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ABSTRACT

The prepara.tion and calcination of ammonium uranates 1s reviewed. Topics
covered include the preparation of ammoniun uranates DYy pr801p1tat10n or solid
astate reaction; the effects of preparatlon conditions upon the composition,

structure, morphology, surface area, and filtration of ammonium uranates; the
hermal decomposition and reduction of ammonium uranates; and the effect of

calcination conditions on the physical properties of the resultant powder.
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1. INTRODUCTION

In the past ten years the development of nuclear power reactors has led to
an increase in the importance of uranium dioxide as a nuclear fuel. The fabric-
ation of U0z fuel elemeunts genérally involves preparatién of an inorganic
hexavalent uranium compound, calcination to UOs and/or reductioﬁ to sinﬁerable
U0z powder, followed by cold preésing and sintering of fuel pellets(l). Consider-
able evidence shows that the sintering characteristics of ceramic powders, such

ag UOs, are determined largely by théir preparative history.
Starting materials that have been used for the prepardtion of UGz includé(l’g):
Ammonium uranates.
Higher uranium oxides and their hydrates.
Uranyl nitrate, oxalate and peroxide.
Uranyl acetate, benzoate, tannate and quinolinate.

Production tecﬂniques.generally usé uranyl nitrate as the gtarting material
for the preparation of UOs aud this is subéequently denitrated thermally, or
chemicaily by addition of ammonia to precipit&te ammonium uranates. Powders made
by the thermal denitration route normally have poor sintering characteristics and
are used to produce uranium fluoride feed for diffusion plants. The most sinter-
able grdades of commercially produced U0z are prepared by the ammonium uranate
route. This process forms the bagis of the U0z fuel element technologies developed

in U.X., U.8.A,, Canada, France, India, Denmark and Sweden.

Many reports have been published about the nature, preparstion and calcination
of ammonium uranates. However, a great deal of confusion has been generated by
the couflicting nature of many of the results. This report critically reviews
the most importaant results and attempts to clarify the reasons why disagreement

exists. It also indicates fruitful areas for future investigation.

z. PREPARATICON OF AMMONIUM URANATES

Ammonium uranates have been formed in the solid state by reacticun of gasgeous
or liquid smmonia with uranyl nitrate hexahydrate(s) aﬁd hydrated UOQ(4’5), and
the reaction of U0z with a solution of water and ammonia{®)., These methods have
no commercial importance but are of value as preparative technigues for research

related to the composgition and structure of ammonium uranates.

Ammonium uranates are precipitated by the reaction of a uranyl solution,

normally nitrate, with ammonia or a donor compound containing ammonia. Ammounia



may be added

. . . B . . N 1
(i) directly as gaseous or liquid ammonia or agueous ammonium hydroxide(?)

(ii) by an ammonia donor such as urea(4’7), ammonium carbonate(a), or

anmonium sulphate(4’9).

Most commercially produced ammonium uranates are prepared by method (i) but
Sweden uses urea, which has the advantage that precipitation occurs homogeneously
throughout the sclution. The A.A.E,.C. Research Establishment is at present lnter-
ested in the former route and this method of precipitation will be the only one

reviewed in this paper.

Precipitation of ammonium uranates by the ammonia route has been carried out

by:

(i} A batch process, when complete precipitation is accomplished at a given
pH, or precipitation is followed by conditioning of the precipitate

with excess ammonia to ensure complete precipitation.

(ii) Continuous precipitation, which normally involves at least two stages;
»
either precipitation at a given pH followed by conditioning, or partial
precipitation at a low pH followed by complete precipitation at a higher
pH.

The following variables have been found to affect the precipitation of ammonium

uranates:
Use of gaseous or liquid NH5 or agueous NH4q OH.
Uranium concentration.
Ammonia concentration.
Addition sequence.
Precipifation temperature.
Effect of excess ammonia.
Degree of agitation.
Ageing of precipitate.

and such dependent variables as
PH.

Rate of precipitation.
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The effect of these variables on the physical properties of the precipitate will
be discussed in Section 4. It 1s difficult to assesgss the quantitative effects of
these variables since the precipitation of ammonium uranates occurs by hetero-
geneous nucleation and the design of the apparatus has a major influence. However,

gualitative trends are evident in the results reported in the literature.

3. THE COMPOSITION AND STRUCTURE OF AMMONIUM URANATES

3.1 Compogition

Among the various compositions reported for uranates{19) are the following:
M2U04, M2U207, M2U3010, M2U4015, 'M2U6019’ M2U7022 and MBUGOZS’ where M is a

monovaleut cation (e.g. NH4+, Na+, K"')° These compositions fit the general formula

Ux05x+L suggesting the series:
M-O-UOZ-O—M normal uranate
M—O-UOZ-O-UOZ—O-M diuranate
M—O-UOZ—On..UOZ-O..,UOB—O-M polyuranate

Such a stoichiometric series of compounds would imply that the ammonia is present

+
a8 bonded NH4 ions in ammonium uranates.

Other workers(%s3) postulate the existence of a series of UOS-hydrate—ammoniates
with the general formula UOSGXNHSO(Z-X)HBO, where part or all of the ammonia exists
in the lattice as coordinated NH3 groups. They believe that other series of
UOB—HEO-NH5 compounds may also occur depending on whether the system being investi-

gated is liquid or dry and whether or not nitrate is present.

Addition of ammonia to a solution of uranyl nitrate causes formatiom of a
precipitate which was originally believed to be ammopium diuranate(ll), (NH4)2U207,
often referred to as ADU in the technical literature, Hgwever, recent investigatious
hawve revealed the complex nature of such a precipitate. .According to the data in
the literature, the mole ratio UOS/NH3 of the precipitates isclated from uranyl
nitrate solutions may vary within the range 4.0 to 0.7 depending on the counditions
of precipitation (Figure 1). It is difficult to compare results because of non-
equilibrium conditicns and possible hydrolysis of the precipitate during washing
with water. The possibility of hydrolysis of the precipitate was reported by
Ewing in 1956(22) but this effect has often been ignored. The analytical data of
the precipitates are also difficult to interpret, as in all cases appreciable but
not reproducible amounte of unitrate are retained which cannot be completely removed
by washing with water or alcohol. Washing with alcohol appears desirable since

it does not cause the drastic changes in composition that occur during water washing.
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In an effort to prepare nitrate-free precipitates, Cordfunke(®’ investigated
the terunary system NHS_UOS'HBO by reacting'UO5 with various concentrations of
water and ammonia at 40°C until equilibrium was reached, Chemical and X-ray
analysis revealed the formation of four compounds {Table 1), Compound I contained
some ammonia. He found that Compound IX was the only uranate stable in the presence

of moist air, The others decomposed such that,
Compound IV — III — II .

The strong resemblance between the X-ray patterns of uranates precipitated

3.ZHZO led Hermans(%:5) o investigate
the possibility of replacing HéO with ammonia in the lattice of the dihydrate. He

from uranyl nitrate solution and that of UOQ

found that the reaction of UO ZHZO with liquid ammonia produced a compound whose
2 1 3
ze% 33HEOt W%EM%B%O while

still retaining the same hexagonal structure. These chemical compositions were

composition could be varied w1th1n the limits UO

essentially the same as those found by Cordfunke(®), Hermans also found that the
reaction of gaseous ammonla with UO 2H 0 produced a series of compounds with an

upper limit of UO3 5 3 5H'EO
3.2 Structure

The structures reported for ammonium uranates prepared by several different
methods( #2%s18514515) 416 collated in Table 2. The structures consist essentially
of hexagonal or pseudohexagonal layers of composition UOB(Oz)a with the additional
O and N atoms of water and ammonia between these la,yers.{‘hl‘@)o A model for the

(14)

oxygen bonding was proposed by comparison with an a—U05 structure , which has

(18), Thus the proposed oxygen counfiguration

since beenshown to bhe incorrect
around the uranium atoms could well be incorrect. The resemblance between the
structures of uranates and UOSQBHEO is striking(4=5314)o The orthorhombic lattices
in the series are pseudohexagonal and differences between the lattices can be
explained by minor distortion and shrinkage of one lattice. This structural simil-
arity can be traced to the existence of sub-lattices which are almost identical in

(14}, Reflections from the heavy uranium atoms, which are

the various'compdunds
sitvated approximately at the corners of the sub-cells, dominate the X-ray powder
diffraction patterns and nothing can be deduced concerning the positions of the

light atoms.

Although there is some discrepancy concerning lattice parameters, the
compounds isolated by Cordfunke(®22%) 314 Hermans(4:%) were essentially the same.,
However, Cordfunke found two limiting hexagonal compounds (Types III and IV)

separated by a two-phase region, while Hermans concluded that a continuous region
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existed over these limits. The results of Jakes et al.(l?) indicate that the
Type IV compound can contain counsiderable excess ammonia without any apparent
major change in the observed X-ray powder diffraction patterns. Bxamination of
ammoniﬁm uranates by infra-red spectrophotometry (Stuart and Whateley, ALALE.C. -
to be published} has shown that the U=0 stretching frequency VU-O exhibits a
significant and continuous variation with UOS/NHS ratio down to 1.43 (covering
Types I to IV). No evidence of the frequency splitting which would normally be
associated with mixtures of compounds could be.found. This suggests that a
single phase region exists within these composition limits. More precise
structural analysis usiung siongle crystal diffraction methods is required to

resolve this problem.

Disagreement also exists as to the exact nature of these compounds : whether

+
or not they are real uranates, with all the ammonia bound as NH4 »

groups. Cordfunke(®)

or U03~hydrate-
ammoniates with the ammonia present as coordinated NH3
considers that his compounds are real uranates while Hermans(?°S) considers that
they are U05-hydrate—ammoniates. Chemical and X-ray analysis alone does not seem
capable of resolving this problem as results indicate that the compounds can
contain large amounts of excess ammonia, without any major effect on the X-ray
structures. Precise infra-red and NMR analysis may help with this problem.
Deane(t?) investigated several specimens of ADU using infra-red analysis and

found no evidence of the preseunce of NH4+ bounding. Whateley (A.A.E.C. - unpublished
results) feels that this interpretation has been confused by the presence of
nitrate impurity. In regions normally associated with ammonia bonding, the spectra
show a similarity to those of many simple ammonium salts. Recent French infra-red
experiments have alsc been interpreted in terms of NH4+ bonding(la). DTA and gas
evolution analyses, which will be discussed in Section 5, show that the ammonia

is not evolved from the uranates below 250°C and this indicates that the ammonia

is strongly bound. The argument for the existence of UOs—hydrate-ammoniates is
based on the rapid and reversible exchange of NH3 with HEO at room temperature(4)
and the strong resemblance between the X-ray patterns of the uranates and
UO3.2H20(5). However, neither of these is a really conclusive argument against

the existence of uranates. The majority of direct evidence would appear to favour
the interpretstion that they are real uranates. Hermans *) feels that a different
series of compounds may be formed depending on the starting material, the presence
of nitrate, and whether the system is liquid or dry. More closely controlled

experiments are needed to resolve this question.



6,

4, THE EFFECT OF PREPARATION CONDITIONS ON THE PROPERTIES CF AMMONIUM URANATES

The effects of the process variables listed in Section 2 on the composition,
structure, morphology, surface area and filtration rates of the ammonium uranates

will now be reviewed.

4,1 Composition

Although numerous experiments have been carried out to determine the effect of
process variables on the composition of the product, it is difficult to compare
results because of non-equilibrium conditions for some experiments, presence of

residual nitrate and hydrolysis of the precipitate during washing.

4.,1.1 Batch precipitation

Numerous workers(#:5:8,11,18,18,18,20,21} y,6 gtudied the reaction between
uranyl nitrate solution and ammounia by means of potentiometric and conductimetric
titration megsurements associated with chemical analysis to determiue the products
formed. In agueous solution, all positively charged ions tend to associate with
water (hydrolysis) and a large proportion also associate with other coordinating
groups to form complex iong (polymerisation) linked through the formation of
hydroxyl bridges. The initial UO;+ i1ons are hydrolysed to form polynuclear
complexes’ 422%) of the type UZO?', USO?', USOB(OH)+ or U0, [ (0H),u0,] 2% . Con-
flicting results are reported in the literature and the confusion is associated

wilith the complex nature of the titration curves. Hermans‘?’ found that several

independent phenomena may influence the shape of these curves:

{1) The slow rate at which the hydrolytic-polymeric reaction takes place

leads to non-equilibrium conditiouns.

(2) The hydrolytic-polymeric phenomena may be different depending whether

hydrolysis takes place by dilution or by increasing the alkali content.

(3) The occurrence of different compounds and transformations between them
may cause a decrease in pH even when no true hydrolytic reaction takes

place.

He concluded from the results of his investigation that it is difficult to obtain
reproducible and meaningful results and that eguilibrium cannot be reached during

a titration at room temperature.

Cordfunke(®} attempted to achieve equilibrium by heating at 40°C for 1 to 2
weeks, Figure 2 shows the curve in which the pH of the saturated sclution is

plotted against the NHB/UO5 molar ratic of the initial sclution. The equilibrium
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curve is obviously different from~that obtained by direct titration (dotted line).
Under equilibrium conditions, precipitation started at pH = 3.5 and was completed
at pH = 4. Hermans¢*) found that the pH for initial precipitation was strongly
dependent upon the uranyl nitrate conceantration of the sclution and the rate of
addition of the ammonia. This possibly explains why such a range of pH values has
been reported in the literature. -

(20} obgerved inflection points in the conductimetric and potentio-

.Ippolitova
metric titrafion curves which indicated that five different products may be formed
during precipitation. The calculated compositions corresponded to UOg(OH)z,
(NH4)2U7022, (NH4)2U4013, (NH4)2U207 and (NH4)2UO4. Other authors have also
reported indications of the formation of UOB(OH)Z(H), (N, ) U0 (22,23)

22 4
(NH4)2U4O (22,23) ' (WH,),U.0.(11) and (NH4)2UO4(11). However, it appears to be

13 4)2 277
imposgsible to isolate many of these single compounds from solution and the inflec-

tions may be due to metastable complex ion formation(18),

The results obtained at equilibrium are of interest for explaining the stable
composition of the uranates. X-ray analysis showed that the precipitates isoclated
by Cordfunke!®’ had diffraction patterns identical with those of the following

compounds as listed in Table 1:

o Type

< 3.5 (incqmﬁléte precipifation) - I

4 to 7 : - IT

>1 ' - III with some II

A rapid conversion of Type IIT to II occurred when the precipitate was washed in
water. Deptula(2l) Tound compositions similar to Types II and IIT over similar pH
ranges but he postulates mofe precise formulae. He found that if ammonia is added
slowly and the sclution allowed to Standruntil an equilibrium pH is established,

the compound has the cbmposition [(NH4)20]3.[U05.H20]20.13H20_ (i.e. Type II)rwhich
reacts further to form [(NH4)20]5.[UOS.H20]20.7H20.(i.g. Type III}., A rgpid
addition of ammonia led to the formation of a precipitate with the composition
[(NH4)20]2-5.[U05.H20]20.l4H20 (i.e. UOS.%NH3.£H20)_which reacts with excess ammounia
to form [(NHé)20]5.[U05.H20]20.7H20. Tppolitova(®9) also found a composition
equivalent to the Type IT over a pH range of 8 to 9. At a lower pH of 5 to 7 he

found s compogition close to (NH4)2U and at pH > 9 close to diuranate. There

7022 _
were significant deviations from stoichiometry in both cases. However, the

compositions could be suspébt since he washed the products with NH4NO5 solution
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and recent work at this Research Establishment (W. Stuart - unpublished results)
has shown that this can substantially alter the composition of U03.2H20 by

exchange reactions, Notz et al.(®%) concluded that ADU was probably a mixture

of hydrated polyuranates.
(anlon—UOZ-O-UOZ-anlon).XHZO

where the anicns are 52 per cent hydroxyl, 39 per cent oxyammoniuvm and 9 per cent

unreplaced'nitraﬁe.
Hermans¢*) investigated the reaction usiung several different methods;
(i) Slow addition of aqueous ammonia to a uranyl nitrate solution.
(ii) Very rapid addition of the ammonia.

(iii) Slow simultaneous addition of uraunyl nitrate and gaseous ammonia to
g uranyl nitrate-ammonia system of the right pH in a ratio such that

the pH was kept constant.
(iv)  Slow reaction of gaseous ammonia with a uranyl nitrate solution.

By X-ray analysis he distinguizhed three products which he designated o, g and 7,
with transition points at a pH around 3 and 9 respectively (Figure 1). The
product B corresponded to a Type II composition. The (-compound had a mole ratio
UOS/NH3 of 3.3 and y-compound often contained excess ammonia. He found that the
transition B € v was peversible in the mother liquor and depended solely on pH,
whereas under nitrate-free conditions the reaction vy — B seemed to be irreversible.
Unlike Deptula(zl); he found no influence of the method of precipitation on the

types of products obtained.

The results of Jakes et al.{*®) are rather different from those of other
workers (Figure 1). Comparison shows that their samples contained much more
ammonia than recorded elséwhere, which they attributed to the strength of the
solutions used in the precipitation. However, X-ray analysis (Table 3) showed
that the compounds had diffracticn patterus simiiar to those of thé products
formed by Cordfunke‘®), Certain deviations from Cordfunke's results can be
observed at 60°C; for iustance, Type II was not found, whereas Type I existed

even at a pH = 5 and contained some ammonia. The composition at pH = 9 is

very close to that of the diuranate but no change in structure from a Type IV
compound was found. At 40°C and pH = 9, a compound with a UOS/NH3 mole ratio
of 0,75 was formed but the X-ray analysis revealed only a Type IV compound.

This would indicate that large excesses of ammonia were present compared with



the compounds prepared by Cordfunke(®),

Brusset and Daolt®) found that only uranates formed with a large excess of

ammonia had a well defined composition (UOS.%NHS.%HZO). FTor lower ammonia mixtures,

the chemical compositiouns varied considerably.

4.1.2 Continuous precipitation

Little information is contained in the literature coucerning the composition
of the products formed during continuous precipitation. Experimeats at the A.A.E.C.
(Woolfrey - unpublished'results) have shown that using gaseous ammonia, the

following compounds were formed at 40°C:

plt Type
4.5 — IT

6-7.5 -3 IIT and IV
8.6 — IV

The UOE/NH5 ratios are shown on Figure l.

4,2 Morghologx

The characteristics of a given powder, such as UOZ’ are determined by its
method of preparation and subsequent thermal treatment. Powder characteristics
such as surface area, particle shape, particle size distribution, degree of
agglomeration and particle density have a pronounced effect on subsequent fabric-
ation processes. Since tThege characteristics are basically inherited from the
precursor material(as), the effect of preparation variables oun the characteristics

of the precursor powder are of great interest.

4,2,1 Particle shape and size

Doi and 1£0{®®) showed by electron microscopy that the elementary uranate
particles are usually very thin platelets. These platelets are normally attracted
to each other, plane to plane, by weak intermolecular forces and are subsequently
bonded by chemical forces, leading to the formation of stable primary aggregates.
Secondary agglomerates may be formed during drying when particles and/or aggregates
are held together'by relatively weak surface forces. The agglomerates normally
can be broken up by handling or dispersion techuniques. Confusion is generated in
the literature by referring to any of these as the "particle size' without

further clarification.
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The same authors(®®) found that when the uranium concentration of the nitrate
solution was low {0.004 mole/litre) the length of the platelets remained small
and uniform (0.1 to 0.2 pm), and they formed small aggregates of uniform size
(0.2 to 0.3 pm). A higher uranium concentration (0.22 mole/litre) gave rise to
larger platelets (0.2 to 0.5 um} and enhanced aggregation, with a much wider size
range. Considerable agglomeration must take place during drying of the precipitate

(26,27) showed

since the size distribution measured by a sedimentation technigque
that at least 50 to 80 per cent of the powder had a 'particle' size greater than

2 pm.

For batch precipitation with NH4OH, the literature indicates that a low
uranium concentration (below 300 g/litre), high or excess NH4OH concentration,
increased temperature, and rapid precipitation all contribute to the development

(28,29,30) Reinhart(al)

of a precipitate of small 'particle' size using a four
factor analysis of variance , investigated the effects of precipitation variables
on 'particle' gize of uranates for continuous precipitation with NH4OH, and the
results are given in Table 4. He found that pH exerted the strongest effect

but precipitation temperature and uranium councentration have strong secondary
effects, particularly in combination with each other and with pH. When gaseous

NH5 is used as the precipitant, the 'particle' size is uniformly smaller(Z8:38) ang

is relatively insensitive Lo precipitation conditions (28,

4.2.2 Particle density

The effects of precipitation conditions on the apparent density of uranates,

measured by the displacement of liquid carbon tetrachloride or trichlorethylene(a’

33’34), have been reported in the literature. These values would represeut the
apparent density of the aggregates sivce the liquid molecules cannot penetrate the

smallest pores.

Dembinski‘®®) found that for the batch production of uranates with NH LOH,
both wranyl nitrate councentration and rate of precipitation affected the density
of the particles as measured by carbon tetrachloride (Figure 3). The density of
uranates precipitated under equilibrium conditions decreases with increase in
uranium concentration. However, if precipitation is carried out rapidly, no
effect is evident. Presumably in the latter case, precipitation is controlled
not by the uranium concentration but by the sﬁpersaturation of the solution with
ammonia, which was the same for all uranium concentrations. Increasing the

(8) and Galkin(sa)

temperature of precipitation decreases particle density. Clayton

reported that precipitation with NH40H produced denser particles than those
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precipitated by gaseous ammonia (Figure 3).

Vuillemey(34) found that the density was insensitive to precipitation con-
ditions for uranates prepared by continuous precipitation with NH,OH. He states

that the apparent density of the uranates tends to increase with final pH.

4,3 Surface Area

Determination of the surface area of ammonium uranates is itself a problem.

The range of values reported in the literature can be attributed to:

(i) The measured value of the surface area depends upon the method used:

conventional BET, continuous flow BET, or permeability(la).

(ii) The uranate surface must be cleaned of other gases at below 50°C(13,20,35)

since water of crystallisation is lost above this temperature(Z°},

{(iii) There is some difficulty in obtaining a stable uranate surface under

vacuum at such low temperatures(la).

(iv) Curved plots result when krypton adsorption is measured over the normal
range of relative pressures (0.05 to 0.35) and analysed by the BET

equation(>%),

Jakes*®:%8) found a rather complicated dependence of the BET surface area
on the final pH for batch precipitation using NH, OH (Figure 4). The minimum at
pHe6 would appear to be related to the structural change in the precipitate from
orthorombic to hexagonal (see Table 2). Clayton‘®) and Dembinski(®®) found
significantly different values of surface area for precipitation in the region
of pH=8 to 8.5 (Figure 4). This may be due to differences in the size of

apparatus, the stirring conditions and the method of surface area measurement.

Dembinski(®®) found that the specific surface area of uranateg decreased
with increasiog uranyl nitrate concentration but increased with increasing temper-
ature and rate of precipitatidn,(Figure 5). Jakes(13) similarly found that an
increased rate of precipitation resulted in an increased surface area. He also
found that the rate of stirring had an effect. Clayton(s) féund that precipitation
with gaseous ammonia resulted iun a significant increase in surface area (Figure 5).

Vuillemeyf34) investigated the continuous precipitation of uranates with

NH40H and found that only the final pH of precipitation had any systematic influence
on surface area, an increase being observed with increasing pH (see Table 5). It

is interesting to note that two-stage precipitation cauéed a reduction'in surface

area for a given final pH.
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Since surface area is to some extent a measure of 'particle' size, it is
interesting to note that the effects of changes in precipitation conditions upon
'particle’ size (Section 4.2.1) are confirmed by the parallel but inverse variation

in surface areas recorded above.
4.4 Filtration

Reinhart's results®?) show that the filtration rate of uranate precipitates
Prepared by continuous precipitation with NH4OH is strongly dependent on the final
pH of the solution (Figure B8). The highest filtration rate was observed at a
pH = 5.7. He also found that the filtration rates were 10 to 50 times greater than
for batch-precipitated uranates under similar conditions. Curtis(3®’ observed a
similar dependence over a much wider pl range (Table 6), and the results indicate
that, for a constant pH (=6) and feed acidity, increased uranium concentration
leads to enhanced filterability. Deptula(al’ss) found that for batch precipitation,

rapid precipitation leads to a poorly filterable precipitate.
4.5 Discussion

The results reviewed in Section 4.1 lead to a rather confused picture of the

exact nature of ammonium uranates. Results indicate the occurrence of UOS—hydrate

1 5 1 3 . - .
(1), U03'3NH5'5H20(II)’ and UOs'ENHE'EHZO(III) during precipitation from uranyl

nitrate solution. With a very large excess of ammonia, UOB.%NHS.%HZO(IV) is also

formed. Commercial ADU is generally a mixture of some or all of these. This is
possibly due to the fact that the initial compound to be precipitated at a low

pH (3 to 3.5) is UO5.xH20 {containing small amounts of ammonia) which is sub-
sequently converted to Compound IT at a higher pH. Further conversion of Compound

IT to III and IV is reported to be very slow. Thus the chemical composition and
compounds observed depend on the rate of conversion. It is also importaant to note
that although pH is often reported in the literature as if it is a primary variable
in the precipitation, it is in fact a dependent variable. This, and the problems

of analysis and hydrolysis of the precipitate (Section 3.1), has helped to contribute
to the confusion in the literature concerning the composition of the material

Precipitated at a given pH.

The effect of an increase in particular precipitation variables on the
physical properties of ammonium uraﬁate precipitates are collated in Table 7, for
both batch and continuous precipitation. With batch precipitation, virtually all
the variables have major effects on ihe physical propertiés of the precipitates.
However, with continuoué précipitation, pH is the most important variable, with

uranium concentration and temperature having important secondary effects. Two-stage
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precipitation(84) is often favoured owing to flexibility in contrcl of composition
and uniformity of precipitate. Many of the correlations are hased on very limited
information and more precise experiments are required, using multi-factor analysis

of variance toc reveal the interaction effects between variables.
5. CALCINATION

The calcination of ammonium uranates to form UO2 may be effected via three

different routes:

f t 3
ADU\ /_'/[‘Joz
-
U0z —> USO 8

Two different processes may be involved,
(a) thermal decomposition,
(b) reduction.

5.1 Thermal Decomposition

The thermal decomposition of ammonium uranates has been studied by a number

of authors but their results are not in complete agreement.

5.1.,1 Composition

The composition of the compounds formed during the decomposition of ammonium
uranates in air or an inert gas has been studled by various authors using DTA,
TGA, chemical and X-ray analysis(20’24’40’4l’42). The DTA and TGA show four

correspending thermal deflections associated with weight losses:
(i) Endothermic deflections in regioan 50 to 250°C;
(ii} Exothermic deflections in region 250 to 350°C;
(iii) FExothermic deflectiouns in region 350 to 450°C;
(iv) Endothermic deflections in region 500 to 600°C.

Dehydration of ammonium uranates starts at 20°C¢2%) ana proceeds up to 200°C, which
is obviously associated with the first endothermic deflection. Interpretation of
inflections in the curves between 200 and 300°C is complicated by the presence of
varigble amounts of nitrate impurity and the fact that all the ammonia may not be
bound as NH4+. Notz{2%) claims that the first exothermic peak (ii) correspounds

mainly to nitrate loss with a small amount of ammonia. However, Ippolitova(zo)
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+
considers that this peak ig associated with detachment of an NH4 ion which takes

place in two stages. Hotz(F%) carried out a similar experiment with nitrate-free
uranate, prepared from sulphate solution, and found only one exotherm, at 415°C.
It would thus appear that the first exotherm is associlated with nitrate removal.
The origin of the heat generated is not definitely known but Notz(24) suggests
that it may result from heat of polymerisation or the excthermic decomposition

of evolved ammonium nitrate.

The second exotherm from 350 +to 450°C is mainly associated with the evolution

0. (20,24 48)

of the remaining ammonia during the decompogition, to form U = Between

450 and 500°C a minor exotherm is associated with the formation of some USOB due

to the auto-catalytic reduction of the UO5 with evolved ammonia(20’24),

(20)

& process

(43)

which is known to be exothermic. Ippclitova and Landspersky also associate

this effect with the formation of a so0lid solution between UO5 and USOB to give

Uo 'The final endothermic deflection represents decomposition of the remaining

2,9°
UO5 into USOB at about 600°C in air, and decomposition terminates at 640°C.

Two types of UOS’ amorphous UOS(A) and crystalline 3'U03; have been reported
in the literature(*3,%%4,45) 44 being formed during the decomposition of ammonium

(48)

uranates. Hoekstra observed the formation of the UOS(A) at temperatures much

lower than those observed for the formation of the crystalline forms. Landspersky(43)
found the formation of both UOS(A) and B-UO5 at a temperature of 200°C. He also
found that the rate of heating had an effect on the type of UO3 formed(**). Slow
heating (1 degC/min) gave UO,(A) while rapid heating (10° to 100 degC/min) gave a
mixture of p-U0; + UOB(A) . Hoekstra(*®) found that UO,(A) could not be trans-

formed into any crystalline modification at normal pressures without loss of oxygen
below the stoichiometric ratio O/U = 3. He found the following decomposition

sequence:
450°C 550°C
UOS(A) — > U02.9 —_ USOB .
At 525°C the gdecomposition of ﬁ-UOB to give U308 was also observed. A further
complication can result from the fact that in a molst atmosphere -the dnitisl mixture
of UOE(A) + g3—UO5 may become hydrated to form U05°§H20(44). This compound is not .
completely dehydrated until 350 to 400°C is reached. The decomposition product is

U03(A)u

Until the UO3 or USOB phase is formed, X-ray powder diffraction techniques
do not provide much additional information about the composition of the initial
decompogition products, owing to the continuity of the sub-lattice of uraunium

agtoms. The diffraction data(24) gshows a slight lattice contraction and disordering
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as decomposition proceeds, which could be a natural result of the removal of

anions.

5.1.2 Morphology - particle size and shape

Doi and Tto'®®) observed that the calcination of ammonium uranates in air
at 400°C did not essentially modify the shape of the precipitate except for the
development of minmute holes in the elemeuntary platelets. Samples of E—UO5 prepared

at 500°C showed a similar reteuntion of shape(*5)

and had a crystallite size,
measured by X-ray line broadening, of about 150 A. Poorly crystalline samples
exhibited crystallite growth, increasing to about 300 A in about 12 hours. Calcin-

ation above B00°C modified the shape of the precipitate by microsintering!®®’,

leading to neck formation and accelerated growth of the UBOB particles. Imris{®")
found that calcination of USOB in the temperature range 600 to 1000°C, produced
smaller aggregates than those of the original uranates, presumably because of
disruption of aggregates during decomposition. The size distribution, measured
by a sedimentation technique, increased in breadth up to 700°C, narrowed at 800°C
and then iacreased again above 850°C, owing to the balance between particle growth
and shrinkage of the aggregate'from internal sintering. The.narrowest distri-

bution was obtained for calcinatiocan at 800°C,

5.1.3 Morphology - surface area

The surface area of calcined ammonium uranates increases rapidly between 300
and 400°C(3%,%40,%3)} (pimre 7). This would appear to be associated with the
formation of UO5 during decomposition (Section 5.1.1). The effects of micro-

sintering, leading to a relative reduction in surface area, caa be seen above 400°C.

Increases in time or temperature produce a greater reduction in surface area(43).

The effect of the high surface area, leading to microsintering at lower temperatures,

can also be seen in Figure 7. BSurface area decreased by a factor of 8 to 10 if

(44)

hydration-dehydration took place during calcination This appeared to be due

to crystal growth of the UOB-hydrate.

The surface area of UBOB is clearly determined by microsintering effects(®8)

(Figure 7). The method of precipitation of the ammonium uranates also affects the

U508-surface area.

Changes in surface area above 600°C, (Figure 7) reflect inversely the variation

(27)

in "particle' size reported by Imris The stable surface area values between

700 and 800°C would appear to be associated with the narrowing of the size distri-
bution. Below 450°C, the rapid increase in surface area is due to the formation

of holes in the elementary platelets(es)c
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5.2 Reduction

Gaseous reduction to produce UO2 can be accomplished with H
or CO by:

2,H2/N2 mixtures

(i) direct reduction of ammonium uranates;

(ii) reduction of UO3 or U308 produced by the initial decomposition of

ammonium uranates.

S5.2.1 Composition

Ammonium uranates can be directly reduced to UO2 by heating in hydrogen(a’za’sa’

86,40,47,48)  or carbon monoxide(®s47), However, basic information about the re-

{40)

duction process is very limited. Huntington investigated the reduction in

hydrogen which appeared to be a three-stage process:
Tt t
ADU" ey U02.56 N UOZ.S 3 UO2 .

The rate curves appeared to be linear between the steps and the rate of conversion
of U02.56 to UOE.S was the slowest step in the process (Table 8). He found that the
rate of reduction increased up to 590°C but there was only a relatively small
increase above 480°C. Auto-reduction of ammonium uranates can be achieved oun a
laboratory scale from the hydrogen produced by the dissociation of ammonia released
during the calcination to U,0_(%4®), The temperature of reaction must be above 450°C

378

for appreciable ammonis digsociation and USOB reduction to occur. The optimum

reduction temperature was found te be about 700°C,

Huntingtpn(40) algo investigated the reduction in hydrogen of ammonium uranates
which had been calcined at 538°C to give a mixture of UO3 and USOB' The reduction
curves were similar to those obsefved for direct reduction but only exhibited a

two-stage process:

3 1 t
caleined 'ADU —_ UOZ'56 — U0, .

In the primary reduction stage to U02,56’ the rate of direct reduction was greater
than that for the calcined material; beyond this poiut the calcined material
reduced faster (Table 8). The difference between the rates of the primary stage of
reduction to U02.56 was coutrary to what would be expected on the basis of surface
area values. At 400°C, the calcined material had a specific surface area of

15 uf /g compared to 7 nf/g for the directly reduced material, yet the latter

exhibited faster reduction rates.

Information concerning the reduction of UO3 and USOB is available in the

literature, but the results have proved conflicting(l). The reduction kinetics
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appear liunear, indicating a surface reaction, and the reported activation energy

(50) obhserved

for reduction varies between 26 and 39 kcal/mole. De Marco and Mendel
a two-stage process during the reduction of high surface area UO5 in the temperature

range 300 +to 400°C:
U, ——y U0, . —3 U, :

However, Notz and Mendel(S1) ohgerved a three-stage process for the reduction of
UO5 with specific surface areas in the range 2 to 5 it /g at temperatures of 450" to
550°C,

U, — U0, —— U0 — U0, >

where U308+y and U308-x refer to the upper and lower l1m12? of the USOB phase.
(4

These results are in agreement with those of Huntington who observed a similar
two-stage process for the reduction of high surface area material calcined to give

UO5 or U308 and a three-stage process for the low surface area uranates which had

been directly reduced. The USOB—X phase has a lower limiting O/U ratio of 2.55,

over the temperature range 400 to 600°C (3%}, It would appear that direct reduction
of ammeonium uranates occurs via U508 with the initial rate change at UO2 56 being
associated with the phase boundary of U, 0

3 8-x"

Kuhlman®®) found that NH, was less effective in reducing U0, then either H,

or a 3 to 1 molar mixture of Hz/Né'

5,2,2 Mbrphology - particle size and shape

Doi and Ito(®®) observed that the shape of the precipitate persists throughout
calecination and/or reduction at temperatures below 600°C, Clayton(s), Landspersky(43
and Andersont*”) found that to a first approximation, the X-ray crystallite size of
the resultant UO2 depended upon the maxiwmum temperature of calcination or reduction
rather than on the method of preparation. Reduction with CO tended to give a

(44) | The size distribution

finer powder for a given set of calcination conditions
of agglomerates ju UO, powders varies from 4 to 90 p 19285270 Topig et al, (BT
using a sedimentation technique, made a detailed study on the effect of reduction
conditiong on agglomeration. They observed the following results for reduction

with hydrogen:

(i) For direct reduction, the size distribution of the UO, up to 50 um was

2
directly related to that of the ammonium uranate and the reduction
temperature. Above this size, the UO2 was finer and the size distri-

butions were different.
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(ii) The size distribution of the U0, prepared via U

temperature at which the U308 was calcined.

308 depended on the

(iii) A relationship exisgted between the size distribution of the USOB
calcined at 650°C and the UO2 prepared from it. No relaticnship
existed for calcination above this temperature, and for U308 calcined

below 650°C the subsequent U0, was finer than the U308°

2

(iv) The UO2 prepared via U508 contained a larger proportion of smaller
particles than that prepared by direct reduction. It also had larger
crystallites and smaller agglomerates than powder produced by direct
reduction, which produced small crystallites and large agglomerated
particles. The USOB route gave a single-peaked (4 to 12 pm) Gaussian
size distribution, while direct reduction gave a double-peaked (12 to

60 um up to 900°C) distribution.
{v) Small UO, agglomerates consisted of large crystallites and vice versa.

(vi) The smallest size distribution range of agglomerates was prepared by

calcination of USOB at 800°C and reduction at 700°C.

5.2,3 Morphology - surface area

In general, the surface area of UO2 powders depeunds both ou the surface area

of the materials from which they are prepared and on their thermal history.

Direct reduction of ammonium uranates with hydrogen below 650°C led to & slight
increase (8 per cent) in surface area(*?), However, reduction above 800°C resulted
in a rapid loss in surface area due to sintering of the UO2 pOWder(8347). Clayton(a)

and Belle and Lustman(®%) reported that no dependence between the surface area of

the uranate and that of the resultant UO2 could be found. However, Jakes *®)re-

ported a linear dependence between the two surface areas, measured by permeability.
This apparent discrepancy would appear to arise from the fact that the powders of
Clayton(s) and Belle(S%*) yere reduced at high temperatures for long periods of

time and thus microsintering would have a modifying effect on such a relationship.

Hydrogen reduction of U0, aund UBOS produced by decomposition of ammonium

3
uranate leads to a slight increase in surface area at temperatures below 600°C(8247),

However, above 600°C, decreases occur owing to sintering of the powders(a’ss’és).

The increage in surface area below 600°C was associated with ‘particle' breakdown

due to the differeunce in crystal structure and density of UBO and UOZ. Greater

8
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'particle' breakdown occurred at lower temperatures because of lower mobility in
the solids and because strains caused by the phase traunsformation are less eésily
annealed out at these lower temperatures. The surface area of the UO2 depended
on the surface area of the higher oxide from which it had been prepared(8=46).

The relation for UO_(*®) angd USOB(SG) is shown in Figure 8. A complication arises

in Landspersky's results{*®) as the surface area of the UO3 was measured by
permeability but that of the UO2 by BET. However, the results indicate that a
relationship between the surface areas does exist. The kink and change in slope

of the'USO8 curve occurs for'powders calcined at greater than 700°C and is probably
agsociated with sintering of the powders. The UO2 powders prepared by pre-calcination
of ammonium uranates to UOS/USOB in the temperature range 400 to 600°C normally

had gsurface areas twice as large as those prepared by direct reduction over the same

temperature range(e‘é""s)°

The surface area of the UO2 powder can be modified by subsequent thermal

treatment.
(i) Oxidation of UO2 to UBOB below 300°C can cause a considerable increase
in surface area(a,ss,ss) and subsequent reduction at 500°C may increase

this surface area by a factor of 104572,

(ii) High-temperature sintering of the powder reduces the surface area.
Reduction of the surface area begins at a lower temperature in vacuum

or argon (600°C) than in hydrogen (goo°c) (58),

5.2.4 Morphology -~ particle density

In general, the real density of the UO2 powder, corrected for excess OXygeu,
8,46

308 " ',

of the ammonium uranate'®! for the direct reduction process. The density is

depends on the density of the parent oxide, UO5 or U but not upon that

independent of the reduction temperature up to 1200°C. Reduction with GO instead

of H2 results in measurably higher dengities under similar reduction conditions(46).

5.3 Digcussion

Although the decomposition and reduction reactions of ammonium uranates have
been investigated by many workers, the results do not give a clear picture of the
compounds formed or any real analysis of the kinetics of the processes,and little
information is available coucerning the effects of uranate composition or calcin-
ation stmosphere. This is largely due to the technological nature of much of the

work.

Similarly, the work ou powder morphology and inter-relatiounships with the
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properties of precursor compounds, has not produced any really penetrating analysis
of the problem. No attempt has been reported of determination of orientation
relationships during decomposition and reduction, and hot-stage electron microscopy
could help to resoclve this problem. Determination of the inter-relationships
between the crystallite, particle, and aggregate size and size distribution, and
correlation with surface area and density has not produced many definite results
because the techniques usged (such as sedimentation analysis, electron and optical
microscopy, BET and permeability) have often been applied in isolation. A programme
is required in which all of these are applied to the same material. The modifying
effects of sintering of the calcined powder upon such inter-relationships has often
been ignored and this has caused confusion in the interpretation of results and in

attempting to decide whether or not a simple relationship exists.
6. CONCLUSIONS

The major points which arise in the previous sections may be summarised as

follows:

1. Multi-stage contianuous precipitation of ADU is favoured over batch process

for reasons of control and economics.

2. Gaseous ammonia would appear to have advantages over ammonium hydroxide

as the precipitant.

3. Uranate powders with a high surface area and small particle size can be
prepared by using a high pH(57) a low uranium concentration ( < 0.1 mole/litre),
a high temperature { > 60°C}), a high rate of precipitation and gaseous ammonia as
the precipitant. Such powders give maximum flexibility in the reduction process

for producing sinterable UOz.

l 1
4, CommerC1al ADU is normally a mixture of UO3 3 NH,, . 5H o, UO5 2NH5 BHZO and
perhaps some UQ NH H 0, depending on the precipitation conditions. The majority

3'33'3°2
of direct evidence favours the interpretation that these compounds are real uranates.
5. The surface area, 'particle size' and deunsity of the ammonium uranate
powders is strongly dependent on the precipitation conditions, namely pH, uranium

concentration, temperature, rate of precipitation, and nature of the precipitant.

6. Calcination of ammonium uranates for form UO2 can be effected via three
different routes involving thermal decomposition and/or reduction with hydrogen or

carbon monoxide.
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'ADU' 7 Uo
uo, U0

7. Thermal decomposition of ammonium uranates up to 400°C leads to a
rapid increase in surface area, but above this temperature sintering of the

particles leads to a relative reduction.

8. Direct reduction of ammonium uranates with hydrogen iavolves a three-

stage process,

t t

AT — U0y 56 — U0 5 — U ’
while calcined uranates (UOS/U308) inveolve a two-stage process,

. i 4 1
Calcined fADU (UOS/USOB) — U0, oo — UOZI .

The reduction kinetics appear to be linear between the steps.

9. The UO2 powders prepared by pre- ~calcination to UO /U5 g

ature range 400 to 600°C and reduction in the same range, normally have surface

in the temper-

areas twice as large as those prepared by direct reduction over the same temper-

ature range.

10. For both reduction routes, the 'particle' size and surface area of the
U0, is directly related to the 'particle' size and surface area of the precursor
uranate or oxide. These relationships can be substantially modified by sintering
of the particles and this has caused some confusion in the interpretation of

results.

11, Crystallite size of the UO2

calcination or reduction rather than on the method of preparation.

depends on the maximum temperature of

1z, The real density of the UO_, powder depends on the density of the

z
precursor oxide in the calcinatioun-reduction process but not on that of the uranate

in the direct-reduction process.

13, There is a need for more detailed scientific studies in many of these

areas, using a variety of sophisticated techniques in parallel.
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TABLE 1

COMPOSITION OF THE COMPOUNDS IN THE TERNARY

SYSTEM NH3-UO

5-H,0 - after Cordfunke(®)

Type Composition
I _ UOB'ZHZO
IT UOé.%NH3.%H20
III UOS'%NHS'SHZO
v Uos.gﬂHa.%Hzo
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TABLE 3

EFFECT OF pH AND TEMPERATURE ON THE COMPOSITION

OF URANATES PRECIPITATED FROM URANYT, NITRATE

SOLUTION WITH NH,OH - after Jakes et al, (13!

Type of Compound Formed

pH
60°C 40°C
3 I I
4 I I
5 Mixture-mainiy I IT
6 Mixture-not identified Mixture-not identified
7 I1I I11
8 Iv IV
9 Iv Iv




TABLE 4

RANK OF PRECIPITATION VARIABLES AS TO EFFECT

ON PARTICLE SIZE - after Reinhart(31)

Variable or Averaged Effect of Increasing

Cliisggigizlon Combination of Variables on Particle Size
Variables (% < 10 ym)
Ma.jor 7 _ P - -+ 49
Moderate up 20
TP 18
TUP 18
U ' 15
NP 15
NUP 14
TU 1z
TP 12
T 10
Small TNU 8
TN 5
N NS
NU NS
P = pH of precipitation
T = Temperature of slurry
U = Uranium conceuntration of uranyl nitrate solution
N = Concentration of ammonia solution

NS = Not significant




TABLE 5

EFFECT OF FINAL pH. OF PRECIPITATION ON THE SURFACE

AREA OF AMMONIUM URANATES PREPARED BY CONTINUOUS

PRECIPITATION WITH NH,OH - after Vuillemey(3%)

Specific
Final pH Surface Area
(v /g)
Single~-stage }- 7.6 10.9
precipitation 9.0 14.8
Two-stage }- 7.6 6.9
precipitation 8.9 12.8




TABLE B

EFFECT OF FINAL pH OF PRECIPITATION ON THE FILTERABILITY

OF AMMONIUM URANATES PREPARED BY CONTINUQUS

PRECIPITATION WITH NH,OH - after Curtis(®8)

Feed Solution Relative
U H+ Control Fil;;iZion
Concentration Concentration pH '
(g/litre) (N) | M
75 0.5 4 12.6
75 0.5 6 . 8.4
75 0.5 6 6.0
75 0.5 10 1.25
140 0.5 6 10.8
200 0.5 6 11.6
235 2.5 7 2.4

where

noje

= A (zp x c/nrT)?
= surface area of filter

= fraction of drum surface immersed
; éolid mass per unit timé

= time of drum revolution

= filfration resiétance

= solids councentration

=  pressure (or vacuum)

= viscosity




mo¢mz JC DPBOISUT mmz sTnossEn

uoTIBLTEY
notgealtdroaad Jo 24®Y

- - - 58EB2I09P aangeasdmay,
25BaIOUT - - 55B2I08D UOTLBIQUSOUOD (]
CY-1-E% 51 Y0) sg@aIOUT 29B3I0UT 28821021 nd

918y UOTIIBILTTJ BaIy 20®IaNg | £3TSUag 9TOTIIEg SZTIQ 9TOTAIB4 seTqeTaEp UoTqerTdIosag
TOT181TAIoad SNONMIEIUOD

- 85BBIOUT a8®aI05p 55BAIDAP m0¢mz Jo peagsut mmz sSTossen

- 105339 DBy - - uo14%319y
2982I05D 28E2I0UT 108138 ou 2882108D uct1esrTdIoaad Jo 91ey

= 28BOIOUT 28BaIOSD SSBaI09D sanaeradms],

- 28B3I02D as®aI0ap 28BOIOUT UOTLBIIUSOUOD [}
28BIIDAD 28B2IDUT - IsBAIDSD ud

338 UOT3BIITTA

B2y 20BIINSG

£11Sus( STOTYIIBI

2218 9T2IAXeg

soTqeTaes uoltrertdiosag

UOT3®ITATOSXI Uo%eg

SELYNVHEO WOINCHWWY £0 SHIIYAJ0¥d HHI NO SETIVIYVA NOIIVIIJIOMMd WVINOIINVd NI ISVHMONI NV J0 IOHLIH

L FIIVL




TABLE 8

REDUCTION OF AMMONTUM URANATES WITH

HYDROGEN - after Huntington!{%*©)

Temperature of reduction °(C)
Starting compogition-I

Composition of primary break
in reduction curve-ITI

Composition of secondary break
in reduction curve-IIT

Rate I — II (mg/sec)
II — III
III - UO,

11 -aUO2

Dried 145°C

Calcined 538°C

uo

uo

uo

457

2,88

2,57

2.51

0.427

0.119

0,189

Uo

Uo

uo

428

2.96

2.57

2.47

0.300

0.065

0.086

uo

uo

uo

397

3,00

2.57

2,47

0.155

0.024

0.030

0.161

0.089

Uuo

Uo

397

2.72

2.56

0.083

0,036
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