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Abstract 31 

CaCl2 has applications for electrochemical processing of nuclear materials. Thermal 32 

dehydration leads to formation of oxide ions, which are shown to react and cause precipitation of 33 

dissolved CeCl3 that was selected as a surrogate for actinide chlorides. Thus, measurement of 34 

residual water in CaCl2 is an essential capability. Thermogravimetric analysis (TGA) was shown 35 

to underestimate starting water concentration. Subsequent analysis of solid samples via acid-base 36 

titration and cyclic voltammetry (CV) of the molten salt yielded consistent values within 5% for 37 

residual water. Hydroxides were shown to be unstable, thus oxygen is retained as oxide ions. Thus, 38 

total water in a sample of CaCl2 can be quantified by combining TGA with with either CV of 39 

molten salt or titration of salt samples. The importance of quantifying residual water in the salt 40 

was demonstrated by showing that cerium chloride (surrogate for actinide chlorides) will react 41 

with oxide ions in CaCl2 to form insoluble oxides and oxychlorides. 42 

 43 

Keywords: molten salt, electrorefining, actinide purification, high temperature electrochemistry 44 

      45 

Introduction 46 

Molten CaCl2 has numerous viable applications pertaining to advanced systems for energy 47 

conversion and storage. This includes thermal energy storage [1], grid-scale molten metal batteries 48 

[2], and processing/purification of nuclear materials [3, 4]. 49 
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In the last of these examples, molten CaCl2 can be used as an electrolyte for reducing U and/or 50 

Pu oxides, in addition to electrorefining U and/or Pu metals [5]. Electrorefining reactions using 51 

plutonium as the metal are given below as examples. 52 

       53 

  𝑃𝑢(") = 𝑃𝑢($%"&)'( + 3𝑒) 		(𝑎𝑛𝑜𝑑𝑒) (1) 54 

 𝑃𝑢($%"&)'( + 3𝑒) = 𝑃𝑢(")		(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) (2) 55 

 56 

Such application for the electrolytic reduction of actinide oxides has been reported by researchers 57 

from Japan [3, 6]. Use of molten CaCl2 for electrorefining U metal was first reported by Niedrach 58 

and Glamm from Knolls Atomic Power Laboratory in the 1950s [7]. A molten salt electrolyte 59 

mixture including CaCl2 was initially considered for electrorefining irradiated Experimental 60 

Breeder Reactor-II fuel under the Integral Fast Reactor Program before the decision was eventually 61 

made to use eutectic LiCl-KCl [8]. 62 

Working with CaCl2 for these applications is challenging because of the necessity to keep the 63 

salt dry. CaCl2 is extremely hygroscopic and will take on up to six waters of hydration in contact 64 

with humid air [1]. Much of this water can be removed from small samples of salt powder by 65 

thermal dehydration with a very slow temperature ramp rate to 200oC [1]. But slow mass transfer 66 

of water from solid salt makes it impractical to completely dehydrate the salt before the melting 67 

transition at 772oC. Incomplete removal of the water can lead to a hydrolysis reaction, forming 68 

hydroxides or oxides in the molten salt [9, 10].  The following reactions are likely between water 69 

and molten CaCl2. 70 

 𝐶𝑎𝐶𝑙* + 2𝐻*𝑂 → 𝐶𝑎(𝑂𝐻)* + 2𝐻𝐶𝑙 (3) 71 

 𝐶𝑎𝐶𝑙* + 𝐻*𝑂 → 𝐶𝑎𝑂 + 2𝐻𝐶𝑙 (4) 72 

 73 

If an as-received batch of CaCl2 contains some absorbed water, as would likely be the case due 74 

to the hygroscopic nature of the salt, quantification and removal of that water would be 75 

problematic. While a chemical supplier may claim a batch of CaCl2 to be anhydrous with a 76 

specification such as 0.1% or less water, its actual water contamination may be much higher than 77 
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reported due to inadequate means of analysis. In order to overcome slow mass transfer of water 78 

due to solid state diffusion, the salt must be melted by heating above 772oC so that it is molten. 79 

But at that temperature, it is hypothesized that reactions represented by Equations (3) and (4) can 80 

occur. Thus, simple thermal dehydration will increase the sum concentration of hydroxide and 81 

oxide in the salt. This prevents quantification of the initial water content by gravimetric means. In 82 

other words, mass loss cannot be directly equated to mass of water lost. 83 

It is likely that only CaO is present in the salt because the decomposition of Ca(OH)2 occurs 84 

around 400°C, as follows [11, 12]: 85 

 𝐶𝑎(𝑂𝐻)* → 𝐶𝑎𝑂 + 𝐻*𝑂 (5) 86 

 87 

If this reaction also occurs in CaCl2-Ca(OH)2 molten salt mixtures, then the possible presence 88 

of hydroxide in the salt as a contaminant can be ignored. The only oxygen-based contaminant 89 

would be CaO. Note that it has been reported by Kondo et. al. that Ca(OH)2 is stable in molten 90 

CaCl2 when in contact with water vapor [13]. But those conditions do not apply in this study where 91 

the salt would be either dried in vacuum or in contact with dry argon gas. The work reported by 92 

Kondo et. al. is also key for identifying that reactions (3) and (4) occur. If the salt is intended for 93 

use in the electrolytic oxide reduction process, CaO is intentionally added at a relatively high 94 

concentration (1 wt%), meaning that the incidental contamination of CaCl2 with CaO from 95 

dehydration is likely inconsequential. However, if the CaCl2 is intended to be used for 96 

electrorefining, such CaO contamination cannot be ignored and must be minimized to avoid 97 

reaction with actinide chlorides to form insoluble oxides or oxychlorides [6]. In the 98 

uranium/plutonium electrorefining process, CaO is expected to react with UCl3 and PuCl3 to form 99 

insoluble oxides and/or oxychlorides. One example of a possible reaction between plutonium 100 

chloride in the ER salt with CaO is given in equation (4), which has a ∆𝐺+,-.  of -214.9 kJ/mole at 101 

850oC assuming super cooled liquid states for PuCl3, CaO, and CaCl2 [14]. 102 

 103 

 𝑃𝑢𝐶𝑙'($%"&) + 𝐶𝑎𝑂($%"&) = 𝑃𝑢𝑂𝐶𝑙($."/0) + 𝐶𝑎𝐶𝑙*($%"&) (6) 104 

 105 
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 The goals of this study are to develop a method of water/oxide/hydroxide analysis in CaCl2 106 

and determine the impact of oxides/hydroxides on dissolved actinide chlorides. Cerium was 107 

studied as a surrogate for actinides. This should establish the need for using enhanced salt 108 

purification processes such as hydrochlorination prior to using the salt for processing nuclear 109 

materials. Three methods are reported—cyclic voltammetry (CV) of the molten salt mixture, 110 

thermogravimetric analysis (TGA) of salt samples, and titration of salt samples. A method for 111 

determining the total concentration of water in a sample of CaCl2 is reported that combines TGA 112 

of the as-received salt combined with titration or CV of the melted salt. The importance of the 113 

application of this salt to processing/purifying actinides is well established. But there has not been 114 

a systematic way to measure residual water in the salt prior to melting and use. The results of this 115 

study are, thus, needed to enable more consistent reporting of electrochemical actinide processing 116 

in molten CaCl2. 117 

 118 

Experimental 119 

 120 

Chemicals 121 

Anhydrous CaCl2 (APL Engineered Materials, 99.9%) was used as received. In 122 

electrochemical tests, the salt was contained in 4.4 cm-diameter yttria stabilized MgO crucibles 123 

(Tateho Ozark, 99.2%). CaO (Fisher Scientific, >99.95%), Ca(OH)2 (Fisher Scientific, >96%) and 124 

anhydrous CeCl3 (Alfa Aesar, >99.9%) were used as received.  Trace metal grade HCl and HNO3 125 

(Fisher Scientific) were used for titration and ICP-MS sample preparation. 126 

 127 

Equipment 128 

Salts were handled and electrochemical tests were carried out inside an Innovative 129 

Technologies PureLab glovebox with argon atmosphere (<1 ppm H2O, <1 ppm O2).  For each 130 

electrochemical analysis experiment 65-75 g of salt was added to the inner MgO crucible, which 131 

has a 4.4 cm outer diameter. The inner crucible was nested into an outer MgO crucible with a 7.6 132 

cm outer diameter. For these experiments, the salt was heated to 850 ±5°C at a rate of 1.5 oC/min 133 
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with a Thermolyne 1300 muffle furnace modified by cutting a 10-cm-diam hole in the top to allow 134 

for electrode insertions from above, as shown in Figure 1.   A heat shield was formed consisting 135 

of two plates screwed together with six parallel holes, through which were inserted three alumina 136 

tubes. The tubes served as guides for metal electrodes. A three-electrode setup was used for cyclic 137 

voltammetry with 2-mm-diam tungsten (Alfa Aesar, 99.95%) rods acting as the working-, counter-138 

, and quasi-reference electrodes. 139 

Solution resistance between the working electrode (WE) and reference electrode (RE) was 140 

measured via an electrical impedance spectroscopy (EIS) method using a Gamry Reference 600+ 141 

potentiostat, and all CV was performed with an Autolab PGSTAT302N potentiostat. A vertical 142 

translator featuring a Velmex X-slide was used to precisely control the depth of the working 143 

electrode for an accurate estimate of surface area, as described elsewhere [15].  The WE surface 144 

area for the measurements varied from 0.5-1 cm2. In the results section, WE area is not given for 145 

every experiment. But the area was divided into the current data from the CV runs to yield current 146 

density, which is what is actually plotted. Furnace temperature was verified using an ungrounded 147 

k-type thermocouple from Omega  (Catalog Number KQXL-116U-12) that was occasionally 148 

inserted into the salt and then removed. The thermocouple was not immersed in the salt during any 149 

of the electrochemical measurements. 150 
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 151 

Fig. 1 Molten salt electrochemistry system shown in a photo (left) and diagram (right). The inner 152 

crucible was made of yttria stabilized magnesia. For scaling purposes, heated chamber shown in 153 

photo has dimensions of 8.5 cm high by 12.7 cm across. Inner crucible has a 4.4 cm outer 154 

diameter. 155 

An SDT 650 TGA/DSC from TA Instruments was used for TGA of salt samples. X-ray 156 

diffraction was performed using a Philips PANalytical X-pert. Titrations were performed by 157 

dissolving salt samples in nanopure, deionized water and running a TitroLine 7000 with a BlueLine 158 

combination electrode (SI Analytics) in pH stat mode. The pH stat method used a setpoint of 2 and      159 

a titrant of 0.1 M HCl. 160 

 161 

Methods 162 

Cyclic voltammetry was performed with scan rates ranging from 100 to 600 mV/s, 163 

increasing in 50 mV/s increments. Potentials scanned ranged from -1.0 to 1.0 V. The solution 164 

resistance was measured in the range of 0.16–0.21 ohm, which appeared to depend on the 165 



Journal of Radioanalytical and Nuclear Chemistry 

 8 

composition of the salt. This value was used in the Nova software (Version 2.1) to provide 166 

compensation for resistance.  167 

Salt samples were analyzed with TGA to measure the amount of thermally desorbable 168 

water. The SDT-650 TGA was located outside of the glovebox in normal ambient atmospheric 169 

conditions. To minimize uptake of water before starting the TGA, salt samples were loaded into 170 

scintillation vials before being removed from the glovebox. After taring the sample cup, 10–20 mg 171 

of salt was placed in the cup, and the test began promptly. Samples for TGA were held in platinum 172 

cups (TA Instruments, part number 960149.901). All tests were performed with a carrier gas of 173 

ultra high purity argon (Airgas, catalog no. AR UHP300DS). TGA tests covered a temperature 174 

range of 50 to 850°C, at a heating rate of 20°C/min. 175 

Titration was used to measure the amount of hydroxide formed when a salt sample was 176 

dissolved in water. As per the reaction shown in Equation (4), every oxide ion generated two 177 

hydroxide ions.  Thus, the method yields incomplete information, as it cannot naturally distinguish 178 

between OH- and O2- in the salt. 179 

 𝑂*) 	+ 	𝐻*𝑂	 = 	2𝑂𝐻) (7) 180 

 181 

The pH-stat titration method was performed using a Titroline 7000 autotitrator with pH set point 182 

of 2 and a titrant of 0.1 M HCl. Masses of salt analyzed ranged from 0.5 to 0.8 g. Salt was collected 183 

using a room-temperature all-thread rod dipped in the molten salt. In order to avoid absorption of 184 

water in the salt samples, they were handled in the argon-atmosphere glove box until taken out and 185 

immediately titrated. If some water did absorb in the sample and reacted with CaO to form 186 

Ca(OH)2, it would yield the same titration result as if no water had been absorbed. 187 

For composition analysis of salts containing cerium chloride by inductively coupled plasma 188 

mass spectrometry (ICP-MS), salt samples were collected from molten salt by dipping and quickly 189 

withdrawing a room-temperature all-thread rod. Solidified salt samples were broken off of the all-190 

thread rod and stored in sealed bottles in the glovebox. The collected salts were dissolved in a 191 

solution of 5% HCl and 5% HNO3 and diluted to an estimated cerium concentration of 100–500 192 

ppb. ICP-MS (Agilent ICP-MS 7900) was used to measure the actual concentration of cerium. 193 
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Standards were prepared using 100 µg/mL cerium from Inorganic Ventures. The concentrations 194 

used were 0.1, 1, 10, 100, 1000, and a blank of only 2% HNO3. 195 

Phases present in the salt were identified using X-ray diffraction (XRD, Philips 196 

PANalytical X-Pert). The MgO crucible containing the salt was cracked open with a hammer and 197 

then struck again to separate the bottom layer of the salt. The separated chunks of salt were ground 198 

with a mortar and pestle to a fine size suitable for XRD.  The powder was placed in a scintillation 199 

vial and removed from the glovebox and then removed and placed on the slide immediately before 200 

testing. No other measures were taken to prevent contact with air. The 2θ angle range was 20–80°, 201 

at a rate of 1°/min. 202 

 203 

Results and Discussion 204 

 205 

Evaluation of Water Contamination in CaCl2 206 

If it is known that only water is coming off a sample due to increasing its temperature in a 207 

TGA, then the weight loss recorded can be directly attributed to water loss. Water may simply be 208 

desorbed, or it can be formed via the hydroxide decomposition reaction shown in Equation (3). 209 

 It has been reported that pure Ca(OH)2 undergoes decomposition at about 400°C [11, 12]. 210 

Roughly 20% mass loss occurs as Ca(OH)2 decomposes into CaO and H2O, ending at a 211 

temperature of 600°C as reported by Yan and Zhao [11]. A complete decomposition would require 212 

a 24% weight loss. To determine if this decomposition reaction also occurs in a CaCl2-Ca(OH)2 213 

molten salt solution, a powder mixture of 10% by weight Ca(OH)2 in CaCl2 was prepared and 214 

tested using thermogravimetric analysis (Figure 2). This is a much higher concentration of 215 

Ca(OH)2 than would be expected as an impurity in the CaCl2, but the concentration needed to be 216 

maximized in order to accurately measure the mass loss due to hydroxide decomposition. 217 

Anhydrous CaCl2 before and after adding 10 wt% Ca(OH)2, was heated in the TGA to 800°C. The 218 

results are overlaid in Figure 2. The anhydrous CaCl2 lost 0.75% mass over the entire temperature 219 

range. The CaCl2-Ca(OH)2 lost 0.5% mass by 100°C, experienced very little mass loss between 220 

100 and 350°C, and then lost an additional 2.04% mass between 350 and 525°C.  The 2.04% mass 221 

loss in the CaCl2-Ca(OH)2 is consistent with the 20% mass lost from heating pure Ca(OH)2 222 
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reported by Yan and Zhao. Thus, it appears that Ca(OH)2 thermal decomposition occurs much the 223 

same whether pure or mixed with CaCl2. Note that the measurement error for TGA is +/- 0.5% as 224 

reported by the manufacturer. 225 

 226 

Fig. 2 Mass loss comparison of anhydrous CaCl2 and anhydrous CaCl2 with 10 wt% Ca(OH)2 227 

In order to further test the hypothesis that hydroxide is unstable in molten CaCl2, a series 228 

of CV scans were performed in CaCl2 with known additions of CaO and Ca(OH)2. An overlay of 229 

the CV scans is shown in Figure 3. CaO additions were made to molten salt by pouring the CaO 230 

through the furnace lid, while the much finer Ca(OH)2 was added to cooled salt, as the powder was 231 

harder to control. Prior to running CV on the salt containing Ca(OH)2, the salt was reheated to 232 

850oC and allowed to sit for about 2 hr. The oxidation peak at 0.4 V and reduction peak at 0 V 233 

both grew with each addition of CaO. Ca(OH)2 was added to the salt with 1.0 wt% CaO after the 234 

salt had been cooled. Interestingly, the addition of Ca(OH)2 caused the 0.4 V oxidation peak to 235 

increase just as caused by CaO addition. This behavior is consistent with Ca(OH)2 spontaneously 236 

decomposing to CaO. Addition of Ca(OH)2 causes the same change in the CV oxidation peak as 237 

does CaO. Based on the percentage of conversion of Ca(OH)2 to CaO reported by Yan and Zhao, 238 

the Ca(OH)2 decomposition should have increased the CaO concentration by 38% to 1.38 wt%. 239 

Meanwhile, the oxidation peak increased in magnitude by 24%. Thus, both the TGA result (Figure 240 

2) and CV result (Figure 3) indicate that hydroxide spontaneously decomposes to oxide in molten 241 
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calcium chloride. Based on Figure 2, that decomposition initiates at a temperature below the 242 

melting point of CaCl2 (m.p. = 772oC). These observations are consistent with those reported by 243 

Kondo et. al. regarding Ca(OH)2 stability but do lower the applicable temperature range for 244 

decomposition in a dry atmosphere by about 50 K [13]. 245 

 246 

Fig. 3 CV in molten CaCl2 with additions of CaO and Ca(OH)2. Scans were performed at a scan 247 

rate of 300 mV/s, at a temperature of 850°C. Tungsten was used for all three electrodes, and the 248 

WE had a diameter of 2mm. 249 

 250 

Measurement of Residual Water Concentration in Molten CaCl2 251 

The presumed hydrolysis of chloride salt before complete water desorption complicates the 252 

job of measuring the residual water content in a batch of salt. The chloride salt can be heated in a 253 

TGA to yield the wt% of desorbable water. But then some hydroxide decomposes to oxide. Weight 254 

loss due to water desorption and hydroxide decomposition cannot be clearly distinguished with 255 

TGA, unless it is assumed that a specific temperature exists and is known that divides water 256 
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desorption from hydroxide composition. Based on Figure 2, this occurs before 370°C. We propose 257 

a simple formula for quantifying the total molar water content (Ctot in units of moles H2O/g salt) 258 

in a sample of CaCl2, as follows in Equation (5). Cdes is the concentration of desorbable water 259 

(moles H2O/g salt), and Coxide is the concentration of water that reacts to form oxide (moles H2O/g 260 

salt). 261 

 𝐶&.& = 𝐶01$ + 𝐶.,/01 (8) 262 

 263 

Given the previously presented evidence that Ca(OH)2 is unstable in molten CaCl2 and 264 

reverts to CaO, we endeavored to develop methods of measuring the CaO concentration that is 265 

equivalent to 𝐶.,/01, since there is a 1:1 molar ratio between H2O and CaO in Equation (2). To 266 

make this measurement, two methods were investigated—acid titration and CV. The basis of the 267 

acid titration is that each mole of CaO should generate 2 moles of OH- upon dissolution in water. 268 

As previously mentioned, the titration method cannot inherently distinguish between CaO and 269 

Ca(OH)2. But now that it has been established that Ca(OH)2 is not stable in the molten salt, 270 

titrations of samples taken of the molten salt should titrate only in response to CaO. The autotitrator 271 

was run in pH-stat mode at a pH set point of 2. After each salt sample was added to the titration 272 

cell, the auto-titrator added known volumes of HCl solution until the pH returned to the set point 273 

value. This method requires the salt to be melted and re-solidified before being analyzed. This 274 

allows for the residual water in the salt to react to form O2-. If a sample of melted CaCl2 is simply 275 

titrated, only O2- originally in the salt will affect the titration, whereas titrating an as-received 276 

sample would include O2- that has been adsorbed.  277 

A series of experiments was performed in which known amounts of CaO were added to 278 

the anhydrous CaCl2, melted, sampled, and titrated. Figure 4 plots the measured concentration of 279 

CaO (via titration) versus wt% CaO added. It also plots the calculated CaO concentration for each 280 

measured data point for comparison. The “calculated” line is just a unit conversion from the given 281 

wt% CaO to moles of CaO/g CaCl2. It can be seen that the measured concentrations are linear with 282 

the amount of CaO added and that there is almost a constant off-set between the two lines. The y-283 

intercept of the linear fit of the measured data is 3 x 10-5 mol CaO/g salt. This indicates a molar 284 

concentration of 3 x 10-5 mol CaO/g CaCl2 present in the salt after melting. Assuming all of the 285 
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CaO came from H2O reacting with CaCl2, Coxide can be inferred to be equal to 3 x 10-5 mol H2O/g 286 

CaCl2. 287 

 288 

Fig. 4 Titration-measured and calculated CaO concentration in CaCl2 plotted versus the nominal 289 

concentration of added CaO in wt%. 290 

From the appearance of the CV plots shown in Figure 3, another method is evident that can 291 

be used to measure CaO concentration in molten CaCl2. The oxidation peaks at 0.4 V vs. the quasi-292 

reference electrode increases in magnitude with increasing concentration of added CaO. This is 293 

hypothesized to be due to the following family of reactions, assuming that x can be variable: 294 

 295 

 𝑥𝑂*) 	+ 	𝑊	 = 	𝑊𝑂, 	+ 	2𝑥𝑒) (9) 296 

 297 

Figure 5 shows an overlay of CV plots for as-received CaCl2 before and after known additions of 298 

CaO at a scan rate of 300 mV/s. It makes sense that the oxidation reaction occurs at a slightly 299 

higher potential than the reference electrode potential, since W is the reference electrode. 300 
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 302 

 303 

Fig. 5 Cyclic voltammograms of anhydrous CaCl2 with CaO added in 0.5 wt% increments. Scans 304 

were performed at a scan rate of 300 mV/s at a temperature of 850°C. Tungsten was used for all 305 

three electrodes, and theWE had a diameter of 2 mm. 306 

CVs were also run for each salt mixture at multiple scan rates ranging from 50 to 400 307 

mV/sec. The current density of the oxidation peak was plotted vs. the square root of the scan rate 308 

(Figure 6). A fit through the origin would mean that reactions are reversible and the slope of this 309 

line vs. concentration could be used to estimate the initial concentration of CaO present in the salt 310 

using the Berzins-Delahay equation. As the lines do not appear to fit through the origin, save for 311 

pure CaCl2, the Berzins-Delahay equation was not used. Based on repeat measurements, the 312 

current measurement error is estimated to be 1%. 313 

Rather than using the Berzins-Delahay equation to correlate oxidation current density with 314 

oxide ion concentration, peak current density at a fixed scan rate was plotted against the added 315 

concentration of O2- in the salt. This plot is shown in Figure 7. The negative of the y-intercept 316 

value was taken as the initial concentration. This method indicated 0.2 wt% concentration of CaO 317 

in the as-received anhydrous CaCl2, or 3.57 x 10-5 mol CaO/g salt. This compares closely with the 318 
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CaO concentration in as-received anhydrous CaCl2 determined by titration (3.0 x 10-5 mol CaO/g 319 

salt). Thus, either titration or CV of molten CaCl2 appears to be viable for measurement of the 320 

oxide concentration term needed for Equation (5). 321 

 322 

Fig. 6 Plot of the peak magnitude vs. the square root of the scan rate for anhydrous CaCl2 with 323 

three levels of addition of CaO. T = 850oC. 324 
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 325 

Fig. 7 Plot of the concentration of added CaO to the current density of the CV oxidation peak.  326 

Scan rate = 300 mV/s, T = 850oC. Tungsten rods were used for WE, CE, and RE. The WE had a 327 

diameter of 2 mm. 328 

 329 

It is thus apparent that three methods (thermogravimetric analysis, titration, and cyclic 330 

voltammetry) can be combined to quantify water contamination in a sample of CaCl2. TGA of as-331 

received salt yields the concentration of desorbable water (𝐶01$). A melted salt sample can then be 332 

titrated to give the concentration of CaO (𝐶.,/01). The CaO concentration can also be obtained 333 

with CV of CaCl2.  334 

This method of calculation can be applied to the results presented previously in this paper. 335 

The mass loss from unreacted water, defined as that measured by TGA before 370°C, was 1.41 x 336 

10-4 mol CaO/g CaCl2. This value represents 𝐶01$ in Equation (5). This can be combined with      337 

either the CV or titration results (representing 𝐶.,/01) to give a total initial CaO concentration. The 338 

CV result, an estimated 3.57 x 10-5 mol CaO/g CaCl2 as shown in Figure 7, yields a value of 1.8 x 339 

10-4 mol CaO/g CaCl2 for 𝐶&.&. The second approach is to use the 3.0 x 10-5 mol CaO/g CaCl2 from 340 

titration, which when combined with the concentration found through TGA, would give an 341 
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estimated concentration (𝐶&.&) of 1.7x10-4 mol CaO/g CaCl2 in the anhydrous salt. These two 342 

methods are in good agreement with each other. 343 

 344 

Reaction of O2- with Dissolved Metal Chlorides 345 

The anticipated effect of residual water and ultimately oxide ions on actinide 346 

electrorefining in molten CaCl2 is the reaction of the oxide ions with dissolved actinide chlorides. 347 

If electrorefining U, Pu, or spent nuclear fuel, UCl3 or PuCl3 would need to be maintained in the 348 

molten CaCl2 to maintain a high rate of electrorefining. To test the interaction that residual water 349 

contamination would have with various dissolved actinide chlorides, CeCl3 was added as a 350 

surrogate for UCl3 or PuCl3 to molten CaCl2-CaO mixtures. Cerium was selected as a surrogate 351 

based on the similarity of its standard reduction potentials for oxide and chloride states to those 352 

for plutonium. Furthermore, both cerium and plutonium are only state in the +3 oxidation state in 353 

molten CaCl2. Postulated reactions are as follows: 354 

 355 

 2𝐶𝑒𝐶𝑙' + 3𝐶𝑎𝑂 → 𝐶𝑒*𝑂' + 3𝐶𝑎𝐶𝑙* (10) 356 

 𝐶𝑒𝐶𝑙' + 𝐶𝑎𝑂 → 𝐶𝑒𝑂𝐶𝑙 + 𝐶𝑎𝐶𝑙* (11) 357 

 358 

 If either of these reactions is spontaneous in the molten CaCl2 at 850°C, additions of CeCl3 would 359 

lower the magnitude of the CV oxidation peak using W as the working electrode. Once all of the 360 

CaO has been reacted, new peaks should appear due to Ce3+ reduction and Ce oxidation. Figure 8 361 

shows CVs of CaCl2 initially with 1.5 wt% CaO plus this salt mixture with additions of CeCl3. 362 

Two levels of CeCl3 addition were tested (1 and 5 wt%). Both oxidation and reduction peaks 363 

previously associated with CaO decrease in magnitude with the addition of CeCl3. Two very small 364 

oxidation peaks at about -0.8 V appear in the CVs done after adding CeCl3. This position in the 365 

CV is consistent with Ce metal oxidation. Thus, there appears to be some residual CeCl3 in the salt 366 

that reduces onto the working electrode when the potential is decreasing and then oxidizes when 367 

the potential is increasing. Since the Ce oxidation peaks are so small, it suggests that one or both 368 

of the above reactions, represented by Equations (7) and (8), are occurring to some extent. Figure 369 

9 further demonstrates the response of the oxidation curve to the addition of CeCl3. CeCl3 was 370 
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added in two 1 wt% increments to anhydrous CaCl2. Again, there was a reduction in the peak 371 

height. Interestingly, no Ce oxidation peaks were observed in Figure 9. It is important to keep in 372 

mind that these CVs were run using a W quasi-reference electrode. The potentials are subject to 373 

shifting, therefore, as the redox potential of the salt changes. The reference potential is not fixed. 374 

As can be seen in Figures 8 and 9, there appears to be some shifting of the potentials with addition 375 

of CeCl3. The green curve in Figure 8 associated with 1.5 wt% CaO and 5 wt% CeCl3 has the 376 

Ca2+/Ca reduction peak shifted a small amount to the left compared to the other salt mixtures. Such 377 

minor changes in potential do no affect our ability to interpret the CVs. 378 

 379 

 380 

Fig. 8 Cyclic voltammetry of anhydrous CaCl2 with incremental additions of CaO and CeCl3. 381 

Scans were performed at 300 mV/s, at 850°C, against a 2 mm diameter tungsten quasi-reference 382 

electrode and without correction for uncompensated solution resistance. 383 
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 384 

Fig. 9 Cyclic voltammetry of anhydrous CaCl2 with incremental additions of CeCl3. Scans were 385 

performed at a scan rate of 300 mV/s, at a temperature of 850°C. Tungsten was used for all three 386 

electrodes, and the WE had a 2 mm diameter. 387 

After CV was run, metallic deposits were observed on the counter and reference electrodes, 388 

as shown in Figure 10. The deposits appeared at first to be solidified salt but sparkled and had a 389 

rougher texture than typical salt coatings. This coating had not been seen in any previous tests. A 390 

likely explanation is that, unlike previous tests with a lower added CeCl3, this melt had CeCl3 still 391 

present in the salt. Scanning to a low enough potential caused cerium metal to deposit on the 392 

electrodes. There may be underpotential deposition of Ce metal along with Ca metal deposition. 393 
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 395 

Fig. 10 Metallic deposits on the counter and reference electrodes after CV of CaCl2-CaO-CeCl3 396 

salt mixtures. 397 

 398 

The CaCl2-CaO-CeCl3 melt was brought to 7 wt% CeCl3 to ensure that more than enough 399 

cerium was available to react with all the CaO present. After the salt was cooled and allowed to 400 

freeze, the crucible containing 7 wt% CeCl3 was cracked open. A photo of the salt layers is shown 401 

in Figure 11. The cross section showed a distinct separation in phases. A sample from the bottom 402 

layer (as indicated in Figure 11) was collected for XRD. The most prevalent phase in the mixture 403 

was CaCl2 as shown in the XRD, shown in Figure 12, and cerium was present as either Ce2O3 or 404 

CeOCl. Small amounts of CaO were still present, as was MgO contamination from the crucible. 405 

This indicates that as cerium is introduced into CaO-contaminated CaCl2,  it forms both insoluble 406 

oxide and oxychloride. Such precipitation should also be apparent when using CaCl2 with some 407 

residual water initially but without addition of CaO. This was not tested due to estimation that the 408 

precipitate layer would not be substantial enough for visual observation and XRD analysis. 409 

 410 
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 411 

Fig. 11 A cross section of the crucible containing CaCl2 and CaO with 5 wt% CeCl3. 412 
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 413 

Fig. 12 XRD results showing phases present in the bottom layer of the salt. 414 

ICP-MS was used to measure the cerium concentration for CaCl2 with 1.5 wt% CaO, with an 415 

addition of 0.5, 1.0, and 5.0 wt% CeCl3. The results are summarized in Table 1. For both 0.5 and 416 

1.0 wt% CeCl3 additions, the ICP-MS analysis of the salt samples indicated 2.8 x 10-5 mol Ce/g 417 

salt. As seen in Table 1, these are comparable to the as weighed (nominal) concentrations. That 418 

would seem to indicate that CeCl3 is not reacting with CaO. An additional 4 wt% was added to 419 

bring the total nominal mixture to 1.5 wt% CaO and 5% CeCl3. This is equivalent to a molar ratio 420 

of 0.75 for CeCl3 to CaO. Equation (10) indicates 2 moles of Ce react with 3 moles of CaO, while 421 

equation (11) indicates 1 mole of Ce reacts with 1 mole of CaO. Thus, most if not all of the CeCl3 422 

2θ 
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added for each test should have reacted with CaO if reactions (10) or (11) are spontaneous. A 423 

sample removed from the furnace 2 hours after bringing up the CeCl3 addition to 5 wt% indicated 424 

1.62 x 10-4 mol CeCl3/g CaCl2, or 81% of what was added. However, after waiting an additional 7 425 

hours, another sample was taken and the  concentration was found to be 6.7 x 10-6 mol CeCl3/g 426 

CaCl2, or 3.3% of what was added. Thus, given enough time, the CeCl3 will react with CaO to 427 

near completion, providing evidence that either insoluble oxide or oxychloride is formed. 428 

 429 

Table 1. Nominal versus measured (ICP-MS) concentrations for additions of CeCl3 in CaCl2 430 

with initially 1.5 wt% CaO at 850oC. 431 

Nominal 

Concentration 

CeCl3 added 

(wt%) 

Nominal 

Concentration 

CeCl3 added (mol 

Ce/g salt) 

Nominal Initial 

Molar ratio of 

CeCl3/CaO  

Measured 

Concentration at 2 hr 

CeCl3 (mol Ce/g 

salt) 

Measured 

Concentration 

CeCl3 at 9 hr 

(mol Ce/g salt) 

0.5 2.0x10-5 0.075 2.8x10-5 Not measured 

1.0 4.1x10-5 0.15 2.8x10-5 Not measured 

5.0 2.0x10-4 0.75 1.62x10-4 6.7x10-6 

 432 

Conclusions 433 

Removing water from calcium chloride requires conditions to minimize formation of oxides 434 

in the salt due to CaCl2 hydrolysis. In this paper, we showed that Ca(OH)2 is not stable in CaCl2 435 

at high temperatures (>400°C) and that CaO is the primary contaminant generated by this 436 

hydrolysis reaction. TGA can be used to measure the amount of H2O that is physically removable 437 

from the salt to a given temperature rather than reacting with CaCl2. Both CV and titration can be 438 

used to measure CaO concentration after dehydration, thereby accounting for water that has 439 

reacted with CaCl2. When the result from TGA is combined with the result from either CV or 440 

titration, the total amount of water in as-received CaCl2 salt can be accounted for.  Removing CaO 441 

from the salt is essential for nuclear material electrochemical processing applications in which 442 

metal chlorides are required for optimal processing performance. In this study, through XRD and 443 
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ICP-MS analysis of reacted CeCl3 and CaO in CeCl3 salt, it was shown that CeCl3 added to salt 444 

containing CaO will precipitate to form CeOCl and Ce2O3.  445 

 446 
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