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Abstract 
 
In the iron production processes, sinters and pellets are mostly used as raw materials due to their 
consistency with respect to physical and chemical properties. However, natural iron ores, as 
mined, are rarely used directly as a feed material for iron processing. This is mainly due to the 
fact that they have small contents of iron and high concentration of impurities. Moreover, they 
swell and disintegrate during the descent in the furnace as well as due to low melting and 
softening temperatures. This work involves an investigation of the parameters that influence the 
use of natural iron ores as a direct feed material for iron production. Furthermore, it points out 
ways in which these can be mitigated so as to increase their direct use in iron production.  
 
Natural iron ore from Muko deposits in south-western Uganda was used in this study. Initially, 
characterisation of the physical and chemical properties was performed, to understand the natural 
composition of the ore. In addition, investigations were done to study the low temperature 
strength of the ore and its behaviour in the direct reduction zone. Also, simulations were 
performed with three models using the experimental data from the direct reduction experiments 
in order to determine the best model for predicting the direct reduction kinetics of natural iron 
ores.  
 
Chemical analyses showed that the Muko ore represents a high grade of hematite with an Fe 
content of 68% on average. The gangue content (SiO2+Al2O3) in 5 of the 6 investigated iron ore 
samples was < 4%, which is within the tolerable limits for the dominant iron production 
processes. The S and P contents were 0001-0.006% and 0.02-0.05% respectively. These can be 
reduced in the furnace without presenting major processing difficulties. With respect to the 
mechanical properties, the Muko ore was found to have a Tumble Index value of 88-93 wt%, an 
Abrasion Index value of 0.5-3.8 wt% and a Shatter Index value of 0.6-2.0 wt%. Therefore, the 
ore holds its form during the handling and charging processes.  
 
Under low temperature investigations, new parameters were discovered that influence the low 
temperature strength of iron oxides. It was discovered that the positioning of the samples in the 
reduction furnace together with the original weight (W0) of the samples, have a big influence on 
the low temperature strength of iron oxide. Higher mechanical degradation (MD) values were 
obtained in the top furnace reaction zone samples (3-25% at 500oC and 10-21% at 600oC). These 
were the samples that had the first contact with the reducing gas, as it was flowing through the 
furnace from top to bottom. Then, the MD values decreased till 5-16% at a 500oC temperature 
and 6-20% at a 600oC temperature in the middle and bottom reaction zones samples. It was 
found that the obtained difference between the MD values in the top and other zones can be more 
than 2 times, particularly at 500oC temperature. Furthermore, the MD values for samples with W0 
< 5 g varied from 7-21% well as they decreased to 5-10% on average for samples with W0 ≥ 5 g. 
Moreover, the MD values for samples taken from the top reaction zone were larger than those 
from the middle and bottom zones. 
 
During direct reduction of the ores in a H2 and CO gas mixture with a ratio of 1.5 and a constant 
temperature, the reduction degree (RD) increased with a decreased flow rate until an optimum 
value was established. The RD also increased when the flow rate was kept constant and the 
temperature increased. An optimum range of 3-4g was found for natural iron ores, within which 
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the highest RD values that are realised for all reduction conditions. In addition, the mechanical 
stability is greatly enhanced at RD values > 0.7. In the case of microstructure, it was observed 
that the original microstructure of the samples had no significant impact on the final RD value 
(only 2-4%). However, it significantly influenced the reduction rate and time of the DR process.  
 
The thermo-gravimetric data obtained from the reduction experiments was used to calculate the 
solid conversion rate. Three models: the Grain Model (GM), the Volumetric Model (VM) and 
the Random Pore Model (RPM), were used to estimate the reduction kinetics of natural iron ores. 
The random pore model (RPM) provided the best agreement with the obtained experimental 
results (r2 = 0.993-0.998). Furthermore, it gave a better prediction of the natural iron oxide 
conversion and thereby the reduction kinetics. The RPM model was used for the estimation of 
the effect of original microstructure and porosity of iron ore lumps on the parameters of the 
reduction process.  
 
Keywords: natural iron ore, iron production, characterization, physical and metallurgical 
properties, sinter, pellet, direct reduction, low temperature degradation, sample weight, sample 
positioning, microstructure, reduction degree, solid conversion, Volumetric Model, Grain Model, 
Random Pore Model, Muko, Uganda. 
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1. Introduction  
 
Though not the most expensive items, iron and steel are among the most sought after 
commodities on planet earth. Moreover, the use of iron and steel based products has come to be 
associated with the industrialisation of economies [1]. This is due to the fact that iron possesses 
good mechanical properties and has a low cost associated with its production. In addition, steel is 
easily recyclable back to the production of new products. The production of crude steel (a 
product from iron processing) was standing at 1414 million metric tons by the end of 2010 [2]. 
Moreover, an increase of 565 million metric tons of crude steel production within a decade was 
seen. Two thirds of steel is produced using natural iron ore and entails an intermediate product 
called “pig iron”. Iron ore consumption for steelmaking was around 850 million tonnes at the end 
of the twentieth century and was estimated to reach more than 1.3 billion tonnes over the first 
quarter of the century [3]. However, most of the known deposits contain low-grade ores with 
iron contents less than 30%. The remaining one third of steel is produced through the recycling 
of scrap metal and direct reduction processes [4].  
 
Different methods are used for the production of iron: the blast furnace (BF) process, where pig 
iron is produced, and the direct reduction (DR) processes (such as Midrex, HYL III, SL/RN 
processes), where sponge iron is produced. Today, most of the natural iron ores are first enriched 
and agglomerated into pellets, briquettes and sinters before they are reduced into either pig or 
sponge iron in the BF or DR furnaces, respectively. These preliminary processes permit to 
improve and stabilize the chemical composition, physical and metallurgical properties of the 
natural iron ores for the iron reduction processes. This serves to increase the performance of a 
reduction furnace, which depends to a great extent on the physical and chemical characteristics 
of the materials. However, the process of making sinters and pellets requires additional facilities, 
which significantly increase on the cost of the iron making process. The direct use of natural iron 
ore as a direct charge to the reduction furnaces would reduce on the cost of iron production.   
 
However, due to its inferiority in chemical, physical and metallurgical properties, natural iron 
ores as mined from the earth is not commonly used in iron reduction processes [5]. Table 1 
summarises the factors that limit the direct use of natural iron ores for iron reduction at different 
temperatures during the iron production process. It further highlights the supplements in which 
these factors were studied in this thesis. It should be noted that the relatively low Fe content and 
high contents of SiO2, Al2O3, P and S in most naturally occurring ores make them undesirable for 
direct charging into the reduction furnaces. This increases on the consumption of reductants 
(especially coke) in the blast furnace, which makes the production process costly and 
cumbersome given the amount of slag and impurities that have to be handled.  
 
Moreover, the natural iron ores have a low mechanical strength. Therefore, lumps of iron ore are 
susceptible to crumbling to small pieces and dust formation during the process of handling and 
descent in the reduction furnace. Within the furnace, these form a mixed bed of widely varying 
particle sizes. The small particles locate in the interstices of the large ones. This can significantly 
decrease the voidage of the mixed bed and penetration of the reduction gas through the bed. 
Furthermore, thermal decrepitation, disintegration and swelling at temperatures between 300-
1000°C also limit the direct application of the natural iron ore lumps in the reduction processes 
[6]. Furthermore, the wide temperature range of softening and melting (700-1350°C) [7] of 
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natural iron ores can affect the bed porosity in the reduction furnace thus reducing on its 
effectiveness. Therefore, these factors have over the years excluded the use of natural iron ore 
lumps as a direct feed for iron reduction.  
 
Table 1.  Hindrances for the direct use of natural iron ore for iron reduction 
 
Limitations for the direct application of 
natural iron ore lumps 

Temperature range  
(°C) 

Supplement 

Chemical composition: 
- low Fe content 
- high content of gangue and 

impurities  

 1 
 
 

Physical properties: 
- low mechanical strength 

            (high mechanical disintegration) 
- inhomogeneous microstructure and 

porosity 
- non uniform size of lumps 

 
25 

 
2 
 
1, 4, 5 
 
3, 4 

- thermal decrepitation 
- thermal degradation (disintegration); 
- swelling 
- softening and melting 

300-480 
500-900 
800-1000 
1000-1350 

 
3, 4 
 

Metallurgical properties: 
- lower reduction degree; 
- lower reduction rate. 

  
2-5 
4, 5 

 
However, due to the ever increasing cost of production, research into cost reduction in the iron 
and steel industry has led to the analysis of ways in which this can be achieved. Among these, is 
revisiting the use of natural iron ore as a direct feed for iron production.  
 
Though most of the natural iron ores cannot be used as a direct charge to the reduction furnace 
for iron reduction, some research has shown that natural iron ores with proven good physical, 
chemical and metallurgical properties can be used directly for iron reduction once calibrated [8]. 
Recent research [9] shows that up to 25% of natural lump iron ores can be used as a direct charge 
together with pellets and sinters without compromising the technical quality of iron. The ultimate 
benefit is a cost reduction. Furthermore, it was found that some natural iron ore lumps have 
better low temperature strength than both sinters or pellets [10]. The melting and softening 
behaviour of the natural iron ores can also be enhanced by combining them with sinters or pellets 
in the non-ore processes [9].  
 
However, even with these recent discoveries about natural iron ores, there is still limited research 
into their use as direct feed materials. Table 2 shows some of the characteristic requirements for 
pellets, sinters and natural iron ore lumps to serve as a feed material to the main iron production 
processes, which were presented in some publications. Based on the published results, Table 2, it 
can be seen that the required characteristics (such as composition, physical and metallurgical 
properties) of pellets and sinters are significantly better than those for the natural lump iron ore.  
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Table 2.  Preferred characteristics for iron ore lumps used for blast furnace (BF) and direct 
reduction (DR) processes 

 
Processes BF  

[7, 11-13] 
DR 
[14-18] 

Characteristics Pellet Sinter Lump Pellet Lump 
Chemical composition (%):      
         Fe ≥ 65  ≥ 58 ≥ 66-69 ≥ 64-68 
         SiO2 < 4 < 6 < 6 (≤ 4)* (≤ 2-4)* 
         Al2O3   3-4   
         S <0.05  <0.1 ≤ 0.008-0.011 ≤ 0.005-0.025 
         P < 0.02 < 0.05 < 0.07 ≤ 0.03-0.05 ≤ 0.03-0.06 
      
Physical properties:      
       Tumble Index  
        (% + 6.75mm) 

>93-95  > 70 ≥ 90-95 ≥ 85-90 

       Abrasion Index 
        (% -5mm) 

< 7  < 5-10 ≤ 3-5 ≤ 5-10 

      
Metallurgical properties:      
       Reducibility or  
       reduction rate (%/min) 

0.8-1.4 1.1-1.4 0.5-1.0 ≥ 0.4 ≥ 0.4-0.9 

*: (%SiO2 + %Al2O3) 
 
The known world resources of crude iron ores are approximately 800 billion tonnes containing 
about 230 billion tonnes of Fe [19]. By contemporary growth of the world consumption of iron 
ores (about 10% per year), the known resources of iron ores could run out within the next 64 
years [20]. It is thus imperative to find new sources of iron ore to supplement the existing 
sources, in order to meet the growing demand. Moreover, it should be noted that the natural iron 
ores from most known deposits do not correspond to the chemical composition, physical and 
metallurgical properties (Table 2) required for iron ore lumps used for blast furnace (BF) and 
direct reduction (DR) processes. Therefore, revealing and exploiting new deposits of iron ores, 
particularly of high-grade, is very important. 
 
Iron ore deposits in the Muko area in south-western Uganda (430 km from the capital city 
Kampala) are known since the 1920s. The deposits, located on six hills in Kabale/Kisoro district, 
occur as hematite of high Fe content. However, specific evaluation of volume and quality of 
these iron ore deposits has not been carried out yet but a preliminary survey puts the ore reserves 
at 50 million tonnes of raw ore. Therefore, one of the purposes of this study is to estimate the 
main characteristics of this hematite iron ore and the possibility of using the lump ore in the 
different reduction processes without enrichment and agglomeration. 
 
Furthermore, thermal decrepitation, disintegration and swelling at temperatures between 300-
1000°C, which limit the direct application of the natural lump iron ore in reduction processes [6], 
should also be evaluated for the given iron ores. Some studies that have been conducted on the 
low temperature degradation (300-700°C) of iron oxides in different forms (pellets, sinters and 
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lumps), are listed in Table 3. It can be seen that most research work on this subject has been 
carried out on sinters and pellets. However, some studies on natural lump iron ores have also 
been conducted in recent years. This trend needs to continue as an increased knowledge of the 
parameters that influence the behaviour of natural iron oxides during iron reduction can be used 
to optimise their direct use in the iron reduction processes.  
 
Table 3.  Some of the investigations carried out on low temperature strength of iron oxide. 
 

Ref. Authors Year ISO 4696 RDI* SI** Load Iron oxide type 
   CO CO2 H2 N2 CO N2   Natural  Sinter Pellet 
[21] Brill-Edwards and Samuel 1965   √         √ 
[22] Watanabe and Yoshinaga 1968 √ √ √ - √ √ √ √ √ √ √ 
[23] Hasenack et al. 1976 √ √ √ √ - -  - √ √ √ 
[24] Padan et al. 1978 √ √ - √ - - √ - √ - - 
[25] Gudenau and Walden  1981 √ √  √ - -  - - - √ 
[26] Panigrahy et al. 1984 - - - - √ √   - √ - 
[27] Tsukasa et al. 1985        √ - √ - 
[28] Adam et al. 1989 √ √          
[29] Masaaki et al. 1990 √ - - √ - -  - √ √ - 
[30] Loo and Bristow 1993 √ √ √ √ √ √  - - √ - 
[31] Hamiltion  et al. 1993 √ √ - √ √ √  - - √ - 
[32] Loo and Bristow 1994 √ √ √ √ √ √  - - √ - 
[33] Yao 1996     √ √  - - √ √ 
[34] Pimenta and Seshadri 2002 √ √ - √ √ √  - - √ - 
[35] Gupta and Nandy 2002     √ √  - √ √  
[9] Wu et al. 2009        √ √ √ √ 
[10] Wu et al. 2011 √ √ √ √    √ √ √ √ 

* Reduction Degradation Index, **Shatter Index 
 
In the direct reduction of iron oxide with gas as the reducing agent, reduction reactions take 
place in the different zones of the iron ore lump: i) at the initial point of contact (chemical 
reaction) on the surface of the lump and ii) within the lump core due to gas penetration into the 
pores in the iron oxide and due to the diffusion through reduced iron layers. The two 
mechanisms, together with the mass transfer of reactant products through the reduced mass, take 
place simultaneously. Understanding the dynamics of these mechanisms for a given iron oxide is 
a crucial factor in setting the reduction conditions to achieve the desired reduction degree (RD).  
 
Unfortunately, large number of parameters ranging from the properties of iron ore lumps (such 
as original size, microstructure, porosity etc.) to the reducing conditions in the furnace (such as 
composition and flow rate of reduction gas, reduction temperature, reduction potential in 
different zones etc.) can drastically influence on the reduction dynamics and efficiency of the 
process. Therefore, in most cases, it is difficult to quantitatively evaluate the effect of separate 
parameters on the reduction process only based on the experimental results. Particularly, it is 
difficult with investigation of reduction of natural iron ore lumps due to the heterogeneity of 
composition, microstructure and size of lumps. Therefore, an application of some mathematical 
models, which describe well the experimental data and behaviour of the natural lump iron ore, 
can help to evaluate the effect of each parameter on the kinetics and final results of the reduction 
process. In this study, three models (the Volume Model, the Grain Model and the Random Pore 
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Model) were applied to the experimental data of the reduced natural iron ore. Then, the effect of 
such parameters as microstructure, porosity and size of natural iron ore lumps on the physical 
and metallurgical properties were evaluated based on the experimental data and calculation 
results. 
 
1.1 Overview and purpose of the present work 
 
The purpose of this research work was: 
 

1. To determine the quality of the natural hematite iron ores from the different deposits of 
Muko and establish the possible prospects of using these ores for iron production. Based 
on the analysis of its composition and physical and metallurgical properties, it would be 
possible to determine whether it can appropriately serve as a raw material for iron 
production using some of the iron production methods. 
 

2. To analyse the factors that influence the behaviour of natural iron ores during the iron 
production process, which make their direct use as a charge material for iron production 
undesirable. Identification of ways in which these can be minimised will lead to an 
increased acceptance of the direct use of high grade (in terms of chemical content and 
physical properties) natural iron ores for iron production.  
 

3. To apply different mathematical models to describe the behaviour of natural lump iron 
ores during the reduction processes. Moreover, to estimate the effect of the different 
parameters (such as original size, microstructure, porosity of iron ore lumps, composition 
and flow rate of reduction gas, reduction temperature, reduction potential in different 
zones etc.) on the reduction dynamics and efficiency of process based on the 
experimental data and calculated results. 

 
The flow of this research work is highlighted in Fig. 1. A study was done on the natural hematite 
iron ore used in this work in terms of its natural occurrence. The investigated parameters include: 
chemical composition, microstructure, physical (Abrasion Index, Tumble Index and Shatter 
Index) and metallurgical (adsorbed water, reducibility index and release and absorption of 
energy during reduction) properties. Detailed results are given in supplements 1 and 2.  
 
An investigation of the natural iron ore behaviour during reduction at low temperatures was 
performed. Iron oxide undergoes degradation (physical/mechanical breakdown) in the 
temperature range of 300-700°C. More specifically, thermal decrepitation occurs between 300°C 
and 480°C and is mostly due to the evaporation of adsorbed water. In addition, thermal 
degradation occurs at temperatures above 480°C due to the reduction of hematite. This 
phenomenon was investigated for the natural lump iron ores at the temperatures of 500-600oC 
and the results are given supplement 3. 
 
Supplement 4 presents information about the factors, which are listed in Table 1, that influence 
the reduction of the natural lump iron ores during direct reduction conditions. Twenty thermal 
gravimetric reduction experiments were performed in a resistance furnace with a microbalance 
and controlled gas atmosphere and flow rate. Direct reduction experiments were carried out for 
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the following parameters: reduction temperature of 700-900°C; H2/CO of 1.5; flow rate of 
reduction gas mixture of 0.25-1.0 L/min. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1:  Flow chart of the present work and the correlation between the attached 

supplements.  
 
Furthermore, supplement 5 puts forward the best model for use in predicting the kinetics of the 
direct reduction of natural iron ores. Three models; the Grain Model (GM), the Volume Model 
(GM) and the Random Pore Model (RPM), were applied to the thermo-gravimetric experimental 
data of the reduced natural iron ore. This served to identify which model provides a more 
accurate prediction of the natural iron ore conversion. By using the selected mathematical model, 
the kinetics of direct reduction of the iron oxide lumps was studied and discussed. The effect of 
such parameters as microstructure, porosity and size of natural iron ore lumps on the physical 
and metallurgical properties were evaluated based on the experimental data and calculation 
results.  
 
The details of the experiments performed together with the methods used are given in the 
respective supplements. 
 
  

Modelling  
− Predicting the direct reduction 

kinetics of natural iron ores  
(Supplement V) 

 

Direct reduction behaviour (700-900°C) 
− Factors influencing reduction 

behaviour of natural iron ores 
(Supplement IV) 

 

Characterisation of natural lump iron ores: 
− Chemical composition 
− Microstructure 
− Physical properties 
− Metallurgical properties 

(Supplements I & II) 

Behaviour of natural iron ores during low 
temperature reduction (500-600°C) 
− Parameters that influence low 

temperature degradation 
(disintegration)  

(Supplement III) 
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2. Experimental procedure 
 
The natural iron ore used in this study was collected from the iron ore deposits of Muko, in 
south-western Uganda, in the Kabale/Kisoro districts. From the capital city Kampala, the 
deposits can be accessed by taking the Kampala-Masaka-Mbarara road to Kabaale town, a 
distance of 430km on a tarmac road. Furthermore, following the Kabaale-Kisoro road, from 
Kabale town, for a distance of 48km to a town called Makatojo. Thereafter, all the hills of Muko 
can be accessed in a distance of about 3km. 
 
Representative iron ore samples were collected from the six hills of Muko (1 tonne from each 
hill): Rushekye, Kamena, Kyanyamuzinda, Kashenyi, Nyamiyaga, and Butare. The samples were 
randomly collected from each hill within a radius of about 10 metres. Moreover, samples were 
collected both from the surface and from a 5 metres depth.  
 
In supplements 1 and 2, an initial characterization of the natural iron ore was performed. The 
physical, chemical and metallurgical properties of the ore were investigated using the following 
techniques: 

• Chemical Analysis; 2 kg of each hill-sample was crushed and sieved. The necessary 
amount of sieve passage below 100 µm was used for mineralogical and chemical 
analysis. 

• Mineralogical Analysis by XRD using a Phillips X-ray diffractometer. It was operated at 
a scan speed of 0.5 with increments of 0.02 from 200 to 800 and a 2θ range. The data was 
retrieved from the computer and plots of the diffractions were made. 

• Micro structural Analysis using a Field Emission Gun Scanning Electron Microscope 
(FEG-SEM). Small pieces from each hill-sample were put in bakelite and silica polished 
and observed under the microscope at different magnifications.  

• Tumble Index (TI) and Abrasion Index (AI) were determined by tumbling a 15 kg iron 
ore lump in a circular drum rotating at 25rpm for 200 revolutions. This was done three 
times on three different blocks. The ore particles were screened and average values of the 
fractions + 6.3mm and -0.5 mm gave the TI and AI values respectively. 

• Shatter Index (SI) was determined by dropping a 10kg dried lump iron ore sample onto a 
cast iron floor from a height of 2m. The lump was dropped four times from this height 
and the wt% passing a 5mm sieve was established. Four different lumps were used and 
the average value of these gave the SI value. 

• Porosity was determined using the GeoPyc 1360 pycnometer. A quantity of helium was 
placed in the sample chamber and its volume was measured. Thereafter, 2.0g iron ore 
piece was placed in the chamber together with the helium gas and the new volume values 
were measured. The differences in the new volume and original helium volume gave the 
sample’s envelope and skeletal volumes. The difference in the envelope and skeletal 
volumes indicated the percentage porosity of the sample.  

• Thermo-analysis using the Thermogravimetry –Differential Thermal Analysis – Mass 
Spectrometry (TGA and DTA) with a Netzsch STA 409 operated in an argon atmosphere. 
About 5 g of particles below 100 µm was put in an alumina crucible and placed on a 
balance in one side of the equipment’s heating chamber. It was balanced by the same 
amount of an inert element in a similar alumina crucible. The temperatures were set on a 
computer with 20ºC as a minimum value and 1450ºC as a maximum value. Argon gas 
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was released to flow over the samples and heating was performed at a constant rate of 
10ºC/min. The temperature difference and thermo effects were recorded on the computer. 
The plots of the sample behaviour (weight loss and transformations) were also recorded 
on the computer.  

• Reducibility was estimated using the Netzsch STA 409. Argon gas was first released into 
the system and when the temperature reached 950ºC, CO gas was introduced into the 
system. In addition, the sample’s weight reduction were observed and recorded on the 
computer.  

After the initial characterisation, the behaviour of the natural iron ore under iron reduction 
conditions was investigated. Laboratory scale investigations were conducted to predict natural 
iron ore behaviour at low temperature (400-600°C) and under direct reduction conditions (700-
900°C). In supplement 3, low temperature behaviour investigations were carried out using the 
equipment indicated in Fig. 2.  
 

Exhaust gas

CO/Ar

Sample holder

Thermo-couple

Furnace

Reaction tube

H
2
/Ar

Thermo-couple

 
Fig. 2:  Schematic diagram of the reduction furnace equipment used in the experiments 
 
The reduction gas, (H2/CO) flowed through the reduction furnace from top to bottom. The 
temperature used was from 400-600°C. During the reduction of hematite from 400-600°C, 
anisotropic dimensional changes occur during the transformation of hematite to magnetite. This 
produces stresses sufficient to fracture the material, the magnitude of which depends on the 
relative orientation of the crystal planes and the shape of the growth interface. Therefore, this is 
the ultimate reason why iron ores disintegrate during reduction in the temperature range of 400-
600°C. The cracks which develop during the anisotropic changes become points of weakness and 
propagate further when subject to abrasion and impact loading as the ore descends in the furnace.  
 
Since the transformation of hematite to magnetite only involves oxygen removal from the iron 
ore, the change in weight over the reduction temperature will be associated with the amount of 
oxygen that can be removed from the ore. Therefore, the extent of reduction that was achieved 
was calculated using the following equation: 
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where ∆W is the difference in sample weight before and after reduction, which corresponds to 
the amount of O reduced during an experiment. The parameters W0 and W are the weight of a 
sample before and after a reduction experiment respectively. The parameter %O is the weight 
percent of oxygen that can be removed from the Fe2O3 and FeO in a sample during a reduction 
experiment. Finally, the parameters %Fe2O3 and %FeO are the weight percentages of the 
respective oxides in the natural iron ore 
 
In the process of heating the iron ore up to 400°C, there is evaporation of physically and 
chemically bonded water from the ore. For the case of the studied iron ore, this was found to be 
less than 1.3±2.8%, as highlighted in supplement 2. Therefore, the change due to vaporisation of 
water was not incorporated in the calculation of the reduction degree. In supplement 3, equation 
1 was used to calculate the amount of oxygen that can be reduced from Fe2O3 (97.3%) and FeO 
(0.44%) in the temperature range of 400-600°C. According to the iron-oxygen equilibrium 
diagram, FeO is unstable below 570°C [36]. Since the maximum investigated temperature was 
600°C, the FeO component was not considered in calculating the RD with equation 1 in this 
temperature range.  
 
After the reduction experiments, the samples were subjected to impact loading by subjecting 
them to a drop test, supplement 3. The samples were dropped four times onto a steel block, from 
a height of 2 m [22, 24, 37]. The test highlights the extent of degradation of the iron ore brought 
about by the propagation of the cracks initiated during the anisotropic changes, with the 
transformation of hematite to magnetite. Equation 2 was used to calculate the extent of 
mechanical degradation (∆WMD);  
 
∆WMD = 100% · (Wbt - Wat)/ Wbt                        2 
 
where Wbt was the initial weight of the sample before the drop test and Wat was the weight of the 
largest unbroken part of the sample after the test. 
 
In supplement 4, direct reduction experiments were carried out for the following parameters: 
reduction temperature – 700-900°C; H2/CO ratio - 1.5; flow rate of reduction gas – 0.25-1.0 
L/min. The reduction apparatus given in Fig. 3 was used. Equations 1 and 2 were also used to 
calculate the reduction extent and mechanical degradation. However, in calculating the RD with 
equation 1, both Fe2O3 and FeO were considered. According the Ellingham diagram, at a 
temperature of 700-900°C, both Fe2O3 and FeO can be reduced by H2 and CO.  
 
The thermo-gravimetric experimental data of direct reduction was used in three models to predict 
the kinetics of direct reduction of natural iron ores, supplement 5; the Grain Model (GM), the 
Volumetric Model (VM) and the Random Pore Model (RPM). All the three models were coded 
in a Scilab program using the algorithm based on a least square optimisation procedure, which 
variates all the kinetic parameters of the models to achieve the best fits of the obtained 
experimental data at every temperature. Independent variation of every kinetic parameter 
(frequency and form factors, activation energy and parameter ᴪ) allows a test of the compliance 
of the apparent conversion kinetics to the Arrhenius law. A strict compliance to this law has to 
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give the same kinetic parameters for the best fits at every temperature. But because the actual 
kinetics of the reduction process depend on such factors as deposition of carbon on dynamically 
changing pores (this dynamics in turn is also temperature dependent), an exact compliance of the 
apparent kinetics to the Arrhenius law may not be achieved.  
 

 
Fig. 3:  Schematic diagram of the equipment for the direct reduction experiments. 
 
The formulations for the models are derived from the general expression for the overall solid 
conversion rate, equation 3. 
 
� 
�! = "#$%, '()�*�          3 

 
where k is the apparent reduction rate, and it takes into account the effects of the reducing gas 
concentration, Cg, and the reducing temperature, T. The changes in the physical and chemical 
properties of the samples are taken into consideration by the factor, f(X). The apparent reduction 
rate, which is dependent on temperature, can be expressed using the Arrhenius equation 4. 
 

" = "�+
,-.
/0            4 

 
where k0 and Ea are the pre-exponential factor and activation energy, respectively.  
 
With the grain model (GM) [38], the overall reaction rate is expressed as in equation 5. 
 
� 
�! = "12�1 − *�

� 4⁄           5 

 
where kGM is the reaction rate constant of the shrinking core, whose value is calculated by 
equation 4. 

Microbalance
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Equation 6 gives the overall reaction rate as expressed by the volumetric model (VM) [39]. 
 
� 
�! = "52�1 − *�          6 

 
where kVM is the reaction rate constant of the volumetric model and its value is calculated by 
equation 4.  
 
Furthermore, the overall reaction for the random pore model (RPM) [40] is expressed in equation 
7. 
 
� 
�! = "672�1 − *�8�1 − Ψ ln�1 − *��       7 

 
where kRPM is the kinetic rate constant of reaction and its value is calculated by equation 4. 
 
The RPM model introduces the factor, Ψ, which is a parameter related to the unreacted structure 
of the sample and is described as in equation 8. 
 

Ψ = �<=��
�>��
?��

           8 

 
where L0, ε0 and S0 are the pore length, solid porosity and pore surface area, respectively. After a 
linearisation, equations 6-8 can be re-written as follows:  
 

"12@ = 3 B1 − �1 − *�

 4C D         9 

"52@ = − ln�1 − *�          10 

"762@ = �2 Ψ⁄ � B8�1 − Ψ ln�1 − *�� − 1D       11 

 
Reduction rates (RR) were calculated from the obtained thermo-gravimetric data using equation 
12.  
 

�� = ∆�F
∆GF

           12 

 
where ∆HI is the change of sample weight (mg) during the i-th step and ∆JI is the i-th time step 
(sec). 
 
Since the lumps of natural iron ores have an irregular form and a size of lump sample cannot be 
measured exactly, a sample weight is used in the supplements 3 and 4 as a characteristic which 
corresponds to the volume and size of lump. 
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3. Results and discussion 
 
The natural iron ore used in this study was collected from south-western Uganda from the Muko 
iron ore deposit. This work involves two (2) parts: i) the specific analysis of the properties of 
Muko iron ore in its natural form, supplements 1 and 2, and ii) the general analysis of natural 
iron ore behaviour during processing to iron, supplements 3-5.  
 
3.1 Analysis of Muko iron ore properties 
 
The properties of Muko iron ore in its natural form were studied and analysed in order to 
establish the quality of the ore and better still, predict its behaviour during its handling and 
subsequent iron processing. In addition to its microstructure, the physical, chemical and 
metallurgical properties of the ore were analysed. For this purpose, samples were collected from 
all the six hills of the Muko deposit and they are designated as Ug1 – Rushekye (a), Ug2 – 
Kamena (b), Ug3 – Kyanyamuzinda (c), Ug4 – Nyamiyaga (d), Ug5 – Butare (e) and Ug6 – 
Kashenyi (f).  
 
3.1.1 Chemical composition 
 
The full chemical analysis of Muko iron ore is given in Table 4. The ore was found to be a rich 
hematite grade containing small percentages of impurities such as SiO2, Al2O3, P and S, which 
are the most important elements and components to consider in iron processing. Alumina, silica, 
phosphorus and sulphur are non-desirable elements and are main targets for removal during the 
steel making [5]. It can be seen that for samples Ug1-Ug5, the contents of the main impurities, 
silica and alumina, range from 0.41% to 1.20% and from 0.35% to 1.00% respectively. The 
hematite content in all these samples ranged from 96% to 98%. The Ug6 sample exhibits a lower 
hematite content, 86.7% Fe2O3, and a higher gangue content, 5.1% SiO2 and 6.0% Al2O3, than 
the other samples.  
 
To assess its potential for commercial viability in terms of chemical content, the chemical 
composition of Muko natural iron ore was compared to generalised world standards for iron ores. 
For classification and evaluation of quality, the natural iron ores can be divided into three basic 
classes depending on the total Fe content [41-44]: (i) high-grade iron ores with a total Fe content 
above 65%, (ii) medium- or average-grade ores with varied Fe contents in the range between 62 
to 64%, and (iii) low-grade ores with Fe contents below 58%. The generalized contents of the 
most important elements in raw iron ores are given in Table 5.  
 
The contents of the major elements in this ore were compared with the composition of extracted 
ores from other nations. Here, it should be noted that the biggest iron ore producing nations are 
China, Brazil, Australia, India, Russia, and the USA. The Fe and gangue contents of the iron ore 
from the major iron ore producing nations and that of Muko deposits is highlighted in Fig. 4. The 
gangue content was calculated as the sum of the silica and alumina contents in the iron ore. The 
iron ores were divided into three groups according to the Fe and gangue contents. 
 
The ores in Group I have lower contents of gangue materials (<4%) and higher Fe contents 
(>65%). These correspond to the high-grade ores. Group II includes the iron ores containing 4-
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7% of gangue materials and 60-65% of Fe. These correlate to the medium-grade ores. Finally, 
Group III has higher contents of gangue materials (>7%) and between 50–63% of Fe. Most of 
these ores correspond to low grade ores. 
 
Table 4. Chemical composition of Muko iron ore samples 
 

Ore Ug 1 Ug 2 Ug 3 Ug 4 Ug 5 Ug 6 

Mine Rushekye Kamena Kyanyanuzinda Nyamiyaga Butare Kashenyi 

Marking a b c e f d 

Chemical composition (mass%) 

FeO 0.26 0.82 0.26 0.10 0.33 0.46 

Fe2O3 97.8 97.2 98.3 98.7 96.6 86.7 

SiO2 0.96 0.80 0.41 0.62 1.20 5.10 

Al2O3 0.58 0.65 0.35 0.43 1.00 6.00 

S <0.001 0.002 0.006 0.001 <0.001 0.003 

P2O5 <0.02 0.02 0.02 <0.02 0.05 0.02 

MnO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

ZnO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

PbO <0.01 0.02 <0.01 <0.01 <0.01 <0.01 

CuO <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

MgO <0.01 <0.01 <0.01 <0.01 0.02 0.02 

TiO2 <0.02 <0.02 <0.02 <0.02 0.03 0.17 

C 0.013 0.020 0.020 0.010 0.019 0.083 

 
Table 5. Generalized percentages of elements of major interest in assessing the iron ore 

quality 
 

Components Total Fe SiO2 Al2O3 P S 

 Low 

(L) 

Medium 

(M) 

High 

(H) 

    

Content 

(mass %) 

< 58 62 - 64 > 65 < 6 3 - 4 0.05 - 0.07 0.1 

Reference [19, 20, 45] [20] [45] [5, 20, 45] [20] 

 
It can be observed that most of the iron ores from Uganda (Ug1-5) fall in Group I and have a 
67.5-69.0% Fe content and a 0.8-2.2% gangue material content. It should be pointed out that the 
total iron content of most exported hematite iron ores in the world is in the range of 62-64%. 
Therefore, the quality of iron ores from the five hills of Muko deposit (Ug1-5) is comparable 
with the best iron ores from Brazil (B1-3). Thus, they are among the world high-grade ores, 
which means that they have a potential to be profitably be exported.  
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The ore from Kashenyi hill (Ug6) contains 60.6% Fe and correlates to the medium-grade ores 
although it has a relatively high content of gangue materials (about 11.7%). It can be seen in Fig. 
4 that the quality of this iron ore is comparable to the other iron ores of Group III from United 
States of America (U1 and U3) and from India (I1). 
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Fig. 4:  Fe and gangue contents (SiO2 +Al2O3) in iron ores from different nations; A: 

Australia, B: Brazil, C: China, I: India, R: Russia, U: USA, and Ug: Uganda. 
 
The S and P contents of Muko iron ore and the iron ores from the major iron ore producing 
nations are also given in Fig. 5. It can be observed that most of the ores have S contents that are 
within the acceptable levels for the commercial ores, as specified in Table 5. In addition, some 
ores from India (I2, I3) and Russia (R2) have P contents above the acceptable average. 
According to the obtained results of chemical analysis, the S and P contents in iron ores from the 
Muko deposit are significantly lower compared to those of the other ores. This includes the high-
grade iron ores from Brazil. Thus, Muko ores are within the general acceptable levels for 
commercial iron ores in terms of the S and P contents. 
 
3.1.2 Microstructure 
 
Muko iron ores are generally made up of a crystalline platy structure with fibres and a granular 
structure. It is mainly a grey hematite matrix structure containing dark inclusions, which were 
found to be concentrations of the impurities in the ore. Typical micrographs of the samples and 
qualitative evaluation of the structure in the different Muko iron ores are given in Table 6. 
 
As can be noted from Table 6, different types of microstructure were found in the different 
deposits of Muko, depending on the natural conditions that prevailed during the ore formation 
process [46]. Some deposits had a single type of microstructure and others contained a 
combination of the microstructure indicated in Table 6. It can be seen from Table 6 that the 
Type 1 microstructure represents an almost pure grey hematite matrix with small amounts of  
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small size dark inclusions. The Type 2 microstructure has mainly a grey crystalline platy 
structure with some areas of a fibrous texture. The dark impurity inclusions are located between 
the crystalline plates and they are chaotically arranged in the ore matrix. The Type 3 
microstructure also contains a grey crystalline platy structure. However, the lengths of plates are 
on average significantly smaller in comparison to those found in the Type 2 microstructure. 
Moreover, the neighbouring crystalline plates have approximately the same direction in the 
matrix. Some grains are also granularly shaped and have a small size (mostly from 10 to 40 µm). 
In this case, the Type 3 microstructure looks as a very fine structure. In addition, the Type 4 and 
5 microstructures mainly contain the granular structure. The size of grains varies in the ranges 
from 10 to 90 µm and from 30 to 350 µm, respectively. The dark impurity inclusions are located 
at the grain boundaries and within the grains. The size of some irregular impurity inclusions in 
these samples is larger than 200 µm. The Type 6 microstructure has the characteristic large size 
layers (with length > 500 µm) and larger areas of dark impurity inclusions.  
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Fig. 5:  P and S contents in iron ores from different nations. A: Australia, B: Brazil, I: 

India, R: Russia, U: USA, and Ug: Uganda. 
 
It follows from Table 6, that the ore samples Ug3 (c) and Ug4 (e) generally exhibit the Types 1 
and 2 microstructure, respectively. Furthermore, they have a relatively low number of impurity 
inclusions. It is interesting to note that these samples have the highest content of Fe (68.7 and 
69.0%, resp.) and the lowest content of gangue materials (0.76 and 1.05%, resp.), as shown in 
Tables 4. The microstructure of Ug1 sample (a) consists mostly of a fine structure (Types 3 and 
4). The sample Ug2 (b) has various shapes of structures, which includes mainly the larger grains 
of hematite with dark inclusions (Type 5) and fine crystalline platy structures (Type 3). The ore 
samples Ug5 (f) and Ug6 (d) have a relatively large area with large irregular (Type 5) and layer-
shaped (Type 6) dark inclusions within the structure. These samples, and particularly the Ug6 
sample from Kashenyi hill, have the highest gangue content as observed from the chemical 
analysis. 
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Table 6. Typical microstructures of Muko iron oresa 

 

Ore sample Ug 4 (e) Ug 3 (c) Ug 1 (a) Ug 2 (b) Ug 5 (f) Ug 6 (d) 

Total Fe content (mass %) 69.0 68.7 68.4 67.9 67.5 60.6 

Microstructure:               Type 1 
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a: few - <10%, some – 10-25%, many – 25-50% of observed area. 
 
3.1.3 Physical properties 
 
The physical strength of iron oxides give an indication of their resistance to abrasion and impact 
loading during handling and the subsequent reduction processes. The indices that are measured 
to give an indication of the physical strength are: Tumbler Index (TI) and Abrasion Index (AI), 
for abrasion resistance, and Shatter Index (SI) for impact resistance. The limit values for TI and 
AI for the iron ore pellets used in furnace reduction process are >70wt% and <5wt%, 
respectively [47]. Furthermore, the preferred SI value for iron ore for coal-based reduction is 
<5wt% and for the Midrex process it is less than 10wt% [48]. On the other hand, for sinters for 
blast furnace iron reduction it is <14–17wt% [15]. The obtained results of the physical properties 
for the natural iron ores from the different Muko ore deposits are given in Table 7. 
 
It follows from Table 7 that the TI values of Muko ores are between 88wt% and 93wt%, which 
is significantly higher than the stipulated 70wt% limit. Therefore, the ores from all Muko 
deposits can be handled, loaded, and transported without disintegration into small particles. The 
AI values for Muko ores range from 0.54 to 3.41wt%, which is considerably lower than the 
acceptable abrasion limit (< 5wt%). This implies that the amount of particles produced in form of 
dust during the subsequent handling processes after mining is within the acceptable range to 
enable an almost dust free environment. With the SI value of Muko iron ore falling between 
0.6wt% and 2.0wt%, it can be noted that Muko ore can hold its form when subjected to impact 
loading. Furthermore, it meets the SI requirements of some iron production processes; coal based 
direct reduction, Midrex and the blast furnace.  
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Table 7. Physical properties of Muko iron ores 
 
 Iron ore, deposit Tumble Index  

(wt% of  

+6.3 mm) 

Abrasion Index  

(wt% of  

-0.5 mm) 

Shatter Index 

(wt% of  

-5.0 mm) 

Apparent 

Porosity 

(%) 

Ug1, Rushekye 89.72 0.83 1.17 - 

Ug2, Kamena 88.45 1.50 1.21 - 

Ug3, Kyanyamuzinda 91.68 0.54 0.57 - 

Ug4, Nyamiyaga 90.39 0.88 1.31 - 

Ug5, Butare 92.96 3.41 2.01 14.3 

Ug6, Kashenyi 89.28 0.67 1.45 4.92 

 
There was no identifiable correlation between the physical properties of Muko natural iron ores 
and it microstructure. However, the Ug5 and Ug6 ore samples presented the highest values of the 
Shatter Index (2.01wt% and 1.45wt%, resp.). This may imply that the large grain structure, 
which contains larger contaminations, makes the ore more susceptible to breakage, when subject 
to impact loading. 
 
The physical properties of Muko natural iron ore were also compared to the physical properties 
requirements for various iron production processes. Fig. 6 shows the comparison of the physical 
properties of natural iron ore from Muko deposits, with the physical requirements for lump ores 
used for BF and DR processes. It can be noted that the physical properties of natural iron ores 
from all Muko deposits are within the acceptable limits for BF processes as well as for the 
different DR methods (Midrex and SL/RN: all samples, HYL III: Ug3-Ug5). 
 
3.1.4 Prospects of using Muko iron ore in iron production 
 
In the past, natural iron ore as mined from the earth had been almost completely replaced as a 
feed material in iron production processes by sinters and pellets. However, due to the decreasing 
high quality iron ore deposits and the increasing cost of production, the direct use of natural iron 
ore in iron production is being revisited. Recent studies [10] have indicated that natural iron ore 
can possess better cold strength properties than sinters and pellets. On the other hand, high 
quality ores can be used directly for iron production once calibrated [9], even up to 25% in the 
charge without compromising technical quality.  Fig. 7 gives an illustration of the different 
routes in which natural iron ore can be utilised to produce iron.  
 
In route 1, the natural iron ore is crushed and enriched and made into sinters and pellets, which 
are used in the BF and electric arc furnace (EAF). This is the most common method and most of 
the iron ores, irrespective of quality, can be used in this route after crushing, grinding, and 
enrichment. 
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Fig. 6:  Comparison of physical properties of natural iron ores from the Muko deposits to 

the physical requirements for lump ores used for blast furnace (BF) and direct 
reduction (Midrex, HYL III and SL/RN) processes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7:  Schematic illustration of the main routes of iron production. 
 
Route 2 is the DR process and this utilises only natural iron ores with high physical and 
metallurgical properties. Among the numerous DR processes, the Midrex and HYL III (by means 
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of gas) and the SL/RN (rotary Kiln; by means of coal reduction) have had the most successful 
industrial implementation [49-51]. The Midrex process contributes to the biggest share of the 
directly reduced iron (DRI) produced, corresponding to about 60% of the world production [13, 
18, 49]. 
 
Today, the direct smelting reduction (DSR) process (Route 3) which produces molten iron has 
not made a pronounced contribution to iron production compared to the previous two routes. 
Therefore, this method was not analysed and evaluated in this study.  
 
Natural ore can also be charged directly to the BF as part of the furnace feed (15–20%) [9], 
(Route 4). Only high grade iron ores with high levels of physical and metallurgical 
characteristics can be efficiently used directly in the BF process. 
 
From Table 4 it can be noted that Muko iron ore is a high grade hematite ore, with a 67% Fe 
content. It follows from Table 4 and 5 that the iron ore samples Ug1–Ug5 meet the chemical 
requirements as natural materials for the BF (Routes 1 and 4) and DR furnaces (Route 2). The 
content of Fe, SiO2, and Al2O3 in the Ug6 sample falls short of the given requirements for DR 
(Route 2) and for direct charging in the BF (Route 4). However, the other characteristics of this 
sample, such as physical properties, are within the acceptable limits. Therefore, the natural iron 
ore from the Kashenyi deposit (Ug6) can also be used as a natural material for production of 
pellets and sinters (Route 1) or as some part of charge with other higher-quality ores (Ug1–Ug5) 
for DR processes (Route 2). 
 
Therefore, from the chemical composition and physical properties results, the possible prospects 
of using natural iron ores from the different deposits of Muko for iron production can be 
summarised as follows: 
 

BF process (Route 1): all samples. 
 
DRI process (Route 2): 

Midrex: all samples, 
SL/RN: all samples, 
HYL III: Ug3~Ug5 samples. 
 

BF process (Route 4):Ug1~Ug5 samples. 
 
3.2 Behaviour of natural iron ore during its processing to iron 
 
As illustrated in Fig. 7, different ways can be used to process natural iron ores into iron. There 
are different process conditions associated with each route and different requirements for the 
natural iron ore. The process conditions, dictate the behaviour of the natural iron ore being 
processed, in relation to its characteristics. The behaviour of natural iron ores during processing 
conditions to produce iron was studied using natural iron ore from Muko. The response to low 
temperature processing was studied, in view of understanding the factors that influence the low 
temperature strength of natural iron ores. Furthermore, direct reduction conditions were 
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simulated in a laboratory scale furnace, to ascertain the natural iron ore response to these 
conditions. The results are given in the proceeding discussion.  
 
3.2.1 Low temperature behaviour 
 
During the processing of iron oxide in the temperature range of 400-700°C, a degradation occurs 
which is termed as a low temperature disintegration of iron oxide. This low temperature 
disintegration of iron oxide is brought about by the transformation of hematite to magnetite. This 
occurs as a result of the anisotropic dimensional changes, which take place during the hematite to 
magnetite transformation. These produce stresses sufficient to fracture the material. A maximum 
degradation is observed between temperatures of 500°C and 600°C [22, 24]. Recent research [9, 
10] shows that some natural lump ores have better low temperature strengths than pellets and 
sinters. Therefore, further investigation of the parameters that influence the low temperature 
strength of natural iron ore was done so as to optimise its direct use for iron reduction.  
 
The influence of the original weight of the natural iron ore, together with its position in the 
reduction furnace, on its low temperature strength in regard to impact loading was investigated. 
A lump natural iron ore was reduced in a laboratory reduction furnace, at a temperature of 500-
600°C, with H2/CO = 1.5. A detailed description of the experimental procedure and equipment is 
given in supplement 3.  
 
During the process of conducting the experiments, the reducing gas was supplied through the 
furnace from top to bottom. The RD values attained in the temperature range of 500-600°C are 
illustrated in Fig. 8. 
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Fig. 8:  Reduction degree for samples in relation to their positions in the furnace and at a 

given temperature 
 
It can be seen that at both temperatures of 500°C and 600°C, the samples in the top position of 
the furnace attained higher RD values than those at the middle and bottom positions. The highest 
RD value in the top position was about 80% and 77% at temperatures of 500°C and 600°C, 
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respectively. On the other hand, the highest RD values for the samples in the middle and bottom 
position at a 500°C temperature were 32.66% and 29.30%, respectively. Furthermore, the highest 
RD values were about 63.39% and 50.91%, at a 600°C temperature, respectively.  In addition, it 
can be seen that a wide range of RD values was realised in samples from the top position of the 
furnace. Realisation of high RD values in the top position of the furnace could be due to the fact 
that the reducing gas was flowing from the top to the bottom through the reduction furnace. 
Therefore, at the point of first contact with the iron ore lumps in the furnace, top position, 
presumably the reduction potential of the gas is high. Therefore, it is concentrated on the samples 
in the top position. The reduction potential of the gas thus decreases as it descends through the 
holder and lower RD values are realised for those samples in the middle and bottom positions of 
the furnace.  
 
Since low temperature degradation occurs due to a hematite transformation to magnetite, the 
mechanical degradation of the oxide under reduction will be proportional to the RD values 
achieved at a given temperature. Therefore, it was noted that the degradation was high in the 
samples in the top position of the furnace. The extent of disintegration of the iron ore samples 
after reduction and performance of the drop test is illustrated in Fig. 9. 
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Fig. 9:  Mechanical degradation of the samples in relation to their positions in the furnace 

at a given temperature 
 
 It can be seen that the range of disintegration of the iron ore samples narrowed with the furnace 
position. A wide range of disintegration was noted in those samples located in the top position of 
the furnace in the temperature range of 500 to 600°C. The disintegration of the lump iron ores 
ranged from 3% to 25% at 500°C and 10% to 21% at 600°C, for those samples from the top 
position of the furnace. The disintegration range was narrower for samples from the middle and 
bottom position of the furnace. It ranged from 5% to 16% at 500°C and from 6% to 20% at 
600°C.  
 
Note, that a wide range of iron oxide disintegration during reduction presents major problems to 
the furnace operation. It forms a mixed bed of widely varying particle sizes, were the small 
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particles lounge in the interstices of the large particles and decrease the voidage. This causes 
pressure build up due to a reduced gas flow as the reduction gas travels from the lower to the 
upper parts of the furnace. The original sample weight of the iron oxide was also found to have 
an influence on the extent of degradation. 
 
Fig. 10 illustrates the results of the mechanical degradation (MD) of the natural iron ores with 
the original weight (W0) of the samples as a function of furnace reaction zones. It can be seen 
that at a 500°C temperature, there is no identifiable pattern of disintegration based on the original 
sample weight. The RD values realised are below 17%. However, at a 600°C temperature, a 
pattern of disintegration with respect to weight is observed. It can be seen from Fig. 8, that the 
samples with an original weight of less than 5g show a higher degradation than those with a 
weight larger than 5g. Well as the MD values ranged 7-21% for those samples with W0 < 5 g, the 
MD values of samples with W0 ≥ 5 g. averaged 9±2%. This shows that the original weight of the 
samples has an influence on the low-temperature strength of natural iron oxides. Therefore, 
calibrating natural iron ore lumps to have an original weight of 5g and above may aid in reducing 
the low temperature disintegration values.  
 

                (a) 

 

               (b) 

 
Fig. 10:  Relationship between the mechanical degradation and initial weight of the sample 

lumps in the different reaction zones for various gas flow rates and temperatures: 
(a) 500oC and (b) 600oC. T, M and B are the top, middle and bottom reaction 
zones. 

 
3.2.2 Direct reduction behaviour 
 
Direct reduction (DR) is one of the methods used to reduce iron oxides. It produces sponge iron, 
which is a product referred to as directly reduced iron (DRI). There are different direct reduction 
processes used which all together account for about 30% of the world’s produced iron [2]. DR 
processes pose advantages over the blast furnace method, such as low investment costs and 
possibilities to use lump and fine natural iron ores without the need for prior preparation.  
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Among the DR process, the Midrex process contributes up to 60% [13, 18, 49] of the DRI 
produced. The behaviour of natural iron ore during direct reduction was investigated in a 
laboratory scale apparatus simulating the Midrex reduction conditions.  
 
Twenty thermal gravimetric reduction experiments were performed in a resistance furnace with a 
microbalance and by using a controlled gas atmosphere and flow rate. Each sample was placed in 
a Molybdenum-wire basket and put in the furnace. Direct reduction experiments were carried out 
for the following parameters: reduction temperature – 700-900°C; H2/CO ratio - 1.5; flow rate of 
reduction gas – 0.25-1.0 L/min. The detailed description of the experimental procedure and 
equipment is given in supplement 4.  
 
The behaviour of the natural iron ore under direct reduction conditions was investigated in regard 
to the weight and microstructure of lumps, under varying reduction conditions of gas flow rate 
and temperature. These parameters influence the reduction degree (RD) obtained during the DR 
process.  
 
The highest RD value (0.91) was achieved at 900°C and a 0.5 L/min flow rate, as shown in Fig. 
11. However, the RD values at these parameters varied in a wide range (from 0.84 to 0.91) 
depending on other factors such as weight and microstructure of the sample. As can be observed 
from Fig. 12, the RD values increased with an increased flow rate from 0.25 L/min. Thereafter, 
they reached a peak value around 0.5 L/min and then decreased with an increased flow rate till 
1.0 L/min. 
 

 
Fig. 11:  Reduction degree of lump samples from the natural hematite iron ore at different 

gas flow rates and temperatures.  
 
Fig. 12 shows the reduction degree achieved for various sample weights at given flow rates (0.5 
and 1.0 L/min) and temperatures (800 and 900oC). It can be seen that the highest RD values 
(0.73-0.91) correspond to the range of the sample weight from 3 to 4 g. However, the RD value 
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at 0.5 L/min of gas flow rate tends to decrease with an increased weight for samples larger than 4 
g. 
 

 

Fig. 12:  Reduction degree of lump samples from the natural hematite iron ore for different 
sample weights, W0, temperatures and gas flow rates.  
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Fig. 13: Reduction rate of lump samples from different blocks of natural hematite iron ore 
reduced at a 900°C temperature and a 0.5 L/min gas flow rate.  

 
Another important factor which can influence the reduction characteristics (such as the reduction 
degree, rate and time) is the microstructure of the iron ore samples. The typical microstructures 
of the samples, which were prepared from blocks used in this study, are shown in Table 8. 
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Table 8. Microstructures of lump samples of natural hematite iron ore before and after 
reduction experiments at 900°C and 0.5 L/min of gas (H2/CO) flow rate 

 
Block Before reduction After reduction (900oC, 0.5 L/min) 
1 

  
2 

  
3 

  
 
Before the DR experiment, it was found that Block 1 had a platy crystalline structure with a 
fibrous texture present in a chaotic arrangement. The microstructure of Block 2 was similar to 
that of Block 1, but it had a more porous matrix of a fibrous texture which was closely packed 
together. Block 3 had a granular structure of small and big grains (from 5 to 90 µm) with visible 
grain boundaries and a few big pores. The microstructures of the samples after DR experiments 
at 0.5 L/min and 900°C are also shown in Table 8 (right column). The compositions of the 
typical phases in the samples after direct reduction experiments are given in Table 9. 
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Table 9. Composition of the observed phases in the reduced samples 
 

 

Phase  Content (wt%) Composition 
 O Fe  
1 23 - 30 70 - 77 Fe2O3+Fe3O4 

(+FeO) 
2 14 - 20 80 - 86 FeO (+Fe) 
3 1 - 5 95 - 99 Fe (+FeO) 

 
Phase 3 (light colour phase) is an almost pure Fe with very small amounts of FeO. Phase 2 (grey 
colour phase) consists mostly FeO with some amounts of Fe. Phase 1 (dark colour phase) is a 
mixture of Fe2O3 and Fe3O4 with some amounts of FeO. Moreover, all samples have various 
amounts of pores depending on the initial microstructure of the lump. It can be noted from Table 
8 that unlike for the Block 3 sample, the closely packed small fibrous grains of samples from 
Blocks 1 and 2 easily bonded together structurally into an FeO/Fe matrix. This is due to the 
precipitation of Fe from FeO at the grain boundaries. 
 
Furthermore, the influence of the initial microstructure on reduction was investigated in terms of 
the reduction rate, which was achieved during the reduction process. Fig. 13 illustrates the 
reduction rates (RR) and reduction times (RT) for the different block samples reduced at 900°C 
and 0.5 L/min of gas flow rate. It was found that the DR process can be divided into three 
periods with respect to the reduction rate of lump samples. In Period I, the reduction rate 
increases quickly to a maximum value (50-60 mg/min) during the initial 2-5 minutes. Then, the 
RR value decreases fast and almost linearly during the next 20-30 minutes (Period II). After 30 
minutes (Period III), the reduction rate decreases slowly and is less than 5-10 mg/min for all 
block samples. These drastic changes of reduction rate can be explained by considering the 
reduction processes in the following fields of the sample: 1) the reduction of iron oxides on the 
outside surface layer of the sample by contact with the reduction gas (RROS), 2) the reduction 
processes on the inside surface of the open pores of the sample (RRIS), and 3) the reduction in the 
volume of iron oxide grains due to the diffusion processes (RRVG). It is apparent that the 
contributions of these processes to the total reduction rates are different during the different 
reduction periods. In Period I, the value of RROS is comparatively high. Moreover, the RRIS value 
increases during the initial period of reduction due to the penetration of the reduction gas in to 
the open pores in the sample. As a result, the total reduction rate increases till a maximum value.  
 
However, after 2-5 minutes, the values of RROS and RRIS tend to decrease during Period II, which 
cause a quick decrease of the total reduction rate. Thereafter the reduction of iron oxides is 
controlled mostly by the diffusion process in the volume of grains, which rate is very small. As a 
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result, the sample from Block 3, which had larger grains, took a longer time to reduce (RT ~74 
min) than the samples prepared from Blocks 1 (~50 min) and 2 (~38 min) (supplement 4).  
 
According to the obtained results, it may be concluded that the microstructure of samples has no 
significant impact on the achieved final RD value. However, it can dramatically affect the 
reduction rate and time of the DR process. 
 
The mechanical stability of the natural iron ores was also investigated in relation to the original 
microstructure of the lumps. Fig. 14 illustrates the results of the mechanical degradation obtained 
before and after the reduction.  
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Fig. 14:  Mechanical degradation of lump samples from natural hematite iron ore with 

different microstructure before (a) and after (b) reduction experiments. 
 
The mechanical degradation (∆WMD) values for all samples before DR experiments varied from 
0.7 to 3.0%. However, the range of mechanical degradation for samples after the DR 
experiments is significantly wider (0.2 ~ 26.8%) than before the DR experiments (0.7-3.0%). 
Furthermore, it depends on the reduction degree of the samples. It can be seen that, irrespective 
of the initial microstructure, the iron ore samples which attained RD values greater than 0.7%, 
have the lowest of mechanical degradation values (on average 1.4±1.0%). It may be explained by 
the strengthened bonds between the grains by precipitation of larger amount of reduced Fe 
(39~93% of Phase 3 in Table 9) at higher RD values. This gives a stronger resistance to impact 
loading. In addition, it is interesting to note that the lump samples from Block 3, which had the 
largest area fractions of pores (30~36%), also have the lowest ∆WMD values (< 3%) at the final 
reduction degree of 0.86-0.88. However, the mechanical degradation increases drastically till 25-
27% with a decreased RD value till 0.44-0.55 for samples from Blocks 1 and 2. It correlates to 
the samples with the largest area fractions for Phases 1 (12~29% of Fe2O3+Fe3O4) and 2 
(70~85% of FeO), as given in (Table 9). 
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Therefore, it may be concluded that the mechanical degradation of lump samples does not 
depend directly on the original microstructure of the natural iron ore. Moreover, it can be 
expected that carrying out the direct reduction process for iron ores with RD values above 0.7 
will decrease the mechanical degradation of the lump ores. This, in turn, will lead to improved 
furnace efficiency. 
 
3.2.3 Models for prediction of direct reduction kinetics of natural iron ores 
 
Unfortunately, large numbers of parameters ranging from the properties of iron ore lumps (such 
as original size, microstructure, porosity etc.) to the reducing conditions in the furnace (such as 
composition and flow rate of the reduction gas, reduction temperature, reduction potential in 
different zones etc.) can drastically influence on the reduction dynamics and efficiency of the 
process. Therefore, in most cases, it is difficult to quantitatively evaluate the effect of the 
separate parameters on the reduction process only based on the experimental results. Particularly, 
it is difficult with investigation of reduction of natural iron ore lumps due to the heterogeneity of 
composition, microstructure and size of lumps. In supplement 4, it was found that the lump 
samples taken from one block of natural iron ore can have significantly different microstructure 
and porosity. Therefore, an application of some mathematical models, which describe well the 
experimental data and behaviour of the natural lump iron ore, can help to evaluate the effect of 
each parameter on the kinetics and final results of the reduction process. 
 
In this study, the experimental data obtained during the direct reduction experiments were 
entered into three models which predict the kinetics of reduction. The purpose was to identify 
which model provides the most accurate prediction of the natural iron ore conversion. Since most 
of the previous studies have been carried out on sinters and pellets, the identified models can be 
used to study the kinetics of direct reduction of other naturally occurring iron ores. The following 
three models were used; the Grain Model (GM), the Volumetric Model (VM) and the Random 
Pore Model (RPM), see equations 4-12. 
 
The GM model [38] assumes that solid conversion takes place around each grain within the 
sample. Reduction gas penetrates the pores of the solid and reduces the sample on the surface of 
each individual grain. The grains are assumed to be spherical, uniform and non-porous. The 
shrinking core phenomenon is thus applied on each individual grain. The VM model [39] 
considers the sample as a whole and assumes homogenous conversion with a linearly decreasing 
reaction surface. It does not take into account the porous nature of the solid under reduction. The 
random RPM model [40] takes into consideration the overlapping of the pores within the solid. 
On this account, there is thus a total reduced pore area for gas penetration during the process of 
reduction. The model considers the effect of pore growth during the initial stages of reduction 
and the destruction of neighbouring pores due to the overlapping during the reduction process. 
 
The main kinetic parameters that were calculated from the different models and the reduction 
degrees (RD) obtained in the different experiments in this study are listed in Table 10. The 
relationships between the extent of conversion (X) and time of reduction experiment are shown 
in Fig. 15 for the measured experimental data and for results calculated by using the different 
models. 
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a) b) 

 c) 
Fig. 15:  Approximations of conversion of natural iron ore at the given gas flow rate (0.5 

L/min) and temperatures: (a) 700, (b) 800 and (c) 900°C. 
 
Table 10. Achieved kinetic parameters for direct reduction of natural iron ore at various 

temperatures 
 
T  Flow  RD  RPM  GM  VM  

 

(°C) 

rate 

(L/min) 

 Ψ k0  

(s-1) 

Ea  

(kJ/mol) 

r2 k0  

(s-1) 

Ea  

(kJ/mol) 

r2 k0  

(s-1) 

Ea  

(kJ/mol) 

r2 

700 0.5 0.44 1.14 759 111 0.993 2 297 120 0.986 15 152 132 0.962 

800 0.5 0.87 1.13 614 123 0.998 374 119 0.997 2 983 133 0.930 

900 0.5 0.91 3.26 631 131 0.998 621 128 0.995 139 109 0.902 

 
It can be seen that the VM model predicts significantly higher conversion rates at all 
temperatures compared to the experimental data and as well as for calculations using the GM and 
RPM models. This deviation of conversion values (∆XVM-EXP = XVM – XEXP) increases till 
maximum values and then decreases during reduction experiments. The significant deviation for 
the VM model might be due to the fact that the VM model does not take the porosity of iron 
oxide sample into consideration. In this model all the reduction potential of the gas is assumed to 
be concentrated on reducing the core, from surface to centre progressively. Nevertheless, the gas 
reduction potential decreases as the gas penetrates the iron oxide pores. The apparent porosity of 
the used natural iron ore was 14% on average (supplement 2). It should be pointed out that the 
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maximum ∆XVM-EXP values increased with an increased reduction temperature from 0.11 at 
700oC to 0.16 at 900oC. This increase of ∆XVM-EXP values may be explained by the higher 
porosity of sample at higher experimental temperatures. This is due to the additional formation 
of internal pores during reduction of hematite. Thus, the VM model cannot be used for a precise 
description of the direct reduction kinetics of natural iron ores at given temperatures. 
 
The results obtained from the GM and RPM models, which take porosity into consideration, 
agreed satisfactorily well with the experimentally measured X values. It can be seen in Fig. 15 
that the deviation values of ∆XGM-EXP and ∆XRPM-EXP decreased with an increased temperature of 
the reduction experiments. Furthermore, since the RPM considers the overlapping of the pores 
and surface area of reduced pores, which actually occur in the reduction processes, the RPM 
model produces a better fit with the experimental data than the GM model. This is verified by the 
highest values of the correlation coefficient (r2 = 0.993-0.998) for calculated RPM relationships, 
which are given in Table 10. Thus, though the GM model gives close predictions of the iron 
oxide conversion, the RPM model provides better predictions of the natural iron oxide 
conversion and thereby the reduction kinetics. 
 
Therefore, an effect of such parameters as microstructure, porosity and size of natural iron ore 
lumps on the physical and metallurgical properties was evaluated based on the RPM model. The 
structural parameter (Ψ factor) in the RPM model is related to the pore surface of the unreacted 
sample. Therefore, this model was used in this study for the evaluation of the effect of the Ψ 
factor on the reduction processes at different temperatures. It was found that the values of Ψ 
factor for the lump samples taken from one block of natural iron ore were varied in the range 
from 1 to 4. Fig. 16 shows the relationships between the extent of conversion (X) and time as a 
function of the Ψ factor (Ψ =1~5) at given temperatures. The appropriate values of k0 and Ea 
were taken from Table 10 for respective experiments for different temperature. It can be seen 
that the parameters of the reduction process such as the conversion extent, reduction rate and 
reduction time were strongly dependent on the Ψ value in the experiments at all given 
temperatures. For instance, the reduction processes for the samples with Ψ = 5 will be much 
faster in comparison with that for the samples with Ψ = 1.  
 
An effect of the Ψ factor on the conversion extent and reduction degree depends on the reduction 
time. A difference between X values obtained for the Ψ factor of 1 and 3 (∆X3-1=X3–X1) 
depending on the reduction time are shown in Fig. 17(a) for reduction experiments carried out at 
different temperatures. It can be seen that the ∆X3-1 value obtained in all temperature experiments 
increases and achieves a maximum value (around 17%) in the time range from 800 to 1200 
seconds. Then, the ∆X3-1 value decreases. However, the maximum RD·∆X3-1 values obtained at 
700, 800 and 900oC in the same time range increased on 7.5, 14.5 and 15.5%, respectively, with 
an increasing value of Ψ factor from 1 to 3, as follows from Fig. 17(b). 
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(a) 

 

(b) 

 

(c) 

 
 
Fig. 16: Relationships between the conversion extent (X) and time as a function of the Ψ 

factor calculated by using the RPM model for reduction experiments at (a) 700, (b) 
800 and (c) 900oC 

 
(a) 

 

(b) 

 
 
Fig. 17: Changes of the (a) ∆X3-1 and (b) RD·∆X3-1 values calculated for the Ψ factor of 1 

and 3 depending on the reduction time for different experiment temperatures.  
 
An effect of the temperature on the conversion extent and reduction degree at the same Ψ factor 
(=1) is shown in Fig. 18. It can be seen that the obtained conversion rate at 700oC is significantly 
larger than that at 800oC (Fig. 18a). This is due to the fact that the conversion extent does not 
show the relation with the final reduction degree obtained at different temperatures. Therefore, 
for an estimation of a temperature effect on the reduction degree and reduction rate for the given 
Ψ factor, a multiplication of RD and X values was performed in this study, as shown in Fig. 
18(b). In this case, the reduction degree and reduction rate (RR) increase significantly with an 
increased temperature of the reduction experiments. For instance, the RR values for the 
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conversion extent X=0.95 were on average 1.05, 1.56 and 2.42 %/min in the given reduction 
experiments at 700, 800 and 900oC, respectively.  
 

(a) 

 

(b) 

 
 
Fig. 18: Changes of the (a) conversion extent (X) and (b) RD·X values calculated for the 

Ψ=1 depending on the reduction time for different experiment temperatures.  
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4. Concluding Discussion 
 
In this study, an investigation of the factors that influence the use of natural iron ores as a direct 
feed for iron reduction was conducted. The natural iron ore used was collected from Muko iron 
ore deposits in south-western Uganda. The inherent characteristics of the ore were studied in 
order to establish its quality and properties, supplements 1 and 2 so as to determine its suitability 
for use in the iron production process. Furthermore, the ore’s behaviour during the iron 
processing conditions was also studied simulating direct reduction conditions, supplements 3-5.  
 
In supplement 1, it was discovered that Muko iron ores represent a high-grade hematite ores that 
can be profitably exploited for the production of iron. More specifically, the iron ore from five of 
the six hills contains more than 67.0% Fe. This is regarded as high-grade iron ore and compares 
well with other iron ores from the main iron ore producing nations. The silica and alumina 
contents of these ores are also below 1.2% and 1.0%, respectively, with correspondingly low 
levels of S (<0.006%) and P2O5 (<0.05%). Furthermore, in supplement 2, Muko iron ore was 
found to possess good physical properties (Tumbler Index is 85~93wt%, Abrasion Index is 
0.5~3.4wt% and Shatter Index is 0.5~2.0wt %). Therefore, these ores can be easily handled, 
loaded, transported and charged into a reduction furnace without disintegrating into small 
particles in the form of dust.  
 
Based on the analysis of the chemical composition and physical properties performed in 
supplements 1 and 2, it may be suggested that the natural iron ores from Muko deposits can be 
efficiently used as natural materials for production of pellets and sinters. Moreover, they have the 
potential to work well for the direct reduction process and for partial charging into the blast 
furnace in the natural form without preliminary palletisation and sintering. 
 
Low temperature disintegration of natural iron ores during reduction, presents particles of 
varying sizes in the reduction furnace. These present a mixed bed of widely varying particle 
sizes, were the small particles lounge in the interstices of the large particles and decrease the 
voidage. Moreover, this decreases the smooth gas flow in the furnace and causes a pressure build 
up. An investigation of the low temperature behaviour of natural iron ores was performed in 
supplement 3. It was noted that the positioning of the iron oxides in the furnace reduction zones, 
together with the original weight of the iron oxides before reduction, have a large influence on 
the low temperature behaviour of natural iron ores.  
 
Samples that were reduced in the zone of the furnace with highest reduction potential were found 
to degrade 1.5 times more that those reduced in the furnace zones with lower reduction potential. 
In addition, samples with an original weight of < 5 g degraded more (7-21%) than those with an 
original weight ≥ 5 g (5-10%), especially at higher temperatures (600°C). Furthermore,  
degradation of samples below 5g at higher temperatures, such as 600°C, is more likely to occur 
due to the impact load these sample sizes are subjected to as they descend in the furnace. 
Presumably, the cracks developed during the hematite reduction propagate through these small 
size lumps quickly when subject to impact loading, thus causing their disintegration. Therefore, 
iron ore samples with sizes below 5g cannot withstand impact loading during their descent in the 
furnace, though they achieve high RD values.  
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The low temperature degradation of the natural iron ores was found to have a strong correlation 
with the extent of reduction degree. The relationships between the mechanical degradation and 
reduction degree of the sample lumps after reduction experiments at different gas flow rates and 
temperatures are shown in Fig. 19. It can be seen that although the flow rates of H2 (0-0.3 L/min) 
and CO (0.2-0.5 L/min) in the gas mixture were varied in a wide range, the MD values in these 
experiments do not show a clear dependency on the gas composition. Furthermore, the 
relationships between the MD and RD values can be described very well by the following linear 
functions: 

 
%MDM�� = 0.309 ∙ �%RDM��� − 0.473, R= 0.995     13 
%MD��� = 0.300 ∙ �%RD���� + 0.737, R= 0.942     14 
 
where the parameters %MD500 and %MD600 are the values of mechanical degradation (in 
percentage) of iron ore samples after reduction experiments at 500 and 600oC temperatures, 
respectively. The parameters %RD500 and %RD600 are the values of reduction degree (in 
percentage) of these samples during reduction experiments at the appropriate temperatures. Also, 
R is the correlation coefficient, which in both cases is larger than 0.94. This illustrates that the 
correlations in equations (13) and (14) are very strong. 
 

(a) 

 

(b) 

 
Fig. 19: Relationship between the mechanical degradation and reduction degree of the 

sample lumps after reduction experiments at different gas flow rates and 
temperatures: (a) 500oC and (b) 600oC. 

 
Therefore, the obtained results mean that the mechanical degradation of natural hematite iron ore 
lumps during reduction at the given temperature range mainly depends on the fraction of reduced 
hematite, which is directly proportional to the value of the reduction degree. 
 
Supplement 4 presents the parameters that influence the behaviour of natural iron ores when 
subject to direct reduction conditions. The extent of influence of each investigated parameter on 
the RD value attained (with minimum effects from other parameters) during direct reduction 
experiments is summarised in Table 11. It can be seen that the flow rate of the given reduction 

0

10

20

30

0 20 40 60 80 100

0.3 / 0.2
0.2 / 0.3

M
ec

ha
ni

ca
l d

eg
ra

da
tio

n,
 M

D
  

 (
%

)

Reduction degree, RD   (%)

500oC

Gas flow rate
H

2
/ CO  (L/min)

0

10

20

30

0 20 40 60 80 100

0.3 / 0.2
0.0 / 0.5

M
e

ch
a

ni
ca

l d
eg

ra
da

tio
n,

 M
D

  
 (

%
)

Reduction degree, RD   (%)

600oC

Gas flow rate
H

2
/ CO  (L/min)



36 
 

gas has a major influence on the RD. Specifically, an optimisation of it can increase the final 
reduction degree by 11-20%. Another important parameter in the DR process is the temperature. 
For instance, the RD value can be increased by 3-8% with an increased temperature from 800 to 
900oC. Moreover, the reduction degree of lump samples can be increased by 1-6% with an 
optimisation of the sample weight for the same conditions of the DR experiments. Though the 
microstructure of samples has no significant impact on the achieved final RD value (only 2-4%), 
it was found that this characteristic can significantly influence the reduction rate and time of the 
DR process. The highest reduction degree (0.88-0.91) in this study was obtained for 3-4 g lump 
samples from natural hematite iron ore by direct reduction at a temperature of 900°C and a flow 
rate of 0.5 L/min.  
 
Table 11. Percentage change in reduction degree achieved as a result of varying 

experimental and technological parameters 
 
Investigated parameter Range Recommended parameters ∆RD (%) 
Flow rate, (L/min) 0.25-1.0  0.5 11 - 20 
Temperature, (°C) 700-900  900  3 - 8 
Sample weight, (g) 1.28 - 6.89  3.0 - 5.0  1 - 6 
Microstructure   2 - 4 
 
Simulation of the direct reduction conditions was performed in supplement 5, to identify a model 
that best predicts the kinetics of direct reduction of natural iron ore. The random pore (RPM) 
model produced the best fit with the experimental data than the volumetric (VM) and grain (GM) 
models. This was verified by the highest values of the correlation coefficient (r2 = 0.993-0.998) 
for calculated RPM model relationships, which are given in Table 10. The structural parameter 
(Ψ factor) in the RPM model, which is related to the pore surface of the unreacted sample, was 
used in this study to evaluate the effect of the Ψ factor on the reduction processes at different 
temperatures. It was found that the  reduction degree, calculated for 1000 seconds of reduction 
time, increased by 15-22% with an increase in temperature of 100oC in the range from 700 to 
900oC. The product of the obtained reduction degree and the conversion rate (RD·X) was used to 
estimate the temperature effect on RD at different Ψ factors. The RD·X values increased only 
slightly by 6, 12 and 14% at 700, 800 and 900oC, respectively, with an increasing value of Ψ 
factor from 1 to 5. Thus, the Ψ factor, which is related to the pore surface in the lump samples, 
has a significant effect on the reduction rate of a process. This is particularly true for the 
reduction experiments at higher temperatures.  
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5. Conclusions 
 
Given the nature of study conducted, the conclusions can be divided into two categories 
 
5.1 Specific conclusions on Muko Iron Ore 
 

1. The quality of Muko is above the recommended world market standards for iron ores and 
also better than most of those from the world’s leading iron ore producing nations. Muko 
natural iron ore occurs as hematite with a high Fe content; Ug1-5 > 67% Fe (high-grade 
iron ore), Ug6 ~ 61% Fe (middle-grade iron ore), 
 

2. Its high level of physical properties facilitates its handling, loading and transportation 
without disintegration to small particles and formation of dust. More specifically, the 
Tumbler Index (TI) values of Muko ores are between 88wt% and 93wt%, which is 
significantly higher than the stipulated limit of 70wt%, for TI values. The Abrasion Index 
values for Muko ores range from 0.54 to 3.41wt%, which is considerably lower than the 
acceptable abrasion limit (< 5wt%). Furthermore, the Shatter Index (SI) value of Muko 
iron ores is between 0.6wt% and 2.0wt%, and it meets the SI requirements of some iron 
production processes; coal based direct reduction, Midrex and the blast furnace, 
 

3. The ore from the different deposits of Muko can be used for iron production via the 
different iron production routes as summarised below: 

� Blast Furnace process (Route 1 in Fig. 7): all samples. 
� Direct Reduced Iron processes (Route 2): 

� Midrex: all samples, 
� SL/RN: all samples, 
� HYL III: Ug3~Ug5 samples. 

� BF process (Route 4):Ug1~Ug5 samples. 
 
5.2 General conclusions on natural iron ore behaviour during reduction 
 
Under low temperature reduction; 
 

1. The RD values for samples taken from the top reaction zone of the furnace obtained at 
both temperatures of 500°C and 600°C were higher than those for the samples taken from 
the middle and bottom reaction zones. The RD values reached a maximum of 80% at 
both 500°C and 600°C, in the top zone. The maximum RD values in the middle and 
bottom reaction zones were 29-33% and 51-63% at 500°C and 600°C respectively. This 
is due to the higher reduction potential of the gas in the top zone of furnace compared to 
the lower zones. 
 

2.  The mechanical degradation (MD) values for the samples from the top zone were higher 
than those from the middle and bottom zones. They were found to be 3-25% at 500°C 
and 10-21% at 600°C in the top zone. The MD values in the middle and bottom zone 
were 5-16 at 500°C and 6-20% at 600°C. It was noted that the MD in the top reaction 
zone can be 2 times higher than in the other zones, particularly at 500°C.  
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3. The RD and MD values obtained at 500°C did not show clear dependencies on the initial 
weight of the sample lumps (W0). However, the RD and MD values for most samples 
obtained at 600°C decrease significantly with an increasing W0 value. Thus, the RD 
values of the samples with W0 < 5 g are higher than those with W0 ≥ 5 g. Moreover, the 
samples with W0 < 5 g degrade about 1.5 times more than those with W0 ≥ 5 g. 

 
In the direct reduction zone; 
 

1. The highest reduction degree is realised within a given range of iron oxide sample 
weight, 3-4g in this study,  
 

2. The mechanical stability of natural iron ore increases with increasing reduction degree; 
mechanical degradation is less than 3% for reduction degree > 70%, due to an increased 
content of Fe reduced 

 
3. Reduction degree achieved in natural iron ores is enhanced by the original microstructure 

of the ore; platy crystalline structure and fibrous texture achieved higher reduction degree 
values than those with grains varying in size from 5 to 90µm, reduced at similar 
conditions 
 

4. The maximum reduction rate (RRmax) can be achieved after 200-300 seconds of a direct 
reduction of lump samples. The RRmax value decreases with a decreased temperature 
from 1.08 mg/s at 900°C to 0.75 mg/s at 700°C. This can be explained by the decreasing 
of chemical reaction. Moreover, a gas penetration to a sample volume decreases with a 
decreased temperature due to the increasing carbon deposition on the sample surface, 
which takes place at lower temperatures. As a result, the total reduction degree of the 
samples decreased from 0.91 at 900°C to 0.44 at 700°C. 
 

5. The random pore model (RPM) provides a better agreement with the obtained 
experimental results (r2 = 0.993-0.998). Furthermore, a better prediction of the natural 
iron oxide conversion and thereby the reduction kinetics. 
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6. Future work 
 
Based on the results in this doctoral thesis, the following suggestions for future work are 
recommended: 
 

1. Investigating how the identified factors that influence the low temperature strength of 
natural iron ores (furnace reaction zones, initial iron oxide weight) operate at an industrial 
level. 
 

2. Investigating the optimum flow rate at a given temperature and initial sample weight that 
can give the highest reduction degree during direct reduction.  
 
 

3. Investigating whether the initial weight of the natural iron ore sample has an influence on 
its softening and melting behaviour. 
 

4. Using the identified Ψ values to study the pore surface changes of natural iron ores 
during direct reduction at given flow rates. This will aid in getting an optimum flow rate 
at a given reduction time during the reduction period for a given natural iron ore. 
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