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Abstract

Conducting research experiments on plutonium electrorefining is difficult due to the significant
hazards and regulations associated with nuclear materials. Finding a surrogate for plutonium
electrorefining studies would enable more fundamental research to be conducted. Potential
surrogates were first identified by determining the physical properties required to conduct
electrorefining at the same conditions commonly used in plutonium electrorefining, a molten
metal and molten CaCl; at 1123 K. Ce-CeClg, In-InCl3 and Pb-PbCl> were the only potential
surrogates identified using these constraints. Sn-SnCl, was also tested at these same conditions.
More potential surrogates were identified by changing the matrix salt and operating temperature.
This expanded the potential surrogate list to also include Zn-ZnCly, Sn-SnCls, and Bi-BiCls. Zn-
ZnCl; was used with the LiCI-CaCl, (65:35 mol%) eutectic at 773 K. Sn-SnCl> and Bi-BiCls
were used with the LiCI-KCI-CaClz (50.5:44.2:5.3 mol%) eutectic at 673-773 K. Ce
electrorefining in molten CaCl> resulted in a difficult to separate colloid mixture of Ce, Ca and
Cl. Electrorefining rates for In in molten CaCl> were too slow due to InCls volatilizing out of the
molten salt. Only trace amounts of SnCl, was retained in the CaCl, at 1123 K resulting in
impractical electrorefining rates. Zn metal product was successfully collected in the LiCI-CaCl;
eutectic molten salt, but the metal obtained did not coalesce into one piece. Sn and Bi were
successfully electrorefined in the LiCIl-KCI-CaCl2 eutectic molten salt and coalesced into product
rings with high yields and coulombic efficiencies. While a surrogate could not be identified
using the same conditions as plutonium electrorefining, two possible surrogates, Sn-SnCl, and
Bi-BiCls, were found that could imitate the physical configuration (i.e., molten salt on top of
molten metal) of plutonium electrorefining at a reduced temperature using the eutectic LiCI-KCI-
CaCly salt at 673-773 K in place of CaCl;at 1123 K.

1. Introduction

Initial research on plutonium electrorefining in the 1960s focused on the development and
characterization of the process [1-4]. In 1981, after nearly two decades of experience, Mullins
and Morgan reported that electrorefining operating conditions have been determined “to permit
termination of the run at a convenient time” and that “the electrolyzing current has never been
optimized” [4]. Because of the importance of non-proliferation and plutonium’s radiotoxicity,
acquiring and handling significant amounts of plutonium requires substantial security,
infrastructure, training, and regulatory compliance [5,6]. In addition to the safety, security, and
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regulatory challenges of working with plutonium, the high cost of performing work with
plutonium limits the number of experiments that can be conducted. Therefore, finding a
surrogate for plutonium electrorefining is necessary to reduce operational complexity and costs
for fundamental science and engineering studies. Enabling these studies would help to increase
the understanding of the charge transfer, mass transport, and other mechanisms in electrorefining
a dense molten metal in molten salts.

Plutonium electrorefining occurs in molten salt electrolytes, typically CaCl. or equimolar NaCl-
KCI, above the melting point of plutonium (914 K) and the melting point of the salt system
(1045 K for CaCl, and 934 K for equimolar NaCI-KCI) [1]. Due to the high density of
plutonium, the molten salt electrolyte sits atop a molten anode and cathode deposit. Plutonium
electrorefining occurs in concentric, cylindrical ceramic crucibles with an impure molten anode
in the inner crucible and a pure molten cathode deposit in the outer annulus creating a ring of
product, as illustrated in Figure 1.

.Cathode -]

Quter
Crucible ™ __ Anode

Lead

Stirrer =
__ Molten

Salt
Inner

Crucible — [ Anode

\ Cathode
Deposit

Figure 1: lllustration of a plutonium electrorefining set-up.

To simulate this mode of electrorefining, a surrogate metal needs to satisfy the following
conditions at a minimum: (1) liquid at operating temperature, (2) denser than the molten salt, and
(3) reduction potential within the electrochemical stability window of the molten salt.

If any one of these conditions is not met, surrogate electrorefining cannot be done in the same
physical configuration as plutonium electrorefining. Floating or suspended metal deposits will
cause shorting. The decomposition of the molten salt will prevent dissolution and deposition of
the metal. Therefore, necessary properties to consider when selecting a surrogate for plutonium
electrorefining include melting points, boiling points, liquid densities, and the standard reduction
potentials of metal chlorides.

For initial surrogate identification, CaCl, was chosen as the molten salt electrolyte, which
requires a sustained operating temperature near 1123 K. A plutonium electrorefining surrogate
would ideally be a molten metal with a chloride that can be dissolved in molten CaCl,. Thus, a
metal with a melting point less than 1123 K and boiling point greater than 1123 K is required. A
density of the surrogate metal that is significantly greater than that of the molten CaCl, (~2000
kg m=at 1123 K) is also needed to facilitate coalescence of the metal deposit.
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Table 1 lists possible surrogate metals and their respective chlorides that meet all the minimum
requirements to perform electrorefining in the same configuration as plutonium at 1123 K.
Plutonium’s properties are also included for reference. The standard reduction potential (E°) was
estimated from the overall reaction for the redox couple, as shown below.

M +ne” o M (reduction) (1)
Cl, +2e~ & 2C1 (oxidation/reference) (2)
MCl, & M + gczz (overall) (3)

M is a place holder for the possible surrogate metals. The standard Gibb’s free energy (4G°) of
formation of M and Cl; is zero (i.e., assuming pure M and Cl,). Hence, the negative value of AG°
of formation of the metal chloride is the 4G° of reduction relative to chlorine reduction reference
potential. This is converted to potential by E® = -AG%nF. This approximated E° serves as an
estimate for comparison.

As can be seen in Table 1, there are only a few potential surrogates that meet the minimum
requirements at 1123 K. Ce appears to be the best suited surrogate based on the properties listed
in Table 1. However, CeO> and Ce»Oz have a AG° of formation (per mole of O) that is less than
the AG° of formation for PuO2, which may result in excessive oxide formation when molten Ce
metal is in contact with ceramic crucibles [7]. InCls has a boiling point less than 1123 K.
However, it could be used if it can be captured in the matrix CaCl; salt, as has been done for
ZrCls in LiCI-KClI eutectic [8]. Lastly, PbCI has a standard reduction potential significantly
greater than PuCls.

While Ce’s suitability would indicate that other lanthanide elements would be ideal surrogates
for plutonium electrorefining, the high melting points of the other lanthanide elements (La =
1193 K, Pr=1204 K, Nd = 1294 K, Gd = 1585 K) made it so that they would not be a molten
metal at the typical operating temperature of plutonium electrorefining. Raising the temperature
of operation to include other lanthanide metals was not considered due to furnace limitations and
thermal limitations of stainless-steel parts (i.e., furnace well, liner, and electrode leads).

Table 1: Potential electrorefining surrogates that meet the minimum requirements to maintain the same
electrorefining configuration as plutonium at 1123 K.

Melting Boiling Density E°

Point (K) | Point (K) (kg m®) (V vs Cl/CI)*
Pu 913 3498 19,840
PuCls; 1033 2040 -2.47
Ce 1071 3695 6,760
CeCls 1090 2000 -2.72
In 430 2343 7,310 ---
InCls 856 1073 --- -1.44
Pb 600 2019 11,290
PbCl, 774 1223 --- -1.08

! Calculated from data in Ref. [7]
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If a different matrix salt is used, the electrorefining operating temperature could be lowered.
Ideally, this alternate matrix salt would still contain CaCl, to maintain some measure of chemical
similarity to the targeted system. The eutectic salt system containing CaCl; identified in the open
literature that offers the lowest melting point while maintaining the same electrochemical
window is LiCI-KCI-CaCl> (50.5:44.2:5.3 mol%) with a liquidus temperature of 605 K [9].
Additionally, this molten salt has a lower density (~1700 kg m= assuming ideal mixing) which
may slightly extend the range of workable metal densities [10,11]. Changing the salt matrix
expands the list of possible surrogates to also include the metal-metal chloride couples listed in
Table 2.

Table 2: Potential electrorefining surrogates that meet the minimal requirements at a reduced operating
temperature of 673 K.

Melting Boiling Density E°

Point (K) | Point (K) (kg m?) (V vs Cl/CI)!
Bi 545 1833 9,780
BiCls 500 720 -0.848
Sn 505 2543 7,310
SnCl; 520 896 -1.242
Zn 693 1180 7,130
ZnCl, 563 1005 -1.634
TI 573 1730 11,710
TICI 604 993 -1.657

!Calculated from data in Ref. [7]

While the potential surrogates listed in Table 1 can more closely replicate plutonium
electrorefining, the potential surrogates in Table 2 provide a few more options at the cost of
changing the operating temperature and molten salt system. Both Pb and TI were eliminated for
consideration in this study due to their extreme toxicity, which is counterproductive to the aims
of identifying a surrogate to simplify material handling and analysis.

Of all the surrogates identified, Ce is the only surrogate that has been investigated previously.
Raraz focused on using Ce as a surrogate for plutonium electrorefining due to its similarity to
plutonium, but an analysis of the electrorefining efficiency and yield was not possible due to side
reactions and difficulties in separating Ce from the molten salt [12]. However, Ce was not
eliminated from consideration because its near chemical similarity to plutonium warranted
additional attempts to mitigate the issues identified by Raraz. Thus, the metal-metal chloride
couples selected to investigate as surrogates are Ce-CeCls, In-InCls, Zn-ZnClz, Sn-SnCl», and Bi-
BiCls.

2. Material and Methods

The potential surrogates were investigated at three different locations: Brigham Young
University-Provo (BYU), Ce-CeClz and Bi-BiCls; University of Utah (UU), In-InClz, Zn-ZnCl,
and small-scale Sn-SnCl»; Lawrence Livermore National Laboratory (LLNL), large-scale Sn-
SnCl,). Attempts were made to maintain consistency of methods across locations. However,
there are some differences in methodology at each of the different locations, which are detailed
in this section.
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2.1. Cerium

For electrorefining, concentric and bonded yttria-stabilized MgO crucibles (Tateho Ozark
Technical Ceramics, >98.5%), hereafter referred to as a MgO crucible for short, were used (see
Figure 1. Ce ingots (99% REO, Alfa Aesar, 43977) were melted in the inner MgO crucible to
form the anode. The outer MgO crucible contained CeCls hydrate (99% REO, Alfa Aesar,
11325) mixed with CaCl; dihydrate (>99%, Alfa Aesar, 33296) after both salts were dried to
serve as the electrolyte. The CeCls hydrate was dried using a drying procedure from the literature
[13]. The CaCl, dihydrate was dried by heating it in a drying oven (Across International, AT32e)
under vacuum. The temperature of the oven was initially heated to 373 K for 8 hours, then
heated to and held at 388 K for 8 hours. Lastly, the furnace was heated to and held at 522 K for
60 hours. After being dried in the drying oven, the CaCl, was heated to 1123 K for 4 hours then
allowed to cool in the glovebox furnace well. Before melting, the dried CeClz and CaCl, were
added to the crucibles at a ratio to achieve 7.5 wt% CeCls in CaCl,. The same Ce ingots and salts
were also used in the melt experiments. Yttria paint (Graphite Store, ARMC-634-YQO) was
applied to the inside of some Al203 crucibles (Advalue Tech, >99.6%, AL-2100) used for the Ce
melt experiments to compare the reactivity of Ce in Al.O3 crucibles and Al>Oz crucibles coated
with yttria paint.

2.2. Indium

CaCl; dihydrate was heated to 473 K overnight under vacuum to remove moisture. It was heated
to 1123 K in the MgO crucible, after which anhydrous InClz (99.99%, Alfa Aesar, 41977) was
added to target 5 wt.%. In ingots (99.999%, Alfa Aesar, 14720) were melted in the inner MgO
crucible to form the anode.

2.3. Zinc

CaClz and LiCl (>99%, Sigma Aldrich, 310468) were mixed with a mole ratio of 65-35 mol% to
form the eutectic molten salt for the experiment. Prior to mixing the salts, CaCl dihydrate was
dried by heating it in a quartz reactor under vacuum at 473 K overnight. Zn metal (99.9%, Alfa
Aesar) was melted in the inner crucible to form the anode. Anhydrous ZnCl; (99.95%, Alfa
Aesar, 87900) was added to the LiCI-CaCl; eutectic to achieve 5 wt.%. Then the mixture was
melted in the MgO crucible.

2.4.Tin

For the small-scale experiments, anhydrous SnCl (99.99%, Sigma Aldrich, 452335) was
received as a powder and melted into larger pieces at 523 K for 1 hour in a glassy carbon
crucible (SPI1 supplies). It was then ground into a course particulate. Dried CaCl, was heated to
1123 K in a MgO crucible. The SnCl, was added to the molten CaCl, to minimize potential loss
due to evaporation during heat up. 5 wt.% SnCl, was the targeted electrolyte concentration.

For the large-scale experiments, the anode material was Sn ingots (99%, Thermo Scientific).
SnCl, was added to the eutectic mixture of 50.5 mol% LiCl (99%, anhydrous, Thermo
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Scientific), 44.2 mol% KCI (99%, anhydrous, Thermo Scientific), and 5.3 mol% CaCl; (99%,
Thermo Scientific, anhydrous, dried in house) eutectic. A concentration of 5 wt.% SnCl, was
targeted.

2.5. Bismuth

Bi pieces (99.99% metals basis, Alfa Aesar, 12208) were melted in the inner crucible to act as
the anode for electrorefining. Anhydrous BiCls (99.9% metals basis, Alfa Aesar, 17115) was
added to a eutectic mixture of 5.3 mol% CaCl: (dried as described in Section 2.1), 50.5 mol%
LiCl (>99%, Alfa Aesar, 36217), and 44.2 mol% KCI (>99%, Alfa Aesar, 11595) after each was
dried. BiCls was mixed with LiCIl-KCI-CaCl; eutectic to achieve a 13 wt.% BiCls mixture before
melting. The KCI and LiCl were dried using the vacuum drying oven. The KCI and LiCl were
initially held under vacuum at room temperature for 8 hours, then heated to and held at 383 K for
8 hours. The oven was then heated to and held at 459 K for 8 hours. Lastly, the furnace was
heated to and held at 522 K for 24 hours. Eutectic salt blocks were made using Al>Oz crucibles
(Advalue Tech, >99.6%, AL-21000) by heating a eutectic salt mixture to 1023 K for 4 hours.

3. Experimental

All experiments were carried out in inert atmosphere gloveboxes, typically filled with argon gas
(<10 ppm H20 and O). The metal and salt were loaded into the crucibles. The loaded crucibles
were placed in a stainless-steel container to protect the furnaces from overflow or leakage (e.g.,
cracked crucibles). The nested containers were placed in the furnace and heated to the
operational temperature. Once the salt and metal were molten, the electrodes were lowered into
the electrochemical cell. A motor was attached to the stir shaft, which doubled as the anode lead,
to provide mixing of the cell. The stir shaft ran through the center of an alumina stirrer (AdValue
Technology, >99.6% Al>Oz). A power supply or potentiostat was connected to the electrode
leads above the furnace to provide power to the cell.

The general setup of the electrorefining cell was a concentric crucible arrangement, as shown in
Figure 1. The inner crucible being shorter than the outer crucible. In general, a two-electrode
setup was used. The anode was the molten metal in the center crucible. The tungsten cathode
(Midwest Tungsten Services, 99.95% W) consisted of a 1.27 mm thick, partial (340°) ring and
was lowered into the annulus between the inner and outer crucible, as depicted in Figure 1. Table
3 lists the materials used and location for each of the experiments. Table 4 lists the amount of
each material used, the operating temperature and duration of each run. In Table 3, the LiClI-
CaCl and LiCI-KCI-CaCl: represent the eutectic compositions of 65:35 mol% and 50.5:44.2:5.3
mol%, respectively. The amount of SnCl> entering the molten CaCl: is uncertain due to
vaporization and other potential losses (e.g., hold-up, spillage). Hence, only the post-experiment
total salt mass is reported in Table 4.
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Table 3: Materials used for each experiment.

Run Place | Metal | Metal Chloride Base Salt Crucible

Ce-1 | BYU Ce N/A CaCl; Al;O3

Ce-2 | BYU Ce N/A CaCl; Y203 coated Al,O3
Ce-3 | BYU Ce CeCl; CaCl, Y03 stabilized MgO
Ce-4 | BYU Ce CeCl; CaCl, Y03 stabilized MgO
In-1 uu In InCls CaCl, Y03 stabilized MgO
Zn-1 uu Zn ZnCl, LiCl-CaCl; Y03 stabilized MgO
Sn-1 uu Sn SnCl CaCl, Y03 stabilized MgO
Sn-2 uu Sn SnCl CaCl, Y03 stabilized MgO
Sn-3 uu Sn SnCl CaCl, Y03 stabilized MgO
Sn-4 uu Sn SnCl; CaCl, Y,0j3 stabilized MgO
Sn-5 uu Sn SnCl; CaCl, Y,0j3 stabilized MgO
Sn-6 | LLNL Sn SnCl; LiCI-KCI-CaCl; | Y20s3 stabilized MgO
Bi-1 | BYU Bi BiCls LiCI-KCI-CaCl, | Y205 stabilized MgO

Table 4: Amount of materials used, composition, operating temperature, and duration of each

experiment.
Metal Chloride .
Run | Metal (g) © (mol%) Base Salt (g) | Temperature (K) | Duration (hr)
Ce-1 40.55 0 0 43.29 1123 12
Ce-2 43.38 0 0 40.65 1123 12
Ce-3 812.00 100.0 3.35 1300 1123 30
Ce-4 802.2 103.6 3.50 1286 1123 34.6
In-1 12.75 3.012 2.57 57.23 1123 24
Zn-1 20.00 11.6 2.51 219.9 773 24
Sn-1 15.69 92.50! 1123 12
Sn-2 15.57 73.79* 1123 35
Sn-3 11.14 60.29* 1123 12
Sn-4 10.93 61.19¢ 1123 12
Sn-5 10.49 60.68* 1123 12
Sn-6 598.7 80.0 1.68 1487.0 673 5
Bi-1 800.0 150.2 2.77 1006.1 683 50
The given mass is of the sum of the metal chloride and base salt.

Some exceptions to this general setup are noted in the following subsections, which detail each
surrogate system test. The electrorefining conditions are also given, the rationale behind the
applied electrorefining voltage/current are given in the results section for each element.

3.1. Cerium

Ce-1 and Ce-2 were performed in an MTI tube furnace (OTF-1200X-S-NT), while Ce-3 and Ce-
4 were performed in a custom-built furnace well (309 stainless steel, 163.5 mm @ x 695.5 mm
long) fitted with a custom Thermcraft tube furnace (TSP-8.25-0-15-1C). Before electrorefining
was performed, Ce was melted in different types of crucibles (see Table 3) with CaCl; to
evaluate the extent of the side reactions between Ce, salt, and the crucibles.
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After the melt tests had been conducted, Ce electrorefining was performed at a cell voltage of 3
V (see section 4.1). A DC motor (Dayton, 2M168A) and an Asterion 3001 power supply
(Ametek Programmable Power, Inc., AST3001A11B-A000A0A) were used in run Ce-4 to rotate
the stir shaft (i.e., anode lead) and provide power to the molten Ce anode and W cathode. The
anode lead and cathode ring were made of W (99.95%, Midwest Tungsten).

Scanning electron microscopy (SEM) images were taken using an Apreo Low-Vacuum SEM
from ThermoScientific. Samples were transferred from the glovebox to the microscope in sealed
plastic containers. It took approximately 30 minutes to transport the sealed plastic containers
from the glovebox to the microscopes. After the plastic containers had been opened, the samples
were exposed to air for 5-10 minutes at room temperature while they were loaded into the
microscope chamber.

3.2. Indium

The In experiments were carried out in a muffle furnace (Thermolyne™ 1300). Cyclic
voltammetry (CV) measurements were first performed to characterize the electrochemistry of the
system. The working electrode (WE) and counter electrode (CE) were a W rod (2 mm @, Alfa
Aesar) and a W rod (5 mm @, Alfa Aesar) in an In metal pool, respectively. A Ag/AgCl
reference electrode (RE) was constructed of a Ag wire immersed in 100% AgCI contained in a
MgO tube (Tateho Ozark Technical Ceramics, 99%, 6.35 mm OD, 3.175 mm ID) with a closed
end. After these initial electrochemical experiments were performed, an electrorefining
experiment was performed. A constant current (-0.08 A) was applied for 24 hrs using a
potentiostat (Autolab, PGSTAT302N) (see section 4.2). The WE from the electrochemical
experiments served as the cathode for electrorefining while the CE served as the anode. Unlike
the general setup, there was no stirring, and a three-electrode setup was used, as the RE was
retained during electrorefining to monitor the cathode potential.

Samples were collected for compositional analysis using inductively coupled plasma mass
spectroscopy (ICP-MS, Agilent 7900). These samples were collected by immersing a room
temperature threaded rod into the molten salt and then quickly removing it. The samples were
chipped off from the threaded rod and collected into a pan where the total mass was measured.
The samples were dissolved and diluted in 2% HNO3z and afterward measured with ICP-MS.
Scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX, Hitachi
S-4800 FE-SEM) was also used to characterize the samples.

3.3. Zinc

The Zn experiments were carried out in the same muffle furnace described in Section 3.2. After
the initial cyclic voltammogram, an electrorefining experiment using constant current (-0.7 A)
was applied for 24 hrs using a potentiostat (Autolab, PGSTAT302N) (see section 4.3). In the CV
measurements, the WE and CE consisted of a W rod (99.95%, Midwest Tungsten) and a W ring
(99.95%, Midwest Tungsten), respectively. The CE served as the cathode during the
electrorefining experiments while the WE served as the anode lead. Again, differing from the
general setup, the RE was retained (i.e., three-electrode setup) during electrorefining to monitor
the cathode potential. The RE was constructed in the same manner as described in Section 3.2.
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Samples for ICP-MS were collected in the same manner as described in Section 3.2. X-ray
Diffractometry (XRD, Rigaku Miniflex 600) was also used to characterize the samples.

3.4. Tin

The small-scale Sn experiments were carried out in the same furnace described in Section 3.2.
Cyclic voltammograms were collected using a W WE and a Mo CE. A Ag/AgCl RE was
fabricated using 1.0-mm diameter Ag wire (Alfa Aesar, 99.99%) enclosed in a mullite (AlsSi2O3,
McDanel Ceramics) one-end-closed tube. Electrorefining was then conducted using the same
cathode and anode lead described in Section 3.2 but with a molten Sn pool in place of the molten
In pool. Electrorefining runs were conducted using both constant potential and constant current
(see section 4.4). Samples were collected for ICP-MS using the same manner as that described in
Section 3.2.

The large-scale Sn experiments were performed in a N> atmosphere glovebox with a sealed
furnace well with Ar flush (UHP, Praxair), which differs from the general setup described
earlier. A Keysight N5700 DC power supply was used to maintain the electrorefining current
between 25 and 40 A.

3.5. Bismuth

The same motor, power supply, furnace, and electrodes were used as described for run Ce-4 in
Section 3.1 The electrorefining was conducted potentiostatically between 2 and 3.5 V (see
Section 4.5). SEM-EDX was conducted using a FEI Helios Nanolab 600 DualBeam FIB/SEM in
the same manner as detailed in Section 3.1. The cathode ring samples were sanded with silicon
carbide sandpaper with grits between 120 and 3000 before analysis. The samples were milled
using the focused ion beam (FIB) capability of the FEI Helios Nanolab 600 DualBeam
FIB/SEM.

4. Results
4.1. Cerium

A few melt runs were performed to determine the significance of oxidation of cerium metal by
the crucibles. Pictures of the Ce ingots obtained after runs Ce-1, Ce-2, and Ce-3 are shown in
Figure 2. The images on the left, middle, and right are respectively from these melt runs in an
Al>O3z crucible, an yttria-coated Al>Os crucible, and a large-scale MgO crucible. SEM-EDX was
conducted on the ingots obtained from Ce-1 and Ce-2 to assess the Ce purity. Figure 3 shows the
EDX spectra obtained. Comparing the EDX spectra taken on the surface of the ingots to the
spectra taken after the ingots were milled 15 micrometers down using a FIB shows that the O,
Mg, Al, Si, and Ti peaks are greatly reduced after milling while the Ce peaks remain the same.
Since the EDX spectra of the milled surfaces only have peaks for Ce, the ingots from Ce-1, Ce-2,
and Ce-3 are assumed to be high-purity Ce underneath a thin oxide layer.
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Figure 2: Ingot recovered from run Ce-1 using an Al.Os crucible (left). Ingot recovered from run Ce-2
using an yttria-coated Al>Os crucible (middle). Ingot recovered from run Ce-3 using a MgO crucible
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Figure 3: EDX spectra of the ingots from Ce-1 (top) and Ce-2 (bottom).

The initial masses of Ce added for runs Ce-1 to Ce-3 along with the weight of the recovered
ingots from each experiment are shown in Table 5. The Ce mass loss was greatest in the yttria-

coated Al2Os3 crucible (Ce-2),

but only 1.3% more of the initial mass was lost compared to the

Al>O3 crucible (Ce-1). The mass loss of the cerium is hypothesized to be due to a reaction
occurring between the cerium metal and the crucible to form CeO2 or some other side product.
The rationale for using the yttria coating on the Al.Oz crucible was to reduce the reactivity of Ce
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with the crucible. The melt experiments conducted did not show the hypothesized reduction to
mass loss. While a 5-8% weight loss is not ideal for experiments, it could be accounted for in
calculating electrorefining efficiencies and yields. Hence, a large-scale melt experiment (Ce-3)
was conducted with a MgO crucible to confirm these results at a different volume-to-surface area
ratio (1.2 for Ce-3 vs. 0.36 for Ce-1 & Ce-2), using a different crucible material, and adding
CeCls to the salt. The ingot obtained from Ce-3 had a similar appearance to the ingots obtained
from Ce-1 and Ce-2, metallic with a thin oxide layer, and it experienced similar Ce mass loss.
Given the comparable and manageable mass losses, an electrorefining run using Ce and a MgO
crucible without an yttria coating was conducted.

Table 5: Initial and post-melt cerium masses

Run Initial Mass () Post-melt Mass (q) Percent Lost
Ce-1 40.548 38.133 5.96%
Ce-2 43.384 40.234 7.26%
Ce-3 812.00 763.28 6.00%

The current profile of run Ce-4 is shown in Figure 4. Initial functionality testing at lower
voltages resulted in the lower electrorefining currents, initially, in Figure 4. An electrorefining
potential of 1 V corresponded to about 5 A of electrorefining current. 2 V was applied and about
11 A of electrorefining current was observed. After 3 V was applied, the electrorefining current
jumped to about 17 A. Due to the current limitations of our power supply (approx. 20 A) the
electrorefining potential was held at 3 V for the remainder of the experiment. The current
remained between 15-20 Amps for 20 hours. The current then increased before it decreased
dramatically at ~30 hours. After a back electromotive force (EMF) measurement, where the cell
is allowed to relax for ~1 min and the potential is recorded, the current recovered to previous
levels. The decision to terminate the experiment was made after observing the second dramatic
decrease in the observed electrorefining current.
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Figure 4: Electrorefining current from experiment Ce-4 in CaCl, with 3.50 mol% CeCl; added at 1123 K
and a cell potential of 3 V after 1.1 hr (Cathode: W ring, Anode lead: W rod in molten Ce).

While there was a measurable electrorefining current for the duration of the experiment, the
fluctuations in the current were atypical of an experiment only electrorefining one element. One
possible explanation is that Ce was being oxidized throughout the experiment due to side
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reactions with electrorefiner components (e.g., crucible, stirrer). The Ce oxidizing could change
the surface area of the anode and result in the observed current fluctuations. If Ce oxidation is
connected to the current fluctuations, it would explain the gradual onset and subsequent increase
in noise, since the extent of Ce oxidation is initially small and increases with time. Another
possibility is changing CeCls concentration during electrolysis.

During the electrorefining experiment, Ce-4, no cathode ring was formed, as seen in Figure 5,
even though current was passed through the electrorefining cell. However, the recovered anode,
also shown in Figure 5, had a mass of 240 grams or 29.6% of the initial weight of Ce added.
SEM-EDX analysis was conducted on salt samples from Ce-4 to see if Ce was in different parts
of the recovered electrorefining salt. SEM images of salt samples from the Ce-4 run are shown in
Figure 6. In the lighter sections seen in each of the SEM images, a high Ce content was detected
using EDX. Hence, Ce was unrecoverable and dispersed throughout the salt only when a
potential was applied to the cell. While the SEM-EDX analysis conclusively showed the
concentration of Ce into a separate phase, it is unable to be directly concluded from this analysis
if the Ce is present as a metal, oxide, chloride, or oxychloride as the samples were not able to be
prepped for quantitative EDX, specifically.

Figure 5: Bottom view of electrorefining crucible with the base of the outer crucible removed showing
that no cathode ring was obtained from run Ce-4 (left); anode leftover from run Ce-4 (right).
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Figure 6: SEM images of salt samples from run Ce-4. Salt above the anode (top left); salt that adhered to
Al,Os stirrer (top right); salt below the anode (bottom left); bulk outer crucible salt (bottom right).

4.2. Indium

During the In-1 run, a yellow color vapor was observed after the InCls was added to the CaCl; at
1123 K. Table 6 shows the results of the ICP-MS analysis of salt samples before and after the
electrorefining experiment. Evidently, most of the InClz volatilized out of the CaCl: salt, as
enough InClz was added to compose 5 wt.% (2.57 mol%) of the mixture, but only enough InCls
remained to compose 0.0124 wt.% (0.0062 mol%) of the salt before electrorefining began. The
ICP-MS results show that the salt still had some measurable In content, but most of the added
InClz was no longer in the CaCl; salt. Sample #3 from the In-1 run shows that the amount of
InCls in the salt increased during electrorefining. However, this contradicts with the results from
sample #1 and #2 from the same In-1 salt. Sample #3 is likely an erroneous result and could have
contained some In metal which would have inflated the In content in the salt.

Table 6: Results of ICP-MS analysis of In content in the salt samples before and after the In-1 run.
Concentration is reported in wt.%

Sample Before Run After Run
#1 0.012 0.001
#2 0.012 0.003
#3 0.014 0.127

Average 0.0124 0.0436

Before electrorefining, CV was run to identify the potential needed to deposit In metal at the
cathode relative to a Ag/AgCl RE. Figure 7 shows the reduction and oxidation peaks for the
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In®*/In* and In*/In couples. . The peak assignments are based on a previous publication and alloy
phase diagrams [14,15]. Ca(In) represents calcium-indium alloys generically. There are multiple
Ca-In alloys. It is uncertain which alloy(s) are associated with the shoulder at -1.81 V and the
oxidation peak at -1.64 V.
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Figure 7: Cyclic voltammogram of CaCl,-InCl; (0.0062 mol% InCls) system at 0.2 V/s and 1123 K (WE:
W rod, CE: W rod in molten In, RE: Ag in 100% AgCl).

In In-1, the WE was effectively the cathode by setting the WE current to -0.08 A for 24 hours.
The cathode potential is plotted in Figure 8. Figure 9 shows the photos of the salt and crucible
after the run. There was some gray, metallic material present between the salt and crucible. To
isolate the gray material for analysis, the salt was washed away with water.
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Figure 8: Cathode potential versus time for run In-1 in CaCl, at 1123 K at -0.08 A (cathode: W rod,
anode: W rod in molten In, RE: Ag in 100% AgCl).
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Figure 9: Photos of the salt and indium metal in the bottom of the () outer crucible and (b) inner
crucible, as well as photos of (c) the anode lead and (d) the cathode after electrodeposition with constant
current.

After the salt was dissolved, the gray material was dried in an oven. SEM-EDX was used to
identify the compound in three samples of the gray material. A photo of the recovered product is
shown in Figure 10. As shown in Table 7, the particles contained on average 95 wt.% In with Mg
as the most prevalent minor component.

Figure 10: Photo of cathode deposit from run In-1.

Table 7: SEM-EDX analysis of three points in the cathode product from run In-1. Concentrations
reported in wt.%

4.3. Zinc

Sample #1 #2 #3 Average
In 96.3 91.7 98.2 95.4
Cl 0.6 14 0.6
Mg 2.1 4.8 1.8 2.9
Ar 1 1 0.67
Al 0.6 0.2
Si 0.4 0.13

A Zn electrorefining experiment (Zn-1) was run with CaCl,-LiCI-ZnCl: as the electrolyte. The
target ZnCl> concentration was 5 wt.%, but, as shown in Table 8, only 2.6 wt.% (1.28 mol%)
ZnCl> was measured in the salt by ICP-MS. ZnCl is deliquescent and absorbs water, even in
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inert gas environments containing trace amounts of moisture [16]. The stock ZnCl; likely
contained significant moisture, which may have hydrolyzed and formed ZnO [16,17]. The
solubility of ZnO in LiCl-CaClz is unknown, but it is likely low (~0.01 mol%) based on data in

other chloride salts [18,19].

Table 8: ZnCl, concentrations measured in salt used for run Zn-1 as measured by ICP-MS.

Sample ZnCl; (wt.%)
#1 2.696
#2 2.846
#3 2.276
Average 2.606

A cyclic voltammogram using a W WE in the CaCl,-LiCI-ZnCl; salt is shown in Figure 11. The
Zn chloride reduction peak was seen at about -0.9 V. Run Zn-1 was run for 24 hr at 773 K with a
constant applied current (-0.7 A) and the WE serving as the cathode. The cathode potential
versus time for the experiment is plotted in Figure 12. The cathode potential drifted from about -
0.9 to -1.35 V over the duration of the experiment.
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Figure 11: Cyclic voltammogram of CaCl,-LiCI-ZnCl; (1.28 mol% ZnCly) salt prior to run Zn-1 at 773 K
(WE: W rod, CE: W rod in molten Zn, RE: Ag in 100% AgCl).
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Figure 12: Cathode potential versus time for run Zn-1 in the CaCl,-LiCl eutectic at 773 K and -0.7 A
(cathode: W ring, anode lead: W rod in molten Zn, RE: Ag in 100% AgCl).
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After the run had cooled, the crucible was removed and broken open to collect any product that
had formed. Figure 13 shows images of the bottom of the crucible after run Zn-1 and of the
metal powder recovered from the outer crucible. The mass of metal powder collected was 2.0 g.
XRD was performed on the powder shown in Figure 13(b) and is shown in Figure 14. The XRD
spectrum showed that the metal powder collected was a combination of Zn, ZnO, LiCl, and
CacCly, confirming that Zn metal was collected in the outer crucible.

Figure 13: Photographs of the (a) the crucible with bottom broken off after run Zn-1 and (b) metal
powder recovered from the outer crucible and rinsed to remove salt.
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Figure 14: XRD of metal powder collected from the bottom of the outer crucible after run Zn-1. Black
triangles indicate the presence of Zn metal.

4.4.Tin

A yellow vapor was observed after initially adding SnCl (5 wt.% targeted) to CaCl, that
persisted for approximately 1.5 hr. ICP-MS analysis of three salt samples indicated an average of
only 0.0062 wt.% (0.0036 mol%) SnCl.. Therefore, there was 99.9% volatilization of the SnCl>
from CaCl at 1123 K. This salt was used in electrorefining run Sn-1 using a controlled cathode
potential of -0.6 V but resulted in no current and no evidence of Sn deposition in the outer
crucible. For the Sn-2 run, enough SnCl> was added to result in a measured SnCl, concentration
of 0.16 wt.% (0.094 mol%). Table 9 gives the ICP-MS results for salt samples taken prior to
each of the five Sn electrorefining runs that were performed at small-scale.
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Table 9: Results of ICP-MS analysis of samples before Sn electrorefining runs Sn-1 through Sn-5 in

CaC|2.
Run SnCl; concentration (wt.%)
1 2 3 Average

Sn-1 0.0075 0.0057 0.0055 0.0062
Sn-2 0.157 0.173 0.163 0.164
Sn-3 0.077 0.075 0.075 0.075
Sn-4 0.059 0.050 0.051 0.053
Sn-5 0.025 0.020 0.015 0.020

CV was performed in the CaCl,-SnCl> salt mixtures using a W WE, a Mo CE, and a Ag/AgCI
RE. Figure 15 shows the plot of the cyclic voltammogram recorded in the run Sn-2 salt. A
reduction peak appeared at about -0.3 V vs. Ag/AgCI. This is in the vicinity of the standard
reduction potential for SnCl,at 1123 K (-0.3285 V) and thus assumed to indicate the presence of
SnCl; dissolved in the salt. The standard potential was calculated using the AG of formation for
SnCl; and AgCl at 1123 K. As the boiling point of SnCl; is less than 850 °C, the AG of
formation for SnCl; in the gas phase was used [7].
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Figure 15: Cyclic voltammogram of CaCl,-SnCl; (0.094 mol% SnCl.) system at 0.2 V/s and 1123 K prior
to run Sn-2 (WE: W rod, CE: Mo rod, RE: Ag in 100% AgCl).

Runs Sn-2 and Sn-3 were performed at constant current (-0.04 A). A W rod partially immersed
in Sn metal was used as the anode lead. The cathode potentials for these two runs are shown in
Figure 16. The cathode potential initially dropped to -1.6 V in Sn-2 and -1.9 V in Sn-3 and then
increased gradually over the span of both runs. These potentials are much lower than the SnCl;
reduction potential shown in Figure 15 but still higher than the reduction potential of CaCl;
(approx. -2 V vs. Ag/AgCl) [20]. However, this does not preclude the possibility of Sn-Ca alloy
forming and causing the potentials observed in Figure 16 [15].
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Figure 16: Cathode potential versus time in runs Sn-2 and Sn-3 in CaCl; at 1123 K. Both runs were held
at a constant current of -0.04 A (cathode: W rod, anode lead: W rod in Sn metal, RE: Ag wire in 100%
AgCl).

There was no appreciable cathode product collected in any of the small-scale Sn runs in CaClo.
Anode mass measurements for runs Sn-1 through Sn-5 are shown in Table 10. Cell efficiencies
were calculated based on the actual anode mass loss divided by the amount predicted based on
the total charge transferred during each run. There was a large variation in cell efficiency for the
four runs—44 to 95%. It was not possible to isolate the cathode deposit to measure its mass and
calculate a mass balance.

Table 10: Mass change for Sn metal anode for Sn electrorefining runs

Run Mode Charge Sn metal in anode (g) Anodic
© Before After loss Efficiency
(%)
Sn-1 Potentiostatic 15.6913 15.5658 0.1255
(-0.6 V)
Sn-2 Galvanostatic 504 15.5652 15.2657 0.2995 95
(-0.04 A)
Sn-3 Galvanostatic 1728 11.1353 10.6719 0.4634 44
(-0.04 A)
Sn-4 Galvanostatic 1152 10.9272 10.4558 0.4714 68
(-0.02/-0.03 A)
Sn-5 Galvanostatic >576* 10.4867 9.7877 0.699
(-0.04 A)
*estimated, potentiostat software failed to save data

The large-scale Sn electrorefining experiment (Sn-6) took place in LiCI-KCI-CaCl, with 5.1
wt.% SnCl, weighed out and added. Electrorefining was performed under controlled current
stepped from 25 to 40 A. 598.7 g of Sn metal was placed in the inner MgO crucible. After 5
hours of electrorefining 281.0 g of Sn was left in the inner MgO crucible, and 302.5 g of Sn was
recovered in one piece in the outer crucible, while the balance of Sn was held up on the stirrer.
The cathode current efficiency was estimated at 90%. Figure 17 shows a photo of the anode heel
and the cathode product.
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Figure 17: Picture of cathode ring and anode heel obtained from Sn-6.

4.5. Bismuth

The electrorefining voltage applied across the electrorefining cell during Bi-1 is shown in Figure
18. Initially 2.0 V was applied to test the cell, after which, 3.5 V was applied for ~5 hours. Back
EMF measurements were taken every 1-2 hours. A back EMF of 2 V was seen after applying 3.5
V which could be indicative of Ca co-depositing with Bi. The voltage was lowered to 2 V to
ensure that Ca was not co-depositing with Bi. A back EMF of 2 V was not seen after lowering
the electrorefining voltage to 2 V. The back EMF recorded during Bi-1 is shown in Figure 19.
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Figure 18: Electrorefining voltage versus time during run Bi-1 in LiCI-KCI-CaCl, at 683 K with 2.77
mol% BiCl; added (cathode: W ring, anode lid: W stir shaft in Bi metal).
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Figure 19: Back EMF voltage versus time during run Bi-1 in LiCI-KCI-CaCl; at 683 K with 2.77 mol%
BiCl; added (cathode: W ring, anode lid: W stir shaft in Bi metal).

The current recorded during Bi-1 is shown in Figure 20. When the voltage applied was 3-3.5 V
(~1.5-5 hours), the current fluctuated between 3 and 13 A, which is atypical of electrorefining.
After the electrorefining voltage was changed to 2 V, the current held steady at approximately 5
A for 15 hours. At that time, it was discovered that a loose connector had decreased the current
going through the electrorefining cell. Once the connector was tightened, the current increased to
approximately 7 A and held steady there for approximately 20 hours. The gap in data in Figure
20 between hour 26.4 and hour 28 was due to a computer malfunction. It was assumed in the
efficiency calculations that the current remained at 7 A during that gap. The run was terminated
after approx. 50 hours however, the laptop also stopped recording data approximately 13 hours
before the run was terminated. A current of 6.9 A was assumed for the remainder of the run as
that was the last current measurement recorded. This enabled a conservative estimate of the
coulombic efficiency to be made for the electrorefining run.
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Figure 20: Electrorefining current versus time measured during run Bi-1 in the LiCI-KCI-CaCl. eutectic
at 683 K with 2.77 mol% BiCl; added (cathode: W ring, anode lead: W rod in molten Bi).

Pictures of the Bi cathode ring and anode from run Bi-1 are shown in Figure 21. 663.5 grams of
the 800 grams of Bi initially added was recovered as the cathode ring. The recovered anode
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weighed 69.6 grams. ICP-MS results conducted on samples from the cathode ring are shown in
Table 11. SEM-EDX was also conducted on the cathode ring. The obtained spectra are shown in
Figure 21. The only significant peaks after the sample had been milled approximately 10 pm
were Bi peaks. The O peak was indecipherable after the sample had been milled, which indicated
that O was only a surface impurity introduced by the sample having contacted the crucible or
being exposed to air when the sample was transferred into the FIB-SEM. The results of ICP-MS
and EDX analysis showed that there were no major impurities in the bulk of the cathode ring. A
Ga peak did appear but that was from the milling process used.
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Figure 21: Cathode ring (top left), anode heel (top right), and EDX spectra of sample from cathode ring
(bottom) from experiment Bi-1.

Table 11: Bi concentrations measured in cathode ring recovered from run Bi-1 as measured by ICP-MS.

Sample Bi (wt.%)

#1 96.582
#2 102.371
#3 99.571

Average 99.508

5. Discussion
5.1. Cerium

While Ce is the most chemically like plutonium, the electrorefining experiment conducted
showed that Ce cannot be successfully electrorefined to form a cathode ring using common
electrorefining materials (i.e., MgO crucible, CaCl,). The lack of systemic similarity (i.e., no
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cathode ring), makes Ce an unsuitable surrogate for plutonium electrorefining. Originally, the
lack of a cathode ring was hypothesized to be due to oxidation of the Ce metal by the ceramic
crucibles. However, the melt tests demonstrated that this only leads to minimal (5-7%/day)
losses. When applying a current to the cell and stirring the anode, the Ce was transported out of
the anode into the molten salt. For the cell to operate, reduction had to occur at the cathode, but it
did not yield a coalesced Ce product. Rather, the Ce remained dispersed throughout the salt.

Based on the SEM images in Figure 6 and previous research, it is confirmed in this work that Ce
does not coalesce in molten CaCl but forms a colloid mixture with regions richer in Ce. Mishra
et al. observed this colloid mixture in their work as well, reporting that both “cerium and bismuth
do not separate from the [CaCl;] salt as they form a colloid suspension” [21]. They also observed
“a black salt layer consisting of cerium metal, gallium, cerium oxy-chloride and calcium
chloride” [22]. Their chemical analysis revealed that the black salt, also observed in this study,
contained 79 wt.% Ce. These observations agree with our work, with the exception of Bi forming
a colloid mixture. The key difference is that Mishra et al. used pure CaCl, while a eutectic salt
mixture was used in our Bi electrorefining runs.

While this work only tested one set of electrorefining conditions (potentiostatic at 3 V), previous
work by Raraz attempted both potentiostatic and galvanostatic electrorefining with similar
results [12]. Raraz reported potentiostatic electrorefining at 4.6 V and galvanostatic
electrorefining at a current density of 0.19 A/cm? (1.2 A/in?) in one test and currents from 0.9-1
A in other tests. A more recent work had similar challenges getting Ce to coalesce in molten KCI
using galvanostatic electrorefining at 4.0 A [23]. This same work saw some success using
chlorine generation in-situ to help the Ce to successfully coalesce. Thus, the conditions of
applying power to the electrorefining cell appear to have little effect on coalescence of Ce.
Rather, an additive that promotes the coalescence of Ce metal may be a more probable path for
being able to successfully electrorefine Ce in molten CaCly.

5.2. Indium

Indium can be electrorefined in CaCly, but the InCls concentration in the salt is extremely low.
While In has most of the requisite properties to be a good surrogate for plutonium
electrorefining, the boiling point of InCls is below the operating temperature of 1123 K. ICP-MS
analysis showed that the InClz added to the CaCl> did not remain in solution. 5 wt.% InCls was
targeted, but less than 0.1 wt.% remained in the melted salt. This loss of InCls in the molten salt
solution was likely enhanced by the reduction of InCls to InCl which would proceed naturally in
the presence of In metal (i.e., InCls + 2In <> 3InCI, AG°(1123 K) = -136 kJ/mol) [7]. The
boiling point of InCl (811 K) being even less than that of InCls.

Indium ions were successfully reduced from the molten salt to In metal despite its low
concentration. The recovered metal was shown to be mostly In with some Mg impurities using
SEM-EDX. The Mg impurities could be due to co-reduction of Mg impurities in the stock salt or
leached from the crucible during the InCls reduction. Significantly negative potentials were
observed (-1.9 V vs. Ag/AgCl, see Figure 8) during In electrorefining making Mg reduction (E°
~-1.63 V vs. Ag/AgCl at 1123 K [7]) a possibility. The reduction of Mg has been observed at
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~0.3 V vs. Ca%*/Ca at 1123 K in CaCl, [24]. The Ca?*/Ca equilibrium potential is estimated to be
-2.1 V vs. Ag/AgClI from Figure 7, which makes -1.9 V vs. Ag/AgCl a reasonable potential for
Mg deposition.

While In could be successfully deposited out of a CaCl, solution at the plutonium electrorefining
conditions, InClz is unable to stay in the molten CaCl; salt at a sufficient concentration to support
electrorefining at an appreciable rate. Hence, In is an unattractive surrogate in molten CacCl, for
plutonium electrorefining due to the slow mass transfer rates that would result from a very low In
ion concentration. In could potentially be used in one of the eutectic salts, but the formation of
InCl is expected to still occur limiting In electrorefining to below the boiling point of InCl (811
K).

5.3. Zinc

When using CaCl,-LiCl as the electrolyte and running at 773 K, Zn appears to be an adequate
surrogate for plutonium. Compared to In and Sn, higher concentration of the soluble salt can be
attained in this system. Zn metal was collected in the outer crucible and identified using XRD.
While Zn was recovered, there was not a coalesced product and the salt had to be rinsed off to
separate the Zn after the experiment, which will complicate experiments and the analysis of the
product.

5.4. Tin

Sn was deposited out of a SnCl,-CaCl, molten salt in trace quantities. Similar issues were
experienced as those of In where the SnCl, did not appreciably stay in solution at 1123 K.
However, Sn was successfully electrorefined at a large-scale in LiCI-KCI-CaCl; eutectic at 673
K. Thus, chemical similarity to plutonium electrorefining was sacrificed, but the electrorefining
configuration (i.e., molten metal on bottom with molten salt on top) was maintained. Despite the
short duration of electrorefining, a cathode ring was obtained with 50.5% yield and 90% current
efficiency.

SnClz (boiling point: 896 K) is less volatile than BiCls (boiling point: 720 K) and Sn can be
alloyed with Cu for further research of electrorefining with impurities in the anode. However, Sn
is lighter than Bi which can result in less stability at the anode/electrolyte interface when mixing
and slower coalescences into a ring. For example, the furnace needed to stay heated after run Sn-
6 for a couple hours so that the cathode ring could be formed. The slower coalescences may be
less of an issue in longer electrorefining runs.

A potential challenge for Sn as a surrogate is the multiple stable cations (Sn?*, Sn*"). This could
lead to a circular process of Sn?* being oxidized to Sn** at the anode, then Sn** being reduced to
Sn?*. When using Sn as a surrogate, careful control or monitoring of the cell potential is needed
to prevent this circular process from significantly impacting electrorefining efficiency.

5.5. Bismuth

While using Bi as a surrogate for plutonium electrorefining sacrifices chemical similarity, the
physical configuration of electrorefining Bi is similar to plutonium electrorefining. Bi was able
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to be oxidized from the inner molten metal anode, transported through the molten salt electrolyte
to the cathode where it was reduced and collected in the outer annulus under the molten salt. The
signal trends (i.e., current, or potential) are qualitatively the same as plutonium electrorefining. A
cathode ring was obtained with 77% yield and 83% coulombic efficiency at the cathode.

6. Conclusions

A surrogate to simulate plutonium electrorefining would reduce the cost and complexity of
studying processes occurring during electrorefining and experimenting with the electrochemical
parameters. However, no surrogate was found that is chemically similar and maintains the same
electrorefining configuration. The required boiling point, melting point, density, and
electrochemical standard potential for metal surrogates and their corresponding chloride salts for
electrorefining in molten CaCl> resulted in only three potential surrogates: Ce-CeClz, In-InCls
and Pb-PbCl». Using molten LiCI-KCI-CaCl, eutectic salt sacrificed chemically similarity but
lowered the operating temperature of the electrorefiner. This change increased the pool of
potential surrogates from three to seven with the addition of Bi-BiCls, Sn-SnCl,, Zn-ZnCl,, and
TI-TICI. Pb and Tl were eliminated from this study due to their toxicity.

All the potential surrogates tested in molten CaCl, at 1123 K were unable to be successfully
electrorefined. While Ce was identified as an ideal surrogate based on its properties, its tendency
to remain intimately mixed with CaCl, meant that no cathode ring was produced from the Ce
electrorefining experiments conducted as a part of this study. InCls could not remain in the
molten CaCl: salt to support an appreciable current. Zn showed a small amount of success in
being electrorefined at a lower temperature in LiCI-CaCl,. However, the Zn product did not
coalesce into an easily separable form and needed to be rinsed with water to separate it from the
salt. Bi and Sn were able to be successfully electrorefined using a similar configuration (i.e.,
molten salt above molten metal) to plutonium electrorefining, but a eutectic molten salt
composed of LiCI-KCI-CaCl, was used with an operating temperature of 773 K or lower. Bi and
Sn both coalesced into an easily separable product ring. While the change in salt and operating
temperature sacrifices most of the chemical similarities to plutonium electrorefining, there is still
value in identifying other elements that can simulate the molten-metal, molten-salt dynamics of
plutonium electrorefining. These surrogates can potentially be used to investigate fundamental
aspects, such as charge transfer and mass transport, of electrorefining a dense molten metal in
molten salts. In future work, impurities will be introduced to the Bi and/or Sn metal feed (i.e.,
anode) to further investigate their suitability as plutonium electrorefining surrogates and the
effect of different applied waveforms on electrorefining performance.
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