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Abstract 

After the severe accident at Fukushima-daiichi nuclear power plants, CRIEPI and JAEA started a 
feasibility study on the pyrochemical treatment of the corium that mainly consists of UO2-ZrO2 solid 
solution. In this study, reduction behaviours of zirconium oxide compounds were investigated in LiCl-Li2O 
salt bath at 923 K. It was experimentally verified that uranium in the simulated corium could be reduced to 
the metallic form and a part of zirconium was converted to Li2ZrO3. At higher Li2O concentrations in LiCl, 
Li2ZrO3 was converted to Li6Zr2O7 and Li8ZrO6. In the subsequent electrorefining, Li2ZrO3 reacts with 
UCl3 dissolved in the electrolyte salt to give UO2 precipitate. Therefore, how to remove the Li2ZrO3 from 
the reduction product is a key point for the pyrochemical treatment of the corium. 

Introduction 

A pyrochemical process to separate actinides from spent oxide fuels, shown in Figure 1, has been 
studied as part of a development of the metal fuel fast breeder reactor cycle [1-3]. In the electrolytic 
reduction step, spent oxide fuels are loaded at the cathode in a LiCl-Li2O salt bath. The oxygen is 
electrochemically ionised to dissolve in the salt, and metals remain at the cathode (reaction (1)). If lithium 
metal forms at the cathode, the chemical reduction of oxides may proceed (reactions (2) and (3)). The O2- 
ions are transported through the salt and are discharged at the anode to form O2 gas (reaction (4)). 

Cathode: MO2 + 4 e-  M + 2 O2-  (1) 
Li+ + e-  Li (2) 
4 Li + MO2  M + 4 Li+ + 2 O2- (3) 

Anode: 2 O2-  O2 + 4 e- (4) 

where M denotes actinides such as uranium and plutonium. The electrorefining is subsequently conducted in 
a LiCl-KCl eutectic salt bath to remove the residual fission products. The actinide metals in the reduction 
product are anodically dissolved in the salt. At the same time, uranium metal is deposited on the solid cathode 
made of iron. A mixture of plutonium, uranium and other actinide metals is collected by employing a liquid 
cadmium cathode. 

After the severe accident at Fukushima-daiichi nuclear power plants in March 2011, the treatment of 
the damaged fuel debris is a big issue in Japan. Then, CRIEPI and JAEA started a study on the 
applicability of the pyrochemical process to the corium mainly consisting of UO2-ZrO2 solid solution. It 
has been reported that UO2 and UO2-PuO2 mixed oxide can be easily reduced to the metallic form [1-4]. 
On the other hand, a little effort has been devoted to ZrO2 whose behaviour is expected to be complicate 
due to the formation of stable complex oxide compounds [1,2]. Table 1 shows the standard Gibbs free 
energies of formation (∆Gf

0) of actinide, zirconium, lithium and rare earth oxides at 923 K [5]. ∆Gf
0 of 
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ZrO2 is almost equal to that of UO2. However, ∆Gf
0 of the complex oxide, Li2ZrO3, is more negative than 

that of Li2O, indicating that the reduction of Li2ZrO3 to zirconium metal may proceed if the activity of 
Li2O in the LiCl salt bath is sufficiently low. In fact, La2O3 is hardly reduced to the metallic form even in a 
LiCl salt bath without dissolved Li2O [6]. Moreover, the Li2O-ZrO2 phase diagram [7] suggests that 
Li6Zr2O7 and Li8ZrO6 likely form at high Li2O concentrations. Thus, the formation and reduction 
behaviours of zirconium oxide compounds have to be clarified to assess the feasibility of the pyrochemical 
treatment of the corium. 

Figure 1: Schematic diagram of pyrochemical reprocessing for spent oxide fuel, consisting of 
(a) electrolytic reduction of oxides and (b) electrorefining of reduction product 

 

In this study, zirconium oxide compounds forming in the LiCl-Li2O system at 923 K were identified 
as a function of Li2O concentration. Then, electrolytic reduction tests were conducted on ZrO2, Li2ZrO3 
and UO2-ZrO2 solid solution containing PuO2. 

Table 1: ∆Gf
0 of metal oxides at 923 K 

 

Experimental 

Materials 

ZrO2 (99.8% purity, <200 mesh) and Li2ZrO3 (<80 mesh) were supplied by Newmet and Sigma-
Aldrich, respectively. Simulated corium specimens of UO2-ZrO2 solid solution containing a small amount 
of PuO2 were prepared in JAEA [8] for measuring their physical and thermal properties, and some of them 
were subjected to this study. The ZrO2 compositions of the three simulated corium specimens used for the 
electrolytic reduction test were 25, 50 and 75 atom%, respectively and the ratio of plutonium to uranium 
was in the range of 4-9 atom%.  
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Electrolytic reduction of zirconium oxide compounds 

The cells used for electrolytic reduction tests were similar to that reported before [6]. LiCl was melted 
in a MgO crucible (50 mm inner diameter) at 923 K using an electric furnace. Then, a given amount of 
Li2O was added. A Li-Bi reference electrode, a platinum sheet anode and a type-K thermocouple sheathed 
in a MgO tube were immersed in the melt. The Li-Bi electrode consisted of a tantalum wire immersed in 
liquid Li-Bi alloy contained in a closed-end MgO tube with two pinholes on the side. The potential of the 
Li-Bi electrode was calibrated against lithium metal electrodeposited on a tungsten wire. 

A cathode was prepared as follows. A zirconium oxide compound in powder form was loaded in a 
closed-end MgO tube (5 mm inner diameter) that had a window on its side, and a tungsten conductor wire 
was inserted in the oxide powder. The cathode was immersed in the melt and then current-controlled 
electrolysis was performed to reduce the oxide powder. After the electrolysis, the reduction product 
removed from the MgO tube was analysed by X-ray diffraction (XRD) method. Salt samples were taken 
and were dissolved in water. The Li2O concentration was then analysed by neutralisation titration. All of 
the experiments using molten salt were conducted in a high-purity argon atmosphere glove box. 

Formation of zirconium oxide compounds 

A Li2O titration test was conducted to identify the solid phases containing zirconium in LiCl-Li2O 
melts with various Li2O concentrations. A stainless-steel crucible (20 mm inner diameter), in which LiCl 
(14.004 g) and ZrO2 (1.401 g) were loaded, was placed in the electric furnace at 923 K. Then, Li2O was 
incrementally added and the change in the Li2O concentration was examined. Finally, the crucible was 
removed from the electric furnace and the melt was poured into a stainless-steel pan. The residue at the 
bottom of the crucible was analysed by XRD method. 

Results and discussion 

Electrolytic reduction of zirconium oxide compounds 

0.208 g of ZrO2 powder was loaded in a MgO tube for the cathode and current-controlled electrolysis 
with a current of 50 mA was performed in a LiCl-1.0 wt% Li2O salt bath. During the electrolysis, the cathode 
potential was mostly negative (vs Li/Li+), indicating that some Li+ ions might have been reduced to metallic 
lithium. To prevent excess amount of lithium metal from depositing at the cathode, the electrolysis was often 
interrupted. After the lithium metal was consumed by the chemical reduction of ZrO2, the electrolysis was 
resumed. The total electric charge passed was 494 coulombs, which corresponds to 76% of the theoretical 
electric charge required to reduce all the ZrO2 to metallic zirconium. The potential of the platinum anode was 
in the range of 2.4-2.7 V (vs Li/Li+) throughout the electrolysis, indicating that O2 gas was evolved at the 
anode. Figure 2 shows a XRD pattern of the reduction product. It is clearly shown that the reduction product 
consisted of zirconium metal, Li2ZrO3 and adhering LiCl salt. The Li2ZrO3 was formed by the following 
reaction, when the O2- ions were supplied by the reduction of ZrO2. 

ZrO2 + O2- + 2 Li+  Li2ZrO3 (5) 

Then, an additional electrolytic reduction test on Li2ZrO3 was conducted in a LiCl salt bath without the 
addition of Li2O. As a result, the Li2ZrO3 remained at the cathode and zirconium metal was not obtained. 

The electrolytic reduction tests on simulated corium were conducted using (U,Pu,Zr)O2 solid 
solutions with various U/Pu/Zr compositions. Figure 3 shows a typical XRD pattern of the reduction 
product. 0.211 g of (U0.48Pu0.02Zr0.50)O2 powder (<106 µm, impurities of Sn, Cr, Fe, etc. coming from 
Zircaloy-2 alloy were contained) was loaded in a MgO tube for the cathode and current-controlled 
electrolysis with a current of 50 mA was performed in a LiCl-0.74 wt% Li2O salt bath. The total electric 
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charge passed was 641 coulombs, which corresponds to 155% of the theoretical electric charge required to 
reduce all the oxide to metallic form. As shown in Figure 3, there are distinct peaks for uranium metal and 
small peaks for Li2ZrO3. The peaks for the (U0.48Pu0.02Zr0.50)O2 solid solution completely disappeared. 
Although the zirconium and plutonium in the metallic form could not be detected by XRD analysis, they 
probably formed alloys with uranium. The results of electrolytic reduction tests on (U0.68Pu0.07Zr0.25)O2 and 
(U0.23Pu0.02Zr0.75)O2 solid solutions were similar. The formation of uranium metal was verified in both the 
reduction products. The intensity of the peaks for Li2ZrO3 increased with increasing the ZrO2 composition 
of the solid solution. 

Figure 2: XRD pattern of ZrO2 after electrolytic reduction in LiCl-Li2O 

 

Figure 3: XRD pattern of (U0.48Pu0.02Zr0.50)O2 after electrolytic reduction in LiCl-Li2O. The reduction 
product was rinsed with ethanol to remove the adhering LiCl salt 

 

Formation of zirconium oxide compounds 

To investigate the formation behaviours of Li2O-ZrO2 compounds, 0.113 g of Li2O was added to a 
LiCl melt (14.004 g) in the presence of 1.401 g of ZrO2 powder. The Li2O concentration gradually 
decreased and then reached an equilibrium value of 0.018 wt% at 20 h after the addition of the Li2O. Next 
0.313 g of Li2O was added, and the Li2O concentration increased to 0.56 wt%. The mass balance of Li2O 
indicates the formation of Li2ZrO3 by reaction (6). The precipitates collected at high Li2O concentrations 
were subjected to XRD analysis and the formation of Li6Zr2O7 and Li8ZrO6 by reactions (6) and (7) was 
verified. 

ZrO2 + Li2O  Li2ZrO3, (6) 
Li2ZrO3 + 1/2 Li2O  1/2 Li6Zr2O7, (7) 
1/2 Li6Zr2O7 + 5/2 Li2O  Li8ZrO6. (8) 
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Conclusions 

A feasibility study on the pyrochemical treatment of the corium generated by Fukushima-Daiichi 
reactor accident was conducted. It was experimentally demonstrated that uranium in the simulated corium 
of (U,Pu,Zr)O2 solid solution could be reduced to the metallic form by electrolytic reduction in LiCl-Li2O 
salt bath at 923 K. The plutonium and zirconium might form alloys with uranium. However, a part of the 
zirconium was converted to Li2ZrO3 that is too stable to be reduced. Because the equilibrium Li2O 
concentration in LiCl in which ZrO2 and Li2ZrO3 coexist is no more than 0.018 wt%, the formation of 
Li2ZrO3 might be inevitable during the electrolytic reduction in the LiCl system. In the subsequent 
electrorefining step, shown in Figure 1b, Li2ZrO3 reacts with UCl3 dissolved in LiCl-KCl electrolyte to 
give UO2 precipitate. Therefore, how to remove the Li2ZrO3 from the reduction product is a key point for 
the pyrochemical treatment. 
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