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Abstract

Disposal MOX (dMOX), a sintered mixed U, Pu, oxide containing a neutron poison, such as Gd, is currently under consid-
eration for immobilisation of the UK’s civil plutonium inventory. Prior to deployment, it is important to understand how
material homogeneity impacts overall behavior of the wasteform. Therefore, while using Ce as a non-active Pu surrogate,
this study outlines a methodology for the production of a homogenous dMOX precursor powder to be subsequently sintered
to a homogenous dMOX pellet. The powder was produced via reverse-strike oxalate co-precipitation of a Ce(III), Gd(III),
and photochemically conditioned U(IV) precursor solution, which was then calcined to a mixed oxide in a 5%H,/95% N,
reaction atmosphere. SEM-EDX and PXRD analysis revealed the oxalate and mixed oxide to be fully homogeneous, with
no evidence of segregated phases. TGA decomposition found the oxalate to decompose in several distinct stages, agreeing
with established literature, resulting in a fully homogenous mixed oxide powder.

Introduction

The United Kingdom (UK) currently possesses the world’s
largest stockpile of civil Pu, = 140te, accumulated from
its hydrometallurgical reprocessing of spent nuclear fuel
(SNF) [1]. Prolonged, indefinite storage of this material
in its existing state, a separated PuO, powder, presents a
risk of nuclear proliferation and a security burden for future
generations to manage. Therefore, it is imperative that this
material is promptly disposed of in a manner that places
it “beyond reach” [2]. Following a government decision in
January 2025, it was announced that the UK’s Pu inven-
tory is to be rendered inaccessible via immobilisation
within a suitable ceramic wasteform, followed by perma-
nent disposition to a Geological Disposal Facility (GDF)
[3]. One potential avenue to Pu immobilisation is as a dis-
posal mixed oxide (dAMOX) ceramic. This is envisioned to
comprise of a sintered pellet of a minor fraction of PuO, in
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solid-solution with UO,, similar in design to MOX nuclear
fuel [4-6]. Immobilising Pu through a MOX-type ceramic
is advantageous for several key reasons. Firstly, both UO,
and PuO, adopt the cubic fluorite crystal structure (space
group Fm-3 m), which is regarded to be extremely durable in
high-radiation environments [7]. Additionally, both materi-
als have attractive material properties, such as high melting
points (2827 °C for UO, [8] and 2744 °C for PuO, [9]) and
comparably high densities (10.97gem™! for UO, [10] and
11.50gecm™" for PuO, [11]). Importantly, it is also suggested
that AIMOX could be manufactured through pre-established
industrial processes, similar to those currently utilised for
MOX fuel fabrication [5], 12]. This is desirable when con-
sidering the relative industrial immaturity of other potential
Pu immobilisation options, such as the Hot Isostatic Pressing
(HIP) of titanate ceramics [13].

As the dMOX wasteform will contain relatively high lev-
els of fissile Pu, there is a clear risk of an unwanted neutron
chain reaction occurring upon groundwater ingress in a geo-
logical repository—necessitating the need for criticality con-
trol. This could be achieved by doping the wasteform with a
suitable neutron absorbing element such as Gd,O; or HfO,.
Both materials have large neutron absorption cross-sections
and are compatible with the crystalline structure of PuO,
[4]. Moreover, Gd,0; has been shown to be easily incor-
porable into the UO, matrix while simultaneously reducing
its corrosion susceptibility, improving pellet resistance to

@ Springer


http://orcid.org/0009-0006-0782-0193
http://crossmark.crossref.org/dialog/?doi=10.1557/s43580-025-01327-3&domain=pdf

1862

J. Rolfe et al.

dissolution [14, 15]. Understanding how the level of homo-
geneity throughout the final sintered pellet can influence
wasteform behaviour is important in the advancement of
the dMOX concept. Homogenous mixed oxide powders,
which can be subsequently sintered to homogenous pellets,
can be produced through wet chemical approaches such as
oxalate co-precipitation [16]. In a recent study, the fabrica-
tion of a homogenous (U, Th, Gd)O,_, dMOX pellet was
explored, with the precursor powder produced via direct-
strike oxalate co-precipitation of a U(VI) containing solution
[6]. It was reported that the intermediate oxalate product was
partially inhomogeneous, with the inhomogeneity perpetu-
ating through to the final sintered pellet. Uranium recovery
during fabrication was also found to be slightly lower than
targeted, attributed to the low, unideal pH of the oxalic acid
solution used during the initial precipitation step. It is also
possible that uranium recovery could have been additionally
impacted by the redox state of the uranium ion, as U(VI)
oxalates are reported to be partially soluble at room tempera-
ture [17]. Horlait et al. [18] used reverse-strike oxalate co-
precipitation to produce Th,_ Ln(III) O,_,, mixed oxides,
successfully reporting the final powder to be single phase
fluorite despite 27 mol% Gd doping. Zsbaka et al. [19] also
attempted to produce Th,_,Gd,O,_,, through direct-strike
oxalate co-precipitation, instead observing two segregated
Th and Gd rich phases. With these previous studies in mind,
it is hypothesised that the partial separate oxalate formation
observed in previous studies could be resolved by applica-
tion of a reverse-strike mixing method.

Therefore, in this study, while employing Ce as a non-
active Pu surrogate, a method for the production of a
homogenous (U, Ce, Gd)O,_, powder is detailed via co-
precipitation and calcination of a mixed U, Ce, Gd oxalate.
In contrast to the work above, a photochemical reduction
step was used to convert a UO,>" containing precursor solu-
tion to U(IV) [20], ensuring the precipitation of an insoluble
UIV) oxalate. A reverse-strike mixing technique was also
employed. Notably, as U(IV) acts as a reducing agent capa-
ble of reducing Pu(IV) to Pu(Ill), the photochemical reduc-
tion of a mixed U(VI)/Pu(IV)/Gd(III) solution to the more
precipitable U(IV) would yield the production of Pu(III)
[21], subsequently precipitating as an insoluble Pu(III)
oxalate. This opposes conventional Pu finishing processes,
which primarily focus on the precipitation of Pu(IV) oxalate.
In this context, Ce(IIl) serves as a suitable surrogate for Pu.

Methods and materials
Unless otherwise specified, all materials were AnalaR grade

or higher and obtained from Thermo Scientific Chemicals
(UK) or Sigma-Aldrich (UK). All water was ultrapure
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doubly de-ionised water supplied by a Direct-Q 3 UV Mil-
lipore water purification system (Millipore, UK).

The synthesis of the homogenous oxide powders was
completed in four distinct stages: photochemical condi-
tioning of a U(VI) precursor solution, precipitation of a
mixed-metal oxalate powder, powder recovery via overnight
vacuum filtration, and calcination to a U(IV) mixed-metal
oxide. The target composition of the final mixed oxide was
Ug.30Ceq 1Gdy 9,0, representing a realistic 10 mol% Pu
loading and Gd to Pu ratio of 1:10 [6].

Regarding the photochemical conditioning,
UO,(NO3),-6H,O (ABSCO Ltd., UK) was firstly dissolved
in 1 mol dm~ HNOj to produce a 205 mmol dm~ U(VI)
solution, to which 1 mol dm~ isopropyl-alcohol (IPA) and
50 mmol dm™ N,H, was added. The IPA was added as a
sacrificial reductant, with the N,H, added to scavenge any
photochemically or radiolytically generated HNO,, there-
fore preventing unwanted reoxidation to U(VI) [20]. The
solution was then passed through a continuous flow-through
photoreactor illuminated with 407 nm LZC-70UB00-00U8
LED emitters with a spectral half-width of + 10 nm (LED
Engine Ltd., UK). The total illuminated residence time was
10 min. Upon illumination a distinct colour change was
observed, with the solution transitioning from pale yellow
to dark green. Successful conditioning of the metal ion was
confirmed through UV-Vis spectrophotometry in a Shiz-
madzu UV-2600 UV-Vis Spectrophotometer (Shimadzu
UK Ltd., UK), shown in Fig. 1. Following conditioning,
23 mmol dm™ Ce(III) and 2.3 mmol dm~> Gd(III) were
added in the form of Ce(NO;);-6H,0 and Gd(NO;);-6H,0.

10 cm?® aliquots of the mixed-metal ion solution were
then added dropwise to sample tubes containing 10 cm? of
0.6 mol dm~> oxalic acid in a Radleys Carousel Reaction
Station (Radley & Co Ltd., UK) in a reverse-strike fash-
ion. This was completed at room temperature. The oxalate
ligand to metal ion ratio was 2.6:1, allowing for an approxi-
mate 0.6 mol oxalate excess. Upon contact, a pale-green
oxalate precipitate was instantly formed. The solution was
then continuously stirred for 2 h at 400 rotations per min-
ute. The precipitate was recovered via overnight vacuum
filtration through a sintered glass disc funnel filter (Fisher
Scientific, UK). The recovered mixed-metal oxalate was
calcined to a mixed oxide powder in a STA7200 TGA/DSC
(Hitachi, Japan) in a Pt pan to 900 °C under a 5%H,/95%N,
(99.9% purity) reaction atmosphere, with a heating rate of
10 °C min~!. All gas flows were 0.1 dm? per minute. The
morphology of both the mixed-metal oxalates and oxides
was examined via Scanning Electron Microscopy (SEM) in
a TESCAN AMBER BrightBeam UHR-SEM (TESCAN,
Czechia), equipped with an Oxford Instruments Ultim Max
40 Energy Dispersive X-Ray (EDX) Analyser (Oxford
instruments, UK) allowing semi-quantitative assessment of
metal ion spatial distributions. Powder X-Ray Diffraction
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Fig.1 UV-Vis spectra of
solution before and after
photochemical conditioning

U(VI) Characteristic
Peaks (407nm, 415nm)

Absorbance (a.u)

U(IV) Characteristic Peaks
(485nm, 545m, 647nm)

\

Unconditioned

== Conditioned

(PXRD) patterns were collected in a Rigaku Smartlab X-ray
diffractometer (Rigaku Europe SE, Germany) mounted in
parallel beam configuration with a Cu X-ray target.

Oxalate scans were taken from 10° to 50° with a step
size of 0.01°, with oxide scans taken from 25° to 100° with
a step size of 0.1°, due to the material being significantly
more crystalline. PXRD samples were prepared by sealing
a small amount of powder (=5 mg) on an ABS plastic tray
with Kapton tape. All spectra were baseline subtracted and
smoothed using the Savitsky-Golay approach. Reference
spectra were obtained from the Inorganic Crystal Struc-
ture Database (ICSD). Lattice parameters were calculated
at 20 angles > 65° via Braggs law. These calculated lattice
parameters were then refined via the extrapolation of the
Nelson—Riley function, subsequently reducing systematic
error.

Results and discussion

SEM images of the precipitated mixed-metal oxalate and
calcined oxide powders can be seen in Fig. 2. The oxalate
powder appeared to be extremely fine, with an average
particle size of = 5 pm. It exhibited a square-platelet mor-
phology, which is consistent with previous observations on
An(IV) oxalate powders [22, 23]. This morphology was also
found in the calcined oxide powder. EDX analysis revealed
the powder to contain an even distribution of both U, Ce, and
Gd, with no detectable presence of inhomogeneity, imply-
ing the creation of homogenous mixed-metal oxide powder.

The TGA decomposition trace of the mixed oxalate
when calcined under a reducing 5%H,/95%N, atmosphere
is shown in Fig. 3. Complete decomposition had occurred by
~600 °C agreeing with previous observations on the decom-
position of dAMOX oxalates [6].

500 550 600 650 700 750 800

Wavelength (nm)

As can be seen, the oxalate lost mass in several steps. The
first three of these can attributed to the removal of absorbed
water—U(IV) oxalate hexahydrate molecules have been
reported to dehydrate in three stages when calcined under
inert atmospheres, the first occurring between 27 and 97 °C,
the second between 97 and 137 °C and third 137-234 °C
[24]. These stages broadly correlate with the first three DTG
peaks, albeit with a slight shift to higher temperatures. The
first mass loss was calculated as ~14.3%, strongly resem-
bling the theoretical value for the removal of 4 mol of water
(14.2%). The second loss of ~3.6% also agreed with the
theoretical value for the removal of an additional mole of
water (3.6%). The final dehydration related mass loss of
~4.9% was slightly higher than the theoretical loss from one
final mole of water, but is still in general agreement. Above
temperatures of 284 °C, decomposition of the dehydrated
oxalate compound to a mixed oxide initiated. This mass loss
of ~ 25.9% was slightly lower than the theoretical calculated
value of 27.5%. It is likely that this discrepancy is due to a
small overlap between the final dehydration mass loss and
the initiation of oxalate decomposition, also explaining why
the measured value for the former was marginally greater
than the theoretical value. Overall, the total measured mass
loss of ~ 50.3% is in good agreement with the theoretical
value of 50.5%. The small deviation of ~ 0.2% is likely due
to the deposition of elemental carbon on the powder sur-
face, resulting from the disproportionation of CO via the
Boudouard equilibrium, which has been reported to occur
when calcining An oxalates under both inert and reducing
conditions [25, 26].

Importantly, each DTA peak appeared to be distinct with-
out any additional features, supporting the observations from
the SEM-EDX analysis above and PXRD below that a single
phase mixed U, Ce, Gd oxalate, which subsequently decom-
posed into a homogeneous mixed oxide, was formed.

@ Springer
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Fig.2 a SEM image of mixed-
metal oxalate powder, b SEM
image of mixed-metal oxide
powder, ¢ U ion distribution in
mixed-metal oxide powder, d
Ce ion distribution in mixed-
metal oxide powder, e Gd ion
distribution in mixed-metal
oxide powder
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The PXRD spectra of both the mixed oxalate and calcined
mixed oxide powder are shown in Fig. 4.

The oxalate powder shared good similarity to the ICSD
reference spectrum for monoclinic U(C,0,),(H,0)4, imply-
ing full incorporation of the Ce and Gd ions into the U oxa-
late structure, with charge neutrality ensured through the
protonation of water to H;O". There was no evidence to
suggest that N,Hs* was incorporated as a charge balancing
cation, which has been shown to instead promote the forma-
tion of a hexagonal structured mixed oxalate [27].

The calcined mixed oxide powder spectrum appeared to
strongly resemble the ICSD reference spectrum for cubic
UO,. Considering the lack of both CeO, and Gd,05; minor
peaks, this observation is further evidence to suggest a single
phase homogenous mixed-metal oxide powder was synthe-
sised, with the relevant Ce and Gd ions fully incorporated

Fig.4 a PXRD spectrum of
mixed oxalate powder, b PXRD

into the UO, parent matrix and structure. The oxide pattern
exhibited an additional minor additional peak at 28.85°, aris-
ing from the ABS plastic holder in which the powders were
mounted.

At higher reflections, the mixed oxide exhibited a shift
to higher angles versus the ICSD reference for stoichiomet-
ric UO,, indicative of a contraction in lattice parameter—
subsequently calculated as 5.4568 A. The theoretical lat-
tice parameter, if assuming Ce as being incorporated in its
tetravalent Ce(IV) state, was found to be 5.46436 A. The
theoretical lattice parameter was calculated by applying
Vegard’s law to CeO, (5.4124 A) [28] and Uyp.033Gdg 11204,
(5.4693 10\), with the lattice parameter of the latter found
through the relationship proposed by Baena et al. [29]. This
theoretical lattice parameter is greater than that measured,
implying the presence of additional factors contributing to
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lattice contraction, such as the production of oxygen vacan-
cies and/or U(V) generation as charge compensation mecha-
nisms [14]. However, it is also likely that Ce is present in
its trivalent Ce(III) state, due to both the presence of Ce(I1I)
in the initial mixed oxalate and the reducing calcination
atmosphere. Despite this, Ce(Ill) presence would result in
a larger theoretical lattice parameter, due to Ce(III) pos-
sessing a larger ionic radii than Ce(IV), resulting in greater
disparity between the measured and theoretical value [30].
Therefore, the presence of some Ce(IV) content cannot be
ruled out, as mass spectrometry of the off-gases generated
during the TGA experiments of Fig. 3 revealed that oxygen
was released during the decomposition of the oxalate (data
not shown)—and this may have oxidised some of the larger
ionic radii Ce(III) to smaller Ce(IV). Further characterisa-
tion is required, through techniques such as X-Ray Photo-
electron Spectroscopy (XPS), in order to determine the Ce
valence state and thus explore this hypothesis. This, coupled
with additional TGA studies, could also help to underpin the
quantity of U(V), and therefore the stoichiometry, within
the material.

Conclusion

A route to a homogenous mixed U, Ce, Gd oxide powder has
been developed as a precursor for a sintered homogenous
surrogate dMOX pellet. By applying a photochemical con-
ditioning step to ensure the subsequent precipitation of a
U(IV) oxalate and a reverse-strike mixing method, a mixed
oxalate powder was produced that exhibited no sign of metal
ion inhomogeneity, which carried through to the calcined
mixed oxide powder. PXRD analysis revealed that the lattice
parameter of the mixed oxide was smaller than anticipated,
likely resulting from charge compensation mechanisms. The
powders prepared from this study can be used in future trials
to understand how important metal ion homogeneity is in the
behaviour of the final sintered wasteform.
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