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ABSTRACT

Argonne National Laboratory (ANL) has developed and
demonstrated an electrometallurgical process for the
Department of Energy (DOE) to treat sodium bonded spent
nuclear fuel. One of the key steps in the demonstration was
electrorefining the spent fuel in a molten LiCl-KCl-
UC&/liquid cadmium system using a pilot scale electrorefiner
(Mark-IV ER). This article summarizes experimental
observations and engineering aspects for the roles of the
liquid cadmium during electrorefining spent fuel in the
Mark-IV ER. It was found that the liquid cadmium pool
acted as an intermediate electrode during the electrorefining
process. The cadmium level was gradually decreased due to
its high vapor pressure and vaporization rate at the ER
operational temperature. The low cadmium level caused the
anode assembly to electrically short with the ER vessel
hardware, which resulted in the difficulties to determine the
endpoint of uranium dissolution from the anode baskets and
reducing the current efilciency. A reflux cadmium vapor trap
was installed and has successfully prevented the cadmium
level from decreasing.

1. INTRODUCTION

The need for treatment of spent nuclear fuel has increased
substantially during the last decade. Several methods for
treatment of spent nuclear fuel are being investigated
throughout the nuclear industry [1-8]. Argonne National
Laboratory (ANL) has developed and demonstrated an
electrometallurgical process for the Department of Ener=g
(DOE) to treat sodium bonded spent nuclear fuel. The
demonstration of the process has been performed on
irradiated fuel elements from the Experimental Breeder
Reactor (EBR-11) [9]. One of the key steps in the
demonstration is electrorefining the spent fuel in a molten
LIC1-KCl-UCl~iquid cadmium system using a piiot scale
electrorefiner (Mark-IV ER). The Mark-IV ER is located in
the Fuel Condhioning Facility at the ANL-West site in Idaho.

This report summarizes experimental observations on roles of
the liquid cadmium pool during electrorefining spent EBR-11
fuel in the ER, which include: the use of the cadmium pool as
an indicating electrode for uranium concentration, the effect
of cadmium vapor trap operation on cadmium level, cadmium
sample analysis results, and cadmium pool acting as an

intermediate electrode during a direct transport process in the
ER. The results are important for understanding the
electrochemical processing of the spent nuclear fuel, since the
Department of Energy (DOE) is determining whether to apply
this technology to treat the remaining EBR-11 and/or other
spent nuclear fuels [9].

1.1. Equipment Description

The major components of the Mark-IV electrorefiner (ER)
are illustrated in Fig. 1. The ER vessel is made of steel (2.25
Cr-1 Mo) with an inside diameter of 1.0 m and height of 1.0
m. The vessel contains an approximately 10 cm bottom layer
of molten cadmium and an approximately 32 cm top layer of
molten LiC1-KCl eutectic containing approximately 10 wt90

of UC13.The ER operating temperature is typically 500 “C;
however some experiments were conducted at 450 ‘C. A
cadmium stirrer, rotating at 18-22 rpm, is used to continually
mix the cadmium. The salt is stirredhixed during the
electrorefining process by the rotating cathode and anode
assemblies Four ports (25.4 cm diameter) on the top of the
ER are available for inserting anode and cathode assemblies.
Inside the ER vessel, steel side shapers are mounted on the
inside walls adjacent to the cathode ports. The side shapers
constrain the growth of the rotating uranium deposit to a
maximum diameter of approximately 25 cm, ensuring the
deposit can be easily removed. There are also two beryllia
bottom shapers mounted on the inside bottom of the ER in the
cathode ports. The function of the bottom shapers is to
prevent the growth of the uranium deposit from contacting the
cadmium pool. BotA the side and bottom shapers can dislodge
dendrites from the cathode deposit as it rotates during the
electrdrefining process.

1.2 Process Description

The spent driver fuel consists of uranium, zirconium, bond
sodium, and fission products, all contained within a stainless
steel cladding [10]. Prior to electrorefining, the fuel pins are
removed from their respective assembly, chopped into 0.64
cm long segments, and placed into rectangular, perforated,
fuel dissolution baskets (FDBs) [11]. Four FDBs are then
placed in a cruciform arrangement, loaded onto an electrode
assembly, and inserted into the electrolyte of the ER as the
anode. Each set of four FDBs contains the segments from two
chopped spent fuel assemblies (122 fuel pins). Two spent
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Figure 1. Schematic of FCF Mk-IV Electrorefiner. 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.

fuel assemblies contain nominally 8.1 kg uranium, 1.1 kg The primary purpose of electrorefining is to separate uranium
zirconium, and other fuel components [10]. from the other fuel components. Once the FDBs loaded with

The cathode is a 6.67 cm diameter, mild steel mandrel, with
chopped fuel segments are inserted in the molten salt
electrolyte, the bond sodium and active metal fission products

an active length of approximately 23 cm in the electrolyte.
The three different electrorefining configurations employed

chemically react and displace UC13 from the molten salt.
Uranium in the fiel segment is electrochemically dissolved

are listed in Table 1. from the FDBs and de~osited onto the cathode._Zirconium

Table 1. Cell Configurations Used in the Mark IV and nbble metal fission products are ideally retained in the

Electrorefiner. cladding hulls. The uranium metal dislodged by the side and
bottom scrappers during the electrorefining dissolves in the

ANODE
cadmium pool and can be recovered using the deposition

cell configuration .----
Configurations FDBs Cadmium Pool

2. EXPERIMENTAL OIMERVATIOIW ON ROLES OF
CADMIUM POOL IN MARK-IV ER OPERATIONS

Steel

I

Direct Transport Deposition (DP)
Mandrel (DT)

Cadmium Anodic Trivial
Pool Dissolution (AD)

2.L Use of the Cadmium POO1 ~ ~ bdicating Electrode
for Dissolved Uranium Metal
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Figure 2. Response of Cadmium Pool as an indicator electrode for dissolved uranium. Inset schematic of plan view for the
Mark-IV Electrorefiner.

There are two Ag/AgCl reference electrodes installed in the
ER salt phase as shown in the inset of Fig. 2.

The voltage differences between the reference electrodes and
the ER vessel or anodelcathode can be measured during the
electrorefining processes. The measured voltage difference
between the reference electrodes and ER vessel represents the
voltage difference between the reference electrodes and
cadmiurnkah interface. Since the concentration of UC13in the
eutectic is kept relatively constant at approximately 10 wt~o,
the variations in the reference electrode readings actually
reflect the variations of uranium concentration in the molten
cadmium. The standard Nernst Equation can be used to
calculate the reference electrode voltage versus uranium
concentration in the molten cadmium.

In the ER system, the predominant electrode reaction at
cadmiumlsalt interface at equilibrium is:

l.++ 3e- = U(cd) (1)

By the Nemst Equation, the measured reference electrode
reading represents:

RT au. RT
A vCd.rcf = E?’UJ.,U + — In‘-( ~Ag.IAg+ — haAg+ )

(2)
3F au,m F

where au3+is the U3+activity in the salt phase, a&+ the Ag+
activity in the reference electrode, and au(cd)the uranium
activity in the liquid cadmium. Since the items in the
parentheses are constant at a given temperature, equation (3)
can be re-written as:

RT
Avcd-ref = c - >In %,u, (4)

where C is constant at the ER operational temperature.

The volubility of uranium metal in cadmium at 500°C is
1.124 x 102 mole percent [12]. The activity of uranium in
the molten cadmium at saturation is unity [12]. Therefore,
the constant C can be determined experimentally by
measuring the reference electrode voltage when the cadmium
pool is saturated with uranium. The measured value of C at
uranium saturation is -1.30 V.

When the uranium concentration in the molten cadmium is
below saturation, the reference electrode reading will be:

RT
Avcd-r.f = ‘1.3 ‘#nCZu(a, (5)

The AVc&,jdetermined by equation (5) has been used as the
equilibrium voltage or open circuit voltage at the
salticadmium interface for the electrorefiner. Fig. 2 shows
the measured AVU.,4 versus the uranium concentration in the
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cadmium pool. The AVcd.r,fcalculated by the Equation 5 is The Mark-IV ER was loaded with 431 kg of cadmium in

also plotted in the figure for comparison. It can be seen that December 1994. The measured cadmium level after the

the measured AVcd.refa~ees well with the predicted values. loading was 9.86 centimeters. Fig. 3 provides a plot of the
measured and medicted cadmium levels in the Mark-IV

2.2. Cadmium Levels in Mark-IV ER
.

electrorefiner.
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Figure 3. Measured and Predicted Cadmium Levels in Mark-IV Electrorefiner

Predicted cadmium levels were determined from the
predicted cadmium mass, the predicted cadmium density, and
the volume calibration equations [13]. The predicted
cadmium mass was from the electrorefiner inventory, the
measured electrorefiner input and output streams, and
electrorefiner process modeling.

In Fig. 3, the measured cadmium level was relatively constant
at 10 centimeters until June 1996, when it dropped
approximately 5 millimeters (about a 27 kg loss of material
in the cadmium pool). The predicted cadmium level did not
show a similar decrease in level. In fact, the measured
cadmium levels, though fluctuating, have been constantly
lower than the predicted values. In July 1997, 56 kg of
cadmium was added to the ER to raise the cadmium level
(Fig. 3). The effect of the cadmium level on the
electrorefining process is discussed in the Section 3.

2.3. Effect of Cadmium Vapor Trap Operations on
Cadmium Level in ER

It is believed that one of the major causes for the observed
decreases in cadmium level is the high vapor pressure and
high vaporization rate of cadmium at 500”C, and the
relatively cool temperatures above the molten salt. Cadmium

vapor could migrate through the salt phase [14] and deposit
on the metal surfaces in the ER cover gas space, which made
it dif%cult to disassemble components. To solve the problem,
a reflux vapor trap (RVT) was also designed and installed to
the ER to mitigate the cadmium vapor deposition on cool
surfaces in the electrorefiner. The detailed RVT operations
have been reported elsewhere [15]. It can be seen in Fig. 3
that although the measured cadmium level varies, the
subsequent measurements after installing the cadmium vapor
trap show that the level has stabilized compared to its initial
decline.

At present, no conclusions have been drawn for the drop in
the measured cadmium level between December 1997 and
June 1998, for which the predicted cadmium level did not
show a similar change. The sharp increase in the measured
cadmium level between December 1998 and June 1999 was
probably a level measurement error.

3. EXPERIMENTAL OBSERVATIONS ON ROLES OF
CADMIUM POOL DURING ELECTROREF~G
PROCESS IN THE ER

3.1. Cadmium Pool as Secondary Electrode for Uranium
Recovery



Considerable experience gained during electrolytic deposition
of metals from high temperature molten salts shows that
cathode deposits have a basically dendritic or powdery
structure. Dendntic growth of the deposits has been observed
by several investigators during the study of electrorefining of
uranium [16 -18]. Therefore, one of the major purposes of
keeping a cadmium layer in the ER is to collect the uranium
dendrites which are scraped/dropped from the cathode during
electrorefining. The dropped uranium will dissolve in the
cadmium pool and can be recovered using the deposition

statistical analysis for the deposition runs performed in the
Mark-IV ER will be published in a separate report.

3.2. cadmium Pool Acts as an Intermediate Electrode
During Direct Transport Process

When using the direct transport configuration (Table 1) in
the ER, a dc current was applied between the anode @Bs)
and cathode (steel mandrel). It, however, has been noticed
that the differential voltage readings of the two reference
electrodes appeared to behave independently for direct

configuration of Table 1. The experimental results and transport (F1g~4).

I Refemmce Electrode b (Near Cathode)

II m’”

:

Reference Electrode a (Near Anode)

0 10 20 30 40 50

Time, h

Figure 4. Reference electrode voltage readings and cell current during electroretlning process in Mark-IV Electrorefiner

As mentioned above, the measured voltages for the reference
electrodes represent the voltage difference between the
reference electrode and the salt/cadmium interface.
Variations in the voltage readings while using the direct
transport (DT) configuration (Fig. 4) indicated that the
interface was not at an equilibrium state when a dc current
was applied between the anode and the cathode. There must
be an electrical field between the anode/cadmium and
cathode/cadmium during the DT process. Based on the
reference electrode voltages shown in Fig. 4, a conceptual
electrical field distribution model was developed. A
schematic of the model is given in Fig. 5.

the molten salt medium, directly from the anode to cathode.
The balance of the current would go through another path, the
cadmium pool, with the cadmium pool acting as an
intermediate electrode. This resulted from the cadmium pool
always having an intermediate vohage between the FDBs and
the caihode when the direct transport configuration was used.
The current passing through the cadmium pool resulted in
reduction (W3 to U) at the salt/cadmium interface adjacent to
the anode baskets, and in oxidation (U to ~3) at the
salticadmium interface adjacent to the cathode mandrel. Thus
the net electrochemical transfer of uranium metal into or out
of the cadmium pool was zero, which was typical behavior

Using the (DT) configuration in the ER as shown in Fig. 5,
for intermediate electrodes. (Some uranium metal was

only a portion of the applied dc current would pass through
physically transferred to the cadmium pool by the action of
the scrapers on the growing uranium deposit).
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The measurements with the two reference electrodes and
modeling results for the primaiy current distribution show
that cadmium pool acts as an intermediate electrode. When
electrorefining with the DT configuration began, the voltage
difference between the cadmium pool and reference electrode
a (close to the anode) became more negative. This was an
indication that U3+ was reduced to uranium metal and
dissolved into the cadmium at the salticadmium interface near
the anode baskets. Conversely, the voltage difference
between the cadmium pool and reference electrode b (close
to the cathode) became less negative. This was an indication
that uranium was being oxidized from the cadmium pool in
the vicinity of the cathode.

The voltage difference between the cadmium pool and
reference electrode b (close to the cathode) reached an apex
value of -0.95 V after approximately 14 hours, and then
gradually became more negative (Fig. 4). Two factors could
contribute to this observed behavior. For one, the electrode
area of the growing uranium deposit was increasing. AS a
result, the extent of concentration polarization for uranium
oxidation from the cadmium pool would be less as the area of
the cadmium pool in the vicinity of the deposit also increased.
Furthermore, the collection efficiency for the uranium
deposit was less than 100%. Uranium dendrites that were
dislodged would dissolve, with some time delay, in the
cadmium pool. As the dendrites dissolved and the local

uranium concentration in the cadmium pool increased, the
voltage difference between the cadmium pool and reference .
electrode b became more negative.

The primary current distribution for the DT configuration in
the ER has been simulated using the FIDAP [19] computation
code. The simulation results also showed that the cadmium
pool acted as an intermediate electrode. A comparable result
has also been reported by T. Kobayashi et al. [7]. By
numerically simulating the electrochemical processes in a
LiC1-KCl liquid cadmium system, which had a nonconductive
ceramic partition between the anode and cathode salt regions,
they showed that the cadmium pool could be used as an
intefiediate electrode.

3.3. Formation of Electrical Shorting Path Between
Anode Baskets and ER Vessel Resulting from Decreasing
Cadmium Level

AS noted above, the cadmium level decreased during the
period from June 1996 to July 1997. The decrease in the
cadmium level caused a problem for the ER operations,
namely, formation of an electrical shorting path between
anode baskets and ER vessel hardware. Fig. 6 shows
schematically how the electrical shorting path developed.

I% indicated in Fig. 6, there is a metal ring beneath each port
in the ER. The cathode port rings have beryllia bottom
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scrapers on its top whale anode port rings have a bare metal
surface. The height of the metal rings is 9.84 cm from the
inside bottom of the vessel. If the cadmium level is below
9.84 cm, the surface of the anode ring will be exposed to the
salt phase. When a dc current is applied from the anode to
the cathode, the potential of the cadmium pool is lower than
that of the anode baskets. Uranium will deposit on the
exposed surface of the ring beneath the anode baskets. The
deposit will gradually accumulate and finally reach the FDBs
(the vertical distance between the top of the metal ring and
bottom of the FDBs is 3 inches), which forms an electrical
shorting path between the anode baskets and the ER vessel.

I

-“”” .
Anode Baskets

\

Molten Salt

U Deposit on
Metal
Ring Surface

\
Steel Ring Beneath
Anode Port

\

Liquid Cadmium

Fig. 6. Schematic of electrical shorting between
FDBs and ER vessel.

The voltage and current traces shown in Fig. 7C indicate that
electrical shorting between the anode and the vessel was
occurring during the electrorefining process. The evidence
of the shorting is the fluctuations in the anode voltage trace.
The anode voltage was measured relative to the Ag/AgCl
reference electrodes. The open circuit potentiai was assumed
to be zero. While shorting occurred, the FDBs and cadmium
pool were parallel anodes, with uranium simultaneously being
oxidized from both sources. The presence of the shorting path
has made it difficult to interpret the endpoint of the
electrorefming process, because the amount of charge passed
to dissolve the uranium from the FDBs and charge lost to the

vessel as a result of shorting could not be individuality
measured.

As the anode baskets rotated in the ER salt phase, the
electrical shorting path developed between baskets and vessel
hardware should be momentary. At the moment when the
FDBs touched the deposits on the metal ring beneath them, a
sharp decrease occurred in the anode voltage curve,
indicating the shorting path was “closed.” Then the Shofiing

path was eliminated mechanically by the rotating FDEts or
burned off by the high current. After the removal of the
shorting path, the anode voltage returned to normal,
indicating the shorting path was “open.” When the next
shorting path built up due to uranium depositing near the
FDBs, another sharp decrease in anode the voltage curve
occurred, and so on.

The momentary electrical shorting mechanism is corroborated
by the experimental results illustrated in Figs. 7a and 7b.
Figure 7a provides the anode voltage trace for a period of 60
seconds when the shorting has taken place and the anode
assembly was rotating at 5 rpm. Five major voltage transients
occurred in the 60 seconds, which indicated there existed
only one major contact point between the FDBs and vessel
hardware per revolution. Thk was ascribed to eccentricity in
the anode assembly such that only one of the four FDBs made
contact with the buildup of material in the vessel. The minor
transients in the voltage trace were non-recurring due to
weaker contact between the anode and vessel, and could arise
from contact from any of the other three FDBs.

In another experiment, the anode assembly was rotated at 25
rpm. Figure 7b provides the anode voltage trace for a period
of 60 seconds when the shorting was present and the anode
assembly was rotating at 25 rpm. Twenty-five voltage
transients occurred in the 60 seconds, with some variation in
the magnitude of the voltage transients. While the FDBs
rotated at 25 rpm, the uranium dissolution rate might not be
sufficiently fast enough to build a strong shorting path for
every revolution. The increased mixing action of the anode
assembly rotating at 25 rpm, as compared to 5 rpm, increased
the probability of washing or breaking long dendritic growths
from between the anode and vessel. Thus, the deposit on the
metal rmg should grow in a more dense fashion, causing
fewer strong shorting events and more weak shorting events.
Alternatively, the momentary shorting was briefer on the

measurement time scale, and the voltage transients did not
approach O V as closely as was observed for the anode
rotating at 5 rpm.
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Figure 7. Anode voltage traces when anode baskets electrically shorted with ER vessel during electrorefining process.

In order to solve the electrical shorting problem, 56 kg of
cadmium metal was added to the ER in July 1997, which
raised the cadmium level from 9.22 cm to 10.29 cm. This
increased level ensured the metal ring located beneath the
anode port was submerged in the cadmium. The voltage and
current traces after the addition of cadmium are given in
Fig. 8.

Figure 8. Anode voltage trace after the cadmium level was

raised.

The clean anode voltage trace in Fig. 8 indicates that the
shorting path between the FDBs and the metal ring, which
had been protruding above the cadmium pool, was eliminated
by raising the cadmium level.

4. Analytical Results of Cadmium Samples

Two types of samples, “filtered” and “dip”, are taken from
the cadmium pool. A filtered sample is taken by drawing
molten cadmium through a tantalum fit into a tantalum tube.
The filter isoIates the liquid cadmium from particu[ates. A
dip sample is taken by immersing a 1.27 cm diameter steel
crucible into the molten cadmium. Uranium is determined by
isotopic dilution mass spectrometry after removing the
interfering transuranics. The plutonium content of the
cadmium pool is determined by alpha counting. Zirconium
and most other species are determined by ICP (inductively
coupled plasma) analysis.

Table 2 shows the average weight fraction in the cadmium
during spent fuel treatment of driver fuel. Comparing
“filtered” and “dip” samples of like elements, the average
weight fraction is lower in the filtered samples and the
standtid deviation is a smrdier percentage of the average
weight fraction. Since dip samples have no filtering
mechanism, any insoluble and particulate will be collected
in the samples. This is confined by sampling results in
Table 2.

Because of the low volubility of zirconium in cadmium at
500 “C (0.21 wt%) and initial experiments with unirradiated
feedstocks, the zirconium was saturated in the cadmium pool
prior to irradiated fuel testing. Zirconium analysis of the
filtered samples produced an average measured weight
fraction of 2.33E-03 ~ 2.80E-04, which bounds the zirconium
volubility in cadmium. Zirconium analysis of dip samples
show an average measured weight fraction about twice as



high as the filtered samples, illustrating the value of the
filtered samples.

Table 2. Average Weight Fraction in Cd Pool During
Spent Fuel Treatment

E1ement Average Weight Standard Deviation
Sample Type) Fraction in Cd Deviation over

Pool Average
Uranium 3.90E-03 1.79E-03 46.0910
(Filtered)
Uranium 4.98E-03 4.53E-03 “91.1%

(Dip)
Plutonium 1.68E-05 1.23E-05 73.1%
(Filtered)
Plutonium 2.67E-05 3. 18E-05 119.3%

(Dip)
Zirconium 2.33E-03 2.80E-04 12.0%
(Filtered)
Zkconium 4.59E-03 3. 14E-03 68.4%

(Dip)
Ruthenium 1.90E-04 N/A2

(Dip)i
Technetium 2.50E-04 N/A2

(Dip) ]
None detected in fiitered samples.

2 Only one analysis above dete~tion limit.

5. Concision

Several conclusions of practical interest can be drawn from
the experimental observations:

●

●

●

●

●

The cadmium pool acts as an intermediate electrode
during the direct transport process in the Mark-IV
electrorefiner.

The cadmium level has gradually decreased due to its
high vapor pressure and vaporization rate at the
electrorefiner operational temperature.

The low cadmium level has caused the anode baskets
momentarily to touch the ER vessel hardware as the
baskets were rotating, which generated a periodic
electrical shorting path between the anode baskets and
ER vessel during electrorefining operations.

The reflux vapor trap has successfully prevented the
cadmium level from declining. The primary function of
the vapor trap was to mitigate cadmium formation on
mechanical equipment.

The existence of the periodic electrical shorting path
made the process of uranium dissolution from the anode
baskets less effective. However, a new anode assembly
has been fabricated which incorporates ceramic scrapers

that terminate beyond the diameter of the fuel
dissolution baskets. These scrapers are expected to
preclude electrical shorting between the anode assembly
and the vessel by mechanically removing any buildup as
the anode rotates.

6. Acknowledgments

This work was sponsored by the U.S. Department of Energy,
Office of Nuclear Energy, Science and Technology, under
Contract W-3 1-109-Eng-38. The submitted manuscript was
authored by a contractor of the U.S. Government.
Accordingly, the U.S. Government retains a nonexclusive,
royalty- fi-ee license to publish or reproduce the published
form of this contribution, or allow others to do so, for U.S.
Government purposes. Argonne National Laborato~ is
operated by the University of Chicago.

7.

1.

2.

3.

4.

5.

6.

7.

REFERENCE -

R. W. Benedict, et al., “Spent Fuel Treatment
Demonstration Final Report,” Argonne National
Laboratory Report, ANL-NT-106, August 1999.

R. W. Benedict H. F. McFarlane, “EBR-11Spent Fuel
Treatment Demonstration Project status:’
RADWASTE, Vol. 5, No. 4,1998, pp. 23.

T. Kobayashl, et al., “Polarization Effect in the Molten
Salt Electrorefining of Spent Nuclear Fuel: Journal of
Nuclear Science and Technology, Vol. 32, No. 7,
(1995).

H. Moriyama et al., ‘Tyrochemical Partitioning of
Actinides and Fission Products in a Molten
Chloride~lquid Cadmium System:’ in “Proceedings of
the Seventh International Symposium on Molten Salts:
Edited by C. L. Hussey, Vol. 90, 17, 1991, pp. 683.

P. Nawada, N. P. Bhat, and G. R. Balasubramanian,
“Thermochemical Modeling of Electrorefining Process
for Reprocessing Spent Metallic Fuel,” Journal of
Nuclear Science and Technology, Vol. 32, November
(1995).

T. Kobayashi, M. Tokiwai, and Eddie C. Gay,
“Investigation of Cell resistance for Molten Salt
Electrorefining of Spent Nuclear Fuel,” Journal of
Nuclear Science and Technology, Vol. 32, January
(1995).

T. Kobayashi et al., “Evaluation of Cadmium Pool
Potential in a Electrorefiner with Ceramic Partition for
Spent Metallic Fuel: Journal of Nuclear Science and
Technology, Vol. 34, January (1997).



8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

E. C. Gay, W. E. Miller, and J. J. Laidler, “Methods for
Removal of Heavy Metal from Molten Salt: in
“Proceedings of the Ninth International Symposium on
Molten Salt,” Ed. M. L. Saboungi, (1994), pp.721.

DOE/EIS - 0306D, 1999, “Draft Environmental Impact
Statement for the Treatment and Management of
Sodium-Bonded Spent Nuclear Fuel,” Argonne
National Laboratory

S. X. Li, R. D. Mariani, T- J. Battisti, and R. S. Herbst,
“Initial Results for the Electrochemical Dissolution of
Spent EBR-11 Fuel,” in “Proceedings of DOE Spent
Nuclear Fuel and Fissile Materials Management,”
American Nuclear Society, Charleston, SC, September
8-11,1998.

S. X. Li, “Anodic Behaviors of Uranium and Zirconium
during Electrorefining Spent Nuclear Fuel in Molten
Salt:’ Proceedings of Eighth International Conference
on Nuclear Engineering, ICONE-8,” ASME,
Baltimore, MD, April 2-6,2000.

I. Johnson and H. M. Feder, “Thermodynamics of the
Uranium-Cadmium System:’ Transactions of the
Metallurgical Society of AIME, Vol. 224, 1962. P.
468.

D. Vaden et al, “Material Accountancy in an
Electrometallurgical Fuel Conditioning Facility: in
“Proceedings of DOE Spent Nuclear Fuel and Fissile
Material Management,” American Nuclear Society,
Reno, NV, June 16-20, 1996.

K. Michael Goff, Alfred Schneider, and James E.
Battles, “Cadmium Transport through Molten SaIts in
the Reprocessing of Spent Fuel in the Integral Fast
Reactor Fuel Cycle,” Nuclear Technology, Volume
102, pp. 331-340 (June 1993).

D. Vaden, “Fuel Conditioning Facility Electrorefiner
Cadmium Vapor Trap Operation,” in “Proceedings of
the DOE Spent Nuclear Fuel and Fissile Materials
Management,” American Nuclear Society, Charleston,
SC, September 8-11, 1998.

G. Boisde, G. Chauvin, and H. Coriou et J. Hure,
“Contribution a la Connaissance du Mecanisme de
Electroraffinage de 1 Uranium en Bains de sels
Fondus~’ Electrochemical Acts, 5:54 (1961).

D. Inman, G. J. Hills, L- Young, and J. O. M Bockris,
“Electrode Reaction in Molten Salt,” Transactions of
the Faraday Society, 55 C, 1904 (1959).

G. Chauvin, H. Corious, J. Hure, “Electroaffinage de
Certains Metaux Nucleaires en Bain de Sels Foudus,”

Maetaux, corrosion - industrie, Vol. 37, 1962, pp. 112-
126.

19. T. Sofu, S. X. LI, and R. A. Wigeland, “Electrical
Potential Field Calculations for the FCF Mark-V
Electrorefiner: in Proceedings of The 193ti
Electrochemical Society Meeting, XI-Eleventh
International Symposium on Molten Salts, Eds. P.C.
Trulove, H.C. De Long, G. R. Stafford, and S. Deki,
San Diego, CA, USA, May 3-8, 1998.


