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Abstract

Tri n-octyl phosphine oxide (TOPO) has been investigated as a
refinery extractant for crude yellow cake prepared from EL-ATSHAN
ore, Eastern Desert, Egypt. Relevant factors namely; type and
concentration of acid, TOPO concentration, effect of temperature,
residence time and organic / aqueous ratio have been studied and
optimized.

The required number of extraction stages was determined. Further
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purification could be achieved for the final product by selective
precipitation of uranium peroxide from the stripped solution using
hydrogen peroxide followed by its calcination. Complete chemical
analysis of the final product has proved its nuclear purity.

1. Introduction

Uranium concentrate (yellow cake) production was studied in the
Nuclear Materials Authority from EL-ATSHAN primary uranium ore.
The latter contains coffinite and pitchblende as the principal uranium
minerals. Recovery of uranium from the ore has followed the
conventional ion exchange route using Amberlite IRA 400 resin after
leaching with sulphuric acid[l]. Uranium concentrate produced by this
way is an ammonium diuranate cake (ADU) assaying about 74% U3O8.

However, chemical analysis of the product indicated the presence of
many metallic impurities. Most of these are substantially harmful and
may cause serious problems while fabrication and performance of the
nuclear fuel [2]. Therefore, uranium must be refined so as to meet rigid
international standard specifications of nuclear purity.

In this approach, solvent extraction technique is almost exclusively
adopted for uranium refining and purification [3, 4], however, some
refinery mills may follow the dry refining route in preparation of UF6
fuel. Regarding the solvent extraction refining way, Tri butyl phosphate
(TBP) is the most common commercial process applied for uranium
extraction from nitrate solution.

The aim of the present study is to investigate the possibility of using
Tri-n-octyl phosphine oxide (TOPO) to refine EL-ATSHAN yellow
cake. TOPO is a neutral organophosphorous extractant exhibiting
satisfactory extractive properties towards uranium in nitrate and chloride
solutions. It is reported that TOPO has popular applications in
liquid-liquid extraction of uranium for both analysis [5, 6] and recovery
[7, §]. Harrington [9] also pointed out that, due to its high uranium
selectivity, TOPO appears to have many properties required for a
uranium refinery extractant.

In context, trace metallic impurities have been properly determined
throughout the course of this work using Inductively Coupled Plasma
Mass Spectrometer (ICPMS) so as to achieve accurate and presice
results.
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2. Experimental
2.1. Analysis of El-Atshan Crude yellow Cake

Uranium is quantitatively separated from the yellow cake nitrate
solution using 100% TBP [10], where trace impurities are determined in
raffinate solution using ICP-MS*, while uranium is stripped from TBP
and gravimetrically determined by precipitation with ammonia solution.

2.2. Refining of EL-ATSHAN crude yellow cake

Refining process is conducted according to main features of the
proposed flowsheet illustrated in Fig. 1.

2.2.1. Dissolution

A well blended representative yellow cake sample is weighed and
wetted with water. Concentrated HNO3 or HC1 is added upon agitation at
room temperature. The feed liquor is filtered to remove the unreacted
part and solid materials. Uranium concentration in the feed liquor is
leveled at 100 gU/L, while free acidity is adjusted at 2-3 M.

2.2.2. Extraction

Uranium is quantitatively extracted from the aqueous feed solution
using 0.4 M TOPO in kerosene diluent through two extraction stages at
O/A ratio 2/1. After phase disengagement aqueous exhausted solution
(raffinate) is drained for analysis using ICP-MS

2.2.3. Scrubbing

Loaded organic is scrubbed using IM HNO3 or HC1 solution at O/A
ratio 1/1.

2.2.4. Stripping

Uranium is re-extracted from the loaded scrubbed solvent by either
direct precipitation with H2O2 solution, or using 3M (NH4)2 CO2
solution through five contacts at O/A ratio 1/1 obtaining nuclear grade
ammonium uranyl tricarbonate liquor.

* The analysis was made at the laboratories of Merck Co., Germany.

247



2.2.5. Precipitation of UO4, 2H2O

The stripped liquor is acidified to pH2. Hydrogen peroxide solution
is added upon agitation to precipitate uranium peroxide UO4. 2H2O.
The mixture is left for settling then filtered and washed with 3% H2O2
solution.

2.2.6. Calcination of UO4. 2H2O.

The obtained uranium peroxide is calcined through two thermal
stages. The first is de-hydration at 300 °C obtaining UO4. The second is
de-oxygenation at 450 °C to obtain reactor grade UO4.

3. Results and Discussion

Table I summarizes the concentrations of the harmful trace
impurities which have been encountered in EL-ATSHAN yellow cake. It
is obvious that the comparative concentrations of the latter are very
higher than those of standard specifications illustrated in Table II.
Performing of the refining process is carried out through the following
discussed cycles.

Table (I): Chemical Analysis of El-Atshan Yellow Cake

Constituent

U
H2O
Fe
Mo
K
Ca
Na
Mg
Al
S

As
RE total

Concentration
% ppm*

62.6
4.16

2063
754
734
635
615
536
317
238
238
175

Constituent

Th
Ti
Cl
B

Mn
Cu
Zn
Zr
Si
Cd
P

Cr

Concentration
% ppm*

168
119
79
40
40
40
40
22
20
18
16
15

* Based on uranium content .
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3.1. Extraction

As a matter of fact, mechanism of extraction with TOPO is similar to
that of TBP obeying the following equilibrium:

UO2(NO3)2 (aq) + 2TOPO (org.) -- UO2(NO3)2. 2TOPO (org.).
TOPO is diluted with kerosene as inert diluent to induce quick and

good phase separation and high extraction performance.

3.1.1. Effect of acid type and free acidity

Figure 2 represents the effect of acid type and free acidity
concentration upon the extraction of uranium from nitrate, chloride and
sulphate solutions. It is clear that higher uranium extraction is achieved
in nitrate and chloride solutions, while the extraction is comparatively
lower in sulphate solution. The high uranium extraction may be
attributed to the formation of neutral uranyl complexes UO2 (NO3)2

and UO2 Cl2 in nitrate and chloride solutions, which are suitable for
extraction by TOPO. On the other hand, sulphuric acid forms anionic
uranium complexes, which reluctate to be extracted into TOPO.
Furthermore, emulsification is usually induced by shaking in sulphate
medium.

With respect to the effect of free acid concentration, it is observed
that the extraction is not significantly affected by its variation. This may
be attributed to the high uranium concentration in the aqueous feed and
high extractant efficiency. Regarding to the co-extracted impurities, it is
reported that at 2-3 M free acid concentration Th, Zr, Hf, Zn, Mo and
usually Fe are the only species believed to be co-extracted with uranium
by TOPO [12].

3.1.2. Effect of residence time and temperature

Figure 3 shows the effect of the residence time upon uranium
extraction from chloride and nitrate solutions. It can be concluded that
the equilibrium attains within few seconds. Figure 4 shows the effect of
temperature upon the extraction of uranium from nitrate and chloride
solutions. It is clear that the extraction is not affected by temperature
variation from 10 to 60 °C. This significantly reveals the high stability
of the extracted uranium-TOPO complexes.
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Fig. (1) : Proposed flowsheet of uranium refining from El-Atshan yel-
low cake using TOPO / K solvent.

90

80'

6 0 '

40-

30-

0 1 2 3 i. 5 6 7 8
Free acidity (H)

Fig. (2) : Effect of acid type and Concentration on the recovery of U
from nitrate chloride or sulphate solution; U Concentration

in the feed solution : 100 g/L, solvent: 0.4M TOPO/K, /K O/A
ratio : 1:1, temperature 25°C and shaking time 5 min.

A A— nitrate, £• O chlorid, 0 O sulphate.
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Fig. (3) : Effect of shaking time on the recovery of U from nitrate
or chloride solution; U Concentration in the feed solution :
100 g/L, solvent: 0.4M TOPO/K, O/A ratio : 1:1, free acidity :
2-3M and temperature : 25°C.

A A nitrate, O O chloride.
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Fig. (4) : Effect of temperature on the recovery of U from nitrate or
chloride solution; U Concentration in the feed solution : 100
g/L,O/A ratio: 1:1, solvent: 0.4M TOPO/K free acidity : 2-3M
and shaking time : 3 min.

&-""""—tr~ nitrate, - O O chloride.
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Table (2): Analysis of Typical Uranium Refinery Products [11]

Constituent

Total U
UO3

UF4

so4Fe
Ni
Cr
B

Mn
Cd
Mo
Si
Th
Ag
Cu
P

Dy
Gd
Mg
V

(NH4)2 U2O7
% ppm*

73.0

35
15
10

0.2
5

0.2
1

20
50

1
10
50

0.1
0.05

40
30

UO3
% ppm*

82.2
97.0

45
6
5

0.1
<10

<0.1
<10

18

UF4
% ppm*

76.0

96.2

55
35

9

<10
<0.1
<10

* Based on uranium content .

3.1.3. Effect of TOPO concentration

Figure 5 shows the effect of TOPO concentration upon the
extraction of uranium from nitrate and chloride solutions. It is obvious
that the extraction of uranium increases as the TOPO concentration
increases. A pure uranium product would be expected as TOPO is
loaded with uranium near its theoritical capacity.

3.1.4. Effect of organic / aqueous ratio (O/A)

Figure 6 shows the effect of O/A ratio upon the extraction of
uranium from nitrate and chloride solutions. It is clear that the
extraction from the two solutions is almost identical. It is also observed
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Fig. (5)
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Effect of TOPO Concenration on the recovery of U from
nitrate or chloride solution; U Concentration in feed solution
: 100 g/L, O/A ratio : 1:1 free acidity : 2-3M shaking time : 3
min and temperature : 25°C.

tr~ A— nitrate, O O chloride.

100
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Fig. (6) : Effect of O/A ratio on the recovery of U from nitrate or
chloride solution; U Concentration in the feed solution : 100
g/L, solvent: 0.4M TOPO/K free acidity : 2-3M shaking time :
3 min and temperature : 25oC.

A -A— nitrate, -0 0— chloride.
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that the extractions at O/A ratio 2/1 is markedly higher (about two folds)
than that of 1/1. organic /aqueous ratio 2/1 is preferred due to high
capacity of the solvent at this case which may result in low impurities
coextraction.

3.1.5. Calculation of number of extraction stages

In practice, it is inconvenient to carry out a large number of
successive batch extractions with fresh solvent but usually a
continuous-current extraction is performed whether in vertical columns
or mixer-settlers. A graphical method is usually used to calculate the
number of required theoritical stages by designing the Me Cabe Thiele
diagram using the availabe equilibrium data obtained by operating
several organic-aqueous contacts under optimum fixed conditions and
variable O/A ratios. Figure 7 indicates that two extraction stages would
be required for almost complete extraction of uranium from uranyl
nitrate or chloride feed solution of lOOg U/L and2-3 M free acidity at
O/A ratio 2/1.

3.2. Scrubbing and stripping

Scrubbing step is extremely needed for further removal of the
coextracted impurities. Therefore, uranium loaded TOPO is scrubbed
with either diluted acid or IM ammonium carbonate solution at O/A
ratio 1/1 through single contact. The loss of uranium by this step is
about 2g/L.

Several strip solutions have been tried to obtain the optimum
uranium yield. The use of water always leads to emulsification causing
inconvenient phase separation. Trials used diluted HC1 or HNO3
solution gave rise to low uranium yield. This may be attributed to the
strong donating properties of the solvent phosphine group. Stripping of
uranium in the present study was performed by two ways. The first was
carried out using hydrogen peroxide as salting reagent in the solvent
phase allowing a simultaneous uranium stripping precipitation as UO4.
2H2O complex. The mixture should be kept in a settler for phase
separation.

The organic solvent could be collected through side-taps and
recycled to the extraction circuit after washing. The second alternative
way was made using 3 M ammonium carbonate solution, which
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Fig. (7) : Me Cabe Thiele diagram of uranium extraction from nitrate
or chloride solution with 0.4M TOPO/K at O/A ratio 2:1; U
concentration in the feed uranyl nitrate solution: 100 g/L and
free acidity 2-3M.

Fig. (8) : X-ray fluorescence qualitative analysis signals of uranium in
the purified yellow cake developed by a philips PW 1410 x-
ray fluorescence spectrometer equipped with W tube.
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satisfactorily re-extract almost all uranium from the loaded solvent
through five stripping contacts applying O/A ratio 1/1. It should be
emphasized that the use of higher concentration of ammonium
carbonate solution may lead to precipitation of uranium.

3.3. Precipitation of uranium peroxide

It has been reported that hydrogen peroxide is very selective
precipitant for uranium from acidic solutions, the fact recommending its
use in analysis and precipitation applications [13]. Hence, it was
reasonable to precipitate uranium as uranium peroxide UO4. 2H2O
either directly from the loaded solvent or from the stripped ammonium
uranyl tricarbonate liquor at pH 2. Advantage of such precipitation
came from the great minimization of impurities in the obtained uranium
pricipitate.

3.4. Preparation of reactor grade uranium trioxide

Uranium trioxide of nuclear purity is obtained by calcination of
UO4. 2H2O in suitable controlled furnace. Such calcination is
accomplished by first dehydration at about 300°C to produce UO4,
supplemented by thermal de-oxygenation at about 450 °C, obtaining
the orange powder of uranium trioxide UO3. X-ray fluorescence
qualitative chart of UO3 product is shown in Fig. 8, while its chemical
analysis is summarized in Table III. It is clear that the concentration of
the critical impurities in UO3 product are coming in a great agreement
with those of nuclear purity specifications.

4. Conclusion

According to the above discussed results, it can be concluded that
EL ATSHAN yellow cake can be successfuly refined to nuclear grade
UO3 using TOPO in kerosene diluent considering the proposed
flowsheet (Fig. 1), which implies the following aspects.

Yellow cake is dissolved in either Cone. HNO3 or HC1 to produce
feed of lOOg U/L and 2-3 M free acidity. Uranium is extracted using
0.4M TOPO at O/A ratio 2/1. Loaded solvent is scrubbed to minimize
the coextracted impurities. Uranium is throughly re-extracted by either
direct precipitation from the solvent using H2O2 solution, or using 3M
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(NH4)2 CO3 solution through five contacts at O/A ration 1/1, followed
by precipitation with H2O2 as uranium peroxide. The latter is thermaly
treated at 450 °C to produce nuclear grade UO3.

Table (III): Chemical Analysis of Impurities in Uranium Trioxide
Product

Impurity

Fe

Mg

Na

Mo

K

Ca

Al

As

Th

B

Ti

Concentration, ppm *

28

12

9

8

4

2

1

1

1

< 1

< 1

Impurity

Mn

Cu

Zn

Cd

Zr

RE total

Cr

Si

P

S

Cl

Concentration, ppm *

<1

< 1

< 1

< 1

< 1

< 1

< 1

< 1

< 1

< 1

< 1

* Based on uranium content .
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