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Co-precipitation is a widely used technique for producing thorium-based fuels. In this method, the 
characteristics of the final product are significantly affected by the operating parameters. This study 
investigates the effects of operational parameters on the properties of thorium ThO2–30 wt%UO2 
powder using oxalate precipitation. The parameters examined include the reaction temperature, stirrer 
type, and precipitant concentration. The results indicate that temperature, as the most important 
factor, has a profound effect on the size, morphology, and crystallinity of particles. Reducing the 
temperature produced smaller particles with a more spherical shape and increased agglomeration. 
Furthermore, the use of an ultrasonic stirrer doubled the particle size, whereas higher oxalic acid 
concentrations improved particle homogeneity and thickness. The products obtained exhibit particle 
sizes ranging from 0.4 to 2 μm and specific surface areas between 16 and 36 m2/g. These results 
demonstrate the importance of precise control over the synthesis conditions of oxalate precipitates. 
The optimal selection of the operating parameters can significantly improve the physical and structural 
properties of mixed oxide powders.
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Thorium-based fuels have recently received several advantages over uranium, including 3 to 4 times greater 
abundance, higher chemical resistance, less production of minor actinides, non-applicability in nuclear 
weapons, and no requirement for complex and costly enrichment processes1–11. Thorium fuel is used in nuclear 
reactors in various forms, including metal, oxide, and carbide. Thorium dioxide fuel is used alone or in a mixture 
with uranium oxide12. One notable application of thorium fuel is its potential use in Generation IV nuclear 
reactors13,14, which promise enhanced safety and efficiency. Thorium oxide is effectively utilized as a fertile 
coating in Liquid Metal Fast Breeder Reactors (LMFBRs) and for homogenizing the initial neutron flux during 
the start-up of Pressurized Heavy Water Reactors (PHWRs). As a fertile material, thorium requires a fissile 
element such as uranium or plutonium to start nuclear fission. Consequently, the use of mixed fuels has emerged 
as a promising approach to effectively utilize the thorium’s benefits. Recent research has been conducted on the 
use of uranium–thorium mixed fuels in a Molten salt reactor (MSR)15,16, light water reactors (LWR)17, and High-
Temperature Gas-Cooled Reactor (HTGR)18.

A variety of techniques, such as sol–gel19, co-precipitation20, and hydrothermal21, are used to synthesize 
thorium–uranium mixed oxide powders. Among them, co-precipitation stands out due to its excellent capacity 
for achieving homogeneous distribution of components22. Homogeneity influences thermal properties, fission 
gas release during irradiation, and resistance to hotspot formation23. The other benefits of this method include 
processing at ambient temperatures, producing small and uniform particle size, reducing particle agglomeration, 
industrialization capability20.

However, there is a notable lack in the existing literature lies in the investigation of how precipitation 
conditions affect the properties of thorium–uranium mixed oxides. Atlas et al.24 reported that temperature of 
precipitation and the stirrer type had the greatest effect on fuel properties. However, they did not provide any 
details. White et al.25 examined the effects of calcination atmosphere, finding that powders calcined in air had a 
higher crystallite size, surface area, density, and lower carbon content. Kutty et al.20 concluded that the amount 
of U3O8 in the produced powders decreases upon calcination and sintering in air.
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In this study, the oxalate co-precipitation method is examined, highlighting the critical impact of precipitation 
conditions on powder properties. The objective is to optimize parameters such as precipitation temperature, type 
of stirrer, and concentration of oxalic acid to enhance the characteristics of the resulting powders. Through 
careful adjustments of these operational conditions, homogeneous fine particles with a spherical morphology 
have been produced. Small particles allow for the elimination of the milling step and increase the specific surface 
area. This enhancement improves both the flowability and sinterability of the powder, which are essential for 
effective application in mixed oxide (MOX) fuels26–31. This study presents innovative insights into the precise 
control of synthesis conditions, contributing to the optimization of nuclear fuel properties. Moreover, this study 
comprehensively delineates the experimental procedures and thoroughly investigates the influence of various 
parameters on the characteristics of thorium–uranium oxide powder. The results of various analyses and 
performed evaluations play an essential role in elucidating how variations in synthesis conditions impact the 
final properties of the powder.

Experimental part
In the co-precipitation method, the precipitating agent, such as oxalic acid, ammonia, or ammonium hydroxide, 
is added to mixed mineral salts (such as nitrate or sulfate of metals) to precipitate simultaneously. The resulting 
precipitate is then calcined to produce a mixed oxide10,20,32. Recently, oxalic acid has been widely used for the 
production of mixed and single actinide fuels25,33–39. The method for making mixed uranium–thorium powders 
by co-precipitation of mixed oxalates is as follows40:

	– Producing precursor solutions by dissolving uranium and thorium salts in 1.5 M nitric acid
	– Preparing uranium for precipitation with oxalic acid (tetravalentization)
	– Adding oxalic acid to precipitate
	– Filtering and drying the resulting precipitate
	– Thermal or hydrothermal decomposition to convert oxalate to oxide

The co-precipitation of uranium and thorium oxalates typically begins with solutions of uranium(VI) nitrate 
and thorium(IV) nitrate. To achieve effective co-precipitation, uranium (VI) must be reduced to U(IV). This 
reduction is critical because uranium(IV) oxalate (Ksp ≈ 1 × 10⁻20)41 and thorium(IV) oxalate (Ksp ≈ 1 × 10⁻24 to 
1 × 10⁻27)42 have similar and low solubility, in contrast to U(VI) oxalate. Both Th4⁺ and U4⁺ have approximately 
the close lattice constants (about 5.59 Å and 5.47 Å, respectively)24. Thorium oxalate is isostructural with 
uranium(IV) oxalate. Th(IV) and U(IV) can replace each other in the crystal structure, which has a significant 
impact on the formation of chemical bonds and a system’s capacity to crystallize 40.The formation of the powder 
morphology of the oxalates is influenced by the crystal structure and hydrogen bonds7. This structural and ionic 
similarity promotes the formation of homogeneous solid solutions during co-precipitation. The reduction of 
U(VI) to U(IV) ensures compatibility in terms of solubility and crystal lattice parameters, ultimately resulting in 
high-quality, uniform co-precipitates.

U(IV) is unstable in nitric acid (HNO₃) due to the acid’s strong oxidizing properties, which cause it to oxidize 
to U(VI) (uranyl, UO₂2⁺). To stabilize U(IV), hydrazine (N₂H₄) is used as a reducing and stabilizing agent. 
Hydrazine first reduces the concentration of free NO₃⁻ by neutralizing excess nitric acid and converting it into 
byproducts such as N₂, H₂O, and NH₃, which help prevent the oxidation of U(IV). Additionally, hydrazine 
enhances the thermodynamic stability of U(IV) by forming stable complexes, thereby preventing decomposition 
or further oxidation. Thus, hydrazine creates a reducing environment and provides chemical stabilization, 
enabling the practical use of U(IV) in acidic systems20,43.

The following equations are used to present the reactions of the precipitation (1) and calcination (2–4) 
stages20:

	 U (NO3) − Th (NO3) + 4H2C2O4 →
[
U (C2O4)2 − Th (C2H4)

]
.nH2O + 8HNO3� (1)

	
[
U (C2O4)2 − Th (C2H4)

]
.nH2O →

[
U (C2O4)2 − Th (C2H4)

]
+ nH2O� (2)

	
[
U (C2O4)2 − Th (C2H4)

]
→ U (CO3)2 − Th (CO3)2 + 4CO� (3)

	 U (CO3)2 − Th (CO3)2 → UO2 − ThO2 + 4CO2� (4)

Preparation procedures
Thorium nitrate, uranium nitrate, and oxalic acid were obtained from Merck, Germany. At first, a solution of 
uranium nitrate with a concentration of 200 g/L and an acidity of 1.5 M was prepared using nitric acid. The 
reduction of U(VI) to U(IV) was performed by adding hydrazine and using platinum oxide as the catalyst. The 
pH was kept at 2. After 24 h, the platinum oxide was separated from the solution via filtration. Next, 10 mL 
of uranium nitrate solution and 10 mL of thorium nitrate solution were combined. The concentration of the 
thorium nitrate solution was 300 g/L (in 1.5 M HNO3). The hydrazine concentration was maintained at 1 M. The 
final pH was approximately 1.

Oxalic acid solution with concentrations of 0.1, 0.4, and 0.8 M was prepared using distilled water. Precipitation 
was performed by slowly dropping oxalic acid solution into uranium–thorium nitrate solution at a rate of 1 mL/
min, while the mixture was stirred using either a magnetic stirrer or an ultrasonic stirrer. For the magnetic stirrer, 
the stirring speed was set to 300 rpm, while the ultrasonic stirrer operated at a frequency of 40 kHz and a power 
output of 100 W. The oxalic acid of 0.1 M excess amount was used. The resulting slurry was stirred for 2 h by the 
same mixer. The precipitate was then filtered, and the resulting cake was washed more frequently with distilled 
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water. Then, it was dried in the oven in the oven for 20 h at 328 K. The resulting powder (uranium–thorium 
oxalate) was calcined at 5 K/min to 973 K, with a 4 h dwell in the calcination furnace. Thermal decomposition 
was performed, and ThO2–(30% wt)UO2 powder was obtained. The proposed method is illustrated in Fig. 1.

Several precipitation conditions were chosen based on the desired parameters for further investigation. The 
precipitation conditions are summarized in Table 1. Three different temperature levels (283, 298, and 333 K) 
were used for precipitation and digestion. Temperatures below 278 K caused changes in the color and state of 
the solution, while temperatures above 338 K led to evaporation. The 283 K temperature was maintained using 
an ice-water bath, and the 333 K temperature was controlled with a heater, with continuous monitoring by a 
thermometer. Additionally, both magnetic and ultrasonic stirrers were utilized during the precipitation and 
digestion stages, operating at a speed of 300 rpm and a frequency of 40 kHz, respectively. Three concentrations 
of oxalic acid precipitant (0.1, 0.4, and 0.8 M) were also tested.

Experimental apparatus
To identify and investigate the powder structure, XRD patterns were obtained using a STOE STADI MP 
diffractometer in the 2θ range from 5 to 100°. The specific surface area, particle size, and porosity of the powder 
were determined through powder porosimetry analysis (BET or BJH) using a Nova 2200 device manufactured 
by Quantachrome Instruments. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 
(EDX) were conducted using a ZEISS EVO 18 device to determine particle dimensions, examine the powder 
morphology, and analyze the material composition. A gold coating was applied to the prepared samples using an 
Ion-Coater (KIC-IA, COXEM) device, and the samples were subsequently examined using a scanning electron 
microscope (ZEISS EVO 18 Special Edition)."

Results and discussion
Synthesis and characterization of the base sample
ThO2–30%UO2 (wt%) powder was synthesized via the co-precipitation of mixed oxalates from nitrate solutions. 
The optimum conditions were determined through a comprehensive review of available sources20,43 as well as 
a series of experiments in which the resulting data were carefully analyzed. Under these optimum conditions, a 
quality powder was obtained in terms of morphology, uniformity, aggregation, and particle size. These results 
provided a basis for comparison of other parameters. The optimal conditions were found for sample #1 (see 
Table 1). Precipitation was performed at ambient temperature with magnetic stirring and 0.8 M oxalic acid. 
The other synthesis conditions were the same as those described in the section "Preparation procedures". The 

Experiment number Thorium concentration [g/L] Uranium concentration [g/L] Oxalic acid concentration [M] Precipitation temperature [K] Stirrer type

1 150 100 0.8 298 Magnetic

2 150 100 0.8 283 Magnetic

3 150 100 0.8 333 Magnetic

4 150 100 0.8 298 Ultrasonic

5 150 100 0.1 298 Magnetic

6 150 100 0.4 298 Magnetic

Table 1.  Precipitation conditions for different test.
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Fig. 1.  Flowsheet for the co-precipitation method used to create ThO2–UO2 powder.

 

Scientific Reports |        (2025) 15:18536 3| https://doi.org/10.1038/s41598-025-03675-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


results of the XRD analysis (Fig. 2) showed that all the indexed peaks are consistent with the (Th, U)O2 standard 
referenced in the ICDD PDF-2 database (record 01-078-0675).

The two short peaks at 21° and 23° may represent the U3O8 phase, but the other peaks do not match the 
U3O8 reference peaks. According to the XRD data (Fig. 3), the cell parameter is 5.5796 Å and the structure 
is cubic. Maud software44 was used to calculate the average crystal size and lattice strain (15 nm and 0.67%, 
respectively). The low lattice strain indicates that the synthesized powder exhibits suitable mechanical and 
electrical properties45,46. Lattice strain is likely caused by the fineness of the particles, which increases the surface 
effect and generates internal stresses.

The EDX results showed that the weight ratio of uranium to thorium was 32%. SEM/EDX analysis results 
are shown in Fig. 4. The SEM images supported the XRD findings: uniform particles with a cubic shape and no 
agglomeration. All these factors contributed to the powder’s high specific surface area (22 m2/gr). It can improve 

Fig. 4.  SEM/EDX analysis results of ThO2–30%UO2 (wt%) powder (#1).
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Fig. 3.  XRD pattern of ThO2–30%UO2 (wt%) powder (#1).

 

Fig. 2.  Comparison of the X-ray diffraction pattern of base sample (#1) with the (Th, U)O2 standard 
referenced in the ICDD PDF-2 database (record 01-078-0675).
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the fuel behavior and efficiency of nuclear processes by enhancing their physical properties and reactivity. The 
following sections examine the precipitation parameters and how they affect the quality of the powder.

Effect of precipitation temperature
Precipitation temperature is one of the most significant factors influencing the end product of oxalate 
precipitation method7,47. To study the effect of this parameter on the characteristics of the resulting uranium–
thorium oxide powder, three temperature levels (283, 298, and 333 K) were used (#1, #2, and #3—see Table 1). 
The digestion stage was continued for 2 h at the precipitation temperature. The remaining conditions are similar 
to those described in the section "Preparation procedures".

Figure 5 illustrates the effect of precipitation temperature on the powder XRD patterns. It was confirmed 
that all three products are uranium–thorium oxide. The highest peaks were observed at 298 K. This indicates 
appropriate crystallization and high homogeneity. The achievement of room temperature (298 K) as the ideal 
temperature is encouraging for the application of the current technique on an industrial scale. At 283 K, particle 
formation rates are higher than growth rates, leading to poor crystallization. This decreases the peak height due 
to lack of time and energy. Increasing the temperature raises the thermal energy and the reaction rate. This leads 
to the production of larger but heterogeneous particles. Some particles grow larger while others stay smaller 
because of variations in the growth rate. The heights of the diffraction peaks are averaged at this temperature. 
Because non-uniformity affects the quality of crystallization. Maud software44 was used to calculate the average 
crystals size and lattice strains (Table 2).

The SEM images of the synthesized powders provided complete confirmation of the XRD analysis results 
(Fig. 6 and Table 3). To obtain statistical information on the average size of particles, the sizes of approximately 
300 particles in each sample were determined using ImageJ software48. The particle size distributions of the three 
samples are presented in Fig. 7. The particle size reduces with decreasing temperature. At lower temperatures, 
the reaction kinetics decrease. Longer precipitation times and insufficient energy for particle fusion lead to the 
production of finer and more stable particles. By reducing the size of the particles, surface energy rises, which 
causes tiny particles to stick together and agglomerate. In addition, at low temperatures, the particles tend to be 
slightly spherical. That is because the electrical repulsive forces are evenly distributed among the particles. The 
presence of spherical particles increases the flowability of the powder and fills the press machine’s mold more 
effectively throughout the pellet-making process.

As the temperature rises, the particles become less homogeneous; thus, they become relatively broken cubes. 
At high temperatures, nanoparticles are more mobile because of their increased thermal energy. This movement 
may cause smaller particles to stick to larger ones more tightly. It can also lead to the formation of unstable and 
heterogeneous structures that negatively affect the properties of the nanoparticles.

The BET analysis of the synthesized samples (Table 3) indicated that the specific surface area increased 
from 15.7 to 33.5 m2/g as the temperature decreased. The reduction in particle size at low temperatures is likely 
responsible for increasing the number of particles and thus the available surface area. However, at 60  °C, in 

Temperature [K] Cell parameter [Å] Crystal size [nm] Lattice strain [%]

283 5.5849 12.3 0.59

298 5.5832 14.1 0.62

333 5.5763 18.3 0.85

Table 2.  The effect of precipitation temperature on the average crystals size and lattice strains.
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Fig. 5.  The effect of precipitation temperature on the powder X-ray diffraction pattern.
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Fig. 7.  Statistical distribution of the particle size of uranium–thorium oxide powder at different precipitation 
temperatures.

 

Temperature [K]
Average particle size 
[µm]

Average particle thickness 
[µm]

Specific surface area 
[m2 g-1] Pores volume [cc/g] Pores diameter [nm]

Loss 
of 
Th–U 
[wt%]

283 0.4 0.15 35.8 0.052 3.6 9

298 1.0 0.4 33.5 0.050 3.6 10

333 2.0 0.5 15.7 0.024 3.7 12

Table 3.  Effect of precipitation temperature on the properties of uranium–thorium oxide.

 

Fig. 6.  SEM images of uranium–thorium oxide powder at different precipitation temperatures.
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addition to larger particles, non-uniformity also leads to a further reduction in the specific surface area. It is 
noteworthy that all three powders had pores in the mesoporous area with a diameter of approximately 3.6 nm.

The amount of thorium–uranium lost during precipitation and filtration is presented in Table 3. Notably, the 
quantity of elements lost tends to increase with rising temperature. This trend suggests that elevated temperatures 
may enhance the solubility of uranium and thorium, leading to greater losses during the precipitation and 
filtration processes.

Effect of stirrer type
Stirring is essential for nanocrystal precipitation because it evenly distributes the starting materials, resulting 
in uniform particle size. It increases the contact surface between reactants, accelerates precipitation, improves 
reaction efficiency, and prevents particle aggregation. The type of stirrer used depends on the desired properties 
of the final product and the reaction conditions.

Two magnetic and ultrasonic stirrers were used during precipitation and digestion (experiments #1 and #4 
—see Table 1) to examine the impact of the type of stirrer. The other conditions in the two experiments were 
similar, as explained in the section "Preparation procedures". The powder analysis results are summarized below.

The XRD analysis revealed that both products are uranium–thorium oxide (Fig. 8). Magnetic stirring resulted 
in elongated X-ray diffraction (XRD) peaks, indicating a significant increase in the crystallinity and particle 
uniformity. This can be attributed to the continuous, rapid, and uniform stirring of the magnetic stirrer, which 
resulted in better mixing and distribution of the particles in the solution. As a result, crystal growth becomes 
more uniform, leading to larger and more distinct XRD patterns. Maud software44 was used to calculate the 
average crystals size and lattice strains (Table 4).

According to the electron microscope images (Fig. 9), the ultrasonic stirrer increased the average particle 
size (Table 5) and decreased agglomeration and particle uniformity. There are several reasons why ultrasonic 
mixing alters particle size. Ultrasonic mixing uses high-frequency sound waves that transfer thermal and 
mechanical energy to the solution. These waves cause the formation of small bubbles and microscopic pores. The 
bubbles created in this process grow rapidly and then collapse in the solution because of the high pressure and 
temperature. This can have two effects: First, the shock waves may break the particles into smaller pieces. After 
that, some particles may stick together again and form larger particles. This phenomenon may occur because of 
the thermal and kinetic energy generated by cavitation. Another reason is the effect of temperature. In ultrasonic 
mixing, the temperature is continuously increased. This can increase the mobility of ions and particles, allowing 
them to adhere to one another and enlarge.

Magnetic stirring usually creates a more homogeneous flow, resulting in a more uniform distribution of the 
reactants. Because the particle size remained smaller in this case, the specific surface area increased significantly 
because of the increased number of particles. To obtain statistical information about the average particle size, 
the size of approximately 300 particles in each sample was determined using ImageJ software48. The particle size 
distributions of both samples are shown in Fig. 10.

Stirrer type Cell parameter [Å]
Crystal size
[nm]

Lattice strain
[%]

Ultrasonic 5.5726 19.3 0.98

Magnetic 5.5832 14.1 0.62

Table 4.  Effect of stirrer type on the average crystals size and lattice strains.
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Fig. 8.  Effect of stirrer type on the diffraction patterns of Uranium–Thorium oxide powder.
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The porosity measurement results for both products (Table 5) showed that using an ultrasonic stirrer reduced 
the specific surface area from 33.5 to 23.0 m2/g. The likely reason is an increase in particle size and a decrease in 
particle number. The pores are similar in size and are in the mesoporous range.

The quantity of thorium–uranium lost during precipitation and filtration is reported in Table 5. This data 
indicates that the type of agitation, whether magnetic or ultrasonic, does not significantly impact the amount of 
precipitation formed.

Effect of the oxalic acid concentration
The particle arrangement and dynamic aspects of precipitate formation are strongly influenced by the oxalic 
acid concentration. Increasing the oxalic acid concentration (4

−2C2O2) increases the potential for thorium–
uranium oxalate formation:

	
−2
4 C2O2 + +4U + +4Th ↔ ThU(C2O4)2� (5)

The effect of precipitant concentration was studied using three different amounts of 0.1, 0.4, and 0.8 M oxalic 
acid (experiments #1, #5, and #6—see Table 1). The oxalic acid of 0.1 M excess amount was used. The other 
conditions were similar to those described in section "Preparation procedures". The analytical results of the 
synthesized powders are presented below.
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Fig. 10.  Effect of stirrer type on the statistical distribution of particle size of uranium–thorium oxide powder.

 

Stirrer type Average particle size [µm] Average particle thickness [µm] Specific surface area [m2/g] Pores diameter [nm] Pores volume [cc/g] Loss of Th–U [wt%]

Ultrasonic 2.0 0.7 23.0 3.6 0.032 10

Magnetic 1.0 0.4 33.5 3.6 0.051 10

Table 5.  Effect of stirrer type on the properties of uranium–thorium oxide powder.

 

Fig. 9.  Effect of stirrer type on scanning electron microscopy images of uranium–thorium oxide powder.
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The XRD analysis revealed that all three products are uranium–thorium oxide. Figure 11 illustrates the effect 
of the oxalic acid concentration on the XRD pattern of the uranium oxide powder. The lowest crystallinity was 
achieved at an oxalic acid concentration of 0.1 M. As the oxalate concentration rises, the diffraction patterns 
showed an increase in crystal organization up to a concentration of 0.8 M. This is due to the presence of more 
oxalate molecules in the solution, which leads to the formation of more nuclei. As a result, there are fewer 
structural defects in the crystals. In addition, at higher oxalic acid concentrations, stronger complexes are 
formed with metal ions. This treatment can prevent unwanted oxidation and phases. Maud software44 was used 
to calculate the average crystals size and lattice strains (Table 6).

The SEM images of the synthesized powders are shown in Fig. 12. The particle size decreased with increasing 
precipitant concentration. The findings are presented in Table 7. To obtain statistical information about the 
average particle size, the size of approximately 300 particles in each sample were determined using ImageJ 
software48 (Fig. 13).

At low concentrations, the nucleation process is limited to only a few primary nuclei due to the lack of oxalic 
acid, which causes the particle size to be larger and nonuniform. The particle thickness was also affected. As 
the concentration of oxalic acid increased, the thickness of the particles increased, which benefits the powder’s 
improved characteristics. These findings support those of Pearson et al.'s33 regarding thorium oxide production 
via oxalate precipitation.

BET analysis of the synthesized samples (Table 7) showed that the maximum specific surface area was related 
to the precipitation of 0.8 M oxalic acid and was 33.5 m2/g. This is probably due to the reduction in particle size. 
Changing the precipitant concentration has not much effect on the pores diameter, and the pores were all in the 
mesoporous area. This property indicates the stability of the porous structure of the resulting powders.

The loss of thorium–uranium during the processes of precipitation and filtration is presented in Table 7. As 
the concentration of oxalic acid rises from 0.1 to 0.8 M, the quantity of precipitate formed increases significantly, 
while the loss of thorium and uranium declines from 13 to 10%. This trend suggests that a higher concentration 
of oxalic acid enhances the precipitation process and boosts the efficiency of recovering these elements. The 
increased concentration promotes more effective formation of oxalates and stronger ionic interactions with the 
target metals, ultimately leading to improved separation efficiency and reduced losses.

Conclusions
In this study, uranium–thorium oxide powder was synthesized and characterized by co-precipitation of mixed 
oxalates. The effects of several parameters of the precipitation stage, including acid concentration, stirrer type, 
and precipitation temperature, were examined. The results show that the reaction temperature is the most 
effective parameter for precipitation. Temperature control during precipitation has a major effect on product 
morphology and crystallinity, in addition to particle size and homogeneity. Reduced temperature resulted in 
smaller particles, a more spherical form, and enhanced agglomeration.

C(Ox)
[M]

Cell parameter
[Å]

Crystal size
[nm]

Lattice strain
[%]

0.1 5.5782 16.1 0.68

0.4 5.5811 15.0 0.66

0.8 5.5832 14.1 0.62

Table 6.  Effect of oxalic acid concentration on the average crystals size and lattice strains.
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Fig. 11.  Effect of oxalic acid concentration on the diffraction pattern of uranium–thorium oxide powder.
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Fig. 13.  Statistical distribution of particle size at different oxalic acid concentrations.

 

C(Ox)
[M] Average particle size [µm] Average particle thickness [µm] Specific surface area [m2/g] Pores volume [cc/g] Pores diameter [nm] Loss of Th–U [wt%]

0.1 1.3 0.2 27.3 0.043 3.6 13

0.4 1.1 0.3 31.4 0.051 3.6 12

0.8 1.0 0.4 33.5 0.054 3.7 10

Table 7.  Effect of oxalic acid concentration on the properties of uranium–thorium oxide.

 

Fig. 12.  Effect of oxalic acid concentration on scanning electron microscopy images of uranium–thorium 
oxide.
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Increasing the oxalic acid concentration resulted in improved homogeneity, smaller particles, and greater 
crystallinity. In addition, the particle thickness increases, and their morphology becomes perfect cubes. This 
increases the powder flowability.

The use of ultrasonic mixing compared to magnetic mixing leads to significant changes in the structural 
properties of uranium–thorium oxide. While magnetic mixing provides a small particle size and a higher specific 
surface area, the use of ultrasonic mixing reduces agglomeration and increases particle size because of the effects 
of ultrasound waves on the precipitating particles.

These results clearly demonstrate the effects of mixing methods, raw materials, and synthesis conditions on 
the final product properties of the oxalate precipitation method. Hence, careful control of these conditions can 
significantly improve the quality of the final product.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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