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Abstract— Reduction kinetics of El-Baharia iron ore via  solid charcoal   briquettes in  nitrogen  atmosphere   were carried out at different 
temperatures ranging from 700˚C to 950˚C. It was found that the best reduction properties were found at 950˚C, where the kinetic models 
were determined.  

Also the main crystalline phases of reduced briquettes at 950˚C were found to be metallic iron (syn. Fe). 

Index Terms— El-Baharia iron ore   , charcoal, Reduction Kinetics, briquettes. Metallic iron  

——————————      —————————— 

1 INTRODUCTION                                                                     
Iron is believed to be the tenth most abundant element in the 

universe, and the fourth most abundant in the earth’s crust. Iron 
is the most used of all the metals, comprising 95% of all the 
metal tonnage produced worldwide. Iron is extracted from its 
ore, and is almost never found in the free elemental state. In 
order to obtain elemental iron, the impurities must be removed 
by chemical reduction. 

 
Goksel  (1981) [1] indicated that the SR-pellets are produced 

when carbon is incorporated in the mixture with iron ore and 
binders. Then an internal solid-solid reduction occurs according 
to the following general reactions :  

Fe,O, + 3C - --------------2Fe + 3CO  
Fe,O, t 3CO-------------- 2Fe  + 3C0, (secondary reaction) 
 
Charcoal has been used as a source of thermal energy since 

the beginning of the steel 
industry in Brazil [2]. Charcoal is used in the production of 

metallic iron from ore. Due to 
non-existence of sulphur in its composition, charcoal im-

proves the quality of pig iron 
and steel produced. This phenomenon allows the steel indus-

try to command attractive 
prices, Today, Brazil produces about 10 million tons of pig 

iron using charcoal; 60% 
are exported, generating an income of US$ 2.0 billion per 

year. 
 Kris , [3] indicated that the use of charcoal as a fuel for iron 

manufacturing declined in Canada between 1870 and 1890 only 
to increase again between 1890 and 1913. Although this old 
method of iron manufacture is generally believed to have be-
come obsolete in North America during the mid nineteenth cen-
tury, it survived in Canada at the end of the nineteenth century 
because the price of charcoal declined the technology of smelt-
ing improved. Charcoal iron manufacturers successfully re-

sponded to the challenge of the late nineteenth century by 
adapting for their own use a series of innovations pioneered by 
the competing technologies of coke manufacture and coke iron 
smelting. 

 
Attempts to innovate and develop direct reduction methods 

using solid reductants have become an important prime in iron 
making. The main goal of these attempts is to replace the cur-
rent polluting  methods with more environment-friendly ones. 
Several studies have been carried out to investigate the use of 
wood and coal as solid reductant for iron oxide [4, 5]. In addi-
tion to the environmental consequences, however, their low 
performances challenge the applicability of these methods  [6]. 
Since volatile matter (VM) of coal is a source of pollution, its 
utilization decreases environmental problems while contributes 
to the process of reduction of iron oxide. Potential reducing abil-
ity of VM can be particularly effective at lower temperatures [7]. 
When coal is heated, a substantial weight loss 

occurs because of the evolution of volatile matter [8]: 
Coal    ---------------Coal char + Volatile Matter (hydrogen, wa-

ter, hydrocarbons) 
Sandeep and  Barun (2008)[9] concluded that the percentage 

of reduction of iron ore increased with increase in temperature 
and time, because this increase in temperature and time in-
creased the rate and quantity of diffusion and chemically con-
trolled reactions included in the mechanism of step wise reduc-
tion of iron ore pellets. Use of charcoal increased the percentage 
of reduction of pellets as compared to coals, because of higher 
fixed carbon content of charcoal. The activation energy for the 
reduction of pellet by coal was found to be more than that of in 
case of charcoal. This indicates that the reduction of pellet starts 
at a lower temperature for charcoal as compared to the coal and 
the extent of reduction in case of charcoal will be higher. They 
also indicated that, the increase in fixed carbon content of re-
ductant increases the percentage of reduction and less is the 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 6, Issue 9, September-2015                                                                                         550 
ISSN 2229-5518  

IJSER © 2015 
http://www.ijser.org  

activation energy of reaction; more will be the extent of reaction. 
Kazuta et al , (2013)  [10]indicated that the  charcoal have 

higher reactivity and less strength than coke and utilization of 
charcoal as substititon for nut coke is effective and realistic.. 

Gireesh  (2014)[11] concluded that in carbon type reductant, 
the volatile matter present, fixed carbon value and moisture 
content present are playing key role for in the reduction pro-
cess. 

Hemmati et. al (2015)[12]  reported that reduction degree of 
45 percent was obtained by utilizing VM in a non-isothermal 
heating condition up to 950oC. Reduction of iron oxide by VM 
at a multilayered array was influenced by thermodynamics and 
kinetics of the iron oxide reduction. Devolatilization of the non-
coking coal and the reduction of the iron oxide are both thermal 
activated processes which can be greatly affect Yokota, Jun 
Okazakid by heat transfer. It can be concluded that the most 
probable rate-controlling step in both volatilization of the coal 
and reduction of the iron oxide by VM is the heat transfer to the 
materials. 

 
The aim of this work is reduction of Egyptian iron ore by 

charcoal to determination  the model of reaction and determina-
tion the  activation energy for reduction  in the form of briquette 

 

2- EXPERIMENTAL WORK 
 

2.1. Materials and sample characterization   
El-Baharia iron ore samples was supplied by the Egyptian 

Iron and Steel Company, The chemical composition of iron ore  
is as follows:-  Fe total ; 52.35 %, MnO; 2.92%, SiO2; 10.84%, 
CaO; 0.39%, MgO; 0.18%, Al2O3; 1.44% , S; 0.74%, TiO2; 0.16% , 
BaO; 1.17%,  ZnO; 0.15%, K2O;  0.27%, Na2O; 0.25%, P2O5 ; 0.5 
%  [13].   

 
The chemical composition of charcoal contains 65.26 % fixed 

carbon, 24.88% volatile matter, 9.86% ash and sulphur % 0.13  
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. X-ray of charcoal 
 

 
 
The X- Ray analysis of El-Baharia iron ore and charcoal are il-

lustrated in figures 1 and 2 . From which it is clear that El-
Baharia iron ore mainly consists of hematite and quartz. While 
the X- ray analysis of charcoal has amorphous structure [14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. X-ray of iron ore 
 
 

2.2 PREPARATION OF THE BRIQUETTES AND ITS 
PHYSICAL PROPERTIES 

  
 

The preparation of samples for the briquetting process was 
carried out by the  grinding iron ore with different stoichio-
metric ratios of   charcoal in a vibrating mill to powder with size 
less than 75 μm.  The stoichiometric ratios of carbon to convert 
all Fe2O3 to Fe is according to the following equations:   

 
Fe2O3+ 3C → 2Fe + 3CO                                                (1)  
10 grams of the mixture of iron ore with different stoichio-

metric amount of charcoal   
 
with 2% molasses binder was pressed  under pressure; 

196.133 Mpa in the mould (12 mm diameter and a height 22 mm 
using MEGA.KSC-10 hydraulic press). Fig.3 [14] 

The stoichiometric amount of carbon  
(X) = Y.Z/100                                                 (2)  
Where Z = Stoichiometric amount of char coal   
Y = Percentage of carbon in char coal   
 
The produced  briquette was subjected to drop damage re-

sistance test and compressive strength tests. The drop damage 
resistance indicates how often green briquette can be dropped 
from a height 46 cm before they show perceptible cracks or 
crumble. Ten green briquettes are individually dropped on to a 
steel plate where the number of drops is determined for each 
briquette. The arithmetical average values of the crumbing be-
havior of the ten briquettes yield the drop number. The average 
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compressive strength is done by compressed 10 briquettes be-
tween parallel steel plates up to their breaking [15-18]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 MEGA.KSC-10 hydraulic press.                                                                                     
 

 

2.2. REDUCTION PROCESS 
The reduction of  iron ore  with char coal   was done in a 

thermo balance apparatus. (a schematic diagram of thermo bal-
ance apparatus is shown in figure 4 and postulated in references   
[13- 14, 19- 21  ]. It consisted of a vertical furnace, electronic bal-
ance for monitoring the weight change of reacting sample and 
temperature controller. The sample was placed in a nickel- 
chrome crucible which was suspended under the electronic bal-
ance by Ni-Cr wire. The furnace temperature was raised to the 
required temperature (700-950 °C) and maintained constant to ± 
5 °C. Then samples were placed in hot zone. The reduction ex-
periments were carried out using an inert atmosphere (0.5 
l/min nitrogen in all experiments  ).  The weight of the sample 
was continuously recorded,  at the end of the run the samples 
were withdrawn from the furnace and put in the desiccators . 
The percentage of reduction was calculated according to the 
following equations:- 

percentage of reduction = (Wo-Wt/)x 16/28x Oxygen (mass) 
--------------------- (1) 

Where: 
W0: the initial mass of sample after removal of moisture, g. 
Wt: mass of sample after each time, t, g. 
Oxygen (mass): indicates the mass of oxygen percent in the 

sample in form  Fe2O3 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.4 Schematic diagram of the reduction apparatus 
 
 

3-RESULT AND DISCUSSION 
3.1. Effect of stoichiometric amount of charcoal  on the physical 

properties of the briquette  
Figs 5 and 6 illustrate the effect of  stoichiometric amount of 

charcoal  in the mixture with iron ore  on the drop number and 
strength of the briquette of iron ore and charcoal mixture with 2 
% molasses . From these figures it is clear that the drop number 
of the briquettes and its strength  decreased as the amount of 
charcoal  increased . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Effect of the stoichiometric amount of charcoal on the 
drop No. of the briquette of mixture iron ore with charcoal 
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Fig. 6 Effect of the stoichiometric amount of charcoal on the 
strength of the briquette of mixture iron ore with charcoal  
 
3-2-Effect  of  stoichiometric amount of charcoal on the degree of re-

duction of iron ore  
From Fig 7 it is clear that at  900oC,   the  reduction  increases 

as  stoichiometric amount of char coal  increased Also it is clear 
from the same figure that ,  the  reduction  increases with in-
crease in time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Effect of stoichuometric amount of charcoal on the reduc-
tion of iron ore at 900oC 

 
 

3-3- Effect of temperature of reduction  
The reduction was carried out at different temperatures 

ranging from 700 to 950oC,where the weight of the briquette 

and the stoichiometric of char coal  to iron ore ; 2  was constant 
and the nitrogen flow rate  0.5 liter/min. The results of the re-
duction investigation at temperature range 700oC to 950 oC are 
shown in Fig.8. From this figure , it is clear that with Increase in 
temperature of the reduction  of the  briquette  the percentage of 
reduction increases with the increase in time. The increase of 
reduction percentage with rise of temperature may be due to 
the increase of number of reacting moles having excess energy 
which leads to the increase of reduction rate  [14, 22- 26].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8.Effects of temperature on the degree of reduction of the 
briquette of iron ore with charcoal. 

 
 

3. 4 Reduction Kinitics  
 

Kinetic studies for estimation of apparent activation energies 
were carried out for El-Baharia iron  ore with char  coal  bri-
quettes at four different temperatures of   700˚C, 800˚C  900˚C 
and 950 oC for different time intervals in the range of 5 – 85  
minutes. 

The following models have been used to interpret experi-
mental results demonstrated in Fig. 9.   

When chemical reaction controls   the following equation is 
used. 

- ln (1-R) = kt              Chemically Controlled  [9]           (2) 
Where R is the fraction reduction and k is the rate constant  
Where: R is fractional reduction.  
t is time and k is rate constant.  
The results show that this model gave fair straight lines at all 

temperatures (as shown in fig.9); the slopes of these straight 
lines gave the constant rate for each reduction temperature.  

The natural logarithms were used according to the Arrhenius 
equation to calculate the activation energies of reduction  by 
using the calculated rate constant k. 

k  = k0 exp- E /RT                                                                   (3) 
 lnk=  lnko- E/RT                                                                     (4) 
where ko is the coefficient; E is the apparent reduction acti-

vation energy; R is the universal gas constant [8.314 × 10−3 
kJ/(mol·K)]; T is the absolute temperature. The relationships 
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between the natural logarithm of reduction rate constant and 
the reciprocal of absolute temperature for iron  ore briquettes  
reduced by char coal are shown in Figure 10  from which it is 
clear that briquette has activation energy = 2796.9 kJ/mole. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Relation between -Ln (1-R) and time of reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10 The relationships between the natural logarithm 
of reduction rate constant and the reciprocal of abso-

lute temperature 
 
 

2- The using the model .R+(1-R)ln(1-R)  =kt  [27] 
Where R is fractional reduction, t is time of reduction, k is the 

rate constant. 

Fig.11  illustrates the relation between R+(1-R)ln(1-R)   
against time of reduction for different reduction temperature. 
From which it is clear that the relationship is represented by 
straight line.  

The relationships between the natural logarithm of reduction 
rate constant and the reciprocal of absolute temperature for iron 
ore briquettes are shown in Figure 12, from which it is clear that 
briquette reduction undr the previous condition has activation 
energy = 2640.8  kJ/mole. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Relationship between [R+(1-R)ln (1-R) ] and reduction 
time of briquette of iron ore with charcoal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.12 the relationships between the natural logarithm 
of reduction rate constant and the reciprocal of abso-

lute temperature 
 

4.6. X-ray Analysis of Sample Reduced by charcoal at 900oC  
Fig. 13illustrates x-ray analyses of a reduced iron ore bri-

quette contain 2 stoichiometric amount of char coal in nitrogen 
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atmosphere at (900oC ). From which it is clear that the reduction 
of iron ore by char coal at 900oC not completed   reached to 
100% metallic iron and the sample stay contain hematite and, 
magnetite  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure13. XRD analysis of reduced iron ore by charcoal bri-
quettes at 900˚C 

CONCLUSIONS 
Based on the results of the reduction of iron ore by char coal 

briquettes in nitrogen atmosphere obtained the following con-
clusions have been drawn.  

(1) Degree of reduction increases with increase in stochio-
metric amount of char coal up to 2 , temperature and time.  

(2) The reduction reaction follows either by this model - ln (1-
R) =kt or ln (1-R) R+(1-R) = kt  

(3) The value of activation energy in the temperature range 
700-950 oC  are =2640.8  kJ/mole or 2796.9 kJ/mole. 
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