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Fig. 8. Macro- and microstructures of reference pellets categorised as Type 3. The images at x200 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.

a later stage. In the earlier stage of oxidation, the particles
larger than approximately 20 yum are only partially oxi-
dised and in the later stage of oxidation, the particles larger
than approximately 100 yum 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% O,. 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% O, 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 At; j99oc), but
a similar oxygen level (approximately 30% O,). 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-
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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 At; jpoec), but different oxygen
levels (approximately 6% and 30% O,). 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% O,. 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.
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Fig. 9. Representative temperature profiles (X-Y plot) of C-0.30

(pellets at 51% bed height exposed to approximately 30%
O, in zone 2) and D-0.30 (pellets at 27% bed height
exposed to approximately 30% O, in zone 2).

Table 7.
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Fig. 10. Representative temperature profiles (X-Y plot) of C-0.06

(pellets at 51% bed height exposed to approximately 6%
O, in zone 2) and D-0.30 (pellets at 27% bed height
exposed to approximately 30% O, in zone 2).

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 % O, ~30 ~30 =6

Gas temp. °C 800 800 1100
Gas flow (DD) kg/h 250 250 250
Bed height % 51 27 51
Initial temp. °C 375 205 375

Max. temp. (MaxT) °C 1140 1180 1199
Heat rate (d7/dt400-max1) °C/min 93 100 70
Aty 100 min 3-4 4-5

Pellet cross section

Completely

Microstructure Type oxidised 2 2
Degree of Oxidation % 96.5 £ 0.5 945+ 0.5 56 £ 4
Cold compression strength ~ daN 121 £ 4 163 £ 10 113+ 12

Porosity % 27 27

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 er al® and confirms the observations
from single pellet oxidation experiments performed by
other researchers.>'>*" Figure 11 shows schematic repre-
sentations of Type I, Il and III oxidation mechanisms. The

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
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(b) Type I

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.

(a) Type [
Fig. 11.

(c) Type 111

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.'®
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% O,) 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% O,). 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
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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.” In the current experiments, in earlier stages of
the induration, when pellets experience comparable thermal
histories (MaxT and At jg0-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,'*® 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% O,), 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 faster®?*3” and the distribution will affect particle
packing within the pellet and hence porosity.'> 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% O,) 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



ISIJ International, Advance Publication by J-STAGE

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% O»)
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% O-) 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%-O> 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%-O- gas.
Additionally, improved cold compression strength (CCS) is achieved when using 40%-0O-
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



1. Introduction

In Sweden, iron ore pellets are mainly produced by a company named Luossavaara-
Kiirunavaara Aktiebolag (LKAB)Y 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
industry?, 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 process®.

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%® and the maximum temperature approaches 1200 °C®. In the 1970s,
Pape et al.® 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.” later investigated
the potential to increase production rates through oxygen enrichment, i.e., by using 30%-0- 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%-O, 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%-O-



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 conditions®*°. One such
example is the study by Papanastassiou and Bitsianes'?, 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 authors'? 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%-0O. 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%
O, 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 strength'®. Pellets with unreacted cores, often referred to as “shell and core’ or ‘duplex

structures’, are associated with lower strength when exposed to high temperatures*,
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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 stability'41®. 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.



2. Method

We performed interrupted pot furnace experiments to investigate the effect of a high oxygen
level (approximately 40% O-) 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 RO9/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% Fe?*),
0.73 mass% SiO, 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 um <63 um <90 pm
% % %
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 publication'?. 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.

100% —

76% F—

51% —

27% =

15% p—
5% —

Fig. 1 Schematic illustration of pot furnace with Fig. 2 Thermocouple measuring temperature
thermocouples and their positions along vertical bed (as approximately 5 cm inside the bed

percentages of the total bed height )

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



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% O-, 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% O 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.



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% O-) 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% O.; this
motivated our choice of lower oxygen level (approximately 13% O:). To improve the flow of
the discussion, the beds exposed to inflow gases with the different O. contents in Zone 2 are
hereafter referred to as ‘beds oxidised with 13% or 40% O-’, 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%-0O- 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%-0O> gas). The same gas temperature (800 °C)
was used in Zone 2 for all experiments, except for one experiment with 13%-0> 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% O- (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 Gas Gas flow Approximate Zone-2
oxygen level temperature rate 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% O- 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 (Fe?*) concentration was obtained from wet-
chemical titration with a K>Cr20O- standard solution for both green and indurated pellets. The
oxidation degree was calculated according to Equation 1, based on the analysed Fe?*. The CCS
was measured according to the procedure described in 1ISO 4700: 2015*"). When the measured
CCS was below 100 daN, the LKAB pellet multi-press (PMP) instrument*® was used as a

complementary measurement method. For one of the experiments with 1000 °C and 13% O 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 Il 1340 and a GeoPyc 1360 instrument (Micromeritics Inc., USA).

Degree of oxidation = <1 - (Fe:fuﬂ)) 100 (1)
Green pellets

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-pum 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 x 1824 pixels) into a common mosaic
picture (of approximately 27550 x 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
temperature'?. 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% O-) and lower (13% O-) 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% O, 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
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Fig. 5 Temperature profiles at 51% of the total bed height.
Zone-2 settings: gas temperature 800 °C and gas O:

content of 13% or 40%
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Fig. 7 Temperature profiles at 15% of the total bed height.
Zone-2 settings: gas temperature 800 °C and gas O:

content of 13% or 40%
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Fig. 4 Temperature profiles at 76% of the total bed height.
Zone-2 settings: gas temperature 800 °C and gas O:

content of 13% or 40%
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Fig. 6 Temperature profiles at 27% of the total bed height.
Zone-2 settings: gas temperature. 800 °C and gas O:

content of 13% or 40%
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Fig. 8 Temperature profiles at 5% of the total bed height.
Zone-2 settings: gas temperature 800 °C and gas O:

content of 13% or 40%



3.1.2. Oxidation degree

For beds exposed to DD gases with both oxygen levels (40% and 13% O-) 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% O, 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% O-. 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% O- 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% O-.. The bottom layers of the bed oxidised with 40% O- also
experienced higher temperatures than the corresponding layers oxidised with 13% O- (Figs. 7-

8).
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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 Oz 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% O, 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%
02, 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 Oz contents of 13% and 40% in Zone 2
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3.2. Oxidation progression at bottom of pellet bed exposed to 40%-0O- gas

We next report the oxidation progression over time at the bottom of the pellet bed,
considering the 40%-0O> 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 Tmaxand 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% O: 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 142 157 126
(°C/min)
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% O: 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, 0Xygen 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% O- 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% O- and a Zone-2 residence time of approximately 8 min. The pellets in the
layer oxidised with 40% O- reached an average Tmax Of approximately 800 °C in a shorter time
than those in the bed exposed to 13% O-. 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%-0: 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%-0: 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 Oz levels of 13% and 40%.
Average data for selected layers are presented in this Table. Zone-2 settings for experiment with 13%-0: 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%-0-

gas: gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 15% of the total bed height.

02 (%) 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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Fig. 13 Comparison of local conditions for Tmax of approximately 800 °C and Zone-2 gas Oz levels of 13% and 40%. This

figure shows representative microstructures for selected layers of each bed Zone-2 settings for experiment with 13%-0: 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%-0: 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% O. 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%-O. 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% O:
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% O- (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%-0: 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%-0: 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%-0: 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%-0: gas:

gas temp.: 800 °C, residence time: 8 min. This pellet layer was at 27% of the total bed height.

02 (%) 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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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%-0:
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%-0: 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% O. 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% O: (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% O- reached Tmax in & shorter time. As in the previous
comparisons, the pellets oxidised with 40% O- experienced a shorter residence time and higher
heating rate. The average oxidation degree and CCS were higher for the pellets oxidised with
40% O, 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%-0O- 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%-0: 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%-0O: 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 Tmaxat 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%-0O: 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%-0: gas:

gas temp.: 800 °C, release time: 10 min. This pellet layer was at 27% of the total bed height.

02 (%) 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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Fig. 17 Comparison of local conditions with average Tmaxat1181-1189 °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%-0:
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%-0O: 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%-O gas reached higher Tmax earlier than
those exposed to 13%-0O; 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%-O. 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 publication'?. The
temperature increase was particularly fast at the bottom of the bed oxidised with 40% O-, and
this heat increase was significantly faster than the heating rates in the corresponding bed-scale

experiments for the 13%-0: gas.

In the experiments reported herein, improved CCS was also observed for oxidation with 40%
0O 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 known'®, but its relevance at higher temperatures has not been
clarified previously. At high temperatures, sintering begins, which significantly affects the
strength increase®®. 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% O.. However, for pellets
oxidised with 40% O, 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%-
O: 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%-0- gas and experiencing similar
Tmax (@pproximately 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% O: 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% O.. 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 researchers*>?? 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% O-, 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% O, 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.”). 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 McCurdy'®. 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:

e A more uniformly oxidised pellet bed with a lower oxidation degree gradient along the
bed was achieved with a higher oxygen level of 40% O-.

e The 40%-0: level yielded improved pellet properties (oxidation degree and CCS) in a
shorter time compared to a 13%-0: 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.

e 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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