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Abstract – Homogenous microspheres of minor actinide (hereafter MA) compounds are of interest to 
prevent the generation and dispersal of MA powder at the early stages of the fabrication of targets for 
homogenous or heterogeneous transmutation. Sol-gel routes are being investigated as one of the possible 
solutions for producing these homogeneous starting materials. This document describes internal gelation 
basis experiments led at CEA Marcoule and FZ Jülich dedicated to the synthesis of mixed compounds 
including MAs, particularly mixed actinide-actinide or mixed actinide-inert element compounds. 
Parameter studies were undertaken by simulating cations in order to scan a larger range of conditions and 
to optimise more easily gelation conditions. With these experiments, key parameters were put forward and 
the main successive reactions taking care during gelation were understood. 

 
 

INTRODUCTION 
Sol-gel routes are being investigated as one of 
the possible solutions for producing compounds 
of interest for future nuclear fuel or 
transmutation target concepts. Several options 
are being considered, notably mixed actinide 
phases in the form of small microspheres (about 
500 µm in diameter). Sol-gel processes can 
fulfill this requirement leading to suitable 
microstructures and homogenous microspheres 
of actinide compounds while at the same time a 
minimizing the generation of a fine powder 
fraction containing γ,n emitters. Development 
work is in progress in Atalante and Jülich 
Forschungszentrum facilities on a better 
understanding of the well known internal 
gelation process [1], initially developed by 
KEMA laboratory in the 1960s on uranyl 
solutions [2]. In this process, condensation 
reactions are initiated by 
hexamethylenetetramine (HMTA) and urea. 
When heated in acidic media, HMTA 
decomposes into ammonia causing the pH to rise 
and resulting in actinide hydrolysis and 
condensation reactions [3-5]. 
 
EXPERIMENTS 
 
Batch experiments were performed on Zr/Y/Ce 
systems to understand internal gelation reactions. 
 
 
 

Cation Hydrolysis and HMTA Reactions 
 
To have a better description of the role of each 
component, potentiometric titrations and pH 
measurements were carried out on various 
solutions containing HMTA and/or urea and/or 
metallic cations.  
Urea role was first studied with titrations of 
metallic cation solutions by NaOH with or 
without urea (Fig. 1). 
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Fig. 1. Potentiometric titrations of metallic cation 

solutions with or without urea 
 
We also performed pH measurements versus 
time on solutions containing different urea 
quantities in presence of nitric acid and HMTA 
(Fig. 2). 
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Fig. 2. pH evolution of a solution HMTA + urea 

+ HNO3 versus [urea], T = 75°C. 
 
HMTA species distributions were determined 
owing to titrations curves by NaOH and HNO3 
after one hour heating (Fig. 3). 
 

0,00

10,00

20,00

30,00

40,00

50,00

60,00

70,00

80,00

90,00

100,00

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

initial [H+] (mol.L-1)

Q
ua

nt
ity

 (%
)

remaining HMTA
HMTAH
decomposed HMTA
remaining HMTA
HMTAH
decomposed HMTA

Experiments at 70°C

Experiments at 

 
Fig. 3. Variation of HMTA species versus initial 

[H+] after 1H at 70°C or 90°C. 
 
Microsphere Elaboration 
 
We studied urea and HMTA quantity influence 
on Zr/Y/Ce gel microsphere quality. The 
appearance of gel microsphere obtained after 
washing and drying was characterized by 
microscopic observations (Tables I and II). 
 

TABLE I. Influence of HMTA quantity 
 

 

 

[HMTA] = 0.1 mol.L-1 [HMTA] = 0.3 mol.L-1 

 

[HMTA] = 0.5 mol.L-1 [HMTA] = 0.9 mol.L-1 
 
 

TABLE II. Influence of urea quantity 

  
[urea] = 0.5 mol.L-1 [urea] = 0.7 mol.L-1  

  
[urea] = 0.9 mol.L-1 [urea] = 1.5 mol.L-1 

 
Microsphere Heat Treatment 
 
After washing and drying at room temperature, 
gel microspheres were calcined at different 
temperatures considering various heating rates in 
order to obtain oxide microspheres. During this 
step, important variations of composition and 
structure can modify microsphere appearance. 
Calcination studies were thus made in function 
of the initial broth composition. 
 
RESULTS AND DISCUSSION 
 
Cation hydrolysis and HMTA Reactions 
 
Titrations of solutions containing metallic 
cations (Fig. 1) didn’t showed significant 
changes with or without urea. They demonstrate 
that urea doesn’t play a complexant role in the 
cationic sytem: Zr(IV), Ce(III), Y(III). 
Otherwise, pH measurements experiments put 
forward a final pH increase when urea quantity 
increases (Fig. 2) with the apparition of a white 
gel for pH values between 2 and 4. This reveals 
polymerisation reactions between urea and 
formaldehyde produced by HMTA 
decomposition (eq. 1 and 2) [6]. This indicates a 
catalytic effect of urea on HMTA decomposition. 
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[(CH2)6N4] + H+ ⇔ [(CH2)6N4H]+  (éq. 1) 

[(CH2)6N4H]+ + 3 H+ + 4 NO3
- + 6 H2O ⇔ 4 

NH4
+ + 4 NO3

- + 6 CH2O (éq. 2) 
 
Concerning HMTA reactions, curves on Fig. 3 
show clearly the simultaneous existence of 
HMTA protonation and decomposition reactions 
contrary to what mentioned in literature [5]. 
These experiments reveal that, for an initial 
HMTA concentration equal to 0.1 mol.L-1 and 
the two considered temperatures, HMTA 
decomposition doesn’t need the protonation of 
all HMTA molecules. Thus when HMTA isn’t 
totally decomposed final pH value is driven by 
the HMTA pKa as shown on Table III.  
 

TABLE III. Final experimental and 
calculated pH values for [HMTA] = 0.1 
mol.L-1, 70°C. 
[H+] (mol.L-1) pHexp pHcalc 

0.05 5.93 5.95 
0.1 5.35 5.28 

0.15 4.88 4.72 
0.2 4.15 3.94 

* pH = pKa + log([HMTAremaining]/[HMTAH+]). 
 
In presence of metallic cations, HMTA reactions 
are identical. Metallic cation role is essentially 
due to proton quantity produced by their 
hydrolysis. As experiments without cations, final 
pH we measured during our experiments with 
Zr(IV), Y(III) and Nd(III) remained inferior to 
the hydrolysis pH of trivalent cations (around 7). 
This result proves that during gelation process 
with different cations at various oxidation states 
successive hydrolysis reactions occur. In 
particular trivalent cation hydrolysis takes place 
mainly during the gel microsphere washing step 
with an ammonia solution. As it will be 
described in the next paragraph, this doesn’t 
prevent from obtaining good homogeneity and 
quality microspheres before and after heat 
treatment. 
 
Microsphere Elaboration 
 
Microscopic observations presented on Table I 
show a significant improvement of bead quality 
when HMTA concentration is around 0.5 mol.L-

1. For greater concentrations, too important 
quantities of reaction products must be removed 
during the washing step which causes risk of 
cracking. For smaller concentrations, HMTA 

quantity is not sufficient to perform a complete 
cation hydroxylation. 
Similar results are observed for experiments in 
function of urea quantity with an increase cracks 
when urea concentration is too low or too high 
(Table II). In fact the washing steps don’t favor 
high urea amounts but also small urea amounts 
because of a microsphere structure more dense 
[7]. 
 
Microsphere Heat Treatment 
 
Heat treatments of Zr/Y/Ce beads in function of 
the initial broth composition were led at 1200°C 
under air. Varying HMTA concentration, bead 
aspect after calcination is directly correlated to 
that of gel beads (Table I and IV). Important 
equatorial cracks appear for “extreme” HMTA 
concentrations whereas integrity is preserved for 
intermediary values (between 0.5 and 0.7 mol.L-

1). Similar experiments were made at various 
urea concentrations with analogous conclusions. 
A deficiency or an excess of organic reactive 
cause important cracks on microspheres because 
of incomplete gelation, dense structure or 
elimination of a big quantity of organic 
compounds [8].  
 
TABLE IV. Influence of HMTA quantity 

 
[HMTA] = 0.3 mol.L-1  [HMTA] = 0.5 mol.L-1  

[HMTA] = 0.7 mol.L-1  [HMTA] = 0.9 mol.L-1  
 
 
CONCLUSION 
 
These experiments allowed specifying the 
chemical conditions to produce gel beads from 
mixed actinide systems. They highlight the 
importance of the initial broth composition for 
obtaining gel microspheres without major 
defects (cracks. craters. etc…). HMTA reactions 
have been better understood and urea role on 
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microsphere density was specified. Final pH 
considerations showed that values superior to 7 
were not reached in the tested conditions causing 
sequenced cation hydrolysis during gelation and 
the washing step by ammonia. Nevertheless, this 
phenomenon is not detrimental to obtain integer 
microspheres with controlled composition before 
or after calcination in optimized conditions. 
After gelation. conditions of heat treatment of 
gel microspheres were studied in order to 
alleviate the destructuring of the beads after 
calcination. 
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