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Cover illustration: Optical microscope image of the cross-section of a magnetite iron ore 

pellet from an interrupted pot furnace induration experiment. The particles in the pellet shell 

are mostly oxidised and appear light grey under the microscope, whereas the darker (in this 

case, heart-shaped, which is unusual) pellet centre consists of unoxidised magnetite particles. 

 

 

 



i 
 

Abstract 
 

This study was motivated by the excess oxygen that likely results from the current transition 

to hydrogen-based Swedish steel production. The potential usability of large amounts of oxygen 

in a process gas for iron ore pellet induration could improve the process efficiency in terms of 

fuel consumption and productivity. Iron ore pellets constitute the main raw material used in 

Scandinavian steel production. Knowledge of the effects of the process-gas oxygen level on 

induration is a prerequisite for establishing if, how, and to what extent oxygen enrichment can 

be exploited in an optimum manner to control temperature development and oxidation, while 

maintaining pellet quality. The objectives of this study are as follows: 1) to investigate the 

effects of the oxygen level in the inflow gas on pellet bed oxidation during induration, as well 

as the effects on the bed-scale temperature, oxidation degree, and cold compression strength 

(CCS) development; and 2) to identify the oxidation mechanisms corresponding to various 

oxygen levels and thermal histories. 

The current knowledge regarding the effects of high oxygen levels in the gas on oxidation is 

based on small-scale experiments; this study was conducted on a larger bed-scale and will thus 

contribute significantly to the knowledge pool of bed-scale effects resulting from different 

oxygen levels in the inflow process gas. An interrupted pot furnace experimental method was 

used, with the highest investigated oxygen level in the gas at 40% and an approximate bed-

scale of 100 kg of pellets. 

The following conclusions were drawn from this study. First, efficient heating and a high 

degree of oxidation of an entire bed were rapidly achieved with the highest investigated oxygen 

level (40% O₂) compared to the results of the lower oxygen levels (6%, 13% and 30% O₂). The 

gas with 40% O₂ yielded improved pellet properties and a more uniform oxidation degree along 

the bed, compared to beds exposed to gas with lower O₂. Second, the temperature at the bottom 
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of the bed increased more rapidly when exposed to a higher oxygen content in the gas compared 

to when only the gas temperature was increased. Third, the mechanical pellet properties (CCS 

and macrostructure) were improved in a bed exposed to gas with 40% O₂ compared to beds 

exposed to gas with lower oxygen levels. Finally, pellets from local conditions with comparable 

thermal histories oxidised according to similar mechanisms regardless of the oxygen level. 

Hence, it was demonstrated that the oxygen level influences the oxidation rate, whilst the 

temperature affects the oxidation mechanism. The overall trends in terms of the positive effect 

from the high oxygen content in the gas are promising, as they serve as a starting point for 

enabling faster production rates in the future. 
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1. Introduction  
 

Given the current transition to hydrogen-based Swedish steel production, an excess amount 

of oxygen is likely to become available through hydrogen production via electrolysis of water1). 

The present study was motivated by the excess oxygen that is likely to be derived from this 

transition and its potential usability in iron ore pellet induration, which would improve the 

process efficiency in terms of fuel consumption and productivity. Iron ore pellets constitute the 

main raw material used in Scandinavian steel production. During iron ore pellet production, a 

considerable amount of heat2) is released as magnetite is converted into hematite by oxidation, 

which occurs as part of the induration process. The possibility of employing the extra oxygen 

to optimise both oxidation and the heat release from the exothermic reaction has thus emerged. 

Knowledge of the effects of various oxygen levels in the process gas is a prerequisite for optimal 

utilization of the oxygen, while also maintaining pellet quality.  

The concept of using oxygen-enriched induration gas to achieve greater oxidation of 

magnetite pellets in a shorter time is not new and has been discussed and patented earlier3-8). 

Previously reported findings about the effect of varied oxygen content in the gas have been 

based on small-scale experiments5), often on individual pellets and with isothermal 

conditions3,6,7). The study described in this licentiate thesis was conducted on a larger scale than 

previously reported findings, with investigations of the effect of varied oxygen levels in the gas 

on magnetite pellet oxidation. The results from these experiments will thus significantly 

improve the current knowledge about bed-scale effects of varied oxygen content in the inflow 

gas. This study was based on interrupted pot furnace experiments on an approximate scale of 

100 kg of pellets per bed. The examined material consisted of magnetite pellets produced on 

the pilot scale at LKAB, and the highest investigated oxygen level of the inflow gas was 

approximately 40% O₂. 
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This study had two main objectives. The first was to investigate the effects of high oxygen 

levels on the bed-scale, primarily the resulting heat development and bed-scale oxidation 

degree. The experimental scale is crucial for investigating the effects of high oxygen levels on 

induration under realistic non-isothermal conditions. Second, the impacts of various oxygen 

levels on the oxidation and oxidation mechanisms were investigated under varying local 

conditions (thermal histories and oxygen levels).  
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2. Background 
 

2.1. Magnetite Iron Ore Pellets  
 

Magnetite iron ore pellets serve as a raw material for steel production, enabling proper gas 

permeability in reduction processes. The magnetite ore considered in this study is of the Kiruna 

ore type (iron oxide-apatite) and was originally extracted from one of the underground mines 

in Northern Sweden operated by Luossavaara Kiirunavaara AB (LKAB). Processing is 

conducted at the mine site, where the high-grade magnetite ore is first sorted and concentrated9). 

Sorting is normally a dry process, whereas concentrating requires water for well-functioning 

process units. When recovering magnetite from non-magnetic minerals, one of its key features 

is utilized, namely, its inherent ferromagnetic nature10). Sorting involves crushing, screening, 

and performing dry low intensity magnetic separation. To increase the iron grade further, the 

bulk ore subsequently enters a concentrator where it is mixed with water to a slurry and 

ground9). Each grinding circuit normally consists of three stages of ball mills in open circuit 

with wet low intensity magnetic separators after each ball mill11). Magnetite ore often has a fine 

natural grain size, and sufficient grinding is required to liberate magnetite particles and achieve 

a pellet concentrate of desired chemical quality with a correct particle size distribution for 

agglomeration. The slurry is subsequently filtered to decrease the moisture content, before 

adding a binder (usually bentonite) and additives. Green pellets are formed in rotating balling 

drums or discs, where the wet iron ore particles are agglomerated into spheres consisting of 

magnetite particles held together by cohesive and capillary forces, in combination with the 

viscous force of the binder12). Forsmo12) described in detail the effects of the green pellet 

properties on pelletising, and how different forces act inside a green pellet to create sufficient 

mechanical strength. Green pellets of the correct size are loaded on a travelling grate and 

transferred to a heat treatment system for drying and induration. The larger or smaller fractions 
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are returned to the balling drum feed12). During induration, the green pellets are dried, then 

preheated, oxidised, sintered, and cooled. The finished product is referred to as pellets9). The 

desired final size of the pellets depends on specific product specifications; however, a narrow 

size distribution is a common product target12). 

 
2.2. Pelletising – Drying and Induration 

 

The straight-grate and grate-kiln processes are two commonly used approaches for 

pelletising. In both cases, a large pellet bed is transported through different zones while being 

exposed to an updraft (UD) or downdraft (DD) gas atmosphere with varying temperatures. The 

present design of these processes includes gas circulation, in which most of the heat generated 

in the process is reused. Firstly, moisture is reduced in the bed by drying, at around 250–400 

°C13), with gas in the UD and DD directions. The combination of time, gas direction, and 

temperature during drying is chosen with the intent of optimising drying, minimising 

condensation, and avoiding thermal chock13). The bed then travels through preheating zones in 

which the temperature is increased gradually to approximately 1100–1200 °C13). Oxidation 

begins during preheating, during which the oxygen concentration, in a common process with 

recirculated gas streams, is approximately 16%–18%14). After preheating, the pellets 

experiences temperatures associated with firing, either in a firing zone or after loading into a 

kiln; the temperature during this part of the process is 1200–1350 °C13). Only a small proportion 

of the total oxidation occurs in the kiln12). The bed then enters a cooling zone where it is cooled 

before being transported to customers (steel producers). Process conditions such as the bed 

height, maximum temperature, heating rate, and duration in the different zones depend on the 

induration machine design, ore type, additives, pellet size, and desired product. During 

induration, when the temperature is sufficiently high, the pellets in the bed begin to sinter, which 

creates the strong pellets needed for the subsequent transport and reduction. Sintering can be 
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described as a phenomenon occurring at temperatures below the melting temperature of the 

material. During this process, heat causes the atoms inside the lattice structure to re-group and 

form a denser structure, resulting in increased mechanical strength. Sintering of magnetite is 

known to begin at approximately 950 °C14), whereas sintering of hematite begins at 

temperatures above 1100 °C14). When oxidation and sintering occur simultaneously, these two 

phenomena interact and affect each other. 

 

2.2.1. Magnetite Particle Oxidation during Induration 
 

As part of induration, the magnetite particles (Fe₃O₄) inside the pellets oxidise to hematite 

(Fe₂O₃) (see Equation 1). This conversion is highly exothermic2), generating approximately 498 

kJ per oxidised kilogram of magnetite13). Solid hematite bonds form at contact points between 

particles, and the more oxidation occurs, the more bonds are formed15). The particle size 

distribution and geometry are among the parameters that significantly influence the oxidation 

kinetics, as finer particles oxidise faster16) than larger particles 

2𝐹𝐹𝐹𝐹3𝑂𝑂4 +  1
2
𝑂𝑂2  =  3𝐹𝐹𝐹𝐹2𝑂𝑂3.    (1)    

Oxidation begins at approximately 200 °C17) with the chemical reactions at the surfaces of 

the magnetite particles18), including oxygen adsorption, given that oxygen is available in the 

surrounding atmosphere. Thermodynamically, oxidation could start already at lower 

temperatures, but excessively low temperatures do not favour the oxidation kinetics18). 

Oxidation then progresses topochemically by hematite needles/laminae16-18) growing ahead of 

the oxidation front into the particle17). Oxidation at lower temperatures generates γ-hematite, 

whereas temperatures above 500 °C generate α-hematite12). Both magnetite and hematite 

consist of close-packed cubic lattice structures in which small iron ions are situated in the 

interstices of the large oxygen atoms19). As magnetite is converted into hematite, the re-
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grouping of atoms that require the least energy occurs first16), creating a needle-like structure18). 

Oxidation is then controlled by solid-state diffusion3,20), but there are various suggestions 

regarding which ions account for the majority of the diffusion. Bentell and Mathisson proposed 

that oxidation depends on the diffusion of iron ions, whereas oxygen ions either remain at the 

particle surface or diffuse to a limited extent along the hematite–magnetite boundary16). 

Experimental findings and calculations by Himmel et al.21), however, indicated that the 

diffusion of oxygen ions actually seems to account for at least part of the solid-state diffusion, 

either via oxygen ion diffusion or movement of oxide ions through vacancies18). However, 

Monsen noted that those authors did not account for the conversion that occurred in the form 

of hematite needles.  

Assuming that some oxide ion transfer occurs via available positions (vacancies), a higher 

temperature would allow atoms to vibrate, causing the vacancies in the close-packed lattice to 

move, which would favour this type of transport. However, a higher temperature would 

naturally benefit diffusion in general. Given that oxygen or oxide ions, at least in part, seem to 

influence solid-state diffusion, it seems likely that a high oxygen gradient should also promote 

oxidation on the particle scale.  

 
2.2.2. Magnetite Pellet Oxidation during Induration 

 

Similar to magnetite particle oxidation during induration, pellet oxidation is influenced by 

the local conditions (temperature and oxygen partial pressure) that each individual pellet 

experiences in a large pellet bed, where the pellets at the top of the vertical bed have different 

thermal histories than those at the bottom. Over the years, the effects of various parameters on 

the oxidation mechanisms during magnetite pellet oxidation have been investigated, and several 

articles have been published on the subject, from the 1950s until recently2-6,14,22-25). In addition 

to temperature, oxygen partial pressure (the oxygen gradient in the pellets) is one of the major 
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parameters influencing oxidation6). Based on the literature, it can be concluded that during 

magnetite pellet oxidation, several parallel mechanisms occur simultaneously in a pellet. The 

sequence of events occurring within a magnetite pellet during oxidation can be described in a 

series of steps following the same mechanisms as in most gas-solid reactions of porous solids26): 

i) Transfer of oxygen molecules from the bulk gas to the pellet surface, 

ii) Diffusion of oxygen molecules through the macropores within the pellet, and 

iii) Chemical reaction at the surfaces of the particles, including oxygen adsorption, 

followed by ion transfer via solid-state diffusion. 

One model that is often used to describe gas–solid reactions of porous solids, such as 

magnetite pellet oxidation, is the grain model. Sohn and Szekely established this model by 

combining numerous existing models into a single general model26). The general grain model 

concept can be utilized to describe the oxidation mechanisms on the pellet scale, although it is 

less optimal on the particle scale as it assumes that particle oxidation occurs according to the 

shrinking core model26,27), which does not account for hematite needles growing ahead of the 

oxidation front or the particle geometry. The grain model describes the oxidation process by 

grouping the different oxidation mechanisms into three categories that occur at different 

temperatures, which are referred to as regimes. In these regimes, the oxidation process is 

controlled by the slowest mechanism (rate-limiting step). The first category describes oxidation 

at lower temperatures, which promotes gas pore diffusion of oxygen, causing uniform oxidation 

throughout the volume of the porous solid material (although complete particle oxidation does 

not yet occur). The second category describes the opposite scenario, when the temperature is 

so high that oxygen pore diffusion becomes the slowest mechanism, generating an oxidation 

front (shell) consisting of completely oxidised material with a sharp interface towards an 

unreacted core. The third category describes oxidation at intermediate temperatures, when 
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oxidation occurs under conditions of both gaseous macropore diffusion control and solid-state 

diffusion simultaneously24,26), commonly known as mixed control24).  

Based on the appearance of the microstructures in pellet cross-sections, it is possible to draw 

conclusions regarding the type of mechanism that has limited the oxidation under the local 

conditions that a particular pellet has experienced. The results of previous experiments on 

individual pellets, often performed at isothermal temperatures and an oxygen level 

corresponding to that of air, provide the approximate temperature range in which one can expect 

to observe the different types of mechanisms to occur during oxidation of magnetite iron ore 

pellets. Oxidation at temperatures up to approximately 420 °C6) occurs by surface oxidation of 

particles in the outer pellet shell, and above this temperature, oxygen macropore diffusion 

begins to influence the oxidation, which proceeds topochemically. Pellets for which sufficient 

time is provided at 600–800 °C and 16%–21% O₂14) are observed to be uniformly oxidised 

throughout their cross-sections, whereas larger particles are not completely oxidised at these 

temperatures as particle oxidation is restricted by solid-state diffusion7,22). When there is more 

energy available for solid-state diffusion into particles to occur, magnetite pellet oxidation at 

temperatures above 1000 °C follows the shrinking core mechanism, which can be seen from 

the formation of a sharp reaction interface between the oxidised shell and unreacted pellet 

core6). In 1952, Cooke and Ban22) performed isothermal tests for 30 min in air at 100–1200 °C, 

where they observed dense magnetite cores in the pellets in the experiments conducted at 1100 

°C and 1200 °C. Associated with gaseous macropore diffusion oxygen, pellet porosity 

influences oxidation6) and is in turn affected by other parameters, such as the particle size 

distribution, which affects the packing of particles inside pellets, and sintering rate. 
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2.2.3. Pellet Bed Oxidation during Induration 
 

Bed-scale oxidation is influenced by the oxygen level in the gas (oxygen partial pressure), 

but is also highly affected by heat transfer along the vertical bed, especially in comparison to 

oxidation on the pellet and particle scales, which is more focused on the mechanisms. From a 

bed-scale perspective, the excess heat created and released by the exothermic oxidation of 

adjacent pellets greatly contributes to creating the local conditions in which each pellet reaches 

a high enough temperature for oxidation and/or sintering to occur. In this complex and non-

isothermal system, heat is continuously transferred by convection through the vertical bed in 

the direction of the gas, while the pellets simultaneously receive and lose heat energy to their 

surroundings. 

 
2.3. Effects of Additives on Pellet Induration 

 

Additives (slag formers) are mixed with the pellet concentrate before pelletising, and 

different additives are used depending on the desired pellet properties and type of reduction 

process. Additives are utilized to provide metallurgical quality, modify the chemical 

composition, and optimise slag formation in the reduction process or the subsequent 

metallurgical processes. Some additives begin to react and form liquid slags and various 

compounds during induration, and the interaction and reactions that occur may affect the 

oxidation and sintering, as well as pellet properties such as strength and reducibility. The 

concept of ‘fluxed’ pellets first appeared in the 1970s, with the objective of employing CaO 

and MgO to transfer impurities to the slag phase during the reduction process15,28). For direct 

reduction, it is common to use dolomite and limestone as pellet additives, and these minerals, 

as well as quartzite, were also employed in the present study.  
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Although the effects on additives by different oxygen levels in the inflow gas are not 

discussed in this licentiate thesis, some general information is mentioned below regarding how 

these minerals can be expected to behave during induration. Quartzite, SiO₂, is observed to 

remain rather intact at induration temperatures15,29), which means that its effects on oxidation 

and strength development were expected to be negligible in this study. Unlike quartzite, 

Dolomite, (Ca,Mg)CO₃, and Limestone (calcite29)), CaCO₃, are known to decompose during 

induration30), beginning during preheating29). Between these two minerals, limestone is more 

reactive and starts to affect its surroundings at lower temperatures than dolomite29). Calcination 

and the subsequent reactions affect the oxidation of magnetite in different ways, both because 

it is an endothermic reaction, which influences the heat balance in the pellets29), and because 

the oxidation properties of compounds, such as calcium ferrites or magnesioferrites, differ from 

those of pure magnetite. Another effect of calcination is that there will be a bulk flow of CO2 

travelling in the opposite direction of the O2 diffusing into the pellet29,30).  

The interactions between various compounds and magnetite or hematite are complex, and 

the reactions that occur can affect pellet strength. During induration, bonds are formed that hold 

the particles together, and the formation of these bonds depends on oxidation, sintering, and 

slag interaction. The strongest bonds are hematite-to-hematite bonds31), whereas magnetite-to-

slag bonds appear to be weaker than magnetite-to-magnetite bonds31). Simultaneously, a certain 

amount of slag formation in a pellet will contribute to a higher strength depending on its 

composition31).  
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2.4. Pellet Macrostructure and Its Effects on Cold Compression Strength 
(CCS)  

 

Oxidation of magnetite to hematite is known to promote increased pellet strength due to the 

formation of strong hematite-to-hematite bonds between the particles in the pellet31). Given the 

beneficial effect of hematite-to-hematite bonds on strength, and as the overall purpose of 

induration is to create strong pellets, it is desirable to create pellets of optimal strength, which 

is believed to be achievable by uniform pellet oxidation during preheating14,22,23,31). Uniform 

pellet oxidation here refers to the development of pellets without large unreacted cores 

(magnetite particles). Pape et al. reported that the residence time in the preheating zone may be 

too short for adequate oxidation of an entire pellet before the firing temperatures are reached4). 

The reason that this type of inhomogeneous macrostructure, often called a shell and core or 

duplex structure, is believed to result in lower strength is that magnetite and hematite are 

sintered at different temperatures. Should the magnetite particles at the pellet centre become 

dense before the hematite particles in the shell and a pellet with this type of macrostructure be 

subjected to excessive heating, stresses between the shell and core may be created, which in the 

worst case would form internal cracks and result in poor CCS. 
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3. Method 
 
3.1. Interrupted Induration Experiments 

 
In this experimental study, pot furnace experiments were performed to investigate the effects 

of various oxygen levels on the oxidation of a magnetite pellet bed during induration. Before 

each experiment, 100 kg of green pellets were loaded into the pot furnace, and to ensure that 

the green pellets had the desired physical properties, the pellet size distribution, moisture, and 

green compression strength were measured before loading. Green pellets were produced from 

moist magnetite concentrate, additives (dolomite, limestone, and quartzite), and bentonite as a 

binder (0.6 mass%) at the LKAB facility using a pilot scale Eirich R09/T mixer and a batch 

process pilot-sized disc pelletiser. The magnetite concentrate was obtained from LKAB, and 

Table 1 provides the particle size data. The desired green pellet size fraction (10–12.5 mm) was 

continuously collected from roller screens. To achieve the final moisture content, water was 

added during mixing and balling, and the green pellets contained a final moisture content of 8.5 

mass% and had an average porosity of approximately 30%. Table 2 reports the average 

chemical composition (XRF) of the green pellets used in the experiments presented in this 

thesis. 

Table 1. Magnetite concentrate particle size data. 

<45 µm (%) <63 µm (%) <90 µm (%) 

69.4 79.1 89.3 

 
Table 2. Average chemical composition of green pellets. 

Fe (%) Fe2+ (%) SiO₂ (%) CaO (%) MgO (%) 

70.1 22.1 0.73 0.91 0.68 
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During the induration experiments, propane combustion heated the inflow gas to the desired 

temperature, and the oxygen level of the gas was determined by a chosen ratio of the introduced 

air, nitrogen and/or oxygen. Six thermocouples installed at different positions along the vertical 

direction of the bed continuously measured the temperature throughout the induration 

experiment. Fig. 1 illustrates the positions of the thermocouples (at 100%, 76%, 51%, 27%, 

15%, and 5% of the total bed height), where 100% refers to a position at the top of the vertical 

bed, 76% indicates the upper part, 51% refers to the middle, and 5% indicates a position near 

the bottom. The thermocouple at 5% of the total bed height was complemented with another 

thermocouple measuring the temperature at the horizontal centre of the bed. Each thermocouple 

measured the temperature at approximately 5 cm inside the bed (seen from a horizontal 

perspective), as shown in Fig. 2. The measured temperature as a function of time is referred to 

as a temperature profile in this thesis (x-y trend with time on the x-axis and temperature on the 

y-axis). Fig. 3 provides an example temperature profile.  

 

 

 

 
Fig. 1 Schematic illustration of the pot furnace with the 

thermocouples and their positions along the vertical bed 

(as a percentage of the total bed height) 

Fig. 2 Example of a thermocouple measuring temperature 

approximately 5 cm inside the bed 
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Each induration experiment is described as consisting of three zones in this thesis: a drying 

and heating zone (zone 1), a zone with varying oxygen levels in the gas (zone 2), and a cooling 

zone (zone 3). Zone 1 began with updraft (UD) drying with air at 150 °C until the same 

temperature was measured at the top of the bed. The bed was then dried by downdraft (DD) 

drying with air at 180 °C for 120 s. The purpose of zone 1 and the chosen gas directions was to 

remove moisture and minimise condensation, particularly at the bottom of the vertical bed. 

Drying was followed by heating with a DD gas flow and gradual temperature increase of the 

inflow gas for 240 s from 500 °C to 800 °C, followed by holding the gas temperature constant 

at 800 °C for 300 s until zone 2. To avoid oxidation during heating in zone 1, the oxygen level 

was kept as low as possible (approximately 3% O₂). Table 3 summarises the conditions 

(temperature, oxidation degree, and moisture) along the vertical bed after zone 1. These initial 

conditions show that a low moisture content was achieved throughout the vertical bed before it 

entered zone 2, the oxidation degree was the lowest at the bottom of the bed, and there is a 

temperature gradient along the bed when it enters zone 2. It should be noted that temperature 

variation in the vertical direction of a bed is realistic in commercial induration as well12,29). The 

initial oxidation degrees and moisture content in Table 3 were obtained from a separate 

experiment with induration interrupted before zone 2. 

Table 3. Initial conditions of a bed (moisture, initial temperature, and degree of oxidation) when it enters zone 2. 

Initial conditions along the vertical bed before zone 2 

Position in the vertical bed  

(% of total bed height) 

100 76 51 27 15 5 

Initial temperature (°C) 800 610 375 205 190 170 

Moisture (mass%) 0 0 0 0 0 0 

Degree of oxidation (%) 28 14 4 1 - - 
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In zone 2, a DD gas with a predefined oxygen level and constant temperature was introduced 

with the same constant gas flow used in all experiments, i.e., 250 kg/h. After a predefined 

residence time in zone 2 (Table 4), the bed was cooled rapidly with UD nitrogen gas in zone 3. 

The cooling continued until the thermocouple at the top of the bed reached 200 °C. The nitrogen 

gas was then switched to air while maintaining the gas direction. The reason that the gas 

direction was set to UD during cooling was a desire to maintain the conditions at the bottom of 

the beds as much as possible, by avoiding the heat transfer from the top of the vertical bed that 

would have occurred if the gas direction had been DD. There was at least one replicate for each 

experiment in this study, and as the temperature profiles showed good agreement between 

experiments with the same settings, usually only one temperature profile is presented from each 

experiment. Fig. 3 shows an example temperature profile originating from a thermocouple. 

When the temperature profiles are described in the text of this thesis, the following selected 

parameters are used: Tmax, the heating rate, and the residence time, Δt (the time at or above a 

certain temperature). Tmax is the maximum temperature in zone 2, and the heating rate (dT/dt) is 

that from 400 °C to Tmax in zone 2. The example profile in Fig. 3 illustrates the zones and 

parameters. 

 

Fig. 3 Example temperature profile and zones in each interrupted pot furnace experiment 
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Table 4 summarises the presented experiments and replicates in this study. The oxygen 

levels tested in zone 2 were approximately 6%, 13%, 30%, and 40% O₂. These levels were 

chosen partly for practical reasons: the highest and lowest oxygen levels were determined from 

the current limitations according to the present pot furnace design specifications. Further, 40% 

O₂ in the inflow gas had not been tested in this pot furnace previously, and these tests were 

therefore prompted by a thorough risk assessment and testing of the system by LKAB. The 

intermediate oxygen level (approximately 13% O2) was achieved when aiming at an oxygen 

level resembling the levels during pre-heating in full-scale induration, which is around 16%–

18% O2
14). All the tested oxygen levels are approximate values and will be presented as rounded 

off values as 6%, 13%, 30%, and 40% O₂ for ease of expression in this thesis. The same 

residence time in zone 2 was used for all experiments except for tests with 40% O₂ in the inflow 

gas and two shorter residence times (approximately 8 and 10 min). The gas temperature was set 

to 800 °C in zone 2 for all experiments, except for tests with 1100 °C and 1000 °C in 

combination with 6% and 13% O₂, respectively. The intention was to compare the effect of 

solely increasing the gas temperature as opposed to using a high oxygen level in the gas. The 

results of the tests under conditions of 13% O₂ and 1000 °C are available in Paper II (Effect of 

High-Oxygen-Level Process Gas (40% O₂) on Temperature and Strength Development of a 

Magnetite Pellet Bed during Pot Furnace Induration) and will not be presented in the following 

results section.  
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Table 4. Overview of experiments: total number of experiments (including replicates) and experimental settings in zone 2. 

Overview – Number of experiments and settings in zone 2 
Number of 

experiments  
Approximate oxygen 

level (DD gas) 
Temperature  

(DD gas) 
Gas 
flow 
rate  
(DD 
gas) 

Approximate 
residence 

time  

 % O₂ °C kg/h min 
2 6 800 250 12 
2 13 800 250 12 
3 30 800 250 12 
2 40 800 250 12 

     

2 40 800 250 8 
1 40 800 250 10 

     

3 6 1100 250 12 
2 13 1000 250 12 

 

 
3.2. Analysis 

 

After cooling had been completed, a ‘horizontal’ pellet layer was collected from the same 

positions as the thermocouples (in terms of the percentage of the total vertical bed height, 

illustrated in Fig. 1). When presenting data from sampled pellets and the temperature 

measurements from each corresponding thermocouple, the terminology ‘layers’ or ‘percentage 

of the total bed height’ (referring to Fig. 1) is used in this thesis. Each collected layer consisted 

of approximately 4 kg pellets. Manual sieving was performed to ensure a correct size fraction 

(10–12.5 mm), and a riffle-splitter was used to provide representative sub-samples for each 

analysis. On one occasion there was a sampling error, which resulted in there not being enough 

pellets to analyse from the layer at 51% of the total bed height in one of the experiments with 

800 °C and 13% O₂ in zone 2. Wet-chemical titration was performed at LKAB using a K₂Cr₂O₇ 

standard solution to determine the concentration of Fe2+ that was utilized to calculate the degree 

of oxidation. The Fe2+ concentration was determined for both green and indurated pellets. The 

CCS was measured according to the recommendations by ISO standard 4700: 201532). When 

the CCS was less than 100 daN, the LKAB pellet multi-press (PMP) instrument33) was 
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employed for complementary measurements. From the layer at 15% of the total bed height in 

one of the experiments with 1000 °C and 13% O₂ in zone 2, 40 pellets were used for the PMP 

measurements due to limited pellet availability after usage in the CCS measurement. 

 

3.3.  Microscopy Study 
 

Before the optical microscopy investigation, several pellets were collected randomly from 

the subsamples. Pellet halves were mounted in epoxy resin and vacuum impregnated. The 

hardened samples were firstly ground and then polished with mineral polishing cloths using 9, 

3, and finally 1 µm alcohol-based diamond suspensions. The pellet microstructures were 

examined using a Leica optical microscope (DM 6000M) equipped with a motorised movable 

stage and a Leica camera (DFC 295 and DMC5400). To obtain the pellet cross-sections, the 

mosaic feature of the image analysis software, Leica Application Suite V4.5.0 (LAS V4.5.0) 

and Leica Application Suite X (LAS X) Multistep, was used. Automatic collection and stitching 

of individual images (2048 × 1536 and 2736 × 1824 pixels) into one common mosaic picture 

(of approximately 20 000 × 20 000 and 27 550 × 28 250 pixels, respectively) was performed 

using the same software. Besides mosaic images, images at greater magnifications were 

collected manually using the Z-stack (multi-zoom) function, except for those presented in Fig. 

13 in this thesis and in Paper I (Effect of Varied Oxygen Levels on the Oxidation of a Magnetite 

Pellet Bed during Pot Furnace Induration) when the normal camera function was used. 
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4. Results and Discussion 
 

4.1. Effects of Various Oxygen Levels on Bed-Scale Parameters  
 

Figs. 4–9 show temperature profiles from the six thermocouples illustrated in Fig. 1. These 

profiles demonstrate how temperature develops along the bed due to the various oxygen levels 

in the DD gas in zone 2. The light blue, green, dark blue, and pink colours indicate the 

temperature profiles in the experiments with 6%, 13%, 30%, and 40% O₂ in the gas, 

respectively. The pellets at the top of the bed (horizontal layer at 100% of the total bed height) 

experience temperatures similar to that of the inflow DD gas in zone 2, regardless of the oxygen 

level in the DD gas, see Fig. 4. The oxygen level of the gas has a greater effect on the 

temperature development in the rest of the bed. The temperature profiles in Figs. 5–9 indicate 

that a higher oxygen level in the gas leads to faster heating rates and higher Tmax, particularly at 

the bottom of the bed. An average Tmax of approximately 1200 °C is reached at the bottom (at 

5%–15% of the total bed height) in the bed exposed to a gas with 40% O₂, whereas the average 

Tmax values in the corresponding layers in the beds exposed to the gases with 6% and 13% O₂ 

are less than 900 °C, as shown in Figs. 8 and 9.  
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Fig. 4 Temperature profiles at 100% of the total bed 

height. Settings in zone 2: gas temperature 800 °C and 

various O₂ contents in the gas 

 

Fig. 5 Temperature profiles at 76% of the total bed height. 

Settings in zone 2: gas temperature 800 °C and various O₂ 

contents in the gas 

 

 

Fig. 6 Temperature profiles at 51% of the total bed height. 

Settings in zone 2: gas temperature 800 °C and various O₂ 

contents in the gas 

 

Fig. 7 Temperature profiles at 27%, of the total bed height. 

Settings in zone 2: gas temperature 800 °C and various O₂ 

contents in the gas 

 

 

Fig. 8 Temperature profiles at 15% of the total bed height. 

Settings in zone 2: gas temperature 800 °C and various O₂ 

contents in the gas 

 

Fig. 9 Temperature profiles at 5% of the total bed height. 

Settings in zone 2: gas temperature 800 °C and various O₂ 

contents in the gas 
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Fig. 10 shows oxidation degree as a function of position in the vertical bed (represented as 

a percentage of the total bed height) in the experiments with various oxygen levels in the gas 

(6%, 13%, 30%, and 40% O₂). The highest oxidation degree is observed in the bed exposed to 

the gas with 40% O₂, whereas the lowest is present in the bed exposed to the gas with 6% O₂. 

The effect of oxygen level on oxidation degree differs in the vertical direction of the bed. The 

effect is noticeable already at the top of the bed, where the gases with 30% and 40% O₂ lead to 

higher oxidation degrees than the gases with 6% and 13% O₂. The difference in oxidation 

degree increases further down the bed. The oxidation degrees of the pellets in the middle of the 

bed (in the layer at 51% of the total bed height) exposed to the gases with 40% and 30% O₂ 

indicate that these pellets approach complete oxidation. The average oxidation degree is less 

than 80% in the pellets at the corresponding layers in the beds exposed to the gases with low 

oxygen levels (6% and 13% O₂). In the bed exposed to the gas with 40% O₂, the pellets at the 

bottom (at 5% of the total bed height) approach complete oxidation, with an average oxidation 

degree of 94%, whereas the pellets from the corresponding bottom layers in the bed exposed to 

the gas with 30% O₂ have an average oxidation degree of 68%. The average oxidation degrees 

at the corresponding bottom layers in the beds exposed to the gases with 13% and 6% O₂ are 

42% and 22%, respectively.  
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Fig. 10 Oxidation degree as a function of the thermocouple position in the vertical bed (as a percentage of the total bed 

height) resulting from interrupted pot experiments with DD gas at 800 °C and approximately 6%, 13%, 30%, and 40% O₂ 

in zone 2 
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Fig. 11 shows CCS as a function of the position in the vertical bed (as a percentage of the 

total bed height) from the experiments with various oxygen levels in the gas (6%, 13%, 30%, 

and 40% O₂). At the top of the bed (100% of the total bed height), there is a tendency towards 

slightly higher CCS in the beds exposed to the gases with higher oxygen levels (40% and 30% 

O₂), and the difference increases further down the bed. In the bed exposed to the gas with 40% 

O₂, the pellet layer second closest to the bottom (at 15% of the total bed height) has an average 

CCS of approximately 200 daN. The average CCS in the corresponding layers in the beds 

exposed to the gases with lower oxygen levels (30%, 13%, and 6% O₂) are approximately 100, 

30, and 20 daN, respectively. The pellets at the bottom of the bed (layers at 5%–15% of the 

total bed height) exposed to the gas with 40% O₂ generally have significantly higher strength 

than those in the corresponding layers in the beds exposed to the gases with 6%, 13%, and 30% 

O₂ (see Fig. 11).  
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Fig. 11 CCS as a function of position in the vertical bed (as a percentage of the total bed height) resulting from 

interrupted pot experiments with a DD gas at 800 °C and approximately 6%, 13%, 30%, and 40% O₂ in zone 2 
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As the DD gas is introduced in zone 2, its oxygen level immediately starts to influence the 

temperature development along the vertical bed. The bulk gas continuously supplies new 

oxygen to the bed which, in combination with the temperature, promotes oxidation. As 

magnetite is converted into hematite, the exothermic oxidation releases heat that the DD gas 

continuously transfers down the bed by convection. Except at the top of the bed, where new gas 

is continuously introduced at a constant temperature, the temperature increases throughout the 

bed due to both heat release by oxidation and heat transfer from the upper pellet layers. As 

shown in Figs. 5–9, a higher oxygen level in the gas leads to faster heating of the entire bed, 

particularly in the bottom layers. The availability of oxygen in the beds exposed to the gases 

with 30% and 40% O₂ results in the pellets experiencing a higher oxygen gradient when the 

temperature increases in their particular layer in the bed. A high oxygen level in the gas, in this 

case 40% O₂, increases the oxidation rate in the entire bed, which in turn increases the heat 

generation. The combination results in a bed with a higher oxidation degree in a shorter time 

compared to the situation in the pellet beds exposed to the gases with lower oxygen levels. In 

this study, the highest observed Tmax is approximately 1200 °C, and this temperature was 

achieved at the bottom of the bed when the gas contained 40% O₂ in zone 2 (see the temperature 

profiles in Figs. 8 and 9). At 1200 °C, the sintering rate starts to become noticeable14), so for 

the pellets that experience 1200 °C and are not completely oxidised at and above this 

temperature, such thermal experience can be unfavourable both for oxidation and strength 

development. However, an acceptable CCS is observed in all layers of the bed exposed to the 

gas with 40% O₂ (Fig. 11), and pellets at the bottom of this bed approach complete oxidation 

(Fig. 10). Thus, there are no signs that the temperature (Tmax or heating rate) hindered oxidation 

or strength development in these experiments. Microstructure examinations were performed 

next to obtain more information regarding how oxidation progresses and whether the pellets are 

oxidised uniformly throughout their volumes or have unreacted magnetite cores.  
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4.2. Effects of Various Oxygen Levels – Microstructure Observations 
 

Fig. 12 shows representative pellet cross-sections obtained in the experiments with various 

oxygen levels in the gas (6%, 13%, 30%, and 40% O₂). These pellets were collected at the same 

layers (as percentages of the total bed height) in which the thermocouples were situated and 

have experienced the temperatures shown in Figs. 4–9, with the corresponding oxidation 

degrees and strengths for each layer shown in Figs. 10 and 11. In the microstructure images, 

the oxidised magnetite appears light grey, whereas magnetite appears darker. A uniformly 

oxidised pellet cross-section (Fig. 12) in combination with a high oxidation degree (Fig. 10) 

indicates that the pellet approaches complete oxidation, whereas a dark core combined with a 

low degree of oxidation indicates incomplete oxidation. 

6% and 13% O₂ – The pellet cross-sections from the beds exposed to the gases with the 

lowest and second lowest oxygen levels (6% and 13% O₂) show dark magnetite cores in all 

layers of the vertical bed, and the sizes of the dark magnetite cores increase closer to the bottom 

of each bed (Fig. 12). The appearance of these dark magnetite cores corresponds to the 

decreasing degree of oxidation closer to the bottom of these beds (Fig. 10).  

30% O₂ – The pellet cross-sections from the bed exposed to the gas with the second highest 

oxygen level (30% O₂) show that the pellets originating from the upper and middle layers of 

the bed (at 100%–51% of the total bed height) are uniformly oxidised, whereas the pellets at 

the bottom of the bed have dark magnetite cores. The pellets from the layer at 27% of the total 

bed height have dark magnetite cores but a high oxidation degree (Figs. 10 and 12). The 

oxidation degree is decreased in the layers closest to the bottom (5%–15% of the total bed 

height), where the pellets have dark magnetite cores. 

40% O₂ – Fig. 12 shows uniformly oxidised pellet cross-sections in almost all layers of the 

bed exposed to the gas with 40% O₂. Randomly selected pellets from the layer closest to the 
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bottom (at 5% of the total bed height) demonstrate that there are both uniformly oxidised pellets 

and ones with small unoxidised magnetite cores. It should be noted that a pellet cross-section 

with a small dark core has been chosen to represent both cases for this layer (situated at 5% of 

the total bed height) in Fig. 12 with the intention of emphasizing this variation. 
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Fig. 12 Selected representative pellet cross-sections as a function of position in the vertical bed (as a percentage of the total 

bed height) resulting from interrupted pot experiments with a DD gas at 800 °C and approximately 6%, 13%, 30% and 40% 

O₂ in zone 2 
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A closer look at the microstructures in the pellet cross-sections presented in Fig. 12 shows 

the extent of oxidation on the particle scale and that the microstructures often differ between 

the layers at the top and bottom of a single vertical bed. Based only on the appearance of the 

microstructures, the pellets from all beds and layers (as percentages of the total bed height) 

were categorised into three types – Type 1, 2, and 3 (Fig. 13). The pellets with completely 

oxidised particles in both the shell and core were not categorised. 

Type 1 – This type of microstructure contains uniformly oxidised particles throughout the 

cross-section (particles larger than approximately 20 µm are only partially oxidised). Type 1 

pellets are found in the top layers (at 100% of the total bed height) of the beds exposed to the 

gases with 30% and 40% O₂. Type 2 – This type of microstructure includes an unreacted 

magnetite core. The oxidation front has grown topochemically from the shell into the pellet 

centre, the particles in the shell are completely oxidised, and the interface at the reaction front 

is distinct. Bridges have formed between particles throughout the pellet radius. Type 2 pellets 

are found where pellets have experienced Tmax above approximately 1150 °C.  Type 3 – This 

type of microstructure consists of an unreacted magnetite core, but the particles in the shell are 

only partially oxidised. The appearance of the microstructure varies within this category, 

depending on how far the reaction front has progressed in a pellet and on the particle scale. 

Type 3 pellets are found in layers in which Tmax is less than 1150 °C.  
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 Shell Mantle Core 

Type 1 

    

Type 2 

    

Type 3 

    

 

Fig. 13 Macro- and microstructures of reference pellets categorised as Types 1, 2, and 3. The images at ×200 correspond to 

the white markings in the pellet cross-section images with the shell, mantle, and core in the left-hand, middle, and right-hand 

images, respectively. Oxidised particles appear light grey, whereas unoxidised magnetite appears dark in the microstructure 

images 
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The different pellet microstructures (corresponding to Types 1, 2, and 3) show that the 

oxidation degree and mechanism vary in the vertical direction of the bed. The three observed 

microstructure types are in line with the oxidation mechanisms described (on the pellet scale) 

by the grain model26) and agree with observations made by other researchers6,7,14,22). The pellets 

from the layer at the top of a bed (at 100% of the total bed height) exposed to the gases with 

30% or 40% O₂ are oxidised uniformly throughout their cross-sections because there is access 

to oxygen in the bulk gas. As new gas is continuously introduced, the temperature in this layer 

does not exceed that of the gas (800 °C), resulting in incomplete but uniform particle oxidation. 

Pellets further down the bed experience different thermal histories (temperature profiles), as 

evidenced by the fact that their microstructures are different from those of the pellets at the top 

of the same bed. For example, pellets from the layer at 27% of the total bed height in the bed 

exposed to the gas with 30% O₂ experience an average Tmax of 1180 °C and have both a high 

average oxidation degree and dark magnetite cores. The microstructure of these pellets is 

categorised as Type 2, meaning that these pellets experience a sufficiently high temperature to 

make oxygen pore diffusion the slowest (rate-limiting) step of oxidation. If oxygen macropore 

diffusion had not been the slowest step, then the fine particle fractions at the pellet centres 

should have been oxidised. This finding indicates that the oxygen level in the gas with 30% O₂ 

was insufficient to oxidise the pellets in this layer uniformly in the residence time of the current 

experiment. However, no negative effects on strength (Fig. 11) or the degree of oxidation (Fig. 

10) were observed. A higher oxygen gradient would likely have promoted the oxidation rate of 

pellets in this layer. 

In the bed exposed to the gas with 40% O₂, the pellets in almost all layers in the vertical bed 

are uniformly oxidised. Dark magnetite cores only appear in approximately half of the randomly 

collected pellets from the layer closest to the bottom (at 5% of the total bed height). Closer 

examination of the small unreacted cores in these microstructures reveals hematite needles in 
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some of the grains in the pellet centres. As oxidation had generally already been completed in 

the other layers of the bed exposed to the gas with 40% O₂, the residence time in zone 2 was 

shortened to investigate the extent of oxidation, oxidation degree, CCS, and temperature as 

functions of time more thoroughly. 

 

 

 



32 
 

4.3. Effects of Residence Time on Temperature Development, Oxidation, and 
CCS 

 

This subsection describes the effects of residence time on oxidation and temperature 

development in the bed exposed to the gas with 40% O₂, only for the pellet layer second closest 

to the bottom (at 15% of the total bed height). The pellets in this layer experience significantly 

faster temperature increase than the pellets in the middle and top layers of the same vertical 

bed, and the initial temperature and oxidation degree are low in this layer (see Figs. 4–9 and 

Table 3). Fig. 14 presents the temperature profiles obtained in experiments with three different 

residence times in zone 2, Fig. 15 shows the corresponding oxidation degree, Fig. 16 shows the 

CCS, and Figs. 17–19 depict the microstructures. The interruptions after approximately 8, 10, 

and 12 min in zone 2 illustrate that the temperature and oxidation degree increase rapidly at the 

bottom of this bed, from an average Tmax of 800 °C to approximately 1200 °C (1196 °C), see 

Figs. 14 and 15. The overlapping temperature profiles also show excellent repeatability between 

experiments. The microstructures are of Type 3 (Figs. 17 and 18) in the experiments with 8 and 

10 min residence times and average oxidation degrees of 47% and 81%, respectively (Fig. 15). 

The oxidation front has progressed further on both the pellet and particle scales after the 

experiment with a residence time of 10 min, compared to its progression after the experiment 

with a residence time of 8 min. After the experiment with a residence time of 12 min in zone 2, 

the magnetite particles in both the shell and core are completely oxidised (Fig. 19) and the 

average oxidation degree of pellets from this layer is 96% (Fig. 15). The average CCS increases 

in this layer (from 37 daN to 98 daN and finally 202 daN, see Fig. 16), while the porosity 

decreases (from 30% to 29% and finally 27%). See Paper II (Effect of High-Oxygen-Level 

Process Gas (40% O₂) on Temperature and Strength Development of a Magnetite Pellet Bed 

during Pot Furnace Induration) included in this thesis for further details. 
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Fig. 14 Temperature development over time in the layer second closest to the bottom of the vertical bed (at 15% of the 

total bed height) resulting from interrupted experiments with three residence times (approximately 8, 10, and 12 min) and 

a gas with approximately 40% O₂ in zone 2 
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Fig. 15 Oxidation degree in the layer second closest to the bottom of the vertical bed (at 15% of the total bed height) 

resulting from interrupted experiments with three residence times (approximately 8, 10, and 12 min) and a gas with 

approximately 40% O₂ in zone 2 
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Fig. 16 CCS in the layer second closest to the bottom of the vertical bed (at 15% of the total bed height) resulting from 

interrupted experiments with three residence times (approximately 8, 10, and 12 min) and a gas with approximately 40% 

O₂ in zone 2 
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Fig. 17 Microstructures of representative pellets from the layer at 15% of the total bed height in the vertical bed exposed 

to a gas at 800 °C with approximately 40% O₂ in zone 2 (and a residence time of approximately 8 min in zone 2) 
 

 

 

 

 

  

Fig. 18 Microstructures of representative pellets from the layer at 15% of the total bed height in the vertical bed exposed 

to a gas at 800 °C with approximately 40% O₂ in zone 2 (and a residence time of approximately 10 min in zone 2) 
 

 

 

 

 

 

 
 

 

  

Fig. 19 Microstructures of representative pellets from the layer at 15% of the total bed height in the vertical bed exposed 

to a gas at 800 °C with approximately 40% O₂ in zone 2 (and a residence time of approximately 12 min in zone 2) 
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The oxidation rate achieved in the 12-min experiment from the gas containing 40% O₂ is 

sufficiently high to generate pellets at the bottom of a bed (at 15% of the bed height) with 

completely oxidised particles in the shell and core without the creation of unreacted pellet cores. 

There are no signs of negative effects on the CCS, although these pellets enter zone 2 at low 

initial temperatures (190 °C, see Table 3) and reach a Tmax of approximately 1200 °C relatively 

rapidly. Oxidation occurs via a mixed control mechanism24) (solid-state diffusion and gaseous 

oxygen pore diffusion simultaneously) when the average Tmax is 800 °C and 1074 °C, which is 

also expected at these temperatures in cases in which the pellets experience slower heating rates 

and lower oxygen levels.  
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4.4. Effects of Various Gas Temperatures  
 

If one chose solely to increase the gas temperature instead of using oxygen enrichment to 

increase the temperature in a bed, one would obtain a bed with different local conditions, 

oxidation degree, and CCS than those showed by the previous results of tests with various 

oxygen levels in a gas at constant temperature. Below are the results of experiments with a DD 

gas in zone 2 at different gas temperatures (800 °C or 1100 °C) and a low oxygen level in the 

gas (6% O₂). 

Figs. 20–25 present temperature profiles from the six thermocouples in the vertical direction 

of each bed. The temperature profiles obtained from the experiments with gas temperatures of 

800 °C and 1100 °C are indicated by light blue and orange, respectively. The pellets in the top 

layer of the bed (at 100% of the total bed height) experience temperatures similar to that of the 

inflow gas, which is either 800 °C or 1100 °C. Introducing a gas at 1100 °C instead of 800 °C 

has noticeable effects on the temperature in the top and middle layers of the bed (at 100–51% 

of the total bed height), leading to higher temperatures with long retention times at 1100–1200 

°C and lesser temperature differences further down the bed. Similar temperatures were obtained 

in both beds in the layer closest to the bottom (at 5% of the total bed height), regardless of the 

inflow gas temperature.  
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Fig. 20 Temperature profiles at 100% of the total bed 

height. Settings in zone 2: gas temp. 800 °C or 1100 °C and 

6% O₂ (residence time of approximately 12 min in zone 2) 

 

Fig. 21 Temperature profiles at 76% of the total bed 

height. Settings in zone 2: gas temp. 800 °C or 1100 °C and 

6% O₂ (residence time of approximately 12 min in zone 2) 

 

 

Fig. 22 Temperature profiles at 51% of the total bed 

height. Settings in zone 2: gas temp. 800 °C or 1100 °C and 

6% O₂ (residence time of approximately 12 min in zone 2) 

 

Fig. 23 Temperature profiles at 27% of the total bed 

height. Settings in zone 2: gas temp. 800 °C or 1100 °C and 

6% O₂ (residence time of approximately 12 min in zone 2) 

 

 

Fig. 24 Temperature profiles at 15% of the total bed 

height. Settings in zone 2: gas temp. 800 °C or 1100 °C and 

6% O₂ (residence time of approximately 12 min in zone 2) 

 

Fig. 25 Temperature profiles at 5% of the total bed height. 

Settings in zone 2: gas temp. 800 °C or 1100 °C and 6% O₂ 

(residence time of approximately 12 min in zone 2) 
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Fig. 26 shows oxidation degree as a function of the position in the vertical bed (as a 

percentage of the total bed height). Introducing a gas at 1100 °C instead of 800 °C strongly 

affects the oxidation degree in the layers at the top of the bed (at 100% of the total bed height), 

where the average oxidation degree is 76% when the inflow gas temperature is 1100 °C and 

63% when it is 800 °C. Besides in the top layer, there is no apparent difference in oxidation 

degree between the two beds; hence, the oxidation degree does not depend on the inflow gas 

temperature in most of the bed.  

 

Fig. 26 Oxidation degree as a function of position in the vertical bed (as a percentage of the total bed height) resulting 

from interrupted pot experiments with a DD gas at either 800 °C or 1100 °C and an oxygen level of 6% O₂ in zone 2 
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Fig. 27 shows the CCS as a function of the position in the vertical bed (as a percentage of 

the total bed height). Introducing a gas at 1100 °C instead of 800 °C leads to significantly higher 

strength in the top, upper, and middle layers of the bed (at 100%, 76%, and 51% of the total 

bed height), where the average CCS is 113–141 daN when the gas temperature is 1100 °C and 

38–51 daN when it is 800 °C. Further down the bed, the difference decreases, and in the bottom 

layers (at 15% and 5% of the total bed height) the average CCS is similar in the two beds, 

regardless of the inflow gas temperature.  

 

Fig. 27 CCS as a function of position in the vertical bed (as a percentage of the total bed height) resulting from 

interrupted pot experiments with a DD gas at either 800 °C or 1100 °C and an oxygen level of 6% O₂ in zone 2 
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In the previously presented experiments with various oxygen levels, the pellets with Type 2 

microstructures were found under local conditions (i.e. in layers) with sufficiently high 

temperatures. The experiments with an inflow gas temperature of 1100 °C yielded temperature 

profiles with sufficiently high Tmax in combination with 6% O₂ in the gas, and Type 2 pellets 

were found also in this case. These pellets were observed, for example, in a layer at 51% of the 

total bed height, which had a temperature profile with an average Tmax of approximately 1200 

°C (1199 °C). The orange curve in Fig. 22 represents the temperature profile of this layer. 

Comparing the microstructure of these pellets with that of Type 2 pellets from a layer in the 

bed exposed to the gas with 30% O₂ (the dark blue temperature profile in Fig. 7) shows that the 

oxidation front has progressed further in the pellets exposed to the higher oxygen level. 

Furthermore, the degree of oxidation (Fig. 10 and 26) and CCS (Fig. 11 and 27) are higher in 

the pellets from the bed exposed to the gas with 30% O₂ compared to those exposed to the gas 

with 6% O₂. See Paper I (Effect of Varied Oxygen Levels on the Oxidation of a Magnetite Pellet 

Bed during Pot Furnace Induration) included in this thesis for further details regarding this 

comparison.  
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The higher gas temperature does not affect the oxidation degree significantly in the middle 

and bottom layers of the vertical bed, but it does significantly affect that in the top layers. The 

oxidation degree depends largely on temperature, and, as shown by the temperature profiles in 

Figs. 20–25, the temperature in the middle and bottom layers of the bed does not increase above 

the inflow gas temperature (1100 °C) during the residence time of the bed in zone 2. Increasing 

the gas temperature without changing the oxygen level of the gas introduces less heat into the 

system than increasing the oxygen level of the inflow gas. The difference between these two 

scenarios (increased gas temperature or increased oxygen level of the gas) is quite large. Heat 

is continuously created inside each pellet by the exothermic reaction and transported further 

down the bed in the direction of the gas when only the oxygen level is varied, whereas heat is 

supplied outside each pellet by a hot bulk gas when only the gas temperature is increased.  
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5. Concluding remarks 
 

5.1. Key findings 
 

Positive effects on the oxidation degree and CCS of the pellets at the bottom of the vertical 

bed were observed in the current experiments. To avoid mechanical defects in pellets due to 

internal structural problems, previous literature has recommended that pellets be oxidised 

uniformly (without unreacted cores) before a bed enters the kiln or firing zone24) in which the 

pellets are exposed to high temperatures. In the current experiments, the pellet layers at the 

bottom of the bed exposed to the gas with 40% O₂ experienced a Tmax of approximately 1200 

°C, and this temperature was reached relatively fast. These bed-scale tests with oxygen 

enrichment in the inflow gas indicate that this approach reduces the risk of producing pellets 

with unoxidised cores. Thus, a high-oxygen-level process gas can potentially help in avoiding 

structural problems when bed heating originates from the oxidation process itself. 
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5.2. Additional Considerations 
 

Increasing the oxygen level in the process gas appears to be both a promising and powerful 

approach for future work. It is particularly promising that the degree of oxidation and CCS 

increased when the temperature rose faster at the bottom of the bed due to the higher oxygen 

level in the gas. The current pot furnace experiments demonstrate that temperature accumulates 

further down in the bed due to a higher oxygen level; however, which horizontal layer in a 

vertical bed that reaches the highest Tmax also depends on the initial conditions and other process 

parameters such as the inflow gas temperature, residence time, and gas flow rate. Although the 

gas flow rate was not varied in these experiments, it is likely that a lower gas flow rate would 

lead to less heat transfer from the top layers of a bed with more heat consequently accumulating 

at the top and in the middle of the bed. Likewise, a higher gas flow rate is expected to remove 

heat from the top layers and cause accumulation in the bottom layers and/or cause the outgoing 

gas to leave the bed with a higher temperature. In these experiments, a more uniform degree of 

oxidation along the vertical bed was observed in the bed exposed to the highest oxygen level 

(40% O₂ in the gas) compared to the reference level (represented in this study by 13% O₂ in the 

gas). The comparatively uniform bed-scale oxidation degree indicates the possibility of using 

an oxygen-enriched gas to obtain a bed consisting of pellets with less variations in its properties, 

such as the degree of oxidation. However, the temperature did increase considerably, 

particularly at the bottom of the bed, due to the high oxygen level of the gas (40% O₂). It is 

therefore likely that the bottom of a bed would experience even faster heating rates if the oxygen 

level of the gas were increased beyond 40% O₂ if the other experimental settings were held 

constant. To ensure a uniform oxidation on the bed and pellet scales and acceptable CCS 

throughout the bed, excessively fast heating rates can always be counteracted by considering 

the resulting temperature profiles as inputs when choosing other process parameters, such as 

inflow gas temperature, gas flow rate, and bed height.  
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6. Conclusions 
 

The following conclusions can be drawn from this study: 

• Among the oxygen levels considered in this study, the highest level (40% O2) yielded 

the most efficient heating and most uniform oxidation of an entire bed in the shortest 

time. The gas with 40% O₂ resulted in improved pellet properties (CCS and oxidation 

degree) and a lower oxidation degree gradient along the vertical bed than the other gases. 

• The temperature increased faster in the bottom layers of the vertical bed when using a 

higher oxygen level in the DD gas rather than solely increasing the gas temperature, 

resulting in higher oxidation degrees and CCSs in the bottom layers in a shorter time. 

• Pellet layers with comparable thermal histories oxidised according to similar 

mechanisms regardless of the oxygen level in the inflow gas. This finding indicates that 

the oxygen level influenced the oxidation rate in these experiments and that the 

temperature influenced the oxidation mechanism. 
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7. Future Work 
 

The complete correlation among temperature, oxidation degree, and CCS with various 

oxygen levels in the gas is complex and remains to be understood in detail. Further, several 

parameters remain to be tested on a large scale. The tests described in this work are the first to 

be performed on a scale of 100 kg, and many large-scale experiments remain to be performed 

to achieve a complete picture of where, how, and when it may be reasonable to introduce a high 

oxygen level in the gas, as well as the effects of doing so. 

In this study, the experiments were limited to one type of material and performed as 

interrupted pot induration experiments. Future work is recommended to include the following: 

• Investigation of other materials and process parameters, such as gas temperature and 

flow rate; 

• Tests with other initial bed conditions, such as temperature and oxidation degree, as these 

will affect the temperature profiles resulting from a high oxygen level in the gas; 

• Tests with higher oxygen levels to gain an understanding of a reasonable upper limit for 

percentage O₂ in the gas, as well as testing the limits under various experimental 

conditions. 
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1. Introduction

Owing to the current transition of Swedish steel pro-
duction to a hydrogen-based system, led by Hydrogen 
Breakthrough Ironmaking Technology (HYBRIT), the 
joint venture between Luossavaara-Kiirunavaara Aktiebo-
lag (LKAB), SSAB and Vattenfall, which aims to replace 
coking coal with hydrogen, an excess amount of oxygen 
originating from hydrogen production is likely to be avail-
able.1) The excess oxygen could potentially be used for 
iron ore pellet induration, and thereby improve the process 
efficiency in terms of fuel consumption and productivity. 
One of the challenges along this path will be to maintain 
product quality. The main raw material used in Scandi-
navian steel production is iron ore pellets. In Sweden, 

Effect of Varied Oxygen Levels on the Oxidation of a Magnetite 
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An excess amount of oxygen originating from hydrogen production is likely to be available as part of 
the HYBRIT (Hydrogen Breakthrough Ironmaking Technology) initiative, aimed at producing fossil-free steel 
by replacing coking coal with hydrogen. Oxygen enrichment during magnetite pellet induration can lead 
to reduced fuel amounts and increased productivity. Induration of magnetite iron ore pellets liberates 
considerable amounts of heat when magnetite is oxidised to hematite. Elevated oxygen levels in the pro-
cess gas are expected to promote the oxidation reaction, resulting in increased process efficiency. How-
ever, more information is required to enable the transition towards a higher oxygen level process and 
improved production rate, while maintaining the metallurgical properties of the pellet bed. In this study, 
interrupted pot furnace experiments were conducted on a magnetite pellet bed (approximately 100 kg) at 
Luossavaara-Kiirunavaara Aktiebolag to investigate the effect of oxygen levels at approximately 6%, 13%, 
and 30% O2. Temperature profiles are measured and pellet properties (compression strength, porosity, 
oxidation degree, microstructures) are analysed at different bed heights. The higher oxygen level (approx-
imately 30% O2) intensifies the oxidation reaction, resulting in increased temperature, oxidation rate and 
compression strength across the vertical bed height. Three different pellet oxidation profiles are identified, 
namely, homogenous oxidation across the pellet, complete oxidation of the pellet shell and an unreacted 
core with a sharp/distinct interface, and partial oxidation of the pellet shell and an unreacted core. A higher 
oxygen level results in an increased oxidation rate, while the temperature controls the pellet oxidation 
profile.

KEY WORDS: oxygen enrichment; magnetite pellet bed; oxidation; pot furnace; induration; fossil-free iron-
making.

the mining company LKAB produce both blast furnace 
and direct reduction pellets. Two main methods for pellet 
production are used, namely, the straight-grate and the 
grate-kiln processes. In both cases, a large pellet bed is 
transported through different zones while being exposed to 
an atmosphere with varying temperatures (room tempera-
ture to 1 300°C) and a varied oxygen level (approximately 
16% to 18% O2 in the pre-heating zone2)). When being 
transported, the pellets are dried, oxidised and sintered, 
which is known as induration. Oxidising magnetite ore 
to hematite3) releases considerable amounts of heat. Pro-
moting this exothermic reaction by increasing the oxygen 
level, rather than by fuel, would contribute to reducing 
greenhouse gas emissions from the industry, which is in 
line with the Paris Climate Agreement signed by the Gov-
ernment of Sweden in 2015.4,5)

The oxidation reaction (Eq. (1)) is highly exothermic,3) 
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releasing approximately 498 kJ/kg of oxidised magnetite,6) 
and is favoured by an increased temperature and oxygen 
partial pressure. The surplus energy originating from the 
exothermic reaction can be utilised in the process and, 
according to Forsmo,7) accounts for more than two thirds of 
the total energy demand of the LKAB induration process.

 2
1

2
33 4 2 2 3Fe O O Fe O� �  ...................... (1)

Oxidation of a magnetite pellet, like most gas-solid reac-
tions of porous solids, occurs through the following steps:8,9)

 i) Transfer of oxygen molecules from the bulk gas to 
the pellet surface,

 ii) Diffusion of oxygen molecules through the macro-
pores within the pellet, and

 iii) Chemical reaction at the surface of the particles, 
including oxygen adsorption, followed by a transfer 
of the product by solid-state diffusion.

The oxidation of magnetite pellets and particles has been 
extensively investigated since the start of the commercial 
production of iron ore pellets,3,10–22) and models have been 
developed and used to describe how oxidation occurs at the 
single pellet and particle scale.8,15,21,23–25) The grain model8) 
appropriately describes oxidation at the single pellet scale. 
This model describes the gas-solid reactions of porous solids 
by combining numerous previously existing models into 
one general model. The model depicts a pellet as individual 
particles surrounded by pores (macropores). Gas diffuses 
via these pores to reach the surface of each particle and the 
reaction starts. It is assumed that the individual particles are 
non-porous and that the reaction on a particle scale occurs 
according to the shrinking core model, also known as the 
‘sharp-interface model’.8,23) The reaction at the pellet scale 
(in this case oxidation) can be described as the result of 
three different regimes:

 i) When solid-state diffusion controls the overall reac-
tion: this leads to the homogenous oxidation of the 
entire pellet, as pore diffusion is not rate limiting.

 ii) When pore diffusion controls the overall reaction: this 
leads to complete oxidation of the pellet shell, form-
ing a sharp reaction interface oxidation front and an 
unreacted core, that is, oxidation as described by the 
shrinking core model.

 iii) When both solid-state diffusion and pore diffusion 
progress at a comparable rate (mixed-control): this 
leads to a pellet with completely oxidised particles 
at the pellet shell, partially oxidised particles in the 
intermediate section and an unreacted core.

Several process and material parameters influence the 
oxidation process and, consequently, the pellet proper-
ties. It is known that early and homogenous oxidation 
prior to sintering is advantageous because it increases 
pellet strength,11) and the oxygen level (pO2 ) is expected 
to influence the oxidation kinetics.3,13,15,25) Researchers 
have investigated the effect of the two major parameters, 
namely, oxygen level and temperature, on single pellets at 
isothermal conditions. Edström13) and Papanastassiou and 
Bitsianes15) concluded that the oxidation rate increases 
significantly by increasing the oxygen levels at higher 
temperatures (at 1 000°C and 1 230°C, respectively). 
Microscopic investigation of pellets oxidised at tempera-

tures > 1 000°C indicate that oxidation of single pellets 
follows the shrinking core mechanism, that is, the forma-
tion of a sharp reaction interface between the oxidised 
shell and the unreacted magnetite pellet core.15) Whereas, 
at lower temperatures (600°C and 800°C) and 16%–21% 
O2, the pellet is more homogenously oxidised although the 
larger particles are not completely oxidised.2,10,21) Cooke 
and Ban10) performed isothermal tests for 30 min in air at 
100–1 200°C, and observed dense magnetite cores in the 
pellets at 1 100°C and 1 200°C, which they believed hin-
dered the oxidation rate at these temperatures. Ilmoni and 
Uggla12) instead emphasised the effect of time duration at 
each temperature on the oxidation rate.

Pape et al.16) reported that the residence time of the bed 
in the pre-heating zone is too short for sufficient oxidation. 
Haas et al.18) then emphasised the importance of identify-
ing the local conditions of the induration processes where 
the injection of a gas with an increased oxygen level would 
most contribute to improved production rates. They per-
formed mini-pot experiments, with 2 kg of pellets per bed, 
simulating the effect of varied oxygen levels (6%, 15%, and 
30% O2) on commercial induration. One of their observa-
tions from the 30% O2 tests was the effective enhancement 
of oxidation at approximately 1 000°C.

Scale is the key to investigate induration in realistic non-
isothermal conditions. The current knowledge on the effect 
of different oxygen levels on oxidation is based on small-
scale experiments. The effect of varied oxygen levels on a 
large bed scale, such as the resulting oxidation gradient and 
trends on exothermic heat increase, is thus unknown and 
well-researched oxidation mechanisms remains to be estab-
lished from a bed perspective. The aim of this study is to

 i) investigate and identify the oxidation mechanisms 
along a large magnetite pellet bed at various oxygen 
levels and temperature profiles, and

 ii) determine the influence of oxygen partial pressure and 
temperature at comparable local thermal histories in 
the bed and across experiments with varying condi-
tions.

We examine magnetite pellets produced at pilot scale 
at LKAB using an interrupted pot furnace experimental 
method at an approximate scale of 100 kg of pellets per bed.

2. Method

We examined the influence of varied oxygen levels on 
the oxidation of a magnetite pellet bed during induration 
through interrupted pot furnace experiments. Magnetite 
concentrate was obtained from LKAB, and Table 1 shows 
particle size data. The concentrate was mixed with addi-
tives (dolomite, limestone and quartzite) and bentonite (as 
a binder, 0.6 mass%) in a Eirich R09/T pilot scale mixer 

Table 1. Magnetite concentrate particle size data.

Particle size data

< 45 μm < 63 μm < 90 μm

% % %

69.4 79.1 89.3
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with a capacity of 240 kg. Green pellets were produced from 
approximately 200 kg of iron ore concentrate in a batch pro-
cess pilot-sized disc pelletiser. The desired fraction (10–12.5 
mm) of green pellets was continuously collected from roller-
screens. The green pellets contained a final moisture content 
of 8.5 mass%, an average chemical composition of 70.1 
mass% Fe (22.1% Fe2+), 0.74 mass% SiO2, 0.91 mass% 
CaO and 0.67 mass% MgO. The green pellet porosity was 
on average, considering all experiments, 30.2%. Propane 
combustion provided the heat of the ingoing gas during 
the induration, and the oxygen level was determined by 
the selected amounts of ingoing air, as well as nitrogen or 
oxygen. Before each experiment, the physical properties of 
the green pellets (moisture, drop test, compression strength 
and pellet size distribution) were measured to ensure the 
desired quality, then a bed of approximately 100 kg green 
pellets was loaded in the pot.

The total bed height was approximately 45 cm, and ther-
mocouples installed at six different bed heights, as depicted 
in Fig. 1, continuously measured the temperatures across the 
vertical direction of the bed. Each thermocouple measured 
the temperature 5 cm from the furnace wall. We refer to the 
temperature profile as the measured temperature as a func-
tion of time. Figure 1 depicts the positions of the installed 
thermocouples as a percentage of the total bed height. 
Thermocouples A, B, C, D, E, and F refer to the measured 
temperature profiles at 100%, 76%, 51%, 27%, 15%, and 
5% of the bed height, respectively. The thermocouple F was 
complemented with a second thermocouple (F1) at the same 
bed height, to measure the temperature at the centre of the 
bed. The hearth layer was at 0% of the bed height (Fig. 1). 
The three zones of drying and pre-heating (zone 1), varied 
oxygen level (zone 2) and cooling (zone 3) describes the 
induration of each experiment.

In zone 1, the bed was first dried (up draft, UD) with 
air, until thermocouple A reached 150°C, then the bed was 
further dried (down draft, DD) for 120 s by air at 180°C. 

The combination of UD and DD was chosen to optimise the 
drying and avoid condensation at lower bed heights. After 
drying, the bed was pre-heated (DD) gradually from 500°C 
to 800°C for 240 s, and then the ingoing gas temperature 
was held at 800°C (DD) for 300 s. During pre-heating, 
the ingoing gas oxygen level was kept as low as possible 
(approximately 3%). After zone 1, the temperature mea-
sured at the top of the bed was approximately 800°C (at 
100% bed height), whereas the corresponding temperature 
at the bottom of the bed was approximately 170°C (at 5% 
bed height). A separate pre-experiment determined the 
oxidation degree and moisture at the end of zone 1. Table 
2 summarises the initial conditions before the start of zone 
2 (example data from the pre-experiment) and shows the 
oxidation degree gradient in the bed. The pellets at the 
bottom of the bed exhibited properties similar to green pel-
lets, whereas the pellets at the top of the bed had begun to 
oxidise (approximately 28% and 14% oxidation degree at 
thermocouple A and B, respectively).

Gas with a predefined oxygen level and constant tem-
perature was introduced (DD) in zone 2 for 725 s at a 
constant gas flow of 250 kg/h. After zone 2, the experiment 
was interrupted by cooling (UD) in zone 3 with nitrogen 
gas until thermocouple A reached 200°C, and then cooling 
continued (UD) with air. The gas direction (UD) during 
cooling was chosen to preserve the conditions at lower bed 
heights to the greatest extent by avoiding the additional heat 
transfer from upper bed heights associated with using down 
draft direction. Three separate experiments were conducted 
where the gas temperature was set to 800°C and the oxygen 
level to approximately 6%, 13% and 30% O2, respectively. 
Whereas, one experiment was performed at gas temperature 
of 1 100°C and an oxygen level of approximately 6% O2. 
Each experiment was replicated once or twice, that is, one 
replicate for the oxygen level at approximately 6% and 
13% O2, respectively, and two replicates at approximately 
30% O2. Figure 2 illustrates the ingoing gas temperatures 
during the experiments, and Table 3 shows an overview 
of the experiments. The three oxygen levels were chosen 
based on the current design specifications of the equip-
ment, which allowed for approximately 6% and 30% O2 as 
the lower and higher level, respectively, when the ingoing 
gas flow rate is at 250 kg/h. Reported oxygen levels during 
pre-heating in commercial induration processes (approxi-

Fig. 1. Schematic illustration of the pot furnace and position of 
thermocouples A, B, C, D, E, and F as a percentage of total 
bed height. (Online version in color.)

Table 2. Initial conditions of the bed just before the start of zone 2 
(data from a pre-experiment).

Initial 
conditions Bed height Temperature Degree of 

oxidation Moisture

Thermocouple % °C % wt.%

A 100 800 28 0

B 76 610 14 0

C 51 375 4 0

D 27 205 1 0

E 15 190 Not applicable 0

F 5 170 Not applicable 0

Hearth layer 0
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mately 16–18% O2)2) motivated the choice of the oxygen 
level of approximately 13% O2, the slightly lower level 
was preferred because it allowed for the investigation of a 
greater variation.

2.1.	 Temperature	Profiles
Figure 3 shows the measured temperature profile (X-Y 

plot) at 27% of the bed height (thermocouple D) in the pel-
let bed from the experiment with an ingoing gas at 800°C 
and approximately 30% O2 in zone 2. Temperature profiles 
and a selection of parameters are used to describe the local 
thermal histories at different bed heights, and Fig. 3 and 
Table 4 provides an example. MaxT refers to the maximum 
measured temperature in zone 2, dT/dt400-MaxT refers to the 
heating rate from 400°C to MaxT in zone 2 and the time 
duration (Δt1 000°C, Δt1 100°C) refers to the approximate time 
that the measured temperatures were at or above either 
1 000°C or 1 100°C (zone 2 and zone 3).

2.2.	 Sampling	and	Characterisation
Batches of pellet samples (approximately 4 kg pellets) 

were collected at the same bed heights as the installed ther-
mocouples (A–F). To obtain representative sub-samples, the 
samples were manually sieved to 10.0–12.5 mm according 
to ISO standard 4700: 201526) and then divided using a 

riffle-splitter. Pellet samples for microscopic investigation 
were collected randomly from one of the sub-samples. Due 
to sampling errors, only one data point at 51% bed height 
from the experiment with approximately 13% O2 in zone 
2 was obtained. Wet-chemical titration with a K2Cr2O7 
standard solution determined the concentration of ferrous 
ion (Fe2+), and using Eq. (2), the oxidation degree was 
calculated based on the analysed Fe2+  for the green and 
indurated pellets from each experiment. The cold compres-
sion strength (CCS) was measured in accordance with ISO 
4700: 2015,26) however, when the CCS was below 100 daN 
complementary measurements using the LKAB pellet multi-
press (PMP) instrument27) were performed. Pycnometry, 
using an Accupyc II 1340 and a GeoPyc 1360 instrument 
(Micromeritics Inc., USA), determined the porosities of 
green and indurated pellets.

Degree of oxidation
Fe

Fe
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Green pellets
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�

�
�

�

�
�

�

�
��

�

�

�

�
1

2

2 ��� �100  ... (2)

Manually grinding each pellet to the pellet centre pre-
pared the pellet samples for microscopic investigation. 
The pellet halves were then mounted in epoxy resin, and 
then vacuum impregnated. After hardening, the samples 
were ground and then polished down to a 1 μm fineness, 
using alcohol-based diamond suspensions. All steps of 
the sample preparation were conducted using alcohol. A 
light optical microscope, Leica (DM 6000M), equipped 
with a Leica camera (DFC 295) and a motorised mov-
able stage enabled the pellet microstructural examination. 
Using the mosaic feature of the image analysis software, 

Fig. 2. Overview of the ingoing gas temperature during the 
experiments. Zone 1: 240 s with an ingoing gas at 500–
800°C (DD) and then 300 s at 800°C (DD). Zone 2: varied 
oxygen level for 725 s and ingoing gas temperature at 
800°C or 1 100°C (DD). Zone 3: cooling (UD). (Online 
version in color.)

Table 3. Overview of experiments: total number of experiments 
(including replicates) and experimental settings in zone 
2.

Overview of experiments

No. of 
experiments

Oxygen level of 
the ingoing gas 

(DD)

Temperature of 
the ing. gas 

(DD)

Gas flow rate of 
the ing. gas 

(DD)

% O2 °C kg/h

2 ≈ 6 800 250

2 ≈ 13 800 250

3 ≈ 30 800 250

3 ≈ 6 1 100 250

Fig. 3. Example of a temperature profile in a pellet bed (at 27% 
height) from experiment with an ingoing gas at 800°C and 
approximately 30% O2. (Online version in color.)

Table 4. Parameters used to describe the temperature profile in 
Fig. 3: average maximum temperature (MaxT) in zone 2, 
average heating rate (dT/dt400-MaxT) in zone 2 and average 
time duration ≥  1 000°C and 1 100°C (zone 2 and 3).

Parameters (average data) describing thermal history as function of 
bed height

Bed height
Initial Temp. MaxT dT/dt400-MaxT Δt1 000°C Δt1 100°C

°C °C °C/min min min

27% (D) 205 1 180 100 5 3
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Leica Application Suite LAS V4.5.0 Multistep, enabled 
the capture of images of the entire pellet cross section at 
a magnification of ×100. These individual images with 
a size of 2 048 × 1 536 pixels were collected automati-
cally and stitched together producing a mosaic picture of 
approximately 20 000 × 20 000 pixels (14.3 × 14.3 mm). 
Additionally, we manually collected individual images at 
a larger magnification (×200).

3.	 Results

3.1.	 Effect	of	Oxygen	Partial	Pressure	on	the	Oxidation	
Profile	in	a	Pellet	Bed

When the oxidising gas comes into contact with the bed, 
the magnetite pellets begin to oxidise and exothermic heat 
is released. When the gas is introduced continuously from 
above (DD), the pellets at the top of the pellet bed maintain 
a similar temperature to the ingoing gas. The continuous 
gas flow transports the heat generated by oxidation at the 
top to the lower levels of the bed. Therefore, the pellet 
layers on the bottom experience a significantly warmer 
gas than the top layer; this creates different conditions for 
oxidation. Oxidation of the subsequent layers thus gener-
ates more heat, which transports further down the bed 
and so on. The varying temperature of the gas flowing 
through the bed, in combination with a varied initial pellet 
temperature, generates different temperature profiles in the 
bed. As a result, oxidation of the pellets at different bed 
heights progresses differently. Figure 4 shows simplified 
illustrations of the resulting oxidation degree throughout 
the pellet beds from the experiments with gas at 800°C and 
O2 levels of approximately 6%, 13% and 30%, whereas, 
Table 5 lists the corresponding oxidation degree at each 
bed height (A–F). The light grey and black colours repre-
sent hematite and magnetite, respectively. Table 6 shows 
the achieved maximum temperature (MaxT) and heating 
rate (dT/dt400-MaxT) for each bed height. As expected, the 
oxygen level at approximately 30% O2 generates the bed 
with the highest oxidation degree, whereas the lowest is 
generated at approximately 6% O2. As the representa-
tive pellet cross sections in Table 5 shows, non-oxidised 
pellet cores increase closer to the bottom of each pot. In 
the experiment with an ingoing gas at 800°C and approxi-

mately 6% O2, the highest oxidation degree is found at the 
top of the bed (at 100% of the bed height). Whereas, the 
corresponding values for oxygen levels at approximately 
13% and 30% O2 are found at 76% and at 51% of the bed 
height, respectively. In the bed from the experiment with 
approximately 30% O2, the macrostructures of pellets from 
the top of the bed (at 100% bed height) indicate complete 
oxidation; however, the oxidation degree is less than at 
lower bed heights (Table 5). Unlike at the top of the bed, 
more of the exothermic heat accumulates in the middle 
and lower parts of the bed, meaning that these pellets 
experience higher temperatures (> 1 100°C) in combina-
tion with the higher oxygen level of approximately 30% 
O2 (Table 6).

Figure 5 illustrates the effect of increasing the ingo-
ing gas temperature, as opposed to increasing the oxygen 
level, on the bed oxidation profile. The figure shows the 
resulting oxidation degree as a function of the bed height 
when the ingoing gas temperature is either 1 100°C or 
800°C and the oxygen level is approximately 6% O2. The 
oxidation degree increases at the top of the bed resulting 
from the higher gas temperature, whereas at 5–76% of the 
bed height, the oxidation degree is similar regardless of 
the variation of the ingoing gas temperature. As shown 
in Table 6, the pellets at 15–100% of the bed height 
reaches higher maximum temperatures when the ingoing 
gas temperature is higher, while the thermal history at 
5% bed height is comparable for both of the ingoing gas 
temperatures. At 15–27% of the bed height, the heating 
rates in the bed exposed to the higher gas temperature and 
approximate 6% O2 level are comparable to the heating 
rates at the same bed heights as when the ingoing gas is at 
800°C and approximately 13% O2 (Table 6).

3.2.	 Microstructural	Investigation—Various	Oxidation	
Profiles

The microstructural investigation of individual pellets 
from different bed heights shows that the oxidation, in 
terms of degree and mechanisms, varies significantly from 
one pellet layer (bed height) to another. Based solely on 
the oxidation profiles, all the obtained microstructures are 
categorised into three types:

Fig. 4. Schematic illustration of pellet beds from the experiments with the ingoing gas at 800°C and different oxygen 
levels in zone 2. The light grey and black colours represent hematite and unoxidised magnetite, respectively. 
This illustration does not describe the real dimensions of the pellets or the pot furnace.
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3.2.1. Type 1
The macrostructures of Type 1 pellets indicate complete 

and homogenous oxidation. Although the microstructures 
confirm the homogenous oxidation, it also shows that par-
ticles larger than approximately 20 μm are only partially 
oxidised (Fig. 6). Type 1 pellets are found at the top of the 
bed from the experiment with an ingoing gas at 800°C and 
approximately 30% O2. Table 6 lists the thermal history 
of typical Type 1 pellets (see layer A, at 100% bed height, 
from experiments with an ingoing gas at 800°C and approxi-
mately 30% O2 in zone 2).

3.2.2. Type 2
The macrostructures of Type 2 pellets shows unreacted 

magnetite cores (Fig. 7). The microstructures reveal an 
oxide layer (hematite) consisting of completely oxidised 

Fig. 5. Oxidation degree as a function of the bed height when the 
ingoing gas temperature is either 1 100°C or 800°C and 
the oxygen level is approximately 6% O2 in zone 2. 
(Online version in color.)

Table 5. Representative pellet cross sections and average (chemically determined) oxidation degree at each bed height.

Cross sections and average degree of oxidation as function of bed height

% O2 of the ing. 
gas in zone 2 ≈ 6% O2 ≈ 13% O2 ≈ 30% O2

Temp. of the ing. 
gas in zone 2 800°C 800°C 800°C

Bed height Pellet cross 
section

Degree of 
oxidation

Pellet cross 
section

Degree of 
oxidation

Pellet cross 
section

Degree of 
oxidation

% % % %

100 (A) 63 ±  4 75 ±  2 81 ±  4.5

76 (B) 62 ±  2 82 ±  2 93.5 ±  0.5

51 (C) 57 ±  2 ≈ 77 96.5 ±  0.5

27 (D) 38 ±  1 63 ±  9 94.5 ±  0.5

15 (E) 27.5 ±  0.5 49 ±  6 84 ±  4

5 (F) 22 ±  1 42 ±  4 68 ±  3
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Fig. 6. Macro- and microstructure of reference pellets categorised as Type 1. The images at × 200 corresponds to the 
white markings in the pellet cross section image. Oxidised particles appear light grey, while unoxidised magne-
tite appear dark in the microstructure images.

Fig. 7. Macro- and microstructures of reference pellets categorised as Type 2. The images at × 200 corresponds to the 
white markings in the pellet cross section image. Oxidised particles appear light grey, while unoxidised magne-
tite appear dark in the microstructure images.

Table 6. Average maximum temperature (MaxT) and average heating rate (dT/dt400-MaxT) at each bed height.

Parameters (average data) describing thermal history as function of bed height

% O2 of the ing. 
gas in zone 2 ≈ 6% O2 ≈ 13% O2 ≈ 30% O2 ≈ 6% O2

Temp. of the ing. 
gas in zone 2 800°C 800°C 800°C 1 100°C

Bed height MaxT dT/dt400-MaxT MaxT dT/dt400-MaxT MaxT dT/dt400-MaxT MaxT dT/dt400-MaxT

% °C °C/min °C °C/min °C °C/min °C °C/min

100 (A) 812 Not applicable 819 Not applicable 841 Not applicable 1 121 Not applicable

76 (B) 916 Not applicable 964 Not applicable 1 053 Not applicable 1 191 Not applicable

51 (C) 969 50 1 057 61 1 140 93 1 199 70

27 (D) 822 58 977 78 1 180 100 1 060 76

15 (E) 758 59 862 75 1 154 117 855 69

5 (F) 697 58 816 80 1 115 128 730 65

particles, and shows that the oxidation front has grown topo-
chemically from the shell into the pellet core, with a sharp/
distinct interface at the reaction front. The microstructures 
also show bridges between particles throughout the pellet 
cross section. Type 2 pellets are found in the middle or 
lower part of a pellet bed, where the measured maximum 
temperature (MaxT) is above approximately 1 150°C, for 
example, in the bed from the experiment with the ingoing 
gas at 800°C and approximately 30% O2 at 27% of the bed 
height (Fig. 7). Table 6 lists the thermal history of typical 
Type 2 pellets (see layer D, at 27% bed height, from experi-
ments with an ingoing gas at 800°C and approximately 30% 

O2 in zone 2).

3.2.3. Type 3
The macro- and microstructures of Type 3 pellets is 

a combination of Type 1 and Type 2. Macroscale visual 
observations show an oxidised pellet shell combined with 
an unreacted magnetite core. The microstructure reveals 
that the particles at the shell are only partially oxidised. 
There is a variation in the appearance of the microstruc-
tures within this group, resulting from how far the reaction 
front has progressed on a macro- and microscopic scale. 
Figure 8 depicts the oxidation variation at an earlier and 
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a later stage. In the earlier stage of oxidation, the particles 
larger than approximately 20 μm are only partially oxi-
dised and in the later stage of oxidation, the particles larger 
than approximately 100 μm are only partially oxidised. 
The oxidation front in the former case has not progressed 
as far as in the latter case (Fig. 8). Type 3 pellets are 
observed in all bed heights where the measured maximum 
temperature (MaxT) is below approximately 1 150°C, 
including at the top layer (at 100% bed height) of the bed 
from the experiment with an ingoing gas at 800°C and 
oxygen levels at approximately 6% or 13% O2. Table 6 
lists examples of thermal histories of the typical Type 3 
pellets, see layer E, at 15% bed height, from experiments 
with an ingoing gas at 800°C and approximately 13% or 
30% O2 in zone 2.

3.3.	 Influence	of	Oxygen	Partial	Pressure	and	Temper-
ature	on	the	Pellet	Quality

The current experimental setup enables the possibility 
of viewing each bed height (A–F) with its local conditions 
as a separate experiment, and thus enables the comparison 
of these pellet layers between themselves. This approach 
allows the influence of temperature and oxidation degree 
on pellet quality to be delineated, specifically, the oxida-
tion degree and the CCS in an early stage of the pellet 
induration resulting from the interrupted experiments. 
The two comparisons below exemplify and illustrate this 
dependency:

3.3.1. Pellet Oxidation at Different Thermal Histories and 
Similar Oxygen Levels

The first comparison concerns pellets with different 
thermal histories (MaxT, heating rates and Δt1 100°C), but 
a similar oxygen level (approximately 30% O2). In this 
case, the pellets (C-0.30 and D-0.30) originate from the 
same bed (ingoing gas at 800°C in zone 2). C-0.30 pellets 
refers to pellets from 51% of the bed height with an initial 
temperature of approximately 375°C, whereas D-0.30 pel-

lets refers to pellets from 27% bed height with an initial 
temperature of approximately 205°C. Figure 9 depicts 
the temperature profiles of the C-0.30 and D-0.30 pellets, 
and Table 7 summarises the data describing the thermal 
histories and pellet properties (oxidation degree, cold 
compression strength and porosity). The D-0.30 pellets 
experience a higher maximum temperature and a slightly 
faster heating rate than the C-0.30 pellets. The microscopic 
investigation shows complete oxidation of C-0.30 pellets, 
and that of the D-0.30 pellets shows Type 2 microstruc-
tures. The oxidation degree is similar for both the C-0.30 
and D-0.30 pellets, and the D-0.30 pellets exhibit higher 
average cold compression strength.

3.3.2. Pellet Oxidation at Similar Thermal Histories and 
Different Oxygen Levels

The second comparison concerns pellets with comparable 
thermal histories (MaxT and Δt1 100°C), but different oxygen 
levels (approximately 6% and 30% O2). The previous sec-
tion describes the D-0.30 pellets. The other pellets, C-0.06, 
refers to pellets at 51% of the bed height from a bed exposed 
to a gas at 1 100°C and approximately 6% O2. The initial 
temperature of the C-0.06 pellets is approximately 375°C. 
Figure 10 depicts the temperature profiles of the C-0.06 and 
D-0.30 pellets, and Table 7 summarises the data describing 
the thermal histories and pellet properties. The microscopic 
investigation shows that both the C-0.06 and D-0.30 pellets 
have Type 2 microstructures, regardless of the oxygen level 
variation of the ingoing gas, and despite the higher initial 
temperature of the C-0.06 pellets. For the D-0.30 pellets, 
the oxidation front has progressed further, the oxidation 
degree is higher and the average cold compression strength 
is also higher. In the current experiments, this is true for 
all pellets with comparable thermal histories and different 
oxygen levels.

Fig. 8. Macro- and microstructures of reference pellets categorised as Type 3. The images at × 200 corresponds to the 
white markings in the pellet cross section image. Oxidised particles appear light grey, while unoxidised magne-
tite appear dark in the microstructure images.
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Table 7. Data describing the average thermal histories and pellet properties of the C-0.30, D-0.30 and C-0.06 pellets 
(average oxidation degree, average cold compression strength and average porosity), representative pellet cross 
sections and type of microstructure.

Comparisons: C-0.30 D-0.30 C-0.06

Oxygen level % O2 ≈ 30 ≈ 30 ≈ 6

Gas temp. °C 800 800 1 100

Gas flow (DD) kg/h 250 250 250

Bed height % 51 27 51

Initial temp. °C 375 205 375

Max. temp. (MaxT) °C 1 140 1 180 1 199

Heat rate (dT/dt400-MaxT) °C/min 93 100 70

Δt1 100°C min 3–4 3–4 4–5

Pellet cross section

Microstructure Type Completely 
oxidised 2 2

Degree of Oxidation % 96.5 ±  0.5 94.5 ±  0.5 56 ±  4

Cold compression strength daN 121 ±  4 163 ±  10 113 ±  12

Porosity % 28 27 27

Fig. 9. Representative temperature profiles (X-Y plot) of C-0.30 
(pellets at 51% bed height exposed to approximately 30% 
O2 in zone 2) and D-0.30 (pellets at 27% bed height 
exposed to approximately 30% O2 in zone 2).

Fig. 10. Representative temperature profiles (X-Y plot) of C-0.06 
(pellets at 51% bed height exposed to approximately 6% 
O2 in zone 2) and D-0.30 (pellets at 27% bed height 
exposed to approximately 30% O2 in zone 2).

oxidation profile corresponding to homogeneous oxidation 
through the entire pellet, Type I, is likely to occur in pellets 
exposed to relatively low temperatures at the top of the bed 
and with a higher oxygen level. Under these conditions, 
solid-state diffusion is plausibly the rate-controlling step and 
increasing the temperature would significantly promote oxi-
dation. Further down in the bed, Type II oxidation emerges 
when the temperature is high enough (above approximately 
1 150°C), and neither the chemical reaction at the inter-
face nor solid-state diffusion are the rate controlling steps. 
Instead, oxidation is controlled by the available oxygen at 
the oxidation front (that is, gas pore diffusion), and would 
thus improve from an increased oxygen level. The third 
case, Type III oxidation occurs in situations where the rate 

4.	 Discussion

One common trend for all pellet beds from the current 
experiments is the variation of local conditions (thermal 
histories), leading to corresponding variations in the rate-
controlling steps and oxidation mechanisms. As previously 
described, the pellets are categorised into three groups, 
according to the obtained macro- and microstructure images 
(Type 1, 2 and 3). Generally, the resulting types are consis-
tent with the oxidation mechanisms described by the grain 
model by Szekely et al.8) and confirms the observations 
from single pellet oxidation experiments performed by 
other researchers.2,15,21) Figure 11 shows schematic repre-
sentations of Type I, II and III oxidation mechanisms. The 
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of oxygen pore diffusion and solid-state diffusion are com-
parable. When oxidation is a mixed rate-controlled process, 
oxidation would be improved by increasing the temperature 
and/or the oxygen level. The oxygen level of the ingoing 
gas influences the oxidation profile throughout the bed. The 
increased oxygen level not only implies an increase in avail-
able oxygen, but it also means that the release and accumu-
lation of exothermic heat at a certain bed height determines 
the thermal history of those pellets. The more efficient heat 
transportation to the lower parts of the bed, resulting from 
the higher oxygen level, indicates the potential for more 
effective oxidation throughout the bed within a shorter 
period of time. The faster bed scale oxidation confirms the 
potential to increase the production rate by increasing the 
oxygen level, which is in line with the previous findings 
from small-scale (2 kg pot) experiments by Haas et al.18) 
The scale of the current experiments (approximately 100 kg 
pellets) allows us to observe the significant heat increase and 
faster oxidation that occurs at the lower bed heights because 
of the higher oxygen level. The variation in oxidation degree 
and mechanisms along the vertical direction of the bed, due 
to the varying local conditions, is another outcome from 
the results of the current experiments. To further evaluate 
the effect of varied oxygen levels on large bed scale, higher 
oxygen levels (>30% O2) and its influence on the resulting 
bed temperature profiles is of high interest to investigate in 
the future.

To exemplify the type of oxidation profiles that occur 
when the oxidation is not the main source of heat, the 
comparison is extended to include a bed at a higher ingoing 
gas temperature (1 100°C) and a low oxygen level (approxi-
mately 6% O2). When increasing the gas temperature 
alone, the oxidation degree at the top of the bed increases, 
whereas the higher gas temperature does not affect the oxi-
dation degree significantly at the lower bed heights. In the 
durations of the current experiments, only half of the bed 
reaches the temperature of the ingoing gas. One reason for 
this could be that the amount of heat associated with the 
gas temperature is lower than the amount of theoretical heat 
release from the oxidation reaction. As the experimental 
setup allows for efficient heat transfer, most of the available 
heat associated with the ingoing down draft gas is probably 
transferred to the upper parts of the bed. Other than for 
comparative purposes, there is no benefit from oxidation at 
higher gas temperatures (≥  1 100°C), in combination with 
a lower oxygen level, as it involves the risk of increasing 
the temperature in the upper part of the bed for an extended 

amount of time without sufficient access to oxygen.
In addition to the influence of oxygen level on the oxi-

dation profiles, which is the primary focus in this study, 
this work also provides insight into the influence on pellet 
strength (CCS) during the initial stages of pellet induration. 
The thermal histories of pellets at comparable oxidation 
degrees affects their strength. The influence of increased 
temperature and duration at higher temperature on strength 
is expected and related to sintering that becomes significant 
at 1 200°C.7) In the current experiments, in earlier stages of 
the induration, when pellets experience comparable thermal 
histories (MaxT and Δt1 100°C) but different oxygen levels, 
higher strength (CCS) is correlated to higher oxidation 
degree. The comparison of the C-0.06 and D-0.30 pel-
lets (Fig. 10 and Table 7) exemplifies this trend. Bridging 
between particles during oxidation is known to influence 
pellet quality at lower temperatures,11,28) and this study high-
lights the extended importance of oxidation at higher tem-
peratures. The complete correlation between temperature, 
oxidation and strength at varied oxygen levels is complex 
and remains to be understood in detail.

The variation of microstructures in a bed exposed to a 
higher oxygen level (approximately 30% O2), shows that 
pellets at the bottom of a bed oxidise according to different 
mechanisms than pellets at the top of the same bed. The dif-
ference in oxidation mechanisms is mainly due to the varia-
tion in temperature, whereas the oxygen level affects the 
oxidation rate. Oxidation at the top of the bed is promoted 
by an increase in temperature or possibly by reducing the 
flow rate of the ingoing gas. In contrast, higher oxygen lev-
els promote the oxidation of pellets at the lower bed heights. 
It is likely that a lower gas flow rate would generate a bed 
with a higher oxidation degree in the upper part of the bed, 
as it would allow a greater accumulation of heat in this part 
of the bed than in the present case. Similarly, increasing the 
ingoing gas flow rate would likely transport the exothermic 
heat further down into the bed. Another variant would be 
to increase the ingoing gas temperature and oxygen level 
simultaneously, which could significantly improve the 
pellet strength. However, we recommend caution in this 
case because substantially high temperatures could lead to 
sintering before complete oxidation, resulting in inferior 
pellet quality. In addition, the oxidation rate is also highly 
dependent on particle size distribution. Smaller particles will 
oxidise faster8,29,30) and the distribution will affect particle 
packing within the pellet and hence porosity.15) Thus, par-
ticle size distribution is another relevant parameter to con-
sider in future studies. From a bed scale perspective, besides 
material properties, the choice of increased oxygen level in 
combination with the ingoing gas temperature and flow rate 
will always constitute a balancing act, and the findings from 
this study can serve as a starting point.

5.	 Conclusions

In this study, we investigate the influence of varied oxy-
gen levels (approximately 6%, 13% and 30% O2) and ingo-
ing gas temperature (800°C and 1 100°C) on the induration 
of a magnetite pellet bed in a pot furnace. Experiments with 
the specific material and experimental settings described 
in this article resulted in the observation of the following 

Fig. 11. Schematic sketch of the categorised types of oxidation 
profiles. The white and black colours represent hematite 
and unoxidised magnetite, respectively. This illustration 
does not describe the real particle geometry or particle 
size distribution.
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trends.
• Increasing the oxygen level results in a higher oxida-

tion degree of the entire bed compared to beds exposed to 
lower oxygen levels.

• The local bed conditions generate pellets with three 
types of oxidation profiles, namely the homogenous oxida-
tion of the entire pellet, an unreacted core with a distinct/
sharp interface and a completely oxidised shell, and an 
unreacted core with a partially oxidised pellet shell.

• Pellets experiencing comparable thermal histories 
show a similar oxidation mechanism, independent of the 
oxygen level in the gas. Thus, the oxygen partial pressure 
will only affect the extent of the oxidation.

• Increasing the oxygen level of the ingoing gas 
increases the pellet bed temperature and the oxidation 
degree at the lower bed heights more effectively than solely 
increasing the ingoing gas temperature.

• The higher oxygen level (approximately 30% O2) 
leads to an increase in the oxidation degree at temperatures 
above 1 100°C, as well as increased strength (CCS) in the 
earlier stages of pellet induration.
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Synopsis  

As Sweden transitions to hydrogen-based steel production to enable fossil-free steelmaking, 

excess oxygen is likely to be generated through hydrogen production via water electrolysis 

based on green electricity. Further, during iron-ore pellet production, magnetite oxidises to 

hematite, releasing considerable heat. This excess oxygen and inherent heat can be used to 

promote exothermic oxidation, thereby reducing the external fuel requirement, decreasing 

greenhouse gas emissions, and conforming to the Paris climate agreement. Herein, we 

investigate the effects of a high-oxygen-content (40% O₂) inflow gas on pellet bed oxidation 

during induration, focusing on the resulting temperature profiles in the bed and the strength 

development of the produced pellets. We employ an interrupted pot furnace experimental 

methodology on the bed scale, with an approximate scale of 100-kg pellets per bed. The results 

indicate that the use of 40%-O2 gas helps rapidly enhance the pellet properties and yields a 

more uniform pellet bed in terms of oxidation degree compared to when using a 13%-O₂ gas. 

Additionally, improved cold compression strength (CCS) is achieved when using 40%-O2 

inflow-gas. At temperatures above 1000 °C, the oxidation degree and CCS are primarily 

enhanced by the high oxygen level of the inflow gas; this behaviour cannot be compensated for 

by increasing the temperature and residence time at a lower oxygen level. The positive effects 

on the bed-scale oxidation degree and strength are promising and may allow faster production 

rates in the future. 

 

Keywords: Oxygen enrichment; Pot furnace; Magnetite pellet bed; Induration; Fossil-free 

ironmaking 
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1.  Introduction 
 

In Sweden, iron ore pellets are mainly produced by a company named Luossavaara-

Kiirunavaara Aktiebolag (LKAB)1) from magnetite ore, an iron source that can be used for both 

conventional and future fossil-free steelmaking. To produce these pellets, a magnetite 

concentrate is balled into green pellets, which are then indurated (dried, oxidised, and sintered) 

in a bed under a continuous oxygen-containing gas flow. The existing pelletising process is 

energy-efficient because of the exothermic nature of the oxidation reaction and its process 

design, which utilize the internal heat produced by the oxidation. For improved efficiency, it is 

essential to control the oxidation-generated heat and decrease the use of external heating, and 

the gas oxygen level is one relevant parameter. In the ongoing transition to a more sustainable 

industry2), hydrogen-based processes are expected to become more widespread. As hydrogen 

production through electrolysis of water generates oxygen as a by-product, large amounts of 

oxygen may become available for use in the pelletising process3). 

During induration, the pellet bed travels through different thermal zones while being exposed 

to gas with varying temperatures. Oxidation begins in the preheating zone, where the gas 

oxygen level is 16%–18%4) and the maximum temperature approaches 1200 °C5). In the 1970s, 

Pape et al.6) collected pellets from a commercial Grate-Kiln discharge stream and observed 

20%–40% unoxidised magnetite; hence, they concluded that the preheating-zone residence time 

for that system was too short for adequate pellet bed oxidation. Haas et al.7) later investigated 

the potential to increase production rates through oxygen enrichment, i.e., by using 30%-O₂ gas 

in the pre-heating zone to achieve a higher oxidation degree in a shorter time. Those researchers 

performed mini-pot furnace experiments (2-kg bed-scale) with 13%- and 30%-O2, simulating 

a pre-heat period and interrupting at different temperatures. At 1000 °C, the times to decrease 

the ferrous ion content (indicating unoxidised magnetite) to below 1% with 13%- and 30%-O₂ 
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gas were 5 and 10 min, respectively; this result showed that oxygen enrichment of the gas can 

improve the oxidation efficiency during preheating. However, as the experiments were small-

scale, Haas et al. recommended further large-scale research. 

To date, most researchers exploring various gas oxygen levels have performed small-scale 

experiments, often on the single-pellet scale and under isothermal conditions8-10. One such 

example is the study by Papanastassiou and Bitsianes11), who found that the oxygen partial 

pressure is one of the major parameters affecting the single-pellet oxidation rate at 1000 °C. In 

a previous study, the present authors12) found that increasing the oxygen level to 30% (in a gas 

at 800 °C) for 12 min increased the oxidation degree across a 100-kg pellet bed within a shorter 

time compared to gases with lower oxygen levels (6% and 13%). The 30%-O₂ gas also 

improved the strength development and led to a higher pellet cold compression strength (CCS) 

in the bed, although there was some degree of positional variation. After a predetermined 

residence time, average oxidation degrees of approximately 60%–70% were obtained at the bed 

top, middle, and bottom, following exposure to downdraft (DD) gas with 6%, 13%, and 30% 

O₂, respectively. The improvements observed for the gas oxygen enrichment were attributed to 

the higher oxidation degree and the increase in temperature due to the increased oxygen level, 

which intensified the exothermic heat release.  

The findings summarised above motivate further increases of the oxygen level to observe 

the effects on temperature development, oxidation degree, and strength on a large bed scale. 

The desired outcome of such research is uniformly oxidised and sintered pellets, but 

achievement of this goal depends on the bed residence times for different induration zones, the 

bed thermal history, and the inflow-gas oxygen level. Note that uniform oxidation of the pellets 

before the bed reaches increased firing temperatures is preferred, as this is considered beneficial 

for pellet strength13). Pellets with unreacted cores, often referred to as ‘shell and core’ or ‘duplex 

structures’, are associated with lower strength when exposed to high temperatures4,14). 
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Magnetite and hematite sinter at different temperatures; thus, increased densification of the 

magnetite particles can occur at lower temperatures compared to those for hematite. In this type 

of pellet macrostructure with a magnetite core and a hematite shell, tension may arise between 

the shell and core. In the worst-case scenario, this tension may cause internal cracks, and thus, 

poor mechanical stability14-16). Therefore, increasing the inflow-gas oxygen level is expected to 

improve both the oxidation kinetics and the overall process. However, a detailed investigation 

of the effects of high oxygen levels during induration has not been reported to date. 

The aim of the current study is to expand understanding of oxidation with high gas oxygen 

levels (40%) on the bed scale, as well as the associated effects on the heating rate and resulting 

pellet quality. We conduct interrupted pot furnace experiments and, hence, examine the effects 

of high oxygen levels during induration on the heating rate, temperature, and strength (CCS), 

and examine the correlation with the internal pellet structure. 

  



 

6 
 

2. Method  
 

We performed interrupted pot furnace experiments to investigate the effect of a high oxygen 

level (approximately 40% O₂) on the induration of a large magnetite pellet bed. Green pellets 

were produced from magnetite concentrate in a batch process at pilot scale. Table 1 reports the 

particle size data of the magnetite concentrate used in the experiments; this concentrate was 

obtained from LKAB. The moist concentrate was mixed with additives (dolomite, limestone, 

and quartzite) and bentonite as a binder (0.6 mass%) in an Eirich R09/T pilot-scale mixer with 

240-kg capacity. A pilot-sized disc pelletiser was used for the balling, and green pellets with 

the desired size fraction of 10–12.5 mm were continuously collected from the roller-screens. 

The average chemical composition (XRF) of the green pellets was 70.1 mass% Fe (22.1% Fe2+), 

0.73 mass% SiO₂, 0.92 mass% CaO, and 0.69 mass% MgO. Water was added during mixing 

and balling to achieve the desired moisture content. The final green-pellet moisture content and 

average porosity were 8.5 mass% and 30.3%, respectively, for all experiments performed in 

this study.  

Table 1 Magnetite concentrate particle size data 

< 45 µm < 63 µm < 90 µm 

% % % 

69.4 79.1 89.3 

 

For each experiment, a bed with approximately 100-kg green pellets and an approximate 

total bed height of 45 cm was loaded into the pot. Before loading, to confirm the desired 

properties, the green pellets were examined to determine their size distribution, moisture, and 

green compression strength. The inflow-gas oxygen level during the induration experiment was 

determined from a selected ratio of introduced air, nitrogen, and oxygen. Propane was 

combusted to achieve the desired gas temperature. The in-situ bed temperature was measured 
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continuously during the experiments using thermocouples, which were installed at 100%, 76%, 

51%, 27%, 15%, and 5% of the total bed height. Fig. 1 depicts the vertical positions of these 

thermocouples, where 100% corresponds to the thermocouple at the top of the bed, 76% to the 

upper part, 51% to the middle, and 5% to the thermocouple closest to the bottom of the bed. 

Each thermocouple was placed approximately 5 cm inside the pot furnace wall (Fig. 2). The 

thermocouple at the bottom of the bed was complemented by another thermocouple that 

measured the temperature at the bed centre. In this study, the measured temperature as a 

function of time is referred to as the temperature profile, and described according to the same 

principle as that used in a previous publication12). In short, the temperature profiles are visually 

presented as x–y plots and textually described using a selection of parameters, such as the 

maximum temperature (Tmax) and heating rate.  

 

 

 
 

Fig. 1 Schematic illustration of pot furnace with 

thermocouples and their positions along vertical bed (as 

percentages of the total bed height ) 

 

Fig. 2 Thermocouple measuring temperature 

approximately 5 cm inside the bed 

 

Each induration experiment was conducted according to three zones: Zone 1: drying and 

heating, Zone 2: different inflow-gas oxygen levels, and Zone 3: cooling. The main purpose of 

Zone 1 was to limit the influence of moisture on the results; this was achieved via a combination 

of updraft (UD) and DD gases. The gas directions were chosen to achieve optimum drying and 
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avoid condensation, particularly at the bottom of the bed. In Zone 1, the pellet bed was first air-

dried (UD) at 150 °C until the same temperature was measured at 100% of the total bed height 

(Fig. 1), and then air-dried (DD) for 120 s at 180 °C. After drying, the gas temperature was set 

to 500 °C. Then, the gas temperature was gradually increased to 800 °C for 240 s and held at 

that temperature for 300 s. To avoid oxidation, the oxygen level was kept as low as possible 

(approximately 3% O₂) during heating in Zone 1. Table 2 presents the initial bed conditions at 

the beginning of Zone 2, determined from a separate experiment interrupted after Zone 1. 

Table 2 Initial bed conditions (moisture, initial temperature, and oxidation degree) entering Zone 2 

Thermocouple position (% of total vertical bed height) 100 76 51 27 15 5 

Moisture (mass%) 0 0 0 0 0 0 

Initial temperature (°C) 800 610 375 205 190 170 

Oxidation degree (%) 28 14 4 1 - - 

 

In Zone 2, gases with different oxygen levels were introduced. For the experiments with an 

inflow gas containing 40% O₂, the gas temperature was set to 800 °C and the gas flow rate was 

250 kg/h (DD). For a comparable induration experiment with a gas having a lower oxygen level, 

a level of 13% O₂ was selected and two cases were considered: Zone-2 gas temperature of 800 

°C or 1000 °C, with the same DD gas flow rate of 250 kg/h. Each experiment was interrupted 

after a predetermined residence time in Zone 2, and the bed was cooled (UD) in Zone 3. Cooling 

was first performed with nitrogen gas until the top of the bed reached 200 °C (at 100% of the 

total bed height (Fig. 1)). Then, air was used. The gas direction was set to UD during the entire 

cooling period (Zone 3) with the intention of avoiding transfer of heat from the top of the bed 

to the pellet layers at the bottom.  
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Table 3 provides an overview of the experimental conditions employed in this study. Each 

experiment was repeated at least once. The temperature profiles overlapped for experiments 

performed with the same parameter set, which showed high repeatability between experiments. 

As the repeatability was good, only one temperature profile for each experiment is presented in 

this paper. In the corresponding x–y plots, the zones are marked with labels and vertical lines 

(see, for example, Figs. 3–8). When the temperature profiles are described in the text, the 

following selected parameters are used: Tmax, the maximum temperature in zone 2 and the 

heating rate is that from 400 °C to Tmax in zone 2. 

The investigated oxygen levels were chosen based on the following reasoning: the choice of 

the higher oxygen level (approximately 40% O₂) was restricted by the pot furnace design, and 

the experiments were guided by a thorough risk assessment and system testing performed at 

LKAB. In a full-scale pre-heating zone, the oxygen level is approximately 16–18% O₂4); this 

motivated our choice of lower oxygen level (approximately 13% O₂). To improve the flow of 

the discussion, the beds exposed to inflow gases with the different O₂ contents in Zone 2 are 

hereafter referred to as ‘beds oxidised with 13% or 40% O₂’, and the oxygen levels in the gas 

are presented without use of ‘approximately’ or decimals. 

The Zone-2 residence time was set to 725 s (approximately 12 min) for all experiments as a 

starting point. For the experiments with the 40%-O₂ gas, two shorter residence times were also 

used, i.e., approximately 8 and 10 min. This approach was adopted to observe the oxidation 

degree and strength development at the bottom of the bed before all layers approached complete 

oxidation (i.e., after 12 min in Zone 2 for the 40%-O2 gas). The same gas temperature (800 °C) 

was used in Zone 2 for all experiments, except for one experiment with 13%-O2 gas. In that 

case, a higher gas temperature in combination with a lower oxygen level were used to expose 

the pellets to a low-oxygen atmosphere combined with higher Tmax; the pellets were compared 

with those from the experiments with 40% O₂ (and shorter residence time). The intention was 
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to investigate the similarities and differences arising for different oxygen levels and residence 

times, with relatively unchanged Tmax. 

Table 3 Overview of experiments: total number of experiments (including replicates) and Zone-2 experiment settings 

Approximate inflow-gas 

oxygen level  

Gas 

temperature 

 

Gas flow 

rate 

 

Approximate Zone-2 

residence time  

% O₂ °C kg/h min 

40 800 250 12 

13 800 250 12 

13 1000 250 12 
    

40 800 250 8 

40 800 250 10 

 

When the bed cooling was completed after Zone 3, a horizontal layer constituting 

approximately 4 kg of pellets was collected from the position of each thermocouple (Fig. 1). 

Note that, for one of the experiments with 13% O₂ and gas at 800 °C, only one data point was 

obtained for the layer at 51% of the total bed height because of a sampling error. Each sample 

was sieved manually to 10.0–12.5 mm and, after sieving, divided into representative sub-

samples using a riffle-splitter. The ferrous-ion (Fe2+) concentration was obtained from wet-

chemical titration with a K2Cr2O7 standard solution for both green and indurated pellets. The 

oxidation degree was calculated according to Equation 1, based on the analysed Fe2+. The CCS 

was measured according to the procedure described in ISO 4700: 201517). When the measured 

CCS was below 100 daN, the LKAB pellet multi-press (PMP) instrument18) was used as a 

complementary measurement method. For one of the experiments with 1000 °C and 13% O₂ in 
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Zone 2, 40 pellets from the layer at 15% of the total bed height were used for the PMP 

measurements because of limited pellet availability after usage in the CCS measurement. In 

addition, the porosities of the green and indurated pellets were determined through pycnometry 

using an Accupyc II 1340 and a GeoPyc 1360 instrument (Micromeritics Inc., USA). 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = �1 − � 𝐹𝐹𝐹𝐹2+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝐹𝐹𝐹𝐹2+𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆𝐺𝐺 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝
�� ∙ 100                 (1) 

For microscopy, randomly selected pellets were ground into halves and mounted in epoxy 

resin. These pellet halves were then vacuum-impregnated for a microscopy analysis. The 

hardened samples were first ground and then polished to 1-µm fineness using alcohol-based 

lubricants and diamond suspensions. The pellet microstructures were examined using a light 

optical microscope (Leica DM 6000M) equipped with a motorised movable stage and a Leica 

camera (DMC5400). To obtain images of the pellet cross-sections, the mosaic feature of the 

image analysis software, Leica Application Suite X (LAS X) Multistep, was used. Automatic 

collection and stitching of individual images (2736 × 1824 pixels) into a common mosaic 

picture (of approximately 27550 × 28250 pixels) was performed using the same software. 

Along with mosaic images, additional images at larger magnifications were manually collected 

using the Z-stack (multi-zoom) function. 
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3.  Results  
 

3.1. Effect of oxygen level 
 

The bed temperature and oxidation profile depend on the initial pellet temperature, gas 

temperature, oxygen level, and heat generation from the exothermic oxidation reaction as the 

magnetite converts to hematite. In a large magnetite pellet bed, the oxidation progression varies 

along the bed height, yielding bed-scale gradients in both the oxidation degree and 

temperature12). The oxidation progression, and thus, the resulting bed-scale oxidation degree 

gradient, are highly dependent on the process-gas oxygen level and the temperature profiles. 

3.1.1. Bed-scale temperature profile  
 

Figs. 3–8 show the temperature development along the vertical direction of the beds exposed 

to gases with higher (40% O₂) and lower (13% O₂) oxygen levels for a Zone-2 residence time 

of 12 min. The temperatures at the top layers of these beds did not increase above that of the 

inflow DD gas (800 °C); therefore, those layers experienced a relatively constant temperature 

(Fig. 3). Further down the bed, the temperature exceeded that of the inflow gas (Figs. 4–6), 

because the heat released from the exothermic reaction was transferred down through the bed 

via convection, along with the descending gas. In the bed oxidised with 40% O₂, considerably 

higher Tmax were reached (approximately 1200 °C) closer to the bottom than at the top layers 

(Figs. 7 and 8). 

Figs. 4–8 shows Tmax values obtained at different positions for different layers. In some 

cases, as in Figs. 4–6, Tmax was reached in Zone 2. The temperature then declined and increased 

again in Zone 3. As a given pellet layer in a bed approaches complete oxidation (in this case, 

in Zone 2) the heat generation from the oxidation diminishes. The generated heat is 

continuously transferred further down the bed and, thus, the temperature at the layer 
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approaching complete oxidation decreases until it reaches gas temperature. In the current study 

(Figs. 4–6), the residence time was too short for these pellet layers to reach the gas temperature 

(800 °C) before the end of Zone 2. The temperature increased at those layers when the beds 

entered the cooling zone (Zone 3) and the gas direction changed to UD; thus, the heat from the 

bottom of the bed was transferred upwards along with the gas. 
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Fig. 3 Temperature profiles at 100% of the total bed 

height. Zone-2 settings: gas temperature 800 °C and gas O₂ 

content of 13% or 40% 

 

Fig. 4 Temperature profiles at 76% of the total bed height. 

Zone-2 settings: gas temperature 800 °C and gas O₂ 

content of 13% or 40% 

 

 

 

Fig. 5 Temperature profiles at 51% of the total bed height. 

Zone-2 settings: gas temperature 800 °C and gas O₂ 

content of 13% or 40% 

 

 

Fig. 6 Temperature profiles at 27% of the total bed height. 

Zone-2 settings: gas temperature. 800 °C and gas O₂ 

content of 13% or 40% 

 

 

Fig. 7 Temperature profiles at 15% of the total bed height. 

Zone-2 settings: gas temperature 800 °C and gas O₂ 

content of 13% or 40% 

 

Fig. 8 Temperature profiles at 5% of the total bed height. 

Zone-2 settings: gas temperature 800 °C and gas O₂ 

content of 13% or 40% 



 

15 
 

3.1.2. Oxidation degree  
 

For beds exposed to DD gases with both oxygen levels (40% and 13% O₂) over 12 min in 

Zone 2, similar oxidation degrees were obtained at the top layer of the bed (Fig. 9). In the bed 

oxidised with 40% O₂, pellets distributed throughout the bed height approached complete 

oxidation. The exception was the top-layer pellets (at 100% of the total bed height, Fig. 9), for 

which the average oxidation degree was 78%. Excluding those pellets, significant differences 

in oxidation degree were found between the beds oxidised with 13% and 40% O₂. The largest 

difference was at the bottom of the bed (5–15% of the total bed height, Fig. 9), where the pellets 

in the bed oxidised with 13% O₂ had an average oxidation degree of 42%–49% compared to 

the almost complete oxidation (94%–96%) exhibited by the pellets in the corresponding bed 

layers oxidised with 40% O₂. The bottom layers of the bed oxidised with 40% O₂ also 

experienced higher temperatures than the corresponding layers oxidised with 13% O₂ (Figs. 7–

8).  

  



 

16 
 

 

Fig. 9 Oxidation degrees as functions of thermocouple vertical position in the bed (as a percentage of the total bed height) 

resulting from interrupted pot experiments with DD gas at 800 °C and gas O2 contents of 13% and 40% in Zone 2 
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3.1.3. Strength (CCS)  
 

The pellets at the top of the bed exhibited similar CCS regardless of the gas oxygen level 

(Fig. 10). In the bed oxidised with 40% O₂, the CCS increased along the bed until the bottom 

layer (at 5% of the total bed height, Fig. 10), where it declined. For the bed oxidised with 13% 

O₂, the CCS exhibited a slight initial increase in the top layers before declining in the middle 

of the bed (at 51% of the total bed height). The pellets at the bottom of this bed (at 5% of the 

total bed height, Fig. 10) were relatively weak, having lower strength than those at the top. 
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Fig. 10 CCS as function of vertical position in the bed (as a percentage of the total bed height) resulting from interrupted 

pot experiments with DD gas at 800 °C and gas O2 contents of 13% and 40% in Zone 2 

 

 

 

 

  



 

19 
 

3.2. Oxidation progression at bottom of pellet bed exposed to 40%-O₂ gas 
 

We next report the oxidation progression over time at the bottom of the pellet bed, 

considering the 40%-O2 gas only. Table 4 (a)–(c) presents pellet cross-sections indicating the 

oxidation progression over time in the pellet layer at 15% of the total bed height, for pellets 

exposed to the same conditions in Zone 2 but for different residence times of 8, 10, and 12 min. 

In the pellet cross-sections, the microstructures of the oxidised particles appeared light grey, 

whereas those of the magnetite particles appeared darker. For the Zone-2 12-min case, the pellet 

appearance indicated complete oxidation (Table 4 (c)), whereas the pellet cross-sections for the 

cases with shorter residence times exhibited magnetite cores (Table 4 (b) and (c)). The pellets 

from the experiment with the 8-min residence time had larger magnetite cores (Table 4 (a)) 

compared to those with 10-min residence time (Table 4 (b)). The corresponding temperature 

profiles (Fig. 11) show that, after 8 min, the pellets reached the gas temperature. Beyond this, 

the bed heating continued at a similar rate, although the heat originated from the oxidation of 

the layers above. This yielded average Tmax values of 1074 °C and 1196 °C after 10 and 12 min, 

respectively. The average oxidation degree increased significantly from 47% to 96% as the 

residence time increased from 8 to 12 min. The increased Tmax and oxidation degree with time 

were accompanied by decreased porosity and a sharp increase in the average CCS (from 37 to 

202 daN), as presented in Table 4 (a)–(c). 
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Table 4 Pellets from bed bottom (layer at 15% of the total bed height), from interrupted pot experiments with DD gas at 800 

°C and 40% O₂ for 8-, 10-, and 12-min residence times in Zone 2. This table presents the representative pellet cross-sections, 

average Tmax (°C), heating rate (°C/min), oxidation degree (%), CCS (daN), and porosity. 

 

 (a) (b) (c) 

Zone-2 residence time (min) 8 10 12 

 

   

Tmax (°C) 800 1074 1195 

Heating rate, 400 °C-Tmax 

(°C/min) 

142 157 126 

Oxidation degree (%) 47 81 96 

CCS (daN) 37 98 202 

Porosity (%) 30 29 27 
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Fig. 11 Temperature profiles of pellets from the bed bottom (layer at 15% of the total bed height), from interrupted pot 

experiments with DD gas at 800 °C and 40% O₂ for 8-, 10-, and 12-min residence times in Zone 2. This figure shows the 

temperature profiles for one experiment per residence time. 
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3.3. Correlation between Tmax, oxygen level, and strength (CCS) 
 

In the following subsections, three comparisons are presented to show the rapid increase in 

oxidation degree in pellets from selected bed layers exposed to high-oxygen-level gas compared 

to those oxidised at a lower oxygen level. The pellets experienced comparable local conditions 

(similar average Tmax), but different Zone-2 residence times and inflow-gas oxygen levels.  

3.3.1. Tmax of approximately 800 °C 
 

Fig. 12 shows two temperature profiles. The green curve is for the layer at 5% of the total 

bed height exposed to gas at 800 °C with 13% O₂ and a Zone-2 residence time of approximately 

12 min, while the pink curve is for the layer at 15% of the total bed height exposed to gas at 

800 °C with 40% O₂ and a Zone-2 residence time of approximately 8 min. The pellets in the 

layer oxidised with 40% O₂ reached an average Tmax of approximately 800 °C in a shorter time 

than those in the bed exposed to 13% O₂. Despite the differences in residence time and heating 

rate, both pellet groups developed similar properties (oxidation degree, CCS, and porosity), as 

presented in Table 5. The cross-sections in Fig. 13 show similar progression of the macro-

oxidation fronts, and in both cases, the microstructures exhibited unoxidised magnetite pellet 

cores with partially oxidised particles in the shell. 
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Fig. 12 Temperature profiles (Tmax of approximately 800 °C) from two experiments for selected layers (thermocouples).  

Zone-2 settings for experiment with 13%-O₂ gas: gas temp.: 800 °C, residence time: 12 min. This pellet layer was at 5% 

of the total bed height. Zone-2 settings for experiment with 40%-O₂ gas: gas temp.: 800 °C, residence time: 8 min. This 

pellet layer was at 15% of the total bed height. 
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Table 5 Comparison of local conditions for Tmax of approximately 800 °C and Zone-2 gas O2 levels of 13% and 40%. 

Average data for selected layers are presented in this Table. Zone-2 settings for experiment with 13%-O₂ gas: gas temp.: 800 

°C residence time: 12 min. This pellet layer was at 5% of the total bed height. Zone-2 settings for experiment with 40%-O₂ 

gas: gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 15% of the total bed height. 

 

O₂ (%) 40  13 

Tmax (°C)  800 816 

Heating rate, 400 °C-Tmax (°C/min) 142 80 

Zone-2 residence time (min) 8  12  

Bed height (%)   15 5 

Ox. Degree (%) 47 42 

CCS (daN) 37  28  

Porosity (%) 30 30 
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O₂  40% 13% 

Cross- 

section 

  

Shell 

  

Centre 

  

Fig. 13 Comparison of local conditions for Tmax of approximately 800 °C and Zone-2 gas O2 levels of 13% and 40%. This 

figure shows representative microstructures for selected layers of each bed Zone-2 settings for experiment with 13%-O₂ gas: 

gas temp.: 800 °C residence time: 12 min. This pellet layer was at 5% of the total bed height. Zone-2 settings for experiment 

with 40%-O₂ gas: gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 15% of the total bed height. 
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3.3.2. Tmax of approximately 1000 °C 
 

In this subsection, temperature profiles for layers achieving a similar average Tmax of 

approximately 1000 °C are compared, for exposure to two different oxygen levels and residence 

times, as presented in Fig. 14 and Table 6. In detail, the temperature profile for the layer at 15% 

of the bed height exposed to gas at 1000 °C with 13% O₂ and a Zone-2 residence time of 

approximately 12 min (green curve, Fig. 14) was compared with that for the layer at 27% of the 

bed height in the bed exposed to 40%-O2 gas at 800 °C and a Zone-2 residence time of 

approximately 8 min (pink curve, Fig. 14). The pellets from the bed oxidised with 40% O₂ 

reached an average Tmax of approximately 1000 °C in a shorter time. Apart from the differences 

in residence time and heating rate, both pellets developed similar properties, as presented in 

Table 6 (oxidation degree, CCS, and porosity). The macro-scale oxidation front progressed 

further inward in the pellets collected from the layer in the bed oxidised with 40% O₂ (Fig. 15). 

Apart from the oxidation fronts, however, the microstructures were similar; both had 

unoxidised magnetite cores at the pellet centres and almost completely oxidised particles in the 

pellet shell (Fig. 15). 
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Fig. 14 Temperature profiles (Tmax of approximately 1000 °C) from two experiments and selected layers (thermocouples). 

Zone-2 settings for experiment with 13%-O₂ gas: gas temp.: 1000 °C, residence time: 12 min. This layer was at 15% of 

the total bed height. Zone-2 settings for experiment with 40%-O₂ gas: gas temp.: 800 °C, residence time: 8 min. This layer 

was at 27% of the total bed height. 
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Table 6 Comparison of local conditions for Tmax of approximately 1000 °C and Zone-2 gas oxygen levels of 13% and 40%. 

Average data for selected layers are presented. Zone-2 settings for experiment with 13%-O₂ gas: gas temp. 1000 °C, 

residence time: 12 min. This pellet layer was at 15% of the total bed height. Zone-2 settings for experiment with 40%-O₂ gas: 

gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 27% of the total bed height. 

 

O₂ (%) 40 13 

Tmax (°C)  1026 1056 

Heating rate, 400 °C-Tmax (°C/min) 146 98 

Zone-2 residence time (min) 8  12  

Bed height (%)   27 15 

Ox. Degree (%) 71 63 

CCS (daN) 55  58  

Porosity (%) 29 30 
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O₂ 40% 13% 

Cross-

section 

  

Shell 

  

Centre 

  

Fig. 15 Comparison of local conditions for Tmax of approximately 1000 °C and Zone-2 gas oxygen levels of 13% and 40%. 

This figure shows representative microstructures for selected layers of each bed. Zone-2 settings for experiment with 13%-O₂ 

gas: gas temp. 1000 °C, residence time: 12 min. This pellet layer was at 15% of the total bed height. Zone-2 settings for 

experiment with 40%-O₂ gas: gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 27% of the total bed height. 
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3.3.3. Tmax approximately 1180 °C 
 

This subsection presents the third comparison, of temperature profiles for layers in beds 

exposed to two different oxygen levels and residence times but achieving a similar average Tmax 

of approximately 1180 °C, as presented in Fig. 16 and Table 7. The temperature profile for the 

bed exposed to 13% O₂ was obtained from the layer at 27% of the bed height, for gas at 1000 

°C and a Zone-2 residence time of 12 min (green curve, Fig. 16). The temperature profile for 

the bed exposed to 40% O₂ (pink curve) was also from a layer at 27% of the bed height, but for 

exposure to gas at 800 °C and a Zone-2 residence time of 10 min, as shown in Fig. 16. The 

pellets from the bed oxidised with 40% O₂ reached Tmax in a shorter time. As in the previous 

comparisons, the pellets oxidised with 40% O₂ experienced a shorter residence time and higher 

heating rate. The average oxidation degree and CCS were higher for the pellets oxidised with 

40% O₂, but the porosity was similar in both cases (Table 7). Analysis of the macro- and 

microstructures revealed that the oxidation front progressed further into the pellets from the bed 

layer exposed to 40%-O₂ gas. Otherwise, the microstructures had similar appearance, with 

unoxidised magnetite particles at the core and mostly oxidised particles in the shell (Fig. 17).  
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Fig. 16 Temperature profiles (Tmax of approximately 1180 °C) from two experiments and selected layers (thermocouples). 

Zone-2 settings for experiment with 13%-O₂ gas: gas temp: 1000 °C, residence time: 12 min. This pellet layer was at 27% 

of the total bed height. Zone-2 settings for experiment with 40%-O₂ gas: gas temp.: 800 °C, residence time: 10 min. This 

pellet layer was at 27% of the total bed height. 
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Table 7 Comparison of local conditions with average Tmax at 1181–1189 °C and Zone-2 gas oxygen levels of 13% and 40%. 

Average data for selected layers are presented.. Zone-2 settings for experiment with 13%-O₂ gas: gas temp.: 1000 °C, 

residence time: 12 min. This pellet layer was at 27% of the total bed height. Zone-2 settings for experiment with 40%-O₂ gas: 

gas temp.: 800 °C, release time: 10 min. This pellet layer was at 27% of the total bed height. 

 

O₂ (%)  40 13 

Tmax (°C)  1189 1181 

Heating rate, 400 °C-Tmax (°C/min) 135 97 

Zone-2 residence time (min) 10  12  

Bed height (%)   27 27 

Ox. Degree (%) 94 72 

CCS (daN) 170  120  

Porosity (%) 28 28 
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O₂ 40% 13% 

Cross- 

section 

  

Shell 
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Fig. 17 Comparison of local conditions with average Tmax at 1181–1189 °C and Zone-2 gas oxygen levels of 13% and 40%. 

This figure shows representative microstructures for selected layers in each bed. Zone-2 settings for experiment with 13%-O₂ 

gas: gas temp.: 1000 °C, residence time: 12 min. This pellet layer was at 27% of the total bed height. Zone-2 settings for 

experiment with 40%-O₂ gas: gas temp.: 800 °C, release time: 10 min. This pellet layer was at 27% of the total bed height. 
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4. Discussion  
 

For all layers of the bed, the pellets exposed to 40%-O2 gas reached higher Tmax earlier than 

those exposed to 13%-O2 gas, because of the oxidation promoted by the higher oxygen level in 

the gas. The combined effect of temperature and increased oxygen partial pressure in the bed 

caused higher oxidation degrees to be reached earlier throughout the bed; however, the layer at 

the top of the bed was an exception as the temperature remained similar to that of the inflow 

gas. A more uniformly oxidised bed was achieved in a shorter time with the 40%-O₂ gas, 

because the heat generated by the oxidation was transported further down the bed (because of 

the higher gas oxygen level). Hence, the temperatures were higher, which enhanced the 

oxidation kinetics at the bottom of the bed. This bed phenomenon, also occurring at lower 

oxygen levels, was described in detail by the authors in a previous publication12). The 

temperature increase was particularly fast at the bottom of the bed oxidised with 40% O₂, and 

this heat increase was significantly faster than the heating rates in the corresponding bed-scale 

experiments for the 13%-O₂ gas.  

In the experiments reported herein, improved CCS was also observed for oxidation with 40% 

O₂ and a 12-min residence time. Note that the bottom layers of a pellet bed must be heated to 

achieve a sufficiently high temperature to promote oxidation kinetics. In this work, the strength 

development observed for pellets at different positions in the bed (layers) reveals that the 

oxidation degree and temperatures above 1100 °C are important parameters for achieving 

increased pellet strength. The correlation between the strength development and oxidation 

degree at lower temperatures is known13), but its relevance at higher temperatures has not been 

clarified previously. At high temperatures, sintering begins, which significantly affects the 

strength increase19). The experiments reported herein demonstrate that the strength (CCS) is 

improved when oxidation occurs at higher temperatures (Tmax approaching 1200 °C) and at 
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relatively high heating rates, when the oxygen content in the gas is 40% O₂. However, for pellets 

oxidised with 40% O₂, it is not possible to correlate the resultant strength with any individual 

parameter. The current data indicate that the achieved CCS is influenced by a combination of 

the pellet thermal history (including Tmax) and oxidation degree.  

The significant benefits to the oxidation rate and strength development achieved using 40%-

O₂ gas at higher temperatures is highlighted by the comparisons presented in the Subsections 

3.3.1–3. That is, pellet layers exposed to either 13%- or 40%-O2 gas and experiencing similar 

Tmax (approximately 800 °C, 1000 °C, and 1180 °C) were compared. The comparisons reveal 

that, at Tmax values of approximately 800 °C and 1000 °C, additional residence time in 

combination with 13% O₂ yields similar pellet properties in terms of CCS, oxidation degree, 

and microstructures. However, as the temperature approaches 1200 °C (Tmax: 1181–1189 °C), 

this is no longer the case. Not even a lower heating rate, and thus, additional residence time, is 

sufficient for those pellets to develop similar oxidation degree and CCS properties to those 

exposed to gas with 40% O₂. The benefit of a high oxygen level is related to the combined effect 

of the oxidation degree and the subsequent temperature increase; this cannot be replaced by an 

increase in temperature alone.  

Other researchers13,20) have speculated that rapid attainment of high temperatures should be 

avoided and that oxidation should occur at lower temperatures. This reasoning is based on the 

knowledge that this type of thermal treatment generates internal structural problems for the 

pellets, such as a duplex structure, yielding low mechanical stability. In the experiments 

performed in this work with a DD gas containing 40% O₂, the pellets in the top and middle of 

the bed were heated by the oxidation itself, and the heat was constantly transported away by the 

gas flow; thus, the pellets were completely oxidised with relatively high strength and no 

apparent structural problems (based on visual analysis of the microstructures). The bottom 

layers of the bed were exposed to higher temperature than the top layers; however, as the bottom 
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layers of the bed had considerably lower initial temperatures, an increase in temperature was 

necessary to achieve complete oxidation and high strength at both the top and bottom of the bed 

within the given Zone-2 residence time. 

If the gas oxygen level were increased above 40% O2, the oxidation rate would likely 

increase, and thus, the heating rate. If the pellets were heated by the inherent oxidation heat 

only, however, we believe there would be a low likelihood of structural problems as the oxygen 

gradient would be high and the temperature would increase continuously at the oxidation front 

inside each pellet. However, besides the oxygen level, the oxidation and heat development in a 

pellet bed are also governed by the gas temperature and flow rate, as well as the bed height.  

If an extremely high oxidation rate yields high temperatures (above 1300 °C), one potential 

consequence is heat accumulation in the bed. In such an extreme scenario, structural problems 

could occur. If the heat transfer rate to a pellet at the bottom of the bed exceeded the oxidation 

rate (front), internal structural inhomogeneity could arise, with the hematite shell and unreacted 

magnetite core beginning to sinter. Hence, a duplex structure would form inside the pellet, as 

described by Forsmo et. al.4). Another extreme scenario would be immediate oxidation of the 

pellet shell by the hot gas, with instantaneous sintering to form a hard hematite shell, as 

described by Wynnyckyj and McCurdy14). This behaviour would hinder the oxygen diffusion 

into the pellet and create an unreacted magnetite core with lower mechanical strength. The 

possibility of either of these two scenarios arising remains to be determined experimentally. As 

the heat development in a pellet is also controlled by the process parameters, such as the gas 

temperature, gas flow rate, and bed height, it is probable that these scenarios could be avoided 

by controlling the induration process parameters.  
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5.  Conclusions 
 

In this study, we investigated the influence of a high gas oxygen level (40%) on the 

induration of a magnetite pellet bed in a pot furnace. We performed interrupted experiments 

with specific material and experimental settings and, hence, observed the following trends: 

• A more uniformly oxidised pellet bed with a lower oxidation degree gradient along the 

bed was achieved with a higher oxygen level of 40% O₂. 

• The 40%-O₂ level yielded improved pellet properties (oxidation degree and CCS) in a 

shorter time compared to a 13%-O2 gas. 

The high oxygen levels in the gas (40%) yielded fast oxidation in the upper part of the 

bed, with the generated heat being transferred further down the bed. Hence, the 

temperature in the bottom layers increased rapidly, and the increased temperature 

combined with the high oxygen level yielded fast oxidation and higher CCS. 

• At temperatures above 1000 °C, positive effects due to the high oxygen level in the 

inflow gas were observed on the oxidation degree and CCS; these benefits could not be 

replicated for the low-oxygen gas by increasing the temperature and residence time. 
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