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Uranium silicide nuclear fuel is substantially different from power reactor fuel.
Reprocessing of spent U3SJ2 fuel is a promising alternative to storage in order to reduce the
waste volume and improve containment while separating reusable material from the waste.
Among the possible spent fuel reprocessing scenarios, a study of dissolution of UjSii fuel
components in acidic media has shown that the PUREX process is applicable with a few
modifications in the initial process steps. This study provided valuable data on several
aspects of silicon behavior in nitric acid media, and suggests that the presence of silicon
does not hinder the extraction of reusable materials.

1. Introduction
Research reactors are characterized by a wide diversity of designs, operating conditions and fuel
compositions. As with power reactors, spent nuclear fuel management is a fundamental issue, and the
back end of the fuel cycle (interim storage, disposal or reprocessing) has yet to be defined for these
fuels. While the final choice will be based primarily on political, strategic and/or economic criteria, the
technical feasibility of reprocessing has not been demonstrated to date for all the fuels used in such
reactors.

In the case of uranium silicide fuel, the CEA recently began to consider and then to assess various
reprocessing scenarios. A comparison of the advantages and drawbacks of each scenario led to the
selection of a process using exclusively a nitric acid medium with no mercury catalysts. The technique
is thus compatible with the PUREX process that has successfully been used on an industrial basis in
France for many years. Prior studies in France and abroad indicated, however, that further
investigation was necessary to allow for the particular behavior of uranium silicide fuel, notably
arising from the presence of silicon and its effects on the process [1].

The study described here was therefore undertaken on fresh fuel in order to identify and solve any
problems encountered in designing and validating an industrial-scale process suitable for uranium
silicides. The work focused on the behavior of silicon in highly concentrated nitric acid media and its
interactions with the solvent (TBP).

2. Fuel Dissolution

Uranium silicide powder in the size fraction between 90 \xm and 125 \\m was dissolved at 100°C in 3N
to 6N nitric acid with or without aluminum. Complete dissolution was obtained in less than one hour
due to the large surface area of the powder sample.

The dissolution of fuel plate sections with aluminum concentrations of up to about 1,3M in hot
concentrated nitric acid revealed two kinetic regimes directly related to the geometry of the fuel
elements used for laboratory testing. The first regime corresponded to the initial attack of the edges of
the fuel core and of the AG3NE cladding; the second, after elimination of the cladding, corresponded
to dissolution of the fuel. The kinetics observed were directly dependent on the surface area in contact
with the dissolution solution (Figure 1).

Under all the operating conditions tested, the aluminum was completely dissolved at a linear overall
rate. The cladding was totally eliminated after 3 hours at 100°C, and complete dissolution was
obtained after 6 to 8 hours. While the aluminum cladding dissolution rate was practically independent
of the initial acidity between 4N and 9N, dissolution kinetics increased appreciably with the
temperature.

The dissolution off-gases consisted essentially of nitrogen monoxide (NO) with smaller amounts of
nitrogen dioxide (NO2). The overall nitric acid consumption ranged from 3 to 4 moles per mole of
dissolved aluminum, depending on whether or not the acid recombined from the nitrous fumes was
recycled. Small quantities of hydrogen were measured (at acidity values between IN and 6N), but
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were well below the explosion threshold even without the additional dilution provided by the
scavenging gas stream.

\ \

Figure 1. Dissolution kinetics of unirradiated fuel plate sections at 100°C

The uranium dispersed in the core was totally dissolved, but was limited by the dissolution kinetic of
the aluminum in the cladding (AG3NE) and in the core (A5). The uranium dissolved after 6 to 8 hours
at 100°C. Silicon was then found as hydrated silica at a concentration of 5 g-L"1, i.e. 170 kg of silica
equivalent per metric ton of uranium (a value consistent with theoretical calculations). The residues
were separated to over 98% during continuous centrifugation in a centrifugal field of 2000 g; after
rinsing and drying, they contained less than 0.3% uranium.

In the dissolution of unirradiated fuel, virtually all the silicon was found in the solid dissolution
residue. Because of the very low solubility of silicon in concentrated nitric acid media, it tends to
accumulate in insoluble form. ICP-AES analysis of the solution after filtration to 0.45 \im indicated
that silicon was never present at concentrations exceeding 50 ppm; the final concentrations after
dissolution systematically ranged from 20 to 30 ppm (Figure 2).
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Figure 2. Silicon concentration in solution versus time: measured versus calculated values
for total dissolution of U?Si2 at 100°C with 1.3M aluminum concentration

Specific investigations and physical analyses (scanning electron microscopy coupled with X-ray
analysis) of fuel particles or sections sampled during dissolution confirmed that the principal
mechanisms involved silicon oxidation and condensation at the interface of the U?Si2 particles in
contact with the solution, forming a silica gel layer that progressed toward the core of the particle
grain, releasing uranium (Figure 3). The silica layers that formed around the periphery of the grain did
not exceed the initial grain size (< 125 urn) and were not thick enough to prevent or diminish
significantly the rate of uranium dissolution. Only about 15% of the initial silicon was found as silicic
acid that condensed in solution, then formed equally insoluble siliceous byproducts.

Because silicon behavior during dissolution in nitric acid media was expected to be highly dependent
on the nature of the uranium-bearing material, we also examined the behavior of intermetallic U,Al,Si
compounds that are formed in the reactor depending on the plate core temperature, local nuclear
reactions, and the fuel residence time. The compounds were obtained through extended heat treatment
(several days at 600°C in argon atmosphere) of fuel plate sections, resulting in a significant reaction
between U3Si2 and the aluminum in the core material; the reaction also caused the cladding to burst
and formed appreciable quantities of powder in the core. In addition to the disappearance of the
characteristic uranium silicide lines, the X-ray diffraction spectrum revealed the appearance of a
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compound, probably U(Al,Si)3, isomorphous to uranium aluminide UA13, in which aluminum atoms
were substituted for a fraction of the silicon atoms in the original uranium-bearing compound.

Siz particle Hydrated silica gel

Beginning of During End of
dissolution dissolution dissolution

Figure 3. Oxidized silicon condensation mechanism at the U3Si2 grain interface

The results obtained with this new compound indicated congruent dissolution of uranium and silicon.
Most of the silicon in solution was in the form of silicic acid and its protonated forms, which rapidly
polymerized to yield polycondensed species, soluble silica precursors as indicated in Figure 4.
Increasing the temperature or the acidity, or adding aluminum to the solution considerably accelerated
the polymerization, rapidly leading to the formation of filterable species (0.45 urn cutoff threshold)
and leaving only 1% of the initial silicon in solution after a few hours. The solid siliceous residues
after polymerization were found mainly as a diffuse hydrated silica gel, of which about 25 wt% were
not retained by continuous centrifugal separation in a 2000 g field.

Silicic acid Polymerization
Polysilicic acid

Polymerization
• Silica colloids

Silica colloids Aggregation Silica gel

Figure 4. Silicic acid polymerization mechanism in solution

These results reveal silicon behavior quite different from that of the initial U.̂ Si? compound, and thus
raise a number of questions concerning the degree of UiSi2 + Al —> U(Al,Si).i reaction progress during
the fuel residence time in the reactor. Spent fuel will certainly exhibit intermediate behavior, as an
increasing silicon fraction will participate in the polymerization mechanism in solution according to
the proportion of new U(Al,Si)3 phases formed from the initial uranium silicide.

Although post-irradiation examinations suggest that the spent fuel resembles fresh fuel more than the
fuel subjected to extended heat treatment, and therefore that the silicon should not massively enter
solution, the effects of silicic acid polymerization during extraction were investigated over the full
range of silicon concentrations liable to be encountered after dissolution, i.e. from 0.1 to 5 g-L'1 of
silica equivalent.

3. Extraction

Depending on the degree of polymerization, polysilicic acid may interact in various ways with organic
molecules. When the organic phase contains TBP, the phosphate acts as a complexing agent for
polysilicic acid through hydrogen bonding, and can react at least partially with the acid to produce the
corresponding ester. The compounds exhibit surface-active properties and, under very specific
conditions, can stabilize the emulsions formed during extraction of the major actinides [2,3].

Previous studies reported that only polysilicic acids at intermediate degrees of polymerization are
stabilizing [1]: a silicic acid (monomer-dimer) solution in nitric acid does not appear to be directly
stabilizing until it has evolved sufficiently to form the interfering species. The solution then exhibits
poor phase separation behavior as long as these chemical entities remain in the continually evolving
medium. When the polymerization reaction is sufficiently advanced the concentrations of intermediate
species diminish significantly and the emulsions are no longer stabilized. The nitric acid-silicic acid-
TBP system thus presents a time window during which the combined presence of intermediate
oligomeric species of polysilicic acid and TBP can form surface-active complexes that stabilize the
emulsions. The dynamics of the nitric acid-silicic acid system determine both the delay prior to the
onset of the unfavorable time window and its duration. J



These dynamics were studied in the laboratory using a small device to agitate the mixture vigorously
to create the emulsion (equal volumes of organic and aqueous phase, with continuous aqueous phase)
and then to measure the time necessary for disengagement of the nitric acid phase containing the
polysilicic acid (excluding uranium) and of the organic phase consisting of 30% TBP in dodecane with
prior acid equilibration. The test parameters were the initial silicon concentration in the 3N nitric acid
phase, the temperature, and the aging of the siliceous solution in nitric acid prior to contact (i.e. the
degree of polymerization of the polysilicic acid). The reconstituted aqueous phase volume within the
organic phase droplet coalescence front was measured over time as a percentage of the initial aqueous
phase volume, as indicated in Figure 5. The least-favorable case in which all the silicon entered
solution (i.e. assuming the conversion of large quantities of U;,Si2 into U(Al,Si).i) was tested by adding
silicic acid to a uranium-free solution containing aluminum.
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Figure 5. Schemat ic representation of phase d isengagement measurement procedure

Figure 6 shows a typical example of the disengagement kinetics compared with the reference phase
(nitric acid containing no polysilicic acid). Figure 7 shows another example with a polysilicic acid
solution heated to induce a more rapid evolution. For greater clarity in identifying the effects of the
test parameters, the time necessary to obtain 60 vol% disengagement was monitored versus the aging
time of siliceous solutions in nitric acid at room temperature (slow system evolution) and at high
temperature (fast evolution) for different initial silica equivalent concentrations (Figure 8 and
Figure 9).
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Figure 6. Phase disengagement kinetics Figure 7. Phase disengagement kinetics in a fast-
in a slowly evolving polysilicic nitric acid solution evolving (heated) polysilicic nitric acid solution

The investigation of conditions favoring the formation of a stabilized emulsion showed that the
oligomeric species at a low degree of polymerization did indeed appear to stabilize the emulsions by
delaying the coalescence of the finest droplets of the organic phase formed immediately after
emulsification. Once the droplets had reached a sufficient dimension, the phase separation resumed at
a rate near that observed in the absence of silicic acid.

At a high enough degree of polymerization (notably after prolonged heating), the presence of silicic
acid in the nitric acid aqueous phase had no further effect on phase disengagement regardless of the
initial silicic acid concentration. Only a slowdown was observed in the coalescence of the final
droplets of the organic phase, the extent of which generally increased with the initial silicic acid
concentration in the aqueous phase; under these conditions, a polymer film forms at the droplet
surface, and its mechanical strength retards the drainage and rupture of the aqueous phase layer
between the organic phase droplets.
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Figure 8. Disengagement time (to 60 vol%)
versus Si concentration in a slowly evolving
polysilicic nitric acid solution

Figure 9. Disengagement time (to 60 vol%)
versus Si concentration in a fast-evolving (heated)
polysilicic nitric acid solution

On this basis, and considering the beneficial effect of extended heating, it would seem obvious that
maintaining the uranium silicide fuel dissolution solution at 100°C for 24 hours, for example, should
avoid any emulsion stabilization problems. This was confirmed by the phase disengagement kinetics
following the dissolution of unirradiated fuel sections under standard conditions: these kinetics were
identical with the reference kinetics (without silicon) whether or not the solution was ultrafiltered
(Figure 10). Over 97% of the uranium was found in the organic phase during the first extraction step
under these conditions. Stabilization problems occurred after centrifugation only during the tests in
which the heating was interrupted as soon as the plates had dissolved (i.e. after 8 hours at 100°C); the
problems disappeared, however, when the dissolution solution was diluted to 1/10 in a silicon-free
nitric acid solution.
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Figure 10. Disengagement time (to 60 vol%) from an unirradiated U3Si2 fuel dissolution
solution heated for 24 hours or 8 hours, under various operating conditions

4. Conclusion and Outlook

Based on the results obtained in this study, a process suitable for reprocessing uranium silicide (U;,Si2)
fuel was proposed. A batch dissolution process in hot concentrated nitric acid is recommended,
without prior mechanical decladding. Holding the solution at 100°C for about 24 hours then ensures
that the siliceous species reach a sufficient degree of polymerization to prevent them from interfering
with the extraction emulsions.

Although the behavior of silicon during the dissolution steps has now been studied in detail, the
system formed during emulsification of siliceous nitric acid solutions with an organic phase containing
TBP remains particularly complex. This study provided a rapid overview of the phenomena involved,
but further investigation is still necessary concerning the material organization in these two-phase
media, in order to understand and control the physicochemical phenomena observed in the process.

Finally, from the standpoint of spent fuel reprocessing, it will be important to study the silicon
behavior in all the PUREX steps and validate the results of this study by tests on genuine reactor fuel
samples. One area of particular interest would be to confirm the effect of modifications in the nature of
the uranium-bearing material due to the reactor residence time on the behavior of silicon during
dissolution in nitric acid media.
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