
P 1-50 

ATALANTE 2004 Nîmes (France) June 21-25, 2004 1 

Sol gel chemistry applied to the synthesis of actinide-based compounds for the fabrication of 
advanced fuels 

 
A-C. Robisson, S. Lemonnier, S. Grandjean 

 
CEA/VALRHO, DEN/DRCP/SCPS/LCA, BP17171, 30207 Bagnols-sur-Cèze, France 

anne-charlotte.robisson@cea.fr 
 
 

Abstract – The chemistry of the sol-gel process is based on hydroxylation and condensation of molecular 
precursors and can be used for the elaboration of advanced nuclear fuel or transmutation targets. On the 
one hand, some fundamental studies are conducted, based on complexation reactions to modulate and 
control the reactivity of the different cations (Zr(IV) and minor actinides) prior to hydrolysis and 
condensation step. The purpose of this work is to obtain heteropolycondensation in order to form 
homogenous compounds with a controlled microstructure. On the other hand, internal gelation process, 
one of the important sol-gel routes for the preparation of actinides microspheres (the dedicated design for 
advanced nuclear fuel or transmutation targets) is developed . Investigations are currently carried out to 
study the gelation behaviour of solutions containing actinides (III) or (IV) in comparison with the more 
well known behaviour of U(VI) studied during the development of process for beads production (1960-
1990).  

 
 

INTRODUCTION 
 
In the context of both the advanced fuel cycle 
(Generation IV program) and the transmutation 
of long-lived radionuclides (minor actinides), 
new concepts are required for the design and the 
fabrication of fuels and targets. Different 
orientations have been yet established. 
Particularly mixed actinides phases as small 
beads (microspheres, Ø ~ 500 µm) is one way of 
interest. Mixed actinides phases can be either 
pure actinide-based compounds (e.g. containing 
U, Pu and minor actinides) or oxides formed 
with inert element (e.g. Zr). 
Sol-gel processes fulfill the requirements for the 
elaboration of these specific mixed phases. In 
Atalante facility, two ways of synthesis are under 
study: an innovative approach based on cations 
complexation to moderate the reactivity in 
solution before condensation reactions and the 
well known internal gelation applied here to 
actinides with different oxidation states. 
 
INORGANIC CONDENSATION STUDY 
 
During the first stages of a wet synthesis, 
physico-chemical characteristics of clusters often 
determine the final solid properties like 
homogeneity, specific surface area, 
granulometric repartition, etc… The contribution 
of this work is to better understand condensation 
mechanisms in order to control microstructure 
and solid composition. 

Metallic salts condensation implies the existence 
of hydroxyl species then the formation of oxygen 
bonds between cations. The hydrolysis behaviour 
depends on the own cation characteristics and 
experimental conditions. For zirconium, 
litterature indicates the formation of hydroxyl 
species for pH value under 3-4 whereas Am(III) 
(or Nd(III) and Y(III) used as americium 
simulants) hydroxylation begins at pH 6 [1]. The 
first aim of this study is thus to find synthesis 
conditions where both species could react 
together. 
 
Zirconium and Yttrium Hydroxide  
Precipitation 
Precipitation and dissolution of zirconium and 
yttrium hydroxides were investigated for pH 
values between 1 and 11. Experimental studies 
confirm that these two cations precipitate in two 
distinct phases in two different pH ranges 
without any interaction with each other [2]. 
Heteropolycondensation can not be occur in 
these conditions. 
 
Zirconium, Yttrium and Neodyme 
Precipitation in Presence of Acetylacetone. 
Complexation can play an important role in the 
formation of oxo -hydroxides modifying the 
coordination sphere of metallic cation [3]. 
Particularly Zirconium reactivity can be 
significantly modified by complexation in the 
acidic pH range. 
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Experiments were firstly conducted with 
acetylacetone (named acac) in a large pH range 
(Figure 2).  

 
Fig. 2. Precipitation study of Zr(IV) in presence 

of acac 
 
For each cation, precipitation occurs at higher 
pH in presence of acac : pH 4-5 for Zr(IV), pH 
7-8 for Nd(III) and Y(III). Together in solution, 
these elements do not have the same behaviour 
as individually. At pH 6, a sol, namely a stable 
dispersion of nanoparticles, is obtained which 
gelifies with time. Quasi-elastic light scattering 
and TEM experiments show particle sizes lower 
than 10 nm and around 30-40 nm. A minor 
population of aggregates around 200-300 nm 
was also detected. After heating at 600°C, this 
amorphous gel, which contains the three cations, 
become a polyphased system (amorphous + 
crystallised fluorite). Complete crystallisation in 
the cubic phase occurs after heating at 1000°C. 
Upon pH 7, amorphous precipitates are obtained. 
Thermal treatment of these solids leads to cubic 
stabilized zirconia with only Zr and Y 
(Zr0.66Y0.34) and to cubic stabilized zirconia and 
trace of monoclinic zirconia with Zr, Nd and Y 
(Zr0.66Nd0.17Y0.17 ). These results are very 
promising compared to dry methods of synthesis 
which imply intimate mixing of ZrO2, Y2O3 and 
Nd2O3 and long heating time above 1500°C. 
Current experiments aim at defining the role 
played by acac (complexation and/or dispersion 
stabilization by sorption), then at specifying 
interactions between cations and acac. In 
particular, precipitation/gelation studies are in 
progress by varying Zr/Y/Nd ratio, acac 
stoichiometry, temperature and pressure. 
 
INTERNAL GELATION STUDIES  
 
Internal gelation was developed by KEMA 
laboratory in the 1960s in order to synthesize 
UO2 microspheres. In this process, uranyl 
condensation reactions are initiated owing to the 
use of additives: hexamethylenetetramine (noted 

HMTA) and urea. Under heating, HMTA 
decomposes into ammonia which causes a pH 
increase in the solution and thus the actinide 
hydrolysis and condensation reactions. These 
studies were then extended to the elaboration of 
actinides oxides, carbides or nitrides by internal 
gelation of U(VI) and/or Pu(IV) solutions. These 
works have been the object of many publications 
between 1960 and 1990 [4 - 6]. In the context of 
the re -fabrication of future nuclear fuels or the 
elaboration of transmutation targets, this method 
presents several advantages such as the non-
manipulation of fine powders, an easy 
application, the reduction of dust contaminated 
particles and potential process improvements [7]. 
In particular, the study of minor actinides 
internal gelation could be very interesting. In this 
work, investigations were performed on the one 
hand to determine pH profiles during gelation / 
precipitation of U(IV) and Ce(III) solutions 
(batch experiments) and on the other hand to 
elaborate microspheres from U(VI)/Pu(IV) and 
U(IV)/Pu(III) solutions. The final aim is to 
compare the gelation behaviour of different 
systems including U, Np, Pu, Am. 
 
Basis Studies – Batch Experiments 
Batch screening experiments with lanthanides 
(III) and U(IV) solutions were conducted in 
order to simulate actinides (III) and (IV) 
reactivity during internal gelation and to 
determine optimal solution compositions and 
gelation conditions. pH values were measured as 
a function of temperature for different 
compositions of the initial solution or “broth” : 
cation concentration, oxidation state, nitrate-to-
cation, HMTA-to-cation and urea-to-cation mole 
ratios. 
Four principal reactions are involved in the 
hydrolysis and condensation of cation Mn+ by 
internal gelation [ 8]: 
Decomplexation: 

M[CO(NH2)2] +n
x  ⇔ x CO(NH2)2 + Mn+ (1) 

Hydrolysis and condensation: 
M(H2O)x

n+ + yH2O ⇔  M(OH)y(H2O)(x-y)
(n-y)+  

+  y H3O+  (2) 
HMTA protonation : 

(CH2)6N4 + H+ ⇔  [(CH2)6N4H]+  (3) 
HMTA decomposition: 

[(CH2)6N4H]+ + 3 H+ + 4 NO −
3  + 6 H2O 

⇔  4 NH +
4  + 4 NO −

3  + 6 CH2O (4) 
Reactions 2 to 4 are responsible for the pH 
profiles recorded during experiments. The first 
step consisting in a pH decreasing corresponds to 
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the preponderance of the cation hydrolysis. The 
second ones (stabilization or increase) is 
explained by HMTA protonation and 
decomposition (Fig. 1.). 
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Fig. 1. pH profile vs time for an initial broth : 
[Ce(III)] = 1M, NO3/Ce = 3, HMTA/Ce = 2, 

urea/Ce = 2 
The hydrolysis behaviour of actinides as a 
function of their oxidation state varies in the 
following order : 

++++ >>> 2
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Then, optimal chemical conditions of the initial 
solution have to be adapted to the actinide 
involved as well as its oxidation state. 
In order to evaluate minor actinide behaviour 
(Am(III) and Cm(III)) during internal gelation, a 
study was led on Ce(III) and Nd(III). It pointed 
out the need of a Ln(III) concentration superior 
to 1M with HMTA-to-cation and urea-to-cation 
ratios both superior to 2. In these conditions it is 
possible to reach at least 90% of lanthanide 
precipitation yields. This work showed that 
difficulties to achieve lanthanide (III) hydrolysis 
(during internal gelation) can be overcome by 
increasing the initial cation concentration and/or 
the initial HMTA -to-cation ratio. 
Studies with U(IV) were investigated to evaluate 
the possibility of gelation of a broth containing a 
relatively high nitrate-to-U(IV) ratio (e.g. 5.5) 
considering the difficulties associated to partial 
denitration of An(IV) solutions. They pointed 
out a good efficiency of gelation (>90 %) for 
U(IV) concentrations in the broth ranging from 
0,4M to 0,6M, and for HMTA -to-uranium and 
urea-to-uranium molar ratios between 1,6 to 2. 
 
Process development – microspheres 
elaboration 
In complement to these basis studies, actinides 
microspheres were synthesized to compare the 
gelation behaviour of U(VI)/Pu(IV) and 
U(IV)/Pu(III) systems. Up to date, beads are 
simply obtained by gravitation dropping of the 

aqueous broth solution from a capillary tube into 
a silicon oil bath. Droplets solidify in the silicon 
oil column heated between 80°C and 110°C. As 
already described the heating of the broth 
initiates the thermal decomposition of the 
additives and then the precipitation reactions. 
The round shape of the beads is conserved 
because of the immiscibility of the two liquid 
phases. 
First experiments were conducted with U(VI) to 
adjust main parameters like silicon oil viscosity, 
gelation bath temperature or washing conditions. 
Depending on the gelation column length, the 
viscosity of silicon oil had to be adjusted to 
allow solidification of the droplets before they 
reach the bottom of the column. A temperature 
around 90-100°C was found to be a good 
compromise to achieve an optimum gelation rate. 
It also allowed to prevent broth vaporization 
which could occur above 100 -110°C and causes 
important microspheres deformations (craters 
formation). Characterization of beads after 
washing shows amorphous compounds and the 
residual presence of urea, HMTA and their 
decomposition products because of incomplete 
washing. 
Experiments with uranium and plutonium were 
performed considering the systems U(VI)/Pu(IV) 
and U(IV)/Pu(III). The initial concentrated and 
partially denitrated Pu(IV) solution, prepared by 
formic acid denitration, had the followed 
characteristics : [Pu] = 1,2 M, NO3/Pu = 4,9. For 
Pu(III), reduction was completed by means of 
hydrazine. Broths were then prepared by addition 
of U(VI) or U(IV) and a certain amount of 
HMTA and urea to the Pu solution. Broths 
chemical compositions are reported in Table 1. 
 
TABLE I. Broths composition for microspheres 
elaboration with U and Pu 
 U(VI)/Pu(IV) 

=85/15 
U(IV)/Pu(III) 

=85/15 
[U + Pu] 1 M 0,6 
NO3/(U+Pu) 2,48 5,41 
HMTA/(U+Pu) 1,65 1,65 
urea/(U+Pu) 1,65 1,65 
 
Microspheres of U(VI)/Pu(IV) obtained after 
washing and drying at ambient temperature seem 
to have good properties without important 
deformations or cracks for most of microspheres. 
In comparison, the elaboration of microspheres 
of U(IV)/Pu(III) without defect is more difficult 
to achieve due to the incomplete Pu(III) 
hydrolysis. A relatively low actinide 
concentration and a high nitrate-to-actinide ratio 
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could be the origin of this incomplete gelation 
reaction. Nevertheless these tests are quite 
promising considering the relatively small 
quantity of additives and the low actinide 
concentration used. 
 
 
CONCLUSIONS  
 
In the context of the development of sol-gel 
processes, these preliminary results obtained 
with U, Pu and Ln as simulant of An(III) are 
quite promising.  
Firstly, adjustment of the reactivity of cations in 
solution versus hydrolysis offers access to 
controlled condensation of metallic cations and 
synthesis of homogeneous polymetallic solid 
precursors. Further work will focus on the 
heteropolycondensation of Zr-Actinide systems 
for the preparation of sols and gels. This 
approach should be able to give access to more 
elaborated microstructures, required when 
handling minor actinides. 
Secondly, use of internal gelation seems to be 
extendable to mixed systems containing An(III), 
such as U(IV) – An(III) or U(VI) – An(III). But 
further optimisations are obviously still needed 
particularly for the concentration/denitration of 
actinides solutions (key-step). Considering the 
concept of actinides co-recycling - including 
minor ones – synthesis of actinides oxide or 
carbide beads using internal gelation based 
process appears to be achievable. 
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