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Abstract : 

This study investigates the chemical durability of uranium oxide microparticles (UO2+x and 

U3O8), as potential reference materials for nuclear safeguards. To optimize long-term 

preservation, the particles were exposed to three different storage media: dilute nitric acid (10
-

2
 mol.L

-1
 HNO₃ ), deionised water, and ethanol. Dissolution rates in nitric acid (~5 × 10

-4
 

g.m
-2

.d
-1

) were similar to those of bulk uranium oxides, but UO₂ ₊ ₓ particles experienced 
greater absolute leaching due to their higher specific surface area, resulting in noticeable 

morphological changes. In distilled water, rapid precipitation of secondary phases, such as 

schoepite and studtite, transformed particle morphology into aggregated platelets. In contrast, 

ethanol preserved both particle shape and structural integrity over eight months, ensuring 

stability for isotopic analysis using Large Geometry Secondary Ion Mass Spectrometry (LG-

SIMS). These results suggest ethanol as the most effective storage medium, especially under 

anhydrous conditions. While both UO2+x and U3O8 exhibited comparable durability, their 

reactivity was primarily influenced by microstructural differences. This study highlights the 

importance of selecting appropriate storage conditions based on fabrication methods and 

particle characteristics to maintain uranium oxide reference materials for nuclear safeguards 

and ensure their long-term reliability in quality control applications. 

 

Keywords : 

Nuclear safeguards; Uranium oxides; Microparticles; Chemical durability; Isotopic 

measurements 

 

 

1. Introduction  

The International Atomic Energy Agency (IAEA) inspects facilities of its member 

states to assess their compliance with nuclear material safeguards obligations in the frame of 

the non-proliferation treaty. IAEA inspectors routinely collect particulate matter at nuclear 

facilities by wiping smooth surfaces at various locations inside the facility using square pieces 

of cotton cloths, called “environmental” or “swipe samples”. This particulate matter contains 

nanometer to micrometer sized fragments, so-called particles, of nuclear material that has 

been processed. Because the isotopic and elemental compositions of these particles are 

representative of the original material, these particles can be considered as fingerprints of 

specific processes of the nuclear industry 
1, 2

. The swipe samples are analyzed by a small 

number of specialized laboratories. The main aim of the analyses carried out by these 

laboratories is to detect and characterize individual particles of nuclear material (U and/or 

Pu), primarily to determine their isotopic composition. These analyses make it possible to 

verify the declarations made by the operators of nuclear facilities and to detect any undeclared 

activities. Secondary ion mass spectrometry 
3, 4

 and fission track thermal ionization mass 

spectrometry 
5, 6

 are the relevant techniques for determining the isotopic composition of such 

particles. The main difficulty arises from the small number of particles collected during 

sampling and their small size, generally close to or even less than one micrometer. Under 

these conditions, it is essential to have reference particles whose size, density and chemical 
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and isotopic compositions are perfectly known in order to develop and optimize the analytical 

methodologies implemented in the laboratories, and to ensure the quality control (QC) of the 

particle analysis. 

With this goal in mind, several groups have developed, in recent years, original 

synthesis routes for the preparation of microspheres of actinide oxides (An = Th, U, Pu) and 

lanthanides. These are prepared by a variety of methods, such as aerosol pyrolysis 
7, 8

 or 

hydrothermal conversion of actinide carboxylates 
9-11

. In both cases, spherical particles with 

diameters typically between 200 nm and a few µm are obtained, with UO2+x or U3O8 

formulations (eventually doped with thorium or plutonium), depending on the synthesis route 

envisaged. Once prepared, these particles can be stored as powders or suspensions, the latter 

having the advantage of being more convenient for the preparation of test samples by simple 

spraying on a chosen support (pad, textile, plant sample, etc.). This method of preservation, 

which can last from several weeks to several years, raises the question of the chemical 

stability of the particles in the chosen solvent. 

To date, there is little data on the chemical durability of uranium oxide microparticles. 

Recent studies 
12-14

 have shown that particles with U3O8 formulation prepared by aerosol 

pyrolysis were not significantly altered after several months in contact with an alcoholic 

solution (unchanged morphology, negligible mass loss). Conversely, the formation of 

secondary phases has been reported in aqueous media, leading to a drastic change in particle 

morphology 
14

. In each of these cases, however, no kinetic data are reported, making it 

difficult to estimate the lifetime of the particle in these solvents. On the other hand, the 

kinetics of uranium oxide leaching/dissolution in aqueous media are well documented, 

particularly in view of the high stakes involved in the reprocessing or deep geological 

disposal of spent nuclear fuel 
15-20

. The results reported in the literature are mostly in the form 

of normalized dissolution rates (expressed in g.m
-2

.day
-1

), possibly supplemented by kinetic 

and thermodynamic data allowing an empirical description of the impact of operating 

conditions on the dissolution reaction (activation energy, partial orders, etc.). 

 At the crossroads of these two approaches, this article investigates the chemical 

durability of hydrothermally prepared uranium oxide microspheres (UO2+x or U3O8) in 

different media. First, the study of particles alteration in nitric media allowed us to easily 

measure dissolution rates and compare the properties of micrometric particles with those of 

bulk materials. Secondly, the behavior of the particles in deionised water was studied in order 

to highlight the conditions for the formation of potential neoformed phases in solution or at 

the solid/solution interface, which could occur during the conservation of reference materials 

in humid atmosphere. Finally, chemical durability tests in ethanol were undertaken to validate 

the potential use of this medium for particle conservation. Irrespective of the medium used, 

the particles were characterized after contact with the solution, either structurally (X-Ray 

Diffraction - XRD, Raman spectrometry), morphologically (Scanning Electron Microscopy - 

SEM) or isotopically (Large Geometry Secondary Ion Mass Spectrometry - LG-SIMS). The 

results reported in this manuscript thus enable us to propose recommendations for the 

preservation of uranium oxide particles with a view to their use in international nuclear 

safeguards. 
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2. Materials and methods 

Caution! 
238

U, the major isotope of natural uranium, is an α emitter radionuclide and is 

considered as a health hazard. Experiments involving natural uranium require appropriate 

facilities and personnel trained in the handling of radioactive materials. 

 

2.1. Microparticles synthesis  

All the conventional chemicals were supplied by Sigma and were of analytical grade, 

while uranium was kindly provided by CETAMA (Commission d'Etablissement des 

Méthodes d'Analyse, CEA Marcoule, France). This latter was converted from uranium metal 

chips to U(IV) in hydrochloric acid solution by dissolution in 6 mol.L
-1

 HCl, as described in 
21

. The preparation of UO2+x and U3O8 particles was undertaken following the protocol 

originally reported by Trillaud et al. 
9
 and based on the initial mixture of aspartic acid (1.5 

mmol) and U(IV) in hydrochloric media (0.5 mmol). The pH of the solution was maintained 

at about 2 by adding 4 mol.L
-1

 ammonia solution, which rapidly led to the formation of a 

greenish precipitate. Both the solid phase and the supernatant were then transferred to a 

Teflon-lined autoclave (Parr) and hydrothermally treated at 160°C for 30 hours. During this 

heat treatment, the reacting media were constantly stirred using a magnetic stirrer (2Mag – 

MixControl 20). The stirring speed, and thus the Reynolds number (ReA), was adjusted as 

described in 
9
 to monitor the hydrodynamics inside the reactor and then to control the final 

diameter of the particles. The precipitate obtained was separated by centrifugation at 14500 

rpm, then washed twice with deionized water and once with ethanol. Finally, it was dried 

overnight in an oven at 90°C.  

The average particle diameter was finally estimated from SEM image analysis (see 

Figure S1 reported in supplementary material). For each synthesis condition, a set of at least 

250 particles was considered, and the average value is reported in Table 1. The three sets of 

particles prepared exhibit average diameters close to 400, 1600 and 2400 nm, values that will 

be used to designate the samples in this paper. 

 

Table 1.  Operating conditions in terms of stirring speed and associated Reynolds number 

(ReA) used during the hydrothermal synthesis of UO2+x microparticles. Associated 

diameters as obtained by SEM image analysis are supplied with a ± 1σ confidence 

interval. 

Stirring speed (rpm) 900 950 1050 

ReA (dimensionless) 11370 12000 13260 

Particles diameter (nm) 2450 ± 220 1670 ± 80 410 ± 50 

 

In order to fix the O/M ratio in the uranium oxide microparticles, a final heat treatment 

was performed at 700°C for 1 hour, under either Ar-H2 4% or air atmosphere. Reducing 

conditions (Ar-H2 4%, P(O2) = 10
-29

 atm) were used to recover UO2+x samples , with x 

typically ≤ 0.05. The latter value was estimated from previous work conducted in similar 

conditions, based on both XRD measurements and thermodynamic calculations 
22

. Under air, 
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uranium(IV) was oxidized, resulting in the formation of U3O8. Examples of the XRD patterns 

obtained from these calcined samples are reported as supplementary material (average 

diameter of 1600 nm - Figure S2). These heat treatments were also accompanied by a small 

shrinkage of the particles, resulting in a 5-10% decrease in diameter 
10

. 

 Finally, specific surface area measurements (SSa, expressed in m
2
.g

-1
) were carried out 

on the different types of particles prepared, in order to normalize dissolution rates by the 

reactive surface area of the solid/solution interface (see section 2.2. below). Specific surface 

area values were measured by gas adsorption at 77K using a Micromeritics ASAP 2020 

instrument. Here, Kr was preferred to N2 because of the small areas to be measured (typically 

less than 1 m
2
), both due to the specific surface area itself and the limited amount of material 

available. Prior to measurement, the samples were outgassed under vacuum at 90°C for 14h. 

As expected, the SSa values of the raw samples obtained directly after synthesis decrease with 

the average particle diameter from 8 to 1 m
2
.g

-1 
(Figure 1).  

 

Figure 1.  Variation of the specific surface area versus the particles diameter for raw samples 

obtained after hydrothermal synthesis (black squares), and particles obtained after 

heat treatment in Ar/H2 (blue triangles) and air (red circles) atmospheres. Green 

diamonds accounts for the calculated SSA value for ideal dense U3O8 spheres. 

 

Surprisingly, these values evolved very differently after heating, depending on the 

atmosphere considered. After firing in air, the specific surface area values were found to 

decrease, in good agreement with the elimination of volatile matter (such as residual organics 

and water). Moreover, they were close to that calculated from ideal U3O8 spheres, indicating 

that the particles maintained a diameter close to that reported in Table 1, and are nearly fully 

densified. Conversely, a calcination under Ar/H2, which helped to stabilize U(IV), and to 

yield UO2+x particles, led to a strong increase of the specific surface area, with SSA values 
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ranging from 23 to 10 m
2
.g

-1
. Such a behavior was probably due to the formation of 

mesoporosity during the elimination of organic matter. This process has been well 

documented in the case of the thermal decomposition of actinide oxalate 
23

, and probably 

occurred in a similar way during the decomposition of residual aspartate moieties during this 

study. 

 

2.2. Alteration tests  

The leaching experiments were undertaken by placing about around 50 mg of 

microparticles with different chemical forms (UO2+x or U3O8) and sizes (400, 1600 or 2400 

nm in diameter) in a 50 mL Savillex brand PFA (Perfluoroalkoxy) vial containing 20 mL of 

leaching solution (10
-2 

mol.L
-1

 HNO3, deionized water, or ethanol (H2O ~ 4%)). These tests 

were carried out in static mode, i.e. without a continuous renewal of the solution during the 

experiment. The latter lasted from 55 days for particles leached with HNO3 to 375 days for 

those leached in deionized water and absolute ethanol. For each experiment, the leachate was 

sampled periodically. For uranium oxide particles altered in HNO3 and water, dissolution was 

monitored by sampling 0.5 mL of leaching solution. The sample was then acidified by adding 

4.5 mL of 0.4 mol.L
-1 

HNO3, and eventually diluted in nitric acid. When working in ethanol, 

0.5 mL of solution was sampled, then evaporated. The solid residue was recovered in 0.4 

mol.L
-1 

HNO3 for further analysis. It is important to note that after each sampling, 0.5 mL of 

fresh solution was added in the vial to maintain a constant surface to volume ratio (S/V). 

Uranium concentration was measured in the leachates using a Thermo Scientific ICAP 

7000 inductively coupled optical emission spectrometer (ICP-OES), with a detection limit 

close to 0.1 ppm. The apparatus was calibrated using standard solutions (0.5, 1, 2.5, 5, 7.5, 10 

and 15 ppm) prepared by dilution of certified standard solution of 1000 mgU.L
-1 

(Plasma-

CAL, SCP Science) in 0.2 mol.L
-1

 HNO3. Uranium concentration was determined by 

considering wavelengths at 367.007, 385.958 and 409.014 nm. The release of uranium in 

solution was then expressed as a ratio of the initial uranium mass (equation 1) such as:   

    
dissolved

   
       sol 

m    
   100   (1.) 

where CU represents the uranium concentration measured in g.L
-1

, Vsol corresponds to the total 

volume of leachate in L and mU(i) is the initial mass of uranium in the sample (g).  

The normalized weight loss (NL(U,t), expressed in g.m
-2

) was also determined, this 

latter being widely used to describe the dissolution of materials 
24

: 

     t    
m  t 

f     
      (2.) 

with mU(t) the mass of uranium released in solution (g) at a given time t, fU the mass fraction 

of uranium in the solid phase (g.g
-1

) and S the area of the solid/liquid interface (m
2
). The latter 

was obtained by multiplying the specific surface area by the total mass of solid involved 

during the experiment. 

 The normalized dissolution rate RL(U), expressed in g.m
-2

.day
-1

, was then obtained 

from the slope when drawing the evolution of NL over time 
24

, i.e.: 
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     t    
d     t 

dt
       (3.) 

 

2.3. Characterization of raw and altered particles  

After leaching, the altered particles were characterized from structural, morphological 

and isotopic point of views, using XRD, SEM and LG-SIMS measurements, respectively. 

Prior to these analyses, the solid phases were separated from the leachates by centrifugation, 

then rinsed several times with deionized water, and let to dry at room temperature. 

For X-Ray Diffraction (XRD), a mass of about 5 mg of powder was dispersed in 1 mL 

of ethanol and deposited on low-background silicon sample holder. XRD data were obtained 

using a Bruker D8 diffractometer equipped with a Lynx-eye detector adopting the reflection 

geometry and  uKα1,2 radiation  λ   1.54184 Å). Patterns were recorded at room temperature 

in the range 5° ≤ 2θ ≤ 100° with a step size of Δ 2θ    0.01 ° and a total counting time of 

about 3 hours per sample. 

Raman spectra of the altered particles were recorded using a Renishaw Invia 

apparatus. Drops of the suspensions containing the particles were deposited on stainless steel 

discs, then the particles were spotted by the means of an optical microscope. A 514 nm 

wavelength laser with a maximal power of 50 mW was used, resulting in a spot size of about 

1 µm. It was then possible to analyse the particles individually. Spectra were recorded 

between 200 and 1200 cm
-1

 through the average of 10 measurements of 30 s each, with an 

incident power of approx. 0.5mW. 

Before microscopic observation, solid residues were dispersed in ethanol and 

deposited on a mirror-grade polished aluminum plate. Scanning Electron Microscope (SEM) 

images were then recorded without any further preparation with a FEI Quanta 200 scanning 

electron microscope, equipped with an Everhart-Thornley Detector (ETD) and a Back-

Scattered Electron Detector (BSED). Images were recorded with an acceleration voltage of 2 

kV under high vacuum conditions. 

A FIB (Focused Ion Beam) device, available on a Thermo- cientific “Quanta 3D 

FEG”  EM  was used to examine the internal porosity of the particles. FIB systems use a 

finely focused beam of ions (here gallium) that can be operated at low beam currents for 

imaging or at high beam currents for site specific sputtering or milling. The gallium (Ga
+)

 

primary ion beam hits the sample surface and sputters out a small amount of material. Objects 

under examination can thus be cut into slices only a few nm thick. In this study, the intensity 

of the gallium ion beam used for particle machining ranged from 1 to 10 nA at an angle of 

10°, while the acceleration voltage used for SEM imaging ranged from 15 and 30 kV.  

Finally, LG-SIMS analyses were performed to accurately determine the isotopic 

composition of the raw and altered particles. 20 microparticles from each batch were 

characterized to compare the accuracy and repeatability of the measurements before and after 

alteration. The LG-SIMS measurements were performed on a CAMECA IMS 1300HR
3
 

equipped with a Hyperion II RF plasma oxygen source from Oregon Physics (Beaverton, OR, 

USA). Such a primary oxygen ion beam is typically used to enhance the production of 

electropositive ions such as U
+
. All analyses were performed with a primary high voltage of 

+15 kV, a sample high voltage of +8 kV, a mass resolution power of about 4000 and a 

focused O2
+
 primary beam intensity of 70 pA, with no raster. The ionic species 

234
U

+
, 

235
U

+
, 



8 
 

236
U

+
, 

238
U

+
 and 

238
UH

+
 were recorded simultaneously in a multi-collection mode using 

electron multipliers.
238

UH
+
 was measured to determine the hydride rate and to correct for the 

contribution of 
235

UH
+
 signal to the 

236
U

+
 signal. 

3. Results 

3.1. Alteration tests performed in 10
-2

 mol.L
-1

 HNO3  

 As a first step, the various batches of particles prepared were subjected to alteration 

tests in 10
-2

 mol.L
-1

 HNO3. Figure 2 shows the evolution of the fraction of solid dissolved, 

and normalized weight losses, NL(U), determined from the concentration of uranium in 

solution. The evolution of the latter is presented as supporting information, Figure S3. The 

curves obtained systematically show a higher release of uranium into solution during the first 

hours of contact between solid and solution, followed by a slowing down of the dissolution 

rate. This behavior has already been described several times in the literature 
24-27

, and 

corresponds to a washing stage of the sample, during which oxidized solid phases or those 

with defects are preferentially eliminated. The actual dissolution rate of the material studied is 

then obtained by analyzing the second part of the curve. For the two chemical forms 

considered (UO2+x and U3O8), the average particle diameter appears to have little influence on 

the amount of material released in solution, with all curves virtually superimposed in each 

case. This is confirmed by the normalized leaching rates (Table 2), which increase by about a 

factor 2 for both U3O8 and UO2+x particles as the particle diameter increases from 400 to 2400 

nm. Such a deviation is usually not considered sufficient to unambiguously distinguish NL 

values, especially due to the uncertainties associated with reactive surface measurements. On 

the other hand, the atmosphere chosen for the heat treatment of the particles induces a 

significant difference in their chemical durability. Indeed, after treatment in air and 

conversion into U3O8, the quantity of uranium released into solution corresponds to less than 

1% mass loss after more than 1200 hours of contact between the solid and the solution (i.e. 

some fifty days). Conversely, particles in the UO2+x form (calcined under Ar/H2) show a 

reduced chemical durability, leading to a loss of about 12% of the initial mass after 1200 

hours. This difference is also illustrated by the long-term weight loss trend, since a slowdown 

is observed in the case of UO2+x after 1200 hours of leaching, linked with the gradual 

exhaustion of the solid surface, which is not the case for U3O8 particles. However, the 

determination of the normalized mass losses, taking into account the reactive surface of both 

types of particles, allows us to mitigate these results (Figure 2b and 2d, Table 2). Indeed, the 

values obtained are systematically of the same order of magnitude,typically ranging from 

3×10
-4

 to 1×10
-3

 g.m
-2

.day
-1

. They are thus typically in the same order of magnitude as those 

determined by Cordara et al. 
28

 or Barral et al. 
29

 for bulk materials (UO2+x sintered pellets). 

The small size of the microspheres and their nanostructured nature then do not lead to any 

specific behavior with respect to their normalized leaching rate.  

 

Table 2.  Normalized leaching rates RL(U) determined during the dissolution of the uranium 

oxide particles in 10
-2

 mol.L
-1 

 HNO3. 

Particle size (nm) RL U3O8 (g.m
-2

.day
-1

) RL UO2+x (g.m
-2

.day
-1

) 

400 (5.0 ± 0.2) × 10
-4

 (3.4 ± 0.2) × 10
-4

 

1600 (7.0 ± 0.2) × 10
-4

 (5.8 ± 0.2) × 10
-4

 

2400 (1.2 ± 0.2) × 10
-3

 (6.5 ± 0.2) × 10
-4
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Figure 2.  Evolution of the relative mass dissolved m/m0 (a,c, in %) and of the normalized 

leaching (b,d, in g.m
-2

) during the dissolution of UO2+x (a,b) and U3O8 (c,d) 

particles in 10
-2

 mol.L
-1 

 HNO3, with average diameters of 400 nm (grey squares), 

1600 nm (red circles) and 2400 nm (blue triangles). 

 

Following the dissolution tests carried out on the 1600 nm diameter particles, the 

residual solid phases were analyzed by XRD and SEM (Figure 3). The XRD data showed that 

for both types of samples studied, no change in the nature of the oxide occurred during the 

alteration. In fact, the patterns still correspond to the orthorhombic lattice of U3O8, and to the 

fluorite-type structure of UO2+x. For the latter, however, an increase in the O/U ratio cannot 

be ruled out, but cannot be demonstrated due to the low quality of the data, which stems both 

from the small amount of material involved and the nanometric nature of the crystallites.  

SEM observations show a very different morphological evolution depending on the 

chemical form of the particles used for the leaching test. In the case of UO2+x, the residue 

takes the form of nanometric crystallites aggregated in agglomerates of several microns in 

size. No trace of the initial spherical morphology remains. It is therefore likely that the 

dissolution process first involved the crystallite boundaries that held the initial microspheres 

together. Conversely, in the case of U3O8, the sample is still clearly composed of distinct 

microparticles. However, these appear to be highly facetted and have also lost their spherical 

habit. Furthermore, these particles appear to be dense, in good agreement with the specific 

surface area measurements made on the initial powders. These observations thus confirm the 

kinetic data presented earlier, which show a much higher alteration of the UO2+x particles.  
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Figure 3.  SEM observations of the 1600 nm diameter particles altered in 10
-2

 mol.L
-1 

 HNO3 

for 1300 hours : UO2+x (a) and U3O8 (b). XRD patterns of the solid residues for 

UO2+x (blue) and U3O8 (red) (c). 

 

3.2. Alteration tests performed in deionized water  

In a second step, the chemical durability of UO2+x and U3O8 particles was studied in 

water to mimic their storage in wet conditions. To this end, the particles described above were 

placed in contact with aerated deionized water (pH ~ 6, after contact with the particles) for 

several months. The evolution of the uranium concentration in the leachate was monitored 

regularly as described in 2.2 (Figure 4). Similar to the oxide particles altered in nitric acid, 

the percentage of dissolved uranium m/m0 appears to be weakly correlated with initial 

particle diameter. For both UO2+x and U3O8 particles, an erratic variation in uranium 

concentration around a mean value can be observed. This most likely reflects the rapid 

establishment of an equilibrium in solution, corresponding to the precipitation of a neoformed 

phase. In good agreement with this hypothesis, the equilibrium concentration does not vary 

significantly for the 5 samples studied, ranging from 4.9 × 10
-4 

to 6.3 × 10
-4

 mol.L
-1

. 
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Figure 4.  Evolution of the mass dissolved (in %) and the uranium concentration in the 

leachate (in mol.L
-1

) during the alteration of UO2+x (a) and U3O8 (b) particles in 

H2O, with average diameters of 400 nm (grey squares), 1600 nm (red circles) and 

2400 nm (blue triangles). Concentrations are supplied with an expanded 

uncertainty with k = 2. 

 

The characterization of the residual solid phases collected after almost a year of 

immersion in water confirms the hypothesis of secondary phase formation (Figure 5). In fact, 

SEM images show a complete modification of the initial morphology, both in the case of 

UO2+x or U3O8,. In the case of UO2+x, rectangular platelets up to 20 µm in length are formed. 

In the case of U3O8 microparticles, a morphological evolution towards platelets formation is 

also noted, but with much smaller grains, less than one micrometer in size. A difference can 

also be seen in the XRD patterns of these two samples. For the precipitate that replaced the 

initial UO2+x particles, several phases can be indexed. The most intense XRD peak 

corresponds to schoepite, [(UO2)8O2(OH)12](H2O)12 (also often written as UO3·2.25H2O) 
30

], 

while some other reflections can be attributed to poorly crystallized UO3 
31

. Several other 

peaks, including the one with the second highest intensity close to 15°, might be associated to 

studtite UO2(O2)·4H2O 
32

 or to is dehydrated counterpart, meta-studtite 
33

. While no peroxide 

ions were introduced into our reaction medium, modeling results suggest that the introduction 

of interstitial H2O molecules into the lattice of uranium oxides could lead to water 

dissociation and the formation of uranyl peroxide 
34

. Indeed, the latter has already been 

observed by Hammerich et al. during the aging of U3O8 microparticles in water vapor 

saturated atmosphere 
14

 and by Pointurier et al. when UF4 was exposed to environmental 
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conditions 
35

. In our study, the existence of peroxo groups in the solid phase is also suggested 

by additional Raman experiments (Figure S4), which show a small band close to 900 cm
-1

, 

that might correspond to the (O-O) stretching vibration which is usually reported at around 

870 cm
-1

 for reference studtite samples 
36

. The most likely hypothesis is therefore that the 

precipitate formed is a mixture of studtite, together with several schoepite-related phases , 

whose structure varies only as a function of the hydration rate of the compound. Such a 

variety of phases has recently been pointed out by Wilkerson et al. 
34

 in their study of UO3 

hydration. With the same idea, Finch and Hawthorne suggest the existence of a wide range of 

‘dehydrated schoepite’ compositions, and propose a general formulation of (UO2)O0.25-

x(OH)1.5+2x for these phases 
37

. 

 

Figure 5.  SEM observations of the 400 nm diameter particles altered in H2O for 358 days: 

UO2+x (a) and U3O8 (b). XRD patterns of the solid residues for UO2+x (blue) and 

U3O8 (red) (c). Indexation of the XRD lines : * = schoepite (ICDD-PDF file 

#00-050-1601, 
38

); o = studtite (#00-016-0206, 
39

); + = meta-studtite (#01-081-

9033, 
33

);  = UO3 (#00-031-1421, 
31

). 

 

In the case of U3O8 particles, the XRD peaks correspond to the α-form of uranyl 

hydroxide (UO2)(OH)2, also reported in the literature under the formula UO3·0.8H2O 
40

. Once 

again, this writing is associated with the dehydrated schoepite formulation, and thus reflects a 

two-dimensional structure approximating that of schoepite and meta-schoepite 
37

. These 

observations show that the alteration of uranium oxide microparticles in all cases results in 

schoepite and possibly studtite type phases, the nature of which depends on the nature of the 
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initial oxide phase, its reactivity towards the solution and the length of time spent in solution. 

It is therefore very difficult to predict the exact nature of the neoformed phase, but it is certain 

that the initial morphology will be profoundly modified in all cases. 

 

3.3. Alteration tests performed in ethanol 

As with the previously studied media, the concentration of uranium dissolved in 

solution (and therefore the percentage of particles dissolved) was monitored for more than 

350 days during the storage of UO2+x and U3O8 particles as suspensions in ethanol to 

determine the associated relative weight losses and normalized leaching (Figure 6). 

Concentration are plotted in Supporting information, Figure S5. During the first 50-100 days 

of weathering, dissolved uranium concentrations were generally below the detection limit of 

the ICP-OES apparatus used for the measurements (10
-6

 M). Beyond this period, alteration 

begins to be quantifiable but remains low, as after about a year of alteration, the amount of 

dissolved material reaches about 4% in the worst case (UO2+x particles) and 2% for U3O8 

particles.  

 

Figure 6.  Evolution of the relative mass dissolved (a,c, in %) and the normalized leaching 

(b,d, in g.m
-2

) during the alteration of UO2+x (a,b) and U3O8 (c,d) particles in 

ethanol, with average diameters of 400 nm (grey squares), 1600 nm (red circles) 

and 2400 nm (blue triangles). 
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These values appear to be slightly higher than those reported by Middendorp et al. 
41

 

or more recently by Potts et al. 
12

 for U3O8 particles prepared by aerosol pyrolysis and then 

weathered in ethanol. In this case, the relative dissolved mass of U3O8 particles reached 

0.21% after 228 days, which appears to be 5 to 10 times lower than U3O8 particles of similar 

size (i.e. 1600 and 2400 nm) prepared in this work and weathered for 250 days. This 

difference could be explained by the purity of the solvent used, in particular the water content 

, which was higher in this study (H2O ~ 4%) than in that of Potts et al. (extra dry absolute 

ethanol, H2O < 0.1%). These authors also performed their study in deaerated conditions, 

while ours was performed in contact with air. These differences in operating conditions 

probably are likely to have a significant impact on the uranium oxidation rate and then on the 

chemical durability of the particles in light of the result presented in the previous section. This 

point will be discussed in more detail below. Despite this deviation from previous results, the 

microparticles still exhibit a low level of alteration whatever their size. Therefore, similar to 

the other media studied, it is difficult to correlate the diameter of the prepared oxide particles 

with their normalized leaching rate. Thus, the normalized weight loss measured in ethanol is 

generally between 5 × 10
-5

 and 10
-4

 g.m
-2

.day
-1

, i.e. about 5 to 10 times lower than those 

obtained in 10
-2

 mol.L
-1

 HNO3. 

Since the results of the kinetic study show a very low leaching of the uranium oxide 

samples, whatever their chemical form, the characterization of altered microparticles was 

focused on the UO2+x chemical form, since they showed the highest relative mass dissolved, 

particularly due to their higher specific surface area. Thus, this specific study should enable us 

to highlight any morphological and chemical modifications induced by their stay in ethanol. 

SEM images of the raw particles and those altered during 8 months in ethanol initially showed 

no difference. To go further, additional data were obtained using a slice and view technique 

with a Focused Ion Beam (FIB) setup (Figure 7), which allows particles to be cut in vertical 

slices of about ten nm. Whether before or after leaching, the particles studied, which were 

chosen randomly and considered to be representative owing to the uniform morphology 

observed on SEM images, have the same general appearance. In particular, no porosity or 

cracks can be detected on the surface at the SEM scale. This observation must be qualified 

with respect to the bulk material. Indeed, both particles appear to be globally dense, but show 

a central crack. The latter probably results either from the initial self-assembly of the 

elementary crystallites composing the microspheres, or from the sintering processes occurring 

during the heat treatment of the as-precipitated particles. As such, this observation could 

appear to be in contradiction with BET analyses showing that UO2+x particles retained a high 

specific surface area after heat treatment in a reducing atmosphere. However, this specific 

surface area is probably due to the presence of mesopores, typically less than ten nm in size, 

which can only be observed by transmission electron microscopy 
23

. Even though, this 

residual porosity does not lead to percolation of the solution into the material through the pore 

network after leaching, nor to significant bulk alteration. Despite the higher reactivity of the 

solid/solution interface, the integrity of the particles is then preserved during storage in 

alcoholic media. XRD analyses (see supplementary material, Figure S6) confirmed that 

altered particles retained the fluorite-type structure typical of UO2+x materials, with 

characteristic XRD lines at around 2 = 28°, 33° and 47°. Nevertheless, qualitative 

comparison with XRD pattern obtained from particles after synthesis and subsequent heat 

treatment under Ar-H2 4%, revealed a slight shift of the peaks to higher 2 values, which is 

probably due to a slight oxidation of UO2+x particles during storage in ethanol 
42

. Small 
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additional peaks assigned to the formation of meta-studtite were also observed, confirming the 

partial oxidation of U(IV) under these operating conditions and once again points out the 

detrimental role of water.  

 

Raw particle After 8 months in ethanol 

  

  

Figure 7.  FIB/SEM slice and view of UO2+x particles with average diameters of 1600 nm 

before and after alteration during 8 months in ethanol. 

 

Finally, isotopic analyses were carried out using LG-SIMS to confirm the possibility 

to use UO2+x particles as QC materials for nuclear safeguards, even after a long-term storage 

as a suspension in ethanol. The 
235

U/
238

U isotopic ratios were then measured in more than 20 

different UO2+x particles per batch, i.e. with diameters of 400, 1600 and 2400 nm, and before 

and after 8 months' storage in ethanol (Figure 8). Similar data regarding the 
234

U/
238

U ratio 

are provided as supplementary material (Figure S7). The average values of the initial and 

post-ethanol isotope ratios are shown in Table 3. The results of the isotopic measurements are 

reproducible for all the particles analyzed, both before and after leaching. No significant 

variation in the average isotopic ratios was observed before and after 8 months of alteration. 

Hence, the uranium isotopy remains in line with the values expected for natural uranium 

present in the Earth's crust (
235

U/
238

U = 7.22 × 10
-3

 to 7.27 × 10
-3

) 
43-45

. Since the uranium 

used to synthesize these uranium oxide particles is not an isotopically certified material, it is 

not possible to calculate a deviation from the certified value. However, it is clear from our 

data that the stay in ethanol still resulted in a slight increase in the individual uncertainties 

associated with  the isotopy of each particles, especially for the smallest ones. Indeed, the 

latter varied from 0.5% to 1.3% for the 
235

U/
238

U ratio after alteration of 400 nm diameter 

particles, and from 0.5% to 0.8% when the size was increased to 1600 nm. Conversely, the 
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individual uncertainties remained unchanged and close to 0.6% for the biggest particles (d = 

2400 nm). A similar trend was observed for the 
234

U/
238

U ratio. As such, and even if the mass 

fraction dissolved during alteration in ethanol did not vary strongly, the predominance of 

surface versus bulk in the smallest particles led to slightly decrease the performance of the 

measurements, possibly in relation with the ongoing formation of hydrated secondary phases 

or isobaric interferences coming from impurities in ethanol. The smallest particles are indeed 

the more sensitive to these interferences. However, it is important to note that in any case 
236

U 

was detected. This isotope, even if present in the environment due to the radioactive fallout 

from nuclear weapons testing, is expected to be well below the detection limit of the 

apparatus. However, isobaric artifacts may have occurred due to the presence of ethanol 

residues on the surface of the particles. These results then show that ethanol can be considered 

as a good medium for the preservation of UO2+x particles, since both morphology and 

uranium isotopy were preserved during the 8-month alteration. 

 

Figure 8.  Statistical variation of the 
235

U/
238

U isotopic ratio measured by LG-SIMS in 

UO2+x particles (with average diameters of 400 nm (a,d), 1600 nm (b,e) and 2400 

nm (c,f)), before (a,b,c) and after (d,e,f) alteration in ethanol during 8 months. The 

blue solid line corresponds to the mean value of the measured 
235

U/
238

U isotopic 

ratio. The blue dotted lines correspond to the confidence interval (at 95%) of the 

mean value of the measured 
235

U/
238

U ratio. 

 

Table 3.  Average 
235

U/
238

U isotopic ratios measured in UO2+x particles of different diameters 

before and after 8 months storage in ethanol. Uncertainty is given with a 95% 

confidence interval. 
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Diameter 
234

U/
238

U 
235

U/
238

U 

Raw Altered Raw Altered 

2400 nm (5.58 ± 0.34) × 10
-5

 (5.45 ± 0.17) × 10
-5

 (7.244 ± 0.072) × 10
-3

 (7.257 ± 0.056) × 10
-3

 

1600 nm (5.49 ± 0.26) × 10
-5

 (5.40 ± 0.46) × 10
-5

 (7.251 ± 0.031) × 10
-3

 (7.231 ± 0.054) × 10
-3

 

400 nm (5.39 ± 0.33) × 10
-5

 (5.56 ± 0.77) × 10
-5

 (7.250 ± 0.039) × 10
-3

 (7.247 ± 0.094) × 10
-3

 

4. Discussion 

 

The various studies carried out in the course of this work allow us to evaluate the 

behavior of uranium oxide particles considered in the context of nuclear safeguards when 

suspended in different media. These results lead to some recommendations for the 

preservation of the properties required for their potential use as QC reference materials, i.e. 

controlled morphology and size, which remain homogeneous from particle to particle, and an 

isotopy that remains invariant over its lifetime.  

The first question concerns the chemical form best suited to particle preservation. In 

the course of this work, UO2+x and U3O8 particles showed different chemical durability in 

terms of absolute mass loss measured in the different media studied. However, these 

differences do not seem to be an intrinsic chemical characteristic of the particles, but are more 

certainly a direct consequence of the morphology inherited from synthesis and further heat 

treatment. Thus, the higher specific surface area generated by calcination in Ar/H2, combined 

with the probable existence of mesopores within the particles, appears to be a first-order 

parameter controlling the chemical durability of the particles, ahead of their chemical nature. 

Under these conditions, the choice of U3O8 particles is guided solely by their specific surface 

area and must be considered according to the synthesis route envisaged.  

After normalization by the reactive surface, the RL values for UO2+x and U3O8 were of 

the same order of magnitude, although the latter appears systematically higher by a factor of 

about 2. Beyond their sole application to the retention of reference particles, these 

measurements allow a direct comparison of the chemical durability of these two uranium 

oxides under identical physical forms and chemical environments, which has been 

surprisingly little documented in the literature. In general, the kinetics engine of uranium 

oxide dissolution in a nitric environment is based on oxidation in the form of uranyl UO2
2+

 in 

solution. This oxidation can possibly be auto-catalyzed by the formation of nitrous acid, but 

this phenomenon is probably not very pronounced in our study due to the low concentration 

of nitric acid  (10
-2

M HNO3). The slight difference in behavior observed between UO2+x and 

U3O8 is therefore directly surely due to the solubility of the U
4+

 and U
5+

 species. Indeed, after 

heat treatment in a reducing atmosphere, UO2+x particles contain mainly uranium(IV) and a 

small fraction of U(V), in the form of U
5+

. U3O8 particles prepared in air contain 66% U(V) 

and 33% U(VI). Within the solid, U(VI) is present in the form of U
6+

, which is highly 

unstable in solution. The latter will therefore have a very high solubility to adopt the –yle 

form, i.e. to form the molecular ion UO2
2+

. The same trend can be suggested for U(V), which 

also tends to disproportionate to form U(IV) and U(VI). While these phenomena explain the 

smaller chemical durability of U3O8 in a nitric environment, the difference between the 

measured dissolution rates remains minimal. It is also important to note that these RL values 

are close to those reported in the literature for the leaching of bulk uranium oxides 
17, 29

. For 

example, Cordara et al. determined a rate of 6 × 10
-4

 g.m
-2

.day
-1

 when dissolving sintered 

UO2 pellets in 10
-1

 mol.L
-1

 HNO3, while expecting little variation in RL when decreasing the 
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acidity to pH = 2 
28

. This observation shows that the morphology of the microspheres, which 

are in fact an agglomerate of nanometric crystallites, does not generate a specific behavior 

with respect to their chemical durability. As a first approach, the long-term behavior of 

particles can therefore be assimilated to that of a massive material, and the abundant data 

existing in the literature for UO2+x and U3O8 can be put to good use. 

Experiments carried out in deionized water led to the most significant morphological 

transformations of the altered particles. These were associated with the formation of 

secondary phases, all resulting from an oxidative dissolution step, followed by hydrolysis of 

the molecular uranyl ion released into solution. Structural analyses carried out by XRD at the 

end of the alteration experiments showed that different phases were formed, in particular 

schoepite, an uranyl oxohydroxide hydrate with the formula [(UO2)8O2(OH)12](H2O)12 (often 

written as UO3·2.25H2O), nearly amorphous UO3, and uranyl hydroxide UO2(OH)2, also 

referred to in the literature as dehydrated schoepite. Thus, two types of equilibrium can be 

considered in aqueous media:  

UO2
2+

 + 2 OH

   UO2(OH)2    (4.) 

UO2
2+

 + 3 H2O    UO3(H2O)2 + 2 H
+
   (5.) 

With associated solubility constants written as follows: 

  KS,1 = [UO2
2+

] × [OH

]
2   

(6.) 

  KS,2 = [UO2
2+

] × [H+
]

-2    
(7.) 

These constants, which actually differ only in the way they are written and are linked 

by a (Ke)
2
 factor, are the two forms reported in the literature for the solubility of uranium(VI) 

hydroxide or oxohydroxide hydrate 
46-48

. In order to confirm the formation of a neoformed 

phase downstream of the leaching process, the pH and the uranium concentration at the 

equilibrium (here noted as [U]eq) were measured during the alteration of the different UO2+x 

and U3O8 particles studied. Under the conditions of the study (aerated environment), the 

UO2
2+

 concentration was finally calculated using the geochemical speciation model Phreeqc 

Interactive (version 3.3.3) and the Thermochimie database 
49

. It was thus possible to 

determine the Ks solubility product values for the different experiments carried out, according 

to the formalisms of equations 6 and 7 (Table 4). 

 

Table 4.  Values of pH and total uranium concentration at the equilibrium during the 

alteration of UO2+x and U3O8 particles with water. Solubility constant values have 

been calculated considering either equations 6 (for Ks,1) or 7 (for Ks,2) described 

above. 

Sample pH [U]eq 

(mol.L
-1

) 

[UO2
2+

]eq 

(mol.L
-1

) 

Ks,1 Log Ks,1 Ks,2 Log Ks,2 

UO2 - 400 nm 5.6 5.3×10
-4

 3.7×10
-6

 5.9×10
-23

 - 22.2(3) 5.9×10
5
 5.8(3) 

UO2 - 1600 nm 5.5 4.9×10
-4

 5.3×10
-6

 5.3×10
-23

 - 22.3(1) 5.3×10
5
 5.7(2) 

U3O8 - 400 nm 5.5 6.3×10
-4

 5.8×10
-6

 5.8×10
-23

 - 22.2(2) 5.8×10
5
 5.8(2) 

U3O8 - 1600 nm 5.7 5.2×10
-4

 2.5×10
-6

 6.3×10
-23

 - 22.2(2) 6.3×10
5
 5.8(1) 

U3O8 - 2400 nm 5.6 5.4×10
-4

 3.7×10
-6

 5.9×10
-23

 - 22.2(2) 5.9×10
5
 5.8(2) 
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 Average Log K values :  -22.2 ± 0.2  5.8 ± 0.2 

 

Despite the differences highlighted by the XRD patterns, the uranium concentration at 

equilibrium varies only slightly between experiments and also leads to solubility constant 

values consistent which each other and with those reported in the literature. Thus, the mean 

value of log Ks,1 is equal to -22.2 ± 0.2, while that of log Ks,2 is 5.8 ± 0.2. These results are in 

very good agreement with literature data, as Langmuir 
48

 and Fujiwara et al. 
46

 evaluated the 

solubility product log Ks,1 = -22, at 298 K, while Gorman-Lewis et al. report a variation of log 

Ks,2 between 5 and 6.5 
47

. The erratic variation of the uranium concentration around a mean 

value observed in the experiments conducted in water is therefore due to the formation of 

secondary phases. In any case, these observations show that contact between the particles and 

water must be avoided at all costs to ensure their preservation, whether as a suspension in an 

aqueous medium, or as a powder stored in a humid atmosphere. 

The use of an alcoholic solution seems to be a viable option for the storage of particles 

in suspension. The results obtained during this work in ethanol showed a very low relative 

mass loss after about 1 year, around a few percent. As mentioned above, this value is higher 

than that expected from the results reported in the literature, although no changes in 

morphology or isotopy were observed. The preferred hypothesis to explain this difference is a 

higher water content in the solvent used in this work and the humid ambient atmosphere. 

Under these conditions, it seems preferable to keep the particles in an anhydrous solvent. 

U3O8 particles with a diameter of 1600 nm were then placed in extra dry ethanol in a glove 

box with anoxic (< 0.1 ppm in O2) and anhydrous (< 1 ppm H2O) atmosphere. Under these 

conditions, the mass fraction of altered material reached less than 0.3 wt.% after 500 days, 

confirming the recommendations proposed above. As the dissolution of uranium oxides is 

driven by the kinetics of uranium oxidation, lowering the temperature should also help to limit 

the alteration. These recommendations apply to all types of samples tested in this study, 

keeping in mind that the reactivity of the samples should be reduced by decreasing the 

specific surface area of the solids as much as possible.  

 

5. Conclusion 

Microparticles of uranium oxides UO2+x and U3O8, envisaged as QC reference 

materials for nuclear safeguards, have been suspended in three different media to study their 

storage in suspension form. The role of these different media is to simulate different storage 

conditions (wet storage or storage in a humid atmosphere with water, assumed optimal 

storage with ethanol) or to evaluate if the synthesized nanostructured particles behave like a 

bulk material during leaching in a more aggressive medium (10
-2

 mol.L
-1

 HNO3). The 

alteration of the uranium oxide particles in nitric acid is already significant after a few hours, 

but shows no difference with the behavior of sintered pellets in terms of normalized 

dissolution rate. Thus, RL(U) values around 5 × 10
-4

 g.m
-2

.d
-1

 were obtained for all particle 

types. However, absolute leaching appears to be more important for UO2+x particles due to 

their higher specific surface area. Consequently, SEM observations of altered UO2+x particles 

have shown that the spherical morphology has completely disappeared in favor of dispersed 

nanocrystallites. The residence time of uranium oxide particles in water is characterized by 

the rapid precipitation of neoformed phases. The latter were found to vary depending on the 
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sample studied, but almost all belong to the schoepite family and differ mainly in their water 

content. In some cases, studtite was also detected. This dissolution/precipitation process was 

also found to induce a complete change in morphology, with platelets aggregates massively 

formed in place of the initial microspheres. In contrast to these two media, uranium oxide 

particles exhibited very slow alteration kinetics in ethanol, the latter again being lower for 

U3O8 particles than for UO2+x. Moreover, SEM/FIB observations confirm the preservation of 

the spherical morphology after more than 8 months of leaching, as well as the absence of any 

additional internal porosity formed during the alteration process. Finally, LG-SIMS analyses 

showed that the residence time in ethanol did not significantly affect the quality of isotopy 

measurements, despite a slight increase in the uncertainty associated with the data collected 

from each individual particle.  

Globally, these results confirm that ethanol is a suitable medium for preserving 

particles, especially if it is made free from any trace of water. The results also showed that 

both U3O8 and UO2+x particles have a comparable chemical durability, mostly independent of 

their size, and that the differences observed in the dissolved fractions are mainly due to the 

reactivity inherited from their microstructure. Hence, if it is obvious that dry conditions 

(suspension in dry solvent or conservation as  loose powder in H2O-free glove box) should be 

preferred to preserve these particles over the long term, the choice of their chemical form 

should be made depending on the fabrication route retained and on a sound analysis of their 

microstructure.  

 

Supporting information. Additional experimental data (DOC) including : SEM images of 

the particles obtained after firing at 700°C under Ar/H2; XRD patterns of the 1600 nm 

diameter samples after heating at 700°C; Evolution of the uranium concentration during 

leaching in 10
-2

M HNO3; Raman spectrum of 1600 nm diameter UO2+x microparticles after 

leaching during 8 months in deionized water; Evolution of the uranium concentration during 

leaching in ethanol; XRD pattern of 2400 nm diameter UO2+x microparticles after leaching 

during 8 months in ethanol; Statistical variation of the 
234

U/
238

U isotopic ratio measured by 

LG-SIMS in UO2+x particles. 
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