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Irradiated CerMet Nuclear Fuel — Part 1: Concept

Design and Assessment
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1De]_mrtment of Nuclear Chemistry, Czech Technical University in Prague, Brehova 7,
115 19 Prague 1, Czech Republic

Abstract

This paper deals with concept design and assessment of a process for the recovery of
isotopically modified molybdenum from irradiated nuclear CerMet fuels containing the
transuranium element (TRU) oxides in a metallic molybdenum matrix. The recovery of
isotopically modified Mo should enable re-use of this valuable resource especially in the
case of uranium-free fuels/targets for Accelerator-Driven Transmuters (ADT). The
process concept proposed is a modification of the standard hydrometallurgical way of
molybdenum processing. Further, the most significant expected radionuclidic impurities
in the molybdate raffinate were predicted. Separation of these impurities from the
concentrated molybdate solution will be described in the following parts of this mini-

series.
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Molybdenum has many applications as the inert matrix in nuclear fuel. As an additive,
ranging from 3 to 10 wt. %, molybdenum has been used in metallic fuels since the 1950s
[1,2]. For CerMet type fuel, comprising of fissile material ceramics (UO,, UO,-2UOQs,
PuO,, ThO,) in an inert metallic matrix, 50 — 85 % molybdenum has been used to
optimise their physical and metallurgical properties [3]. Another example of the use of
CerMet nuclear materials are the thermoelectric generators based on CerMet materials
developed early in the 1970s, in which the radioisotope %**Cm in its oxide form was used.
These contained 50 - 70 % molybdenum in the matrix [4]. The historical use of powder
metallurgy in nuclear technology for handling the minor actinides led to the idea of an
alternative use of U-free Mo-based CerMet fuel for the transmutation of plutonium and
the minor actinides [5]. In the following overview, these fuels are discussed according to
their composition. In addition to their description, focus is paid to the reprocessing of

each type of the fuel.

Uranium-Molybdenum Fuel (UMo)

One of the earliest references to the application of 3 — 10 wt. % molybdenum as a fuel
additive in the form of a uranium-molybdenum alloy for several power reactors was
described by Schulz and Duke [1], for uranium enriched to approximately 5 % %*°U. The
study of reprocessing options revealed that, due to the low solubility of uranyl molybdate,
a uranium-molybdenum alloy containing 3 wt. % molybdenum can only be dissolved up
to a maximum uranium concentration of 0.4 mol-L™ (in an equilibrium concentration of
nitric acid of 1 mol-L™). In less acidic solutions, the situation is even worse and the
maximum uranium concentrations that can be attained are even lower. Significant
increase in solubility is mentioned in the presence of ferric ions. In the presence of 1
mol.L™* Fe(NOs); the solubility of uranium may increase to 1 mol-L™* in 0.1 mol.L™
HNOj;. Another advantage of the addition of ferric nitrate is the long-term stability of the
resulting solutions (no precipitation occurs). The effect of different concentrations of
Fe(NO3); additive have been described by Schulz and Duke [1]; a better summary of

these results can also be found in some later publications, e.g. Schulz et al. [6].
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Ferris [2] further extended these studies. Fuels with 3 wt. % molybdenum content (e.g.
Detroit Edison Blanket) were dissolved in 6 mol'L™ HNO; and fuel with 10 wt. %
molybdenum (e.g., fuel CPPD-1) in 11 mol-L* HNOj. The precipitate formation
observed, especially in the case of fuel with higher molybdenum content, was mitigated
by using ferric ions that form soluble complexes with molybdenum. Also, the positive
effect of phosphoric acid addition on the solubility of MoOj3 in nitric acid solutions as
well as the rate of dissolution of uranium-molybdenum alloys in boiling nitric acid

solution is described.

Reprocessing of fuel with 10 wt. % Mo and 20 % 2*°U enrichment originating from the
Super Kukla reactor (operated from 1964 to 1978) has been described by Visser et al. [7]
as a follow-up of an early successful study by Perkins [8]. It was planned to reprocess
this fuel in the Savannah River Plant, where the reprocessing uses 7.5 vol. % TBP in n-
paraffin, and requires clear uranium solutions (no precipitates) with uranium
concentrations of 15 — 20 g-L™. They highlighted the problem of low solubility of
molybdenum in the acidic medium. During the dissolution, formation of a red-brown
precipitate was observed. Scanning electron microscopy revealed that it contained non-
crystalline molybdenum with a low content of iron and small quantities of uranium [7]. It
has been reasoned that the precipitate is probably (UO,)sM0gO2; containing 42 wt. % U
and 33 wt. % Mo, as was described before [6]. Extraction of uranium from the dissolved
fuel was tested for the uranium concentration of 16 g-L™, and it was confirmed that

molybdenum remains unextracted upon contact with 7.5 vol. % TBP in n-paraffin [7].

Based on this data, it can be concluded that uranium-molybdenum based fuel can be
relatively easily dissolved in nitric acid, if the final molybdenum concentration is
relatively low (approx. 1 g-L™, depending on the conditions). Thus one of the options for
uranium-molybdenum fuel (<3 wt. % of Mo) is its direct dissolution in nitric acid or
dissolution with Fe(NO3); addition (for fuel with up to 10 wt. % of Mo). However, these
options for uranium-molybdenum fuel dissolution do not take into account the possible

recycling of the molybdenum.

Uranium-Molybdenum Fuel with Aluminium (UMo+Al)
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Uranium-molybdenum based fuels with high aluminium content have been produced and
used primarily for research and test reactors since the 1980s. The main reason for their
use are their beneficial properties even when using a relatively low enriched uranium
(< 20 wt.% of “*U) [9].

Herlet et al. [9] described a research program on the dissolution of uranium-molybdenum
fuels (10 wt. % molybdenum). The project included experiments with powder and fresh
pellets with addition of aluminium and three pellets irradiated inside the French OSIRIS
reactor. After the dissolution of such fuel, it was mixed (1:13) with a dissolved uranium
oxide (UOX) fuel and subsequently uranium and plutonium separated by the adapted
PUREX process [10,11]. The biggest issue was expected to be the solubility of
molybdenum (~ 1 g-L™) in the presence of uranium, aluminium and nitric acid. The
dissolution experiments were performed so that the final aluminium concentration was 15
g-L*, which corresponds approximately to a molybdenum concentration of up to 1.5 g-L’
! In the summary of the results Herlet et al. [12] also described the dissolution kinetics.
For the reprocessing of Mo-based fuels, it is also important that the insoluble species and
behaviour of the solution over time are characterised. Immediately after dissolution the
solution was relatively clear, but the following day it was slightly cloudy. The insoluble
particles extracted by a 0.3 um filter contained less than 0.6 wt. % of the fuel. They
consisted of more than 90 wt. % of molybdenum and aluminium. After this initial
filtration, the filtrate remained clear for more than a month. However, Helaine et al. [13]
noted that they were still looking for the most appropriate way to reprocess UMo+Al fuel

manufactured by mixing of UMo particles into the mass of aluminium alloy.

CerMet Mo-based Fuel for light water reactors (DepMo)

The possibility of transmutation of plutonium and minor actinides in light-water reactors
(LWRs) using CerMet fuel with a molybdenum matrix is discussed by Bakker et al. [5].
The advantage of LWRs comes from experience with the transmutation of plutonium in
MOX fuel (Mixed oxides). However, for LWRs the intended molybdenum content

requires the use of molybdenum depleted in **Mo (DepMo), since **Mo has a relatively
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large cross section for thermal neutrons — see Table 1. The possibility of producing
isotopically modified molybdenum at a reasonable price has been re-confirmed recently
[14]. Such CerMet fuel is expected to have considerably better behaviour during
operation, amongst other reasons, due to its excellent thermal conductivity (I = 116 W.m~
! K™ at 600 °C [5,15]), which reduces the maximum temperature in the central part of the
pellet, and therefore the release of gaseous fission products will be lower [16]. The
thermal conductivity of molybdenum is very close to that of molten sodium, a commonly
used coolant in fast reactors (thermal conductivity at melting/freezing point of sodium is
85.8 W-m™ K™ [17]).

Table 1 The neutron absorption cross section of the molybdenum isotopes in the thermal,

epithermal, and fast energy groups [5]

Molybdenum Neutron Absorption Cross Section (b)
Isotope Thermal Range Epithermal Range Fast Range
(10% eV < E < 0.625 (0.625eV <E<0.1 (E>0.1 MeV)
eV) MeV)
92 0.01 0.02 0.03
94 0.01 0.03 0.05
95 7.51 0.40 0.10
96 0.25 0.08 0.04
97 1.08 0.23 0.10
98 0.06 0.06 0.04
100 0.10 0.05 0.03

According to preliminary design, active zone, using DepMo as an inert matrix for the
transmutation of transuranic elements (TRU), should contain approximately 20 % fuel
rods, which would contain up to 70 vol.% of DepMo and 30 vol.% of
(TRUog36Er0.03Y0.07Zr054)02 [5], where TRU could be plutonium, americium or other

transuranium elements such as Np, Am, Cm [18]).

CerMet Mo-based fuel for ADT (**Mo)

From Table 1 it is evident that for a fast reactor fuel the isotopic composition of

molybdenum is not as important as it is for the conventional reactors using uranium




133
134
135
136
137
138

139
140
141
142
143
144

145
146
147
148
149

150
151
152
153
154
155
156
157
158
159
160

Journal of Radioanalytical and Nuclear Chemistry

fission by thermal neutrons. However, in the case of ADT it is necessary to achieve the
optimum neutron balance, because otherwise a transmutation ability decrease would
occur as well as a possible increase in operational costs due to increase in accelerator
performance [19]. Again, the most preferred isotope is Mo, due to the low absorption
cross section for all types of neutron. Its usage also reduces the production of long-lived
%T¢ [19].

Currently, it is proposed to transmute oxides of Pu, Am and Cm by ADT, but elements
such as americium affect the transmutation fuel design. During americium transmutation,
the relatively large amount of helium produced (5 times more than with conventional
UOX fuel), may cause swelling of fuel pellets [20]. This problem can be also solved
using the CerMet type fuel [16,21], because the molybdenum matrix is a suitable barrier

in preventing the release of gases up to 1100°C [16].

Recently, uranium-free CerMet Mo-based fuels for ADT were prepared and irradiated in
two experiments as part of the EUROTRANS project under the names FUTURIX-FTA
(Fuels for Transmutation of Transuranium Elements in Phénix - Fortes Teneurs en
Actinides) [22-25] and HELIOS (Helium in Oxide Structure, irradiation in high flux
reactor in Petten, The Netherlands) [26,27].

The analysis presented above shows the need to use isotopically modified molybdenum
in the CerMet fuels with a molybdenum matrix in order for such fuels to be used in both
LWRs and ADTs. The aim of this study has been to design concept of a process for the
recycling of molybdenum — separation of bulk metal from the irradiated fuel —
compatible with the radiochemistry operations in hot cells in order to reduce the costs of
using isotopically modified molybdenum. For the re-fabrication of new fuel,
concentration of any radionuclides in the recovered metal should be minimised.
Therefore, another aim was to analyse the proposed recycling scheme for the potential
break-through of the fission products, or fissile elements, into the raffinate. To study the
options for decontamination of the raffinate liquors (separation of the broken-through

radionuclide contaminants) has been the aim of the successive parts of this complex
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project that has been carried out as a part of ASGARD (Advanced fuelS for Generation
IV reActors: Reprocessing and Dissolution) programme [28].

Results and discussion

Design of the Scheme for the Separation of Molybdenum from ADT Fuel

From the review above, it follows that, as far as we are aware except for the current
project, nobody else has previously considered recovering used molybdenum from the
existing fuels. However, due to the high price of **Mo-enriched molybdenum, which
should be used as inert matrix for transmutation of minor actinides in ADT fuels, a way
to not only recover but even to recycle the molybdenum from the matrix should be
developed. If **Mo-enriched molybdenum recycling can be effected, it could also find use
in recycling the DepMo (without **Mo) used in CerMet fuel for light water reactors (see
above).

Flowsheet Proposal

When considering **Mo-enriched molybdenum reprocessing, one of the first
considerations must be the fact that these Mo-based fuels do not contain uranium. This is
important because in such cases the requirement for reprocessing in a PUREX-like
process is not a must. However, it should be considered that most separation processes
for spent nuclear fuel reprocessing, comprising the separation of corrosion and activation
products, fission products and TRU are designed for 1 — 3 mol-L™ HNO; media.
Unfortunately, molybdenum is poorly soluble in acids (only up to ca. 1 g-L™) and,
depending on pH, it forms a number of complex chemical forms ranging from polymeric
(containing up to more than 24 atoms of molybdenum per molecule, even at a low

concentration) to molybdenyl [29].

If we accept the necessity of the addition of 1 mol-L™ ferric nitrate to increase the
solubility (used in the separation of uranium from UMo fuels [1,6]), the solution will
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have an even higher ionic strength, and it will be difficult to predict its behaviour. In
addition, we are constantly confronted with the possibility of precipitation in further steps
[30]. For this reason, it is probably most appropriate to separate the molybdenum
precipitate at the beginning of the reprocessing process. Then, the molybdenum fraction
and the rest of irradiated fuel solution would be reprocessed separately, as is proposed in
work of Ménard [31]. Based on this concept, the following flowsheet has been proposed
for the reprocessing of Mo-based ADT fuels (Fig. 1).

Irradiated Mo-based fuel
I+ 3-3.5mol'L-" HNO,

Solution containing insoluble residue
(Mo, Zr, Ru, Rh, Pd, Nb, Pu and Ce)

MOO? ‘_stp?ntanc_at(;gs dissolution in
precipitation within 8mol-L-' HNO, with HF

tens of minutes \ |
MoO FP+MA+Mo

3 V\

Insoluble residue + NH,OH :
Si, Fe, Ni, Cr ... 4N PUREX process ?
(NH,),MoO, S
heavy metals +H,S N [\)IAMEX-SASIEX process ?
Cu, ... *
( ) (NH,),Mo0, = *
cm L. Mo+Ru+Tc+Pd+?
Na, Ca, Mg, T recrystalization ~ _ feex HCit
Al, ... ‘ :
L(NH,),Mo,0;
¥ calcination; T > 420°C
[MoO,

Fig. 1 Hypothetical flowsheet for the reprocessing of ADT fuel with molybdenum inert
matrix based on a standard molybdenum hydrometallurgical process. Bold italic steps are
unsuitable for radiochemical operations - the aim is to replace them. (The dashed arrow
refers to the molybdenum, which is partially dissolved in acidic media — it should be
returned to the main molybdenum fraction. Solid arrows denote liquid phase. Crossed-out
arrows denote solid phase, and dotted arrow denotes unspecified processes)

Step 1 — Fuel dissolution
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Fuel dissolution in 3 — 3.5 mol-L™* HNOjs is assumed as proposed by Ménard [31]. This
should result in the dissolution of virtually all of the molybdenum, and a significant
portion of the fission products, and in the formation of a kinetically unstable solution in
nitric acid. Before the precipitation of molybdenum oxide from this solution begins, it
can be quickly filtered as there is a time window of about 6 hours during the process
when the dissolved molybdenum solution does not contain any solid phase. At this point,
it might be useful to consider avoiding the coprecipitation of fission products, plutonium
and minor actinides by addition of suitable complexants. Due to this relatively unusual
kinetic phenomenon it is obviously possible to separate molybdenum from the majority

of the other elements relatively easily.

Similarly to fast reactor fuel reprocessing [32], the filtered insolubles may be leached
using 8 mol-L™* HNO; with the addition of 0.05 mol-L™* HF (or 1 mol-L™ HF according
to [31]) or with the addition of Cr(NOs), to dissolve the plutonium, transplutonium
elements, and fission product residues. On the other hand, such processes would increase
the requirements for corrosion resistance of the construction materials and convert
plutonium to fluoride complexes of Pu(lV) and Ru to volatile RuO4. The resulting
solution may be mixed with the molybdenum trioxide precipitate washing solution. The
solution obtained will be suitable for conventional separation of plutonium,

transplutonium elements, and fission products by solvent-extraction processes.

Possible problems in Step 1:

e Occurrence of insoluble fission residues can be expected during the dissolution of
high-burnup ADT targets/fuel. This phenomenon is well known from dissolving
both conventional UOX fuel [32] with burn-up exceeding ca. 30 MWd-t™
and the MOX fuels [32]. The insoluble residues containing Zr, Ru, Rh, Pd, Nb, Ce
and residual fissile material [32] will need to be removed.

e Trace amounts of fission products, plutonium and minor actinides will be
transferred into the molybdenum fractions — further radiochemical separation

steps may be needed; the concentration of fission products present in the resulting

10
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precipitate of molybdenum oxide should be minimised, therefore a washing step

may be required.

e A fraction of the molybdenum will follow the fission products, plutonium and
minor actinides streams due to the partial solubility of molybdenum in nitric acid
or due to the formation of an insoluble residue. This may pose a problem with
precipitation during the molybdenum liquid-liquid extraction processes and/or the
loss of isotopically modified molybdenum; its return into the molybdenum stream
should be ensured (dashed arrow on Fig. 1).

e Isotopic dilution of **Mo by fission molybdenum will occur.

Step 2 — Molybdenum recovery and purification

The proposal is based on standard molybdenum hydrometallurgical processes.
Dissolution of MoO3; may be performed in ammonia, for example, via the patented
process [33]. Together with molybdenum, only a small fraction of the fission products
such as Y, Zr, Nb and the lanthanides should dissolve in such step.

Possible problems in the Step 2:

e Most of the impurities co-precipitated with the MoO3 will be partially dissolved,
as well (depending on their solubility product constants).

e The presence of radionuclides may complicate (need for additional radiation
protection) the standard industrially used purification steps — steps 3 and 4 —

(marked in bold italics) on Fig. 1.

Based on the above considerations, it can be concluded that alternative procedures to
sulphide precipitation and/or recrystallization have to be developed for the separation of
the remaining impurities, particularly the radionuclides, from the concentrated molybdate

solution resulting from MoOg3 dissolution. As a first step in new separation procedure

11
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development, identification of the expected radionuclide impurities is required. This can
be accomplished by a holistic analysis of the chemical properties of the system

components.

Prediction of the Expected Impurities in Solution of (NH4),M0O,

In standard hydrometallurgical production of molybdenum, precipitation by H,S and
recrystallization (steps marked bold italics in Fig. 1) are used for purification because
these processes successfully remove heavy metals such as Cu [34], possibly also all the
2.A analytical class cations, and in excess of ammonia also the third analytical class.
These processes perform well; however, the presence of radionuclides may complicate
their use (see above). Therefore, how to replace these procedures has been investigated in
this project. Exact estimation of the remaining contaminants and their concentrations is
practically impossible without performing experiments with real solutions, however,
some conclusions may be drawn when considering the general chemical properties of the
potential contaminants. It is clear that the most important will be the removal of
radionuclides (especially in terms of radiation protection during the manufacturing of fuel
from the recycled molybdenum) and of the isotopes having a high cross section for fast

neutrons (neutron poisons).

It should be also considered that molybdenum isotopes are also formed during fission and
these cannot be chemically separated, and will thus accumulate in the recycled ®Mo.
Hence, the quality of the original **Mo-enriched molybdenum will deteriorate and isotope
separation may be needed after a few cycles. Especially in such a case, it will be
necessary to get rid of all the radioactive impurities that would render unusable most of
the technologies for molybdenum isotope separation, e.g. in gas centrifuges [35].

The impurities expected from the flowsheet (see Fig. 1) belong among fission and
corrosion products, and cladding materials. The most important radionuclide impurities
are fission products with high fission yields, especially those with similar chemical
properties (forming anions) as molybdenum e.g. Nb and Tc. The presence of impurities

will strongly depend on the chemistry of the previous step — bulk molybdenum

12
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separation. If the most probable method for separation of Mo — the ADM (ammonium
dimolybdate) method — is used, alkali metals like Cs or Rb, as well as alkaline earth metal

like Sr may also be expected as impurities in Mo solutions [34].

Also taking in account their nuclear properties, it can be assumed that the main fission,
corrosion and activation products that will not be precipitated by ammonium hydroxide
will include: *C (T, = 5730 years), ®Sr (29 years), ®Tc (10° years), *°’Pd (10° years),
1255} (2.8 years), 1**Cs (2.06 years), 2*°Cs (2.6-10° years) and *'Cs (30.07 years). Due to
their relatively high initial concentrations in the irradiated fuel and moderate to long half-
lives, they could cause an increase in activity of the molybdenum solution. The volatile
radionuclides, such as Ru in the form of volatile RuO, (if present), can be stripped by

bubbling with gas.

Finally, it should be noted that the procedures for selected radionuclide separation from
the concentrated molybdate solutions may find use in molybdenum recycling even if the
dissolution of ADT fuel would be by the acidic method only and all molybdenum would
be dissolved with the actinides and fission products by e.g. addition of Fe(NO3)s. The
reason for this conclusion is the fact that the conversion of the various molybdenum
species to metal is always carried out from MoOs, (NH4)2M06019 or (NH4)2M0,07 [34].
Hence the separation of any potential remaining impurities may easily proceed from the
concentrated solution of ammonium molybdate prior to its conversion to molybdenum

trioxide.

Recent alternative studies

Three alternative routes for molybdenum reprocessing have been recently tested in the
ASGARD project [28]: one pyrochemical and two hydrometallurgical. Re-sublimation of
molybdenum from the mixture of 60 wt.% molybdenum and 40 wt.% cerium as
plutonium surrogate yielded the best results at 900°C after 6 hours of treatment, but in
one step only 86 % recovery of molybdenum has been achieved [36]. In the same study,
dissolution of molybdenum, molybdenum-cerium and molybdenum-plutonium oxide

pellets in the presence of iron was studied followed by extraction by tri-n-butyl phosphate

13
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or two DIAMEX type extractants (N,N’-dimethyl,N,N’-dioctylhexylethoxymalonamide —
DMDOHEMA; N,N,N',N'- tetraoctyldiglycolamide — TODGA). Another work [37]
focused on the molybdenum extraction from acidic solutions by CYANEX® 600 (a
mixture, which contains mostly bis(2,4,4-trimethylpentyl)phosphinic acid [38]). Efficient
extraction was possible from HNOj in solution, co-extraction of iron and zirconium could
be suppressed by cyclohexanediaminetetraacetic acid. Molybdenum could be stripped
from the loaded organic phase containing CYANEX® 600 by using ammonium
hydroxide [39].

Conclusions

Based on a literature review, it has been concluded that if separation of impurities will be
required in the final stage of hydrometallurgical molybdenum reprocessing, it will
proceed from the (ammonium) molybdate solution prior to its conversion to molybdenum
metal (independent of the route selected for the reprocessing of the fuel with a
molybdenum matrix). Assuming the standard hydrometallurgical method of molybdenum
reprocessing is adapted, potential radionuclide impurities in the (ammonium) molybdate

at the final stages of the process were identified to be caesium, strontium and technetium.

Study of the options for decontamination of the raffinate liquors (separation of the listed
radionuclide contaminants) has been the aim of the successive parts of this complex

project. The results will be presented in the next papers in this mini-series.
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