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Summery-The leaching process of uranium from North El-Fayum uranium ore material using 

hydrochloric acid solution has been studied. The effect of different parameters such as 

hydrochloric acid concentration, leaching time, liquid/solid mass ratio, temperature, 

mechanical stirring speed were investigated in order to optimize various process parameters 

for maximizing the recovery of uranium. The maximum leaching of uranium (92.5%) was 

achieved after 15 min. as leaching time using 5% hydrochloric acid and 3/1 liquid/solid mass 

ratio at room temperature with 400 rpm mechanical stirring speed. The leaching kinetics data 

is represented by shrinking core model with diffusion through a porous product layer. The 

calculated apparent activation energy for the uranium leaching reaction was found to be 14.46 

kJ/mol. 

 

Introduction 

During the last few decades, the Nuclear Materials Authority of Egypt (NMA) 

conducted comprehensive programs for the exploration of uranium, thorium and other 

radioactive mineralizations in Egypt. These programs led to the discovery of some uranium 

mineralizations related to the so-called surficial uranium deposits especially in El-Fayium 

Depression in the North Western Desert. 

El-Fayum Depression iscovered by a sedimentary sequence ranging in age from 

Middle Eocene to Quaternary 
(1-4)

.Carbonaceous shale was deposited recently on the eroded 

surface of Oligocene rocks of QatraniFormation (Fig. 1). 

According to 
(3-4)

 carbonaceous shale outcrops are located in two locations. One of 

them is located between longitudes 30
o
 34

/
 59

//
 and latitudes 29

o 
37

/
 44

//
occupies a low laying 

area excavated in bed rock. This bed rock is composed of uraniferous clay, silt and fine 

grained sandstone of black shale deposits. The other locality is located between longitudes 29
o
 

38
/
 58

//
 E and latitudes 30

o
 38

/
 30

//
 N. Carbonaceous shale of North El- Fayium Depression is 

a type of black shale that rich in organic matter (>5%). It is enriched in U and other 

elementssuch as Cu, V and S 
(4)

. This deposit is represented by low grade uranium deposits of 

El-Fayium Depression.  
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Fig. 1. Geologic map of North El-Fayium depression 
(2)

 

With respect to the leaching potentiality of the study surficial uranium black shale ore 

material, chloride leaching system was chosen in spite of the presence of the high 

carbonaceous materials which prefer alkali dissolution system. This is due to the very low rate 

of alkali leaching processes from one hand, and the inefficient dissolution of U from clay 

materials by alkali reagent, from the other hand.   

In  hydrometallurgy  chloride leaching system has  been  used  for  the  treatment  and  

recovery  of valuable metals  for  a  number  of  years especially from clays because of the 

ease of filtration of slurries. The most serious problem connected with the use of hydrochloric 

acid is the severe corrosion; however, the development of corrosion resistant plastics and 

rubbers partially solved this problem. So that the corrosion is no longer aexorbitantfactor
(5-6)

. 

Many precious metals have been leached from its ores using hydrochloric acid such as; batch 

leaching of uranium ore in Canada
(7)

,dissolution of total gold from Ijero-ekiti (Nigeria) gold 

ore deposit
(8)

, leaching of TiO2 from Egyptian ilmenite
(9)

andleaching of nickel and cobalt 

from Chinese laterite ore
(10)

. Cobalt and copper have been leached successfully from Co-Cu 

ores in the Democratic Republic of Congo
(11)

. Phosphorus has been leached from high 

phosphorus iron ores in China
(12)

. 

The dissolution study of various ores in inorganic acids has been investigated in 

detail
(13–15)

. Kinetic leaching of bastnaesite concentrate, rutile ore, and Ukpor clay by using 
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hydrochloric acid was  represented  by  shrinking  core  model  with  diffusion  through  a 

porous product layer
(16–18)

. 

The present work is concerned with studying the mineralogical and chemical 

characteristics of this surficial uranium mineralization of El-Fayum Depression ore material. 

In addition, the leaching potentiality together with the corresponding kinetic parameters of the 

concerned ore material has been determined. For this purpose, a technological representative 

sample of uraniferous black shale assaying 640 ppm U was collected and considered. 

 

Experimental 

Characterization of the study ore material 

These include determination of the chemical composition of the study representative 

technological sample which was collected from the uraniferous carbonaceous black shale of 

El-Fayoum Depression, as well as identification of minerals that host the economic and 

valuable metals. 

Chemical characteristics of the study ore material 

The collected representative sample was chemically analyzed for its major oxides and 

trace elements including the U, using the Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS) technique in the Vancouver Lab in Sudia Arabia.  

Mineralogical characteristics of the study ore material 

The grinding of a part from the study black shale technological sample to the proper 

mesh size was adequate to liberate the accessory minerals. The ground sample was then 

washed by water and the slimes were removed by repeated decantation. The dry fraction was 

then sieved into the size intervals; 0.4, 0.315, 0.2 and 0.1 mm. The light and heavy fractions 

were separated from the different sizes by bromoform (sp. gr. 2.8). The heavy mineral grains 

were picked from each of the obtained heavy fractions under binouclear microscope. Some of 

these selectively picked grains were analyzed by means of X-ray diffraction technique (XRD). 

Some others of the separated grains were examined by Environmental Scanning Electron 

Microscope (ESEM).  

Processing procedure 

The technological sample was further ground to ≤100 mesh size and mixed well by 

quartering to attain homogeneity. Several sample portions were subjected to leaching 

experiments.  

In the present work, HCl agitation acid leaching method has been adopted. In this 

leaching method, the dissolution experiments were performed in a 500 mL-glass reactor. A 

mechanical stirrer was used and a thermostat was employed to keep the reaction medium at 

constant temperature. In the dissolution process, hydrochloric acid solution was put into 

reactor. After the desired reaction temperature was reached a specific amount of the ore 

sample was added to the solution and the stirring started. After a certain period of time, the 

solution was filtered. The amounts of uranium in the dissolution filtrate were analyzed 
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spectrometrically by using the Arsenazo III [18]. The dissolution efficiency of uranium was 

calculated by the following equation; 

Dissolved,g×100 

Uranium dissolution efficiency (%) = 

                                                              Total amount of U in the ore, g 

 

Results and Discussion 

Characterization of the study ore material 

In fact, the nature and mode of occurrence of a mineralization as well as its associated 

gangues control the rate of valuable metals dissolution and recoveries. The following is a 

brief account about the chemical and mineralogical characteristics of El-Fayum ore material.           

Chemical characteristics of the studied ore material 

The chemical nature of the ore material under consideration was studied to determine 

the preferred lixiviant options from one hand, and the type of treatment employed on the other 

hand. The chemical composition of the studiedore material of North El-Fayum Depression 

mineralization is given in table (1). From this table, it is evident that the ore material is mainly 

composed of SiO2, CaO and SO3 besides P2O5. These oxides are chiefly allotted as phospho-

silicate minerals which include sandy clay, gypsum and sandy dolomitic limestone.  

Actually, the oxides that affect the choice of the leaching reagent (lixiviant) are mainly 

represented by SiO2, Al2O3, CaO, MgO and Fe2O3. In the studied ore material, the high 

content of CaO(12%) together with the high content of SO3(0.8%)do not encourage using of 

H2SO4 as leaching reagent. This is due to the rapid formation of gypsum in the leaching 

circuit which would prohibit the leaching process. On the other hand, the low Fe 

content(1.8%) would favor using of HCl as leaching reagent in spite of its sever corrosion 

effect. The latter can be overcome by developing resistant plastics and rubbers equipments. 

Mineralogical characteristics of the ore material 

In the present work, the mineralogical study of the technological sample under 

consideration revealed the average concentration of the heavy minerals fraction amounted to 

about 1.75% w/w with respect to the total bulk sample.  

The obtained data of both XRD and ESEM analyses revealed the presence of some 

radioactive minerals in close association with quartz, hydroxy apatite and hematite. These 

include uranophane and autunite. It is worthy to mention herein that,   hydroxy apatite 

represent about 95% w/w with respect to the total heavy fraction (Table 2). 
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Table 1.The chemical composition of El-Fayum ore material 

 

Table 2.X-Ray diffraction data of apatite in association with quartz 

 

Conc.(%)ComponentsConc.(%)Components

0.1MnO51.0SiO2

9.4P2O50.2TiO2

0.0Cl
-

1.9Al2O3

0.8SO
-3

1.8Fe2O3

16.6L.O.I12.5CaO

0.5MgO

1.9Na2O

0.4K2O

                        Trace elements (ppm)

55Zr15Cu

14Nb641U

53Ta4Th

11Ag584Zn

23Cd119Co

7Sn87Ni

14Sb48V

72Y323Sr

2La10Rb

80Ce142Ba

26Pr85Cr

82Nd6Pb

4Er4Ga

2Yb49Se

4As4Hf

                   ASTM #086-0740

         Sample    Hydroxy apatie

dAO I/IO dAO I/IO

3.44 14 3.44 36

3.17 2 3.17 11

3.06 10 3.06 20

2.79 100 2.80 100

2.70 25 2.70 54

2.62 10 2.62 24

2.28 4 2.28 5

2.24 12 2.25 20

2.12 5 2.12 3

1.93 8 1.93 24

1.88 7 1.88 12

1.84 11 1.84 32

1.79 4 1.79 13

1.74 4 1.74 10

1.72 3 1.42 13

1.46 3 1.46 8
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Also, EDX analysis data of apatite reflects the presence of different staining of U 

minerals disseminated in its surface along cavities and fractures such as uranophane (Figure2, 

sample 2&3) and autunite (Figure 2, sample 4). 

 

 

 

 

 

 

 

Fig.2.Uranophane and autunite minerals (samples 2, 3 and4). 

 

Leaching potentialities of the studied ore material 

Due to the clayey phosphatic nature of the ore material, the applied leaching method 

includes acidic atmospheric agitation leaching which has been reported to be suitable for the 

processing of adsorbed minerals. The dissolution process was carried out by using HCl acid. 

The relevant leaching factors have properly been studied in a manner to select the optimum 

conditions for processing the El-Fayoum ore material. At this context, the effects of particle 

size, reaction time, mechanical stirring speed, hydrochloric acid concentration, liquid/ solid 

ratio and temperature on the dissolution process have been investigated. 

Effect of particle size 

Several leaching experiments were performed for different particle size fractions ≥ 17, 

17 – 18, 20- 25, 30- 35, 40- 45, 45- 60, 60- 100, and ≤ 100 mesh. Other leaching parameters 

were fixed at a leaching time of 15 min. stirring speed of 400 rpm, temperature of 25
o
C, and 

hydrochloric acid concentration of 5%, and hydrochloric acid/ore, v/m, ratio of 30mL/10g. 

The results obtained in table (3) indicated that, El-Fayum ore fractionation has a significant 

effect upon uranium dissolution efficiency where by decrease the ore particle size from ≥ 17 

to ≤ 100 mesh, uranium dissolution efficiency increases from 48 to 92%. This may be due to 

the increase in the surface area of the particles. Therefore, all investigations were carried out 

on the smallest particle size fractionation ≤ 100 mesh. 

 

 

 

 

 

 

 

 

 

Elements

4321  (Wt.,%)

5.039.031.091.64Al

13.8713.4832.823.15Si

--2.67-Na

-2.436.72-Mg

3.855.1112.718.45Fe

12.962.057.6425.98P

31.8213.1611.2460.79Ca

33.2742.7425.01-U
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Table 3. Effect of particle size upon uranium dissolution efficiency from the ore 

 

Effect of HCl acid concentration 

The effect of HCl acid concentration upon U dissolution from El-Fayum ore material 

was studied at different acid concentration ranged from 0.5 to 10%. Other leaching parameters 

were fixed at a dissolution time of 15 min. stirring speed of 400 rpm, temperature of 25
o
C, 

particle size fraction of ≤ 100 mesh, and HCl acid/ore, v/m, ratio of 30 mL/ 10 g. As it is seen 

from the obtained results given in figure (3), the uranium leaching efficiency increased from 

18 to 92.5% by increasing HCl acid concentration up to 5%. Further increase in 

HClconcentration has a slight effect on the leaching efficiency. Therefore, 5% hydrochloric 

acid is the best concentration for the dissolution of U from the study ore material. 

 

Fig.3.Effect of hydrochloric acid concentration upon uranium dissolution efficiency. 

Effect of reaction time 

The effect of different reaction times on U dissolution rate, using 400 rpm stirring rate, 

5% hydrochloric acid concentration, room temperature, particle size fraction of ≤ 100 mesh, 

and liquid/solid ratio 30mL/10 g, is shown in figure (4). The obtained results indicated that as 

the reaction time increases from 1 to 15 min. uranium dissolution efficiency increased from 

53.8 to 92.5%. Further increase in the reaction time has a little effect on uranium dissolution 

efficiency. Thus, the reaction dissolution time of 15 min. is the more convenient for 

dissolving U. 

Uranium leaching efficiency (%)Fraction size, mesh

48≥17

5617-18

6320-25

7030-35

7640-45

8245-60

8660-100

92≤100
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Fig.4. Effect of reaction time upon uranium dissolution efficiency 

 

Effect of liquid/solid ratio  

Optimum ratio of the quantity of HCl acid to the ore was determined in terms of the 

liquid/solid ratio in the range of 10 mL/10 g, 20 mL/10 g, 30 mL/10 g, 40 mL/10 g, and 50 

mL/10 g by employing hydrochloric acid at a concentration of 5%, dissolution temperature of 

25
o
C, stirring speed of 400 rpm, ore particle size fraction of ≤ 100 mesh and dissolution time 

of 15 min. The results presented in figure (5) indicate that, as the liquid to solid ratio increases 

from 10 mL/10 g to 30 mL/10 g the dissolution efficiency of uranium increased from about 

61.5 to 92.3%, and more increase in liquid to solid ratio from 30 mL/10 g to 50 mL/10 g lead 

to slight increasing in uranium dissolution efficiency. This is may be due to the increase of 

solution bulk density which causes decrease in the migration of different ions to the liquid 

medium. Therefore, 30 mLHCl acid/10g ore mass ratio represents the preferred condition. 

 

Fig.5. Effect of liquid/solid ratioupon uranium dissolution efficiency. 

Effect of temperature 

The effect of reaction temperature on the U leaching efficiency was investigated for 

the temperatures of 20, 30, 40, 50 and 60 
o
C at a reaction time of 15 min, a stirring speed of 
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400 rpm, HCl acid concentration of 5%, a particle size fraction of ≤ 100 mesh, and a 

liquid/solid ration, 30 mL/10g. As shown in Fig. 6, the uranium dissolution efficiency was 

slightly increased from 92.5 to 95% by increasing the reaction temperature from 20 to 60
o
C. 

Therefore, room temperature represents the preferred temperature. 

Effect of stirring speed 

To study the effect of mechanical stirring speed on U dissolution efficiency by using 

5% HCl acid, several experiments were carried out at different mechanical stirring speeds 

ranged from 200 rpm to 800 rpm for 15 min. reaction time at room temperature, liquid/solid 

ratio 30mL/10g, and a particle size ≤ 100 mesh. From figure (7) it can be concluded that, the 

mechanical stirring of the reactants has no effect on the dissolution efficiency of U. Therefore, 

400 rpm mechanical stirring speed represents the preferred condition for U leaching process.  

 

Fig.6.Effect of temperature upon uranium dissolution efficiency 

 

Fig.7.Effect of stirring speed upon uranium dissolution efficiency. 

Finally, from the foregoing HCl agitation leaching study, it can be concluded that this 

leaching method is efficient for dissolving more than 92.5% of U content by using the  
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following optimum leaching conditions:    

Ore grain size  -100 meshe 

HCl Conc.   5% 

Agitation time  15 min. 

Leaching temperature temperature room 

Liquid/ solid ratio 3/1 

Stirring speed  400 rpm 

The shrinking core model for chemical reactions 

Traditionally,  reactions  involving  solids  and  fluids  have  been  modeled  using  the 

shrinking core models for chemical reactions
(19)

. The shrinking core model envisions a 

chemical reaction of the form  

F(fluid) + bS(solid) → Products (p) 

The model assumes that during the course of the reaction an ash layer is formed 

around a shrinking core of unreacted solid reactant. As a result, as the reaction progresses, the 

ash layer steadily increases inward towards the shrinking core, until all of the reactant solid is 

reacted. It is envisioned the major resistance to the reactions are as follows
 (19-20)

: 

i. The diffusion of the reactant fluid F to the surface of the solid through the fluid film 

surrounding the particle  

ii. The  diffusion  of  the  reactant  fluid  through  the  solid  ash  layer  to  the  reaction surface 

at the unreacted core  

iii. Reaction of the fluid F at the reaction surface of the unreacted core with solid S  

iv. Diffusion of the fluid product from the surface of the unreacted core through the ash layer 

back to the outer part of the ash layer 

v. Diffusion  of  the  fluid  product  through  the  fluid  film  surrounding  the particle.  

Depending on the reaction occurring, one, or a combination of the resistances 

mentioned above will control the reaction, and hence can be used to develop a model that will 

predict how that particular chemical process will proceed with time
 (21)

. 

The reaction will be controlled by any of three possible resistance; the chemical 

reaction itself, diffusion through the fluid film surrounding the particle, or diffusion through 

the ash layer of product. Since no solid product is left behind, it will be assumed all product 

formed is immediately turned into the fluid phase. The simplified equations of the shrinking 

core model when either surface or the diffusion chemical reactions are the slowest step can be 

expressed as follows, respectively
 (19)

:  

When diffusion through the fluid film controls, the process can be modeled as: 

K1t = 1 − (1 − α)(1) 

When the chemical reaction controls, the process can be modeled as  

K2t = 1 − (1 − α)
 1/3

(2) 
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When diffusion through the solid controls, the reaction can be modeled as  

K3t = 1 − 3(1 − α) 
2/3

 + 2(1 − α)(3) 

Where α is the fractional conversion of the solid. When both the chemical reaction and 

diffusion through the fluid film controls, the overall resistance can be taken as the sum of the 

two individual resistances since the resistances occur in series and hence can be assumed to 

be additive
 (20)

K is the slope of line is called the apparent rate constant, it is dependent on 

numerous factors, such as the relative velocity between particle and fluid and fluid 

propertieswhile t is the time of reaction. 

Equation (1) reveals that if the resistance to diffusion through the film surrounding the 

solid particle is the rate controlling step, the relation between the left side of equation (1) and 

time must be linear. If  the  chemical  reaction  controls  the  rate,  the  relation between  the  

left  side of  equation  (2)  must  be  linear.  The slope of this line is called the apparent rate 

constant, K2 and must be directly proportional to 1/ro. However, if the diffusion through the 

product layer controls the leaching rate, there must be a liner relation between the left side of 

equation (3) and time. The slope of the line is the rate constant, k3 and it must be directly 

proportional to 1/ ro
2
 (ro is the initial radius of the solid particle)

(21)
. 

The three shrinking core models could be examined at different temperatures as shown 

in figures 8, 9 and 10. From these figures it is clear that only equation (3) has been found to 

give an acceptable straight line with average correlation of 0.98. The resulting slopes of each 

line in figure 10 were calculated and these represent the apparent reaction rate constants k1. 

 

Fig.8.Effect of temperature on the function [1 − (1 − α)] (rpm: 400; [HCl]: 0.1 mole/L; L/S 

mass ratio: 150 mL/0.1 g; particle size: 100-230 mesh). 
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Fig.9.Effect of temperature on the function [1 − (1 − α)
 1/3

] (rpm: 400; [HCl]: 0.1 mole/L; L/S 

mass ratio: 150 mL/0.1 g; particle size: 100-230 mesh). 

 

Fig.10.Effect of temperature on the function [1 − 3(1 − α)
 2/3 

+2(1 − α)] (rpm: 400; [HCl]: 0.1 

mole/L; L/S mass ratio: 150 mL/0.1 g; particle size: 100-230 mesh). 

The different values of the apparent rate constant, K3 at different temperatures and 

their corresponding correlation coefficient rate are summarized in table (4).  

Table 4.The value of the apparent rate constant, K3, min
-1

 with the correlation coefficient at 

different temperature range. 

 

 

 

R
2

Apparent K3, min
-1Temperature, 

o
C

0.97      4.0 X 10
-8

20

0.98      5.0 X 10
-8

30

0.98      6.0 X 10
-8

40

0.99      7.0 X 10
-8

50
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The effect of temperature on the kinetics of El-Fayum ore leaching reaction was 

analyzed to evaluate the activation energy of the reaction, where the relation between the rate 

constant, K, obtained and given in Table (4) at different temperatures can be expressed by the 

Arrhenius equation: 

K= A 
 Ra

e
/

 

where K is the overall rate constant in min
-1

, A is the frequency factor in min
-1

, Ea is the 

activation energy in J mol
-1

, R is universal gas constant (8.314 J k
-1 

mol
-1

), and T is the 

reaction temperature in K. 

The relation between ln K values obtained at different temperatures, Table 4, against 

1/T for El-Fayum ore leaching reaction should give a straight lines with a slopes of − Ea/ RT 

and intercepts of ln A. Figure 11 displays the values of the natural logarithmic value of 

leaching rate constants (ln K) of uranium leaching process as a function of (1/T). From the 

figure, it is clear that a straight line was obtained with slope of -1.74, correlation coefficient of 

0.99 and intercept of -11.08. According to Arrhenius equation and figure 11, the activation 

energy of the leaching reaction of uranium from El-Fayum ore by dilute hydrochloric acid 

equals14.46kJ mol
-1

. 

Since the diffusion controlled reaction would has an activation energy ≤ 25 kJ mol
-1

, 

so the calculated activation energy suggests a diffusion controlled process for El-Fayum 

uranium ore dissolution in hydrochloric acid 
(21)

. 

 

Fig.11.Relation between ln K and (1/T) X 1000 

The results of recent studies showed that some diffusion controlled reactions could 

have unusually high activation energy. For instance, the activation energy for the diffusion 

controlled dissolution of titanium and iron from ilmenite in hydrochloric acid solution were 

reported as 48.9 and 53.7 kJ mol
-1

, respectively
 (22)

, and that from a Nigerian ilmenite in 

hydrochloric acid solution were also reported as 62.4–67.1 kJ mol
-1(23)

. Similarly, the 

activation energy for the diffusion controlled hydrochloric acid leaching of iron from bauxite 

varied from 62 to 79 kJ mol
-1

for different particle size fractions 
(24)

. On closer examination, it 

appears that the rate controlling mechanism of heterogeneous dissolution reactions is 
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sometimes better predicted from plots of the kinetic equations than from the activation energy 

values 
(19)

. 

 

Conclusion 

Uranium can be leached efficiently from El-Fayoum variegated shaleore material by 

using hydrochloric acid solution. The leaching rate increases with increasing hydrochloric 

acid concentration, reaction temperature, liquid/solid ratio and with decreasing particle size.  

The obtained leaching data shows that 92.5 % of uranium content could be leached 

from the study El-Fayoum ore material after 15 min. using 5% hydrochloric acid and 3/1 

liquid/mass ratio at room temperature with mechanical stirring of 400 rpm. Analysis of the 

kinetic data by shrinking core models indicates that the leaching of El-Fayum ore material 

with hydrochloric acid is ash layer diffusion controlled process. The mathematical treatment 

for the results shows that, El-Fayum ore material dissolution by hydrochloric acid activation 

energy is 14.46 kJ mol
-1

. 
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