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ABSTRACT
A kinetic study of the leaching of Abu Rusheid ferrocolumbite concentrate sample in sulfuric acid 

media under atmospheric pressure has been investigated. The effects of reaction temperature, sulfuric 

acid concentration, stirring speed, particle size and solid/liquid mass ratio on the dissolution rate of 

ferrocolumbite were examined. It is found that the dissolution rate of ferrocolumbite  significantly increases 

with increasing acid concentration, temperature, stirring speed and decreasing the particle size. By using 3M 

H
2
SO

4
 solution, about 89% of ferrocolumbite was dissolved within 140 minutes using < 0.053 mm particle 

size at a temperature of 75 0C and a stirring speed of 360 rpm. The experimental data were well interpreted 

with a shrinking core model under diffusion control through the product layer, where the following rate 

equation was established: 

 1+2 (1- X) – 3 (1- X) 2/3= = k
2
t 

The result of the study indicated that the leaching data fitted a diffusion model. Values of   0.7993, 23.64 

kJmol-1 and 1.24 X 10-3 min-1 were calculated as reaction order, activation energy and Arrhenius constant, 

respectively for the dissolution process. 

INTRODUCTION

The sister elements niobium and tantalum 
belonging to Group V-B of the periodic table, 
are relatively very scarce in the earth’s crust. 
The order of abundance of niobium is around 
24 ppm and of tantalum only 2 ppm. On ac-
count of their very close chemical similarity, 
the two elements invariably occur together in 
nature, predominantly in the form of an iso-
morphous series of oxide minerals, called co-
lumbites and tantalites depending on whether 
the concentration of niobium or tantalum is 
greater corresponding to the general formula 
{(FeMn)O.(NbTa)

2
O

5
}.

Columbite is a black mineral group which 

is an ore of both niobium and tantalum (Dam-
odaran et al.,1969 & Mosheim ,2003). It con-
tains a higher percentage of niobium as com-
pared to tantalum and as a result it is taken ex-
clusively as niobium mineral. Another impor-
tant economic source particularly for niobium 
is the pyrochlore mineral which is essentially 
a complex niobate of calcium and sodium, 
containing fluorine (NaCaNb

2
O

6
F).

A survey of the pattern of utilization of 
niobium in industry indicates that around 85% 
is consumed in the form of ferro-niobium and 
ferro-tantalum-niobium which are used in pro-
duction of alloys and stainless steels. Niobium, 
added as ferro- niobium to austenitic chromi-
um-nickel stainless steels, acts as a stabilized 
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stainless steel is extensively used in chemical 
and petroleum processing equipment, oper-
ating at high temperature in corrosive atmo-
spheres, and also in steam turbine generating 
equipment and high temperature steam lines. 
From consideration of weld stability, very re-
liable corrosion resistance and low radiation 
pick-up, this steel is the popular material of 
construction for radio-chemical nuclear-fuel 
processing plants(Damodaran et al.,1969 ).

 Niobium (Nb) and tantalum (Ta) are a key 
metal in the current electronics industry. It is 
primarily consumed for the manufacture of 
tantalum capacitors utilized in mobile phones, 
laptop computers, digital cameras, as well as 
automotive and medical electronic equipments 
(Mosheim, 2003).

The host rocks (cataclastic rocks) bear-
ing columbite at Abu Rusheid area which is 
located at south Eastern Desert, Egypt (Fig.1)  
covering a total area of 3 km2, occupy the core 
of the granitic pluton and composed of pro-
tomylonites, mylonites, ultramylonites and 
quartzite (Ibrahim et al.,2010),Fig.(1). The 
protomylonite and mylonite are richer in co-
lumbite than ultramylonite and guartzite. Co-
lumbite crystals are sometimes found up to 3 
cm in length, and 0.5 cm in width. The average 
contents of Nb in the study area are about 500 
ppm, with cut off grade 150 ppm and the abso-

lute Nb content about 86000 tons above Wadi 
level (Ibrahim personal communication). 

The aim of this study is to investigate the 
chemical kinetics of ferrocolumbite leaching 
from Abu Rusheid ore using sulfuric acid, as 
well as, to establish kinetic model dissolu-
tion.

 EXPERIMENTAL

Ore  Preparation

The following steps are carried out on 
Abu Rusheid columbite ore sample by physi-
cal processing (Ibrahim et al.,2013) as  fol-
lows:

Crushing and grinding 

Using jaw crushers followed by roll mill, 
the various mineral grains are liberated.

Wet–gravity tabling concentration

The comminuted raw ore sample must be 
deslimed to diminish the content of slimes       
(- 53 µ). It was noticed that when the slimes 
content was more than 10 % and in using an 
open circuit in the process of comminution, 
the process of shaking tabling is not efficient. 
Then, the deslimed fraction was directed to 
the wet gravity concentration circuit using the 
available industrial (Full-Size) shaking table, 
at the Nuclear Materials Authority.

High–tension electrostatic separation

This operation is carried out to obtain 
most of the conductor columbite, ilmenite 
and rutile minerals in addition to some variet-
ies of micas in a deflected fraction.

High- intensity magnetic separation

Trying to differentiate between Nb-Ta 
bearing minerals, ilmenite and rutile present 
in the deflected conductor fraction( Ibrahim 
et al., 2010).

Materials/Analysis

The ferrocolumbite ore concentrate used 
in our study was obtained from a physical 

�

���

Fig. 1: Geologic map of Abu Rusheid Area, 
South Eastern Desert, Egypt ( After Ibrahim et 
al., 2010)
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concentration process upon Abu Rusheid 
Cataclastic rocks. The mineralogical pu-
rity of the concentrate was investigated us-
ing Philips PW 1830 X-ray diffraction unit 
with CuKα (1.54A0) radiation, generated at 
40kVand 30mA which is presented in Table 
1. 

Kinetic Studies

For this study, three shrinking core models 
(Ayanda et al., 2012; Dicinoski et al., 2000 & 
Adekola et al.,2010) were investigated upon 
the results obtained from the effect of tem-
perature. 

1- (1 - X)1/3 =  k
r
t ......................................(2) 

1- 2X/3-(1 - X)2/3 = k
d
t...............................(3) 

1-2X/3-(1-X)
2/3

+b[1- (1-X)
1/3

] = k
m
t..........(4)

Where X is the fraction of ferrocolumbite dis-
solved; t is contact time (s); k

r
, k

d
 and k

m
 are the 

reaction rate constants. Equation (2) is based on 
the chemically controlled reaction and its slope 
corresponds to the apparent rate constant k

r
. On the 

other hand, equation (4) is based on the diffusion 
controlled reaction and its slope gives the appar-
ent rate constant k

d
. While, equation (3) is based 

on a mixed controlled reaction and the apparent 
rate constant km. The slope that gave the best cor-
relation coefficient was chosen as the model that 
fit perfectly with the ferrocolumbite dissolution 
model.

 RESULTS  AND  DISCUSSION

Leaching  Studies 

Effect of concentration

The effect of concentration on ferroco-
lumbite sample dissolution is studied over the 
concentration range of 1M- 8.0M. One gram 
of  ferrocolumbite of particle size <0,053 mm 
is dissolved at different concentration of sul-
furic acid with contact time 140 min at a tem-
perature of 75 and stirring speed 360 rpm. It 
is observed that an increase in the concentra-
tion of sulfuric acid was accompanied with an 
increase in the rate of ferrocolumbite dissolu-
tion. i.e the rate of ferrocolumbite dissolution 
was affected directly by hydrogen ion[H+] 
concentration (Fig.2). This agrees with sev-
eral reported work on acid dissolution of solid 
mineral ores ( Olanipekun,1999& 2000; An-
tonijevi et al., 2004 & Gulfen et al.,2006).

 Effect  of  temperature 

The effect of temperature is studied over 
a temperature range of 25 – 1250C for a re-
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Table 1: Results of mineralogical identification

���

����

'����	
� (����
��

��	�
����

����	�)���

�� ��� *&&� �+!,���

�� ��� **&&� �+!,���

$� ��� - .&� %
����������
��	����
�����/�

�
,�
�

�
�

,.
� �

,$
� �

,$
� �

,$
� �

,$
� �

� �

, 
� �

, 
� �

,0
� �

,0
� �

,0
� �

Table 2: Results  of  chemical  analysis of  ferro-
columbite ore by ICP- Ms & Atomic absorption 
spectroscopy

The inductively coupled plasma-mass 
spectrophotometry (ICP-MS) was used for 
the elemental analysis of the ferrocolumbite 
mineral. Analar grade H

2
SO

4
 acid was used 

in this research work and distilled water was 
used for all the analytical preparations. The 
analysis results of ferrocolumbite (Fe, Mn) 
(Nb, Ta)

2
O

6
  for Nb, Ta and Fe upon ICP-Ms 

and Atomic absorption spectroscopy, is given 
in Table 2.

Equipment and Leaching Procedure

The solution was investigated in a 500ml 
glass reactor equipped with a magnetic stir-
rer. The reactor  is filled with sulfuric acid 
solution which was heated to the desired tem-
perature ( Ibrahim et al., 2013). One  gram of 
ferrocolumbite sample is leached in 100 ml of 
sulfuric acid. The fraction of ferrocolumbite 
sample dissolved for each process was calcu-
lated by the expression ( Kimball et al.,2010 
& baba et al., 2010) :

. .           .
   .....................(1)

Where M
r
 = M

i
 – M

f
, M

i
 is the initial mass of ferroco-

lumbite before leaching, M
f
 is the final mass of ferroco-

lumbite after leaching, M
r
 is the mass of ferrocolumbite 

dissolved.
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360 rpm and a reaction temperature 75 0C. The 
results are summarized on Fig.(4). From this 
figure It can be seen that the particle size plays 
an important role in the leaching process. As 
a result, the fraction with the smallest particle 
size used (<0.053mm) gave the highest per-
centage of ferrocolumbite dissolution. This is 
due to the highest surface area of the smallest 
particle size fraction; the conversion rates are 
inversely correlated with average initial diam-
eter of the particles.

action time of 60 min and investigated upon 
1.0g ferrocolumbite of particle size <0,053 
mm with 5.0 M sulfuric acid concentration at 
a  stirring speed 360 rpm. 

The results obtained on Fig. (3) revealed 
that the increase in temperature from 25 to 
125°C accelerates the reaction rate and this 
leads to an increase in the amount of ferroco-
lumbite dissolved.
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Fig.2: Fraction of ferrocolumbite dissolved(x) ver-
sus time (t) at different concentrations (Mass of 
ferrocolumbite used 1.0, elapsed time: 140 min. 
stirring rate 360 rpm, particle size <0,053 mm at 
75 oc)
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�����Fig.3: Fraction of ferrocoluomite dissolved(x) 
versus time (t) at different temperatures (Mass 
of ferrocolumbite used 1.0g, elapsed time :60 
min. stirring rate 360 rpm, particle size <0,053 
mm at 5.0 M H

2
SO

4
)

Effect of particle size

An important factor to be studied is the ef-
fect of particle size, and particles of different 
size of ferrocolumbite representing samples 
of 1.0g. Each is  investigated in 5.0M sulfu-
ric acid in a series of leaching experiments 
while the other conditions are kept constant 
at a contact time120 minutes, stirring speed 
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Fig. 4: Fraction of ferrocoluomite dissolved(x) 
versus time (t) at different grain size (Mass of 
ferrocolumbite used 1.0g, elapsed time :120 
min. stirring rate 360 rpm, 5.0 M H

2
SO

4
at 75 

oC)

Effect of stirring speed

The percentage of ferrocolumbite dis-
solved versus the stirring rate (rpm) is inves-
tigated between 0 – 600 rpm as shown on Fig. 
(5). One gram of  ferrocolumbite of particle 
size <0,053 mm is dissolved in 5.0 M H

2
SO

4
, 

at a temperature of 75ºC, and contact time140 
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Fig. 5: Fraction of ferrocoluomite dissolved (x) 
versus time (t) at different RPM (Mass of ferro-
columbite used 1.0g, elapsed time :140 min. 5.0 
M H

2
SO

4
, particle size <0,053 mm at 75 oC)
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Kinetics  of  Dissolution

The dissolution of mineral from ore 
takes place through the following stages 
(Demerdash,2010) :

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. Un-
derstanding the mechanism of a leaching sys-
tem is the main objective of this study. Leach-
ing of mineral particle may be described by a 
number of reaction models already proposed 
in the literature. Consequently, the dissolution 
rates of the ferrocolumbite ore were analyzed 
with the shrinking core models, under the as-
sumption that the ore is a homogenous spheri-
cal solid phase. For this study and for better 
understanding of the leaching mechanism, 
two established Kinetic models were used 
(Levenspiel,1999), as expressed by the fol-
lowing equations:

1 – (1- X)1/3=   =k
1
t......................(1)

1+2 (1-X) – 3 (1- X)2/3=  =k
2
t......(2)

Where kc is the first-order rate constant (min-1), M 
is the molecular weight of the solid reactant (kg-
mol-1), CA is the acid concentration (molm-3), D is 
the diffusion coefficient (m2min-1),d is the density 
of the particle (kgm-3), r is the initial radius of the 
particle (m), X is the fraction of ferrocolumbite ore 
dissolved at time t (min), k

1
(min-1) and k

2
(min-1) are 

the overall rate constants and u is the stoichiometric 
coefficient. 

The first equation is applicable to chemi-
cally controlled processes and the second 
equation referred to the diffusion controlled 
processes through the porous product layer.
The slope which gives the best correlation 
coefficient is chosen as the model that fit per-
fectly with the ferrocolumbite dissolution.

Application of the obtained data upon the 
shrinking core model

a- Chemically controlled process:                                                                                            

              1 – (1- X)1/3=  =k
1
t

By applying the obtained data of ferrocolumbite 
dissolution at different temperatures upon the 
chemically controlled equation, the following 
Fig. (7) has been obtained. 
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Fig. 6: Fraction of ferrocoluomite dissolved(x) 
versus time (t) at different solid/ liquid ratios 
(5.0 M H

2
SO

4
, elapsed time :120 min. stirring 

rate 360 rpm, particle size <0,053 mm at 75 oC)

min. The results showed that the amount of 
ferrocolumbite dissolved increases with the 
increase of the stirring speed from 250 to 600 
rpm.

Effect of solid/liquid ratio

The percentage of ferrocolumbite dis-
solved versus solid/ liquid ratio is investi-
gated between 0.5gm/100ml to 3gm/100ml . 
One gram of  ferrocolumbite  of particle size 
<0,053 mm is dissolved at 5.0 M sulfuric acid 
with contact time 120 min, at a temperature of 
75ºC and stirring speed 360 rpm. The results 
obtained are shown on Fig. (6). The results 
showed that the amount of ferrocolumbite 
dissolved increases with increasing time be-
tween 0–60 min. The percentage dissolved 
appears to be practically constant afterwards.
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The k1 and the correlation coefficient values 

at various temperatures of the ferrocolumbite 

sample dissolution are represented in Table (3).

b-Diffusion controlled process:                    -                        

1+2 (1- X) – 3 (1- X) 2/3= = k2t                  

By applying the obtained data of fer-
rocolumbite dissolution at different 
temperatures upon the diffusion con-
trolled equation are illustrated on Fig. (8)

Activation energy of the dissolution 
process

The apparent rate constants, k
2
 derived 

from the slopes of the lines in Fig. (8) were 
used to obtain the Arrhenius relation which 
indicated below         1nK=1nA-

From which the energy of activation, Ea 
of 23.6 kJmol-1 was calculated for the disso-
lution process. Since the diffusion-controlled 
reaction shows a proportional increase in rate 
with increasing agitation speed and typically 
have an activation energy ≤ 25 kJ mol-1, so 
the calculated activation energy from Fig. (9) 
suggests a diffusion controlled process for 
ferrocolumbite dissolution in sulfuric acid.
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Fig. 7: Plot of 1-(1-X )1/3 versus contact time at 
various temperatures (Mass of ferrocolumbite used 
1.0g, 5.0 M H

2
SO

4
 (100ml), stirring rate 360 rpm, 

particle size <0.053mm)

The K
2
 and the correlation coefficient val-

ues at various temperatures of ferrocolumbite 
sample dissolution are represented in Table 
(4). From these results and the high correla-
tion coefficient obtained in the case of diffu-
sion controlled process, we can suggest that 
the main dissolution process for ferrocolum-
bite is controlled by diffusion through the 
outer layer.

��������

� � � � � �� �� �� ��

�$
��

!�
 �
�

"�
 �
��

!�
 �
�

"�

������

������

������

������

������

�	�

�

	��

�


	�

�

����

��

��	�

�

�
�
�������

�
�
������	

�
�
�������

�
�
�������

�
�
�������

Fig. 8: plot of 1+2 (1- X) – 3 (1- X) 2/3 versus con-
tact time at various temperatures  (Mass of ferroco-
lumbite used  1.0 g, 5.0 M H

2
SO

4
(100ml), stirring 

rate 360rpm, particle size <0.053mm)
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Table 4: The value of K
2
 and the correlation co-

efficient at various temperatures

��� ��� ��� ��� ��� ���

��
�%

�

��


���

��	

���

���

�
�
�����


�
 �
&��

 �
���%

 �

������������������	����

'
�
�%

��

Fig. 9: Plot of ln k2 versus  1/T(K-1)
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coefficient at various temperatures
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The results of recent studies showed that 
some diffusion controlled reactions could 
have unusually high activation energy. For in-
stance, the activation energy for the diffusion 
controlled dissolution of titanium and iron 
from ilmenite in hydrochloric acid solution 
are reported as 48.9 and 53.7 kJmol-1, respec-
tively (Tsuchida et al.,1982), and that from a 
Nigerian ilmenite in hydrochloric acid solu-
tion were 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 kJmol-1 for different particle 
size fractions (Paspaliaris & tsolakis, 1987). 
On closer examination, it appears that the 
rate controlling mechanism of heterogeneous 
dissolution reactions is sometimes better pre-
dicted from plots of the kinetic equations than 
from the activation energy values.

Order  of  reaction 

The order of reaction from the slope of 
ferrocolumbite dissolution in the sulfuric acid 
with respect to [H+] was 0.7993. The follow-
ing Table (5) shows the values for the apparent 
rate constants for the hydrogen ion concentra-
tion while Fig. (10) shows the plot of lnkd ver-
sus ln[H+] for sulfuric acid concentrations.

CONCLUSION

In the present study, the dissolution of ferro-
columbite in sulfuric acid is studied. It is found 
that the rate of ferrocolumbite dissolution in-
creases with acid concentration, temperature, 
stirring speed and decreases with particle size. 
The dissolution of ferrocolumbite in sulfuric 
acid is found to be controlled by the shrinking 
core model for a diffusion-controlled process. 
Values of 23.6 kJmol-1 and 1.24 X 10-3 min-1 
are obtained for the activation energy and Ar-
rhenius constant of ferrocolumbite dissolution 
in sulfuric acid respectively; and the order of 
reaction was 0.7993.

Nomenclature

A :  is the frequency factor in min-1 ; Ea: Acti-
vation energy (kJ/mol);

k :  Reaction rate constant (min-1) ; k
1
, k

2
 :ap-

parent reaction rate constants;

L/S: Liquid to Solid ratio ;

M:  mole/liter; t :   Time (min); T : Recorded 
temperature 

r : Initial radius of the solid particle ; R : Uni-
versal gas constant, 8.314 J mol-1 K-1

rpm  Revolutions per minute ; R2 : Coefficient 
of determination (a statistical value);

α  :  Fraction of uranium ore concentrate re-
acted at contact time ;µm :  Micro meter
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دراسات لديناميكية عملية  إذابة مركزات الفيروكولومبايت بإستخدام حامض الكبريتيك من  صخور أبو 

رشيد التهشيمية – جنوب الصحراء الشرقية – مصر

دعاء إبراهيم زكى ، غادة محمد محمود ،  محمد الدمرداش  و محمد الأحمدى 

يتعرض هذا البحث لدراسة ديناميكية عملية  لإذابة مركزات الفيروكولومبايت بإستخدام حامض الكبريتيك من  
صخور أبو رشيد التهشيمية – جنوب الصحراء الشرقية – مصر.  تمت دراسة تأثير العوامل المختلفة مثل وقت 
عملية إذابة الفيروكولومبايت حتى ۱٤۰ دقيقة ، وتركيز حامض الكبريتيك من ۱ إلى ٥ جزىء ، و نسبة إضافة 
درجة  إلى ۱۲٥  من ۲٥  التفاعل  درجة حرارة  و  إلى۲٥۰/۱،  من ٥۰/۱  الصلبة  المواد  لنسبة  السائلة  المحاليل 
مئوية ، و كذلك سرعة التقليب الميكانيكية من ۲٥۰ إلى ٦۰۰ دورة في الدقيقة و ذلك من أجل تحسين العوامل 
أن مقدار ذوبان  التجريبية  النتائج  للفيروكولومبايت. وقد أظهرت  لتحقيق أقصى قدر من الاذابة  للعملية  المختلفة 
الفيروكولومبايت يزداد مع زيادة تركيز الحامض، و زيادة درجة الحرارة، و تقليل حجم الجسيمات. و قد تحققت 
أقصى نسبة إذابة للفيروكولومبايت قدرها حوالى ۸۹٪ بعد ٤٥ دقيقة من التفاعل بين الخامة و الحامض باستخدام 
حمض الهيدروكلوريك بتركيز۳ جرام جزيئى ونسبة ۳جرام لكل ۱۰۰ مللى إضافة المواد الصلبة لنسبة المحاليل 
باستخدام حجم الجسيمات >۰,۰٥۳ ملليمتر عند ۷٥ ° مئوية مع سرعة التقليب الميكانيكية ۳٦۰ لفة في الدقيقة. 
وفسرت كذلك البيانات التجريبية بواسطة النماذج الأساسية مع ما يسمى بـــ (shrinking core model) و التى 
يتم التفاعل بها عن طريق الإنتشار من خلال طبقة مسامية المنتج و أيضا باستخدام معادلة أرهينيوس، ثم تم تقييم 
طاقة التنشيط لتفاعل عملية إذابة الفيروكولومبايت و الذى قدر بـ ۲۳,٦٤ كيلوجول لكل جرام جزيئى بالإضافة إلى 

تقييم رتبة التفاعل و التى قدرت بـ ۰,۸۹۷ .


