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Abstract

Uranyl oxalate  (UO2C2O4·xH2O) may exist at the back-end of the nuclear fuel cycle (NFC) as an intermediate in spent 
fuel reprocessing. The conditions used in aqueous reprocessing and thermal treatment can affect the physical and chemical 
properties of the material. Furthermore, trace impurities, such as Fe, may incorporate into the structure of these materials. 
In nuclear forensics, understanding relationships between processing variables aids in determination of provenance and 
processing history. In this study, the thermal decomposition of  UO2C2O4·3H2O and phase analysis of its thermal products 
are examined. Their morphologies are discussed with respect to a matrix of solution processing conditions.

Keywords Uranyl oxalate · Morphology · Nuclear forensics · Signatures · Iron impurity

Introduction

Uranyl oxalate  (UO2C2O4·xH2O) is one of a number of 
intermediate compounds that can be formed during the 
reprocessing of spent nuclear fuel [1]. The process occurs 
by addition of oxalic acid to uranyl nitrate, forming an inter-
mediate oxalate precipitate, which is calcined to uranium 
oxide  (U3O8) for eventual storage. Other intermediates exist, 
such as uranyl peroxide ([(UO2)(O2)(H2O)2]·2H2O), which is 
produced following a similar processing route and has been 
extensively studied for its material properties [2–6]. Fur-
thermore, some recent characterisations have been focused 
on the nuclear forensic implications of uranyl peroxides 
and its oxides [7]. Neither the material characteristics nor 
the nuclear forensic signatures of the oxalate intermediate 

have been reported extensively. One study by Tel et al. par-
ticularly focused on its material characteristics pertaining 
to the front-end of the nuclear fuel cycle (NFC), while no 
such studies can be found relating to the back-end; [8] it is 
important to consider the context of each stage of the NFC, 
as the needs and uses of materials can vary between them 
[9]. To address these shortcomings, this study presents a 
material characterisation of uranyl oxalate at the back-end 
of the NFC, and its products of thermal decomposition, with 
consideration for nuclear forensic implications. In particular, 
the reagents and solution processing conditions used here 
to produce uranyl oxalate, namely uranyl nitrate and oxalic 
acid, are of particular concern to back-end processing. Heat 
treatment to stable oxides, such as  U3O8, are also associ-
ated with the eventual storage of reprocessed uranium com-
pounds. Additionally, consideration for potential dopants 
found in the NFC, such as Fe, is made. Such a study in the 
field of nuclear forensics is warranted, as determining the 
provenance of intercepted materials helps contribute to 
national security efforts [10, 11] There is a need, therefore, 
to expand the nuclear forensic database to a wide range of 
nuclear materials that may occur industrially.

Uranyl oxalate usually exists in the trihydrate form 
 (UO2C2O4·3H2O) at room temperature and has previ-
ously been shown to decompose to the monohydrate 
 (UO2C2O4·H2O) and anhydrate  (UO2C2O4) at higher temper-
atures [12, 13]. At temperatures above 400 °C, it is reported 
that uranium oxides are formed, which may be confirmed 
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by coupling thermogravimetric analysis (TGA) with X-ray 
diffraction (XRD). To expand the nuclear forensic toolkit 
as applied to these materials, X-ray absorption near-edge 
spectroscopy (XANES) analysis was also considered. Pre-
viously, in consideration of the provenance of uranium ore 
concentrates, this has been shown as a useful tool for the 
characterisation of uranium oxidation state and coordination 
environment [14]. In the context of nuclear forensics, this 
is a significant in the fingerprinting of materials based on 
their physiochemical properties. Additionally, by expand-
ing this analysis to extended X-ray absorption fine structure 
(EXAFS), information about the local atomic environment 
can be obtained.

Particle morphology is an important nuclear forensic sig-
nature, as it is well known that solution processing condi-
tions can greatly affect the resultant particle form and size 
[3]. Work on plutonium oxalate, for example, has elucidated 
that particles exhibited a range of morphologies, such as 
rosettes and square plated particles, which varied depending 
on the conditions employed [15]. Interestingly, the order in 
which reagents were added (strike order) has been suggested 
as a contributing factor in the morphology selection. The 
effect of variable processing conditions on particle mor-
phology was therefore examined for the compounds in this 
study, with the objective of interpreting the interactions of 
parameters on the final particle form. To achieve this, a frac-
tional factorial matrix was designed and utilised, to examine 
the interactions and relationships between experiment vari-
ables. It is also known that chemical impurities can affect the 
morphology and particle size distribution of solution grown 
materials [16, 17]. To investigate this effect on uranyl oxa-
late, an experiment was conducted into the doping of uranyl 
oxalate with Fe. This is fundamental knowledge to nuclear 
forensics, as industrial samples often contain impurities; this 
includes iron, of which, impurities may typically be found 
in concentrations up to 80 ppm in some reprocessed oxides 
[18]. Fe contaminants in industrial samples may arise from 
sources such as stainless steel, which is used extensively in 
industrial nuclear components [19].

Experimental methods

Sample preparation

Standard batch for TGA, XRD and XAS

A standard batch of  UO2C2O4·3H2O was produced in solu-
tion by dropwise addition of oxalic acid  (C2H2O4, 1.5 M) to 
uranyl nitrate hexahydrate  (UO2(NO3)2·6H2O, UNH, 1.0 M), 
using ultra-high quality Millipore water (UHQ, 18.2 Ω). A 

slow rate of stirring (20 Hz) was used, along with a constant 
reaction temperature of 75 °C, using a stirrer hotplate. The 
resultant pale-yellow precipitate was filtered under reduced 
pressure and dried for 48 h in air. The  UO2C2O4·3H2O pow-
der was heated under nitrogen atmosphere to temperatures 
of 150, 250, 400 and 800 °C in a Netzsch TG 449 F3 Jupiter 
simultaneous thermal analyser at 10 °C/min, to ensure accu-
rate and precise temperature and gas flow control.

Matrix sample preparation for SEM

A separate batch of  UO2C2O4·3H2O was prepared similarly 
to the standard, instead employing a reduced factorial matrix 
of solution processing conditions; varied factors included 
concentration of UNH (1.0 or 1.5 M), oxalic acid concen-
tration (1.5 or 2.0 M) and order of reagent addition (strike 
order, direct or reverse addition). The construction of this 
matrix is detailed in “Fractional Factorial Matrix” section, 
and described elsewhere [20]. These samples were heated 
to 800 °C  (U3O8), and with  UO2C2O4·3H2O, analysed for 
their morphological forensic signatures. One batch of sam-
ples was prepared outside of the matrix of processing condi-
tions, labelled with an ‘e’ (e.g. Sample S5e), indicating that 
they were ‘extra’ to the matrix. These samples were used 
to demonstrate the effect of processing conditions beyond 
those primarily studied in this paper. All samples prepared 
as described in this section were stored in airtight plastic 
vials and analysed within a period of 1 month. Samples were 
of the same relative age at each stage of analysis.

Impure sample preparation

A stock solution of uranyl nitrate hexahydrate was pre-
pared as described above. A solution of Fe nitrate 
(Fe(NO3)3·9H2O) was prepared in UHQ at a concentra-
tion of 0.06 M. The impurity was introduced to the UNH 
solution separately by dropwise addition from a pipette. 
 UO2C2O4·3H2O was produced as previously described. A 
fraction of the impure  UO2C2O4·3H2O sample was heated 
to 800 °C, as previously described.

Thermogravimetric analysis with differential 
thermal analysis and mass spectrometry 
(TGA‑DTA‑MS)

Thermogravimetric, differential thermal analysis and mass 
spectrometry (TGA-DTA-MS) were carried out simultane-
ously by heating 20 mg of  UO2C2O4·3H2O sample from 
25 to 850 °C at a rate of 10 °C/min under nitrogen atmos-
phere, in a Netzch TG 449 F3 Jupiter simultaneous thermal 
analyser. Data were corrected to a baseline correction. The 



959Journal of Radioanalytical and Nuclear Chemistry (2021) 327:957–973 

1 3

melting points of elemental In (156.6 °C), Sn (231.9 °C), 
Zn (419.5  °C), Al (660.3  °C), Ag (961.8  °C), and Au 
(1064.2 °C) were used to calibrate the TGA temperature. 
The TGA microbalance was automatically calibrated using 
an internal weight prior to each run. A 64 channel QMS 
403 D Aёolos mass spectrometer was used for analysis of 
evolved gases. Obtained data was processed with OriginPro 
2017 software.

Hygroscopicity measurement

The initial weight of the  UO2C2O4·3H2O sample was meas-
ured using a Mettler  Toledo® Semi-Micro balance. The rate 
of sample weight change after thermal decomposition to 
250 °C was measured once every minute, using the same 
balance over a period of 20 min, in air.

X‑ray diffraction (XRD)

A Bruker D2 Phaser fitted with a position sensitive detec-
tor was used to obtain X-Ray diffraction data with a Cu 
Kα source; diffraction patterns were collected between 
10 < 2θ < 70°at 3°/min, analysed using Bruker’s DIFFRAC.
EVA software and processed with OriginPro 2017 software.

X‑ray absorption spectroscopy

X-ray absorption spectroscopy was carried out on Beam-
line B18 at the Diamond Light Source synchrotron (DLS), 
United Kingdom. Uranyl oxalate samples were measured 
at room temperature, in transition mode, at the U L3-edge 
(17.166 keV) using an Si double crystal monochromator. 
For measurement of the Fe absorber atom in the doped sam-
ples, data were collected at the Fe K-edge (7.112 keV) in 
fluorescence mode. Samples were pelletised after mixing 
with polyethylene glycol (PEG) to a diameter of 3 mm and 
loaded onto a Perspex grid. The obtained data were ana-
lysed using the Demeter analysis system; data normalisa-
tion and analysis was carried out using Athena, while fitting 
was performed in Artemis (EXAFS only) and plotted for 
visualisation in Origin software (Origin(Pro) version 2017, 
OriginLab Corporation) [21, 22].

Fractional factorial matrix

A  23−1 fractional factorial matrix was formulated using the 
alias structuring method (Table 1) [23, 24]. A reduced frac-
tional factorial matrix was used for time and resource limita-
tions, as a full factorial matrix including 4 variables would 
have required a total of 16 experimental runs, or 48 runs 
including repeats. Varying only one condition per run would 
only allow determination of the main effect of one parameter 

on the sample. However, by employing a matrix, it is possible 
to study both the main effect contributions and interactions 
with other variables on the properties of the sample. In this 
study, a 2-factor design was considered, each with 2 levels 
(− and +), extended to a 3-factor matrix by algorithm. Each 
factor was assigned a label of A, B and C, with a correspond-
ing grid of 4 combinations of high (+ 1) and low (− 1) levels. 
Multiplication of levels from each factor gave rise to the third 
factor, column C, formed as the product of A*B = C; this was 
the completed fractional factorial matrix. The factors and their 
corresponding levels were:

A. Concentration of uranyl nitrate (1.0 and 1.5 M)
B. Concentration of oxalic acid (1.5 and 2 M)
C. Strike order of reagent addition (reverse and direct)

Scanning electron microscopy

Roughly 10 mg of each sample was lightly dusted onto a car-
bon adhesive tab and applied to a 12.77 mm aluminium stub 
mount. The stub was lightly tapped to remove excess loose 
material. SEM images were captured using a Hitachi TM3030 
microscope at magnifications between × 800 and × 4k at an 
accelerating voltage of 15 keV. Images were processed in 
ImageJ software.

Inductively coupled plasma optical emission 
spectroscopy (ICP‑OES)

Concentrations of impurities were determined by ICP-OES, 
using a Thermo-Fisher 600iCAP spectrometer. 20 mg of 
impure  UO2C2O4·3H2O and α-U3O8 were each dissolved in 
nitric acid (30 w/w %) for analysis. The resultant concentra-
tions of Fe impurity were normalised with respect to the con-
centration of U in each sample.

Results

TGA‑MS‑DTA

The change in mass observed by thermogravimetric analysis 
showed that  UO2C2O4·3H2O underwent four distinct phases 
of transformation during thermal decomposition to 900 °C 
(Fig. 1), summarised as:

Table 1  Sample labels used in the matrix study and their respective 
solution processing conditions

1.0 M uranyl nitrate 1.5 M uranyl nitrate

1.5 M oxalic acid Sample S1 (direct) Sample S3 (reverse)

2 M oxalic acid Sample S2 (reverse) Sample S4 (direct)
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Two endothermic troughs are present in the DTA curves at 
100 and 180 °C, due to the loss of  H2O (Fig. 1, blue dotted 
line), while the exothermic peak at 380 °C occurs with the 
loss of  CO2 (Fig. 1, green dotted line). By mass calculation, 
coupled with mass spectrometry, it was deduced that the tri-
hydrate lost two  H2O molecules by 100 °C (Supplementary 
Information, Table S1). This accounted for 9.5% weight loss, 
in good agreement with the theoretical 8.7%. Further heating 
to 190 °C resulted in the emission of another molecule of 
 H2O, to form a completely dehydrated uranyl oxalate. This 
resulted in a further weight loss of 4.7%, in good agreement 
with the theoretical 4.4%. This phase spanned a temperature 
range of 145 °C before releasing  CO2 (44 g mol−1, green 
trace in Fig. 1) to form the mixed oxide; this transition was 
accompanied by an exothermic change in the DTA curve. 
A weight loss of 19.6% occurred in this step, in satisfac-
tory agreement with the 21.4% theoretical weight loss. Until 
700 °C, the mixed phase gained mass, eventually forming 
 U3O8. This phase change was accompanied by a weight gain 
of 2.7%, in excellent agreement with the 2.7% calculated for 
the theoretical value.

X‑ray diffraction (XRD)

The standard batch sample was confirmed to be monoclinic 
P121/c1  UO2C2O4·3H2O (Fig. 2) by XRD comparison to 
the Inorganic Crystal Structure Database (ICSD) [25, 26]. 
Reflection positions matched well against reference, how-
ever, the literature (1 1 1) reflection intensity was signifi-
cantly greater than was observed in this experiment. To 
confirm this assignment, refinements were carried out using 
the Rietveld method (Supplementary Information, Table S2) 
[27]. The phase was confirmed with fitting to the reference 
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P121/c1 model used in the by-eye assignment, with an 
Rwp value of 15.50 and χ2 of 3.24 (a = 5.620 ± 0.002 
b = 17.013 ± 0.006 and c = 9.301 ± 0.002). The XRD pat-
terns of samples exposed to 150 and 250 °C were similar 
in reflection angle to the unheated oxalate, despite compris-
ing fewer structural  H2O molecules. A satisfactory fit was 
established with the same  UO2C2O4·3H2O model, achieving 
an Rwp of 25.70 and 16.75 for samples heated to 150 and 
250 °C, respectively. These were accompanied by values of 
χ2 = 2.40 and 2.50, respectively, indicating a fit satisfacto-
rily independent of noise effects. Peak intensity ratios varied 
slightly in the sample heated to 150 °C, with a greater inten-
sity in the (0 4 1) reflection. The sample heated to 400 °C 
was found to be a mixed  UO2/U3O8 phase, consisting of 
broad reflections, indicating smaller crystallite size [28, 
29]. By Rietveld analysis, it was confirmed that this was a 
mixed phase of  UO2 (Fm3m, a = 5.434 ± 0.001 Å, 94.83%) 
and α-U3O8 (C2mm, a = 6.490 ± 0.007 b = 11.997 ± 0.01 and 
c = 4.148 ± 0.003 Å, 5.17%). For the product of heating to 
800 °C, a pattern of single-phase  U3O8 was obtained [30]. 
Significant peak splitting occurred in this pattern, confirming 
that the sample was the α-U3O8 polymorph of orthorhombic 
C2mm symmetry (a = 6.689 ± 0.001 b = 11.885 ± 0.002 and 
c = 4.135 ± 0.0006). This assignment was confirmed with 
Rietveld refinement, achieving a good fit of  Rwp = 18.996 
and χ2 = 1.44 to the reference model [28].

X‑ray absorption spectroscopy (XANES and EXAFS)

XANES and EXAFS of pure samples

The absorption edge energy, E0, can be used to measure 
changes in uranium oxidation state with increasing tem-
perature of heating, and is determined from the maxi-
mum of the normalised first derivative (Table 2). E0 was 
situated at 17,184 ± 0.2 eV for samples heated from 25 
to 250  °C, corresponding well with industrially manu-
factured  UO2C2O4·3H2O standard (17,184.3 eV). These 
E0 values correspond well to a partial charge of U(VI) in 
 UO2C2O4·3H2O and its dehydrated forms (Fig. 3) [14]. 
In samples heated to higher temperature, a shift in the E0 
energy from 17,184 to 17,186 eV also occurred, confirming 
partial reduction to U(V/VI) in α-U3O8.

In the normalised spectra (Fig. 3), Feature A corresponds 
to the ‘white line’ at the absorption edge. The shoulder Fea-
ture B, situated at ~ 17,196 eV, is characteristic of uranyl 
bonding  (UO2)

2+ and is present in each sample heated up to 
250 °C. This feature arises from multiple scattering paths 
along the trans-dioxo  (UO2)

2+ cation [31, 32]. In the spectra 
of samples heated to 400 °C and above, the shoulder fea-
ture was lost. Feature C was most prominent in the samples 
heated to lower temperatures, and corresponds to multiple 
scattering along the equatorial U–Oeq path [32]. The feature 

Fig. 1  TGA-MS-DTA curve for the thermal decomposition of 
 UO2C2O4·3H2O to 900 °C in a  N2 atmosphere
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was observed to decrease in intensity and broadened at 
higher temperatures.

The materials were examined in the higher energy 
EXAFS region. Plotted in the Fourier transform (FT) of 
the k-space, the photoelectron scattering profile was rep-
resented as a function of radial distance from the absorber 
(Supplementary Information, Tables S3 and 4). From 25 
to 250 °C, little difference was found between the FTs 
of these samples, each consisting of three major shells 

situated at 1.38, 1.78 and 1.99 Å. To further investigate 
and compare the structures of the  UO2C2O4·3H2O with the 
anyhdrate, the EXAFS FTs of the 25 and 250 °C samples 
were fitted to a standard  UO2C2O4·3H2O structure (Fig. 4) 
[25]. A k-range of 3-15 and R-range of 1-4.5 was used for 
the fits. Both were fitted well with  UO2C2O4·3H2O, each 
with an R-factor no greater than 0.022. Each fit included 
a path representative of the uranyl cation (U-O1yl, Sup-
plementary Information, Figure S1), confirming the 

Fig. 2  XRD patterns for heat treated samples of  UO2C2O4·3H2O. The 
patterns for 25–250 °C are indexed as  UO2C2O4·3H2O.25 The pattern 
for 400 °C is indexed as the  UO2/U3O8 mixed phase, where a blue dot 

denotes the  U3O8 phase.28,30 The pattern at 800 °C is indexed as pure 
α-U3O8.

30

Table 2  Energy of features A-C..  E0 is also shown, determined as the maximum of the normalised first derivative

Phase Feature A (eV) Feature B (eV) Feature C (eV) E0, First Derivative 
(eV)

Oxidation State

UO2C2O4·3H2O (STD) 17,184.3 17,198.6 17,222.0 17,180.1 U(VI)
UO2C2O4·3H2O (25 °C) 17,184.1 17,198.1 17,221.0 17,179.4 U(VI)
UO2C2O4·3H2O (150 °C) 17,183.8 17,197.4 17,221.2 17,179.7 U(VI)
UO2C2O4·3H2O (250 °C) 17,184.0 17,198.4 17,221.3 17,180.2 U(VI)
UO2/α-U3O8 (400 °C) 17,185.0 N/A 17,227.4 17,178.8 U(IV)/

U(V/VI) α-U3O8 (800 °C) 17,186.0 N/A 17,237.8 17,178.3 U(V/VI)
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observation of Feature B in XANES analysis. Addition-
ally, the U-O3eq and U-O4aq paths was retained in each fit, 
which correspond to an equatorially bound  H2O group and 
interstitial  H2O molecules, respectively. For confirmation, 
the same methodology was applied to the sample heated to 
150 °C, also fitting well to  UO2C2O4·3H2O (Supplemen-
tary Information, Figure S2). The sample heated to 400 °C 
was fitted with two uranium absorber sites as a mixture 

of  UO2 and α-U3O8, while the sample heated to 800 °C 
was fitted as pure α-U3O8 (both found in Supplementary 
Information, Figure S3).

XANES and EXAFS of Fe impurity

Table 3 shows the ICP-OES calculated concentration (ppm) 
of Fe impurity incorporated into the  UO2C2O4·3H2O during 

Fig. 3  Normalised XANES absorption spectrum (left) and normalised first derivative (right) for heat treated samples of uranyl oxalate

Fig. 4  Fourier transforms (top) of k3-weighted spectra (bottom) [FT  k3X(k)] of uranyl oxalate at 25 °C (left) and 250 °C (right)
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precipitation. The concentration of Fe impurity in these sam-
ples was realistic for back-end fuel cycle samples [18]. Con-
centrations of Fe were normalised to the concentration of U 
present in each sample.

The XANES spectra of the Fe absorber atom is shown in 
Fig. 5. A strong absorption peak was observed with a weak 
shoulder feature situated at higher energy. The absorption 
peak was preceded by a weak pre-edge feature at ~ 7114 eV 
in both spectra. The maximum of the absorption edge was 
situated at 7133 eV for both the 25 and 800 °C samples. The 
peak absorption energies of  Fe2SiO4 (Fe II) and  NaFeSi2O6 
(Fe III) were used to compare the Fe oxidation state; the oxa-
late samples corresponded closest with  NaFeSi2O6 (Fe III).

The FT of the  k3-weighted spectrum provides an insight 
to the local atomic environment of the Fe absorber atom. 
The  k3-weighted spectrum for this sample was noisy beyond 
8 k(Å)−1, so a small window between 2.5 and 7.5 Å−1 was 
used for the fit. A good fit of standard  Fe2O3 to the 25 °C FT 
(Fig. 6a), R = 0.011) implies that the Fe impurity is bonded 
to oxygen atoms in a similar manner to this crystal struc-
ture [33]. This result was unexpected, as the reaction of 
Fe(NO3)3·9H2O with  C2H2O4 would normally yield ferric 

Table 3  ICP-OES analysis of Fe 
concentration (ppm) for uranyl 
oxalate and α-U3O8 samples

Sample (calcination temperature) Impurity Impurity concentration (in 
sample, ppm)

Standard 
deviation (±, 
ppm)

UO2C2O4·3H2O (25 °C) Fe 108.45 3.46

α-U3O8 (800 °C) Fe 103.45 2.44

Fig. 5  XANES spectra for Fe doped uranyl oxalate samples at 25 and 
800 °C, with reference to standards (right). A dashed grey box high-
lights the energy range within which the pre-edge feature is found, 
which is magnified (left)

Fig. 6  Fourier transforms (a–c) 
of  k3-weighted spectra and [FT 
 k3X(k) (d–f). a and d cor-
respond to Fe impurity in the 
sample heated to 25 °C, fitted 
with paths from the reference 
 Fe2O3 model. b and e are Fe 
impurity in  U3O8 (800 °C), 
fitted with the reference  Fe2O3 
model. c and f correspond to Fe 
impurity in  U3O8 (800 °C) over 
a k-range between 3 and 10 Å−1
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oxalate  (C6Fe2O12). However, when the same data was fitted 
with a reference  C6Fe2O12 CIF, the fit was unsatisfactory. 
While the visual fit seemed good, some negative thermal 
parameters were returned, in addition to high E0 and ΔR val-
ues, suggesting that the model for  C6Fe2O12 was an incorrect 
solution to this data (Supplementary Information, Table S6 
and Figure S5).

The same k-window was also used in the fit of the sample 
heated to 800 °C, to yield a good fit of the  Fe2O3 standard 
to the data (R = 0.009). As the  k3-weighted spectrum was 
not as noisy for this sample, and to demonstrate the effect of 
k-window on the FT, another fit was produced, with the same 
R-window (1–4.5 Å). The full set of parameters and standard 
crystal structure of  Fe2O3 can be found in the Supplemen-
tary Information, in Table S5 and Figure S4, respectively. 
To determine whether Fe was incorporated into the struc-
ture of  U3O8 by substitution of U sites, this data was also 
fitted with a reference  U3O8 dataset (Supplementary Infor-
mation, Table S6 and Figure S5); the U core was instead 
replaced with Fe in the corresponding FEFF calculation. 
This returned a fit of seemingly reasonable parameters, apart 
from a high value of E0 (− 13.53 ± 3.89 eV) and an unsatis-
factory R-factor (R = 0.088). For this reason, the model was 
rejected as a solution to this structure.

Hygroscopicity of  UO2C2O4

A sample of  UO2C2O4·3H2O was heated to 250  °C in 
a nitrogen atmosphere to form the anhydrous oxalate, 
 UO2C2O4. Based on results from XRD and EXAFS fitting, 
it was expected that the anhydrous phase would completely 
rehydrate to form  UO2C2O4·3H2O. This was confirmed by 
measuring the change in mass of the heat treated sample 
over time, while it was exposed to air for 20 min (Fig. 7). 

Following air exposure, the sample was heat treated again, 
this time with TGA-MS-DTA (Fig. 7). This analysis gave 
rise to an identical TGA curve to  UO2C2O4·3H2O (Fig. 1), 
and emitted gaseous  H2O (18 g mol−1) was detected by MS 
at the same temperatures as in the thermal decomposition 
of  UO2C2O4·3H2O. No  CO2 gas was detected during these 
transitions, as expected. A DTA curve, similar to that seen in 
Fig. 1, also accompanied these results. Thus, the  UO2C2O4 
phase was shown to be hygroscopic at room temperature.

Matrix study: morphology of  UO2C2O4·3H2O

A  23−1 fractional factorial matrix of processing parameters 
was employed for the precipitation of  UO2C2O4·3H2O. The 
experiment was repeated three times to ensure reliability 
of parameter interactions, with particle and agglomerate 
morphology examined by SEM. However, it was found 
from these repeated experiments that the morphology of 
 UO2C2O4·3H2O is not easily replicated, despite the use of 
identical solution processing conditions. Hence, the micro-
graphs obtained for each set of parameters over the three 
experiments differed on each run. This indicated that there 
may be parameters, beyond those studied in this matrix, that 
affected the morphology of solution grown  UO2C2O4·3H2O. 
Nonetheless, particle sizes were calculated manually from 
20 particles per image, for a representative range. A manual 
selection ‘line’ tool was used to set boundaries of particle 
edges prior to area calculation, as the majority of parti-
cles were non-circular or square. For Run 1 only, samples 
S5e-S8e were included for comparison of particle size and 
agglomeration beyond the matrix. Particle morphology 
was described by the terminology set out in the nuclear 
forensic lexicon reported by Tamasi et al. (Supplementary 
Information, Tables S7 and 8) [34]. Three types of particle 

Fig. 7  Weight change of  UO2C2O4 as a percentage of initial weight 
of  UO2C2O4·3H2O, with respect to time (left). The TGA-MS-DTA 
of the same material is shown (right) after cooling to room tempera-

ture and exposure to air for 20 min; this corresponds to the thermal 
decomposition of  UO2C2O4·3H2O
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morphology were consistently observed throughout this 
study; lenticular blades, square plates and mixed fines. 
The lenticular particles, as seen in sample S1 (Feature A, 
Figs. 8 and 9), were ≤ 8 μm in diameter, and up to 140 μm2 
in area. In all three matrix runs that they occurred, they had 
agglomerated spherically into a rosette formation, usually 
between 50 and 60 μm in diameter. An exception was noted 
for samples S7e and S8e, in which the much larger lenticu-

lar particles formed conglomerates. It should be noted that 
conglomerates comprise particles of heterogeneous size and 
morphology, while homogeneous particles form agglomer-

ates. Square plates (Feature B) were present in sample S2 
(and S1/S2 for Run 2, S3 for Run 3), which were up to 11 μm 
in diameter and 75 μm2 in area. Similarly, in all experimental 
runs that these occurred, the particles were arranged into 
round ‘paddle wheel’ agglomerates of 20-30 μm diameter. 
A range of smaller fines and plates were obtained with other 
conditions, often between 0.1 and 5 μm in diameter and 
0.3–14 μm2 in area. These had clustered, in every case, to 
large conglomerates of fines (Feature C).

Heating the samples from Run 1 to form  U3O8 (800 °C) 
did not affect the morphology of the bulk material, irre-
spective of particle morphology in the precursor oxalate 
(Figs. 10, 11, 12). Particles thinned significantly, with some 
cracking present on the surfaces (Feature D) and splitting 
through the centre of the grain (Feature E). Particle edges 
also appeared to be more angular compared to precursors. 
Despite these changes, the bulk agglomerate morphology 
was generally retained, unaffected by thermal processing. 
Agglomerates were, therefore, indistinguishable from the 
precursor material by their morphology alone. It is noted, 
however, that the rosette agglomerates of sample S1 were 
between 40 and 50 μm in diameter, smaller than in the 
precursor material. Individual particle size was generally 
smaller in  U3O8 samples, apart from in sample S4, which 
were larger in diameter (2.5–5.5 μm) and area (10–28 μm2). 
In other samples, the diameter decreased by < 8 μm, while 
the decrease in area was somewhat more significant. This 
was most obvious in the particle area of sample S2, where 
the range dropped to 13–58 μm2 from 35–75 μm2 in the 

Fig. 8  SEM images of bulk agglomerates from a matrix of solution processing parameters for uranyl oxalate, including variations in uranyl 
nitrate and oxalic acid concentration and reagent strike order
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precursor. The particle area was indeterminate for sample 
S1, due to the well agglomerated nature of the material, giv-
ing rise to fewer loose particles for area analysis.

Samples produced with the addition of Fe(NO3)3·9H2O(aq) 
during precipitation consisted of fine, platy particles, gener-
ally conglomerated into larger bulk particles. These con-

glomerates, while spherical and sub-rounded on the edges, 
appeared to be randomly dispersed on the surface due to the 
nature of static forces of interaction between the particle 
fines. Despite their random dispersion, it was possible to 
qualitatively examine particles and determine particle size 
from a representative image. The sample doped with Fe con-
sisted of particles between 5 and 10 μm in diameter, larger 
in size compared to the control oxalate sample, in which 
they were 2.5–5 μm in diameter. The particle morphology 
of the control sample can be described similarly to sample 
S3 (Supplementary Information, Table S7) and the Fe doped 
to sample S1. Particles were similar in their ‘blocky’ mor-
phology for both conditions. When heated, the particles of 
the impure oxalate showed surface fracturing. At 400 °C, 

these generally exhibited a low number of cracks relative to 
samples heated at higher temperatures. At 600 °C, a greater 
number of cracks were noticeable on the surfaces, also pre-
senting with rougher, more angular edges. At 800 °C, parti-
cles were noticeably thinner with cracks propagating across 
the width of the lens. This was not dissimilar to the effects of 
heating pure  UO2C2O4·3H2O to the same temperature, where 
particles also revealed surface cracks (Fig. 10).

Discussion

TGA and XRD

By coupling the calculated mass loss from TGA with XRD 
patterns of heat-quenched samples, it was possible to con-
firm the existence of crystalline phases at particular tempera-
ture intervals. The DTA curve troughs at 100 and 180 °C are 
attributed to the breakage of hydrogen bonds between  H2O 
and bonded O atoms [35]. The crystal structure of all uranyl 

Fig. 9  SEM images of particles from matrix of solution processing parameters for uranyl oxalate, including variations in uranyl nitrate and 
oxalic acid concentration and reagent strike order
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oxalate hydrates is P121/n 1, confirmed with reference to 
the ICSD database [25]. The ratio of reflection intensities 
observed in the presented XRD patterns of uranyl oxalates 
differed significantly from those previously reported, includ-
ing those of the industrial standard. This was most likely 
a result of preferred orientation, as reflection angles were 
still in agreement despite the difference in intensities. It was 
considered unusual that all oxalates exhibited a similar XRD 
pattern, as in similar mechanisms, dehydration can affect the 
crystal structure such that a distinguishable XRD pattern 
is obtained [36–38]. This result supports the argument that 
 UO2C2O4 is hygroscopic, absorbing  H2O with brief exposure 
to air prior to XRD analysis and reforming the trihydrate 
oxalate. Applied to the field of nuclear forensics, XRD pro-
vides confirmation of the existence of uranyl oxalate, but not 
necessarily the extent of hydration.

The mixed phase (400 °C) consisted of  UO2 in cubic sym-
metry F m -3 m, and α-U3O8 in orthorhombic C2mm sym-
metry. This polymorph is the most stable form of  U3O8 [39]. 
The exothermic peak in the DTA curve before this tempera-
ture is attributed to the formation of U-O bonds in the mixed 
oxide, which outweighs the endothermic breaking of CO-U 
bonds. The removal of  CO2 units from the anhydrous oxa-
late should theoretically leave behind pure  UO2. Instead, the 
mixed phase is formed due to the relatively greater thermal 
stability of  U3O8 [40]. The mixed phase gradually oxidises 
to pure α-U3O8, which would probably form more rapidly 
under an oxidising atmosphere rather than nitrogen.

X‑ray absorption spectroscopy

XANES

It was confirmed by XANES that uranyl oxalate contains 
uranium in the U(VI) oxidation state, with E0 situated at 
17,184 ± 0.2 eV [14]. Samples that were heated to 400 and 
800 °C exhibited a lower energy E0 than the samples heated 
to lower temperatures. As partial atomic charge decreases, 
electron screening of core–hole effects increases which 
results in destabilisation of electron core levels. This effect 
is accompanied by a shift in E0 to lower energy, as was 
observed in Fig. 3, indicating that the mixed phase oxide 
(400 °C) contains uranium atoms in a lower oxidation state 
than the oxalates. This is expected with the presence of both 
 UO2 and  U3O8 in the sample (U(IV) and U(V/VI), respec-
tively). The shoulder feature seen in the oxalate samples is 
lost at higher temperatures, suggesting that the mixed phase 
and  U3O8 samples do not contain a uranyl group  (UO2)

2+.
The spectra of all uranyl oxalate species (25–50 °C) were 

identical with no variation between the different states of 
hydration. From this, it is suggested that XANES analysis 
would not be useful in the field for differentiating between 
the hydration states of uranyl oxalate. Additionally, the 
XANES spectra of this compound are very similar to those 
obtained for other uranium compounds, particularly  UO2 and 
 UO2(NO3)2 [41]. To this extent, XANES is perhaps a useful 
tool to identify the presence of a U(VI) uranyl oxide and its 

Fig. 10  SEM images of  U3O8 
particles from matrix of solu-
tion processing parameters for 
uranyl oxalate. Variations in 
uranyl nitrate and oxalic acid 
concentration, and reagent strike 
order, in the solution processing 
of uranyl oxalate precursor are 
shown
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local atomic environment, but may prove less reliable in the 
identification of the compound itself.

EXAFS

To further investigate the hydration of the oxalate species, 
EXAFS analysis was carried out on the spectra of the 25 
and 250 °C samples (trihydrate and anhydrate, respectively). 

Both EXAFS data were initially fitted with only the U-O1yl, 
 O2eq, O3 and C1 scattering paths, but unphysical, negative 
values for σ2 were returned after fitting. By including the 
U-O4aq path, which is attributed to scattering between U 
and interstitial  H2O, the fit returned physically sound param-
eters with a satisfactory R-factor (0.022). The good fit with 
standard  UO2C2O4·3H2O data suggests that the sample 
heated to 250 °C was, in fact, a completely hydrated oxalate. 

Fig. 11  SEM images of a uranyl oxalate control and b Fe doped uranyl oxalate agglomerates. Magnifications of individual particles are shown 
respectively in c and d 

Fig. 12  Heat treated samples of Fe doped uranyl oxalate to e 400, f 600 and g 800 °C
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Attempting to fit the 250 °C data without the U-O2eq and 
 O4aq paths returned a visually less satisfactory fit with a 
lower R-factor (0.025). As such, it is likely that the dehy-
drated uranyl oxalate species are hygroscopic. This would 
also explain the almost identical XRD patterns observed 
for the hydrated and anhydrous uranyl oxalate samples, 
discussed in “TGA and XRD” section. Interestingly, water 
was seemingly still absorbed by these samples despite their 
storage in air-tight plastic containers over a period of two 
weeks. Thus, at room temperature in air, it is believed that 
uranyl oxalate exists in the trihydrate form. The mixed 
oxide obtained from heating to 400 °C had a satisfactory 
fit with  UO2 and α-U3O8 (R-factor = 0.031), utilising two 
values of E0 to account for the multi-absorber site structure. 
Pure α-U3O8 from heating to 800 °C fitted well to crystal-
lographic data (R-factor = 0.016).

Fe impurity

The energy of E0 (7133 eV) for the Fe XANES spectra is 
evidence of the Fe(III) oxidation state, as shown when com-
pared with the standard  NaFeSi2O6. This is supported by 
analysis of the pre-edge feature, centred at 7114 eV, which 
corresponds to previous assignments of Fe(III) compounds 
at an average position of 7113.1 ± 0.2 eV, in addition to 
the reference compounds used here [42]. While an abso-
lute assignment for the compound cannot usually be made 
from XANES, the energies and spectral features correspond 
well with the literature, particularly hematite  (Fe2O3) and 
 C6Fe2O12 [43, 44]. It has been noted, however, that the spec-
tra of these compounds often exhibit a pre-maximum shoul-
der feature at around 7127 eV, which was not present in our 
data [45]. Interestingly, the XANES spectra of both the room 
temperature (25 °C) sample and that heated to 800 °C were 
almost identical. As the XANES features of various ferrous 
oxides and oxalates are generally distinguishable, it seems 
possible that there was no change in the composition of the 
Fe environment during heat treatment.

The EXAFS FTs of the two Fe impurities were nearly 
identical, further indicating that the Fe environment was 
unaltered during heat treatment. The k-space and FT of both 
samples most closely resemble that exhibited by ferrihydrite 
 (Fe2O3·0.5H2O) [45]; the XANES spectrum of ferrihydrite 
also does not contain a pre-maximum shoulder feature, as 
was noted for the samples examined here. It was not possible 
to fit EXAFS data to ferrihydrite due to its partial occupancy, 
but select scattering paths from anhydrous  Fe2O3 provided 
a suitable fit to the data. Fitting with a reference  C6Fe2O12 
model persistently returned unsatisfactory fits. Thus, the Fe 
absorber atom is situated within the proximity of 6 O atoms 
and another 3 Fe atoms, without scattering contributions 
from C atoms. In this case, the atoms are arranged in an 
irregular octahedral formation. The mechanism for  Fe2O3 

formation from Fe(NO3)3·9H2O and  C2H2O4 is not clear, 
as  C6Fe2O12 is expected to form as a result of this reaction. 
Hence, following the results of EXAFS fitting, it is hypoth-
esised that Fe is not situated within the oxalate structure as a 
substitution defect, but is perhaps more likely to be an inter-
stitial impurity closely surrounded by six O atoms. Attempts 
to fit the sample heated to 800 °C with a modified Fe-core 
α-U3O8 model was unsuccessful. This again suggests that 
Fe was not incorporated into the structure of this compound, 
and supports the hypothesis that this impurity was not pre-
sent as a substitution defect. Further investigations should 
be conducted to determine the type of defect assumed by the 
Fe impurity in both compounds. This could extend to further 
XAS experiments and HR-XRD, also with a higher concen-
tration of Fe nitrate. DFT simulations incorporating Fe into 
the crystal structure of  UO2C2O4·3H2O may also elucidate 
the environment in which it resides within this compound.

As a nuclear forensic tool for examining impurity content, 
XANES analysis could be utilised to confirm the presence 
of a suspected impurity, such as Fe, in the bulk compound. 
However, in this study, the analysis of Fe impurity was not 
particularly well suited to detecting the thermal processing 
history of uranyl oxalate. The Fe compound underwent no 
discernible transformation with heating to 800 °C, except 
for exhibiting a somewhat stronger shoulder feature. Future 
work should include investigations into the changes in Fe 
XANES, in samples heated to intermediate temperatures (in 
the range 25–800 °C). This would help to clarify the effect 
of thermal processing on the Fe impurity.

Hygroscopicity of  UO2C2O4

The investigation of hygroscopicity of the anhydrous phase 
was warranted following results from XRD and EXAFS 
fitting. The uptake of atmospheric  H2O by  UO2C2O4 was 
shown to be rapid, with complete hydration occurring in 
under 20 min, confirming the hypothesis that the anhydrous 
phase is hygroscopic. The rate of hydration was fastest in 
the first 5 min of exposure to air, slowing with time, as the 
equilibrium state of the material is reached. The full rehy-
dration of this compound to  UO2C2O4·3H2O suggests that 
hygroscopicity extends beyond loose chemical bonding; 
both the interstitial and molecularly bonded  H2O groups 
must be present in the atomic structure after exposure to 
air. From a nuclear forensic perspective, this finding implies 
that it would be unlikely to intercept a sample of anhydrous 
 UO2C2O4, given the highly driven formation of the hydrated 
phase minutes after calcination. However, immediate storage 
of this sample in an inert atmosphere and suitably air-tight 
container may preserve the anhydrous compound, and thus 
requires further investigation.
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SEM analysis

Matrix study: morphology of uranyl oxalate

The particle morphology of  UO2C2O4·3H2O varied in each 
experimental repeat, even when the same conditions were 
employed. Hence, it was not possible to reliably ascribe a 
particular set of processing conditions to the formation of 
a certain particle morphology. However, three types of par-
ticular morphology were observed, as discussed here: these 
were small fines, lenticular blades and square plates.

The growth of lenticular bladed particles probably occurs 
simultaneously with the growth of the rosette agglomerate; 
the constituent particles are generally equally sized, radiat-
ing in a well organised formation. A mechanism for particle 
growth would involve the clustering of a nucleus of smaller 
particles during the early stages of precipitation, eventually 
each growing along preferred axes with time [46, 47]. In 
some instances, the particle overgrows, and the rosette is 
broken apart. This appears to have been the case for sam-
ple S7e, where blades possess a prominent hole through the 
bottom half of the particle, presumably formed during their 
fracturing from the rosette. Such an instance of overgrowth 
is attributed to the low uranyl nitrate concentration (0.5 M) 
used in this reaction. The concentration of uranyl nitrate in 
solution, therefore, appears to be important to the growth 
of particles. A higher uranyl nitrate concentration gave rise 
to smaller particles in the majority of experiments, sample 
S4 of run 3 (Supplementary Information, Figure S3) being 
the exception to this. This trend corresponds with previous 
findings from similar experiments; both the precipitation and 
particle growth rates are increased at higher uranyl nitrate 
concentrations, the main contributing factor to smaller par-
ticle size [3].

The formation of the paddle wheel agglomerates of sam-
ple S2 were likely formed in a similar manner to that of the 
rosettes. This formation is particularly prevalent with parti-
cles of squared edges, as opposed to the spherical nature of 
the rosette formed by bladed particles. It therefore appears 
that the selection of agglomerate type is dependent on the 
morphology, and thus, the arranging geometry, of the par-
ticles composing it.

Fine particles always gave rise to a large conglomerate in 
this study. Unlike the agglomerates, the morphology of the 
conglomerates was not a direct result of solution processing 
conditions. Rather, they were formed during the filtration 
steps following precipitation. A large suction force formed 
a solid precipitate cake on the filter paper, upon which the 
fines clustered. With further drying, the evaporation of resid-
ual solvent left solid bridges between particles. The particles 
were also subjected to high attractive forces of interaction, 
with a high surface to volume ratio aiding in their static 
binding.

The prevalence of thinner, cracked particles in the higher 
temperature  U3O8 material likely arose from the loss of gase-
ous  H2O and  CO2 during thermal decomposition. As the tem-
perature increases, particles are structurally compromised as 
the gases find a way to escape the particle. The formation 
of angular edges would also result from dehydration in this 
case. Thermal expansion during heating, and contraction from 
cooling, would also give rise to the deformations seen in these 
particles. The observed reduction in particle size corresponds 
with previous studies, which have demonstrated that uranium 
oxide particle size decreases with increasing temperature [7]. 
However, particle size may again increase above a thresh-
old temperature, as sintering effects occur. This is a plausi-
ble explanation for the increase in particle size for thermally 
treated sample S4, where SEM images show the appearance 
of sintering between particles (Fig. 10, Feature F). It is known 
that particle morphology can influence the ability of particles 
to sinter at high temperature [48]. In this case, sintering has 
occurred between heterogeneous, flat particles, whereas more 
homogeneous particles remained well separated.

In nuclear forensics, the signatures of size and morpho-
logical features in  U3O8 would provide evidence as to the 
thermal processing of  UO2C2O4·3H2O. Interestingly, the 
morphological signatures in the bulk agglomerates, and 
conglomerates, are retained in the heat treated sample, as 
are the general forms of the constituent particles. This is a 
significant finding in the context of nuclear forensic applica-
tion, as these particles of  U3O8 may be traced back to their 
uranyl oxalate precursor. These particles of  U3O8 can be 
differentiated, therefore, from those obtained by the thermal 
decomposition of other precursors (such as studtite), so that 
the provenance of an intercepted  U3O8 material may be more 
accurately determined in the field [2, 7, 34].

Fe impurity

Particles in the uranyl oxalate control sample were smaller 
than those produced with Fe doping. The explanation for 
this depends on the type of defect assumed by the Fe impu-
rity. In the case of a substitution defect, the difference in 
charge resulting from the replacement of U(VI) with Fe(III) 
would be compensated for by the creation of  O2− vacancies 
[16]. These anionic vacancies would allow for greater ion 
movement through the structure, hence, promoting particle 
growth. On the other hand, an interstitial type defect would 
potentially expand the lattice parameters of the unit cell. 
With increasing temperature, more fracturing was present 
on the surface of particles. This was likely due to a combina-
tion of gas expulsion prior to 400 °C and thermal expansion 
and contraction thereafter. The increasing number of cracks 
with temperature indicates that thermally induced particle 
fracturing could be a reliable nuclear forensic signature of 
the thermal processing history of uranyl oxalate compounds.
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Conclusion

A selection of nuclear forensic signatures of  UO2C2O4·3H2O 
and its products of thermal decomposition were established.

It was found by TGA-MS-DTA that  UO2C2O4·3H2O 
undergoes four distinct phases of transformation from room 
temperature to 900 °C, accompanied by the evolution of 
gaseous  H2O and  CO2. The  UO2C2O4·3H2O phase was con-
firmed by ex situ XRD analysis, and possesses the P121/
c1 symmetry. The ratio of peak intensities in these XRD 
patterns differed significantly from the literature, likely as a 
result of preferred orientation effects. The subsequent mixed 
phase oxide formed from heating to 400 °C was calculated to 
be  UO2 (Fm3m, 94.83%) and α-U3O8 (C2mm, 5.17%), while 
samples heated to 800 °C were confirmed to be pure α-U3O8.

Interestingly, the samples heated to 150 and 250  °C 
exhibited an XRD pattern almost identical to that of 
 UO2C2O4·3H2O, despite TGA-MS-DTA analysis show-
ing the loss of structural  H2O at these temperatures. Fur-
ther investigation by TGA-DTA-MS and weight analysis 
showed that the anhydrous  UO2C2O4 is hygroscopic, com-
pletely rehydrating in under 20 min in air. This was further 
confirmed in EXAFS analysis, as a satisfactory fit to these 
samples was only obtained when including U-OH2O scatter-
ing paths in the model. Thus, the seemingly identical XRD 
patterns are likely a result of this rehydration; further studies 
by high temperature XRD (HT-XRD) should be conducted 
in situ, to establish the crystal structure of the dehydrated 
phases. It is considered unlikely that dehydrated uranyl oxa-
lates would be encountered in nuclear forensic scenarios, 
given their rapid hygroscopicity in air. However, if produced 
and stored under an inert atmosphere, it is hypothesised that 
these samples could be isolated, and this warrants further 
investigation in the field.

From XANES analysis, it was found that  UO2C2O4·3H2O 
contains the U(VI) oxidation state from its E0 value of 
17,184 ± 0.2 eV. E0 values shift to lower energy with increas-
ing temperature, corresponding to U(IV,V/VI) in the mixed 
oxide (400 °C) and U(V/VI) in α-U3O8. Shoulder peaks (as 
seen in Feature B) situated at ~ 17,196 eV indicate the pres-
ence of uranyl  (UO2)

2+ bonding in the samples heated up to 
250 °C. In EXAFS analysis, good fits were obtained between 
standard crystallographic data and the FTs of all samples, 
with R-factors below 0.022 in each case.

The morphologies of  UO2C2O4·3H2O varied upon each 
experimental repeat of the matrix, suggesting that intricate 
control of external parameters, such as atmospheric tem-
perature, is required to reproduce morphological signatures. 
Particles of three general morphologies were obtained from 
precipitation: small fines, lenticular blades and square 

plates. In the bulk sample, blades and plates formed agglom-

erates while fines tended to form conglomerates. Lenticular 

blades (95–140 μm2) were arranged into spherical rosettes 

(50–60 μm diameter), which appeared to radiate from a cen-
tral nucleation point. Square plates (35–75 μm2) arranged 
as ‘paddle wheel’ agglomerates (20–30 μm diameter) which 
also appeared to radiate around a central nucleation point. 
Conglomerates formed by fine particles (0.3–30 μm2) were 
larger in diameter (80–100 μm), and generally lacked a 
definitive form. Due to the variation of morphology between 
experimental runs, it was not possible to ascribe any particu-
lar solution processing conditions to a certain particle mor-
phology. Further work on establishing the effect of external 
parameters (such as atmospheric conditions) on the sample 
morphology of precipitated  UO2C2O4·3H2O would be ben-
eficial in this area.

Fe impurity (108.45 ± 3.46 ppm) within  UO2C2O4·3H2O, 
also retained in α-U3O8 (103.45 ± 2.44 ppm), was detect-
able by XAS. In the XANES region, pre-edge features 
at ~ 7114 eV corresponded to the those found in  NaFeSi2O6, 
the Fe(III) standard used. Additionally, the E0 value of 
7133 eV matched that of the Fe(III) standard, further con-
firming its oxidation state. In the EXAFS region, good fits 
(below R-factor = 0.011) were obtained between standard 
crystallographic data of  Fe2O3 and FTs of the impurity. 
Despite the good EXAFS fit, however, it is unclear as to 
how  Fe2O3 would form from the reagents used. In this case, 
it is probable that Fe would be interstitially incorporated 
into the structure of  UO2C2O4·3H2O, surrounded by six O 
atoms in a manner similar to that found in  Fe2O3. To confirm 
this, further investigation would be beneficial to determine 
the type of defect assumed by the Fe impurity. This could 
extend to further XAS experiments and HR-XRD with a 
higher concentration of Fe nitrate. DFT simulations incor-
porating Fe into the crystal structure of  UO2C2O4·3H2O may 
also elucidate the environment in which it resides within 
this compound. The FT of the EXAFS for both the 25 and 
800 °C samples were almost identical, suggesting that the 
atomic environment surrounding Fe is unchanged during 
heat treatment. These findings are significant in the context 
of nuclear forensics, as the detection and analysis of trace 
impurity in the bulk sample could aid in the provenance of 
intercepted materials.

The morphologies of  UO2C2O4·3H2O varied upon each 
experimental repeat of the matrix, suggesting that intri-
cate control (such as atmospheric temperature) is required 
to reproduce morphological signatures. Particles of three 
general morphologies were obtained from precipitation: 
small fines, lenticular blades and square plates. In the bulk 
sample, blades and plates formed agglomerates while fines 
tended to form conglomerates. Lenticular blades were 
arranged into spherical rosettes, which appeared to radiate 
from a central nucleation point. Square plates arranged as 
‘paddle wheel’ agglomerates which also appeared to radiate 
around a central nucleation point. Conglomerates formed by 
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fine particles were larger in diameter, and generally lacked 
a definitive form.

When heated to 800 °C, particle size is generally smaller. 
Some particle areas increased, however, believed to be a 
result of sintering effects above an undefined threshold tem-
perature; determination of this temperature would be useful 
information from further studies. It is posited that particle 
shape and size may control the threshold sintering tem-
perature. The edges of particles were angular after thermal 
treatment, and also appeared to be thinner. Surface cracks 
were also visible. These features are attributed to the escape 
of gaseous  H2O and  CO2 during thermal decomposition, as 
shown by MS analysis, which induce thermal strain on the 
particle. The bulk agglomerate and conglomerate morpholo-
gies were retained from the precursor oxalate material, as in 
the constituent particles. This is significant in nuclear foren-
sics, as the origin of this  U3O8 powder can be traced back 
to the oxalate precursor by these morphological signatures. 
It is also possible to differentiate this powder from  U3O8 
produced by the thermal decomposition of other precursors, 
such as studtite.

UO2C2O4·3H2O doped with Fe impurity exhibited larger 
particles than in non-doped samples. This may be explained 
by charge compensation effects between U(VI) and Fe(III) 
substitutions, or potentially expanded lattice parameters in 
the case of interstitial defection. This should be confirmed 
by further investigation by XAS and XRD. Surface cracks, 
particle thinning and edge angulation were also observed 
after heating to high temperature, similar to the non-doped 
samples. Hence, particle morphology may aid in identifying 
thermal processing of intercepted α-U3O8 (pure and impure) 
samples, to help establish the provenance and processing 
history of this material.

Supplementary information The online version of this article (https ://
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