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ABSTRACT 

The demands for increasing the efficiency and lowering the environmental effects in iron and 
steelmaking industries have given rise to interests in application of direct reduction (DR) processes 
for production of iron by different gases. These advancements require comprehensive models for 
better control of the process conditions and the product properties. In the present thesis fundamental 
aspects in reduction of iron oxide were investigated.  

The experimental studies on reduction of iron oxide pellets were performed under well-controlled 
conditions in a setup designed for thermogravimetric investigations. The results indicated that the 
reaction rates by the applied procedure are higher compared to the procedure similar to 
conventional thermogravimetric analysis (TGA). This difference was caused by the time required 
for replacing the inert gas by the reaction gases. Reduction by H2-CO mixtures was accompanied 
by deposition of carbon and formation of cementite. The variations of cementite contents in the 
industrial iron ore pellets reduced isothermally for different durations, showed that cementite 
formation starts from the initial stages of reduction. The experimental conditions such as reaction 
temperature, carbon activity in the reaction gas and reaction time have a large impact on carbide 
content of the reduced samples.  

The kinetics of reduction of iron ore powder by H2 and CO gas mixtures with different 
compositions were studied using a commercial TGA setup. The results showed that the apparent 
rates of reaction vary linearly with the H2 and CO contents of the gas. Larger amount of H2 resulted 
in higher reaction rates. The data were employed in the developed reduction model for pellets. The 
model was based on the mechanism observed in the commercial iron ore pellets reduced by pure 
hydrogen. The microstructure of reacted pellets showed that reduction of the examined industrial 
samples is controlled by both chemical reaction and gaseous diffusion. The reduction model was 
developed by combining computations for the flow and mass transfer in the gas phase, diffusion of 
gases in the solid phase and chemical reaction at the reaction sites. The modelling and experimental 
results were in reasonably good agreement. The present model provides a good foundation for a 
dynamic multi-particle process model. The results highlighted the importance of considering the 
reduction mechanisms in different types of pellets prior to modelling. 

Experiments were undertaken to investigate the selective reduction of iron oxide in zinc ferrite. It 
was observed that gaseous reduction by hydrogen at temperatures up to 873 K is a potential method 
for reduction of iron oxide to metallic iron, while the zinc oxide remains in the product and losses 
of metallic zinc are negligible. Using this primary step in the hydrometallurgical processing of 
EAFD can overcome the difficulties for leaching of zinc ferrite. 
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1 INTRODUCTION 

The demands for higher efficiency and lower energy consumption have increased the interests of 
steelmaking industries in application of direct reduced iron (DRI). Using DRI as an alternative to 
scrap in the electric arc furnace (EAF), provides better control of the steel quality due to known 
chemical composition and low contents of unwanted metals. DRI with high metallization degree 
and small carbon contents decreases the energy consumption and improves the productivity of the 
EAF. Furthermore, the possibility of lowering the CO2 emissions through application of different 
reaction gases, makes the gas-based direct reduction (DR) a potential ironmaking process for low-
CO2 steel production. 

The DRI suitable for application in EAF requires high quality regarding the metallization degree 
and amount of carbon. Therefore, optimization of the reduction process is necessary to control the 
product properties. Effective control of the DR processes demands well-established models, with 
the ability to predict the final properties of the produced iron, considering the varying conditions 
in the reactor. To develop reliable process models, it is essential to have a thorough understanding 
of reduction behaviour of different iron ore pellets, such as rate and mechanism of reduction. 
Despite the extensive researches performed in this field, further investigations are needed to meet 
the demands of the ongoing advancements in this industry. One of the recent developments in the 
DR process is using synthetic gases (syngas) from different sources as the reducing agent. Thus, 
studies of reduction process and product properties with different gas compositions have been of 
considerable interest in recent years. 

Development of a model for evaluating the reactor conditions in a multi-particle process requires 
a dynamic reduction model for single pellets. In the present work, a new process model was 
developed based on the reduction mechanism observed in the commercial iron ore pellets. 
Fundamental studies of reduction of hematite by hydrogen and carbon monoxide gases were 
performed prior to the modelling. To avoid the uncertainties caused by using the procedure similar 
to the conventional thermogravimetric analysis (TGA), an experimental setup was designed. The 
applied experimental procedure allowed performance of well-controlled investigations of gas-solid 
and solid-solid reactions. The influence of different experimental conditions on the reduction of 
iron oxide pellets were investigated. The carburization and cementite formation during reduction 
by different gas mixtures with H2 and CO as main components were examined.  

The electric arc furnace dust (EAFD) contains different metal oxides due to the use of scraps with 
large variations in composition. Zinc ferrite is one of the main components of EAFD and causes 
complexities in processing the dust. Studies have been performed to develop separation processes 
for iron and zinc with lower energy requirements than the established high temperature processes. 
In this work, isothermal reduction tests were carried out to investigate the selective reduction of 
the iron oxide in zinc ferrite. 

2 BACKGROUND 

2.1 Direct reduction process 

The blast furnace (BF) has been the predominant ironmaking process for the past two centuries. 
The environmental impacts, high costs and large production volumes of the BF process have 
increased the interests in applying different ironmaking methods. The other commercialized 
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ironmaking process is the direct reduction (DR). Depending on the reducing agents used, the DR 
processes are divided into gas-based and coal-based methods. In a standard gas-based DR, the 
reaction takes place in a shaft furnace. Iron ore is charged from the top, the reaction gases enter the 
shaft from the lower part and move upward. The main gas used in DR processes is reformed natural 
gas. The interests in using synthetic gas (syngas) with H2 and CO as main components are 
increasing. The composition of syngas can vary widely depending on the gas sources. The major 
production of DRI is carried out in the moving bed shaft furnaces using iron ore pellets as the raw 
material. The most common processes are the MIDREX and the ENERGIRON (previously HYL) 
technologies [1, 2]. 

The product of the DR process is a highly porous solid iron (sponge iron or DRI). The metallization 
degrees of DRI vary between 90 and 95% and the products contain carbon with amounts between 
0.5 and 4%, depending on the process. Due to large surface area, the sponge iron has high oxidation 
tendency. The most common way to reduce the surface area and the reactivity is briquetting DRI 
into hot briquetted iron (HBI). One of the most important benefits of DR process, is reproducibility 
of products with uniform composition which is advantageous for production of high quality steel 
grades. The largest application of DRI is the EAF steelmaking process. However, applicability of 
DRI in EAF is greatly influenced by its properties. The properties of DRI such as metallization 
degree, amount of slag phases and the carbon and cementite contents are controlled by the initial 
composition of the raw material and by the process conditions [1-4]. 

2.2 Gaseous reduction of iron oxides 

The gaseous reduction of iron oxide by pure H2, pure CO and gas mixtures have been investigated 
in several works. Reduction kinetics of different types of samples, such as pellets, fines and 
powders have been studied using thermogravimetric analysis methods [5-22]. Large variations are 
observed in the kinetic parameters in literature, which are caused by influences of physical, 
chemical and structural properties of the samples and the experimental conditions [5-9]. Deposition 
of carbon during gaseous reduction by CO-containing gases has been studied in a number of earlier 
reports [5-11].  

In the majority of studies, commercial TGA methods have been applied. The experimental 
procedure used in the commercial units involves heating the samples in inert atmosphere. When 
target temperature is reached, reaction starts by replacing the inert gas by reaction gas. The time 
required for the gas atmosphere to reach the desired reducing potential depends on the gas 
properties and the size of the reaction tube. When large masses of samples are used, such as iron 
ore pellets, variations in the gas composition can affect the experimental results to a large extent. 
During the time that the gas composition is changing, the reducing potential is lower than the 
desired gas mixture. Therefore, the reactions start with lower rates in the initial stages. It is possible 
that the products from this step affect the progress of reaction, even when the gas composition 
becomes stable. Thus, further application of the experimental data needs consideration of these 
factors. It is worth to mention that monitoring the gas composition during this time and measuring 
its influence on the process is not viable. In view of the possible errors in applying the conventional 
TGA procedure for reduction of pellets, an experimental setup was designed and a procedure was 
suggested to ensure good control of experimental conditions. 
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2.3 Cementite formation during reduction 

The importance of carbide contents of DRI, and carbide formation in iron alloys in atmospheres 
with high carbon potentials, have encouraged several studies of the kinetics of formation and 
stability of iron carbides in the past two decades [23-32]. Different controlling mechanisms have 
been suggested for cementite formation such as the chemical reaction rates at the pore surfaces of 
reduced iron and the rate of mass transfer of carbon in iron. It has been reported in different works 
that presence of sulfur in the reducing gas mixture leads to higher stability of the carbide phase and 
less amount of carbon deposition. In some works carbon deposition was largely reduced or 
prevented by addition of certain amounts of sulfur to the gas [24-26, 29].  

The preceding works provide useful information related to carbide formation. However, limited 
data are available on the influence of reaction time, composition of H2-CO gas mixtures, and type 
of iron ore on formation and stability of iron carbide. The chemical composition and carbide 
contents of DRI have a significant impact on its applications. Therefore, further studies are required 
for better understanding of the influence of variation of process conditions on formation of iron 
carbides during reduction. 

2.4 Modelling of gaseous reduction process 

Several models have been developed for gaseous reduction of single pellets and for multi-particle 
reduction processes [33-40]. The available process models are mostly developed using kinetics and 
mechanism studies performed in earlier works for different iron oxides [34-38]. As mentioned 
earlier, it is evident that the kinetics and the reduction behaviour of iron oxides vary considerably 
with changes in their chemical and physical properties and also with the experimental conditions 
applied in the studies. Thus, application of these information can lead to uncertainties in the results 
from process models.  

Another important factor in modelling the DR process is the calculation method for mass transfer 
and flow in the gas phase. A large number of process models have assumed plug flow conditions 
in the reactor. However, the gas composition in the DR reactors vary both in vertical and radial 
directions due to the position of gas inlets. The dynamic nature of the DR process requires models 
with the ability to calculate the gas composition during reaction at different temperature zones and 
reaction sites. Variations in the reduction kinetics and product properties are also important aspects 
to consider in modelling. Consequently, development of a general reduction model for single 
pellets with careful evaluation of reduction kinetics and mechanisms is essential for an effective 
process model. 

2.5 Processing of zinc ferrite in EAFD 

The interests in recovery of Zn and Fe from EAFD have been increased due to environmental 
concerns and economic reasons. Investigations have been carried out to improve the applicability 
and productivity of the hydro- and pyrometallurgical processes for treatment of EAFD which are 
largely dependent on the chemical composition of the dusts. Studies have shown that the main 
components of zinc-containing EAFD are ZnO, Fe3O4, PbO and zinc ferrite (ZnFe2O4) phases [41-
45].  

The pyrometallurgical processes applied for EAFD recycling, are performed at temperatures above 
1373 K and use carbon containing reducing agents. Such processes have high energy consumption 
and increase the CO2 emissions [41]. Gaseous reduction process have been investigated in different 
works to reduce ZnFe2O4 to Fe and Zn vapour, followed by collection of ZnO [46-50]. The 
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hydrometallurgical processes for EAFD treatment consist of several steps and are used for 
treatment of dusts with low contents of ZnFe2O4. Although the hydrometallurgical processes are 
advantageous due to low energy consumption and high yields, difficulties in leaching of ZnFe2O4 
from the dust restrict the applicability of these methods [44, 51-52].  

Addition of a preliminary step for selective reduction of iron oxide while zinc remains in the oxide 
form prepares the dust for further leaching steps. The product from this step can be used to recover 
metallic iron and zinc by the established hydrometallurgical methods. Further investigations of 
selective reduction of iron oxide in zinc ferrite are useful for future developments of dust treatment 
processes. 

2.6 Scope of present thesis 

In this thesis, fundamental studies on gaseous reduction of iron oxide have been presented. The 
thesis covers the following main parts: 

• A new experimental method was applied to study the reduction behaviour of different types of 
iron oxide pellets under well-controlled conditions. Hydrogen and carbon monoxide gas 
mixtures were used and the effects of gas composition, gas flow rate and temperature were 
studied. In Supplement 1, the detailed description of the method and its advantages in study of 
gas-solid and solid-solid reactions are presented. 

• The carburization and cementite formation during reduction of commercial iron ore pellets 
were examined. It was observed that the reaction temperature, reaction time and gas 
composition have a large impact on the average amounts of Fe3C. In Supplement 2, the 
influences of reaction parameters on formation and stability of cementite are discussed. 

• The kinetics of reduction of iron ore powder were studied in a commercial TGA unit to obtain 
the apparent rates of reaction for gas mixtures with varying contents of H2 and CO. The 
knowledge of the reaction rates of reduction using different gas mixture is essential for any 
reliable process modelling. The results from present work are covered in Supplement 3.  

• The reduction of hematite pellets by pure hydrogen gas was investigated. A new reduction 
model considering all the steps involved in gas-solid reactions was developed. In Supplement 
4, the model is described, and the experimental and calculation results are presented. 

• The possibility of selective reduction of iron oxide in zinc ferrite was studied. Carbothermal 
reduction and gaseous reduction by pure H2 were examined at constant temperatures. The 
experimental results from both methods are presented in Supplement 5. 

3 EXPERIMENTAL METHODS AND MODELLING 

3.1 Reduction of hematite by H2 and CO 

3.1.1 Reduction of iron oxide pellets 

The experiments were performed in the setup illustrated in Figure 3-1. The setup consisted of a 
resistance furnace with a quartz reaction tube. The reaction tube was completely sealed by o-rings. 
A water-cooled quenching chamber was connected on the upper part of the furnace. The inert gas 
and reaction gases entered the furnace tube from the bottom and exited from the gas outlet above 
the cooling chamber. A precision balance with 0.01 g accuracy and high response speed was used 



 

5 
 

and connected to a computer to record the weights of samples. The balance was placed in a sealed 
Plexiglas box. A continuous flow of Ar was passed through the box to protect the balance from 
reaction gases. An Auxiliary gas outlet was placed beneath the balance box. The box was connected 
to a movable tube. The tube could move in vertical direction in a second tube with slightly larger 
diameter connected above the cooling-chamber. All the connections and the gap between the tubes 
were sealed by o-rings. A basket made of Nikrothal wire was used to hold the sample and was 
connected to the balance by a wire. The upper parts consisting of the balance, the balance box and 
the moving tube were connected to a lifting device which was used for lowering and elevating the 
sample to and from the hot zone of the furnace. A Eurotherm controller was used to control the 
furnace temperature. A Type K thermocouple was fixed in the movable tube to follow the sample 
temperature. The temperature of the hot zone was measured by a Type K thermocouple as shown 
in Figure 3-1. The reaction gases entered a mixing column filled with glass beads, before entering 
the reaction tube. All the gas flows were controlled by Brankhorst gas flow meters with ±0.5% 
accuracy.  

Materials Preparation 

In order to compare the results from the procedure suggested in the present work with the 
conventional TGA method, gaseous and carbothermal reduction experiments were undertaken for 
analytical grade hematite. Reduction by hydrogen was performed for 3 g of Fe2O3 powder. The 
samples for carbothermal reduction contained 3 g of Fe2O3 and 0.8 g of graphite. The samples were 
pressed into disks with 14 mm diameters. 

In reduction experiments by H2-CO mixtures, commercial iron ore pellets and pellets made of 
analytical grade hematite were used. The pure hematite pellets were made by mixing hematite 
powder with water. The pellets were dried and were sintered at 1223 K for 9 h. The average porosity 
of the pure pellets were approximately 37% and the diameters varied between 10 and 12 mm. 

Two types of commercial iron ore pellets with diameters between 10 and 12.5 mm were used, 
namely Type-A and Type-B. The pellets contained hematite and small amounts of oxides such as 
SiO2, CaO and MgO. The average porosity of the Type-A was 27%. The Type-B pellets had 34% 
porosity and were used in studies on cementite formation.  

Experimental procedure 

The detailed description of the experimental procedure is given in supplement 1. A brief description 
of the procedure is presented here. In each run, the sample was placed in the holder and connected 
to the balance. After sealing, argon gas with high flow rate was passed through the setup and 
heating was started. During heating the sample was retained in the water-cooled chamber. When 
the target temperature was reached and was stable in the hot zone of the reaction tube, the argon 
gas entering the reaction tube was replaced by the reaction gas with fixed composition and flow 
rate. The reaction gas was passed through the reaction tube for 10 min in order to reach a 
homogeneous gas composition. The sample was rapidly lowered to the hot zone by the lifting 
device in less than 5 s. The sample weight was recorded during each run. When the weight change 
became negligible, the sample was quenched by lifting it up to the water-cooled chamber and by 
replacing the reaction gas with argon gas with high flow rate. Some of the samples were analysed 
after quenching for microstructural studies. To investigate the progress of reaction by time, some 
samples were quenched at certain reaction extents before reaching complete reduction. 
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Figure 3-1. Schematic illustration of experimental setup. 

 

3.1.2 Reduction kinetics of iron ore powder 

Experiments were performed to study the reduction kinetics of iron ore powder in order to obtain 
reliable kinetic parameters for process modelling. The reduction kinetics were investigated in a 
commercial thermogravimetric instrument (SETARAM TGA 92) which is schematically shown in 
Figure 3-2. The detection limit of the electronic microbalance was 1 µg. An alumina crucible with 
8 mm diameter and 3 mm height was used. In each test, 20 mg of powder was spread into a very 
thin layer in the crucible to eliminate the influence of mass transfer in the solid phase on the reaction 
rate. The experiments were performed at 1073 K, 1123 K and 1173 K. Pure hydrogen, pure carbon 
monoxide and mixtures of H2-CO with different compositions were used as reducing agents. A 
constant flow rate of reaction gas, namely 1 l.min-1, was applied in all tests. Argon atmosphere was 
maintained during heating and cooling. 

Materials preparation 

The hematite samples were prepared by grinding the Type-A pellets into fine powder. The initial 
pellets contained 96% hematite and small amounts of not-ferrous oxides. The size of particles 
varied between 20 and 80 µm. 

Experimental procedure 

The oxide powder was spread into a thin layer in the crucible. The crucible was connected to the 
balance by the suspension wire and the reaction tube was closed. The system was flushed with 
argon for 20 min prior to heating. The heating and cooling rates were 30 K.min-1. When the target 
temperature was reached, the reaction started by replacing the argon gas with the reaction gas. All 
reaction gases were passed through a mixing column filled with glass beads before entering the 
reaction tube. When the reaction was completed and cooling started, the reaction gas in the furnace 
was replaced by argon. 
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Figure 3-2. Schematic illustration of SETARAM TGA 92.  

 

3.2 Experimental study and modelling of reduction by H2 

3.2.1 Mechanism of reduction by H2 

As the primary step in developing a reduction model, the calculations were performed for the 
reaction of pellets with pure hydrogen. To ensure application of accurate mechanism and kinetic 
conditions in the model, experimental studies of reduction by pure H2 were carried out.  

Materials preparation 

In the reduction experiments by H2, two types of commercial iron ore pellets (type-I and type-II) 
and a dense pellet made of pure hematite (type-III) were used.   

The commercial pellets contained 96% hematite and small amounts of non-ferrous oxides such as 
SiO2 and CaO. The average porosities of type-I and type-II pellets were 26% and 34%, respectively. 
In order to obtain high density, type-III samples were sintered at 1273 K for 12 h. The average 
porosity of the pure pellets was below 20%. 

Experimental procedure 

The experiments were performed in the setup illustrated in Figure 3-1, with the procedure described 
in section 3.1.1. Pellets were isothermally reduced at 1073 K and 1123 K by pure hydrogen gas 
with 2 l.min-1 flow rate. Samples were quenched at different stages for microstructural 
investigations and mechanism studies. 

3.2.2 Model description 

A mathematical model for reduction was developed for reduction of single iron oxide pellets. The 
calculations were performed for a 2D axisymmetric model developed in COMSOL Multiphysics 
5.1 software [53]. All the mass transfer and chemical reaction steps involved in reaction between a 
single solid particle and the surrounding gas phase were included in the model. The fluid flow and 
mass transfer in the gas phase were calculated by computational fluid dynamics (CFD). The 
implemented approach enables the calculation and prediction of different parameters in the gas 
phase in a dynamic process. By connecting the mass transfer in the gas phase to the mass transfer 
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in the solid phase and the chemical reaction, the concentration of all species could be calculated 
during reduction.  

The calculation domains are illustrated in Figure 3-3. The gas phase contains the gaseous species, 
namely H2 and H2O. All governing equations are presented in Table 3-1. The governing equations 
in the gas phase are the equations of continuity and conservation of momentum (Eqs. 3.1-3.3). 
Convection and diffusion are considered as the mass transfer mechanisms in the gas phase. The 
governing equation is the mass balance equation (Eq. 3.4) [54]. 

 

Table 3-1. The governing equations [54] 

 

The solid phases include the product layer and the unreacted core of the pellet. Eqs. 3.5 and 3.6 
describe the mass transfer of the gases in the solid. =	−       (3.5) =	−       (3.6) 

The velocity of the gas at the inlet is set to the volumetric flow rate of H2, namely 2 l.min-1. 
Atmospheric pressure is set at the gas outlet. In all domains, no-slip boundary condition is 
considered for the walls. The temperature is set to the reaction temperature.  

Continuity equation  

+ 1	 + = 0 (3.1) 

Momentum equations  

r-component: + + = − − 1 + 	
 

z-component: + + = − − 1 + 	

 

(3.2) 

 

 

 

(3.3) 

Mass balance equation  

+ + = 1 +  

(3.4) 
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At the surface of the pellet, the flux of H2 from the gas to the solid and the flux of produced H2O 
from the solid to the gas are used as boundary conditions. The apparent reaction rates obtained 
from kinetic studies for hematite powder were applied for the chemical reaction. 

 

 

Figure 3-3. The modelling domains: 1. reaction tube, 2. gas inlet, 3. pellet, 4. reacting layer, 5. 
oxide core, and 6. gas outlet. 

 

The following assumptions were made in the model: 

1. The temperature is constant in each calculation and is equal to the reaction temperature. 

2. The gas density remains unchanged during reaction. 

3. The solid porosity and the effective diffusivity of gases in the solid phases do not vary with time. 

4. The small amounts of oxide in the product layer are neglected and the layer is considered as pure 
iron. 

The calculation complexities of connected fluxes between gas and solid phases with the moving 
boundary of the product layer, necessitate careful adjustment of the meshes. Thus, the MUMPS 
solver in COMSOL Multiphysics was applied in the fully coupled calculations for three meshes to 
choose the appropriate mesh size. A primary value for Deff was estimated from the experimental 
data for each pellet at different temperatures and was optimized in the later calculations.  



 

10 
 

3.3 Reduction of iron oxide in zinc ferrite 

Possibility of selective reduction of iron oxide (Fe2O3) in zinc ferrite (ZnFe2O4) by carbothermal 
and gaseous reduction at constant temperatures was studied using the experimental setup illustrated 
in Figure 3-1. 

Materials preparation 

The reduction of iron oxide in zinc ferrite was examined by graphite and by hydrogen. The zinc 
ferrite and the graphite powder were supplied by Alfa Aesar. The samples for carbothermal 
reduction were prepared by mixing 2 g ZnFe2O4 powder with 0.3 g of graphite. The mixed samples 
were pressed into disks with 14 mm diameter and 5 mm thickness under 10 MPa pressure in a 
laboratory-scale hydraulic press. The experiments were performed in highly pure argon gas 
atmosphere. 

The samples for gaseous reduction were prepared by pressing 2 g of ZnFe2O4 into disks with 14 
mm diameter. Few samples made of mixtures of pure hematite and zinc oxide powder were tested. 
Hydrogen gas with high purity was applied as reducing agent.  

Experimental procedure 

The samples were placed in an alumina holder and the holder was connected to the balance. The 
reaction tube was sealed and flushed by argon gas before heating was started. During heating, the 
samples were positioned in the water-cooled chamber to prevent the reaction to start at lower 
temperatures or non-isothermally.  

In the carbothermal reduction tests, a constant flow of argon gas (0.2 l.min-1) was used. When the 
target temperature was reached and was stable in the hot zone of the reaction tube, the sample was 
lowered to the hot zone and reaction started. 

In the hydrogen reduction tests, the argon atmosphere in the reaction tube was switched to hydrogen 
when the reaction temperature was reached. To ensure a homogeneous gas composition, the setup 
was flushed by H2 for 10 min before the sample was moved to the hot zone. 

The weights of samples were recorded in all experiments. When the weight-change became 
negligible, the samples were elevated to the water-cooled chamber and quenched, and the gas was 
changed to argon with high flow rate. 

3.4 Analyses methods 

In the present work several analysis methods were applied. The microstructures and chemical 
compositions of samples were investigated by using light optical microscopy (LOM) and scanning 
electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDS). 
Combustion tests were applied for analysis of carbon contents in a number of pellets reduced by 
H2-CO mixtures. X-ray powder diffraction (XRD) was used for identification of different phases 
in samples. 
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4 RESULTS 

4.1 Reduction by H2-CO mixtures 

4.1.1 Comparison of the thermogravimetric methods 

Reduction of pure Fe2O3 disks by H2 with 0.2 l.min-1 flow rate was carried out at 1073 K. Figures 
4-1 and 4-2 show the results from reduction of loosely compacted disks by the procedure suggested 
in the present work and the conventional method used in TGA. The reaction extents were calculated 
by Eq. 4.1.  

R = W0−	Wt
W0−	W∞

         (4.1) 

where W0 is the initial weight of sample, Wt is the weight of sample at time t, and ∞W is the 

theoretical weight after complete reduction.  

The slope of the curves show the differences between the reaction rates obtained by these methods. 
The results in Figure 4-1, illustrate that the reduction rate in the beginning of reaction is noticeably 
higher when the present procedure is applied for gaseous reduction. In the conventional method, 
the varying gas composition in the initial stages of gas switching resulted in lower reaction rates. 

The results from reduction of Fe2O3-C disks in argon atmosphere are plotted in Figure 4-2. It is 
evident that in studies of solid-solid reactions by the conventional TGA method, the reaction could 
begin at lower temperatures during heating, making the isothermal studies impractical. The results 
show the advantage of the present method in performing isothermal investigations of solid-solid 
reactions by preventing the chemical reaction to start at lower temperatures.  

In view of the advantages of applying the present procedure, this method was implemented in all 
experiments in the present thesis for samples with large masses (pellets and disks). Therefore, the 
uncertainties in the gas composition in the beginning of reaction due to gas switching were 
eliminated. 

 

 

Figure 4-1. Reduction by hydrogen, T= 1073 K, QH2=0.2 l.min-1. 
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Figure 4-2. Reduction by graphite, T= 1173 K, QAr=0.2 l.min-1. 

 

4.1.2 Reduction of hematite pellets by H2-CO mixtures 

Reduction of commercial and pure hematite pellets by hydrogen and carbon monoxide mixtures 
were investigated. Influence of experimental conditions such as gas flow rate (Q), reaction 
temperature and the ratio between H2 and CO (r) were studied. The experiments were performed 
at temperatures between 973 K and 1123 K. The reaction extents in the following plots were 
calculated by Eq. 4.1. Figure 4-3 shows the reproducibility of the results at 1073 K. 

 

 

Figure 4-3. Reproducibility of the experimental results, T=1073 K, r=1.5, Q=0.5 l.min-1. 

 

During reduction by gases containing CO, carbon deposited on the surface of pellets. Figure 4-4 
shows examples of carbon deposition at 973 K and 1123 K on Type-A pellets. The amount of 
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deposited carbon was noticeably larger at lower temperatures. It should be noted that distinguishing 
the weight changes due to reduction and carbon deposition is impossible in the results, and all 
reduction curves are presented considering this effect. Carbon deposition only took place when 
iron was present, and no carbon was observed on an alumina pellet under the same reaction 
conditions (Figure 4-4c). 

 

 

Figure 4-4. Carbon deposition during reduction, r=1.5, Q=0.75 l.min-1; (a) Type-A pellets, T=973 
K, (b) Type-A pellets, T=1123 K, (c) alumina pellet, T=973 K. 

 

The reduction rates of all types of pellets were increased at higher temperatures. As an example, 
reduction results for Type-A pellets at different temperatures are plotted in Figure 4-5. Higher rate 
of chemical reaction, smaller amount of carbon deposition, and faster gaseous diffusion through 
the solid result in higher total rate at increased temperatures.  

The effect of H2:CO ratio on reduction of Type-A pellets is shown in Figure 4-6. Using larger H2 
contents in the gas mixture improves the reduction rates at 1123 K. Faster diffusion and higher rate 
of chemical reaction by hydrogen enhance the overall rate of reduction. 

Results from application of different gas flow rates on reduction of Type-A pellets are shown in 
Figure 4-7. It is observed in Figure 4-7a that at 973 K, the final reaction extent was higher when 
lower gas flow rate was applied. At lower gas flow rates, the amount of deposited carbon was 
decreased and the reaction proceeded without the resistance from diffusion in the carbon layer on 
the pellet surface. At 1123 K (Figure 4-7b), the reaction rate was faster at higher gas flow rate. 

During reduction of pure hematite pellets, application of higher gas flow rates at 973 K, resulted in 
higher rates in the initial stages of reaction as shown in Figure 4-8a. At later stages the rates were 
slowed down due to possible carbon deposition. The gas flow rate had a small influence on 
reduction or pure samples at 1123 K. As seen in Figure 4-8b, the rates and reaction extents at this 
temperature are relatively high at all applied flow rates. 
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Figure 4-5. Effect of temperature on reduction of Type-A pellets, r=1.5, Q=0.75 l.min-1. 

 

 

Figure 4-6. Effect of H2:CO ratio (r) on reduction of Type-A pellets at 1123 K, Q=1 l.min-1. 
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Figure 4-7. Effect of gas flow rate on reduction of Type-A pellets, r=1.5; (a) T= 973 K, (b) T= 
1123 K. 

 

 

 

Figure 4-8. Effect of gas flow rate on reduction of pure Fe2O3 pellets, r=1.5; (a) T= 973 K, (b) T= 
1123 K. 

 

4.1.3 Formation of Fe3C during reduction 

As mentioned earlier, carbon deposition took place during reduction by H2-CO mixtures. The 
amount of deposited carbon was noticeably larger at low reaction temperatures. In order to 
investigate the formation of cementite in the reduced pellets, the carbon contents of a few samples 
were analysed by combustion method. The results showed the presence of carbon in the reduced 
samples. Furthermore, results from XRD analysis confirmed the presence of cementite in the 
reduced pellets. Etching by different solutions was used to identify the cementite phase in the 
microstructure. The results revealed that etching by a solution containing 4% picric acid in ethanol 
(Picral) can be used to identify cementite. Examples of the etched surfaces of samples are shown 
in Figures 4-9 and 4-10. The ferrite matrix is coloured as blue-brown and cementite phase is white. 
The samples shown in these figures were partially reduced and the grey areas are the unreacted 
oxide phase.  
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Figure 4-9. Micrograph of etched surface of partially reduced sample, reaction extent=0.5, 
T=1123 K, r=1.5, Q=1 l.min-1. 

 

 

Figure 4-10. Micrograph of etched surface of partially reduced sample, reaction extent=0.8, 
T=1123 K, r=1.5, Q=1 l.min-1. 

 

For a qualitative analysis of the cementite content, microscopic images from the etched surface of 
samples were used. The average Fe3C content in each sample was estimated from the ratio between 
the areas of the total cementite phase and the whole matrix. At least three images from each sample 
were analysed and the average value was reported in the results. 

The variations in the average cementite contents in the samples with changes in the reaction 
temperature, gas composition, reaction time and type of iron ore were studied. The experimental 
conditions and the results are summarized in Table 4-1. Reaction was stopped in some samples 
before complete reduction in order to examine the presence of Fe3C. The microstructural 
examination of these samples (Figures 4-9 and 4-10) indicated that cementite formation takes place 
before reaching complete reduction.  

To investigate the effect of temperature, the experiments were performed at 973 K, 1123 K and 
1223 K for 60 min using a gas mixture with fixed composition. The reduced samples are shown in 
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Figure 4-11. The highest amount of Fe3C was formed at 1123 K. The cementite contents were 
lower at 973 K. As mentioned earlier, at 973 K, a thick carbon layer covers the surface of the pellet, 
resulting in low reduction rates and incomplete reduction of the sample. When the temperature was 
increased to 1223 K, the Fe3C content was smaller compared to 1123 K.  

The influence of gas composition was investigated at 1123 K for 60 min of reaction. At first, the 
composition of the binary gas mixture of H2 and CO was changed. The results in Table 4-1 show 
that increasing the H2:CO ratio causes small increase in Fe3C. Secondly, different contents of CO2 
were added to the H2-CO mixture. The amount of iron carbide was significantly decreased when 
the reduction was carried out in a gas mixture containing 1% CO2. Reduction with gas mixtures 
containing 3% and 10% CO2, resulted in larger amounts of Fe3C in the samples. 

 

Table 4-1. Effect of experimental conditions on the average Fe3C contents in Type-A pellets 

Temp. (K) PH2 (Atm) PCO (Atm) PCO2 (Atm) Time (min) Fe3C (%) 

973 0.6 0.4 - 60 8 

1123 0.6 0.4 - 60 24 

1223 0.6 0.4 - 60 10 

1123 0.667 0.333 - 60 26 

1123 0.75 0.25 - 60 30 

1123 0.594 0.396 0.01 60 8 

1123 0.582 0.388 0.03 60 15 

1123 0.54 0.36 0.10 60 22 

1123 0.6 0.4 - 30 12 

1123 0.6 0.4 - 120 16 

1123 0.6 0.4 - 180 11 

 

 

Figure 4-11. Reduction and carburization at different temperatures, r=1.5, Q=1 l.min-1; (a) T=973 
K, (b) T=1123 K, (c) T=1223 K. 
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Reduction experiments were performed at 1123 K for different extents of time from 30 min to 180 
min. Identical gas compositions and flow rates were applied in all reduction tests. The results show 
that the highest amount of carbide is formed during reaction for 60 min. Prolonged reaction times 
result in decomposition of cementite and gradual decrease of Fe3C content. In one experiment at 
1123 K, the sample was reduced for 60 min in H2-CO mixture and it was kept in argon atmosphere 
for extra 60 min at reaction temperature. The results showed that decomposition of cementite also 
occurs in inert atmosphere. 

To study the effect of pellet type on cementite formation, reduction tests were carried out for Type-
B iron ore pellets with lower density. The experiments were performed at 1123 K for 60 min and 
120 min. Similar amounts of cementite were found in Type-B samples and decomposition of Fe3C 
was observed. However, as shown in Figure 4-12, after 120 min large amount of carbon covered 
the surface and disintegration of pellets took place when Type-B pellets were tested. 

 

 

Figure 4-12. Disintegration of Type-B pellets after 120 min. 

 

4.1.4 Reduction kinetics of hematite powder 

The reduction experiments for iron ore powder were performed at 1073 K, 1123 K and 1173 K. 
Pure hydrogen, pure carbon monoxide and different mixtures of H2 and CO were used. The H2:CO 
ratios in the gas mixtures were 1:1, 1.5:1, 2:1 and 3:1. All ratios were chosen in the composition 
ranges of syngas in DR plants. Figure 4-13 shows the reaction extents vs. time for reduction by 
pure hydrogen. The apparent rates of reaction were evaluated from the highest slope in the 
reduction curves at different temperatures and gas compositions. The results are summarized in 
Tables 4-2 and 4-3. Addition of CO to the reducing gas resulted in lower apparent reactions rates. 
Carbon deposition took place during reduction by CO-containing gas mixtures at all temperatures, 
resulting in low final reaction extents. Figure 4-14 shows the variation of apparent reaction rates 
with gas composition. It can be seen that the rates change linearly with the H2 and CO contents. 
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Figure 4-13. Reduction of hematite ore by H2 in commercial TGA, Q=1 l.min-1. 

 

 

 

 

Table 4-2. The apparent reaction rates in pure H2 and pure CO 

Temp. (K) PH2 (Atm) PCO (Atm) Apparent rate of reaction (s-1) 

1073 1 - 2.34×10-2 

1123 1 - 2.62×10-2 

1173 1 - 2.78×10-2 

1073 - 1 1.12×10-2 

1123 - 1 1.20×10-2 

1173 - 1 1.28×10-2 
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Table 4-3. The apparent reaction rates in H2 and CO mixtures 

Temp. (K) PH2 (Atm) PCO (Atm) Apparent rate of reaction (s-1) 

1073 0.5 0.5 1.71×10-2 

1123 0.5 0.5 1.89×10-2 

1173 0.5 0.5 2.11×10-2 

1073 0.6 0.4 1.91×10-2 

1123 0.6 0.4 2.10×10-2 

1173 0.6 0.4 2.22×10-2 

1073 0.665 0.335 1.93×10-2 

1123 0.665 0.335 2.20×10-2 

1173 0.665 0.335 2.37×10-2 

1073 0.75 0.25 2.04×10-2 

1123 0.75 0.25 2.19×10-2 

1173 0.75 0.25 2.49×10-2 

 

 

Figure 4-14. The changes of apparent rates of reaction with PH2 and PCO. 
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4.2 Mechanism study and modelling of reduction by H2 

4.2.1 Mechanism of reduction of Fe2O3 pellets by H2 

Isothermal reduction of three different type of iron oxide pellets were performed by pure hydrogen 
with 2 l.min-1 flow rate. Two types of commercial samples and a pure hematite sample with high 
density were used. The results in Figures 4-15 and 4-16 show that the reduction rates were higher 
at 1123 K compared to 1073 K. The optical micrographs of partially reduced samples are presented 
in Figure 4-17. Figures 4-17a and 4-17b show type-I and type-II pellets with reaction extents equal 
to 0.2. Different reduction zones were observed in these samples. In type-III sample with 0.5 
reaction extent (Figure 4-17c), sharp boundaries separate the reaction zones. 

Different areas in type-I pellet reduced at 1023 K are shown in Figure 4-18. In Figure 4-18a, the 
thin outer layer around the pellet is mostly iron, and three different zones containing oxides are 
observed in the inner parts of the sample. Figure 4-18b shows the layer consisting of wustite. The 
layer with two different oxide phases is shown in Figure 4-18c. The core of pellet is consisted of 
one oxide phase and is shown in Figure 4-18d. Similar zones and phases were observed in type-II 
pellets. 

 

 

 

Figure 4-15. Reduction of type-I pellets by pure hydrogen, Q=2 l.min-1. 
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Figure 4-16. Reduction of type-II pellets by pure hydrogen, Q=2 l.min-1. 

 

 

 

 

 

Figure 4-17. Optical micrographs of partially reduced pellets, Q=2 l.min-1; (a) type-I, R=0.2, 
T=1023 K, (b) type-II, R=0.2, T=1123 K, (c) type-III, R=0.5, T=1123 K. 
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Figure 4-18. Optical micrographs of type-I pellet, R=0.2, T=1023 K, Q=2 l.min-1; (a) different 
zones in partially reduced pellet, (b) FeO layer, (c) two-phase oxide layer, (d) oxide core. 

 

4.2.2 Reduction model 

The model was developed based on the reduction mechanism observed in the industrial iron ore 
pellets (type-I and type-II). The calculations were performed for isothermal reduction by pure H2 
with 2 l.min-1 flow rate. Three different mesh sizes, listed in Table 4-4, were tested and the results 
were compared. Figure 4-19 shows that the calculation results from these meshes are very similar. 
For the rest of calculations, M2 was applied, because it ensured having good accuracy as the finer 
mesh within a proper calculation time. 

In the initial calculations, the effective diffusivity (Deff) was estimated from the experimental 
results. To achieve better predictions of the reduction curves, the initial value was repeatedly 
replaced by a new value until a suitable Deff was obtained. The final values of Deff for hydrogen for 
two type of pellets at different temperatures are presented in Table 4-5. The calculated R for type-
I and type-II pellets using the final Deff are shown in Figures 4-15 and 4-16. The curves show 
reasonably good agreement between the experimental and calculation results. 
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Table 4-4. The properties of different meshes 

Mesh M1 M2 M3 

Total Number of Elements 33508 61028 113084 

R at 600 s 0.871 0.886 0.896 

 

 

 

Figure 4-19. Caclulation results from different meshes for type-I pellets at 1123 K. 

 

Table 4-5. The final Deff values 

Temp. (K) 
Deff, H2 (m2.s-1) 

Type-I Type-II 

1123 4.88×10-8 14.05×10-8 

1073 3.55×10-8 4.10×10-8 

 

As mentioned earlier, the flow and mass transfer in the gas phase were connected to the mass 
transfer and chemical reaction in the solid phase. Therefore, the concentrations of all reactants and 
products could be calculated during reaction. As an example, the concentration distributions of H2 
and H2O in the solid pellet and in the gas phase are presented in Figure 4-20. The results show that 
the produced H2O diffuses inside the oxide domain. Although presence of H2O in the oxide phase 
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has been neglected in most works using the shrinking unreacted core model for reduction, it is 
worthwhile to consider this factor due to its effects on the local equilibrium in the solid and on the 
reaction rate. It is observed in Figure 4-20 that the concentration of H2 in the gas phase is almost 
unchanged during reduction and the concentration of H2O in the gas phase is very small. When a 
single oxide pellet is reacting in a gas stream with high concentration of H2, the changes in H2 and 
H2O amount by time are relatively small. In a multicomponent process with a larger scale, the 
influence of gaseous reaction products on the composition of reactor atmosphere can be more 
significant. Therefore, it is important to include the coupling of mass transfers in the solids and the 
gas phase for continuous evaluation of the atmosphere composition. 

To study the influence of the chemical reaction, equilibrium reaction rate was considered in one 
calculation for type-I pellets. The results, plotted in Figure 4-21 show the impact of chemical 
reaction in controlling the reduction of examined commercial pellets.  

Similar procedure was applied to perform the calculation for type-III pellets. The curves in Figure 
4-22 show poor agreement between the calculated and experimental curves. Thus, the results 
emphasize the importance of considering the variations of reduction mechanisms in applying 
models developed for other oxide pellets.  

 

 

 

Figure 4-20. The concentration profiles in the gas and solid domains for type-I pellets at 1123 K; 
(a), (b) and (c) H2 concentrations (mol.m-3) , (d), (e) and (f) H2O concentrations (mol.m-3). The 

color legends show the concentration ranges in the solid domains and the greyscale legends show 
the concentration ranges in the gas phase. 
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Figure 4-21. Effect of chemical reaction rate on calculation results for type-I pellets at 1123 K. 

 

 

Figure 4-22. Calculated and experimental results for type-III pellets at 1123 K. 

 

4.3 Selective reduction of iron oxide in zinc ferrite 

4.3.1 Carbothermal reduction 

Reduction of zinc ferrite-graphite samples were carried out at 973 K, 1023 K and 1073 K in argon 
atmosphere. The purpose of present experiments was to selectively reduce the iron oxide in zinc 
ferrite and to keep the zinc oxide in the solid phase by Eq. 4.2. Therefore, the amount of graphite 
mixed with the oxide was equal to the stoichiometric amount for complete reduction of Fe2O3 
present in the zinc ferrite compound. 
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ZnFe2O4 + 3C = ZnO + 2Fe + 3CO    (4.2)  

The changes of weight (dW) versus time are plotted in Figure 4-23. The results indicate that the 
rate of reaction between graphite and ZnFe2O4 particles is very low at 973 K and 1023 K. The XRD 
analysis of the samples reacted at 973 K and 1023 K for 6 h, showed presence of ZnFe2O4, FeO, 
ZnO and C phases. The reaction rate was higher at 1073 K. The remaining phases after 6 h reaction 
at 1073 K were FeO and graphite, indicating complete reduction of ZnO and evaporation of Zn. 

 

 

Figure 4-23. Influence of temperature on carbothermal reduction of ZnFe2O4. 

 

4.3.2 Gaseous reduction  

Reduction of zinc ferrite samples by hydrogen gas was performed at temperatures between 623 K 
and 873 K. Possibility of reducing the iron oxide without reduction of ZnO through Eq. 4.3, was 
investigated. The experiments were performed at lower temperatures compared to the carbothermal 
tests and the reaction rates were higher. 

ZnFe2O4 + 3H2 = ZnO + 2Fe + 3H2O    (4.3) 

The influence of hydrogen flow rate on reduction was examined by using three different flow rates, 
namely 1, 1.5 and 2 l.min-1 at 773 K. The reaction extents (f) defined by Eq. 4.4, are plotted in 
Figure 4-24. The rates were similar in the initial minutes. At the later stages of reaction, the rates 
slightly increased at higher flow rates. In the rest of gaseous reduction tests, constant flow rate of 
hydrogen equal to 1 l.min-1 was used. 

f = W0-Wt
∆Wtotal

       (4.4) 

where W0 is the initial weight of sample, Wt is the weight at time t and ΔWtotal is the total weight 
change when iron oxide and zinc oxide are fully reduced and all of zinc is evaporated. 

The reduction curves for different temperatures are presented in Figure 4-25. In the initial stages, 
the reactions take place with faster rates at higher temperatures. After that, the rates are decreased 
at all temperatures. Total reduction of iron oxide in the zinc ferrite samples is achieved at reaction 
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extent equal to 0.37. Therefore, reaction extents exceeding 0.37 in Figure 4-25 indicate that ZnO 
has also reacted.  

The phases in the samples reacted for 120 min were identified by XRD analysis and SEM-EDS. 
Results from evaluation of the samples by both methods were in agreement. The main phases in 
these samples were FeO, ZnO and Fe. The amount of these phases changed in the samples reduced 
at different temperatures. The ZnO content was higher in the samples reacted at lower temperatures. 
Larger amounts of Fe were identified in the samples reduced at higher temperatures. At 873 K, the 
iron oxide was completely reduced to iron.  

To investigate the progress of reaction and the products at 873 K, samples were quenched at 
different time intervals, namely after 20, 30, 40 and 60 min, and were analysed. The results showed 
that after reaction for 40 min, iron oxide is reduced to metallic iron and the reduction of ZnO is 
insignificant. The XRD pattern in Figure 4-26 shows the phases after 40 min. Extending the 
reaction time to 60 min resulted in reduction of ZnO and loss of Zn. The extents of reaction at 40 
min and 60 min at 873 K in Figure 4-25 confirm these observations. 

 

 

 

Figure 4-24. Influence of H2 flow rate on reduction of ZnFe2O4 at 773 K. 
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Figure 4-25. Influence of temperature on reduction of ZnFe2O4 by H2. 

 

 

 

 

Figure 4-26. XRD pattern from the sample reacted at 873 K for 40 min. 

 

5 DISCUSSION 

5.1 Reduction and carburization in H2-CO atmospheres 

5.1.1 Effect of experimental procedure 

The results presented in Figure 4-1 show that the influence of temperature changes in the initial 
stages of experiments is smaller than the impact of non-homogeneous gas compositions on the 
reduction rate. The difference between the reaction rates in the present and the conventional method 
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is noticeably large. The total rate of reaction can be described by Eq. 5.1, when the chemical 
reaction is of first order and the process is controlled by both chemical reaction and mass transfer. 
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where dR/dt is the total rate of reduction, 
2HP  is the partial pressure of H2 in the gas stream, 

eq
HP

2
 is 

the equilibrium pressure of H2, A is the surface area of reaction interface, r1, r2 and r3 represent the 
resistances due to mass transfer in the gas phase, mass transfer in the solid phase and chemical 
reaction, respectively. Eq. 5.1 shows that the reaction rate is directly related to the partial pressures 

of H2. In the conventional TGA procedure, gas switching causes low 
2HP  in the beginning of 

reaction and results in low reaction rates. This variation causes deviation from the experimental 
conditions, depending on the experimental setup. Therefore, application of the experimental results 
and analysis of kinetic parameters from this method requires careful considerations. 

The present method eliminates the uncertainties caused by gas switching in the initial stages of 
reaction, while it gives the possibility to measure the reaction temperature in the whole procedure. 
In the present apparatus, the furnace has rather low power. When the samples are lowered to the 
hot zone, it takes 40 to 50 s to reach the reaction temperature. However, the time for the sample to 
reach the temperature could be significantly reduced by using a furnace with higher power. 

5.1.2 Carbon deposition 

In the reduction experiments with H2-CO mixtures, reduction and carbon deposition took place 
simultaneously. In some experiments the surface of pellets were covered by carbon before complete 
reduction. It was observed that lower temperatures, higher gas flow rates and longer reaction times 
enhance the deposition of carbon. Reduction of hematite by H2 and CO takes place through 
different steps (Eqs. 5.2 -5.7). Carbon monoxide decomposes to carbon and carbon dioxide through 
the Boudouard equation (Eq. 5.8). 

3Fe2O3 + H2 = 2Fe3O4 + H2O    (5.2) 

Fe3O4 + H2 = 3FeO + H2O            (5.3) 

FeO + H2 = Fe + H2O         (5.4) 

3Fe2O3 + CO = 2Fe3O4 + CO2    (5.5) 

Fe3O4 + CO = 3FeO + CO2            (5.6) 

FeO + CO = Fe + CO2        (5.7) 

2CO = C + CO2              (5.8) 

Formation of free carbon takes place when carbon activity in the gas phase exceeds unity. The 
activities of carbon in gas mixtures containing fixed amounts of H2, H2O, CO and varying contents 
of CO2 were calculated by ThermoCalc software [55]. Figure 5-1 shows the variations of aC by 
temperature for each gas composition. It is evidently seen that higher CO2 amounts in the gas 
decrease the carbon activity at a constant temperature. Increasing the CO2 content provides a 
broader range of temperature with ac below unity to prevent CO decomposition. 
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In the present experiments, the CO2 produced through Eqs. 5.5-5.7 diffuses through the solid to 
enter the gas phase. Therefore, the CO2 concentration at the surface of the sample can be lower 
than inner parts of the pellet. When the partial pressure of CO2 in the gas is lower than the 
equilibrium pressure in Eq. 5.8, the reaction shifts to right and results in deposition of free carbon 
on the pellet surface.  

The amount of carbon deposited at 973 K on the surface of commercial pellets was much larger 
than the porous pure hematite samples reduced under similar conditions. This could be attributed 
to the slower diffusion in the commercial samples due to lower porosities and presence of larger 
oxide grains and impurities. 

 

 

Figure 5-1. The effect of CO2 on carbon activity calculated by ThermoCalc. 

 

The temperature and the gas composition, which are influenced by the diffusion of gases in the 
pellets, have a large impact on deposition of carbon. The pellet properties have an important role 
on the reduction and carburization behaviour of iron ore pellets. Previous works have indicated that 
the produced iron can act as a catalyst for deposition of carbon [10]. As it was observed in the 
present experiments carbon deposition did not take place when an alumina pellet was used under 
similar experimental conditions as the reduction tests (Figure 4-4c). Accordingly, the composition 
of the gas phase at different temperatures is not the only factor affecting carbon deposition. The 
results evidently show that the interactions between all parallel reactions during reduction process 
influence the formation of carbon in the gaseous reduction of iron oxides. 
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5.1.3 Influence of experimental parameters on reduction 

The influence of experimental conditions such as gas composition, gas flow rate and temperature 
on reduction rates of pure and commercial hematite pellets are discussed in details in supplement 
1. The results from application of different ratios of H2:CO (r) in the gas mixture at 1123 K (Figure 
4-6) showed that the reaction rate is higher when larger H2 contents are used. Higher diffusion rate 
and faster chemical reaction rate of H2 lead to larger overall reduction rate. All curves reached 
reaction extents above 0.9 after 40 min. In the rest of experiments gas mixtures with r=1.5 were 
used, which is similar to the composition of MIDREX gas. 

Increasing the gas flow rates in reduction experiments of pure hematite pellets, resulted in higher 
reduction rates. The influence of gas flow rate on reduction of commercial pellets was different. 
Reduction curves of Type-A pellets in Figure 4-7a show that at 973 K the reaction extents are lower 
than 0.7. Incomplete reduction and carbon deposition during reduction resulted in low reaction 
extents. The SEM micrographs of Type-A pellets reduced at 973 K with 0.25 l.min-1 and 1 l.min-1 
gas flow rates are shown in Figure 5-2. In the images the light grey phases are Fe; the dark grey 
areas are iron oxide; and the black areas are pores. As seen in the figure, the iron content is larger 
at lower gas flow rate (Figure 5-2a).  

The results indicate that the difference of final R values at these flow rates are caused by two 
factors: increase of weight due to carbon deposition and incomplete reduction. It is observed in 
Figure 5-2b that at higher gas flow rate, large amounts of oxide are entrapped in iron layers. At this 
flow rate, faster initial reduction rate could result in formation of the iron envelope-structure. When 
the layers of dense iron are formed around the oxide, the mass transfer is delayed. The combination 
of mass transfer resistances in the iron layer and deposited carbon on the surface, results in 
incomplete reduction at 973K. 

Increasing the reaction temperature leads to higher reduction rates in all samples. Higher 
temperatures enhance the rates of mass transfer and chemical reaction. The pure hematite pellets 
with high porosity reached higher R values at all temperatures compared to the Type-A pellets. 
This is caused by the finer grain size and higher porosity of the pure pellets compared to the 
commercial type, resulting in faster diffusion and larger surface areas for chemical reaction. Larger 
grain size, lower porosity and presence of other oxide particles in the commercial pellets decelerate 
the reduction.  
 

 

Figure 5-2. SEM micrographs of Type-A pellets at 973 K, (a) Q=0.25 l.min-1, (b) Q=1 l.min-1. 
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5.1.4 Formation of cementite during reduction 

Examination of samples with 0.5 and 0.8 reaction extents and presence of cementite in these 
samples, indicated that formation of Fe3C starts from the initial stages of reduction. Cementite is 
formed through Eq. 5.9, when the activity of carbon is above unity. Temperature, gas composition 
and chemical potentials of the gases inside the pellets impact the chemical equilibrium. The 
chemical potential of all species are affected by the mass transfer in the solid phase. CO 
concentrations larger than the equilibrium concentration for Eq. 5.8, result in increase of CO2 and 
solid carbon contents, and increase the aC in the solid phase.  

3Fe + C =	Fe3C      (5.9) 

The influence of temperature on carburization of Type-A pellets was shown in Figure 4-11. The 
average Fe3C contents in these samples (Table 4-1) was higher when the temperature was increased 
from 973 K to 1123 K. Carbon deposition on the surface of pellets was observed in the atmospheres 
with high carbon potential and when iron was produced. The increasing thickness of the graphite 
layer by time, slows down the diffusion of gases into the pellets. This results in lower carbon 
activities inside the solid and smaller amount of Fe3C at 973 K compared to 1123 K. 

Carbon deposition in the initial stages of reaction was avoided at 1123 K; and larger contents of 
Fe3C were formed. Higher temperature eliminated the resistance of mass transfer of gases in the 
carbon layer in the beginning of reduction. Hence, the chemical potential of carbon in the solid was 
adequate for Fe3C to form. The results indicate that elimination of carbon deposition in the initial 
stages of reduction plays a significant role in enhancing the amount of iron carbide in the reduced 
pellets. The largest Fe3C content was formed at 1123 K during 60 min reaction. 

When the temperature was increased to 1223 K, smaller Fe3C contents were formed. Activity of 
carbon is lower at 1223 K in the same gas mixture compared to 1123 K. Therefore, the driving 
force for Fe3C formation is lower at higher temperatures. On the other hand, higher decomposition 
rate of cementite and lower stability of Fe3C at higher temperatures, decrease the cementite content 
at 1223 K. 

The results indicate that the temperature influences carbide formation by affecting the reduction 
rate, changing the carbon activity in the gas phase and affecting the stability of cementite. On one 
hand, the reduction rate increases at elevated temperatures due to faster chemical reaction and mass 
transfer. Also, due to increased number and size of cracks and pores at high temperatures, larger 
surface area is available for reaction between carbon and produced iron. On the other hand, the ac 
becomes lower in a fixed gas mixture when the temperature is increased. This leads to smaller 
driving force for carbide formation. Consequently, the optimum conditions for formation of iron 
carbide depend on the system and on the composition of gas atmosphere. 

The effect of gas composition was examined by changing the H2 and CO2 contents in the gas phase 
in different experiments. Changing the ratio between H2 and CO caused small differences in 
cementite contents. Minor increase in the average Fe3C was observed when the H2:CO ratio was 
increased. 

As shown in the results in Table 4-1, the maximum amounts of Fe3C are formed in H2-CO mixtures 
with no initial CO2 addition at 1123 K. Addition of 1% CO2 to the gas significantly reduced the 
Fe3C content. When 3% and 10% of CO2 were added to the gas mixture, the amounts of carbide 
were increased. SEM observation of the pellet reduced by gas mixture with 10% CO2, showed that 
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a thin layer of carbon covers the surface. Also, less amount of graphite was seen in the inner parts 
of this pellet compared to the sample reduced without CO2 addition. The backscattered micrographs 
of these samples are shown in Figure 5-3. 

The CO2 content in the gas phase has a significant effect on the carburization process. The observed 
changes imply that the initial CO2 content in the gas affects both thermodynamics and kinetics of 
cementite formation. The CO2 content changes the reducing potential of the gas mixture and the 
carbon activity. The changes in the local gas composition in the solid phase also influence the 
reaction rates in Eqs. 5.2-5.9. In general, the local gas composition in the reaction sites is controlled 
by: (1) the composition of the gas phase, (2) the mass transfer through the product layer, (3) the 
thermodynamics of chemical reactions, and (4) the kinetics of chemical reactions. 

The influence of reaction time on the average cementite contents in Type-A samples was 
investigated at times between 30 and 180 min at 1123 K. The maximum amount of Fe3C was found 
after 60 min reaction. When the reaction times were increased after 60 min, cementite decomposed 
through the backward reaction in Eq. 5.9, and the Fe3C content was decreased. Keeping the sample 
in argon atmosphere after 60 min reaction, resulted in presence of smaller amounts of carbide and 
indicated that the aC in the gas phase does not influence the stability of cementite. Iron-containing 
graphite particles were observed in the SEM-EDS analysis of the unpolished surface of pellets. The 
backscattered micrograph of the sample reduced at 1123 K for 60 min and kept in Ar atmosphere 
is shown in Figure 5-4. The graphite cluster with fine particles of iron demonstrates possible 
decomposition of Fe3C. These results show the importance of optimization of the process time with 
respect to the reduction time.  

The average contents of Fe3C in Type-A and Type-B samples reduced under identical experimental 
conditions were similar. The Type-B pellets were covered by a large amount of carbon and 
disintegrated after 120 min of reaction.  

The present observations of cementite formation illustrate that carburization of iron ore pellets is 
influenced by the following factors: (1) pellet characteristics, (2) variations in reaction temperature, 
(3) initial composition of the reducing gas, (4) mass transfer in the solid, and (5) the non-isothermal 
conditions in the DR reactor. These factors are connected, both thermodynamically and kinetically. 
The correlation between these factors influences the local gas composition and the equilibrium at 
the reaction sites in the solid, which is the controlling factor in cementite formation. Thus, 
understanding the correlations of these factors during the reaction is necessary for optimization of 
DR processes. 
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Figure 5-3. SEM micrographs of Type-A pellets reduced at 1123 K, (a) H2-CO-10% CO2, (b) H2-
CO. 

 

 

Figure 5-4. Graphite cluster in the sample reacted in H2-CO for 60 min and kept in Ar for 60 min 
at 1123 K. 

 

5.1.5 Kinetics of reduction by H2-CO mixtures 

The results illustrated that the apparent rates of reaction increase linearly with the hydrogen 
contents of the gas mixtures. Larger CO contents decreased the apparent rates of reaction. All 
reduction experiments with pure CO and H2-CO mixtures were accompanied by carbon deposition 
and incomplete reduction. The plot in Figure 4-14 shows that the reaction rates are directly 
proportional to the H2 contents and inversely proportional to CO contents of the gas. The results 
are useful for modelling of direct reduction. The relationship between the apparent rates of reaction 
and the gas composition could be used to take the changes of gas composition during reduction 
into account. 

5.2 Experimental and modelling study of reduction by H2 

5.2.1 Reduction mechanism 

Microstructural investigations of the commercial pellets reduced in H2 with R=0.2 showed that the 
reduction at this stage takes place in different layers in the pellet. The first layer around the pellet 
surface is mostly consisted of iron. The second layer, contains wustite. In the third layer, different 
oxide phases are observed in the grains. The core of the pellet, which is the fourth layer, consists 
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of one oxide phase. These layers in type-I pellets reacted at 1023 K, are illustrated in Figure 4-18. 
The microstructural observations, suggest that the reduction of the commercial samples at this stage 
is controlled by both chemical reaction and diffusion in the pellets. The contributions of these 
controlling mechanisms can vary during progress of reaction in different type of pellets. 

The micrograph of the dense pure Fe2O3 pellet with R=0.5 in Figure 4-17c, shows formation of 
different layers separated by sharp boundaries. The outer layer contains iron and wustite. Magnetite 
and hematite are the next layers in the sample. The higher density of this type of pellets, increases 
the resistance of mass transfer in the solid, resulting in different partial pressures of the reducing 
gas at different positions inside the pellet. Accordingly, diffusion has a larger influence in 
controlling the rate of this dense sample in comparison with the more porous commercial pellets. 
Figure 4-17 clearly shows that the reduction mechanism is different in the commercial and the pure 
hematite pellets. Due to the importance of commercial iron ore pellets, the model was developed 
based on the reduction mechanism of type-I and type-II samples. 

5.2.2 Modelling 

As mentioned previously, the coupling between flow and mass transfer in the gas phase, mass 
transfer in the solid phase and the chemical reaction, enable the model to calculate the concentration 
profiles of all species in different phases in the system. The results presented in Figure 4-20, depict 
the concentration profiles of H2 and produced H2O at different times in gas and solid phases. The 
results show that H2O diffuses into the core of the pellet during reaction, and can influence the 
chemical reaction rate. On the other hand, the changes in the concentration of H2 in the gas phase 
are rather small in this case. However, in a multi-particle system, higher consumption of H2 and 
production of H2O could have a larger effect on the composition of gas atmosphere. 

The optimized values of Deff for hydrogen (Table 4-5) were obtained by the calculation results 
plotted in Figures 4-15 and 4-16. The calculated curves are in general in good agreement with the 
experimental results. The plots for calculations at 1073 K show better agreement with experimental 
data for type-I samples. This could be due to application of the kinetic data from reduction of 
powder made from the same type of pellet. 

The reduction curves in Figure 4-22 show that the calculation could not provide suitable results for 
reduction of pure samples. Different mechanism in the pure hematite pellets (type-III), necessitates 
using a different modelling approach for the solid phase. On the other hand, the calculation results 
for reduction with fast chemical reaction (Figure 4-21), clearly indicated that both chemical 
reaction and diffusion are affecting the rate during progress of reduction. The impact of each step 
can vary in different stages of reaction. The chemical reaction could affect the rate to a larger extent 
in the beginning of reduction and when the thickness of the product layer increases, the influence 
of the diffusion process on the rate becomes more substantial.  

As shown in Figures 4-15 and 4-16, while the model predicts the reductions of type-I and type-II 
pellets reasonably well, there is still some differences between the reduction curves and the model 
predictions. The model predicts somewhat higher reduction rate at the initial stages. The difference 
is slightly bigger in the case of type-II pellets. The differences could be due to the assumption of 
the model on the reaction mechanism. The model assumes that the reaction takes place at the 
boundary of the unreacted core. On the other hand, as shown in Figure 4-18, the chemical reaction 
takes place in a layer. In order to further improve the model, this aspect needs to be considered. 
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Nevertheless, the present model could be a foundation for the development of a comprehensive 
process model. 

5.3 Selective reduction of iron oxide in zinc ferrite 

5.3.1 Carbothermal reduction 

The weigh changes plotted in Figure 4-23 indicate that reduction of zinc ferrite by graphite is 
greatly influenced by temperature. The process is not viable at 973 K and 1023 K due to low 
reaction rates. Zinc oxide was completely reduced and Zn was evaporated at 1073 K. Reduction 
rate was higher at 1123 K, however reduction of ZnO and loss of zinc to the gas phase also took 
place. The reduction products showed that reduction of iron oxide was stopped after being reduced 
to FeO, even after long reaction times. Therefore, carbothermal reduction was not efficient for 
selective reduction of iron oxide to metallic iron. 

As observed in Figure 5-5, the graphite particles are much smaller than the ZnFe2O4 grains. Limited 
contact between these particles significantly reduces the rate of reaction and strengthens the effect 
of solid state diffusion on the total rate. Application of finer ZnFe2O4 powder and more amount of 
graphite can increase the reaction rate. However, using more graphite has an adverse effect, since 
it requires an additional removal step for the excess graphite amounts. The mass transfer rate of the 
gaseous products in the solid also affects the total reaction rate. Diffusion of CO through the solid 
and the surrounding gas phase influences the chemical equilibrium at the reaction sites and the 
chemical composition of the gas atmosphere by shifting the reaction in Eq. 4.2 in different 
directions. 

 

 

Figure 5-5. SEM micrograph of ZnFe2O4-graphite sample. 

 

5.3.2 Gaseous reduction 

The changes of hydrogen flow rate had a small influence on reduction rate (Figure 4-24). In the 
initial stages of reduction, the surface of the samples are in contact with the gas phase with 
homogeneous composition and the reduction is fast. As reaction proceeds inside the samples, 
gaseous diffusion and partial pressure of H2 in the solid also impact the total rate. Applying higher 
flow rates, enhances the reducibility of the gas, therefore the rates were higher at later stages of 



 

38 
 

reaction by 1.5 l.min-1 and 2 l.min-1 gas flow rates. Figure 4-25 shows the increase of reaction rate 
at higher temperatures. The rates of chemical reaction and mass transfer, and therefore the total 
reduction rate are enhanced at higher temperatures. 

ZnO, FeO and Fe phases were identified in the samples reacted at temperatures between 623 K and 
873 K. The amount of iron was larger at higher temperatures. Reduction of iron oxide to iron was 
relatively fast and iron was present in the samples even after 20 min. The products were analysed 
after different reaction times at 873 K. After 30 min reaction, Fe, FeO and ZnO phases were 
identified in the sample. After 40 min, the iron oxide was completely reduced to Fe, and ZnO 
remained unreduced. Increasing the time to 60 min was followed by reduction of ZnO. Reduction 
of the sample made of Fe2O3 and ZnO mixture was carried out at 873 K for 120 min. The products 
were Fe and ZnO, showing that reduction by hydrogen at temperatures around 873 K can also be 
applied for treatment of EAF dusts with free iron oxide and zinc oxide phases. 

It should be mentioned that in processing the industrial dusts, the reaction rates and the mechanisms 
are influenced by the other phases in the dust. The present results show that reduction of iron oxide 
in zinc ferrite by H2 is a viable process to overcome the limitations for dissolution of ZnFe2O4 in 
hydrometallurgical methods for EAFD treatment. Other important features of this process are low 
reaction temperatures, high reaction rates and zero production of CO2.  

6 SUMMARY AND CONCLUSIONS 

The experimental studies performed on reduction of iron oxide pellets provide practical 
information on details of reduction behaviour of pellets at different conditions. Application of the 
current experimental procedure eliminated the influence of initial changes in the reducing potential 
of the gas mixture on reduction rate. The reduction process by H2-CO mixtures was accompanied 
by carbon deposition. Lower temperatures and higher CO contents in the gas increased the amount 
of deposited carbon. Thus, increasing the total gas flow rate at low temperatures, decreased the 
reduction rate by formation of a carbon layer on the pellet surface and by formation of iron rings 
around the oxide grains in the pellet. At higher temperatures, the reduction rates were enhanced by 
application of higher gas flow rates. Thermodynamic calculation of carbon activities in gas 
mixtures with different CO2 contents indicated that small amounts of CO2 result in lower aC in the 
gas phase and can retard the deposition of free carbon. The results are of interest for optimization 
of gaseous reduction processes. The twofold effect of high gas flow rates observed at temperatures 
similar to the reactor temperatures, may affect the metallization degrees in the DR process. 

Examination of the reduced pellets showed that the average Fe3C content was greatly influenced 
by variations of process conditions, especially by temperature, CO2 content in the reducing gas and 
by reaction time. Formation of Fe3C began from the initial stages of reduction.  Decomposition of 
cementite in H2-CO mixture and in Ar atmosphere showed that the stability of cementite was not 
affected by the gas composition. However, different CO2 amounts in the initial gas mixture 
resulting in different carbon potentials of the gas affected the Fe3C contents. These findings shed 
light on the carbide formation during gaseous reduction and could be employed for further studies 
of Fe3C formation in the DRI production. 

Experiments carried out to study the reduction of commercial pellets by H2 showed that the 
reduction was controlled by the combination of chemical reaction and diffusion processes. The 
reduction model was developed based on this mechanism. The effective diffusivities in the 
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commercial pellets at 1073 k and 1123 K were optimized by the model. The optimized values could 
be implemented for quantitative description of the commercial pellets. The connection between 
fluid flow and mass transfer in the gas, the diffusion process in the solid and the chemical reaction 
resulted in good predictions of reduction results by the model. The present model effectively 
describes the reduction of the commercial pellets, and can be applied as a sub-model in a gaseous 
reduction process model.  

The experimental study performed on the feasibility of selective reduction of iron oxide in zinc 
ferrite revealed that carbothermal reduction was not an efficient method due to slow rates of 
reaction, high temperature requirements and large losses of Zn.  However, the gaseous reduction 
experiments showed that separation of iron from zinc ferrite by H2 is possible at temperatures 
around 873 K, with negligible loss of Zn. The results from this study suggest that reduction by 
hydrogen can be a potential pre-processing step for treatment of EAFD with large contents of zinc 
ferrite. 

7 SUGGESTIONS FOR FUTURE WORK 

Suggestion for continued research are presented below which are of interest from scientific and 
industrial points of view. 

• Investigations of kinetics of carbon deposition and cementite formation in a pilot scale 
direct reduction process are of practical interest. As shown in the present thesis, the 
cementite contents of reduced pellets are affected by several reaction parameters. These 
parameters can vary during reaction in a DR process. Therefore, experimental studies from 
larger scale processes would provide a better understanding of the influence of interactions 
between different process parameters on the product and progress of reaction. 

• The reduction model could be adjusted for reduction by H2-CO mixtures with different 
compositions. The results from the kinetic studies provide the information for the chemical 
reaction rates. The model can also be improved by considering changes in the solid porosity 
during reduction. Furthermore, the presented reduction model could be used as a sub-model 
for a process model. By applying the sub-model to individual particles in the multi-particle 
system, a reliable process model can be developed.  

• The advantages of using gaseous reduction by pure H2 for treatment of EAFD prior to 
hydrometallurgical processes could be evaluated in a larger scale. The economic and 
environmental aspects for industrial application of the suggested process need to be studied. 
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