaction rate constants ��,(��) and ��,(��). 63,64 

�(��) = �������� ∙ ��,(��) ∙ � − �� ∙ ��,(��) ∙ � (26) �(��) = 0 = ��,������,���� ∙ ��,(��) ∙ � − ��,�� ∙ ��,(��) ∙ � (27a) 
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��,(��)��,(��) = ��,����,������,���� = �(��) (27b) 
 

Intrinsic kinetics and macrokinetics 

Regarding multiphase reaction, the macroscopically observable reaction progress is not only 

depending on the intrinsic kinetics (also termed microkinetics). Especially in real scale systems, mass 

transport (e.g. diffusion) can be crucial. An exemplary case is a liquid phase reaction producing a gas, 

which initially accumulates in the liquid phase. At the liquid-gas interface, the gas is released to the 

gas phase to obtain the thermodynamic solubility equilibrium. The resulting concentration gradient 

drives diffusion of dissolved gas through the liquid phase to the interface. However, diffusion might 

be a slower process than the intrinsic reaction kinetics. In times of oversaturation, the reaction product 

(gas) concentration is higher in the liquid phase than it should be according to the solubility 

equilibrium, and suppresses the progress of the reaction according to the law of mass action. The 

reaction kinetics measured for the entire liquid phase consequently differ from the intrinsic kinetics, 

and are termed macrokinetics. The macrokinetics describe the interplay of intrinsic kinetics and mass 

transport effects, and strongly depend on the system geometry (e.g. surface-to-volume ratio) and 

reaction conditions (e.g. stirring, fluid flow). 65-69 

2.3 Experimental methods in comparison 

The section provides an overview of the experimental methods that are used in this thesis. The aims 

are to trace the progress of chemical reactions and the resulting composition changes over time, and 

to analyze the salt compositions at chemical equilibria. During the reactions, it is necessary to create 

defined reaction conditions for the molten salt, especially with regard to temperature and atmosphere. 

Also, mass transport phenomena and the consequent limitations regarding the reaction kinetics have 

to be considered. The reactions are either traced in-situ, e.g. by mass changes that are continuously 

recorded, or salt samples are extracted and subsequently analyzed (‘post-analysis’). The analysis 

methods are addressed in the subsequent paragraphs, which are followed by descriptions of the 

thermal treatment methods.  
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Analyzing the salt composition 

Ion chromatography (IC) is a method that separates and detects ions in an aqueous sample. The 

concept of this method is sketched in figure 2.3. A small volume of sample (typically some μL) is 

injected into a column whose inner walls are covered with a charged material. The sample is carried 

through the column by a liquid eluent. Analytes that are attracted to the charged column walls due to 

intermolecular interactions are retarded, and need a longer time to flow through the column. The 

intensity of those interactions depends on the ionic strength of the analytes which is mainly affected 

by charge, polarizability and size, of the ions. At the end of the column, the analytes are detected by 

a conductivity detector. The conductivity is plotted versus time in a chromatogram. Calibration allows 

a quantitative calculation of the amounts of analytes in the sample based on the peaks in the 

chromatogram. The IC method is used for analysis of the Solar Salt samples with regard to nitrate 

and nitrite ions in papers I, II and III.  

 
Figure 2.3: Separation principle of ion chromatography. The interaction of the analytes with the separation column 
depends on the charge, polarizability and size of the ions. 

The applied titration analysis in this thesis is based on acid-base reactions. In such a reaction, a 

proton (hydrogen cation ��) is transferred from an acid �� (compound that is able to donate a proton, 

according to the Brønsted-Lowry acid-base theory) to a base �� (which is a compound that accepts 

a proton), see equation (28). During titration, defined amounts of acid are stepwise added to an 

unknown amount of base (or vice versa). The acid-base reaction is traced (usually by a pH electrode) 

to detect the completion of the reaction. The amount of added acid allows the calculation of the 

unknown amount of base, which is the intention of this analysis method. In papers II and III, acid-

base titration is applied to analyze oxide ions and carbonate ions, and the process is explained for 

oxide ions in detail. When the salt sample (about 1 g) is dissolved in water, the oxide ions react with 

water to hydroxide ions via reaction (29). Then, hydrochloric acid HCl is added to the sample solution, 

until completion of the acid-base reaction (30), which is characterized by a sudden decrease of the 

pH value. The amount of oxide ions equals half of the amount of added HCl according to the 1:2 
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(ν��� ν���⁄ ) stoichiometry in reaction (29), and is calculated via equation (31). The carbonate ion is 

analyzed in a similar way according to reaction (32).  

�� + �� → �� + �� (28) ��� + ��� → 2 ��� (29) ��� + ��� → ��� + ��� (30) ���� = 1 2⁄ ∙ ���� = 1 2⁄ ∙ ���� ∙ ���� (31) ����� ����⎯� ����� ����⎯� ����� (32) 
 

Thermal treatment methods 

Thermogravimetric analysis (TGA) is a standard analysis method for thermal processes, and it is 

applied in paper I to investigate the nitrate-nitrite reaction (N) in Solar Salt. The set-up of the 

commercial apparatus is sketched in figure 2.4. The sample (typically in the mg range) in a small 

platinum crucible is put in a larger crucible to avoid salt creeping over other parts of the apparatus. 

Those two crucibles are positioned on a scale with a sample holder to detect mass changes. The 

sample environment is purged with a defined gas flow (synthetic air), and the temperature is 

controlled. The temperature is raised from room temperature to the target temperature (450-550 °C), 

which is hold for the isothermal measurements. The raw data is the sample mass over time, which is 

recorded by the scale. It can be converted into e.g. evaporation rates or the progress of reactions with 

absorption or release of gases. After the TGA measurement, the salt samples are analyzed by IC, 

which reveals the nitrate ion and nitrite ion content. Due to the small sample quantities, mass transport 

limitations can be avoided, which makes TGA an appropriate method for intrinsic kinetics 

measurements.  

        

Figure 2.4: Thermogravimetric analysis set-up for Solar Salt investigations. Mass changes of the salt sample ∆� are 
measured under defined atmospheric and temperature conditions over time �. 
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The chamber furnace sketched in figure 2.5(a) is equipped with four heating elements (SiC rods). 

Two small openings allow inflow and outflow of ambient air, which is driven by natural convection. 

The chamber is accessible by a swivel-type door. Two alumina crucibles of 4 cm diameter with salt 

samples are inserted into the furnace at 300 °C, and then heated to the target temperature (560-

630 °C). This procedure avoids excessive temperature shocks and material breakage. The target 

temperature is hold for several hours. Afterwards, the temperature is reduced back to 300 °C, the 

crucibles are taken out of the chamber, and the sample is poured into small aluminum beakers where 

the salt instantly solidifies and the reaction ceases. Part of the sample is dissolved in water for acid-

base titration, and a smaller part is used for IC analysis, which is illustrated in figure 2.5 (b). The 

results of those two analysis methods reveal the reaction progress during the temperature treatment 

in the furnace.  

  
               (a)                                                                                  (b)  

Figure 2.5: Sketch of the chamber furnace set-up (a), and the ensuing salt sample analysis procedure (b). Salt aging is 
performed in the furnace (thermal treatment), and the composition of the sample is subsequently analyzed by titration 
and ion chromatography. A similar figure is included in paper II.  

Compared to the crucibles used in TGA, the crucibles in this method allow investigation of larger 

sample quantities at similarly thin sample films. The sample geometry is important to exclude mass 

transport limitations of liquid-gas reactions (see paragraph ‘Intrinsic kinetics and macrokinetics’ in 

section 2.2). However, a certain amount of sample (about 1 g) is required for the analysis of oxide 

ions and carbonate ions (acid-base titration). In brief, the larger crucibles in this method enable 

investigation of the intrinsic kinetics addressed in paper II due to the relatively large sample quantity, 

and thin molten salt layers (films) in this geometry.  
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The autoclave test rig sketched in figure 2.6 enables exposure of salt samples to defined temperatures 

and atmospheres. An alumina crucible is filled with about 100 g of salt, which is a large amount of 

salt compared to the previous two thermal treatment methods. The sample is heated from the walls, 

and a temperature sensor measures the salt temperature, which is used for the heating control system. 

A stirrer accelerates the transport of soluble gases through the liquid phase, and development of 

chemical equilibria. Horizontal plates act as shields, and prevent the flow of evaporated salt or salt 

dust into the gas outlet tubes, which could lead to problematic clogging. The gas phase is constantly 

purged. Compared to the chamber furnace set-up, the purge gas and the flow rate are precisely 

adjustable by flow control devices. Salt samples are extracted over the course of the experiments by 

opening a valve, and a pipette-like process with a stainless steel tube. Analyzing the salt composition 

is identical with the procedure described above for the furnace chamber experiments (compare figure 

2.5(b)). The autoclave test rig allows extraction of multiple samples from the same batch without 

interruption of the experiment until the chemical composition remains constant, and is applied in 

paper III.  

        

Figure 2.6: Autoclave test rig set-up for thermal treatment of salt samples in the 100 g scale. The molten salt in an 
alumina crucible is heated from the walls, and the atmosphere is controlled by a gas purge. The five horizontal plates 
are installed to retain evaporated salt. 

An overview of the key features of the three presented thermal treatment methods is given in table 

2.2. The methods used in the papers (2nd row) are chosen with regard to the scientific intention (3d 

row). The intrinsic kinetics and chemical equilibrium of reaction (N) are investigated in paper I. The 

TGA method is chosen since it controls temperature and atmosphere most accurately, and at the same 

time allows IC post-analysis. Also, the relatively small sample quantity excludes mass transport 

limitations, which makes TGA a suitable method for intrinsic kinetics measurements. The intrinsic 

kinetics of the oxide ion formation are addressed in paper II. The chamber furnace is applied in the 

respective experiments because it allows measurement of the intrinsic kinetics of reaction (O) due to 

the temperature limit, and the possibility to analyze the oxide and carbonate content of the salt 
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samples via acid-base-titration. Paper III aims to demonstrate the chemical equilibrium of reaction 

(O). The autoclave test rig is the appropriate method, because it allows addition of nitrous gases to 

the gas purge, as well as titration analysis of oxide ions and carbonate ions.  

Table 2.2: Overview and comparison of the thermal treatment methods applied in this thesis. Depending on the scope 
of research, the adequate method is selected for each series of experiments. 

Method Thermogravimetric 
analysis (TGA) Chamber furnace Autoclave test rig 

Applied in  Paper I Paper II Paper III 

Intention Intrinsic kinetics and 
equilibrium of reaction (N) 

Intrinsic kinetics of 
reaction (O) 

Reaction (O) equilibrium 

Apparatus Netzsch STA 449 Nabertherm HTCT 01/16,  
controller P330 

Custom designed 

Sample quantity ~50 µg ~1.5 g ~100 g 

Accessible reaction 
characteristics 

Intrinsic kinetics and 
equilibrium of reaction (N) 

Intrinsic kinetics and 
equilibrium of reaction 
(N);  
Intrinsic kinetics of 
reaction (O) 

Macrokinetics and 
equilibrium of reaction 
(N);  
Macrokinetics and 
equilibrium of reaction (O)  

Upper temperature limit ~560 °C for Solar Salt 1000 °C ~650 °C 

Atmospheres in this work Synthetic air Ambient air Mixtures of ��, �� and ��� 

In-situ analysis Mass change - - 

Post-analysis of the salt 
composition 

IC (����, ����) after the 
TGA experiments 

IC (����, ����); 
Titration (���, �����) 

IC (����, ����); 
Titration (���, �����) 
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3 Summarizing the results 

The fundamental results of the three papers of this thesis are summarized and discussed in the 

subsequent sections. It is elucidated, that the results complement and influence each other. Also, links 

and effects among the publications are explained. Details and in-depth discussion can be found in the 

particular papers in the appendix. In section 3.1, the reaction steps of the decomposition process that 

are investigated in the papers are assembled to a consistent network. Sections 3.2-3.5 summarize the 

main results of the four principal research topics, which are the chemical equilibrium and the intrinsic 

kinetics of reactions (N) and (O), respectively.  

3.1 Guide through the journal publications 

The conclusions derived from literature reviews, and the results of this thesis allow combination of 

the molten salt components and reactions to a consistent network of reaction steps. This network 

visualizes the relations and dependences of the reactions, and is sketched in figure 3.1. Starting from 

a mixture of solid sodium nitrate (60 wt.%) and potassium nitrate (40 wt.%), molten Solar Salt is 

formed by increasing the temperature above the melting range. The molten Salt is comprised of nitrate 

anions (NO��), and sodium and potassium cations (Na�, K�).  

         

Figure 3.1: Schema of composition changes and the thermal decomposition process of Solar Salt. The three 
decomposition steps are linked via the nitrite ions and oxide ions. The chemical equilibria (illustrated by the balance 
symbol) and reaction kinetics (snail symbol) of the first and second step are investigated in this thesis (papers I, II and 
III), and the numbers refer to the corresponding sections. The problematic decomposition products are marked with 
red circles and lightning symbols.  

The nitrate ions are converted to nitrite ions and oxygen gas in the first step reaction (N). The chemical 

equilibrium of this reaction is investigated in papers I and II in two temperature ranges (450-550 °C 
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and 560-630 °C, respectively). The results are summarized in the following section 3.2. The reaction 

kinetics of reaction (N) are focused in paper I, and reported in section 3.3. Reaction (N) is 

investigated in paper I independently from the other reactions, since those are negligible in the 

applied temperature range (450-550 °C).  

The nitrite ions that evolve from reaction (N) can decompose further to oxide ions and decomposition 

gases in reaction (O), which is the second step in figure 3.1. Many details of the oxide ion formation 

reaction in molten nitrate salts are lacking in the literature. The chemical equilibrium and the reaction 

kinetics are investigated separately in two papers in this thesis. Paper III (and section 3.4) addresses 

questions regarding the equilibrium compositions of molten Solar Salt including oxide ions, and the 

necessary gas atmosphere. The time dependence of the oxide formation (forward reaction (O)) is 

investigated and described in paper II, and in section 3.5.  

In the presence of carbon dioxide, the oxide ions react to carbonate ions in reaction (C). The results 

indicate that this reaction is fast compared to the other reactions of the network, and 

thermodynamically favored. Therefore, the reaction is approximated as a complete and instantaneous 

reaction in paper II. In papers I and III, the carbonate formation is excluded by the use of ��� free 

atmospheres. Detailed research on reaction (C) is not within the scope of this thesis since the 

formation of carbonates can be approximated reasonably.  

The most problematic decomposition products are oxide ions, nitrous gases, and carbonate ions, 

according to the state-of-knowledge. Those compounds are formed in the second and third step of the 

decomposition process shown in figure 3.1. However, the first step (reaction (N)) is equally 

important. It enables further decomposition by forming nitrite ions, and influences other reactions via 

salt composition changes. Therefore, detailed knowledge and an exact description of reaction (N) is 

acquired in papers I and II.  

3.2 Chemical equilibrium of the nitrite forming reaction (N) (Papers I and II) 

Chemical equilibrium requires that all compounds that participate in a regarded reaction can reach 

constant concentrations. In the case of reaction (N), the liquid-gas system must comprise nitrate ions 

and nitrite ions in the liquid phase, and oxygen molecules in the gas phase as well as in the liquid 

phase (in terms of dissolved oxygen). This situation including the relevant equilibrium constants � is 

sketched in figure 3.2. The reaction equilibrium in the liquid phase with the constant ����� (equation 

(34)), and the solubility equilibrium of oxygen with the constant �� (equation (33)) are merged to 

the overall equilibrium constant �(�) (equation (35)). Using �(�) is favorable, because it can be 
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calculated by experimentally accessible quantities, which are the nitrate and nitrite ion content in the 

liquid phase, �����,�� and �����,��, resp., and the partial pressure of oxygen ���,�� in the gas phase.  

�� = ���,�� ���,����⁄  (33) 

����� = �����,�� ∙ ���,���.� �����,���  (34) 

�(�) = ����� ���.�⁄ = �����,�� ∙ ����,���� ��.� �����,���  (35) 

Figure 3.2: Chemical equilibria related to reaction (N) in a liquid-gas system. Species in the molten salt are marked with 
(l) which refers to the liquid phase, and species in the atmosphere are marked with (g) for gas phase. The equilibrium 
constants are described in equations (33)-(35). A similar figure is included in paper I. 

The gas phase of the experiments in papers I and II is purged with synthetic air and ambient air, 

respectively, with the intention to assure constant oxygen partial pressure in all experiments. Nitrate 

ions are a major component of Solar Salt, and the nitrite ions form via reaction (N). Both ions are 

analyzed by ion chromatography (IC) in the experimental processes. Thus, all components of reaction 

(N) are comprised in the liquid-gas systems of papers I and II, and chemical equilibrium is 

achievable.  

The experimentally measured nitrate ions and the nitrite ion contents at chemical equilibrium at 

different temperatures are reported in papers I and II. Those ion contents are used to calculate the 

equilibrium constants �(�) of reaction (N) at the considered temperatures. The equilibrium constants 

are shown in the van’t Hoff plot in figure 3.3 together with results from the literature. The results of 

paper II are also included in figure 3.3, but should be considered with care, because full equilibrium 

of reaction (N) might be prevented by mass transport effects in the larger scale (~100 g) experiments. 

The results of papers I and II are in between the literature results for pure sodium salt and pure 

potassium salt, which is reasonable because Solar Salt (���.����.��) is a mixture of both. The 

literature results for mixtures of sodium salt and potassium salt are closer to the results of this thesis 

than the values for pure salts. Investigations including lower temperatures (533-866 K, Tracey et al. 
42, blue square symbols and purple solid line in figure 3.3) showed lower �(�) values than the fit line 

of higher temperature data points (500-600 °C, Nissen and Meeker 39, pink dashed fit line of the pink 

rhombus symbols) predicts. This effect is confirmed by the results of this thesis. The fit line of the 

high temperature results (black dotted line) overestimates the �(�) values measured at lower 

temperatures (unfilled circle symbols); or vice versa: the fit line of low temperature results (black 

dashed line) underestimates the �(�) values measured at higher temperatures (partly filled circle 

symbols). In other words, assuming that the nitrite concentrations at lower (≤550 °C) temperatures 

are correct, measurements at high temperatures reveal too high nitrite concentrations. Linearity over 



3.2 Chemical equilibrium of the nitrite forming reaction (N) (Papers I and II) 
 

26 
 

the entire temperature range would be expected according to reaction thermodynamic considerations. 

The deviations maybe arise from reactions that occur parallel to reaction (N), which could be more 

pronounced in the higher temperature range.  

 

Figure 3.3: Van’t Hoff plots of equilibrium constants of reaction (N) �(�) obtained in papers I, II and III, and from the 
references 39-44. Note that the constants are plotted on a logarithmic scale. (a) shows the overall diagram, and (b) and 
(c) are enlargements of (a).  

The enthalpies and entropies of reaction (N) (Δ(�)� and Δ(�)�, resp.) resulting from this thesis, and 

from the literature references are listed in table 3.1. The reaction enthalpies and entropies of papers 

I and II agree with each other considering the uncertainties. Both also agree with the values from 

Barin 44 and Nissen and Meeker 39. Differences to the remaining references are ascribed to diverging 

cation compositions and temperature ranges, as described in the above paragraph along with the 

discussion of figure 3.3.  

Table 3.1: Thermodynamic parameters of reaction (N) regarding the chemical equilibrium. The reaction enthalpies Δ(�)� and entropies Δ(�)� of papers I and II, and appropriate references are collected. An extended version of this 
table can be found in paper I.  

Reference Cations �(�)�/�� ∙ ����� �(�)�/� ∙ ����� ∙ ��� 
    

Paper I Na0.65K0.35 97 ± 9 85 ± 12 
Paper II Na0.65K0.35 95 ± 4 86 ± 5 
Freeman 40  Na 101 ± 5 101 ± 5 

Freeman 41  K 139 ± 6 129 ± 6 

Barin 44  Na 97.5 87.4 

Bartholomew 43  K 117 ± 4 103 ± 5 
Tracey et al.42  Closed system Na0.65K0.35 115.5 105.9 

Purged system 117 ± 3 109 ± 4 

Nissen and Meeker 39  Na0.5K0.5 95 ± 3 84 ± 3 
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3.3 Intrinsic kinetics of the nitrite forming reaction (N) (Paper I) 

The time dependence of the nitrite and nitrate formation in Solar Salt is investigated and described 

by means of reaction kinetics. The thermogravimetric analysis (TGA) experiments presented in 

paper I trace the formation of nitrite ions over time at five temperatures. The results are shown in the 

diagram in figure 3.4 in terms of the nitrite concentration ����� over time. The reaction is fast in the 

beginning when the molten Solar Salt is mostly undecomposed, meaning that a relatively high amount 

of nitrite ions is formed per time step, and the curve is steep. When nitrite ions accumulate in the 

molten salt, the observable reaction becomes slower. On a microscopic level, the rate of the nitrite 

formation reaction remains constant, but the reverse reaction that forms nitrate ions intensifies until 

it is equally frequent, and chemical equilibrium is obtained. The finally obtained equilibrium 

concentration of nitrite is described and discussed in the previous section 3.2. The experiments show 

faster nitrite formation with increasing temperatures. This relation is in agreement with the reaction 

kinetics theory (see section 2.2) saying that the ratio of nitrate ions with sufficient energy to overcome 

the energy threshold of the reaction (activation energy) increases with temperature.  

 
Figure 3.4: Thermogravimetric analysis (TGA) results of paper I. The nitrite concentration ����� in molten Solar Salt is 
plotted over time. The temperatures represent the experiment temperature. The horizontal lines illustrate the chemical 
equilibrium at the respective temperatures. A similar figure is presented in paper I. 

For a quantitative description of the reaction kinetics, a differential rate law is developed. The type 

of rate law is based on literature findings, and focusses on the nitrite formation (forward reaction) 

with the intention to precisely describe the decomposition process. The derived rate law (equation 

(36a)) expresses changes in the amount of nitrite ����� over time � by two terms. The first term with 

a positive sign belongs to the forward reaction (N) (nitrite formation), which increases the amount of 

nitrite, and is characterized by the forward rate constant ��,(�). The second term with a negative sign 

belongs to the reverse reaction (N) (nitrate formation), which consumes nitrite ions and therefore 
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decreases the amount of nitrite, and is characterized by the reverse rate constant ��,(�). Depending on 

the actual salt concentration, one or the other term predominates, and causes an overall increase or 

decrease of nitrite ions. For the presented experiments, the nitrite concentration is small at the 

beginning (����� ≈ 0, undecomposed Solar Salt), which makes the second term in equation (36a) 

small compared to the first term. Accordingly, an overall formation of nitrite ions is described by 

equation (36a), and also observed in the experiments. In equation (36b), the rate constants of equation 

(36a) are replaced by the Arrhenius expressions (equation (23)), which reveals the temperature 

dependence of the reaction kinetics.  

�������� = ��,(�) ∙ �����— ��,(�) ∙ ���������.� (36a) �������� = ��,(�) ∙ ����−��,�,(�) ��⁄ � ∙ �����— ��,(�) ∙ ����−��,�,(�) ��⁄ � ∙ ���������.� (36b) 
 

The experimental results (figure 3.4) are fitted according to the derived differential rate law (equation 

(36a)). The fit results combined with the existing equilibrium description of reaction (N) allow 

calculation of the rate constants ��,(�) and ��,(�). The experiments are made at five different 

temperatures, and consequently, ��,(�) and ��,(�) are determined for five temperatures. The 

temperature dependence of the rate constants is evaluated by means of the Arrhenius diagrams in 

figure 3.5, which plot the logarithmic rate constants versus the inverse temperature. ��,(�) and ��,(�) 
increase with increasing temperature, as discussed earlier. The rate constants measured in paper I are 

higher than the literature values. The applied TGA method was developed with the intention to 

exclude mass transport limitations, and therefore thin salt samples (<1 mm) are investigated. 

Probably, diffusion of oxygen through the molten salt is included in the kinetics description of some 

literature references. The published values then describe reaction macrokinetics, which is a 

combination of the intrinsic reaction kinetics and mass transport effects, and are valid for the 

particular sample geometry and experiment conditions.  
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Figure 3.5: Arrhenius diagrams of the reaction rate constants of reaction (N), determined in paper I. The forward rate 
constants ��,(�) are plotted in (a), and the reverse rate constants ��,(�) are plotted in (b). The numbers is brackets refer 
to the literature that is consulted for comparison. The figures are taken from paper I. 

The activation energies ��,�,(�) and ��,�,(�) and pre-exponential factors ��,(�) and ��,(�) for both 

forward (reduction) and reverse (oxidation) reaction are extracted from the linear fit (black dotted 

lines in figure 3.5), according to the Arrhenius equation (23). The results are listed in table 3.2 

together with literature values. The activation energy for the reverse reaction ��,�,(�) found in this 

thesis agrees with the results of Nissen and Meeker 39. However, comparability of the results is limited 

due to different experimental set-ups, and varying differential rate laws. The parameters of table 3.2 

can be inserted in equation (36b) to obtain a temperature independent model equation for the 

reversible kinetics of reaction (N).  

Table 3.2: Parameters of the intrinsic kinetics of reaction (N) in molten nitrate salts. An extended version of this table 
can be found in paper I.  

Reference Cations ��,�,(�)/kJ·mol-1 ��,(�)/s-1 ��,�,(�)/kJ·mol-1 ��,(�)/s-1 
      

Paper I Na0.65K0.35 212 ± 11 694546727 ± 6 115 ± 11 25770 ± 6 

Freeman 40 Na 185 ± 2 5104230 ± 11 84 ± 5 27 ± 1 

Freeman 41 K 274 3.16E+10 144 3801.90 

Bond and Jacobs 45 Na 169 0.122   

Paniccia and Zambonin 46 Na0.50K0.50   98 ± 2 29 ± 2 

Nissen and Meeker 39 Na0.50K0.50   115 ± 7 6376 ± 3 
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3.4 Chemical equilibrium of the oxide forming reaction (O) (Paper III) 

The literature on molten nitrate salts indicates that the formation of oxide ions is accompanied by the 

evolution of reaction gases (see section 1.3). Most frequently, the nitrous gases �� and ���, �� and  �� are observed or postulated. The oxide formation is expected to be a reversible reaction that ceases 

at chemical equilibrium, but no experimental confirmation could be found. Those findings are 

summarized to reaction (O) where the particular reaction gases are replaced by ′����′ due to lacking 

results on the exact types and stoichiometry or the gases.  

According to the state-of-knowledge, experimental demonstration of a chemical equilibrium with 

oxide ions in molten nitrate salt should be possible under specific atmospheric conditions. The 

experiments in paper III are designed with the intention to create a liquid-gas system, which contains 

all species that are relevant for the reaction (O). More precisely, the aim is to provide a gas phase that 

comprises the reaction gases (represented by ′����′ in reaction (O)). The gas volume of the 

experimental set-up is purged with a gas mixture of ��, �� and ��. The formation of ��� according 

to reaction (G) is fast according to the references 57-59, and therefore the presence of ��� in the purge 

gas is reasonably assumed. ���� and ��� are formed in the liquid phase by the chemical reactions 

(N) and (O). The liquid-gas system thus comprises all ions and gases that are discussed to participate 

in reaction (O), which enables chemical equilibrium.  

The experimental results gained at two temperatures are shown in terms of the oxide ion content ���� 

over time in figure 3.6 for 600 °C and 620 °C. Blank experiments, which are purged with synthetic 

air (but without the nitrous gases �� and ���), are included in the diagrams for both temperatures. 

Nitrous gases are considered as products of reaction (O). Therefore, a steady removal of nitrous gases 

by the synthetic air gas flow in the blank experiments pushes reaction (O) constantly in the forward 

direction, which means a release of nitrous gases and the formation of oxide ions. In agreement with 

this theoretical consideration, both blank experiments (square symbols in figure 3.6) show a steady 

increase of the oxide ion content over the course of the experiments. Less oxide ions are formed in 

the experiments with ��� in the purge gas, compared to the blank experiments without ��� purge. 

In addition, the oxide content seems to stabilize at a certain level, which is not the case in the blank 

experiments. The presented curves demonstrate the stabilizing effect of ��� addition to the purge 

gas. Obviously, the purge mixture of ��, ��, �� and ��� indeed comprises the gases that are relevant 

in reaction (O), and no by-product of the oxide formation is missing in the liquid-gas system. The 

reaction ceases when the equilibrium composition in terms of a particular nitrite and oxide content is 

reached.  
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Figure 3.6: Effect of ���  in the purge gas on the oxide content in Solar Salt. At two temperatures, a blank experiment 
with synthetic air purge, and experiments with different concentrations of nitrous gases are presented. The lines serve 
as a guide for the eye. The figures in extended versions are included in paper III. 

Comparing the steady oxide levels towards the end of the experiments reveals general trends. First, 

with increasing temperature, the oxide content increases at a given ��� pressure. For 200 ppm ���, 

the oxide content stabilizes at ~ 0.5E-4 mol∙mol-1 at 600 °C, and at 5.5E-4 mol∙mol-1 at 620 °C. This 

relation agrees with the thermodynamics of an endothermic reaction predicting increasing contents 

of reaction product with increasing temperature. Second, increasing the ��� pressure decreases the 

oxide content at constant temperature, which is shown by the curves in figure 3.6 for the temperature 

620 °C. This observation follows the law of mass action of reaction (O) indicating that chemical 

equilibrium can be preserved when the content of one reaction product (in this case the oxide content) 

increases, while the content of another product (in this case the ��� pressure) decreases.  

A precise reaction equation for the oxide formation instead of the general reaction (O) is required for 

the prediction of equilibrium salt compositions at varying temperatures and atmospheric conditions. 

The reaction equations available in the literature differ in the stoichiometric ratio ��� ����⁄ , which 

expresses the amount of nitrogen molecules that are formed per oxide ion. Examples of reaction 

equations with stoichiometric ratios ��� ����⁄  of 0, 0.5 and 1 are taken from the literature, and listed 

in table 3.3. The stoichiometric ratio of ��, ��� and �� in those reaction equations is not relevant 

for equilibrium calculations, because the gas phase equilibrium of these three gases is sufficiently 

described by the thermodynamics of reaction (G), and gas phase equilibrium is assumed.  
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Table 3.3: Reaction equations proposed in the literature for oxide ion formation. The reactions differ in the 
stoichiometric ratio ��� ����⁄ , and are combined with reactions (N) and (G) (in grey) to model the chemical equilibrium 
of the entire liquid-gas system. A similar table is included in paper III. ��� ����⁄ =  Reaction equation   References 
     �  2 ���� ⇌ ��� + ��� + ��   20,35-37,48-53 �. �  2 ���� ⇌ ��� + �� + �� + �. � ��   34 �  2 ���� ⇌ ��� + �� + 1.5 ��   48,51,52 
 +    

 2 ���� ⇌ 2 ���� + �� (N)   

 +    

 �� + 0.5 �� ⇌ ��� (G)   

 

In addition to one of the oxide forming reactions, reactions (N) and (G) also have to be considered to 

describe the equilibrium state of the entire liquid-gas system, see table 3.3. Overall, thermodynamic 

data (enthalpies and entropies of formation) of the pure substances, and the laws of mass action of 

the reactions (N), (O) and (G) are combined. This procedure enables calculation of the equilibrium 

oxide contents (and also nitrate and nitrite contents) at different temperatures, ��� pressures, and 

stoichiometric ratios ��� ����⁄ . Details of the calculations e.g. selection of the applied data and 

assumptions can be found in paper III. The calculated oxide contents are shown in figure 3.7 for the 

conditions that are applied in the experiments, e.g. 600 and 620 °C, 0.8 bar �� and 0.2 bar ��. The 

diagrams allow comparison of calculated equilibrium oxide contents (striped columns) and 

experimentally measured equilibrium oxide contents (grey columns). The calculations based on 

reactions with stoichiometric ratio ��� ����⁄  of 0 differ notably from the experimental results. 

Although reaction equations without �� formation are predominantly reported in the literature, the 

results gained in this thesis indicate that these reactions are not suitable to describe the reaction 

equilibrium of the oxide formation in Solar Salt. For all parameter combinations, the experimental 

results are in between the calculations with stoichiometric ratios ��� ����⁄  of 0.5 and 1. The reaction 

with ��� ����⁄  equal 1 can be excluded, because it predicts the existence of chemical equilibrium 

with oxide ions under nitrogen-oxygen atmospheres (without nitrous gases), which was never 

observed in experiments. Based on the results of this thesis, an appropriate reaction equation for the 

oxide formation in Solar Salt with a stoichiometric ratio ��� ����⁄  between 0.5 and 1 is recommended. 

For example, equation (37) with ��� ����⁄  equal 0.75 is proposed.  

2 ���� ⇌ ��� + 0.5 �� + 1.25 �� + 0.75 �� (37) 
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Figure 3.7: Calculated and experimental equilibrium oxide contents in Solar Salt. The calculated results depend on the 
chosen stoichiometric ratio ��� ����⁄ , on the temperature (600 °C for the left diagram, and 620 °C for the right diagram), 
and on the ���  partial pressure ���� . The experimental results (grey columns) are obtained under the corresponding 
experiment conditions. The figures can also be found in paper III.  

3.5 Intrinsic kinetics of the oxide forming reaction (O) (Paper II) 

Paper II focuses on the time dependence of the oxide ion formation in Solar Salt. In a series of 

experiments, salt composition changes are monitored over time at temperatures between 560 and 

630 °C, which is the temperature range of interest for future molten salt energy storage technologies. 

The experiment durations are chosen with respect to two major experimental constrains. First, the 

applied furnace method requires heating and cooling times of ~30 min each. The isothermal 

segments, which are considered for kinetics evaluation, are chosen ≥2 h to minimize the contribution 

of the heating and cooling periods to the overall measured composition changes. Second, the content 

of reaction products increases with time. Exceeding the solubility limit of the reaction products causes 

the formation of solid precipitates. Experiment durations ≤5 h are chosen to avoid inhomogeneities 

in the salt samples, and erroneous analysis results.  

The experiments are performed with ambient air purge, which contains carbon dioxide (~400 ppm), 

and allows reaction (C) to follow on reaction (O). Indeed, carbonate ions are measured in the salt 

samples, whereas no oxide ions are found. This observation corresponds to a fast successiveness of 

reactions (O) and (C), see figure 3.1. It is also reported in the literature that reaction (C) is fast, 

compared to reaction (O). According to the rate determining step approximation (see section 2.2), the 

faster step of a sequence can be neglected for kinetics considerations, and therefore the oxide content 

(shown in figure 3.8) is recalculated from the carbonate content.  
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The nitrate and nitrite contents measured in the experiments are evaluated with regard to the chemical 

equilibrium of reaction (N), which is presented in section 3.2.  

The oxide content ���� (� = ��, �) over time is plotted in figure 3.8. The experimental results 

reveal that the oxide content increases with time. According to reaction (O) and the results of section 

3.4, nitrous gases evolve simultaneously to the oxide formation. Those gaseous by-products are 

steadily removed from the gas phase by the air purge, which drives the reaction in the forward 

direction. Under these atmospheric conditions, reaction (O) can be considered an irreversible reaction 

that forms oxide ions over the entire experiment durations.  

        
Figure 3.8: Oxide contents in Solar Salt after 2-5 h at temperatures up to 630 °C. Thermal treatment of Solar Salt in air 
atmosphere provokes chemical reactions that form oxide ions and carbonate ions. Each point represents one individual 
experiment. This figure is published in paper II.  

The grey shaded area in figure 3.8 shows the oxide contents that have accumulated in the molten salt 

after 2 h at different temperatures. It reveals that the oxide content increases with increasing 

temperature. The sample stored at 560 °C contains 0.002 mol·mol-1 oxide ions, whereas 

0.012 mol·mol-1 are formed at 630 °C. This increase is related to the kinetics theory. The fraction of 

reactant particles that are able to overcome the reaction energy barrier increases with temperature.  

A kinetic rate law is formulated for a quantitative description of the reaction kinetics in terms of a 

mathematical equation. The literature indicates that the oxide formation in nitrate-nitrite salts is first 

order with respect to nitrite ions, meaning that the rate determining step is the decay of nitrite ions. 

Accordingly, the rate law expressed in equation (38) can be assumed. It describes changes in the 

oxide concentration ���� over time in terms to the rate constant �(�) and the actual nitrite 

concentration �����.  
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�(�) = ����� ��⁄ = �(�) ∙ ����� (38) 
 

Rate constants �(�) at eight temperatures are obtained by fitting the experimental results at the 

respective temperature according to the rate law equation (38). The fitting process in detail is 

described in paper II. The temperature dependence of �(�) is accessed by plotting the constants in 

the Arrhenius diagram in figure 3.9. It illustrates that �(�) increases with increasing temperature, as 

discussed qualitatively above. The linear fit of the rate constants according to the Arrhenius equation 

(23) reveals the kinetics parameters, which are the activation energy ��,(�) of 42 ± 3 kJ·mol-1, and 

the pre-exponential factor �(�) of 0.003 ± 0.001 s-1. The obtained parameters are combined with 

equations (23) and (38) to finally present the ‘ready-for-use’ equation (39).  

       
Figure 3.9: Rate constants of reaction (O) in Solar Salt shown in an Arrhenius plot. Each symbol corresponds to the rate 
constant at the respective temperature. The symbol shapes of this figure and figure 3.8 agree. The slope and intercept 
of the linear fit are transformed to the activation energy ��,(�), and the pre-exponential factor �(�) according to 
equation (23). This figure is published in paper II. 

�(�) = ����� ��⁄ = 0.003 ± 0.001 ��� ∙ ���(−42 ± 3 kJ ⋅ ����� ��⁄ ) ∙ ����� (39) 
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4 Comprehensive conclusions of papers I, II and III 

The investigations presented in this thesis provide new insights regarding the methodology, and 

extend the state-of-knowledge of the reaction chemistry in Solar Salt. The results are appreciable in 

several application fields, and concern existing and future molten nitrate salt heat storage and heat 

transfer technologies. Conclusions with regard to those points are made in the following paragraphs. 

Methodology to examine nitrate salt reactions 

The difference between micro- and macrokinetiks has to be considered while selecting an experiment 

methodology. The chemical reactions addressed in this thesis all comprise gaseous reaction products, 

which are soluble in the liquid phase only to some extent, and primarily exist in the gas phase. 

Accordingly, mass transport of dissolved gases through the phases, and through the liquid-gas 

interface can affect the macroscopically observable reaction kinetics. To measure the intrinsic kinetics 

(microkinetics), mass transport limitations have to be negligible in the chosen sample quantities and 

geometries. For this reason, thin films of salt are used for intrinsic kinetics investigations in this thesis, 

and are recommended for similar investigations. Exclusion of mass transport limitations is not only 

favorable for intrinsic kinetics investigations, but can also be advantageous for measurements of 

reaction equilibria. Diffusion of reactants might be slow, so that the equilibrium composition may not 

be obtained within the experiment duration. The equilibrium results of larger scale experiments 

should be evaluated with regard to mass transport limitations.  

Thermogravimetric analysis experiments reveal a significant vapor pressure of Solar Salt, which is 

challenging in a practical sense for the experiment set-up, and also for data evaluation. Salt 

evaporation and precipitation in cooler areas of the apparatus should be taken in consideration. Mass 

changes of the salt sample can be ascribed to, first, salt evaporation, which is mostly unintended but 

difficult to avoid, and second, release or uptake of reaction gases, which correlate with the reaction 

progress of interest. Separating those two effects that can occur simultaneously is crucial to gain 

reliable reaction results. For large-scale application of Solar Salt, salt evaporation is considered less 

critical than during laboratory testing due to the smaller surface-to-volume ratio.  

The atmosphere in contact with molten Solar Salt greatly influences the reactions in the liquid phase. 

In most published investigations, the gas phase is composed of nitrogen gas and oxygen gas. The 

results of this thesis emphasize that the presence of carbon dioxide and nitrous gases in the 

atmosphere is highly relevant as well. Carbon dioxide enables the formation of carbonates in the 

molten salt, which precipitate to carbonate rich solid phases, if the solubility limit is exceeded. 
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Analyzing inhomogeneous salt samples is sensitive to errors, and should be avoided by using carbon 

dioxide free atmospheres. Otherwise, experiment durations have to be restricted to keep the carbonate 

concentration below the solubility limit.  

Some decomposition reactions in Solar Salt are vanishingly weak and slow at low temperatures, but 

become significant at higher temperatures. Those high temperature reactions such as the oxide ion 

formation can be neglected at low temperatures. At high temperatures, several reactions occur in 

parallel in Solar Salt. Under certain conditions, instantaneous equilibrium can be assumed for 

reactions with relatively fast reaction kinetics, e.g. for the nitrate-nitrite reaction at high temperatures. 

In general, appropriate selection of the experiment temperatures allows assumptions regarding the 

relevant reactions, reaction kinetics and equilibria.  

Reaction chemistry of nitrate salt reactions 

The decomposition reactions in Solar Salt are combined to a comprehensive network of three 

chemical reactions in this thesis. Nitrate ions react to nitrite ions in reaction (N). Reaction (O) 

describes the decomposition of nitrite ions to oxide ions. In the presence of carbon dioxide, oxide 

ions react to carbonate ions in reaction (C). On an intrinsic level, this network suitably represents the 

chemistry of Solar Salt for the molten salt technology. Dispensable information such as the detailed 

reaction mechanisms are not included to keep the reaction network simple and effective. The model 

description contains the relevant steps of the decomposition process as well as the verified 

decomposition products, which makes it appropriate and adequate for the prediction of Solar Salt 

stability without mass transport limitations. Depending on the experimental and application 

conditions, the network can be further simplified. For example, reaction (C) can be neglected in the 

absence of carbon dioxide, and reaction (N) can be approximated with chemical equilibrium at high 

temperatures due to comparably fast reaction kinetics.  

The ratio of nitrite ions to nitrate ions is defined by the chemical equilibrium of reaction (N). The 

ratio increases with increasing temperature, and with decreasing oxygen partial pressure. To maintain 

Solar Salt close to its native (undecomposed) composition, low temperatures and high oxygen partial 

pressures are favorable. The equilibrium of reaction (N) is described in a model description in terms 

of the law of mass action and the equilibrium constants, which can be applied for predictions of 

equilibrium compositions of nitrate ions and nitrite ions in Solar Salt. The thermodynamic reaction 

parameters (reaction enthalpy and reaction entropy) vary over the investigated temperature range, 

probably due to minor parallel reactions. Using the parameters that are determined for the regarded 

temperature range is advisable.  
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The intrinsic kinetics of reaction (N) are relevant for the entire decomposition process, because this 

reaction is considered the first step in the reaction network. Quantitative experimental data confirm 

that the nitrite formation becomes faster with increasing temperatures. The model description 

comprises terms for the forward and reverse reaction, which entails several advantages. Reaction 

kinetics and the chemical equilibrium are both covered by this combined description. The kinetic rate 

constants are directly included, and the equilibrium constant of reaction (N) is indirectly included. 

The model description is applicable to Solar Salt irrespective of the decomposition level, and 

regardless of whether the forward or reverse reaction predominates macroscopically. The kinetic 

parameters are most precise in the investigated temperature range (450-550 °C). Extrapolation to 

lower or higher temperatures is possible, but probably increases the uncertainties.  

The oxide content in molten Solar Salt continuously increases over time in synthetic air atmosphere. 

Addition of nitrous gases to the atmosphere significantly reduces the oxide content, and keeps it at a 

constant level. Liquid-gas systems with nitrate, nitrite and oxide ions, and nitrogen, oxygen and 

nitrous gases are found to fulfill the equilibrium requirements of reaction (O). To maintain a low 

oxide level, an increasing partial pressure of nitrous oxides is needed with increasing temperatures. 

The quantitative experiment results at 600 and 620 °C serve as reference points for the selection of 

the appropriate atmosphere condition for Solar Salt under varying conditions. For a model description 

of Solar Salt, oxide ions included, and the connected gas phase, all relevant reactions must be 

considered. Those reactions are the reversible nitrate-nitrite reaction (N), the gas phase reaction (G) 

of the nitrous gases, and an oxide forming reaction (O). Based on the results of this thesis, oxide 

forming reactions that state between 0.5 and 1 equivalents nitrogen gas per oxide ion are 

recommended. Reaction equations with those stoichiometries lead to the best agreements of 

thermodynamic calculations and experimental results. Therefore, it is reasonable to assume that 

nitrogen is formed together with oxide ions, or, that nitrogen plays a role in the oxide formation 

reaction mechanism.  

The intrinsic kinetics of the oxide formation is found to accelerate with temperature. The 

experiment results are satisfyingly described with a differential rate law, which is first order with 

respect to nitrite. Consequently, the rate determining step in reaction (O) is assumed to be a decay of 

nitrite ions. The resulting model description, and the associated kinetics parameters are relevant in a 

technological sense, because oxide ions are regarded as primarily responsible for steel corrosion in 

Solar Salt. Also, the release of nitrous gases is undesired. The model description for the oxide 

formation kinetics is suitable for combination with descriptions of further reactions.  
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Relevance for research and technology 

The results of this thesis serve as a basis for future research. The investigated reactions are 

fundamental for all processes in molten nitrate salts and remain relevant, e.g. if further high 

temperature reactions are revealed. Moreover, extended knowledge about the reaction chemistry and 

its model description affect scientific fields apart from the pure reaction chemistry, such as corrosion 

processes, changing material properties and gas solubility.  

The developed network of decomposition reactions and the corresponding model descriptions enable 

prediction and specific manipulation of the Solar Salt chemistry for technological applications. For 

large-scale molten salt systems, the reaction chemistry description can be combined with existing 

models for e.g. mass transport and fluid flow to integrate the relevant characteristics of the system. 

Such a multi-phenomenon-model can be applied to prolong the lifetime of Solar Salt material in state-

of-the art heat storage systems. The model helps to adjust the operating conditions including 

temperature profiles and atmosphere compositions with the intention to ensure material stability. For 

example, it can predict the amount of stabilizing gases that needs to be added to the atmosphere to 

restrict the accumulation of corrosive oxide ions and the evolution of toxic nitrous gases to acceptable 

levels. For the next generation of heat storage systems, the model supports the increase of the 

maximum operating temperature, which finally increases the performance of the energy storage unit. 

It is mandatory to estimate and compare the potential of stabilizing measures such as regeneration of 

salt and temperature limits in specific zones of the molten salt loop. For example, the decomposition 

to oxide ions can occur at the heat sources in the molten salt system (e.g. solar receiver). The kinetic 

description of the oxide formation developed in this thesis can give guidance to design parameters 

such as hold-up times, and surface temperatures of hot heat source parts.  

The results of this thesis constitute a significant progress in the field of Solar Salt energy storage. 

Economic and ecological benefits are expected when the storage material remains stable for a longer 

time period. Decisions regarding the developments of the storage technology are facilitated by 

nuanced stability predictions and recommendations. The competitiveness of Solar Salt energy storage 

with increased material stability can be compared to other energy storage technologies. Finally, 

knowledge about the changing salt composition is crucial to select appropriate materials that are in 

contact with the molten salt, such as steels.  
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5 Summary 

The socially and politically intended transition to renewable energy sources that fluctuate over time 

entails a growing demand of energy storage options. Thermal energy storage with the storage material 

Solar Salt (a mixture of sodium nitrate and potassium nitrate) is currently implemented in 

concentrating solar power plants to store the heat generated from the solar radiation. The existing 

storage systems with a maximum storage temperature of 565 °C have proven technological 

feasibility. At the time of writing, operation experience is collected over some years for large-scale 

systems. A development of the technology towards higher temperatures is intended for the following 

reasons. Increasing the maximum temperature while retaining the minimum temperature broadens 

the usable temperature range, and improves the storage capacity. Hence, more energy can be stored 

in the same amount of storage material, and capital costs of the storage unit are reduced. Additionally, 

the conversion of thermal to electrical energy via steam turbines becomes more efficient with 

increasing temperature. Besides, research that enables a temperature increase likewise allows 

prolonged lifetime at the state-of-the-art temperature. Those three aspects induce the development 
of molten salt heat storage towards increased temperatures. However, maintaining the material 

stability is challenging when the temperature is raised. Thermal decomposition intensifies and 

becomes faster, leading to higher amounts and concentrations of decomposition products. Those 

products comprise corrosive ions in the molten salt, and toxic gases released to the atmosphere. 

Knowledge about the decomposition process of Solar Salt is required to maintain material stability at 

increased molten salt temperatures, and finally contributes to safe, sustainable, economic and long 

lasting heat storage systems.  

The decomposition process of molten nitrate salts comprises several chemical reactions. It is well 

accepted that the nitrate ion decomposes to nitrite ions and oxygen gas. This reaction is known to 

obtain chemical equilibrium when the connected gas atmosphere contains oxygen gas. The 

thermodynamics of the reaction are sparsely published for Solar Salt. The intrinsic kinetics of the 

reversible nitrite forming reaction are not described in the literature. The formation of oxide ions is 

described in differing reaction equations. However, reversibility of those reactions, and chemical 

equilibrium of molten nitrate salt containing oxide ions has not been proven. Experimental studies in 

the literature concluded that oxide ions amplify corrosion of steel that is in contact with molten salt, 

which entail technical risks.  

This thesis aims to create a consistent model for the decomposition process on a reaction level. The 

relevant reactions are investigated regarding temperature, atmosphere and time dependence. The 

results are condensed to model descriptions that can be combined with each other, and also to 
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macroscopic physical-chemical phenomena that are beyond the scope of this thesis. Emphasis is put 

on elementary parts of the decomposition reactions that are lacking or little reported in the literature, 

or showed contradicting results. In particular, the contributions of the presented thesis are:  

 Thermodynamic equilibrium data of the nitrite forming reaction up to 630 °C is generated by 

evaluation of experiments.  

 A consistent intrinsic kinetics description of the reversible reaction from nitrate ions to nitrite 

ions is presented.  

 The chemical equilibrium with oxide ions is proven experimentally, and an appropriate 

reaction equation is identified.  

 The intrinsic kinetics of the oxide formation is characterized based on quantitative 

experimental data.  

Two fields of chemistry are fundamental for this thesis, which are the thermodynamics and the 

reaction kinetics. The thermodynamics allow for the description of the equilibrium composition of 

the molten salt system including the gas atmosphere at a certain temperature and pressure. In this 

state, the Gibbs free energy of the system is minimized, the compositions of both liquid phase and 

gas phase are constant, and no chemical reaction is observed macroscopically. The equilibrium 

composition can be calculated when the relevant chemical reactions and the thermodynamic data of 

the pure substances in the regarded state of matter are known. The reaction kinetics focus on the 

time dependence of the reaction progress. The reaction rate is described in terms of the collision 

frequency of the reacting particles, and in terms of the reaction probability. The mathematical 

description of the reaction rate in liquid phases is usually referred to as the differential rate law. To 

measure the intrinsic kinetics of a reaction, mass transport limitations must be excluded in the applied 

experimental set-up.  

The experimental methods applied in this thesis mainly differ in scale. When the focus is on intrinsic 

reaction kinetics, thin films of molten salt are investigated to minimize mass transport effects. The 

chemical equilibrium with oxide ions is investigated in a larger scale (~100 g) set-up, which allows 

precise gas purge, and the extraction of several salt samples to track the salt composition changes 

over time. Subsequent to three methods to carry out experiments at elevated temperatures, two 

methods namely ion chromatography and acid-base-titration are used to analyze the salt composition 

with regard to nitrate ions, nitrite ions, and oxide ions after experiments. 

The results of this thesis and literature findings are assembled to a reaction network that includes 

the relevant reactions and products of thermal decomposition of Solar Salt. Undecomposed Solar Salt 
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is comprised of nitrate anions, and sodium and potassium cations. The first step is the formation of 

nitrite ions. The second step is the reaction of nitrite ions to oxide ions, and the third step is the 

reaction of oxide ions to carbonate ions. The carbonate formation (third step) is fast compared to the 

oxide formation, and therefore can be assumed instantaneous for kinetics considerations. In the 

absence of carbon dioxide, the carbonate formation can be excluded.  

The thermogravimetric analysis experiments showed that the chemical equilibrium of the nitrite 
forming reaction is shifted towards higher nitrite contents with increasing temperature, which is in 

agreement with the endothermic reaction thermodynamics. The reaction parameters (enthalpy and 

entropy of reaction) are determined, and amount to 97 ± 9 kJ∙mol-1 and 85 ± 12 J∙mol-1∙K-1 in the 

lower temperature range (450-550 °C), and 95 ± 4 kJ∙mol-1 and 86 ± 5 J∙mol-1∙K-1 in the higher 

temperature range (560-630 °C), respectively.  

The time dependent formation of nitrite ions is investigated at 450-550 °C in synthetic air 

atmosphere, and the reaction rate is found to increase with rising temperature. To quantify the reaction 

kinetics, the experiment curves are fitted according to a differential rate law that focuses on a precise 

description of the forward (nitrite forming) reaction. The resulting activation energies for the forward 

and reverse reaction amount to 212 ± 11 kJ∙mol-1 and 115 ± 11 kJ∙mol-1, respectively. The obtained 

model description for the intrinsic kinetics of the nitrite forming reaction comprises the dependency 

on the oxygen partial pressure, and also indirectly includes the thermodynamics in terms of the 

temperature dependent reaction equilibrium.  

Salt aging experiments with synthetic air purge are compared to similar experiments with addition of 

nitrous gases (in particular nitrogen monoxide) to the purge gas at 600 and 620 °C. The nitrous gases 

have a remarkable stabilizing effect on the molten Solar Salt, and affect the decomposition to oxide 

ions. The oxide level remains stable over the experiment duration with nitrous gases, whereas a steady 

accumulation of oxide ions is observed under synthetic air atmosphere. An increasing pressure of 

nitrous gases reduces the oxide level. With increasing temperature, the oxide level increases at a given 

pressure of nitrous gases. The presented experiments are the first experimental prove of oxide content 
stabilization in Solar Salt by a defined gas atmosphere. The results are promising for the applicability 

of Solar Salt at temperatures above the state-of-the-art (>565 °C), because the content of corrosive 

oxide ions was lowered consciously. The equilibrium oxide content was not only measured in 

experiments, but also calculated based on thermodynamic data and several proposed reaction 

equations. The stoichiometric amount of nitrogen gas coupled with the oxide ion formation affects 

the predicted equilibrium oxide content. For reaction equations that describe the evolution of 0.5 

equivalents nitrogen gas per oxide ion, the oxide content is higher and closer to the experiments than 
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the calculation results for reaction equations without evolution of nitrogen gas. Formation of 1 

equivalent nitrogen gas per oxide ion can be excluded for logical reasons. Best agreement of 

calculations and experiments was found for reaction equations that include between 0.5 and 1 

equivalent nitrogen gas per oxide ion.  

The intrinsic kinetics of the oxide ion formation are investigated in the range 560-630 °C. The 

reverse reaction is excluded by purging the atmosphere with air, thereby removing some of the 

gaseous reaction products (presumably nitrous gases) to focus on the forward reaction. Quantitative 

experimental data reveals the increase of the formation rate with increasing temperature. A rate law 

that assumes a decay of nitrite ions as the rate determining step is applied for fitting of the 

experimental data. The intrinsic kinetics of the oxide formation are characterized by kinetics 

parameters, which are the activation energy of 42 ± 3 kJ∙mol-1, and a pre-exponential factor of 

0.003 ± 0.001 s-1.  

The model descriptions gained in each part of this thesis pertain to particular steps in the 

decomposition process, and can be combined and adapted to the conditions (temperature, atmosphere, 

degree of decomposition) of a specific Solar Salt system. As a whole, quantification and prediction 

of the thermal decomposition on an intrinsic level is possible. The reaction model is universally 

usable, and allows integration of existing models that describe other phenomena, e.g. fluid flow, heat 

transfer and mass transport in molten salt, and in the gas phase. The extended state-of-knowledge 

constitutes a significant progress for the technological application of Solar Salt in heat storage and 

heat transfer systems. It provides necessary data and parameters to estimate the stabilizing effect of 

different gas phases at elevated temperatures, and to quantify the reduction of decomposition 

products. The work presented manifests that the maximum operation temperature of Solar Salt can 

be increased significantly above 565 °C when decomposition reactions are suppressed using nitrous 

gases. Steel materials in the molten salt loop, and measures against decomposition can be selected to 

unite a temperature increase above the state-of-the-art temperature, and long term stability of the 

materials. From an overall perspective, this thesis contributes to a future efficient, economic, safe and 

long lasting operation of thermal energy storage based on molten nitrate salts.  
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A B S T R A C T

Latest development in the concentrating solar power (CSP) tower technology for energy production and storage
intends to find a heat transfer and storage material that provides stability at elevated temperatures. The binary
nitrate salt mixture Solar Salt (sodium nitrate, 60wt.% and potassium nitrate, 40 wt.%) is utilized up to its state-
of-the-art temperature limit of 560 °C. Knowledge of the ongoing reactions is demanded to assess the potential of
Solar Salt for higher temperature applications. The reversible reaction +NO NO O0.53 2 2 is fundamental in a
sequence of decomposition reactions. It is investigated by thermogravimetric experiments and ion chromato-
graphy post-analysis with regard to the chemical equilibrium, and to reaction kinetics. The reaction enthalpy
and entropy of 97 +/- 9 kJmol−1 and 85 +/- 12 J·mol−1 K−1, respectively, coincide with literature values. A
detailed reaction mechanism based on literature findings is drafted and discussed. The corresponding kinetic rate
law is simplified by means of rate law approximations and by focusing on the reduction reaction path. The
kinetic rate constants of this study exceed previous findings, probably due to successful exclusion of mass
transport limitations in the< 1mm thin salt samples. The activation energies and pre-exponential factors
amount to 212 +/- 11 kJ·mol−1 and 694546727 +/- 6 s−1, and 115 +/- 11 kJ·mol−1 and 25770 +/- 6 s−1 for
the reduction and oxidation reaction, respectively.

Nomenclature

Symbol Description Unit

Ai Pre-exponential factor in the Arrhenius equation Varying
Ci Molar concentration of i mol m 3

Ci,0 Molar concentration of i at time zero mol m 3

Ci eq, Molar concentration of i at chemical equilibrium mol m 3

Ea i, Activation energy of reaction i kJ mol K1 1

fi Mechanism term in a kinetic rate law, for i see description
of ki

ki

H Reaction enthalpy kJ mol 1

I Reacting or product atom or molecule
K Equilibrium constant 1
KH Henry constant, solubility equilibrium constant 1
Kmelt Equilibrium constant of the homogeneous reaction in the

melt
1

Katm Equilibrium constant, where pressure is not normalized atm
0.5

Kexp Equilibrium constant from the IC post analysis of this
study

1

Kfit Equilibrium constant predicted by the van’t Hoff fit of this
study

1

ki Reaction rate constant,
=i Red: Reduction rate constant,
=i Ox : Oxidation rate constant,

=i f : Forward rate constant,
=i r : Reverse rate constant,
=i RRP : Reduction on Reduction Path,
=i ORP : Oxidation on Reduction Path,
=i ROP : Reduction on Oxidation Path,
=i OOP : Oxidation on Oxidation Path

Varying

Mi Molar mass of i, =M kg mol0.01600O
1

=M kg mol0.09076Na K NO0.65 0.35 3

1

kg mol 3

m Mass difference mg

mtotal Total mass of the salt sample at time zero mg

N Number of data points
ni Amount of substance of i mol

P Total pressure bar

pO2 Partial pressure of oxygen bar

patm O, 2
Partial pressure of oxygen atm

p
0 Reference pressure, =p bar1

0
bar

R Ideal gas constant, J mol K8.314
1 1 J mol K1 1

r Reaction rate mol m s3 1

S Reaction entropy J mol K1 1

T Temperature K
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xi Molar ratio of i relative to the total amount of substance 1
Extent of conversion, < <0 1

I Stoichiometric coefficient of I 1

SoSa
Density of Solar Salt,

= kg m kg m K T2268.9 0.6395SoSa
3 3 3

kg m 3

1. Introduction

Concentrating solar power (CSP) plants frequently include energy
storage units that enable electricity production during the night, or
during sunless times. The state-of-the-art storage technology [1] is
sensible heat storage with the storage material Solar Salt, which is a
mixture of sodium nitrate (60 wt.%, 64mol%) and potassium nitrate
(40 wt.%, 36mol%). Currently, a maximum storage temperature of
560 °C is widely accepted. CSP development in the field of solar power
tower systems aims to transfer higher temperature heat [2] to the heat
transfer fluid, and eventually to the heat storage material. Solar Salt is
an option for both heat transfer fluid and storage material. Under
common gas atmospheres such as air, synthetic air, or inert gases, the
nitrate ions are known to decompose significantly at elevated tem-
peratures [3]. Issues related to the decomposition products comprise
intensified corrosion [4,5] of the storage tank material that is in contact
with molten salt, and the formation of harmful gases [6]. Still, the
underlying chemical reactions are not fully understood. Due to this lack
of knowledge, the potential of preventing the salt from decomposition
cannot be estimated. Time-dependent mathematical descriptions of the
chemical reactions in Solar Salt are needed to predict changes in the salt
composition at different temperatures, and at various locations in the
heat transfer and storage system.

The most pronounced reaction in nitrate salt melts is the reaction
(1) of nitrate ions to nitrite ions and oxygen [7]. Further reactions (2) to
(4) describe the formation of oxide ions and nitrous gases [6–12].
Often, nitrite ions are assumed to be the reactants, e.g. Eqs. (2) and (3).
But also, reaction equations such as reaction (4) with nitrate ions as
reactants can be found in the literature.

+NO NO O0.53 2 2 (1)

+ +NO O NO NO2
2

2
2 (2)

+ +NO O NO O2 2 0.52
2

2 (3)

+ +NO O NO O2 23
2

2 2 (4)

Reactions (1) to (4) illustrate that the chemistry in molten nitrates is
not about individual and isolated reactions, but rather sequences or a
network of reactions. Reaction (1) can be seen as the starting reaction,
because it occurs already at relatively low temperatures, and because it
produces the reactants (nitrite ions) of subsequent reactions. Hence,
characterization of this reaction is of fundamental importance. Besides,
investigation of reaction (1) irrespective of reaction (2) to (4) is pos-
sible, because the oxide forming reactions are comparably slow, and a
negligible amount of oxide is formed at temperatures up to about 550 °C
[7,13,14].

This study makes a unique contribution to the field of sensible heat
storage by combining the following requirements.

• Use of technically relevant Solar Salt material

• Experimental investigation of nitrite formation, because this species
contributes to salt decomposition and eventually to damages of the
storage system

• Investigation of the chemical equilibria under relevant oxygen
pressure

• Investigation of microkinetics (mass transport effects excluded),
because microkinetics are independent of system geometries and
can be combined with mass transport descriptions

• Examination of the microkinetics temperature dependence in a re-
levant temperature range

• Mathematical description of the reaction kinetics, that enables sta-
bility predictions of Solar Salt in the future

The applied experimental methods and the data evaluation are
chosen with regard to the above listed requirements. Some of the re-
quirements where already addressed in previous publications (see
chapters 1.1 and 1.2). However, this paper addresses multiple effects in
a combined approach to provide reliable data for predictions of che-
mical compositions in Solar Salt.

1.1. Thermodynamics

The chemical equilibrium of reaction (1) can be separated into two
equilibria, which are sketched in Fig. 1. The solubility equilibrium of
oxygen in the atmosphere above the melt, and dissolved oxygen (Eq.
(5a)) is described by Henry’s law (Eq. (5b)) with a temperature de-
pendent Henry constant KH [15]. The dissolved oxygen is in chemical
equilibrium with nitrate and nitrite ions [13,16–19], see Eqs. (6a) and
(6b). The partial pressure of oxygen pO2 in the atmosphere can be set or
measured in an experiment, and is more easily accessible than the ratio
of dissolved oxygen xO2. Therefore, the two equilibria are commonly
merged to an overall equilibrium constant K (Eq. (7b)), which describes
the chemical equilibrium of the formal reaction (7a).

O g O diss( ) ( .)2 2 (5a)

=

x
K

p

p

H

02,eq

02

2 (5b)

=K
x x

x
melt

NO eq O

NO eq

,
0.5

,

2 2

3 (6a)

+N l N l OO ( ) O ( ) 0.5 (diss.)3 2 2 (6b)

+NO l NO l O( ) ( ) 0.5 (gas)3 2 2 (7a)

= =K
K

K

x

x

( )
melt

H

NO eq

p

p

NO eq
0.5

,
0.5

,

O

2

2

0

3 (7b)

The thermodynamics of reaction (1) can be found in the literature
for several pure salts and cation compositions. Table 3 lists the reaction
enthalpies and entropies of salts, which are similar to Solar Salt. Often,
the equilibrium constants in the literature are calculated according to

Fig. 1. Sketch of chemical nitrate-nitrite equilibria in molten nitrate salt in
contact with an oxygen containing gas atmosphere.
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Eq. (8) and with the unit atm0.5. The fundamental thermodynamic
equilibrium constant K is defined according to Eq. (7) with regard to a
reference pressure =p bar1

0
[20]. For better comparability, all ther-

modynamic parameters in Table 3 originate from the nondimensional.

=K
c p

c
atm

NO eq atm O

NO eq

, ,

0.5

,

2 2

3 (8)

The equilibrium constants K are plotted in Fig. 3 according to Eq.
(9) in a van’t Hoff diagram, and the reaction enthalpy H and entropy
S were extracted from linear fits.

=K
H T S

RT
ln

(9)

1.2. Kinetics

Reaction kinetics describes the time-dependent progress of a che-
mical reaction. When the reaction is heterogeneous, meaning that two
or more phases participate, kinetics can be divided into micro- and
macrokinetics [21–25]. Microkinetics, also called intrinsic kinetics,
describes the reaction kinetics in an infinitesimally small volume ele-
ment with respect to the actual and local concentrations of reactants
and products. Macrokinetics intends to describe the overall reaction
velocity, and is valid for special system geometries and reaction con-
ditions.

The commonly accepted treatment for thermogravimetric analysis
data [26] is based on Eq. (10). This kinetic rate law describes changes in
the extent of conversion α over time in terms of a temperature de-
pendent term k T( ), a mechanism related term f ( ), and a pressure term
h P( ). For the specific investigations of this study, we transformed Eq.
(10) into Eq. (11), in consideration of the following points [27,28].
First, the effect of the total pressure P is negected. Partial pressures of
gaseous reactants can be included in the mechanism term, and can be
converted into concentrations of dissolved gases, e.g. via Henry’s law.
Second, using concentrations instead of the extent of conversion is
preferred for a mechanistic approach. Reversible reactions are de-
scribed by two terms (see positive and negative term in Eq. (11)) which
represent the forward (with indices f ) and reverse reaction (with in-
dices r), respectively. When the two terms compensate each other, the
forward and reverse reactions are equally frequent, the system com-
position is constant, and chemical equilibrium is established.

In the particular case of an elementary reaction, the mechanism
terms can be directly derived from the reaction equation, and vice versa
[27,28]. Multiplication of all reagent concentrations of the forward
reaction

= …
cI I A B,( , , ) to the power of their stoichiometric coefficient

= …I I A B,( , , ) results in the forward mechanism term, and the same applies
to the reverse mechanism term. This correlation is exemplified in the
Eqs. (12a) and (12b). The reaction orders (exponents) in the rate law
(12b) correspond to the stoichiometric coefficients I in the elementary
reaction Eq. (12a).

Mechanism terms that belong to elementary reaction steps refer to
the collision probability. They describe the likelihood in which the
reacting particles are in close proximity, which is required for chemical
reaction. In the case of collision, the energy of the reacting particles
must be high enough to overcome the activation energy barrier, which
is represented by the temperature dependent reaction rate constants
k T( ). The rate constants can be viewed as a reaction probability of
colliding reagents [27,28]. The collision probability multiplied by the
reaction probability of a collision finally results in the reaction rate r
(compare Eq. (12b)).

=

d

dt
k T f h P( ) ( ) ( )

(10)

=
= … = … = … = …

dc

dt
k T f c k T f c( ) ( , ) ( ) ( , )

I
f f I I A B I I A B r r I I A B I I A B,( , , ) ,( , , ) ,( , , ) ,( , , )

(11)

+ +A B

k

k

C DA B

f

r

C D

(12a)

= = = =

=

r
dc

dt

dc

dt

dc

dt

dc

dt

k T c c k T c c

1 1 1 1

( ) ( )

A

A

B

B

C

C

D

D

f A B r C D
A B C D

(12b)

Frequently, chemical reactions are a sequence of elementary reac-
tions. They occur in one single step without any intermediates. The
elementary reactions of the reaction (1) are not ultimately confirmed,
and the reaction orders in an appropriate rate law remain unclear.
Several hints can be found in the literature: Freeman [17] says that the
kinetics comprises a reversible reaction that is first order with respect to
both nitrate and nitrite. Bond and Jacobs [29] state that the presence or
absence of oxygen does not influence the reduction of nitrate, meaning
that the reduction reaction is zeroth order on the oxygen concentration.
Paniccia and Zambonin [14] stated that they found first-order depen-
dence of the nitrate formation (oxidation reaction) both on nitrite and
oxygen concentration. Furthermore, Nissen and Meeker [18] found
first-order dependence of the nitrite oxidation with respect to both ni-
trite concentration and oxygen partial pressure. All these findings lead
to the elementary reactions (13) and (14). Nissen and Meeker [18]
derived a rate law of the overall reaction (see Eq. (15)) from the two
elementary reactions. Therein, kRed and kOx are the reduction and oxi-
dation rate constants, respectively.

+R NO
k

NO Oeduction reaction
Red

3 2
(13)

+ +NO O
k

NO OOxidation reaction
Ox

2 2 3
(14)

=

dc

dt
k c k c p

NO
Red NO Ox NO O

2

3 2 2 (15)

2. Methods

The thermogravimetric analysis (TGA) experiments were executed
in a Netzsch STA 449 apparatus. The TGA sample holder was equipped
with a thermocouple type S Pt10Rh-Pt. Around 50mg of salt (60 wt.%
NaNO3, 40 wt.% KNO3, both> 99% purity, Merck) were filled in a
small platinum crucible, which itself was put in a larger aluminum
oxide crucible to prevent the molten salt from spreading or creeping
over the sample holder and other areas of the thermogravimetric
system. Table 1 lists the labelling, temperature settings and exact
masses of the experiments. The apparatus was purged with synthetic air
at 100mL·min-1 (80mL·min−1 nitrogen and 20mL·min−1 oxygen, both
Linde 5.0 grade) to ensure a constant oxygen partial pressure in the gas
phase.

Five experiments were executed for this study, see Table 1. In every
experiment, the salt was heated to 300 °C, which is 70 °C above the

Table 1
Details on the TGA experiments.

Experiment label Temperature program Sample mass mtotal

/mg

TGA450 300 °C (5 h) – 450 °C (30 h) 52.722
TGA475 300 °C (5 h) – 475 °C (20 h) 51.444
TGA500 300 °C (5 h) – 500 °C (12 h) 51.535
TGA525 300 °C (5 h) – 525 °C (9 h) 53.542
TGA550 300 °C (5 h) – 550 °C (8 h) 53.327
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liquidius temperature of solar salt [30] and in the range of the melting
points of the pure salts NaNO3 and KNO3 [31]. The temperature was
kept for 5 h for melting and equilibration. Chemical equilibrium cannot
be established within this short period. However, the mass loss at
300 °C compared to the initial salt mass amounts to only 0.001 wt.%
(whereas it ranges from 0.083 to 0.576 wt.% at 450 to 550 °C), and is
therefore negligible. Then, the sample is heated to the desired tem-
perature (450 to 550 °C) with a heating rate of 20 K·min−1, followed by
isotherms between 8 to 30 h, depending on the final temperature.

Post-analysis via ion chromatography (IC) revealed the ion composi-
tion of the salt samples after the TGA experiments. After TGA experiment
was completed, the platinum crucible with the remaining salt was
weighed. Then, it was inserted in ultrapure water (HiPerSolv, VWR,
Germany), and dissolution of the salt was accelerated by use of an ultra-
sonic bath. The crucible was rinsed with water, dried and weighed again to
determine the mass of salt that was transferred from the crucible to the
aqueous solution. The collected aqueous sample was filled up to an exact
volume in a volumetric flask. The amount of salt obtained in the solution
was measured in a Metrohm model 930 Compact IC Flex (Metrohm,
Switzerland) IC apparatus. It is equipped with aMetrosep A Supp analytical
column (5 x 250mm), a Metrosep RP2 guard column, and a suppressed
conductivity detector, as also described in the reference [32]. The molar
ratios nitrite-to-nitrate n n/NO eq NO eq, ,2 3

are converted into mass differences
m via Eq. (16). The first term of this equation expresses the amount of

substance ratio of nitrite with respect of the total amount of anions and the
second term describes the total amount of anions in the salt sample. The
resulting amount of nitrite is finally multiplied by the molar mass of
oxygen to obtain the mass difference m.

=

+

m
n n

n n

m

M
M

/

/ 1

NO eq NO eq

NO eq NO eq

total

Na K NO
O

, ,

, ,

2 3

2 3 0.65 0.35 3 (16)

It is assumed that the measured ion compositions are the equili-
brium compositions at the maximum temperature of the TGA tem-
perature program. Equilibrium constants K are calculated with Eq. (7),
and an oxygen partial pressure of =p bar0.2O eq,2

. The logarithmic
equilibrium constants are plotted versus the inverse temperature in a
van’t Hoff plot, according to Eq. (9) [33]. A linear regression analysis
(method of least squares) of the data points allows calculation of the
reaction enthalpy H and entropy S. The uncertainties of H and S

are calculated by quadratic error propagation of the standard errors of
the linear fits. The error of Kln ( ) is calculated by the root mean square
error (RMSE) formula, see Eq. (17). The RMSE is used for further error
propagation calculations, which include K . The enthalpy and entropy of
this study are used to calculate equilibrium values that are needed for
TGA data evaluation. Those values are hereafter referred to as predicted
equilibrium concentrations.

= =RMSE K
K K

N
(ln )

(ln ln )exp fit
2

(17)

The experimentally (TGA) measured mass difference curves are
corrected with regard to salt evaporation [34,35]. The procedure is

demonstrated exemplarily for the TGA500 experiment in Fig. 2a. The
experimental mass difference, which includes a buoyancy correction, is
the dotted curve in Fig. 2a. The linear part at the end of the curve
shaded in grey is assumed to originate from salt evaporation, and this
part is fitted linearly [36]. The slope of the fit corresponds to the eva-
poration rate at 500 °C, and an evaporation correction curve (dashed
line in Fig. 2a) is calculated with this result. Negligible salt evaporation
is assumed for the 300 °C segment and during heating. The correction
curve is subtracted from the experiment curve, and the resulting curve
is labeled as EC (evaporation-corrected) in Fig. 2a.

The EC mass difference curve of Fig. 2a is converted into a nitrite
concentration curve, see EC in Fig. 2b, via Eq. (18). The numerator of this
equation converts the mass difference m into the amount of substance of
nitrite, and the denominator converts the total massmtotal into the sample
volume. Volume changes due to reaction (1) are thereby neglected. The EC
curve exposes a difference between the equilibrium nitrite concentration
that originates from the experimentally measured mass difference (around
420mol·m−3), and the predicted equilibrium nitrite concentration
(312mol·m−3, dashed line in Fig. 2b). We assume that this deviation
originates from the sensitivity of the weighing unit to e.g. temperature,
which is relevant at small mass losses. In contrast, the predicted equili-
brium nitrite concentrations that are based on IC post-analysis of the salt
samples are reliable, as discussed later. The EC curve is shifted along the x-
axis with the result that the high temperature segment begins at time zero.
Also, the EC curve is shifted along the y-axis so that the nitrite con-
centration at time zero is the predicted equilibrium concentration at
300 °C. The nitrite concentration axis is linearly corrected with the result
that the final nitrite concentration equals the predicted equilibrium nitrite
concentration at 500 °C. The resulting curve is denoted as FC (final cor-
rection) in Fig. 2b. The grey shaded part of the FC curve is used for fitting
the reaction kinetics later on.

=c
m M

m

/

/
NO

O

total SoSa

2
(18)

The reaction rate constants k are plotted in Arrhenius diagrams. The
uncertainties of the rate constants are calculated via quadratic error pro-
pagation, which consider the errors of the equilibrium constants K , and
the standard errors of the kinetic fit parameters. Linear regression analysis
with the method of least squares gives fit parameters, which can be
transformed to the activation energy Ea and the pre-exponential factor.
The uncertainties of Ea and A are calculated by quadratic error propa-
gation of the standard errors of the linear fits. The error of kln is calculated
by the root mean square error (RMSE) formula, analogous to Eq. (17).

3. Results and discussion

3.1. Equilibrium

Post-analysis of the nitrite and nitrate concentrations in the salt
samples after the TGA experiments by ion chromatography revealed the
equilibrium anion compositions at 450, 475, 500, 525 and 550 °C. The

Fig. 2. Data treatment procedure for the TGA500 experi-
ment (exemplarily). Note that the y-axis is different in the
two diagrams. (a): The experimentally measured mass
difference is corrected with regard to salt evaporation at
500 °C, resulting in the evaporation corrected (EC) curve.
(b): For the FC (final correction) curve, the EC curve is
shifted along the time-axes. Linear correction along the
concentration-axis brings the curve in agreement with the
equilibrium nitrite concentrations.
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molar ratios nitrite-to-nitrate n n/NO eq NO eq, ,2 3
, the equilibrium constants

K , and the ratios of mass difference to the total sample mass m m/eq total

are listed in Table 2, column 2, 3 and 4. The experimentally obtained
equilibrium constants K are plotted as black circles in a van’t Hoff
diagram in Fig. 3. The linear fit leads to the enthalpy H and entropy
S of reaction (1), which are listed in Table 3 together with the lit-

erature values. Next, the results are compared first with regard to en-
thalpy and entropy, which are the temperature-independent equili-
brium parameters, and second with regard to the temperature
dependent equilibrium constants.

The enthalpy and entropy results of this study agree with those of
Freeman [17], Barin [20], and Nissen and Meeker [18] in consideration
of the uncertainties. Deviations to the other literature values might be
due to different cation compositions (pure potassium instead of sodium-
potassium-mixtures or pure sodium). In the case of Tracey [19], ex-
periments were executed at low temperatures (e.g. 533 K), where che-
mical equilibrium requires long isotherms, making measurements sen-
sitive to errors.

For the temperature range 450–550 °C, the equilibrium constants K
are closer to the van’t Hoff fit of Tracey [19] (deviations of 5–37% to
the K values of this study) than to the van’t Hoff fit of Nissen [18]
(deviations of 41–48%). For the following data evaluation and discus-
sion of the reaction kinetics, the enthalpy H of 97 +/- 9 kJ·mol−1 and
entropy S of 85 +/- 12 J·mol−1 K−1 of this study are used. The values
in bold in Table 2, column 5–8 (‘predicted values’) are based thereon.
The bold equilibrium constants K (column 9) correspond to the dotted
fit line in Fig. 3.

3.2. Kinetics

Eq. (15) shows the kinetic rate law published by Nissen and Meeker
[18]. It can be inferred that it does not belong to an elementary re-
versible reaction, because the reaction equation deduced from the rate
law +NO NO O3 2 2 reveals erroneous stoichiometry. Furthermore,
the rate law contradicts the equilibrium description given in the re-
ference [18] (see Table 4). The rate law can therefore only be applied
for a specific and constant oxygen partial pressure, or if at least one of
the constants K , kRed and kOx depends on the oxygen partial pressure.

One possible alternative to avoid these contradictions is to think of
reactions (13) and (14) as reversible elementary reactions. Then, the
overall reaction (6) comprises three elementary reversible reactions
(19), (20) and (21), which are sketched in Fig. 4. The three reactions
build a consistent network of reactions. Yet, oxygen species such asO2

2

and O
2 are ignored, although their presence in molten nitrate salt is

also reported [37]. According to reaction (13) and forward reaction
(20) (orange path in Fig. 4), nitrate ions decompose to nitrite and
atomic oxygen. The results found in the literature [14,29] indicate that
this reaction is the predominating path for the reduction of nitrate ions,
and the reaction is therefore abbreviated RRP (Reduction reaction on
the main Reduction Path). The associated oxidation reaction (back

reaction (20), blue path in Fig. 4) is the combination of nitrite and
atomic oxygen to form nitrate, and it is abbreviated ORP (Oxidation
reaction on the main Reduction Path). The predominating path for the
oxidation reaction (reaction (14) and forward reaction (21), purple in
Fig. 4) is found [18] to be the reaction of nitrite and molecular oxygen
(OOP). The associated back reaction (reverse reaction (14), green in
Fig. 4) is the reduction reaction of nitrate with atomic oxygen, where
nitrite and molecular oxygen are formed. The rate law for nitrite that
follows from the postulated sequence of reversible elementary reactions
is noted in Eq. (22). Similar rate laws can be derived for the other in-
volved species. Those differential equations cannot be solved analyti-
cally, and experimental determination of the numerous parameters
(kRRP, kORP, kOOP, kROP) is challenging or not feasible with the available
experimental methods.

A few kinetics principles are available to simplify rate laws, namely
the rate determining step (rds) approximation and the quasi steady
state (qss) approximation [27,28]. When a particular product is formed
by several elementary reaction steps, the limiting step is always the
slowest step, namely the rds. It is sufficient to analyze the kinetics of the
rds in order to describe the time dependence of the product formation.
Previous experimental studies revealed that the rate law of the reduc-
tion of nitrate is first-order with respect to nitrate [17,29]. The rate law
of the nitrite oxidation was found to be first order with respect to both
nitrite and oxygen [14,18]. That indicates that the reactions (20) and
(21) are slower than reaction (19) and therefore the rds.

The qss approximation is applied to reaction mechanisms that
comprise a first quick equilibrium reaction. This reaction, in turn,
provides the intermediate reagent of a second irreversible and slower
reaction that produces the final reaction product. Then, the con-
centration of the intermediate reagent can be assumed constant, and
expressed by reaction rate constants or equilibrium constants. In that
way, the number of variables in the rate law is reduced.

Rds and qss approximation are applied to the full description of the
rate law in Eq. (22). First, the oxygen concentration is replaced by Eq.
(5) which results in Eq. (23). Eq. (23) can be solved analytically for a
constant oxygen partial pressure, leading to an analytical equation with
four unknown parameters (kRRP, kORP, kROP, kOOP). The equilibrium
conditions (Eq.s (24) and (25)) are in accordance with Eq. (7). Eqs.
(23–25) build a set of three equations and four unknown parameters,
which cannot be solved by means of the available experimental data.

O O2diss2( .) (19)

+NO

k

k

NO O

RRP

ORP

3

'

2

(20)

+ +NO O

k

k

NO Odiss

OOP

ROP

2 2( .)

'

'
3

(21)

Fig. 3. Van’t Hoff plots of logarithmic equili-
brium constants versus inverse temperature.
The filled symbols are equilibrium constants
which are published in the indicated literature,
and re-fitted in this study (dashed lines). The
solid lines are equilibrium functions (Eq. (9)),
which are calculated with reaction enthalpies
and entropies from the indicated literature.
The black circles and the dotted line are the
equilibrium results of this study (IC post-ana-
lysis of the TGA experiments) and their linear
fit, respectively. The RMSE amounts to 0.11,
and is illustrated as grey tunnel behind the fit
line. Diagram (b) is the enlargement of the
framed area in diagram (a) with the tempera-
ture range of this work (450–550 °C).
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= +

dc

dt
k c k c c k c c k c c

NO

RRP NO ORP NO O ROP NO O OOP NO O
' ' '

diss

2

3 2 3 2 2( .)

(22)

= +

dc

dt
k c k c p k c p k c p

NO
RRP NO ORP NO O ROP NO O OOP NO O

0.5 0.52

3 2 2 3 2 2 2

(23)

= =Kp
k

k

c p

c

RRP

ORP

NO O

NO
0

0.5

0.5

2 2

3 (24)

= =Kp
k

k

c p

c p

ROP

OOP

NO O

NO O
0

0.5

0.5

2 2

3 2 (25)

Precise description of the reduction reaction kinetics (instead of the
oxidation reaction kinetics) is considered more important because its
impact on salt decomposition (e.g. formation of oxides) is stronger. We
decided to place importance on the reduction process combined with a
correct equilibrium description, and to accept minor inaccuracies re-
garding the description of nitrite oxidation. The reduction reaction
predominantly occurs via the reduction path [17,29]. The oxidation
path is therefore neglected, which leads to the simplified rate law (Eq.
(26)). The benefits are that the simplified rate law requires less kinetic
parameters than an exact rate law, yet leads to accurate chemical

equilibrium values. For a given oxygen partial pressure, the rate law
(26) can be solved analytically, and Eq. (27) shows the time dependent
nitrite concentration. In this paper, the simplified approach is chosen
for analysis of experimental data.

=

dc

dt
k c k c p

NO
RRP NO ORP NO O

0.52

3 2 2 (26)

= +c t c c c exp t k p k( ) ( ) { ( )}NO NO eq NO eq NO ORP O RRP, , ,0
0.5

2 2 2 2 2 (27)

Fig. 5 shows the results of the FC curves of the TGA experiments. In
every curve, the nitrite concentration increases fast in the beginning,
and slower towards the end of the reaction time when the composition
approaches chemical equilibrium. This observation is in accordance
with the rate laws (15), (22) and (26). The terms with positive sign
represent reduction reactions that form nitrite ions. The terms with
negative sign stand for the oxidation reaction. At chemical equilibrium,
the terms compensate each other, and the nitrite concentration is
constant over time. At the beginning of the decomposition process,
when no or little nitrite is present in the melt, the oxidation reaction
(terms with negative signs in the rate laws) insignificantly contributes
to the concentration changes, and the reduction reaction (terms with
positive signs) strongly dominates. In contrast, when the nitrite con-
centration increases, the oxidation reaction becomes more and more

Table 2
Equilibrium composition data of reaction (1).

°T C/ IC post-analysis of TGA experiments Predicted from van’t Hoff fit (Figure 3 and table 3, last row)

mol mol/
nNO eq

nNO eq

2
,

3
,

1 K
*

mg mg/
meq

mtotal

1 †
mol mol/

nNO eq

nNO eq

2
,

3
,

1 c mol m/NO eq
2
,

3 K
*

mg mg/
meq

mtotal

1 †

300 / / / 8.0E-5 1.671 3.56E-5 1.41E-5
450 0.0058 0.00258 1.01E-3 0.0055 109.9 0.00246 9.63E-4
475 0.0080 0.00357 1.39E-3 0.0094 187.8 0.00422 1.65E-3
500 0.0172 0.00767 2.97E-3 0.0156 310.4 0.00699 2.71E-3
525 0.0283 0.01268 4.86E-3 0.0251 498.9 0.01123 4.32E-3
550 0.0355 0.01589 6.05E-3 0.0392 782.8 0.01752 6.65E-3

*: Eq. (7), =p bar0.2O2
. †: Eq. (16).

Table 3
Thermodynamic data of reaction (1) from the literature and this study.

Author(s) Cations Experimental details measured quantity ΔH/ kJ

mol
ΔS/ J

mol K

Freeman [17] Na ˜500mg, thermobalance, 1 atm O2, 600, 650 and 700 °C, consumed O2-volume 101
+/- 5
*

101
+/- 5
*

Freeman [13] K ˜500mg, thermobalance, 1 atm O2, 650, 700 and 750 °C, consumed O2-volume 139
+/- 6
*

129
+/- 6
*

Barin [20] Na / 97.5 # 87.4 #

Bartholomew [16] K ˜100mg, thermobalance, 1 atm O2, 550, 600, 648/650, 700, 750 °C, consumed O2-volume and post-analysis 117
+/- 4
*

103
+/- 5
*

Tracey et al. [19] Na0.64K0.36 ˜100 g, closed steel reaction chamber, determination of oxygen pressure at equilibrium 115.5
†

105.9
†

˜100 g, purged steel reaction chamber, 81.4 kPa oxygen, 533-866 K, post-analysis of nitrate nitrite (1-> 10wt.%)
and decomposition products

117
+/- 3
*

109
+/- 4 *

Nissen and Meeker [18] Na0.5K0.5 ˜700 g, stirred melt in crucible,
0.33 to 1.0 atm O2,
404, 453, 502 °C,
nitrite concentration

95
+/- 3 *

84
+/- 3 *

this study Na0.64K0.36 ˜50mg, thermogravimetric analysis, 0.2 bar oxygen, 450, 475, 500, 525 and 550 °C, ion chromatography analysis 97
+/- 9

85
+/- 12

* : Equilibrium constants Katm were taken from the reference, converted into the thermodynamic K , and re-fitted according to Eq. (9).
† : Values are not re-fitted, H is directly taken from the reference, and S is converted with respect to p

0
.

# : Values are calculated from listed absolute enthalpies and entropies for the reactants and products.
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pronounced, and the macroscopic formation of nitrite proceeds slower
and eventually ceases.

With decreasing maximum temperature the system requires longer
isotherms to reach steady state (horizontal lines in Fig. 5). Roughly
estimated, at 450 °C isotherms of 12 h are needed, whereas, at 550 °C
steady state is reached after only 3 h. This tendency is comprised in the
Arrhenius Eq. (28), where the rate constant k increases with tempera-
ture.

=k A exp
E

RT
i i

a i,

(28)

The FC curves are fitted according to Eq. (27), which is the analy-
tical solution of the rate law (26). Fig. 6 shows the FC curves and the fit
curve (black dotted lines) for all five TGA experiments. The 450, 475
and 500 °C experimental curves reveal a specific deviation from the fit

curves. The measured nitrite concentration increases faster than the fit
curve at the very beginning. Then, the two curves intersect, and the fit
curves describe higher nitrite concentration than the experiment
curves, until they reach chemical equilibrium. It is assumed that these
deviations arise from the oxidation reaction path, which is neglected in
the applied rate law (26). For example, the formation of nitrite ions
might not only proceed by forward reaction (20) (RRP), but also to a
minor extent by reverse reaction (21) (ROP). The shapes of the ex-
perimental curves could be explained by overlapping of the two reac-
tions. Also, these two reactions might have different temperature de-
pendence, resulting in the different curve shapes at 525 and 550 °C.

The fit parameters and the derived reaction rate constants are listed
in Table 5. In accordance with the Arrhenius equation and the previous
observation, the rate constants decrease with increasing temperature. In
Fig. 7, the logarithmic rate constants from this work and available lit-
erature data are plotted versus the inverse temperature. Comparison of
the rate constants is not trivial, because they are determined for dif-
ferent rate laws, see Table 6. The studies of Freeman [13,17] refer to an
oxygen pressure of 1 atm, and the rate law does not consider the oxygen
partial pressure. However, the oxygen pressure is close to the reference
pressure of 1 bar, and therefore hardly affects the rate constants. The
rate law of Bond [29] only considers the reduction reaction, and the one
of Paniccia [14] describes the oxidation reaction. In the Freeman
[13,17] and Bond [29] studies, the temperatures that are chosen for
investigation of reaction kinetics mainly exceed 600 °C. At these tem-
peratures, reaction (1) is no longer the only reaction that has to be
considered, because decomposition of nitrite ions to oxide species and
various gases is observed. The rate law of Bond [29] describes the time
dependent mass loss instead of molar concentrations.

The rate constants of this study are higher than the literature rate
constants in the applied temperature range (450–550 °C). This can arise
from the mentioned differences in the rate laws and chosen tempera-
tures, and from the experimental scales. The experiments in this study
are executed with about 50mg of salt, whereas the salt samples in the
literature studies are larger. In a series of TGA pre-experiments, mass
transport limitations in the 50mg samples were excluded. In the used
TGA crucibles, this amount of salt forms a thin layer of approximately
0.8 mm, and mass transport limitations were found for sample thick-
nesses larger than 1.6 mm. The reduction rate constants of this study
are closest to those of Freeman [17]. Depending on the temperature, the
oxidation rate constants of this study are closest to those of Freeman
[17] and Nissen [18].

Activation energies and pre-exponential factors of reduction and
oxidation reaction are extracted from the linear fits in Fig. 7, according
to the Arrhenius Eq. (28). They amount to 212+/-11 kJ·mol−1 and

Table 4
Considerations about the kinetic rate law of Nissen and Meeker [18]. At che-
mical equilibrium, the concentrations of nitrite, nitrate and oxygen are not
changing over time, meaning that the rate law (Eq. (15)) equals zero, see (I).
The equilibrium description of reaction (1) can be solved for the nitrite con-
centration at equilibrium, see Eq. (7) and (II). In (III), the nitrite concentration
cNO eq

3
, in (I) is substituted by the expression (II). The equation (III) can only be

valid, if the term in the curly brackets equals zero, see (IV). Equation (IV) can
directly be converted into the equilibrium expression (V). It is contradictory to
the equilibrium expression (VI), which can directly be found in the reference
[18].

(I) Rate law at equilibrium, see
also Eq. (15)

= = k c k c p0
dcNO

dt eq
Red NO eq Ox NO eq O

2

3
,

2
, 2

(II) Consecutive equilibrium
description =K

cNO eq p
O

cNO eq

2
,

2
0.5

3
,

=cNO eq

cNO eq pO

K3
,

2
,

2
0.5

(III) Substitution of cNO eq
3
,

= k k c p0 Red

cNO eq pO

K
Ox NO eq O

2
,

2
0.5

2
, 2

= { }c p k p0 NO eq O

kRed

K
Ox O2 , 2

0.5

2

0.5

(IV)
=k p 0

kRed

K
Ox O2

0.5

(V) Correlation between
equilibrium constant and rate
constants derived from the
rate law

=K
kRed

kOxpO2
0.5

(VI) Correlation between
equilibrium constant and rate
constants directly from the
reference [18]

=K
kRed

kOx

Fig. 4. Sketch of a potential set of elementary reactions for reaction (1). The
numbers in brackets refer to the corresponding reaction equations, where no-
menclature of the rate constants ki is explained. Note that the transformation of
nitrite to nitrate, and vice versa, can proceed on two reaction paths each.

Fig. 5. FC curves of the experiments TGA450, TGA475, TGA500, TGA525 and
TGA500. The experimental curves are transformed to FC curve, as described in
the methods section. The horizontal lines illustrate the equilibrium nitrite
concentrations (see Table 2, column 8) at the respective temperature.
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694546727+/-6 s−1 (reduction, RRP), and 114.65+/-11 kJ·mol−1 and
25770+/-6 s−1 (oxidation, ORP), respectively. The results and the
literature values are listed in Table 6. The activation energy of the re-
duction reaction in this study falls in between the values that Freeman
[13,17] published for the pure salts (sodium nitrate and potassium ni-
trate), which is reasonable because Solar Salt is a mixture of these two

salts. The activation energy of the oxidation reaction in this study is
similar to the one that Nissen and Meeker [18] found, and again be-
tween the values of Freeman [13,17] for the pure salts. The difference
to the values published by Bond [29] and Paniccia [14] could be at-
tributed to the high temperatures and to the large scale of their ex-
periments, respectively.

Fig. 6. Exponential fits (dotted lines) of the nitrite concentration curves of the experiments TGA450, TGA475, TGA500, TGA525 and TGA500. The solid lines are the
experimental curves, which are fitted according to the equation Table 5, column 2. The fit results can be found in Table 5, column 3.

Table 5
Fit functions and fit results of the TGA experiments. The exponential fits yield values for the term +k p kORP O RRP

2

0.5 (column 3). The rate constants kRRP and kORP are

calculated with the fit results.

T

°C/

Fit function*

all values mol m/ 3

+k p kORP O RRP
2

0.5

s/ 1

kRRP
†

s/ 1

kORP
†

s/ 1

450 = +c t exp t k p k( ) 109.9 108.2 { ( )}NO Ox O Red2 2

0.5 6.07E-5 3.31E-7 1.35E-4

475 = +c t exp t k p k( ) 187.8 186.1 { ( )}NO Ox O Red2 2

0.5 1.17E-4 1.09E-6 2.59E-4

500 = +c t exp t k p k( ) 310.4 308.8 { ( )}NO Ox O Red2 2

0.5 2.16E-4 3.32E-6 4.76E-4

525 = +c t exp t k p k( ) 498.9 497.2 { ( )}NO Ox O Red2 2

0.5 4.95E-4 1.21E-5 1.08E-3

550 = +c t exp t k p k( ) 782.8 781.1 { ( )}NO Ox O Red2 2

0.5 5.49E-4 2.07E-5 1.18E-3

*: Based on Eq. (27), values from Table 2, column 6. †: Calculated with =Kp
kRRP

kORP0

0.5 and =p bar0.2O2
.

Fig. 7. Arrhenius plots of reduction (a) and
oxidation (b) rate constants. The filled symbols
are rate constants which are published in the
indicated literature. The lines are Arrhenius
functions with kinetic parameters published in
the indicated literature (see also Table 6). The
black circles are the results of this study and
correspond to the fit results presented in
Table 5. The RMSE amounts to 0.14, and is
illustrated by the grey tunnel. The results of the
linear fits allow calculation of activation en-
ergies and pre-exponential factors, which are
listed in Table 6.
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4. Summary and conclusions

The thermodynamics and reaction kinetics of the reversible reaction
+NO NO O0.53 2 2 in molten Solar Salt (60 wt.% sodium nitrate,

40 wt.% potassium nitrate) are investigated at temperatures from 450
to 550 °C. The applied experimental method is isothermal thermo-
gravimetric analysis, and subsequent salt composition analysis by ion
chromatography.

The chemical equilibrium is described by the reaction enthalpy and
entropy, which are found to be close to the results of Nissen and Meeker
[18]. In the investigated temperature range, the values of the equili-
brium constant K are closest to the results of previous examinations of
Tracey [19]. All three studies are deemed applicable with regard to
future reaction equilibrium considerations of Solar Salt. The coinciding
equilibrium outcome permits using the experiments for further eva-
luation with regard to reaction kinetics.

Mathematical description of the reaction kinetics in terms of dif-
ferent rate laws is discussed. Careful literature review reveals several
potential elementary steps of the reversible reaction. First, those ele-
mentary steps are combined to a multi-path reaction mechanism, and to
a rate law with numerous parameters, which are difficult to obtain
experimentally. Second, several approximations are applied to derive a
simplified rate law. The reduction reaction is regarded as the crucial
direction of the reaction because it contributes to the problematic salt
decomposition. Therefore, the presented work focuses on the reduction
path which provides a highly accurate description of the nitrite for-
mation. However, it might lead to deviations of predicted and actual
salt compositions during the nitrate formation. The benefits are that the
required parameters are experimentally accessible. Ultimately our work
is the first describing intrinsic and temperature dependent kinetics of
the nitrate-nitrite reaction in Solar Salt, which includes chemical
equilibria, as well as forward and reverse reaction. In terms of kinetic
analysis of the nitrite forming thermogravimetric experiments, the de-
veloped simplified rate law is applied.

The reduction and oxidation rate constants of this study are higher
than those found in literature. Probably, the experimental method in
this study successfully minimizes mass transport effects. The extracted
kinetic parameters, activation energies and pre-exponential factors can

be used for time dependent predictions of the reaction rate, and con-
sequently of the stability of Solar Salt melts.
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A B S T R A C T   

Sensible heat storage is a cost-efficient and scalable technology for energy storage. The state-of-the-art storage 
systems in concentrating solar power (CSP) plants use the storage material Solar Salt, which is a nitrate salt 
mixture. Chemical stability of this salt material is crucial for lifetime reliance, and for development of the storage 
technology towards higher temperatures. High temperatures enhance the storage capacity, but also promote 
decomposition reactions. For instance, harmful gases can evolve, and oxide ions are produced, which aggravate 
corrosion. Up to now, it is unclear how to describe the salt chemistry, and how to quantitatively predict the 
problematic decomposition products. The experimental method in this study is chosen with regard to the 
exclusion of mass transport limitations. Thin films of salt are heated to 560–630 �C. The salt composition is 
analyzed by ion chromatography and acid-base titration. The ratio of nitrite to nitrate ions stabilizes, which 
indicates chemical equilibrium of the nitrite forming reaction. The oxide content increases continuously over 
time, and is interpreted in terms of a kinetic rate law. A consistent mathematical description of Solar Salt 
chemistry at high temperatures (�560 �C) in contact with air is presented. It includes thermodynamic param-
eters, in particular the reaction enthalpy of 95 � 4 kJ⋅mol�1 and entropy of 86 � 5 J⋅mol�1

⋅K�1 for the nitrate- 
nitrite reaction. The microkinetics of the oxide ion formation are characterized by an activation energy of 42 � 3 
kJ⋅mol�1. The work presented finally contributes to a forecast of material stability at and above 560 �C.   

1. Introduction 

1.1. Motivation 

Sensible heat storage in so-called Solar Salt is implemented in 
existing storage units, and it is a promising candidate for growing de-
mands of energy storage [3–6]. For concentrating solar power plants 
combined with thermal energy storage, it is the state of the art tech-
nology [7–9]. To improve flexibility of the electricity market, sensible 
heat storage in nitrate salts is an option for the future. Based on energy 
conversions power-to-heat-to-power (P2H2P), electric energy can be 
stored temporarily in terms of heat, and subsequently re-converted to 
electric power [10]. 

Liquid storage materials feature tempting advantages such as 
effortless pumpability and high volumetric heat capacities. The lower 
operating temperature of a sensible heat storage system with a liquid 
material is restricted by the solidification temperature of the regarded 
storage material. The upper temperature limit has to be chosen with 

regard to thermal stability and system requirements. At the time of 
writing, commercial CSP plants restrict the Solar Salt temperature to a 
maximum of 560 or 565 �C [7] for several reasons. These include un-
acceptable corrosion and the alarming production of toxic gases, 
particularly nitrous gases, at higher temperatures. 

On the contrary, higher storage temperatures are favorable from a 
technological point of view [11]. A higher maximum temperature 
basically improves the storage capacity, and the power block efficiency 
regarding the conversion heat-to-power. The storage capacity is pro-
portional to the difference of maximum and minimum temperature. It 
increases with the maximum temperature if the minimum temperature 
remains constant. Hence, more energy can be stored in the same tanks 
when the temperature limit is raised. Furthermore, according to the 
Carnot efficiency description, the conversion of thermal energy to 
electricity is more efficient at high temperatures [12]. This can result in 
significant overall cost reductions of the storage system. Long-term 
stable, widely available and cost-efficient liquids with a broad range 
of operating temperatures are requested for the sensible energy storage 
technology. 
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These conditions might be fulfilled by new materials [13–20], or 
they are realized by innovative operating strategies for the 
well-established and reliable Solar Salt, which is addressed in this study. 
Widespread and detailed knowledge about the chemical reactions in 
Solar Salt is required to estimate its stability under manifold conditions 
at elevated temperatures. Besides, understanding of the salt chemistry 
provides a necessary basis for the assessment of compatibilities between 
molten salt and component materials [21–27] or filler materials [8, 
28–30]. The latter are particularly important for the concept of ther-
mocline filler storage systems [31–34]. Up to now, a deep comprehen-
sion of many reactions in Solar Salt is still lacking, although several 
studies on nitrate salt chemistry were published in the past. 

1.2. Literature review 

The formation of nitrites (MNO2) was confirmed many times, and 
reaction equation (N) is generally accepted. The thermodynamics have 
been investigated in several studies [35–41]. The kinetics of this reac-
tion can be found in the literature [36–38,42,43] for pure sodium nitrate 
NaNO3 and potassium nitrate KNO3, and for mixtures of both. Recently, 
the authors of this work have published the microkinetics of reaction (N) 
in the Solar Salt mixture [41]. 
MNO3⇌MNO2 þ 0:5 O2 (N)  

ðM ¼Na;KÞ

The nature of nitrate and nitrite ions was investigated on a theoret-
ical level by means of quantum mechanical methods. The calculated 
bond lengths N-O, and the total energies amount to 1.2552 Å and 
1.2567 Å, and �289 hartree and �205 hartree for nitrate ions and nitrite 
ions, respectively, according to Wei et al. [44], which agrees with a 
previous publication [45], and with experimental values. The partial 
charges of the oxide atoms are �0.673 and �0.793 for nitrate ions and 
nitrite ions, respectively, according to ab initio calculation in reference 
[45]. 

It is also accepted that oxide ions O2� form at high operating tem-
peratures [14,22,46,47]. The underlying reaction equations, thermo-
dynamics and kinetics, however, are far less understood. Some studies 
consider oxide formation kinetics in nitrite rather than nitrate salts. 
Protsenko and Bodyushkova [48] followed thermal decomposition ki-
netics of calcium, strontium and barium nitrite at 420 and 450 �C in a 
thermogravimetric apparatus. Thermal decomposition turned out to be 
influenced by the atmosphere (argon, vacuum and air). For argon 

atmosphere, equations (1)–(3) were proposed, demonstrating the for-
mation of oxide and nitrate ions as well as the gases NO2, NO and N2. 
Rate constants of the decomposition kinetics were calculated, assuming 
a first-order rate law. 
2 NO�

2
⇌NO2 þNO þ O2� (1)  

NO�
2
þNO2⇌NO�

3
þ NO (2)  

NO�
2
þNO⇌NO�

3
þ 0:5 N2 (3) 

Lee and Johnson [49] analyzed the gases evolving from lithium ni-
trite under argon atmosphere with a mass spectrometer, and reported 
salt composition changes. N2, NO, O2 and N2O were detected at 250, 300 
and 350 �C. NO2 was assumed to be formed only at higher temperatures. 
With time, the nitrite content decreased, whereas the nitrate and oxide 
content increased up to 6 and 1 anion-mol%, respectively, at 350 �C. The 
underlying reaction mechanism was proposed to be composed of four 
steps, equations (4)–(7). The exact reaction order remained unclear, but 
approximation with first-order kinetics with respect to nitrite was 
reasonable due to a linear dependence of the logarithmic nitrite con-
centration on time. A rather sophisticated temperature dependence of 
the rate constants is expected because of the complex network of reac-
tion steps. 
3 NO�

2
⇌O2� þNO�

3
þ 2 NO (4)  

2 NO�
2

⇌O2� þN2O þ O2 (5)  

2 NO�
2
þ 2 NO⇌2 NO�

3
þ N2 (6)  

2 NO�
3

⇌2 NO�
2
þ O2 (7) 

Hoshino et al. [50] analyzed the temperature dependent decompo-
sition of sodium nitrate in argon atmosphere with a combined ther-
mogravimetric analysis – gas chromatography set-up. From 500 �C 
upwards, O2 was detected, and at slightly higher temperatures also NO 
gas was observed. Above 680 �C, a small amount of N2 was detected 
additionally. The authors divided the decomposition process into three 
stages. The first stage is the well-known reaction of nitrate to nitrite ions 
(reaction (N)). It is followed by a first-order liquid-phase reaction that 
belongs to a complex mechanism which can be interpreted with 
peroxide or hyperoxide intermediates, e.g. equations 8–11. The third 
stage, characterized by the formation of sodium oxide, is increasingly 
important at higher temperatures. 

Nomenclature 

List of Symbols 
A Pre-exponential factor in the Arrhenius equation of 

reaction (O), s�1 

bi Molal concentration of i, mol⋅kg�3 

Cexp Constant derived from the experimental results of this 
study 

Cfit Constant predicted by the linear fit 
ci Molar concentration of i, mol⋅m�3 

ci;m Molar concentration of i in the sample m, mol⋅ m�3 

Δ%ciðtÞ Standard deviation of the concentration of i for time t, % 
Δ%ci Uncertainty of the concentration of i, % 
cM2O;exp Oxide concentration measured in an experiment, mol⋅ m�3 

cM2O;mod Oxide concentration predicted by a model, mol⋅ m�3 

Ea Activation energy of reaction (O), kJ⋅mol�1⋅K�1 

ΔH Reaction enthalpy of reaction (N), kJ⋅mol�1 

K Equilibrium constant of reaction (N) 

k Reaction rate constant of reaction (O), s�1 

MCO2 Molar mass of carbon dioxide, 0:04400 kg⋅mol�1 

N Number of data points 
pO2 Partial pressure of oxygen, bar 
p0 Reference pressure, 1 bar 
Q Reaction quotient of reaction (N), 1 
R Ideal gas constant, 8:314 J⋅mol�1⋅K�1 

r Reaction rate of reaction (O), mol⋅m�3⋅s�1 

ΔS Reaction entropy of reaction (N), J⋅mol�1⋅K�1 

t Time, h 
T Temperature, K 
xi Molar ratio of i relative to the total amount of substance, 

mol⋅mol�1 

xi;eq Molar ratio of i relative to the total amount of substance at 
chemical equilibrium, mol⋅mol�1 

ρSoSa Density of Solar Salt, ρSoSa ¼ 2268:9 kg⋅m�3 � 0:6395 kg⋅ 

m�3⋅K�3⋅T [1,2]  
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NaNO2⇌0:5 Na2O2 þ NO (8)  

Na2O2⇌Na2O þ O (9)  

NaNO2 þ O⇌NaNO3 (10)  

Na2O2 þO⇌NaO þ O2 (11) 
Olivares and Edwards [51] compared the decomposition of a ternary 

nitrate mixture (eutectic LiNO3- NaNO3-KNO3) in 4 atm. The main 
decomposition gas product turned out to be NO. The TG-MS apparatus 
detected NO at 325, 425, 475 and 540 �C in argon, nitrogen, air and 
oxygen, respectively. The results indicate a stabilizing effect of oxygen 
in the atmosphere. The presence of oxygen reduces the amount of nitrite 
ions, which probably means that less reactant for subsequent decom-
position reactions is available. Wei et al. [47,52] used a set-up that is 
composed of a quartz boat containing the salt sample in tubular 
corundum furnace, and a sophisticated gas analyzing system that ab-
sorbs NO2 and NO separately, and quantifies the two gases by UV–vis 
absorption. For 100 g of solar salt and an air purge flow of 80 mL⋅min�1, 
350 mg⋅m�3 NOx (x ¼ 1; 2) and 1550 mg⋅m�3 NOx were measured at 
550 and 600 �C, respectively. The concentration of NO2 was slightly 
lower than the concentration of NO. The formation of NOx at 600 �C was 
explained to proceed via the reactions (12) and (13). NOx formation at 
and below 550 �C was ascribed to reactions of nitrate salt with SiO2 
(from the quartz crucible). 
4 NaNO3⇌2 Na2Oþ 4 NO2 þ O2 (12)  

2 NaNO3⇌Na2OþNO þ NO2 þ O2 (13) 
Oxides (M2O) in molten nitrate matrix are reported to react to car-

bonates (M2CO3), if the molten salt is in contact with carbon dioxide gas, 
see equation (C) [21,28,39,53–55]. 
M2OþCO2→M2CO3 (C) 

To sum up the main literature findings concerning oxide ion for-
mation kinetics, the following conclusions can be made:  

� Decomposition of nitrates and nitrites to oxide ions in molten salt is 
only sparsely investigated. The experimental results are interpreted 
with many suggestions and assumptions.  

� The regarded studies refer to various types and compositions of 
cations, and this difference may affect the decomposition mecha-
nism. However, the cations are not directly involved in the nitrate or 
nitrite chemistry, and therefore findings can be generalized to a 
certain extent.  

� Some studies [47,50–52] report experiments in a nitrate matrix 
(instead of a nitrite matrix) and are more comparable to molten Solar 
Salt in that regard.  

� Several reaction equations were proposed, most of them with nitrite 
ions being the reactants, and with the production of nitrous gases, 
and also oxygen and nitrogen. First-order reaction kinetics with 
respect to the nitrite concentration seems to be the most probable 
mechanistic description, or at least can be applied reasonably 
[48–50]. That implies that the oxide formation follows on reaction 
(N).  

� In the presence of carbon dioxide, oxide ions tend to react further to 
carbonate ions.  

� Previous studies with the Solar Salt mixture utilize relatively big 
sample sizes of 100 g [47] and 1 kg [28]. Probably, the results are 
strongly influenced by mass transport effects.  

� So far, the intrinsic kinetics of oxide formation in molten sodium 
nitrate or potassium nitrate, or mixtures of both, has not been 
evaluated. 

1.3. Scope on the study 

In this study, we present experiments on the kinetics of oxide and 
carbonate formation in Solar Salt (60 wt% NaNO3, 40 wt% KNO3) at 
560–630 �C. Emphasis is put on the exclusion of mass transport limita-
tions to measure the microkinetics. Salt composition changes are 
monitored over time. The nitrate and nitrite contents are examined with 
regard to chemical equilibrium. That way, the applied experimental 
method is validated, and thermodynamic equilibrium data up to 630 �C 
is gained. The oxide ion formation is approached in terms of the ion 
accumulation and the reaction rate. Following the studies of Protsenko, 
Lee and Hoshino [48–50], a rate law that is first-order with respect to the 
nitrite concentration is chosen. Fitting of the experiment results ac-
cording to the rate law reveals the rate constants at each temperature. 
The rate constants are evaluated further according to the Arrhenius 
equation to obtain the temperature independent activation energy and 
pre-exponential factor. Investigation and evidence of a detailed reaction 
mechanism of the salt decomposition towards alkaline species and 
nitrous gases is not within the scope of this study. Reaction (O) will be 
taken as a placeholder for the true mechanism in the following. It im-
plies the first-order reaction with respect to nitrite, and the coproduction 
of oxides and gaseous products. 

MNO2→
k

0:5 M2Oþ 0:5 NO þ 0:5 NO2 (O)  

2. Materials and methods 

2.1. Materials 

60 g of sodium nitrate (BASF, HQ untreated) and 40 g of potassium 
nitrate (Haldor Topsøe, technical grade) were weighed and blended. The 
mixture was heated for 5 h to 300 �C for homogenization. The molten 
salt was poured into an aluminum beaker for solidification, and then 
mortared. This material was used for all presented experiments. 

2.2. Experimental 

The experimental procedure comprises heating and thermal aging of 
the salt samples, and subsequent chemical analysis of the sample 
composition. The furnace set-up, and the step-by-step analysis proced-
ure are sketched in Fig. 1. The temperature treatment of the salt sample 
is realized with a Nabertherm HTCT 01/16 furnace. The insulated 
furnace chamber is heated with four SiC heating elements (see rods in 
Fig. 1), and the temperature is controlled with a Nabertherm P330 
controller. An external temperature sensor (thermocouple type K) 
verified a temperature accuracy of �2 K. Two small openings (2 cm 
diameter, see ovals in Fig. 1) allow inflow and outflow of ambient air, 
which is driven by natural convection. The effectiveness of the air purge 
was verified by random control of the outflowing air with a NOx sensor 
(Dr€ager Pac 7000), which confirmed low (�2 ppm) NOx concentrations. 
Two alumina crucibles (inner diameter 44 mm, height 70 mm) at the 
same time were arranged in the furnace chamber, one in the back and 
one in the front, close to the chamber hatch. For purification between 
the experiments, the crucibles were soaked in an aqueous solution of 
citric acid to dissolve all oxide and carbonate residues, purged with 
deionized water, and dried in a compartment drier at 130 �C. 1.5 g of salt 
were filled into each crucible. The two crucibles were inserted into the 
pre-heated furnace at 300 �C. Then, the system was heated with 10 
K⋅min�1 to the desired temperature (560–630 �C), which was hold for 
1–24 h. Finally, the temperature was reduced with 10 K⋅min�1 to 300 �C, 
and the crucibles were removed from the furnace chamber. This pro-
cedure avoids excessive temperature shocks and material breakage. 
Overall, 48 experiments at different temperatures and durations were 
performed (see also Table 1). The molten salt samples were poured into 
an aluminum beaker (see second step in Fig. 1) for solidification and 
stored in plastic vials until further analysis. 
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The molalities of nitrate and nitrite ions in the salt samples were 
analyzed by ion chromatography, which is illustrated by the lower path 
in Fig. 1. About 100 mg of salt were dissolved in 500 mL ultrapure water 
(HiPerSolv, VWR, Germany). The aqueous solution was measured in a 
Metrohm model 930 Compact IC Flex (Metrohm, Switzerland) IC appa-
ratus. It is equipped with a Metrosep A Supp analytical column (5 � 250 
mm), a Metrosep RP2 guard column, and a suppressed conductivity de-
tector, as also described in reference [28]. The recorded conductivity 
peaks are evaluated by means of calibration curves, and finally con-
verted into nitrite contents of the salt samples. 

The oxide and carbonate contents were analyzed by a titration 
method. When the salt samples dissolve in water, the oxide salts react 
with water to hydroxide ions (OH�), and the carbonate salts dissolve to 
carbonate ions (CO2�3 ). Both cause an alkaline pH value of the aqueous 
solution. The titration method is based on acid-base reactions, more 
precisely the protonation of hydroxide and carbonate ions by an acidic 
compound, which leads to a decreasing pH value. The amount of added 
acid until characteristic changes in the pH value is used to determine the 
molalities of oxide and carbonate ions. For the analytical procedure (see 
upper path in Fig. 1), 10–500 mg of salt sample were dissolved in 150 mL 
ultrapure water. This aqueous salt solution was titrated with 0.01 M 
hydrochloric acid (HCl) under vigorous stirring. The titration system 
Metrohm 905 Titrando was used, equipped with a 20 mL dosing unit for 
dosing of the titrant. The pH value was measured by a Metrohm glass 
electrode. The software Metrohm tiamoTM 2.5 light was used for data 
recording and evaluation. 

2.3. Data evaluation 

Raw data in terms of molalities (bMNO3 , bMNO2 , bM2CO3 ) from ion 

chromatography and titration analysis is transformed to molar ratios 
(xMNO3 , xMNO2 , xM2O) by equation (14), and to molar concentrations 
(cMNO3 , cMNO2 , cM2O) by equation (15). The calculated compositions 
describe a salt that contains oxides instead of carbonates (see discussion 
at the beginning of chapter 3). The data points in Figs. 2, 4 and 7(a) are 
the average values of 2 salt samples (average of 4 salt samples in the case 
of OxKi_600). All further data evaluation and calculations use these 
average values. 
xi ¼ bi

�

ðbMNO3
þ bMNO2

þ bM2OÞ (14)  

ci ¼ bi⋅ρSoSa

�

ð1 � bM2CO3
⋅MCO2

Þ
i ¼ MNO3; MNO2; M2O ðM ¼ Na0:64K0:36Þ

(15) 

The actual status of the reaction is expressed by the reaction quotient 
QðtÞ, see equation (16). The reaction is thermodynamically favored to 
proceed towards the product side if Q < K, whereas it tends to react to 
the reactant side if Q > K. For the experiments in this work, only the 
forward reaction Q < K is relevant. 

QðtÞ¼ xMNO2
ðtÞ

.

xMNO3
ðtÞ⋅

�

pO2

�

p0

�0:5 (16) 

The equilibrium constants K at 560–630 �C are calculated with 
equation (17). The applied nitrate and nitrite contents (xMNO3 ;eq and 
xMNO2 ;eqÞ are gained by IC analysis of the experiments in equilibrium, see 
experiments written in bold in Table 1. A constant oxygen partial 
pressure pO2 ¼ 0:2 bar is assumed. 

K ¼ xMNO2 ;eq

.

xMNO3 ;eq⋅
�

pO2

�

p0

�0:5 (17) 

Reaction enthalpy ΔH and entropy ΔS are extracted from the van’t 
Hoff plot of the equilibrium constants KðTÞ (Fig. 6), according to the 
van’t Hoff equation (18). The enthalpy is comprised in the slope of the 
linear fit (� ΔH=R), and the entropy is included in the y-intercept 
(ΔS=R). 
ln KðTÞ¼ � ΔH

�

R⋅T�1 þ ΔS
�

R (18) 
The temperature dependent rate constants kðTÞ are plotted according 

to the Arrhenius equation (equation (19), Fig. 7(b)). The kinetics pa-
rameters, activation energy Ea and pre-exponential factor A, are calcu-
lated from the linear fit results (slope corresponds to � Ea=R, and y- 
intercept to ln A). 
ln kðTÞ¼ ln A � Ea

�

R⋅T�1 (19)  

Fig. 1. Sketch of the experimental methods. The salt samples are heated in a furnace for thermal aging. Subsequently, the samples are poured into aluminum beakers, 
and split for two analytical methods to assess the salt compositions. 

Table 1 
List of experiments. Experiments written in bold are used for calculation of the 
equilibrium constants. Experiments written in italics are only used for method 
development, but are excluded further data evaluation.  

Label Temperature/ 
�C 

Duration/h  

OxKi_560 560 2, 4 
OxKi_570 570 2, 3, 4, 5 
OxKi_580 580 2, 3, 4, 5 
OxKi_590 590 2, 3, 4 
OxKi_600 600 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, 20, 24 (each 

x2) 
OxKi_610 610 2, 3 
OxKi_620 620 2, 3 
OxKi_630 630 2  
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2.4. Error calculations 

The uncertainty based on the experimental method is assessed by 
repetitions of the OxKi_600 experiments, see Table 1. The standard de-
viation of the anion concentrations Δ%ciðtÞ is calculated for each time 
step according to equation (20). The average value over all time steps is 
formed (equation (21)), and adopted for the entire experiment series. 
The derived uncertainties Δ%ci amount to 7%, 2% and 0.5% for cM2O, 
cMNO2 and cMNO3 , respectively. The oxygen partial pressure is assumed to 
have an uncertainty of 0:02 bar, and the temperature uncertainty is 
assumed to be within 2 K. The uncertainties of the salt density, molar 
masses and the universal gas constant are small and can be neglected. 
Propagation of uncertainties is calculated with the formula of quadratic 
error propagation. The errors of ln KðTÞ and ln kðTÞ are calculated by the 
root mean square error (RMSEC) formula, equation (22). 

Δ%ciðtÞ ¼ 100%⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

m

ðci;mðtÞ � ci;mðtÞÞ
2

,

4

v

u

u

t

,

ci;mðtÞ (20)  

Δ%ci ¼Δ%ciðtÞ (21)  

RMSEC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P
�

ln Cexp � ln Cfit

�2

N

s

C : K; k

(22)  

2.5. Method development 

Appropriate experiment durations and sample quantities had to be 
chosen for the thermal aging of the salt samples in the furnace chamber. 
The furnace method requires a heating and cooling time of about 1 h, see 
section 2.2. Due to inconstant temperatures, these periods are neglected 
in the reaction kinetics evaluation. Experiment durations of twice the 
heating and cooling time (�2 h) are chosen in order to minimize the 
contribution of heating and cooling to the overall experiment results. 
For increasing experiment durations, increasing carbonate contents are 
expected. The solubility limit of carbonates in molten nitrate salts is 
reached at a certain threshold, resulting in precipitation of carbonate 
rich solid phases [39,55,56]. The coexistence of several phases causes 
inhomogeneities of the samples, and makes the composition analysis 
results sensitive to errors. This effect probably explains the increase of 
the error bars with increasing experiment duration in Fig. 2, which 
shows the oxide production of the OxKi_600 experiments over time. 
Intending high accuracy of the experimental results, the experiment 
duration is restricted to 5 h in this study, see numbers in black in Table 1. 

Besides, shorter experiment durations avoid problematic salt evapora-
tion and creeping, which reduces the sample mass and could change the 
salt composition unintentionally. 

The experimental method was also development with regard to the 
sample mass. Mass transport limitations must be excluded for mea-
surement of intrinsic kinetics, which can be realized by small sample 
films with short diffusion paths of dissolved gases through the liquid 
phase. On the other hand, the samples should not be too small to provide 
enough material for chemical analysis, which requires about 1 g of 
material. Experiments at 600 �C (6 h) with 0.5, 1.0, 1.5 and 2 g of salt 
were made, and the oxide production was similar in all experiments. It 
was therefore concluded that mass transport limitations are negligible in 
the 1.5 g scale, because the experiments with smaller sample masses did 
not reveal faster reaction kinetics. A sample mass of 1.5 g of salt was 
chosen for all further experiments. Macroscopically, the salt was evenly 
distributed over the flat bottom of the alumina crucibles, except for the 
edges, where the salt film appeared slightly thicker. The inner and outer 
surface of the alumina crucibles seems to be wetted by salt because some 
crucibles stuck to the ground of the furnace chamber at the end of the 
experiments. This contributes to a higher surface of the salt film, and 
possibly further reduces mass transport limitations. 

3. Results and discussion 

Undecomposed Solar Salt before thermal treatment contains only 
nitrates (MNO3), meaning nitrate anions (NO�3 ), and the sodium and 
potassium cations. Depending on the applied temperatures, the salt 
composition changes with time, which is shown in Fig. 4 for all eight 
experiment series. The underlying reaction steps are illustrated in Fig. 3. 
During decomposition, part of the nitrate ions reacts to nitrite ions 
(NO�2 ) via reaction (N) (first step in Fig. 3) [35–41], which explains the 
nitrite content xNO�

2 in Fig. 4. According to quantum mechanical calcu-
lations and experimental results, the nitrite ions are less stable than the 
nitrate ions. It is therefore very likely that nitrite ions decompose further 
to oxide ions (O2�) via reaction (O) (second step in Fig. 3) [47–52]. 
Oxide ions in turn react with carbon dioxide to form carbonate ions 
(reaction (C), third step in Fig. 3). During heating in the furnace, the salt 

Fig. 2. Oxide production in the OxKi_600 experiments up to 24 h. The data points are the average oxide concentrations of the four samples. The error bars 
correspond to the standard deviation calculated via equation (20), and represent the experimental uncertainty. The grey area of (a) is enlarged in (b). 

Fig. 3. Simplified schema of the decomposition process of molten nitrate salts 
under the experimental conditions of this study. 
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samples are in contact with ambient air containing carbon dioxide. It is 
reported in the literature, that carbon dioxide dissolves in molten so-
dium and potassium nitrate characterized by Henry constants of 10�7 to 
10�6 mol⋅cm�3

⋅atm�1 [57,58]. Also, reaction of oxide ions with carbon 
dioxide from the ambient air (CO2 around 400 ppm) is stated in several 
publications [21,28,39,53–55]. According to those references, the 
ambient air seems to be the main source for reacting carbon dioxide. 
Besides, organic impurities of the salt material could be an additional 
minor source. Only carbonate ions are detected in all experiments 
instead of oxide ions. Therefore, reaction (C) is assumed to be fast 
compared to the oxide formation via reaction (O), and to be thermo-
dynamically favored. Referring to Fig. 3, the third reaction step (reac-
tion (C)) seems to be fast enough to directly convert all evolving oxide 
ions into carbonate ions. A general rule of reaction kinetics implies that 
the slowest reaction step in a sequence of reactions is rate determining 
[59,60]. Hence, it is justified to re-calculate salt compositions that as-
sume the presence of oxide ions instead of carbonate ions. The results, 
obtained by equation (14), correspond to experiments with exclusion of 
carbon dioxide from the system, and consequently exclusion of reaction 
(C). A detailed discussion of the observations in Fig. 4, and data evalu-
ation with regard to reaction equilibria and kinetics is given in the next 
sub-chapters. 

3.1. Reaction (N): nitrite formation and chemical equilibrium 

We assume that only nitrate is in the molten salt at time zero by 
neglecting the reactions during heating times. After 2 h, all samples 
contain a certain amount of nitrite, see Fig. 4(a). Evidently, nitrite is 
formed in the first 2 h in all experiments, which corresponds to the first 
step in the decomposition process of Fig. 3. The nitrate content is 
decreasing and nitrite content is increasing with temperature at any 
time. This observation can be explained in two ways that combine in the 
regarded case. First, nitrite formation kinetics increase with tempera-
ture. Second, chemical equilibrium of reaction (N) is shifted to the ni-
trite side at higher temperatures. This explanation is in accordance with 
literature [35–41]. Increasing equilibrium constants and consequently 
increasing nitrite contents are reported for increasing temperatures. 

In principle, reaction (N) is able to obtain chemical equilibrium since 
all reactants and products are present in the system. Nitrate and nitrite 
ions are located in the molten salt, and oxygen exists in the gas phase as 
well as dissolved oxygen in the molten salt [61]. However, reaction (O) 
can form or remove nitrite ions, and in that way prevent the formation of 
a chemical equilibrium. Therefore, changes in the nitrate and nitrite 

content over time have to be considered carefully. In order to figure out 
if chemical equilibrium according to reaction (N) is established in the 
presented experiments, it is helpful to consider the reaction quotient Q 
(see equation (16) and Fig. 5). As long as Q is changing over time, the 
reactants and products of reaction (N) are not in chemical equilibrium. Q 
is slightly increasing between 2 and 3 h for the OxKi_560, OxKi_570, 
OxKi_580, OxKi_590, and OxKi_600 experiments. Whereas, Q appears to 
be more stable for the OxKi_610 and OxKi_620 experiments. We ascribe 
this difference to the increasing reaction kinetics of nitrite formation 
with increasing temperature. The nitrite formation is comparably slow 
and changes the nitrate-to-nitrite ratio over more than 2 h at tempera-
tures �600 �C, whereas a steady state is reached in the first 2 h above 
600 �C. The reaction quotients are not changing within the error of 
measurement between the second-to-last and the last measurement 
point of all experimental series except OxKi_560. At the end of the 
experiment series, kinetics of reaction (N) are obviously faster than 
those of reaction (O), and a steady reaction quotient of reaction (N) is 
maintained. Therefore, it is reasonable to talk about chemical equilib-
rium of reaction (N), and to use the last measurement points (unfilled 
symbols in Fig. 5) for evaluation of the equilibrium and the reaction 
thermodynamics. 

The chemical equilibrium of reaction (N) (first step in Fig. 3) is 
assessed in terms of the equilibrium constant K. The temperature 
dependence of the equilibrium is analyzed in the van’t Hoff plot in 
Fig. 6. Each of the seven symbols corresponds to the equilibrium 

Fig. 4. (a): Experimental results in terms of molar ratios of nitrate (filled symbols, upper part), nitrite (unfilled symbols, upper part) and oxide (lower part). The 
oxide ratios after 2 h are shown in detail in (b). 

Fig. 5. Reaction quotient (equation (16)) of reaction (N) over time.  
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constant at the respective temperature. Linear fitting of the data points 
according to the van’t Hoff equation (17) yields a reaction enthalpy ΔH 
of 95 � 4 kJ⋅mol�1, and a reaction entropy ΔS of 86 � 5 J⋅mol�1

⋅K�1. 
The nitrite content, and consequently K as well as ln K increase with 

temperature and this is reflected in the diagrams of Fig. 6. The results 
can be compared to the equilibrium investigations at lower tempera-
tures (450–550 �C) of a previous study [41] (cross symbols and dotted fit 
line in Fig. 6). The equilibrium constants of this study are higher than 
predicted by the previous results. More nitrite than expected was formed 
in the samples of this study. This can be ascribed to, first, different 
experimental methods. The previous study presented TGA experiments 
with platinum crucibles, and the different set-up might cause some 
systematic experimental error that is not included in the error calcula-
tions. Second, one could imagine a temperature dependent effect, e.g. 
side reactions that are only relevant in a certain temperature range, and 
affect the equilibrium. Besides, non-ideal behavior of the multicompo-
nent phases (liquid phase and gas phase) should be contemplated. The 
second explanation is considered more likely because another literature 
study [38] also found higher equilibrium constants at higher tempera-
tures (500–620 �C), just like this study. Given the different experimental 
configurations, it is reasonable to assume that temperature dependent 
effects are responsible for the systematic offset from predicted values 
above 550 �C. That means, the extrapolation of the equilibrium pa-
rameters gained up to 550 �C is restricted and involves large un-
certainties. The authors recommend using thermodynamic reaction 
parameters that are gained in the temperature range of interest. 

3.2. Reaction (O): oxide kinetics 

Different literature studies have validated that nitrite ions can 
decompose to oxide ions according to reaction (O) [47–52]. This reac-
tion is represented by the second step in the decomposition process of 
Solar Salt in Fig. 3. Experimental investigation and evaluation of the 
intrinsic kinetics of oxide formation are discussed in the following. 
During the experiments, product gases of reaction (O) such as NO and 
NO2 are purged out of the system by natural convection. Consequently, 
the reaction does not reach chemical equilibrium. Instead, the reaction is 
pushed to the product side, and increasing levels of oxide ions are ex-
pected to be produced over time. Fig. 4(a) provides evidence that the 
oxide ratio increases with time at all temperatures. It was found that the 
increase is less pronounced at lower temperatures, e.g. the absolute in-
crease of the oxide ratio of OxKi_570 (circle symbols) is smaller than the 
oxide increase of OxKi_620 (triangle symbols with right side pointing 
tips). Furthermore, the oxide ratio after 2 h continuously increases with 
temperature (see Fig. 4(b)). For instance, 0.002 mol⋅mol�1 is formed at 
560 �C, and 0.012 mol⋅mol�1 is formed at 630 �C. The latter two ob-
servations are interpreted in terms of the reaction equation (O). First, 
higher temperatures entail higher nitrite concentrations, which are the 
reactants. Consequently, the reaction occurs more frequently because 
more reacting molecules are available in the salt volume. Second, re-
action rate constants generally increase with temperature, meaning that 
the probability of reaction increases [59,60]. Both effects contribute to a 
higher oxide content, and to faster oxide formation when the tempera-
ture is raised. 

The kinetic rate law in equation (23) is postulated for the oxide 
formation in Solar Salt. It is based on reaction equation (O), and on 

Fig. 6. Van’t Hoff plots of the equilibrium constants 
of reaction (N). The unfilled symbols correspond to 
the equilibrium constants calculated in this study at 
570–630 �C. The RMSE of this study amounts to 0.05, 
and is illustrated as grey tunnel behind the solid fit 
line. Equilibrium constants K at �550 �C (cross 
symbols), their linear fit (dotted line) and the uncer-
tainty tunnel are taken from reference [41] and 
inserted in the diagrams for comparison. The framed 
area of (a) is enlarged in (b) for a better resolution of 
the temperature range 560–630 �C.   

Fig. 7. Kinetics of the oxide formation in a range from 560 to 630 �C. (a): The quotient of the oxide and nitrite concentration versus time according to equation (24). 
(b) Arrhenius diagram of the kinetic rate constants. The symbol shape of each data point corresponds to the symbol shape in (a) at the respective temperature. The 
error bars represent the standard deviations of the linear fits in (a). The RMSE amounts to 0.03, and is illustrated as grey tunnel behind the solid fit line. 
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references [49,50] saying that the oxide formation is first-order in the 
nitrite concentration. The experimental results are interpreted in terms 
of the rate law equation (23). The quotient of the oxide and the nitrite 
concentration is plotted versus time in Fig. 7(a). According to equation 
(24), which is a rearrangement of the rate law (23), the data in Fig. 7(a) 
can be fitted linearly, and the slope corresponds to the kinetic rate 
constant kðTÞ. Eventually, kinetic rate constants at eight temperatures 
can be extracted. The rate constants are plotted according to the 
Arrhenius equation (19) in Fig. 7(b). The linear fit parameters reveal an 
activation energy Ea of 42 � 3 kJ⋅mol�1 for a pre-exponential factor A of 
0.003 � 0.001 s�1. 
r ¼ dcM2OðtÞ=dt ¼ kðTÞ⋅cMNO2

ðtÞ (23)  

dðcM2OðtÞ = cMNO2
ðtÞÞ = dt¼ kðTÞ (24) 

To the best of our knowledge, oxide formation kinetics in sodium 
nitrate or potassium nitrate, or mixtures of both, was not published so 
far. Previous studies investigated thermal decomposition of barium-, 
strontium-, and calcium nitrite [48], lithium nitrite [49] and sodium 
nitrate [50] with the oxide ion being one of the product ions. However, 
the kinetics evaluations of these studies merge all decomposition re-
actions, no matter what products are formed. Therefore, the presented 
rate constants in the range of 10�6 s�1 [49], and activation energies of 
33–65 kJ⋅mol�1 [48] and of 243 kJ⋅mol�1 [50] are not comparable to 
the results of this study. 

A model to predict the salt composition of Solar Salt with a focus on 
oxide formation can be built with the presented results. First, the 
chemical equilibrium of reaction (N) is calculated with equations (17) 
and (18), and with the thermodynamic results of chapter 3.1. Second, 
the reaction kinetics of reaction (O) are described by equations (19) and 
(23), and by the kinetics parameters presented in chapter 3.2. The salt 
composition calculated by this model for temperatures between 560 and 
630 �C can be compared to the experimental results shown in Fig. 2(a). 
The oxide concentrations are predicted with relative deviations (RDcM2O , 
see equation (25)) ranging from 0.9% (620 �C) to 26% (560 �C). The 
average deviation amounts to 9%. The reaction chemistry description 
can be considered accurate enough for future application in more 
complex mathematical models. 

RDcM2 O
¼ 100%⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P
��

cM2O;exp � cM2O;mod

��

cM2O;exp

�2

N

s

(25)  

4. Conclusions 

The intrinsic formation of oxide or carbonate ions in Solar Salt has 
not been investigated in the past in terms of reaction kinetics. However, 
it is a key to exhaust temperature limits of Solar Salt applications, and 
for lifetime predictions of the material. This study presents an appro-
priate method to measure oxide formation at 560–630 �C in the absence 
of mass transport limitations. It is concluded that the nitrite forming 
reaction, which delivers the reactant for further decomposition, reaches 
chemical equilibrium within the experiment times. The equilibrium 
parameters previously gained for a lower temperature range underes-
timate the nitrite content. Hence, reaction thermodynamics should be 
chosen carefully with respect to the considered temperatures. For the 
first time, the experiments enable evaluation of the oxide formation 
microkinetics in Solar Salt. The experimental data is fitted according to a 
reliable kinetic rate law, which allows extraction of the kinetic param-
eters. The oxide formation is successfully described in terms of a 
mathematical equation and the corresponding parameters. This equa-
tion can be combined with thermodynamics and kinetics of other re-
actions for a full assessment of Solar Salt chemistry. Furthermore, 
reaction kinetics of oxide formation gives valuable information for 
design of CSP components such as hot surfaces with molten salt flow (e. 
g. solar tower receiver, electric heater). The established reaction times in 

this work for oxide formation can be compared with molten salt hold-up 
times at elevated wall temperatures in such components. This can allow 
for further optimization (e.g. increase of wall temperatures) of such 
components. 
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A B S T R A C T   

Thermal energy storage systems are integrated in concentrating solar power plants to improve the flexibility of 
the electricity generation. Commonly, the liquid storage material Solar Salt, a nitrate salt mixture, is applied to 
transport and store solar thermal energy. The lifetime and the temperature range of Solar Salt in the storage units 
are restricted by decomposition reactions of the material. Oxide ion formation is one of the fundamental issues. 
So far, it has not been proven if oxide ion formation can be prevented by addition of gaseous reaction products to 
the gas atmosphere. Also, a reliable reaction equation for the oxide ion formation is missing. In the presented 
experiments, molten salt at 600 and 620 ◦C is purged with a gas mixture of nitrogen, oxygen, and nitrous gases. 
Post-analysis of salt samples reveals stabilizing effects, depending on the purge gas compositions. Chemical 
equilibrium of the oxide ion forming reaction is demonstrated. It is proven that oxide ion formation can be 
controlled and suppressed. Reaction equations are evaluated and selected in order to quantify the reaction 
thermodynamics. The results contribute to recommendations for operating conditions and gas handling in 
storage systems of solar thermal power plants, which finally ensure reliable and constant material properties for 
extended lifetime and high temperatures.   

1. Introduction 

1.1. Technological background 

The concentrating solar power (CSP) technology transforms the solar 
irradiation to solar thermal energy, which is finally used for electricity 
generation. Large-scale and commercial CSP plants exist in several 
countries. Prospectively, the technology is considered to gain impor-
tance due to the transition to renewable energies. An energy storage unit 
adds flexibility to CSP plants, making electricity generation adjustable to 
the electricity market. Also, a storage unit enables continuous electricity 
supply during the night or in cloudy weather. For the CSP technology, 
thermal energy storage with a nitrate salt mixture commonly known as 
Solar Salt is the state-of-the-art storage type with a significant market. 
Those storage units belong to the class of sensible heat storage, because 
the material is used exclusively in its liquid state at different tempera-
ture levels. (Mehos et al., 2017; Tian and Zhao, 2013) 

Sensible heat storage with Solar Salt has many advantages. The 
material features excellent pumpability due to its low viscosity (Janz 
et al., 1979; Janz et al., 1972; Jin et al., 2016), which is not the case for 

alternatively considered solid storage materials. It is applicable at 
ambient pressure thanks to its low vapor pressure (Glazov et al., 2002). 
Compared to halide salts which are also discussed for sensible heat 
storage, it has low corrosivity (Bonk et al., 2018b; Ding et al., 2019; 
Gomes et al., 2019; Liu et al., 2019; Zhuang et al., 2019). Solar Salt is 
composed of sodium nitrate (NaNO3) and potassium nitrate (KNO3) 
which are inexpensive, e.g. compared to lithium containing salt mix-
tures (Durth et al., 2019; Villada et al., 2019). Their thermal stability 
exceeds the one of calcium nitrate mixtures which would also be a cost- 
efficient option (Gomez et al., 2013; Grosu et al., 2018). Hence, Solar 
Salt is considered a beneficial material for TES. 

Over decades, the CSP community gained experience regarding 
parabolic trough CSP systems coupled with thermal storage systems at 
maximum temperatures of 400 ◦C (Tian and Zhao, 2013). Solar Salt has 
proven its thermal stability and durability up to this temperature limit. 
However, solar power tower CSP plants (instead of parabolic trough) 
have been built increasingly in the last few years, and are planned for the 
future. They feature considerably higher temperatures, more precisely 
an upper storage temperature of typically 565 ◦C, and local temperature 
peaks even above that temperature (McConohy and Kruizenga, 2014; 
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Mehos et al., 2017; SolarPACES, 2017). Given the so far short opera-
tional life, there is a lack of experience in terms of material stability and 
durability for Solar Salt and connected components in the solar power 
tower CSP plants. For the future, further temperature increase is most 
desirable because it increases the storage capacity and the efficiency of 
the conversion heat to power (Turchi et al., 2018). 

One major drawback is that decomposition reactions and corrosion 
rates increase with temperature, thereby affecting steel components in 
the molten salt loop (Bonk et al., 2018a, 2019; Federsel et al., 2015; Fei 
et al., 2019; Fernández et al., 2014; Fernández and Cabeza, 2019; 
McConohy and Kruizenga, 2014; Prieto et al., 2019). Briefly speaking, 
high temperatures are positive, because they improve the storage system 
performance, but are also negative, due to material stability issues. The 
goal is to solve this dilemma by maintaining the long-term thermo-
chemical stability of the materials, even at elevated temperatures. 

This study addresses the thermal stability of Solar Salt with a focus 
on one critical reaction product, which is the oxide ion. The following 
section (section 1.2) discusses the state of knowledge of the relevant 
liquid-gas reactions in nitrate salts. Afterwards the scope of the pre-
sented paper is set in more detail in section 1.3. 

1.2. State of knowledge of nitrate salt chemistry 

The decomposition process of Solar Salt can be subdivided into 
several steps. Some of them probably occur simultaneously or parallel. 
Initially, the undecomposed Solar Salt only contains nitrate salts (MNO3, 
M = Na, K). The formation of nitrite ions (NO−

2 , anion in MNO2) ac-
cording to reaction (N) is widely accepted and well described in the 
literature (Bond and Jacobs, 1966; Freeman, 1956, 1957; Nissen and 
Meeker, 1983; Paniccia and Zambonin, 1976; Sötz et al., 2019; Tracey 
et al., 1978). If oxygen (O2) is present in the system, the reaction can 
establish chemical equilibrium regarding nitrate and nitrite ions, and 
oxygen. The thermodynamics in terms of reaction enthalpy and entropy 
are published for a broad temperature range (260–593 ◦C) by Tracey 
et al. (Tracey et al., 1978), and for moderate temperatures (450–550 ◦C) 
by the authors of this article (Sötz et al., 2019). 
2MNO3⇌2MNO2 +O2 (N) 

The formation of oxide ions (O2−, anion in M2O or MIIO) is reported 
in several publications. Given the broad spectrum of studies and pro-
posed reaction mechanisms, the existing literature is reviewed exten-
sively. Protsenko (Protsenko and Bordyushkova, 1965) investigated the 
thermal decomposition of nitrite salts of bivalent cations (MII2+) at 
400–500 ◦C. Volumetric production of decomposition gases indicated 
reaction (1). It was concluded that the presence or absence of oxygen 
and nitrogen (N2) in the atmosphere significantly affects the decompo-
sition mechanism. Lee et al. (Lee and Johnson, 1972) analyzed the 
decomposition gases of lithium nitrite by mass spectrometry and inter-
preted the results and the stoichiometry of the measured gases in terms 
of reactions (2)–(4) and (N). 

The book of Stern (Stern, 1972) reviews decomposition reactions of 
potassium and sodium nitrite and nitrate. For potassium nitrite, reaction 
(5) is considered to be the first step in a decomposition sequence, fol-
lowed by reactions (4), (6) and (7). Above 800 ◦C, reaction (8) is 
considered to be strongly on the oxide ion (product) side. For potassium 
nitrate, oxide ion formation is explained by reaction (9) with equilib-
rium constants of 8.8⋅10-27 and 3.9⋅10-22 at 800 and 900 ◦C, respec-
tively. For sodium nitrite the same decomposition steps as for potassium 
nitrite (reactions (5), (4), (6) and (7)) are suggested below 600 ◦C. At 
higher temperatures and in the presence of oxygen, nitrate will form 
according to reaction (N) until chemical equilibrium. Under inert at-
mosphere, decomposition can be expressed by reaction (8) which shows 
production of nitrogen and oxygen gas. For sodium nitrate, Stern men-
tions the complexity of the oxide ion forming decomposition reactions, 
and questions the sense of their thermodynamic considerations. 

Equilibrium constants of reaction (9) are given with 1.6⋅10-18 and 
1.3⋅10-14 at 800 and 900 ◦C, respectively, reflecting the instability of 
sodium nitrate or nitrite compared to the corresponding potassium salt. 

Hoshino et al. (Hoshino et al., 1981) detected oxygen, nitrogen 
monoxide (NO) and nitrogen gas in the purge gas flow of decomposing 
sodium nitrate using TG-MS. Reaction (10) is proposed based on the 
formation rates of NO and O2 and their stoichiometric ratio. Abe et al. 
(Abe et al., 1983) measured decomposition gases of sodium nitrite 
depending on the temperature with gas chromatography. Below 600 ◦C, 
the main gaseous product is NO, whereas similar amounts of NO and O2 
are produced at higher temperatures. Also, trace amounts of nitrogen 
gas (N2) are detected. The oxide ion formation is assumed to follow a 
mechanism with a peroxide (O2−2 ) intermediate. Reaction (2) is postu-
lated for argon atmosphere, and for oxygen atmosphere the formation of 
nitrate according to reaction (N) is considered to be the main reaction. In 
a subsequent publication (Abe et al., 1984), Abe et al. identified the 
oxide ions to be the final decomposition product of sodium nitrite, 
because the measured weight loss is in agreement with equation (10). 
The formation of sodium nitrate is explained by reaction (2). In the order 
of their intensity, nitrogen monoxide, oxygen and nitrogen gas are 
detected. The publication supports the decomposition mechanism with 
peroxide intermediate which disproportionates into oxide ion and 
oxygen. 

A sodium nitrate and potassium nitrate mixture was investigated via 
DSC/TG-MS by Olivares (Olivares, 2012). The thermal stability in-
creases when nitrite ions are oxidized to nitrate ions, which indicates 
that the nitrite ion (instead of the nitrate ion) is decomposed. The oxide 
ion formation is postulated by reactions (5) and (8), and carbonate 
formation by reaction (11). Nitrogen monoxide and nitrogen dioxide 
(NO2) were detected in all atmospheres, N2 was detected in argon and 
oxygen atmosphere, and O2 was detected in argon atmosphere. The 
ensuing publication (Olivares and Edwards, 2013) on a ternary nitrate 
mixture (LiNO3-NaNO3-KNO3) revealed similar results with regard to 
the detected decomposition gases. The main gaseous decomposition gas 
was NO. The authors interpreted the results with regard to chemical 
equilibrium of reaction (N) and reaction (5) which produces NO and 
NO2. Gas phase reactions were also considered. N2 is assumed to be 
stable and does not react with other gases. NO, NO2 and O2 are involved 
in the gas-phase reaction (G). 

Wright et al. (Wright et al., 2012) analyzed decomposition gases of 
equimolar sodium nitrate and potassium nitrate by a cathode- 
luminescence analyzer. The nitrogen species with highest concentra-
tion was NO. Nitrogen dioxide and nitrogen gas were detected in minor 
concentrations. In argon atmosphere, the concentration of nitrous gases 
(NOx) was 40 times higher than in nitrogen and air atmosphere. 
Therefore, a stabilizing effect was attributed to air and nitrogen atmo-
sphere in terms of reaction thermodynamics. The production of 
decomposition gases was explained by reactions (N), (4), (5), and (12). 
Reaction (8) was regarded as a generalized decomposition reaction for 
nitrite. 

NOx emissions from Solar Salt mixture were measured up to 600 ◦C 
by Wei et al. (Wei et al., 2014). More NO than NO2 was detected. The 
NOx production at ≥ 600 ◦C is explained with reactions (9) and (13) 
based on thermodynamic calculations of the free energy of reaction. 
Federsel et al. (Federsel et al., 2015) considered reactions (N), (5) and 
(11) as reasons for mass changes of a sodium and potassium nitrate and 
nitrite mixture. 
4MII(NO2)2

⇌2MII(NO3)2
+ 2MIIO+ 2NO+N2 (1)  

3MNO2⇌M2O+MNO3 + 2NO (2)  

2MNO2⇌M2O+N2O+O2 (3)  

2MNO2 + 2NO⇌2MNO3 +N2 (4)  
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2MNO2⇌M2O+NO2 +NO (5)  

M2O+ 2NO2⇌MNO2 +MNO3 (6)  

MNO2 +NO2⇌MNO3 +NO (7)  

2MNO2⇌M2O+N2 + 1.5O2 (8)  

2MNO3⇌M2O+ 2NO2 + 0.5O2 (9)  

MNO2⇌0.5M2O+NO+ 0.25O2 (10)  

M2O+CO2⇌M2CO3 (11)  

NO+ 0.5O2⇌NO2 (G)  

2MNO3⇌M2O+N2O+ 2O2 (12)  

2MNO3⇌M2O+NO+N2O+ 2O2 (13) 
The gas phase reaction (G) always has to be considered when NO2 

and/or NO in the presence of O2 is produced (Olivares and Edwards, 
2013). The reaction equilibrium can be calculated with listed thermo-
dynamic values of the three gases, as it is done e.g. in the reference 
(Olsson et al., 1999). Below 350 ◦C, nitrogen dioxide predominates, 
whereas nitrogen monoxide predominates above 500 ◦C. Similar con-
centrations of nitrogen monoxide and nitrogen dioxide coexist at 
400–450 ◦C. The gas phase reaction kinetics of the oxidation of nitrogen 
monoxide by oxygen are reviewed by Tsukahara et al. (Tsukahara et al., 
1999). Among many original research publications only the ones of 
Tipper et al. (Tipper and Williams, 1961), Ashmore et al. (Ashmore 
et al., 1962) and Olbregts et al. (Olbregts, 1985) are appropriate for the 
temperature range that is relevant in this paper (600–620 ◦C). The re-
action kinetics in those three publications are consistent. They indicate 
oxidation times of nitrogen monoxide until chemical equilibrium around 
300–1000 min at 300 ◦C, and around 30–250 min at 600 ◦C, each 
depending on the initial NOx concentrations. 

To sum up the literature on oxide ion formation in salt systems 
similar to the Solar Salt mixture, some key points are figured out:  

• A large number of reaction equations is considered for the oxide ion 
formation in molten nitrate-nitrite salts (reactions (1)–(3), (5), (6), 
(8), (9), (10), (12) and (13)).  

• Those reaction equations differ in the involved ionic compounds 
(MNO3 and/or MNO2) and gaseous species (NO, NO2, N2O (dini-
trogen oxide), N2 and O2). NO and O2 appear to be the most relevant 
reaction gases. 

• Also, the reaction equations differ in the stoichiometry of the reac-
tion products. For example, both reaction (5) and (10) produce oxide 
ions and nitrogen monoxide, but in different stoichiometric ratios.  

• All referred studies report purged experiments. The reaction gases 
(or at least some of them) are removed from the system by a 
continuous purge gas flow. Consequently, the salt mixtures could not 
obtain chemical equilibrium, and it was not demonstrated that the 
proposed reaction equations are valid in terms of equilibrium 
reactions.  

• The reversible reaction (N) of nitrate ions to nitrite ions is mentioned 
in most publications, and should always be considered.  

• If NO is produced as a decomposition gas, it can react to NO2, and 
vice versa. The chemical equilibrium of NO and NO2 (reaction (G)) is 
strongly temperature dependent. Full chemical equilibrium in the 
gas phase may not be reached due to slow reaction kinetics. 

Despite those findings in the literature, major questions are still 
unsolved. It remains uncertain if the amount of oxide ions can be 
restricted intentionally by atmospheric conditions. Clear evidence of a 
chemical equilibrium with oxide ions in the molten nitrate salt is not 

reported. Also, a reliable reaction equation with justified stoichiometry 
is not identified. 

1.3. Scope of the study 

The work presented in this paper aims to prove that oxide ion for-
mation in Solar Salt is based on equilibrium reactions. Accordingly, the 
reaction is expected to cease at a certain product (oxide ion) concen-
tration and gas phase composition. The experimental part of the study 
intends to demonstrate that the concentration of oxide ions can be 
controlled by adjusting partial pressures of the purge gases. For this 
purpose, a molten salt system is purged with a mixture of the presumed 
reaction gases. Increasing the partial pressures of the reaction gases is 
expected to lower the oxide content at chemical equilibrium. 

In the second part, the reaction equations are considered in terms of 
thermodynamic equilibrium calculations. It is contemplated to system-
ize the numerous existing reaction equations, and to identify the key 
differences with regard to predicted equilibrium oxide ion contents. 
Finally, the thermodynamic calculations are compared with the exper-
imental results to ascertain how the reaction equations can be linked to 
the experiments. 

2. Materials and methods 

2.1. Experimental 

The eight experiments listed in Table 1 are performed in an autoclave 
test rig with approximately 100 g of Solar Salt mixture (60 wt% sodium 
nitrate, 40 wt% potassium nitrate, both Merck > 99% purity). The test 
rig is described in detail in the reference (Bonk et al., 2017). The salt is 
stirred, and heated to the desired temperature (600 or 620 ◦C, see 
Table 1). Salt samples are extracted over the course of the experiment. 
The gas phase is purged (100 mL⋅min−1) with a mixture of 80 vol% 
nitrogen, 20 vol% oxygen, and varying concentrations of NO (see 
Table 1). Nitrogen with 1.25 times the target NO concentration is 
combined with oxygen gas. The gases come from Linde Gas (oxygen in 
all experiments, and NO in nitrogen for 620_500 and 620_200), and from 
basi Schöberl GmbH (NO in nitrogen for 600_50, 600_100, 600_200 and 
600_500). The concentration of NO in nitrogen has an accuracy of 5% 
according to the analysis certificates. Oxygen and nitrogen gas has 5.0 
grade. 

Two analytical methods reveal the composition of the salt samples. 
First, about 125 mg of salt sample are dissolved in 500 mL ultrapure 
water (HiPerSolv, VWR, Germany), and analyzed by ion chromatog-
raphy (IC) to measure the content of nitrate and nitrite ions. An IC 
apparatus of the type Metrohm 930 Compact IC Flex (Metrohm, 
Switzerland) equipped with a Metrosep A Supp analytical column (5 ×
250 mm), and a suppressed conductivity detector are used. Second, 
approximately 0.8 g of salt sample is dissolved in ultrapure water (150 
mL), and the oxide ion content is determined by acid-base titration. The 
titration is executed in a Metrohm Titrando 905 system with 0.01 mol⋅L- 
1 HCl titrant. The two methods are further described in the references 
(Bonk et al., 2020; Bonk et al., 2017; Sötz et al., 2019). 

Table 1 
List of experiments. Settings are specified with regard to temperature T, purge 
gas composition (NOx in synthetic air, pNOx ) and experiment duration.  

Label T/◦C  pNOx /ppm  Duration/h 

600_blank 600 0 1130 
600_50 600 50 990 
600_100 600 100 1010 
600_200 600 200 910 
600_500 600 500 930 
620_blank 620 0 1300 
620_200 620 200 1300 
620_500 620 500 720  
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Raw data from IC and titration analysis in terms of weight fractions 
of nitrate, nitrite and oxide mi (in wt.%, relative to the total mass) are 
transformed to molar fractions xi (in mol∙mol−1, relative to the total 
amount of ions) in Eq. (14). In the formula, Mi represents the molar mass 
of i, and di represents the van’t Hoff factor of i (2 for nitrates and nitrites, 
and 3 for oxides). The uncertainties σ of mNO−

3 and mNO−
2 are calculated 

according to an error consideration with seven fold IC measurement 
repetition (NO−

3 : 0.142% for < 150 mg⋅L-1, and 0.225% for > 150 mg⋅L- 
1; NO−

2 : 0.330% for < 5 mg⋅L-1, and 0.409% for > 5 mg⋅L-1) (Bonk et al., 
2018a). The error of xi is calculated by quadratic error propagation 
based on Eq. (14), resulting in Eq. (15). For oxide ions, the error is 
assumed to be the limit of detection of the titration method that is ±2.5∙ 
10−5 for xO2− . 

The reaction quotient of reaction (N) Q(N)(t) which describes the 
reaction progress is calculated according to Eq. (16), and its uncertainty 
via Eq. (17). Herein, pO2 is the partial pressure of the oxygen, and p0 is 
the reference pressure of 1 bar. The logarithmic equilibrium constant of 
reaction (N) lnK(N) is the arithmetic mean of the logarithm of all Q(N)(t)
values at chemical equilibrium Q(N),eq, see Eq. (18). The corresponding 
standard deviation of lnK(N) is calculated according to Eq. (19) with n 
being the number of values lnQ(N),i that contribute to the average of Eq. 
(18). 

xi =
mi/Mi

dMNO3
∙mNO−

3

/

MNO−
3
+ dMNO2

∙mNO−
2

/

MNO−
2
+ dM2O∙mO2−

/

MO2−

(14)  

σxi
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(

(di+1∙mi+1/Mi+1+dO2−∙mO2−/MO2− )Mi

(dimi+(di+1∙mi+1/Mi+1+dO2−∙mO2−/MO2− )Mi)
2
∙σmi

)2

+

(

−
di∙mi/Mi∙di+1

Mi+1∙(di∙mi/Mi+di+1∙mi+1/Mi+1+dO2−∙mO2−/MO2− )2
∙σmi+1

)2

√

√

√

√

√

√

√

√

√

√

√

(15)  

Q(N)(t) = xNO−
2
(t)
(

pO2

/

p0

)0.5
/

xNO−
3
(t) (16)     

lnK(N) = lnQ(N),eq (18)  

σlnK(N)
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑

i

(

lnQ(N),eq,i − lnK(N)

)2

/

n

√

√

√

√ (19)  

2.2. Thermodynamic equilibrium calculations 

Several reversible reactions are proposed for nitrate salt decompo-
sition, see section 1.2. Based on the listed values (Barin, 2008; Stern, 
1972) for the enthalpy (Hi) and entropy (Si) of the reacting species i, the 
reaction enthalpy ΔrH, and the reaction entropy ΔrS are calculated ac-
cording to equations (20) and (21). The stoichiometric coefficient of the 
involved chemical compounds i are expressed by νi. The uncertainties of 
the reaction enthalpy and entropy, σΔrH and σΔrS, are estimated to 5%. 

The Gibbs energy of the reaction ΔrG is calculated in Eq. (22) (Barin, 
2008; Wedler and Freund, 2012). The equilibrium constants K of the 
reactions are calculated via Eq. (23), and their errors follow the 
quadratic error propagation. The calculations in detail can be found in 
the supplementary data II. 
ΔrH =

∑

i

νiHi (20)  

ΔrS =
∑

i

νiSi (21)  

ΔrG = ΔrH −TΔrS (22)  

K = exp(−ΔrG/RT) (23)  

3. Results and discussion 

3.1. Experimental investigation of Solar Salt stability 

The salt composition changes over the course of the experiments 
defined in Table 1. The results are shown in terms of the nitrate and 
nitrite ion content in Fig. 1(a) and (b), and in terms of oxide ion content 
in Fig. 1(c). 

Qualitatively, the formation of nitrite ions (see Fig. 1(b)) is fast in the 
beginning up to around 100 h in all experiments. Then, the nitrate and 
nitrite content stabilizes. This process is based on reaction (N), which 
proceeds towards the product (nitrite ion) side until chemical equilib-
rium is reached. The equilibrium is possible due to the presence of ox-
ygen gas in the atmosphere (20 vol% in all experiments). The 
equilibrium nitrite content is higher for the 620 ◦C experiments, 
compared to the 600 ◦C experiments. This increase is consistent with the 
reaction thermodynamics of reaction (N), which favor the product side 
(higher nitrite content) at higher temperatures (Bond and Jacobs, 1966; 
Freeman, 1956, 1957; Nissen and Meeker, 1983; Paniccia and Zambo-
nin, 1976; Sötz et al., 2019; Tracey et al., 1978). These observations 
agree with previous investigations of Solar Salt in synthetic air (without 
NOx in the purge gas) (Bauer et al., 2012, 2013; Bonk et al., 2018a; Sötz 
et al., 2019). 

The experimentally measured nitrate and nitrite contents are 

analyzed quantitatively by transforming them into the reaction quotient 
of reaction (N) Q(N)(t) (see Fig. 2 and Eq. (16)). If reaction (N) is 
ongoing, Q(N)(t) changes over time. Time constant Q(N)(t) reveals 
chemical equilibrium. The Q(N)(t) values of all experiments of Table 1 
are shown in Fig. 2. Q(N)(t) is increasing at the beginning, which reflects 
macroscopic anion composition changes based on reaction (N). The ratio 
of nitrite ions to nitrate ions is changing over time in this first stadium. In 
the ensuing stadium, Q(N) stabilizes because chemical equilibrium has 
established, and the ratio of nitrite ions to nitrate ions is stable. The 
average of the stabilized Q(N) values is considered to be the equilibrium 
constant K(N) of each experiment (illustrated by horizontal lines in 
Fig. 2). To compare all K(N) values, their van’t Hoff plot is presented in 
Fig. 3. 

The nitrate-nitrite equilibria of this study are compared with previ-
ous results (Sötz et al., 2019) in Fig. 3. The equilibrium constants of this 
study (circle symbols) are similar, but above the prediction of the 
reference (dotted fit line) for the two considered temperatures 600 and 

σQ(N)(t) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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620 ◦C. Lower nitrite concentrations than actually measured in this 
study are expected according to the reference equilibrium description. 
The fit line of the reference study is based on experiments at ≤ 550 ◦C 
(+symbols in Fig. 3), which is below the temperatures of this study. 
Seemingly, extrapolating the equilibrium results to higher temperatures 
slightly reduces the accuracy of the equilibrium description. Due to the 
small deviations and in order to stay consistent with the previous pub-
lication, the thermodynamic reaction parameters of the reference (Sötz 
et al., 2019) are applied in all data evaluation and calculations in this 

study. 
In the following, the oxide content (see Fig. 1(c)) and changes therein 

are discussed qualitatively. The numerous reactions from the literature 
(1)–(3), (5), (6), (8), (9), (10), (12) and (13) are summarized and 
simplified to reaction (O) in this section for reasons of clarity and 
comprehensibility. Reaction (O) is in agreement with the literature re-
actions, because it describes the formation of oxide ions based on the 
nitrite ion, which is certainly present in the molten Solar Salt. The re-
action is accompanied by the evolution of nitrous gases, oxygen and/or 
nitrogen. The produced gases are summarized to ’N2O3’ since literature 
does not reveal the exact composition of the emerging gases. 
2MNO2⇌M2O+ ’N2O3’ (O) 

The reference experiments 600_blank and 620_blank both reveal 
continuous formation of oxide ions over 1130 h and 1300 h, respec-
tively. In those experiments, the nitrous gases are constantly purged out 
of the system by a synthetic air gas flow. In other words, one part of the 
reaction products is constantly removed from the liquid–gas system. The 
reaction is driven to the product side which manifests in the steady 
formation of oxide ions. Consequently, the oxide ion content does not 
stabilize in the 600_blank and 620_blank experiments. 

The oxide content stabilizes in the experiments 600_100, 600_200, 
600_500, 620_200, 620_500. Compared to the respective blank experi-
ments without NOx in the purge gas (600_blank and 620_blank), each of 
those experiments shows a lower oxide content towards the end of the 
experiment time. The purge gas of the experiments 600_100, 600_200, 
600_500, 620_200, 620_500 is composed of nitrogen, oxygen, and ni-
trogen monoxide. Certainly, nitrogen dioxide is formed by the fast re-
action of nitrogen monoxide with oxygen (Eq. (G)) (Ashmore et al., 
1962; Olbregts, 1985; Tipper and Williams, 1961; Tsukahara et al., 
1999). Thus, two types of nitrous gases are always present in the gas 
phase, and probably dissolve to a certain concentration in the molten 
salt. The specific atmospheric conditions obviously stabilize the salt in 
terms of lower oxide ion contents. Therefore, it can be assumed that the 
product gases of the decomposition reaction (O) are mostly covered by 
the mixture of nitrogen, oxygen, nitrogen monoxide and nitrogen di-
oxide. It seems that the presence of those gases enables chemical equi-
libria of a large part of the decomposition process summarized in 
reaction (O), analogous to the stabilizing effect of O2 on the nitrite 
forming reaction (N). A similar effect was recently published by the 
authors of this study for closed Solar Salt systems. Closing the liquid–gas 
system enables accumulation of reaction gases in the system, and 
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Fig. 2. Reaction quotient of reaction (N) Q(N) over time for all experiments. The 
horizontal lines represent the constant Q(N) value towards the end of each 
experiment. These values are considered as equilibrium constants K(N) , and 
further analyzed in Fig. 3. 

Fig. 3. Van’t Hoff plot of the equilibrium constant of reaction (N) K(N) based on 
experiments at 600 and 620 ◦C. For comparison, the equilibrium results of a 
previous study (Sötz et al., 2019) are also shown in the diagram. 

   600_blank

   600_50

   600_100

   600_200

   600_500

   620_blank

   620_200

   620_500

Fig. 1. Changes of the salt composition over time for all experiments (Table 1). 
The fits serve as guide to the eye. (a) Nitrate ion content. (b) Nitrite ion content. 
(c) A smaller scaling is chosen for the oxide ion content. 
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reduced the formation of decomposition products such as oxide ions 
(Bonk et al., 2020). To the best of our knowledge, the presented ex-
periments are the first proof of reducing oxide ion formation in molten 
nitrate salt by a specific gas purge. This result is crucial for the molten 
salt energy storage technology, because oxide ions play a major role in 
metallic corrosion of structural materials, and their formation should be 
prevented. 

Compared to the reference experiment 620_blank, the oxide content 
of 620_200 is lower after 750 h, which indicates a stabilizing effect of the 
200 ppm NOx atmosphere. Yet, the oxide content is slowly increasing 
between 750 and 1500 h. Perhaps, chemical equilibrium was not 
reached during the time of the experiment for kinetics or mass transport 
reasons. Otherwise, it is also possible, that the composition of the purge 
gas has to be further optimized to enable perfectly equilibrated oxide 
contents. Some of the previous publications mention the formation of 
N2O during decomposition processes with oxide ion formation (Lee and 
Johnson, 1972; Wei et al., 2014; Wright et al., 2012). Perhaps, adding 
N2O to the purge gas would be necessary to keep all reaction gases in the 
system, and to enable full chemical equilibrium. Overall, the partici-
pation of N2O seems to be small, because chemical equilibrium was 
demonstrated in several experiments in this study, all without N2O in the 
purge gas. Possibly, the influence of N2O only becomes visible at high 
temperatures (≥620 ◦C) and low NOx concentrations (≤200 ppm). 

The accumulation of oxide ions in the experiment 600_50 is similar to 
that in the reference experiment 600_blank. The oxide content is 
constantly increasing, and the NOx concentration of 50 ppm seems not to 
have a stabilizing effect within the experiment duration of 990 h. Due to 
the very low NOx concentration, it is reasonable to expect a relatively 
high equilibrium oxide content, which only appears in long-term ex-
periments. Stabilization of the molten salt should be possible with the 
applied purge gas, but could not be demonstrated in the duration of the 
experiment. 

Some general trends are revealed by summarizing the equilibrium oxide 
contents of the experiments 600_100, 600_200, 600_500, 620_200, 620_500 in 
table 2. At a fixed temperature, a higher NOx concentration results in a lower 
oxide content (e.g. xO2− ,eq(600100)>xO2− ,eq(600200)≈xO2− ,eq(600500), 
and xO2− ,eq(620200)>xO2− ,eq(620500)). At a fixed NOx level, an increase in 
temperature leads to a higher oxide content (e.g. 
xO2− ,eq(600200)<xO2− ,eq(620200)). In other words, low temperatures and 
high NOx concentrations are most favorable for the purpose of best possible 
salt stabilization. Temperature-wise, this was already demonstrated in the 
past, but it is proven for this first time in this study as far as the NOx con-
centrations are concerned. 

3.2. Thermodynamic calculations of the oxide ion equilibrium 

The introduction of this article provides an overview of the reaction 
equations (1), (2), (5), (6), (8), (9) and (10) that were proposed for the 
oxide ion formation in molten nitrate and nitrite salts. Nitrate and nitrite 
ions are involved as reactants or as products, or both. It can be stated 
that the stoichiometry of nitrate and/or nitrite ions in those reaction Eqs. 
((1), (2), (5), (6), (8), (9) and (10)) is irrelevant for equilibrium con-
siderations since the nitrate-nitrite equilibrium is clearly described by 
the thermodynamics of reaction (N) in Eq. (25) (see Fig. 4). 

Furthermore, the stoichiometric ratio of the involved gases (namely 
N2, O2, NO, NO2 and N2O) differs. The contribution of N2O is neglected 
in this study because N2O is measured only in minor concentrations in 

the literature. The stoichiometry of NO, NO2 and O2 in the oxide ion 
forming reaction equations ((1), (2), (5), (6), (8), (9) or (10)) is irrele-
vant for equilibrium considerations because the equilibrium of those 
three gases is clearly described by the thermodynamics of the nitrous 
gases reaction (G) in Eq. (27) (see Fig. 4). 

Hence, the remaining difference of all oxide ion forming reaction 
equations ((1), (2), (5), (6), (8), (9) and (10)) can be found in the stoi-
chiometric number of nitrogen gas that is produced per oxide ion, 
expressed by the fraction νN2/νO2− . Several reaction equations can ex-
press the same νN2/νO2− . For example, nitrogen is not involved in both 
reaction (5) and (9), resulting in νN2/νO2− equal to 0. However, the re-
actions differ in the reacting species (nitrite in reaction (5) and nitrate in 
reaction (9)), and in the stoichiometry and type of produced gases. 
Despite those differences, reaction (5) can be converted into reaction 
(9), when combining it with reactions (N) and (G). Reactions (N) and (G) 
are always relevant in molten nitrate salt systems according to literature 
(Bond and Jacobs, 1966; Freeman, 1956, 1957; Nissen and Meeker, 
1983; Olivares and Edwards, 2013; Paniccia and Zambonin, 1976; Sötz 
et al., 2019; Tracey et al., 1978), see section 1.2. It is demonstrated in a 
mathematical way in the supplementary data I, that reactions (5) and (9) 
in combination with reactions (N) and (G) describe the same equilibrium 
composition. This finding can be generalized for all reactions with the 
same νN2/νO2− : the chemical equilibrium can be assigned to the stoi-
chiometric ratio νN2/νO2− , irrespective of the stoichiometry of MNO3, 
MNO2, O2, NO, NO2, if reaction (N) and (G) are included in the ther-
modynamic calculation. 

According to this understanding, the reaction equations (1), (2), (5), 
(6), (8), (9) or (10) are arranged in Table 3. Five reaction equations from 
the literature ((2), (5), (6), (9) and (10)) do not include nitrogen gas 
(νN2/νO2− equal to 0). Reaction (1) postulates a stoichiometric ratio νN2/

νO2− of 0.5. In reaction (8), one nitrogen gas molecule is produced per 
oxide ion (νN2/νO2− equal to 1). This ordering clearly reduces the number 
of literature reactions that have to be considered for equilibrium salt 
compositions. One representative reaction equation of each stoichio-
metric ratio (equation number written in bold in Table 3) is chosen for 
the following theoretical equilibrium calculations to assess the role of N2 
formation in the oxide ion reaction. The respective equations are merged 
with reactions (N) and (G). Keep in mind that the equilibrium results 
remain the same, irrespective of the particular chosen reaction equation 
of each block for a fixed stoichiometric ratio νN2/νO2− . 

In this work, the following procedure (sketched in Fig. 4) was 
developed to calculate the salt composition and the gas phase compo-
sition at chemical equilibrium for a system with nitrate, nitrite and oxide 
ions, as well as N2, O2, NO and NO2 gas. Three reactions are considered. 
Reaction (N) transforms nitrate to nitrite ions, and vice versa. Reaction 
(G) describes the reversible oxidation of NO with O2 in the gas phase. 
The third reaction describes the formation of oxide ions, and it differs 
depending on the chosen ratio νN2/νO2− . Either reaction (5) or (24) or (8) 
is selected. The equilibrium constants K for each reaction are calculated 
with thermodynamic data (Barin, 2008; Sötz et al., 2019; Stern, 1972) 
via Eqs. (20)–(23), and connected to the law of mass action according to 
the reaction equation. This is shown in equations (25), (26) and (27) in 
Fig. 4, for the reactions (N), (5) and (G), respectively. Eq. (26) (based on 
reaction (5)) is only valid for νN2/νO2− equal 0 and has to be exchanged 
for equations based on reaction (24) or (8) when a different ratio νN2/

νO2− is considered. The thermodynamic data of sodium salts (Barin, 
2008; Stern, 1972) (instead of the Solar Salt mixture Na0.64K0.36) are 
used for calculation of K(N), K(G) and KREF Ref26280516\h\*MERGEFORMAT(5), 
because the data for the Solar Salt mixture is not available. Previous 
studies have shown that Solar Salt can be approximated reasonably with 
thermodynamic data from pure sodium salts regarding thermal stability 
(Freeman, 1956; Nissen and Meeker, 1983; Sötz et al., 2019; Wei et al., 
2014). Thermodynamic calculations require equal temperature of the 
liquid phase and the gas phase. The gas phase is described as a mixture of 
ideal gases. Furthermore, an ideal liquid mixture is assumed, and the 

Table 2 
Equilibrium oxide ion contents xO2− of the experiments 600_100, 600_200, 
600_500, 620_200, 620_500. The values are the average oxide ion contents of >
500 h in mol⋅mol−1.   

100 ppm 200 ppm 500 ppm 
600 ◦C 1.3E-4 ± 0.3E-4 3E-5 ± 2E-5 5.0E-5 ± 0.5E-5 
620 ◦C  5.0E-4 ± 0.4E-4 1.0E-4 ± 0.5E-4  
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ions are considered separately (meaning full dissociation of the salts) for 
calculation of the molar fractions xi. This means for example, that 
unreacted Solar Salt (64 mol% NaNO3, 36% mol% KNO3) contains 50 
mol% nitrate ions, 32 mol% sodium ions and 18 mol% potassium ions. 
Consequently, Eq. (28) in Fig. 4 describes the entire liquid phase which 
is assumed to consist of six salts: NaNO3, KNO3, NaNO2, KNO2, Na2O 
and K2O. Eq. (29) in Fig. 4 assumes from the exclusion of other nitrous 
gases besides NO and NO2. Altogether, the system is described by a set of 
five equations (25)-(29) including five unknown variables (xNO−

3 , xNO−
2 , 

xO2− , pNO, pNO2 ). The set of equations can be solved analytically, thereby 
revealing xO2− and the entire equilibrium salt composition for the chosen 
parameters. The calculations in full length and interim results are 
recorded in the supplementary data III-V. 

The parameters of the thermodynamic calculations are summarized 
in Table 4. They are chosen with regard to the experiments presented in 
section 3.1. Also, the uncertainties intend to reflect the experimental 
situation. For example, the temperature and pressure control each have 
an uncertainty of ± 5 K. The detailed error calculation is shown in the 
supplementary data III and IV. 

The analytically calculated salt compositions in terms of equilibrium 

Fig. 4. Scheme of thermodynamic calculations. The detailed calculations can be found in the supplementary data III-V. The calculations are based on thermodynamic 
literature values (enthalpies H and entropies S in the upper shaded field), and on the chemistry description and assumptions (reactions and equations in the left 
shaded field). Combinations of both leads to a set of equations, and the unknown variables therein can be solved analytically. The results depend on the chosen 
parameters (temperature T, NOx pressure pNOx , stoichiometric ratio N2 to O2−νN2/νO2− ). The parameters are illustrated by the blue shaded bubbles, and defined 
in Table 4. 

Table 3 
Ordering of oxide forming reaction equations according to the stoichiometric 
ratio of nitrogen gas and oxide ions νN2/νO2− . Reaction (1) is adapted for 
monovalent cations resulting in reaction (24).  

νN2 /ν
O

2− = Reaction equations from the literature, see also section 1.2  

0  3MNO2⇌M2O + MNO3 + 2NO  (2) 
2MNO2⇌M2O + NO2 + NO  (5) 
M2O + 2NO2⇌MNO2 + MNO3  (6) 
2MNO3⇌M2O + 2NO2 + 0.5O2  (9) 
MNO2⇌0.5M2O + NO + 0.25O2  (10) 

0.5  4MII(NO2)2⇌2MII(NO3)2 + 2M
II

O + 2NO + N2  (1) 
2MNO2⇌M2O + NO + O2 + 0.5N2  (24) 

1  2MNO2⇌M2O + N2 + 1.5O2  (8)  
þ

2MNO3⇌2MNO2 + O2  (N)  
þ

NO + 0.5O2⇌NO2  (G)  

Table 4 
Parameters for the thermodynamic calculations. Temperature T, NOx partial 
pressure pNOx , and the stoichiometric ratio N2 to O2−νN2/νO2− are varied in the 
calculations. The nitrogen partial pressure pN2 and the oxygen partial pressure 
pO2 are fixed. The uncertainties are estimated based on the experimental con-
ditions of the experiments listed in Table 1.  

Parameter Values Uncertainty    

T  600 ◦C, 620 ◦C ±5 K 
pNOx  50 ppm, 100 ppm, 200 ppm, 500 ppm (600 ◦C) ±5%  

200 ppm, 500 ppm (620 ◦C) ±5% 
νN2 /νO2− 0 → (Eq. (5))   

0.5 → (Eq. (24))   
1 → (Eq. (8))  

pO2  0.2 bar ±5% 
pN2  0.8 bar ±5%  
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oxide ion contents are shown in Fig. 5. They are of particular interest 
because oxide ions are considered to aggravate corrosion issues in 
storage systems. The equilibrium oxide ion content varies with tem-
perature (left versus right side of the diagram in Fig. 5), NOx pressure 
(increases along the abscissas), and stoichiometric ratio N2 formed per 
oxide ion νN2/νO2− (differently striped columns). The effect of those 
parameters on the thermodynamically calculated results is discussed in 
the following paragraphs. 

The oxide content increases with temperature because all considered 
oxide ion forming reactions are endothermic, and high temperatures 
therefore support the oxide ion formation. 

The oxide content decreases with increasing NOx pressure pNOx 
(except for νN2/νO2− equal 1). All reactions in Table 3 with νN2/νO2−

unequal to 1 produce nitrous gases coupled with oxide ions. When the 
concentration of one product (NOx) decreases, the concentration of 
another product (O2−) must increase to maintain chemical equilibrium. 
This correlation is in agreement with the calculated results. For the case 
of νN2/νO2− equal 1, the oxide content is independent of the NOx pres-
sure, because the corresponding reaction (8) does not include any 
nitrous gases. Consequently, the calculated equilibrium results are un-
affected by changing NOx pressures. 

The oxide content increases with the stoichiometric ratio νN2/νO2− . 
Nitrogen gas N2 is thermodynamically more stable than e.g. NO or NO2 
which could be produced alternatively to N2. The formation of a stable 
reaction product (N2 in this case) drives the reaction equilibrium to the 
product side, and thereby promotes the formation of oxide ions. 
Accordingly, more oxide ions are produced, when it is accompanied by 
the formation of more N2 in terms of reaction stoichiometry. 

3.3. Comparing experiments and calculations 

The experimental results (grey columns) are compared to the cal-
culations (striped columns) in Fig. 5. The measured oxide ion contents 
are in between the calculated results for νN2/νO2− = 0.5 and νN2/νO2− =

1. For the parameter combinations 600 ◦C and 100 ppm NOx, and 620 ◦C 
and 200 ppm NOx, the experiment and the νN2/νO2− = 0.5 column agree 
within the error bars. All calculations for νN2/νO2− = 0 (which exclude 
the formation of N2) underestimate the corresponding experiments 
significantly. 

The disagreement of experimental and calculated data for the ratio 
νN2/νO2− = 0 leads to the conclusion that the reaction equations without 
N2 involvement are not appropriate to describe the Solar Salt chemistry 
of the experiments. Although those reaction equations are over-
whelmingly reported in the literature, the accordingly predicted oxide 

contents are not confirmed with the presented experiments. It is 
considered more likely, that the oxide ion formation (or at least some 
reaction paths) is accompanied by nitrogen gas N2 production. The νN2/

νO2− = 0.5 reaction equation better describes the oxide ion formation 
processes in Solar Salt meaning that nitrogen gas N2 apparently plays a 
role and should be included in the reaction equation. This finding is not 
necessarily inconsistent with all postulated νN2/νO2− = 0 reactions. 
However, it means that those reactions (νN2/νO2−= 0) are not fully suf-
ficient to cover the underlying reaction mechanism, and they for 
example should be combined with other reactions. 

The νN2/νO2− = 1 reaction predicts oxide contents close to the 
experimental values. It is crucial to state that this reaction without NOx 
involvement cannot be the only basis for oxide ion formation in Solar 
Salt. Otherwise, the oxide content should stabilize at chemical equilib-
rium in experiments with synthetic air atmosphere (blank experiment 
without NOx in the purge gas), which was never observed. Obviously, 
nitrogen and oxygen gas are not sufficient to provide equilibrium con-
ditions for the oxide ion formation, which contradicts the νN2/νO2− = 1 
reaction. Yet, it is possible, that this reaction contributes to the oxide ion 
formation, together with reaction equations that comprise NO and/or 
NO2. 

The discussion of the thermodynamic calculations and the experi-
mental results suggests that oxide ion formation is probably based on 
several parallel reactions, and cannot be explained by one of the so far 
reported reaction equations. For chemical equilibrium predictions, re-
actions with νN2/νO2− = 0.5 seem to be more appropriate than νN2/

νO2− = 0 or νN2/νO2−1 = reactions. It is conceivable that reactions with 
νN2/νO2− between 0.5 and 1 are appropriate for equilibrium consider-
ations. An example for νN2/νO2− = 0.75 is given in Eq. (30). This reaction 
attempts to sum up several reactions with different νN2/νO2− . 
2MNO2⇌M2O+ 0.5NO+ 1.25O2 + 0.75N2 (30)  

4. Summary and conclusions 

A mixture of nitrate salts referred to as Solar Salt is commercially 
used to store solar thermal energy in concentrating solar power plants. 
For the future, increased operation and storage temperatures are desired 
to enhance the efficiency of the power plants. Thermal stability of Solar 
Salt is addressed both on an experimental level, and in terms of ther-
modynamic calculations in this study. The focus is on the requirements 
for, and the experimental prove of chemical reaction equilibria, as well 
as on the evaluation of numerous reaction equations that are available in 
the literature. 

Fig. 5. Equilibrium oxide ion contents xO2− in logarithmic scale according to thermodynamic calculations, and experimental results. The parameter settings are 
summarized in Table 4. 
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The presented experiments show the effect of NOx in the purge gas on 
the chemical composition of the salt. The nitrite content is comparable 
to previous studies, which means that the reversible reaction from ni-
trate to nitrite, and its equilibrium, remains valid for the experiments of 
this study. This reaction seems to be widely unaffected by the NOx gas. 
The oxide ion content stabilizes in the presence of NOx gas in the syn-
thetic air purge. The stabilizing effect was demonstrated experimentally 
for two relevant temperatures (600 and 620 ◦C) in laboratory tests for 
about 1000 h. Stepwise increase of the concentration of nitrous gases 
remarkably reduced the formation of oxide ions. At 600 ◦C, stabilization 
was shown for 100 ppm NOx and higher. At 620 ◦C, 500 ppm are 
required to keep the oxide content at a low level, close to the detection 
limit. To the best of our knowledge, it is proven for the first time that the 
addition of nitrous gases (in particular nitrogen monoxide) to the purge 
gas is a successful approach to stabilize Solar Salt, and to maintain a low 
level of oxide ions. These results could allow specific gas operating 
conditions for Solar Salt applications, when a certain oxide level must 
not be exceeded to minimize steel corrosion. Furthermore, the results 
could open a technical solution to raise the operation temperature of 
Solar Salt e.g. in concentrating solar power plants beyond the state-of- 
the-art temperature (565 ◦C). 

A large number of reaction equations is available in the scientific 
literature to explain the formation of oxide ions in molten Solar Salt, or 
in similar salt systems such as sodium nitrate. Those reactions are con-
sulted for thermodynamic considerations in this paper. The equilibrium 
reactions are arranged systematically, and finally differ only in the 
stoichiometric number of the nitrogen gas, that is formed simulta-
neously with each oxide ion. For three stoichiometric numbers, the 
equilibrium salt compositions are calculated. The calculated oxide ion 
level at equilibrium increases with stoichiometric number of the nitro-
gen gas, because N2 is thermodynamically stable and therefore pushes 
the reaction to the product side. Additionally, the oxide content in-
creases with increasing temperature, and decreasing NOx concentration 
in the purge gas, which is in agreement with the experimental results. 

The experimental results are in between the calculations for stoi-
chiometric numbers of 0.5 and 1. Most likely, the oxide ions are formed 
by a sophisticated and complex reaction mechanism that might be 
comprised of several parallel reaction paths. However, it should be 
possible to describe the chemical equilibrium with a formal reaction. 
Based on the presented results, a stoichiometric number between 0.5 
and 1 seems to be appropriate for such a formal reaction. Using a stoi-
chiometric number of 1 is not advisable because it does not reflect the 
effect of NOx in the gas phase. Assuming a stoichiometric number of 
0 distinctly underestimates the oxide ion content. Finally, oxygen, ni-
trogen and NOx gas are identified to be required in the gas phase to 
enable chemical equilibrium of molten Solar Salt. These results are a 
substantial step towards a reliable description of the oxide ion forming 
chemical reactions in nitrate salts. For the first time, it provides a 
guideline for equilibrium calculations with oxide ions and the associated 
decomposition gases. 
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Fernández, Á.G., Cabeza, L.F., 2019. Molten salt corrosion mechanisms of nitrate based 
thermal energy storage materials for concentrated solar power plants: A review. Sol. 
Energy Mater. Sol. Cells 194, 160–165. https://doi.org/10.1016/j. 
solmat.2019.02.012. 
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