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Abstract 

The uranium solutions issued from leaching 

of AKOUTA ores and containing lot of molybdenum are 

purified using solvent extraction. During the first test 

run precipitation of complexes such as *mine phosphomolybdate 

was observed. It was pointed out that the precipitation 

could be prevented if the molybdenum is oxiuized in the 

feed prior to solvent extraction. Informations on the 

basic studies carried out to ensure the reliability of the 

process are given in the complete paper. 
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1) Process flowsheet principles (Fig. 1) 

The Akouta ore like all the ores of this area of 
Niger, needs strong leaching conditions and particularly 
the use of concentrated sulfuric acid. Moreover uranium 
is tetravalent which needs the addition of an oxidizing 
agent, i. e. the sodium chlorate. The leaching is carried 
out at relatively high temperature using very few water 
and the uranium is then dissolved by adding some water 
and with vigourous stirring. The liquid/solid separation 
effected on continuous belt filters provides a rather 
concentrated solution (5 to 8 gpl in uranium)which means 
less than 1 m3 solution per ton of ore . This solution 
is then purified using an organic solvent (Alanine 336). 

The presence of molybdenum and vanadium was 
known a long time ago. In fact the uranium ores contain 
molybdenum with a mean ratio £fo = 25 %, varying within 
the 10 - 30 5» range. Vanadium content is lower, with 
the mean ratio V = 6 %, varying within the 5 - 10 % range. 
Therefore it could be expected that most of the molybdenum, 
assuming it was at the 6 valence, is extracted with solvent. 
So the preliminary studies have resulted in setting up a 
solvent extraction flowsheet (Fig. 2) including the 
fuxlowing steps : 
- Extraction 
- Selective stripping of uranium 
- Regeneration of all the solvent which is in fact the 
molybdenum stripping. 

- Solvent washing with water 

This flowsheet will be develbpped in the 
following chapters. 



The process ends with the conventionn.il 
precipitation of magnesium uranate and the fabrication 
of a molybdenum compound to be defined owing to the 
possibilities of the market. 

2) Solvent extraction tests 
2.1. - Preliminary tests 

The preliminary tests have been carried out using 
partly synthetic solutions. This means that some molybdenum 
at the 6 valence has been added to achieve the desired 
molybdenum concentration. These tests were carried out 
without any difficulties and allowed to define the main 
flowsheet parameters. 

2.1.1. - Solvent composition 

The solvent finally chosen has the following 
composition : 

Alamine 336 0.2 M(i.e about 79 gpl) 
Tridecanol 50 ml 
Kerosene Amount necessary for 1 liter 

2.1.2. - Average composition of the aqueous feed : 
Element or ion Concentration in qpl 

U 7 
Mo 1.6 to 1.8 
V 0.8 
CI 2 
Fe 7.5 
Si0 2 O . 1 to Q 3 
S0 4 90 
H 2S0 4 10 to 15 
Eh 30O to 400 mV 

http://conventionn.il


2.1.3. - Composition of the stripping solution (Eluant) 

A priori it could be chosen among 3 types of 
eluant according to the desired uranium concentrate. 

a) Sodium carbonate : 

It allows an easy stripping using very few stages, 
but it is not selective and leads to precipitate a sodium 
uranate which is less and less accepted by the uranium 
refiners. 

b) Ammonium sulfate : 

It is rather easy to strip uranium with ammonium 
sulfate which leads to precipitate the ammonium diuranate. 
This product is well accepted by uranium refiners. However 
ammonium sulfate is not selective with regards to molybdenum 
and needs large equipments for ammonia recycling. 

c) Chlorides 

c:l.: The magnesium chloride is expensive and 
not much efficient 

c.2. : The ammonium chloride is efficient and 
selective (Fig. 3) but the same problems of ammonia recycling 
as with the ammonium sulfate are encountered. 

c. 3. : The sodium chloride at last is satisfying 
for the efficiency in completion of uranium stripping from 
the solvent and for selectivity with regards to molybdenum. 
It allows to precipitate a magesium uranate of good quality. 



As a matter of fact, the stripping reagent is 
constituted with sodium chloride, sodium sulfate and 
magnesium sulfate because a part of the precipitation 
mother liquors are recycled to the stripping section. The 
remaining part is eliminated as a bleed , which is not 
a problem for rejection in the environmental conditionsof 
a desert. The typical composition of this stripping reagent 
with a recycling rate of 50 % is as follows : 

NaCl 90 gpl 
MgS0 4 35 gpl 
Na 2S0 4 70 gpl 

Sodium chloride rejected is compensated by adding 
fresh chloride. The eluate so obtained contains more than 
40 gpl U. 

2.1.4. - Molybdenum stripping 

Molybdenum which is anyway extracted and stays 
in the solvent after uranium stripping, has to be eliminated 
from the solvent. Therefore we are lead to recover the 
molybdenum. This recovery is carried out using stripping 
with sodium carbonate which yields a solution of sodium 
molybdate (see table 2 in chapter 5.1.). This molybdate 
should be purified to eliminate mainly the pjpsphates 
and the vanadium. 

2.1.5. - Solvent regeneration 
After the previously described treatment with 

carbonate, it is only needed a solvent washing with water 
to prevent carbonate to be carried over to the extraction 
section. 



All the previous operations were verified 
through continuous tests in laboratory mixer-settlers. 

2.2. - Pilot scale tests 

The solutions produced when piloting the various 
proposed processes were treated with solvent extraction. 
The pilot scale mixer-settlers allowed to process 10 litres 
per hour of aqueous feed in the extraction section, j 

During the first test run, it was observed/ in the 
first extraction stage (aqueous feed inlet) and the first 
stripping stage (loaded solvent inlet) a greenish gummy 
precipitate. The build-up of that precipitate plugged 

in the interstage connections and the stages 
themselves and hindered the stirring. It was necessary 
to clean the stages very often. The precipitate was 
filtered and separated to be analyzed. When waiting for 
the analytical results, some tests were carried out in 
order to overcome the difficulties. 

a) Using the observations reported by MERRITT1 

about the uranium extraction from solutions containing 
molybdenum, the solvent content in modifia: (Tridecanol) 
was increased up to 200 ml/1. So it was possible to delay 
largely the precipitation. Nevertheless the solvent 
viscosity became very high and the aqueous phase coalescence 
in the settlers too much slow. 

b) Recalling that no difficulty was encountered 
during the preliminary laboratory test when molybdenum was 
at the 6 valence, the solution was submitted to a comple
mentary oxidation with addition of sodium chlorate up to a 



redox potential of 850 mV. In fact the molybdenum can be 
completely but rather slowly (1 hour at 60°C) oxidized at 
that redox potential. Then it was possible to carry out a 
second test run without major difficulty. It was only 
observed small amounts of a cristalline orange precipitate 
in the first extraction stage. However to be sure that 
the problem was really solved that way it was necessary 
to achieve a good knowledge of the precipitates generation 
mechanism. 

3. - Study of the molybdenum compounds generated during 
the extraction and stripping steps 

3.1. - Elemental analysis of the greenish gummy precipitate 

In the table 1 hereafter results of the analysis 
of two samples can be read : 

Table 1 

Chemical composition of two samples of the gummy 
precipitate 

weight pereent Element, ion 
or group 

Mo0 3 

P 0 4 
Amine 
U 
so 4 

Kerosene + modifier 

Content in 
Sample I 

27 
1.2 

31 
0A5 
0.6 

Difference to 
100 % 

Sample II 

30 
1.35 

37 
0.13 
0.54 

Difference to 100 % 



There is an evident similarity between these figures. 
On the other hand, il can be observed that PO ions are in 
the same ratio MoO in both samples. In effect the ores 

PO actually contains4 in most cases amounts of phosphate 
enough to achieve this ratio value. It can also be noticed 
a constant ratio Mo0 0 . Then it can be assumed a chemical 

Ami rie 
combination between a phosphomolybdic acid and the amine. 

2 - 3 3.2. - Recall on the phosphomolybdic complexes 

3.2.1. - General scope 

The molybdic ions have a trend to condense in 
acid medium according to chemical reactions such as : 

(1)7 MoO^ " + 8 H+ ̂ =i Mo 7°| 4 + 4 H
2 ° 

~ ~ 2 4 is called paramolybdic ion. 

The condensation is favoured by the presence of a foreign 
ion ; the best known and the most efficient ion in acid 
medium is the phosphate ion. 

(2)fP0 4" + 12 MoO^"+ 23 II+ ̂ T P(Mo 30 1 0)|- + 12 H,,0 

It can be seen that one phosphorus atom is 
associated with 12 molybdenum atoms and the resulting 
complex is called phospho 12 molybdic ion. 

Bonds between the atoms of molybdenum are 
achieved with oxygen bridges and in this complex the 
12 molybdenum atoms are distributed in 4 groups Mo.O 
each group including an oxygen atom of the central 
tetraedral group P0 4- These complexes which are stable in an 



9 

acid medium, are destroyed when the pll increases. They 
give intermedia^ complexes in which the Mo ratio decreases 

p down to the regeneration of the initial ions. 

3,2.2. - Reduction 

Inside the complex, molybdenum can be partly 
reduced to the 5 valence, the structure of the complex 
being maintained. Colour is then modified and turns to 
a bright blue. 

To simplify the next explanations the following 
notations will be used : 

Mo (VI) for molybdenum at the 6 valence 
Mo (V) " » " 5 " 

It can be obtained a series of complexes containing 
Mo (VI) and Mo (V). 

P Mo(VI) 1 20|- • le > P Mo(VI)nMO(V) O*' 

P MofVIJ^O^ • 2e • P Mo(VI) 1 0 Mo(V^^-

V Mo(VI)12o|" + 4e > P Mo(VI) 8 Mo(V)40^0" 

and so on. 

3.2.3. - The heteropolyphospho-molvbdates 
The phosphoraolybdic ions, with and without Mo(V) 

are anions, so they are able to combine with basic cations 



ÎO 

and thus with amines. In the case considered, the Alamine 336 
plays this part under the ionic form R„NH . This cation 
is monovalent, so three molecules of amine will be 
associated with each phosphorus atom and with each group 
of 12 molybdenum atoms. 

3.2.4. - Identification of the precipitates 

The study cf the precipitates ions carried out 
in the laboratory of the professor JEANNIN (University 
Pierre and Marie Curie, in Paris) using polarography in 
hydro-organic medium and ultra-violet, infra-red and Ra^an 
spectroscopy. 

Results are as follows : 
- The cristalline orange compound (called "A") generated 
when molybdenum is completely oxidized as Mo (VI) has the 
following composition, as it could be reasonably assumed : 

(P Mo (VI) 1 2 0 4 0 ) . 3 Amine 

- The greenish gummy precipitate (called "B") generated 
when molybdenum is uncompletely oxidized is a mixture of 
two amine heteropolyphosphonolybdate : 

(PMo(VI)j-O _ ) . 3 Amine,in the proportion of 80 % of Mo 

(PMo(VI),0Mo(V) 0 ). 5 Amine.in the proportion of 20c; 
of Mo. 

Figure 5 shows the similarity of polarographic 
b..i:aviour of a phospho 12 molybdate taken as a reference 
and of the A and B compounds. 
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To explain the difference of chemical behaviour 
of the A and B compounds, it must be pointed out that the 
complex salt formed by the polyanion and the amine is 
much less soluble in the solvent when molybdenum is 
partly Mo (V). 

4. -Prcxlical consequences 

During the pilot tests, difficulties were 
overcome by oxidizing the solution with chlorate. The 
studies hereabove presented have shown that it was the 
right way since the heteropolyanions containing only 
Mo (VI) are much more soluble in the solvent. 

It was thought, in order to simplify the process 
flowsheet, of adding all the oxidizing reagent during leaching 
It is already added 5 kg NaCIO, per metric ton of ore. 
It is necessary to add 1.2 to 1.5 kg NaC10,/Mt of ore 
to oxidize all the molybdenum. In fact tests were made 
that way but they did not give any satisfying result, 
and the final redox potential was again 30O to 400 raV. 
This can be explained by considering that the ore contains, 
out of uranium and molybdenum, large amounts of reducing 
materials and particularly of ferrous iron. So it can be 
added up to 10 kg NaCIO /Mt of ore without obtaining a 
redox potential higher than previously reached. It was 
then decided to carry out a redox potential adjustment 
after the solution clarifying step, but before the solvent 
extraction step. 

5.- Subsidiary questions 
5.1. - Vanadium behaviour 

Vanadium is present in the ore at a variable grade 
fromO.025 toO.06 %, i.e 2 to 5 times less than the molybdenum 
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grade. During the leaching step, vanadium is quite 
completelely dissolved at the 4 valence. Under this state 
it is unextractable. When molybdenum is oxidized, vanadium 
is partly oxidized to the 5 valence and so it becomes 
extractable. Vanadium does not form any complex with 
phosphates and it is extracted by combining with amine as 
a vanadate. Nevertheless the affinity of uranium and 
molybdenum for the amino is very high and both of them 
contribute to a large saturation of the solvent. Therefore 
vanadium is only partly extracted. It is actually not much 
stripped by sodium chloride but it is completely stripped 
along with molybdenum. 
The typical composition of the molybdenum oluate can be 
found in the table 2 hereafter. 

Table 2 

Typical composition of molybdenum eluate 

Elemen.. or ion Content in gpl 

12 
0.5 
0.55 
33.5 
42.5 
2.8 
0.1 
0.9 

It can be observed that relatively small 
of vanadium are in the alcaline molybdenum eluato. 
remark can be made concerning molybdenum itself : 

in the eluate, since the true value in the phospho 

Mo 
V 
N°4 Na 
CI 
so 4 

U 
CO, 

amounts 
A second 
the Mo ^ 2 2 

P 0 4 
12 * 
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molybdic complex is 12.a. This mears that only a part 
of the molybdenum was extracted as a complex. 

5.2. - Zirconium behaviour 

Zirconium is present in the ore at a very low 
concentration. It is dissolved due to the strong leaching 
conditions. Usually zirconium which is not at all affected 
by redox potential is extracted by amine and stripped 
along with uranium. Uranium would be then polluted by 
some zirconium (.3 S; with regards to uranium). 

This disadvantage can be suppressed if sufficient 
amounts of phosphate ions are present in the solution 

(either naturally or after addition). Zirconium 
forms with phosphate very strong complexes even if it is in 
competition with nolybdenura. Solubility product of 
zirconium phosphate is not reached due to the low concen
tration of zirconium and probably to the large excess of 
phosphate ions. It is then observed that zirconium 
remains i'. the raffinate so that uranium pollution is 
prevented. 

6. - Conclusions 
The test at a pilot scale of the solvent extrac

tion processing of uranium solutions rich in molybdenum has 
allowed to point out the risk of precipitation of amine 
phosphomolybdate complexes. The basic study has shown 
that precipitation was due to the 5 valence of molybdenum. 
This study confirmed assumptions on the basis of which 

was applied an empirical solution consisting in oxidizing 
the aqueous feed up to a redox potential of 850 mV. 
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It is a typical example of what should be the 
applied studies calling upon basic studies to ensure 
the Tightness of empirical solutions. 
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