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Abstract 

Since Zircaloy cladding accounts for about 16 wt. % of used nuclear fuel assembly, decontamination 
process is required to reduce the final waste volume from spent nuclear fuel. To develop Zircaloy-4 
electrorefining processs as an irradiated Zircaloy cladding decontamination process, electrochemical 
studies on Sn, Cr, Fe and Co which are major or important elements in the irradiated cladding were 
conducted based on cyclic voltammetry in LiCl-KCl at 500oC. Cyclic voltammetry for Sn, Fe, Cr and Co 
elements that should be eliminated was conducted and revealed that redox reactions of these ions are 
much simpler than Zr and more reductive than Zr. The reliability of cyclic voltammetry was verified by 
comparing diffusion coefficients and formal reduction potentials of these ions obtained in this study to 
previous studies.  

Introduction 

Zirconium alloys have low thermal neutron absorption cross section, high corrosion resistance and 
superior mechanical characteristics. These alloys have been used for structure materials in nuclear reactor 
systems that must maintain integrity over long period of time in harsh conditions such as high temperature, 
high pressure and strong radiation [1]. Nuclear power plants in the Republic of Korea utilise zirconium 
alloys for fuel cladding, pressure tube and calandria tube in both Pressurised Water Reactors (PWR) and 
CANada Deuterium Uranium reactors (CANDU). Therefore, a large amount of radioactive zirconium alloy 
waste is inevitably generated as results of nuclear power plant operation. Claddings of spent nuclear fuels 
constitute the largest portion of radioactive zirconium alloy wastes as about 16 wt. % of spent nuclear fuel 
assembly. In addition, the cladding separated from spent nuclear fuels is classified as an intermediate level 
waste in the latest radioactive waste classification of the International Atomic Energy Agency (IAEA) 
since non-negligible amount of long-living actinide elements and fission products could penetrate into fuel 
claddings during irradiation in nuclear reactor and activation products such as Co-90 is produced by 
neutron activation [2]. If zirconium can be chemically separated from irradiated claddings, the final 
volume of radioactive waste in geological repositories can be greatly reduced and recovered zirconium 
could be recycled for reutilisation in nuclear industry. 

For this reason, limited but active investigations have been conducted in recent years to 
decontaminate spent nuclear fuel zirconium alloy cladding. Rudisill attempted to remove actinide elements 
and fission products by surface removal using hydrogen fluoride acid [3]. However, since penetration 
depths of these elements at the concentration limit of the U.S. Class C level waste was as deep as 180 μm, 
the surface removal was ineffective. It is concluded that volumetric decontamination processes such as 
gaseous reaction methods or molten salt electrorefining techniques were required. Iodination and 
chlorination methods have been developed as a gaseous reaction method [4,5]. While gaseous methods can 
separate zirconium with high purity there are some drawbacks. In iodination methods, concentration of 
moisture in the reaction chamber should be maintained very low since ZrI4 is very hygroscopic. In 
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addition, reduction of ZrI4 into Zr metal would be very slow. In chlorination or Kroll process, large amount 
of Mg waste could be generated from reduction of ZrCl4 into Zr metal. 

Electrorefining could be an effective decontamination process with simple reaction steps and 
relatively compact size of the reactor. In this study, in order to develop electrorefining process for 
decontaminating the irradiated Zircaloy-4 cladding in LiCl-KCl salts, electrochemical studies on Sn, Cr, Fe 
and Co (major or important elements in the irradiated cladding) were conducted based on cyclic 
voltammetry (CV) in LiCl-KCl at 500oC. Diffusion coefficients and standard reduction potentials for these 
elements were calculated and compared to other literatures. 

Experimental setup 

All of experiments were carried out in a sealed glovebox filled with Ar gas of 99.999%. The 
concentrations of moisture and oxygen were maintained below 0.1 ppm by a purifier during the 
experiments. A furnace was installed inside the glovebox to keepi the temperature of electrochemical cell 
to 500oC within ±1oC. Two identical quartz cells containing equivalent molten salts were prepared inside 
the furnace for electrochemical experiments and temperature measurements as shown in Figure 1. An 
anhydrous LiCl-KCl eutectic mixture with a purity of 99.99% was obtained from Sigma Aldrich, and 
anhydrous SnCl2, CrCl2, FeCl2 and CoCl2 with purity of 99.99% were also received from the same 
supplier. The working and counter electrodes made of 99.99% tungsten were arranged inside the quartz 
cell. The diameter of these electrodes was 1 mm. The reference electrode was a 1 wt. % Ag/AgCl electrode 
prepared with Pyrex glass tube. 

Figure 1: Experimental setup for electrochemical experiments [6] 

 

Since concentration of SnCl2, CrCl2, FeCl2 and CoCl2 would be much smaller than that of ZrCl4 during 
electrorefining of Zirclaoy-4 cladding, redox behaviours of these elements should be investigated in low 
concentration as 0.1 wt. %. To prepare low concentration reagents, the salts with 10 wt. % were produced and 
they were diluted down to 0.1 wt. %. For CV measurement, 2.54g of molten salts were used. 
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Results and discussion 

The CVs for 0.1 wt. % SnCl2, CrCl2, FeCl2 and CoCl2 salts are represented in Figures 2 (a), (b), (c) 
and (d) respectively. For SnCl2, FeCl2 and CoCl2, single oxidation peak and reduction peak were identified. 
For CrCl2, two oxidation peaks and two reduction peaks were observed (Figure 1b). 

Figure 2: Cyclic voltammograms according to scan rate in LiCl-KCl with 0.1 wt. % 
(a) SnCl2 (b) CrCl2 (c) FeCl2 (d) CoCl2 at 500oC: tungsten electrode (1Φ×20 mm) 
for both working and counter electrodes, 1 wt. % Ag/AgCl reference electrode 

 
Since there was only a pair of redox peak for SnCl2 at low concentration (0.1 and 0.2 wt. %), redox 

reaction for Sn in LiCl-KCl could be determined as reactions between Sn and Sn(II): 

R1: Sn(II) + 2e- → Sn  (1) 
O1: Sn → Sn(II) + 2e- (2) 

At high concentration of SnCl2 (0.5 and 1.0 wt. %), the oxidation peak looks like a superposed shape 
of two peaks (O2 and O3). Therefore, it would be expected that the oxidation of Sn occurs in two steps: 

O2: Sn → Sn(I) + e- (3) 
O3: Sn(I) → Sn(II) + e- (4) 

However, since the melting point of Sn is about 232oC which is much lower than molten salt 
temperature of 500oC, reduced Sn metal from Sn(II) could move away from electrode surface as a liquid 
metal state and this could result in changes of effective area of working electrode and distortion of 
oxidation peak shape. This phenomenon could become serious at high concentration of SnCl2 salts with 
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low scan rate. While the potential sweeps from the positive to the negative side in high concentration salts, 
more amount of liquid Sn metal could be produced at the working electrode and this could make the 
electrode surface complicated. If the scan rate is fast enough, most of the reduced Sn would stay near the 
working electrode and the effective area of the working electrode would not severely be changed. 

For all concentrations of CrCl2 salts, two clear redox peak pairs were observed. Since peak O1 of CVs 
for CrCl2 shows almost symmetric shape with peak potential as the centre without a diffusion tail which 
would be produced by ion mass transfer, peak O1 might be related to an oxidation reaction of Cr metal and 
peak R1 might be related to a reduction reaction producing Cr metal. Peaks O2 and R2 have more fluent 
curves with diffusion tail and it would mean that they are related to redox reactions between soluble-
soluble states. Since it was revealed that Cr(II) and Cr(III) are stable ion state in LiCl-KCl, redox reactions 
for redox peaks of CrCl2 CV would be defined as follow [7]: 

R1: Cr(II) + 2e- → Cr, (5) 
O1: Cr → Cr(II) + 2e-, (6) 
R2: Cr(III) + e- → Cr(II) and (7) 
O2: Cr(II) → Cr(III) + e-. (8) 

CVs for FeCl2 and CoCl2 have a single redox peak pair. Therefore, redox reactions for these elements 
in LiCl-KCl could be determined relatively easily. Redox reaction of FeCl2 for each peak would be 
determined as: 

R1: Fe(II) + 2e- → Fe and (9) 
O1: Fe → Fe(II) + 2e-. (10) 

The redox reaction of CoCl2 for each peak could be determined as follows: 

R1: Co(II) + 2e- → Co and (11) 
O1: Co → Co(II) + 2e-. (12) 

Diffusion coefficients and formal reduction potentials were calculated for Sn, Cr, Fe and Co. Since 
the redox peak behaviours are close to reversible with small peak potential changes, a peak current 
equation for reversible reaction introduced by D. J. Schiffrin was used to estimate diffusion coefficient [8]: 

1.082p
nFDvi nFAC
RTπ

=   (13) 

Since reversible behaviour is intensified at high concentration and low scan rate, the equation is 
applied at the highest concentration where peak could be defined clearly with the lowest scan rate. 
Diffusion coefficient of Sn(II) is estimated as 3.732E-9 m2/s in molten salt of 0.1 wt. % with a scan rate of 
0.1 V/s. The measured diffusion coefficient of Sn(II) is consistent with previous studies. H. El Ghallali 
measured diffusion coefficients of Sn(II) as from 2.86 to 3.94E-9 m2/s using chronopotentiometry and as 
from 3.60 to 4.40E-9 m2/s using cyclic voltammetry [9]. The diffusion coefficient of Cr(II) is calculated as 
1.14E-9 m2/s in 0.1 wt. % CrCl2 salts with 0.1 V/s scan rate. The measured value is quiet similar to 
diffusion coefficients reported in previous study. D. Inman measured diffusion coefficient of Cr(II) as from 
1.21E-9 to 1.86E-9 m2/s in different concentration of LiCl-KCl-CrCl2 salts at 500oC by 
chronopotentiometry [10]. The diffusion coefficient of Fe(II) is obtained as 2.61E-9 m2/s in 0.1 wt. % 
FeCl2 salts with 0.1 V/s scan rate. The measured value is also 5 similar to diffusion coefficients reported in 
previous study. D. Inman reported the diffusion coefficient of Fe(II) as from 2.08E-9 to 2.26E-9 by 
conducting chronopotentiometry in different concentration at 500oC [11]. Diffusion coefficient of Co(II) is 
measured as 3.24E-9 m2/s in 0.1 wt. % CoCl2 with 0.1 V/s scan rate. The measured value is almost 
equivalent to the diffusion coefficients reported in previous study. H. Groult reported the diffusion 
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coefficient of Co(II) as 3.74E-9 m2/s by conducting chronopotentiometry in 0.02 mol/l CoCl2 salts at 500oC 
[12]. 

Formal potentials for Sn, Cr, Fe and Co are calculated by Eq. (14) [8]: 

0 ln 0.8540np M

RT RTE E C
nF nF+

′= + +  (14) 

where 0'E  is the standard reduction potential and nM
C +  is the concentration of nM +  ion. The pormal 

potentials are listed in Table 1 and compared to values from a previous study conducted by M. Iizuka [13]. 
Since the standard potentials found by M.Iizuka are reported based on a reference electrode of Cl-/Cl2, if 
differences to values from previous study are equivalent regardless of elements, it could be clarified that 
measured values are reliable. As shown in Table 1, the differences are almost similar with a value of 1.1 V. 
Therefore, it could be concluded that CVs were conducted in a reliable manner. Since the formal potentials 
of these elements are more positive than that the one of Zr of -0.994 V (vs. Ag/AgCl) [14], only Zr would 
be selectively oxidised from the anode basket and other elements would be remained in the basket in a 
metallic form. 

Table 1: Formal potential of Sn(II), Cr(II), Fe(II) and Co(II) in LiCl-KCl at 500oC 

Reaction This study 
[V vs. Ag/AgCl] 

M. Iizukaa 
[V vs. Cl-/Cl2] 

[13] 

Difference between this 
study and previous study 

[V] 
Sn2+/Sn -0.156 -1.298 1.142 
Cr2+/Cr -0.601 -1.641 1.040 
Fe2+/Fe -0.288 -1.388 1.100 
Co2+/Co -0.089 -1.207 1.118 

Conclusion 

To identify the feasibility of electrorefining of irradiated Zircaloy-4 cladding, redox behaviours of 
significant elements in irradiated Zicaloy-4 cladding (Sn, Cr, Fe and Co) were investigated based on CV 
experiments and it confirmed that these elements are much more reductive than Zr and redox mechanisms 
are much simpler than Zr. Therefore, by managing the potential at the anode, it might be possible to 
selectively dissolve Zr. The elements investigated in this study would remain in the anode basket after 
electrorefining. 
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