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Abstract—The research is aimed at removing uranium from low uranium content solutions using the ion fl otation technique. 
The ion fl otation process is an excellent technique for uranium separation from its solutions with low content or 
trace levels of uranium after optimizing carbonate–bicarbonate concentration for such solutions. It can also be 
applied to collecting uranium effi  ciently from all raffi  nates of the uranium separation or purifi cation projects involv-
ing low-grade ore instead of other conventional long tedious methods such as ion exchange or solvent extraction, 
especially at low U levels. In this study, cetyltrimethylammonium bromide was used as a collector. The factors that can 
aff ect the  fl otation process (uranium concentration, gas fl ow rate,  concentration of collector, and fl otation time) were studied, 
and the best conditions were chosen: uranium concentration 0.02 g/L, carbonate concentration 10 g/L, gas fl ow rate 52 cm3/
min, collector concentration 5 × 10–4 M, ethanol concentration 0.2% v/v, and fl otation time 40 min. Under these conditions, 
the ura nium fl otation percentage reached mor e than 99%. A sam ple representing a sandy carbonaceous rock of All  ouga area, 
southwestern Sinai, was prepared for alkaline leaching of ura nium because of the high content of the carbonate which will 
consume large amounts of acids. The results of the experiments have shown that the optimum Na2CO3/NaHCO3 ratio is 1/1 
at a total concentration of 80 g/ L and S/L = 1/2, with 4-h agitation at room temperature. Under these conditions, the uranium 
leaching effi  ciency reached 94.2%, and the leachability increased to 98.7% at 80°C. The produced carbonate alkaline uranium-
bearing leachate was subjected to the fl otation process. A simplifi ed sketch for the uranium separation from the carbonate 
solutions with a cationic collector is presented.
Keywords: uranium, carbonate solutions, ion fl otation
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INTRODUCTION

Ion fl otation is a comparatively novel separation 
technology that uses special properties of interfaces 
in order to concentrate ions or other charged species 
contained in aqueous solutions [1]. In 1959, Felix 
Sebba fi rst presented ion fl otation as a possible method 
to enrich inorganic ions from aqueous solution, even 
very dilute [2]. Usually, fl otation is classifi ed into two 
submethods [3]: precipitate fl otation and ion fl otation. 
Flotation is an effi  cient industrial wastewater treatment 
technology and includes ion fl otation, precipitation 
fl otation, and adsorption fl otation [4]. Ion fl otation 
originates from minerals benefi ciation (usually named 
as froth fl otation or foam fl otation) and is recognized 
as one of the most promising methods for removing 
inorganic and organic anions and cations from aqueous 
solution [5]. Due to its simplicity, fl exibility, low energy 

consumption, small space requirements, small volume 
of sludge, and selectivity, ion fl otation is highly effi  cient 
in industrial applications [6, 7]. Ion flotation is a method 
for recovery of inactive, as a rule, inorganic ions using 
surfactants. Surfactants are molecules containing 
hydrophobic and hydrophilic moieties, commonly 
represented by an ionogenic group and an organic radical 
with a large number of carbon atoms. In the course of 
flotation, the surfactant interacts with the inorganic 
ion and can be removed from the solution together 
with the foam [8]. Biosurfactants, such as chemically 
synthesized surfactants, have a hydrophobic end and 
a hydrophilic end. In general, the hydrophilic group 
is a polar group, usually composed of peptides, amino 
acids, monosaccharides, or polysaccharides, while the 
hydrophobic end is usually composed of unsaturated or 
saturated hydrocarbon chains or fatty acids [9].
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Ion fl otation was used to remove copper(II), lead(II), 
and chromium(III) from simulated wastewater using a new 
biodegradable biosurfactant, sodium N-lauroylsarcosinate 
(LS), and a synthetic surfactant, sodium dodecyl sulfate 
(SDS), as collectors [10].

The precipitate flotation involves firstly the 
immobilization of ions as precipitates; e.g., raising the 
respective concentrations may lead to precipitation of the 
ion as a surfactant-fl oatable product before air is passed. 
This means that it is not a solution anymore but rather 
dispersion [11, 12].

Uranium is radioactive and chemically toxic; it can 
cause serious health hazards and can be life-threatening 
once ingested. Unfortunately, uranium has been released 
into the environment due to uranium mining, nuclear 
accidents, nuclear experiments and research, etc. [13–15]. 
Uranium is the key element and the raw material to fuel 
nuclear reactors for the use of nuclear energy [16]. Sodium 
uranate precipitation is currently used to separate uranium 
from alkaline solutions. The usual method is to raise 
the pH to 12 or higher, whereby uranium is precipitated 
as a mixture of uranates. This method, however, gives 
satisfactory results only when the uranium concentration 
is high (>2.5 g U3O8/L). For solutions with low uranium 
content, other procedures should be used. Ion fl otation 
furnishes an attractive possibility for recovering traces of 
uranium from carbonate media. Generally, ion fl otation 
diff ers from foam fractionation in that the ion fl otation 
technique utilizes a low gas fl ow rate and short columns. 
The separation occurs at the gas–liquid interface and not 
in the foam phase as it is the case in foam fractionation. 
Uranium forms two anionic complexes with either 
carbonate or bicarbonate ions, namely, a dicarbonate 
complex UO2(CO3)2(H2O)2

2– and a tricarbonate complex 
UO2(CO3)3

4–, and it would be expected that these 
compounds could be fl oated by cationic collectors. In 
the presence of excess carbonate or bicarbonate ions, the 
dicarbonate complex is transferred quantitatively into the 
tricarbonate form, and under such conditions uranium 
exists entirely as the tetraanionic tricarbonate complex 
[17], which is expected to be more susceptible to fl otation 
by reason of its high electric charge. 

Although there is some work on the foam fractionation 
of uranium from carbonate media [18–20], there are no 
data in the literature on the separation of uranium from 
carbonate solutions by the ion fl otation technique. In the 
present work, the surfactant, cetyltrimethylam  monium 
bromide, CTAB [(C16H33)N(CH3)3]Br, is employed as a 

cationic collector for studying the ion fl otation of uranium 
in the form of uranyl tricarbonate complex, UO2(CO3)3

4−, 
to reach the highest uranium recovery from its low-level 
carbonate solution and the highest uranium purity instead 
of other conventional time-consuming procedures. The 
eff ects of some parameters such as gas fl ow rate, collector 
concentration, and fl otation time have been examined. 

The uranium(VI) ion fl otation data were expressed as 
the removal percentage, which was calculated using the 
following equation:

Floatability F or removal (%) = (Ci – Cf) /Ci × 100%,

where Ci and Cf are the initial and fi nal concentrations 
(mg/L) of uranium(VI), respectively.

Alkali (sodium or less commonly ammonium) 
carbonate is sometimes used for uranium leaching from 
its ores that are high in carbonate gangue minerals like 
calcite, dolomite, etc. This is due to the fact that the 
carbonate anion forms with uranium stable soluble 
uranyl carbonate complexes [UO2(CO3)n]2–2n [21]. It 
can be applied to both primary and secondary mineral 
deposits, however, after oxidation of the former. Alkali 
carbonate leaching has several important advantages 
over acid leaching [22–24], including the selectivity 
(comparatively pure solutions are readily obtained) and 
noncorrosive nature. Also, the consumption of the reagent 
by the ore is low, and uranium can be readily recovered 
from the leach liquors. Finally, the carbonate solutions 
can be regenerated for further leaching recycle [25, 26]. 
However, there are some limitations to using carbonate 
leaching: Under mild conditions of the process, some 
uranium minerals are not solubilized by carbonate leach 
solutions. Moreover, it requires fairly fi ne grinding of the 
ore to obtain reasonable reactions rates. Alternatively, 
carbonate leaching can be performed at relatively high 
pressure and temperature in suitable autoclaves [27].

The chemistry of uranium alkaline leaching can be 
summarized as follows: 

 UO2+ 3CO3
2– + H2O + 0.5O2 → [UO2(CO3)3]4– + 2OH–,

UO3 + 3Na2CO3 + H2O → Na4UO2(CO3)3 + 2NaOH.

As can be seen, OH– is generated during the leaching 
process, so that the presence of sodium bicarbonate is 
required. The bicarbonate has the important function of 
buff ering the leaching solution and preventing the pH 
from rising to the point where diuranate would precipitate. 
The uranium precipitation reaction is chemically shown 
as:
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UO2 + 1/2O2 + Na2CO3 + 2NaHCO3 
→ Na4UO2(CO3)3 + H2O,

2Na4UO2(CO3)3 + 6NaOH 
→ Na2U2O7 + 6Na2CO3 + 3H2O.

Sodium uranate precipitation is currently used to 
separate uranium from alkaline solutions. The usual 
method [28] is to raise the pH to 12 or higher, whereby 
uranium is precipitated as a mixture of uranates. This 
method, however, gives satisfactory results only when 
the uranium concentration is high. For solutions with low 
uranium content, other procedures should be used. Ion 
fl otation furnishes an attractive possibility for recovering 
traces of uranium from carbonate media.

EXPERIMENTAL

Materials and Methods

The collected technological sample representing a 
sandy carbonaceous rock of Allouga area, southwestern 
Sinai, was fi rst subjected to complete chemical analysis 
for the major oxides as well as for some interesting trace 
elements. The loss on ignition (LOI) was determined 
gravimetrically. In this type of leaching, a weighed 
ore sample (5 g) was agitated in Na2CO3 and NaHCO3 
solutions. The main relevant agitation leaching conditions 
were studied including the concentration of sodium 
carbonate and sodium bicarbonate, S/L ratio, and leaching 
time and temperature. At the end of each leaching 
experiment, the ore slurry was fi ltered, the residue was 
properly washed, and the obtained leach liquor and 
washings were completed to a proper volume for U 
analysis.

To determine the chemical composition, an approxi-
mately 50-g sample was separated by quartering from the 
fi nely divided representative sample. The sample was then 
analyzed using the conventional wet chemical procedures 
[29]. SiO2 and Al2O3 were analyzed spectrophotometri-
cally; Na and K were determined by fl ame photometry; 
CaO and MgO were determined titrimetrically using Mu-
rexide and Eriochrome Black T indicators, respectively; 
Fe2O3 was determined titrimetrically using sulfosalicylic 
acid as indicator. The trace elements Cu, Zn, Sr, and V 
were analyzed by X-ray fl uorescence technique (XRF).

To evaluate the leaching and recovery effi  ciency, stream 
solutions were subjected to U analysis. The oxidimetric 
titration method against ammonium metavanadate was 
used after the uranium reduction [30, 31].

Recovery Procedures

The fl otation system used consisted of a pure nitro-
gen cylinder connected to a fl otation cell. The ion fl ota-
tion installation was a cylindrical tube 15 cm long and 
4.5 cm i.d., provided with a stopcock at the bottom and 
a stopper at the top. The pH values of the solutions were 
measured using WTW Inolab Level 1 device. A 450-mL 
sample was taken into a beaker. The collector (cetyltri-
methylammonium bromide, CTAB [32]) solutions were 
freshly prepared just before use, and the collector itself 
was evaporated twice with reagent-grade absolute ethanol 
before dissolution to convert any micelles into the ionic 
form. Absolute ethanol was used as a solvent for the 
collector. 1 mL of ethanol per 450 mL of urany l solution 
was used except for collector concentrations higher than 
8 × 10–4 M, where 2 mL was used to ensure complete 
dissolution.

A 450-mL portion of the uranyl carbonate solution was 
taken into the fl otation cell, and nitrogen gas was passed at 
a rate (R) of 28 cm3/min unless otherwise specifi ed. A small 
volume of the solution was withdrawn for uranium analy-
sis. The solution of the collector in ethanol was injected 
with a syringe in one injection while vigorously stirring 
the solution. That instant was recorded as the zero time. 
The uppermost layer of the foam was regularly skimmed to 
prevent fl ooding. Small samples of the bulk solution were 
withdrawn at predetermined intervals for uranium analysis. 
After each experiment, the fl otation cell was washed with 
ethanol, concentrated nitric acid, and distilled water.

RESULTS AND DISCUSSION

Material Characteristics

Data on the average major chemical composition of 
the working technological sample are given in Table 1.

T able 1. Results of chemical analysis of the ore sample studied

Component Content, wt % Component Content, 
wt %

SiO2 38.76 Na2O 2.33

Al2O3 5.24 K2O 2.13

Fe2O3 6.92 TiO2 1.01
MgO 4.47 LOI 12.01

MnO 2.20 Total 99. 39
CaO 24.32
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The content of trace elements is given in Table 2, 
where uranium (2500 ppm) is the main target. 

Uranium Recovery

Eff ect of fl otation time. As seen from the removal 
percentage/time curves obtained at three different 
collector to uranium molar ratios (C/U) at a constant 
uranium concentration of 0.02 g/L (Fig. 1), the removal 
percentage increases with an increase in the bubbling time 
until a maximum is reached. This maximum removal, or 
ultimate percentage removed, strongly depends on the 
collector concentration.

Eff ect of collector concentration. To determine 
the collector concentration at which the best uranium 
removal can be obtained, additional fl otation experiments 
were run using diff erent collector ratios at two levels of 
uranium concentration. All other conditions were kept 
constant. The removal percentages obtained after 40 min 
fl otation were plotted vs. the collector ratios. The results 
obtained (Fig. 2) show that the recovery increases with 
an increase in the collector–uranium ratio until a certain 
collector concentration (critical collector concentration) 
is reached at which a further increase in the collector–
uranium ratio results in a decrease in the removal 
percentage. The magnitude of this decrease depends 

on the uranium concentration, being more pronounced 
at high uranium concentrations, as indicated by the 
steepness of the descending parts of the curves. Also, 
the collector concentration beyond which the removal 
percentage decreases (critical collector concentration) 
seems to vary with the concentration of uranium in 
the solution. Under our experimental conditions, the 
optimum collector concentration is about 5 × 10–4 and 
7 × 10–4 M for uranium co ncentrations of 0.02 and 
0.01 g/L, respectively.

The decreas e in the uranium removal above critical 
collector concentration may be due to the fact that its 
critical micelle concentration (CMC) is exceeded with 
the consequent formation of micelles, which have a 
deleterious eff ect on the ion fl otation. The fact that the 
CMC is aff ected by the concentration of ions of charges 
opposite to that of the collector [33] accounts for the 
dependence of the critical collector concentration on the 
concentrations of both uranyl and carbonate ions in the 
solution. As the concentration of these anions is increased, 
CMC decreases with the corresponding decrease in the 
critical collector concentration.

Effect of the concentration of carbonate and 
bicarbonate ions. The removal percentage of uranium 
from solutions of different concentrations of either 
sodium carbonate or sodium bicarbonate is plotted in 
Figs. 3 and 4, respectively. As seen from the curves, the 
concentration of these salts signifi cantly aff ects both 
the ultimate removal and the removal rate. The ultimate 
fraction removed decreases with an increase in the sodium 
carbonate or bicarbonate concentration, being e.g., 
about 70 and 97% for 10 and 1 g/L carbonate solutions, 
respectively.

Fig. 1. Uranium recovery percentage at diff erent collector molar 
ratios: (1) 4, (2) 5, and (3) 6; 10 g/L carbonate and 0.02 g/L 
uranium. 

Fig. 2. Eff ect of collector–uranium ratio in uranium recovery 
percentage at a constant uranium concentration. 10 g/L 
carbonate, 40 min; U, g/L: (1) 0.01 and (2) 0.02. 

1

2

Table 2. Content of trace el           ements in the ore sample studied

E lement Content, ppm Element Content, ppm
Cu 190 V 58
Sr 5 0 Zn 30
Ua 2500

a Uranium analyzed chemically.
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Under all our experimental conditions, no signifi cant 
pH changes were caused by the collector addition, and 
only the uranyl tricarbonate complex was present because 
of the high carbonate–uranium ratio applied; the eff ects of 
the concentration of sodium carbonate cannot therefore 
be ascribed to changes in the uranium speciation. At a 
constant carbonate ion concentration and a constant ratio 
of the collector to the uranyl tricarbonate complex, the 
removal percentage is aff ected by the carbonate–uranium 
ratio. Because it is unlikely that the removal of collector 
(and, consequently, of the uranium–collector product) is 
signifi cantly aff ected by slight changes in the carbonate 
strength of the solution, the strong eff ects of the carbonate 
ion concentration on the uranium removal cannot be mainly 
caused by changes of the activities of solutes due to changes 
in the salt concentration. Therefore, these strong eff ects can 
be mostly related to changes in the competition between 
carbonate anions and the anionic uranyl tricarbonate 
complex for the collector cations. The uranyl tricarbonate 
complex, having a higher electric charge than either the 
carbonate or bicarbonate ions, is preferentially attracted 
to the collector cations. At high carbonate or bicarbonate 
concentrations, the probability of attraction between the 
CO3

2– or HCO3
– ions and the collector cations increases 

and, consequently, the uranium removal decreases as 
a direct function of the ratio of [CO3

2–] or [HCO3
–] to 

the collector. From equimolar solutions of carbonate and 
bicarbonate, the ultimate removal of uranium was found 
to be greater from the bicarbonate solutions because of the 
lower charge of the bicarbonate anion.

Effect of uranium concentration. The effect 
of the concentration of uranyl ion on the removal 

percentage was studied at two levels of sodium carbonate 
concentration and a constant collector–uranium molar 
ratio of 5. The results obtained (Fig. 5) show that, for 
each carbonate concentration, the maximum removal 
percentage is achieved in a certain interval of uranium 
concentrations. As expected, the removal percentage 
decreases at higher uranium concentrations because 
the critical collector concentration is exceeded. At 
lower uranium concentrations, the removal percentage 
decreases also. The carbonate concentration was kept 
constant throughout the experiments, and a decrease in 
the uranium concentration would thereby be accompanied 
by the corresponding increase in the carbonate–uranium 
ratio; hence, the low removal percentage observed at low 
uranium concentrations can be attributed to an increase 
in the carbonate–uranium ratio. Because the removal 
percentage decreases at uranium concentrations higher 

Fig. 3. Uranium removal at diff erent carbonate concentrations. 
U 0.02 g/L; collector–uranium molar ratio C/U = 5; carbonate 
concentr ation, g/L: (1) 1, (2) 5, (3) 10, and (4) 40.

Fig. 4. Uranium removal at diff erent bicarbonate concentrations. 
U 0.02 g/L; C/U = 5; bicarbonate concentration, g/L: (1) 0.8, 
(2) 8, (3) 16, and (4) 30.

1
2

3

4

1

2

3

4

Fig. 5. Effect of U(VI) concentration at a constant 
collector–uranium molar ratio C/U = 5; 40 min; carbonate 
concentration, g/L: (●)10 and (O) 1.
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than approximately 0.02 g/L for 10 g/L carbonate solution 
and the decrease in the removal percentage is due to the 
fact that the critical collector concentration is exceeded, it 
can be concluded that the critical collector concentration 
depends on the carbonate concentration and is shifted 
to lower values as the CO3

2– concentration is increased.
The maximum uranium concentration in the solution 

to be successfully treated by the ion fl otation technique 
is limited by the critical micelle concentration, and 

it was naturally desired to shift the CMC to a higher 
value by adding, e.g., alcohol, so that a higher collector 
concentration can be safely utilized. As the hydrophobic 
portions of a surfactant are, in general, more soluble in 
organic liquids than in water, the addition of considerable 
quantities of ethanol, which is water-miscible, to the 
system under investigation was expected to have a 
disaggregating eff ect on the micelles, perhaps leading to 
a substantial increase of the CMC as has been found for 
another collector [34]. 

Eff ect of the ethanol concentration. The data on 
the uranium removal percentage from 10 g/L carbonate 
solutions containing diff erent concentrations of ethanol 
are given in Fig. 6. They show that an increase of the 
alcohol concentration leads to a decrease in the ultimate 
removal. This is probably due to easy dissolution of the 
uranium–collector product in alcohol.

Eff ect of gas fl ow rate. Three levels of the gas fl ow 
rate were chosen: 28, 52, and 77 cm3/min. The results 
obtained (Fig. 7) show that, at low gas fl ow rates, the 
ultimate removal is not signifi cantly aff ected, but the 
removal rate considerably increases with an increase in 
the gas fl ow rate, as indicated by the steepness of the 
initial slopes of the curves at each gas fl ow rate. At high 
gas fl ow rates, the initial removal rate is very high, but 
the ultimate removal is lower than that at lower gas fl ow 
rates. This may be due to the back redispersion into the 
bulk solution of some of the uranium from the foam phase.

Uranium Leaching 

Eff ect of diff erent alkaline reagents. The eff ect of 
diff erent  alkaline leaching reagents, either single or in 
combination, on the uranium leaching effi  ciency has been 

Fig. 7. Uranium removal at diff erent gas fl ow rates. U 0. 02 g/L; 
carbonate 10 g/L; C /U =  5; gas fl ow rate, cm3/min: (O) 28, 
(▼) 52, and (●) 77.

Fig. 8. Eff ect of Na2CO3/NaHCO3 weight ratio on the effi  ciency 
of U leaching from high-c arbonate technological ore material. 

Table 3. Eff ect of diff erent alkaline reagents on the effi  ciency 
of U leaching from the working technological ore sample 

Reagent Leaching effi  ciency, %
Na2CO3 75
NaHCO3 55
Na2CO3 + NaHCO3 (1 : 1 w/w) 89

Fig. 6. Eff ect of ethanol concentration on the uranium removal. 
Carbonate10 g/L; 40 min; U 0.02 g/L, C/U = 5.
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studied. In these experiments, the other leaching factors 
were fi xed:  –60 mesh size ore fi ness, 3 h agitation time, 
room temperature (25°C), 1/2 solid/liquid (S/L) ratio, 
and 100 g/L concentration of the leaching agent. The 
obtained data on the uranium leaching effi  ciency are 
given in Table 3. They show that the best reagent is a 1 : 1 
mixture of Na2CO3 and NaHCO3 in a total concentration 
of 100 g/L. 

Effect of Na2CO3/NaHCO3 weight ratio. The 
U leaching efficiency when using Na2CO3 alone is 
moderate, and it is necessary to add NaHCO3 to neutralize 
the formed NaOH. Accordingly, a series of leaching 
experiments were performed in which sodium bicarbonate 
was mixed with a 100 g/L sodium  carbonate solution in 
Na2CO3/NaHCO3 w eight ratios of 1/1, 2/1, and 3/1 at 
25°C. The results are shown in Fig. 8.

As can be seen, the uranium leaching efficiency 
increased on adding NaHCO3, and this increase is the 
more pronounced, the lower is the Na2CO3/NaHCO3 
weight ratio. On decreasing the of Na2CO3/NaHCO3 
weight ratio from 3/1 to 1/1, the leaching effi  ciency 
increased from 25.43 to 89%, respectively. 

Eff ect of Na2CO3/ NaHCO3 concentration. To study 
the eff ect of the Na2CO3/NaHCO3 concentration on the 
effi  ciency of uranium leaching from the ore material stud-
ied, a set of leaching experiments were performed with 
diff erent Na2CO3/NaHCO3 concentrations ranging from 
20 to 100 g/L. The other leaching conditions were fi xed: 
25°C, 3 h, S/L = 1/2, and Na2CO3/NaHCO3 weight ratio 
1/1. The results are plotted in Fig. 9. They show that the 
best concentration for uranium leaching is 80 g/L. Under 

these conditions, the uranium leaching effi  ciency reached 
92.55%.

Eff ect of liquid/solid ratio (L/S). The eff ect of L/S 
ratio (mL/g) on the leaching of uranium from the ore 
material was studied at L/S varied from 1/1 to 2.5/1; the 
other conditions were fi xed: Na2CO3/NaHCO3 weight 
ratio 1/1, Na2CO3/NaHCO3 concentration of 80 g/L, 3 h, 
and 25°C. The results are plotted in Fig. 10.

As can be seen, with increasing L/S r atio from 1/1 
to 2/1 t he uranium leaching effi  ciency increases from 
35.76 to 92.55%, respectively. Further increase in the 
L/S ratio to 2.5/1 had an adverse eff ect on the U leaching 
effi  ciency, which decreased to 86.92 %. This decrease 
can be attributed to reprecipitation of uranium due to 
the formation of NaOH. Thus, the L/S ratio of 2/1 can be 
considered as an optimum for reaching 92.55% uranium 
leaching effi  ciency under the applied conditions.

Fig. 9. Eff ect of Na2CO3/NaHCO3 concentation on the effi  ciency 
of U leaching from high-carbonate technological ore  material.
Na2CO3/NaHCO3 concentration, g/L

Fig. 10. Eff ect of L/S ratio (mL/g) on the effi  ciency of U 
leaching from high-carbonate technological ore material.  

Fig. 11. Eff ect of agitation time on the effi  ciency of U leaching 
from high-carbonate technological ore material.
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Effect of agitation time. To study the effect of 
agitation time on the uranium leaching effi  ciency, a set 
of leaching experiments were performed at diff erent 
time periods ranging from 1 to 6 h. The other leaching 
conditions were fi xed: Na2CO3/NaHCO3 weight ratio 1/1, 
Na2CO3/ NaHCO3 concentation 80 g/L, L/S = 2/1, and 
25°C. The results are plotted in Fig. 11.

The results obtained show that the effi  ciency of U 
leaching from the working ore increased from 30.38 to 
94.15% with increasing agitation time from 1 to 4 h, 
respectively. Further increase in the leaching time to 5 
and 6 h has not further improved the leaching effi  ciency; 
thus, the agitation time of 4 h can be considered as an 
optimum ensuring 94.15% uranium leaching effi  ciency 
under the applied conditions.

Effect of leaching temperature. The effect of 
leaching temperature on the efficiency of uranium 
leaching from the working ore was studied at 40–100°C; 
the other conditions were fixed: Na2CO3/NaHCO3 
weight ratio 1/1, Na2CO3/NaHCO3 concentration 
80 g/L, L/S = 2/1,  and leaching time 4 h. The results 
are plotted in Fig. 12.

As can be seen, with increasing leaching temperature 
to 80°C, the uranium leaching effi  ciency increases to 
98.72%, whereas at 100°C it decreases. This is most 
probably due to increased NaOH formation and U 
reprecipitation. 

Case Study (Allouga Uranyl Tr icarbonate Complex, 
UO2(CO3)3

4−)

The partially purifi ed uranyl tricarbonate compound 
is produced after alkaline fi ltration experiments and 

diluted to obtain the optimum concentrations of uranium, 
carbonate, and bicarbonate. Foreign ions can also interfere 
with the removal process. To reach the optimum fl otation 
conditions, these interferences were overcome by adding 
6 × 10–4 M cetyltrimethylammonium bromide (CTAB) 
instead  of 5 × 10–4 M CTAB. Then, the ion fl otation was 
performed, and the uranium fl otatio n percentage reached 
more than 99%. The summarized fl ow diagram of the 
process is shown in Fig. 13.

CONCLUSIONS

The performance of the ion flotation process for 
uranium(VI) remov al from carbonate solutions is 
evaluated. The uranium(VI) fl otation strongly depends 
not only on the collector concentration but also on the 
uranium and carbonate concentrations. Uranium(VI) 
is effi  ciently removed  (> 99%) in presence of 10 g of 
sodium carbonate using 5 × 10–4 M CTAB and 0.2% v/v 
ethanol in 40  min at a nitrogen fl ow rate of 52 cm3/min. 
The high degree of removal achieved in the presence 
of carbonate is attributed to the electrostatic attraction 
between UO2(CO3)3

4−, present under our experimental 
conditions, and CTA+. Thus, the addition of CTAB to 
uranyl tricarbonate solution resulted in the formation of 
UO2(CO3)3–CTAB soluble product. 

If it is required to recycle the collector, then the latter 
can be easily recovered from the scum fi rst by heating 
it with dilute acid to destroy t he carbonate and then by 
boiling with an alkal i solution [2]; in the process, uranium 
is precipitated as an alkali metal uranate and the collector 
is obtained in solution as the quaternary ammonium 
hydroxide which can be converted into the bromide.

The ion fl otation is an  excellent technique for uranium 
separation from its solutions of low content or trace levels 
after optimizing carbonate and bicarbonate concentrations 
in such solutions. Also, it can be applied to collect 
uranium effi  ciently from all raffi  nates of the uranium 
separation or purifi cation projects involving low-grade 
ores instead of other conventional long tediou s methods 
such as ion exchange or solvent extraction, especially at 
low U levels. 

Sample representing a sandy carbonaceous rock 
of Allouga area, southwestern Sinai was prepared 
for alkaline leaching of uranium because of the high 
carbonate content, leading to high acid consumption. 
The experimental results show that the optimum 

Fig. 12. Eff ect of leaching temperature on the effi  ciency of U 
leaching from high-carbonate technological ore material.
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Fig. 13. Schematic diagram for the ion fl otation of uranium from carbonate solutions of Allouga area, southwestern Sinai. 

conditions are as follows: Na2CO3/NaHCO3 ratio 1/1, 
total concentration 80 g/L, S/L = 1/2, agitation time 
4 h. Under these conditions at room temperature, the 
uranium leaching effi  ciency reached 94.2%, and at 80°C 
it increased to 98.7%.
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