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The U.S. Department of Energy faces a dilemma
concerning spent aluminum-matrix reactor fuel. Over the
next forty years, 128 metric tons of spent
aluminum-matrix fuel will be shipped to the Savannah
River Site from U.S. and foreign research reactors. When
originally fabricated, this fuel contained over 55 metric
tons of uranium at an average enrichment of -20%. At
Argonne National Laboratory we are developing a
cost-effective electrometallurgical process for recovering
uranium from these aluminum-matrix fuels. The uranium
that can be recovered from this fuel has a commercial
value of over $300 million. Recovering the uranium also
reduces the amount of high-level waste that must
ultimately be disposed of in a geological repository. Other
options for dealing with this fuel are (1) using existing
facilities at Savannah River to recover the uranium or
(2) disposition of the fuel, including the uranium, in a
geological repository. The first option cannot handle all
the research reactor spent fuel, because around 2005 the
processing canyons at Savannah River will be
decommissioned. Direct disposition of the metallic fuel
in a geological repository is another possibility, as is
disposition following conversion to a glass or ceramic
waste form. However it is questionable whether the NRC
will allow direct disposal of highly-enriched uranium
metallic fuel in the repository. Also, the high level waste
volume can be reduced by about a factor often by removal
of the aluminum and uranium from the fuel by some type
of processing. This results in a significant savings in
disposal costs.

The electrometallurgical treatment process described
in this paper builds on our experience in treating spent
fuel from the Experimental Breeder Reactor (EBR-II).
The work is also, to some degree, a spin-off from
applying electrometallurgical treatment to spent fuel from

the Hanford single pass reactors (SPRs) and fuel and flush
salt from the Molten Salt Reactor Experiment (MSRE).
In treating EBR-II fuel, we recover the actinides from a
uranium-zirconium fuel by electrorefining the uranium out
of the chopped fuel. With SPR fuel, uranium is
electroreftned out of the aluminum cladding. Both of
these processes are conducted in a LiCl-KCl molten-salt
electrolyte. In the case of the MSRE, which used a
fluoride salt-based fuel, uranium in this salt is recovered
through a series of electrochemical reductions.
Recovering high-purity uranium from an aluminum-
matrix fuel is more challenging than treating SPR or
EBR-II fuel because the aluminum-matrix fuel is typically
-90% (volume basis) aluminum.

Therm odynamic calculations predict that
electrorefining a uranium-aluminum alloy in a molten
chloride electrolyte will not yield a clean separation of
uranium from aluminum. To circumvent these difficulties
we modified our process. The first modification was
changing from a LiCl-KCl electrolyte to a LiF-KF
electrolyte. By switching molten salts we are able to
electrotransport aluminum to the electrorefiner cathode,
leaving uranium and metal fission products behind in the
basket of the anode. The aluminum obtained will be high
purity and disposed of as low-level waste. Then in a
second electroefiner we will recover high-purity uranium.
Fission products will be converted to oxides, then
incorporated into a glass that can be fed into the Defense
Waste Processing Facility (DWPF) at Savannah River or
be incorporated into DWPF-type glass in a small-scale
glass melter.

A diagram of the electrometallurgical process is
shown in Figure 1. The process will be performed in an
inert atmosphere enclosure located in a shielded facility.
The process operations are grouped into three types of



operations: (1) head end steps, (2) electrorefining and
consolidation steps, and (3) oxidation and glass-forming
steps. This paper will dsicuss the overall process
flowsheet with particular emphasis on the

thermodynamics involved in the aluminum and uranium
electrorefining steps.
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Figure 1. Electrometallurgical Treatment Flowsheet for Aluminum-Matrix Fuels (LLW=low-level waste,
TRU=transuranics, Fps=fission products)

II. HEAD-END STEPS

In the first head-end step, the fuel assembly ends are
removed, then the fuel is sorted and compacted. Next, the
fuel is melted in an enclosed tilt-pour furnace. Because
silicon complexes with uranium and enhances the
separation of aluminum and uranium, silicon is added to
the molten fuel at this point. Then the molten fuel is cast
into anodes. In the melting step we expect that the
volatile fission products (cesium, rubidium, bromine,
iodine, xenon, and krypton) will vaporize. These volatile
species, with the exception of xenon and krypton, will be
captured in a fibrous aluminosilicate (fiberfrax) trap above
the molten metal. We used a similar trapping method to
capture volatile metals, iodine, and bromine in the ANL
Melt Refining Process and have successfully trapped
100% of volatilized cesium and sodium.1 After casting of
the anodes, the trap material is compressed and added to a
glass melter at the end of the process. Because the entire
process is conducted in an inert enclosure, xenon and
krypton can be vented or trapped in cryogenic traps as part

of the purification system of the inert atmosphere
enclosure.

III. ELECTROREFINING AND CONSOLIDATION
STEPS

A. General Electrorefining Principles

Electrorefining is used to recover one metal as a pure
metal phase from the fuel and leave the more noble metals
behind in the anode. Electrorefining in molten halide
salts separates metals, based on the relative
thermodynamic stability, as metal halides. In general, the
species that form the most stable metal halides are the
first to be oxidized at the anode and the last to be
reduced at the cathode. The more noble the metal, the
less stable the metal halide that is formed. Metals whose
halides are widely separated in terms of thermodynamic
stability (>3 kcal/mol F' or Cl") are readily separated.
Two conditions must be satisfied to obtain a pure deposit



of a metal (M) at the electroreflner cathode. First, the
voltage of the electroreflner must be limited to a value
such that no metal more noble than M is oxidized at the
anode. Second, to obtain a high-purity deposit, the
concentration of MXn (where MXn is the halide salt of
metal M) must be large relative to the other metal halides
formed by oxidation of the spent fuel.

In a molten chloride salt, uranium and aluminum
cannot be separated from the uranium-aluminum spent
fuel. However, by electrorefining, aluminum can be
separated out of a uranium-aluminum-silicon alloy by
switching to a fluoride salt and by adding silicon to the
uranium-aluminum alloy. Figure 2 shows the relative
thermodynamic stability of the metal fluorides in a
LiF-KF molten electrolyte after the fuel has been alloyed
with silicon. Toward the top of the diagram are species
that form more stable metal fluorides. As one moves
down the diagram, greater voltages (electroreflner cathode
vs. electroreflner anode) are required to electrotransport the
respective metals from the anode to the cathode. The
heavy dashed line represents the break between aluminum
and rare earth metals. If the electrorefiner is operated at a
voltage corresponding to that of the heavy dashed line,
only aluminum will be deposited at the cathode.
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Figure 2. Diagram Describing Electrorefining Separations
of Alkaline Earth Fission Products (AEFPs),
Rare Earths (RE), Transuranics (TRU), Silicon
(Si), and Noble Metal Fission Products
(NMFPs)

In aluminum electrorefining, the alkaline earth fission
products accumulate in" the electrolyte, and the actinides,
rare earths, and noble metals remain in the anode. In a
similar fashion, in uranium electrorefining the rare earth
and transuranic fission products accumulate in the
electrolyte, and the noble metal fission products remain in
the anode.

Argonne National Laboratory has developed a
high-throughput design for both the aluminum and

uranium electrorefiners." A simplified top view of the
electroreflner is shown in Figure 3. The anodes are
mounted in a circular array and rotated in the channel
between two cylindrical cathodes. Dendritic uranium
deposits at the cathode in this design and we anticipate
that the aluminum cathode deposit will likewise be
dendritic. The dendrites are scraped off the cathode by
scrapers attached to the anode baskets. The dendrites
then sink to the bottom of the electorefiner where they are
collected. When all of the aluminum or uranium has been
electrorefined out of the anodes, the current is turned off,
the dendrites are compressed, and the dendrites are
removed from the electroreflner.

cathod

Figure 3. Simplified Top View of High Throughput
Aluminum/Uranium Electrorefiner

B. Aluminum Electrorefining

In the aluminum electrorefiner, aluminum metal is
oxidized at the anode to form K3A1F6, a species that is
soluble in the LiF-KF electrolyte. At the cathode,
K3A1FS is reduced to aluminum metal. To obtain a
cathode deposit of high-purity aluminum, K3A1F6 must be
the least thermodynamically stable metal fluoride in the
molten electrolyte until all the aluminum has been
removed from the anode. To achieve this condition, the
cell voltage must be limited to prevent the oxidation of
rare earth silicides to rare earth fluorides, yet it must be
sufficient to electrorefine all the aluminum. When the
activity of aluminum in the anode has been decreased to
10'4, the theoretical equilibrium cell voltage is -0.2 V.
The calculated data in Table 1 show the effect of cathode
vs. anode voltage on the activity ratio of K3AIF6 vs.
CeCl3. The low activity ratios at 0 and -0.3 V show that
there are essentially no rare earth fluorides in the salt at
cell voltages less negative than or equal to -0.3 V.
Therefore, a low activity ratio in the molten electrolyte
can be maintained until essentially all the aluminum has
been removed from the spent fuel, and there will be no
rare earth metal contamination of the aluminum product.



TABLE 1. Calculated Ratio of CeF3 and K;A1F6 Activities as
Function of Cathode vs. Anode Electrorefiner Voltase

cathode vs. anode (V)
aCeF3

 laKiAlF6

0 V
7.1 x 10"y

-0.3 V
6.9 x 10'4

-0.4 V
0.47

C. Consolidate Aluminum Dendrites

Because some salt will be adhering to the dendritic
aluminum, the aluminum will be melted and coalesced
into a single metal phase that melts at a temperature
above the melting point of the salt. Then by cooling the
melt below the melting point of aluminum, we can pour
off the salt, which is still molten. The salt is then
returned to the aluminum electrorefiner, and the
consolidated aluminum ingot will be disposed of as
low-level waste.

D. Uranium Electrorefining

After essentially all the aluminum has been removed
from the spent fuel, all that remains in the anodes are the
actinides, rare earths, and noble metals. The next step is
to recover uranium from these anodes in a second
electrorefiner. This uranium electrorefiner is identical to
the one used for aluminum electrorefining, except that it is
filled with a LiF-KF-UF3 molten-salt electrolyte.
Uranium electrodeposition in molten fluoride electrolytes
has been reported and was found to be similar to
electrodeposition in molten chloride electrolytes.

Because silicon was added in the initial head-end
step, uranium will be present in the uranium electrorefiner
anodes as a uranium silicide (e.g., UjSis, USi3).
Therefore, the anode and cathode reactions, respectively,
are:

9 F + U3Sis => 3UF3 + 5Si (anode)

3UF3 => 3Umelai + 9F" (cathode)

As indicated by Figure 2, these reactions will occur
at a cathode vs. anode voltage more negative than used for
aluminum electrorefining. Calculations confirm this
expectation. Whereas aluminum is electrorefined at
-0.2 to -0.3 V, uranium is electrorefined at -0.4 to -0.5 V.
After all the uranium has been extracted from the anodes,
all that remains in the anodes are the noble metal fission
products. Because the rare earth fluorides and TRU
fluorides are more stable thermodynamically than UF3,
they will remain in the molten fluoride electrolyte.

F. Periodic Salt Scrubbing

With continued treatment of spent fuel, there will be
a buildup of alkaline earth fluorides in the aluminum
electrorefiner and of rare earth and TRU fluorides in the
uranium electrorefiner. Eventually this buildup will result
in an undesirable carryover into the electrorefiner product.
It will be necessary to periodically scrub these metal
fluorides from the salt or discard the salt. Salt scrubbing
is the preferred choice because it will allow a single batch
of salt to be used in each electrorefiner for the entire
campaign. Several approaches are available for this
periodic scrubbing, including chemical reduction and
oxide precipitation.

IV. OXIDATION AND GLASS-FORMING STEPS

A. Oxidize Uranium Electrorefiner Anode Heels and
Scrubbed Fission Products

The scrubbed alkaline earths, rare earths, and TRUs
are then converted to oxides along with the metal that
remains in the anode after uranium electrorefining. The
operation is similar to an oxidation performed at ANL
previously. The conversion is performed in an air
oxidation furnace. The output from the furnace is an
oxide powder with noble metal fines dispersed throughout
the oxide.

B. Melt Fission Product Oxides and Fabricate Waste
Glass

A small glass melter will be used to melt the oxide
powder from the oxidation furnace, the compressed
aluminosilicate trap, and additional glass formers. We
anticipate that we will be able to formulate a glass within
the specifications of the DWPF glass. To minimize waste
volumes we have been careful throughout the process to
add only glass-forming oxides (fibrous aluminosilicate)
and silicon, which is converted to silica in the oxidation
furnace. Alumina and silica are components of DWPF
glass. The glass can then be poured into DWPF waste
canisters, which will later be bundled into a waste
package.

E. Consolidate Uranium Dendrites

The uranium electrorefiner dendritic product is
consolidated by a melting operation identical to the
operation used to consolidate the aluminum dendrites
obtained in the aluminum electrorefiner. The adhering
salt is returned to the uranium electrorefiner.

V. DEVELOPMENT STATUS

Many of the process steps in Figure 1 have already
been successfully demonstrated. Uranium electrorefining
in a high-throughput electrorefiner has been demonstrated
at ANL. We have also successfully scrubbed rare earths
out of a molten chloride salt by using chemical reduction



with lithium. Melting, casting, and consolidation steps
were demonstrated in the Meit Refining Process at ANL.
The key process operations that have yet to be
demonstrated are electrorefining aluminum in a
high-throughput electrorefiner and scrubbing the alkaline
earth fission products out of the aluminum electrorefiner
salt. Demonstrating these two steps is the main focus of
our R&D effort for the next year. We are also beginning
to design an engineering-scale high-throughput
electrorefiner for demonstration with simulated spent fuel.
Fabrication and installation of this electrorefiner are
scheduled to be complete by this fall.
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