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Abstract

The effects of the electrochemical conditions on the behavior of plutonium and proper conditions for plutonium
recovery at the liquid cadmium cathode (LCC) used in the pyrometallurgical reprocessing were studied by the elec-
trotransport experiments with small, not stirred electrodes. Plutonium was successfully collected up to 7.75 wt%
without disturbance by solid phase formation at the surface. Plutonium collected beyond saturation formed interme-
tallic compound PuCdg and accumulated at the bottom of the LCC. The cathodic current density adequate for plu-
tonium collection was proportional to the concentration of plutonium in the molten salt. The behavior of americium
was reasonably explained by a local equilibrium model between plutonium and americium at the surface of the LCC,
although thermodynamic study and quantitative analysis are needed for further understanding. The plutonium col-
lection rate in practical electrorefiner was estimated to be 324 g/h for one LCC by extrapolation of the experimental
results. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 28.41.Bm; 81.15.Pq; 82.65.Dp; 82.80.Fk

1. Introduction

Metallic fuel cycle which consists of the metal (U-Zr
or U-Pu-Zr) fueled fast reactor and the pyrometallur-
gical reprocessing has been proposed originally by Ar-
gonne National Laboratory (ANL) as an innovative
nuclear fuel cycle technology [1]. The metallic fuel cycle
has an excellent safety feature originating from high
thermal conductivity of the metal fuel [2]. It also has
economic advantage because the pyrometallurgical re-
processing plant is estimated to be smaller than con-
ventional aqueous reprocessing plants due to the fewer
steps and the more compact equipments [3].

* Corresponding author. Tel.: +81-3 3480 2111; fax: +81-3
3480 7956.
E-mail address: iizuka@criepi.denken.or.jp (M. lizuka).

The main step in the pyrometallurgical process is the
molten salt electrorefining [4], where the most part of the
actinide elements are recovered and decontaminated
from the fission products. Fig. 1 shows a schematic flow
of the normal operation of the electrorefining step. The
spent fuel is cut into small pieces, loaded in a steel
basket, and immersed into molten chloride electrolyte.
Almost all of the actinide elements in the spent fuel are
anodically dissolved. The noble metal fission products
are left in the anode basket by controlling the anode
potential because they are less stable as chlorides than
the actinide elements. The chemically active fission
products such as alkali, alkaline earth, and rare-earth
metals exchange with the actinide chlorides in the elec-
trolyte and accumulate in the form of chlorides. Two
kinds of cathodes are used to obtain different streams of
products. One is a solid cathode made of iron for the
blanket material production, and the other is a liquid
cadmium cathode (LCC) for the driver fuel material
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Fig. 1. Schematic flow of routine operation of the electrore-
fining step.

production. The free energy changes of chloride for-
mation for some actinide and lanthanide elements at the
two types of cathodes are shown in Fig. 2 [S]. At the
solid cathode, uranium is selectively collected because
the free energy change of chloride formation for ura-
nium differs more than 30 kJ/mol from those for the
other actinide and lanthanide elements. On the other
hand, the free energy changes of the actinide elements
are close to each other at the LCC as seen in Fig. 2
because the transuranium elements (plutonium, neptu-
nium, americium and curium) are stabilized in the LCC
due to their very low activity coefficients in liquid cad-
mium [6,7]. Therefore, transuranium elements can be
collected at the LCC together with uranium. Although a
small amount of lanthanide fission products comes into
the LCC product as expected from Fig. 2, it does not
impact the performance of the fuel fabrication process
or the reactor loaded with recycled fuel [8,9]. The inev-
itable coexistence of y-emitting lanthanide fission prod-
ucts in recycled fuel could be rather an advantage in
terms of non-proliferation.

The use of the LCC is the most important technology
in the pyrometallurgical process because plutonium is
recovered and decontaminated from fission products in
this step. Since the performance of the LCC significantly
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Fig. 2. AG; of several chlorides at solid and liquid cadmium
cathodes.

influences the feasibility of the pyrometallurgical repro-
cessing, ANL studied plutonium recovery with the LCC
in depth with the laboratory scale equipment [10-13].
They devised the ‘pounder-type’ LCC, which has a cy-
lindrically shaped ceramic block rotating and recipro-
cating vertically above the cathode cadmium [13]. The
pounder facilitates exchange of the electrolyte above the
cathode and pushes solid product, which hampers stable
LCC operation, down into the cathode cadmium. It was
reported that more than 15 wt% of plutonium was re-
covered into 200 to 250 g of cathode cadmium [13] using
the pounder-type LCC made of beryllia or aluminum
nitride. We have reported on the behavior of uranium at
LCCs, especially focusing on the formation of dendritic
uranium deposit [14,15]. In those studies, it was shown
that stirring in the cathode cadmium with the vertical
paddles is effective to restrain growth of the uranium
dendrite and that uranium can be collected into the
LCCs at the cathodic current density of 0.2 A/ cm’ up to
about 10 wt% in the cathode without dendrite formation
[15]. In addition to the uranium studies, we have laun-
ched a joint research program with Japan Atomic Energy
Research Institute (JAERI) on the pyrometallurgical
processes. In 1999, a plutonium electrorefining appara-
tus equipped with a LCC assembly was fabricated and
installed. In this study, fundamental plutonium electro-
transport experiments were carried out in order to un-
derstand the effects of electrochemical conditions on the
behavior of plutonium at the LCC preceding investiga-
tion of the engineering factors like stirring method.

2. Experiment
2.1. Apparatus

All the experiments were carried out in a high purity
argon atmosphere glove box. Both the oxygen and the
moisture levels in the atmosphere were kept less than 2
ppm during the tests. Fig. 3 is a schematic view of the
experimental apparatus. Inner diameter and depth of the
container for the molten salt were 124 and 120 mm,
respectively. About 1200 g of lithium chloride—potassi-
um chloride (LiCI-KCl) eutectic mixture was loaded in
this container. Under the molten salt electrolyte, a liquid
cadmium layer was placed and used as an anode which
supplied plutonium in the electrotransport experiments.
The amount of the anode cadmium was about 1400 g.
The salt and the anode cadmium were heated with an
electric furnace and the temperature of the system was
kept to 773 £ 1 K by a proportional-integral-differen-
tial (PID) controller. The molten salt and the liquid
cadmium anode layer were stirred by rotating small
vertical paddles (30 mm OD, 6 mm height) at 60 rpm.

The electrorefining apparatus and the cathode as-
sembly were originally designed to accommodate a LCC
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Fig. 3. Schematic view of the experimental apparatus.

of 50 mm outer diameter, which would be stirred to
facilitate the mass transfer of plutonium. In this study,
however, much smaller cathodes were used because the
study aimed to understand the effects of fundamental
electrochemical conditions on the behavior of plutonium
at the LCC before investigation of the engineering fac-
tors like stirring method. The size of the cathode crucible
used in this study was 9 mm in diameter and 16 mm in
depth. About 3-5 g of cadmium was loaded in the cru-
cible. A tungsten wire of 1 mm diameter with a high
purity alumina sheath of 2 mm outer diameter was im-
mersed in the cathode cadmium and was used as an
electric lead. It was difficult to determine the surface area
of the LCC exactly because it is largely affected by the
wetting behavior of liquid cadmium to the alumina
parts. In this study, the surface area was evaluated to be
0.605 cm? simply on the assumption that the annular
region between the cathode crucible and the alumina
sheath was flat. A silver—silver chloride (1 wt% AgCl in
LiCIl-KClI) reference electrode contained in a thin Pyrex
glass tube was used. The potential of the reference
electrode was very stable at 773 K throughout the ex-
periments.

2.2. Chemicals

The chlorides (LiCl-KCl, CdCl, and AgCl) were
purchased from Anderson Physical Laboratory. Because
their purity was no less than 99.99% and their moisture

content was negligibly low, they were used without ad-
ditional purification procedure. Cadmium metal of more
than 99.9999% purity for the anode and the cathode was
purchased from Rare Metallic Corporation. Because the
cadmium had been packed under vacuum just after
production to avoid oxidation by the air, it was not
washed or polished before use. The purity of the other
electrode materials such as tungsten, tantalum, molyb-
denum and silver, was no less than 99.95%. These metals
were polished with #1000 emery paper. They were then
washed in diluted nitric acid and in distilled water with
an ultrasonic cleaner. PuO, used in this study contained
about 2% of americium which was generated by (n, y)
reaction of Pu*® and B-decay.

2.3. Analytical procedures

EG&G Princeton Applied Research potentio/galva-
nostat Model 273A and EG&G 270/250 Research
Electrochemistry Software were used for both the elec-
trochemical measurement and the constant-current
electrotransport. The concentrations of plutonium and
cadmium in the molten salt were determined by induc-
tively coupled plasma-atomic emission spectroscopy
(ICP-AES) of the samples. The cathode products were
analyzed by scanning electron microscope (SEM) and
electron probe microanalyzer (EPMA). An X-ray dif-
fractometer (XRD) was also used to determine the
chemical form of the cathode deposit.

2.4. Adjustment of plutonium concentrations in molten salt
and liquid cadmium anode

In our previous studies on the chemistry and the
electrochemistry of plutonium in molten chlorides, plu-
tonium trichloride (PuCl;) was prepared in the follow-
ing three steps [16]: (a) carbothermic reduction of PuO,
to produce PuN [17], (b) formation of PuPt; by reaction
between PuN and platinum metal, and (c) exchange re-
action between PuPt; and cadmium chloride (CdCl,)
which yields PuCl; in a LiCI-KCl/liquid cadmium sys-
tem. Although this is an established method to obtain
PuCl; in LiCl-KCl, a large amount of expensive plati-
num metal becomes radioactive waste mixed with toxic
cadmium. This problem is especially serious when a
large amount of PuCl; is needed. Then, another method
was adopted in this study. PuN obtained in the step (a)
was loaded in a basket made of molybdenum mesh, then
immersed into the molten LiCI-KCl and directly reacted
with CdCl, to produce PuCl; and N, gas. The amounts
of PuN and CdCl, at the beginning of this study were
44.2 and 53.5 g (excess of about 5% over the required
amount for complete reaction with PuN), respectively.
The molten salt samples and the cyclic voltammograms
(CVs) for plutonium in the salt were taken periodically
in order to follow the progress of the reaction. The
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experiment was finished five days after the beginning of
the reaction because the change of CVs became almost
negligible. There was a small amount of brown residue
at the bottom of the basket, which was presumed to be
PuO, generated by oxidation of PuN during storage.
Fig. 4 shows the change of the concentrations of plu-
tonium and cadmium in the molten salt during that
process. It can be seen that the reaction between PuCls
and CdCl, was almost completed in 16 h. Although the
actual plutonium concentration in the salt was slightly
lower than expected, the reaction efficiency was consid-
ered nearly 100% taking account of the oxidation of
PuN and the error from the chemical analysis of the
samples.

The concentration of plutonium in the liquid cad-
mium anode was adjusted by reduction of PuCl; in the
molten salt phase by addition of cadmium-lithium alloy
as a reducing agent. Lithium metal itself was not used to
avoid rapid reaction with plutonium chloride and dis-
persion of fine plutonium metal powder product, re-
sulting in low material balance. As well as in the case of
PuCl; preparation, the molten salt/liquid cadmium an-
ode samples and the CVs for plutonium in the salt were
taken periodically. The reaction was considered to
complete in 20 h because no more change could be
found in the CVs after that. The reaction efficiency in the
reduction step was determined to be approximately
100% based on the chemical analysis of the samples.

After all these steps were completed, the concentra-
tions of plutonium in the molten salt and in the liquid
cadmium anode were 2.28 and 1.72 wt%, respectively.
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Fig. 4. Change of Pu and Cd concentrations in molten salt
during PuCl, preparation from PuN.

3. Results and discussion

3.1. Voltammetric study on the electrochemistry of
plutonium at the liquid cadmium electrode

Preceding the electrotransport experiments, CVs
were measured with the liquid cadmium electrode in
order to obtain primary information about the electro-
chemical reaction of plutonium at the LCC. Fig. 5 shows
the CVs for LiCl-KCI-PuCl; measured with a liquid
cadmium electrode whose dimension is identical to those
used in the electrotransport experiments. The surface
area of the electrode was estimated from the inner di-
ameter of the crucible and the outer diameter of the
insulator tube of the electric lead.

The reduction current of plutonium started to flow at
about —1.2 V and it made a bump at about —1.5 V. In a
CV measured with a solid electrode shown also in Fig. 5,
the peak current for the reduction of plutonium ap-
peared at —1.7 V which is 0.2 V lower than that in the
case of the liquid cadmium electrode. The activity co-
efficient of plutonium in liquid cadmium at 773 K is
reported to be 1.4 x 107* [6]. Because this value is
equivalent to a 197 mV shift to the higher direction for a
three-electron reaction at 773 K, the above potential
difference between the two kinds of electrodes is ther-
modynamically reasonable.

In general, the current by diffusion-controlled reac-
tions is proportional to square root of the potential
scanning rate in CV [18]. However, the increase of the
reduction current of plutonium at the liquid cadmium
electrode was very little when the potential scanning rate
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was increased from 50 to 100 mV/s. This behavior in-
dicates that the concentration of plutonium at the sur-
face of the electrode went over its solubility limit and
that a solid phase which was supposed to be PuCds from
the Cd-Pu phase diagram [19] was formed. In such a
situation, the supply of free cadmium which lowers the
activity of the reduced plutonium would be disturbed by
the solid phase barrier. Then the reduction current of
plutonium would not depend on the potential scanning
rate, and it would be controlled by the supply of free
cadmium from the inside to the surface of the electrode.
When the potential was turned to the positive direction,
the reduction product ought to have accumulated near
the surface of the cathode and the oxidation peak cur-
rent should have been controlled by diffusion of tri-
valent plutonium ion in the molten salt. Consequently,
the oxidation peak current at —1.1 V is approximately in
proportion to square root of the potential scanning rate
as shown in Fig. 5.

3.2. Plutonium electrotransport experiments at constant
cathodic current density

In order to understand the behavior of plutonium at
LCC and the proper conditions for plutonium recovery,
the electrotransport experiments were carried out at
various cathodic current densities and plutonium con-
centrations in the molten salt. Major results are sum-
marized in Table 1 with the experimental conditions.
There was essentially no change in the concentration of
plutonium in the molten salt during each test. Because
the amount of plutonium transported to the cathodes
was very small compared to the inventory in the anode,
the change of plutonium concentration in the anode
was negligibly small. The polarization of the anode was
also very small because the surface area of the anode
was about two hundred time larger than that of the
cathode.

3.2.1. The change of the LCC potential and the plutonium
collection efficiency

Run 1 to 4 were carried out at relatively lower plu-
tonium concentration in the molten salt (2.11-2.34
wt%). The changes of the LCC potential in these tests
are shown in Fig. 6. At the cathodic current density of
33-41 mA/ cm’, the cathode potential was kept between
—1.4 and —1.55 V after a slight shift to the lower direc-
tion at the beginning. In this range of the potential, the
reduction of plutonium followed by Pu-Cd intermetallic
compound is expected to occur at the LCC from the
result of the CV measurement. The moderate change of
the cathode potential indicated that plutonium was
collected into the LCC without abrupt growth of solid
phase at the interface. The collection efficiency for plu-
tonium calculated from the increase of the cathode
weight and the total electric charge as shown below were
nearly 100% on these conditions.

Collection efficiency (%)

_ Increase of cathode weight (g) x 100
" Total electric charge (C)/1210 (C/g Pu)’

This result supports the above consideration about the
smooth collection of plutonium. Fig. 7 is the appearance
of the cathode cadmium ingot taken out of the crucible
in Run 2 where plutonium was collected up to 7.75 wt%
into the LCC at the cathodic current density of
41 mA/cmz. The top of the ingot was round due to the
poor wetting between cadmium and the alumina cruci-
ble. Although there was a little inequality on the surface
of the LCC, no growth of dendritic deposit was found.

In Run 3, the cathode potential went down to —1.65
V at the cathodic current density of 50 mA/cm?. The
solidified salt on the top of the cathode cadmium was
white after this run although LiCI-KCl containing
about 2 wt% of plutonium is usually light blue. The
collection efficiency of plutonium was about 80% in this

Table 1
Conditions and results of the Pu electrotransport experiments with the LCCs
Run Pu concen-  Cathodic Electro- Electricity Initial Increase of  Collection Final Pu
no. tration in current transport passed in amount of  cathode efficiency concentration
molten density time experiment  cathode weight (%) in cathode
(Wi%) (mA/em’) — (5) © ® ® (Wt%0)
1 2.28 33 12000 240 4.036 1.983 100 4.68
2 2.11 41 11870 297 2.918 0.245 105 7.75
3 2.28 50 7800 234 4.899 0.1555 80.6 3.08
4 2.11 66 6500 260 3.406 0.0023 1.07 0.07
5 4.6 66 7200 288 4.0287 N/A N/A N/A
6 4.6 82 5400 270 4.0056 N/A N/A N/A
7 4.6 100 5400 324 4.024 N/A N/A N/A
8 4.6 132 5400 432 4.082 N/A N/A N/A

Increase of cathode weight (g) x 100

Collection efficiency (%) =

" Total electric charge (C)/1210(C/g Pu).
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Fig. 6. Change of LCC potential in the Pu electrotransport
tests (at the lower Pu concentration in molten salt).

Fig. 7. Cathode Cd ingot obtained after the Pu electrotransport
test at the cathodic current density of 41 mA /em’.

run, a little lower than in the preceding cases at the lower
cathodic current densities. These results indicate that
lithium in the electrolyte was electrochemically reduced
at the LCC at —1.65 V and that the reduced lithium
reacted with plutonium chloride near the cathode after
the electrotransport. Lithium forms a very stable chlo-
ride whose standard potential is more than 0.6 V lower
than that of plutonium at an inert electrode. However,
redox potential of lithium is about 0.4 V higher at the
LCC due to the very low activity coefficient of pluto-
nium in liquid cadmium (1.8-2.6 x 1073) [20]. In addi-
tion, the concentration of lithium ion around the LCC
was very high because it was one of the solvent cations.
In that situation, lithium should be reduced at the LCC
in competition with plutonium. Fig. 8 shows a CV
measured with a liquid cadmium electrode for LiCl-KCl
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Fig. 8. CVs for blank LiCI-KCL with liquid cadmium elec-
trode.

containing no plutonium. It can be seen that the re-
duction current of lithium increases from around —1.6
V, suggesting the validity of the above consideration.

When the cathodic current density was increased to
66 mA/cm’, the cathode potential once descended to
—1.7 V and subsequently ascended in two steps. After
the experiment, the cathode was visually inspected. The
lower part of the alumina insulator sheath of the electric
lead for the LCC had turned black and a deposit with
metallic gloss was found on that region. X-ray diffrac-
tion analysis showed that the major portion of this de-
posit was PuCdg. At such high cathodic current density,
it is expected that the concentration of lithium at the
surface of the LCC was so high due to the low cathode
potential that the lithium reacted with the alumina
sheath. It is very likely that the alumina sheath was
wetted much more easily with liquid cadmium due to the
reaction with lithium. This is considered the reason why
the alumina sheath worked as a thin LCC and PuCds
was deposited there. The very low collection efficiency
for plutonium (1.07%) in Run 4 should also be attrib-
uted to the PuCdg formation out of the cathode
cadmium.

The electrotransport experiments were carried out
also at the higher plutonium concentration in the molten
salt (Runs 5-8). Before these tests, the concentration of
plutonium in the molten salt was increased to 4.6 wt%
by the procedure described in Section 2.4. Fig. 9 shows
the change of the LCC potential in these tests. The
overall tendency and the cathodic current density de-
pendence of the cathode potential were similar to those
seen in the preceding cases at the lower plutonium
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concentrations. At the cathodic current density of up to
100 mA/ cm’, the cathode potential was kept higher
than —1.6 V throughout the test and no growth of solid
phase product was observed at the surface of the LCCs.
In Run 8, where the highest cathodic current density
(132 mA/ sz) was applied, the cathode potential
showed a rapid rise from —1.68 to —1.51 V. After cool-
ing, small dendritic particles with metallic shine were
observed in the molten salt phase just above the LCC.
These results were also seen in Run 4 and indicate that
PuCdg deposited out of the cathode cadmium due to the
competitive reduction of lithium at the high cathodic
current density.

3.2.2. Proper conditions for plutonium recovery with LCC
Fig. 10 summarizes the result of the electrotransport
tests at various cathodic current densities and plutonium
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Fig. 10. Summary of the Pu electrotransport tests.

concentrations in the molten salt. The circles in this plot
represent the conditions on which plutonium was
smoothly collected into the LCC with the collection ef-
ficiency of almost 100%. The triangles denote the con-
ditions on which the collection efficiency was decreased
by the reduction of lithium and the reaction between the
lithium and the ceramics parts. From these data, it is
found that the maximum cathodic current density for
successful plutonium collection with no-stirred LCC is
proportional to the plutonium concentration in the
molten salt as represented by the line in Fig. 10. This
proportional relation indicates that the plutonium re-
covery rate was limited by transport of plutonium
chloride to the surface of the LCC in the range of this
study.

In practical electrorefining process, other factors
should be taken into consideration. At higher pluto-
nium concentration in the molten salt, the recovery
rate can be controlled by the transport of reduced
plutonium from the surface to the inside of the cath-
ode as discussed in Section 3.1. On the other hand,
larger cathodic current than shown in Fig. 10 can be
expected in practical electrorefining equipment, because
the LCC will be stirred to facilitate the transport of the
actinide elements from the molten salt to the cathode
cadmium.

However, an evaluation of plutonium recovery rate
based on the experimental result, even at an early stage
of development, is important because that kind of data
is useful and necessary as a baseline for following tests in
lager scale, investigations on the engineering factors, and
design studies of whole pyrometallurgical processing
plant. Then a rough estimation of plutonium recovery
rate in practical scale electrorefining equipment was at-
tempted as following by extrapolating the result from
this study.

The sum of the concentrations of all actinides in the
molten salt is planned to be adjusted to 2 mol% (about §
wt%) in the practical operation of the electrorefining
step [21]. In the LCC operation, the plutonium/uranium
ratio in the molten salt will be set considerably high in
order of avoid the formation of uranium dendrite. This
ratio was assumed to be 7/1 in this estimation. The inner
diameter of the practical scale LCC was assumed to be
30 cm. Because the slope of the rate limiting line in
Fig. 10 was 22 mA/ cm® wt% Pu, the reduction current
of plutonium at one practical LCC can be evaluated
as follows.

0.022 (A/cm? wt%) x 7 (wt%) x 15°% (cm?) = 109 (A).

This current is equivalent to a collection rate of 324 g
of plutonium per hour. This performance is consid-
ered high enough as an initial condition for design
of the practical electrorefiner and pyrometallurgical
process.
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3.2.3. Behavior of plutonium and americium in the LCC

The LCC ingot recovered after the electrotransport
was analyzed by EPMA in order to evaluate the be-
havior and distribution of plutonium in the cathode.
Fig. 11 is an SEM image of the intersection of the LCC
ingot obtained in Run 2, where plutonium was collected
into the cathode up to 7.75 wt% at cathodic current
density of 41 mA/cmz. There is a layer containing a
crystallized phase in high density near the bottom of the
LCC. Fig. 12 is a characteristic X-ray image of pluto-
nium of this layer. It is clearly shown that the crystal-
lized phase in this region contains a high concentration
of plutonium and that only a small amount of pluto-
nium exists in the bulk. The composition of the pluto-
nium-rich phase was quantitatively analyzed in the

K

Fig. 11. SEM image of the LCC ingot shown in Fig. 7 (near the
bottom).

Fig. 12. Characteristic X-ray image of Pu at the bottom region
of the LCC ingot.

following steps. X-ray counts for plutonium and cad-
mium from the LCC ingot sample were normalized by
counts from pure plutonium and cadmium standard
specimens. All these counts were corrected for back-
ground counts and dead time of the detector. Subse-
quently, the data were corrected by the ZAF method
until it reached convergence. In the result, the mole ratio
between cadmium and plutonium in the plutonium-rich
phase was determined to be 6.08, indicating that the
deposit was PuCds.

From these results, it seems most likely that pluto-
nium reduced at the LCC beyond the solubility limit in
liquid cadmium instantly forms PuCdg solid phase at the
surface of the LCC and settled down to the bottom of
the cathode. It is still possible, however, that the segre-
gation of PuCds was caused by the vertical temperature
gradient in the LCC, because it was cooled very slowly
at only a few centimeters above the top of the salt due to
the safety requirement. Further tests are needed to elu-
cidate the mechanism of PuCdg accumulation at the
bottom of the LCC.

The PuO, used in this study contained about 2% of
Am**" as described in 3.2. The exposure dose rate of
y-ray from Am*"' in the LCC ingots was plotted as
shown in Fig. 13 versus the total content of plutonium
collected in the cathodes. The dose rate was measured at
both the top and the bottom of the ingots by a GM
survey meter placed outside of the glove box at a dis-
tance of about 1 mm from the ingots. These plots have a
distinctive tendency. At the low concentrations of plu-
tonium in the LCCs, the dose rate at either top or bot-
tom of the ingots increased as the electrotransport
proceeded. When the concentration of plutonium in the
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Fig. 13. Relation between the Pu concentration in the LCCs
and y-ray from the cathode ingots.
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LCCs reached its solubility limit, however, the increase
of the dose rate concurrently stopped. In our previous
LCC study with uranium and lanthanide elements,
similar behavior was observed (Fig. 14) [21]. While the
concentration of uranium in the LCC increased linearly
to the electricity, deposition of gadolinium and neo-
dymium stopped before uranium saturation and their
concentrations remained almost constant. Such behav-
ior of americium and lanthanides can be explained by
the consideration based on a local equilibrium model.
Assuming that the electrode reactions of plutonium and
americium at the LCC are reversible, that is, a local
equilibrium relationship between the two elements at the
cathode cadmium/molten salt interface described in
equation in Fig. 15 is established at every moment.
Activity of plutonium in the LCC increases with its
concentration before it reaches solubility limit. After
saturation, plutonium forms PuCds solid phase and its
activity in the LCC does not change although more
plutonium would be collected. Under this condition,
deposition of americium would be controlled so that the
local equilibrium would be maintained.

It can be seen in Fig. 13 that the y-ray exposure dose
rate at the bottom of the ingot is always higher than that
at the top. It means that americium exists at the bottom
of the LCC at higher concentration than at the top. This
result cannot be explained by the local equilibrium
model. There may be two possible interpretations to the
difference between the dose rates at the bottom and top.
One is co-deposition of plutonium and americium in
a form of a mixed intermetallic compound like
Pu,_,Am,Cdg, and another is simply segregation at the
bottom of the LCC in the course of cooling. In the
former case, reduction of americium does not necessarily
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Pu cd/salt : Pu in LCC
K : equilibrium constant

Fig. 15. Concept of the local equilibrium at the surface of the
LCC.

be controlled by saturation of plutonium because the
activity of americium in the LCC would not change by
increase of Pu;_,Am,Cds solid phase. Although the be-
havior of americium in the LCC is very important data
for the design of the electrorefining step and the pyro-
metallurgical process, no additional information was
obtained in this study. For further understanding, the
thermodynamic study on Pu-Am-Cd ternary system
and the quantitative analysis of americium amount
in the anode, the molten salt and the cathode will be
needed.

4. Conclusions

1. From the CVs measured with the liquid cad-
mium electrode, it was found that reduction of
plutonium occurs at —1.5 V (vs. Ag/AgCl) or high-
er at the LCC. This potential is about 0.2 V higher
than that of a solid electrode in accordance with
the low activity coefficient of plutonium in liquid
cadmium.

2. Plutonium was collected into the no-stirred LCC
without disturbance by solid phase formation at
the surface. At plutonium concentration of 2.11
wt% in molten LiCl-KCl and cathodic current
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density of 41 mA/cm’, the collection efficiency of
plutonium was nearly 100% and maximum pluto-
nium loading into the LCC was 7.75 wt%. At the
higher cathodic current densities, lithium metal
was reduced and reacted with the ceramic LCC
parts. The collection efficiency was decreased by
PuCds formation out of the LCC caused by those
reactions.

3. The cathodic current density adequate for pluto-
nium collection was proportional to the concentra-
tion of plutonium in the molten salt at the ratio
of 22 mA/cm2 wt% Pu in the range of this study.
At plutonium concentration of 5.0 wt% in molten
salt, cathodic current density of 100 mA/cm’ was
attained without any trouble such as solid deposit
growth or descent of cathode potential indicating re-
duction of lithium. The plutonium collection rate in
a practical scale electrorefiner was estimated to be
324 g/h for one LCC based on the assumption that
the collection rate is proportional to the plutonium
concentration in the molten salt and the surface
area of the LCC. This performance is considered
high enough as an initial condition for design of
the practical electrorefiner and pyrometallurgical
process.

4. It was considered that plutonium collected into the
LCC after saturation formed intermetallic com-
pound PuCd¢ and accumulated at the bottom of
the LCC based on EPMA analysis of the LCC in-
got. It is still possible, however, that segregation
of PuCds was caused by a vertical temperature gra-
dient in the LCC in the course of the slow cooling
process.

5. Increase of y-ray count from Am*"' in the LCC in-
gots stopped coincidently on saturation with pluto-
nium. At present, this behavior can be reasonably
explained with the local equilibrium model between
plutonium and americium at the surface of the
LCC. For further understanding, however, the ther-
modynamic study on Pu-Am-Cd ternary system
and the quantitative analysis of americium will be
needed.
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