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ABSTRACT
CRIEPI and JRC-ITU have started a joint study on pyrometallurgical processing to demonstrate the
capability of this type of process for separating actinide elements from spent fuel and HLW. The
equipment dedicated for this experiments has been developed and installed in JRC-ITU. The stainless
steel box equipped with telemanipulators is operated under pure Ar atmosphere, and prepared for later
installation in a hot cell. Experiments on pyro-processing of un-irradiated U-Pu-Zr metal alloy fuel by
molten salt electrorefming has been carried out. Recovery of U and Pu from this type alloy fuel was
first demonstrated with using solid iron cathode and liquid Cd cathode, respectively.
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1. INTRODUCTION
The increasing interest in pyrometallurgy after the selection a few decades ago of oxide fuel and aqueous

reprocessing as the fuel cycle reference can be attributed to the drastic change of boundary conditions around the
nuclear fuel cycle in the world. Today's main emphasis is put on a maximal cost reduction of the fuel cycle.
Furthermore recovery of long-lived nuclides becomes a new requirement, since geological disposal of high level
waste (or once-through fuel) is facing large difficulties to get public acceptance. Recovery of long-lived nuclides
means to use of various reactor systems for transmutation, resulting in new requirements to reprocess different fuel
types e.g. MOX, metal fuel, nitride fuel, high burn-up fuel, etc. These new requirements may result in a different
choice for future fuel cycle technology. Pyrometallurgical processing is one of the most attractive alternatives to
meet these requirements. The requirement for product purity being much less stringent, the recovery of minor
actinides (MA: Np, Am, Cm) will take place simultaneously with plutonium due to the thermodynamic properties of
molten salt media. The recovery of MA allows the reduction of TRU wastes, and decrease at the same time the risk
of nuclear proliferation. The molten salt media also have two important advantageous properties as a solvent
material in nuclear processing. The radiation stability of molten salt allows the processing of spent fuels of high
radioactivity (e.g. spent fuel with short cooling time) without any increase of solvent waste. Since molten salt is not a
neutron moderator such as water is, comparatively large amount of fissile material can be handled in the process
equipment, i.e. experimental facilities are compact and economical.

The Central Research Institute of Electric Power Industry (CRIEPI) investigated these promising features in
pyroprocessing according to an information exchange with US-EPRI in 1985. The feasibility study of
pyrometallurgy to separate/recover actinides from spent nuclear fuel or high level waste (HLW) has been started on
1986 [1,2,3]. As a joint study with US-DOE, CRIEPI had participated in the Integral Fast Reactor (IFR) Program of
Argonne National Laboratory (ANL) from 1989 to 1995 in order to study the pyrometallurgical technology
development [4,5] and to demonstrate the pyroprocess of spent metal fuel [6]. In parallel, the measurement of
thermodynamic properties of actinides as well as pyrometallurgical partitioning of TRUs from simulated HLW had
been carried out by CRIEPI in collaboration with the Missouri University and Boeing North American [7,8]. In the
course of the study, the feasibility of pyrometallurgical processing to recover/separate actinides from spent metal fuel
or HLLW was confirmed by the results of experiments with unirradiated TRU materials and theoretical calculations
based on measured thermodynamic properties. The demonstration of TRU recovery from spent metal fuel (or even
from unirradiated ternary alloy fuel) could however, not be realized because of a sudden cancellation of the IFR
program. The Institute for Transuranium Elements (JRC-ITU) has studied since many years the capacities of
aqueous processing as for the separation of TRUs from HLW [9]. The CRIEPI and JRC-ITU collaboration to study
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metal target fuels for the transmutation of TRU [10] has led to a new joint study on pyrometallurgical processing.
This study will demonstrate the feasibility of pyrometallurgical processes for separating actinide elements from real
spent fuel and HLW, also in view of a rational evaluation of future fuel cycle technologyfl 1]. Furthermore this study
has also been included in a project of the European 5lh Framework program, where CRIEPI and ITU are a joint
partner in an international network. In this paper, the current status as well as the whole test plan of this project will
be reported.

2. EXPERIMENTAL PLAN OF THE JOINT STUDY

The first phase of the joint study has initiated since 1998, and three different stages are to be carried out in this
phase as shown in Fig. 1.
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Fig. 1 Experimental test plan of the joint study

The first stage is "the development and installation of the experimental apparatus". In this stage, an argon
atmosphere hot cell equipped with an electrorefiner dedicated for pyrometallurgical experiments is developed. The
second stage is "the development of metal fuel reprocessing", where recovery of actinides from unirradiated metal
alloy fuel such as U-Pu-Zr and U-Pu-MA-RE-Zr are to be carried out. The metal alloy fuel is first submitted to an
electrorefining step followed by a reductive extraction process of the molten salt electrolyte to recover residual
actinides and to separate them from lanthanides. The recovered TRU-Cd metal will be treated by distillation to
separate Cd from TRUs. The third stage is "the demonstration of TRU recovery from HLW" where
pyrometallurgical partitioning is to be demonstrated on actual HLW. In this stage, reductive extraction, Cd
distillation and chlorination are first tested with simulated materials. For the experiments on actual HLW, the whole
system will be moved inside a lead shield. The actual HLW will be converted into oxide and afterwards into
chlorides in a Cl2 gas flow. The obtained chloride salt mixture will be used for the reductive extraction process
described previously. The reprocessing of metal fuel irradiated in the French PHENIX reactor will be carried out in
the last phase of the project.

3. DEVELOPMENT AND INSTALLATION OF AR-ATMOSPHERE HOT CELL SYSTEM

The experimental apparatus was newly designed and fabricated for this study and was conceived for later
installation in the hot cell system. The apparatus consists of a stainless steel box to be installed in a 15cm-thick lead
shielding. The stainless steel box was first installed in an alpha laboratory as shown in Fig. 2.

The box is operated in a pure Ar gas atmosphere, continuously purified. The airlock system for the introduction
or extraction of material is separately flushed by Ar. A so-called "La Calhene" container is used for the transport.
The box is equipped with a vertical heating well (150 mm in diameter, 600 mm in depth) consisting of an inconel



liner and a stainless steel tube. The well sited on the bottom of the box is heated from outside by a cylindrical
resistance heater which can be heated up to 1273 K. Double sleeves with intermediate Ar flushing were employed
for the telemanipulators in order to reduce diffusion of oxygen. After many modifications, the stainless steel box is
now in an operational condition, with an oxygen and moisture concentration less than 10 ppm.

1 ig. 2 Stainless steel box with Arpurification unit

4. ELECTROREFINING PROCESS

4.1 Development of Electrorefiner

The electrorefiner is a key part of pyrometallurgical reprocessing, since the fuel dissolution as well as the actinide
refining is to be done in this step. An electrorefiner was newly designed and fabricated in CRIEPI based on
experience gained in various types of experiments. The electrorefiner consists of three electrodes and a liquid Cd
pool covered by a molten LiCl-KCl eutectic mixture. It was shipped to JRC-ITU, and installed in the stainless steel
box as shown in Fig. 3.

Fig. 3 Electrorefiner installed /•. L/ >y steel box (lift-upposition)



The electrorefiner cell of 100 mm x 130 mm is hung on a metal flange equipped with cathode, anode, stirrer,
reference electrode, sampler etc. Metal alloy fuel previously fabricated at ITU in a joint study with CRIEPI on
transmutation of TRU targets is charged into a metal basket working as an anode. The pool of liquid Cd below the
molten salt works as an anode, or just as a receiver for the noble elements. The cathode assembly of the
electrorefiner uses either a solid iron cathode for U recovery or a liquid metal cathode for TRU recovery. The solid
iron cathode with a spiral groove can be rotated during electrodeposition to achieve a better recovery [2]. The liquid
metal itself will be stirred by means of a ceramic stirrer submerged in the liquid metal cathode in order to avoid
formation of U dendrites that will hamper the deposition of Pu [2]. An Ag/AgCl reference electrode known for its
reliability monitors the electrode potentials. The concentration of relevant elements in each phase will be measured
by the chemical analyses.

4.2 Electrorefining experiments with U and Pu

The electrorefiner was loaded with approximately 1000 g of LiCl-KCl eutectic salt and 500 g of cadmium. The
whole system was heated up to the operation temperature of 773 K to melt both phases. Depleted U metal was then
charged in the anode basket followed by addition of CdCh to oxidize some U metal to UC13, necessary to facilitate
the electro-transportation in the molten salt electrolyte. Electrodeposition of uranium on the solid iron cathode was
carried out at a constant current of 500 mA and 1A, respectively. Fig. 4 shows the dendritic uranium deposit
obtained at 500 mA. The expected amount of uranium metal calculated from the coulomb passed was 12 g. The
electrodeposition of uranium on the liquid Cd cathode was also carried out at a constant current of 200 mA for 1.5
hours resulting in the deposition of about 1 g U in 80 g Cd. After these experiments, the residual U in the molten
salt was recovered by the "drow-down electrorefining" where U3+ is reduced to metal form at the cathode while
metal Ce is oxidized at the anode. The chemical analysis of the treated salt is still under way, but the colour of
molten salt turned from purple (U3+ ions) to white after drow-down electrorefining indicating a high efficiency of the
reaction.

Plutonium metal was then charged with new lOOOg LiCl-KCl eutectic salt in the crucible. PuCl3 was formed in
the salt by adding the predetermined amount of CdCl2. Then electrodeposition of Pu in liquid Cd cathode was
carried out at a constant current of 500 mA for 4 hours. About 5g of Pu was recovered in the liquid Cd cathode. Fig.
5 shows the liquid Cd cathode just after the electrodeposition.
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Fig. 4 U deposit on solid cathode Fig. 5 Pu deposit in liquid Cd cathode

4.3 Electrorefining experiments with unirradiated U-Pu-Zr fuel

In the ANL, electrorefining of irradiated U-Zr fuel is under way[12,13]. On the other hand, recovery of
plutonium from U-Pu-Zr alloy fuel as well as the detailed dissolution behavior of the alloy has never been reported.
The unirradiated U-19Pu-10Zr alloy was transported from the stockyard where the metal target fuels had been stored.
Few pieces of the U-Pu-Zr alloy rods were supplied for the electrorefining test as listed in Table 1, after the surface
oxide layer had been filled away.



As a first experiment (RUN#1), the anode basket was submerged in the LiCl-KCl-PuCl3 electrolyte at 480°C for
measuring the equilibrium potential of U-Pu-Zr against Ag/LiCl-KCl-lwt.%AgCl reference electrode. The potential
was saturated in around 24hours. This potential is in the intermediate of Pu(0)/Pu(III), -1.65V, and U(0)/U(III), -
1.35V, suggesting a reduced chemical activity of Pu in U-Pu-Zr alloy. The alloy was recovered from the anode
basket for visual examination, but no detectable change was observed.

Another pieces of U-Pu-Zr alloy were then charged to the anode basket, and a potential was applied between the
anode and a liquid Cd cathode to pass constant current of 0.4 A (RUN#2). Deposited amount of the actinides during
electrorefining was derived from the chemical analysis of liquid Cd sampled from the cathode. The Cd sample
obtained at the time when 3600C had passed was analysed with ICP-MS. The sample was found to contain
3.18wt% of Pu, 0.06wt% of U and 0.008wt% of Am, which demonstrated the feasibility of TRU recovery from U-
Pu-Zr alloy for the first time. The cathode current efficiency was calculated to be 92%, suggesting that the
theoretical electrolysis was almost carried out. The concentration of actinides in the salt varied during
electrotransport as shown in Fig. 6. The liquid Cd cathode was removed from the electrorefmer after 8100 coulomb
had passed. Fig. 7 shows the frozen Cd ingot removed from A1N cathode crucible. In order to elucidate the
dissolution behavior of U-Pu-Zr, the electrotransport was stopped before the alloy was completely dissolved. From
the visual examination of the alloy removed from anode basket (see Fig.8), dissolution of the alloy was found to
progress from outside to inside with leaving dense salt layer. Certain amount of metal powder was found in the
dense salt layer, however the chemical analysis has not been finished, yet.

Table 1 Experimental condition for U-Pu-Zr tests

RUN

anode

charged/g

cathode

Cd charged/g

current/A

time/hr

quantity of

electricity/coulomb

calculated transport
amount/g

# 1 *

UPuZr

11.4

.

m

#2

UPuZr

13.2

LCC**

84.4

0.4

5.6

8100

6.69

# 3

UPuZr

14.9

LCC

77.9

0.7 -> 0.4

4.5

9500

7.84

# 4

UPuZr

9.6

SC**

.

0.4

7.5

10800

8.92

#5

UPuZr

4.3

LCC

80.4

0.4

1.5

2200

1.82

*) RUN #1 was carried out for measuring equilibrium potential of U-Pu-Zr alloy
**) LCC=liquid Cd cathode, SC=solid cathode
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Fig. 7 Cd cathode products with salt (RUN#2) Fig.8 U-19Pu-10Zr alloy after electrorefining (RUN#2)
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Fig. 6 Concentration profile ofPu, U and Am in the salt during U-Pu-Zr tests

Taking into account of the redox potential of U, Pu, and Zr, dissolution of U-Pu-Zr metal can be explained by the
model shown in Fig. 9. When U-19Pu-10Zr ternary alloy is submerged in the UCl3 containing LiCl-KCl salt, UCl3

will be reduced to U metal since plutonium has less noble potential than uranium[7] according to the chemical
exchange reaction,

inMIalloy + UCl3 = PuCl}+U. 0)

Negative free energy change is expected for this
reaction at 773 K from the calculation as follows.

A G = A G/(PuCl3) - A Gf (UCl3) + RT In aP,,

= (-804.3) - (-714.5) + 773.I5R In (0.16)

3e-

=-101.6 (kJ/mol), (2)

where the ternary alloy is assumed to be an ideal
solution, aPu = x Pu =0.16. Hence, reduction of UC13

and oxidation of Pu and U take place simultaneously
during electrorefining as seen in the Fig. 9. This
parasitic reaction can be reduced when the anode
potential is kept nobler than U(III)/U(0) potential.
Since anode potential varied from -1.2 to -1.0 V during
RUN#2, oxidation of Pu and U had dominated the
anode reaction. Hence, the dense salt layer around the
U-Pu-Zr alloy should mainly consist of the residual
metal and the entrained salt.

3+
N "

Cathode
(SC or LCC)

Anode

Fig.9 Schematic model for electrorefining of U-Pu-Zr.



Then 14.9g of U-Pu-Zr was charged in the anode basket, and electrorefining with liquid Cd cathode was
repeated at higher current of 0.7A (RUN#3). After 7900 coulomb has passed, the cathode potential showed positive
deviation that suggested formation of U dendrite on Cd surface[2]. Hence electrorefining was continued with a
decreased constant current of 0.4A, and stopped at 9600 coulomb. The liquid Cd cathode was pulled out from the
salt for sampling and for visual examination. Chemical analysis of the cathode is still under way, however, the
concentration change of PuCl3 and UC13 during these two LCC runs suggests deposition of Pu and U on liquid Cd
cathode occurred simultaneously.

The electrorefining with a solid cathode was carried out as RUN#4
for selective recovery of U. 9.6g of U-Pu-Zr alloy was charged in the
anode basket, and potential was imposed to pass constant current of 0.4A.
After 10800 coulomb has passed, deposit was obtained on the solid
cathode as shown in Fig. 10. The morphology of this deposit is rather
massive, and is different from that of pure U deposit or U-Zr deposit
reported by Goff et al.[15]. Similar massive deposit was reported by
Tomczuk et al.[16], where Pu had co-deposited with U on a solid cathode.
The massive form may be created by a mixture of the electrodeposited U
(dendrite) with the chemically reduced U (powder?) by exchange reaction
between deposited Pu and UC13. Quite similar morphology change of U
deposit was also reported by Koyama et al.[17] where several
electrotransports to solid cathode in LiCl-KCl-UCl3-CeCl3 were carried
out with using U anode and Ce anode, respectively. The cathode deposit
from U anode was a typical dendritic form and that from Ce anode was a
massive form. The similarity of these two experiments suggests that the
anode reaction have some effect on the cathode deposition, however
further study should be needed.

Fig. 10 RUNM solid cathode deposit.

FP simulating elements such as lanthanides will next be added to the system, and electrorefining of U-Pu-MAs-REs-
Zr will be performed to simulate the processing of irradiated metal alloy fuel. The results will provide data on the up
to now unknown behavior of TRUs during electrorefining as well as the operation sequence to maximize the TRU
recovery, that will be crucial for the experiments with real irradiated fuel.

5. CONCLUSIONS

A new joint study on pyrometallurgical processing between CRIEPI and JRC-ITU has successfully started. This
study will demonstrate the capability of this type of process to separate actinide elements from spent (metallic) fuel
and HLW and should provide important data in view of a rational selection of future nuclear options. A successful
installation of the equipment in a new experimental set-up was achieved at JRC-ITU. Electrorefining tests on
unirradiated U-Pu-Zr fuel alloy using a solid cathode and a liquid Cd cathode demonstrated the feasibility of Pu and
Am recovery.
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