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ABSTRACT
The leaching of uranium from Sella uranium ore using hydrochloric acid solution has been studied. The 

effect of different parameters such as leaching time, hydrochloric acid concentration, liquid/ solid mass 
ratio, reaction temperature, mechanical stirring speed are investigated in order to optimize various process 
parameters for maximizing the recovery of uranium. The maximum percentage uranium leaching of 96 % 
is achieved after 15 min of contact time leaching using 3.0 M hydrochloric acid and 4/ 1 liquid/ solid mass 
ratio at 26 °C with 400 rpm mechanical stirring speed. 

The experimental data are well interpreted with a shrinking core model with diffusion control through 
a porous product layer. By using the Arrhenius expression, the apparent activation energy for the uranium 
leaching reaction is evaluated.

 INTRODUCTION
In the last few decades, the Nuclear Ma-

terials Authority of Egypt (NMA) conducted 
comprehensive programs for the exploration 
of uranium mineralization in Egypt. These 
programs led to the discovery of some ura-
nium mineralization related to the so called 
younger granites in the Eastern Desert. In the 
extreme south eastern part of Egypt as Halaib 
environ, a new uranium mineralization has 
been lately discovered at Gabal El Sella. The 
study area of Gabal El Sella at Halaib environ 
is located at about 20 km west of Abu Ramad 
City covering an area of about 128 km2. It is 
roughly bound by long. 36o 8' - 36o 17' E and 
lat. 22o 13' - 23o 20' N  ( El-Afandy et al.,2002 
& Ibrahim et al.,2003).  

Leaching process is the dissolution of ura-
nium from the uranium containing minerals in 
the ore. The selection of leaching procedure 
for dissolving uranium minerals is dependant 
in part on the physical characteristics of the 
ore such as type of mineralization, ease of 
liberation and the nature of other constituent 

minerals presents ( Merritt,1971). During the 
past few decades, different types of leaching 
processes based on acid leaching and alkaline 
leaching methods have been developed for 
processing uranium ore of different charac-
teristics ( Gupta and Mukherjee,1990). Due to 
the relatively presence of the clayey materials 
in El Sella ore materials, some difficulties are
arised during the filtration and washing of the
leach slurry using sulfuric acid in the leach-
ing process at Inshas Pilot Plant Unit  which 
may lead to loss of some valuable uranium 
(Khawassek,2011).

Chloride  system  in  hydrometallurgy  has  
been  used  for  the  treatment  and  recovery  
of precious metals  for  many  years especially 
from clays because of the ease of filtration
slurries. The most serious problem connected 
with the use of hydrochloric acid is the severe 
corrosion. However, the development of cor-
rosion resistant plastics and rubbers partially 
solved this problem so that the corrosion is 
no longer a prohibitive factor ( Regina and 
Okechukwu,2012 ; Ucar,2009). Hydrochloric 
acid, a strong acid has relatively small mol-
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ecule size. This may be expected to have a 
faster diffusion rate than some other acids in 
the leaching process. The residence time for 
the leaching process is kept low and the urani-
um recovery rates are high (Zafar et al.,2006). 
In addition, hydrochloric acid do not represent 
a problem with clays compared to sodium or 
ammonia based solutions. It has been found 
that pH must be kept below 2 for optimum 
leaching rates, above 4 the uranium will not 
dissolve and recovery is therefore not possible 
(Kasper et al.,1979).

Many precious metals have been leached 
from their ores using hydrochloric acid such 
as batch leaching of uranium ore in Canada 
( Haque and Laliberté, 1987), dissolution of 
total gold from Ijero-ekiti (Nigeria) gold ore 
deposit (Baba et al.,2011), leaching of TiO2 
from Egyptian ilmenite (El-Hazek et al.,2007), 
leaching of nickel and cobalt from Chinese 
laterite ore (Jinhui et al., 2012). Cobalt and 
copper have been leached successfully by 
HCl from Co-Cu ores in the Democratic Re-
public of Congo (Clotilde and Mulaba, 2011) 
and phosphorus has been leached from high 
phosphorus iron ores in China ( Wen-tang et 
al.,2011). 

The dissolution study of various ores in in-
organic acids has been investigated in details ( 
Morse and Arvidson, 2002; Liang et al., 2005 
and Baba et al.,2007). Kinetic leaching of 
bastnaesite concentrate, rutile ore, and ukpor 
clay by using hydrochloric acid were  repre-
sented  by  shrinking  core  model  with  dif-
fusion  through  a porous product layer (Bian 
et al.,2011 ; Alafara et al.,2009 ; Regina and 
Okechukwu,2012).   

Since there is virtually no reported work 
on the leaching or dissolution kinetics of Sella 
uranium ore, this work is therefore expected to 
provide useful data on the kinetic parameters 
on the leaching of the ore. 

EXPERIMENTAL
Materials

A representative sample of Sella uranium 
ore sample is obtained from an ore deposit of 
G. El Sella area, Halaib environ at about 20 
km west of Abu Ramad City, Egypt. The ore 
sample was crushed with a jaw crusher un-
til the whole sample passed through 150 µm 
sieve. Then the sample is thoroughly mixed, 
and then dried in an electric oven at 110 oC for 
24 hours, then cooled and stored for further 
use. The chemical analysis of the ore sample 
is  shown in Table 1.
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  



Table 1: Chemical analysis of Sells uranium ore sample

Methods
The leaching experiments are performed in 

a 500 ml glass reactor. A mechanical stirrer is 
used and a thermostat is employed to keep the 
reaction medium at constant temperature. In 
the leaching process, hydrochloric acid solu-
tion  put into reactor. After the desired reaction 
temperature is reached, a specific amount of
the sample is added to the solution and the stir-
ring started. After a certain period of time, the 
solution is filtered. The amounts of uranium in
the leaching filtrate were analyzed spectromet-
rically by the Arsenazo III ( Marczenko,1976). 
The dissolution percent  of uranium was cal-
culated by the following equation;

Uranium dissolution         =

 efficiency, %

Dissolved 
U, g X 100

Total amount of 

U in the ore, g
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 RESULTS AND DISCUSSION
The parameter Effect

The following is a discussion of the results 
obtained when Sella uranium ore is subjected 
to dissolution with hydrochloric acid solution. 
The effects of reaction time, mechanical stir-
ring speed, hydrochloric acid concentration, 
liquid/ solid ratio and reaction temperature 
on the dissolution process have been investi-
gated. 
  Effect of reaction time

The effect of reaction time on the dissolu-
tion rate, using 400 rpm stirring speed, 3.0M 
hydrochloric acid concentration, room tem-
perature, 150-63 µm particle size fractions, 
and liquid/ solid ratio 30 ml / 10 g, is shown on 
Fig. 1 as a relationship between the percent-
age uranium dissolution efficiency and con-
tact time. An increase in reaction time above 
15 min has a minor effect on the amount of 
weight loss or on percent increase in uranium 
content. Therefore, in all proceeding experi-
ments, the reaction dissolution time was kept 
at 15 min.

ratio, 30 ml/ 10 g, is investigated. As seen from 
the experimental results given on Fig. 2, the 
uranium percentage dissolution efficiency is
increased by increasing hydrochloric acid con-
centration up to 3.0 M while further increasing 
has rare effect on the dissolution process. This 
may be due to the increase of the H+ ions in the 
solution which may lead to the dissolution of 
some guange materials. Consequently, 3.0 M 
hydrochloric acid is the concentration choice 
for the subsequent Sella uranium ore dissolu-
tion experiments. 
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Fig.1: Effect of contact time on the uranium dissolution 
efficiency %  (stirring speed: 400 rpm; particle size: 150-
63 µm; L/S mass ratio: 30 ml/10 g; [HCl]: 3.0 M; tem-
perature: 26 oC)

Effect of hydrochloric acid concentration
The effect of hydrochloric acid concentra-

tion on the Sella uranium dissolution process 
at a dissolution time of 15 min, a stirring speed 
of 400 rpm, a temperature of 26oC, a particle 
size fraction of 150-63 µm, and a liquid/ solid 

Fig.2: Effect of hydrochloric acid concentration on the 
uranium dissolution efficiency % (time: 15 min; stirring
speed: 400 rpm; particle size: 150-63 µm; L/S mass ratio: 
30 ml/10 g; temperature: 26 oC)

  Effect of liquid/ solid ratio 
Figure 3 shows the effect of liquid/ solid 

ratio on the uranium dissolution process at a 
reaction time of 15 min, a stirring speed of 400 
rpm, an acid concentration of 3.0 M, a tem-
perature of 26 oC and a 150-63 µm particle 
size fraction. The experimental results show a 
continuous increasing of the weight loss with 
an increase of the liquid/ solid ratio. That may 
be due to the decrease of solution bulk density  
causing increase in the migration of different 
ions to the liquid medium. Therefore, 30 ml/ 
10 g, hydrochloric acid/ uranium ore mass ra-
tio represents the preferred condition for the 
other uranium ore dissolution experiments.
 Effect of temperature

The effect of reaction temperature on the 
dissolution process is investigated for the tem-
peratures of 20, 30, 40 and 50oC at a reaction 
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time of 15 min, a stirring speed of 400 rpm, 
an acid concentration of 3.0 M, a particle size 
fraction of 150-63 µm, and a liquid/ solid ra-
tion, 30 ml/ 10 g. As can be seen on Fig. 4, 
the percentage uranium dissolution efficiency
is slightly increased by increasing the reaction 
temperature from 20 to 50 oC. Therefore, room 
temperature represents the workable tempera-
ture for the other factors experiments.

stant using 15 min reaction dissolution time 
at room temperature, liquid/ solid ratio 30 
ml/10 g, and a particle size 150-63 µm. The 
experimental results are given on Fig. 5 as a 
relationship between uranium dissolution ef-
ficiency % and mechanical stirring speed.  The
mechanical stirring of the reactants has slight 
effect on the dissolution process (Fig.5). Thus 
the change in stirring speed has no effect on 
the Sella uranium ore dissolution by hydro-
chloric acid. 
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Fig.3: Effect of liquid/ solid mass ratio on the uranium 
dissolution efficiency %     (time: 15 min; stirring speed:
400 rpm; particle size: 150-63 µm; [HCl]: 3.0 M; tem-
perature: 26 oC)
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Fig.4: Effect of temperature on the uranium dissolution ef-
ficiency % (time: 15 min; stirring speed: 400 rpm; particle
size: 150-63 µm; [HCl]: 3.0 M; L/S mass ratio: 30 ml/10 g)

 Effect of stirring speed
To study the effect of mechanical stirring 

speed on the Sella uranium ore dissolution by 
3.0 M hydrochloric acid several experiments 
are carried at different mechanical stirring 
speeds from 200 rpm to 800 rpm while the 
other experimental conditions are kept con-
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Fig.5: Effect of mechanical stirring speed on the uranium 
dissolution efficiency % (time: 15 min; temperature: 26
oC; particle size: 150-63 µm; [HCl]: 3.0 M; L/S mass ra-
tio: 30 ml/10 g)

Dissolution Kinetic Analysis

The dissolution of mineral from Sella ura-
nium ore takes place through the following 
stages: 
1. Diffusion of reactant through the diffusion 
layer 
2. Adsorption of the reactant on the solid 
3. Chemical reaction between the reactant and 
the solid 
4. Desorption of the product from the solid 
5. Diffusion of the product through the diffu-
sion layer. 

Any of these may be rate controlling de-
pending on its relative speed to the others.

Understanding the mechanism of a leach-
ing system is the main objective of this study. 
Leaching of mineral particle may be described 
by a number of reaction models already pro-
posed in the literature. 
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In order to establish the kinetic parameters 
and rate-controlling step for the dissolution of 
Sella uranium ore using hydrochloric acid, the 
experimental data can be analyzed according 
to the heterogeneous reaction models. 

According to the model, the reaction be-
tween a fluid and a solid may be written as:

F (fluid) + bS (solid) → Products
The rate of the ore dissolution is analyzed 

with the shrinking core models based on the 
assumption that the concentrate is a homog-
enous spherical solid phase (Levenspiel, 1999 
; Sohn,2003). The shrinking core model con-
siders that the leaching process is controlled 
either by the  diffusion  of  reactant through  
the  solution  boundary  layer,  or  through  a 
solid  product  layer, or by rate of the surface 
chemical reaction. The simplified equations
of the shrinking core model when either sur-
face or the diffusion chemical reactions are 
the slowest step can be expressed as follows, 
respectively (Aydogan et al.,2005): 

K1t = 1 − 3(1 − α) 2/3 + 2(1 − α)   (1)
K2t = 1 − (1 − α) 1/3                                        (2)  

Where α is the fraction of uranium ore concentrate reacted at contact 
time, t and k 1,   k 2 are the apparent reaction rate constants. 

Equation  (1)  reveals  that  if  the  dif-
fusion  through  the  product  layer  controls  
the leaching rate, there must be a liner rela-
tion between the left side of equation and time. 
The slope of the line is the rate constant, k 1. It 
must be directly proportional to 1/ ro

2 (ro is the 
initial radius of the solid particle).  If  the  sur-
face  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, k 2 and must be directly 
proportional to 1/ro (Aydogan et al.,2005) .  

The two shrinking core models could be 
examined at different temperatures as shown 
on Figs. 6 and 7. From these figures it is clear
that  only  equation  (1)  has  been  found  to 
give  a  perfect  straight  line  with  average  
correlation  of 0.99.  The resulting slopes of 
each line on Figure 5 were calculated and 

these represent the apparent reaction rate con-
stants k 1. The different values of the apparent 
rate constant, k1 at different temperatures and 
their corresponding correlation coefficient rate
are summarized in Table 2.

The apparent rate constant, k 1 was used to 
obtain the Arrhenius relation as shown on Fig. 
8, and may be expressed as follows:

k = Aexp  - (Ea/RT)
where k is the overall rate constant in min-1, A is the fre-
quency 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.
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Fig. 6: Effect of temperature on the function [1 − 3(1 − α) 2/3 
+2(1 − α)] (particle size: 150-63 µm; [HCl]: 3.0 M; L/S mass 
ratio: 30 ml/10 g; mechanical stirring speed: 400 rpm)




Fig.7: Effect of temperature on the function [1− (1 − α) 
1/3] (particle size: 150-63 µm; [HCl]: 3.0 M; L/S mass ra-
tio: 30 ml/10 g; mechanical stirring speed: 400 rpm)
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From the experimental data above, the ac-
tivation energy, Ea, of 5.21 kJ/mol is calcu-
lated for the dissolution process. 

Since the diffusion controlled reaction 
would show a slight increase in the rate with 
increasing the agitation speed and typically 
has an activation energy ≤ 25 kJ mol-1, so the 
calculated activation energy suggests a diffu-
sion controlled process for Sella uranium ore 
dissolution in hydrochloric acid.

 The results of recent studies showed that 
some diffusion controlled reactions could 
have unusually high activation energy. For 
instance, the activation energy for the diffu-
sion controlled dissolution of titanium and 
iron from ilmenite in hydrochloric acid solu-
tion are reported as 48.9 and 53.7 kJ mol-1, 
respectively (Tsuchida et al.,1982), and that 
from a Nigerian ilmenite in hydrochloric acid 
solution are also reported as 62.4–67.1 kJ mol-
1 (Olanipekun, 1999). Similarly, the activation 
energy for the diffusion controlled hydrochlo-

ric acid leaching of iron from bauxite varied 
from 62 to 79 kJ/mol for different particle size 
fractions (Paspaliaris and Tsolakis,1987). On 
closer examination, it appears that the rate 
controlling mechanism of heterogeneous dis-
solution reactions is sometimes better pre-
dicted from plots of the kinetic equations than 
from the activation energy values.

CONCLUSION

In this study, the leaching of uranium from 
Sella uranium ore using hydrochloric acid so-
lution has been investigated. The results show 
that the reaction rate increases with time, hy-
drogen ion [H+] concentration, Liquid/ solid 
mass ratio, while leaching temperature and 
stirring speed have a slight effect on the leach-
ing rate. 

The leaching data shows that 96 % of ura-
nium could be leached from Sella uranium ore 
after 15 min using 3.0 M hydrochloric acid and 
4/ 1 mass / liquid mass ratio at room tempera-
ture with mechanical stirring of 400 rpm. The 
kinetics of the leaching process is found to be 
governed by the shrinking core model as the 
diffusion controlled process. The mathemati-
cal treatment for the obtained data shows that, 
the Sella uranium ore leaching by hydrochlo-
ric acid activation energy is 5.21 kJ/ mol.
Nomenclature

A is the frequency factor in min-1 ; Ea Ac-
tivation energy (kJ/mol) ; k Reaction rate con-
stant (min-1) ; k1, k2 apparent reaction rate con-
stants; L/S  Liquid to Solid ratio; M mole/liter 
; t Time (min); T Recorded temperature ; ro 
Initial radius of the solid particle ;R Universal 
gas constant, 8.314 J mol-1 K-1; rpm  Revolu-
tions per minute; R2 Coefficient of determina-
tion (a statistical value); α Fraction of uranium 
ore concentrate reacted at contact time ; µm   
Micro meter
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   
   

   






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  
  
  
  



Table 2: The value of the apparent rate constant,K1,  min-1 
with the correlation coefficient at different temperature range

Fig. 8: Relation between ln K1 and (1/T) oK X 1000
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مصر – الصحراء الشرقية جنوب – اليورانيومى السيلا إذابة خام عملية ديناميكية
طه حلمى محمد و خواسك محمود ياسر

دراسة الهيدروكلوريك, ثم حمض محلول باستخدام سيلا بمنطقة اليورانيوم خام من اليورانيوم إذابة عملية دراسة تمت
لنسبة إضافة المحاليل السائلة نسبة و الهيدروكلوريك، حامض وتركيز اليورانيوم، إذابة عملية وقت المعايير المختلفة مثل تأثير
لتحقيق للعملية المختلفة العوامل أجل تحسين من الميكانيكية التقليب سرعة و كذلك التفاعل، حرارة درجة و الصلبة، المواد
بين  التفاعل من ١٥ دقيقة بعد ٪٩٦ حوالى قدرها لليورانيوم إذابة نسبة أقصى تحققت قد و لليورانيوم. من الاذابة قدر أقصى
لنسبة  السائلة المحاليل إضافة ونسبة ١/٤ نسبة جزيئى الهيدروكلوريك بتركيز٣ جرام باستخدام حمض الحامض الخامة و

الدقيقة. في لفة الميكانيكية ٤٠٠ التقليب سرعة مع مئوية ° ٢٦ عند الصلبة المواد
يتم التى و (shrinking core model) بـــ يسمى ما مع الأساسية النماذج بواسطة التجريبية وفسرت كذلك البيانات
التنشيط طاقة تم تقييم ثم أرهينيوس، معادلة باستخدام أيضا و المنتج مسامية طبقة خلال من الإنتشار طريق بها عن التفاعل

جزيئى. جرام لكل كيلوجول بــ٥,٢١ قدر و الذى اليورانيوم عملية إذابة لتفاعل


