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Abstract.  Pyrochemical, hydrometallurgical and combined (pyro + hydro) technologies for mixed uranium-

plutonium nitride used nuclear fuel reprocessing technologies are being developed in the Russian Federation for 

the closed nuclear fuel cycle. The mixture of U, Pu and Np oxides is a goal product of hydrometallurgical and 

combined reprocessing technology.  

The choice of a technology for mixed actinide dioxide preparation was made after additional studies of several 

methods: oxalate precipitation, gas-flame denitration, hydrazine reduction in alkaline media and thermal 

microwave denitration. The samples of U, U-Th and U-Pu mixed oxides were prepared and their properties 

(packed density, specific surface area, fractional composition, chemical homogeneousness) were determined. 

Microwave thermal denitration was chosen as a main method.  
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1. Introduction

Use of the recycled nuclear materials for the fresh fuel production is a main advantage of the 

closed nuclear fuel cycle. The final products of traditional hydrometallurgy technology are 

actinide oxides. 

Currently in the Russian Federation, a closed nuclear fuel cycle with a fast reactor BREST-

300 should be demonstrated under the project “PRORYV” on the site of the Siberian 

Chemical Combine in Seversk. BREST-300 uses mixed uranium-plutonium nitrides nuclear 

fuel. Combined (pyro+hydro) technology called PH-process [1] and its hydrometallurgical 

variation [2] are under development for the recycling of this kind of spent nuclear fuel (SNF). 

Preparation of uranium, plutonium and neptunium oxides from their nitrate solutions is a 

necessary step of aforementioned technologies. A review of the most popular methods for 

actinides oxides preparation and several experiments were done. There are many different 

methods of uranium and plutonium oxides preparation and all of them are at the different 

stages of implementation, from conceptual design to commercial use. These methods could be 

classified as “reagent-based with precipitation” and “thermal” methods. Reagent oxide 

preparation methods consist of several stages: precipitation of the insoluble compounds, their 

filtration, washing of the precipitate, drying and calcination (usually in the presence of 

reductant) and control of the mother solution. The use of ammonia [3, 4], oxalic acid [5, 6], 

hydrogen peroxide [7], hydroxylamine [8] and hydrazine [9] for precipitation were described. 

Among the mentioned precipitators only hydroxylamine and hydrazine are able to reduce 

actinides to hydrated actinide dioxides. All the other methods require a stage of calcination at 

700-1000 °C in the presence of reductant, usually hydrogen.  

Thermal methods are based on the ability of actinide nitrates to decompose into actinide 

oxides when heated. There is a way to directly prepare actinide dioxides by the thermal 

methods.  

Main thermal denitration methods are: 

- spray drying in a reduction medium [10]; 
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- microwave denitration of solutions or solid nitrates [11-13]; 

- gas-flame denitration in a hydrogen media [14-15]. 

To choose the technology for obtaining of mixed actinide dioxides, an oxalate precipitation, 

gas-flame denitration, hydrazine reduction in alkaline media and microwave denitration 

technologies were compared.  

2. Experiments

2.1 Gas-flame denitration 

Two experiments of uranyl and thorium nitrate solution denitration were carried out with 12 

and 33,6 wt. % of thorium. The experiments were performed with laboratory setup shown in 

FIG.1. 

The main part of the laboratory setup was a gas-flame reactor that could be heated to 650 °C 

(1). The upper gas-flame reactor part had a three-channel burner for initial gases supplying to 

the chamber. Hydrogen and oxygen by the internal and external channels of the reactor were 

supplied to the receiver tanks (3) and (4) respectively. The dosing pump (5) was used to 

transfer UO2(NO3)2 and Th(NO3)4 solution out of the measuring cylinder (6) into the nozzle 

(7), where in turn the solution was sprayed out from the receiver tank (8) using nitrogen. The 

nozzle was angled in such a way to spray the aerosol straight into the fire. Any visual 

observation was conducted through the viewing port (9). At the flame temperature 1200 °C 

and reactor temperature 650 °C uranyl and thorium nitrates decomposed as follows: 

(  )  , (1) 

  (  )  ,  (2) 

and resulting nitrogen oxides were reduced by hydrogen: 

 . (3) 

A negative pressure in the gas-flame reactor and in the filter was kept by the vacuum pump 

(11) at 17-21 kPa. At the same time the main part of the resulting uranyl and thorium oxides 

accumulated on the porous metalloceramic nickel cartridges (12) of the filter, while 

outcoming gases were captured by two consecutive traps (13) cooled by liquid nitrogen. After 

the traps in which the water vapor was condensed, nitrogen and any surplus hydrogen were 

pumped into the ventilation system by the vacuum pump.  

After the whole process completed and the laboratory setup was cooled down, the reactor and 

filter were disassembled and the products of the gas-flame denitration were extracted. 

FIG.2 shows powder samples in secondary electrons at 800 x magnifications. 
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FIG.1. Laboratory setup for gas-flame denitration. 1 – gas-flame reactor; 2 – three-channel 

burner; 3 – oxygen receiver tank; 4 – hydrogen receiver tank; 5 – dosing pump; 6 – volumetric 

cylinder; 7 – angled nozzle; 8 – nitrogen receiver tank; 9 – viewing port; 10 – filtering chamber 

(shading represents electric heating); 11 – vacuum pump; 12 – filter cartridges; 13 – gas traps 

FIG.2. Powder samples in secondary electrons at 800x magnifications. Thorium content: a) 

12%, b) 33,6% 

Photograph analysis showed that the powder particles obtained by the gas-flame denitration 

were uniform in size, finely dispersed, and their shape was close to spherical one.  

Characteristic X-ray analysis showed that the obtained powders were either a mixture of small 

uranium and thorium oxides particles or a solid solution of thorium and uranium oxide, 

because both metals were homogeneously distributed in the samples. 

a b 
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2.2 Preparation of U, Np and Pu oxides by their aqueous denitration with hydrazine 

hydrate 

Reagent denitration was carried out by mixing U(VI), Np(V and VI) and Pu(VI) nitrate 

solutions with hydrazine hydrate in a different molar ratio. After adding the hydrazine hydrate 

to the nitrate actinide solution, pH reached the value of 9 and amorphous yellow-gray 

suspension has been formed in the solution with bad sedimentation ability. After 3,5 hours of 

heating at 90 °C, an amorphous suspension became a dense black residue that quickly 

precipitated. FIG. 3 shows visible changes in residue, which happen after hydrazine hydrate 

adding to the actinide(VI) nitrates. 

FIG. 3.  Changes in the suspension due to interaction of nitrates U(VI) Pu(VI) Np(VI) with hydrazine 

hydrate is in progress at 90 °C. a - initial solution; b – in 10 min; c – in 3,5 h; d – 48 h 

After filtering it was noted, that the residual concentration of neptunium and plutonium 

in the mother solution after their hydrated dioxides extraction did not exceed 10
-5

 mol/l, while

their initial concentration was approx. 10
-2

 mol/l. Thermogravimetric analysis showed that the

sample weight reduction (which was precipitated from the suspension and preliminary dried) 

occurs between 80 and 280 °C. Further sample heating to 800 °C led to insignificant weight 

reduction. XRF analysis showed the presence of one phase of actinide dioxide (U,Np,Pu)O2 

or homogenous mix of three dioxides with the absence of U3O8+(Np,Pu)O2. Thus, reagent 

thermolysis of mixed uranium, neptunium and plutonium nitrates solution at 90 °C in the 

presence of hydrazine hydrate led at first to (U, Np, Pu)O2*nH2O formation. Further thermal 

treatment of the obtained dioxide compound at 300 °C led to the formation of a crystallized 

solid solution of uranium, neptunium and plutonium dioxides [16].  

2.3 Microwave denitration 

Initial experiments of uranyl nitrate microwave denitration were conducted using small 

amounts of the solution (50-200 ml of the solution and 1-10 g of uranium) in a modified 

SAMSUNG MW-73 VR microwave furnace with a 20 l volume, 800 W of power and a 2450 

MHz of radiation frequency. The configuration of the furnace allowed the microwave 

magnetron to be turned on for different periods of time that provided the radiation power in 

the main chamber to be of 100-600 W. 

The reactor was a quartz vessel equipped with a pipeline for the main chamber gas supplying 

(Ar+10% H2 gas cylinder) and a hydraulic seal for the surplus gasses and condensate 

trapping. The uranyl nitrate solution with a 0,5-2 mol/l of nitric acid was poured into the 
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quartz vessel. The U(VI) content was varied from 50 to 100 g/l. The uranyl nitrate denitration 

process was carried out at 800 W with a constant circulation of Ar + H2. The aqueous phase 

evaporated approx. in 5-10 minutes depending on the initial solution volume. The remaining 

solid residue was a bulky porous orange substance (see Fig. 4 a/b). 

FIG 4. Uranium oxide obtained by uranyl nitrate denitration: a and b - UO3∙xH2O;  c - UO2

X-ray analysis showed that uranium trioxide has been obtained. This compound did not 

absorb 2450 MHz radiation and any further heating of the substance did not happen. To 

transfer UO3 into UO2 or U3O8 a portion of the reductant was added on the surface of the 

residue. At the contact area a small amount of microwave radiation-absorbing U3O8 was 

formed. Because of this, the further microwave radiation undulating transferred the whole 

UO3 to U3O8 from the point of the first contact. If the process was conducted in air, only U3O8 

was formed. In Ar+10%H2 medium after 30-60 minutes UO2 was formed. In Fig. 4(c) the 

resulting compound is shown. The cooled product flaked off well from the vessel and 

crumbled into a fine black powder while being removed. In this laboratory setup different 

modes of uranyl nitrate solution denitration were tested varying its concentration, solution 

volume, radiation power and treatment time in the reduction medium.  

Subsequently the denitration process was tested using U-Th, U-Er and U-Ce compounds. X-

ray analysis showed that uranium dioxide is 100% matrix compound of the obtained Th, Er, 

Ce and U oxides powders, because only uranium dioxide fluorite structure peaks were 

presented in the X-ray spectrum. Prepared uranium and Pu-imitators oxides were additionally 

calcinated in air at 800 °C. In the X-ray spectrum of the samples containing air-heated Th and 

Ce (up to 800 °C), the uranium dioxide peaks retained their position, which means that the 

oxidation of UO2 to U3O8 in the air did not occur. In the U-Er containing sample, uranium 

oxide was completely oxidized to U3O8. 

Obtaining of large quantities (50-100g) of uranium oxide and then obtaining of U and Pu 

mixture was carried out in a specially designed laboratory unit that was placed in a glove box 

(Fig. 5). Laboratory unit was comprised of a pyrometer to measure the denitration 

temperature and a video camera. The glove box was equipped with a gas supply system and a 

steam-gas mixture removing system. The control block allowed setting different radiation 

power and its interaction time. 

It was found, that the solution evaporation is a uniform process, without any foam formation 

up to obtaining the uranyl nitrate melt. The evaporation rate depends on the radiation power 

and at the maximum level (2,1 kW) is equal to 800 ml/h. The uranyl nitrate melt denitration 

(i.e UO3 cake obtaining) occurs in 7-10 minutes, with intensive removal of nitrogen oxides. 

Product emission with the gaseous phase was not detected.  

a b c 
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Fig. 5. Laboratory unit of microwave denitration. a – general view; b – the unit in a glove box 

The uranium dioxide preparing from UO3 cake was carried out in an Ar+5%H2 medium with 

an aliquot amount of reductant added to initiate the process of uranium oxide formation. The 

reaction substance under microwave radiation was heated up to 700-800 °C. The microwave 

exposure time varied from 15 to 30 minutes. 5 batches of powder with different U(IV)/U(VI) 

ratios were prepared on this unit. Mixtures of different uranium oxides were obtained 

depending on the process conditions. The best conditions for the single uranium dioxide 

phase obtaining were determined as a result of these experiments. In these optimal conditions 

uranyl and plutonium solution denitration was conducted and a test batch of U(96%)-Pu(4%) 

oxides powder was made. The denitration product is shown in Figure 6(a).  

The product is a porous mass that consists of several large fragments, which break down into 

a dark gray powder with particles larger than 1 mm after disintegration. X-ray spectrum 

indicates that the resulting powder is a homogeneous plutonium dioxide solution in uranium 

dioxide. No individual PuO2 peaks were detected.   

Fig. 6. The result of uranyl nitrate and plutonium nitrate microwave denitration. a – the 

container with the product after denitration;  b – the disintegrated product 

2.4 Oxalate precipitation 

To compare the conditions of preparing the actinide oxides from the same initial solutions 

powders were made by oxalate precipitation process. 

a b 

a b 
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For the mixed actinide oxides obtaining tests by oxalate precipitation, uranyl nitrate and 

thorium (as Pu(IV) analog) nitrate solutions were used. 

Two initial solutions were prepared with the same total metals concentration (400g/l), but 

with different thorium content 15 and 35%. 

Oxalic acid precipitates trihydrate uranyl oxalate and thorium hexahydrate from the uranyl 

nitrate solutions [17]:  

UO2(NO3)2 + H2C2O4 + 3H2O → UO2C2O4·3H2O↓ + 2HNO3 (4) 

Th(NO3)4 + 2H2C2O4 + 6H2O → Th(C2O4)2·6H2O↓ + 4HNO3 (5) 

The precipitation was conducted at room temperature. The oxalate acid was added in portions 

to the initial metal nitrate solution while stirring. After the precipitator addition was finished, 

the suspension has been stirred for another 15 minutes. After that, the residue was filtered and 

washed with water. In mother solution remained 5-6 g/l of uranium, the residual concentration 

of thorium was 0,20-0,25 mg/l. 

The air-dried at 200 °C residue was powdery of a pale-yellow color. The obtained mixed 

uranium and thorium oxalates were calcined at 750 °C in air and then were reduced in an 8% 

H and 92% Ar medium. In Figure 7 there are powder samples in secondary electrons. 

Photograph analysis of the samples showed that the powder particles, received at the 

intermediate stage of the oxalate precipitation were mainly homogenous and had a scaly 

structure. An average size of particles was 10 μm. Thorium and uranium distribution analysis 

of the powders showed that the particles containing thorium oxide were separate from the 

uranium oxide containing particles. 

Figure 7 - Powder samples in secondary electrons at 800x magnifications: a - Th 15%, b 

- Th 35% 

2. Comparison of the results

The most important technological parameters of the prepared oxide samples (tapped density, 

specific surface area and fractional composition) were found out for determining the 

applicability of each actinide denitration method. The results of the calculations are shown in 

Table 1. 

As seen from Table 1 actinide dioxide powders properties differ greatly. The major 

differences were observed in the fractional composition and surface area values. These 

parameters are codependent: the smaller are the particles, the more advanced is the surface. 

The powders obtained by hydrazine hydrate reagent denitration had the largest specific 

surface area. The particles average size was 10 μm that means a very large surface area – 37 

m
2
/g. These powders require extra care when handling, because they easily form an aerosol

b a 
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and may oxidize in air. The same conclusions apply to powders received by gas-flame 

denitration.  

The powders with the least surface area were procured by microwave denitration and 

these samples had the largest particle size – more than 1 mm.  

Technological waste should also be taken into account when choosing a denitration 

method. In case of precipitation methods the generated waste is the mother solutions and 

filtering materials (cartridges). As known, the highest residual actinide concentration forms in 

the process of oxalate precipitation. Besides, thermic transfer of oxalates to dioxides is carried 

out in two stages. The first stage consists of metallic oxalates calcinating in 800-1000 °C air 

flow to remove carbons; the second stage consists of calcinating at 700-800 °C in reducing 

medium.  

TABLE 1: TECHNOLOGICAL PARAMETERS OF ACTINIDE OXIDE SAMPLES, OBTAINED 

BY DIFFERENT DENITRATION METHODS 

The method 
Gas-flame 

denitration 
Oxalate 

precipitation 
Microwave denitration Hydrazine hydrate 

denitration  

Content of 

Th/Ce/Pu 

with uranium 

(%) 

Th 

12,0 
Th 

33,7 
Th 

15 
Th 

35 
0 

Th 

10,0 
Сe 

10,0 
Pu 

4.0 
0 

Np 

100 
Pu 

100 

Appearance 
Fine grayish 

green 

powder 

Fine dark 

gray 

powder 

Fine 

dark 

gray 

powder 

Coarse dark brown 

powder 
Coarse 

dark 

brown 

powder 

Fine 

black 

powder 

Fine 

black 

powder 

Fine 

black 

powde

r 

Tapped 

density, 

g/cm
3 

1,45 1,97 1,79 1,51 2,1 1,9 1,8 2,5 2,1 - - 

Surface area, 

m
2
/g 

8,5 8,8 12,4 18,8 2,0 2,8 1,8 - 37 - - 

Fractional 

composition, 

% 

<0,1 mm 

< 0,5 mm 

< 1 mm 

>1 mm 

100 100 100 100 1,6 21,5 28,9 - 100 100 100 

- - - - - 71,2 46,7 - - - - 

- - - - 12,1 7,3 24,4 - - - - 

- - - - 85,8 - - - - - - 

An 

concentration 

in solution 

мг/л 

No mother 

solution 

U 6,25 g/l 

Th 0,25 

mg/l 

U 5,65 

g/l 

Th 0,2 

mg/l 

No mother solution; 

Condensate contains <10 

mg/l Pu 
2 <1 <1 

The method of hydrazine hydrate reagent denitration has no these disadvantages. The usage of 

concentrated hydrazine hydrate provides direct precipitation from the uranium and plutonium 

backextract, while the solution volume increases up to 10-15%. Residual content of actinides 

in mother solutions did not exceed 1 mg/l, which permits the classification of this waste as 

medium active. It is also important that during this process actinide dioxides were obtained 

directly, so additional treatment in hydrogen was not required. To prepare a commercial 
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product drying the powders in an inert medium at 300 °C is sufficient. Unfortunately, the 

intermediate product of this method – hydrazine diuranate – is thermally unstable and 

explodes when heated, which means that any operating failures, i.e. lack of precipitator, is 

very dangerous. 

3. Conclusion

On the basis of the research, in our opinion, the most appropriate method for the mixed 

actinide dioxides preparation in new uranium-plutonium nitride spent nuclear fuel production 

and processing facility by all criteria is the method of microwave denitration. Compared to 

conventional heating by means of electric resistance furnaces microwave heating has a 

number of unique advantages: non-contacting fast heating, lesser cost of the process, selective 

sample heating, voluminous and uniform heating and quick activation and deactivation of 

heating [18]. Heating of the actinide solution occurs uniformly, without heating the surface of 

the device. During the evaporation process there forms a condensate where metal content is 

limited only by the efficiency of gas purification methods, so it is possible to obtain an 

actinides free condensate by using the high-efficiency filters. The second stage of the process 

(dioxide preparing) is conducted in the same unit without unloading the content, but in a 

reducing gaseous medium. The product could be partially crushed in the crucible, and then 

transferred to the receiving section of the nuclear fuel re-fabricating facility. 

For the microwave denitration process development on the large amounts of uranyl 

nitrate, a full-scale pilot testing facility is currently being constructed. According to the results 

of the operational tests a decision will be made on industrial usage of this method within the 

project "PRORYV".  
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