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9.2 Pyrochemical Properties of Actinides Elements
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The present status of research works on pyrochemical processing is introduced in
view of: 1) the process concept; 2) R&D progress; 3) new experimental facilities in
NUCEF. Basic laboratory studies with rare-earth elements have almost been
completed and hot tests with americium have been started at the TRU-HITEC
facility in NUCEF.
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1. Introduction

The primary nuclear policy of Japan adopts a uranium and plutonium fuel cycle system, in which
the recovered plutonium will be recycled in LWR and FBR as MOX fuels in a near future period.
On the other hand, the vitrified high-level radioactive wastes with minor actinide (MA) elements and
fission products will be geologically disposed in underground formation deeper than several hundred
meters. Fundamental goals of this closed fuel cycle system are safe and effective use of the
plutonium generated from LWR power generations. In this viewpoint, there are two options: 1) P&T
of MA elements such as Np, Am and Cm; and 2) a multi-recycling of plutonium, as shown in Figure 1.
As a result, reprocessing technology applied for these options has been strongly studied in Japan.

The pyrochemical reprocessing including a molten salt electrorefining has been identified as one of
the promising reprocessing techniques for advanced fuels as metals and nitrides. Also, the process
has recently been discussed for spent nuclear oxide fuels in order to achieve the cost reduction of
reprocessing. The process has several advantages such high radiation resistance, compactness, etc.,
in the comparison with a conventional wet process for reprocessing the spent fuel such as the PUREX
process.

In JAERI, the concept of the transmutation of MA elements with accelerator-driven system (ADS)
is being studies, where MAs nitride and pyrochemical reprocessing are adopted as a fuel material and
reprocessing method, respectively. By applying the pyrochemical reprocessing in the treatment of
nitride fuel with N-l 5 enriched nitrogen, expensive N-l 5 could be readily recovered and recycled1*.
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Fig.l Nuclear fuel cycle system in Japan with the P&T cycle
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There is a very limited possibility in Japan to handle and fabricate fuels/targets containing significant
amount of MAs such as Am and Cm. In addition an inert atmosphere is necessary for handling of MA
nitrides and other MA compounds such as chlorides. Within a collaborative program between JAERI
and the Japan Atomic Power Company (JAPC), a new facility, called the Module for TRU High
Temperature Chemistry (TRU-HITEC), has already been constructed in NUCEF. It consists of three
hot cells shielded by steel and polyethylene and one glove box, where a high purity argon atmosphere
is maintained. The limiting masses are 10 g of 241Am and 0.02 g of 244Cm. Many experimental
apparatuses for MA fuels and pyrochemical reprocessing were installed in the cells and glove box.

2. Process concepts

The pyrochemical reprocessing using molten salts and liquid metals as a solvent have some
advantages in comparison with the wet process using solution and organic solvent. Major advantage
is that the pyrochemical reprocessing is well suitable for oxide and some advanced fuels such as metal
and nitride fuels. In the pyrochemical process, there are two semi-industrial scale level reprocessing
technologies are available for metallic fuel and oxide fuel. The common features are dissolution of
spent fuel elements in a molten salt bath around 700-1000 K, and then selective recovery of
constituent elements of spent fuels for recycling or conditioning by electrorefining method.

However, in contrast to many advantages, there are some uncertainties such as separation
performance between actinides and lanthanides, material selections. In particular, there are little data
on pyrochemical properties of MA elements such as Am and Cm. As technological problems, there
are material selection at high-temperature and corrosive atmosphere such as CU and O2, treatment of
salt waste, equipment designs such as the electrorefiner, especially considering critical safety and
efficiency and process design of plant for cost reduction.

The electrorefining process is the key step in the pyrochemical reprocessing, where the actinide
elements including MA elements are recovered and separated from fission products in the spent fuel.
Figure 2 shows the electrorefining processes for metal/nitride fuel and oxide fuel schematically. In
the case of metal or nitride fuels, an eutectic mixture of LiCl-KCl ( melting point 620 K ) is used as a
solvent. In general, the electrorefiner is operated at a temperature of 770 K. The actinides from the
spent fuel are transported from the anode basket to two kind of cathodes by means of an applied
electric current. On the solid cathode, uranium metal is mainly collected. On the liquid cathode
such as Cd, plutonium and MA elements are collected. On the other hand, in the case of oxide fuel,
NaCl-based molten salts such as NaCl-KCl or NaCl-2CsCl are used as a solvent. Operating
temperature is about 1000 K and higher than LiCl-KCl salt for metal/nitride fuels. In this process,
oxide such as UO2 is dissolved in molten salts by chlorination with Cl2 gas and the uranyl ion, UO22"1"
is reduced to oxide on the cathode. During the joint electro-deposition of UO2 and PuO2 as MOX
fuels, it is necessary to treat with a C12-O2 mixture gas to create the required concentration of plutonyl
ion.
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Fig.2 Electrorefining processes for metal/nitride and oxide fuels
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Table 1 shows an ordered list of the stabilities of the chlorides of the elements involved in the
pyrochemical processing, expressed as standard free energies of formation at a temperature of 773 K2).
From the relative chloride stabilities, it is obvious that fission products are stable in salt phase, and
actinides are electro-transportable to exit in equilibrium both as metals and as chloride at various
stages in the pyrochemical process.

Table 1 Stabilities of some chlorides (AG°f in kcal/mol)

Stable
(salt phase)

ESectro-
transportable

Unstable
(metal phase!

CsCl
KCS
LiCI
NaCI
LaCS3

CeCI3

YCI3

AG°f

-87.8
-86.7
-82.5
-81.2
-70.3
-68.6
=65.1

PuCS3

NpCI3

UCI3

AG°f

=62.4
-58.1
-55.2

CdCI2

FeCI2
M0CI2

AG°f

-32.3
-29.2
-18.8

3. Pyrochemical properties of rare-earth elements in molten salts

The preliminary experiments for pyrochemical reprocessing studies using rare-earth elements were
almost completed in the TRU-HITEC facility. In the electrochemical measurements, an
electrochemical cell, as shown in Figure 3, is generally used to obtain redox potentials,
electrochemical properties and so on. Figure 4 shows the cyclic voltammogram of Gd in LiCl-KCl
eutectic salt. The cyclic voltammetry is very popular technique to obtain information such as
reactions occurred at electrode surfaces. In this figure, dissolution and deposition of Gd was
occurred at about -2.1 V.
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Fig.3 Electrochemical Cell Fig.4 Cyclic Voltammogram of Gd3+ in LiCl-KCl at 723 K

Figure 5 shows the dependence of the redox potentials of Gd3+ on GdCl3 concentration in LiCl-KCl
eutectic salt. Figure 6 shows the galvanostat measurement of Gd deposit reaction. From the
time-potential diagram, the diffusion coefficient of Gd ion in salts can be estimated using the
theoretical relationship.
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Fig.5 Dependence of redox potentials vs. X(GdCl3)
in GdCl3-LiCl-KCl

Fig.6 Dependence of current density vs. z
in GdCl3-LiCl-KCl

-1/2

In the pyrochemical reprocessing for oxide fuels, the behavior of actinide elements in molten salts
strongly depends on potential and oxoacidity. Therefore, it is very important to obtain the
potential-oxoacidity diagram, namely Pourbaix diagram. Figure 7 shows the calculated pourbaix
diagrams of Pu-O-Cl and Am-O-Cl systems. In the Pu system, oxide phase of PU2O3 phase is very
stable in a wide range and PuOCl phase is unstable. On the contrast, in the Am system, the
oxychloride, AmOCl phase is very stable in molten salts.
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Fig.7 Potential-pO diagrams for Pu-O-Cl and Am-O-Cl systems

It is very difficult to perform the experimental studies using plutonium and MA elements such as
Am and Cm. In this viewpoint, development of simulation technique for obtaining the
electrochemical behavior in molten salts is very important and very useful. Therefore, a simulation
code combined with chemical reaction analysis and electrode reaction analysis by means of a
numerical method has also been developed.

More recently, the handling of gram-ordered 241Am for measurement of the pyrochemical properties
is started in the module for TRU high temperature chemistry, TRU-HITEC, in NUCEF. The
preparation of pure AmCl3 was successfully completed by means of a solid-solid reaction method.
The experimental studies on electrochemical behavior of Am in molten salts such as LiCl-KCl and
NaCl-2CsCl are now on-going in the TRU-HITEC facility. Figure 8 shows the electrorefiner settled

- 1 8 9 -



JAEEI-Conf 2005-007

in the hot cell of the TRU-HITEC.

Fig.8 Electrorefiner in a hot cell of the TRU=HITEC
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