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Abstract 

Molten chloride salts such as MgCl2/KCl/NaCl are promising thermal energy storage (TES) 

materials and heat transfer fluids (HTF) in next generation concentrated solar power (CSP) 

plants with elevated operation temperatures (> 700°C) due to their high thermal stability and 

low material costs. However, they have strong corrosivity against metallic structural materials 

at high temperatures which can be related to the presence of hydrolysis products such as 

MgOHCl. In an electrolytic purification method reported in previous work, a W-cathode and 

Mg-anode were used to reduce the concentration of these impurities, thereby effectively 

purifying the molten MgCl2/KCl/NaCl salt. However, the W-cathode passivation due to 

production of MgO on the surface limited its cathode effectiveness. In this work, an improved 

electrolytic purification method is presented to avoid the electrode passivation by using two 

identical Mg-electrodes and alternating voltage (AV, i.e., switching the voltage direction applied 

periodically). A continuous electrolytic salt purification in the AV-mode is successfully 

performed on the molten MgCl2/KCl/NaCl salt in the 100 g-scale. Cyclic voltammetry (CV) on 

the molten salt shows that the purification can effectively reduce the concentration of the main 

corrosive impurity MgOH+Cl-. Potentiodynamic polarization (PDP) measurements on a 

commercial alloy (Incoloy 800 H) immersed in the molten salt indicate significantly reduced 

corrosion rates (i.e., reduced salt corrosivity) compared to a non-purified salt. The continuity 

of the improved method allows for a long-term effective purification without the risk of 

passivation and deactivation of electrodes, thereby showing great potential in corrosion control 

of molten chloride salt TES system.  
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1. Introduction 

Next generation concentrated solar power (CSP) plants with higher thermal-to–electrical 

energy conversion envisage operation temperatures of > 700 °C thereby creating a demand 

for thermal energy storage (TES) media and heat transfer fluids (HTF) with higher operation 

temperatures than currently utilized nitrate salt mixtures [1-8]. Molten chloride salt mixtures 

(e.g., MgCl2/KCl/NaCl, CaCl2/KCl/NaCl, ZnCl2/KCl/NaCl, MgCl2/NaCl) are promising TES and 

HTF materials in the next generation CSP plants, due to their excellent thermal properties (e.g., 

high thermal stability of >800 °C), high abundancy and low material costs [1-8]. In order to 

promote the development of the next generation CSP plants, the US Department of Energy 

(DOE) has started the Generation 3 Concentrating Solar Power Systems (Gen3 CSP) program 

in May of 2018 [10], in which molten chloride salts are being extensively studied as one of the 

most promising TES and HTF materials [1,11,12]. Besides US, some research institutions in 

other countries and regions (e.g., Australia, China, Europa) investigate molten chloride salts 

for next generation CSP plants [2,13-16]. 

However, the application of molten chloride salts at high temperatures is limited by some 

factors, particularly their high melting points as well as their strong corrosivity against structural 

materials, compared to the commercial TES/HTF molten nitrate salts [1, 8]. In order to reduce 

the melting temperatures of the chloride salt mixtures and keep low material costs, some 

alkaline earth metal chloride salts (e.g., MgCl2 and CaCl2) or ZnCl2 are added into the alkali 

metal chloride salts or salt mixtures (e.g., NaCl, KCl, NaCl/KCl) [17]. Among them, the low-

cost (<0.35 USD/kg) low-melting-temperature (~385°C) MgCl2/KCl/NaCl salt mixture is 

extensively investigated as one of the most promising candidates of next generation TES/HTF 

materials [2,4,8,12-13,16-17]. However, MgCl2 salt is strongly hygroscopic and can be 

hydrated after a short contact with ambient air. The hydrated compounds in turn are hydrolyzed 

during heating/melting to form corrosive HCl and hydroxide species such as MgOHCl, which 

are dissolved in the melt in form of MgOH+Cl- [14, 16-18]. Current research aims at developing 

reliable, effective and affordable corrosion control methods [15-24]. It is accepted that the 

corrosion of structural materials (e.g., commercial Fe-Cr-Ni alloys) in molten chlorides is mainly 

driven by aforementioned hydroxyl-based impurities (e.g. hydroxychlorides, MgOH+Cl-) but 

also oxygen gas dissolved in the molten chloride salts [16-18]. These corrosive impurities in 

the molten salt react with (i.e., corrode) the containers and structural materials, if they are not 

removed. More about the corrosion behaviors and mechanisms of Cr-Fe-Ni alloys in molten 

chloride salts can be found in open literature [8,16-24, 25-26]. 
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In order to realize the commercial application of molten chloride salts at high temperatures, 

some techniques for reducing their corrosivity [24,25,27-36] or increasing corrosion resistance 

of the structural materials [37-40] have been investigated. These techniques, summarized in 

Table 1, involve: 1) salt purification to reduce the corrosive impurities, 2) modification of the 

alloys to produce a protective layer on the surface. The corrosive impurities in the molten 

chloride salts can be reduced by chemical, electrochemical or thermal means. Alloy protection 

can be achieved by different techniques, but most of them ultimately result in the formation of 

a corrosion-resistant (outward-facing) Al2O3 layer which is in contact with the molten chloride 

salts. Such alumina layer can be produced by coating an Al-containing layer on the alloys and 

oxidizing it to Al2O3, or by pre-oxidizing Al-containing alloys (e.g. FeCrAl).  

Table 1: Available techniques for reducing corrosion rates of structural metals in molten chlorides. 

Technique on Type Example 

Salt purification Chemical   bubbling with chlorinating compounds such as CCl4, 

HCl [25,27-29] 

 Adding active metals such as Mg and Li [30-34] 

 Electrochemical  Electrolysis with various electrodes such as W, Mg 

[24, 41] 

 Thermal  Stepwise heating [35-36] 

Alloy modification Al-containing 

coatings  

 Oxidation of Al-containing coatings [37-38] 

 Al-containing alloys  Pre-oxidation of Al-containing alloys [39-40] 

 

As a common electrochemical method, the electrolysis with two inert electrodes (e.g., tungsten 

W [41-44]) or one inert cathode + one ‘active’ anode (e.g., inert cathode + graphite anode [45]) 

has been investigated and used for purification of molten chloride salts. Here, the ‘activity’ of 

the electrode means the electrode material can react with the species in the melt during the 

electrolysis. In our previous work an electrolytic salt purification method (using direct voltage, 

DV) was investigated for the molten MgCl2/KCl/NaCl salt [24]. An active Mg-anode and an inert 

W-cathode were used in this method to reduce corrosive impurities in the molten salt, mainly 

the aforementioned MgOH+Cl-. For evaluating the salt purification effectiveness, cyclic 

voltammetry (CV) developed in previous work [41-42] was used to measure the impurity 

concentration of the molten chloride salt, while the potentiodynamic polarization (PDP) method 

[24] was used to estimate the corrosion rates of a commercial high-temperature alloy (Incoloy 

800 H) immersed in the purified and unpurified molten chloride salt. The results showed that 

this method could effectively reduce the concentration of the impurity MgOH+Cl-, thus the 

corrosivity of the molten salt. However, steady passivation of the W-cathode due to the 
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production of MgO on its surface limited the continuity of the purification method, since the 

MgO passivation layer on the cathode had to be removed regularly.  

In the present paper, an improved electrolytic salt purification method for the molten chlorides 

is investigated using two identical Mg-electrodes and alternating voltage (AV). This method is 

expected to improve the purification duration by slowing down the electrode passivation. A 

continuous electrolytic salt purification of 2 hours based on this method is performed. As in 

previous work [24], CV on the molten salt and PDP measurements on an Incoloy 800 H (In 

800 H) alloy sample immersed in the molten salt are performed to validate the purification 

effect. Moreover, the mechanism of the improved electrolytic purification is investigated. 

2. Experimental 

2.1. Experimental set-up 

Figure 1 shows a schematic of the experimental set-up used for the salt electrochemical 

purification using two identical Mg-electrodes (purity ≥ 99.5%, Sigma Aldrich, Germany) as 

well as for CV and PDP experiments, described in more detail elsewhere [24]. The CV method 

has been used in previous work [24] to study the effect of salt purification on reduction of salt 

corrosivity. It was developed in our previous work [41-42] for monitoring the concentration of 

the main corrosive impurity MgOH+ in an in-situ corrosion control system, and has been 

calibrated with a post-analysis method based on titration. It was shown that the height of the 

current peak representing the reduction reaction of MgOH+ in CV was proportional to the bulk 

concentration of MgOH+ in the molten salt. Thus, in this work, instead of the chemical post-

analysis on salt samples, CV was used for in-situ test the purity of the molten salt before and 

after salt purification, in order to avoid the entrance of air into the autoclave during the salt 

sampling. More details about CV (calculation of impurity concentration) and PDP experiments 

(calculation of corrosion rate) can be found in our previous work [24]. The salt electrochemical 

purification used in this work will be introduced in Section 3.1 in detail. A glassy carbon crucible 

(HTW Germany, Sigradur® G) was used to avoid the reaction of the molten chloride salt with 

the crucible material. During the experiments, the temperature of the molten salt in an argon 

atmosphere (5.0 grade) was controlled by the programmable furnace and the thermocouple 

located close to the molten salt surface (see Figure 1). For electrochemical experiments, an 

Al2O3 plate was used under the glassy carbon crucible to electrically isolate it from other 

metallic parts of the experimental set-up. 

As shown in Figure 1, six electrodes were used for the electrochemical purification, CV and 

PDP experiments. Table 2 shows which electrodes were used in each experiment and which 
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materials were used for the electrodes. A tungsten electrode immersed in the molten salt was 

used as the quasi-reference electrode for the CV and PDP experiments. In this work, two 

identical Mg-electrodes (Electrode e and f) were polished with sandpapers (600, 800 and 

1200#) to remove the MgO layer on the surface and connected with the tungsten wire (see 

Figure 2 left). The Incoloy 800 H (In 800 H: Ni29.40-Cr20.84-Mn1.06-Si0.78) electrodes (see 

Figure 2 right) were polished with sandpapers (600, 800 and 1200#), and washed by distilled 

water and acetone, in order to have mirror-like clean surfaces. 

All the electrochemical experiments were conducted using a ZENNIUM electrochemical 

workstation from Zahner GmbH (Germany). All the pure tungsten wires used in this work, as 

the electrodes or electrode parts, were purchased from Alfa Aesar (purity ≥ 99.95 %, diameter: 

1 mm). In the CV experiments, the immersion depth of the working tungsten electrode was 

fixed to 5 mm by using an ohmmeter (i.e., the contact area of the tungsten electrode with the 

melt is ~16.5 mm2), while the counter and reference electrodes had a much larger immersed 

area, as shown in Figure 1. In the PDP experiments, the contact area of the In 800 H electrode 

with the melt is ~7 cm2. 

 

Figure 1: Schematic of experimental set-up for electrochemical salt purification with two identical Mg-

electrodes, CV and PDP experiments. 1: Storage tank for argon 5.0 gas, 2: Glass wool heat isolator, 3: 

Steeling tube of In 800 H, 4: Furnace, 5: Glassy carbon crucible, 6: Molten chloride salt, 7: Al2O3 plate, 

8: Electrochemical workstation for electrochemical experiments, 9: Vacuum pump, 10: Security bottle 

(empty) for reflux from the bottle for gas washing, 11: Bottle with NaOH solution for gas washing 

(removal of HCl and Cl2), 12: Thermocouple close to the molten salt. 
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Table 2: Electrodes used for electrochemical purification, CV and PDP measurements. 

Experiments Applications Electrode identified in Figure 1 

Working Counter Reference 

Electrolysis Electrochemical purification with AV f/e e/f e/f 

CV Measuring impurity concentration b c a 

PDP Corrosion potential / rate of studied alloy d c a 

Electrodes: 

a: Tungsten quasi-reference electrode,   

b: Tungsten working electrode, 

c: Tungsten counter electrode,  

d: Alloy sample (In 800 H, 1×1×1.5 cm) + tungsten wire, 

e: Mg-1 electrode, Mg-rod (diameter: 6.15 mm, length: 50 mm) + tungsten wire for salt purification,  

f: Mg-2 electrode, same as Mg-1 electrode. 

 

                

Figure 2: Left: Magnesium electrodes; Right: Electrode with In 800 H sample. For Mg electrodes, the 

Mg rods were bond with a tungsten wire via a hole in the Mg rods and cold compression, and with an 

additionally supporting Ni wire. The In 800 H sample was bond with a tungsten wire, and the bonding 

point was covered with silicon ceramic (Aremco 645-N) to avoid the molten salt entering the bonding 

point. 

2.2. Experimental procedures 

KCl (purity ≥ 99%, Alfa Aesar, Germany) and NaCl (purity ≥ 99%, Alfa Aesar, Germany) were 

purchased, while anhydrous MgCl2 (purity ≥ 99%) was purchased from Magnesia, Germany. 

The anhydrous MgCl2 has a small amount of hydrated water (~1%) due to its strong 
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hygroscopicity and short contact with air. They were used to synthesize the salt mixture of 

MgCl2/KCl/NaCl (60/20/20 mol. %, melting temperature ~400°C). The heating process of the 

salts in this work was identical as that reported in our previous work [24]: after vacuuming by 

the vacuum pump for 30 minutes (≤ 30 mbar), the salt mixture (~140 g) was heated (heating 

rate of ~5°C/min) under an argon atmosphere (Argon 5.0, purity ≥ 99.999%, H2O ≤ 3 ppm, O2 

≤ 2 ppm, 30 NL/h, pressure above atmospheric pressure is about 0.1 bar) to 200°C, then held 

at 200°C for 1 hour to release the hydrated water and to reduce the side reaction to hydroxides 

(e.g., MgOHCl) and HCl. After that, the salt was heated to 500°C (heating rate of ~5°C/min) 

for salt purification. Before the salt purification, the concentration of the corrosive impurity 

MgOH+ was measured with CV, while the corrosion rate of the In 800 H electrode as shown in 

Figure 2 right was measured with PDP. After the PDP measurement, the In 800 H electrode 

was moved out of the molten salt in order to avoid the reaction with the corrosive impurities 

during the salt purification. Then, the two identical Mg-electrodes as shown in Figure 2 left 

were immersed into the molten salt, and the salt purification experiment was performed for two 

hours. The concentration of the corrosive impurity and the corrosion rate of Incoloy 800 H were 

measured again with the CV and PDP method, respectively, in order to investigate the salt 

purification effect.  

3. Results and discussion 

3.1. Proposed mechanism and pre-experiments of electrolytic salt 

purification using two identical Mg-electrodes and alternating voltage (AV) 

In the electrolytic salt purification method investigated in this work, AV is applied on the two 

identical Mg-electrodes to remove the main corrosive impurity MgOH+ in the molten salt, as 

shown in Figure 3. These two magnesium electrodes are indicted with Mg-1 and Mg-2, 

respectively. The AV is defined in a square wave form (Phase 1: positive voltage; Phase 2: 

negative voltage) shown in Figure 4, in order to better investigate the effect of AV on reduction 

of electrode passivation. 

In Phase 1 (Figure 3 left), Mg-1 serves as the cathode, while Mg-2 serves as the anode. As 

depicted in Figure 3 left, the following reactions occur at the cathode and anode during the 

electrolytic salt purification, respectively: 

Cathode (Reduction):  2MgOH+ + 2e– → 2MgO(s) +H2(g)                 (I) 

Anode (Oxidation): Mg(s) - 2e– → Mg2+                  (II) 

Total Reaction:  2MgOH+ + Mg(s) → Mg2+ + 2MgO(s) + H2(g)   (III) 
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In Reaction (I) on the cathode, as MgO is hardly soluble in the molten chloride salts [41], it 

either remains at the electrode or precipitates in the molten salt. Since MgO is none electrically 

conductive, remaining at the electrode leads to electrode passivation, and significantly reduces 

the current. At the Mg anode, Mg2+ is formed leading to a steady consumption of the anode. In 

Phase 2 as the voltage applied on the Mg-electrodes is switched (see Figure 4), the Mg 

cathode in Phase 1 (Mg-1) now serves as the anode, while Mg-2 serves as the cathode. Thus, 

the insoluble MgO formed primarily on the Mg-1 surface detaches due to the dissolution of the 

subjacent Mg-electrode according to reaction (II). By repetition of the voltage switch (i.e., 

repeating Phase 1 and 2), the electrode passivation can be effectively reduced, and the 

purification duration can be improved. The experimental observations and results supporting 

the proposed mechanism of this improved salt purification will be reported in Sections 3.2 and 

3.3. 

Figure 3: Electrochemical salt purification using two identical Mg electrodes as the cathode and anode 

with periodically switched polarization of the voltage (i.e., AV) to slow down the cathode passivation by 

the produced MgO. Left (Phase 1): Removal of impurity and production of MgO on the cathode; Right 

(Phase 2): Falling-off of MgO on the electrode due to Mg → Mg2+ dissolution. 



 

9 
 

 

Figure 4: Alternating voltage (AV) applied on Mg electrodes in a square signal form with amplitude (U), 

time interval (τ) and short pause (p). Here, the time interval (τ) means the duration of one electrolysis 

phase. Between Phase 1 and 2, a pause (p) of 1 second was set for all tests to avoid current overload 

due to fast changes of the voltage.  

Prior to the continuous electrolytic salt purification, various conditions with different amplitude 

(U) and time interval (τ) were investigated to find the suitable conditions. Since a too high 

voltage U > 1.0 V and a too long time interval τ > 10s may lead to unexpected side-reactions 

and irreversible electrode passivation, six pre-experiments with different U (0.2-1.0 V) and τ 

(2-10 s) were conducted at 500°C. Based on the results of pre-experiments, the conditions of 

U = 0.8 V and τ = 2 second were chosen for the continuous electrolytic salt purification 

experiment regarding high electrolysis current and low electrode passivation rate. Figure 5 

shows the change of electrolysis current vs. time in the pre-experiment under the conditions 

of U = 0.8 V and τ = 2 s. The pre-experiments (as presented in Figure 5) show a steady but 

slow decrease of the current with the electrolysis time due to the electrode passivation. 

Moreover, when the time interval τ is ≤ 2 s for U = 0.8 V, the current shows no decrease within 

one time interval owing to falling-off of MgO on the anode. 



 

10 
 

 

Figure 5: Current vs. time of the pre-experiment under the conditions of U = 0.8 V and τ = 2 s.  

3.2. Electrolytic salt purification on molten chlorides for 2 hours 

Under the chosen conditions (U = 0.8 V, τ = 2 s and p = 1 s), up to 2 hours electrolytic salt 

purification with two identical Mg electrodes was performed on the molten MgCl2/KCl/NaCl salt 

(60/20/20 mol.%) at 500°C. As shown in Figure 6, a strong current drop was observed on the 

initial stage (t < 20 min). This can be explained by the fast decrease of the impurity 

concentration due to high rate of the salt purification (high current). After the initial stage, the 

current decrease would be slower due to the low impurity concentration and/or the partial 

electrode passivation caused by the electrolysis product MgO. During the experiment, some 

instantaneous increases of the current were observed in Figure 6. Our previous work [24] 

shows that the salt purification with a Mg-anode and a W-cathode using a non-switching 

potential (i.e., DV), the electrolysis stopped within 5 min due to the complete passivation of the 

W-cathode. The results in this work show significant improvement in electrolysis duration.  

Figure 7 shows an image of the two magnesium electrodes and salt residues on the electrode 

surface after the 2 h salt purification test. The salt residues on the two electrodes were not 

strongly adherent and could be peeled off easily. This complements the findings described 

earlier that electrodes recover when switching from cathode- to anode-mode (Figure 3). It may 

be expected that the anode reaction from Mg to Mg2+ can easily occur under this residual MgO-

layer. After removing the residual layers on the two electrodes, the parts of these electrodes 

immersed in the molten salt for the salt purification show a blank metal surface indicating the 
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presence of metallic magnesium rather than a white appearance with adherent MgO. This 

observation can explain the repetitive instantaneous increases of the current shown in Figure 

6 during the 2 h experiment. The salts residual on the electrodes were analyzed with X-ray 

diffraction (XRD). The XRD analysis results in Figure 8 show that both salts residual on Mg-1 

and Mg-2 contain a large amount of the electrolysis product MgO, confirming that passivation 

occurs during the cathodic reaction at the respective electrode. 

 

Figure 6: Current vs. time t in 2 hours salt purification under the conditions U = 0.8 V, τ = 2 s and p = 1 s. 

 

Figure 7: Image of magnesium electrodes and salt residual on electrode surface after salt purification 

test. 
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Figure 8: XRD of the residuals on Mg-1 and Mg-2 electrodes. Main components in the residuals are 

MgO and salts such as MgCl2 and NaCl. 

3.3. Effect of electrolytic salt purification on molten chloride salt 

Before and after the salt purification, the concentration of the main corrosive impurity MgOH+ 

was measured with CV, while the corrosion rate of the Incoloy 800 H electrode immersed in 

the molten salt was measured with PDP. In Figure 9, CV measurements on the molten salt 

before and after the salt purification show that the current of the peak representing the 

reduction reaction of MgOH+ (Ip) was reduced from 50 to 25 mA (~50% reduction), i.e., the 

peak current density (current of the peak Ip / contact area of W work electrode with molten salt 

~16.5 mm2) decreased from 314 to 157 mA/cm2. Since the bulk concentration of MgOH+ is 

proportional to the peak current density with the slope of 97.9±19.5 ppm/(mA/cm2) (38.2±7.6 

ppm O/ mA/cm2 as reported in our previous work [42]), the concentration of MgOH+ in the 

molten salt was reduced from 30592±6123 ppm to 15296±3062 ppm (~50% reduction) 

according to CV measurements. Considering the total mass of the molten salt (~140 g), 

~2.14±1.29 g MgOH+ was reduced by the salt purification. From Figure 6, the total amount of 

electrical charge flowing in the 2 hours electrolysis was determined to be ~600 C by calculation 

with the following equation: 

Total amount of electrical charge q (coulomb, C) = Current (A) × Time (s). 
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This represents ~6.2 mmol transferred electrons (Faraday constant 96485 C/mol) or 3.1 mmol 

(74.4 mg) reacted magnesium (reaction (II)). Assuming all the transferred electrons were 

related to the reduction reaction of MgOH+ (i.e., Reaction (I) in Section 3.1), 6.2 mmol (0.25 g) 

MgOH+, which is only ~12 % of the total amount of reduced MgOH+ determined with CV 

measurements (~2.14±1.29 g). 

 

Figure 9: CV diagrams of molten salt at 500°C before (solid) and after (dashed) 2 h electrolysis 

experiment. Potential sweep rate: 200 mV/s; Working electrode: tungsten. W quasi-reference electrode 

was used. 

The total mass loss of the both magnesium electrodes was weighed after the experiment to be 

about ~120 mg (~61 mg for Mg-1 and ~59 mg for Mg-2), more than the reacted magnesium 

calculated from the total amount of electrical charge flowing in the electrolysis (74.4 mg). This 

might be due to e.g., the spontaneous reaction of Mg with the impurity before and during the 

experiment, as described in one of our previous publications with Mg treatment without applied 

voltage [39]. Assuming all the reduced Mg of the both magnesium electrodes (~120 mg) for 

reaction with MgOH+, 0.41 g MgOH+ is calculated to react with Mg, which is ~19% of the total 

amount of reduced MgOH+. Thus, besides the electrolysis and the spontaneous reaction of Mg 

with MgOH+, the thermal decomposition of MgOH+Cl- to MgO (precipitate) and HCl (gas) [8,35-

36] could also contribute to the reduction of the MgOH+ concentration. For a comparison, the 

reduced amounts of MgOH+ due to the aforementioned factors are summarized in Table 3. 

Due to e.g., limited electrolysis rate (limited electrode surface or electrode passivation), more 

than 80% reduced MgOH+ was caused by thermal decomposition or others, which may 

produce corrosive HCl gas. 
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Although the electrolytic salt purification method with two Mg-electrodes in this work shows 

great improvement in electrolysis duration (i.e., reduction of electrode passivation) compared 

to that reported in previous work with Mg- and W-electrodes [24], its electrolysis rate and 

duration should be further improved by optimizing the electrolysis conditions and the 

electrodes (their geometry with a large surface), or introduction of mechanical cleaning of the 

electrodes. 

Table 3: Comparison of reduced amount of MgOH+ due to electrolysis, spontaneous reaction and others 

(e.g., thermal decomposition). 

Factor for reduction of MgOH+ amount Reduced MgOH+ / g 

Electrolysis (electrochemical) ~0.25 (~12%) 

Spontaneous reaction with Mg (chemical) ~0.16 (~7%) 

Thermal decomposition (thermal) or others ~1.73 (~81%) 

Total (CV results) ~2.14±1.29 (100%) 

 

As reported in literature [11, 24], the reduced concentration of the impurities like MgOH+ can 

lead to reduced corrosivity of the molten salt. Figure 10 shows the PDP curves of In 800H 

immersed in the molten salt at 500°C before and after the electrolysis. Before the salt 

purification, the PDP curve shows that the corrosion current determined with the Tafel slopes 

is ~10 mA. With this corrosion current, the corrosion rate is estimated to be ~14.97 mm/year 

according to the method reported in [24]. In the purified salt after the electrolysis, the corrosion 

current is reduced to ~2.82 mA, i.e., the corrosion rate is significantly reduced to be ~4.19 

mm/year (~72% reduction). Moreover, the corrosion potential (i.e., redox potential of the 

molten salt) decreased from -85 to -93 mV. Note that, PDP is an estimation method for in-situ 

qualitative investigation of the corrosion behavior. Table 4 summarizes all the results of CV 

and PDP for comparison. 



 

15 
 

 

Figure 10: PDP curves of In 800 H immersed in the molten salt at 500°C before (solid) and after 

(dashed) electrolysis. W quasi-reference electrode was used. 

Table 4: Corrosive current, corrosion potential and calculated corrosion rate of In 800 H in molten salt 

before and after salt purification. 

Tests Non-purified salt Purified salt 

CV 

Peak Current Ip (mA) 50 25 

Peak current density (mA/cm2) 314 157 

C(MgOH+) (ppm) 30592±6123 15296±3062 (~50% reduction) 

PDP  

(In 800 H) 

Corrosion potential / mV -85 -93 

Corrosion current / mA 10.00  2.82 

Corrosion rate / (mm/year) 14.97 4.19 (~72% reduction) 

 

3.4. Comparison and recommendations of salt purification methods for 

molten chlorides  

As mentioned in the section of Introduction and shown in Table 3, the corrosive impurities in 

the molten chloride salts can be reduced by chemical, thermal or electrochemical salt 

purification methods. In this section, the advantages and disadvantages of the salt purification 

methods available in literature, as well as the recommendation of their applications in the 

molten chloride TES system are discussed and summarized in Table 5. 
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With the chemical salt purification by e.g., bubbling the reducing gases like CCl4 [11] or adding 

the reducing solids/liquids like Mg [31,39], the concentration of the corrosive impurity can be 

reduced to a very low level (<5 ppm O [11]). In such chemically purified salts, the commercial 

alloys like SS alloys and Ni-based alloys have a very low corrosion rate (<30 µm/year) in the 

molten chloride salt at 700°C [11]. Compared to other methods, the chemical methods have 

shown good purification effect on the salt with a wide range of impurity concentrations 

[11,31,39]. However, chemical methods have the disadvantage of requiring for large amounts 

of costly high purity, or sometimes harmful and toxic chemicals. Thus, they are suggested to 

be applied in e.g., pre-melting of the salt, accident in operation like air leakage, and corrosion 

control of the salt (control of molten salt chemistry) in operation. 

In the thermal salt purification by e.g., stepwise heating of the hydrated salt [35-36, 46], only 

the thermal energy (i.e., heat) is needed. Several studies and this work have shown that it is 

effective and low-cost in releasing most of the hydrated water and hydrolysis products (e.g., 

MgOHCl) in the chloride salt when the impurity concentration is high [35-36, 46]. Thus, they 

are generally more economic than other methods for salt pre-purification. However, they are 

not effective for reducing impurity levels to the ppm-range due to mass transfer and 

thermodynamic limitations [35, 46]. Moreover, the small amount of residual water after thermal 

treatment (e.g., the last hydrated water in MgCl2·H2O) cannot be removed without 

decomposition, since the hydrolysis reaction takes place [18]. Because of this, a large amount 

of toxic and/or corrosive gases like HCl is produced by the dehydration reactions and has to 

be treated before being released to the environment. Therefore, the application in pre-melting 

of the salt is suggested to economically remove most of the hydrated water. 

In the electrochemical salt purification by electrolysis with inert (e.g. W) or active (e.g. Mg, C) 

electrodes [24, 41, 45], the use of energy (electricity) and materials (electrodes) can have a 

higher efficiency due to enhanced reaction kinetics and controllable reaction equilibriums by 

controlling the voltage, compared to the aforementioned thermal and chemical methods. For 

instance, this method can reduce the concentrations of the impurities to very low levels by 

applying a high voltage. Moreover, the production of toxic gases like HCl and Cl2 can be 

avoided by using active electrodes, e.g., in this work, only H2 is produced. Thus, it is suggested 

to be used in the final salt purification after pre-purification and corrosion control of the molten 

salt in operation. Compared to other methods, this method is more complex due to the complex 

reaction system and process. More research effort is needed for realizing its application in the 

commercial molten chloride TES system.  
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Table 5: Comparison of salt purification methods for molten chlorides available in literature. 

Methods Advantage Disadvantage 
Recommended 

applications 

Chemical   Effective for a wide 

range of impurity 

concentration 

 Sufficient low 

impurity levels can be 

achieved 

 Not cheap, toxic or 

not environmentally 

friendly chemicals 

needed 

 Pre-melting of the 

salt 

 Corrosion control 

of the salt in 

operation 

 Accident in 

operation like air 

leakage 

Thermal  Simplicity and 

economic (Only heat 

needed) 

 Effective for 

dehydration  

 Not effective for 

impurity removal at 

low concentration 

due to diffusion and 

thermodynamic 

limitations 

 Toxic gases like HCl 

produced 

 For MgCl2 not all 

crystal water can be 

removed without 

HCl release 

 Pre-melting of the 

salt (large amount) 

 

Electrochemical  High efficiency of use 

of energy and 

materials 

 Enhanced reaction 

kinetics and 

controllable reaction 

equilibriums 

 Effective for low 

impurity 

concentration 

 Toxic gases like HCl 

and Cl2 avoided 

 May be not effective 

for high impurity 

concentration due to 

fast electrode 

passivation 

 Complexity of 

purification process 

 Final salt 

purification after 

pre-purification 

 Corrosion control 

of the salt in 

operation 

4. Conclusions 

An electrolytic salt purification method using two Mg electrodes and alternating voltage (AV) 

has been investigated to purify the molten MgCl2-KCl-NaCl chloride salts. The concentration 
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of the corrosive impurity MgOH+, and thus corrosivity of the molten chloride salts, was reduced 

effectively. Compared to other methods available in literature, the use of energy (electricity) 

and materials (electrodes) can have a higher efficiency due to enhanced reaction kinetics and 

controllable reaction equilibriums by controlling the voltage and using the active Mg electrodes. 

To our best knowledge the electrolytic salt purification in this work was investigated for the first 

time. Based on this improved electrolytic salt purification method, a German patent [47] has 

been filed. 

The main conclusions of this work are: 

 Compared to the salt purification method reported in our previous work [24], this 

method shows great improvement regarding the electrode duration due to electrode 

passivation with MgO. 

 The MgO-spalling mechanism of this improved salt purification method is proposed and 

investigated experimentally. 

 By reducing the corrosive impurity with the electrolytic salt purification, indicative PDP 

measurements show that the corrosion rate of Incoloy 800 H in the molten salt at 500°C 

can be reduced by ~72%.  

 The advantages and disadvantages of the chemical, thermal and electrochemical salt 

purification methods, as well as the recommendation of their applications in the molten 

chloride TES system are given. 

Some future work is suggested:  

 The electrolysis should be investigated with different time intervals and voltages for 

optimization.  

 The electrolysis could produce the nano-MgO particles in the molten salts, i.e., nano-

fluids. Besides the viscosity, other thermal properties of the molten salt such as specific 

heat capacity and thermal conductivity could be changed significantly [48]. The effect 

of the existing nano-MgO particles will be studied. 

 The reusable of the Mg rod or the life time of Mg rod electrodes as well as the ability of 

electrolysis will be studied by increasing the mass of salt and modifying the Mg 

electrodes, e.g., with a large surface. 
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