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During industrial calcination of phosphate rock, uranium is mobilised with changes 
both in location and oxidation state. Fission track micromapping of uranium under 
the microscope has been employed to study the precise distribution of uranium within 
the samples. Oxidation state ratios of U(IV) to U(VI) were determined by chemical 
separation followed by delayed neutron activation. The calcination process was 
studied both in the laboratory and in a full-scale production kiln of the Oron plant 
(Israel). The phosphate ore contains about 100 parts of I0-6 of uranium, and U(IV) 
comprises 35-40% of the total U present. The uranium which was not extractable 
in weak acids, was evenly distributed in the apatite rock components. The study 
revealed that the following changes occur during the calcination process: (a) 
carbonate-fluorapatite loses COz, and recrystallises to fluorapatite. The recrystallisa
tion process intensifies with increasing temperature. (b) Around 600°C all the uranium 
is oxidised to the· hexavalent state. (c) Migration of uranium in the apatite fragments 
initiates at 800°C. On increase of temperature to around 900°C, it forms uranium
rich phases in which it reaches 1-2%. The uranium-rich phases exhibit different 
solubilities in dilute acids, in some cases enabling its preferential leaching from the 
rock. Other U-rich phases are extremely insoluble (poso.ibly fluorite, Ca-silicates) 
even in phosphoric acid, lowering extraction efficiency. Extraction yields can be 
improved by addition of salts (e.g. NazCOa) which prevent the formation of insoluble 
U-rich phases. 

1. Introduction 

The rapid increase in uranium oxide prices together with the declining life span of known high
grade uranium reserves is again stimulating interest in alternative sources of uranium. One such 
source is sedimentary phosphorite (or phosphate rock) which typically contains 30-260 parts 
I0-6 U (average of 120)} Extraction Of uranium from phosphate rock during its conversion into a 
soluble phosphate fertiliser is desirable. With present technologies uranium can, and is being 
recovered during wet-process phosphoric acid production. Six such recovery plants were operational 
in 1980 in the US alone, and the projected production capacity of these plus three additional plants 
which were in final stages of construction was 4 385 000 lb of UaOs per year in 1981.2 

So far, no process has been developed to selectively extract uranium from phosphate rock with
out completely dissolving the rock. ~ttempts at such selective extraction showed3 that the U(PzOs 
ratio in the leached phase does not differ significantly from the same ratio in the rock. It was, 
however, shown by several studies4!s that preferential leaching of U is feasible from calcined phos
phate rock. Such a process might be very attractive in view of the fact that in several phosphate 
rock plants benefication is achieved by calcination. 6 Among these are plants in Poland, India, 
Egypt, Jordan and Israel. 

The present work aimed at studying the behaviour of uranium during calcination, with the Oron 
Plant in the Israeli northern Negev serving as a case study. 

The major method used was a combination of fission track mapping, determination of uranium 
oxidation states and leaching experiments of calcined phosphorites. This combination established 
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and how, uranium was mobilised during the rock calcination, as well as measured the amount 
. uranium which could be leached from the rock either directly after calcination, or by adding 

additives (NaCI, Na2COa) before calcination. The determination of uranium oxidation 
is crucial in this respect in view of the generally much higher solubility ofall U(VI) compounds 

.M...m:>rPn with U(IV), and the sharp difference in recovery strategies for tetravalent and hexavalent 

The Oron phosphate field is located 30 km SE of Beer Sheva. The main phosphorite is of Cam
age, and has an average P20s content of 24%. It is enriched according to the flow sheet 

nre:se11te<1 in Figure I, to produce an end product with about 32% P20s. The annual production 
the plant in 1979 was 500 000 t of calcined calcium phosphate. This amount contains about 
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Figure 1. Flow sheet of phosphate rock 
calcination in Oron Plant. Numbers in 
rectangles designate sample numbers (see 
Tables). Note that 'intermediate storage' 

.I Lime End oroductdisrupts sampling continuity. 

2. Experimental 

Samples were taken from unprocessed Oron phosphorites and from different stages of the Oron 
benefication plant. Three series were sampled on different days from the various plant stages . 
. All samples (2 kg originally) were homogenised by splitting, a 1 kg subsample was removed 

and five subsamples were taken for (a) measuring total uranium, (b) the U(IV) percentage, (c) U 
fission track mapping, (d) X-ray fluorescence chemical analysis of major components (XRF), (e) 
X-ray diffraction mineralogical analysis (XRD) and (f) thermal analyses. 
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2.1. Uranium concentration 

Uranium was determined at the Soreq Nuclear Centre by delayed-neutron measurement after 
irradiation of powdered samples in the reactor.7 

2.2. U(IV) determination 

Tetravalent uranium was precipitated as cupferrate as described by Clarke and Altschuler.s The 
rock was dissolved in cold phosphoric acid or a cold hydroxylamine hydrochloride solution,s a 
titanium carrier was added to the solution, the U(IV) cupferrate precipitate filtered on a Millipore 
(0.45) filter, and introduced into a small polyethylene bag which was inserted into a polyethylene 
vial. Thus U in the cupferrate was again determined by delayed neutrons identically with the total 
U determination; U(VI) was then determined by difference. To check that no insoluble uranium 
phases were lost, filter papers, through which the original phosphoric acid solutions were passed, 
were also treated as samples for delayed-neutron determinations. It was found that samples which 
were heated to more than soooc could not be completely dissolved in cold phosphoric acid and up 

Table 1. U(IV) concentration as determined 
by two dissolution procedures 

U (parts !O-•) 

Sample NHzOH.HCI HaPO, 

NBL-l 168 (162)• 161 
KP-65 !37 (149) 143 
30 37 44 
31 !0 5 
32 5 10 
34 4 7 

• Values in parentheses are from Kolodnyn 
and Burnett.l0 

to 80% of the total uranium was left as an insoluble residue on the filter paper. Complete sample 
dissolution was achieved by dissolving the same samples in 1.2M-NH20H.HCI. Hydroxylamine 
hydrochloride does not oxidise uranium as proven by analysing standard rocks.s To determine 
the oxidation state of the phosphoric acid insoluble uranium, U(IV) was precipitated as cupferrate 
from both the phosphoric acid, and the NH20H.HCl solutions (Table 1). Since the U(IV) value 
does not depend on the dissolution method, ·we conclude that the uranium which was detected on 
the filter paper is hexavalent. (Throughout this paper reference is made to the concentration 
of U in the rock which was found in the fraction insoluble in phosphoric acid as Ux.) 

Accuracy and precision in uranium analysis were checked by repeatedly processing two standards 
through our analytical procedures. These were 'Phosphate Rock No. 1' supplied by the New 
Brunswick Laboratories (marked NBL 1) which was analysed previously9 • 10 and sample KP65.U 
The average analyses obtained here are within 7% of the 'best accepted value' for both standards. 
Analyses of duplicate samples and their comparison with analyses by Y. A vital, A. Starinsky and 
Y. Kolodny (unpublished work) indicat~ a lower precision than that determined from standards: 
it is ± 10% for total U determination add ±20% for U(IV) measurements. This is probably due 
to inhomogeneity of samples in comparison with standards. 

2.3. U-fissionJra,ck mapping (f.t.m.) 

Micro-maps of urii.nhim distribution were prepared by inducing 2ssu fission by thermal neutrons 
and recording fission particles on a solid.12 The procedure included impregnation of a sample in 
polystyrene and preparation of a petrographic thin section from the hardened sample. This thin 
section' served 1:!-lso for textural analysis of the sample. A mica (muscovite) sheet was then attached 
to the sample and the assemblage irradiated by a thermal neutron dose of about 1.5 x 1014 neutrons 

3.1. Mine 
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. The dose was monitored with gold monitors. After irradiation the mica was separated from 
thin section, etched for 30 mins in 48% HF at room temperature and dried. The thin section 
its f.t.m. were then examined in parallel under two microscopes. To help identify location on 

f.t.m. thin masking-tape markers were attached to the thin sections, which could be recognised 
·as blank markers on the map. 

U concentration was estimated from f.t.m. by comparison with a standard U-bearing glass 
:[NBS standard containing 461.5 parts I0-6 U, with 0.2376% 235U (instead of the natural 0.7256 %)]. 

· · Concentration was estimated from 

Cx(U)= (~) (~:) Cs(U) 	 (1) 

·· . where Cx(U) and Cs(U) are uranium concentrations in the unknown and in the standard corre
.· spondingly, Is and Ix the ratio 235U/238U in standard and sample and Px, Ps the number of fission 

·tracks per unit area in sample and standard. 
Substituting the known values in (1) 

(Px) Px
Cx(U)=0.3274 Ps 461.5=151 Ps 	 (2) 

Thus U concentration in a morphological-petrographic species (e.g. ovulite) is determined by the 
f 	 density of fission tracks in it. To correct for geometrical differences between standard and samples, 

uranium concentrations were determined on rocks by both delayed neutrons and fission track 
counting. The factor F was determined as 

F= Cctn (3)
Cn 

I 
where Cctn is the concentration of U as determined by delayed neutrons and Crt the same concen
tration by f.t. counting. Crt estimation included thus both f.t. counting and an estimate of the 
abundance of petrographic species. The value Ctt' =Crt. Fwas then comparable with values obtained 
by delayed neutrons. 

2.4. XRF analyses 

Analyses of P205 were carried out on an ARL 72000 by D. Isaskhari at Oron Phosphate Works. 

2.5. XRD 

Mineralogical changes were checked by X-ray ditfractograms. Specifically C02 content in apatite 
was measured by recording the 20 differences between the (410) and the (004) reflections.t3 The 
C02 concentrations measured by ~his method are in error by less than ± 0.5% C02. 

2.6. Thermal analysis 

Differential thermal analysis (DTA) and thermo-gravimetric analysis (TGA) were performed on 
selected samples heated to different temperatures. 

2.7. Laboratory experiments I. A simulation of calcination processes was carried out by: (1) heating samples for 1 h from 200 to r 
1000°C at steps of every 100°C; (2) Na2C03 and NaCl were added as calcination additives to check 
their influence on U behaviour. These samples were then heated to 800 and 900°C. 

Samples were leached by dilute acetic add to check U mobilisation as a result of calcination. 
Selected samples were examined under the scanning electron microscope. 

3. Results and discussion 

3.1. Mineralogical and textural changes during calcination 

The Oren phosphorite has been described before_l4-16 It consists of apatitic fragments and mainly 
calcitic matrix; accompanying minerals are dolomite, gypsum, quartz and clays. Apatite is car

http:reflections.t3
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bonate-fluorapatite (francolite), and appears mainly as ovulites (0.15-0.35 rom in diameter, Figure 
2A); these are brownish oval bodies, isotropic under crossed polarisers. Larger particles (0.5-2 mm) 
are .t:eferred to as coprolites. Bone fragments constitute only a small fraction ( < 1 %) of the Oron 
rock. The rock also contains some carbonate clasts. The matrix is calcitic apatitic and foraminifera 
are often found in it. 

Figure 2. (A) A minera· 
logical thin section of the 
Oron phosphorite ore. The 
matrix is mainly calcite. (B) 
Scanning electron micro
scope (SEM) photograph 
of ovulites before calcina
tion ('cauliflower' texture). 
(C) A mineralogical thin 
section of the Oron clinker. 
The intergranular material 
is an impregnating harde· 
ner. Note sintering enve
lope and collapsed ovulites. 
(D) SEM photograph of 
ovulites after calcination. 
Note prismatic apatite cry
stallites. 

As observed previously, 6•17 the major changes which occur during phosphorite calcination are 
both mineralogical-chemical and textural. These include the decomposition of organic matter, 
water removal, decomposition of carbonates, evolution of a part of the fluorine as well as recrystal
lisation of apatite and some crystallisation of calcium silicate phases. 

A major observable change is that of colour: samples turn greenish instead of the pale brown 
raw material. In the clinker, ovulites become more concentrated, the rock attains a more homo
geneous appearance, which is preserved in the final marketable product (Figure 2C). Calcination 
in the laboratory produced identical t,xtural changes with those in the industrial kiln. In samples 
heated above 700°C the isotropic ovulites began to show first-order low birefringence under the 
microscope; probably reflecting incipient grain growth. The apatite recrystallisation can be well 
documented by following it under the scanning electron microscope. Whereas the raw material 
ovulites have a characteristic 'cauliflower' texture under the microscope (Figure 2B), growth of 
small ( < 4 ,..m) prismatic apatite crys\als is recorded after heating to 800°C. These crystals increase 
both in number and size when samples are consecutively heated to 900°C (Figure 2D). These are 
probably changes parallel to those described before. 18- 20 During calcination the recrystallisation of 
apatite is accompanied by the decomposition of francolite and by the formation of fluorapatite, 
probably following the reaction2o, 21 

Cas-o.sx (P04h-xCOa.,F11F2~Cas(P04)3 F2 +xCaO +xC02 +yF 
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This process is demonstrated by the sharpening of apatite peaks (improved crystallinity) on 
diffractograms with increased heating and by the gradual decarbonation of apatite. Whereas the 

contains 4.6% C02, 60---70% of that quantity left the lattice after heating to 700°C for 1 h, 
another 20--30% after heating for the same duration to 900°C or after Oron kiln calcination 

(Figure 3, Table 2). The details of the calcination process were followed by XRD and DTA. The 
C02 loss occurs above 600°C. Most of the calcite is being decomposed around 800°C, 

whereas the bulk of the organic matter if present in the rock is removed at 300--400°C. 
At temperatures around 750°C, calcium silicate phases begin to form. The major chemical 

change during calcination is that which is the process's purpose: an increase in P20s content from 
24-25% in the ore, to 27-28% after washing to 32% in the end product. 

Figure 3. Relation between C02 content in 
apatite and temperature of heating {duration of 
heating I h). •, Experimental; 6, clinker; x , ore. 
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Table 2. co, content in consecutively heated apatites 

Temperature 
(OC) Sample no. 20 %COz 

Ore 38 1.26 5.1 
200 331 1.25 5.2 
300 332 1.27 4.9 
400 333 I. 30 4.5 
500 334 1.32 4.2 
600 335 1. 35 3.7 
700 302 1.45 2.3 
800 303 1.56 0.8 
900 I 304 ). 57 0.5 
1000 305 1.59 0.2 
Clinker 31 ]. 56 0.7 

3.2. Uranium behaviour during calcination 

800 1000 

Whereas untreated phosphate ore contains 80--120 parts I0-6 uranium (Table 3) the Oron Plant 
end products contain on average 100-140 parts I0-6 U. This increase probably reflects the effective 
decarbonation during calcination (both CaC03 decomposition and francolite decarbonation). 
The constancy of the U/P20 5 ratio throughout the calcination process at about 3-4 x I0-4 (Table 
3, Figure 4) seems to support the above conclusion. 

http:0.15-{).35
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Table 3. p,Os, U and U(IV) concentrations 

Run 
Sample 

no. Description 
u• 

(parts w-•) 
U(IV) 

(parts 1o-6) 

P,o. 
(%) 

46 Ore 109 U) 33 (2) 26.5 

56 Or~ 113 (2) 34 (2) 27.1 

17 Crushed 82 (2) 38 (2) 25.7 

18 Washed 89 (2) 44 (2) 28.9 

19 Washed 91 (2) 26 n.d. 

10 Washed 92 (2) 54 (2) 28.3 

'.,
I .~.,
' ~ 

II 
12 

Clinker 
Hydrated clinker 

Ill (4) 
100 (3) 

5 '9 (3) 
4. I (3) 

30.8 
30.0 

, '! 

f J. f 2 

14 
15 

27 

End product 
End product 

Crushed 

109 (3) 
104 (3) 

89 (2) 

4.9 (3) 
7.2 (3) 

29 (2) 

30.1 
30.9 

24.7 

: ~ 28 Washed 89 ·40 29.(' 
iJ 29 Washed 72 (2) 

20 Washed 106 (3) 40 (2) 23.4 

22 Hydrated clinker 123 (3) 15 (2) 31.8 

23 Lime 99 (2) 4 25.3 

24 End product 125 (3) 7.6 (3) 32.2 

25 End product 129 (2) 7.5 (2) 32.8 

'l 
3 37 

38 
39 

Crushed 
Washed 
Washed 

110 (2) 
Ill 
109 (2) 

33 (2) 
38 
36 (2) 

25.9 
29.8 
31.4 

30 Washed 122 (2) 44 (2) 24.2 

31 Clinker 138 (3) 4. 5 (2) 31.5 

32 Hydrated clinker 130 (2) 9. 8 (2) 31.4 

33 Lime 129 (3) 4.5 (2) 29.4 

34 End product 126 (2) 7.4 (2) 32.7 

35 End product 132 (2) 32.2 

• Values in parentheses indicate the number of replicates. 
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ttions 

U(IV) P.o. 
(parts JO-•) (%) 

33 (2) 26.5 
34 (2) 27.1 

38 (2) 25.7 
44 (2) 28.9 
26 n.d. 
54 (2) 28.3 
5. 9 (3) 30.8 
4.1 (3) 30.0 
4.9 (3) 30.1 
7.2 (3) 30.9 

29 (2) 24.7 
40 29.(' 

40 (2) 23.4 
15 (2) 31.8 
4 25.1 
7.6 (3) 32.:: 
7.5 (2) 32.8 

33 (2) 25.9 
38 29.8 
36 (2) 31.4 
44 (2) 24.2 
4. 5 (2) 31.5 
9.8 (2) 31.4 
4.5 (2) 29.4 
7.4 (2) 32.7 
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Figure 5 represents the change in U oxidation state along the production process in the Oron 
Plant. Whereas the untreated ore contains about 60% hexavalent uranium, the remaining part 
being tetravalent, practically all the uranium has been oxidised in the end product. Hence, the 
kiln is an oxidising, not a reducing, environment. A 'reducing kiln' has previously been suggested 

I
(Y. Folkman, personal communication). 

To follow more closely the uranium oxidation process, a set of laboratory heating experiments 
were carried out (Table 4). Figure 6 summarises these experiments and shows that the major 
oxidation step occurs aruunil 600°C, a raltge dust: to that where the major C02 loss from apatite 
occurred. 

As mentioned before, during calcination some uranium enters a phase which is insoluble in 
phosphoric acid but is well dissolved in hydrochloric acid. The amount of tetravalent uranium 
U(IV) remained the same irrespective on the method of rock dissolution. Hence the insoluble 
uranium-bearing phase formed at high temperatures contains hexavalent, not tetravalent uranium. 
This process too was followed in laboratory heating experiments. 

Figure 7 shows the change of the Ux (uranium-insoluble in phosphoric acid) with temperature. 
It indicates the appearance of an insoluble uranium-bearing phase above 800°C. A similar pheno
menon was observed in the Oron kiln: operating at 900°C. 

3.3. Localisation of uranium 

Migration of uranium within the phosphorite during calcination can be traced by means of sets of 
consecutive f.t. maps. In untreated phosphorite uranium is homogeneously distributed within each 
apatitic rock component (Figure 8A). 

Differences exist between apatitic components of varying nature (ovulites versus bone fragments). 
The ovulites have about twice the U concentration as bones. With progressive heating uranium 
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Table 4. U, U(IV) and U/P•Os in the samples before and after extraction 

Before extraction (parts 10-8 ) After extraction (parts I0-6) 

Temp. Sample Extracted 
("C) no. u U(IV) Ux U/PsO• u• U(lV)• U/P20s U% 

Room 38 Ill 38 105 40 4 
200 331 117 108 7 
300 332 116 108 7 
400 333 113 36 106 6 
500 334 115 38 110 4 
601) 335 121 19 14 118 3 

78 !57 9 6.8 145 8 
700 372 111 3 4.5 38 66 

302 126 4 8.7 44 2 65 
800 373 121 4 4.6 4.3x10-• 44 5 I. 2 X J0-4 68 

303 137 5 5.5 48 2 65 
303A0 128 6 3.6 34 3 74 
383B" 116 2 3.5 25 78 

900 374 123 6 40.4 76 2 38 
304 130 5 43.3 4.1 x 10-• 83 2.3xJO-• 41 
304A• 135 5 12.5 21 85 
384B" 119 3 27.7 28 76 

!000 375 114 3. 47.0 103 10 11 
305 118 3 87.8 102 9 14 

Kiln 31 138 4 72.1 94 4 34 
34 !26 7 62 

-900 35 132 8 61 89 4 32 

a Normalised to the original untreated sample weight. 
• A and B designated additives of :tja.C03 and NaCI respectively. 

begins to migrate and forms flrst, above 700°C, 'dense track concentrations' (Figure 8B) which 
become sharper at about 800°C. Between 800 and 900°C a radical change occurs in the U distribu
tion leading to the formation of 'track-stars', which become even more impressive at about 900°C 
(Figures 8C, D). The relocatiol'\ of uranium is probably correlated with the strong recrystallisation 
occurring in the temperature range of 700-l000°C, during which new apatite crystals were observed 
under the scanning electron microscope. Repeated examination and microprobe analysis showed, 
however, that the 'track star' uranium concentrations do not form on the new prismatic apatite 
crystals which were described above (Figure 8D) but on the 'cauliflower' crystallites (Figure 2B). 
It seems thus that the newly formed prismatic apatite crystals reject uranium from their lattices. 
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Figure 9. Electron microprobe traverse for U, Ca, P across a 'track star'. 

The number of f.t. in 'track stars' was too large to be counted. Analysis of the corresponding areas 
on the electron microprobe (D. Shafranek, Analyst) yields a uranium concentration of about 
1-2%. The 'track star' areas are slightly higher in Ca and low in P (Figure 9). The insoluble residue 
of a calcined rock (sample 34, Table 4) dissolved in phosphoric acid was also analysed. This is the 
fraction which contains Ux (Table 4). When calculated per rock weight, sample 34 contains 62 
parts 10-6 uranium-insoluble in phosphoric acid ( Ux). The residue itself contained 600 parts IQ-6 U, 
and when an f.t.m. of it was made, 'track-stars' were abundant. An XRD analysis of this residue 
indicated the presence of CaFz (fluorite)1 and Ca silicates(?). Mair22 found that after calcination to 
1000°C a large portion orthe uranium Is immobilised by uptake in CaF2. It is therefore suggested 
that at about 900°C fluorite is formed from the interaction of the released fluorine and calcium, 
which incorporates a part of the uranium in the rock. Since this formation occurs at a higher 
tempc::rature than the temperature of effective uranium oxidation (600°C, Figure 6), the uranium 
which is assumed as contained in fluorite is hexavalent. 

The above outlined localisation pattern of uranium during phosphorite calcination is confirmed 
by observations on the Oron kiln pntducts. 'Dense track concentrations' and 'track stars' are the 
predominant f.t. patterns in Oron clinker and in the end product phosphate. In several cases the 
mobilisation of uranium during calcjnation was so severe that the f.t. distribution of the calcined 
rock no more follows boundaries 6f petrographic species, neither ovulites nor bone fragments: 
rather f.t. concentrations cut through fragment boundaries and ovulites forming a pattern not 
related to the rock texture (Figure 10). 

It has been noted that a considerable difference exists between U f.t. maps ofsamples from different 
production runs. Whereas in two such runs 'track stars' were observed, in the third run only a 
pattern of dense track accumulations was observed. We could not decide whether this difference 
stems from differences in the chemistry of each batch, or from a variability in kiln conditions. 
Fisher and Bar23 reported the formation of interstitial melt at high calcination temperatures. Such 
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Figure 10. Fission track map of Oron clinker. (A) Thin section of a clinker sample; crossed nikols. (B) Fission 
track map of the same area showing a pattern unrelated to rock texture. 

a melt could facilitate the migration of U through it and might explain the occurrence of the f.t. 
patterns which cut through grains and fragments (Figure 10). 

3.4. Uranium extraction 
Extraction experiments are based on extraction methods developed mainly by the Israeli Atomic 
Energy Group, 5 and summarised recently. 24 Following their experience, acetic acid was used as the 
leaching agent. It should be noted that in our extraction procedure only hexavalent uranium is 
being extracted, and that the extracting solutions are not causing uranium oxidation (Y.Folkman, 
personal communication). No attempt was made here to define optimum conditions for U extrac
tion, but rather to determine the nature and localisation of uranium in the extraction products. 

Table 4 and Figure 11 summarise the attempts to extract uranium preferentially without dis
solving apatite. In two cases the U/P20s ratio is compared before leaching to the same ratio in the 
solid residue after leaching (the 'green cake'). 

Leaching of uncalcined raw material results in practically no preferential extraction of uranium. 
This is in good agreement with previojlls studies.3 ·5 In all cases the difference between U in the ore 
and in the 'green cake' is within experimental error. Such remains the case also for heated samples 
up to 600°C. A dramatic change O<Xf!rs when phosphate rock is being heated to 700--800°C. Here 
as much as 65% of the total U may be leached away. It is interesting to trace the source of such an 
impressive increase. Obviously one part of the uranium reservoir in the rock which may become 
leachable is that fraction which was ~etravalent in the ore and became oxidised during calcination, 
thus being rendered soluble as well. It is reasonable to assume that the uranium which changed its 
oxidation state also became structurally less stable. In any attempt at uranium mass balance one 
must note, however, that since the fraction of hexavalent uranium in the uncalcined rock is 55-66% 
of the total uranium, there must be a portion of uranium which, although hexavalent in the ore, 
does not become leachable unless heated to 700--800°C. The observation that part of U(VI) which 
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Figure 11. Variation of the extracted U 
with temperature. •· Experimental; ;:,, 
kiln products. 

Figure 12. Relation between the extracted U 
and Ux at vartous temperatures. •· Experi· 
mental; A., kiln products. 

could not be extracted from the ore, becomes extractable at 700--800°C may be explained by the 
fact that it is in this temperature range that the following changes were noted: (a) recrystallisation 
of apatite was observed under the scanning electron microscope, clearly at 800°C, but possibly 
incipient already at 700°C; (b) a change in the slope of the ratio 'temperature-lattice/dimension' 
(which may be related to recrystallisation); (c) the beginning of U migration, probably to grain 
and crystal boundaries (as demonstrated by changing f.t. patterns). From such new sites U should 
be more leachable. The fact that only drastic recrystallisation makes U in phosphorites leachable 
seems to support previous views25 Jhat uranium is part of the apatite lattice. 

The f.t. distribution in the 'green cake' is uniformly lower than in the calcined samples before 
extraction. : 

Progressive heating to 900°C ahd above, reduces the percentage of extractable U from 35-'10% 
at 900"C to us low as 11 ~~ of the U couh.:ul at 1OOO''C. This efficiency was achieved both in labora
tory and kiln experiments. Fission track maps of the 'green cake' of samples calcined to above 
900°C show that 'track &tars' wl:iich were pr<".sent in tin: calcinecl rocks, did not dissolve during 
leaching, whereas the dispersed uranium was leached out. 

It is in this range of above 900°C that the appearance of a phosphoric acid-insoluble uranium 
fraction was observed (Ux). This was interpreted here, as reflecting the formation of non-apatitic 
phases (possibly fluorite, silicates) which include uranium. A similar conclusion was reached in other 

25. 
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ilar conclusion was reached in other 

.~n...rllrnenrs 22 The relation between the percentages of the leachable uranium and the percentage 
the total U which enters phosphoric acid-insoluble phases is shown on Figure 12. In the range 

700°C the higher the amount of U insoluble in phosphoric acid (U:x in non-phosphatic phases) 
lower the amount of leachable uranium. 

One way of preventing the formation of non-phosphatic-insoluble phases is the addition of other 
to the calcination process.22 When NazCOa was added in our experiments, no phosphoric 

cJa.-msuJ:uo•J<> residue was formed and, in parallel, about 85% of the uranium was extracted by 
acid (Table 4). Presumably the additive prevents formation of CaFz and silicates by forming 

·acid-S•D!uble salts such as NaF and Na-silicates. The effect of NazCOa addition is also evident on 
ni.aps. NazCOa-bearing calcined samples do not show any 'track stars'.' After U has been 

....tractea from these samples only scarce f.t. remained. Progressive heating from 800 to 900°C 
with a NazCOa additive promotes recrystallisation and greater U migration to grain boundaries. 

· · Whereas at 800°C 74% of the U is extractable, this percentage increases to 85% at 900°C (Table 4). 
>,,~~··---· during U calcination two opposing processes are acting: (a) apatite recrystallisation which 
· ·.results in U(VI) migration to leachable sites; (b) formation of new phases which are acid-insoluble . 
· ·These phases incorporate uranium and prevent its extraction. To maximise U extraction from 

calcined phosphorites one should aim at an optimum point where process (a) is most advanced 
and (b) is minimal; the latter can be achieved either by selecting the appropriate calcination tempera
ture or by salt addition. 
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