
Journal of Nuclear Materials 359 (2006) 102–113

www.elsevier.com/locate/jnucmat
Electrochemical reduction of (U–40Pu–5Np)O2 in
molten LiCl electrolyte

Masatoshi Iizuka *, Yoshiharu Sakamura, Tadashi Inoue

Central Research Institute of Electric Power Industry, Nuclear Technology Research Laboratory, Iwato-kita 2-11-1,

Komae, Tokyo 201-8511, Japan

Received 5 April 2006; accepted 11 August 2006
Abstract

The electrochemical reduction of neptunium-containing MOX ((U–40Pu–5Np)O2) was performed in molten lithium
chloride melt at 923 K to investigate fundamental behavior of the transuranium elements and applicability of the method
to reduction process for these materials. The Np-MOX was electrochemically reduced at the potential lower than �0.6 V
vs. Bi–35 mol% Li reference electrode. The reduced metal grains in the surface region of the sample cohered with each
other and made the layer of relatively high density, although it did not prevent the reduction of the sample toward the
center. Complete reduction of the Np-MOX was shown by the weight change measurement through the electrochemical
reduction and also by SEM–EDX observation. The chemical composition of the reduction products was homogeneous and
agreed to that of the initial Np-MOX, which indicates that the reduction was completed and not selective among the actin-
ides. The concentrations of the actinide elements, especially plutonium and americium in the electrolyte, increased with the
progress of the tests, although their absolute values were very small. It is quite likely that plutonium and americium
dissolve into the melt in the same manner as the lanthanide elements in the lithium reduction process.
� 2006 Elsevier B.V. All rights reserved.

PACS: 28.41.Bm; 82.45.Hk; 82.80.Fk
1. Introduction

Development of innovative nuclear fuel cycle
technology is strongly expected to secure an effec-
tual measure for improvement in the environmental
sustainability and answer to the increasing energy
demand. Central Research Institute of Electric
Power Industry proposes the metallic fuel cycle as
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one of the most promising options in the next gen-
eration nuclear fuel cycle technologies. The metallic
fuel cycle, a combination of the metal fuel fast reac-
tor and the pyrometallurgical reprocessing, has
excellent advantages in economic, safety and prolif-
eration resistance aspects [1].

Since the oxide fuel is used in the current light
water reactors, it is needed to reduce the oxide in
order to obtain the material for the introduction
of the metal fuel fast reactors. The reduction
method can be applied either to the uranium–
plutonium mixed oxide product from LWR fuel
.
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reprocessing, or to the LWR spent fuels. In the
latter case, pyrometallurgical processes, such as
the molten salt electrorefining process [2] should
follow the reduction step for removal of the fission
product elements.

The lithium reduction process using lithium
metal reductant in molten lithium chloride bath
has been developed for that purpose. Reduction of
UO2 [3] and simulated spent LWR fuel [4] was dem-
onstrated. The thermodynamic conditions for
reduction of transuranium elements [5] and the
behavior of major fission product elements [6] were
also studied. The co-produced Li2O should be
removed from the molten salt bath to prevent the
re-oxidation of the reduction product. The lithium
reductant was successfully recovered by electro-
chemical decomposition of the co-produced Li2O
in the bath [7]. Although the lithium reduction
process is thus already experimentally proven tech-
nique, there are still some technical problems to be
solved such as the handling of highly reactive and
sticky lithium metal and the difficulties in design
of the lithium recovery equipment.

Recently, the electrochemical reduction method
has been studied for reduction of oxide nuclear
fuels. Fig. 1 shows diagram of the electrochemical
reduction process for spent oxide fuels. The cathode
and anode reactions are as follows:
Cathode : 

Actinide oxide is
reduced to metal.

Anode :

Oxygen or carbon 
oxide gas is evolved.

Spent
oxide fuel

FPs (Cs,Sr,etc.) Molten salt

CO
2
/CO/O

2

O2-

Fig. 1. Schematic diagram of the electrochemical reduction
process.
Cathode: MO2 þ 4e� !Mþ 2O2� ð1Þ
Anode: 2O2� ! O2 þ 4e� ð2Þ

When a carbon anode is used, CO or CO2 is evolved
in place of O2.

Anode: 2O2� þ C! CO2 þ 4e� ð3Þ
O2� þ C! COþ 2e� ð4Þ

One of the advantages of the electrochemical
reduction process is that there is no troublesome
handling of lithium metal. Another advantage is
that the oxide ion produced at the cathode is simul-
taneously consumed at the anode. It means that the
concentration of oxide ion in the bath can be main-
tained at desired low level. This nature of the
process is very favorable because low oxide ion
concentration thermodynamically pushes the reac-
tion towards complete reduction of the actinide
elements. No accumulation of oxide ion in the bath
also indicates that there is theoretically no restric-
tion on the amount of the electrolyte contributing
to reduction of required volume of the equip-
ment.

Until now, the electrochemical reduction of UO2

and UO2–PuO2 in molten LiCl or CaCl2 bath has
been studied [8–10]. In CaCl2 bath at 1123 K, a thin
but dense layer formed in the surface region of the
oxide materials in the cathode due to cohesion
among the reduced uranium metal particles. Since
this layer hampered the outward diffusion of oxygen
ion evolved by the reaction (1), subsequent reduc-
tion was disturbed and the center region of the cath-
ode material remained as the original oxide. In LiCl
bath at 923 K, on the other hand, the reduction
product did not cohere so much to form a dense
layer probably because of lower temperature. Con-
sequently, there was no such a strong barrier for
diffusion of oxygen ion as seen in CaCl2, and both
UO2 and UO2–PuO2 samples were successfully
reduced toward the center.

Thus, the feasibility and desirable conditions for
the electrochemical reduction of uranium and pluto-
nium oxides have been experimentally well clarified.
In order to evaluate the material balance and estab-
lish the process flow sheet, it is necessary to under-
stand the behavior of minor actinide and major
fission product elements in the electrochemical
reduction process.

In the present study, the electrochemical reduc-
tion of (U–40Pu–5Np)O2 was performed in mol-
ten lithium chloride melt at 923 K to investigate
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fundamental behavior of the transuranium elements
(neptunium and americium yielded by b� decay
from Pu241) and applicability of the method to
reduction process for these materials.

2. Experimental

2.1. Apparatus

All the electrochemical reduction experiments
were carried out in an argon atmosphere glove
box, because lithium chloride is highly hygroscopic
and the reduction products might be easily re-oxi-
dized even by low concentration of oxygen. The
concentration of water in the argon atmosphere
was kept lower than 1.0 ppm during the tests by
using the purification system. But the oxygen level
was much higher (30–60 ppm) during this period
due to the deterioration of the copper catalyst.
The effect of this level of oxygen was, however,
not significant because the reduced cathodes were
Ar glove box

N2 glove box

Heaters

Thermocouples for

Temperature control

Cooling water
Therm

Fig. 2. Schematic view of the
quickly cooled after completion of the test and
stored in the sealed containers until just before
analyses.

Fig. 2 shows a schematic view of the experimen-
tal apparatus. A MgO crucible (40 mm in inner
diameter, 75 mm depth and 5 mm thickness) con-
taining lithium chloride was placed in the stainless
steel vessel and heated to 923 K. The temperature
was kept ±2 K by a PID controller and occasionally
checked with type-K thermocouple covered with
MgO tube.

For the basic electrochemical measurement, a
tantalum wire working electrode (1 mm diameter
and about 20 mm in immersed depth) was used. In
the electrochemical reduction experiments, baskets
of approximately 10 mm diameter made from Ta
mesh and Ta wire were used to hold the small
MOX pieces.

As a counter electrode for the electrochemical
measurement or an anode for the electrochemical
reduction experiments, a platinum wire electrode
al insulation

ABCD

Motor
/Lifter

A : Pt coil anode

B : Bi-Li reference electrode

C : Ta basket + MOX cathode

D : Thermocouple

experimental apparatus.



Table 1
Dimension and weight of the (U–40Pu–5Np)O2 pellet

Pellet
no.

Mass
(g)

Height
(mm)

Diameter
(mm)

Density
(g/cm3)

%TD

1 1.4504 7.16 5.43 10.70 95.9
2 1.4525 7.17 5.43 10.70 95.9
3 1.4418 7.09 5.43 10.74 96.2

Table 2
Chemical composition of the (U–40Pu–5Np)O2 pellet

Element wt% mol%

Pu 35.52 40.44
U 47.4 53.96
Np 4.45 5.07
Am 0.461 0.524
Sum of metals 87.831 100
O/M 1.993
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was used. The platinum wire of 1 mm diameter was
coiled in the shape of 4 mm in diameter and 20 mm
in length, and the upper end of the wire was con-
nected to the tantalum wire to make the electric
lead. The effective length and the surface area of
the platinum wire about 200 mm and 6.3 cm2,
respectively. This platinum anode was then covered
with a MgO shroud (6/10 mm in inner/outer diam-
eters) which avoids the decrease of the current effi-
ciency by minimizing the migration of evolving
oxygen gas to the cathode.

Bi–Li alloy was used as a reference electrode.
About 0.5 g of 35 mol% Li–Bi alloy was put in a
MgO tube (4/6 mm in inner/outer diameters) with
one end closed. According to the Bi–Li binary phase
diagram, this alloy exists as a homogeneous liquid
at temperature higher than about 673 K. A tanta-
lum wire of 1 mm in diameter was inserted in the
tube as an electric lead. A small hole (0.7 mm in
diameter) was made on the wall of the tube at the
position between surface levels of the molten lithium
chloride and Bi–Li alloy. This hole acts as a very
small channel between inside and outside of the
MgO tube so that this electrode shows the potential
of Li+/Li redox equilibrium. Theoretically this
potential is affected by the change of Li activity in
the alloy due to the dissolution into lithium chlo-
ride, migration of Li metal produced at the cathode,
and so on. In practical, however, this electrode
showed stable potential during about one week of
the experimental period because of the very small
channel.

EG&G Princeton Applied Research Model
263 A with software version 4.0 was used for basic
electrochemical measurement such as cyclic voltam-
metry. For the polarization curve measurement and
the electrochemical reduction experiments, a
constant electric current was applied with a DC
voltage/current generator (ADVANTEST TR6143)
and the electrode potentials were measured with
digital multimeters (ADVANTEST R8240 and Sch-
lumberger SI7063).

2.2. Chemicals

Lithium chloride of 99.9% purity was purchased
from Applied Physical Laboratory, US. It was used
without any additional treatment before use since
the amount of O2 and H2O impurities were extre-
mely low. The concentration of oxide ion O2� in
the molten lithium chloride electrolyte is one of
the most important parameter affecting the perfor-
mance of the electrochemical reduction step. The
higher O2� concentration gives more abundant sup-
ply to the anode and makes it easier to avoid the
generation of corrosive Cl2 gas. At the same time,
however, the electrochemical reduction of MOX
becomes thermodynamically more difficult at higher
O2� concentration. The concentration of O2� in the
molten salt electrolyte was adjusted by adding Li2O
of 99.9% purity purchased from Johnson Matthey
Co. MgO used as the crucible and the electrode
material was 99.9% in purity. All the metals used
as the electrode materials were higher than 99.9%
in purity.

The nominal composition of the neptunium-con-
taining mixed oxide (called ‘Np-MOX’ hereafter)
pellets used in this study is (U–40Pu–5Np)O2. They
have a hollow shape with central hole of 2.32 mm
inner diameter. Other dimensions of the pellets are
shown in Table 1. Since these pellets were fabricated
by the sol–gel method, they have excellent homoge-
neity and high density. The ceramographic observa-
tion showed that the average grain size of the bulk
pellet was around 10 lm. The actual composition
analytically determined just after the fabrication is
shown in Table 2. Due to the decay, the plutonium
and americium contents in this material when it was
used in the electrochemical reduction tests are esti-
mated about 2.0% smaller and higher, respectively.
One of these pellets was broken into small pieces
of 1–3 mm and put in the tantalum basket as
described above.
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2.3. Analytical methods

The molten lithium chloride samples were taken
by putting an alumina tube at room temperature
quickly into the crucible and by quenching a small
amount of the salt on the surface of the tube. The
salt samples were analyzed by ICP-MS for their
composition. The cathode samples were divided into
two portions after washing with methanol to
remove the adhering lithium chloride. One was sub-
mitted to ICP-MS for chemical composition of the
samples. Another portion was polished and ana-
lyzed by SEM/EDX for the microstructure and
distribution of each actinide in the reduced material.

3. Results and discussion

3.1. Conditions for electrochemical reduction

of Np-MOX

Fig. 3 shows the cyclic voltammogram measured
in the blank lithium chloride melt with the tantalum
wire electrode. There was almost no reduction cur-
rent between +1.0 V and �0.60 V, indicating the
negligible amount of impurities in the salt. The
small reduction current at �0.60 V is often observed
with tantalum electrode. It is considered to be due
to the deoxidization of tantalum, although its effect
on the CV is almost negligible. The reduction cur-
rent increases at potential lower than �0.70 V and
showed especially rapid rise near �0.75 V. This
current corresponds to the reduction of lithium
(Li+ + e� = Li). After deposition of lithium metal
on the surface of the tantalum electrode by impos-
ing a constant reduction current, this electrode also
showed a stable potential at �0.75 � �0.76 V which
comes from the Li+/Li redox pair. Excess amount of
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Fig. 3. Cyclic voltammogram measured in the blank lithium
chloride melt with the tantalum wire electrode.
lithium metal deposition on the cathode is consid-
ered to hamper the diffusion of oxygen ion from
the cathode and disturb the progress of the reduc-
tion. In the following electrochemical reduction
tests, therefore, the cathode potential was kept
higher than �0.75 V by adjusting the reduction
current.

Fig. 4 shows the cyclic voltammograms measured
in lithium chloride melts with the platinum coil elec-
trode. Before addition of Li2O (curve (a) in Fig. 4),
very rapid single increase of the oxidation current is
found at potential higher than +2.2 V correspond-
ing to dissolution of platinum: Pt = Pt2+ + 2e�.
After the addition of Li2O (curve (b) in Fig. 4),
another anodic current peak appeared at +1.9 V.
This anodic current is attributed to oxidation of
O2� evolving O2 in the reaction (2). Although it is
reported that formation of Li2PtO3 occurs at a little
lower potential, this reaction was not much remark-
able in this voltammogram. From those results,
attention was paid to keep the anode potential lower
than +2.0 V in order to avoid the loss of platinum
by anodic dissolution as much as possible.

In order to determine the appropriate reduction
current, current–potentials curves were investigated
for the tantalum basket cathode with/without Np-
MOX inside it. In the measurement, constant cur-
rent was added between the cathode and the anode.
The potentials were recorded until they showed sta-
ble values. In some cases where it took too long time
to reach stable potential, however, the measurement
was terminated in 4–6 min to avoid large change of
the surface conditions of the electrodes. The current
was increased stepwise until either of the electrodes
reached the limitations determined as shown above,
i.e. �0.75 V for the cathode and +2.0 V for the
anode.
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Fig. 4. Cyclic voltammograms measured in lithium chloride
melts with the platinum coil electrode.
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Fig. 5 shows the measured current–potential
curves. Without the MOX in the cathode basket
(curve (a)), the reduction current is very small at
potential higher than �0.75 V and it rapidly
increases with decreasing the potential from around
�0.75 V due to the reduction of lithium. This
behavior well agrees with the cyclic voltammogram
shown in Fig. 3. When some pieces of the Np-MOX
Table 3
Major parameters in the electrochemical reduction tests

Run
no.

Amount of MOX loaded in
cathode (g)

Li2O
concentration
(wt%)

Current
(mA)a

1 0.3270 0.51 50–10
2 0.8906 0.51 75–5

a The current was gradually lowered to avoid the reduction of lithium
b The ratio between the total electric charge passed during the test an
(0.891 g in total) are loaded in the basket (curve
(b)), the reduction current clearly increases from
around �0.6 V, which is much higher potential than
that in the case without MOX. This difference is
properly due to the electrochemical reduction of
the MOX. From these curves, it was also expected
that reduction current of around 75 mA would be
attainable at least in the early part of the electro-
chemical reduction under these conditions.
3.2. Change of anode/cathode potentials during

electrochemical reduction

Two series of electrochemical reduction tests
were carried out to investigate the behavior and
the attainable reduced ratio of the transuranium
elements. The major parameters of these tests are
shown in Table 3. The initial applied current and
the limiting anode/cathode potentials are deter-
mined from the results of the above current–poten-
tial curves measurement and cyclic voltammetry,
respectively.

According to the progress of electrochemical
reduction, the cathode potential gradually declines.
When it reached around �0.75 V, where lithium in
the electrolyte is reduced to its metal, the electrolytic
current was lowered in stepwise manner to wholly
reduce the Np-MOX while avoiding deposition of
significant amount of lithium.

Fig. 6 shows the change of the cathode potential
during the second electrochemical reduction test.
The electric charge passed between the electrodes
is taken as the horizontal axis in order to indicate
the progress of the reduction process more quantita-
tively. After the first step at 75 mA, where about the
same amount of electric charge as that theoretically
required for complete reduction of the loaded MOX
was passed, the cathode potential quickly went
down in most of the subsequent steps even at smal-
ler reduction current. This result suggests that the
electrochemical reduction of the MOX was almost
Total electric charge
(coulomb)

Total electric charge/loaded
amount of MOX (%)b

1201 257
1725 134

.
d that equivalent to the amount of loaded MOX.
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Fig. 7. View of the reduction product of the second electro-
chemical reduction test.
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completed and lithium ion in the electrolyte began
to be reduced in the first step. This behavior can
be used for detection of the MOX reduction. On
the other hand, in the sixth and eighth steps, where
only 5 mA was applied, the cathode potential did
not decrease beyond �0.70 V. It is considered that
5 mA is too small to go over the deoxidization of
tantalum which was seen only very slightly in the
cyclic voltammetry.

The anode potential was kept below the limiting
value (+2.0 V) during most of the test period. After
all the electrochemical reduction tests, a little
amount of yellow deposit was found on the surface
of the platinum anode. It is considered to be
Li2PtO3 produced by the following reaction:

Pt + 2Liþ+ 3O2�= Li2PtO3 + 4e� ð5Þ

This is the same behavior as seen in the previous
studies with uranium oxide [11]. Since consumption
of the platinum metal anode by this reaction seems
unavoidable under the condition where the oxygen
ion is oxidized in the reaction (2), it is necessary to
find adequate design and conditions to keep the pro-
gress of the reaction (5) as slow as possible.

3.3. Evaluation of reduced ratio by mass change

of samples

Since the cathode products were accompanied
with lithium chloride electrolyte and stuck in the
tantalum basket, they were washed with 20–30 ml
of methanol. The lithium chloride quickly dissolved
in methanol. During the washing of the product
from the first electrochemical reduction test, small
bubbles were generated from the reduction product
and a little amount of black powder precipitated.
Because these bubbles and black powder were likely
to be products from oxidation of actinide metals by
methanol, the washing was finished as soon as pos-
sible after the reduction products were released
from the tantalum basket for the second time. Con-
sequently, no precipitate was observed in washing
the product of the second test. After the washing,
lithium chloride was completely removed from the
surface of the reduction products and the tantalum
basket. Major portion of the surface of the first
reduction product was black most probably due to
oxidation by methanol, although there were also
some small spots of metallic shine. Most part of
the surface of the reduction product of the second
test was free from oxidation and shiny as shown
in Fig. 7, owing to the minimum washing time.

The weights of the reduction products after the
washing with methanol, together with those before
reduction, are shown in Table 4. By comparison
between the actual weight of the reduction product
and that theoretically calculated assuming 100%
reduction, the reduced ratio of each sample can be
evaluated. Thus calculated reduced ratio for the
samples from the first electrochemical reduction test
were estimated as over 100%. This result comes
from the underestimated weight of the product
probably due to the loss from the black precipita-
tion formed during the washing with methanol.
On the other hand, the reduced ratio was evaluated
to be nearly 100% for the product from the second
electrochemical reduction test from which signifi-
cant amount of the precipitate was not generated
in the washing step. Putting those findings together,
the actual reduced ratio under the conditions



Table 4
Reduced ratio of the reduction products evaluated from the weight change during the electrochemical reduction

Run
no.

Weight before
reduction (g)

Weight of the product
after wash (g)

Theoretical weight of the product after
100% reduction (g)

Evaluated reduced
ratio (%)

1 Piece 1 0.1956 0.165 0.172 132.0
Piece 2 0.1314 0.109 0.116 143.8
Total 0.3270 0.274 0.288 136.8

2 Total 0.8906 0.788 0.785 97.2

Fig. 8. SEI of the central part of the initial Np-MOX pellet.
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adopted in this study can be concluded approxi-
mately 100%. The reduced ratio evaluated in this
manner, however, is one of the feasible choices
and could give large error derived from washing
and weighing steps. Combination of other methods,
such as chemical analysis or measurement of hydro-
gen gas evolved by reaction with acid solution (gas-
burette method [4]), is then necessary to improve the
accuracy and reliability of the results.

With the ratio between the total electric charge
actually passed during the electrochemical reduction
tests and the theoretically required charge for the
complete reduction (shown in Table 3), the cathodic
current efficiency is evaluated to be 38.9% and
74.6% for the first and second tests, respectively.
The reason for this low current efficiency is the con-
sumption of the cathodic current by the deoxidiza-
tion of tantalum and the reduction of lithium in
the electrolyte.

3.4. SEM/EDX analysis of reduction products

Small samples were taken from the initial Np-
MOX pellet and the reduction products of the two
electrochemical reduction tests. After polishing,
these samples were submitted to the observation
by scanning electron microscope (SEM) and the
energy dispersion X-ray (EDX) analysis.
Table 5
Composition of the initial Np-MOX and the reduction determined by

Determined by chemical
analysis

Determined by EDX anal

Initial Np-MOX Initial Np-MOX Produ
run-1

U 53.96 48.88 49.36
Pu 40.44 36.45 34.6
Np 5.07 14.67 16.04

U/Pu 1.33 1.34 1.43
U/Np 10.64 3.33 3.08
Fig. 8 shows the secondary electron image (SEI)
taken from the central part of the initial Np-MOX
pellet. It can be seen that this material has high den-
sity and excellent homogeneity. EDX spectrum was
also taken for this sample. Because there is too much
interference among the Ma lines by the actinide
elements, the peak counts of the La lines are used
in the following quasi-quantitative considerations.
As shown in Table 5, the ratio between the peak
counts from uranium and plutonium (1.34) agrees
with the value calculated from the composition of
the pellet (1.33, from Table 2) determined by the
EDX point analysis (in at.%)

ysis

ct from Product from
run-2 (1)

Product from
run-2 (2)

48.12 48.05
38.67 36.47
13.12 15.48

1.24 1.32
3.67 3.10



Fig. 10. SEI of surface part of reduction product of the second
electrochemical reduction test.

Fig. 11. SEI of central part of reduction product of the second
electrochemical reduction test.
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chemical analysis. Because the peaks of uranium and
plutonium significantly interfere with the count from
neptunium, and because it is difficult to compensate
the contribution by the relaxation from the excita-
tion after a-decay of neptunium-237, the quantita-
tive evaluation of neptunium concentration from
the single EDX spectrum was not possible. There
was no significant change of the above U/Pu peak
count ratio throughout the whole sample.

Fig. 9 shows the SEM image of whole sample
from the reduction product of the second electro-
chemical reduction test. The sample is clearly a part
of the annular shape and its thickness is approxi-
mately same as that of the initial Np-MOX pellet
before reduction. Closer observation shows that
the density of the reduced sample varies with the
location. Generally, the density is higher near the
surface of the sample and lower around the center.
Typical examples of those regions are shown in
Figs. 10 and 11, respectively. It can be seen that
cohesion among the reduced metal grains proceeded
much more in the surface region of the sample,
which consequently leaded to the higher density.
In the central region, on the other hand, the unit
structure of dimension of around 10 lm, which is
the average grain size in the original Np-MOX
pellet, is still observed. It indicates connection
among the metal grains scarcely progressed in that
region. Such distribution of the density in the reduc-
tion products might be explained by the difference in
the period to be at high temperature after the elec-
trochemical reduction. Since the reduction proceeds
from the peripheral part of the material, the reduced
metal in the surface region remains at the experi-
mental temperature longer than that in the central
part which is reduced later at the end of the tests.
Fig. 9. SEI of whole sample from the reduction product of the
second electrochemical reduction test.
The composition of the reduction products deter-
mined by EDX spectrum measured at some points is
shown in Table 5 as well as the value for the initial
Np-MOX. The ratio among the content of uranium,
plutonium and neptunium shows little difference
from that in the initial Np-MOX pellet. Therefore,
the change of the actinide composition in the cath-
ode during the electrochemical reduction is consid-
ered very small, if there is any. Mapping by EDX
was also made for uranium, plutonium and neptu-
nium indicating no segregation of these elements
in the reduction products.

3.5. Behavior of actinide elements in electrochemical

reduction – chemical composition of reduction

products

The chemical composition of the reduction prod-
ucts determined by ICP-MS is shown in Table 6.



Table 6
Chemical composition of the reduction products determined by
ICP-MS (wt ppm)

Product from run-1 Product from run-2

Mg 7.38 · 100 2.39 · 100

Ta 6.526 · 101 1.645 · 101

Pt 2.45 · 102 1.535 · 100

Np 3.394 · 104 4.040 · 104

U 3.575 · 105 4.240 · 105

Pu 2.511 · 105 3.075 · 105

Am 6.481 · 103 7.379 · 103

Table 7
Chemical composition of the salt samples determined by ICP-MS
(wt ppm)

After run-1 After run-2

Mg 2.73 1.78
Ta 44.62 15.27
Pt 0.02 3.05
Np 0.16 0.11
U 0.33 1.17
Pu 2.61 4.53
Am 0.45 1.82
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Fig. 12. ‘Enrichment factor’ of actinides in the reduction
products.
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The concentrations of the impurities (Mg, Ta, Pt)
are very low compared to those of the actinides,
although the reason is not yet clear why those impu-
rities show larger discrepancies between the results
from two samples compared to the actinide ele-
ments. It is most likely that all these impurities come
into the product by physical entrainment. Tantalum
should be from the electrode/basket material and
platinum might be from Li2PtO3 peeled off from
the anode. The atomic ratio among the actinides
in the reduction products seems almost the same
as that in the initial Np-MOX. More quantitative
comparison was made by defining ‘enrichment’
factor as follows:

Enrichment of actinide M

¼ ðconcentration of M=that of uranium in the

reduction productÞ=ðconcentration of M=that

of uranium in the initial MOXÞ:

This ‘enrichment’ factor larger than unity indicates
that the actinide of interest is somehow concen-
trated in the reduction product. Although the calcu-
lated factors ranged within 5% around unity as
shown Fig. 12, no evident dependence on the ele-
ments was distinguished. If there is any tendency,
it should be too weak compared to the error that
ordinarily occurs in chemical analyses.
3.6. Behavior of actinide elements in electrochemical

reduction – change of molten salt electrolyte
composition

The molten lithium chloride electrolyte was sam-
pled before Li2O addition (called ‘blank LiCl’ here-
after) and after each electrochemical reduction test.
The composition of the samples was analyzed by
ICP-MS as shown in Table 7. Magnesium and plat-
inum in the salt clearly inevitably came from the
crucible and the electrode materials, respectively.
Since the concentration of platinum is a little higher
than expected from its thermodynamic stability, a
little amount of Li2PtO3 might be flaked off from
the anode and physically entrained into the sample.
Tantalum is also considered to come from the elec-
trode material, since its potential was sometimes
scanned to the range high enough to lead it to get
oxidized.

The change of the actinide concentrations is plot-
ted in Fig. 13. Though the absolute values are very
small, the actinide concentrations increased accord-
ing to the progress of the tests. To illustrate the dif-
ference among the behaviors of these elements
clearer, the ‘enrichment’ factor of each actinide
against uranium was calculated as well as in the case
of the reduction products (Fig. 14).
Enrichment of actinide M

¼ ðconcentration of M=that of uranium in the

saltÞ=ðconcentration of M=that of uranium in

the initial MOXÞ:
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Fig. 13. The change of the actinide concentrations in the salt
samples.
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Fig. 14. ‘Enrichment factor’ of actinides in the salt samples.
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It is obviously seen that the ‘enrichment’ factor of
plutonium and americium are much larger than that
of neptunium. It indicates that the detected actini-
des in the salt samples are neither the MOX nor
the reduced particle that fell down from the cath-
ode, because the composition of the actinides in
the salt samples was much different from that in
the initial Np-MOX. It is also suggested that pluto-
nium and americium tend to distribute in the salt
phase in relatively higher ratios compared with
those for uranium and neptunium. In the previous
study on the lithium reduction process, it has been
reported that lanthanide oxides could not be re-
duced and that these elements easily dissolved into
the lithium chloride melt as their oxychloride forms
at higher Li2O concentration [6]. Since the transura-
nium and the lanthanide elements have, in general,
very similar chemical characteristics, it is quite likely
that plutonium and americium dissolve into the
melt in the same manner. Because the absolute con-
centrations of the actinides are very low in the pres-
ent study, it is difficult to enter further discussion.
More dedicated experiments are needed to clarify
the chemical behavior of the actinides, such as
chemical form, distribution factor, solubility, and
so on in circumstances for the electrochemical
reduction.
4. Conclusions

It is necessary to understand the behavior of
minor actinide and major fission product elements
in the electrochemical reduction process in order
to evaluate the material balance and to establish
the process flow sheet of the electrochemical reduc-
tion process for oxide nuclear fuels. In the present
study, the electrochemical reduction of (U–40Pu–
5Np)O2 was performed in molten lithium chloride
melt at 923 K to investigate fundamental behavior
of the transuranium elements and applicability of
the method to reduction process for these materials.

From the results of current–potential curve mea-
surement with the MOX, it was indicated that the
MOX was electrochemically reduced at the poten-
tial lower than �0.6 V vs. Bi–35 mol% Li reference
electrode. In the electrochemical reduction at step-
wise electric current, the end point of MOX reduc-
tion could be detected by the quick downward
change of the cathode potential indicating the
exhaustion of MOX and the reduction of lithium
ion in the electrolyte.

The reduced metal grains in the surface region of
the sample cohered each other and made the layer of
relatively high density, although it did not prevent
the reduction of the sample to the center. Complete
reduction of the MOX was suggested by the weight
change through the electrochemical reduction and
SEM–EDX observation. The chemical composition
of the reduction products was homogeneous and
identical to that of initial Np-MOX, also indicating
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that the reduction was completed and not selective
among the actinides.

The concentration of the actinide elements, espe-
cially plutonium and americium, increased accord-
ing to the progress of the tests, although their
absolute values are very small. It is quite likely that
plutonium and americium dissolve into the melt in
the same manner as the lanthanide elements in the
lithium reduction process. Dedicated experiments
are needed to determine the chemical form, solubil-
ity in the electrolyte and the dissolved ratio of the
actinides correlated with the operating conditions
of the electrochemical reduction such as the process-
ing duration and the concentration of Li2O in the
electrolyte.
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