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Abstract – In the Institute of Nuclear Chemistry and Technology (INCT), a new 
method of synthesis of uranium and thorium dioxides by original variant of sol-gel 
method - Complex Sol-Gel Process (CSGP), has been elaborated. The main 
modification step is the formation of nitrate-ascorbate sols from components 
alkalized by aqueous ammonia. Those sols were gelled into: 

• irregularly agglomerates by evaporation of water  

• medium sized microspheres (diameter <150) by IChTJ variant of sol-gel 
processes by water extraction from drops of emulsion sols in  
2-ethylhexanol-1 by this solvent 

Uranium dioxide was obtained by a reduction of gels with hydrogen at 
temperatures >700

o
C, while thorium dioxide by a simple calcination in the air 

atmosphere.  
 

A. INTRODUCTION 
 
In nuclear technology sol–gel processes [1] were proposed and used for:  

- production of homogeneous irregularly shaped powders of U, Th, Pu oxides or carbides of 
thorium and uranium and their mixtures for pellet fabrication. 
- production of nuclear fuel for High Temperature Gas Cooled Reactors (HTGR) in the form of 
microspheres of oxides or carbides of uranium and thorium and their mixtures. 
- production of microspheres of ceramic nuclear fuels for the low energy vibrocompaction into 
the fuel rod for other reactors with ceramic fuel and also as a feed material for fabrication of 
pellets.  

All sol-gel processes involve three essential steps: 
I. Preparation of sol or special feed solutions “broth” from real aqueous solutions (generally nitrates of 
elements); 
II. Gelation to the non-fluid matter, aggregates or microspheres. This step is considered the most 
important one, and normally the gelation techniques used, give the name to the process in which it is 
involved. Generally for nuclear systems 3 processes are used: 

- Gelation by water extraction using 2–ethylhexanol–1 containing the surfactant SPAN–80 
(ORNL processes) for microspheres or evaporation to other powders. For uranium dioxide 
production the main disadvantage is that U(VI), means uranyl ion, does not form stable 
concentrated sols and the application of a complex reduction step of UO2

2+ 
in nitrate solution 

is necessary. 
- Gelation to microspheres, by anion extraction (Italian CNEN process), 
- Gelation to microspheres, by anion neutralization:  

a) External chemical gelation uses either gaseous or dissolved ammonia for the 
external gelation of sol or broth droplets. As external gelation requires the mass 
transfer of chemicals (usually NH3 or NH4

+
) across the phase boundary as in the water 
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extraction method, this method is not recommended for spheres of diameters larger 
then 600 µm. (SNAM, Italy). 
b) Internal chemical gelation uses ammonia donor–usually hexamethylene tetramine 
and urea - which are added to the broth prior to gelation. The generation of ammonia 
is triggered off by an increase in temperature. Since the mass transfer is not 
necessary, this process is very suitable for the preparation of large spheres. (NUKEM, 
West Germany; KEMA, Netherlands). 

III. In the thermal treatment step the gel is being converted to the final material. The processes in this 
step differ according to the type of the final product and its physical form (e.g. fine powders, spheres 
etc.). For uranium reduction a reducing atmosphere is necessary. 

INCT has large experience in the development of sol–gel techniques since 1970. The original 
variant [2] of fabrication of the medium sized solid and hollow spherical (<100µm) particles [3] of 
ceramic materials (e.g. UO2 and ThO2) was elaborated here (5 Polish Patents). The process consists 
of the following steps: (1) preparation of concentrated metal-hydroxide sols by extraction of anions 
using Primene JMT; (2) formation of sol emulsion in 2–ethylhexanol–1 containing the surfactant 
SPAN–80; (3) gelation of drops by extraction of water with partially dehydrated EH; (4) non-
destructive thermal treatment. 

The goal of this work was to synthesize U–Th oxides by the Complex Sol–Gel Process 
(CSGP). The relevant proprietary procedure (INCT) has been patented [4] and successfully applied 
for the synthesis of a new generation of advanced ceramics as e.g. high temperature 
superconductors, hydroxyapatite, Li spinels and layered oxides as cathodes for Li–batteries, TiO2 and 
titanates e.g. Li2TiO3 as breeding blanket for Fusion Reactor.  

This process essentially consists of the following steps: 
1. Preparation of starting metal-salt solution;  
2. Formation of a complex sol solution by addition of  a very strong complexing agent as 

ascorbic acid (ASC) – it is the salient feature of this process. The obtained sols have to 
have a high degree of amorphicity joined with homogeneous distribution of the 
components;  

3. Partial hydrolysis by addition of ammonia-solution; 
4. Gelation by evaporation of water up to the desired viscosity accompanied by partial 

evolution of volatile components. Obtaining of strong bonds in the network of the gels 
retarding premature crystallization of individual components is a big advantage of this 
step; 

5. Drying and final thermal treatment of gels, which is carried out based on a thermal 
analysis (TG, DTA). Adequate parameters are very important for non-destructive 
calcination. However, the decomposition of aggregates containing organic compounds 
and nitrate ion, requires attention, due to a possibility of violent reactions and sometimes 
selfignition (as we observed for some systems).  

The presented variant of the sol–gel process, for discussed application, is characterized by 
some interesting features such as: high stability of complex sols, a high degree of amorphicity joined 
with a homogeneous distribution of the components. We expected that uranium-ascorbate sols can be 
prepared directly from compounds containing of U(VI). However, the most interesting feature for this 
nuclear subject can be a good sinterability of powders, which we observed in other systems. 
Application of CSGP gives us a possibility to prepare the final product in different shapes, like irregular 
agglomerates or small spherical particles (with diameters below 100 µm).  

According to our best knowledge CSGP has been never applied for preparation of UO2 and 
ThO2, as well as for other An oxides. It is important to recognize that the sols and gels are not in 
thermodynamic equilibrium, and their properties depend critically on the preparation conditions. 
Consequently, the effects of changes in the conditions were difficult to predict and studies were 
conducted for development of the best parameters requested for these complexes.   
 

B. EXPERIMENTAL, RESULTS AND DISCUSSION 
 
Reagents  
The following reagents were used: uranium trioxide (The British Drug Mouse LTD, >97%), uranyl 
nitrate (Chemapol Praha), thorium nitrate (BDH Chemicals Ltd, >99%), thorium dioxide (BDH 
Chemicals Ltd, 99%), 2-ethylhexanol-1 (Acros Organics, 99%), SPAN-80 (Fluka) and ascorbic acid 
pharmaceutical grade (Takeda Europe GmBH). All other reagents used were of p.a. grade. 
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Analysis 
Gels and products were characterized by the following methods: Thermogravimetric analysis 

(TG) and differential thermal analysis (DTA) with a Hungarian MON Derivatograph, Scanning Electron 
Microscope (SEM) observation with a Zeiss DSM 942 and Jeol JSM64-90LV.  

 

B1. Synthesis of uranium dioxide by CSGP 
 
Initially, starting sols with a concentration of 1M were prepared by CSGP from uranium 

trioxide and freshly prepared ammonium poliuranates (commercial name ADU). Obtained ascorbate-
uranyl sols are deep brown in color and stable for several days. Pre-neutralization up to pH~4-5 by 
ammonium hydroxide (25%) was examined.  

 
Figure 1: Potentiometric titration of 0.001 M UO2(NO3)2 with ammonia (0.1 M). Note. Violet line show 

titration of titration of 0,001 mol/l ASC with ammonia. 

 
Figure 2: Potentiometric titration of concentrated sols 1 M UO2(NO3)2 with ASC (different MR ASC/U) by 

ammonia (25%) (→ - precipitation points). 
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We have also investigated the possibility of obtaining ascorbate-based sols directly from 

uranyl nitrate using alkalization by aqueous ammonia. Results of potentiometric titration of various 

ascorbate-uranyl sols (0.001 M), obtained from uranyl nitrate, with ammonium hydroxide (0.1 M) are 

shown in Fig.1. In the sample without ascorbic acid, we can observe a small plateau in the pH region 

~6 (MR NH4OH/U=3) connected with polymerization of uranyl ion to polinunclear ions followed by 

definite increase of pH (inflection point approx. MR=3,5) representing formation of ammonium 

poliuranates in the solution. Those effects are considerably masked with an increase of ASC 

concentration, which confirms strong complexing ability of this reagent. Evidently, a value of inflection 

points is proportionally higher with increase of MR ASC/U. While using a very low concentration of 

uranyl ion, precipitation has been never observed, even at pH higher than 9. However, those sols 

cannot be practically gelated into microspheres. Results of the potentiometric titrations of 

concentrated reagents (fig.2) are completely different than presented in fig.1 which also applies for 

0.1M uranyl nitrate solution [5]. It seems to be very interesting to continue fundamental studies of 

concentrated solutions useful in applications of sol-gel processes. 
Consequently we prepared sols from concentrated uranyl nitrate (1M) with 1M ascorbic acid 

and alkalized to a certain pH value before precipitation (approx. pH ~ 6).  
The ascorbate-uranyl sols were gelled into the following shapes:  
- irregular grains - by evaporation of water from sols and drying.  

 - spherical particles - prepared from sols in the following procedure (see flow chart in fig.3), 
based on the formation of an emulsion of sols in 2-ethylhexanol-1 containing surfactant SPAN-80. 
Sols were introduced slowly by a needle (with a diameter 0,33 mm) under the level of vigorous mixed 
sols. The gelation of the emulsion droplets was carried out by water extraction. The gelled particles, 
generally after 30 minutes, were then separated, washed with acetone and dried. The obtained 
microspheres had diameters with a range mainly between 5-120 µm (fig.4). 

 
 

Figure 3: Flow chart of preparation of uranium dioxide in the form of microspheres (< 100 µm) by CSGP. 

 
Next step of CSGP is thermal treatment. The gels were annealed accordingly to temperatures 

indicated by results of thermal analysis (TG, DTA) see fig 5. First weight loss of all obtained gels in 
temperatures 100-350

o
C is connected to evaporation of molecular water and hydroxide groups. For 

gels prepared from uranyl nitrate it is also connected to decomposition of the U-ASC-NO3-NH4OH 
complex with strong exothermic effect sometimes with explosion. The next weight loss with broad 
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exothermic effect 350-550
o
C, is connected with combustion of ASC and products of its decomposition. 

This step is generally similar also to both shape of gels derived from UO3 and ADU as well. Only the 
final weight stabilization (mainly U3O8, fig.6) is slightly shifted (500 → 600

o
C) for the latter one. 

Reduction of U(VI) to U(IV) was not observed because reoxidation was not noted before formation of 
triuranium octoxide (U3O8). 

 

 
 

 
Figure 4: SEM of spherical particles of ascorbate-uranyl gel (A) and the same particles after the 

fast thermal treatment (B). 

 
 This thermal analysis of gels produced from uranyl shows that thermal decomposition is a 

complex process and it requests special procedures to avoid strong exhotermic reactions. Final 
reduction of material to uranium dioxide requires also special demands. The obtained triuranium 
octoxide was then reduced to mixture with traces of uranium dioxide (fig.7) in mixture of 5% hydrogen 
and 95% nitrogen atmosphere at the temperature of 900

o
C. For complete reduction a reducing in pure 

hydrogen is necessary.  

B 

A 
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Figure 5: Thermal analysis (TG, DTA) of ascorbate-uranyl gels. 

 

 
Figure 6: XRD analysis of ascorbate-uranyl gels after calcinations (550

o
C/2h) 

from uranium trioxide (microspheres) 
from uranium trioxide (agglomerates) 
from ADU (microspheres)  
from uranyl nitrate (microspheres) 

o
C, temperature 
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Figure 7: XRD analysis of ascorbate-uranyl gels after reduction to uranium dioxide (900

o
C/2h, 5% H2 + 

95% N2) 

 
 

B.2. Synthesis thorium dioxide by CSGP 
 
The procedure of preparation thorium dioxide by CSGP is generally similar to the one of 

uranium dioxide preparation. Because of insolubility of commercial ThO2 in ASC solution we decided 
to prepare sols from thorium nitrate and thorium hydroxide. 
Preparation of thorium hydroxide was carried out by two precipitation techniques:  

I)  addition of ammonia (25%) to thorium nitrate solutions (0,5 M), 
II) addition of a thorium nitrate solution (0,5M) to ammonia  (25 %). 
Temperature was 25

o
C and final pH≈11. The precipitate was washed repeatedly by 

decantation with water and then filtered through a sintered glass (G-4 Jena) plate. It was noted that 
the precipitation technique II, leads to formation of a precipitate which is more easily filtered than if 
technique I is used. 

Precipitated Th(OH)4 was dissolved treated with 1M ASC solutions (MR ASC/Th=2) at boiling 
under reflux. Solubility (11.8 mg Th/ml) was slightly higher than of commercial thorium dioxide (7.6 mg 
Th/ml) but definitely lower than this of uranium trioxide.  

Obtained thoria-ascorbate sols have too low concentration of thorium for preparation of 
spherical powders by water extraction technique. Because during processing we observed formation 
of very fine milky like suspension (1M Th), we made same successful experiments with this. Thoria-
ascorbate sols were also prepared from 1M Th(NO3)4 (MR ASC/Th=2) like uranyl gels. Irregular grains 
of ascorbate thorium gels were prepared by evaporation of water from sols.  
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Figure 8: Thermal analysis (TG, DTA) of ascorbate-thorium sols prepared from different substrates. 

 

 
Figure 9: SEM of spherical particles of ascorbate-thorium gel after the calcination to thorium dioxide at 

900
o
C. 
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In case of preparation of microspheres, we observed that emulsion of thoria-ascorbate sols in 
2EH is readily formed, but gelation time was definitely longer than for of uranyl sols even at 70

o
C. 

Microspheres have generally diameter below 150 µm (fig.9). It has been observed that acetone 
cannot be used for washing because of a very high solubility of gels. Consequently, for washing we 
used carbon tetrachloride or cosmetic petroleum. The next very serious problem appears during 
thermal treatment of this gel (Fig.8; red line). We observed a violent exothermic reaction of ascorbic 
acid with nitrates at 70

o
C. Similar phenomenon connected with selfignition we have observed in other 

works during synthesis of compounds when started from nitrates and ASC [6,7].  
 

C. CONCLUSION 
 

1.   The Complex Sol-Gel Process can be successfully applied for the preparation of 
homogeneous sols using complexation with ascorbic acid of various uranyl (uranium trioxide, 
ammonium poliuranates, uranyl nitrate) (Polish Patent Pending) [8] and thorium (hydroxide 
and nitrate) compounds. 

2.   The sols were gelled into:  

• irregular agglomerates by evaporation of water; 

• medium sized microspheres (diameter <150) IChTJ variant of sol-gel processes by 
water extraction from drops of emulsion sols in 2-ethylhexanol-1 by this solvent. It 
is necessary to underlain that for studied system, reduction of uranyl ion to U(IV) 
can be avoided. 

3.   Non destructive thermal treatment of gels to oxides in air atmosphere (U3O8; ThO2) was 
elaborated on the basis of their thermal analysis. Special procedures were necessary for 
nitrate gels due to violent exothermic reactions. 

4.   Uranium dioxide has to be obtained from gels by reduction with hydrogen. 
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In years 1956-1970: 
• Synthesis of nuclear purity uranyl nitrate;
• Conversion of uranyl nitrate to ADU;
• Conversion of ADU to sinterable uranium dioxide;
• Fabrication of sintered UO2 pellets.

Since the year 1970: 
• Synthesis of spherical particles of uranium dioxide by water extraction 

variant of sol-gel process (ORNL). Process was developed by introducing 

original elements.
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FORMATION OF SOL’S DROPS IN 
DEWATERED 2-ETHYLHEXANOL 

WITH SPAN-80 (2EH)

FOR Ø 0,2 – 1,5 mm
IN TWO FLUID NOZZLE

FOR Ø<100 µm
VIBRATED FEEDING 
CAPILLARIES AND 

MIXING GELATION BY 
EXTRACTION OF 

WATER WITH 2EH

2EH REGENERATION

2-ETHYLHEXANOL+SPAN-80(2EH)

FILTRATION AND WASHING

Th, U nitrates
DISSOLVING

H2O

FOR U6+

CATALYTIC REDUCTION 
WITH HYDROGEN Pt/ Al2O3HCOOH

Th4+ STARTING SOLUTION   U4+

PREPARATION OF SOLS BY TWO STAGES 
EXTRACTION OF ANIONS. AGING OF
AQUEOUS PHASE BETWEEN THEM

PRIMENE JMT REGENERATION

PRIMENE JMT (principally C18H37NH2) 
PETROLEUM-SOLUTION

SOLS

THERMAL TREATMENT
(drying and sintering)

MICROSPHERES 
OF ThO2 AND UO2

Ø< 100 µm
Ø 0,2 mm – 1,5 mm

IChTJ PROCESS for production of UO2 and ThO2
microspheres
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Equipment for fabrication of small (Ø< 100 μm) alumina, 
urania and thoria microspheres..

1,2 – reactors for gelation

3,4 – gel ageing tanks

5 – sol feed tank

6 – retentive reservoir

7 - vacuum dewatering 
system, 70oC (polish patent 
No 83484-1978)

Vs – vibrator and vibrating 
capillaries

Yield - 100 g/h
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Equipment for preparation of large (0,2-1,5 mm) thoria and
urania gels

2EH 2EH2EH

1 – fluidized column ORNL type,
2 – two fluid nozzle, 
3 – 2EH reservoir, 
4 – sol reservoir, 
5 – dewatering system (polish 
patent, No 83484-1978), 
6 – microspheres collection

Yield (10 – 100 g/h)
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During the meeting in Vienna (1973) it was declared by the 
panel that sol-gel products and sol-gel process possess qualities for 
the industrial application for nuclear fuel fabrication.

Unexpectedly the situation changed when the USA government in 
1973 stopped the support for fabrication of particulate fuel for 
breeder reactors, prepared by the sol-gel process. Consequently in 
1975 the very promising HTGR-program, which had been planned on 
a large scale, came to near halt. This decision had repercussions in 
the European sol-gel program but their reductions were not as 
drastic (especially in Germany) as in the USA. 
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Complex Sol-Gel Process (CSGP)
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Present days



• preparation of starting metal salts solution;
• addition of ascorbic acid;
• formation of complex sol solution;
• partial hydrolysis by addition of ammonia aq.;
• evaporation to desired viscosity;
• drying and final thermal treatment.

Complex Sol-Gel Process (CSGP)
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• preparation of starting metal salts solution;
• addition of ascorbic acid;
• formation of complex sol solution;
• partial hydrolysis by addition of ammonia aq.;
• evaporation to desired viscosity;
• drying and final thermal treatment.

Complex Sol-Gel Process (CSGP)
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Prepared with CSGP:

- YBCO, BSCCO families - high temperature superconductors

- Ca10(PO4)6(OH)2 - hydroxyapatite - bioceramics materials

- LiMn2O4, LiNi0.5Co0.5O2 - positive electrode materials in high-energy-density
lithium and lithium-ion batteries

- Li2TiO3 - unique Tritium breeding blanket for Fusion Reactors

- LiCoO2, LiMg0.05Co0.95O2 – thin films on porous Ni/NiO cathodes for MCFC

- TiO2, (Ba,Sr,Ca)TiO3 – powders, thin films, microspheres

- KY(WO4)2, KY(WO4)2 + 1% mol Yb – laser crystals

- TiO2-WO3, ZrO2-WO3, ZrO2-SiO2-WO3 – materials for W-188/Re-188 
generator columns 
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CharacterizationCharacterization -- Advantages:

+ a high degree of amorphicity of the starting gels joined with 
homogeneous distribution of the components;
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without ASC with ASC
Complex sols of compounds Li-Mn (without and with addition of ASC)

with ammonia. 



+ strong bonds in the network of the gels retarding premature 
crystallization of individual components;

+ high wettability of sols to metallic supports;

+ high adherence of the coatings after the thermal treatment, to metal 
substrates;
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CharacterizationCharacterization -- Advantages:



without ASC with ASC

YAG (Y3Al5O12) sintered in 1750oC/ 6h
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+ high sinterability of materials.

CharacterizationCharacterization -- Advantages:



fibers

coatings 

irregular 
shaped powders 

spherical microspheres

monoliths
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+ various shapes of CSGP products

CharacterizationCharacterization -- Advantages:



-- foamingfoaming;;

+/- possibility of metallic cation reduction by organic additives;
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-- sometimes formation of the carbonates.sometimes formation of the carbonates.

CharacterizationCharacterization -- Disadvantages:
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I.   Preparation of uranyl sols solution (with ASC and 
ammonia aq.);

II.  Gelation of complex sols to gels in various shapes;
III. Thermal treatment of gels with reduction to uranium 

dioxide. 

Synthesis of uranium oxides 
by Complex Sol-Gel Processes (CSGP)



blendingascorbic acid (ASC)
MR ASC/U = 1

I. Preparation of uranyl sols solutions

1M uranyl sol solutions
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ammonium hydroxide
up to pH 4-6

pre-neutralization

uranyl substrates
(uranium trioxide, ammonium poliuranates, uranyl nitrate)



Potentiometric titrations of uranyl sols
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Potentiometric titration of 0.001 M UO2(NO3)2 with ASC (different MR ASC/U)
with ammonia (0.1 M). 

0,001 mol/l ASC
UO2(NO3)2

UO2(NO3)2 + ASC (MR ASC/U=0.5)
UO2(NO3)2 + ASC (MR ASC/U=1.0)
UO2(NO3)2 + ASC (MR ASC/U=1.5)
UO2(NO3)2 + ASC (MR ASC/U=2.0)



Potentiometric titrations of uranyl sols
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UO2(NO3)2
MR ASC/U = 0.5
MR ASC/U = 1

Potentiometric titration of concentrated sols 1 M UO2(NO3)2
with ASC (different MR ASC/U) by ammonia (25%). 
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irregular agglomerates

uranyl sols solutions

evaporation of water

drying 100oC
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II. Preparation of gels in various shapes;



uranyl sols solutions

formation of sol’s drops in dewatered 
2-ethylhexanol with SPAN-80

gelation by extraction of water 
with 2EH

filtration and washing with acetone

spherical particles (diameter 5-120μm)
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II. Preparation of gels in various shapes;
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II. Preparation of gels in various shapes;

kernels (diameter 200 – 2000 µm) 
uranyl sols solutions

filtration and washing with petroleum ether,
dryling on air

uranyl gels

Mixing
molar ratio HMTA/U = 2,2

HMTA

formation of sol’s drops
in hot silicon oil 



Thermal analysis (TG, DTA)
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from uranium trioxide (microspheres)
from uranium trioxide (agglomerates)
from ADU (microspheres)
from uranyl nitrate (microspheres)

oC, temperature
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III. Thermal treatment

Elimination of organic 
compounds

2oC - min/550oC/2h

Decomposition of ammonium nitrate 
1-2oC - min/170oC/1h
1-2oC - min/250oC/1h

spherical particles kernels
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III. Thermal treatment

XRD analysis of uranyl gel after calcination
(550oC/2h)



air N2 95% N2 + 5% H2 airN2

1,5 h 2 h0 h 4,5 h 5 h 

700oC
900oC

500oC 
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III. Thermal treatment, reduction to UO2

Elimination of organic 
compounds

2oC - min/550oC/2h

Reduction to UO2

Decomposition of ammonium nitrate 
1-2oC - min/170oC/1h
1-2oC - min/250oC/1h
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III. Thermal treatment, reduction to UO2

XRD analysis of uranyl gel after reduction
(900oC/2h – 5% H2 +95% N2)



Conclusions

1. Complex Sol-Gel Process can be successfully applied to a
preparation of homogeneous sols using complexation with 
ascorbic acid of various uranyl (uranium trioxide, ammonium 
poliuranates, uranyl nitrate); 

2. Gels have been obtained in shapes: 

- irregular agglomerates;

- medium sized microspheres (diameter <150); 

- kernels (diameter 200-2000 μm).
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Conclusions

3. Non destructive thermal treatment of gels to oxides in air 
atmosphere was elaborated on the basis of their thermal analysis. 
Special procedures were necessary for nitrate gels due to violent 
exothermic reactions.

4. Uranium dioxide has to be obtained from gels by reduction with 
hydrogen (in older works it was 1100oC, 2h, but in clear 
hydrogen).
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