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The uranium and plutonium co-conversion process constitutes a continuous subject of interest for MOx

fuel fabrication. Among the various routes considered, chemical coprecipitation by the salt effect has

been widely investigated regarding its simplicity of integration between the partitioning and purification

steps of the PUREX process, and the straightforward recovery of precursors that are easily converted into

oxide phases by thermal decomposition. The present study focuses on the coprecipitation behavior of U-

Th and U-Pu actinide peroxide mixed systems by examining the precipitation yields and settling pro-

perties for nitric acidity in the range of 1 to 3 M and hydrogen peroxide concentration in the range of 4.5

to 7 M. The precipitated solids have been characterized by powder XRD, IR and Raman spectroscopy,

laser granulometry and SEM-EDS analyses revealing the synthesis of studtite and actinide(v) peroxo-

nitrates as aggregated particles. The actinide solid phases are uniformly distributed within the filtered
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1. Introduction

The slow deployment of fourth generation reactors based on
the fast neutronic spectrum brings up new environmental and
industrial issues. First, a re-increase in the demand for natural
uranium and some pressure on uranium mining, and second,
a change in the spent fuel strategy regarding long-term dispo-
sal options and plutonium management. However, it also
offers opportunities to consider innovative mixed-oxide (MOx)
fuels in a pressurized water reactor (PWR) and uranium and
plutonium multi-recycling as some examples'™ increasing the
interest in advanced processing routes based on the co-man-
agement of actinides.

Coprecipitation methods are widely used for the prepa-
ration of mixed oxide constituting technological ceramics.
Regarding the specific methods considered for MOx fuel,
several routes were already investigated with great attention:
the denitrification route™® and hydroxide route, in fact the
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cakes. The precursor thermal decomposition results in the formation of oxide phases at low temperature
according to a sequential release of water molecules, peroxide ligands and nitrate ions. The calcination
step has a limited effect on the morphology of the powders which remain highly divided. The high pre-
Cipitation rate of actinides makes this chemical route potentially interesting as a co-precipitation process.

coprecipitation of ammonium diuranate and Pu(OH), ”® and
its derivatives using hydroxylamine,’ the carbonate route,'
oxalate route,'"'? peroxide route'® and sol-gel methods.'*"
Each of these coprecipitation methods, which has its own
advantages (but also drawbacks), affords either mixed UO,-
PuO, batches or fluorite based solid solutions for a wide range
of concentrations, after an appropriate heat-treatment.

The number of studies that have examined the coprecipi-
tation conditions of actinide precursors in a peroxide medium
is very low."*'®'” Coprecipitation experiments in the uranyl-
thorium peroxide system have been attempted by McTaggart
and Mailen"” for low to moderate nitric acidities (0.3 M and

[Th]
[Th] + U]
clearly show that it is a syn-precipitation reaction with individ-
ual precipitation of thorium peroxide and uranyl peroxide
(studtite). The precipitation of studtite is considered as rapid
and quantitative since it occurs with a precipitation yield of
more than 99% after 15 min under optimum conditions. On
the other hand, for thorium peroxide, a maximum precipi-
tation yield of about 90% is obtained only for the lowest nitric
acidity (0.3 M) and the longest aging time (300 min), indicat-
ing a significant difference in the precipitation rates between
the two actinide peroxides. The precipitated powders were cal-
cined at 350 °C, with a stop at 220 °C to allow slow decompo-

1.25 M) and a ratio of about 0.25. Their results
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sition of the peroxides, resulting in mixed UO3;-ThO, oxide
powders.

Regarding the uranium and plutonium system, a unique
experimental study is reported by Ganivet,"* who explored the
syn-precipitation under less acidic conditions (0.4-0.5 M),
moderate hydrogen peroxide concentration (3 M) and with the
help of sulfate ions to improve the powder filtering behavior
and the decontamination factor (highly selective process with
high precipitation yields). Nevertheless, in the presence of
nitrate ions only, the analysis of the supernatant shows that
the precipitation yields of U and Pu are 99.4% and 97.6%,
respectively. Despite these encouraging preliminary results,
the author highlighted the antagonistic conditions for pluto-
nium peroxide and uranyl peroxide precipitations, and
pursued his efforts on sulfate additions leaving the role of the
acidity itself ([H']) and the influence of the 0,>~ complexing
behavior unexplored.

Regarding the few studies on the coprecipitation of actinide
peroxides which left the concentrated acid conditions unex-
plored, typically those encountered at the partitioning step of
the PUREX process, we decided to reinvestigate this attractive
synthetic route with the main objectives of achieving a high
precipitation yield (>98%), stable U/Pu and U/Th ratios
between solutions and solid phases, acceptable sedimentation
and filtration properties and high ability of peroxide precur-
sors to afford oxide powders with homogeneous physical be-
havior. Since these two series of experiments indicate individ-
ual precipitation of actinide peroxide salts with contrasting
features in terms of experimental conditions and powder be-
havior, a detailed bibliographical survey on the synthesis pro-
cesses and physicochemical properties of the three actinide
peroxide salts was carried out in order to identify the key-para-
meters for quantitative precipitation and easy powder recovery.

The synthesis of the thorium peroxide salt from thorium
nitrate solutions by hydrogen peroxide has been finely studied
by Hamaker and Koch'® for varied acidic conditions (from 0.5
to 2.0 M [H']), hydrogen peroxide concentrations (from 0.4 to
3.3 M [H,0,]) and for various mineral acids such as nitric, sul-
furic or perchloric acids. Several Th(iv) peroxide salts depend-
ing on the nature of the counterions (bases) in solution were
identified. In the case of nitric acid, the exact chemical
formula of the thorium peroxo-nitrate salt remains undeter-
mined but based on consistent chemical titrations, it has been
established that the formula contains about 3.2 peroxide
oxygens and about 0.5 nitrate ions per Th ion."® The resulting
powder was found to be poorly crystallized, and the crystal
structure of the salt remains unknown up to now. The peroxo-
nitrate salt could be characterized by Raman spectroscopy***°
only. To our knowledge no study of the solubility of the
thorium peroxo-nitrate is reported in mixed nitric acid and
hydrogen peroxide media and the settling characteristics
remain largely unexplored. However, it should be stressed that
Th peroxo-nitrate salt precipitates as aggregated grains at room
temperature."’

The uranyl peroxide chemistry has been widely studied
revealing interesting features as a function of pH and
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p(0,>7).*" In the presence of peroxide ions and for a wide
range of moderate to low nitric acid concentrations (107" M <
[H'] < 107° M), uranyl ions readily precipitate as UO,(0,)-4H,0
with very low solubility, in an order of magnitude of 107°-107°
M.?** Under most experimental conditions, a finely aggre-
gated and crystallized powder is produced,”"*>® which exhi-
bits good filtration ability. The crystal structure of studtite has
been determined from single-crystal diffraction data.?®

The main physicochemical properties of plutonium per-
oxides have been analyzed in a review by Fugate and Navratil.>
Since this bibliographic survey, few complementary studies on
plutonium peroxide complexes or salts have appeared.®'*

Nitric acid with hydrogen peroxide aqueous solution consti-
tutes a balanced oxidizing to reducing medium for plutonium
ions. Reduction of Pu(vi) to Pu(wv) by hydrogen peroxide in con-
centrated nitric acid solution straightforwardly occurs.*®™®
Further reduction to Pu(im) can occur,*™** but for purified Pu
solutions, Pu(wv) is the stable cation only under equilibrium
conditions.®® All studies establish that in a nitric acid
medium, plutonium peroxide salts precipitate as a green solid
composed of Pu in the tetravalent state only.>'*>°

Chemical analyses showed that the number of peroxide
ligands is close to three, possibly with the presence of a perhy-
droxyl ion but with the proven presence of free counter-anions,
acting on the electrical neutrality of the salt.*>*® In accordance
with the geometry of the soluble complexes,*® arrangement of
Pu(iv) as a dimer is proposed in the solid.>**° The formation
of Pu dimers has been recently observed in the plutonium
peroxo-carbonate,  NagPu,(0,),(CO;)s-12H,0.3"  However,
similar to the Th peroxo-nitrate salt, the crystal structures of
the Pu(v) peroxo-nitrate phases remain undetermined.
Infrared spectroscopy has proven to be the only relevant tech-
nique for characterizing plutonium peroxide salts, thanks to
the identification of distinct functional groups.*> The precipi-
tation of plutonium peroxide salts from plutonium nitrate
solutions by hydrogen peroxide was considered as a route of
interest for both high decontamination factor and precipi-
tation yield.*>*! It is well documented for various experimental
conditions. The most effective results were obtained in the
presence of a small amount of sulfate ions ([H,SO,4] = 0.1 M),*’
but in nitric acid only media, the solubility of plutonium per-
oxide can be reduced by increasing the [H,0,]/[Pu] ratio up to
40 for a nitric acid concentration of about 1 M. For such con-
ditions, a precipitation yield above 99% is obtained.?” Hagan &
Miner*® have reviewed plutonium peroxide precipitation in
nitric acid media for lab-scale experiments. Among the 6
tested precipitation parameters, namely the nitric acidity and
hydrogen peroxide concentrations, the H,O, addition rate, the
presence of impurities, the digestion time and the tempera-
ture, the nitric acid concentration was found to be the para-
mount variable for both the filtering rate and the Pu concen-
tration in the filtrate. A slow hydrogen peroxide addition rate
was found to reduce the relative filtration time, while the
increase of the hydrogen peroxide concentration was found to
limit the Pu content in the filtrate. The other parameters have
mutually dependent effects mostly antagonist or with minute
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combined effects. A list of recommended values is given as
optimum precipitation conditions of the plutonium peroxide
salt, i.e. a HNO; concentration in the range from 2.3 to 2.7 M,
a H,0, concentration of 22 moles per mole of Pu, a H,0,
addition rate of 2 moles per minute per mole of Pu, an aging
time of 30 min and a temperature of 14 °C.

The thermal decomposition of the Pu(wv) peroxo-nitrate
salts has been studied by Moseley and Robison®® using
thermogravimetric analysis. Their study is not directly accessi-
ble, but has been reported by Cuillerdier’® and only a few
details about the experimental conditions are given.
Information regarding the preparation of the precipitate and
the experimental set up, heating rate, atmosphere, and prior-
drying process, are some examples of missing information.
The thermogravimetric curve shows three successive mass
losses before reaching a plateau at as low as 300 °C which
corresponds to plutonium dioxide, PuO,. The first mass vari-
ation occurs below 130 °C. It is ascribed to the release of the
water molecules. The second mass loss occurs between 160
and 200 °C. It has been assigned to the decomposition of the
peroxide ligands. The third jump, between 220 and 250 °C
would correspond to the degradation of nitrate ions.

Based on the analysis of the individual salt precipitation
conditions and the shortcomings of previous Th-U and U-Pu
coprecipitation experiments, the present investigation exam-
ined new experimental conditions, using the peroxide route.
Precipitation yields were optimized according to three experi-
mental parameters, the nitric acid concentration, the hydrogen

[Pyl [Th]
Pu] + (0] * [Th] 1 [U]
whereas the aging time, temperature and H,0, addition rate
have been set. Setup experiments were first carried out on the
Th(wv)-U(vi) system, in order to anticipate, to a certain extent
by analogy, the U(vi)-Pu(wv) peroxide behavior. The results are
presented in four subsections exposing successively the (i)
coprecipitation behavior in terms of yields and filtration
ability, the (ii) chemical and (iii) physical characterization of
the peroxide precursors and (iv) the thermal decomposition
and physical properties of the oxide powders. Finally, the
coprecipitation behavior and the ability of peroxide salts to
afford oxide phases are discussed.

peroxide concentration and the

ratio,

2. Materials and methods

Caution! Standard safety procedures for handling radioactive
substances must be followed. In the present study, handling of
U-Pu solutions and solids was carried out in dedicated glove-
boxes and handling of Th-U solutions and solids was carried
out under a fume hood or laminar-flow benchtops. Unless
mentioned otherwise, all the analyses were carried out in dedi-
cated chambers or sample holders.

2.1 Materials and synthesis conditions

The reagents used were concentrated nitric acid (65 wt%, Sigma
Aldrich), hydrogen peroxide (30%, Sigma Aldrich), a thorium(iv)
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nitrate solution in 1 M HNO; with a thorium concentration of
1.53 mol L', a uranyl nitrate solution with a uranium(vi) con-
centration of 1.25 mol L™" and a plutonium(iv) nitrate solution
in 2 M HNO; with a plutonium concentration of 0.3 mol L.
The thorium and uranyl solutions were prepared from nitrate
salt, Th(NO;),-5H,0 and UO,(NO3),-6H,0, respectively, whereas
the Pu(wv) nitrate solution (**°Pu) was prepared by dissolving the
corresponding oxide, PuO,, in a nitro-fluorhydric solution
(HNO; 10 M-HF 0.05 M) followed by a purification step on a
DOWEX resin. The concentration of the actinide ions was
checked by ICP-OES and the peroxide content of hydrogen per-
oxide was checked by chemical titration using Ce(wv) ions.>*
2.1.1 Coprecipitation synthesis. The calculated amounts of
actinide nitrate solutions were mixed in a double-wall reactor

Th
according to the molar ratios of# of 0.2, 0.25 and 0.50
[Th] + [U]
[Pu]
and ————— of 0.07, 0.23, 0.25, 0.50 and 0.60, before the
[Pu] + [U]

addition of nitric acid solution to reach an initial acidity of
0.8, 1, 2 and 3 M. The final acidity inducing the free acidity
resulting from the cation precipitation and cation complexa-
tion with the peroxo ion was disregarded owing to its low
quantity compared to the one initially introduced. The hydro-
gen peroxide solution was introduced at a constant flow rate of
1.2 mL min~" in the middle of the vortex resulting from the
stirring (420 rpm). In the case of the mixed U-Pu experiments,
the addition of hydrogen peroxide was allowed to vary in the

H,O0 . .
range 39 < M < 53 whereas for the mixed U-Th ones, it
[Pu]+[U]
[H,0,] .
was kept constant at —————— = 46. The precipitation tests
[Th] + [U]

were performed at 10 °C and 23 °C for the U-Pu and U-Th
systems, respectively. For all experiments, the aging time was
maintained constant at 1 hour, except for the one with an
aging time of 80 minutes.

The peroxide precipitates were recovered by vacuum fil-
tration on a Biichner funnel using Whatman glass fiber filter
(GF/F) paper with a pore size of 0.7 pm. The solid was rinsed
twice with 2 mL of 50% vol. ethanol solution. The filtration
and washing steps were considered as achieved when the
supernatant liquid disappeared from the slurry surface.
Finally, the filtered cake was dried in air at room temperature
overnight. The filtrates were kept for elemental analyses. The
filtration time was evaluated as the time needed by the super-
natant including washing solution to vanish from the filtered
cake surface.

Details of the experimental conditions for the U-Th and U-
Pu coprecipitation tests are given in Tables 1 and 2, respect-
ively. The series of experiments in the U-Th system is denoted
as zeta ({) whereas the series of experiments in the U-Pu
system is denoted as gamma (y).

2.2 Chemical characterization techniques

2.2.1. ICP-OES. Actinide ions in the filtrates were quanti-
fied using inductively coupled plasma-optical emission spec-

This journal is © The Royal Society of Chemistry 2022
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Table 1 Experimental conditions of the U-Th peroxide coprecipitation
tests, along with the individual U and Th precipitation yields (%) and
slurry filtering rates (mg min=?)

{n°1 {n°2 {n°3
[Th(v)] (M) 0.032 0.042 0.083
[U(v)] (M) 0.132 0.125 0.083
[Th(w)]
—_—— 20% 25% 50%
[Th(w)]+[U(v1)]
[H,0,] (M) 7.4 6.7 6.7
[H20,]
—_— 45 40 40
[Th(w)] + [U(v)]
[HNO;] (M) 1 1 1
Aging time (min) 60 60 60
U precipitation yield (%) 99.7(0.1) 99.7(0.1) 99.5(0.1)
Th precipitation yield (%) 96.4(0.4) 70.8(3.0) 88.6(1.1)
Filtering rate (mg min~") 125(25) 109(11) 99(10)

troscopy (ICP-OES, Optima 8300 DV, PerkinElmer). Several
standards ranging from 0.5 to 40 ppm were prepared to
provide external calibration curves. The measurements were
performed at the 283.2, 283.7 and 401.9 nm lines (Th), 367.0
and 386.0 nm lines (U) and 402.2 nm, 439.6 nm, and 438.0 nm
lines (Pu). During the analysis three replicas per line and
element were performed for each sample.

For samples stored for a few days after the filtration stage,
supernatants were heated to 80 °C for approximately 6 hours
just before the ICP-OES analyses, to help in the redissolution
of the actinide species that could have precipitated in the
filtrates.

The precipitation yield was calculated based on the actinide
titrations in the effluent which are considered to represent the
solubility of the peroxide salts in the tested experimental
conditions.

2.2.2 Solid IR and Raman spectroscopy analyses. Fourier
transform infrared (FT-IR) spectra were recorded on a Bruker
OPTICS VERTEX 70 between 600 and 4000 cm™* with a step of
4 cm™ in the ATR (Attenuated Total Reflectance) mode. The
powder (~20 mg) was spread evenly and then, gently pressed
onto the ATR diamond crystal.

View Article Online
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Raman spectra were recorded on a HORIBA Jobin-Yvon
LabRam HR Evolution between 300 and 2000 cm™" utilizing a
532 nm excitation YAG laser with a 2 cm™" step. A micro-beam
(20 pm) with a power reduced to 1% (~3 mW) as well as short
acquisition times (¢ = 60-1800 s) were preferred to maintain
the sample integrity. The powder (~1 mg) is spread evenly
onto a glass slide.

2.2.3 Powder X-ray diffraction. Powder X-ray diffraction
analyses were carried out on a Bruker D8 advance in the -0
Bragg-Brentano geometry using filtered Cu Ko radiation. The
diffractograms were recorded from 5° to 80° with a 0.2° step
and an acquisition time of 0.5 s. About 30 mg of each sample
was ground into a fine powder and blended with gold powder
used as an internal standard (Au, Alfa Aesar).

For Pu containing samples, the powder was mixed with
30 mg of silicone grease for particle immobilization. The
mixture was spread onto a Si low background sample holder,
and covered by a hermetic fully removable sample dome, com-
patible with a Bruker D8 goniometer installed in a glovebox.”?

For mixed oxide samples, the powder is dispersed in
180 mg of glue diluted with 60 pL of acetone. The mixture is
spread onto a metallic plate and left to dry overnight. The
X-ray powder plate is introduced in an airtight specimen
holder, with a dome-like cap equipped with a knife edge beam
stop.

Rietveld and LeBail refinements were performed with the
Fullprof Suite.>®

2.3 Physical characterization techniques

2.3.1 Scanning electron microscopy and energy dispersive
spectroscopy (SEM-EDS). Scanning electron microscopy (SEM)
images were taken with a Zeiss SUPRA 55/55VP FEG-SEM (field
emission electron microscope) at accelerating voltages from 5
to 15 kV. Carbon tape was used to hold the powder (~2 mg)
which was thus coated with a thin gold layer (100 nm) to
remove excess electrical charges. The secondary electron (SE)
mode was used to examine sample morphology with magnifi-
cations in the range from 200x to 5000%x. Energy dispersive
X-ray spectroscopy (EDS) analyses through point spectra were

Table 2 Experimental conditions of the U-Pu peroxide coprecipitation tests, along with the individual U and Pu precipitation yields (%) and slurry

filtering rates (mg min™%)

y n°1 Yy n°2 Y n°3 Y n°4 Yy n°5 Y n°6 Yy n°7 Y n°8 Yy n°9
[Pu(v)] (M) 0.006 0.025 0.05 0.065 0.065 0.065 0.028 0.028 0.028
[U(v)] (M) 0.83 0.075 0.05 0.043 0.043 0.043 0.093 0.093 0.093
& 0, 0, 0, 0, 0, 0, 0, 0, 0,
7% 25% 50% 60% 60% 60% 23% 23% 23%
(Pu( )] +[U( )]
[H,0,] (M) 4.39 4.63 4.63 4.78 4.78 4.77 6.41 6.41 6.41
[H20,] 4
T 9 46 46 39 39 39 53 53 53
(Pu(v)]+[U(v1)]
[HNO;] (M) 0.8 0.8 0.8 1 2 3 2 2 2
Aging time (min) 60 60 60 60 60 60 60 80 60
U precipitation yield (%) — 99.3(1) 99.2(1) 97.9(2) 91.1(1) 53.3(6) 99.4(1) 99.3(1) 99.2(1)
Pu precipitation yield (%) 98.6(2) 99.3(1) 99.2(1) 99.1(1) 99.0(1) 98.6(1) 99.8(1) 98.7(3) 98.7(1)
Filtering rate (mg min™?) 21(6) 8(1) 4(1) 4(1) 16(3) 25(11) 38(4) 51(6) 41(4)

This journal is © The Royal Society of Chemistry 2022
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collected at 15 kV in the back-scattered electron (BSE) mode
with the help of a silicon drift detector. Standards used for
semi-quantitative analyses are pure UO, for uranium and
oxygen and pure PuO, for plutonium, the semi-quantitative
analysis method used was previously described by Oudinet
et al.>*

2.3.2 Laser granulometry. The particle size distribution of
powders was measured using a SPRAYTEC MALVERN. Precipitate
analysis was carried out in a liquid cell under mechanical agita-
tion, on a suspension sample taken directly in the vortex (1 mL)
at the end of the aging time. For oxide samples, a fraction of the
powder (5 mg) is placed under ultrasound for about 10 minutes
and then diluted in 100 mL of water with a drop of dispersant
(Dolapix CE 64). The curves resulting from the merging of several
data sets were recorded for each sample.

2.3.3 Thermal analysis (TG-DTA). Thermogravimetric and
differential thermal analyses (TG-DTA) were carried out with a
NETZSCH STA 409C system under pure argon or Ar + H, (5%)
flows or static air, with a first isothermal step at 26 °C for
30 min followed by a constant heating rate of 2 °C min™". The
initial holding time under gas flow provokes a small mass loss
associated with the release of physically adsorbed molecules.
The powder samples of about 40 mg were introduced in an
85 pL alumina crucible.

The thermal decomposition of the mixed uranyl and pluto-
nium peroxides was carried out up to 1000 °C, whereas for the
uranyl and thorium peroxides it was performed up to 600 °C
under a reducing atmosphere.

3. Results

3.1 Precipitation of actinide peroxide salts: yields and
filtering rates

Tables 1 and 2 list the individual precipitation yields and filter-
ing rates in the U-Th (zeta, { series of experiments) and U-Pu
(gamma, vy series of experiments) mixed systems, respectively.
Graphical representation of the results as a function of the
actinide ratio, initial nitric acid and hydrogen peroxide con-
centrations is given in the ESI Fig. S1f for the { series and in
Fig. S2 and S37 for the y series of coprecipitation tests.

Regarding the large excesses of hydrogen peroxide and nitrate
ions compared to actinide ions, the residual concentrations of
actinide ions (Th**, UO,*" and Pu") in the supernatants corres-
pond to the saturation limits (or solubility considering the equili-
brium between solid and solution) for each tested condition and
therefore, were used to calculate the precipitation yields. The
results show that efficient coprecipitation conditions can be
reached or predicted by slightly adjusting some specific experi-
mental parameters for these two mixed systems.

The results of the { series underline the difference in the
precipitation behavior of the thorium peroxide salt and stud-
tite. In line with the analyses of McTaggart and Mailen,"” the
precipitation yield of the thorium peroxide salt is significantly
lower than that of studtite, which remains almost quantitative
under the tested conditions. However, improvement toward
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quantitative precipitation of the thorium peroxide salt could
be achieved by reducing the Th content and by increasing the
[H,0,] as depicted for the { n°1 test. The filtering rate of the {
n°1, { n°2 and { n°3 tests displays high values, being at least,
two times higher than those of the y series, suggesting rather
good filtering ability of the mixed uranyl-thorium peroxide
slurry.

Unlike for the mixed U-Th system, the increase of the Pu
content has no detectable effect on the precipitation yield of
both actinide peroxide salts for the mixed U-Pu system.
Regarding the effect of acidity, the variation of the [HNO;]
within the considered range (1 to 3 M) has no influence on the
Pu peroxide precipitation yield which remains unchanged at a
high value above 98.6(2)%. In contrast, the increase of nitric
acidity leads to a strong increase of the uranyl saturation limit
in the supernatant. This observation is in agreement with pre-
vious work on the solubility of studtite in concentrated nitric
acid solutions.”” The comparison of y n°5 and y n°7 precipi-

H,0
tation yields, carried out at _H:04] = 39and 53, respectively
[Pu] + [U]
[Pu] .
and ————=60and23% respectively, demonstrates the
[Pu] + [U]

effect of the hydrogen peroxide concentration. Since the
__[Pu] ratio has no impact on the precipitation yield, the
[Pu] + [U]

[H20,]
[Pu] + U]
the wuranium precipitation yield, which is significantly
increased for high hydrogen peroxide concentrations at a high
nitric acidity value of 2 M (see Fig. S2.c, in the ESIY).

The filtering rate (mg min~") of the 9 coprecipitation tests
performed in the y series increases with both the HNO; and
H,0, concentrations whereas it decreases with the increase of
the Pu content, indicating the low filtering properties of the
precipitated Pu peroxide powder (see Fig. S3, in the ESIY).

The y series of coprecipitation tests stress that the precipi-
tation yields and therefore the ability to maintain a controlled
actinide content in the solid are governed by the precipitation
behavior of the uranyl peroxide whereas the filtering ability of
the slurry is guided by the physical behavior of the Pu per-
oxide. Lowering of the studtite solubility can be managed by
increasing the hydrogen peroxide concentration. Improvement
of the filtering ability of Pu peroxide can be achieved by
increasing both the nitric acid and hydrogen peroxide
concentrations.

A comparative ranking of the individual behavior of the
three actinides in peroxo-nitric media under the tested con-
ditions can be deduced based on the precipitation yield and
the filtering rate. The filtering ability decreases from uranium,
to thorium, and finally plutonium. The precipitation yield
increases from thorium, to uranium, and finally plutonium.

increase of the initial ratio has a beneficial effect on

3.2 Chemical characterization of the precipitate powders

3.2.1. Powder XRD. Powder X-ray diffraction patterns of the
vy and { series of experiments are dominated by the contri-

This journal is © The Royal Society of Chemistry 2022
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Fig. 1
Whole spectra and (b) enlarged area: 1800-650 cm™.

bution of studtite,?® as illustrated in the ESI (Fig. S471), which
presents the X-ray powder patterns of y n°5 and { n°3 tests.
The poor crystallization of the Th(iv) and Pu(wv) solids along
with the absence of a structural model for these two salts pre-
vents any quantitative interpretation of X-ray powder diffrac-
tion patterns.

3.2.2 Infrared and Raman spectroscopies. Fig. 1 shows
the infrared spectra of the precipitates of the y n°1, y n°2 and
y n°3 experiments synthesized at 0.8 M nitric acidity. All three
spectra exhibit similar vibration bands. The 3600-2900 cm™
domain displays the characteristic stretching bands associated
with O-H bonds®® and the presence of water molecules is
established by the signal at v = 1626 cm™'.°** In the
1450-700 cm™" domain, are present the specific bands of anti-
symmetric stretching of the uranyl ion at v = 900 cm™,>**® the
symmetric stretching of the peroxide ion at v = 863 cm™*
which can be assigned to the studtite®® and the one at y(A) =
833 cm™! associated with the Pu(v) peroxide.*” The intensity
of this specific signal increases progressively from the y n°1 to
Yy n°3 spectrum, in agreement with the increase of the
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v nitrate
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1750

Infrared spectra of y n°1, y n°2 and y n°3 of U—Pu precipitation tests, along with signal assignment for the specific functional groups. (a)

[Pu]
[Pu] + [U]
of Johnson and Vejvoda,® the precipitation of plutonium per-

oxide in the slurry was confirmed by the absorption bands of
1

molar ratio from 7% to 50%. In line with the study

nitrate ions which show up at v, = 1407 em™ and vy =
1341 cm™". These two signals fall within the range of typical
vibrational bands of free nitrate and coordinated nitrate
ligands, but exclude the bidentate chelating fashion.® The
absorption band p, (H,0) = 716 cm ™" suggests the presence of
coordinated water molecules,””"®" as present in the studtite.
The infrared spectra of the other filtered solids of the y
series display similar vibration bands as presented in the ESI
(Fig. S51) for the y n°4 and y n°5 powders, confirming the pre-
cipitation of studtite and the plutonium peroxo-nitrate salt.
Fig. 2 displays the IR spectrum of the { n°3 precipitate
which exhibits the absorption bands of uranyl (v UO,>" at
897 cm™) and peroxide (v O,”” at 864 cm ') functional
groups. The absorption band at v = 716 cm™" can be ascribed
to the presence of coordinated water molecules®”’®" which are
present in studtite. In line with the results of Jere et al.,>° no

V nitrate

v (0-0)
=864 cm’!

=897 cm’!

b)
1750

1500 1250 1000
Wavenumber (cm™)

750

Infrared spectrum of the ¢ n°3 mixed U peroxide and Th peroxide precipitate along with signal assignment for the specific functional

groups. (a) Whole spectrum and (b) enlarged area: 1800-650 cm™. Note that the presence of —CH, and —CHj vibrations results from washing with

ethanol.
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specific band can be associated with the peroxide ligand in the
thorium peroxide salt. However, similar to the work on Pu(w)
peroxide, the bands in the 1450 to 1000 cm™* domain can be
assigned to vibrational bands of nitrate ions.

Analysis of the Raman spectra confirms the presence of
functional moieties, uranyl ion at 819(1) em™, peroxide ligand
at 865(1) ecm™" (ref. 58) and nitrate ligand at 1052(2) cm™.%°
The latter is detected for the highest Pu or Th contents, only,
confirming that the nitrate ligands are bonded to the actinides
and could not be considered as free nitrate ions (Fig. S6 in the
EST¥).

The combination of the IR and Raman analyses confirms
the presence of the functional groups expected for both stud-
tite and actinide(wv) peroxide salts, confirming the coprecipi-
tation of both salts within the slurry. In addition, the associ-
ation of the two spectroscopic techniques provides further
insights into the coordination mode of the nitrate ions which
are either monodentate or bridging.

3.3 Physical characterization of the precipitated powders

3.3.1 Powder morphology and crystal habit. Fig. 3 presents
the SEM micrographs of co-precipitated Th and U peroxide par-
ticles revealing well-formed grains of micrometric scale which
show the tendency to agglomerate, mostly by edge-sharing.

High magnification images reveal two distinct surface fea-
tures associated with the grain shape. Elongated crystals
display a smooth surface whereas blocky crystals have a frac-
tured surface with abundant porosity. In agreement with pre-
vious observations carried out on thorium peroxide precipi-
tates®® and studtite,>"?” the elongated grains with a smooth
surface can be uranyl peroxide, whereas the blocky grains with
a rough surface can be thorium peroxo-nitrate.

Fig. 4 presents the SEM images in the SE mode for two
magnifications of y n°4 and y n°6 powders which were syn-
thesized under the same experimental conditions, except for
the nitric acidity of 1 and 3 M, respectively.

They show that the particle morphologies and filtered cake
compaction are distinctly different. The y n°4 powder is rather
compact, with hardly distinguishable grains and low surface
porosity, while the y n°6 powder presents sub-rounded grains
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(spherules) with significant surface porosity. High magnifi-
cation images reveal some differences in the spherule size,
with submicrometer (or nanometer) particles for y n°4 and
aggregates of a few micrometers for y n°6. The SEM examin-
ations indicate that the particle size gradually increases with
the increase of the nitric acid concentration, affecting the
slurry compaction and the porosity level. The lower apparent
compaction can be correlated to the increase of filtering rates
under high nitric acid conditions, as mentioned in the 3.1.2
subsection.

Embedded in both powders, elongated (needle or plate-like)
crystals are visible, which correspond to studtite according to
EDS analyses. Nevertheless, the X-elemental mapping for U
and Pu of the agglomerated grains indicates the presence of
both actinides with a rather homogeneous distribution, as pre-
sented in Fig. 5.

Particle size distributions measured by laser granulometry
for the samples { n°1 and y n°7, 8, and 9 (powders gathered
together) are presented in Fig. 6. Both measurements display
an asymmetric Gaussian distribution due to the presence of
submicron particles. The mode values (maximum of
occurrence) are about 5(1) pm and 3(1) pm for the mixed U-Th
and U-Pu peroxide powders respectively. For the { n°1 precur-
sor (Fig. 6a), PSD exhibits isolated agglomerates of about
~30 pm.

The analysis of the powder morphology of the coprecipi-
tated powder of the mixed U-Th and U-Pu peroxide systems
reveals submicrometric to micrometric particles with strong
tendency to agglomeration (cohesive powder). In line with the
previous observations, the nitric acid concentration plays a
paramount role in both the particle size distribution and the
crystal habit with marked differences between the studtite and
the peroxo-nitrates of Th and Pu. The latter salts precipitate as
grains of irregular shape, either rounded or blocky, with a
rather porous surface that may account for the cohesive nature
of the powder. In contrast, the studtite forms mostly as indi-
vidual particles with a rather well defined-shape, confirming a
good crystallization behavior already noticed in powder X-ray
diffraction patterns (Fig. S4 in the ESIT) and in line with the fil-
tering ability deduced from the 3.1. subsection.

Fig. 3 SEM image in the SE mode of the { n°3 precipitate at (a) medium and (b) high magnification.
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Fig. 4 SEM images in the SE mode of the y n°4 and y n°6 precipitates at (a) and (b) medium and (c) and (d) high magnification, respectively.

Fig. 5 SEM image and X-EDS maps for U (M, emission

Pu (M, emission line) of the y n°5 precipitate.
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3.4 Thermal decomposition and physical properties of oxide
powders: TG-DSC, powder XRD, SEM-EDS, granulometry

3.4.1 The U-Pu system. The TG-DSC variations as well as
the TG derivative (DTG) of y n°2 and y n°3 samples are
depicted in Fig. 7.

The evolution of the mass loss curve of both samples shows
two main variations for temperatures below 200 °C, one at
about 65 to 75 °C and a second centered at around 170 °C.
The first mass loss is associated with the departure of water
molecules and this is in accordance with the studies of the
thermal decomposition of studtite®>*”**%® and of plutonium
peroxo-nitrate salts.*® The second mass loss can be assigned to
the release of water molecules chemically bonded to the
cations and of the peroxide ions.?””?®*° At higher tempera-
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Fig. 6 Particle Size distribution (PSD) measured by laser granulometry for the precipitated powder from (a) ¢ n°1 and (b) y n°7-8-9 tests.
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Fig. 7 TG-DSC analyses performed under an Ar flow for the (a) y n°2 sample with [Pu]/[U] + [Pu] = 25% and (b) y n°3 sample, for [Pul/[U] + [Pu] =

50%. Black, red and blue lines stand for TG, DSC and DTG, respectively.

tures, above 200 °C, the mass curve smoothly decreases, up to
about 430(10) °C when a short plateau is observed, before the
last mass loss centered at about 480(10) °C. According to
Schwerdt et al.®>” and Thompson et al.,® the gradual loss of
mass can be associated with the conversion of amorphous
phases, presumably from am-U,0, to am-UOQ; **** (am = amor-
phous). The last detectable mass peak at about 480(10) °C
corresponds to the loss of O, associated with the conversion of
am-UO; to a disordered orthorhombic -crystalline form,
denoted as aUO; ® or o'U;04.°° Above 500 °C, the evolution of
the TG curve is featureless. Several changes in the DSC base-
line are visible above 400 °C, which may feature the formation
of am-U0;,*® its crystallization to «UO;>° followed at higher
temperature by its self-reduction to U;Qg.>*>"25%3

Despite an increase of the Pu content to 50% in the y n°3
sample (Fig. 7b), the decomposition of nitrate ions which is
claimed to occur at about 220 °C (ref. 67) is not detected on
the TG curve (neither in its derivative, DTG), but it may appear
in the DSC signal as a small endothermic peak with a T onset
of ~185(5) °C. It should be underlined that for the y n°2
sample which contains 25% Pu only, this small thermal effect
is not detected.

The analysis by powder X-ray diffraction of the residues
leads to a mixture of two oxides corresponding to the room
temperature form of aU;05°%® and PuO, phases®® (Table 3).
The Rietveld plots are given in the ESI as Fig. S7 and Fig. S8t

for y n°2 and y n°3 residual solids, respectively. The small
expansion of the a axis and contraction of the b axis of aU;04
lattice parameters agree with the anisotropic thermal evolution
of the orthorhombic structure described by Ackermann et al.”®
The unit-cell volumes calculated from the refined lattice para-
meters compare well to those of the reference compounds,
suggesting the absence of interdiffusion of the U and Pu
cations between the two binary phases.

The SEM observations of the as-precipitated powder and
TGA-DSC residual powder for the y n°5 test reveal that the
main morphological behavior of the precipitated powder is not
affected by the heat-treatment up to 800 °C (Fig. S9 in the
ESIt). The samples correspond to a mixture of elongated crys-
tals, assigned as uranium oxide, covered by submicrometric
(or nanometric) spherules imputed as plutonium oxide. Some
porosities are visible on the flat surface of crystals which may
originate from the release of the volatile species. The homo-
geneous distribution of the particles of actinide oxides
remains in the calcined powder as depicted on the X-EDS
elemental maps (Fig. S10 in the ESI{).

3.4.2 The U-Th system. The precipitates from the { tests of
the U-Th system were heat treated up to 600 °C under a redu-
cing atmosphere Ar + H, (5%). The identification of the crystal-
line phases by X-ray powder diffraction led to two fluorite type
phases having a cubic parameter consistent with UO, and
ThO,.

Table 3 Results of Rietveld refinements carried out on y n° °2 and y n°3 solid residues after thermal analysis

Sample U305 % Puo, * Oxides U-Pu (ex-y n°2) Oxides U-Pu (ex-y n°3)
Symmetry Ortho. Cubic Ortho. Cubic Ortho. Cubic
Space group Amm2 Fm3m Amm2 Fm3m Amm2 Fm3m

a (A) 6.716(1) 5.396(1) 4.146(1) 5.402(1) 4.146(1) 5.402(1)
b (A) 11.960(2) — 11.861(1) — 11.865(1) —

c(d) 4.1469(5) — 6.758(1) — 6.753(1) —
Volume (A%) 333(1) 157.1(2) 332.3(1) 157.6 (1) 332.2(1) 157.6(1)
R, — — 3.62 2.56

WR,, — 4.64 3.30

Ve — 1.89 1.93
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Table 4 Refined lattice parameters of the U and Th oxide powder after calcination at 600 °C under Ar + H, (5%) of the { n°1 precursor in compari-

son with reference values

Sample uo,”* Oxides U-Th (ex-{ n°1) ThO, *° Oxides U-Th (ex-{ n°1)
Symmetry Cubic Cubic #1 Cubic Cubic #2

Space group Fm3m Fm3m Fm3m Fm3m

a(A) 5.4713(1) 5.456(1) 5.5974(6) 5.612(2)

Volume (A% 163.78(2) 162.4(1) 175.4(1) 176.8(1)

Ry — 4.53 — 4.53

WR,, — 7.22 — 7.22

Ve — 2.64 — 2.64

Table 4 presents the refined lattice parameters of the two
fluorite structures with comparison to reference values for
ThO, *® and UO,.”" The Rietveld plot is displayed in Fig. $11 in
the ESL.¥ The small reduction of the UO, lattice parameter
compared to the reference one suggests a slight re-oxidation of
the powder (Table 4). From the relation’> connecting the
oxygen stoichiometry to the UO, unit-cell parameter, the hyper
stoichiometry would be UO, 13(;). The decrease of the UO, cell-
parameter and the slight increase of the ThO, one indicates
the absence of interdiffusion between the actinide cations in
these two binary phases.

The SEM images of the as-precipitated and heat-treated
powders of the { n°2 test are displayed in Fig. 8 which reveal
slight morphological changes of the particles after calcination
up to 600 °C. But the micrometric particle size and elongated
shape are conserved.

The particle size distribution, which is displayed in Fig. S12
in the ESIf reveals three classes of particles. The main category
is composed of micrometric particles with a mode value at
about 1.4 pm. They correspond to isolated particles and rep-
resent 75% of the total powder volume. The remaining par-
ticles are constituted of agglomerates of about 6 to 7 um
(visible as a foot of the main particle histogram), at about
70 um and at about 300 pm, the mechanical shaking being
insufficient for full particle disaggregation. However, regarding
the small volume fraction of these agglomerates, it outlines
that the consolidation remains rather weak after heat-treat-

ment at 600 °C. For this conversion temperature, the surface
area of 12.8 m?* g~', compares well with the values for mixed
UO,-ThO, converted powder from the oxalate route.””*

The U and Th cation distributions have been examined by
X-EDS resulting in elemental maps displayed in Fig. S13 in the
ESL.T It shows that the uniform actinide distribution at the
grain scale is retained for the oxide phases.

4. Discussion

4.1 Synthesis conditions, high precipitation yields, filtering
ability, powder habit and agglomeration behavior

The present parametric study confirms that both Th(wv) and Pu
(v) peroxide salts present similarities in their chemical and
physical behavior. They are extremely sensitive to the acidity of
the medium which has a substantial influence on their crystal-
lization behavior. Improvement of the crystallization requires
high acidity and high hydrogen peroxide concentrations which
represent synthetic conditions significantly different from the
typical ones of the studtite (U(vi) peroxide). However, opti-
mized conditions for coprecipitation in the U-Pu and U-Th
systems using the peroxide route can be deduced which enable
quantitative precipitation of the actinide cations and a sizeable
filtering ability.

Despite a limited number of U-Th peroxide coprecipitation
tests ({ series of tests), our results show that the thorium(w)

Fig. 8 SEM microviews of the { n°2 test powder, (a) as-precipitated (left) and (b) heat-treated at 600 °C under Ar + H, (5%) (right).
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ion content in the filtrate increases sharply with that of the
feed solution. Under the tested conditions, only an atomic per-
centage limited to 20% thorium met the criteria of our objec-
tives. Nevertheless, the filtration properties of the precipitated
powders are found to be excellent, with both a high filtering
rate and easy recovery of the powder. The crystallization of the
salts affords sharp-edged grains of micrometric size. The
thorium peroxo-nitrate grains show a highly developed surface
which can be at the origin of some agglomeration tendencies
of these grains, whereas the studtite grains remain rather iso-
lated. Therefore, the main improvement issue relates to the
quantitative precipitation of thorium peroxide, which requires

Th
a nitric acidity below 1 M, a limited Th content _[Th] of
[Th] + [U]
20% and a high _[H:00] ratio above 45. As suggested b
[Th] + [U] ' ¢

McTaggart and Mailen,'” long aging time of several hours
should help to reduce the Th concentration in the
supernatant.

Regarding the U-Pu system, the precipitation yield is gov-
erned by the significant increase of the solubility of studtite
when the nitric acidity rises, while the precipitation yield of
plutonium peroxo-nitrate remains constant with a high value
above 98.6(1)%. At constant acidity, the solubility of the stud-
tite decreases with the increase of the hydrogen peroxide con-
centration. A minimum value of 0.647 mmol L™ of the uranyl

[H20,]
[Pu] + [U]
nitric acid solution. The filtering rate increases with the nitric

[Pu]
[Pu] + [U]
to Leary® and Leary et al.,*® the improvement of the filtration
properties, can be ascribed to a polymorphic transition of the
Pu peroxo-nitrate salt from a cubic form to a hexagonal form at
nitric acidity above 2 M. As demonstrated by the microscopic
examination of the filtered cake, the increase of nitric acidity
has a beneficial effect on the Pu(iv) peroxo-nitrate particle
agglomeration. Pu(iv) peroxo-nitrate precipitates as free nano-
sized grains at low nitric acidity ((HNO;] = 1 M) which agglom-
erate as submicronic spherules at high nitric acidity ((HNO;] =
3 M). The agglomerate enlargement results in a lower degree of
compaction of the filtered cakes which show micrometric size
cavities. Unfortunately, the precipitated Pu peroxo-nitrate salt
still remains a poorly crystallized powder with high cohesive-
ness, yielding extremely low settling properties even at the
highest tested nitric acidity of 3 M. The analysis of the y series
of tests leads to a list of recommendations for parameters
associated with optimized U-Pu coprecipitation conditions,
namely a nitric acidity close to 2 M, and a hydrogen peroxide
concentration in a molar ratio to actinide ion concentration
greater than 50. A Pu content limited to 30 at% is found reason-
able for our filtering conditions. Improvement of the filtering
ability is observed when the aging time is extended (y n°8 test).

Although the precipitation of actinide(iv) and uranyl per-
oxides leads to independent phase-crystallization, homo-

outflow is obtained for a ratio above 50 in a 2 M

acidity and with the decrease of the ratio. According
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geneous mixing of the particles is observed, as shown by the
absence of segregation between U and Th and U and Pu in the
X-elemental maps of both mixed systems. Two main reasons
can be suggested to explain this uniform distribution, close
settling properties and permanent stirring during the aging
time.

The chemical characterization of the precipitated solid con-
firms that both actinide(iv) salts incorporated nitrate ions, as
established by IR and Raman analyses.

4.2 Thermal decomposition behavior and the ability of the
actinide peroxide salts to produce mixed oxide powder

Heat treatment of actinide peroxides confirms their low stabi-
lity and high ability as oxide precursors. In agreement with the
thermal decomposition scheme of actinide peroxide or acti-
nide nitrate phases,*>”>”° volatile species, such as water mole-
cules, (0,)*” ligands, and (NO;)~ are successively decomposed
and released to result in a mixture of binary oxide phases at
about 350 °C. The morphological properties of the grains
slightly evolve for heat-treatment as high as 800 °C. The grain
growth is moderate, and the most frequent grain shapes
remain identical, with thorium oxide as rhombohedral crys-
tals, uranium oxide as elongated crystals and plutonium oxide
as spherules (agglomerated nanograins). The high surface
areas measured for the uranium and thorium oxides were well
comparable to the typical values of mixed UO,-ThO, powder
issued from the conversion of oxalate precursors’>’* and are
significantly higher than those reported for UO, powder alone
synthesized either by the dry or wet routes,””””® suggesting
some ability for sintering.

5. Conclusion

Our investigation on two mixed systems, U-Th and U-Pu, pre-
sents the results in terms of precipitation yield and filtering rate
along with the chemical and physical characterizations of preci-
pitated solids, for coprecipitation conditions covering extended
ranges of hydrogen peroxide concentration and actinide feed
solutions comparable to those at the partitioning and purifi-
cation cycles of the PUREX process. It establishes that quantitat-
ive precipitation yields leading to uniform blending of the Th
(v) or Pu(wv) peroxo-nitrate salt with studtite can be obtained by
adjusting the nitric acid and hydrogen peroxide concentrations.
Achieving a high co-precipitation yield of more than 98% and a
reasonable filtering capacity is the result of a compromise of
the experimental conditions between the chemical and physical
behavior of the three peroxide salts. An increase in the nitric
acidity of the coprecipitation medium improves the powder
settling properties but induces an increase of uranium solubi-
lity in the supernatant. The uranium outflow can be signifi-
cantly reduced by increasing the hydrogen peroxide molar con-
centration. The low filtering ability of the Th(wv) and the Pu(w)
peroxo-nitrate salts may originate from their weak crystallization
behavior and the high cohesiveness of the precipitated particles
which form nanometric to submicrometric spherules. Longer
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aging time, greater than one hour, should help in the increase
of the filtering rate.

The conversion to oxide phases occurs at a low temperature
(at about 350 °C) with the sequential decomposition and
release of water molecules, peroxide functional group and
nitrate ions. The latter species is suggested to be continuously
expelled before oxygen release due to self-reduction of
uranium oxide binaries. The intimate mixing between actinide
peroxide salts observed at precipitation is maintained after
thermal conversion. The heat-treatment slightly affects the
powder properties which remain highly divided suggesting
favorable sintering capability.
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