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ABSTRACT
Initial results are reported for the anode behavior of spent
metallic nuclear fuel in an electrorefining process. The
anode behavior has been characterized in terms of the initial
spent fiel composition and the final composition of the
residual cladding hulls. A variety of results have been
obtained depending on the experimental conditions. Some
of the process variables considered are average and
maximum cell voltage, average and maximum anode
voltage, amount of electrical charge passed (coulombs or
amp-hours) during the experiment, and cell resistance. The
main goal of the experiments has been the nearly complete
dissolution of uranium with the retention of zirconium and
noble metal fission products in the cladding hulls. Analysis
has shown that the most indicative parameters for
determining an endpoint to the process, recognizing the
stated goal, are the maximum anode voltage and the amount
of electrical charge passed. For the initial experiments
reported here, the best result obtained is greater than 98°/0
uranium dissolution with approximately 50°/0 z“wconium
retention. Noble metal fission product retention appears to
be correlated wi@ zirconium retention.

1. INTRODUCTION
The treatment of spent metalIic fiel from the EBR-H fast
reactor commenced in June 1996 at the Fuel Conditioning
Facility (FCF) when the Department of Energy (DOE)
approved the demonstration program in which 100 spent
driver assemblies and 25 spent blanket assemblies would be
treated over a’3 year period [1].

One of the key steps in the spent driver fuel treatment is
electrorefming which is conducted at the Mk-IV
electrorefiner (Mk-IV ER) in FCF. Fig. 1 shows the major
internal and external components of the ER. The ER vessel
is made of steel with an inside diameter of 100 cm. The
vessel contains approximately 10 cm layer of molten
cadmium at its bottom and 32 cm layer of molten LiC1-KCl
eutectic containing approximately 10 wt?/o of UC13on the
top of the cadmium layer. The ER operating temperature is ‘
held at 450 or 500”C. Four ports (25 cm diameter each) are
available for insertion of electrodes, two for anodes and two
for cathodes. The cadmium pool can also be used as an

electrode for electrorefining.
as either anode or cathode.

Its polarity depends on its use

The spent driver fuel consists of uranium, zirconium, bond
sodium, and fission products. The primary purpose of the
electrorefining process is to separate uranium from the
zirconium, sodium, and fission products. For this purpose,
the fuel elements with cladding are chopped into segments
of approximately 1/4 in. in length and placed in fiel
dissolution baskets (FDBs). The FDBs are made of
stainless steel. During electrorefming, the FDBs filled with
fiel segments are the anode and a carbon steel mandrel is
the cathode. Uranium is electrochemically dissolved from
the fitel segments and deposited onto the cathode.
Zirconium and noble metal fission products are ideally
retained in the cladding hulls.

The major goal of the anodic process during the
electrorefining of spent driver fuel is to electrochemically
dissolve the uranium while retaining the majority of
zirconium and noble metal fission products. As of July
1997, 28 spent drher assemblies have been processed
through the ER. This report summarizes the experimental
results obtained for the anodic processes during
electrorefining in the FCF ER. The experience with
cathodic processes will be summarized in a separate report.

2. EXPERIMENTAL ASPECTS AND THEORY

2.1 E1ectrorefoning Modes in FCF ER
Four different electrorefming modes can be configured at
the FCF ER. The two modes relevant to this discussion are

● Direct Transport (DT)
Anode: Chopped fuel segments in fuel
dissolution baskets.
Cathode: Steel mandrel.

● Anodic Dissolution (AD)
Anode: Chopped fuel segments in fuel
dissolution baskets.
Cathode: Cadmium pool.

The de power supply for the electrorefmer is typically
operated in controlled current mode. The desired current is



.

input to the control software along with a cut-off voltage.
When the current is turned on, the cell voltage (between the
anode and cathode) will adjust to whatever value is
necessary to maintain the current. The control soflware
continually compares the actual cell voltage against the cut-
off voltage input by the operator. If the celi voltage exceeds
the cut-off voltage, the power supply shuts down. Virtually
all electroreflning experiments except anodic dissolution
have employed controlled current.

The anodic dissolution mode has used both controlled
current and controlled voltage operation for the dc power
supply. Under controlled voltage operation, a low voltage
setpoint is input to the control software and the current will
go to whatever value the cell can support at that voltage.

2.2 Composition of Spent Diver Fuel
During a direct transport or anodic dissolution in the ER,
each anode consists of four fiel dissolution baskets, which

n nr
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contain the chopped segments of two spent driver fhel
assemblies. Table I gives the major composition of a
typical anode containing two chopped driver fiel
assemblies. [2, 3]

Table I is organized by the relative activity of the metals in
the spent fuel, i.e., according to the EMF series for the
LiC1/KCl eutectic [4]. Elements more active than uranium
appear in the first column with uranium. These elements
form chlorides that are more stable than (or comparably
stable to) UC13. The elements in the third column would
form chlorides less stable than UC13; these metals are more
noble than uranium metal. Since uranium metal is present
in the ER, the metals in column three of Table I will not
forni chloride salts to any appreciable extent unless the free
energy of formation of that chloride is comparable to the
ffee energy of formation of UC13. Zirconium, a major
constituent of the fuel, is the most active metal of the metals
more noble than uranium.

1

/ELECTRODE
/’ ASSEMBLY

CATHODE

Figure 1. Schematic of FCF Mk-IV Electrorefmer. The front two ports are occupied. Support
rings for the bottom scrapers are also shown. The salt mixer has been removed; only the
cadmium mixer (thin blades) exists at present.



2.3 Thermodynamic Fundamentals
When FDBs with spent fuel segments are placed in the
molten salt, the active metal fission products will oxidize
from t%el segments into the molten salt and the same
equivalent amount of U3”will be reduced to uranium metal.
The redox reaction is

Table i. Spent Fuel Feedstock Composition for One Anode
Assembly (Batch ERBF04B). Elements with less than 10-3
grams are not reported here. Column sort is by atomic
number.

Elements
More Noble

Than U

Al

Si

P

s

Ti

v

IActive Metals,
U, and Mass (g) Mass (g)

XM+y UC13+XMCly+y U
Halogens I a1.56E-01

3.33E+01

1.61E-01

1.12E-01

7.81E+O0

3.30E-01

where y is the valence of the metal element, M. The
uranium metal reduced by the active fission products can
either adhere to the surfaces of fuel segments, the baskets,
or even drop and dissolve into the cadmium phase. The
zirconium and noble metal fission products will not react
with U3+dissolved in the electrolyte.

Li I 4.53E-01

=

Na 2. 18E-I-02

Mg 1.89E-02

cl 4.12E+O0

K 1.75E+O0

Br 6.73E-01
2.4 Electrochemical Fundamentals
The cell voltage during an electrorefining process consists
of anodic voltage and cathodic voltage:

I Rb / 9.74E+O0 I Cr I 4.26E+02 [

I Sr ] 2.36E+01 ] Mn ] 6.28E+01 ]

IY ] 1.35E+OI I Fe I 2.08E+03 I

II I 5.00E+OO I Co I 5.54E-01 I
where V~O&k more pOSitiVethan the SOhtiOn pOtential and
VC,tiO~,is more negative. The cell voltage can be measured
directly or each electrode can be measured against a
common reference electrode and the difference is computed
as in

I Cs I 8.19E+01 I Ni I 4.86E+02 I

I Ba I 3.25E+OI I Cu I 4.37E-01 I

I La I 2.95E+OI I Zn I 4. IOE-04 I

I Ce I 5.68E+01 I Ge I 4.54E-02 I

I Pr I 2.80E+01 I As I 4.80E-01 IVan.de = V(anode versusref. during the nm) - V(anode versus ref. at

zsm current)

Vcathode = V(CatimIe versusref. during the m.) - V(cathode versusref.

at zero current)

Nd 9.61E+01 Se 2.OIE+OO

Pm 2.67E+O0 Zr 1.12E+03

Sm 1.69E-I-01 Nb 1.60E-01

When the dc power supply is operating between the ER
electrodes, uranium is electrochemically dissolved from fuel
segments and deposited onto a cathode. Both anode and
cathode will be polarized once the applied current is passing
through the ER. Zirconium in the fiel segments will start to
co-dissolve with the uranium when the anodic potential,
V~~., is higher than the standard voltage difference between
zirconium metal and uranium metal in the system. The
same concept would apply to other noble metal fission
products for sutliciently high anode voltages.

Th I 1.19E-03 I Pd [ 9.22E+O0 I
u 8.28E+03 Ag 4.59E-01

Np 4.34E+O0 Cd 7.18E-01

Pu 4.46E+01 In 1.15E-01

Am 1.00E-03 Sn 1.56E+O0

Sb 4.09E-O 1

Te 1.16E+01

Ta 1.5iE-ol

3. EXPERIMENTAL RESULTS
.----

3.1 Initial Test Conditions
The initial test conditions with irradiated fuel were based on
prior experience with un-kradiated feedstocks. Prior tests
were conducted with simulated fuel (chopped, cast depleted
U- 10Zr with sodium bond) in the FCF ER and with depleted
U- 10Zr (cladding swaged on without sodium bond) in the
Chemical Technology (CMT) Division engineering-scale
ER. These tests showed that both the uranium and
zirconium could be easily dissolved from the cladding. The
primary indicator for the complete dissolution of uranium

I W i 5.68E-03 I
T] I 3.38E-13 i

I Pb I 1.31E-04 I



was a rise in the cell resistance signaling additional cell
voltage was needed to maintain the current. Chemical
analysis confirmed that the fuel was exhausted from the
cladding hulls. Consequently, the rise in cell resistance for
the first batch of irradiated fuel was taken as indication of
its complete dissolution.

Additional tests were conducted with the same endpoint
because some delay occurred between the conclusion of the
test and the analysis of the cladding hull remains. Once the
cladding hulls analyses were available, they showed
incomplete uranium dissolution. Attention was then
directed to the possible differences between the unirradiated
and irradiated uranium feedstocks. The presence of UZr2
[5] in the fhel matrix was considered a likely cause for the
different behaviors observed.

UZrz can form and is stable below 500”C [5]. This
intermetallic is expected to form during the cool down time
(months) for driver fuel assemblies in the primary reactor
coolant (370-450 C) upon their removal from the reactor
core. It has been observed metallurgically [6]. UZrz is only
slightly more stable than uranium metal. While the iiee
energy of UZr2 is small (approximately -0.754 kJ/mole at
450 C, and approximately -0.821 kJlmole at 500 C [7]), the
intermetallic matrix itself can present an additional
resistance to the exclusive dissolution of uranium.
Succeeding tests then focused on better indicators for the
complete dissolution of uranium.

3.2 Amount of Charge Passed (Measured in Amp-hours)
The amount of charge passed (integrated current, coulombs
in S1 units) through the anode can be related to the amount
of material being oxidized. For 1 kg of uranium undergoing
a 3-electron transfer, the theoretical amount of charge
required is 338 A-h. Despite this relationship, the number
of A-h was not used initially as a primary indicator for the
complete dissolution of uranium. The main reason is that
significantly different results were obtained with the FCF
ER and with the engineering-scale ER at CMT when using
unirradiated feedstocks.

In the FCF ER, the number of A-h required to oxidize
unirradiated uranium feedstock was slightly less than the
theoretical amount required. In fact, experiments with pure,
depleted uranium showed that material can escape the FDBs
and drop to the cadmium pool, once the particle’s size was
small enough to go through the perforations in the FDBs.
By contrast, researchers in the CMT Division found that the
number of A-h required to oxidize the uranium was
approximately double the theoretical amount [8]. This
difference has been attributed to the FCF ER having
processed depleted U-10Zr that was in better electrical
contact with the cladding. (Recall that the depleted U- 10Zr
in the FCF ER was simulated, cast fhel while that in the
CMT engineering-scale ER was mechanically swaged to the

cladding,) As a consequence of this difference, the number
of A-h for a batch was not considered the primary indicator
for complete uranium dissolution.

Two factors then contributed to deciding that it was
necessary to pass at least the theoretical number of A-h.
The analytical results for the cladding hulls showed less
than complete uranium dissolution, and uranium dissolution
was considered of primary importance at this stage, moreso
than zirconium and noble metal retention. This was the
basis for employing conditions that ended with higher cell
resistance and A-h equal to or greater than the theoretical
amount in later experiments.

It was previously mentioned that the stock amount of
uranium in the chopped fuel segments may be less than the
the amount of uranium available for electrorefming. This
subtlety arises fi-om the electrorefmer chemistry. The active
metal fission products will react and displace the UC13fi-om
the molten salt. The UC13will be reduced to uranium metal.
The uranium metal can deposit on the cladding hull surfaces
and exposed fuel surfaces, thereby increasing the load of
uranium to be dksolved. This reaction will occur in similar
fashion to a short-circuited battery.

3.3 Uranium and Zirconium Dissolution
The goal for the anodic process in the spent driver t%el
treatment is to dissolve greater than 98.5 wtOA of the
uranium tlom the fiel segments and retain most of the
zirconium and noble metal fission products. It can be seen
in Table I that zirconium is the second largest component in
the chopped fuel segment. Note that zirconium is the next
most active metal after uranium [4]. Therefore, maximizing
uranium dksolution and zirconium retention is somewhat at
cross-purposes because of the nearness of their standard
potentials.

Table II lists the experimental results of uranium/zirconium
dissolution of irradiated tiel at high and low voltages.
Results are listed in descending wt’?40 uranium dksolved.
The high and low voltage experiments are separated
depending on the maximum anodic voltage being higher
than 0.5 v, because the standard voltage difference
between U/U(III) and Zr/Zr(II) is approximately 0.5 V. The
dissolution results of two batches of depleted U-10Zr with
bond sodium fiel are also included in Table II for
comparison.

The percentages of uranium and zirconium dissolved are
determined by the ratio of uranium or zirconium left in the
cladding hulls to their amounts in the feed. The amounts of
uranium or zirconium left in the cladding hulls are
determined through special sampling and analytical
procedures. Poor representations of the cladding samples
are expected due to the dil%culties in “chipping out”
representative samples remotely.
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Table 11. Experimental Conditions in Relation to Uranium Dissolved, Zirconium Dissolved, and Ruthenium Dissolved. The heavy line between rows BF02A
and BF06A separates high voltage from low voltage experiments. Above the heavy line, the maximum and the average anode voltages exceed 0.50 V.

Transport Maximum Average Maximum Average Wt’%ou
latch No. Wt% Zr WtYOZr Wt% Ru WtYolWRU

Mode v~~’~ (V) v~~’~ (V) V*r@~~(V) !/*~~~~(V) Dissolved Dissolved Wt% u (’%0)
Dissolved Dissolved

DUZr-1 DT 1.30 1.17 0.95 0.74 99.9 99.9 100 NA NA

DUZr-2 DT 1.28 1.08 0.96 0.72 99.9 99.6 99.6 NA NA

BFOIB DT + AD 1.27 1.02 0.82 0.55 99.9 92.6 92.7 50.2 49.3

BF04A DT -I-AD 1.36 0.78 0.86 0.40 99.7 99.0 99.2 86.8 81.9

BF05A AD+ DT 0.80 0.44 0.60 0.44 99.7 88.4 88.7 47.6 66.8

BF02B DT + AD 1.40 1.19 0,79 0.53. 98.9 96.4 98.5 91.3 95,1

BFOIA DT 1,27 1.09 0.76 0.54 96.8 73.1 75.5 56.8 37.5

BF03B DT + AD 1,24 0.93 0.68 0.42 94.0 62.5 66.4 61.2 62.0

BF03A ‘ DT + AD 1.38 1.21 0.79 0.57 91.9 82.6 89.8 NA 76.2

BF02A DT + AD 1.28 1.16 0.74 0.53 91.9 67.8 73.7 NA 64.1

BF06A DT + AD 0.65 0.39 0.42 0.22 98.3 53.3 54.2 17.5 12.8

BF04B DT ? AD 0.40 0.28 0.38 0.19 94.1 27.4 29.1 15.4 12.6

BF05B DT 0.65 0.42 0.33 0.18 92.5 14.8 16.0 15.3 6.5

BF06B DT 1,00 0.36 0.49 0.24 91.1 9.23 10.1 3.2 41.6

BF07B DT 0.65 0.39 0.38 0.25 89.6 14.0 15.6 22.5 63.1
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Table 11 shows that when the maximum anode voltage is
higher than 0.5 V (high voltage experiments), 92 to 99?40of
the uranium can be dissolved but at least 62V0 of the
zirconium co-dissoives. The ratio of the zirconium
dissolved to the uranium dissoived ranges from 66 to gg~.

for these high voltage experiments. This normalization to
the percent of uranium dissoived is important, since the
fraction of uranium dissoived is different for each
experiment. Tabie II aiso shows that for high voitage
experiments the most reliable indicator for the co-
dissoiution of zirconium with uranium appears to be the
maximum anode voitage. Among the four voltage
parameters (maximum and average ceii voltage, and
maximum and average anode voltage), the maximum anode
voitage is the most linearly correlated.

The experimental results given in Table II show that
zirconium cannot be well retained in the fuel segments if the
ER is operated at high voltage throughout the run. Since the
standard voltage difference between uranium metal and
zirconium metal in the molten salt is approximately 0.5 V,
theoretically no zirconium metal should be oxidized if the
anodic voitage is controlled below 0.5 V during an
electrorefining process. Based on this observation, severai
experiments were performed by maintaining the anodic
vohag,es below 0.5 V. The uranium and zirconium
dissolution resuits for iow voitage experiments are given in
the iower part of Tabie II.

The data in Table II indicate that significant uranium
dissolution cannot be achieved without dissolving a certain
amount of zirconium even under low-voltage electrorefming
conditions. The best result reported here is 98.31 vvt%
uranium dissolution with 53.34 vvt?/o zirconium dissolved.
Note that the anodic voitages were maintained below 0.5 V
during the iow voltage electrorefming experiments, despite
the Ioss of zirconium. Factors other than thermodynamics
must contribute to the zirconium co-dissolution with the
uranium during these experiments.

3.4 Retention of Noble Metal Fission Products
In addition to zirconium retention, another important goal
for the anodic process during the spent tiei treatment is to
retain ail the nobie metal fission products within the fiei
segments. This will simpli$ the downstream waste
processes and prevent cathode products from being
contaminated by noble metai fission products. Tabie II
inciudes data for the nobie metal dissolution results for the
13 batches of irradiated fuei under different operating
conditions. Due to the impracticality for anaiysis of each of
the nobie metai fission products in the cladding,
representative elements and isotopes such as totai Ru, and
Ru- 106 were chosen to estimate the retention of nobie metal
fission products. The Ru- 106 ieveis in the feed have been
decayed to the date of the y-scan used to determine Ru- 106
\eft in the cladding hulls.

The data given in Table H for the nobie metai (totai Ru and
Ru- i06) retention shows a simiiar trend as that for
zirconium retention. The retention of totai Ru and Ru- 106
correiate with the anodic voitage or ceii voitages. The
higher the voitage, the less that the ruthenium metai can be
retained in the fhel segments.

Fig. 9 shows the trends of zirconium retention and
ruthenium retention versus maximum anodic voitage during
electrorefining. The standard voltage difference between
uranium metal and ruthenium metai in the moiten salt is
approximately 2.11 V [4]. Thermodynamically, ruthenium
cannot be oxidized in the applied voitage range. Aithough
the ruthenium metal may physically escape from the fhel
segments due to agitation and their small particle size (<1O
pm [9,10]) the physical ioss is not expected to be in good
correlation with the anodic or cell voitage.

One explanation for this observation may be that during a
high voltage electrorefining experiment, more zirconium
will co-dksolve with the uranium. The matrix of residuals
left in the fuel segments breaks down upon the loss of
zirconium, which causes more ruthenium and other noble
metai fission products to escape from the fiel segments.
When the ER is being operated at low voltages, the residual
matrix is broken down less, and more noble metal fission
products can be retained.

4. DISCUSSION
For the irradiated fuel batches reported, the primary goal of
greater than 98.5 wt% uranium dissolution was obtained,
but significant zirconium and noble metal fission product
retention was not. Efforts were made to control the anodic
voltage below 0.40 V to maximize zirconium retention.
The cell current has to be reduced to below 15 amperes
toward the end of the electrorefming experiment at such a
low voltage. The ER throughput is therefore greatly
reduced.

A possible reason for the co-dissolution of zirconium with
the uranium in the fbel segments is the ditlision limitation
of the last several percent of uranium across the porous
residual matrix. As more uranium dissolves out of the
segments, the concentration overpotential becomes higher
for the uranium dissolution. When the concentration
overpotential exceeds approximately 0.40 V, zirconium will
begin to co-dissoive with the uranium. The existence of
intermetallics formed by uraniumlzirconium or
uraniumjfission products may aiso increase the necessary
potentiai to dissoive the uranium in the intermetallics,
which therefore anticipates zirconium co-dissolution.

For experiments with iow anode voitages throughout, the
electrochemical dissolution of zirconium is exiuded.
Nevertheless, the physical escape of particies from the
claddlng hulls can occur with the breakdown of the fuel
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Fig. 2. Scatter Plot for the Retention (100 – Wf?? Dissolved) of Zirconium, Ruthenium, and Ruthenium-106.

matrix. These particles may contain zirconium, noble metal
fission products, and even uranium. This may explain the
better correlation of zirconium and ruthenium retention at
low anode voltages. Fig. 2 shows reduced scatter in the
results for both zirconium and ruthenium retention at the
lower anode voltages.

By contrast, experiments at high anode voltages permit the
electrochemical dissolution of zirconium. Zirconium is then
released into the electrolyte under a different mechanism as
compared to noble metal fission products such as
ruthenium. Particles containing zirconium which are small
enough can still escape into the electrolyte by a physical
mechanism, in addition to the electrochemical dissolution of
zirconium.

With the electrochemical dissolution of zirconium, the fuel
matrix can be broken down to a greater extent as compared
to low voltage experiments. More noble metal fission
products can then physically escape into the electrolyte, as
compared to low voltage experiments that preclude the
electrochemical dissolution of zirconium. Thus, the
correlation between the retention of zirconium and
ruthenium at high anode voltages would not be expected to
be as good as at low voltages, because of the different

mechanisms. In fact, the increased scatter in Fig. 2 for high
anode voltage experiments is consistent with these
thermodynamic considerations.

5. CONCLUSIONS
Greater than 98.5% uranium dissolution and nearly
complete zirconium dissolution can be achieved with
confidence. Runs with high cell voltages are necessary to
achieve this, and higher average currents (throughput)
would result. Under these conditions, noble metal fission
product retention is poor.

Greater than 98.5% uranium dissolution is also possible
with significant retention of zirconium (approximately 5070)
and noble metal fission products. Runs with lower cell
voltages (and anode voltages) are necessary to achieve this.
The average current would be correspondingly lower (factor
of two to three) than those above, especially toward the end
of a run. However, removal of the cathode deposit when
currents are still reasonable (>25 A), followed by anodic
dissolution (down to approximately 11 A) of the remaining
t%el, has been effective. Four experiments with similar end
conditions were accomplished, aimed at achieving
>g&sW% urani~ dissolutionand approximately 50 wt?!o



zirconium retention. Actual confidence levels will be
determined when analytical results are available.

The dissolution of uranium above 90’% is impeded, and the
presence of a uranium intermetallic is suspected to be the
cause. Once uranium is dissolved fi-om the surface of an
intermetallic particle, the uranium interior to the particle
will be impeded tlom electrochemical dissolution. The
molten salt will not have as effective access to the uranium
through the particle’s pores as to the surface. The increased
impedance will require a higher voltage for a given current,
and the increased voltage may be construed as a
concentration overpotential.

Though not conclusive, this mechanism is consistent with
experiment and thermodynamics. A definite relationship
was observed between zirconium dissolution and uranium
dissolution where uranium will not dissolve above 90%
unless some zirconium dissolves. UZr2 is a stable phase
below 500”C, and the intermetallic has ample time and
temperature to react while cooling in the reactor’s primary
coolant after removal from the reactor core.

The best indicator for complete dissolution of uranium from
the cladding hulls identified thus far is the anode voltage.
Greater than 98’% of the uranium is exhausted from the
cladding hulls when the anode voltage is 0.40 V and the
current is approximately 12 A or less.

The number of A-h required to dissolve the uranium is
100’%theoretical, or greater. The amount of uranium that
can deposit on the hulls and FDBs from chemical reaction
of the active metal fission products with the UC13needs to
be recognized when computing the theoretical number of
A-h.

Recent experiments have yielded greater than 97V0uranium
dissolution with 73’%. zirconium retention (27’%.zirconium
dissolution). These resuits will be reported in a future
communication.
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