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A b s t r a c t

The results of studies on sol-gel technique of preparation

of U0o dense particles in IM»ROI.# Rez, are described. Some

steps, namely gelation, washing and leaching, drying, calcina-

tion and high temperature treatment are discussed in detail» In

addition, a brief information of some applications of sol-gel

technique for preparation of non-nuclear materials is given.
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1. INTRODUCTION

The possibility of preparing dispersed nuclear fuel for

liquid metal cooled fast reactors has been studied during

recent six years in the Nuclear Research Institute, Uez, Cze-

choslovakia. The sol-gel method based on the internal gelation

technique has been selected as the preparation method.

The method is based on the principle of colloid chemistry.

The initial solution containing metallic salt (U0o(r\l03),;) and

other organic substances (urea + urotropine) is thermally un-

stable» When its temperature is elevated, it solidifies in its

total volume yielding a solid substance - a gel0 This gelation

step is combined with the granulation - the solidification is

accomplished in the droplets of the solution of spherical shape.

The gel spfieres are washed and dried* The gel particles of ammo-

nium polyuranate are then calcined, reduced and sintered to the

final product - microspheres of U02 with a density exceeding

99 % TD. They have smooth surface, high mechanical strength,

and a required particle diameter distribution. According to the

utilized dispergation technique, spheres with the diameter

between O.O1 and 1.5 mm can be obtained.

After the empirical verification of the fundamental proce-

dure of the preparation of U02, physical and chemical processes

were studied in detail in single technological steps together

with their effect on the quality of final U02 [l]»

The knowledge gained with urrnium was then generalized by

means of studying similar processes on non-fuel materials (such

as salts of Ti4+, 2r4+, Th4+, Si 4 +, Fe 3 +, Sn4+, Cr3+, etfc.).



Many applications have been found for spherical particles of

oxides, hydrides, and other compounds prepared in this way.

The results of an adjoined research of this type are believed

to improve the financial balance of fuel research.

2. GELATION

The initial solution for standard production of spherical

particles of uranyl gel is prepared by means of mixing 2.1 IU

solution of stoichiometric uranyl nitrate containing urea in

the molar ratio of U0,,'1"+/Lirea of 2oO with solid urotropine (IIMTA).

Molar ratio of HMTA/U is 1.2 - 1<>5. The temperature of the mixture

is held constant at 16 - 20 °C when the solution remains liquid

For 2 - 4 hours.

The uranyl solution is dispersed through capillaries into

a column filled with silicone oil at 75 - 90 °C<> The limiting

temperature of oil is 93 °C, when intensive evolution of gases

starts and the gel may be degraded. 250 ppm of surface active

substances are added into the oil. The droplet of the aqueous

solution is formed into the spherical shape and within 15 - 20

seconds it solidifies to a gel microsphere. Gel particles are

then separated from hot oil and transported to another column

where they are cooled to 30 C with the aim of removing inter-

nal stress that may cause particle cracking in the next steps

of the process. After 60 seconds of cooling the particles are

separated from oil and transported to the washing and leaching

equipments [2J0

The quality of the gel may be controlled within wide ran-

ges by varying chemical composition of the initial solution



or by the thermal regime of gelation. In the course of the

development of the technology, the regions of the existence

of the gel phase were studied in detail together with the me-

chanism and chemism of its formation.

The gelation is a complicated process. Uranium is bonded

in the solution into complexes with urea the latter preventing

the formation of an insoluble precipitate (VO^^NO^^.IMTA)

when HMTA is added. The complex does not on the other hand

prevent the formation of a hydrolytical precipitate of U(VI)

in a solution at lower acidity. Hyclroxyl ions are generated

in the process of HMTA decomposition; it lias been proved that

it is not the molecule of HMTA itself that acts in the reaction,

but its acidic adduct and to a smaller extent also the dissol-

ved complex of uranyl with HMTAo

When the solution is supersaturated by hydrolytical pro-

ducts, the formation of a solid phase in the form of crystal

nuclei (platelets) starts; the nuclei grow and combine together

into larger aglomerates - micelles. The viscosity of the solu-

tion in this phase remains nearly constant. When the threshold

concentration of micelles is surpassed, their mutual associa-

tion starts, and a firm skeleton is formedo The process is

accompanied by an increase of the viscosity. The size of primary
o

crystallites reaches 80 - 3000 A in an inversed proportion to

the content of added urotropine» The solid phase is formed by

a mixture of UOg.SH^O, Uû3<l/3INIH3«5/3H20, and U03.2urea.H20.

The free space in the gel skeleton is filled with non-

reacted urotropine, urea, and with the reaction products such



as ammonium nitrate, formaldehyde, soluble formaldehyde-urea

copolymers, etc»

At higher contents of urea ( > 3mol/l), conditions exist

in the solution favourable for the formation of organic poly-

mers. In acidic solutions, polycondensation reaction occurs

in the presence of MMTA, that leads to the formation of urea-

-formaldehyde copolymers; pi! is held constant by the hydrolysis

of uranyl ionso The inorganic skeleton is in this case supported

by an organic skeleton. The latter may be isolated in the form

of an insoluble residue when leaching uranyl gel in diluted

!IN0o or in a carbonate mixture ( 0.14 NaHCO., + 0.5 M Na^COg)

and it conserves the form of the originai pûrticleo The amount

of the copolymer increases with the increasing concentration

of IIMTA in the initial solution [3].

3. WASHING AND LEACHING

When the gel microspheres are separated from oil, the re-

maining film adhering to the sphere surface is removed by

washing with CHClo or with an aqueous solution of detergents.

The subsequent leaching of the gel with ammonia water has

two reasons:

a) it removes from the gel the admixtures that are not a compo-

nent of the solid structure,

b) it converts uranyl compounds into a uniform substance (ammo-

nium polyuranate).

The course of the leaching procedure may be for practical

purposes described relatively exactly by the equation of mole-

cular diffusion in polar coordinates with the origin of the co-

ordinates in the centre of the particle.



Detailed study has shown that the content of leachable

substances in the gel is in the given time, when NH40H is used

as the leaching solution; always lower than when water or ne-

utral or weak acid salt solutions are utilized.

At a relatively low content of leachable substances in the

gel the rate of leaching is changed - it decreases more rapidly»

The controlling process then is chemical reaction that

liberates substances bound to the rigid gel skeleton. The most

important representative of these compounds are the complexes

of hydrated hexavalent uranium oxides (uranic acid?) with urea0

The compound of U0o.H20»2urea is stable at pH = G.5; at

higher pll values urea is liberated. Its presence in the struc-

ture of the gel was unambigously proved by chemical and thermal

analyses, x-ray technique, and IR-spectrometry. When water is

used for leaching, the disintegration of the complex is slow,

in weak acidic solutions it is practically stopped. Further

processing of the formed mixture of hydrated uranium oxide and

ammonium polyuranate to a.final product of good quality is dif-

ficult, mainly in the drying and calcination steps» When all

forms of uranyl hydrolytical products are transformed to ammo-

nium polyuranate by ammonia water, the difficulties of this

type may be to a predominant extent avoided»

The rate of diffusion and of the chemical processes in-

creases with increasing temperature and increasing concentration

of NH.OH. Solution containing 1 - 2.5 wto % of ISIILOH aie most

suitable for practical purposes; higher concentrations are in-

efficient»



The temperature of tiie leaching solution is limited by

the increasing peptization and by the decreasing mechanical

strength of the gel. During thermal exposition, uranyl skele-

ton recrystallizes, pore radii grow and the number of contacts

between the elementary particles of the skeleton decreases.

The continuation may lead to the complete disintegration of

the microspheres. The temperature of 40 °C may be considered

as a compromising value for larger particles (with diameter

exceeding 1«5 mm), higher temperatures may be used with smal-

ler particles [4]«

Washing and leaching ir;ay be effected preferably in fluid

bed apparatuses.

4. DKYING

The free space in the ge] after its leaching is filled

with aqueous solution of NH^OH and with small admixtures of

the residual impurities. Two basic methods of microspheres

drying were studied in the NKI: drying in air at various ther-

mal regimes, and azeotropic drying«

Large difficulties arise during drying in gaseous atmo-

spheres with gels formed by crystallites of small size the

structure of which contains narrow pores. Rapid drying leads

to the cracking of spheres as a result of evolved volatile

substances, a slower drying process is accompanied by large

shrinkage and particle surface becomes closed» Subsequent

calcination and reduction leads to the destruction of this

material. The difficulties may be overcome by means of a slow



elevation of the drying temperature (25 C/hr) together with

the control of the partial pressure of the evolving gaseous

products/ i.eo by means of approaching during drying to the

equilibrium conditions at each temperature. '.Vhen the tempera-

ture of 220 °C is reached, crystals grow and such a porosity

is secured that enables further processing without any damage.

The duration of this process is relatively long, approximately

8 - 1 0 hours. Gels containing large crystallites and large

pores may be easily dried and further processed without these

difficulties (KEMA material).

Azeotropic distillation in CHC13/ CCI*, toluene or xylene

is accompanied by considerably lower dimensional changes of

the spheres. The method enables the preparation of xerogeJs

with open porosity that yield final products of good quality.

The drying time is shorter than 4 hours with particles of the

diameter between 2.5 and 3.0 mnu The apparatus must be con-

structed in such a way to prevent during drying the formation

of an aqueous emulsion that may cause the damage of the smooth

surface of the spheres. The stability of the material against

degradation in the subsequentjsteps of the process increases

if the drying is stopped before complete removal of all water.

After separating the particles from the solvent, the residual

liquid in the gel is removed at lower pressure [5J.

Both drying methods enable the preparation of U0o micro-

spheres of good quality and with required properties0 Azeotro-

pic distillation is considered to be more reproducible and it

is preferred with plutonium-bearing materials as it does not

need work with gaseous media, large-area filters, etc.
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Each type of drying leads to the formation of internal

stress in the spheres resulting from their shrinkageo In trans-

parent particles, the distribution of the stress may be iden-

tified in polarized light. During subsequent calcination above

220 °C the stress disappears and the intermediate product may

be stored for long time periods provided the résorption of water

is eliminated.

5. CALCINATION

The results of thermal analysis have shown that there is

no basic difference between thermal decomposition of xerogels

and of precipitated ammonium polyuranate. The differences con-

sist only in the characteristic temperatures on the thermal de-

composition curves and the material yields highly reactive üüa<.

Surface areas of U0o prepared in this way vary between 25 anc
1

When large amounts of xerogel are to be treated, calcina-

tion becomes inevitable. The volatile admixtures resulting

mainly from the decomposition of organic copolymers may cause

difficulties of technical character during furnacr, operation.

The usually utilized calcination temperature varies between

400 and 500 °C and thermal shocks must be avoided during this

process ( 6J.

6. HIGH-TEMPERATURE TREATMENT

Thermal treatment of dried spherical particles is in a

certain range of temperatures a far more complex process as
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compared when treating in a similar way compacts produced from

powdered uranium dioxide. When the temperature is elevated in

the reducing atmosphere, a series of subsequent and simultaneous

processes proaeeds in the sphere:

1. Chemical processes such as the decomposition of hydrated UO,,

the removal of hydrate water, the release of residual orga-

nic compounds and their decomposition, the reduction of U03

to UO,, accompanied by the liberation of water.

?.. Global process of transformation of amorphous U0o hydrate

to crystalline U02« It is not known, whether crystallites of

U03 are formed before reduction starts ( <. 300 °C), and

crystalline UO,. is formed as a result of the reduction and

lattice transformation cr - which is more probable - the

amorphous state is conserved up to higher temperatures when

the reduction is either finished or at least considerably

advanced» The selected rate of temperature increase plays

also a certain role in this process.

3. Global process of sphere densification from the apparent

density of approximately 2 g/cm to densities close to the

theoretical density of UOp (10.5 - 10.8 g/cm3).

All these processes proceed simultaneously in a certain

temperature interval up to the temperature when "pure" sinte-

ring of uranium dioxide particles is the single process. As it

is known, sintering of reduced UOg starts at a relatively low

temperature of isothermal hold up (about 900 °C) which results

from the thermodynamical point of view from its large excess

of both the surface energy and the internal energy (given by

the concentration of defects in the structure) when compared
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with the usual powdered state of chemically identical material»

Large shrinkage of spherical particles before this temperature

is reached results above all from the loss in non-uranium com-

ponents of the xerogel and from the release of stress arising

when thdnew phase of U0o with a different surface is formed»

On the basis of the study of the kinetics of densification

of sol-gel materials following conclusions may be made:

1. At the linear heating rate of 450 °C/Ur, the original high

surface area of the xerogel slowly decreases up to 1000 °C;

sharp decrease follows between 1000 and 1100 °C (vvitii 1 hour's

hold up at both temperatures)o

2. The considerable portion of xerogel sphere shrinkage proceeds

in the non-isothermal part of the thermal treatment even at

high rates of temperature increase.

3. The formal rate of sphere diameter decrease in the dependence

on the teiperature (between 900 and 1200 °C) varies (decreases)

at 1150 °C in the case of direct heating and 30 minutes hold

up; at longer holds up the decrease is observed at 1130 -

1100 °Co

4. The density of sintered spheres only little depends of the

rate of temperature increase.

5« The apparent activation energy of the shrinkage between 900

and 1100 °C as determined from isothermal experiments equals

33.2 kcal/mole which corresponds to a similar value observed

witli extremely "active" powders of uranium dioxide in the tem-

perature interval between 1200 and 1500 °C.

6. The process of the densification of spherical particles of

the xerogel is controlled by a mechanism less temperature

dependent than a pure diffusional process of mass transport.
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7. Xerogel dried in organic medium may be stored before further

thermal treatment only Por a limited time period I 7].

7. NON-FUEL APPLICATION OF THE PROCESS

Modifici)tion of the sol-gel method enabling the prepara-

tion of a series of non-fuel materials in the form of spherical

particles. In contradiction to the classic precipitation methods,

these materials exhibit high porosity and crystallites of uniform

size. Owing to their spherical shape and mechanical strenght the

particles produced in this way may be utilized with advantage

as sorbents, catalysts, inorganic ion exchangers, etc.

Attention has been paid to the gelation of a number of

salts of polyvalent elements: Ti, Zr, llf, Si, Fe, Cr, Th, Sn,

Al, Sc, Y, rare eartli elements.

Very good results have been obtained with the preparation

of spherical silica gel for liquid cbromatography» The initial

material was sodium silicate, the preparation procedure waa

a modification of the above described procedure for U02, Active

centres of silica gel are after special washing and drying in-

activated by means of heating to 400 C. The testing in chroma-

tographic columns proved high quality of the sorbent ^ 8 ] • For

the application of sol-gelNnaterials in sorption and in selec-

tive ion exchange it is advantageous to prepare spherical mate-

rials not only in the form of hydrated oxides or hydroxides but

also in the form of insoluble salts of inorganic acids. Positive

results have been obtained when studying the possibility of mul-

tistage transformation of hydrolytical products to a number of

12



other compounds (sulphates, phosphates, peroxides, complex

cyanides, etc.) [ 9j. The conversion has been accomplished both

in aqueous and non-aqueous solutions of salts, acids or in

gaseous media. The materials conserve even after multiple conver-

sion their shape and mechanical strength.

Methods of preparation of inulticoinponent systems have

been also investigated by the help of which active components

were incorporated into the spherical gel matrix. Ion exchangers

based on ammonium phosphoi.iolybdate (AMP) incorporated into

the silica gel matrix belong to such materials. AMP powder

(crystallite size below 1 .urn) prepared in advance was added

into the initial solution up to 80 wt. % content (recalculated

to the dry ion exchanger) ^loj Q The ion exchangers have been

applied with success in ion exchanger columns when separating

radioactive cesium from simulated highly radioactive waste

solutions»

Sample containing 50 wt. % of AMP has been used for rapid

sorption of radioactive cesium when determining the burn-up

of nuclear fuel» No significant radioactive admixtures were

found in the gamma spectrum of the isolated Cs and Cs 1 111 •

Interesting results have been also obtained when preparing

ferrites on the basis of the sol-gel methodo

Some of these applications have been developed to a pilot

plant scale.
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8. CONCLUSIONS

Sol-gel method suitable Por the preparation of advanced

nuclear fuel has been studied in NRI, kez. This process even

if it is using simple technological scheme is rather complex

in its nature. It is expected that the better understanding

of the fundamental process would enable to improve the quality

the control of the products.

Sol-gel procedures modified for non-nuclear purposes have

been applied for the preparation of interesting materials.
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