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Abstract 

This work demonstrates an electrochemical apparatus to monitor the concentration of oxide 

in a FLiNaK molten salt in situ. The apparatus was used to create a calibration curve 

capable of relating the peak current density measured using square wave voltammetry to 

the concentration of oxide impurities in the molten FLiNaK salt at 500 C. This was then 

used to test the effects of oxygen and moisture in the cover gas on the concentration of 

oxide present in the molten salt over time. A preliminary design to monitor oxide impurities 

in a molten NaCl-MgCl2 salt system is also presented. 

The addition of oxygen and moisture to the cover gas over FLiNaK at 500 ºC demonstrated 

a measurable uptake of oxide to the molten salt. Up to 19 ppm of oxide was detected in the 

salt for oxygen containing atmospheres and up to 272.4 ppm for moisture containing 

atmospheres. 
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Introduction 

Climate change is an ever-increasing problem. Our actions over the next few years are 

crucial; if we do not regulate our carbon emissions the effects will become irreversible [1]. 

Carbon dioxide emissions are largely produced from fossil fuel power generation and exist 

as one of the main climate change contributors. A change is needed; however, many clean 

energy sources such as wind and solar power rely on natural, highly unpredictable 

phenomena and are dependent on geographical location. While these sources will be an 

important part of addressing climate change, they are unable to replace the reliable 

baseload power currently produced largely by fossil fuels. Nuclear power, however, is 

capable of producing low carbon energy which can be used as reliable baseload power to 

compliment renewables and replace fossil fuels [2] [3]. 

1.1 Small Modular Reactors  

Small Modular Reactors (SMRs) are a new generation of nuclear power plants that are 

currently in development globally. These reactors are smaller in size and power output and 

are more fuel efficient than traditional nuclear reactors, and thus gain a unique and versatile 

set of attributes: SMRs produce less power which allows for more flexibility on the energy 

grid, and they are to be factory produced and shipped to site, reducing the capital and 

operating cost of the modules [4]. Small Modular Reactors are between 10 and 300 MWe 

while conventional nuclear reactors are typically around 700 MWe and up [5]. 

Additionally, some proposed SMR designs can utilize the spent nuclear fuel from current 

and past nuclear power reactors. All the current spent nuclear fuel in Canada is kept in 
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concrete canisters on the site of nuclear power production plants. This spent nuclear fuel 

can be reprocessed into fuel useable by some SMR designs by fissioning long lasting 

actinide products left in the fuel [6]. This means that SMRs can reduce the volume of 

current spent fuel as well as diminish the radioactivity longevity of spent fuel, all while 

producing reliable, low carbon emitting, energy.  

Most SMRs are considered safer than the previous generation of nuclear reactors as they 

are inherently safe or “walk away safe”, using passive systems to cool the core that will 

continue cooling in case of equipment or power failure [7]. They will also automatically 

shut down the fission reactions should the reactor temperature get too high as the reactors 

have a negative void reactivity coefficient. This reduces the human error aspect for safety 

in nuclear power production addressing some key concerns within previous generations. 

SMRs are a viable solution to help mitigate the climate crisis which addresses the concerns 

of the past generations of nuclear power production. However, SMRs are still in the 

development phase and additional research is required to demonstrate their safe and 

reliable operation to progress through the licensing and construction process. 

There are six different categories of advanced reactors being developed internationally 

according to the International Atomic Energy Agency (IAEA). They include technologies 

based off typical water-based reactors and some novel Generation IV technologies. The six 

types are water-cooled reactors, high temperature gas cooled reactors, liquid metal reactors, 

molten salt reactors, sodium and gas cooled fast neutron reactors and micro reactors [5]. 

Molten salt reactors are the focus of this research and will be discussed further below. 
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1.1.1 Molten Salt Reactors  

Molten salt reactors (MSRs) are a type of nuclear reactor that were first investigated in the 

1950s at the Oak Ridge National Laboratory (ORNL) where they developed a molten salt 

fueled reactor to power an aircraft. In 1954, ORNL successfully demonstrated the nuclear 

feasibility of operating a molten salt reactor at high temperature. In 1957 the testing was 

discontinued following a program revision at ORNL. However, the promise of low-cost 

electric power with the use of molten salts led the laboratory to continue with parts of their 

basic study programs including fuel salt chemistry, metallurgy of containment materials, 

salt circulating pumps and remote maintenance techniques. This eventually led to the 

Atomic Energy Commission issuing a directive in 1961 for ORNL to design, construct and 

operate the Molten-Salt Reactor Experiment (MSRE). This experiment was used to 

investigate the remaining areas of uncertainties for molten salt reactors capable of 

producing power for the energy grid [8]. The MSRE went critical in 1965 and operated for 

4.5 years with great success and is the basis for molten salt research to this day [9]. 

In MSRs, molten salts are used as fluid fuel, coolant, and the heat transport medium. 

Molten salts have high boiling points at atmospheric pressure enabling MSRs to produce 

high pressure superheated steam resulting in thermal efficiencies equivalent to the best 

fossil-fuel fired power plants [8]. With operating temperatures of 500 C and above, MSRs 

can produce high quality steam leading to their higher efficiencies compared to 

conventional water based nuclear reactors by having a series of high temperature molten 

salt loops, which transfer their heat to a steam loop to produce power. With these operating 

temperatures, MSRs can also be coupled with thermal storage to complement renewables, 
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district heating, or hydrogen production [3]. Figure 1 shows a proposed molten salt reactor 

design with multiple salt loops and the various uses for the high temperature steam 

produced. 

 

Figure 1: Molten Salt Reactor Diagram [10] 

 

MSRs also have a large negative temperature coefficient and negative void coefficient of 

reactivity, meaning that the reactor will self-regulate its power and reactivity. For example, 

if the temperature increases within the reactor, the liquid fuel will expand, decreasing the 

rate of nuclear reactions and in turn the reactor power [9]. Liquid fuels also have the 

benefits of higher fuel burn-up due to transuranic elements staying in the core for longer 

periods of time, and lower cost compared to solid fuels as the use of liquid fuels removes 
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the need for fabrication of new fuel elements, leading to lower costs for transportation and 

handling [9]. 

Molten salts have many promising heat transfer qualities such as high thermal 

conductivities, large specific heat capacity and low vapor pressures [11]. However, molten 

salts are typically hygroscopic, meaning they readily absorb moisture from the atmosphere. 

Due to their hygroscopic nature, all handing and use of molten salts needs to occur in an 

inert gas atmosphere. When transferring salts between inert gas atmospheres or into 

containment vessels, some contact with the atmosphere is inevitable and it is therefore very 

challenging to completely eliminate adsorbed moisture in molten salts. Pyro-hydrolysis of 

absorbed moisture from the atmosphere occurs when the salt is melted and results in the 

formation of corrosive oxides causing the corrosion rate of the containment vessel to rise 

substantially [12]. This is an issue that must be addressed to ensure safe operation of MSRs. 

1.2 Project Motivation 

The motivation for this project was to address the knowledge gaps in literature on the effect 

that gaseous oxygen and/or moisture exposure has on molten salts by quantifying the oxide 

present in the molten salt over time.  

Initially the focus of the project was on fluoride molten salt systems, however, due to SMR 

vendor interest in chloride salt systems the scope of the project was expanded to include 

chloride salt systems as well. This only included scope for a literature review and basic 

design for the chloride salt system, while an experimental apparatus was designed, built, 

and tested for the fluoride salt system. This leads to the three main objectives of this project: 
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1. Design and develop an instrument that is capable of measuring trace amounts of 

oxide impurities in situ in the molten fluoride salt system LiF-NaF-KF, 46.5-11.5-

42.0 mol% (FLiNaK) [13]. This instrument will allow for oxide impurities to be 

monitored and mitigated in real time while an MSR is in operation.  

2.  Determine the effects of oxygen and moisture impurities in the fluoride molten salt 

cover gas on the concentration of oxide present in the molten salt. This work 

provides insight into the diffusion of oxide into the salt at different oxygen and 

moisture levels in the atmosphere designed to mimic the conditions in the case of a 

small leak in the containment system of an MSR.  

3. Modify the design developed in Objective 1 for the measurement of oxide content 

in the chloride salt system NaCl-MgCl2, which will be used in future experiments.  
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Literature Review 

2.1 Molten Salts and Moisture 

Molten salts are a favourable heat transfer fluid compared to water due to the higher 

possible operating temperatures at atmospheric pressure [11]. However as stated earlier, 

molten salts are hygroscopic and for optimal use in heat transfer systems they must be 

handled and contained in inert atmospheres to minimize contamination from moisture and 

oxygen. This is because molten salts readily absorb moisture and then when they are heated 

pyro-hydrolysis occurs and metal oxides are formed from the absorbed moisture. Equations 

1 and 2 show the pyro-hydrolysis reactions that can occur when fluoride salts and chloride 

salts containing moisture are heated past their melting point.  

𝑀F2𝑛 + 𝑛H2O ⇌ 𝑀O𝑛 + 2𝑛HF         𝑀 = Li, Na, K  (1) 

𝑁Cl2𝑛 + 𝑛H2O ⇌ 𝑁O𝑛 + 2𝑛HCl         𝑁 = Na, Mg       (2) 

The formation of metal oxides and hydrogen fluoride or hydrogen chloride is very 

corrosive to containing materials and even trace amounts of oxides can significantly and 

rapidly affect the corrosion behavior of structural materials [14] [15]. 

2.2 Methods for Monitoring Oxide in Molten Salts 

There are several well-known ex situ methods for the measurement of oxide concentration 

in molten salts that have been used over the years. However, for real time monitoring of 

oxide in molten salts in industrial applications, an in situ method is preferred due to the fast 

acting nature of metal oxides on the corrosion of containing materials in molten salt 
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environments. The best available methods for in situ oxide quantification are 

electrochemical methods. These ex situ and in situ methods are discussed in greater detail 

below. 

2.2.1 Ex Situ Methods for the Measurement of Oxide in Molten Salts  

2.2.1.1 KBrF4 Method for Determining Oxide Content in Fluoride Molten Salt 

This method was originally developed in the 1960s by Goldberg et al. [16] and has been 

proven to be reproducible and reliable. The total oxide content is determined for a fluoride 

salt through this method by reacting it with potassium bromotetrafluoride (KBrF4) under 

vacuum at 450 C for two hours in a nickel reactor. This procedure evolves oxygen gas 

through Equation 3 shown below which is then measured manometrically [17]. 

2MO(s) + KBrF4(l) ⇌ KBr(l) + 2MF2(l) + O2(l) (3) 

Here, M represents Li, Na and K for a FLiNaK sample. This method uses a calibration 

curve to relate differential pressure in a mercury manometer to the amount of oxygen 

produced [16]. 

Eklund et al. [18] adapted this method to use a yttria-stabilized-zirconia (YSZ) oxygen 

pump instead of the manometer. The oxygen produced by the reaction with KBrF4 in this 

method is selectively removed by the YSZ tube. YSZ has a large concentration of oxygen 

vacancies and is an ionic conductor for O2- anions in which they move from one vacancy 

to another [19]. As the oxygen passes through the tube material a current response is 

recorded as a chronoamperogram from which the oxygen concentration can be obtained. 
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This is accomplished by measuring the partial pressure of O2 gas on the inside of the YSZ 

tube compared to a reference oxygen gas partial pressure (typically atmospheric) on the 

outside of the YSZ tube. This is done by electrical contact with the porous platinum coating 

that is applied to the inside and outside of the tube surfaces. If the reference gas oxygen 

partial pressure is known (𝑝2) then the unknown oxygen partial pressure (𝑝1) can be 

determined using the Nernst equation described by Equation 4 [18]. 

𝐸 =
𝑅𝑇

𝑛𝐹
ln (

𝑝1

𝑝2
) (4) 

In Equation 4, 𝐸 is the redox potential (V), 𝑅 is the gas constant (J·mol-1K-1), 𝑇 is the 

temperature (K), 𝑛 is the number of electrons being transferred, 𝐹 is Faraday’s constant 

(C·mol-1), 𝑝1 is the unknown partial oxygen pressure and 𝑝2 is the reference gas oxygen 

partial pressure. 

This is the same method that is used to determine the oxygen concentration in inert 

atmosphere gloveboxes [18]. This method has proven to be reproducible and reliable but 

in recent years it has been replaced by the commercial LECO oxygen analyzer [20]. 

2.2.1.2 Fast Neutron Activation Analysis 

Fast Neutron and Neutron Action Analysis occurs by bombarding a sample with a neutron 

beam. This results in the formation of new isotopes by the absorption of a neutron and 

excites the nuclei of the new radioactive elements formed. These nuclei release a 

characteristic gamma ray to de-excite which corresponds to specific elements. The 

irradiated sample is counted with an energy sensitive detector resulting in an intensity vs 
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energy spectrum. The energy identifies the initial element, and the intensity of the peak 

indicates the concentration of the element [21]. 

Fast Neutron Activation Analysis (FNAA) can analyze many light elements that Neutron 

Activation Analysis using thermal neutrons cannot. This is due to the increased energy 

required to destabilize light elements. One of these elements is oxygen. One of FNAAs 

main use is for the determination of oxygen [22]. Oxygen is determined by FNAA by the 

reaction 16O(n,p)16N, where 16N decays with a half-life of 7.13 seconds and emits gamma 

rays with the energies of 6.13 and 7.12 MeV [23] 

Elemental oxygen was successfully measured by FNAA by Broadhead et al. [24] in 1965 

in molten salt at a concentration of 10 ppm with a precision of ± 50%. This was 

accomplished by irradiating the salt sample with a neutron flux of 5x107 n·cm- 2·s- 1 with a 

5 to 8 Curie titanium tritide target. A gamma detector was then used to measure the 

intensity of the 6.1 MeV gamma ray that is unique to oxygen to quantify the oxygen content 

in the salt. For analysis of fluoride molten salts there is direct interference with fluoride. 

However, this can be corrected for since the fluorine concentration is known. Sodium and 

boron may also interfere with oxygen analysis however these can be corrected for as well 

or determined as negligible [24]. 

While this method demonstrates good accuracy, it requires a research reactor or a neutron 

beam with the capability to produce fast neutrons. The sample preparation is relatively 

simple as the measurement can be done on a salt sample of a known weight. This analysis 

measures the total oxygen content without regard for its chemical form [20]. 
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2.2.1.3 X-Ray Fluorescence (XRF) 

X-Ray Fluorescence is another technique that can be used to quantify elemental oxygen in 

a molten salt sample. XRF is a technique where atoms are identified by their behaviour 

when interacting with radiation. When a sample is excited by an incident X-ray, the atoms 

become ionized meaning inner electrons become dislodged causing the atom to become 

unstable, resulting in outer electrons migrating to replace the inner electrons. When this 

occurs, energy is released because of the decreased binding energy of the inner electron 

orbital compared to an outer electron orbital. This resulting radiation/energy is termed 

fluorescent radiation because it is of lower energy than the original X-ray. The energy of 

the emitted photon can then be characterized by the specific electron movement in a 

particular element allowing the elements within a sample to be identified and quantified 

[25].  

XRF is limited by a shallow sampling depth and bulk analysis, requiring the assumption 

that the sample is homogenous. Bulk analysis of oxygen has also been limited to samples 

containing 33-75% oxygen and does not provide acceptable sensitivity for samples with 

low levels of oxygen [26]. 

2.2.1.4 LECO Oxygen Analyzers 

The LECO Oxygen Analyzer is a commercially available instrument capable of 

quantifying the concentration of oxygen, hydrogen, and nitrogen in a variety of samples 

such as inorganic material and refractory metals by inert gas fusion. These instruments 



 

12 

 

have been used extensively to validate other methods of monitoring oxygen in molten salts 

[26, 27, 28, 29]. 

To quantify oxygen, a sample of a known weight is heated in a high purity graphite crucible 

in an impulse furnace. Any oxygen present in the sample is released by heating and reacts 

with the crucible to form CO and CO2 as shown in Equation 5. 

3C(s) + 2O2(g) → 2CO(g) + CO2(g) (5) 

An inert carrier gas of either argon or helium is then used to sweep the reacted gases 

through a mass flow controller. The gas is then carried to a series of non-dispersive infrared 

(NDIR) cells. The first NDIR cell quantifies oxygen through measuring the amount of 

carbon dioxide produced and the second as the amount of carbon monoxide produced. The 

gas is then heated through a rare-earth copper oxide tower to oxidize carbon monoxide to 

carbon dioxide and hydrogen to water vapour. The gas is then passed through another set 

of NDIR cells in series, the first is used to quantify the water vapour to determine the 

amount of hydrogen in the sample while the second quantifies the remaining oxygen 

through another carbon dioxide analysis [30]. 

The carrier gas is then passed through a scrubber where the carbon dioxide and water 

vapour are removed from the gas stream. Additional carrier gas is added to the remaining 

gas to make up for the gas lost to the scrubbing process through a Dynamic Flow 

Compensation (DFC) system before being sent to the thermal conductivity detector to 

detect nitrogen [30].  
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This instrument is capable of very precise measurements of oxygen content over a wide 

range of concentrations. In particular, the LECO 836 Series Elemental Analyzer has the 

best oxygen detection range of the LECO oxygen analyzers with an oxygen detection range 

of 0.05 – 50,000 ppm and a precision of 0.025 ppm or 0.3% relative standard deviation 

[30].  

Special care must be taken when running fluorine and chlorine containing samples in the 

LECO instrument due to the possible formation of corrosive gases. A “double wing 

scrubber” (LECO 625-710-942) which acts as a halogen trap can be added following the 

furnace to remove most of the fluorine and chlorine gas however this is not 100 % effective, 

and even the small concentrations of corrosive gases remaining in the system can cause 

damage to system components over time. Therefore, even though it is commonly used in 

literature the manufacturer does not recommend using their analyzer for fluoride and 

chloride salt samples [31].  

2.2.2 Electrochemical Methods 

Electrochemical methods, specifically the three-electrode voltammetry system, are 

currently accepted as the best method for in situ monitoring of oxide in molten salts [20]. 

Voltammetry is a technique in which the current is measured while the applied potential is 

varied using a potentiostat. In the three-electrode system there is a working electrode (WE), 

counter electrode (CE), and reference electrode (RE). The potential is varied at the working 

electrode while the reference electrode remains fixed by a well-defined redox reaction. The 

current measured is due to the redox reaction occurring on the working electrode resulting 
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in electron transfer, the counter electrode balances the reaction and causes ion diffusion 

through the solution to complete the circuit [32]. 

2.2.2.1 Electrochemical Measurements in Molten Fluoride Salts 

There is no widely accepted standard reference electrode for fluoride molten salts, as the 

thermodynamic reference electrodes that have been studied in molten fluoride salts have 

all exhibited potential drifts over time [33]. As a result, quasi-reference electrodes are 

commonly used in fluoride molten salts. A quasi-reference electrode has no 

thermodynamic equilibrium as it does not use a redox couple, meaning that the potential 

cannot be calculated. However, quasi-reference electrodes are simple, typically consisting 

of a noble metal wire that is fixed directly into the molten salt. Noble metals are used as 

they are inert therefore there is no contamination from the electrode, and under suitable 

conditions, the reference potential can remain relatively constant [34]. 

Multiple authors have been successful in measuring the oxide anion current density in 

molten fluoride salts [35, 12, 36, 37]. Quasi-reference electrodes were successfully used 

by Wang et al. [35], Shen et al. [12], and Massot et al. [36] for the electrochemical 

measurement of oxide concentration in molten salts. 

Wang et al. [35] used cyclic voltammetry to determine that there is a linear relationship 

between the anodic peak current density and the oxide ion concentration. This allows for 

the oxide concentration to be determined once the linear relationship has been determined. 

However, Shen et al. [12] and Massot et al. [36] argue that square-wave voltammetry is 

more suitable for measuring the oxide ion concentration online as cyclic voltammetry 
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caused bubbling at the oxidation peak making the peak value unclear, while square wave 

voltammetry demonstrated a well-defined oxidation peak. 

Qiao et al. [38] were successful in measuring the oxide anion and used a reference electrode 

made of an Au2Na alloy that they formed electrochemically from eutectic FLiNaK. This 

electrode was formed by sodium depositing on a gold working electrode. The Au2Na was 

determined to be the only solid alloy that can exist at 773 K on a gold wire in a FLiNaK 

salt system therefore they tested the thermodynamic properties of the alloy, which showed 

stability and reproducibility for approximately 25 hours [38].  

Table 1 describes the electrochemical cell setups of the four studies found that have 

successfully measured the oxide concentration in fluoride molten salts. 

Table 1: Summary of Electrochemical Oxide Sensors in Fluoride Molten Salts 

Source Reference 

Type 

RE WE CE Voltammetry Type Salt Temp. 

(°C) 

[35] Quasi Pt wire Graphite 

Rod 

Ni plate Cyclic, 

chronoamperometry 

FLiNaK 500 

[12] Quasi Pt wire Gold wire Vitreous 

carbon 

rod 

Square-wave FLiNaK 600 

[36] Quasi Pt wire Gold wire Vitreous 

carbon 

rod 

Cyclic, square wave, 

chronopotentiometry 

LiF-NaF 800 

[37] Dynamic Au2Na Glassy 

Carbon 

Rod 

Al plate Cyclic, 

chronopotentiometry 

FLiNaK 500 

While most researchers are looking for the ideal reference electrode, Manning [39] 

performed a study to identify the best working electrode in fluoride molten salts. He 
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performed cyclic voltammetry and chronopotentiometry in LiF-BeF2-ZrF4 and LiF-BeF2-

ThF4 on gold, iridium and glassy carbon working electrodes while using iridium as a quasi-

reference electrode and a glassy carbon crucible as the counter electrode. He determined 

that only the gold working electrode was able to yield reproducible voltammograms for the 

oxidation process of the oxide anion and similar related species [39].  

Carotti et al. [40] and Jenkins et al. [41] looked into using the Ni(II)/Ni redox couple as a 

thermodynamic reference electrode. The reference electrode was placed in a protective 

cylinder made of porous graphite coated with a pyrolytic boron nitride layer [40]. This 

design also utilizes a lanthanum trifluoride single crystal as a membrane to provide ionic 

contact between the salt and the nickel wire. This electrode configuration, while more 

complex, can achieve thermodynamic equilibrium allowing the potential to be calculated. 

However, prolonged contact in the salt environment eventually deteriorates the boron 

nitride protective coating and has only shown stable results for up to 10 hours before 

demonstrating a potential drift [8]. Carotti et al. [42] performed a material analysis to 

determine the cause of the drift and determined that it was caused by the depletion of Ni(II) 

from the fluoride salt. Nonetheless, the Ni(II)/Ni redox couple can be used as a reference 

system to calibrate a quasi-reference system. 

Durán-Klie et al. [43] explored the possibility of using a dynamic reference electrode in 

FLiNaK molten salt. Their design is based on the formation of a layer of potassium on a 

tungsten working electrode by potassium ion reduction. The reference redox potential then 

becomes the KF/K redox system, and the reference electrode can be used. However, the 

measurement of the potential must be performed during the relaxation time, or it may be 
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affected by an ohmic drop [43]. This reference electrode is similar to the system proposed 

by Carotti et al. [40] and Jenkins et al. [41] with the potential for calibrating quasi-reference 

electrode systems. 

2.2.2.2 Electrochemical Measurements in Chloride Molten Salts 

Unlike electrochemical measurements in fluoride molten salts, chloride molten salt 

electrochemistry has a commonly used thermodynamic reference electrode, the Ag/AgCl 

reference electrode. This reference electrode consists of a silver wire dipped into a small 

amount of the salt being studied with the addition of AgCl – all of this is housed within a 

thin-walled electroceramic membrane. 

It is worth mentioning that the AgCl is completely dissolved and dissociated in the molten 

chloride salt, so the reference electrode is really a Ag/Ag+ reference electrode. However, 

in literature it is commonly called an Ag/AgCl reference electrode to indicate the Ag+ ion 

is added as AgCl and this report will remain consistent with this naming convention [44, 

45, 46]. This electrode is a true thermodynamic reference electrode as the electrode has a 

redox couple in solution. The electroceramic membrane used is typically Pyrex, mullite, 

quartz or alumina depending on the temperature range being studied and allows for 

electrical continuity between the reference electrode and the rest of the electrochemical cell 

through ion diffusion [47]. Figure 2 depicts the Ag/AgCl reference electrode. 
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Figure 2: Ag/AgCl Reference Electrode Diagram 

 

The Ag/AgCl reference electrode is commonly used in chloride molten salt systems due to 

the desirable physical and chemical properties of AgCl. AgCl is not affected by oxide 

contamination as silver oxide is unstable at the temperatures typically employed for molten 

salt systems [48]. The addition of AgCl is often 1 wt.%; however, some researchers have 

suggested using higher percentages of AgCl even up to 100% so the equilibrium potential 

remains stable with diffusion into or out of the membrane [46, 45]. 

Yoon et al. [47] performed an analysis to investigate the optimal electroceramic membrane 

for the Ag/AgCl reference electrode described above. Mullite, Pyrex and quartz were 

investigated in a eutectic LiCl-KCl from 500 to 800 C. It was determined that Pyrex was 

the best membrane at temperatures less than 500 C, mullite at temperatures higher than 

650 C and quartz at temperatures higher than 800 C [47]. Zhang et al. explored the 
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performance of a mullite membrane Ag/AgCl reference electrode in NaCl-KCl and 

determined the activation time of the membrane at 830 C is approximately 2 hours and 

found that this membrane demonstrated good stability and reproducibility [49].  

Most of the literature using the Ag/AgCl reference electrode in molten chloride salts uses 

the LiCl-KCl eutectic molten salt in both the bulk salt as well as the internal salt of the 

reference electrode [46], [50], [51]. Wang et al. [44] tested the Ag/AgCl reference electrode 

in multiple other salts of interest where the bulk salt and internal salt were the same, other 

than the addition of AgCl to the internal salt. They used an alumina electroceramic 

membrane and tested in CaCl2, CaCl2-LiCl, CaCl2-NaCl, CaCl2-LiCl-KCl and Li2CO3-

K2CO3 salt systems. In these studies, the Ag/AgCl reference electrode performed 

satisfactorily in all the salt systems studied in terms of stability, reproducibility, and 

reusability over a temperature range of 500-900 C.  

Ghosh et al. [52] studied redox behavior in MgCl2-NaCl-KCl eutectic using the Ag/AgCl 

reference electrode as well except they used LiCl-KCl as the internal salt for the reference 

electrode. However, this creates a junction potential between the two salts that can create 

problems if the reference electrode is not properly characterized [34]. 

Oxide analysis in molten chlorides has been explored less than in fluoride salts with only 

one paper found that was successful in measuring the oxide anion concentration in a molten 

chloride salt electrochemically. Song et al. [53] investigated the oxide ion in eutectic NaCl-

KCl using square-wave voltammetry and the electrochemical titration technique at 750 C. 

Similar to Shen et al. [12] and Massot et al. [36] who successfully measured the oxide ion 
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in fluoride molten salts, Song et al [53] also used square-wave voltammetry to determine 

that the peak current density when plotted against oxide concentration returned a linear 

relationship which can then be used to determine oxide content online. Song et al. [53] 

used a gold working electrode, a spectrum pure graphite rod as the counter electrode and a 

Ag/AgCl reference electrode consisting of a mullite tube and 4 wt.% AgCl in the internal 

NaCl-KCl in the mullite tube. 

2.2.3 Electrochemical Theory and Techniques 

2.2.3.1 The Nernst Equation 

For a thermodynamically defined reference electrode with a known redox couple the 

Nernst equation can be used to determine at what potential each reaction should occur. The 

Nernst equation is stated in Equation 6. 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛𝑄 (6) 

In Equation 6, 𝐸 is the redox potential (V), 𝐸0 is the standard cell potential (V) at the 

temperature of interest, 𝑅 is the gas constant (J·mol-1K-1), 𝑇 is the temperature (K), 𝑛 is 

the number of electrons being transferred, 𝐹 is Faraday’s constant (C·mol-1), and 𝑄 is the 

reaction quotient. 

At equilibrium, the reaction quotient is equal to the equilibrium constant, following 

Equation 7: 

𝑄 = 𝐾𝑒𝑞 =
[𝐶]𝑐[𝐷]𝑑

[𝐴]𝑎[𝐵]𝑏
 (7) 
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where, the bracketed uppercase constants are activities of the associated component, and 

the lowercase constants are stoichiometric coefficients corresponding to the reaction shown 

in Equation 8. 

𝑎𝐴 + 𝑏𝐵 ⇌ 𝑐𝐶 + 𝑑𝐷 (8) 

Additionally, the standard cell potential 𝐸0 can be determined from the standard Gibbs 

energy of formation of a given reaction at the desired temperature, shown by Equation 9. 

𝐸0 =
−∆𝐺0

𝑛𝐹
 (9) 

In Equation 9, ∆𝐺0 is the standard Gibbs energy of formation of a given reaction at the 

desired temperature (J·mol-1). 

2.2.3.2 Square-Wave Voltammetry (SWV) 

Square-wave voltammetry (SWV) has been found to be the best electrochemical method 

for measuring the oxide content in molten salts since the voltammogram returns a clean 

oxide peak [36]. Square-wave voltammetry is an electrochemical technique that uses the 

electrochemical properties of the salts to determine the concentration of specific redox-

active species in the salt (in this case oxide). This can be accomplished by applying a 

potential to the working electrode in the form of a large amplitude square wave modulation 

on a staircase (Figure 1a). This differential technique displays excellent sensitivity, capable 

of detecting concentration levels in the parts per billion range and removes the effects of 

background currents [54]. The resulting net current from the forward (If) and backward 

current (Ib) returns a voltammogram with current peaks at voltages where a specific redox 
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reaction is occurring on the working electrode. A typical single-reaction square-wave 

voltammogram is shown in Figure 1b. The magnitude of a given peak in the square-wave 

voltammogram is directly proportional to the concentration of the particular redox active 

species in the salt. 

  

Figure 3: a) Square-wave potential-time wave form [55] b) Square-wave 

voltammogram. Adapted from [54] 

 

The potential at which a specific redox reaction will occur can be predicted by the Nernst 

equation (Equation 6), however, this can only be done with reference to a 

thermodynamically defined reference electrode [34]. Evidence for which redox reaction is 

occurring can also be hinted at using Equation 10 to determine how many electrons are 

being transferred, n, by the reaction [56].  

𝑛 = 3.52
𝑅𝑇

𝑊1
2⁄ 𝐹

  (10) 
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In Equation 10, W1/2 is the half peak width (mV), R is the gas constant (J·mol-1K-1), T is 

the temperature (K), F is Faraday’s constant (C·mol-1). A linear calibration curve of the 

magnitude of peak current versus known oxide concentration can then be derived 

experimentally, which can then be used for real-time oxide monitoring [3]. 
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Experimental Methods 

3.1 Salt Preparation 

Each experiment required approximately 125 grams of the eutectic FLiNaK molten salt 

mixture. The ternary salt components LiF and NaF were obtained from Fisher Scientific 

and the KF was obtained from GFS Chemicals. All salt components had a purity of 99.99% 

metals basis. The salts were stored and handled exclusively in an argon atmosphere 

glovebox capable of maintaining H2O and O2 concentrations below 0.1 ppm, which 

minimized any contamination from atmospheric oxygen and moisture. Each component of 

the salt mixture was individually dried for 48 hours at 200 C in a vacuum furnace inside 

the glovebox to remove any remaining moisture.  

The dried salts were then carefully weighed into a glassy carbon crucible (±0.01 mg) to 

achieve the eutectic composition (LiF-NaF-KF, 46.5-11.5-42.0 mol%). The mixture was 

stirred and then pre-melted in a furnace for approximately three hours at 550 C with after 

an hour and a half. Once cooled, the frozen salt pucks were ground if necessary and then 

transferred to a larger alumina crucible for the experiments. 

For each experiment the salt was melted prior to placing the electrodes into the salt due to 

the ductility of the gold and platinum electrodes. After a few heating cycles, the gold 

working electrode became very pliable and could not be placed into frozen ground molten 

salt without bending. Therefore, the salt was melted before the electrodes were immersed 

in the molten salt for each trial. To do this, the alumina crucible containing the molten salt 

was placed into the top loading crucible furnace in the glovebox and heated until the salt 
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was molten. The salt was heated at a rate of 150 ºC/hr to prevent thermal shock of the 

alumina crucible until 500 ºC. The salt was then monitored using a mirror in the glovebox 

until it was fully molten ~30 minutes and then the electrodes were carefully placed into the 

salt for trials. 

3.2 Analysis of Salt Composition 

The individual salt components were analyzed by X-ray diffraction (XRD) to verify the 

purity of the as-received salt components and the prepared FLiNaK was tested by ion 

chromatography (IC) to verify the desired salt composition was achieved. Additionally, 

some visible salt impurities were analyzed using XRF that was previously described in 

Section 2.2.1.3.  

Ion Chromatography (IC) is an analytical method in which anions and cations are 

quantified by separating them through a packed column containing either anion exchange 

resin or cation exchange resin, which is later eluted to separate and identify the ions of 

interest. The specific cation or anion can be identified by their residence time coming off 

the column. The instrument measures and outputs data as a plot of conductivity versus time 

with peaks occurring at specific times correlating to a specific cation or anion. The area 

under the curve of each peak corresponds to the anion or cation concentration allowing 

each ion to be quantified and the composition of the sample can be determined [57].  

X-ray diffraction is a technique used to determine the atomic and molecular structure of a 

material. This is done by irradiating a sample with incident X-rays and then measuring the 

responding intensities and scattering angles of the X-rays scattered from the sample. The 
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intensity of the scattered X-rays is plotted against the scattering angle and can be used to 

determine the structure of the sample along with the specific atoms and molecules which 

make up the sample [58]. 

3.3 Fluoride Salt Electrochemical Cell Design 

The designed electrochemical cell can be used for any fluoride molten salt system however 

the system studied here was eutectic FLiNaK (LiF-NaF-KF, 46.5-11.5-42.0 mol%) [13]. 

The setup used a 1.0 mm diameter platinum wire (99.997%) as a quasi-reference electrode, 

a 1.0 mm diameter gold wire (99.999%) as the working electrode, and a 3.0 mm glassy 

carbon rod (>99.999%) as the counter electrode. The electrodes were obtained from Fisher 

Scientific Canada and were used along with an Autolab PGSTAT204 potentiostat coupled 

with the Nova Software program to perform the SWV experiments. 

With this set up the desired oxidation reaction occurs on the gold working electrode which 

is the anode in molten FLiNaK. This reaction is demonstrated by Equation 11. 

2O2−(ms) → O2(g) + 4e− (11) 

Where ms denotes an ion dissolved in the molten salt. The glassy carbon counter electrode 

acts as the cathode and the corresponding reduction reaction occurs on its surface. There 

are several possible reduction reactions, which depend on what metal is formed. The 

possible cathodic reactions are listed in Equations 12-14. 

Li+(ms) + e− → Li(l) (12) 

Na+(ms) + e− → Na(l) (13) 
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K+(ms) + e− → K(l) (14) 

Additionally, other metal reduction reactions are possible if metallic impurities are 

present in the salt. 

The platinum quasi-reference electrode does not form a known redox equilibrium as there 

is no common component between the electrode and the melt therefore the reactions cannot 

be thermodynamically defined [34]. The platinum reference electrode was chosen as it is a 

simple initial design and is commonly used in literature and allows for benchmarking and 

guidance of expected results [12, 35, 36]. 

All the SWV trials were performed at 500 C at 25 Hz, a modulation amplitude of 20 mV, 

a step potential of 2 mV and at a potential range between 0.1 and 1.4 V. Between trials the 

electrodes were cleaned ultrasonically in a deionized water bath for an hour and then placed 

in a low temperature drying furnace. 

3.3.1 Calibration Curve Trials 

As stated in the literature review (Section 2.2.3.2), the peak current density of the oxide 

peak is directly proportional to the oxide concentration within the salt using square wave 

voltammetry. To use this relationship in situ when the oxide content is unknown, this 

relationship must first be determined experimentally.  

The data points for the calibration curve were generated by adding a known concentration 

of oxide to the solid prepared FLiNaK salt in an alumina crucible (Almath Ltd) as Li2O 

powder (99.5% Fisher Scientific) and then the mixture was measured by SWV. This is the 
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accepted procedure in literature for generating a calibration curve for oxide concentration 

in FLiNaK as Li2O dissociates in the molten salt into O2- and Li+ with Li+ already present 

in the melt [12, 36, 59]. The oxide peak current (A) is taken directly from the y-axis of the 

voltammogram and then corrected for the working electrodes surface area to give the oxide 

peak current density (mA/cm2). The surface area was determined by measuring the height 

of the salt residue on the working electrode after each trial using calipers (±0.01 mm). The 

electrodes are in the same fixed position for each trial however the amount of salt may 

differ slightly therefore after the first trial the measured immersed surface area is a good 

approximation to determine the oxide content online. 

For the calibration curve, the oxidation reaction on the gold working electrode is shown by 

Equation 11 as previously stated. A range of 0 – 700 ppm of oxide was added to the eutectic 

molten FLiNaK melt through the addition of Li2O to construct the calibration curve. This 

range was chosen as it was unknown how large the effects of oxygen and moisture in the 

cover gas above the salt would have on the concentration of oxide in the molten salt and it 

was important to see effects while minimizing the corrosion of the apparatus. Additionally, 

this range falls within the ranges seen in literature but has more data points at lower values 

than typically seen in the literature [12, 35, 37]. 

3.3.1.1 Electrochemical Cell Design 

The electrochemical cell for the calibration curve was set up in a high purity argon 

glovebox inside a top loading crucible furnace. A schematic diagram of the design is shown 

in Figure 4. 
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Figure 4: Schematic of Electrochemical Cell Setup for the Calibration Curve Trials 

 

This design as shown in Figure 4 consists of a 12.7 cm diameter 316 Stainless Steel circular 

plate (in blue) resting on top of an electric top loading furnace. The stainless-steel plate 

houses a k-type 304 SS thermocouple and the three electrodes which are connected to the 

potentiostat, all of which are immersed in the molten FLiNaK. The molten FLiNaK salt is 

contained within a 56 mm OD Alumina crucible (Almath Ltd.) that rests on top of an 

Alumina stand. Alumina was chosen as the crucible material as it is resistant to corrosion 

in fluoride salts and is not overly conductive [60]. The purpose of the alumina stand is to 

keep the salt higher in the furnace, therefore requiring shorter electrodes and to maintain 

material compatibility with the alumina crucible. The gas lines in this design are not in use 
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except for venting to ensure no pressure is built up inside the furnace. The cell was 

fabricated in the UNB Chemical Engineering machine shop and is shown in Figure 5. 

 

Figure 5: Calibration Curve Electrochemical Cell Setup 

 

The fabricated design uses Conax fittings to hold the electrodes. As shown in Figure 5 a 

smaller 1/8” NPT Conax fitting is used to hold the gold WE and the platinum RE and a 

larger 1/2” NPT Conax fitting is used to hold the glassy carbon rod CE. Both fittings use 

alumina followers before and after a high temperature lava seal, which compresses when 

the fitting is tightened, holds the electrodes in place. The electrodes are installed once and 

remain in the same location for all trials, this helps maintain a constant immersion area. 

With the internals of the fittings being alumina, the electrodes are electrically insulated and 

held at a constant position for each trial. A similar alumina follower as used within the 

Conax fittings is shown in Figure 5 on top of the Conax fitting holding the gold and 
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platinum wires, this follower is used to make sure there is no contact between the electrodes 

during trials as the wires are very pliable and need to be clamped with alligator clips to 

connect them to the potentiostat for measurements. Swagelok fittings were used for the 

thermocouple ports as well as for the gas lines in and out.  

The molten salt was melted in the top loading furnace before the SS plate that housed the 

electrodes was placed on the furnace. As stated previously, this is due to the gold WE and 

platinum RE becoming too pliable after a heating cycle and bending when attempting to 

immerse them in solid ground FLiNaK. The salt was heated to 500 C at 150 C/hour to 

minimize the risk of the alumina crucibles cracking due to thermal shock. Once the salt 

was fully melted the SS plate was placed onto the furnace with the electrodes dipped into 

the molten FLiNaK salt. 

Before every trial, each electrode was tested for continuity between the other electrodes, 

the lid, and fittings to ensure electrical insulation between the components, as improper 

electrical isolation would cause electrical shorting when trying to take measurements.  

A short was noticed during initial experiments when at temperature, which was due to the 

thermocouple not being electrically insulated from the lid and what is believed to be a 

conductive layer forming on the top of the salt electrically connecting the counter electrode 

and the thermocouple. If the lid was moved slightly while still on the furnace with the 

electrodes in the salt, the resistance would slowly increase until no resistance was 

measured.  After a few minutes the electrical continuity between the glassy carbon rod and 

the lid would resume. Further, Carotti et al. [61] experienced a similar conductive layer 
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forming on the top of a molten 2LiF-BeF2 (FLiBe) salt when performing electrochemical 

studies after the addition of LiH [61]. 

To combat this, the thermocouple was removed from its Swagelok fitting and the 

temperature of the salt was taken manually before and after SWV measurements by 

removing the SS plate from the furnace, putting the thermocouple in the salt, and taking a 

reading of the temperature once it stabilized and then replacing the lid back on the furnace 

for SWV measurements. This process would be repeated after the measurement was taken. 

The potentiostat is an Autolab PGSTAT204 that is positioned outside of the glovebox and 

was connected to a computer for trials. The leads from the potentiostat connect to a 

feedthrough terminal on the outside of the glovebox which connects to an identical inner 

feedthrough terminal on the inside of the glovebox. Three additional leads are then 

connected to the inner feedthrough terminal corresponding to the positioning on the outer 

feedthrough terminal and connect to the correct electrode on the test vessel. Figure 6 shows 

the experimental set up inside the glovebox connected to the potentiostat through leads. 
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Figure 6: Electrochemical cell set up for calibration curve trials inside the glovebox 

 

3.3.2 Oxygen and Moisture Trials Experimental Design 

The oxygen and moisture trials were used to determine the effects of atmospheric 

impurities of oxygen or moisture on the oxide concentration in the molten salt. This is 

important to study as it is very likely that the salt could be exposed to air and/or moisture 

through transfer from one inert atmosphere to another and this could have a substantial 

effect on the corrosion of the materials. 

For the oxygen and moisture trials, a sealed vessel was required to maintain the desired 

atmosphere conditions above the molten salt as well as prevent contamination of oxygen 

and moisture into the glovebox. These trials had the atmosphere above the salt adjusted to 
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contain either controlled, small amounts of oxygen added to the inlet argon or small 

amounts of moisture.  

These trials again took place inside an argon glovebox however 1/4” Swagelok gas lines 

were run into the glovebox through ports on the back to allow the atmosphere of the test 

vessel to be carefully controlled independently of the glovebox atmosphere. Having the 

test vessel operate inside the glovebox was to minimize the amount of external oxygen and 

moisture that could contaminate the test gas. It also allowed for the salt to be molten before 

sealing the vessel and inserting the electrodes. A simplified flow diagram is shown in 

Figure 7 outlining the experimental set up for the atmosphere controlled trials. 

 

Figure 7: Simplified Flow Diagram of Experimental Set up for Atmosphere 

Controlled Trials 

 

The ZIROX cell and controller along with the HF filter shown in Figure 7 will be discussed 

further in the following sections. 
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3.3.2.1 Atmosphere control  

The atmosphere for the oxygen and moisture trials is controlled using a ZIROX Electrolysis 

Device SGM5-EL connected to the argon inlet line. This device can add or remove a set 

amount of oxygen to an argon or nitrogen gas line. The ZIROX cell is also capable of 

adding moisture (H2O) to a gas line if the inlet gas line is an argon/hydrogen mixture or a 

nitrogen/hydrogen gas mixture. The ZIROX device operates at a temperature of 750 C 

and the oxygen added to the line will react with the hydrogen to form water. 

The ZIROX device works on the same principles as the ones Eklund et al. [18] used to 

improve upon the KBrF4 method discussed in Section 2.2.1.1. The ZIROX device uses a 

yttria-stabilized zirconia tube along with two platinum electrodes and functions based off 

the Nernst Equation (Equation 6). While the YSZ device used by Eklund et al. [18] was 

used to measure the oxygen concentration by measuring a voltage across the YSZ tube, the 

ZIROX Electrolysis Device applies an external potential resulting in a current which 

pumps oxygen into or out of the oxygen selective YSZ tube. The amount of oxygen pumped 

in or out of the YSZ tube is dependent on the setpoint set by the user on the ZIROX 

controller that controls the magnitude and sign of the applied voltage and the resulting 

current. 

3.3.2.2 Test Vessel 

The test vessel for the oxygen and moisture trials required a sealed vessel as previously 

stated therefore the vessel had to be redesigned. A schematic of the redesigned test vessel 

for the oxygen and moisture trials is shown below in Figure 8.  
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Figure 8: Electrochemical Test Vessel for Dry Oxygen and Moisture Trials  

 

The vessel shown in blue in Figure 8 is sealed to maintain the set atmosphere inside the 

test vessel that is maintained by the inlet gas line coupled with the ZIROX device. The 

vessel is sealed using a Robco Laminate PSS 130 gasket (Robco Inc.), which is a Mica 

sheet laminated on a 316 stainless steel core. As shown in Figure 8, the vessel has a smaller 

bottom diameter to fit inside the top loading crucible furnace in the argon atmosphere 

glovebox. These trials use the same furnace inside the glovebox as was used for the 

calibration curve trials. The redesigned test vessel was fabricated in the UNB Chemical 

Engineering machine shop and is shown in Figure 9. The CAD drawings can for the vessel 

can be found in Appendix A. 
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Figure 9: Fabricated Test Vessel for Atmosphere Controlled Trials 

 

The main differences with the vessel for the controlled-atmosphere trials are the bottom 

pot and the sealing mechanism. Since this vessel needed to be tightly sealed to maintain 

the desired atmosphere and compress the gasket, the bolts used need to be torqued. To do 

this with ease in the glovebox the bolt holes in the lip of the base of the vessel were threaded 

to eliminate the use of nuts on the end of the screws due to the limited dexterity inside the 

glovebox. Additionally, a stand was made for the vessel to help hold it in place when 

tightening the bolts inside the glovebox. The stand, as well as the supporting arm to help 

prevent tipping when torquing down the bolts, is shown in Figure 10a and the vessel inside 

the stand with the supporting arm in place is shown in Figure 10b. The bolts were torqued 

to 20 ft-lbs using a torque wrench for each trial. 
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Figure 10: a) Electrochemical cell stand and balancing arm b) Vessel inside stand 

and balancing arm 

 

The sealing of the vessel was done inside the glovebox to allow the salt to be melted before 

addition of the electrodes into the salt. To do this the base of the vessel containing the 

alumina crucible and the prepared FLiNaK salt pucks were placed into furnace in the 

glovebox without the lid and was heated to molten at 500 ºC using a 150 ºC/hr heating rate. 

A mirror inside the glovebox was used to confirm the salt was fully melted. 

At this point the gasket and lid were placed onto the base of the vessel and the alignment 

pins (shown in Figure 9) were inserted to ensure alignment of the bolt circles. The furnace 

was then shut off and the bolts were carefully put into place and twisted in slightly using a 

T-handle hex key. As much sealing as possible was done while the salt was still molten as 

the glassy carbon counter electrode rod has physical properties similar to glass and could 

break with too much stress. The vessel and salt were then allowed to cool before the vessel 

was removed from the furnace, placed into the stand, and sealed for the trials.  

For these trials the open circuit potential (OCP) as well as the square wave voltammetry 

were analyzed over time at each set point set on the ZIROX Electrolysis cell. The OCP 
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helped demonstrate when the cell had returned to equilibrium as it monitors the potential 

between the working and reference electrode over time. Therefore, once the potential 

measured stabilized, it could be assumed the cell had returned to equilibrium. The OCP 

could also be used to correct for the potential difference of the measured SWV peaks if the 

reference electrode potential shifts over time. 

3.3.2.3 Hydrogen Fluoride Trap 

The glovebox also acted as a safeguard for the oxygen and moisture trials. Adding moisture 

to the test gas for experiments was likely to produce small amounts of HF, which can be 

damaging to equipment and hazardous to people. An HF safety kit containing Calgonate® 

Gel was easily accessible in the lab in the unlikely case of any human contact with HF.  

Additionally, to minimize any risk of contact with HF, a hydrogen fluoride trap was 

constructed and added to the outlet argon line on the outside of the glovebox to capture any 

HF produced before the gases were bubbled through water and vented to the fume hood. 

This trap was based off the design constructed by the Pacific Northwest National 

Laboratory for the chemical conversion of HF for safe disposal [62]. The HF trap works 

by reacting the HF with calcium oxide powder to form water and calcium fluoride. 

Equation 15 shows the balanced chemical equation for this reaction. 

2HF(g) + CaO(s) → CaF2(s) + H2O(l) (15) 

This reaction is exothermic therefore a temperature increase, the production of water and 

a change in mass of calcium oxide indicate the desired chemical reaction has occurred [62]. 
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To make this scrubber, a 4.5” Swagelok stainless steel cylindrical tube 1” in diameter was 

packed with layers of copper wool, Teflon turnings and calcium oxide. The trap is oriented 

vertically with mesh placed at the bottom of the cylindrical tube to keep the packing within 

the tube. Ten grams of lightly packed calcium oxide was placed inside the HF trap and was 

sandwiched between 1 cm of Teflon turnings on either side and then 2 cm of copper wool 

one either side. A schematic of the HF trap is shown below in Figure 11a and the trap 

connected to the apparatus exhaust line is shown in Figure 11b.  

 

Figure 11: a) A schematic of the HF filter b) The HF filter on the exhaust line in the 

lab 
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As shown in Figure 11a, a check valve was placed upstream from the hydrogen fluoride 

trap to ensure any water produced wouldn’t contaminate the test gas inside the 

electrochemical cell. Additionally, the trap is oriented vertically with a ball valve at the 

bottom to drain any water produced using gravity while the remaining gases are vented to 

a fume hood. 

3.4  Chloride Salt Proposed Electrochemical Cell Design 

A proposed chloride salt electrochemical cell design was also completed but not 

constructed. This design is very similar to the fluoride electrochemical cell design except 

it employs the use of a thermodynamic reference electrode that is commonly used in 

chloride molten salt electrochemistry.  This is the Ag/AgCl reference electrode as discussed 

in Section 2.2.2.2. Where the electrochemical half-cell reduction reaction occurring on the 

silver wire is shown below in Equation 16. 

Ag+(ms) + 𝑒− ⇌ Ag(s) (16) 

In Equation 16 the silver cations are dissolved in the molten salt solution and the silver is 

the reference electrode. The overall reaction is shown by Equation 17 which shows that the 

silver cations come from the addition of silver chloride. 

AgCl(s) ⇌ Ag+(ms) + Cl−(ms) (17) 

With the reference electrode employing a known redox couple the Nernst equation can be 

used with high temperature data to determine at what potential each reaction should occur.  
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The Ag/AgCl reference electrode uses an electroceramic membrane to contain the silver 

wire and the NaCl-MgCl2 with an addition of AgCl. The membrane allows for electrical 

continuity between the electrodes through ion diffusion while limiting the diffusion of 

silver cations to the bulk salt. Depending on the desired test range for the electrochemical 

cell either a Pyrex closed end tube or a mullite closed end tube will be used in the design. 

Above 500 C the Ag/AgCl reference electrode will use a mullite electroceramic 

membrane for the proposed design. 

 

Figure 12: Proposed Chloride Electrochemical Cell Design 
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The chloride salt electrochemical design did not get past the basic design phase as it was 

outside the scope of this project. Therefore, the design was not fabricated, however the 

proposed basic design for future experiments is depicted in the schematic diagram shown 

in Figure 12. 
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Results and Discussion 

4.1 Salt Analysis 

4.1.1 X-Ray Diffraction (XRD) 

XRD was the first quantitative test run on the salts. It was used to verify the purity of the 

as received LiF, NaF and KF. The X-ray diffractometer is located in the Geology building 

at UNB and is a powder XRD device. All XRD preparation was done inside an inert argon 

atmosphere glovebox. The salt was ground as fine as possible and was loaded onto an XRD 

slide and covered with parafilm to minimize moisture ingress into the salt. The loaded film 

was then transferred into the bottom half of a Pyrex reusable petri dish and sealed again 

with parafilm as a secondary argon containment container. This was all then transferred 

out of the glovebox and taken for analysis.  

The samples were analyzed by XRD with the parafilm in place still sealing the salt from 

the atmosphere. However, a piece of parafilm was independently analyzed to enable 

subtraction of the parafilm background from the analyzed samples. 

Figure 13 shows the XRD results of the independently analyzed Parafilm and Figure 14 

shows the analyzed XRD results from the as-received lithium fluoride. The red lines 

evident in Figure 14 show the expected spectra for LiF and as shown they line up well with 

all the measured peaks except for the first four. However, as evident by comparing the two 

figures the unidentified peaks in Figure 14 correspond to the parafilm and no other peaks 

are evident. Similar results are evident for the as received NaF and KF show in Figure 15 

and Figure 16 respectively. 



 

45 

 

 

Figure 13: XRD data of parafilm 

 

 

Figure 14: XRD analysis of as received LiF 



 

46 

 

 

Figure 15: XRD analysis of as received NaF 

 

Figure 16: XRD analysis of as received KF 
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4.1.2 Ion Chromatography 

Three separate batches of the prepared eutectic FLiNaK were analyzed by ion 

chromatography to verify the prepared composition. Each batch was tested twice with each 

test taking and averaging three measurements of each cation. The results of these tests are 

shown in Table 2. As evident from the data, Batch 1 from each test is closest to the target 

ion mass fraction. The slight deviation in later batches is likely due to the column not being 

fully rinsed between the testing of each batch as each were run sequentially with a DI water 

rinse in between. If this DI water step did not fully rinse the column and there was an 

accumulation of cations it would skew the results of the following batch compositions and 

could explain the deviation in the mass fraction for batches 2 and 3. 

 

Table 2: IC data outlining the mass fraction of cations in 3 tested FLiNaK batches 

Ion 

Test 1 Test 2 

Target 

Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 

Li+ 0.145 0.155 0.151 0.146 0.158 0.153 0.145 

Na+ 0.121 0.139 0.123 0.127 0.146 0.127 0.119 

K+ 0.734 0.706 0.726 0.727 0.696 0.720 0.737 

 

With this amount of deviation in composition the melting point would be expected to be 

within 5 ºC of the melting point [63].  The experiments are run at ~50 ºC above the expected 

melting point due to small deviations in composition resulting in minor melting point 

fluctuations.  
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4.1.3 X-Ray Fluorescence 

X-Ray Fluorescence was used to analyze several batches of FLiNaK that had some visible 

impurities. This method was chosen as XRF is a fast non-destructive test that does not 

require any sample preparation.  There were visible impurities in several salt batches and 

it became clear these issues were related to a specific lot of starting material as the 

impurities only appeared when the restocked starting material was from a new lot. 

Figure 17 shows six batches of FLiNaK that were prepared within a two-week span using 

the exact same procedure and same atmospheric conditions. The only difference between 

the batches on the left and those on the right is the lot of 99.99% pure LiF used from Fisher 

Scientific. 

 

Figure 17: Prepared FLiNaK salt with different LiF Lots 

 

The XRF results from analyzing the clean and dirty salt batches pictured in Figure 17 are 

presented in Figure 18. The spectra are overlayed to clearly show which elements are 

present in the dirty salt but are not detected in the clean salt. The clean salt spectra analysis 
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is also shown in Figure 19 to demonstrate that an identical potassium peak is in this analysis 

as well; however, this is not evident in Figure 18. As shown from the results, silicon, iron, 

nickel, zinc, and arsenic are all present in the dirty salt and not in the clean salt. 

Unfortunately, the XRD detector was under maintenance at the time of these results and 

continues to be out of service, thus the lot of as-received LiF that was used in the dirty salt 

sample could not be analyzed to confirm the presence of these transition metal impurities 

in the original salt.  

 

Figure 18: XRF data analysis of clean salt versus dirty salt 
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Figure 19: XRF analysis of clean salt 

 

A couple trials using the dirty salt were performed after filing off the visible impurities as 

there was a delay in receiving new salt from the suppliers. However, these results were 

unusable as the black impurities float on top of the molten FLiNaK and coated the 

electrodes, reducing the surface area for the oxide to react and skewed the results. The LiF 

was tagged as unusable and the dirty FLiNaK salt was not used for any of the following 

trials. 

4.2 Calibration Curve 

A calibration curve was created experimentally by adding a known amount of lithium oxide 

to the FLiNaK salt and then analyzing the oxide content using square wave voltammetry. 

The results of the square-wave voltammetry measurements of the Li2O-LiF-NaF-KF 

system are shown in Figure 20. This plot shows that as the O2- added as Li2O increases the 



 

51 

 

peak height also increases. Additionally, the number of electrons transferred was estimated 

using the half peak width as described in Section 2.2.3.2 and was determined to be on 

average 1.6 and the oxide to oxygen reaction should have 2 electrons transferring. The 

increasing peak heights and the number of electrons along with similar literature expected 

potential values allows confidence that the peak measured is the O2- reaction.  

 

Figure 20: SWV Data of the Li2O-LiF-NaF-KF system for the calibration curve with 

increasing O2- added as Li2O at 500 C, 25 Hz, a modulation amplitude of 20 mV 

and a step potential 2 mV 

 

The O2- peaks in Figure 20 start on average at 0.90 V and ends on average at 1.25 V, which 

is consistent with literature values. For example, Shen et al. [12] saw peaks start at 0.80 V 

and end at 1.3 V.  
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There are two outlier peaks from the 108.50 ppm and 298.12 ppm trials that occur at 

potentials outside of this range. However, as the electrochemical cell uses a platinum quasi-

reference electrode the potential of the reference may shift with changes in the salt’s redox 

potential or with changes in the equilibrium potential at the platinum electrode [64]. 

Therefore, this relatively small shift in potential is not unexpected. 

The data plotted in Figure 20 were taken directly from the potentiostat Nova software and 

were then corrected by dividing the measured current by the immersed surface area of the 

gold working electrode to yield current density. The surface area was determined by 

measuring the height of the salt residue on the working electrode after each trial using 

calipers (±0.01 mm). The electrodes and crucible are in a fixed position however a fresh 

batch of FLiNaK salt was needed for each trial; therefore, the salt height would differ 

slightly from trial to trial. The values needed to plot the calibration curve is the O2- peak 

current density value from each trial along with the corresponding added concentration of 

Li2O (the source of the O2- anion). The calibration curve created using these results is 

shown in Figure 21. 

The calibration curve provides a relationship between the peak current density of the oxide 

reaction with the concentration of dissolved oxide in the FLiNaK melt. This allows the 

concentration of oxide to be determined electrochemically in-situ while the salt is at 

temperature. To determine the oxide concentration, the peak current can be measured, and 

from this the current density can be calculated. From this value, the oxide concentration 

can be estimated using the calibration curve. The immersed surface area remains relatively 
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constant and after the first trial the measured surface area is a good approximation and can 

be used to determine the oxide content in situ. 

 

Figure 21: Calibration curve of peak current density versus added ppm O2- 

measured by SWV 

 

It should be noted that this relationship is for added oxide in the salt and not total oxide as 

it does not pass through the origin. The as received salt was dried for 48 hours at 200 ºC 

but was not purified through sparging with HF as is frequently done in literature to achieve 

improved purity in these salt mixtures [28]. As such, it is assumed that the salt for each 

trial has approximately the same base amount of initial oxide that could not be removed by 

drying. The initial amount of oxide was roughly predicted using the data from the 

calibration curve above without the zero added point and by forcing the trend line through 

the origin. Then by inserting the measured peak current values with zero added Li2O we 

y = 0.0219x + 5.8366
R² = 0.9051

y = -3E-05x2 + 0.0455x + 4.0427
R² = 0.9698

0

5

10

15

20

25

0 100 200 300 400 500 600 700 800

P
ea

k 
C

u
rr

en
t 

D
en

si
ty

 (
m

A
/c

m
2
)

ppm O2- added by Li2O



 

54 

 

got an approximation of how much oxide is in the salt. This plot and calculation can be 

found in Appendix B with the base amount of oxide determined to be 110 ppm. As this is 

an approximation this report will discuss the results as added or additional parts per million 

of O2-. 

As can be seen in Figure 21, there are two distinct regions of the calibration curve, and 

fitting a single line to the data over the entire range does not yield an acceptable fit with an 

R2 value of only 0.9051 with a linear fit. This reaction has shown to be diffusion based in 

literature and as such is expected to be linear.  As shown in Figure 21, the trend shows an 

improved R2 for a parabolic fit of 0.9698 over the entire range. However, if the two ranges 

are fitted with two separate lines, this yields a better trend and agrees with literature on a 

diffusion-based reaction yielding a linear fit [12, 35, 36]. The calibration curve showing 

the trend lines for the first 4 points and the last 3 is shown in Figure 22. 

 

Figure 22: Calibration curve with trend lines for upper and lower ppm of O2- values 
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As evident from Figure 22, using these trend lines will provide more accurate values of 

oxide content in the salt with the trend line from 0-150 ppm of added O2- having an R2 

value of 0.9881 and the trend line from 150-730 ppm of added O2- having an R2 value of 

0.9963. These trend lines correlate to ranges of 3.7-11.7 mA/cm2 and 11.7-20.9 mA/cm2 

for the peak current density of the oxide peak and will indicate which relationship to use 

based off the measured peak current density. Typically, in literature only one linear line is 

found with a high R2 value however they are also typically studying a larger range of oxide 

addition concentrations with less data points at low values (0-300 ppm O2- range) [12, 35, 

37]. 

All the calibration curves have error bars from possible sources of error from the 

potentiostat, the analytical balance and the calipers used during measurements. A table 

describing the accuracy of each instrument that went into the error propagation calculations 

is shown in Appendix C. The calculations considered the accuracy of the potentiostat, 

analytical balance and the calipers. 

4.3 Oxygen Addition Trials 

These trials were done by adding oxygen to the inlet argon line using the ZIROX device. 

This was an interest of study as it is well known that the salts are hygroscopic and absorb 

moisture that causes corrosive oxides to form in the molten salt when heated due to the 

dissociation of the absorbed moisture. However, very few studies have been done on the 

effect of oxygen or moisture in the cover gas above a molten salt on the amount of oxide 
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present in the molten salt over time. As the salts are hygroscopic it is known that they 

should absorb moisture, but it is unknown how much oxygen will diffuse into the salt on 

its own. 

4.3.1 FactSage Calculations 

FactSage calculations were done to model oxygen addition to the cover gas over the molten 

FLiNaK. FactSage is a thermochemical database that uses experimental data to preform 

thermodynamic modelling based on conditions inputted. The FactSage calculations were 

done using the FToxid and FTsalt databases [65]. The results of these calculations are 

shown in Figure 23 where all the oxides formed and predicted by FactSage are plotted 

versus the weight percent of oxygen in the cover gas. 

 

Figure 23: FactSage calculations of oxide content present in FLiNaK molten salt at 

500 C with the addition of oxygen gas in the cover gas above the salt 
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As shown in Figure 23, FactSage predicts a maximum of 6x10-13 ppm O2- which can be 

considered negligible even with up to 100 wt.% of oxygen in the cover gas being added. 

The values remained negligible over an oxygen addition range of approximately 27 ppm 

of oxygen in the cover gas to pure oxygen as the cover gas. The O2- amount has been 

calculated assuming 100% dissociation of lithium, sodium, and potassium oxides which is 

a common assumption for FLiNaK molten salt [66]. Therefore, according to this 

calculation, it is expected to see negligible diffusion of oxygen into the molten salt from 

the oxygen in the cover gas. 

4.3.2 Experimental Results 

The oxygen gas addition trials were done by changing the setpoint of the ZIROX device 

and monitoring the square-wave voltammetry and open circuit potential over time. Five 

oxygen cover gas setpoints was measured by SWV: 0, 50, 200, 500 and 800 ppm O2. Only 

one trial was performed analyzing each setpoint consecutively over time. Initially only high 

purity argon was passed over the molten salt for the zero SWV measurement and was then 

increased to a setpoint of 50 ppm O2 in the cover gas on the Zirox cell. In between each 

SWV reading, the OCP was measured until the next reading to measure the potential trend 

and see when it plateaued. This allowed for equilibrium to be assumed before another 

measurement was taken. A minimum of one hour was passed between measurements. 

Figure 24 shows some sample SWV data from these trials that are used to determine the 

amount of oxide in the FLiNaK melt over time. The time in this plot indicates how long 

into the trial the measurement was taken with zero being the time when the electrochemical 
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cell was fully set up and at operating at 500 ºC according to the thermocouple placed in the 

salt.  

The peaks in Figure 24, similarly to the peaks shown from the calibration curve trials 

(Figure 20), start at a potential on average 0.90 V however they end on average at 1.40 V 

compared to the calibration runs which ended at 1.25 V. Again, this can be due to some 

equilibrium variation on the reference electrode that is common with a quasi-reference 

electrode and the similarities and changes in the peak height allow confidence that the 

oxide reaction is the reaction is what is being measured. The height of the salt on the gold 

working electrode was measured using the salt residue line on the electrode after the 

experiment to allow the current density to be calculated. It was determined to be 24.56 mm 

which corresponds to a working electrode surface area of 0.7795 cm2. All the data from 

these measurements can be found in Appendix D. 

 

Figure 24: Sample SWV data from O2 atmosphere addition trials at 500 C, 25 Hz, a 

modulation amplitude of 20 mV and a step potential 2 mV 
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The resulting peak current density from the SWV measurement from each reading is then 

used with the calibration curve to calculate the concentration of added O2- in the FLiNaK 

molten salt from the cover gas. The added oxide concentration present in the FLiNaK salt 

over time due to the increasing oxygen setpoints is shown in Figure 25. Further, 

immediately after the last SWV measurement was taken for each setpoint the next setpoint 

was set. This is demonstrated by the square data points in Figure 25. 

 

Figure 25: Oxide content in FLiNaK molten salt over time with increasing O2 

setpoints 
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the assumed base amount of oxide in the salt. After the 0 ppm reading at 1.5 hours, the 

oxygen setpoint on the ZIROX cell was changed to 50 ppm of oxygen in the inlet argon.  

This was then left to settle for 1.5 hours and then a measurement was taken. As shown in 

Figure 25 the oxide content in the salt apparently decreased and was negative with respect 

to the calibration curve and remained negative for all four 50 ppm measurements – but they 

did increase slightly over time. This is due to the base oxide content in the salt that is 

residual after drying being removed electrochemically during the first oxide measurement. 

As we know, the reaction on the gold working electrode is dissolved oxide in the melt 

going to oxygen gas as described previously by Equation 11. As such, oxide is being driven 

out of the melt as oxygen gas, reducing the oxide content in the salt. Evidently, this 

occurred during the first 0 ppm measurement and was still below the initial “base” amount 

for the 50 ppm measurements. As the peak current density for the 50 ppm measurements 

increased slightly it is evident that some oxide is diffusing into the salt at this setpoint 

however, due to it not being within the range of the calibration curve it isn’t a reliable 

result. 

After this initial first decrease in oxide content the amount of oxide present in the FLiNaK 

melt increases with time and with increasing oxygen setpoints in the cover gas with only 

one outlier during the 500 ppm setpoint until the 800 ppm setpoint. This could be due to 

fluctuations of the reference electrode potential or the system having not reached 

equilibrium.  
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The first value that was within the calibration curve’s range occurs after 20.5 total hours 

and only 4 hours after the setpoint was increased to 200 ppm of oxygen in the inlet argon 

gas. This amounted to 7.886 ppm of added oxide in the salt and continued to increase to 

19.19 ppm throughout the 500 ppm oxygen setpoint. 

After taking the last 500 ppm measurement, the setpoint was changed to 800 ppm and left 

to stabilize for 2.5 hours. As shown in Figure 25, when the first 800 ppm measurement was 

taken the oxide present in the salt had plummeted back to almost 0 ppm and then continued 

to decrease below the range of the calibration curve resulting in negative oxide values.  

At 41 hours, after measuring the negative oxide value it was obvious that something 

unexpected was happening and it was possible that the electrodes had been damaged, and 

it was likely the run would have to be shut down. These results could be due to a reduced 

surface area on the working electrode and therefore less area for the reaction to occur. This 

could happen from corrosion or a loss of length or from a layer occurring on the surface of 

the gold wire working electrode. Over the course of the experiment, the OCP that was 

monitored between each measurement continued to get more negative, which can occur 

when a passive layer forms on the working electrode. To test this hypothesis, a negative 

potential of -1.5 V was driven for 5 minutes on the working electrode to electrochemically 

clean the surface of the gold wire by forcing the opposite reaction. The objective was to 

force oxygen to oxide and remove it from the gold electrode surface back into the molten 

salt. The system was then left for approximately 5 hours to return to equilibrium.  
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After waiting the 5 hours, at 46 hours into the experiment and 800 ppm oxygen in the cover 

gas, the oxide content reached a maximum of 49.34 ppm. This measurement seemed to 

confirm that a passive oxide layer must have formed and by driving the negative potential 

the oxide was forced back into the salt.  

After another 6.5 hours and then another 10.5 hours, the oxide content in the molten 

FLiNaK measured 11.75 and 12.40 ppm respectively, which is greatly reduced from the 

previous 41 ppm measured. Due to the change in the experimental procedure occurring 

after the measurement taken at 41 hours, the data after this point may be unreliable. 

Additionally, the shape of the peak at this maximum oxide point was quite different from 

the others, it had two large, connected peaks with the oxide peak appearing to be the second 

peak. The voltammogram with the oddly shaped double peak along with the two 800 ppm 

measurements taken after this measurement is shown in Figure 26. 

 

Figure 26: 800 ppm oxygen setpoint data after electrochemical cleaning by driving a 

negative potential at 500 C, 25 Hz, a modulation amplitude of 20 mV and a step 

potential 2 mV 
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As evident from Figure 26, the other two oxide peaks line up with the second of the two 

peaks outlined in orange. Therefore, the second orange peak current is used to determine 

the oxide amount in the salt at the time the measurement was taken. It is unclear what 

reaction is occurring to cause the first peak but is likely an impurity that was removed from 

the working electrode surface after the electrochemical cleaning.  

Even though the last results may not be reliable, it is obvious before this point that oxygen 

on its own will react with the FLiNaK molten salt to form oxides and is not negligible as 

predicted from FactSage. The oxide concentration in the molten salt increased with only 

50 ppm of oxygen being introduced to the cover gas above the salt and increased from a 

negligible concentration to 7.866 ppm of added oxide in the salt with a setpoint of 200 ppm 

oxygen in the cover gas after only 4 hours. 

More tests should be completed to confirm the accuracy of the results at each setpoint as 

time was a constraint for these tests. Time permitting, each setpoint should be allowed the 

time to reach equilibrium before the next setpoint is set to get more accurate and reliable 

equilibrium data. The time required is unknown, but equilibrium can be assumed by 

monitoring the open circuit potential or by the oxide content measurements becoming 

relatively constant over time. It would also be interesting to explore electrochemically 

purifying the salt before adding the Li2O to create the calibration curve so that the zero 

point could be an accurate representation of no initial oxide in the salt. Additionally, an 

electrochemical cleaning step of the working electrode between each measurement may be 

something to investigate. 
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4.4 Moisture Addition Trials 

These trials were done by adding oxygen to an inlet 95 vol% argon, 5 vol% hydrogen gas 

line using the ZIROX device. As the ZIROX device operates at a temperature of 750 C 

the oxygen added to the line will react with the hydrogen to form moisture. Since molten 

salts readily absorb moisture from the atmosphere it is important to explore the effects of 

moisture in the atmosphere above the molten salt on the resulting amount of oxide in the 

salt.  

Water addition has been made directly into the salt by Swain et al. [67] to explore the 

electrochemical behavior of LiCl-KCl with moisture as an impurity but there doesn’t seem 

to be any research into the effect of moisture addition in the cover gas above molten salts. 

In industry, it is likely that oxide impurities will occur in the molten salt by atmosphere 

contamination during transportation or small leaks in the containment system. Therefore, 

it is necessary to investigate how quickly and how much this will impact the molten salt 

system. 

4.4.1 FactSage Calculations 

FactSage calculations were done to model moisture addition to the cover gas over the 

molten FLiNaK using the FToxid and FTsalt databases [65]. This is shown by Figure 27 

and Figure 28 where the oxides and hydroxides formed predicted by FactSage are plotted 

respectively versus the weight percentage of moisture in the cover gas. 
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Figure 27: FactSage calculations of oxide content present in FLiNaK molten salt at 

500 C with the addition of moisture in the cover gas above the salt 

 

According to the values calculated from FactSage shown in Figure 27, the amount of oxide 

that is present in the FLiNaK molten salt with the addition of 0-100 wt.% moisture is 

negligible. By comparing these values with the calculations done for oxygen addition to 

the cover gas however, the magnitude of predicted oxides has increased three times for the 

addition of moisture. The maximum value of oxide present in the molten salt that was 

calculated for oxygen addition to the cover gas was 6x10-13 ppm and as shown in Figure 

27 the maximum value calculated for O2- for moisture addition to the cover gas is 6x10-10 

ppm. It should be noted again that FactSage predicted the amount of Li2O, Na2O and K2O 

and from these values, the predicted concentration of O2- in the molten salt was calculated 

again assuming 100% dissociation. 

One major difference between the reactions with the molten salt for oxygen additions and 

moisture addition to the cover gas above the molten FLiNaK salt is the production of 
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hydroxides. The predicted hydroxides and amount present in the FLiNaK salt melt for the 

addition of moisture to the cover gas is shown in Figure 28. 

 

Figure 28: FactSage calculations of hydroxide content present in FLiNaK molten 

salt at 500 C with the addition of moisture in the cover gas above the salt 

 

From Figure 28 it is evident that the amount of hydroxide predicted in the melt is far greater 

than the oxide amount. The parts per million of hydroxide was calculated similarly to how 

the oxide was calculated by assuming 100% dissociation of the predicted lithium, sodium, 

and potassium hydroxides. The amount of hydroxide present in the salt is predicted to be 

up to 10 ppm. This should be a detectable amount of hydroxide present in the melt and 

according to Swain et al. [67] OH- forms soluble-soluble redox couples in eutectic LiCl-

KCl with O2- through the cathodic reaction of OH- shown by Equation 18. 
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It is possible that this reaction could also occur in the molten FLiNaK and could increase 

the amount of oxide present in the molten salt however, this has not been factored into the 

oxide amount estimation. 

4.4.2 Experimental Results 

The moisture addition to the cover gas above the molten salt trials were done similarly to 

the oxygen addition trials. The only difference in these trials was that oxygen was being 

pumped in through the ZIROX cell into a 5% Hydrogen, 95% Argon gas mixture. This 

reaction occurs at 750 C resulting in the oxygen and hydrogen combining to form 

moisture. The square wave voltammetry along with the open circuit potential was again 

monitored over time for these trials. 

The plan for these measurements was similar to the oxygen addition measurements with 

small additions of moisture then waiting and taking measurements before adding more. 

However, a misunderstanding of how the ZIROX functions for moisture additions occurred 

and larger amounts of oxygen was added to the argon/hydrogen mixture than expected. 

Therefore, results were obtained for higher moisture content than intended. It was believed 

that by setting a setpoint of 50 ppm of oxygen to the inlet that only 50 ppm of oxygen 

would be added, however, the amount of oxygen is measured downstream from where it is 

added and corrects the current applied based off this measurement. Therefore, the ZIROX 

cell was attempting to add an excess of 50 ppm into the inlet line but due to the oxygen 

reacting to form moisture with an excess of hydrogen it wasn’t possible and was adding as 

much as it could to try and achieve this. The experiment ran for 24 hours before this was 
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realized and was then shut down. The ZIROX cell was reading oxygen in the inlet line in 

the range of 10-15 ppm demonstrating that all the oxygen added must have been reacting. 

As it is unclear how much oxygen was added to the line but due to the reducing conditions 

it must be the limiting factor in this reaction the amount of hydrogen was used to calculate 

an upper limit of 9,000 ppm or 0.9 wt.% moisture that was added to the cover gas above 

the molten salt. 

The results for additional oxide concentration to the base amount present in the salt was 

determined using SWV corrected by the immersed surface area of the working electrode 

and the calibration curve. The height of the salt on the gold working electrode was 

determined to be 25.65 mm which corresponds to a working electrode surface area of 

0.8137 cm2.  The results for the moisture addition trials are shown by Figure 29 and a 

summary of these data can be found in Appendix E. It should again be noted that the times 

in this plot indicate how long into the trial the measurement was taken with zero being the 

time that the electrochemical cell was fully set up and at 500 ºC according to the 

thermocouple placed in the salt. Additionally, immediately after the last SWV 

measurement was taken for each setpoint the next setpoint was set, again this is shown by 

the square data point. 
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Figure 29: Added oxide content in FLiNaK molten salt over time with moisture 

added to the cover gas 

 

As shown in Figure 29, the oxide content in the salt at the start of the trial was 35.91 ppm 

and after this first measurement – similar to what was seen in the oxygen addition trials –  

the amount of oxide present in the salt was reduced to below the range of the calibration 

curve resulting in negative oxide results. This is due to the electrochemical measurement 

oxidizing oxide to oxygen gas, which is evolved out of the molten salt.  

The first two 0 ppm trials were done with a high purity argon cover gas over the molten 

salt. After these measurements the cylinder was changed to the 5 vol% H2, 95 vol% Ar. 

This was allowed to flow through the cell for 1.5 hours before another 0 ppm measurement 

was taken and this value was again below the range of the calibration curve. 

After the third 0 ppm measurement the setpoint on the ZIROX was changed from 0 ppm 

O2 to a setpoint of 50 ppm O2, which as stated earlier would result in up to 9,000 ppm or 

0.9 wt.% of moisture added to the cover gas. This was left for three hours before a 
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measurement was taken. After 3 hours at this setpoint the amount of oxide measured in the 

salt was 54.09 ppm. The cover gas was left at this setpoint for a total of 18 hours being 

measured again after 12, 15 and 18 hours with added oxide values measured in the salt 

respectively as 195.8, 253.6 and 272.4 ppm.  

It was at this point when it was realized larger amounts of moisture was being added to the 

cover gas than intended and the setpoint on the ZIROX was returned to 0 ppm oxygen and 

the gas cylinder was changed back to argon. Two more measurements were taken after the 

cover gas was changed back to solely high purity argon to determine if the amount of added 

oxide in the FLiNaK salt could be removed electrochemically, however no removal 

response was immediately evident, and the trial was shutdown.  

It can be observed from these results that moisture in the atmosphere above the salt 

increases the oxide content in the salt. FactSage predicted negligible amounts of oxide to 

be present in the salt with 100% moisture in the atmosphere above the salt and up to 10 

ppm of hydroxide to be present, however, 272.4 ppm of oxide in the molten FLiNaK salt 

was measured with an addition of 0.9 wt.% moisture in the cover gas. 

Another area of interest from the moisture trials are the voltammogram oxide peak shapes.  

The voltammograms for these measurements differ from the typical oxide peak measured 

in other trials and are shown in Figure 30. The time in this plot indicates how long into the 

trial the measurement was taken with zero being once the electrochemical cell was fully 

set up and at 500 ºC according to the thermocouple placed in the salt. 
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Figure 30: SWV data from moisture atmosphere addition trials at 500 C, 25 Hz, a 

modulation amplitude of 20 mV, a step potential 2 mV and a working electrode 

surface area of 0.8137 cm2 

 

As shown in Figure 30 after 17.33 hours two peaks are present in the SWV measurement 

with the first happening at potentials lower than the expected oxide peak (starting at 0.5 V 

compared to 0.9 V) and the second happening at the typical potentials. Evidently, there are 

two reactions occurring on the working electrode with the second being the expected oxide 

peak. The first peak occurs at potentials between 0.4 V and 1.0 V and increases with time 

exposed to moisture and wasn’t evident in the oxygen trials. This all points to the first peak 

being the hydroxide reaction as described earlier by Equation 18. Additionally, the Nernst 

equation was used to calculate the expected potentials of half-cell reactions at high 

temperatures with the results plotted in Figure 31.  
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Figure 31: Half-cell potential calculations at temperature 

 

As shown, the hydroxide reaction should occur at potentials lower than the oxide reaction. 

It is predicted at values lower than the measured potential of this first peak; however, the 

oxide potential value is also predicted lower than the measured peak value for all trials. 

These values are accurate relative to each other but do not take into account the reference 

electrode and therefore are likely shifted slightly since the reference electrode used in these 

studies was a pseudo-reference. 

It is likely the first peak is the hydroxide reaction for a few reasons; all the other salt 

component reactions occur at much higher potentials than the oxide peak, the peak current 

increases with exposure to moisture and it is not present in the oxide trials. This could be 

validated using the same electrochemical cell by adding LiOH powder into the FLiNaK 

salt. Once validated a calibration curve could be completed to use with the results from this 

trial to see how much hydroxide was added to the molten salt due to the addition of 
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moisture above the salt. Additionally, O2- could be monitored with the addition of LiOH to 

explore the equilibrium effects of hydroxide addition on the amount of O2- and potentially 

quantify how much OH- dissociates to O2-.  

In Figure 29, early in the trial the oxide peak was skewed to the left and almost lined up 

with what is believed to be the hydroxide peak later in the trial. Figure 32 shows these 

earlier voltammograms more closely. 

 

Figure 32: Select early SWV data from moisture atmosphere addition trials at 500 

C, 25 Hz, a modulation amplitude of 20 mV, a step potential 2 mV and a working 

electrode surface area of 0.8137 cm2 

 

In Figure 32 it is evident that as time increases, the peak potential becomes more positive; 

it is believed that all these peaks are measurements of the oxide reaction. This is due to the 

amount of oxide decreasing significantly after the first measurement and remaining lower 

than the initial reading until moisture was added to the cover gas. Additionally, the yellow 

peak occurring 5.33 hours into the trial has a very similar peak shape to the ones later into 
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the trial that are shifted to the typical oxide peak voltage. These peaks could be shifted due 

to a change in equilibrium on the platinum pseudo-reference electrode early in the trial. 

Due to the amount of moisture in the cover gas being larger than intended, a direct 

comparison with the oxygen trials is not possible; however, these trials did supply some 

results of note. It is evident that moisture in the atmosphere above a FLiNaK molten salt 

does influence the amount of oxide absorbed and present in the molten salt. It is also 

evident that the addition of moisture has more complicated molten salt chemistry occurring 

than just oxygen addition with hydroxides also being formed in the molten salt. The results 

showed a maximum additional oxide content of 272.33 ppm after 18 hours with 0.9 wt.% 

moisture in the cover gas and likely would have continued increasing with more time. 

More moisture trials should be performed at lower moisture setpoints to allow a direct 

comparison with the oxygen addition to the cover gas. A trial with hydroxide addition 

should also be performed to validate the hydroxide peak. 
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Conclusions 

This project was successful in addressing the knowledge gaps found in literature on the 

effect that gaseous oxygen and/or moisture exposure has on molten salts by quantifying 

the oxide present in the molten salt over time. 

An electrochemical apparatus capable of monitoring oxide content in FLiNaK molten salt 

at temperature and in situ was designed and constructed. A calibration curve using this 

instrument was determined that was able to relate the peak current density measured from 

square wave voltammetry to trace amounts of oxide impurities.  

The electrochemical apparatus was then redesigned to be sealed to allow the atmosphere 

conditions above the molten salt to be adjusted to simulate an exposure of the molten salt 

to oxygen or moisture while monitoring the oxide content in molten salt in situ.  

Trials with oxygen added to the cover gas above the molten salt were performed and it is 

evident that oxygen exposure to the salt has an impact on the corrosiveness of the salt with 

oxide content in the salt jumping to 8 ppm of added oxide in the salt with a setpoint of 200 

ppm after only 4 hours and reached a maximum of 36 ppm of added oxide to the salt at an 

oxygen setpoint of 500 ppm.  

It can also be concluded that moisture addition to the atmosphere above FLiNaK molten 

salt increases the amount of oxide in the salt melt along with the production of hydroxides. 

The FLiNaK molten salt reached a maximum of 272 ppm of additional O2- after 23 hours 

of being at a moisture setpoint of ~0.9 wt.% in the cover gas. This project is good 

preliminary research that demonstrates the capabilities of the electrochemical design and 
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technique and opened more questions that can be explored with the designed apparatus. It 

also presented a preliminary design for the chloride salt system of interest NaCl-MgCl2 

which can be constructed and used to address some of the areas mentioned. 
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Recommendations 

It is recommended that electrochemical purification of the molten salt be explored for the 

creation of future calibration curves and as a purification step between electrochemical 

measurements. It is also recommended to allow enough time in the atmosphere-controlled 

trials to allow the system to reach equilibrium before increasing the setpoint. Additionally, 

moisture addition trials should be performed by controlling the current of the ZIROX 

device and using Faraday’s law to quantify and achieve low moisture addition trials. The 

same setpoint should be explored as in the oxygen addition trials to allow for a direct 

comparison. 

Further trials should also be performed with the addition of LiOH to validate what is 

believed to be the hydroxide peak in the moisture addition trials. A hydroxide calibration 

curve should be created to determine the hydroxide addition to the molten FLiNaK salt 

during the moisture addition trials and explore the hydroxide/oxide equilibrium in molten 

salts. Furthermore, it is recommended that the NaCl-MgCl2 preliminary design included in 

this report be constructed along with an oxide calibration curve using Na2O.  
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Appendix A – Retort CAD Drawings 
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Appendix B – Calibration Curve Approximation 

 

Figure B-1: Calibration curve for 0 ppm approximation 
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Appendix C – Error Propagation Values 

Table C-1: Instruments and associated accuracy for error propagation calculations 

Instrument Measurement ± Unit 

Potentiostat - PGSTAT204 

Potential 2 mV 

Current 0.2 % Of range 

Analytical Balance - Mettler 

Toledo XSR205DU 
Mass 0.0002 g 

Caliper - Fowler, Sylvac Ultra-

Cal III 
Size 0.02 mm 
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Appendix D – Oxygen Addition Trials Data 

 

Figure D-1: Data from the 0 ppm setpoint for the oxygen addition trials 

 

Figure D-2: Data from the 50 ppm oxygen setpoint for the oxygen addition trials 
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Figure D-3: Data from the 200 ppm setpoint for the oxygen addition trials 

 

Figure D-4: Data from the 500 ppm setpoint for the oxygen addition trials 
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Figure D-5: Data from the 800 ppm setpoint for the oxygen addition trials 
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Table D-1: Summary of data from oxygen addition trials 

O2 Inlet 

atmosphere 

setpoint 

OCP (V) 
Peak Current 

Density (mA/cm2) 

Amount of O2 

(ppm) 
Time (hours) 

0 ppm -0.00597 3.776 0.3290 1 

50 ppm 

0.016362 3.171 -11.2581 2.5 

0.017754 3.214 -10.4256 4 

0.005734 3.207 -10.5756 6.5 

0.009059 3.378 -7.2982 16.5 

200 ppm 

-0.03049 3.575 -3.5259 18 

-0.06803 4.169 7.8662 20.5 

500 ppm 

-0.04991 4.396 12.2160 22 

-0.13595 4.301 10.3861 24.5 

-0.0844 4.614 16.3859 28.5 

-0.16132 4.760 19.1907 36 

800 ppm 

-0.12496 3.798 0.7490 38.5 

-0.07137 3.298 -8.8207 41 

0.068999 6.334 49.3396 46 

0.117296 4.372 11.7510 52.5 

0.11151 4.406 12.3960 63 
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Appendix E – Moisture Addition Trials Data 

Table E-1: Summary of Data from moisture addition trials 

O2 inlet 

atmosphere 

setpoint 

OCP (V) 
Peak current 

density (mA/cm2) 

Amount of O2- 

(ppm) 
Time (hours) 

0 ppm (Ar) 

0.0108081 5.633 35.9 1.00 

0.0258477 2.468 -24.7 2.00 

0 ppm (H2/Ar) 0.210365 2.683 -20.6 2.33 

9,007 ppm  

(0.9 wt.%) 

0.199246 6.582 54.1 5.33 

0.0265075 12.223 195.8 17.33 

-0.0172275 13.142 253.6 20.33 

-0.0168081 13.442 272.4 23.33 

0 ppm (argon) 

-0.0737915 13.397 269.6 24.33 

0.0480375 13.506 276.4 24.83 
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