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Abstract 

Intermetallic Density Based Group 

Separation of Actinides and 

Lanthanides Using Liquid Bi to 

Decontaminate High Level Wastes 

from Pyroprocessing 

 

Sungjune Sohn 

 

School of Energy Systems Engineering 

The Graduate School 

Seoul National University 
 

The pyrochemical processing technology for recycling spent nuclear fuel (SNF) 

has been developed to recover useful resources and to reduce the toxicity and 

longevity of final radioactive wastes with the enhanced proliferation-resistance 

and accident-tolerance over aqueous reprocessing technology. However, the 

final vitrified waste stream from the used molten salt released from current 

pyroprocessing technology is still classified into high level waste (HLW) due 

to non-negligible actinide concentration and heat density. SNF and high level 

waste (HLW) from reprocessing should be eliminated to avoid long-term 

natural hazards in normal scenarios and man-made risk of abnormal scenarios. 

If the final high level wastes can be further decontaminated down to 
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intermediate level wastes, their institutional control period can be drastically 

shortened and all the long-term risk can be ameliorated. In this thesis, an 

innovative waste decontamination process has been developed to adequately 

extract actinides collectively out of the final molten salt waste stream 

discharged from conventional pyroprocessing, based on intermetallic density 

differences utilizing liquid bismuth cathode. By electrolytic reduction of both 

actinides and lanthanide groups that are remaining in the molten salt waste from 

the conventional pyroprocessing, bismuth intermetallic particles are produced 

and separated into two groups by their density differences within the liquid 

bismuth cathode. 

 The innovative density-based separation has been developed based on the fact 

that bismuth intermetallic of actinides (AnxBiy) have higher density than liquid 

bismuth that however has higher density than its intermetallic of Ln (LnxBiy). 

It has been shown both theoretically and experimentally that actinides and 

lanthanides can be deposited onto a liquid Bi cathode to readily form 

intermetallics due to their low solubility limits at 500 oC. In addition, the density 

differences is shown to provide adequate separation forces, overcoming surface 

tension effect, by externally applying acceleration. 

In order to investigate thermodynamic and kinetic characteristics of 

intermetallics, a series of cyclic voltammetry experiment have been carried out 

for the cations of U, Ce, Hf and Lu on a set of key cathode materials (solid W, 

Bi film on W and liquid Bi pool in eutectic LiCl-KCl salt at 500 oC). Ce is 

chosen as a representative material for lanthanides whereas Lu and Hf are 

employed as surrogates for actinides due to their high Bi-intermetallic densities 

relative to pure liquid Bi. Galvanostatic electrolyses have been conducted to 

reduce Ce, Lu and Hf ions in the eutectic salt so as to form their Bi-

intermetallics in liquid Bi. Upon the completion of electrolysis, the vertical 

cross sections of solidified Bi cathode were analyzed to identify intermetallics 

phase and their spatial distribution in Bi to demonstrate density-based group 
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separation behaviors of actinides and lanthanides, respectively. 

Both thermodynamic and kinetic properties have been derived from the 

experimental results that are verified and complemented with available 

literature data for the both electrochemical deposition monitoring and 1-D 

computational electrolysis modeling. The flowsheet of purification process for 

waste LiCl-KCl salts from the conventional pyroprocessing has been 

established by using experimental results and computational modeling on 

density separation of AnxBiy and LnxBiy.  

Computational modeling has been developed to design a pilot-scale 

purification process system for the innovative decontamination of high level 

waste salts from the conventional pyroprocessing into intermediate level waste 

(ILW) that can meet the waste acceptance criteria of U.S. Waste Isolation Pilot 

Plant (WIPP). Benchmarking of modeling results against the experiments in 

this thesis and literature is made to verify a validity of the models. The pilot-

scale unit process system, designated as PyroRedSox, is integrated into the 

integral innovative process designated as PyroGreen that can eliminate HLW 

and associated risks of abnormal scenarios. 
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Chapter 1 Introduction 

1.1 Background 

1.1.1 Long term uncertainties with disposal of spent nuclear fuel  

The management of Spent Nuclear Fuel (SNF) and/or High Level Waste 

(HLW) from SNF reprocessing has become major priority of all countries that 

have operated nuclear electricity generation. Regarding the accumulated and 

expected additional arising SNFs from continuing operations, then safe and 

economic means of storage, transport and final disposal must be developed 

properly and timely. But the disposal of SNF/HLW has been delayed by the 

opposition of general public in most countries due to uncertainties with the 

long-term safety and environmental impact on biosphere outside repositories.  

Since 1986, the Korean Government has devoted itself to secure a 

combined site for SNF interim storage and low- and intermediate-level waste 

(LILW) repositories. But its twenty years long quest has failed due to public 

opposition to every single site selection attempts (Park et al., 2009). In 2005, 

Gyeongju City has been successfully selected as the site for the first LILW 

repository with positive public support through resident vote, while pending 

SNF solutions including interim storage and final disposal. 

Primary causes of the failure in SNF management in ROK can be 

attributed to unresolved scientific controversy with long-term impact of 

SNF/HLW repositories in advanced countries including the U.S., Canada, U.K., 

France as well as Japan. The controversy within scientific communities lies in 

the uncertainties in the long-term scenarios associated with safety, security and 
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safeguard of the repository under both normal and abnormal events. Also the 

lack of human knowledge and behaviors in preserving the repositories casts 

fundamental doubts on the assurance for radiological safety, nuclear safeguards 

and security of future generations. It is increasing warned that the most serious 

future problems with the geologic disposal of SNF/HLW will be encountered 

by the increasing likelihood of clandestine plutonium mining and inadvertent 

human intrusion especially in countries with high population densities 

including Korea (Ju, 2018). PUREX aqueous reprocessing has been employed 

to eliminate plutonium from the waste leveling to the advantage that the 

reduction of repository footprint can marginally save the risk of human 

intrusion. However, HLW produced from existing partitioning and 

transmutation (P&T) technology is not significantly better than in natural and 

man-made impact of the direct disposal of SNF (Ju, 2018). 

Based on the magnitude of Plutonium and dirty-bomb related security 

challenges with direct disposal of SNF and reprocessed HLWs, it has been 

deduced that it is necessary to develop innovative partitioning and 

transmutation technology. An innovative partitioning technology designated as 

PyroGreen for the purpose has been advanced by improving actinide separation 

efficiency starting from the existing pyrochemical technology being tested at 

Korea Atomic Energy Research Institute and Idaho National Laboratory (Jung 

et al., 2012). The viability of eliminating SNF/HLW leaving behind only 

intermediate level wastes (ILW) can overcome the technical challenges and the 

public resistance as ILW are managed safely worldwide with long history of 

production from non-nuclear industry includes hospitals. The technology can 
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also help improve public acceptance to the waste disposal approaches in 

countries with high population densities where it can be very difficult to find a 

disposal site for SNF/HLW that can meet requirements for radiological safety 

criteria for both normal scenario involving the leaching-migration of long-

living radionuclides as well as human intrusion scenarios. 

 

1.1.2 Separation goal for decontaminating SNF into ILW 

The decontamination goal is set to meet the waste acceptance criteria 

(WAC) of demonstrated geologic repositories, U.S. Waste Isolation Pilot Plant 

(WIPP). The WIPP in New Mexico, U.S.A is a deep geological repository 

constructed in rock-salt geology for disposing of transuranic (TRU) defense 

wastes. According to international commercial waste classifications, the WIPP 

waste falls on the category of Intermediate-Level Waste (ILW). TRU wastes in 

WIPP are produced from contaminated apparatus and consumables at defense 

reprocessing plants. The WIPP has satisfied all safety criteria for migration dose 

limits and human intrusion scenarios. WIPP has been accepting waste shipment 

and disposal since 1999. The WIPP wastes meet strict acceptance criteria on 

TRU concentration and heat density such that are several orders of magnitude 

lower than those of HLW. The temperature increase within WIPP upon the 

closure of the repository is expected to be about 2.5oC which is low enough to 

remove uncertainties in long-term performance prediction. The very low 

concentration limit on alpha-emitting radioisotopes permits inadvertent waste 

drilling without violating regulatory criteria at the end of 100 years of its 

institutional control period. As the area surrounding WIPP is known to have 
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high drilling frequencies due to various valuable underground resources, the 

WIPP can serve as a model for safe geological repositories of ILW in densely-

populated countries. 

In order to decontaminate all HLW streams from SNF reprocessing and/or 

P&T cycles into a special class of ILW as follows (U.S. DOE, 1989): 

 

1. Alpha-emitting nuclide concentration,  

A. 18.4 Ci/m3 for contact-handled waste 

B. 2.58 Ci/m3 for remote-handled waste 

2. Heat density of waste package, 

A. 0.5 Watt/m3 for contact-handled waste 

B. 0.4 Watt/m3 for remote-handled waste 

 

The unique WAC for the WIPP have been shown to possess adequate 

margins to limits on environmental impact of biosphere under normal scenarios, 

inadvertent human intrusion risk and clandestine intrusion risk of plutonium 

mining after one hundred years of institutional control period. In contrast, all 

other geologic repositories of wastes for SNF and/or from reprocessing may 

require inexplicably long institutional control period to assure equivalent 

margins to all the limits stated above, in countries with high population density 

and high likelihood of underground activities over 10,000 years of risk-

persistent period.  

In order to decontaminate all HLW to the special class of ILW that can 

meet the WAC of the WIPP site, it is desirable to define the performance goals 
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for decontamination process quantitatively. To this end it is customary to define 

decontamination factor (DF) based on SNF composition as the starting point as 

follows equation 1.1. 

 

Is o to p ic  F e e d  to  P & T  S ys te m
D e c o n ta m in a tio n  fa c to r  (D F )  =  

Is o to p ic  F e e d  to  W a s te  F o rm e r
         (1.1) 

 

In order to meet the WIPP WAC, concentrations of both TRU and heat-

intensive radioisotopes, Cs/Sr group, need be reduced from those in SNF by a 

factor of about 10,000 and 5,000 respectively, however, DF goal for Cs/Sr were 

significantly higher than currently achieved performance despite TRU the DF 

goal for TRU has already been achieved on lab-scale by aqueous process. 

Therefore, the realistic and optimized DF goal is determined to increase of DF 

for TRU’s further to 20,000 and decrease DF for Cs and Sr further to 300, 

respectively with an assumption of incorporate interim dry storage period of 50 

and SNF processing period to make an entire period of 100 years from SNF 

discharge from PWR to the final waste disposal. It is shown that Iodine is the 

most significant among the soluble long-living fission products. Therefore, it is 

desirable to reduce concentration of long-living fission products including I and 

Tc as low as reasonably achievable so that DF goal for I and Tc in PyroGreen 

approach is determined to be 50 (Jung et al., 2012). 

In summary, DF goals for SNF decontamination into ILW are delineated 

in Figure 1.1. It shows that TRU concentrations and heat density of PyroGreen 

wastes reasonably meet WIPP WAC. 
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Figure 1.1 DF goals on heat generation density and activity concentration of 

alpha emitter for PyroGreen process development (Seoul National University,  

2016)  
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1.1.3 SNF partitioning technology overview 

With the introduction of the U.S. Advanced Fuel Cycle Initiative (AFCI) 

program and EU’s ACSEPT program at the turn of 21st century, there has been 

rapid development of advanced decontamination technology during the past ten 

years.  Results of these progresses have been well documented in a recent 

OECD/NEA report (OECD/NEA, 2012). More promising laboratory 

demonstration results are reported at a recent IAEA Advanced Reprocessing 

Consultancy Meeting (IAEA, 2013). 

Results of laboratory demonstrated DF and Recovery Factor (RF) 

achieved in these advanced partitioning R&D programs are summarized in 

Table 1.1 as below. It is well known that commercial reprocessing based on 

PUREX has been industrialized to have a world-wide capacity of about 5,000 

MTHM/year. The improvement of commercial reprocessing technology has 

been led by AREVA with DF for Pu up to 1,000 since 1995 (Birkett et al. 2005). 

Advanced aqueous partitioning processes have been demonstrated 

impressive progresses in decontamination capabilities, as shown in Table 1.1.  

ACSEPT program has successfully developed SANEX/GANEX process that 

have been demonstrated to yield DF for TRU greater than 1,000 with a 

maximum reported value of 14,000 (Gregson, 2014). UREX+ of AFCI led by 

ANL has shown that SNF decontamination can lead to waste cleanliness that is 

equivalent to the U.S. Class C LLW (Laidler, 2008). The highest DF has been 

reported by JAEA’s 4-Group separation method to yield DF for TRU up to 

50,000. 

In contrast to the remarkable progresses in advanced aqueous processes 
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the development of pyroprocessing has been slower and hence is not yet 

commercially available. Recently RIAR of Russia Federation has reported 

progresses in a pilot-scale operation that has been successful for both SNF 

reprocessing and the fabrication of BN-600 sodium-cooled fast reactor fuels 

using vibro-pacted MOX approach (IAEA, 2013). Achievement of KAERI’s 

pyroprocessing is characterized by DF in Table 1.1. For the recovery of fission 

products, significantly high recovery performances have been demonstrated 

using SNF at KAERI. For TRU’s lab-scale demonstrations has been made only 

by using uranium and TRU surrogate materials.
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Table 1.1 Decontamination factor of currently being developed SNF reprocessing processes worldwide (Bolded for TRU) 

Type Recovery (%), (DF) TRU Tc I Cs Sr 

Aqueous 

process 

PUREX (1995+) 
>99.9 Pu 

(>1,000) 
    

UREX 3+ 
99.997 

(30,000) 
  High High 

ACSEPT (France) 
>99.9 

(>1,000) 

>99 

(>100) 
   

ACSEPT 

(UK)-continuous 

>99.99 Pu 

(>14,000) 
    

4-Group (Japan) 
99.998 

(50,000) 

96.6 

(30) 
 

99.99 

(10,000) 

99.99 

(10,000) 

Pyroproc

ess 

KAERI-INL 

Pyroprocessing 

99.9 

(1,000) 
 

99 

(100) 

98 

(50) 

99 

(100) 
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1.1.4 Actinides group separation in conventional pyroprocess  

According to KAERI’s pyroprocessing flowsheet actinides group 

separation has been carried out in two stages by the electrowinning stage and 

the residual actinide recovery (RAR) stage which utilize liquid Cd electrode to 

co-recover actinides group from eutectic LiCl-KCl (OECD/NEA, 2012). In the 

electrowinning process, 98.3% of the TRU ions in molten salt is designed to be 

recovered into liquid Cd cathode (OECD/NEA, 2012). The RAR process has 

been developed at KAERI to further recover the actinide elements from the 

molten salt left from the previous electrowinning stage. It was reported that an 

overall DF of 1,000 for the actinides can be achieved for the final wastes by 

both the electrowinning and RAR proceeses (KAERI). In order to satisfy the 

PyroGreen DF goal for TRU (20,000) as described in Section 1.1.2, an 

additional DF of 20 is required after the KAERI’s pyroprocess. 

However, the concentration ratio of actinide and lanthanides existed in the 

final waste salt after the RAR process appear to be as low as 1/100. If an 

electrolysis is applied to the molten salt using liquid metal cathode, co-

deposition is inevitable for actinides and lanthanides despite of their standard 

potential difference of the two groups due to the actinide potential suppression 

with its concentration decrease.  

Figure 1.2 illustrates the deposition behavior simulated by REFIN code 

during the electrolysis on RAR downstream molten salt to liquid Bi cathode. 

Actinides (An) and lanthanides (Ln) are co-electrodeposited to the Bi from the 

very early stage of electrolysis which is continuously maintained to the final 

stage. This is true even though Bi is known to have better group separation 



 

 

 

11 

capability than other liquid metal such as Cd. Therefore, an innovative group 

separation process which can overcome the thermodynamic limitations should 

be developed in order to enhance DF beyond that of conventional RAR process.  



 

 

 

12 

 

Figure 1.2 (Top) Deposition behavior at the liquid Bi cathode in the early stage 

within 1 hour; (bottom) equilibrium potential of each species during the 

electrolysis for RAR downstream molten salts simulated by REFIN  
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1.2 Motivation 

Liquid metal cathodes are effectively used as an extractant in the 

pyroprocessing (Koyama et al., 1997; Argonne National Laboratory, 1994). It 

is desirable for the proliferation resistance that solubility of actinides in liquid 

metal are low enough to co-electrodeposit TRU elements as intermetallic 

particles. Equilibrium reduction potentials of various actinides on liquid metal 

electrode converge to a narrow band through the formation of intermetallics 

significantly, enhancing difficulties of pure Pu extraction, if not impossible, due 

to lowered activity of TRU at molten salt/liquid metal interface. Among liquid 

metals which can have stable liquid state at 500 oC, the operating temperature 

of typical spent nuclear fuel pyroprocessing, Bi and Cd has been normally 

considered for cathode due to their potential window. While both liquid Cd and 

liquid Bi support the co-extraction capability for the actinide group, it is 

reported that liquid bismuth is better than liquid cadmium in terms of the greater 

lanthanide to actinide separation factor (Kinoshita et al., 1999). For the 

extremely lanthanides dominant condition in molten salts just like RAR 

downstream condition, as described in Section 1.1.4, however, additional 

recovery of actinides has been infeasible only by using thermodynamic 

characteristics. 

In this thesis, the physical density characteristic is utilized to design an 

innovative process. The gravitational density of liquid Bi at 500 oC is 9.75 

g/cm3 which is larger than any other liquid metal utilized in pyroprocessing 

(Cahill and Kirshenbaum, 1963). Considering the density range of actinides 

(An) and lanthanides (Ln) group is 11.7~20.45 g/cm3 and 6.16~7.90 g/cm3, 
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respectively, Bi density lies ideally between those of intermetallic compounds 

of two groups as shown in Table 1.2. If the actinides and lanthanides ion are 

deposited to a liquid Bi cathode beyond their low solubility, the intermetallic 

compound could be formed the interior of the Bi phase. Intermetallic density of 

Bi-An is greater than Bi and that of Bi-Ln is smaller than Bi. Regarding 

temperature limit, actinides, lanthanides and Bi-Ln as well as Bi-An are 

maintained in the solid state at 500 oC. Therefore, physical density-based 

separation can be made possible if a process is devise to form intermetallics in 

Bi phase as illustrated in Figure 1.3. In contrast to Bi, Cd has the density of 7.8 

g/cm3 at 500 oC and physical separation by intermetallic particles has not been 

possible in conventional RAR process as illustrated in Figure 1.3. Therefore, 

the primary motivation of this thesis is to test the feasibility of achieving 

additional 20 of DF on the conventional RAR process, by introducing Bi-

intermetallic density based group separation. Both fundamental 

electrochemical studies and process simulation are to be employed to that the 

hypothesis and to develop practical process design, as demanded here is. 
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Table 1.2 Major properties to determine physical separation by forming actinide and lanthanide bismuthides 

(https://materials.springer.com/; https://materialsproject.org/; Kurata et al., 1995; Massalski, 1990; Zhang et al., 2015) 

 
Melting Point 

(oC) 

Decomposition  

Temperature of IMC (oC) 

Solubility in Bi  

(at.% at 500 oC) 
Density (g/cm3) 

An-Bi IMC Density 

(g/cm3) 

Th 1842 Over 1230 0.068 11.78 11.06~11.93 

U 1132 Over 1010 0.454 19.06 11.52~12.42 

Np 639 - 1.046 20.45 11.46 

Pu 639.4 Over 830 1.169 19.83 11.68~12.37 

Am 1176 -  11.7 11.79 

La 920 Over 932 0.82 6.162 7.79~10.02 

Ce 795 Over 910 0.66 6.770 8.36~9.43 

Pr 935 Over 1500 0.80 6.77 8.21~8.47 

Nd 1024 Over 1600 0.89 7.01 8.47~8.75 

Sm 1072 Over 1412 1.79 7.52 8.91~10.45 

Gd 1312 Over 2015 2.14 7.90 9.28 
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Figure 1.3 (Top) The density distribution of Bi, actinide bismuthides and lanthanide bismuthides; (bottom) the density 

distribution of Cd, actinide cadmides and lanthanide cadmides 
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1.3 Objective 

 

The major objective for this thesis is to develop an innovative group 

separation process for actinides and lanthanides contained in waste molten salt 

from final stream of spent nuclear fuel pyroprocessing to decontaminate HLW 

to far more class of ILW which is clear enough to meet WIPP WAC criteria. 

Especially an improvement manageable of DF by a factor 20 or more for the 

lanthanides dominant molten salts condition is the goal of this thesis. In order 

to overcome the limitations of the conventional pyroprocessing based on liquid 

Cd cathode has as described in Section 1.1.4, this thesis is aimed at developing 

a new process concept utilizing physical separation based on density of Bi, 

actinide bismuthides (Bi-An) and lanthanide bismuthides (Bi-Ln). In order to 

test the process concept and to apply the new process to spent nuclear fuel 

pyroprocessing, specific objectives are defined as follows:  

1) Investigation on intermetallic formation mechanism by cyclic 

voltammetry technique to observe redox behavior of ions in molten salt  

2) Intermetallic formation and separation in Bi phase by two methods, 

metal reaction and electrolysis to observe intermetallics location in Bi 

3) The concept design of pilot-process for group separation of actinides 

and lanthanides, designated as PyroRedSox, by one-dimensional time 

dependent electrochemical code, REFIN 
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Chapter 2 Literature Review 

 

2.1 Survey of for liquid metal process for pyrochemical 

group separation  

 

2.1.1 Electrolysis on liquid Cd cathode 

There have been extensive electrochemical studies using liquid cadmium 

cathode (LCC) to recover the actinide group and to separate actinides from 

lanthanides. However, lanthanides dominant molten salts conditions relevant to 

RAR wastes were not examined in depth (Koyama, et al., 1997; Uozomi et al., 

2004; Li et al., 2009a; Li et al., 2009b.). 

Kato of CRIEPI conducted electrolysis to investigate the effect of salt 

composition for AnCl3 and LnCl3 on recovery performance in LCC at 500 oC 

(Kato et al., 2006). In this study, liquid Cd was used as both anode and cathode 

depending on conditions. Actinides chloride in the molten salt, UCl3-PuCl3 was 

utilized at the total concentration of approximately 6 wt. %. For lanthanide (Ln) 

chloride, NdCl3-LaCl3-CeCl3-PrCl3 was employed with the total concentration 

ranging from 0.88 wt. % to 5.9 wt.% for 8 experimental campaigns as detailed 

described in Figure 2.1. Electrolysis was conducted by applying 47 mA/cm2 of 

constant current density and passed charge was set to produce 3.3 wt.% and 

10.3 wt. % of actinides deposition to LCC for same molten salt concentration 

of 2 respective cases. As shown in Figure 2.2, cathodic equilibrium potential of 

actinide was observed to be slightly lower than the equilibrium for actinides on 



 

 

 

19 

LCC reported in literature (Inoue, 2002). In all experimental conditions, most 

of actinides were deposited while lanthanides were not reduced into LCC as 

indicated in Figure 2.2. In multi lanthanides carried experiments, more than 20 

times larger amount of actinides rather than lanthanides were recovered in Cd. 

However, the initial molten salts condition had an actinide to lanthanide ratio 

of approximately 1. 
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Figure 2.1 (Top) Initial concentration of molten salts; (bottom) Concentration in LCC after electrolysis of each experiment 

set (Kato et al., 2006) 
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Figure 2.2 Potential transient observed during the galvanostatic electrolysis 

with 47 mA/cm2 for UCl3-PuCl3-RECl3 on LCC (Kato et al., 2006)  
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2.1.2 Electrolysis on liquid Bi cathode 

Serp et al. of ITU conducted separation tests for LiCl-KCl containing 

PuCl3 and LaCl3 at 0.85 wt. % and 0.18 wt. %, respectively, using Pu anode and 

Bi cathode to evaluate the process efficiency as a function of salt compositions 

and current densities at 460 oC (Serp et al., 2005). Prior to the test, cyclic 

voltammetry study was made for PuCl3-LaCl3 onto liquid Bi film electrode. 

Approximately 170 mV of peak potential shift to noble direction was observed 

for Pu3+ and La3+ conditioned to form their intermetallics with Bi. When a 

concentration normalized current density of 12 mA/cm2/wt. % (Pu3+) was 

applied to the electrochemical system, only Pu3+ ions are reduced into the Bi 

cathode leaving La3+ ions in the salt for two different Pu3+/La3+ concentration 

ratio in molten salt, 4.7 and 10.5 respectively. When the concentration-

normalized current densities of 26 and 35 mA/cm2/wt% were applied (Pu3+), Pu 

was co-deposited to Bi with La at both Pu3+/La3+ concentration ratio in molten 

salt, i.e., 4.4 and 10.3 respectively. From that results, current density control 

can become one of an option to separate actinides and lanthanides in molten 

salt. However, these experimental conditions are not as severe as the 

lanthanides dominant condition of the RAR waste that this thesis is focused on. 

Moreover, although low current density is favorable to increase separation 

efficiency, process throughput would be unfavorably decreased. 
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Figure 2.3 Electrolysis condition and results for Pu and La on liquid Bi cathode (Serp et al., 2005) 
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2.2 Intermetallic formation in Cd and Bi  

 

2.2.1 Cd intermetallic formation in LiCl-KCl and Cd system 

2.2.1.1 Cd-Ln intermetallics location shown in Cd  

Sakata of CRIEPI conducted chemical reaction experiments for Ln (La, 

Ce, Pr, Nd, Y) ions in LiCl and Li in Cd at LiCl-KCl/Cd system by adding Li 

reductant to Cd phase (Sakata et al., 1991). After reaching the equilibrium of 

the reaction upon Li addition, LCC was solidified and vertically cut for 

microscopic examination. For vertical cross section as shown in Figure 2.4, Cd 

metal was sampled at 13 different points and concentration of species in each 

sample was analyzed to evaluate distribution behavior of lanthanide element in 

Cd ingot. Large particles were observed to have segregated in the lower part of 

Cd and EDS results showed lanthanide of approximately 10 wt. % was 

contained the particles. Also the separated particle is shown to have LnCd11 

formula which was also identified by XRD. From this results, it is deduced that 

LnCd11 have higher density than liquid Cd and it is well agreed with distribution 

results in Cd as shown in Figure 1.4. Also although YCdx was not founded, the 

concentration results showed intermetallics of Y and Cd were not formed and 

it is agreed with the density information as illustrated in Figure 1.4. 
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Figure 2.4 (Top) sampling points on the vertically divided Cd ingot cross 

section; (bottom) the concentration of each element at the 13 sampling points 

in weight percent (Sakata et al., 1991).  
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2.2.1.2 PuCd6 intermetallics location shown in Cd  

Iizuka of CRIEPI conducted electrorefining experiments using Pu-Cd 

anode and LCC in LiCl-KCl-PuCl3 electrolyte (Iizuka et al., 2001). Upon 

applying a current density of 41 mA/cm2 for 3.3 hours (run 2), Pu was collected 

up to 7.75 wt.% into LCC subsequent SEM and EPMA results showed PuCd6 

intermetallic particles were accumulated at the bottom of the LCC as illustrated 

in Figure 2.5. It is reported that the bright rounded phase and relatively dark 

phase was analyzed to be PuCd6 and Cd, respectively, as confirmed by X-ray 

diffraction analysis. At a current density of up to 100 mA/cm2, cathode potential 

was kept nobler than -1.6 V vs. Ag/AgCl (1 wt. %) and no solid growth was 

founded at the surface of the LCC. From that results, PuCd6 could be 

precipitated and settled at the bottom the LCC which agrees with the phase and 

density information as shown in Figure 1.4 and Figure 2.6 (Massalski et al., 

1990).  
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Figure 2.5 (Top) SEM image of the bottom phase of LCC; (bottom) 

characteristic X-ray images of bright PuCd6 and dark Cd (Iizuka et al., 2001) 
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Figure 2.6 Binary phase diagram of Cd-Pu system (Massalski et al., 1990) 
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2.2.2 Bi intermetallic formation in LiCl-KCl and Bi system 

There are several studies to form Bi intermetallics of actinide or lanthanide 

by electrolysis of chloride molten salt on liquid Bi cathode (LBC) system. Bi 

intermetallic were examined by SEM-EDS, upon cooling of the system. 

 Sakamura of CRIEPI conducted electrolysis using Np-Cd anode and 

LBC to reduce Np into Bi (Sakamura et al., 2000). Np was collected up to 16.5 

wt.% and confirmed by ICP-AES. It is estimated that NpBi2 could be the Bi 

riched intermetallic formula for Np-Bi alloy by characteristic X-ray intensity 

measurement shown in Figure 2.7.  

Lichtenstein of the Pennsylvania State University conducted electrolysis 

of LiCl-KCl-SrCl2-BaCl2 on Bi cathode to separate Sr and Ba. Standard 

reduction potential on inert electrode for Li and K is more negative than those 

of Sr and Ba. Therefore, Sr and Ba cannot be electrodeposited to inert cathode 

in LiCl-KCl. But on Bi electrode the reduction tendency of Li/K group and 

Sr/Ba group cation is shown to be reversed (Lichtenstein et al., 2017). Based 

on that characteristics, the researchers observed Sr-Bi and Ba-Bi and Sr-Ba-Bi 

alloy in Bi shown in Figure 2.8 (Lichtenstein et al., 2018).  
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Figure 2.7 EPMA image of intermetallic phases estimated to NpBi2 (Sakamura 

et al., 2000) 
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Figure 2.8 SEM image of Sr-Bi, Ba-Bi and Sr-Ba-Bi alloy and experimental information of the electrolysis (Lichtenstein et 

al., 2018)
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Several studies were made to investigate intermetallic formation 

mechanism for actinides or lanthanides in liquid Bi by cyclic voltammetry. Also 

intermetallic formation experiments were carried out by potentiostatic or 

galvanostatic electrolysis and the being analyzed via X-ray diffaraction (XRD).  

Liu of the Chinese Academy of Sciences investigated electrochemical 

redox behavior of Th for W and Bi film electrode by cyclic voltammetry (CV) 

technique (Liu et al., 2014). By comparing CV results on the two electrodes, it 

was shown that the reduction peak was positively shifted by 480 mV at Bi film 

electrode. Also a significantly elevated constant potential of -1.1 V vs. Ag/AgCl 

was adequate for ThCl4 on liquid Bi electrode to form Bi-Th intermetallic at 

500 oC. As a result, Bi2Th was identified by measuring XRD pattern and SEM 

image, as shown in Figure 2.9. 

Li of Harbin Engineering University studied electrochemical behavior of 

La on tungsten and liquid Bi electrode by applying cyclic voltammetry. Square 

wave voltammetry and open circuit chronopotentiometry were also conducted 

as a function of temperature (Li et al., 2015).  

They derived various thermodynamic properties from the experiments 

including equilibrium potential, relatively partial molar Gibbs energy and 

activity. Also both galvanostatic and potentiostatic electrolysis were carried out 

to form La-Bi intermetallics. They were able to identify LaBi2, LaBi and La2Bi 

in solidified Bi cathode by XRD analysis. In addition, Li3Bi was observed as 

the results of galvanostatic electrolysis illustrated in Figure 2.10. 
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Figure 2.9 (Left) XRD pattern of potentiostatically produced Bi-Th alloy; (right) SEM image of Bi-Th alloy with 1000 

magnification (Liu et al., 2014) 
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Figure 2.10 SEM image and XRD results of galvanostatically produced Bi-La alloy (Li et al., 2015) 
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2.2.3 Uranium dissolution into liquid Bi  

Historically, Bi intermetallic studies were made for phase diagram. Teitel 

conducted uranium bismuthide formation as a part of deriving binary phase 

diagram of uranium and bismuth (Teitel, 1957). At different concentrations 

including 10, 25, 37, 47 and 75 wt. % of U were employed in the binary alloy. 

Microstructure of UBi2, UBi, U3Bi4 was observed. UBi2, the most Bi riched 

intermetallic formula, was also shown to have equiaxed shape and density of 

12.38 g/cm3 as illustrated in Figure 2.11. 

Although a number of studies have described on the Bi intermatllics 

formation with actinides, alkali-earth elements and lanthanides, there is no 

systematic study on density-based separation by identification of the location 

of intermetallics particles in the Bi 
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Figure 2.11 Micrograph of UBi2 in Bi-U alloy with U concentration of 25 wt. %; 

Dark phase and light phase are equivalent to UBi2 and pure Bi, respectively 

(Teitel, 1957) 
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2.3 Intermetallic density based separation process  

No intermetallics density based separation process has been reported for 

actinides, lanthanides and fission products in pyrochemical process. However, 

density-based separation studies were made extensively for non-nuclear metal 

elements (Shabestari and Gruzleski, 1995). U.S. Bureau of Mines studied to 

refine iron contaminated with zinc by intermetallic formation using aluminum 

(Sullivan, 1967). When Al is loaded into liquid Fe-Zn, Al reacts and forms Fe 

intermetallics, i.e., Fe2Al5. The density of Zn and Fe2Al5 is approximately 7 

g/cm3 and 4 g/cm3, respectively. Therefore, density separation was made 

possible. It was experimentally verified that Al-Fe intermetallic compound was 

formed and floated in the liquid Zn heated up to 550 oC as illustrated in Figure 

2.12. For large-scale test, filtration was evaluated for floating solid compound 

from zinc. Zinc was recovered to 95 wt.% compared with original mass while 

iron concentration was lowered from 0.32 to 0.02 wt.%. 

Based on the successful example of iron recovery in liquid aluminum, the 

density separation of Bi-intermetallic actinide is expected to be feasible. 
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Figure 2.12 Al loaded and Fe2Al5 formed Zn alloy (Sullivan, 1967)  



 

 

 

39 

Chapter 3 Rational and Approach 

 

3.1 Rationale 

 

From the literatures survey, the technology of density based separation 

process by intermetallic formation in liquid metal media has been developed 

and industrialized in non-nuclear materials field. In nuclear materials field, its 

feasibility is clearly shown by the fact that the density distribution of the Cd 

intermetallics with actinides and lanthanides has a good agreement with the 

results on intermetallics spatial distribution from experimentally produced 

LnCdx and PuCd6 intermetallic compounds in LCC. But there is no report or 

investigation on spatial distribution of AnBix and LnBix intermetallic particles 

in liquid Bi media which is the subject of this thesis.  

In addition, there are established pyrochemical process such as 

electrowinning, reductive extraction and selective oxidation. However, those 

processes would not be satisfactory in terms of group separation efficiency 

simultaneously warranting proliferation resistance for the extreme lanthanides 

to actinides ratio in molten salts. Therefore, this thesis study explores an 

original concept for group separation using liquid Bi and its intermetallics by 

the experimental investigations on the intermetallic location of actinides and 

lanthanides in Bi and the verification of process feasibility as shown in Figure 

3.1.  
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Figure 3.1 (Top) What this thesis experimentally demonstrates for Bi; (bottom) Proven phenomena for Cd reported in 

literature 
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3.2 Research Questions 

 

As mentioned in Section 1.3, the main objective of this research is to 

develop the group separation process and to verify the process feasibility to 

enhance DF utilizing the density difference of Bi, Bi-actinide and Bi-lanthanide. 

Prior to the exploration on the separation process, the mechanism of 

intermetallics formation should be identified and confirmed by electrochemical 

technique to provide a firm basis for electrochemical Bi intermetallic formation. 

Also after understanding the intermetallic formation and its thermodynamics 

and kinetic analysis in Bi must be made. Finally, the integral process will be 

explored by to applying this innovative process concept to decontaminate HLW 

salt from the spent nuclear fuel pyroprocessing. Therefore, this thesis will 

address three specific questions defined as follows: 

 

1. What is the intermetallic formation mechanism and how can it be 

verified?  

2. How can the intermetallic formation and the density based 

separation in liquid Bi be shown and verified? 

3. How can the group separation process be developed with the 

enhance DF for the decontamination of HLW salts from spent 

nuclear fuel pyroprocessing? 
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3.3 Research approaches 

 

To elucidate and to answer the research questions, the research approaches 

were developed as described in Figure 3.2. The explanation of the key chemical 

elements explored in this thesis is given in Section 3.3.1. 

First, electrochemical redox behaviors of the employed chemical elements 

were investigated by cyclic voltammetry (CV) using the inert tungsten 

electrode and the liquid Bi cathode, as well as a glassy carbon anode. By 

comparing cyclic voltammogram on inert electrode with that on Bi electrode, 

the mechanism for intermetallic formation will be examined and 

thermodynamic and kinetic properties were derived. Methodological 

verification by cyclic voltammetry could be examined by comparing results 

with published experiments for U and Ce that have been subjects of extensive 

studies. Lu and Hf were examined because they are selected as surrogates of 

actinides due to their intermetallic densities greater than that of Bi liquid. Ce is 

employed as a lanthanides element.  

Second, the intermetallic formation of the utilized elements, including Ce, 

Hf and Lu, was carried out by two methods, i.e., 1) metal powder dissolutions 

into Bi and electrolysis on molten salts and 2) electrochemical reduction into 

liquid Bi cathode (LBC) system. Experiments were carried out for each of 

surrogate lanthanides and actinides element with Bi to show the density based 

separation behavior of each group in Bi. Electrolysis experiments on density 

based separation process will be examined for its applicability to the SNF 

pyroprocessing. In order to explore Bi intermetallics formation and its spatial 
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distribution it is necessary to form Bi intermetallics by the same principle 

utilized in pyroprocessing. To verify the results on experimentally produced Bi 

alloy, surrogate metal powder was dissolved to liquid Bi and Bi alloy was 

formed under thermodynamic equilibrium condition. As metal powder 

dissolves, intermetallic formation was expected to be distributed on the 

vertically separated Bi alloy cross section. Also intermetallics formula and the 

location in Bi could be investigated by microscopic and crystallographic 

analyses. Bi alloy resulted from electrolysis could be analyzed by the same 

procedure as those for metal powder experiments. 

Third, in order to develop the integral group separation process for 

pyroprocessing, one-dimensional electrochemical model, REFIN is introduced 

to explore the time dependent electrolysis behavior in molten salts/LBC system. 

To validate the utilization of REFIN to molten salt/LBC electrolysis, the 

benchmark study was carried out to simulate published experimental data. The 

simulation results could be applied to develop the separation process flowsheet. 
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Figure 3.2 Research approaches for the thesis
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3.3.1 Surrogate Elements determination 

As all actinide elements are radioactive, it is desirably to determine their 

surrogate as detailed examination without concerning with contamination. In 

order to form intermetallics in Bi, actinides and lanthanides had better be 

utilized for the practical investigation. Ce was utilized as a representative 

element for lanthanide group by considering the fission yield as well as its 

electrochemical behavior and density data. While the utilization of actinides 

element was hard due to the lack of licensed facilities for nuclear materials 

using, Hf and Lu as surrogate materials were determined to consider their 

density, decomposition temperature of its intermetallic with Bi, solubility in Bi 

and the standard electrode potential. 

There are 17 non-radioactive metal elements in the periodic table which 

have higher gravitational density than Bi as shown in Table 3.1 and Table 3.2 

(Baboian et al., 1965; Bermejo et al., 2008; IAEA, 2010; Mamantov and 

Marassi, 2012; T.B. Massalski, 1990; Uchida et al., 1980). Those elements are 

sorted by the existence of Bi intermetallics and 9 elements are remained. In 

order to apply those elements to electrolysis on Bi cathode in the experimental 

condition, elements exist as an ion state in the molten salts. If the elements are 

nobler than Bi, spontaneous reaction between ions and Bi occurs and the LBC 

will be unstable. Also Tm has very similar density with Bi. As a result, Hf and 

Lu were finally determined as an actinides surrogate. Hf has very similar 

potential window and density data with actinides. Although Lu is more reactive 

than actinides, it is a part of lanthanides so the electrochemical behavior is very 

similar with actinides. 
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Table 3.1 Shortlist of candidate surrogate element and its properties for actinides 

Number Element Density 

(g/cm3) 

Bi IMC IMC 

density 

(g/cm3) 

Decomposition T 

of IMC (℃) 

Sol. at 

500℃ 

(at.%) 

E0 at 450 oC (V vs. Cl2/Cl-) 

42 Mo 10.28 Not exist      

43 Tc 11.5 Not exist      

44 Ru 12.45 Not exist      

45 Rh 12.41 Bi3Rh 

Bi2Rh 

10.82 

11.34 

Bi3Rh (Over 500) 

Bi2Rh (770) 

9 Rh(III)/Rh(0): -0.447  

46 Pd 12.02 Bi2Pd 

BiPd 

11.39 

11.93 

βBi2Pd (485) 

βBiPd (618) 

35 Pd(II)/Pd(0): -0.430  

69 Tm 9.32 TmBi 10.19 Over 1000 ~2 Tm(III)/Tm(II): -2.6   

Tm(II)/Tm(0): -3.4   

71 Lu 9.84 LuBi 10.50 Over 1000 0.05 Lu(III)/Lu(0): -3.2~-3.4 

(Reduction potential at CV) 

72 Hf 13.29 HfBi2 

HfBi 

12.7 

13.3 

Over 700 ~0.1 Hf(IV)/Hf(0): -2.2~-2.4 

(Reduction potential at CV) 

73 Ta 16.65 Not exist      
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Table 3.2 Shortlist of candidate surrogate element and its properties for actinides (continued) 

Number Element Density 

(g/cm3) 

Bi IMC IMC 

density 

(g/cm3) 

Decomposition T 

of IMC (℃) 

Sol. at 

500℃ 

(at.%) 

E0 at 450 oC (V vs. Cl2/Cl-) 

74 W 19.3 Not exist      

75 Re 21.02 Not exist     

76 Os 22.57 Not exist     

77 Ir 22.42 IrBi3 12.58 Over 550 ~1 Ir(III)/Ir(0): -0.379 

78 Pt 21.45 Bi2Pt 13.64 γBi2Pt (640) 10 Pt(II)/Pt(0): -0.322 

79 Au 19.32 BiAu2 15.082 371 40 Au(I)/Au(0): -0.117 

81 Tl 11.85 TlBi2 10.60 Lower than 270   

82 Pb 11.35 Not exist     
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3.3.2 Cyclic voltammetry and electrochemical properties 

Cyclic voltammetry (CV) is an experimental technique to examine redox 

behaviors. During the CV, potential scan of both negative and positive direction 

is applied to the electrolyte, then the reduction peak and oxidation peak can 

occur at negative and positive scan, respectively. If the negative potential scan 

reaches to the reduction potential, ions which exist in the diffusion boundary 

layer can react with electrons on the working electrode, then the ions are 

reduced to the electrode. Current are increased with the sufficient amount of 

ions in the boundary layer. If the potential reaches to the peak current, the 

reaction rate is dominant to the diffusion rate of the ions, therefore the current 

is decreased due to the depletion of ions in the boundary layer. 

 

3.3.2.1 Potential difference by intermetallic formation 

For the intermetallic formation verification, both inert and Bi electrode 

were utilized to obtain the redox peak potential. The redox equilibrium potential 

can be expressed by peak potential measured by CV. The peak potential can 

varies depending on the reduction reaction at the inert and Bi electrode because 

activity of reduced metal is decreased at Bi electrode due to intermetallic 

formation (Castrillejo et al., 2005a; Shirai et al., 2001; Shirai et al., 2006; 

Yamana et al, 2000; Zhang et al., 2015). 

At the inert electrode, reduced metal can form only pure element layer, not 

compound, so the equilibrium information can be obtained by the following 

equation 3.1; 
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Mn+ + ne = M (on inert electrode)                    (3.1) 

 

When the liquid Bi electrode is applied to the CV cell and the reduced 

metal can form intermetallic with Bi, the reaction can be described as follows; 

 

Mn+ + ne = M (in LBC)                             (3.2) 

  

For the reaction in equation 3.1 and 3.2, equilibrium potential can be 

expressed by Nernst equation of equation 3.3 and 3.4, as follows;  
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Here, 
/

n
M M

E   is the equilibrium potential for the reaction in equation 3.1, 

0
E  is standard electrode potential of M, R is universal constant (J/mole-K), T 

is absolute temperature (K), n is charge valence of M, F is Faraday constant, 

n
M

a   is activity of ion Mn+ in molten salt, M
a  is activity of reduced metal M, 
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/
n

M M B i
E 


 is equilibrium potential for the equation 3.2,  M B i

a  is activity of 

reduced M in the liquid Bi phase.  

When the reduced metal M is dissolved into the liquid Bi, the reaction can 

be described as equation 3.5 and thermodynamic equilibrium constant can be 

expressed as equation 3.6, as follows; 

 

xM + yBi = MxBiy                                   (3.5) 

 

   
x y

x y

x y

M B iB i B i

M B i

M B i
B i

a a
K

a


 
 

                              (3.6) 

 

where 
x y

M B i
K   is thermodynamic equilibrium constant of MxBiy 

intermetallic formation,  B i B i
a   is activity of Bi in the liquid Bi phase, 

x y
M B i

B i

a 
 

 is activity of MxBiy in the liquid Bi phase.  

If equation 3.4 and 3.6 are combined and thermodynamic equilibrium 

constant is substituted by Gibbs free energy of formation as shown in equation 

3.7, equilibrium potential for the reduction of metal, M, on the Bi electrode is 

expressed in equation 3.8. 
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          (3.8) 

 

where the 
0

x y
M B i

G  is Gibbs free energy of formation of MxBiy interm

etallic. 

Then, the reduction potential difference on inert electrode and liquid Bi 

electrode, subtracted equation 3.4 from equation 3.3, can be expressed in the 

terms of Gibbs free energy as Equation 3.6. 
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            (3.9) 

 

If the activity of MxBiy and activity coefficient of Bi in liquid Bi is 
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assumed to be close to unity, the potential difference is simplified to equation 

3.10, therefore, potential difference caused by intermetallic formation can be 

explained as a term of Gibbs free energy of formation of of MBix. 
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                          (3.10) 

 

3.3.2.2 Reversibility determination 

Electrochemical reversibility is measured for how fast the rate of electron 

transfer at the interface between the electrode and the electrolyte rather than the 

rate of mass transfer of ions which is governed by diffusion in the boundary 

layer during the electrode reaction processes (Bard et al., 1980). If the barrier 

to electron transfer is low, the Nernstian equilibrium can be established quickly 

and the peak potential of cyclic voltammetry approaches close to the 

equilibrium potential. The peak potential plot as a function of logarithm of scan 

rate is widely utilized in determining the reversibility of a redox reaction. With 

reversible reactions, peak potentials tend to be consistent with each other. Also 

application of lower potential scan rate to the working electrode is favorable to 

establish the higher reversibility. 

 

3.3.2.3 Tafel plot  

For the electrode reaction, the current density as a function of the 

overpotential is expressed in Butler-Volmer equation as given by equation 3.11.  
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          (3.11) 

 

where i  is the current density, 0
i  is the exchange current density,  is 

the charge transfer coefficient and   is the overpotential. 

By fitting the linear part of the Tafel plot over a sufficient overpotential 

region, the exchange current density 0
i , can be determined by the intercept at 

the zero overpotential condition (Yoon and Phongikaroon, 2017). The transfer 

coefficient can be determined by the Tafel slope as shown in equation 3.12. 
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                             (3.12.) 

 

3.3.2.4 Apparent standard potential 

For an reversible reaction, the peak potential p
E  , can be expressed as 

given by equation 3.13 as follows (Schiffrin, 1986); 
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      (3.13) 

 

where 0
E  is the standard reduction potential, n

M
a    is the activity of 

n
M

   ion, n
M

    is the activity coefficient of n
M

   ion and n
M

X    is the 

mole fraction of n
M

  ion.  

For an irreversible reaction, the peak potential p
E , can be expressed as 

given by equation 3.14 (Hoover, 2014) 
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           (3.14) 

 

where k  is the rate constant (cm/s). 

 

3.3.2.5 Diffusion coefficient 

The Berzins-Delahay equation as given by equation 3.15 for a reversible 

reaction can be employed to determine the diffusion coefficient (Berzins and 

Delahay, 1953). 
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0 .6 1 1
p

n F D v
i n F A C

R T
 .                            (3.15) 

 

where, A  is the working electrode area, C  is the molar concentration 

of ion, D  is the diffusion coefficient, v  is the scan rate, 

The Delahay equation as given by equation 3.16 for an irreversible 

reaction can be employed to determine the diffusion coefficient (Park et al., 

2017): 
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 .                          (3.16) 

 

3.3.3 REFIN model description 

REFIN, one-dimensional time-dependent simulation code, was developed 

as a proprietary code with full source programs maintained in FORTRAN 

language at Seoul National University to analyze electrochemical process based 

on first principle (Park, 1999). 

REFIN can calculate current densities, potential distributions for each 

element on multi-species electrochemical system with molten salt. Also it is 

simulated that surface concentration and the amount of materials which are 

dissolved or deposited as a function of time. REFIN calculate single 

electrochemical reactions on electrode by solving Butler-Volmer equation as 

represented in equation 3.17 and mass transport in diffusion layer by solving 

diffusion and electromigration as represented in equation 3.18.  
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REFIN code was verified by using experimental data collected by 

Tomczuk and co-workers at Argonne National Laboratory (Park, 1999). Also 

Seoul National University validated REFIN code for electrorefining to conduct 

benchmark study on MARK-IV experimental data (Choi et al., 2011) 

 

 
0 ,

1
e x p e x p

j jj j

j j j j

n Fn F
i i

R T R T


 

   
     

      

             (3.17) 
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where i
J  is the flux density of the i-th chemical species, i

D  is diffusion 

coefficient of the i-th chemical species, i
   is the correction of diffusion 

coefficient by the change of activity, i
C   is the concentration of the i-th 

chemical species, i
z  is the charge number of the i-th chemical species,   is 

the potential difference at electrode surface and i
v  is the fluid velocity vector 

of the i-th chemical species.  
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Chapter 4 Electrochemical Studies for U, Ce, Hf 

and Lu in LiCl-KCl using inert electrode 

 

4.1 Test matrix 

 

As explained in Chapter 3, the cyclic voltammetry (CV) technique was 

employed to investigate the redox behavior on the inert electrode and the liquid 

Bi electrode to derive thermodynamic and kinetic properties and to identify 

electrochemical intermetallics formation. Chapter 4 presents results of CV 

studies for U, Ce, Hf and Lu using tungsten as an inert electrode which can 

provide fundamental characteristics of actinides and lanthanides 

electrochemistry. Test matrix and goals of experiments is shown in Table 4.1. 

Key elements of the test matrix are identified as below. 

1) Li was investigated to measure the background effect for pure LiCl-KCl 

electrolyte. If the potential scan is applied from positive to negative direction, 

Li+ rather than K+ is preferentially reduced to Li metal on the working electrode 

because the absolute value of Gibbs free energy of formation of LiCl is smaller 

than KCl. 

2) U and Ce were investigated to verify the validation of data analysis 

method for determination of actinides and lanthanides properties by CV 

through comparison with extensively published experiments. 

3) Furthermore Ce was employed as a representative element of 

lanthanides to form intermetallics with Bi. Therefore, it is practical to generate 
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thermodynamic and kinetic properties that are needed to conduct electrolysis 

between LiCl-KCl-CeCl3 and Bi system for the formation of intermetallic 

compounds. 

4) Lu and Hf were investigated as surrogate elements for actinides in liquid 

Bi phase considering their higher density than Bi. Since there has been  

insufficient electrochemical studies for Hf and Lu a in LiCl-KCl phase, CV on 

inert electrode was first conducted in addition to Bi electrode CV in order to 

explore the redox behavior (Bermejo et al., 2008)
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Table 4.1 Test matrix its goals for cyclic voltammetry using inert working electrode based on LiCl-KCl eutectic 

Molten salts Working electrode Goals 

LiCl-KCl W wire (D=1mm) - To measure background signal 

LiCl-KCl-UCl3 W wire (D=2mm) - To derive redox behavior of U(III)/U and measure properties 

LiCl-KCl-CeCl3 W wire (D=1mm) - To derive redox behavior of Ce(III)/Ce and measure properties 

LiCl-KCl-HfCl4 W wire (D=1mm) - To derive redox behavior of Hf(IV)/Hf and measure properties 

LiCl-KCl-LuCl3 W wire (D=1mm) - To derive redox behavior of Lu(III)/Lu and measure properties 
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4.2 Experimental setup 

 

4.2.1 Apparatus setup 

Cyclic voltammetry experiments were carried out in a glove box filled of 

argon gas with 99.999% purity. The concentrations of oxygen and moisture 

inside glove box were maintained below 0.1 ppm. The schematic diagram of 

apparatus and cell configuration for high temperature electrochemical 

experiments are given as shown in Figure 4.1. The electrochemical cell made 

of quartz was placed inside furnace made of type 304 SS that was installed at 

the lower section of the glove box. The tubular quartz cell with an inner 

diameter of 15 mm, an outer diameter of 30 mm and a height of 380 mm was 

installed as the molten salts container for all electrochemical experiments. 

Temperature during the experiments was measured by dipping a Type K 

thermocouple upon calibration into a second molten salt cell closely located 

next to the CV cell. The temperature of molten salts was maintained at 500 °C 

to a stability within ± 2 °C during the entire experiments by using x-zone 

proportional-integral-derivative heater controller. Electrode potentials were 

applied and controlled by using model VersaStat3 potentiostat with VersaStudio 

software, supplied by Princeton Applied Research. The evolution of Cl2 gas was 

safely managed by using the gas scrubber. 
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Figure 4.1 Schematic diagram of electrochemical cell configuration 
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4.2.2 Electrode preparation  

The three electrodes system was applied to perform CV experiments. 

Tungsten is known to be very stable element without forming intermetallic 

compound with actinides and lanthanides as well as other elements employed 

in this thesis (Massalski, 1990). Also it is experimentally confirmed the 

tungsten reaction is absent baseline in the typical CV conducted in LiCl-KCl 

salts (Park et al., 2014). In order to investigate redox behavior on all species, 

tungsten wire (Alfa Aesar, 99.95% purity, 1 mm diameter) was employed as the 

inert working electrode and the counter electrode. Ag/AgCl reference electrode 

was produced by silver wire (Sigma Aldrich, 99.9% purity, 1mm diameter) by 

dipped into 1 wt. % of AgCl (Sigma Aldrich, 99.998% purity) in LiCl-KCl 

(Sigma Aldrich, 99.99% purity) contained in a Pyrex tube with hemispherical 

bottom (ID=3mm, OD=5mm). All metal wires were polished in three steps by 

using SiC paper with grit 300, 600 and up to 1200 followed by cleaning in 

deionized water at ultrasonic bath and thorough drying and storing in a vacuum-

pumped desiccator.  

 

4.2.3 Reagents preparation 

Anhydrous LiCl-KCl eutectic beads with purity of 99.99% supplied from 

the Sigma Aldrich were used for the preparation of molten salt electrolyte. The 

impurity elements and their concentration in the utilized LiCl-KCl is analyzed 

by ICP-MS as represented in Table 4.2.  

To produce electrolyte, LiCl-KCl beads and each metal chloride was first 

loaded into the quartz cell at room temperature in the furnace and geated 
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subsequently. UCl3, in stock of Metallurgical Engineering Department of the 

University of Utah (as supervised by Professor Michael Simpson), was utilized 

to electrochemical studies conducted in the cell. The 99.99% purity of 

anhydrous CeCl3 and LuCl3 and 99.9% purity of HfCl4 were supplied from 

Sigma Aldrich. All electrochemical experiments were conducted after reaching 

homogeneous and stable equilibrium conditions between salt and electrode by 

measuring open circuit potential stabilization. CeCl3 and HfCl4 respectively 

were dissolved well into LiCl-KCl. Also, intended values and the analysis 

results by ICP-MS for salt concentrations were well matched each other. In case 

of LuCl3, however, LuCl3 could not be dissolved into LiCl-KCl even after 24 

hours passed at 500 °C and dark precipitate could be observed as shown in 

Figure 4.2. The unsatisfactory phenomena were observed regardless of LuCl3 

concentration in LiCl-KCl in the range from 0.5 wt. % to 5 wt. %. To minimize 

this uncertainty, LiCl-KCl-LuCl3 was cooled and dark phase at the bottom was 

separated and removed. The white phase in Figure 4.2 which was identical to 

transparent phase at the 500 oC was sampled and later analyzed by ICP-MS to 

determine the concentration of LuCl3 in LiCl-KCl. 
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Table 4.2 Impurity elements and the concentrations in the LiCl-KCl eutectic 

analyzed by ICP-MS 

Element Concentration (ppm) 

Aluminum 0.1 

Barium 0.1 

Calcium 2.7 

Cerium 0.1 

Copper 0.1 

Iron 0.4 

Lanthanum 0.1 

Magnesium 0.9 

Manganese 0.8 

Sodium 27.0 

Nickel 3.2 

Lead 0.1 

Rubidium 14.0 

Zinc 0.3 
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Figure 4.2 Bottom phase shown in the solidified ingot of LiCl-KCl-LuCl3 

mixture 
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4.3 Cyclic voltammetry results and discussions 

 

4.3.1 LiCl-KCl  

Cyclic voltammetry for LiCl-KCl eutectic salt was conducted to measure 

the background characteristics. Figure 4.3 shows the CV results using the 

tungsten working electrode and tungsten counter electrode at 500 oC since 

tungsten electrode does not participate in the electrode reaction Potential was 

scanned for the range of + 0.5 V to -2.5 V (vs. 1 wt. % Ag/AgCl) considering 

the reduction potential of Bi3+ and Li+. Bi is are of the most noble elements 

utilized in this molten salt system and Li is the preferentially reduced elements 

in pure LiCl-KCl, therefore, those two elements could determine the potential 

range. Although high potential scan rate of 500 mV/s was applied to the LiCl-

KCl, there was no distinct peak within the potential range in the cyclic 

voltammogram. The range of current density is within a few mA/cm2 and that 

value is much smaller than the redox peak height of U, Hf, Lu and Ce shown in 

following subsections. From these experiments, the effect of baseline 

disturbance by the pure LiCl-KCl eutectic is expected to be negligible for the 

system in which other chlorides are added. Also the impurities noise appeared 

in this voltammogram can be considered to be reasonably small enough. 
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Figure 4.3 Cyclic voltammogram for pure LiCl-KCl on the tungsten electrode 

at 500 oC 
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4.3.2 LiCl-KCl-UCl3 

Cyclic voltammetry on the LiCl-KCl-UCl3 (0.50 wt.%, in the stock of 

University of Utah) was conducted at the University of Utah with scan rate from 

50 mV/s up to 600 mV/s at 430 oC shown in Figure 4.4.  

It is known that uranium has two stable ion states, U3+ and U4+ (Zhang,  

2014). This results agreed well with past published data (Masset et al., 2005). 

The primary reduction peak (R1) and the primary oxidation peak (O1) is 

attributed to redox couple of U4+/U3+. The second reduction peak (R2) is 

uranium monolayer deposition to the W electrode (Hoover et al., 2014). The 

second oxidation peak (O2) is considered to originate from the desorption of U 

monolayer from the W electrode surface. R3 and O3 are main redox peak for 

the reaction between U3+ ion and U metal. That peak potentials agreed well with 

previously reported experiments (Yoon and Phongikaroon, 2017). 

The results peak potential is formed to vary with the scan rate. As shown 

in Figure 4.5, the downshift of reduction peak potential is about 70 mV for the 

scan rate increase from the 50 mV/s to 600 mV/s. Therefore, U3+/U redox 

reaction can be determined to be irreversible. 

As the redox peak seems to be irreversible, exchange current density was 

explored prior to derive apparent standard potential and diffusion coefficient. 

In order to determine exchange current density, Tafel plot was examined by 

utilizing anodic side of cyclic voltammogram. Exchange current density was 

measured to be 3.72E-3 A/cm2 and it was similar with reported value, 4.3E-3 

A/cm2 (Yoon and Phongikaroon, 2017). Apparent standard potential and 

diffusion coefficient are determined to be -1.370 V (vs. 1 wt. % Ag/AgCl) and 
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0.98E-5 cm2/s, respectively. Those value has a good agreement with literature 

values, -1.348 V (vs. 1 wt. % Ag/AgCl) and 1.36E-5 cm2/s, respectively. 

(Masset et al., 2005).  
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Figure 4.4 Cyclic voltammogram for LiCl-KCl-UCl3
 (0.50 wt. %) on the 

tungsten electrode at 430 oC 
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Figure 4.5 (Top) Peak potential of anodic and cathodic side for U(III)/U(0) 

reaction as a function of logarithm of scan rate; (bottom) cathodic peak 

potential for U(III)/U(0) reaction as a function of square root of scan rate  
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4.3.3 LiCl-KCl-CeCl3 

Figure 4.6 presents cyclic voltammogram measured on LiCl-KCl-CeCl3 

(0.46 wt. %) using W electrode for scan range from 0 V to -2.4 V (vs. 1 wt. % 

Ag/AgCl) under 50, 100, 200, 300, 400 and 500 mV/s of scan rate at 430 oC. 

Considering that Li+ reduction and Cl- oxidation occurred at approximately – 

2.5 V and +1.2 V (vs. Ag/AgCl), redox peak around -2 V (vs. 1 wt. % Ag/AgCl) 

could be attributed to Ce3+. Current measured between 0 and -2.07 V (vs. 1wt. % 

Ag/AgCl) where Ce3+ reduction occurred is less than 2.5 mA. This results could 

be valid when compared with literatures (Marsden et al., 2011; Sahoo et al., 

2015; Zhang, 2014). 

As scan rate being increased, cathodic and anodic potentials at the highest 

peak current were maintained as almost same value. As illustrated in Figure 4.7, 

the peak potential difference at the highest and lowest scan rate is 12 mV so it 

could be regarded as almost constant. The peak current has a good linearity 

depending on square root of scan rate. Then Ce(III)/Ce(0) redox could be 

determined to reversible reaction. 

Exchange current density is determined to be 3.16E-3 A/cm2 by plotting 

Tafel slope in the anodic side of CV. Yoon reported 7.6E-3 A/cm2 of exchange 

current density (Yoon and Phongikaroon, 2015). Apparent standard potential 

and diffusion coefficient are derived to be -1.935 V (vs. 1 wt. % Ag/AgCl) and 

0.43E-5 cm2/s, respectively. Those value has a good agreement with literature 

values, -1.953 V (vs. 1 wt. % Ag/AgCl) and 0.48E-5 cm2/s, respectively. (Yoon 

and Phongikaroon, 2015). 
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Figure 4.6 Cyclic voltammogram for LiCl-KCl-CeCl3
 (0.46 wt. %) on the 

tungsten electrode at 430 oC 

  



 

 

 

74 

 

 

Figure 4.7 (Top) Peak potential of anodic and cathodic side for Ce(III)/Ce(0) 

reaction as a function of logarithm of scan rate; (bottom) cathodic peak 

potential for Ce(III)/Ce(0) reaction as a function of square root of scan rate . 
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4.3.4 LiCl-KCl-HfCl4 

It is well known Hf has a chemical similarity with Zr due to Hf is a part of 

group 4 in periodic table (Holmes, 2005; Ryabchikov et al., 1964; Xu et al., 

2014). Zr has been known to exhibit disproportionate reactions in LiCl-KCl 

(Fujita et al., 2005; Lee et al., 2012; Park et al., 2014; Sakamura et al., 2004). 

Multi redox behaviors between Zr4+, Zr2+, ZrCl and Zr metal are shown in cyclic 

voltammogram from high concentration of ZrCl4 in LiCl-KCl whereas the 

disproportionation could be suppressed at low concentration of ZrCl4 (Park et 

al., 2014). Also there are a few studies on CV in chloride media, however, the 

results are not shown to be matched well each other (Kuznetsov, 2016; Poinso 

et al., 1993; Stern, 2012). Therefore, cyclic voltammetry for HFCl4 was 

conducted for two concentrations, 1.2 wt. % and 2.56 wt. % as shown in Figure 

4.8 and Figure 4.9. 

The redox behavior is quite simple for 1.20 wt. % of HfCl4 as illustrated 

in Figure 4.8. Only one redox peak pair could exist at that HfCl4 concentration. 

Each reduction and oxidation peak seems to be irreversible due to large 

difference of peak potential according to scan rate change. Whereas there are at 

least two redox pairs for 2.56 wt. % of HfCl4 as represented in Figure 4.9. 

Accordingly, low concentration of HfCl4 such as 1.20 wt. % is determined to 

be an initial salt concentration of CV on Bi electrode and electrolysis described 

in Chapter 5 and 6.  

As the redox peak seems to be irreversible, exchange current density was 

explored prior to derive apparent standard potential and diffusion coefficient. 

Tafel plot was built for anodic side of cyclic voltammogram derived from LiCl-
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KCl-HfCl4 (1.20 wt. %) and exchange current density is calculated to be 1.39E-

2 A/cm2. Apparent standard potential and diffusion coefficient are derived to be 

-1.183 V (vs. 1 wt. % Ag/AgCl) and 4.03E-5 cm2/s, respectively. The diffusivity 

value is similar with published data, 2.4E-5 cm2/s (Poinso et al., 1993). In order 

to investigate the redox mechanism for various concentration range for Hf ions 

in chlorides, further experiments such as SWV, CP and CA will be required to 

determine the number of electron transferred. 
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Figure 4.8 Cyclic voltammogram for LiCl-KCl-HfCl4
 (1.20 wt. %) on the 

tungsten electrode at 500 oC 
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Figure 4.9 Cyclic voltammogram for LiCl-KCl-HfCl4(2.56 wt. %) on the 

tungsten electrode at 500 oC 
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4.3.5 LiCl-KCl-LuCl3 

Single redox pair around – 2.0 V (vs. 1 wt. % Ag/AgCl) could be attributed 

to Lu3+/Lu considering Li+ reduction and Cl- oxidation occurred at below -2.5 

V (vs. 1 wt. % Ag/AgCl) and over +1.2 V (vs. 1 wt. % Ag/AgCl) respectively 

represented in Figure 4.10. Cyclic voltammogram obtained in this thesis is in a 

good agreement with literatures which focused on the electrochemical studies 

on LuCl3 in LiCl-KCl (Bermejo et al., 2008; Jiang et al., 2016).  

To test the reversibility of that reaction, the peak potential and current 

density are plotted as a function of the logarithm of scan rate and of the square 

root of scan rate, respectively as shown in Figure 4.11. Anodic and cathodic 

peak potential difference are formed to vary from 13 mV to 24 mV as scan rate 

increases from 50 mV/s to 300 mV/s. There is one linear slope between square 

root of scan rate and cathodic peak current. Those indicate redox reaction of 

Lu3+ could be attributed to reversible behaviour controlled by charge transfer 

reactions. 

In large overpotential region, exchange current density could be derived 

to 6.60E-3 A/cm2. Also, apparent standard potential and diffusion coefficient 

was calculated to be -1.865 V (vs. 1 wt. % Ag/AgCl) and 6.35E-6 cm2/s. 

Bermejo reported diffusivity of Lu3+ is 1.09E-5 cm2/s. 
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Figure 4.10 Cyclic voltammogram for LiCl-KCl-LuCl3(0.94 wt. %) on the 

tungsten electrode at 500 oC 
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Figure 4.11. (Top) Peak potential of anodic and cathodic side for Lu(III)/Lu(0) 

reaction as a function of logarithm of scan rate; (bottom) cathodic peak 

potential for Lu(III)/Lu(0) reaction as a function of square root of scan rate . 
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4.4 Data reproducibility 

When CV experiments were carried out, multi cycle CV diagrams 

were measured to satisfy data reproducibility. Peak information which can be 

obtained from multi cycle CV were utilized to draw error band.  

Figure 4.12 indicates the peak current and potential obtained for each 

salt composition after multi cycle CV stabilization. The variation in current 

density (5 data points) in the same experiments is resulted from the change of 

scan rate. Under the lowest scan rate of each experiment, measured data (4 data 

points) is shown to agree with each other very closely within 3.08 %, 6.83 % 

and 2.31 wt. % of the peak current density for CeCl3, HfCl4 and LuCl3, 

respectively. Therefore, the conducted experiments could be determined to have 

adequate data reproducibility.  

  



 

 

 

83 

 

 

 

 

Figure 4.12 Peak current and potential obtained for each salt composition after 

multi cycle CV stabilization 
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Chapter 5 Electrochemical Studies for U, Ce, Hf 

and Lu in LiCl-KCl using Bi electrode 

 

5.1 Test matrix 

 

In Chapter 5, results of electrochemical studies for U, Ce, Hf and Lu on 

liquid Bi electrode by CV have been presented. For investigating the redox 

behavior of actinides and lanthanides on liquid Bi electrode, two kinds of 

electrodes were prepared, i.e., Bi pool electrode and Bi film electrode. As CV 

experiments were conducted on Bi pool electrode, it was necessary to obtain 

the baseline information for initial experimental conditions for electrolysis as 

well as for electrolysis monitoring, however, Li+ reduction occurred at much 

more positive potential than observed in any other cases before. Therefore, it is 

expected that the reduction peak of lanthanides may be overlapped with the Li+ 

reduction potential. As a result, the peak identification can be obscured. In order 

to prevent this difficulty, Bi film electrode was first introduced to make baseline 

peak identification. The test matrix using the Bi film electrode is shown in Table 

5.1.  
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Table 5.1 Test matrix and its objective for cyclic voltammetry using Bi working electrode based on LiCl-KCl eutectic 

Molten salts Working electrode Objective 

LiCl-KCl 
Bi pool electrode 

Bi film electrode 
- To measure background signal 

LiCl-KCl-UCl3 Bi film electrode - Methodological verification of Bi film CV  

LiCl-KCl-CeCl3 
Bi pool electrode 

Bi film electrode 

- Methodological verification of Bi film CV 

- Providing information to Bi-Ce intermetallics formation  

LiCl-KCl-HfCl4 
Bi pool electrode 

Bi film electrode 
- Providing information to Bi-Hf intermetallics formation  

LiCl-KCl-LuCl3 
Bi pool electrode 

Bi film electrode 
- Providing information to Bi-Lu intermetallics formation  
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5.2 Experimental setup 

 

Experimental apparatuses used in Chapter 5 include glove box, furnace, 

heater and potentiostat that are identical to previous description in Section 4.2. 

Also cell configuration for Bi film electrode experiments is the same as in 

Figure 4.1. However, cell configuration for Bi pool CV is different as illustrated 

in Figure 5.1. Since Bi is known to expand during solidification, J shaped tube 

made of Pyrex were utilized to liquid Bi metal container instead of cylindrical 

alumina crucible for preventing crucible broken (Castrillejo et al., 2005a; 

OECD/NEA, 2015). J tubes were made of Pyrex tube with 3mm of inner 

diameter and 1mm of thickness illustrated in Figure 5.2. The J-bend size is 

given in Figure 5.1. Then working electrode were produced to insert tungsten 

wire into Bi melts in J tube as an electric connector. 

Bi loaded J-tube electrode was prepared by a procedure as follows: 

 

1. Insert W wire (D=1mm) into J-tube  

2. Weigh the J-tube (+ W wire) 

3. Take the W wire out of the J-tube 

4. Crush Bi pieces to make smaller 

5. Load small Bi particles into the J-tube 

6. Insert W wire into the J-tube 

7. Load the J-tube (+ W wire and Bi) to furnace 

8. Lift the J-tube (+ W wire and Bi) out of the furnace after Bi is molten 

(*Control that the surface of Bi is maintained inside of the J-tube tip 
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9. Weigh the J-tube (+ W wire and Bi) and utilize it to the experiment 

 

To produce Bi film electrode, BiCl3 was loaded into the molten salt at 500 

oC after completing the measurements on W electrode and CV was conducted. 

When the potential scan is started from Bi reduction potential toward to 

negatively, Bi3+ is reduced to the tungsten and other targeted elements are 

reduced to the Bi filmed electrode.  

  



 

 

 

88 

 

 

 

Figure 5.1 Cell configuration for CV on Bi pool working electrode employed 

by J-tube 
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Figure 5.2 Geometry of J shaped Pyrex tube utilized for CV on Bi pool working 

electrode 
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5.3 Cyclic voltammetry results and discussions 

5.3.1 LiCl-KCl  

Figure 5.3 shows the CV results for LiCl-KCl on Bi pool electrode at 500 

oC. As the electrochemical potential is scanned from positive to negative 

direction, Bi reduction peak was observed at +0.15 V (vs. 1 wt. % Ag/AgCl) 

and Li reduction started at -1.1 V (vs. 1 wt. % Ag/AgCl) and continuously 

occurred. Compared with Figure 4.3, Li reduction started at much more positive 

potential region which it is attributed to the attractive reaction between the 

fluidic Bi working electrode alloyed with the reduced liquid Li (Li, et al. 2015). 

To measure the redox behavior of LiCl-KCl on the Bi film electrode for 

especially focusing on the Li reduction peak, 1 wt. % of BiCl3 was added in the 

molten salt. The top of Figure 5.4 shows the cyclic voltammogram within the 

range from 0.7 V to -0.5 V (vs. 1 wt. % Ag/AgCl). The observed single peak 

pair is occurred by the redox of Bi(III)/Bi (Sohn et al., 2016).  

The bottom of Figure 5.4 shows the cyclic voltammogram within the range 

from 0.9 V to -2.4 V (vs. 1 wt. % Ag/AgCl). If the potential sweep started from 

0.9 V (vs. 1 wt. % Ag/AgCl) to negative direction, Bi film formed on the surface 

of W electrode subsequently Li ion is expected to reduce at -1.3 V (vs. 1 wt. % 

Ag/AgCl) to form Li3Bi intermetallic near the -1.8 V (vs. 1 wt. % Ag/AgCl) 

(Sangster and Pelton, 1991; Weppner and Huggins, 1978). The Li3Bi is 

observed to be decomposed at near the -1.65 V (vs. 1wt. % Ag/AgCl). As a 

result, the peak signals in the LiCl-KCl CV on the inert W electrode, the Bi pool 

electrode and the Bi film electrode were all observed and the W cathode of 

could be utilized to identify the peaks attributed to U, Ce, Hf and Lu. 
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Figure 5.3 Cyclic voltammogram for pure LiCl-KCl on the Bi pool electrode at 

500 oC 
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Figure 5.4 (Top) Cyclic voltammogram for LiCl-KCl-BiCl3 on the tungsten 

electrode within the range from 0.9 V to -2.4 V at 500 oC; (bottom) LiCl-KCl-

BiCl3 on the tungsten electrode within 0.7 V to -0.5 V at 500 oC (Bi film 

formation) 
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5.3.2 LiCl-KCl-UCl3  

Figure 5.5 shows the cyclic voltammogram on the LiCl-KCl-UCl3 (0.496 

wt.%, the University of Utah stock)-BiCl3 (1.501 wt. %) at 430 oC. As the scan 

was made from positive to negative potential, Bi3+ is reduced to Bi metal and 

the Bi metal is filmed at the W electrode surface at around +0.2 V (vs. 1 wt. % 

Ag/AgCl). The second reduction peak (R2) and the second oxidation peak (O2) 

are attributed to redox couple of U4+/U3+ by comparison result with LiCl-KCl-

BiCl3/W CV. The third reduction peak (R3) and the third oxidation peak (O3) 

are main redox peak for U3+/U metal at Bi film electrode. The fourth reduction 

peak (R4) and the fourth oxidation peak (O4) are attributed to Li3Bi formation 

and dissolution at Bi film electrode shown in LiCl-KCl-BiCl3/W CV.  

There is not reported studies on UCl3 CV on Bi film electrode, however, 

CV experiments on Bi electrode were published for ThCl4 and PuCl3 which 

have similar electrochemical potential range with UCl3 (Liu et al., 2014; Serp 

et al., 2005). Liu investigated redox behavior on 0.83 wt. % of ThCl4 on Bi film 

electrode and the reduction peak potential was measured at -1.06 V (vs. 1 wt. % 

Ag/AgCl). Serp observed the reduction peak for 0.98 wt. % of Pu3+ on Bi film 

electrode at -1.16V (vs. 1 wt. % Ag/AgCl). Based on the measurement of 

actinides peak potential on Bi film electrode shown in literature, the peak 

potential of R3, -1.14 V (vs. 1 wt. % Ag/AgCl)., in this study is determined to 

be reasonable.  

The redox peak of R3 and O3 seems to be irreversible since the peak 

potential were not constant according to scan rate change. Exchange current 

density was explored prior to derive apparent standard potential. Exchange 
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current density was measured to be 2.57E-3 A/cm2. Apparent standard potential 

is determined to be -1.04 V (vs. 1 wt. % Ag/AgCl) and it has similar value with 

literature, -0.97 V (vs. 1 wt. % Ag/AgCl) (Shirai et al., 2006). 
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Figure 5.5 Cyclic voltammogram for LiCl-KCl-UCl3-BiCl3 on the tungsten 

electrode within the range from 0.8 V to -2.4 V 
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5.3.3 LiCl-KCl-CeCl3 

From the both Bi pool and Bi film electrode results Ce3+ reduction seems 

to occur at both Bi film and Bi pool electrode at approximately -1.3 V (vs. 1 

wt. % Ag/AgCl) as shown in Figure 5.6. From the results of Bi pool electrode 

CV, Ce reduction peak are not clearly identified. In order to get a clearer 

reaction behavior, Bi film electrode CV was carried out at various scan rates. 

Cyclic voltammetry was performed on LiCl-KCl-CeCl3 (0.45 wt. %)-

BiCl3 (1.52 wt. %) using W electrode at 100, 200, 300, 400 and 500 mV/s of 

scan rate at 430 oC as shown in Figure 5.6. Potential scan was ranged from 0.7 

V to -2.4 V (vs. 1 wt. % Ag/AgCl) to prevent Li+ reduction and Cl- oxidation. 

Four pairs of redox peak are presented in the total scan range. Considering 

redox of Bi onto W electrode and Li onto Bi coated electrode, two pairs of redox 

peak could be attributed to Ce reaction onto Bi coated electrode in the form of 

Ce-Bi intermetallic compounds. The first reduction peak (R1) and the first 

oxidation peak (O1) correspond to redox peak of Bi(III)/Bi shown in Figure 5.6 

as well. The second reduction peak (R2) can be attributed to electrochemical 

reduction of Ce ion onto Bi filmed electrode. The second oxidation peak (O2) 

was oxidation peak coupled to R2. It seems that redox reaction of Ce at R2 and 

O2 occurs in Bi rich region. Peak potentials at R2 and O2 were almost constant 

over the range of scan rates. The third reduction peak (R3), the fourth reduction 

peak (R4), the third oxidation peak (O3) and the fourth oxidation peak (O4) 

could be regarded as redox peak of Li and another redox peak of Ce onto Bi 

film electrode. Castrillejo obtained similar results with this results (Castrillejo 

et al., 2005b). However, no further information could be obtained via cyclic 
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voltammetry. 

Figure 5.7 presents the relationship between peak potential and peak 

current as a function of scan rate to determine reversibility for R2 and O2. 

Cathodic and anodic peak potential difference is 12 mV and 16 mV as scan rate 

increases from 100 mV/s to 500 mV/s. Also there is a linearity with one slope 

for square root of scan rate as a function of cathodic peak current. This results 

indicate redox reaction for peak R2 and O2 is reversible. Furthermore, those 

imply that mass transport by diffusion controls the reduction of Ce ion and 

semi-infinite diffusion model can be applied to the reaction on Bi film electrode. 

Apparent standard potential for Ce3+ on Bi film electrode by forming Bi-riched 

intermetallics was determined to be -1.156 V (vs. 1 wt. % Ag/AgCl). Exchange 

current density was measured to be 3.48E-3 A/cm2. 
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Figure 5.6 (Top) Overview of cyclic voltammogram on CeCl3 (0.45 wt. %) 

using liquid Bi pool and film electrode; (bottom) cyclic voltammogram of LiCl-

KCl-CeCl3 (0.45 wt. %)-BiCl3 (1.52 wt. %) on W electrode at 430 oC 
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Figure 5.7 (Top) Peak potential of anodic and cathodic side for Ce3+ on Bi film 

electrode as a function of logarithm of scan rate; (bottom) cathodic peak 

potential for Ce3+ on Bi film electrode as a function of square root of scan rate 
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5.3.4 LiCl-KCl-HfCl4 

The top of Figure 5.8 represents the cyclic voltammogram of LiCl-KCl-

HfCl4 (1.20 wt.%) on liquid Bi pool working electrode at 500 oC within the 

potential scan range from -0.4 V to -1.2 V (vs. 1 wt.% Ag/AgCl). Unlike to Ce, 

distinct peak was observed since Hf is nobler than lanthanides. 

The bottom of Figure 5.8 indicates cyclic voltammogram of LiCl-KCl-

HfCl4 (1.20 wt.%)-BiCl3(1.61 wt. %) on tungsten electrode at 500 oC. As the 

scan was made from positive to negative potential, Bi3+ is reduced to Bi metal 

and the Bi metal is filmed at the W electrode surface at around +0.2 V (vs. 1 

wt. % Ag/AgCl). The second reduction peak and the second oxidation peak are 

attributed to redox couple of Hf4+ on the Bi film electrode. As the redox peak 

seems to be irreversible, exchange current density was explored prior to derive 

apparent standard potential. Exchange current density was determined to be 

3.13E-2 A/cm2 and apparent standard potential was derived to be -1.047 V (vs. 

1 wt. % Ag/AgCl). 
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Figure 5.8 (Top) Cyclic voltammogram of LiCl-KCl-HfCl4 (1.20 wt.%) on 

liquid Bi pool working electrode at 500 oC; (bottom) cyclic voltammogram of 

LiCl-KCl-HfCl4 (1.20 wt.%)-BiCl3(1.61 wt. %) on tungsten electrode at 500 oC  
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5.3.5 LiCl-KCl-LuCl3 

As represented in Figure 5.9, there is not any distinct difference between 

two cyclic voltammogram of LiCl-KCl and LiCl-KCl-LuCl3 (0.3 wt. %) on 

liquid Bi pool electrode. From the results of Bi pool electrode CV, Lu3+ 

reduction peak is not clearly identified. In order to get a clearer reaction 

behavior, Bi film electrode CV was carried out at various scan rates. 

Figure 5.9 indicates cyclic voltammogram of LiCl-KCl-LuCl3 (0.45 

wt.%)-BiCl3 (0.91 wt. %) on tungsten working electrode at 500 oC with scan 

rate of 50, 100, 150, 200 and 250 mV/s. Except Bi redox peak at over 0 V (vs. 

1 wt.% Ag/AgCl), single redox pair was observed in the voltammogram. Due 

to absence of any reaction shown in the LuCl3/W CV in this scan range, the 

reduction peak at -1.405 V and the oxidation peak at -1.293 V (vs. 1 wt.% 

Ag/AgCl) is attributed to Lu3+ redox on the Bi film electrode after film 

formation at around +0.2 V.  

Figure 5.10 presents the relationship between peak potential and peak 

current as a function of scan rate to determine reversibility. For the redox pair, 

potential difference is 11 mV and 5 mV as scan rate increases from 50 mV/s to 

250 mV/s and there is a linearity with one slope for square root of scan rate as 

a function of cathodic peak current. Therefore, Lu3+ electrode reaction on Bi 

film is attributed to reversible. Apparent standard potential and exchange 

current density is determined to be -1.262 V (vs. 1 wt.% Ag/AgCl) and 2.85E-

2 A/cm2, respectively. 
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Figure 5.9 (Top) Cyclic voltammogram of LiCl-KCl-LuCl3(0.3 wt.%) on liquid 

Bi pool working electrode at 500 oC and compared with that of LiCl-KCl 

background; (bottom) cyclic voltammogram of LiCl-KCl-LuCl3(0.45 wt.%)-

BiCl3(0.91 wt. %) on tungsten working electrode at 500 oC 
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Figure 5.10 (Top) Peak potential of anodic and cathodic side for Lu3+ on Bi film 

electrode as a function of logarithm of scan rate; (bottom) cathodic peak 

potential for Lu3+ on Bi film electrode as a function of square root of scan rate 
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5.4 Data reproducibility 

By the same procedure as explained in Section 4.4, the data reliability 

was checked by plotting peak potential and current density for each experiment. 

Figure 5.11 indicates the peak current density and potential obtained for each 

salt composition after multi cycle CV stabilization. Current density variables (5 

data points) in the same experiments is resulted from the change of scan rate. 

Under the lowest scan rate of each experiment, measured data (4 data points) is 

shown to agree with each other very closely within 1.70 %, 7.20 % and 0.47 

wt. % of the peak current density for CeCl3, HfCl4 and LuCl3, respectively. 

Therefore, the conducted experiments are determined to have data 

reproducibility. 
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Figure 5.11 Peak current and potential obtained for each salt composition after 

multi cycle CV stabilization 
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Chapter 6 Intermetallic Formation and Vertical 

Distribution in Liquid Bi Cathode 

 

This chapter describes intermetallic formation results for Ce, Hf and Lu 

with liquid Bi by two methods; i.e., one is metal dissolution into Bi and the 

other is electrolytic reduction of CeCl3, HfCl4 and LuCl3 on liquid Bi cathode. 

First, metal dissolution was conducted to characterize the intermetallic 

formation in liquid Bi. After conducting the metal dissolution experiments, 

liquid Bi cell was solidified to reveal the vertical distributions. The ingot cross 

section was microscopically and crystallographically analyzed to investigate 

the stoichiometry of intermetallic phase and the vertical location of 

intermetallic particles in Bi. Second, CeCl3, HfCl4 and LuCl3 were electrolyzed 

on Bi cathode to perform Bi intermetallic density based separation as a lab-

scale high temperature molten salts electrochemical process. The same analysis 

procedure as the case of metal dissolution experiments were followed to 

investigate Bi alloy resulted from electrolytic reduction experiments. 

 

6.1 Test matrix and the results summary 

 

As explained in Section 3.3, Lu and Hf were determined as surrogate 

element of actinides by considering intermetallic densities. Ce is utilized as a 

lanthanides element. By dissolving those metal elements into liquid Bi, 

different concentrations of each element in Bi are produced to explore 
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concentration dependence of intermetallic formation and their spatial 

distribution. The summary of test matrix and the results of intermetallic 

formation and spatial distribution is given in Table 6.1. 

From Ce experiments results, Ce could be dissolved into liquid Bi at low 

concentration of below approximately 3 wt. %. Then CeBi2 intermetallic 

particles are found to locate at the top of Bi. However, CeBi2 was widely 

distributed at the whole area in Bi cross section at the high Ce concentration 

over 12 wt. %. In case of Hf and Lu, all HfBi and LuBi intermetallic particles 

are found at the bottom of the Bi.  

The vertical distribution of intermetallic particles is confirmed to come 

from the density difference, not by solidification by conducting Ce dissolution 

experiments by two different solidification methods, i.e., quenching and 

annealing, to investigate its dependence shown in Bi cross section.  

Electrodeposition experiments for CeCl3, HfCl4 and LuCl3 on LBC was 

carried out by galvanostatic and/or potentiostatic electrolysis. The results show 

equivalent intermetallics formula and spatial distribution with the results of 

metal dissolution for all utilized elements. 
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Table 6.1 Test matrix and the results of intermetallic formation and spatial distribution 

Intermetallics formation 

methods and results 

Lanthanides Actinides (surrogate) 

Ce Hf Lu 

Metal 

dissolution in Bi 

Concentration 

in Bi (wt. %, 

for quenching) 

2.15, 5.29, 12.48 2.96, 4.17, 7.66 5.62, 7.58 

Solidification 

methods 

Annealing and quenching Quenching Quenching 

Electrolysis Galvanostatic electrolysis (20 

mA/cm2) 

Potentiostatic 

electrolysis (-1.1V) 

Galvanostatic 

electrolysis (20 

mA/cm2) 

Results - CeBi2 formation in Bi 

- Intermetallics phase particle 

floated at the top of Bi 

- Long CeBi2 needle shown in 

the Bi bulk 

- HfBi formation in Bi 

- Intermetallics phase 

precipitated at the 

bottom of Bi 

- LuBi formation in Bi 

- Intermetallics phase 

precipitated at the 

bottom of Bi 
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6.2 Metal dissolution into liquid Bi 

 

6.2.1 Experimental setup and procedure 

The same glove box, furnace and electric heater represented in Section 4.2 

were used for metal dissolution experiments. A 5mm inner diameter of quartz 

cell was utilized as a Bi melts container. 

As bulk liquid media, 99.99% purity of Bi shots which has diameter range 

from 1 mm to 12 mm were procured from Sigma Aldrich. All surrogate 

elements were procured as a powder form to enhance dissolution kinetics. Ce 

powder which has -40 mesh size and 99.9% purity was supplied from Sigma 

Aldrich. Hf powder which has -60+325 mesh size and 99.6% purity was 

supplied from Alfa Aesar. Lu powder which has -40 mesh size and 99.9% purity 

was supplied from Alfa Aesar. 

The experiments were conducted in the procedure represented in Figure 

6.1. The metal powder was loaded after Bi shots loading and melting in order 

to facilitate metal dissolution phenomena simulated as similar as possible with 

electrodeposition. Prior to metal powder loading, Bi shots were loaded into the 

quartz cell and the cell was heated in furnace to the temperature of 500 oC. After 

Bi was molten, the quartz cell was lifted up within the glove box so that outside 

of furnace and Bi was solidified. Metal powder was then loaded on the surface 

of solidified Bi ingot stuck to the quartz cell at the room temperature. Then the 

cell was lowered into the furnace to be heated up and metal powder could be 

dissolved to react with Bi at 500 oC. 
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In order to give mixing effect to the liquid Bi, ultrasonic vibration was 

applied by attaching transducer on the quartz cell as described in Figure 6.2. 

Ultrasonic transducer with a which has frequency of 48 kHz and power of 50 

W was applied to vibrate the cell through the metal coupler made of Al. After 

allowing enough mixing and reaction time, ultrasonic application was turned 

off to allow the cell to settle intermetallic particles in liquid Bi.  

After sufficient settling time, produced Bi alloy was solidified at different 

cooling rates by quenching or annealing. Quenching was conducted by lifting 

up very gently the cell to the glove box room temperature to prevent 

intermetallic particles movement in liquid Bi by inertia. Cooling time for 

reaching to room temperature was estimated to within 5 to 10 minutes in the 

quenching. Annealing, on the other hand, was carried out by leaving the cell 

within the furnace by turning off the heater. It took approximately 2 hours to 

reach to cool below the melting point of Bi. 

  



 

 

 

113 

 

 

 

 

Figure 6.1 Experimental procedure for metal powder dissolution into liquid Bi  
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Figure 6.2 Apparatus for ultrasonic vibration application to the metal 

dissolution cell consisted of ultrasonic transducer and Al coupler 
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6.2.2 Bi alloy ingot analysis procedure 

In order to analyze intermetallic phase and its spatial distribution to 

validate density based separation, vertical cross section should be observed. 

After solidification of liquid Bi alloy, it was separated from quartz cell. Due to 

small size of Bi alloy ingot which has 5 mm diameter and 8~15 mm height, Bi 

alloy was mounted at room temperature by using epoxy-resin purchased from 

Buehler. Then the mounted Bi alloy could be vertically sectioned by using low 

speed diamond saw (TechCut4, Allied High Tech Products, Inc.) to cut with 

negligible deformation. The Bi alloy vertical section was manually polished 

using SiC paper in the sequence of 180, 600, 800, 1200 grits to obtain mirror-

like surface. When the cross section was polished, no lubricant was used to 

avoid uncertainty because of surrogate elements, Ce, Hf and Lu, are sensitive 

to oxidation. The polished sample was stored at Ar atmosphere glove box prior 

to the materials analysis. 

To get the intermetallics spatial distribution, observation for the whole 

range of Bi alloy vertical cross section was necessary under the by field 

emission scanning electron microscope (FESEM) with energy dispersive 

spectroscopy (EDS). FESEM-EDS analysis was conducted by using two 

apparatuses, i.e., X-MaxN (Oxford Instruments) and AZtec software combined 

with JSM-7600F (JEOL) and UltraDry EDS Detector (Thermo Scientific™) 

and NSS software combined with MERLIN Compact (ZEISS). Before loading 

to FESEM-EDS, the sample was coated with 10 nm thickness of Pt to enhance 

electron conductivity despite of metal sample by using Cressington 108auto 

(Cressington Scientific Instruments Ltd). Several microscopic images could be 
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obtained at a low magnification such as 40 times and those images could be 

connected to get the image of the whole cross section. Intermetallic phase could 

be generally seen at the composite image that the phase has different color and 

shape from the pure Bi phase. When the phase boundary was hard to be 

determined, backscattered electron (BSE) image was obtained to make clear. 

At BSE image, the heavier elements compose a certain phase, the darker section 

is shown. If intermetallic phase could be estimated by FESEM image, EDS 

analysis was conducted at the phase to get the composition and intermetallic 

formula could be predicted by the atomic ratio of Bi and the elements utilized 

in the experiments.  

X-ray diffraction (XRD) analysis was carried out to identify the 

intermetallic formula estimated from EDS. XRD was conducted by using New 

D8 Advance (Bruker) diffractometer. In order to get the sample for XRD 

analysis, the other half of vertically separated Bi alloy ingot was utilized. The 

mounted Bi ingot and the epoxy-resin was separated by low speed diamond saw 

cutting. The separated Bi alloy ingot could be easily powdered by using 

stainless-steel mortar in Ar atmosphere. Then the Bi alloy powder was prepared 

to be loaded to XRD sample stage in air. Since inside of XRD apparatus is not 

vacuumed, the powder was easily oxidized. Powder color could become 

different after 40 minutes of analysis and intermetallic phase sign disappeared 

from the XRD pattern. While the XRD analysis time carried within 10 to 15 

minutes, oxidation was not too extensively progressed and intermetallic phase 

could be observed from the XRD pattern.  
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6.2.3 Bi-Ce results 

Figure 6.3 and Figure 6.4 represents summarize the results on Ce powder 

dissolution into liquid Bi which solidified by both quenching and annealing, 

respectively. Firstly, difference between the results from quenching and 

annealing would be negligible because intermetallic spatial distribution on Bi 

cross section is alike between quenching and annealing when Bi alloy was 

produced with similar Ce concentration such as 2~3 wt. % (Ce-low), 5~6 wt. % 

(Ce-intermediate) and 12~13 wt. % (Ce-high).  

As Ce concentration increases, intermetallics occupy more broad region 

from top to the bottom phase of Bi cross section in case of both two 

solidifications. From the results of Ce-low experiments by both two 

solidification methods, intermetallics were found at very top phase Bi whereas 

the intermetallic phase layer thickness was increased in case of Ce-intermediate. 

At Ce-high experiments, almost all of Bi cross section is covered by 

intermetallics phase.  

In order to investigate detailed phase distribution on the cross section, 

backscattered image was obtained at the bottom phase of Ce-high alloy 

solidified by annealing as shown in Figure 6.5. At the BSE image, there are 

mainly three phases which could be classified by color difference. Since heavy 

element is sensitive to backscattered electron and light element is not, Bi phase 

is shown to be the brightest and gray phase which is darker than Bi on the ingot 

cross section could be attributed to CeBi2 intermetallics.  

If Ce is contained 12.77 wt.% in Bi and all Ce exists as CeBi2 except the 
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solubility, weight percent of Ce and Bi is approximately 12.17 wt. % and 36.5 

wt. % in CeBi2. Total mass possession of CeBi2 in Bi alloy is 48.67 wt.%. Then 

pure Bi bulk which contains solubility of Ce occupies approximately 51.33 wt. % 

of total mass. Considering that the density of intermetllics and Bi phase, those 

two phases could occupy approximately same volume in the solidified alloy. 

Therefore, the phenomenon that intermetallic phase was observed at bottom of 

Bi at Ce-high experiments is reasonable. 

In addition, long sharp needles were widely observed in the Bi bulk phase 

regardless of the Ce concentration. It could be explained that dissolved Ce 

which can exist under solubility in liquid Bi was precipitated when the Bi was 

solidified due to solubility decrease depending on temperature drop. Ce of 0.6 

at. % is soluble in Bi at 500 oC, on the other hand, only Ce of 0.02 at. % can be 

dissolved at 300 oC (Massalski et al., 1990; Zhang et al., 2015). Accordingly, 

that explanation could be regarded to reasonable. 
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Figure 6.3 Summary of the results on Ce powder dissolution into liquid Bi by quenching 
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Figure 6.4 Summary of the results on Ce powder dissolution into liquid Bi by annealing 
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Figure 6.5 Backscattered image obtained at the bottom phase of Ce-high alloy annealed with magnification of 50 
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Figure 6.6 represents XRD pattern resulted from pure Bi powder as a 

reference data to compare with intermetallics. There is blank region between 

27.3o and 38.1o. Figure 6.7 represents XRD pattern resulted from Ce-high alloy 

quenched and the existence of CeBi2 was identified. Otherwise XRD pattern 

from pure Bi, peaks were evolved at 28.4 o, 30.9 o and 40.5 o. That 2 theta values 

are well agreed with experimental data which reported XRD pattern of CeBi2 

(Zhou et al., 2018). 

Figure 6.8 represents SEM image and EDS color map of CeBi2 phase with 

10,000 magnification. As shown in the color map, Ce and Bi are homogeneous 

in the phase. From EDS spectrum analysis, the atomic ratio of Ce and Bi is 

shown to 1:2.078, which supports intermetallic formula derived from XRD 

results as well. 
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Figure 6.6 X-ray diffraction pattern for pure Bi powder  
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Figure 6.7 X-ray diffraction pattern for metal powder sample obtained by Bi-Ce alloy from Ce-high experiment 
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Figure 6.8 (Top) SEM image of CeBi2 phase; (bottom) its EDS color map with 

magnification of 10,000 
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6.2.4 Bi-Hf results 

Figure 6.9 represents summarized table of the results on Hf powder 

dissolution into liquid Bi which solidified by quenching. From the previous 

results from the comparison on quenching and annealing of Bi-Hf alloy, 

quenching could be regarded as enough cooling method if the quartz cell in 

which Bi is contained can be carefully lifted up. Three Hf concentrations of 

2.96 wt. % (Hf-low), 4.17 wt. % (Hf-intermediate) and 7.66 wt. % (Hf-high) 

were carried to explore Bi-Hf alloy formation.  

As Hf concentration increases, intermetallics occupy more broad region 

from bottom of phase of Bi to upward on the cross section. From the results of 

Hf-low and Hf-intermediate experiments, intermetallics were found at the very 

bottom of Bi whereas the intermetallic phase layer thickness was increased in 

case of Hf-high case. From the SEM images as shown in Figure 6.9, 

intermetallic particles location was shown to be risen at the wall side and it 

could be attributed to volume expansion of Bi while solidification.  

Ultrasonic application time for sufficient mixing and reaction was set to 

30 hours and it was shown to be appropriate through the results. Settling time 

of 15 hours is shown to be also appropriate to settle down intermetallic particles 

interior of liquid Bi. 
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Figure 6.9 Summary of the results on Hf powder dissolution into liquid Bi by quenching 
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Figure 6.10 represents XRD pattern resulted from Hf-high alloy and the 

existence of HfBi was identified. The evolved peaks which can be clearly 

distinguished with pure Bi are located at 30.2o, 31.3o, 33.4o, 34.4o, 35.0o, 35.6o 

and 38.6o and those values are well agreed with library of HfBi pattern (Haase 

et al., 2001). 

Figure 6.11 represents SEM image and EDS color map of HfBi phase with 

10,000 magnification. Hf and Bi are homogeneous as shown in the color map. 

From EDS spectrum analysis, the atomic ratio of Hf and Bi is shown to 1:1.17, 

which supports the intermetallic formula derived from XRD results as well. 
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Figure 6.10 X-ray diffraction pattern for metal powder sample obtained by Bi-Hf alloy from Hf-high experiment 
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Figure 6.11 (Top) SEM image of HfBi phase; (bottom) its EDS color map with 

magnification of 10,000 
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6.2.5 Bi-Lu results 

Figure 6.12 represents summarized table of the results on Lu powder 

dissolution into liquid Bi which solidified by annealing. Two Lu concentrations 

of 5.62 wt. % (Lu-intermediate) and 7.58 wt. % (Lu-high) were carried to 

explore Bi-Lu alloy formation.  

At Lu-intermediate experiments intermetallic phase is located in the 

bottom and not found at the top, however, the particles discontinuously place 

at the bottom. It could be attributed not only LuBi phase is slightly heavier than 

liquid Bi phase. At Lu-high experiments most of intermetallics are located in 

the bottom but void exists in the middle phase and some intermetallics exist 

next above the void. The void is estimated to be formed during the Bi shot 

melting or Bi-Lu alloy solidification.  

Figure 6.13 represents XRD pattern resulted from Lu-high alloy and the 

existence of LuBi was identified. The evolved peaks which can be clearly 

distinguished with pure Bi are located at 29.0o, 41.5o, 51.4o, 60.1o and 68.1o. 

Those values are well agreed with library of LuBi XRD pattern (Iandeli and 

Bonino, 1964). 

Figure 6.14 represents SEM image and EDS color map of LuBi phase with 

5,000 magnification. Hf and Bi are homogeneous as shown in the color map. 

From EDS spectrum analysis, the atomic ratio of Lu and Bi is shown to 1:0.93, 

which supports the intermetallic formula derived from XRD results as well. 
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Figure 6.12 Summary of the results on Lu powder dissolution into liquid Bi by quenching 
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Figure 6.13 X-ray diffraction pattern for metal powder sample obtained by Bi-Lu alloy from Lu-high experiment 

  



 

 

 

134 

 

 

 

 

Figure 6.14 (Top) SEM image of LuBi phase; (bottom) its EDS color map with 

magnification of 5,000 
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6.3 Electrolysis of Ce, Hf and Lu on liquid Bi pool 

electrode 

 

6.3.1 Experimental setup 

Glove box for Ar atmosphere maintenance, furnace and heater for high 

temperature condition and potentiostat for electrochemical experiments were 

utilized to conduct electrolysis and those are equivalent to representation in 

Section 4.2. Liquid Bi contained in J-tube was utilized as a cathode for CeCl3 

and LuCl3 electrolysis on Bi shown in Figure 5.1 while Bi pool located at the 

bottom of the molten salt in the quartz cell was utilized as a cathode for HfCl4 

as illustrated in Figure 6.15. In order to connect electricity to the Bi pool, 

tungsten wire of 1mm diameter with 3mm diameter quartz tube as an insulated 

guide from the molten salt was connected to the pool. Graphite rod (D=6mm, 

99.9995%, Alfa Aesar) and Ag/AgCl electrode were utilized as a counter 

electrode and reference electrode. Operating temperature was maintained to 

500 oC for all experiments. All reagent, LiCl-KCl, CeCl3, HfCl4, LuCl3 and Bi, 

were equivalent to previously described in this thesis.  

All produced liquid Bi alloy by electrolytic reduction were solidified by 

quenching. Solidified Bi alloy ingot was cleaned at deionized water bath to 

remove residual salt. Then Bi ingot was cold-mounted, vertically sectioned and 

polished as same manner described in Section 6.2.2. 
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Figure 6.15 Schematic diagram of cell configuration to conduct HfCl4/Bi 

electrolysis 
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6.3.2 CeCl3/Bi results 

Galvanostatic electrolysis were carried out for LiCl-KCl-CeCl3 (0.49 

wt. %) of 4.271 g on liquid Bi cathode for 39000 s to produce Bi-Ce alloy at 

500 oC. Bi of 0.795 g in the J shaped Pyrex tube was utilized as a working 

electrode. Constant current density of 20 mA/cm2 was applied. Total 24.6 C of 

charge was passed and calculated to be equivalent for 1.48 wt. % of Ce to 

electrodeposited in Bi with an assumption that all passed charge is consumed 

to reduce Ce3+. Ultrasonic vibration was applied during the electrolytic 

reduction as same manner employed at metal dissolution experiments. Settling 

time for the liquid Bi alloy was maintained for 20 hours.  

Figure 6.16 represents cathode potential transient during the electrolysis. 

Cathode equilibrium potential was rapidly dropped to below -1.1 V vs. 

Ag/AgCl (1 wt. %) within the first 50 s and slightly decreased to -1.17 V vs. 

Ag/AgCl (1 wt. %) until Ce depletion. Molten salt was sampled after 

electrolysis and the concentration of Ce3+ in the sample was analyzed to 0.01 

wt.%, therefore Ce3+ was shown to be well electrodeposited to the cathode.  

Figure 6.17 represents overview image of solidified Bi-Ce alloy produced 

by electrolytic reduction. The top of right side is the surface of liquid Bi 

electrode. In microscopic image with magnification of 500 at the top phase, 

intermetallics of equiaxed shape as shown in Figure 6.18. EDS color map shows 

those equiaxed particles contained both Bi and Ce. The atomic ratio of Ce to Bi 

is shown to be close to approximately 2 for the intermetallics particles by EDS 

analysis. Also that phase is shown to be homogeneous as represented SEM 

image and EDS color map for the interior of CeBi2 with magnification of 
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10,000 as Figure 6.19.  

On the other hand, the middle and bottom phase as well as the other half 

of Bi, left side, have not equiaxed shape intermetallic particles but only long 

needles. Considering CeBi2 has lower density than Bi, it is appropriate that the 

long needle was considered to be formed during the solidification.  

The microscopic and crytallograpic results have a good agreement with 

the results of Ce metal powder dissolution in Bi. In addition, it is experimentally 

verified that Ce, as a surrogate of lanthanides, can form intermetallics in Bi and 

the CeBi2 intermetallic particles floats at the liquid Bi media.  
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Figure 6.16 Cathode potential transient during the galvanostatic electrolysis for 

CeCl3 on liquid Bi cathode at 500 oC (Current density = 20 mA/cm2) 
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Figure 6.17 Overview of cross section for experimentally produced Bi-Ce alloy 

by galvanostatic electrolytic reduction with magnification of 40 
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Figure 6.18 (Top) SEM image of the top phase in Bi-Ce alloy produced by 

electrolytic reduction; (bottom) its EDS color map with magnification of 500 
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Figure 6.19 (Top) SEM image of CeBi2 intermetallics; (bottom) its EDS color 

map with magnification of 10,000 
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6.3.3 HfCl4/Bi results 

Potentiostatic electrolysis were carried out to produce Bi-Hf alloy at 500 

oC. In order to maintain HfCl4 concentration below 1.20 wt.% in which the 

initial condition was derived to prevent multi redox reaction which can be 

possible of HfCl4 in LiCl-KCl, four cases of HfCl4 concentration of 1.19 wt. %, 

1.12 wt. %, 0.89 wt. % and 0.87 wt. % were employed. The loaded amount of 

HfCl4 is 0.088 g, 0.081 g, 0.064 g and 0.062 g, respectively. After each 

electrolytic reduction, HfCl4 was directly loaded to high temperature molten 

salt. Bi of 4.61 g contained in the bottom of molten salt in the quartz cell was 

utilized as a working electrode. Constant cathodic potential of -1.1 V vs. 

Ag/AgCl (1 wt. %) reference electrode was applied. Total 332 C of charge was 

passed and calculated to be equivalent for 3.22 wt. % of Hf to electrodeposited 

in Bi with an assumption that all passed charge is consumed to reduce Hf4+. 

Ultrasonic vibration was applied during the electrolytic reduction as same 

manner employed at metal dissolution experiments. Settling time for the liquid 

Bi alloy was maintained for 20 hours. 

Figure 6.20 represents overview of vertical cross section of Bi-Hf alloy 

produced by electrolytic reduction. The top phase is equivalent to the LBC 

surface. Almost all of intermetallics was shown to locate at the bottom of Bi. 

The boundary layer seems to be clarified between Bi bulk and Bi-Hf 

intermetallic riched phase as shown in Figure 6.21. Hf was not found from the 

stoichiometric analysis by EDS for the Bi bulk region. Regarding that the 

detection limit of on the EDS apparatus is within the range of 1 at. %, Hf can 

be attributed to exist as much as its solubility in Bi. 
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In microscopic image with magnification of 500 at the bottom phase, 

intermetallics of equiaxed shape as shown in Figure 6.22. EDS color map shows 

those equiaxed particles contained both Bi and Hf. The atomic ratio of Hf to Bi 

is close to 1 for the intermetallics particles by EDS analysis. Also that phase is 

shown to be homogeneous as represented SEM image and EDS color map with 

magnification of 10,000 for the single particle of HfBi located at the center of 

the image as Figure 6.23. The black phase shown in the EDS color map is 

resulted from uneven surface of specimen in the analyzed area, especially in 

case of magnification of 10,000. 

The microscopic and crytallograpic results have a good agreement with 

the results of Hf metal powder dissolution in Bi. In addition, it is experimentally 

verified that Hf, as a surrogate of actinides, can form intermetallics in Bi and 

the HfBi intermetallic particles are precipitated at the liquid Bi media.  
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Figure 6.20 Overview of cross section for experimentally produced Bi-Hf alloy by potentiostatic electrolytic reduction with 

magnification of 40 
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Figure 6.21 (Top) SEM image of the boundary layer between Bi bulk and Bi-

Hf intermetallic riched phase; (bottom) its EDS color map with magnification 

of 100 
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Figure 6.22 (Top) SEM image of the bottom phase in Bi-Hf alloy produced by 

electrolytic reduction; (bottom) its EDS color map with magnification of 500 
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Figure 6.23 (Top) SEM image of HfBi intermetallics; (bottom) its EDS color 

map with magnification of 10,000  
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6.3.4 LuCl3/Bi results 

Galvanostatic electrolytic reduction was conducted for LiCl-KCl-LuCl3 

(2.54 wt. %) of 21.16 g on liquid Bi cathode to produce Bi-Ce alloy at 500 oC. 

Bi of 0.576 g in the J shaped Pyrex tube was employed as a working electrode. 

Ultrasonic vibration was not applied for the LuCl3/Bi electrolysis. Constant 

current density of 20 mA/cm2 was applied. Total 181.3 C of charge was passed 

and calculated to be equivalent for 15.99 wt. % of Lu to electrodeposited in Bi 

with an assumption that all passed charge is consumed to reduce Lu3+.  

By the ICP-MS analysis results, analyzed concentration for sampled salt 

after electrolysis was 0.943 wt. % while Lu3+ concentration in the molten salts 

after electrolysis is calculated to be 1.064 wt. %. Although there is 

overestimation on the salt analysis results probably due to materials account 

error during ICP-MS, it seems that almost all of passed charge was consumed 

to reduce Lu3+ to Lu metal. 

Figure 6.24 represents optical image of solidified Bi ingot prior to be 

unloaded from glove box and vertical cross section. Red circle in each image is 

cathode surface. At the left side image of Figure 6.24, black deposited metal is 

shown and that is equivalent to the Lu powder region as represented in the right 

side image. When the cold-mounted Bi ingot was sectioned and dried, some 

amount of black powder was separated from the vertical cross section and the 

other remained at the sample.  

Figure 6.25 represents SEM image and EDS color map for the Lu powder 

region. Bi seems to rarely exist in that region whereas Lu is dominantly covered 

for all region at EDS color map. The composition of Bi was analyzed to be at 
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least 13 times lower than that of Lu by the EDS results. On the other hand, Bi-

Lu intermetallics was analyzed to exist at the another black phase located at 

lower part than the Lu powder region shown in the right side image of Figure 

6.24.  

In microscopic image with magnification of 1,000 at the bottom phase, 

intermetallics in rounded shape as shown in Figure 6.26. EDS color map shows 

those particles contained both Bi and Lu. The atomic ratio of Lu to Bi is shown 

to be close to approximately 1 for the intermetallics particles by EDS analysis. 

At the Bi riched area, the composition of Lu is shown to less than 0.1 at. %. 

Also that phase is shown to be homogeneous as represented SEM image and 

EDS color map with magnification of 5,000 for the interior of single LuBi 

particle as represented in Figure 6.27.  

From the microscopic and crytallograpic analyses results of Bi-Lu alloy, 

it is shown that LuBi can be precipitated due to its density, 10.50 g/cm3, higher 

that the density of Bi, 9.75 g/cm3. However, most of Lu exist in the top phase 

of Bi. The electrodeposited Lu is estimated to be stuck in the surface of Bi 

cathode with undissolved state. That can be explained by two reasons, i.e., the 

density of Lu metal and mixing effect.  

First, the density of Lu metal at the room temperature is 9.84 g/cm3, 

however, that at 500 oC is calculated to be 9.57 g/cm3 considering thermal 

volume expansion (Cverna, 2002). Accordingly, Lu metal floated in the liquid 

Bi phase at 500 oC, then the vertical location was maintained due to rapid 

temperature drop during quenching.  

Second, dissolution kinetics would be lowered due to the absence of 
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ultrasonic vibration. Therefore, electrodeposition kinetics would be dominant 

and Lu metal was grown up at the Bi surface.  
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Figure 6.24 (Left) Optical image of solidified Bi ingot prior to be unloaded from glove box; (right) vertical cross section of 

experimentally produced Bi-Lu alloy 
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Figure 6.25 (Top) SEM image of the Lu powder region at the top phase of the 

Bi; (bottom) its EDS color map with magnification of 500 
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Figure 6.26 (Top) the bottom phase in Bi-Hf alloy produced by electrolytic 

reduction; (bottom) its EDS color map with magnification of 1,000 
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Figure 6.27 (Top) SEM image of the interior of LuBi intermetallics; (bottom) 

its EDS color map with magnification of 5,000  
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6.4 Discussions 

6.4.1 Temperature history during solidification by quenching and 

annealing 

Temperature was measured interior of Bi melts at very bottom and 

vertically 1cm far from the bottom during annealing and quenching by using 

K-type thermocouple in order to assess the effect of solidification on the 

vertical distribution of intermetallic particles as shown in Figure 6.28.  

For the quenching case, there is not huge difference between the two points. 

After 80 seconds passed, the temperature gap started to occur. The temperature 

decrease depending on time at the point vertically 1cm far from the bottom 

takes 15 seconds delayed curve of that at the bottom. In other words, liquid Bi 

was solidified firstly at the top then solidified at the bottom 15 seconds later. 

Moreover, the temperature gap between two points is 10 oC when the bottom 

phase gets solidified. 

For the annealing, Bi was supercooled at the bottom for 5 minutes after 88 

minutes passed. Then the temperature was increased to the melting point of Bi, 

272 oC, and the temperature was maintained for 5 minutes. That period is 

equivalent to solidification of liquid Bi. After solidification done, the 

temperature started to decrease. On the other hand, for the point vertically 1cm 

far from the bottom, supercooled period was not observed due to that point is 

very top phase of liquid Bi.  

Temperature history shown during quenching can be considered to be 

negligible to the vertical distribution. However, annealing may seem important 

factor to determine the intermetallic distribution in Bi while solidification due 
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to the different temperature gradient at the two mentioned points. Nevertheless, 

due to low solubility of actinides and lanthanides in liquid Bi, annealing would 

not have an effect on the distributions. As described in Section 6.2.3, it is shown 

that the similar intermetallic distributions were observed for quenching and 

annealing. 
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Figure 6.28 Temperature history during solidification (top) by quenching; 

(bottom) by annealing  
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6.4.2 Mixing effect on the liquid Bi phase 

In order to investigate mixing effect on the vertical distribution of 

intermetallic particles in Bi, Bi-Hf alloy formation was conducted by metal 

dissolution with and without ultrasonic vibration. It took 48 hours for 

dissolution reaction of both two cases. For floating elements in Bi, mixing 

effect might not be clearly observed, therefore, Hf was determined to show 

mixing effect. The application of vibration using ultrasonic was conducted as a 

same manner described in Section 6.2.1. 

The comparison results between two Bi-Hf alloys which have similar 

composition, i.e., 2.14 and 1.82 wt. % of Hf produced by with and without 

mixing, respectively, are represented in Figure 6.29. When Hf powder was 

loaded at the surface of Bi melts without mixing, some of Hf are dissolved and 

precipitated as an intermetallic phase, however, other of Hf are located at the 

top phase of Bi. Hf is clearly observed in top phase of Bi as an EDS color map 

results. The concentration ratio of Hf to Bi has range between 0.5 to 2.5 which 

shows inconsistency. HfBi intermetallics are shown to exist, however, Hf 

dissolution was not completely progressed. The flotage of Hf can be attributed 

that Hf powder could not overcome its surface tension. Whereas, with the 

application of an ultrasonic mixing effect, all of Hf powder are dissolved to the 

inside of the Bi and precipitated by IMC. As the results, mixing effect is 

important for both precipitating of actinides and dissolution kinetics. 
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Figure 6.29 Comparison on vertical intermetallics distribution depending on 

mixing effect by ultrasonic vibration shown in SEM image; (top) SEM image 

of cross section for 1.82 wt. % of Hf in Bi produced without mixing and Hf 

existence in the top phase of Bi; (bottom) SEM image of cross section for 2.14 

wt. % of Hf in Bi produced with mixing 
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6.4.3 The evidence for metal powder dissolution in liquid Bi 

As a results of electrolytic reduction for CeCl3 on liquid Bi electrode, Ce 

was electrodeposited and dissolved at Bi surface. If deposited Ce exceeded its 

solubility in the Bi, intermetallic particles formed and floated in the melts and 

the Bi bulk contains Ce of which amount is determined by its solubility. If the 

Ce was not dissolved enough in the whole Bi, CeBi2 could not located at the 

bottom of Bi due to its lower density than liquid Bi. When two results of cross 

section for Bi-Ce alloy produced by electrolysis and dissolution, the evidence 

would be more clear since the intermetallic distribution behavior looks very 

similar for both alloys represented in Ce-low of Figure 6.3 and Figure 6.17. For 

metal dissolution, however, mixing on the liquid Bi should be carried out to 

enhance the reaction kinetics as shown in Figure 6.24 and Figure 6.29. 

 

6.4.4 Settling time of intermetallic particles 

Acquired particle size and shape of several type of intermetallic particles 

is reviewed to get reliability of settling time conducted in this thesis. Terminal 

velocity can be calculated by using obtained particle size and shape. Three-

dimensional time dependent particle tracking modeling was carried out to solve 

Stokes’ law with application of particle size distribution by discrete phase 

model in FLUENT. Density of LuBi and HfBi is set to 10.5 g/cm3 and 12.6 

g/cm3, respectively.  

Figure 6.30 represents the results of diameter measurement for 

intermetallic particle. Particles have diameter range within approximately 100 

μm. Particle shape is shown to be equiaxed and/or rounded. In order to simplify 
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those results application to CFD model, particle shape assumed to be sphere. 

Particle size range is conservatively assumed to be 1 to 32 μm since smaller 

particle has lower terminal velocity. Rosin-Rammler distribution based on 

Weibull model was applied for particle size distribution. From the FLUENT 

results shown in Figure 6.31, terminal velocity of HfBi and LuBi was 

determined to 1.53E-6 m/s and 3.99E-7 m/s, respectively. If particles migration 

of 1 cm is assumed, settling time which the experiments in this thesis carried 

out, 20 hours, is shown to be enough to reasonable.
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Figure 6.30 Diameter range determination for (top) CeBi2; (middle) HfBi; 

(bottom) LuBi shown in BSE images  
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Figure 6.31 Terminal velocity determination for LuBi and HfBi by the results of FLUENT modeling to solve Stokes law 
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6.4.5 Formation of ternary intermetallics Bi, actinides and 

lanthanides 

Ternary intermetallic compounds for Th-Ln-Bi system (Ln=La and Nd) 

was estimated by mutual solubility measurement for Th and Ln in Bi, however, 

the material information is not clearly identified such as crystal structure and 

XRD patterns (Smith, 1972). Also there is no ternary intermetallics phase found 

in Bi-Th-U system. For Bi-U-Zr system, mutual solubility was measured, 

however, no ternary intermetallics are found in phase diagram (Villars, 1995). 

Crystal structure of ternary intermetallics for Ce-Ni-Bi and Bi-Mn-La 

system was investigated(Jung et al., 2002; Zelinska and Mar, 2008). As shown 

in Table 6.2, although crystal structure for two kinds of binary intermetallics 

such as MxBiy and NxBiy are different, ternary MxNyBiz formation is shown to 

be possible. Therefore, the binary phase diagram between actninides and 

lanthanides is reviewed to predict the possibility of ternary intermetallics of Bi-

An-Ln.  

 Actinides and lanthanides cannot form intermetallics each other 

shown in binary An-Ln, An-An and An-Ln phase diagram for Th, U, Np, Pu 

and Am as actinides and La, Ce, Pr, Nd and Gd as lanthanides (Massalski et al., 

1990). Also no published data such as crystal structure and phase diagram is 

available for Bi-An-Ln ternary intermetallics (Villars, 1995). In addition, Cd-

An-Ln ternary intermetallics has not been observed. As a result, ternary 

intermetallics formation can be considered to be difficult (Villars, 1995). 
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Table 6.2 Crystal structure of binary and ternary intermatllics of Ce, Ni and Bi and La, Mn and Bi 

IMC Pearson Symbol Bravais Lattice Space group Prototype 

CeBi cF8 Cubic, all face centered 225 NaCl 

CeBi2 aP27 Triclinic, primitive 1 or 2 Distorted anti-La2Sb 

NiBi mS66 Monoclinic, side centered 12 NiBi 

NiBi3 oP16 Orthorhombic, primitive 62 NiBi3 

CeNiBi2 tP8 Tetragonal, primitive 129 CuHfSi2 

LaBi cF8 Cubic, all face centered 225 NaCl 

LaBi2 aP27(?) Triclinic, primitive 1 or 2 Distorted anti-La2Sb 

MnBi hP4 Hexagonal, primitive 194 NiAs 

La3MnBi5 hP18 Hexagonal, primitive 193 CuHfSn3 
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Chapter 7 PyroRedSox Process Design for Spent 

Nuclear Fuel Pyroprocessing  

 

Since Bi intermetallics density based group separation is experimentally 

confirmed by using Ce as lanthanides and Lu and Hf as actinides represented 

in chapter 6, this chapter describes the development and process suggestion for 

group separation process of actinides and lanthanides from dirty molten salt 

from spent nuclear fuel pyroprocessing. REFIN model was employed to 

investigate electrodeposition behavior on LBC. Prior to use the model, 

benchmark studies were carried out to validate the utilization of REFIN. Then 

electrolysis was investigated to find out the multi-species deposition behavior. 

The integral process group separation process after RAR process from 

pyroprocessing, designated as PyroRedSox, was developed and mass balance 

for the process is optimized for which carries lanthanides dominant molten salt 

and liquid Bi. 

 

7.1 Molten salt-liquid bismuth system benchmark  

 

In order to utilize REFIN model to simulate liquid metal electrode, two 

assumptions were considered as follows. 

First, sacrificial anode is assumed to define anodic reaction. The practical 

electrowinning on liquid metal cathode utilized in pyroprocessing carries 

chlorine evolution as an anodic reaction and electrodeposition of actinides and 
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lanthanides as cathodic reaction. Due to the limitation on the chlorine evolution, 

sacrificial anode which cannot effect on the electrolysis system such as K is 

regarded to simulate anodic reaction. 

Second, in order to make a difference from solid electrode, diffusion 

boundary layer at liquid metal electrode side is considered to exist. Potential 

gradients in liquid metal phase can be assumed to zero, therefore, only diffusion 

is considered to mass transfer. 

Benchamark studies were carried out for two kinds of reaction, chemical 

equilibrium reaction and electro deposition, to validate the REFIN model for 

being universally utilized to liquid metal electrode. 

 

7.1.1 Reductive extraction 

In order to simulate of redox reactions by chemical agent in a system 

which current is not driven it is conducted that benchmark on extraction 

experiment in LiCl-KCl and Bi system which was conducted by CRIEPI in 

order to verify selective oxidation modeling using REFIN (Kinoshita et al., 

1999). CRIEPI conducted extraction experiment to separate actinides from rare 

earth elements.  

They investigated to measure distribution coefficient as a preliminary 

experiment for multistage extraction. In this experiment, molten salt includes 

U, Np, Pu, Am and Nd in chloride form. Liquid Bi includes lithium in a metal 

form. Lithium is used as a reducing agent, so that ions of U, TRU and Nd can 

be extracted to Bi phase as a following equation 7.1. 
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3
L i +  M C l 3 L iC l+ M                         (7.1) 

 

The extraction was carried out as changing amount of lithium from 0 to 

6mg and it is fixed that concentration of ions in molten salt and amount of 

molten salt and Bi. From that, mass balance curves for each element was 

obtained as a function of amount of lithium and reproduction of those curves is 

performed by benchmark. 

In order to simulate electrochemical reaction and diffusion, REFIN needs 

some properties such as standard reduction potential, diffusion coefficient in 

molten salt and liquid Bi, exchange current density and transfer coefficient and 

what are used for simulation are represented. Standard reduction potentials are 

referred to Ag/AgCl (1 wt. %) (Ahluwalia and Hua, 2002). Diffusion 

coefficients of both two phases are assumed by Stokes-Einstein equation. 

Exchange current density and transfer coefficient are assumed with same value 

for all ions. 

Figure 7.1 shows comparison between experimental and modeling result 

for Np, Pu and Am. Benchmark results agree reasonably well with experimental 

data. If added Li metal is less than 3mg, there is a discrepancy between 

modeling and experiment, possibly due to incomplete reaction. Also ion 

properties except standard potential of TRU are assumed with same values. It 

means standard potential only effect to amount of extraction and that would be 

the reason that computational and experimental result has differences. Further 

qualification of ion properties is in progress for better modeling accuracy. If 

amount of chemical agent as Li in this experiment is sufficient, it is confirmed 
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that prediction is accurate in equilibrium state. 
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Figure 7.1 (Top) Schematic diagram of benchmark reaction; (bottom)  

comparison between experimental and modeling data for Np, Pu and Am  
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7.1.2 Electrolysis of Pu on Bi 

In order to validate REFIN application for electrochemical system on 

molten salt/Bi, benchmark case is determined galvanostatic electrolysis of 

LiCl-KCl-PuCl3-LaCl3 which carries Pu dissolution as an anodic reaction and 

Pu3+ and La3+ electrodeposition as cathodic reactions (Serp et al., 2005). The 

researchers conducted salts sampling during the electrolysis to analyze Pu3+ and 

La3+ concentration for process monitoring. To benchmark the experiments, 

equivalent anode-molten salt-cathode condition is applied to the REFIN input. 

As a results potential and the molten salt concentration transient during the 

electrolysis are obtained to compare benchmark results with experimental 

results. The comparison results between experiments and modeling data are 

shown in Figure 7.2 and those are very well matched each other. Therefore, it 

is shown to be clear that REFIN is utilized to the molten salt/Bi electrochemical 

process simulation. 
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Figure 7.2 Benchmark results to compare experiments and REFIN modeling; 

(Top) Pu3+ and La3+ concentration in molten salt as a function of time; (bottom) 

Potential transient during the galvanostatic electrolysis  
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7.2 PyroRedSox process mass balance simulation and the 

results for spent nuclear fuel pyroprocessing 

 

7.2.1 Electrolysis modeling results 

    For mass balance calculation of PyroRedSox under PyroGreen flowsheet, 

it is assumed that U, Np, Pu and Am represent actinides and La, Ce and Nd 

represent lanthanides. Low fission yield elements were excluded for better code 

convergence. Concentration ratio of each group is determined to consider spent 

nuclear fuel composition achieved by ORIGEN-2 calculation. Spent nuclear 

fuel is assumed to be burned at 45,000 MWD/MTU with 4.5% enrichment and 

cooled for 50 years after releasing from PWR reactor.  

Initial concentration of molten salt is determined to 0.0645 wt. % for 

actinides ion and 7.47 wt. % for lanthanides ion, which can be derived from the 

concentration of RAR downstream waste molten salts. The mass of molten salt 

and liquid Bi is determined to 1676 g and 360 g. 

The applied current density is set to 50 mA/cm2. Anode materials are 

assumed to be potassium to define anodic reaction as described previously. 

Anode mass is considered to satisfy over stoichiometry for the ions which can 

participate in the cathodic reaction to let electrolytic reduction progress well in 

the numerical code. 

In order to simulate electrochemical reaction and diffusion, REFIN needs 

some properties such as standard reduction potential, diffusion coefficient in 

molten salt and liquid Bi, exchange current density and transfer coefficient and 

what are used for simulation are represented in Figure 7.3. 
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The reduction potentials are come from the literature (Inoue, 2002). 

Diffusion coefficients in molten salt are used the experimentally produced 

values in this thesis and literatures (Serp et al., 2006; Yamada et al., 2007). 

Diffusion coefficients in liquid Bi is assumed to the value which can be 

calculated from Stokes-Einstein equation. Exchange current density on the 

LBC was employed to be the values which is determined by cyclic voltammetry 

on Bi film electrode in this thesis. The values obtained from uranium and 

cerium are assumed for all actinides and lanthanides in the modeling. Transfer 

coefficient is assumed to be 0.5. 
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Figure 7.3 The input utilized for REFIN modeling to simulate PyroGreen process 
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7.2.2 Discussions 

Considering the goal of electrolysis that extraction of not lanthanides ion 

but actinides ion as much as possible, determination of termination point is 

needed in order to prevent lanthanides from being over electrodeposited in Bi. 

In this modeling, termination is set when the actinides exist 1.63 wt. % in 

molten salt compared with initial condition. For each actinides element, 98.8 % 

of U, 96.9 % of Np, 94.6 % of Pu and 95.2 % of Am was recovered in Bi at the 

terminate point. In case of lanthanides, 92.7 % of La, 10.3 % of Ce and 45.6 % 

of Nd was deposited to Bi. As mentioned in Section 1.1.4, the co-deposition of 

actinides and lanthanides is shown to be inevitable. 

Figure 7.4 shows the deposition behavior of each ion at the LBC according 

to operation time. Actinides reduction seem to be terminated but lanthanides 

are still electrodeposited over 50 hours after the electrolysis start. As focusing 

on the concentration of each metal in Bi, actinides do not exceed their solubility 

limit in Bi. On the other hand, although the cathodic reaction was not 

completely progressed, lanthanides were generated to be supersaturated in Bi 

in the initial mass condition of molten salt and Bi. If less amount of Bi is 

employed, lanthanides can form intermetlllics while both lanthanides and 

actinides can exist as unsaturated in the larger amount of Bi. Therefore, the 

process concept can be determined depending on the amount of liquid Bi 

cathode employed to the electrochemical system.  

Considering the particle separation process, single phase separation would 

be easier than multi-phase separation in homogeneous liquid media. 

Accordingly, if the actinides can remain under the solubility in Bi and 
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lanthanides can form intermetallics and the particles float in Bi, the group 

separation efficiency would be improved. Therefore, if the enough agitating for 

liquid Bi phase is applied to enhance dissolution kinetics of actinides during the 

co-electrodepositon, lanthanides can be considered as the only group to be 

separated by intermetallic formation.  

If the Bi-Ln intermetallics are separated from Bi, actinides are co-

separated as much as their solubility with lanthanides. Also the separated 

amount of actinides depends on the volumetric share of Bi-Ln intermetallics. 
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Figure 7.4 Deposition behavior at the liquid Bi cathode during the electrolysis 

for RAR downstream molten salts simulated by REFIN code 
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7.3 Integral flowsheet of PyroRedSox  

Figure 7.5 represents a series of flowsheet for PyroRedSox to separate 

actinides and lanthanides at molten salt and Bi system. PyroRedSox can be 

integrated with uranium electrorefining of PyroGreen process.  

Dirty salt released from RAR can be loaded to electrolytic reduction 

electrolysis which is the first stage of PyroRedsox. At the electrolytic reduction, 

three kinds of materials stream can be generated i.e., liquid bismuth which 

contains actinides and lanthanides that the amount is as much as their solubility 

in liquid Bi, AnxBiy intermetallics and LnxBiy intermetallics. When 

intermetallic particles are separated from Bi, some amount of Bi is attributed to 

be unavoidably attached. Also very small amount of actinides under the 

solubility would be included in lanthanides material stream. 

LnxBiy can be re-oxidized to the pure LiCl-KCl molten salts by anodic 

dissolution at electrorefining. Bi can be recovered at cathode due to high 

potential difference between Bi and lanthanides. Accordingly, lanthanides can 

be maintained as a form of chloride salts. If the oxygen is bubbled into the salt 

bath, lanthanides can react with oxygen and form oxide. Then lanthanides oxide 

can be filtered and disposed into intermediate level waste repository because 

they might have approximately 1 wt. % of actinides rather than the amount in 

dirty salt from RAR and the DF goal of 20 could be achieved.  

AnxBiy as a result of electrolysis, can be re-oxidized to the pure salt and 

actinides can be separated from Bi in the molten salts due to potential difference 

in the same way with LnxBiy electrorefining. After separation of Bi, actinides 

chloride can be co-deposited to LCC since Cd has a high vapor pressure and an 
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advantage to cathodic separation by Cd distillation. Then actinides which are 

recovered as a metallic mixture. Distilled Cd can be re-utilized to actinides 

electrolysis. The mixture of actinides can be loaded to fuel fabrication for fast 

reactor. At both stage, employed LiCl-KCl salts would maintain its high purity 

so it can be recycled to electrorefining for uranium in PyroGreen. 
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Figure 7.5 Integral flowsheet of PyroRedSox to decontaminate HLW into ILW
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Chapter 8 Conclusions and Future Work 

 

8.1 Conclusions 

 

This thesis study has been motivated by world-wide controversy over the 

long term uncertainty of SNF disposal. The conventional SNF partitioning 

processes do not improve the public acceptance as demonstrated in several 

European countries. Especially in densely-populated countries, accumulation 

of SNF in deep geological repositories have been focus of anti-nuclear 

movements that criticize the direct disposal would have transferred extensive 

risks to future generations in terms of safety, security and safeguards.  

As a game-changing solution, PyroGreen which aims to decontamination 

SNF into ILW has been developed for that the final waste from KAERI-INL 

based pyroprocessing can satisfy very conservative acceptance criteria of ILW 

at the WIPP in the U.S., demonstrated TRU wastes repositories, which has been 

operated since 1999. If the PyroGreen processed waste can meet the acceptance 

criteria for the WIPP, the institutional control period can be drastically 

shortened down to 100 years.  

In order to meet WIPP criteria, decontamination factor  for TRU was 

determined to be 20,000. Conventional pyroprocessing developed by KAERI 

and INL has been developed to achieve DF of 1,000 for TRU. Additional 

improvement of DF has been hard due to the very low concentration ratio of 

actinides and lanthanides existed in the final salt after the residual actinide 
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recovery (RAR). When the impurities in final salt are driven to liquid cadmium 

cathode, equilibrium potential of actinides and lanthanides is too close to each 

other, due to the very low concentration ratio. In this thesis, therefore, main 

objective is to develop a separation process for actinides and lanthanides in 

LiCl-KCl, downstream salt from RAR is made in contact with liquid bismuth 

to overcome thermodynamic limitation by density differences. By forming 

intermetallics with liquid Bi metal actinide to lanthanide decontamination limit 

is shown to be overcome. 

From the literatures survey, it is shown that the non-nuclear technology of 

density based separation process by intermetallic formation in liquid metal 

media has been developed and extensively industrialized. In nuclear materials 

field, no such application has been made practical. In this thesis, the density 

distribution of the Cd intermetallics with actinides and lanthanides shows a 

good agreement with the results on intermetallics spatial distribution from 

experimentally produced LnCdx and PuCd6 in LCC. In contrast there is no 

report or investigation on spatial distribution of AnBix and LnBix intermetallic 

particles in liquid Bi media which is the subject of this thesis.  

To clarify the intermetallic formation mechanism, the electrochemical 

redox behavior of surrogate elements, U, Ce, Hf and Lu was investigated on 

inert and Bi cathode. By comparing two CV results derived from inert electrode 

and Bi electrode, respectively, electrochemical intermetallic formation was 

shown to make equilibrium potential shifts toward nobler direction.  

Through CV data analysis, electrochemical properties of employed 

species are derived and reversibility determination has been made. 
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Experimental verification for vertical density distribution of Bi intermetallics 

for actinides and lanthanides in liquid bismuth cathode was carried out by both 

metal dissolutions into Bi and electrolytic reduction. Prior to electrolysis, 

vertical cross section of solidified Bi cathode with each utilized element was 

acquired and are utilized as reference data for electrochemically produced Bi 

intermetallics. From the  results of both methods, it is experimentally verified 

that Ce-Bi intermetallic particles representing lanthanide behavior floats at the 

top of Bi in the form of CeBi2 LuBi intermetallic compound. On the other hand, 

Hf and Lu for actinides surrogate are precipitated at the bottom of Bi in the 

form of HfBi and LuBi intermetallic compound. 

To apply density based separation characteristics to pyroprocessing, a 

process development has been performed by computational modeling approach. 

REFIN, one-dimensional transient electrochemical model, was employed to 

simulate cathodic deposition behavior of actinides and lanthanides ion in waste 

molten salt. Benchmarking of modeling results against the experiments in this 

thesis and literature is made to verify a validity of the models. The pilot-scale 

unit process system, designated as PyroRedSox, is integrated into the integral 

innovative process designated as PyroGreen that can eliminate HLW and 

associated risks of abnormal scenarios. Therefore, it has been concluded that 

the developed innovative separation technology can be scaled up for 

industrialization with proliferation resistance. 
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8.2 Future Work 

In this thesis all employed elements are non-radioactive due to the lack of 

licensed facilities for nuclear materials using. Although the surrogate elements 

such as Hf and Lu have very similar intermetallics density property and 

electrochemical behavior, actinides is desired to be employed to achieve 

fundamental objective of the research, group separation process for actinides 

and lanthanides. 

 This thesis examined not density behavior of multi group actinides and 

lanthanides intermetallics in Bi but that of single group intermetallics in Bi. 

Therefore, multi-species electrolytic reduction on LBC should be conducted for 

further investigation to explore the group separation in Bi. Also the molten salt 

concentration and suggested concept that only lanthanides forms intermetalics 

while actinides is prevented to form intermetallics would be better to be 

employed for actual process condition simulation. 

In Section 6.4.5 the possibility of ternary intermetallics formation for Bi, 

An and Ln was reviewed by literature survey on binary and ternary phase 

diagram. To experimentally verify the existence of ternary intermetallics, it is 

suggested that co-dissolution of actinides and lanthanides in Bi. Prior to use 

actinides, it is possible for Bi-Ln-Ln to be employed since f-orbital elements 

have similar phase equilibrium.  

As an aspect of computational approach, CFD model combined with 

nucleation and growth model is suggested to be developed. It is necessary to 

better understand the early stage of electrodeposited metal behavior at the 

boundary of molten salt and liquid Bi.  
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초         록 

 

사용후핵연료는 최소 10,000년 이상의 제도적 관리 기간을 

요하는 고준위폐기물로 사용후핵연료의 직접 처분은 장기간의 불확

실성을 내포하기 때문에 이를 해소하기 위한 대책방안 마련이 시급

하다. 특히 한국과 같은 인구고밀국에서 사용후핵연료의 누적에 따

른 심지층 처분이 수반될 시 안전, 안보, 핵비확산, 원자력 발전 지

속성의 측면에서 미래 세대에 광범위한 위협이 야기될 수 있다. 사

용후핵연료가 심지층에 직접 처분될 시 발생 가능한 위험요소로는 

크게 사용후핵연료가 지하수에 용해되어 이동 및 침출되는 시나리

오와 처분장에 인간이 침입하는 시나리오가 있다. 사용후핵연료의 

직접 처분에 대해 지하수 이동 및 침출 시나리오에서는 처분 안전

성이 입증된 바 있으나, 인간침입 시나리오에서는 처분 불확실성이 

매우 큰 것으로 알려져 있다. 따라서 사용후핵연료에 대한 궁극적인 

해결책으로써 고준위폐기물의 제염을 통한 폐기물 준위 저감이 필

수적이다.  

고준위폐기물의 중준위화를 위해 고안된 파이로그린 공정은 

최종 폐기물이 미국의 뉴멕시코주에 위치한 WIPP 지하처분장의 폐

기물 인수기준을 만족시키는 것을 목표로 한다. 1999년부터 운영되

고 있는 WIPP 처분장은 군사용으로 발생된 TRU 폐기물을 처분하

기 위한 시설로써 특히 인간침입 시나리오에 대해 처분 안전성이 

입증되어 있다. 파이로그린 공정에서 WIPP 처분장 인수기준을 만족

시키기 위해 도출된 제염계수로 TRU는 20,000, Cs 및 Sr은 300, 
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Tc 및 I은 50으로 설정되었다. 

이에 본 연구는 파이로그린의 TRU 목표 제염계수인 

20,000을 충족하기 위한 고준위폐기물 내 악티나이드와 란타나이드

의 군 분리 공정 개발을 목표로 한다. 한국원자력연구원과 미국 아

이다호국립연구소가 개발하고 있는 파이로프로세싱에서 TRU는 액

체 Cd 음극을 이용한 전해를 통해 공회수되는데 이는 금속간화합물 

형성 시 악티나이드 원소 간 전극 전위가 수렴하는 것에 기인한다. 

기존 파이로프로세싱 내 TRU 공회수 공정인 전해제련 및 잔류 

TRU 회수 공정 (RAR)을 통해 TRU에 대한 제염계수는 1,000으로 

알려져 있어 사용후핵연료의 중준위화를 위해서는 추가적으로 20의 

제염계수 확보가 필요하다. 이 때 RAR에서 발생하는 폐용융염 내 

악티나이드와 란타나이드의 농도비는 약 1/100으로 나타나며 이러

한 조건에서는 악티나이드와 란타나이드의 군 분리 효율이 액체 Cd 

금속보다 뛰어난 액체 Bi를 음극으로 이용한 전해를 수행해도 상기 

군들의 공전착이 불가피한 것으로 나타났다. 액체금속전극에 대해 

비교적 가까워진 전극전위와 더불어 폐용융염 내 농도차로 인해 전

해시 각 군들의 음극평형전위가 수렴하기 때문이다. 한편 액체 Bi와 

악티나이드가 금속간화합물을 형성 시 그 밀도는 액체 Bi보다 큰 

반면 액체 Bi와 란타나이드가 금속간화합물을 형성 시 그 밀도는 

액체 Bi보다 작다. 따라서 이러한 한계점을 개선하기 위해 본 연구

에서는 액체 Bi와 악티나이드 및 란타나이드 간의 이종 금속간 화

합물을 형성시키고 상기한 액체 Bi 내 밀도차를 이용해 군 분리하

는 공정개념을 고안하였고 이를 실증하여 파일럿 규모의 공정으로 

개발하고자 하였다.  
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연구 목표를 달성하기 위해 구체적인 연구절차로서 첫번째

로 고체 전극 및 액체 Bi 전극을 이용한 순환전위전류법을 통해 금

속간화합물 형성을 규명하고 전기화학 물성을 도출하였다. 두번째로 

액체 Bi 내 금속간화합물의 수직분포를 획득 및 관찰하기 위하여 

금속간 반응 및 전해전착의 두 가지 방법을 통한 Bi 합금 형성을 

수행하고 결과 분석을 수행하였다. 세번째로 밀도차 군 분리 개념을 

실제 파이로그린 공정에 적용하기 위해 1차원 시간종속 전기화학 

모델 REFIN과 3차원 유동모델 FLUENT를 이용한 공정평가 및 파

일럿 규모의 군 분리 공정 PyroRedSox를 설계하였다.  

악티나이드와 란타나이드의 군 분리를 수행하기 위해 크게 

U, Ce, Hf, Lu의 원소가 실험에 활용되었다. 상기 네 가지의 원소는 

악티나이드, 란타나이드 혹은 악티나이드 대용물질로서 순환전위전

류법을 통한 금속간화합물 형성 규명을 위해 공통적으로 이용되었

다. Ce은 란타나이드의 대표물질로서 채택되어 Bi와의 금속간 반응

에 활용되었다. Hf과 Lu는 Bi와의 금속간화합물이 액체 Bi보다 무겁

기 때문에 악티나이드 대용물질로써 Bi와의 금속간 반응에 활용되

었다. 

고체 전극에 대한 순환전위전류법의 결과로써 네 가지 원소

의 산화환원 거동이 조사되었고, 이에 따른 전극 전위, 확산계수, 교

환전류밀도가 측정되었다. 액체 Bi 전극에 대한 순환전위전류법의 

결과로써 네 가지 원소가 Bi 전극에 환원됨으로써 금속간화합물이 

형성되는 반응에 대한 전기화학거동이 조사되었고, 이에 따른 전극 

전위와 교환전류밀도가 도출되었다. 도출된 물성은 Bi 합금 형성을 

위한 전해전착 실험의 초기 조건 및 모니터링 정보로써 활용될 수 
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있었고, 전산코드를 이용한 공정개발단계에서도 응용이 가능하였다. 

Bi와 Ce, Hf, Lu의 합금 형성을 위해 첫 번째로 파우더 형태

의 Ce, Hf, Lu가 Bi에 용해되었다. 전착 매커니즘을 최대한 모사하

기 위해 반응 용기 내에 액체 Bi를 먼저 투입하고 고화시킨 후 상

기 금속의 파우더를 투입하였다. 반응 시 Bi 내 교반 환경을 모사하

기 위하여 초음파진동을 반응 용기에 인가였다. 충분한 반응시간이 

인가된 후 형성된 Bi 합금에 대해 고화, 에폭시-레진 고정, 저속 다

이아몬드 톱을 이용한 절단, 연마 단계를 거쳐 수직단면을 획득할 

수 있었다. SEM-EDS 분석을 통해 수직단면 내 금속간화합물의 위

치분포를 확보하였고, XRD 분석을 통해 금속간화합물의 정확한 상 

분석이 수행될 수 있었다. 분석 결과 밀도 데이터를 통해 예측한 대

로 Ce의 경우 CeBi2가 형성 및 Bi 상부에 위치하였고 Hf와 Lu의 

경우 HfBi 및 LuBi가 Bi 내 침전된 것을 확인하였다. 두 번째로 실

제 파이로프로세싱의 공정과 유사하게 액체 Bi 음극을 이용한 

CeCl3, HfCl4, LuCl3의 전해가 수행되었고, Ce와 Hf에 대해서는 앞서 

기술한 것과 동일한 결과를 도출하였다. Lu에 대해서는 금속간화합

물이 Bi 내 침전된 것을 확인하였으나 용해되지 않은 Lu가 Bi 전극 

표면에 분포한 것을 확인하였고 이는 초음파 진동 미인가 또는 500 

oC에서 액체 Bi보다 작은 Lu의 밀도에 기인한 것으로 추정하였다. 

실험으로써 검증한 Bi 금속간화합물 밀도차를 이용한 군 분

리공정 개념을 파이로그린에 적용하기 위해 첫 번째로 RAR 후단의 

폐용융염 조성 조건에서 Bi 전극에 대한 전해공정이 REFIN 모델을 

이용하여 모사되었다. 이를 토대로 파이로그린을 위한 파일럿 규모

의 악티나이드-란타나이드 군 분리 공정 PyroRedSox가 제안되었
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다. 
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