
SMALL-SCALE IRRADIATED FUEL ELECTROREFINING CfeA|j-9301l3~

W. Benedict, J. R. Krsul, R. D. Mariani, K. Park, G. M. Teske
Argonne National Laboratory West*

P.O. Box 2528
Idaho Falls, Idaho 83403

(208)533-7434

SEP 0 7 1^3

GST!

ABSTRACT

In support of the metallic fuel cycle development for the
Integral Fast Reactor (IFR), a small scale electrorefiner was
built and operated in the Hot Fuel Examination Facility
(HFEF) at Argonne National Laboratory-West. The initial
purpose of this apparatus was to test the single segment
dissolution of irradiated metallic fuel via either direct
dissolution in cadmium or anodic dissolution. These tests
showed that 99.9595 of the uranium and 99.99% of the
Plutonium was dissolved and separated from the fuel cladding
material. The fate of various fission products was also
measured.

After the dissolution experiments, the apparatus was upgraded
to study fission product behavior during uranium
electrotransport. Preliminary decontamination factors were
estimated for different fission products under different
processing conditions. Later modifications have added the
following capabilities: dissolution of multiple fuel segments
simultaneously, electrotransport to a solid cathode or liquid
cathode and actraide recovery with a chemical reduction
crucible. These capabilities have been tested with unirradiated
uranium-zirconium fuel and will support the Fuel Cycle
Demonstration program.

I. INTRODUCTION

The Integral Fast Reactor (IFR) is an innovative liquid
metal reactor concept1 that is being developed by Argonne
National Laboratory (ANL). The IFR concept includes both a
reactor and a fuel processing facility. The fuel processing
facility refines the irradiated fuel, fabricates new fuel and treats
all wastes for disposal. All these processes will be
demonstrated* at the Fuel Cycle Facility which Is attached to
the Experimental Breeder Reactor H (EBR-I1) in Idaho.

"The submitted manuscript has been authored by a contractor
of the U.S. Government under contract No. W-31-109-
ENG-37. Accordingly, the U.S. Government retains a
nonexclusive, royalty-free license to publish or reproduce
the published form of this contribution, or allow others to
do so, for U. S. Government purposes.
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The key refining process is a pyrochemical process called
electrorefining which separates the actinides from the fission
and activation products in the spent irradiated fuel. The
electrorefiner (ER) which operates at 500°C is a stirred tank
that has a molten salt layer (KCl-LiCl), a molten cadmium
layer, and an external power supply that drives the process.
During the first electrorefining step, the actinides and the
majority of fission products are dissolved from the fuel
cladding material. After dissolution, the actinides are collected
on cathodes which are tailored for collecting either uranium or
a plutonium-uranium-minor actinide product. The majority of
the fission products remain in the electrorefiner until a
specified concentration is reached, and they are removed and
incorporated into waste forms for disposal. The processes and
chemical fundamentals', the overall IFR waste management4;

, and the proposed Fuel Cycle Demonstration fission product
separations5 have been described elsewhere.

During the development of the IFR pyroprocess, several
different methods were considered for fuel dissolution. A
common step to the dissolution processes considered was
shearing the fuel element into fuel segments (approximately 0.6
cm long by 0.6 cm diameter). This shearing process exposes
the fuel alloy so the dissolution step does not have to dissolve
the cladding.

One dissolution method involved the direct chemical
dissolution of the fuel in the molten cadmium layer. Direct
dissolution depends on the solubility of the fuel alloy
constituents in cadmium.

Anodic dissolution, by contrast, is an electrochemical
process that uses an electrical current to drive the dissolution
rate. For anodic dissolution, the fuel segment is connected as
an anode where the actinides are oxidized (converted to a
chloride salt) and separated from the cladding material. At the
cathode, which is either a metal rod or the cadmium pool at the
ER bottom, the actinides are reduced to a metal form. These
processes had been studied with unirradiated fuel alloys at both
laboratory (tens of grams) and engineering scale (10 kilogram)
at ANL's Chemical Technology Division in Chicago*-7*.
Because these laboratories could not handle irradiated fuel
samples, a lab scale hot fuel dissolution apparatus (HFDA) was
designed and built for the Hot Fuel Examination Facility
(HFEF) in Idaho.



form. These processes had been studied with unirradiated
fuel alloys at both laboratory (tens of grams) and
engineering scale (10 kilogram) at ANL's Chemical
Technology Division in Chicago6-7*. Because these
laboratories could not handle irradiated fuel samples, a lab
scale hot fuel dissolution apparatus (HFDA) was designed
and built for the Hot Fuel Examination Facility (HFEF) in
Idaho.

The HFDA tested both single segment direct chemical
dissolution and anodic dissolution. Also, small scale
uranium deposits were collected on a solid steel cathode
using different processing configurations. The two different
configurations for solid cathode processing were dependent
on the location of the anode which contained the uranium.
When the cadmium layer was the anode, the dissolved
uranium from a previous dissolution step was transported to
the cathode. When the anode was the fuel segment, the
uranium in the fuel alloy was directly electrotransported to
the cathode. This latter process shortens the overall
electrorefining time because the dissolution and collection of
the product are done simultaneously.

Since these tests were successful, the HFDA was further
modified to dissolve multiple segments and collect larger
cathode (10 to 20 grams actinides) samples. The HFDA
continues to support the development of the fuel cycle
processes.

n. EQUIPMENT DESCRIPTION

The small scale electrorefiner apparatus consists of a
furnace inside a containment enclosure. The furnace is
operated at 500°C and can accept a cylindrical crucible
10.8-cm (4.25-in) in diameter by 19.2-cm (7.625-in) high.
The typical crucible used is low carbon steel with a 10.2-cm
(4.00-in) inside diameter. The containment enclosure
controls the spread of cadmium vapor and provides for
maintaining a high purity argon cover gas around the
furnace. It is equipped with a removable top flange that
provides access to the furnace. Heat shields are suspended
below the flange to reduce the heat loss from the top of the
furnace. The flange/heat-shield assembly has five
penetrations that provide access to the crucible. The center
penetration is used for a thermocouple well to monitor the
temperatures in the crucible. The other four penetrations
are used for items, such as samplers, anodes, or stirrer,
which are required by a particular experiment.

Initially, the apparatus was used to investigate the rate
of dissolution of irradiated metallic fuel in a cadmium
solvent. The crucible was charged with 4.5-cm (1.75-in) of
cadmium and 4.5-cm (1,75-in) of salt. The salt was used to
suppress cadmium vaporization. A stirrer was installed
through one of the penetrations with an impeller in the
cadmium phase. The fuel sample holder was installed
through another penetration. A typical fuel sample was 0.6
cm (0.23-in) in diameter by 0.6 cm (0.25-in) long and

contained about 1 gram of metallic fuel alloy. Periodically,
separate cadmium and salt samples were drawn into quartz
glass tubes using a syringe-type sampler.

After the completion of direct dissolution tests, the
apparatus was modified to investigate anodic dissolution of
the fuel. The fuel holder was modified to place the fuel
sample in the salt phase and to electrically insulate it from
the rest of the apparatus. Another electrode was installed
through an unused penetration and immersed into the
cadmium. A 0-10 volt power supply was connected between
the fuel holder and cadmium electrode. The voltage or
current were controlled. The voltage, current and integrated
current were monitored and recorded. Another impeller
was added to the stirrer to agitate the salt phase. An
insulated cathode was designed and fabricated. The cathode
was similar to the fuel holder but had a small diameter steel
rod at the end to collect cathode deposits., Due to conditions
observed in the first series of test, additional heat shields
were added above the crucible and a magnesium perchlorate
moisture trap was added to remove any residual moisture in
the cover gas supply. Also, stainless steel sample tubes
were substituted for the quartz glass because of problems
getting a reliable seal to the glass.

At the completion of the single pin tests, the apparatus
was modified to its current configuration shown in Figure 1.
This configuration was used to investigate the simultaneous
dissolution of multiple fuel pins and the deposition of larger
quantities of heavy metal. The crucible charge was changed
to 2.5-cm (1-in) of cadmium and 5. 1-cm (2-in) of salt. The
fuel holder was replaced with a small cylindrical, perforated-
steel basket which can hold up to 20 fuel segments. The
basket's internal dimensions are 2-cm (0.7-in) diameter by
3.8-cm (1.5-in) high. A drive motor was added to permit
rotation of the shaft supporting the basket. The electrode
shaft can be rotated from 20 to 200 rpm.

The cathode electrode was also changed. A rotation
motor and fixed shapers to limit the size of a solid deposit
were provided. An alternative electrode was also provided
that could support a small ceramic crucible. This crucible
can be used to investigate liquid cadmium cathodes and
chemical reduction of the salt. Finally, a reference electrode
and core sampler were provided. Because of the limited
number of penetrations, the stirrer was removed to
accommodate the reference electrode. The rotating anode
basket and rotating cathode provide some stirring of the salt,
but, as now configured, there is no stirring of the cadmium.

ffl. ANALYTICAL CHEMISTRY METHODS

One objective of the small scale electrorefiner
experiments was to characterize direct and anodic
dissolutions of irradiated U-lOZr and U-Pu-Zr fuel in terms
of the partitioning of uranium, plutonium, and fission
products between the liquid metal (cadmium) and liquid salt
(KCl-LiCI) phases. To achieve this objective samples of



Figure 1 - Hot Fuel Dissolution Apparatus After Modifications For Multiple Segment Tests

highly radioactive fuel, cadmium, and salt were analyzed for
elemental and isotopic composition and cladding hulls
remaining after dissolution experiments were examined for
undissolved fuel.

A. Sampling

Samples of liquid salt and cadmium were taken using a
quartz or stainless steel sample tube fitted on the end of a
syringe-type sampler. The tube was immersed into the
appropriate liquid phase and one to three grams of sample
were drawn into the tube with the aid of a vacuum. The
sampler was withdrawn from the electrorefiner and the
sample allowed to solidify. The tube containing the sample
was removed from the sampler and packaged in a air tight
metal tube containing argon.

Irradiated fuel used for electrorefiner tests was
characterized by cutting and analyzing one gram "sibling"

fuel samples. The samples were cut from a position
adjacent to the test fuel.

Fuel holders, containing the cladding hulls and any
residual fuel as shown in Figure 2, were removed from the
shaft that held the fuel in the electrorefiner. The fuel holders
containing the cladding hulls were packaged and shipped to
die analytical laboratory.

The containers containing the salt, cadmium, irradiated
fuel, and cladding hulls were transferred to the Analytical
Laboratory Hot Cells (ALHC) for sample preparation and
analysis. The air tight containers containing argon protected
the air sensitive samples from impurities in the HFEF argon
atmosphere and the ALHC ambient atmosphere until the
samples were scheduled for analysis.





uranium. Since EBR-II fuel has a high uranium enrichment
(>60% UT23S), the experiments were designed to measure
dissolution rates by measuring the rate of change in the
uranium isotopics after the fuel segment was immersed in
the liquid cadmium. Figure 3 shows the dissolution rate
data for a direct dissolution experiment. The figure shows
the dissolution process was almost complete within 24 hours.
The difference in the enrichment in the salt and cadmium
phase indicates that the rate for achieving isotopic
equilibrium between salt and cadmium was slower than the
fuel dissolution.

Table 1 - Direct Dissolution Results
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Figure 3 - Typical Direct Dissolution Rates

Due to the problems of sampling bulk solutions and
trying to measure slight changes in concentration, the
cladding hulls were analyzed to determine the remaining fuel
in the cladding hulls. The data shown in Table 1 expresses
the results as dissolution time and percent initial uranium
remaining. The dissolution time is the total time the sample
was immersed in the liquid cadmium. The extent of
completion of the dissolution process was determined by
chemical analysis of the fuel alloy that remained in the
cladding. The percentage of the initial uranium remaining
is calculated by dividing the uranium in the cladding hull by
the uranium in the initial fuel segment which is calculated by
multiplying 'die segment weight before dissolution and the
sibling fuel uranium content per gram of sample.

Since the direct dissolution was not as efficient or as fast
as desired, the next test series examined the anodic
dissolution method that had been developed and tested at the
Chemical Technology Division. Since the rate of anodic
dissolution is controlled by the current passed between the
anode and cathode, a calculation showed that the process
would be too rapid to allow for sampling to measure

Fuel Type

(weight %)

U-lOZr

U-lOZr
U-19Pu-10Zr

U-19Pu-10Zr

Burn-up

(Atom %)

12%

12%
12%

12%

Dissolution
Time

(hours)

24

48
24

48

% Initial U
Remaining
(weight %)

5.7

4.8

2.6

2.1

anode and cathode, a calculation showed that the process
would be too rapid to allow for sampling to measure
dissolution rate. So the anodic dissolution tests were
designed to investigate the effectiveness of the process and
changes at different process conditions such ss controlled
voltage or current. The operating cell voltages were
selected to prevent the dissolution of the cladding material
and the total integrated current was measured so anodic
dissolution efficiencies could be measured. The anodic
dissolution efficiency is calculated by dividing the theoretical
charge needed to oxidize the fuel by the integrated current
passed at the endpoint of the experiment. The endpoint of
the anodic dissolution was determined by noting when the
cell resistance reached a stable maximum value.

Table 2 shows the anodic dissolution results for
unirradiated uranium-zirconium fuel alloy and two types of
irradiated fuel alloy. Each of the results listed for the
irradiated fuel at 1296 bumage is the average of two
duplicate tests at the same operating conditions. The initial
current density is a parameter that is used for scaling the
results to larger scale operations. Current density is the
initial current passed divided by the surface area of the alloy
that is exposed to the salt. Figure 4 shows the percentage
of the initial fuel remaining for uranium, plutonium and
major gamma emitting isotopes. The values for the fuel
remaining is based on the analysis of all the samples of the
particular fuel type. The uranium-zirconium alloy was the
average of six samples and the uranium-plutonium-zirconium
included four samples. The error band shows the standard
deviation calculated from these results.

The general trends between the different fission products
and uranium-plutonium can be explained by the expected
behavior based on thermodynamics and some fuel
properties. Cerium forms the most stable chloride salt and
would be expected to be oxidized completely. Although
plutonium, cerium, and uranium have similar chloride
stability, the uranium and plutonium behaved as expected
since the plutonium chloride is more stable. Possible



Table 2 - Anodic Dissolution Results For Single Fuel
Elements

Fuel Type

(weight %)

U-lOZr

U-lOZr

U-lOZr

U-IOZr

U-lOZr

U-19Pu-10Zr

U-19Pu-10Zr

Peak
Burn-up

(Atom %)

0%

0%

12%

12%

12%

12%

12%

Inrene
DissoL
Rate
(hn/
gHm)

0.9

1.6

1.0

1.2
0.6

0.6

1.2

Initial
Current
Dentil?
(tmpt/
cm2)

1.4

1.4

1.5

1.0
2.4

2.9

1.0

Anodic
DiMOl.
Eff.
(*)

80

74

72

78

78
73

70

explanation for the greater percentage cerium remaining is
that cerium tends to migrate toward the outer portion of the
fpel alloy so it has a higher concentration near the cladding.
The niobuim, zirconium and ruthenuim are not oxidized
under the electrorefiner conditions, so their dissolution
mechanism is difficult to explain. However, these materials
did behave as expected where they were not deteC°d in the
salt layer but were seen in ana.'., sis of the cadmium layer.
The most important result of these tests was the successful

removal of greater man 99.95% of the uranium and 99.99%
of the plutonium from the fuel segment.

For the next electrorefining experiments, the behavior
of fission products during uranium electrotransport was
investigated. The electrotransport experiments were limited
because the cathodes could only be rotated manually and not
continuously. This limitation allows the dendritic growth
structure of the uranium deposit as shown in Figure Sa to
form an electrical short to either the cadmium or vessel
walls. Although the deposits were limited to a 0.5 to 1.5
gram size, eight different deposits were made at two
different processing conditions.

Six deposits were made by electrotransporting from the
cadmium layer to the solid cathode. Two deposits were also
made by directly transporting uranium from fuel segments
to the solid cathode. Fission product carryover was
measured in the deposits. Although decontamination factors
could not be reliably calculated due to the complexity of the
processing conditions, quantitative comparison of the
products indicated that some fission products behave
differently. Alkaline earth fission products (cesium-137)
showed very low carryover and no dependence on process
configuration. Noble metals (Zr-95, Nb-95, Ru-106) and
Isnthanide (Ce-144) carryover was very low (<0.5%), but
the deposits from direct electrotransport appeared to be
higher than the deposits transported from the cadmium pool.
These results are preliminary because the fission product
loading in the salt and cadmium phases was very low
compared to expected operating conditions.
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Figure 4: Fuel Remaining After Anodic Dissolution of Single Fuel Elements





retained. This would reduce the need and frequency for
processing the cadmium to remove the accumulating fission
products that are more noble than uranium. It would be
important to establish that the ensuing increased cell
resistance would not amount to an overvoltage that
significantly reduces the efficiency and/cr processing time.

IV. CONCLUSIONS

The small scale electrorefiner tests have demonstrated
that the anodic dissolution process is a faster and more
effective process than direct dissolution. Single segment
dissolution tests have shown that 99.95% of the uranium and
99.99% of the plutonium will be introduced into
electrorefining process for recovery. Solid cathodes
deposited in the presence of fission products had small
quantities of fission product carryover. Chemical analysis
of the deposits that were produced under different processing
conditions indicate slight fission product concentration
differences can be seen depending on the processing
configuration. Recent tests with depleted uranium alloy
have shown that the recent equipment modifications will
allow dissolution and deposition of multiple gram samples.
This experimental equipment will continue to support the
development of the Integral Fast Reactor pyroprocessing.
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