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Abstract

The European Union (EU) is actively working on the goal of achieving climate neutrality by
2050. It is worth noting that, about 60 % of the crude steel is still produced through the blast
furnace-basic oxygen furnace (BF—BOF) route in Europe. Although the BF-BOF route shows
high production efficiency, the CO, emissions per ton of crude steel are higher than other
alternative steelmaking routes. One promising alternative steelmaking route is using a
hydrogen-based fluidized bed to produce hydrogen direct reduced iron (HDRI), followed by an
electric arc furnace (EAF) process. To improve the fluidization and reduction behaviors of
magnetite iron ore fines in the fluidized bed, some pretreatments of the material are

investigated.

This thesis tests some pre-treatments, i.e., pre-oxidation and MgO addition, of the magnetite
ore fines to maintain the fluidization state. The influence of pre-oxidation temperature,
oxidation degree and the addition amount of MgO on the fluidization and reduction behaviors
of the magnetite iron ore fines are analyzed. The result shows that the raw magnetite iron ore
fines are de-fluidized when reduction degree reaches only around 20%. At a temperature of
600 € , the de-fluidization can be avoided by a prior oxidation treatment. At higher reduction
temperatures, 650-800 T , the fluidization behavior can be further enhanced by an addition of
0.5 wt.-% MgO. The magnetite sample with higher oxidation temperature (1000 T ) shows
better fluidization behavior. While lower oxidation temperature (800 T ) is more beneficial for
the reduction rate, especially in the later reduction stage. The influence of pre-oxidation degree
of the magnetite sample on its fluidization and reduction behaviors can be ignored. The primary
and secondary influencing factors are oxidation temperature, pre-oxidation degree, MgO

addition amount, and gas velocity. The optimum condition is that the magnetite iron ore is
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deeply oxidized at 800 °C, mixed with 1.5 wt.% of MgO powder, and reduced in the fluidized

bed at a gas velocity of 0.45 m/s.

As for the oxidation of magnetite samples, the oxidation rate peaks appear at around 330 °C
and 550 °C, which indicates the appearance of y-Fe;03 and a-Fe,Os. Theoretically, the surface
energies of the hematite (104) and (110) crystal surfaces are larger than that of the (113)
crystal surface. Hence, the hematite crystals may preferentially orient themselves along the
(104) or (110) crystal surfaces. Therefore, the hematite phase shows a particular growth habit.
The oxidation first occurs at the surface forming the grid-like hematite structures and then
extends to the inside resulting in hematite needles. The specific surface area and pore volume
decrease significantly during the oxidation due to the sintering effect. Based on in situ high-
temperature X-ray diffraction (HT-XRD) analysis, the lattice constants of FezO4 and a-Fe,0O3
increase with an increase in temperature because of thermal expansion. The lattice constants
can be successfully fitted with temperature by second-order polynomials. With FesO4 being

oxidized into a-Fe203, the a-Fe203 crystallite grows.
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Kurzfassung

Die Europaische Union (EU) hat das Ziel, bis 2050 Klimaneutralitdt (Netto-Null-
Treibhausgasemissionen) zu erreichen. Derzeit wird in EU etwa 60 % des Rohstahls im
Hochofen-LD Konverter Verfahren (BF-BOF) hergestellt. Obwohl das BF-BOF Verfahren eine
hohe Produktionseffizienz aufweist, erzeugt es mehr CO; pro Tonne Rohstahl als alternative
Stahlerzeugungsmethoden. Ein vielversprechendes Konzept fir die zukulnftige
Rohstahlerzeugung ist die Verwendung einer wasserstoffbasierten Wirbelschicht zur
Herstellung von wasserstoffdirektreduziertem Eisen (HDRI), gefolgt von einem
Elektrolichtbogenofenprozess (EAF). Um das Fluidisierungs- und Reduktionsverhalten von
Magnetit-Eisenerzfeinteilen wahrend der wasserstoffinduzierten Wirbelschichtreduktion zu
verbessern, werden verschiedene Vorbehandlungen des Materials untersucht. Dartber hinaus
werden das Oxidationsverhalten und der Mechanismus von Magnetit-Eisenerzen untersucht,

um die Voroxidationsbehandlung zu optimieren.

In dieser Studie werden Vorbehandlungen wie Voroxidation und MgO-Beschichtung von
Magnetit-Feinerz getestet, um den gewlinschten Fluidisierungszustand zu erreichen. Der
Einfluss der Voroxidationstemperatur, des Oxidationsgrades und der Menge an MgO auf das
Fluidisierungs- und Reduktionsverhalten der Magnetit-Eisenerzfeinstoffe wird analysiert. Die
Ergebnisse zeigen, dass das unbehandelte Magnetit-Eisenerz im untersuchten
Temperaturbereich zwischen 600 °C und 800 °C nicht erfolgreich fluidisiert werden kann. Bei
einer Reduktionstemperatur von 600 °C kann die Entfluidisierung jedoch durch eine vorherige
Oxidationsbehandlung vermieden werden. Bei hoheren Reduktionstemperaturen kann das
Fluidisierungsverhalten durch Zugabe von 0,5 Gew.-% MgO weiter verbessert werden. Proben
mit einer hoheren Oxidationstemperatur des Magnetit-Eisenerzes zeigen ein besseres
Fluidisierungsverhalten, wahrend eine niedrigere Oxidationstemperatur die Reduktionsrate
beglnstigt, insbesondere in der spateren Reduktionsphase. Der Oxidationsgrad der
Magnetitproben zeigt keinen deutlichen Einfluss auf das Fluidisierungs- und
Reduktionsverhalten. Die wichtigsten Einflussfaktoren sind die Oxidationstemperatur, der
Oxidationsgrad, die Zugabemenge von MgO und die Gasgeschwindigkeit. Die optimale
Bedingung besteht darin, das Magnetit-Eisenerz bei 800 °C stark zu oxidieren, mit 1,5 Gew.-%
MgO-Pulver zu mischen und in der Wirbelschicht bei einer Gasgeschwindigkeit von 0,45 m/s

zu reduzieren.
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Bei der Oxidation der Magnetitproben zeigen sich deutliche Spitzenwerte der Oxidationsrate
bei etwa 330 °C und 550 °C, was auf die Bildung von y-Fe;Os und a-Fe,Os hinweist. Besonders
interessant ist die Wachstumsform der Hamatitphase. Theoretisch gesehen sind die
Oberflachenenergien der (104)- und (110)-Kristalloberflachen gréRer als die der (113)-
Kristalloberflache. Daher neigen die Hamatitkristalle dazu, sich bevorzugt entlang der (104)-
oder (110)-Kristallflachen auszurichten. Die Oxidation beginnt zunachst an der Oberflache,
wodurch gitterartige Hamatitstrukturen entstehen, und breitet sich dann im Inneren aus, was
zur Bildung von Hamatitnadeln fahrt. Wahrend des Oxidationsprozesses nimmt die spezifische
Oberflache und das Porenvolumen aufgrund des Sinterungseffekts erheblich ab. In-situ-
Hochtemperatur-Réntgenbeugungsanalysen (HT-XRD) zeigen, dass die Gitterkonstanten von
FeszO4 und a-FexO3 mit steigender Temperatur aufgrund der Warmeausdehnung zunehmen
und erfolgreich durch Polynome zweiter Ordnung an die Temperatur angepasst werden

kénnen. Beim Ubergang von Fe;Os zu a-Fe,0; erfolgt ein Wachstum der a-Fe,O;-Kristallite.
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Thesis structure

This work is a cumulative Ph.D. thesis that consists of two parts. Part | includes the
background and purpose of this work, where a literature review, a theoretical consideration,
experimental methodology and an executive summary of the Ph.D work are introduced. Part
Il of this thesis presents the comprehensive outcomes and conclusions in the form of a series
of journal papers. Six published journal papers, Publication 1 - Publication 6, are included. The
attached journal papers in Part Il having obtained the necessary permissions from the

publishers.
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Nomenclature

Ap measured-bed
Ap calculated-bed
AD fixed-bed
too%

Uslip

Particle Diameter

Self-diffusion Coefficient

Drag Force

Cohesive Force

Inductively Coupled Plasma-mass Spectrometry
Parabolic Rate Constant

Gravity Force

Pressure Drop across Bed Material

Theoretical Pressure Drop over Material
Pressure Drop when the material is in a fixed bed state
Time to reach RD=90%

Slip Velocity

Superficial Velocity

Kinematic Gas Viscosity

Particle Volume

Bed Volume

Particle Density

Gas Density

Bed porosity
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1 Introduction

1.1 Background

The European Union (EU) aims to reach the target of climate neutrality (net-zero greenhouse
gas emissions) by 2050 [1]. It is noticed that, about 60 % of the crude steel production from
Europe is based on the blast furnace-basic oxygen furnace (BF—-BOF) route [2]. The BF-BOF
route shows high production efficiency but produces more CO, than other alternative
steelmaking routes. The steelmaking industry remains a significant contributor to CO»
emissions in Europe, accounting for 4% of the total CO, emissions within the EU. [3]. The
breakthrough technologies are required to further cut down CO, emissions [1,4,5]. Many
different alternative steelmaking processes have already been explored under the European
Ultra Low CO; Steelmaking (ULCOS) program [4],[5]. A promising research topic is using H:
as a reducing agent instead of CO [6]-[10]. As a result, carbon dioxide is no longer generated

during iron oxide reduction.

Numerous industrial ironmaking process employ shaft furnaces or fluidized bed reactors as
the reduction units [11],[12]. Generally, the fluidized bed shows better reduction efficiency
because of faster mass and heat transfer. A hydrogen-based reduction process using fine ore
known as HYFOR, developed by Primetals Technologies, stands as a notable achievement
[13]. However, a significant decrease in reduction efficiency will occur when the de-fluidization
happens. This refers to the situation where iron ore fines are not fluidized by the gas flow.
Thereafter, the process of the fluidized bed system cannot be controlled. Within a fluidized bed,

the surface fresh metallic iron is sticky and shows a high probability to form iron aggregates
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[14]. Therefore, how to prevent the de-fluidization in a fluidized bed reactor is of great

importance.

High-grade hematite-based iron ores are not sufficient for ironmaking, which were used as
the iron carrier in the blast furnace process. The price of high-grade hematite-based iron ores
is going higher. Magnetite-based iron ores are abundant and occur naturally [15]. In the year
2015, the global production of iron ore derived from magnetite reached around 583 million tons,
accounting for approximately 28% of the total iron ore production [16]. Typically, magnetite-
based iron ore is subjected to grinding into finer particle sizes to liberate magnetite minerals
from the host rock matrix. Subsequently, a process of magnetic separation is employed to
enhance the iron content [15],[17]. Most of the ironmaking routes using magnetite-based iron
ores as raw material still require a pelletization process [18] or sintering process [19] to achieve
a suitable size range. These facilities include, for example, blast furnace [20]-[22], grate-rotary
kiln [23] and Midrex shaft furnace [24],[25]. If the magnetite ore fines after beneficiation could
be used in particle scale without granulation, a lot of energy and CO, emissions could be
avoided. To achieve such a goal, a viable approach is employing a hydrogen-based fluidized
bed for producing hydrogen direct reduced iron (HDRI). The HDRI can subsequently be
introduced into an electric arc furnace (EAF) or smelter for subsequent processing. This
strategy has the potential to decrease CO, emissions to a range of 25-53 kg per ton of crude
steel [26],[27].

The reduction of iron oxides by H> is an endothermal reaction. In order to secure an
adequate energy supply, it is necessary to carry out the pre-heating of iron ore in an
independent heating unit. Generally, the preheating process occurs in oxidizing atmosphere,
such as hot air. Consequently, the magnetite iron ore is to be oxidized. The oxidation of
magnetite is an exothermic reaction which generates a lot of heat. This heat generation is
advantageous in reducing the primary energy required for pre-heating. Drawing from prior
research conducted by Daniel Spreitzer [28], it was observed that in an Hz-induced fluidized
bed reactor, magnetite-based iron ore exhibited the poorest reducibility and least favorable
fluidization behaviors. It was attributed to the formation of a dense iron shell on the particle
surface. A pre-oxidation treatment could improve the reduction efficiency and fluidization
behaviors significantly. Hence, it becomes important to explore the influence of distinct pre-
oxidation treatments, including varying pre-oxidation temperatures and degrees, on the
fluidization and reduction behaviors of magnetite ore fines. It is also of great importance to

understand the oxidation mechanisms of magnetite ore fines for optimizing the process route.
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1.2 Purpose of the work

This thesis deals with how to produce HDRI using magnetite ore fines without prior

agglomeration. On the one hand, when pure hydrogen is used as a reducing agent, the CO»

emissions are directly avoided. On the other hand, magnetite ore fines are used directly without

prior agglomeration. For a stable process of the fluidized bed reactor, some pre-treatments of

the magnetite ore fines are tested. The research conducted in this thesis can be categorized

into four work packages. The first two work packages are about the fluidization and reduction

behaviors of the magnetite ore fines with pre-treatments. The last two work packages focus on

the pre-oxidation treatment of magnetite fines before being charged into the fluidized bed

reactor.

1.

The first aim of this research is to test some pre-treatments, i.e., pre-oxidation and MgO
coating, of the magnetite ore fines to maintain the fluidization state. The influence of
pre-oxidation temperature, pre-oxidation degree and the amount addition of MgO on
the fluidization and reduction behaviors of the magnetite ore fines are tested. The kinetic
analysis is conducted to understand the reduction mechanisms.

The ultimate goal is to confirm the optimal condition for processing the magnetite ore
fines. After testing the influence of several parameters, the proper operating parameter
through an orthogonal experimental method is confirmed. The primary factors
influencing the fluidization and reduction behaviors of magnetite ore fines can be
identified.

The proposed HDRI production route involves a prior oxidation treatment occurring in
the preheating stage, which improves both fluidization and reduction behavior. It is,
therefore, crucial to study the oxidation of magnetite ore fines to optimize the proposed
process pathway. The oxidation behavior, pore structure, surface morphology and
internal structure of the magnetite ore fines after pre-oxidation treatment are studied.
To gain a more profound understanding of the phase transformation from magnetite to
hematite at a crystal level, the in situ high-temperature X-ray diffraction (HT-XRD)
technique is employed to analyze the phase transition. Quantitative details regarding
crystal characteristics, including lattice constants, crystallite size, and phase fractions

at varying temperatures, are acquired through this approach.
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2 Literature review

This chapter encompasses a comprehensive review of existing literature in accordance with
the scope of this thesis. A brief description of the steel production routes is given, especially
the processes involving smelting reduction and direct reduction. General considerations of
fluidization phenomena, including the determination of fluidization regimes, de-fluidization
mechanisms and methods to prevent sticking problems, are reviewed. In addition, the
oxidation behaviors of magnetite in particle scale are introduced in both thermodynamics and
kinetics aspects. The impact of magnetite oxidation on its subsequent reduction process is
thoroughly examined and discussed. The discussion on the reduction of iron oxide by Hz is not

repeated here because this aspect has been systematically reviewed somewhere else. [29].

2.1 Production routes of crude steel

The production of crude steel consists of three important stages: raw material preparation,
iron making and steel making. As shown in Figure 1, generally four types of production routes
are available in the world [30]. The production routes are distinguished by the input material,
the reducing agent, the energy source and the product state (solid or liquid) in the iron making
stage. When iron ore is used as an iron carrier, three production routes are defined, namely,
the integrated route, smelting reduction route and direct reduction route. If the scrap is used
as metallic charge, the iron making section is not necessary. The scrap melts in the EAF and

the crude steel production mainly happens in EAF.

The product in iron making stage of the integrate route and smelting production route is hot

metal which is in liquid state. The hot metal is charged into BOF for further steel making. The
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product from direct reduction route in iron making stage is so-called direct reduced iron (DRI)
or hot briquette iron (HBI) which is in solid state. The furnace for the following steel making
can also be EAF.

Steel making routes ———>

Integrated route Smelting reduction route m
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Figure 1: Different state of the art steel production route [30].

The global crude steel production was 1811 million tons in 2019 and slightly increased to
1821 and 1888 million tons in 2020 and 2021, respectively [31]. As shown in Figure 2, the
dominant crude steel production route is still the integrate route, accounting for 70% [33]. The
integrate route is also known as BF-BOF route, which first uses a BF to produce hot metal from
iron ore and coal, and then uses a BOF to produce crude steel. However, the CO, emissions
from this production route are enormous. Figure 3 shows the CO; emissions of different
process route based on current technology [34]. The BF-BOF route, even with the best
available technology, still emits 1.6 tons CO: per ton crude steel. If the CO, from BF-BOF route
is captured, the emission can be reduced to 0.9 tons per ton crude steel. The smelting
reduction route and direct reduction route emit 1.5 tons and 1.1 tons CO: per ton crude steel,
respectively. The lowest CO, emission route is the scrap based EAF, which only emits 0.4 CO-

per ton crude steel.

To reach the target of CO, neutral within the process, the transformation from BF-BOF to
EAF is a significant trend for future steelmaking [32]. Because of the constrained availability of
high-quality scrap, there exists the possibility of partial substitution with DRI. The ongoing
development of HDRI-EAF route has a high potential for reducing CO2 emission. When EAF
is operated with only HDRI, CO, emission can be reduced to 0.025-0.053 tons per ton crude
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steel [26],[27]. Therefore, how to produce HDRI properly and efficiently becomes an interesting

topic. In the coming section, several commercialized and developing processes for producing

HDRI using iron ore fines are introduced.
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Figure 2: Global crude steel production by process route in 2019 [33].
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BF-BOF 60% of current steel production uses coallcoke to reduce
iron ore and produce steel in integrated steelworks.
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BEST AVAILABLE An estimated 15% process efficiency improvement is
TECHNOLOGY possible within the current BF-BOF process.
SMELTING SMELTING REDUCTION
Smelting reduction combined with a Cyclone Converrer
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GAS DIRECT
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WITHCCS
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Capruring the CO, from the blast furnace of an integrated
steel plant can redyce overall emissions by 50%.

ELECTRIC ARC FURNACE (EAF)

The main route for secondary steel uses electricity to

melt steel scrap, with only small divect emissions.

Figure 3: Comparison of CO2 emissions by process route, tons CO: per ton crude steel [34].

2.1.1 Direct reduction process using iron ore fines

As mentioned above, the product of direct reduction route in iron making stage is in solid
state. The reducing temperature is below the melting point of the input material. Conventionally,
the reducing gas required for iron oxide reduction is derived from the partial oxidation of coal
or the reforming of natural gas. As shown in Figure 4, the world DRI production amount is

increasing yearly [35]. The two most widely used direct reduction processes are Midrex® and
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HYL/Energiron, accounting for 59.5% and 12.7% of the total world production of DRI in 2021,

respectively.
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Figure 4: The world DRI production by year [35].

The above two processes are based on vertical shaft furnace, which requires iron ore pellet
as the iron carrier. For the direct utilization of iron ore fines, several alternative approaches for
DRI production involve the use of fluidized beds, rotary hearths, or rotary kilns. However, as
shown in Figure 5, not many DR-processes are operating in industrial scale. The rotary hearth
or rotary kiln-based DR process uses coal as an energy source which emits lots of CO, during
the production [11]. When using fluidized bed as a reducing unit, it is possible to use natural
gas and lower the CO; emissions. With the development of H, production technology, if natural
gas is substituted by 100% green Ha, zero carbon emission can be achieved. In the following
section, two commercialized and two in developing fluidized bed-based processes are

introduced, namely, Circored® process, FINMET process, HyREX and HyFOR.

iron Ore
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COMET"
Redlron?®
Gas 3
Production Gas Reforming Coal Gasification Brylros
Energy Natural Gas Coal
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! Process tested in pilot scale, 2 Operation stnpped,3 Industrial Operation

Figure 5: Direction reduction processes using iron ore fines [11].
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2.1.1.1 The Circored® process

The Circored process, initially developed over 20 years ago, is currently being reintroduced
as a validated method to assist the decarbonization of the ironmaking process. [36]. The
Circored stands as the only 100% hydrogen-based process for iron ore reduction that has
effectively showcased its operational efficacy and performance through an industrial-scale
demonstration plant. The facility, initiated in 1999 in Trinidad, successfully generated more
than 300,000 tons of premium-quality HBI during several months of productive functioning
[37],[38].
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Figure 6: The Circored® process flowsheet [37],[38].

The Circored process employs a dual-stage reactor setup, beginning with a circulating
fluidized bed (CFB) followed by a downstream bubbling fluidized bed (FB). In the presented
flowchart, illustrated in Figure 6, the core process region for ore reduction is highlighted by the
gray circle. The established plant capacity, considering technical and economic for an
industrial-scale facility, is set as 1.25 million tons per year per line. Two or more lines are
possible combined using joint facilities and utility areas. The main characteristics are given as
follows [37],[38]:

1.  The iron ore fines are preheated to 850 — 900 °C in the preheating system via a CFB

reactor. For stable fluidization, the size of feeding iron ore is generally between 2 mm
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and 6 mm. When ultrafines are used as raw material, a microgranulation device can be
applied to assist the fluidization.

2. The duration time in the primary reduction stage is the range of 20 — 30 minutes. The
iron ore burden is supposed to be reduced up a reduction degree of 65 — 80%.

The final reduction degree in FB reactor is 93 — 95%.

Hydrogen is used as the only reductant. The reducing temperature can be as low as
650 °C in the CFB and the FB. The low temperature prevents particle sticking and
makes the reaction easy to control.

5. The reduced fines undergo heating in a flash heater, reaching temperatures of
approximately 700 — 715 °C. During this stage, preheated make-up hydrogen is
employed for both heating and transport purposes. The DRI is required to be around
680 °C for obtaining high-density HBI (> 5.0 g/cm?3). To obtain the high density, the DRI
should reach a temperature of approximately 680 °C.

6. The hydrogen reduction of iron oxide is an endothermic reaction, the energy must be
continuously supplied during the operation. In the past, this was achieved by natural
gas and process gas bleed. There is currently a plan to substitute natural gas with

electric heating powered by renewable sources, often referred to as "green" power.
21.1.2 The Finmet® process

The Finmet process is also a fluidized bed based direct reduction process, which uses a
four-stage fluidized bed reactor series [39]. The schematic flowsheet is shown in Figure 7. First
of all, the gangue within the iron ore must be removed in a beneficiation plant. Initially, the iron
ore fines undergo drying within a fluidized bed dryer, after which they are introduced into the
reactor train through a pressurized lock hopper system. The pressure inside the reactor train
is 12 bar. The feed of iron ore fines enters the upper reactor (R4), where it undergoes
preheating to temperatures ranging between 550 and 570°C, facilitated by the reducing gas
originating from reactor R3. The four reactors are interconnected with transfer lines for gas
and solids. The solid iron ore fines flow downwards from reactor R4 to R1 under self-gravity
force, while reducing gas flows counter currently upwards. Hence, the iron ore fines are
reduced stepwise from hematite to magnetite, from magnetite to wstite and finally to metallic
iron. The temperature in the downmost reactor (R1) is in the range of 780-800 °C and final
metallization degree is up to 93%. At this stage, some Fe is carburized to FesC. The carbon
content of the DRI can be flexibly altered by modifying the composition of the recycle gas
introduced into R1. The hot DRI is then transported to the briquetting area where the DRI is
briquetted at temperatures higher than 650 °C.
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The reducing gas is sourced from a blend of recycled top gas and fresh reformer makeup
gas, which is supplied through a conventional steam reformer. The recycled gas is from the
top gas of R4 reactor. This top gas still contains valuable H; and CO gases. The top gas is
initially cooled down to temperatures between 40-50 °C and subsequently subjected to wet
scrubbing in a wet scrubber system. This procedure is employed to eliminate dust and water
generated by the hydrogen reduction reactions. The recycled gas is split into two streams. One
stream goes to a reductive gas heater burner for burning, the other one joins the fresh reformer
makeup gas. In such a way, the accumulation of inert components (mainly N2 and CH4) can
be avoided.
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Figure 7: Schematic flowsheet of the Finmet® process [39].

2.1.1.3 The HyREX process

HyREX is a new ironmaking process based on fluidized bed reactors, which uses hydrogen
as reducing agent [40],[41]. Similar to Finmet process, the core reduction unit is also a 4-stage
fluidized bed reactor train. In a traditional blast furnace, the reduction and melting happen in
the same furnace. However, these two reactions happen separately in HyREX; i.e., reduction
in the fluidized bed reactors and melting in an electric furnace. Figure 8 shows the schematic
flowsheet of the HYREX process. POSCO plans to skip the pilot stage testing and start the
demonstration stage from 2025. The verification of HyREX technology shall be ready in 2030

based on the technologies and experience from FINEX process development [40],[41].
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The FINEX process is a successful commercialized ironmaking process which has been
operated for nearly 20 years. The HyREX process is based on fluidized reduction furnace
technology applied to FINEX. The main difference is that the HyREX process uses electric
smelting furnace to melt the DRI and the HyREX is able to use pure hydrogen as reducing gas
and energy input. The burden of the process is sinter feed grade iron ore fines whose particle
size is in a wide range. The heat for the reduction system is generated by the reaction of
hydrogen and oxygen. The fluidized bed reactor train is arranged in a stair shape. The
temperature of each fluidized bed reactor can be controlled by the injection of oxygen. To
guarantee sufficient heat for the reduction reaction, the walls and the bottom part of the reactor

can also provide additional heat.

Hot DRI

" %
Recovery

~
| P . I

Hydrogen
heating

Hydrogen Electric Smelting Furnace

Figure 8: Schematic flowsheet of the HyREX process [40],[41].

2.1.1.4 The HyFOR process

A schematic flowsheet of the HyFOR process is shown in Figure 9. The HyFOR process
also uses a four-stage fluidized bed reactor train. The difference with HyREX process is that
the HyFOR process can use iron ore concentrates with particle sizes of 100% <150 pm [13].
The iron concentrates are preheated or oxidized in multistage cyclones. The energy needed
for preheating is provided by the reaction of hydrogen and air. Part of the bleed gas from the
recycle gas loop also goes to the heat generator. The iron concentrates are then charged into
a bin that works as a buffer controlling the input of the iron concentrates to the first fluidized
bed reactor. The reduction of iron oxide occurs stepwise in the fluidized bed train. Fresh
reducing gas is injected in each fluidized bed reactor. The off gas of all reactors is dedusted
via a dry dedusting unit. The dust is returned to the reactors. An industrial plant of HyFOR
might be operational by 2025.
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Figure 9: Schematic flowsheet of the HyFOR process [13].

2.2 Fluidization behaviors — General considerations

First of all, it is important to determine the operating point of a fluidized bed and predict the
fluidization regime. The most challenging issue in fluidized bed ironmaking is the sticking
problem, which can halt the fluidization process. To prevent de-fluidization, the underlying

mechanisms must be understood before a solution can be identified.

2.2.1 Determination of the operating point

The so-called Reh diagram enables the visualization of some important values and helps to
comprehend the fluidization patterns. For such purpose, some dimensionless numbers need
to be calculated through equations (1)-(6), as shown in Table 1. The Ug;p, U, v, dp, pp and pg
are the slip velocity, superficial velocity, kinematic gas viscosity, particle diameter, particle
density and gas density, respectively. V, and V;, are particles volume and bed volume. Using
the Modified Froude number (Fr*) as vertical axis and Reynold number (Re) as horizontal axis,
the Reh diagram can be plotted as shown in Figure 10. The Reh diagram also displays both
the Archimedes number (Ar) and Liatschenko number (Q), which indicate the effects of particle
density and gas velocity, respectively. It provides a clue for adjusting the fluidization
parameters. If the operating point locates at P1, as given in Figure 10, there are two options
to move it to the fluidized bed area, i.e., decreasing the particle diameter or increasing the gas
velocity. When decreasing the particle diameter, the operating point P1 can move to P2 along

the Q line. If it is still not in the fluidization area, the gas velocity can be further increased.
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Thereafter, the operating point P2 is able to move to P3 along the Ar line. In summary, the
fluidization state can be predicted with the assistance of Reh diagram when the particle and

gas properties are available.

Table 1: Important dimensionless numbers.

Name Equation
Reynold number Re= Ustie dp (1)
v
e 2
Modified Froude number Free 3. _UstipPe )
4 dp g(pp—Pg)
Archimedes number Ar= di’sgvg;g—w 3)
g
Liatschenko number Q= _UsiipPe 4)
v g (Pp—pg)
Bed porosity e=1—2 (5)
Vb
Slip velocity Usip= > (6)
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Figure 10: Reh-diagram for gas-solid systems.
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2.2.2 De-fluidization phenomena caused by the sticking iron

In a fluidized bed reactor, after confirming the operating point, the fluidization is generally
not a problem at the beginning of the reduction phase. However, with the reduction of the iron
oxide proceeding, the de-fluidization may occur due to the newly formed iron on the particle
surfaces. It is believed that the newly formed iron is sticking and increases the resistance to
fluidization. The sticking problem occurs mainly during the metallization of the iron oxide at
high temperatures [42]-[44]. The dominant mechanisms for the sticking can be summarized in
two aspects: the generation of iron whiskers on the particle surface and the formation of highly

active iron on the particle surface.

2.2.2.1 Surface iron whiskers

The iron whiskers are common formed when the iron ores are reduced in CO atmosphere
[45]. If particles with whiskers on the surface collide with each other, they may stick together
and result in de-fluidization. The generation of iron whiskers usually occurs during the phase
transition from FeO to Fe. Nicolle et al. [46] explained the growth mechanism of iron whiskers
in the reduction of wisite based on Wagner’s theory. The surface morphology showed a strong
relationship to the reaction limiting step, including the removal of oxygen (chemical control)
and the migration of iron ions (diffusion control). For an easy understanding, the reduction
process is considered as a four-stage reaction, initial stage, supersaturation stage, nucleation
stage and growth stage, in which the iron activities are varied. As shown in Figure 11, three

scenarios are possible during the reduction of wistite.

(1) The rate at which iron ions migrate inward from the surface is notably slower than the
rate at which iron ions are produced at the surface, indicating a diffusion-controlled
process. As given in Figure 11(a), the iron accumulates on the surface of the particle
and reaches an uncertain degree of supersaturation. The values of 1, a; and ao in the
vertical axis represent the iron activity of pure metallic iron, an uncertain iron activity due
to supersaturation and iron activity of wiustite, respectively. When the first metal
nucleation appears, the iron activity drops back to 1. Since the reaction is under diffusion
control, there is no iron supply from the bulk. The growth of the nucleus requires further
removal of surrounding oxygen. Therefore, the other points continue the accumulation
of iron and result in many other new nucleation sites. In such way, all the nuclei grow to
a lamellar shape and merge to form a metal plate on the surface.

(2) The inward migration capacity of iron ions from the surface is similar to the production

capacity of iron ions at the surface, i.e., a mixed control. As given in Figure 11(b), the
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iron accumulates within part of the particle volume and reaches an uncertain degree of
supersaturation. The growth of the first nucleation has two driven forces: the iron supply
from local supersaturation area and the removal of surrounding oxygen. The nuclei grow
very fast at the beginning and form a large foot of whisker due to adequate iron flux from
supersaturation area. As iron activity decreases in supersaturation area, the growth of
whisker slows down. A conical whisker on the surface is then formed.

(3) The rate of iron ions migrating inward from the surface is notably faster than the rate of
iron ions is produced at the surface, indicating a reaction control. As given in Figure 11(c),
the iron accumulates within the whole particle volume and reaches an uncertain degree
of supersaturation. The first nucleation occurs at the surface site by the iron supply from
the supersaturation bulk wistite. Thereafter, the cylindrical whisker is formed by the
excess iron source from the bulk wistite. Yoshiaki et al. [47] found the same situation
that the iron whiskers occurred from iron-saturated wustite by cooling without any

chemical reaction.
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Figure 11: Schematic of Iron activity curves and phase configuration: (a) under diffusion control; (b)

under mixed control; (c) under chemical control [46].
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Guo et al. [45] conducted an in-situ observation analysis of the nucleation and growth of iron
whiskers during the reduction of iron ore via a high-temperature confocal scanning laser
microscope under CO atmosphere. The results agreed with the growth mechanism of Nicolle
et al. [46]. Based on the structure’s characteristics obtained in the in-situ observation, iron
nucleation could also occur inside the ore particle. Figure 12 presents a schematic depiction
of the structural changes occurring throughout the reduction process of an individual particle.
Firstly, the Fe;O3 phase transforms to FeO phase. Due to crystal transformation, the volume
of the particle changed and resulted in pores. The pore size gradually increased with the
reaction proceeding. Afterwards, the metallic iron was formed on the surface and its shape
was determined by the reaction limiting step. Some nuclei also appeared around the pores,

where the lattice defects or dislocations were dense.

[ron whiskers Iron nucleus
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Figure 12: Schematic illustration of the reduction of iron ore particle [45].

When the reduction of iron oxide happens in Hz atmosphere, the iron grows preferentially in
plated shape on the surface. Du et al. [48] compared the morphology of reduced metallic iron
obtained from H, and CO reducing conditions. As shown in Figure 13(a)-(d), it was found that
when 10% of Hz> was applied in the CO gas flow, the surface metallic iron transferred from
whisker to conical shape and lots of pores appeared on the surface. When the addition of H;
was higher than 30%, no whiskers were observed, and the surface metallic iron was dense. It
could be explained by the migration rate of reaction interface. As shown in Figure 13(e) and
(f), the angel between the surface and the reaction interface was larger in the sample reduced
in pure CO, resulting in a longer reaction interface. The interface was the diffusion path of Fe
vacancies for further reaction. A short path was beneficial for the migration of Fe vacancies
and resulted in a faster reaction. The precipitation mechanism of iron under pure H, and CO
is shown in Figure 13(g). The white color and gray color represent Fe1xO and Fe, respectively.
More iron nuclei were formed in pure H> and connected with each other, resulting in an iron
shell on the surface. On the contrary, the iron nuclei in pure CO were sparse and resulted in

the formation of whiskers.
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(2)

Figure 13: Surface morphology of reduced iron under different conditions (a) pure CO; (b)
CO:H2=90%:10%, (c) CO:H2=70%:30%, (d) pure Hz; Polished section images of the samples reduced
by (e) pure CO and (f) pure Hz; (g) is the mechanistic diagram of the precipitation mechanism of iron

under different reducing gases.

Lu et al. [49] used phase-field method to simulate the growth of iron whiskers and found that
the oxygen content in iron oxide significantly influenced the crystal lattice and the diffusion
direction of Fe vacancies. The Fe ions tended to diffuse to regions with low oxygen content,
while iron vacancies tended to diffuse to regions with high oxygen content. Based on density
functional theory (DFT) calculations, Lu et al. [50] further illustrated that the CO molecule
showed a strong force to pull iron ion of wustite in the vertical direction, while the H, molecule
showed no directional force. Figure 14 shows the iron formation step in atom scale. In the
presence of CO, the carbon atom in CO attracted iron ions from the surface of wustite, leading
to the outgrowth of iron ions. As a consequence, the surface exhibited a vertical expansion.
Furthermore, Fe vacancies were formed on the topmost layer of the surface, which iron ions
could fill by using the energy released during the CO oxidation process. This energy helped
overcome the diffusion energy barrier and facilitated the migration of iron ions into the Fe
vacancies. As the surface expansion continued, the iron whiskers were to be formed. In
contrast, in the case of H, reduction of wistite, the iron ions moved in a planar direction without

additional energy or attractive forces.
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Figure 14: Schematic diagram of iron formation on the surface of FeO. (Purple, red, gray and white

balls represent the Fe, O, C and H atoms, respectively.) [50]
2.2.2.2 Highly active surface iron

As mentioned above, in some cases, especially under H, atmosphere, no iron whiskers
appear on the particle surface. Under such circumstances, the sticking problem is caused by
the other mechanism, i.e., highly active surface iron. The sticking is caused by the generation
of solid bridge that driven by the solid-state diffusion of iron, as shown in Figure 15(a)-(c). The
solid-state diffusion of metal refers to the migration of atoms through vacancies between metal
surfaces, leading to their transposition. Gong et al. [43] analyzed the crystal defect and surface
vacancy of iron particle via positron annihilation spectroscopy (PAS). As given in Figure 15(d),
there were many vacancy defects on the fresh iron, especially in the iron whiskers, which
facilitated the diffusion of iron atoms and thus decreased its sticking temperature. The critical
iron bridge of particles could be as small as 60-120 nm when the particle size was in the range
of 100-200 um, beyond which the particles became de-fluidized. Takafumi et al. [51] and Kenya
et al. [52] quantitatively investigated the solid bridge of iron by numerical simulation. The de-
fluidization behavior could be predicted based on the balance between the drag force and the
neck strength of particles. The neck strength is also referred to as cohesive force elsewhere.
Therefore, the movement of iron particles could be described by following equation (7). When

Fq < F.+ Mg, the de-fluidization occurs. For detailed calculation of such forces and the
prediction of iron bridge growth can be found in [43],[51],[52].

d
m< = Fg—F.— M, (7)

Where, Fq4, F. and M, are the drag force acting on particles, cohesive force between

particles and the gravity force of particles, respectively.
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Figure 15: (a)-(c) Iron bridge between particles [52]-[54], (d) Sticking mechanism resulting from Fe
atom diffusion [43].

2.2.3 Prevention methods to sticking problem

After understanding the sticking mechanism, several methods are available to prevent the
sticking problem, which were also reviewed by Guo et al [55]. One of the most effective and
practical ways is modifying the particle surface by coating additives. The coating treatment
with additives exhibits two primary effects: modifying the surface morphology of the reduced
iron particles and preventing direct contact between the reduced iron particles. The additives
act as gangue elements and will remain in the product after reduction. To reach a required
basicity in the subsequent steelmaking process, the amount of slag will be influenced by such
coating treatment. Therefore, MgO and CaO are usually chosen as the typical additives. Both
MgO and CaO are indispensable components within the melting aggregate, crucial for
achieving slags with the specified basicity. Furthermore, their influence on the subsequent
steelmaking process is negligible.

MgO is completely soluble in wiistite. Compared with Fe?*, Mg?* is easier to migrate to
vacancy in wustite. Therefore, magnesiowustite (FexMg:xO) is formed, which inhibits the
reduction of wistite [56]. A comparable phenomenon was also observed in the reduction of
pure hematite doped with MgO using CO [57]. The effect of MgO on the stepwise reduction of
pure hematite compacts was investigated by El-Geassy [57]. The study revealed that the

promotion effect occurred during the hematite-magnetite reduction stage due to an increase in
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porosity and active sites resulting from the introduction of foreign cations into the Fe»Os lattice.
However, during the later stage, the formation of the low-reducibility phase MgO-Fe;O3
hindered the reduction reaction. Reduction rate decreased during the magnetite-wustite and
wustite-iron reduction steps, which were attributed to the formation of FexMg1.xO. As a result,
the diffusion of iron ions was affected, making it less likely to form iron whiskers. At low
reducing temperature, the MgO mainly works as a physical barrier, decreasing the frequency
of contact between particles [53]. Du et al. [58] found that the addition of MgO in the later
reduction stages of iron ore fines (reduction of FeO) was more effective in preventing de-
fluidization than adding MgO in the reduction stages of Fe>O3 and Fez04. When the reduction
temperature was higher than 900 °C, MgO reacted with Fe,Os/FeO and formed
FeMgO4/FeO-MgO on the particle surface, which served as a chemical barrier. Guo et al.
[59],[60] tested four different coating method with MgO: (1) Powder method: Mixing the MgO
powders and iron ores directly in solid state before charging into the reactor; (2) Briquetting
method: The mixture of MgO and Fe,Os powders was pressed at 40 MPa and roasted in a
muffle furnace at 1000 °C for 3 hours. Then the sintered briquettes were crushed into powders
with a specific diameters range; (3) Injection method: Blew the MgO powders into the bottom
of the fluidized bed reactor with a powder injector during the reaction; (4) Liquid method: The
iron oxide particles were mixed in a Mg-containing solution. The particles were uniformly
coated with Mg-containing compound which turned into MgO after calcination in the air. Among
the coating methods, the liquid method is the most effective way. However, it is not easy to
apply such a method in an industry plant. The most practical way is still the powder method.
The efficacy of such method has been demonstrated experimentally, as reported by Zheng et
al. [56],[61],[62].

It is widely believed that the coating of CaO is not as effective as the coating of MgO in
preventing adhesion problems. Zhong et al. [63] did a comparative study of the role of MgO
and CaO. Both MgO and CaO showed positive effect on improving the fluidization state.
However, the intermediate product, CaO-FeO, on the surface of CaO-coated sample could be
reduced mostly to metallic iron. Therefore, the CaO only worked temporarily in preventing the
de-fluidization of the materials. In order to enhance the inhibition effect of CaO, Du et al. [64]
tried liquid method to coat the iron ore particles. However, the coated layer was reduced and
did not adhere well to the surface of iron ore particle for inhibiting de-fluidization. After reduction,
the particle surface was still covered by pure metallic iron. To further improve the coating effect,
a solution containing Fe3* was added during coating treatment. In this way, 2CaO-Fe,O3 was
formed on the particle surface after calcination. The Fe>O3 showed a bonding effect, adhering

the coated layer to the particle surface. After reduction, the surface was covered by CaO.
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2.3 Oxidation of magnetite in particle scale

The oxidation of magnetite particles can take place during the preheating stage. In this
chapter, a comprehensive review of magnetite oxidation is presented, including both
thermodynamic and kinetic aspects. Moreover, an investigation is conducted into the impact
of magnetite oxidation on its subsequent reduction behavior. In my previous review paper
Publication 4 [65], a comprehensive analysis is presented regarding the exothermic impact,
crystal transformation, and structural evolution that occur during the process of magnetite

oxidation.
2.3.1 Stages of the oxidation process

The oxidation process of magnetite can be characterized by a minimum of two stages.
Colombo et al. [66],[67] investigated the first stage of oxidation of magnetite. The results
confirmed that in the first oxidation stage an intermediate phase exists, which consisted of a
solid solution of y-Fe2O3 in FesO4. The impurities could stabilize the y-Fe2Os phase. However,
the final oxidation product depended largely on oxidation temperature. Chen et al. [68]
illustrated the main structural and chemical difference between y-Fe;Os; and FesO.. The
difference is the existence of vacancies in y-Fe>Os, which lowered the symmetry of y-Fe;O3
(primitive Bravais lattice) with respect to FesO4 (face-centered Bravais lattice). And the Fe?* in
the Fe;04 is completely replaced by Fe®" (Fe?*—Fe®*"+e°), so the positions that were occupied
by 1/3Fe?* in octahedron became the vacancies. y-Fe.O3; showed a ferromagnetic behavior,

while a-Fe;O3; showed an antiferromagnetic behavior.
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Figure 16: Stages of magnetite during non-isothermal oxidation.

The oxidation mechanism of magnetite is postulated as follows: The conversion of Fe?* to

Fe® initiates the diffusion of iron ions from within the Fe;O. crystals towards the surface. The
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occurrence of oxidation yields the formation of a solid solution of y-Fe;O3 in Fes04. As the
oxidation progresses, the a-Fe;O3 and the solid solution are formed at the magnetite particle
surface. Subsequently, facilitated by the presence of a-Fe»O3, a catalyzed reaction leads to
the transformation of the solid solution into a-Fe2O3; and Fe;O.. The secondary FesOs is
oxidized directly to a- Fe;O3 at high temperatures. Therefore, the oxidation stages of magnetite

particle can be interpreted as shown in Figure 16.

2.3.2 Thermodynamics of magnetite oxidation

Daniel et al. [29] calculated the thermodynamically stable phases in the binary Fe-O system
as shown in Figure 17. The ideal stoichiometry of hematite and magnetite are Fe O3 and Fe304,
respectively. In theory, magnetite exists in equilibrium with hematite at lower temperatures.
Additionally, two minor stable regions of magnetite phase can be observed at elevated
temperatures. A closer look into the equilibrium of FesO4 and Fe;Os; under different
temperature and O, partial pressure is taken in Figure 18. The diagram illustrates the stable
area of a single FezO4 phase under different temperature and O; partial pressure. From a
thermodynamic standpoint, magnetite has the potential to undergo full oxidation to hematite
even under room ambient conditions. Nevertheless, due to the intricate nature of the oxidation
process and the constraints imposed by kinetic factors, achieving complete oxidation of
magnetite is typically impossible. Subsequent sections will delve into the analysis of oxidation

kinetics.
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Figure 17: Binary Fe-O system. Reproduced with permission.
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Figure 18: Stable region of FesO4 and Fe20s. (Calculated by Fact Sage 7.2, Database: FactPS,
FToxid).

2.3.3 Rate-limiting analysis of oxidation reaction

The ICTAC (International Confederation for Thermal Analysis and Calorimetry) has
recommended methods and guidelines for the analysis of kinetics, ensuring the dependable
assessment of kinetic parameters [69],[70]. It's important to emphasize that the oxidation
process is influenced not only by the oxidation conditions but also by the experimental setup,
including the equipment used and even the sample containers. Figure 19 shows three typical
thermogravimetric analysis (TGA) apparatuses. The differences are the direction of gas flow
and the sample containers. It is difficult to decide which kind of apparatus is the best option.
When a crucible serves as the container, the gas flow can solely penetrate the sample from
top to bottom. This configuration may lead to the interruption of gas flow and potential
disruption caused by the crucible itself and the thickness of the sample layer, potentially
impacting kinetic analysis. On the other hand, when a basket is utilized, the gas flow can
traverse the sample from bottom to top with minimal disturbance. In conducting oxidation TGA
tests on magnetite at the particle scale, the most important consideration is to mitigate

experimental errors arising from issues related to mass transfer.
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Figure 19: Schematic of oxidation apparatus and sample vessels.

Considering thermodynamics, the conversion of magnetite to hematite through oxidation is
an inherently spontaneous reaction. The chemical reaction is generally not the rate-limiting
step. A widely accepted understanding is that in the oxidation of pellets, the kinetics are
governed by a combination of rate-limiting processes: gaseous mass transfer of molecular
oxygen passing through macroscopic pores into the pellet and solid-state diffusion occurring
within the oxidized particles themselves. However, when considering particle scale, the inter-
particle gaseous mass transfer is typically disregarded. The diffusion of oxygen molecules into
the particle becomes highly improbable due to the dense structures of both magnetite and the
hematite layer. When oxidizing magnetite at the particle scale, the solid-state diffusion is widely
regarded as the rate-limiting step. The solid-state diffusion can be described by parabolic law.
In this case, the nature of the solid-state diffusion is the ion (Fe?*, Fe®**or O?) diffusion through
the hematite layer. When the chemical reaction at the interface transpires significantly faster
than the diffusion process, the interface is expected to progress uniformly inward, reaching the
center of the particle. However, it's important to note that magnetite particles commonly are
non-spherical shapes. Magnetite exhibits a preference for oxidation in specific orientations
where ion diffusion transpires more rapidly compared to other orientations. This phenomenon
prompts the growth of hematite needles towards the interior of the particle. The irregular shape
of the particles and the inward-growth hematite may have an impact on the kinetic analysis.
According to Mosen [71], it is suggested that O ions exhibit constrained mobility within both
magnetite and hematite, with diffusion primarily occurring along the boundaries between these
two phases to a limited extent. In pellet oxidation, the impact of the inward growth of hematite
is often disregarded due to its minor contribution to oxidation extent. Consequently, the
oxidation mechanisms of magnetite at both pellet and particle scales can be represented as
depicted in Figure 20.
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Figure 20: Schematic illustration of the oxidation kinetics: (a-b) in pellet scale; (c-d) in particle scale.

Monsen [71] found that under polarized light microscope, the hematite that oxidized from the
magnetite particles were formed by several sub-grain structures. The higher the oxidation
temperature, the bigger of each hematite sub grain. The Figure 21 shows the schematic of
hematite sub grains in an oxidized magnetite particle. The growth of sub-grain structures can
be elucidated through the mechanism of nucleation and growth. The model is known as JMA
model that is developed by Johnson, Mehl, and Avrami [72]-[75]. The nucleation and growth
mechanism does not contradict with the parabolic law. Both of these mechanisms inherently
involve the diffusion of ions. In the following chapters, these two kinetic mechanisms are

discussed.

(a) (b)

Figure 21: The schematic of hematite sub-grains in an oxidized magnetite particle: (a) under reflected

light; (b) under polarized light.

2.3.3.1 Parabolic law

Cho and Pistorius [76]-[78] conducted an examination of the oxidation kinetics of magnetite

concentrates employing the parabolic law. The parabolic law pertains to solid-state diffusion.
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Considering particle size, the oxidation process is elucidated by equation (8). The particle size

was determined through wet screening.

t= [%] X [3 — 20— 3(1 — @) /3] 8)

Where t signifies the duration of oxidation, d corresponds to the diameter of the magnetite

particle, k,, represents the parabolic rate constant, and « indicates the oxidation degree.

To derive a quantitative estimate of the parabolic rate constant, a set of magnetite
concentrate particles within a narrow size range from 53 uym to 63 ym were oxidized at
temperatures of 500 °C, 600 °C and 800 °C, employing an 80% N2 - 20% O, gas mixture. If
the oxidation progress follows the parabolic law, the resulting graph will exhibit a linear pattern
in accordance with equation (8). Monsen [71] analyzed the oxidation of magnetite concentrate
particles with size range between 74 um and 100 ym in air flow at the temperature range of
400 °C - 800 °C using the same model. The oxidation procedure adheres to the parabolic law
in both of these investigations. The parabolic rate constant was assessed through variations
in hematite thickness. In simpler terms, the measured parabolic rate constant signifies the
overall movement of the reaction front on a macroscopic scale. In the study of Cho et al. [79],
the determined parabolic rate constants closely resembled those computed by Monsen [71]
and the oxidation rate exhibited independence from oxygen contents of 20% and higher.
Pistorius [77] observed that changes in the parabolic rate constant only occur under
exceedingly low partial pressure of oxygen. Figure 22 illustrates the relationships between
parabolic rate constants and partial pressure, as well as temperature. It is assumed that the
parabolic rate constant remains stable at the same temperature. The average parabolic rate

constant calculated by Cho and Pistorius is as follows:
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Figure 22: The calculated parabolic rate constants in different temperatures and partial pressures [77].
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Himmel et al. [80] conducted measurements of the self-diffusion coefficient (D) for iron within
magnetite and hematite. In order to facilitate a straightforward comparison between k, and D,
they were converted into the same unit with um?/min and are presented in Table 2 and Table
3. The Table 2 reveals a substantial disparity in the self-diffusion rates of iron between
magnetite and hematite, with magnetite exhibiting several orders of magnitude higher diffusion
rates. Table 3 illustrates that the parabolic rate constants closely resemble the self-diffusion
coefficients for iron in magnetite. As such, the mechanism of solid-state diffusion appears to
be the most plausible explanation. The progression of the reaction front is likely attributed to

the diffusion of iron within magnetite.

Table 2: The self-diffusion coefficients for iron in magnetite and hematite.

Specimen Temperature, °C D, ym2/min
~ 800 5.9x10?
Magnetite
~ 900 5.3x10"
~ 1000 6.0x10
Hematite
~ 1200 1.2x102

Table 3: The parabolic rate constants.

Temperature, °C k,, um?/min Average kj,, um?/min
400 2.5x103
500 1.9%102 65100
600 8.0x10°2 2200 (=)
800 3.2x101

Kumar et al. [81] conducted an isothermal oxidation experiment on magnetite concentrate
particles using TGA within the temperature range of 500°C to 800°C. The concentrate
underwent wet sieving to obtain a narrow size distribution ranging from 38 ym to 53 pym, with
an average particle diameter of 45.5 ym. The gas flow rate for oxidation was set as 200 ml/min
to minimize the influence of gas diffusion. The outcomes revealed that the later stage of
oxidation follows the solid-state diffusion mechanism. As elucidated earlier, the parabolic rate
constant should solely be contingent upon temperature. The values of the parabolic rate
constants were reflected by the slopes of the fitted lines in Figure 23. The slopes depicted in
Figure 23(a) experienced an upward trend with increasing temperature, while the slopes in
Figure 23(b) remained nearly constant. The gathered data provided support for the validity of

the parabolic law mechanism.

Dissertation Heng Zheng Page 27



O p0O, =0.05 atm d,=45.5 pm
pO, = 0.10 atm Temp =873 K
] 057} pO, =0.15 atm
pO,=0.21 atm pO; =0.21 atm
d,=45.5 um —

TBK
823K
05 873K
923K
0 9B K
1023K
1073 K,

S

IS
<
»

[3 - 2f - 3( 1)@
(=]
w

[3 - 2f - 3(1-F)1¥3)
o
w

o
[N

\

A N 0 n L " " " L "
500 1000 1500 2000 2500 3000 3500 500 1000 1500 2000 2500 3000 3500
Time, sec Time, sec

Figure 23: (a) Isothermal oxidation evaluated by the solid-state diffusion: (a)different oxidation

temperature; (b) different partial pressure of oxygen [81].
2.3.3.2 The nucleation and growth

The oxidation process can also be interpreted as the nucleation and growth of hematite
grains. The expansion of hematite grain occurs through the solid-state diffusion of iron ions.
The JMA model is a prevalent approach for describing such reactions, defined in equation (10)
or (11). This model is applicable to isothermal reactions characterized by parallel or sequential
multistep kinetics. It remains relevant even when the data does not match other commonly
used models [82]. This model can also be extended to non-isothermal reactions, the
determination of kinetic parameters requires experimentation at varying heating rates [83]. In

some literature, the JMA model is also referred to as the Avrami kinetic model (AKM) [84],[85].

t

a=1—e™" (10)

or
In(—=In(1 — @)) = nIn(t) + In(a) (11)

Where a indicates the oxidation degree after a duration time t; a corresponds to the Avrami
constant, its value contingent upon the frequency of nucleation or the rate of grain growth; n
represents the kinetic exponent, offering insights into the type of the nucleation and growth
mechanism. Sharp and Hancock [82] condensed the correlation between the value of n and
the underlying reaction mechanism. In general, if the value of n is less than 1, it indicates that
the reaction is primarily controlled by solid-state diffusion. When n is approximately 1, the
reaction is likely influenced by a first-order reaction mechanism. If n approaches 2, the reaction

is governed by nucleation processes.

Dissertation Heng Zheng Page 28



Kumar et al. [81] assumed the oxidation process of magnetite occurred in series and
analyzed the same data from Figure 23 by JMA model. Due to the limited number of data
points available from the weighing system in the initial stage, the subsequent analysis in his
study focused exclusively on the latter stage of the oxidation process. Figure 24 presents the

outcomes analyzed using the JMA model. The determined value of n is denoted as follows:
n =176 x 107*T + 0.1255In(po,) — 2.03 x 10™*TIn(po,) (12)

The values of n obtained under the experimental conditions were consistently smaller than
1, demonstrating greater sensitivity to temperature variations than changes in partial pressure

of oxygen. This observation aligns with the characteristics of a solid-state diffusion mechanism.
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Figure 24: Isothermal oxidation evaluated by the nucleation and growth: (a) different oxidation

temperature; (b) different partial pressure of oxygen [81].

Monazam et al. [84] employed this model to investigate the oxidation of magnetite particles
derived from reduced hematite. However, they assumed that a parallel occurrence of two
reactions during the oxidation process. In accordance with the JMA model, a parallel process

of two reactions can be defined using equations (13)-(14).
ap = wy(1—e @) 4wy (1 — e 22 (13)

wy+w, =1 (14)

The model postulated that the isothermal conversion of particles occurred through parallel
processes of nucleation and growth. Each process was characterized by the weight factors w;
and w,. These parallel processes, denoted as P1 and P», corresponded to nucleation and
diffusion, as illustrated in Figure 25. It is important to mention that the particle size range

employed by the author is relatively broad, from 100 to 300 ym, which is wider compared to
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other studies. This broader size range might introduce some limitations to the reliability of the

fitting results.
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Figure 25: Conversion curve as a function of time. Curve P1 is a single Avrami equation; curve P2 is a

single diffusion equation [84].

During the initial oxidation stage, the dominant process was P4, which indicated the P, was
the rate-limiting step. As the reaction progressed, P, began to predominate. The P, process,
associated with diffusion, had minimal impact on the initial stage of oxidation. In other words,
the initial oxidation stage was dominated by the nucleation of hematite, whereas the later stage
was governed by solid-state diffusion. Currently, no conclusive evidence is available to confirm

whether the multistep kinetics of the oxidation reaction occur in parallel or in series.

2.3.3.3 Discussion on the kinetic models

The oxidation process of magnetite can be described using these two models: the parabolic
law and the nucleation and growth mechanisms. Both of these models involve the diffusion of
ions. The solid-state diffusion mechanism, derived from the parabolic law, is succinctly
represented by equation (15). The reaction rate decreases as the thickness of the product
layer increases. The equation (15) can be integrated into equation (16) which is commonly

recognized as the parabolic law.

a _ .1
=k (15)
1?2 =Kkpt (16)

Where 1 is the thickness of the product layer, k,, is the parabolic rate constant. Ginstling and
Brounshtein [86] introduced a solid-state diffusion model based on the parabolic law for
reactions occurring in spherical particles. This model, known as the Ginstling-Brounshtein
diffusion model or D4 model, is expressed in equation (8). Khawam et al. [87] summarized

various forms of solid-state diffusion models derived from one (D1), two (D2), and three (D3)
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dimensional diffusion. Cho et al. [79] observed that even with the presence of inward growth
of hematite ahead of the reaction interface, the fitting results were minimally affected, and the
D4 model still accurately described the oxidation kinetics.

The JMA model offers the advantage of being applicable when experimental data deviate
from commonly used models. It can effectively describe multistep kinetics in both parallel and
series configurations. Based on the research conducted by Kumar et al. [81] and Monazam et
al. [84], the later stage of magnetite oxidation primarily exhibit solid-state diffusion, regardless
of whether it occurs in parallel or series. Determining whether multistep kinetics take place in
parallel or series is challenging. The current approach involves fitting the data using both

parallel and series methods and selecting the approach that yields the better fitting outcome.

As previously discussed, it becomes apparent that the oxidation kinetic of magnetite in
particle scale predominantly follows the solid-state diffusion. In terms of determining the
appropriate kinetic models, the current methodology is to choose the model with the best fit of

experimental data.

2.3.4 The influence of oxidation of magnetite on its subsequent reduction

It is widely known that hematite iron ores exhibit better reducibility compared to magnetite
iron ores [88],[89]. Understanding the distinction in reduction behavior between oxidized
magnetite and hematite at the particle scale is of significant interest. Edstrom [90] conducted
experiments involving the oxidation of natural single crystals of magnetite (FezOs4) and
subsequently compared their reduction rates with those of hematite (Fe-Os) under a CO
atmosphere at 1000 °C. The findings revealed a slightly lower reduction rate for the oxidized
FesO4 compared to Fe»Os. After 120 min reduction, both Fe»O3 and oxidized Fe3z04 achieved
reduction degrees more than 90%. However, the Fe;O4 only reached a reduction degree of
40%. Monsen [71] conducted a comprehensive study to explore the impact of oxidation
temperatures of magnetite concentrates on their subsequent reduction in H, atmosphere within
a temperature range of 700 to 800 °C. The results indicated that the magnetite samples were
nearly fully oxidized at the designated temperatures (850 °C - 1250 °C). She observed that the
hematite produced from magnetite oxidation at lower temperatures (850 °C - 1050 °C)
exhibited enhanced reducibility compared to the hematite formed at high temperatures
(1150 °C - 1250 °C). This difference in reducibility was attributed to the presence of a greater
number of smaller sub-grain structures in the hematite derived at lower temperatures. These
sub-grain boundaries acted as favorable sites for reduction, thereby facilitating the reduction

process.
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3 Methodology

The experiments in current research work can be summarized into two groups. The first
group, namely reduction experiment, is to investigate the fluidization and reduction behaviors
of the magnetite ore fines with some pre-treatments. The second group, namely oxidation
experiment, is to study the oxidation behavior, pore structure, surface morphology and internal
structure of the magnetite ore fines during pre-oxidation treatment. In this chapter, the
experimental facilities, procedures and analytical methods are introduced. In addition, the

characterization methods of the samples are briefly described.

3.1 Reduction experiments

3.1.1 Apparatus

The first group of experiments were carried out in a laboratory-scale fluidized bed reactor
with an inner diameter of 68 mm, which was detailed introduced in Publication 1 [56] and
previous PhD thesis from the Chair of Ferrous Metallurgy, Montanuniversitaet Leoben [28].
Nevertheless, the laboratory-scale fluidized bed reactor is briefly described in this section. The
schematic layout of the fluidized bed reactor is shown in Figure 26 and a physical picture is

given in Figure 27.

The inner diameter of the reactor is 68 mm. The upper section of the reactor was configured
in a conical shape, a design choice made to decrease the superficial gas velocity and

consequently minimize sample losses through entrainment during the fluidization process. H-
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and N2 can be mixed in the gas mixing unit and preheated while passing through the supply
pipe inside the furnace. The system is capable of providing a mixture of H,, CO, CO,, CH,4 and
N.. Thermocouples (Type N) placed beneath the grid and within the specimen measure both
the temperature of the reducing gas mixture and the specimen's temperature within the
fluidized bed reactor. The obtained temperature data is utilized to regulate the power for the
three-stage electrical resistance heating within the furnace. The fluidization characteristics are
assessed through differential pressure measurements taken between the gas distributor and
the material. Continuous real-time monitoring of pressure drops and changes of material

weight is carried out, with the collected data being automatically recorded by the system.

380g

[eNe]

700 °C
O 0

=
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[olie]
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Figure 26: Schematic layout of laboratory fluidized bed reactor: 1. gas mixture unit; 2. three-stage
electrical furnace; 3. distributor; 4. fluidized bed reactor; 5. dust filter; 6. scale; 7. pressure regulator; 8.

differential pressure monitor; 9. temperature control; 10. computer system unit.

Figure 27: Laboratory fluidized bed reactor: (a) reactor, (b) gas supply system. 1. gas supply pipe; 2.
gas preheating section; 3. fluidized bed reactor; 4. dust filter; 5. pressure regulator; 6. differential

pressure monitor; 7. three-stage electrical furnace; 8. scale; 9. mass flow controllers; 10. evaporator.
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3.1.2 Procedures

All reduction tests followed a similar procedure and introduced in publications 1-3
[56],[61],[62]. The material was charged into the reactor through a small opening at the top of
reactor while preheated to 500 °C. The whole preheating stage is under N> atmosphere. After
the material reached the desired temperature and underwent a 10-minute period of thermal
stabilization, the gas atmosphere was transitioned to a reducing gas. If de-fluidization occurred,
or reached the target reaction time, the reducing gas was again replaced by N2 and sample
cooling under N» atmosphere began. The H, was maintained as 15.9 I/min at standard ambient

temperature and pressure (SATP). The gas velocity was controlled by changing N2 content.

The fluidized reduction experiments utilized a low-grade magnetite iron ore as the raw
material. Table 4 listed the chemical composition that was analyzed using the inductively
coupled plasma-mass spectrometry (ICP-MS) method. High-purity MgO powder (>99.5 wt.-%
MgO, particle size smaller than 44 uym) was utilized as an anti-sticking agent in the experiments.
The MgO content was expressed as the weight percentage of MgO relative to the charged iron
ore material. The raw material was segregated into three particle size ranges: 125-250 um,
250-500 pm, and full size. The full-size fraction was achieved by blending 50 wt.-% of 125-250
pm particles with 50 wt.-% of 250-500 ym particles. The detailed experimental conditions of
the publications 1-3 are listed in Table 5. The Publication 1 [56] delved into the impact of pre-
oxidation treatment and the addition of MgO. The Publication 2 [61] centered its attention on
the implications of various pre-oxidation treatment parameters, including distinct pre-oxidation
temperatures and oxidation degrees, on fluidization behaviors, morphological characteristics,
and reduction kinetics. In the end, the Publication 3 [62] tried to confirm the dominant

influencing parameters and the optimal process condition.

The particle size was determined using conventional dry sieving methods. For a pre-
oxidation treatment, a 250 x 350 mm steel vessel containing 1000 g of the raw material was
placed into a conventional heat treatment furnace, as shown in Figure 28. The oxidation
occurred at 800 °C and 1000 °C for a specified time to reach a so-called deeply oxidation and
partly oxidation. The bed height of the material layer was around 2.5 mm. To ensure a uniform

contact between gas and solid, the material was stirred by a steel stick every one hour.

Table 4: Chemical compositions of the sample, (wt.-%).

Fetot FeO SiO2 Al203 CaO MgO MnO P

Raw magnetite 59.50 19.66 7.05 1.13 3.03 2.00 0.17 0.70
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Table 5: Experimental conditions of the publications 1-3.

MgO addition,  Velocity, @ Reducing Pre-oxidation

Size, ym Oxidation content

wt.-% m/s temp., C temp., C
P”?“[‘é%t]'on 125-500 0-15 0.4 600-800 1000 raw, partly, deeply
Publication 125-250
S 250-500 05 0.4 700 800, 1000  raw, partly, deeply
125-500
P“g"[‘g;t]'on 125-500 05-1.5 0.35-045 700 800,900, 1000 raw, partly, deeply

Figure 28: The furnace for pre-oxidation treatment: (a) the outlook of the furnace; (b) the material

being oxidized.

3.1.3 Determination of reduction degree (RD) and de-fluidized index (DFI)

The reduction degree (RD) can be determined by the measured weight loss during reduction.

The RD can be calculated using the following Equations (17) [56]:

(0)
1.5-Fe tot

RD = (1 —

):100 % (17)

Where O represents the amount of oxygen that is bonded to Fe in mole. The Fe,; stands
for the total amount of iron in the sample in mole. In such way, the phase of Fe;O3, Fe30a,
FeO, and Fe present a reduction degree of 0%, 11.1%, 33.3%, and 100%, respectively.

To quantify the extent of de-fluidization, a de-fluidization index (DFI) was introduced and
defined by equations (18)-(20) [56],[61]. The DFI served as a real-time parameter indicating
the proportion of material within the bed that were not fluidized. To facilitate a more
straightforward comparison between the experiments conducted in this study, an average de-

fluidization index (Ave.DFI) was also defined as presented in equation (20) [62]. The differential
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pressure data were collected at intervals of two seconds. By dividing the total DFI by the

amount of data, the Ave.DF| was calculated.

__ Apcalculated—bed ~APmeasured—bed
DFI = (18)
APcalculated—bed ~APFixed—bed

_ me'g
Apcalculated—bed ~ Reactor area (1 9)

(20)

where, Apaiculated—bed Fefers to the theoretically calculated differential pressure drop across
the material, which is calculated from the initial material mass and the weight loss during the
reduction if it is in a completed fluidized state; Apeasured—bed iNdicates the differential pressure
drop actually measured for the material. Apgixeq—bea COrresponds to the differential pressure
drop associated with the material in a fixed bed state, which is 2 mbar in this work; m, is the
mass of the material remaining in the fluidized bed during reduction. Npg; represents the

quantity of data points of DFI.

3.2 Oxidation experiments

3.2.1 Apparatus and procedures

The oxidation experiments were carried out using well-developed commercial devices. The
devices and procedure were introduced in publication 5 [91]. Nevertheless, the devices and
procedure are briefly described. Three brands of magnetite-based iron ore fines were used in
this study. The main chemical analyses of Ore A, B and C are listed in Table 6. The particle
size distributions were analyzed by CILAS 1064 particle size analyzer. The particle densities
of the samples were measured by Ultra Pycnometer 1000 density analyzer. The results are
listed in Table 7. The raw samples were dried at 110 °C for 6 h before all the following tests.

The loss on ignition (LOI) of the magnetite samples was not taken into consideration.

Table 6: Chemical analysis of the raw magnetite samples, (wt.-%).

Fetot FeO SiO2 Al203 MgO CaOo TiO2 P S
Ore A 67.03 25.70 2.33 0.69 0.56 0.93 0.039 <0.001 0.13
Ore B 68.78  27.71 5.60 0.18 0.17 0.17 - 0.017 0.05
Ore C 65.65 27.66 3.33 1.16 1.62 1.62 0.22 0.017 0.1
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Table 7: Particle size distributions and density of the raw magnetite samples.

D10 (um) D50 (um) D90 (um) Density (g/cm?3)
Ore A 4.84 31.16 72.94 4.95
Ore B 4.81 28.35 62.66 4.94
Ore C 6.10 32.25 70.16 5.09

The oxidation behavior analysis, namely, oxidation capacity index (OCIl), was conducted by
thermogravimetric analysis (TGA). The TGA tests were conducted using STA 409 PG thermal
analyzer, as shown in Figure 29. For a typical test, 50 mg of the sample was heated in an Al,O3
crucible (@5x8 mm) to 1100 °C under air flow (100 ml/min) at a heating rate of 7.5 °C/min.

Each test was conducted twice and demonstrated consistent reproducibility.

(b) Outlet

Furnace hoist

Protective tube Furnace

Sample carrier

Radiation shicld

Reactive gas

Protective gas

Vacuum flange

Balance system

Balance electronics

Figure 29: STA 409 PG thermal analyzer: (a) the outlook of the device; (b) schematic layout of the

device from side direction.

For structural analysis, the oxidized samples were prepared using the same furnace as
shown in Figure 28 under a laboratory air atmosphere. To minimize the sintering effect due to
the high temperature, the material was oxidized at a relative low temperature of 700 °C. 1 g of
the sample was placed in a 60x10x7 mm magnesia boat. Considering the bulk density of the
sample, the estimated thickness of the material layer in the boat was approximately 0.35 mm.
The oxidation process was presumed to occur uniformly throughout this material layer. As
shown in Figure 30, four sets of sample boats were subjected to isothermal oxidation tests,
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wherein specific controlled durations were implemented. Subsequently, after a defined period,

the boats were removed from the furnace and cooled in the open air.

Figure 30: Material for isothermal oxidation.

The HT-XRD analyses were conducted using a Rigaku Ultima IV XRD diffractometer with a
Cu X-ray source. The scanning was performed with a step size of 0.02 degrees and a scanning
time of 0.15 seconds per step. To minimize the impact of sample area and positioning on XRD
patterns, a consistent procedure was followed for each HT-XRD measurement. For the high-
temperature measurements, the samples were positioned on a platinum heating strip within
the HTK-16 high-temperature chamber (Anton Paar). In every test, a thin layer of
approximately 0.3 g of the raw sample was employed to prevent thermal gradients along its
height. The precise thickness of this layer was challenging to determine, yet it consisted of
around three magnetite particles stacked together and was estimated to be under 150 ym thick.
Adequate air exchange occurred between the chamber and the external environment, and due
to the relatively small amount of magnetite, the change in oxygen partial pressure was
negligible. The oxygen partial pressure was assumed to be the same as the ambient
atmosphere. Figure 31 shows the sample after HT-XRD measurement. Two types of HT-XRD
tests were carried out. (1) Non-isothermal HT-XRD: The raw sample was heated to 1000 °C
at a heating rate of 100 °C/min. The HT-XRD measurements were performed at various
temperatures including 400 °C, 600 °C, 800 °C, and 1000 °C, as illustrated in Figure 32(a).
Before and after the oxidation experiments, XRD measurements were executed at room
temperature within a scanning angle range of 25° to 65°. Notably, the temperature ramping
was paused, and the material was maintained at a constant temperature during the in-situ HT-
XRD measurements. The oxidation reaction continued during the HT-XRD scans. For the
purpose of enhancing time resolution and minimizing the duration of the HT-XRD
measurements, the scanning angle was confined to a narrow range between 32° and 41°,
where three hematite peaks and two magnetite peaks were observable. In this case, each HT-
XRD measurement took around 67.5 seconds. (2) Isothermal HT-XRD: The raw sample was
put on the heating strip and heated in vacuum to 400 °C, 600 °C, 800 °C and 1000 °C,
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respectively. The heating process was executed at a rate of 100 °C/min, as shown in Figure

32(b). After reaching the target temperature, the air was flushed into the chamber.

Sample after measurement

(a) Air (b)

Vacuum
Non-isothermal Oxidation

Air

XRD measurement

Vacuum |

Heating

324"
1000 °C

800°C

600 °C

Temperature /9C

400 ¢

Temperature / °C

258°C

32410

Oxidation

Cooling !

At=67.5s Time

At=67.5s

At=10 min

L
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Figure 32: Temperature profile for HT-XRD measurements: (a) non-isothermal HT-XRD; (b)

isothermal HT-XRD.

3.2.2 Determination of oxidation capacity index (OCI)

A TG-DTG curve of each magnetite ore could be obtained by a TGA test. In order to provide

a comprehensive assessment of the oxidation behavior across various samples, the oxidation

capacity index (OCI) was introduced. Analogous to the approach used for determining the
comprehensive combustion property index (S) [92] of coal, the OCI of magnetite-based iron

ore can be calculated according to equations (21) -(26):

Insert (22) into (21):

(21)

(22)

(23)
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When oxidation starts, T = T;:

R d /dw dw 1
sar(atner, = (@hon (4)
(25) is obtained by multiplying {&/dmax [AW/dYmean ot oth sides of (24):
(dw/dt)T:Ti Te
R d (dw (dw/dt)max (AW/dmean __ (dw/dt)max(dw/dt)mean
G by M e (25)
Where ;—T(‘Z—V:)T T indicates the oxidation rate of the magnetite at the initial oxidation
temperature; (dw/dYmax is the ratio of maximum reaction rate and the initial reaction rate;
(dw/dg)t=r;
(dw/dt)mean

- is the ratio of mean reaction rate and the reaction finishing temperature T,, which

indicates the overall oxidation rate.

The right side of formula (25) is defined as OCI:

0oCI = (dW/dt)mz'irx.Z(sW/dt)mean (26)

3.2.3 HT-XRD data treatment

In this study, the Jade 6.0 software, developed by Materials Data Inc., was utilized for the
identification and fitting of diffraction peaks. Through the application of refinement method in
Jade 6.0, the overlapped peaks in the vicinity of 35° associated with magnetite and hematite
were effectively separated. This process enabled the determination of peak location and profile
of individual peaks, as shown in Figure 33. Moreover, the quantitative information of crystal

information, such as lattice constants [93], crystallite size [94], and phase fraction [95], can be

calculated.
3 (a) —— Raw pattern (b) —— Raw pattern
|- Magnetite = Magnetite
Hematite Hematite
— Fitted ——Fitted

Difference Difference

1 i L 1 1 | | I 1 I | 1 1 I | 1

1 1
347 34.8 34.9 350 35.1 35.2 353 354 355 356 35.7 34,7 34.8 349 350 351 352 353 354 355 35.6 357
2 Theta (Degree) 2 Theta (Degree)

Intensity (a.u.)
Intensity (a.u.)

Figure 33: Rietveld refinement peak profile of Ore B at different temperatures under non-isothermal
condition: (a) 600 °C and (b) 800°C.
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3.2.3.1 Determination of lattice constants

According to our previous TGA tests, the oxidation initiated at approximately 200 € followed
by the appearance of the first peak around 330 € . The second peak occurred at around 400 T
[91]. The oxidation product was supposed to be y-Fe;O3 between 200 °C and 400 °C. Above
400 °C, y-Fe203 transformed into a-Fe;Os. In the current study, the oxidation temperature was
higher than 400 °C, and thus only a-Fe;O3 was expected to be the oxidation product (hereafter,
a-Fe;0s is referred to as Fez03). Therefore, two crystal structures were considered: Fe;O4
(cubic close-packed crystal) and Fe»Os; (hexagonal close-packed crystal). The relationship
between interplanar spacings (d), lattice constants (a), and crystal planes {hkl} are expressed
in equations (27)-(29) [96]. Given a specific plane and its corresponding interplanar spacing, it
is possible to calculate the lattice constants. The interplanar spacing can be obtained by

Bragg's law as shown inequation (29).

1 _ h%+k?+]?

Cubic close-packed crystal: = = (27)
Hexagonal close-packed crystal: % = g(hu:ﬂ + 1—22 (28)
Bragg's law: = 2;}1‘16 (29)

where, d is the interplanar spacing; a and c are the lattice constants, (hkl) is the crystal plane;

n is the diffraction order, and here the value is 1.

3.2.3.2 Determination of crystallite size

Crystallite size (D) can be calculated using the Scherrer equation, as shown in equation (30).
It should be noted that the crystallite size refers to the average thickness perpendicular to the
(hkl) planes. The (110) and (104) planes of Fe-O3 crystal were selected for the purpose of
determining the crystallite size. These two peaks were chosen due to their relatively high
intensities and the similarity in their instrumental broadening conditions, i.e., peak position [97].
As shown in Figure 34, the (110) plane is parallel to the c-axis and (104) plane is at a small
angle to the a/b- axis [97]. Therefore, the crystallite size along the c-axis and a/b axis can be

calculated according to equations (31)-(32).
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Figure 34: Schematic of Fe20s crystal: (a) (110) plane and (b) (104) plane.
- BCKO};G (30)
Da/p = D110 X cOsQt119 (31)
D. = Dyg4 X COSQq 04 (32)

where, D is crystallite size, nm; K is 0.94 (Scherrer constant); A is 0.15406 nm (the
wavelength of Ka Cu X-ray source); B is full width at half maximum (FWHM), radians; 6 is peak
position, radians; D, ,, and D, represent the crystallite size calculated based on (110) and (104)
peaks; a1, is the angle between [110] direction and x-y plane; . is the angle between the

[104] direction and the y-z plane. Here, cosa;0=1 and cosa;4,=0.6192 [97].

3.2.3.3 Determination of oxidation degree

The matrix-flushing method [98],[99] was used to obtain the content of Fe3Os and Fe2Os.
The relative mass content of each phase is proportional to the ratio between its peak intensity
and relative intensity ratio (RIR). The RIR value of each phase can be found in the PDF card
database. The RIRs of the FesOs and Fe;O3z phases are 4.9 and 3.2, respectively. The
impurities were not considered in the calculation. The content of Fe.O3; and FeszO4 can be
calculated based on equations (33) - (34) [91].

XH/XM:II(_}:I/]I(_I;\/[/[ (33)

Xy + XM = 1 (34)

where xy and xy; are the relative mass content of Fe;Os and FesO.. Iy, Iy, ky and ky are

the intensities and RIR values of Fe>O3 and Fe30s, respectively.

Kapelyushin et al. [100] calculated the reduction degree of Fe30.4 in the CO-CO; atmosphere
based on HT-XRD analysis. The oxidation degree of FesO4 can be obtained by a similar

method. The initial mass content of Fe;O4 was determined by the mass balance of iron. Hence,
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the theoretical weight gain can be obtained as given in equations (35)-(36). The actual weight
gain was calculated based on the Fe;Os; mass content via equation (37). Thereafter, the

oxidation degree (w) can be obtained by equation (38) [101],[102].

mM=xM+:v—";x§xWM (35)
A theory =jt X 72 (36)
Am=V"T‘; x2x 0 (37)
w= Ami‘:ory-mo % (38)

where Wy, Wy, and Wy are mole masses of Fe;Os, FesO4, and O, respectively. my,

Am ye0ry, Am, and w are the initial mass content of FesO4, theoretical weight gain, actual

weight gain, and oxidation degree.

3.3 Characterization methods

The polished micro section was observed via an optical light microscope (Nikon MM 40
measuring microscope system, Japan). The surface morphology of the samples was
characterized by a scanning electron microscopy (Quanta 200Mk2, FEI, America). The
element distribution was analyzed by energy dispersive spectroscopy (EDS, Oxford Instrument,
England). The X-ray diffraction (XRD) patterns presented in publication 1 [56] were achieved
by an D2phaser X-ray diffractometer (Bruker AXS GmbH, Germany) with a Co X-ray source.
The scanning range was set between 20° and 80° at a speed of 2°/min. The pore structure in
publication 5 [91] was assessed using N2 gas adsorption method by a surface area analyzer

(TriStar 3000, Micromeritics, America). All the samples were degassed at 200 °C for 2 h.
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4 Results and discussions

4.1 Reduction of magnetite iron ore fines in a hydrogen-induced
fluidized bed

The influence of pre-oxidation and MgO addition on the fluidization and reduction behaviors
of magnetite iron ore fines are discussed. The multistep kinetic analysis of the reduction is
discussed in the current chapter. More detailed results are given in Publication 1 [56], which is
under the Creative Commons CC BY license and permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
4.1.1 Effect of pre-oxidation

Figure 35 (a) shows the reduction results of the raw sample and the deeply oxidized sample
at reducing temperature of 600 °C. The RD for the raw sample initiates at approximately 11%,
as specified by equation ((17) where magnetite is considered to present a reduction degree of
11%. In the case of the raw sample, even though de-fluidization occurs at the RD of 35%, a
complete reduction can be reached within 110 min. Aimost 50% of the raw sample is not in
fluidized state at the end of the reduction. As shown in Figure 35 (b), no de-fluidization occurs
during the reduction of the deeply oxidized sample. The reduction rate dramatically decreases
when RD is higher than 80%. Figure 36 shows the polished section images of the raw sample
and the deeply oxidized sample after reduction. The particles in the raw sample are completely

reduced. However, in the deeply oxidized sample, small wistite cores covered by iron shells
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can be observed inside the particles. The iron shells inhibit the direct contact of the reducing

gas with the reaction interface, which explains the low reduction rate at the final stage.
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Figure 35: Reduction degree and de-fluidization index of raw sample and deeply oxidized sample at

reducing temperature of 600 °C: (a) RD / DFI of raw sample; (b) RD / DFI of deeply oxidized sample.

Figure 36: Polished section images of the raw sample and deeply oxidized sample after reduction

tests at 600 °C under optical light microscope: (a), (b) raw sample; (c), (d) deeply oxidized sample.

The pre-oxidation treatment of the raw sample could improve the fluidization behavior at
reducing temperature of 600 °C. However, at higher temperatures, fluidization issue is still a
problem. The influence of reducing temperature on the fluidization time (t) is significant, as
shown in Figure 37(a). With increasing temperature, the t: decreases, for both raw and deeply
oxidized sample. In Figure 37(b) the correlation between reduction temperature and RD at the
initiation of de-fluidization is depicted. The RD values exhibit a decreasing pattern as the
temperature increases, primarily due to the limited fluidization duration. Combined with Figure
37(a), it becomes evident that when the reduction temperature higher than 650 °C, the RDs
for deeply oxidized samples, despite the shorter t; of the deeply oxidized sample, the RDs are

greater than those of raw sample. Especially at 800 °C, the deeply oxidized sample has similar
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tr but shows nearly 10 % higher RD, which indicates that the deeply oxidized sample has a
better reduction behavior in the initial stage. Previous researchers [103] have showed that the
reducibility of magnetite-based iron ore was enhanced by a prior-oxidation treatment; the
results of this work are in agreement with their findings. It's worth highlighting that when the
temperature exceeds 700 °C, the RD at the onset of de-fluidization for the raw sample remains
consistent at 20%. This value could potentially be the critical RD that triggers de-fluidization
[44],[104]. In practical scenarios, the formation of metallic iron can be formed before the
reduction to FeO is fully accomplished, implying that the initial formation of metallic iron on

particle surfaces may take place even when the RD is below 33%.
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Figure 37: Fluidization and reduction behaviors of raw sample and deeply oxidized sample: (a)

fluidization time; (b) reduction degree when de-fluidization starts.

The deeply oxidized sample exhibited sustained complete fluidization at 600 °C throughout
the reduction experiment. Nevertheless, an increase in temperature also lead to the
occurrence of de-fluidization. As shown in Table 8, when reducing temperature is higher than
650°C, the deeply oxidized sample can not be fluidized any more. Therefore, MgO coating

method is tested combined with the pre-oxidation treatment.

Table 8: Fluidization state of the raw sample and the deeply oxidized sample

Fluidization State

Reduction temperature Raw sample Deeply oxidized sample
600 C Aggregating de-fluidized Completely fluidized
625 C Completely de-fluidized Partly de-fluidized

650 C Completely de-fluidized Partly de-fluidized

700 € Completely de-fluidized Completely de-fluidized
800 C Completely de-fluidized Completely de-fluidized
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4.1.2 Effect of MgO addition

The impact of MgO addition on the fluidization state and reducibility of the deeply oxidized
sample is investigated. The MgO powder is mixed with the oxidized sample before the
reduction tests. As indicated in Table 9 the addition of 0.25 wt.-% MgO leads to partial de-
fluidization, with approximately 15% of the material exhibiting a non-fluidized state according
to DFI value. However, de-fluidization can be prevented when the MgO addition exceeds 0.25
wt.-%. To illustrate the influence of MgO on the reduction behavior, the relationship between
RD and MgO content is depicted in Figure 38. With increasing MgO content, the reduction
degree curves, shown in Figure 38(a), shift slightly toward lower reduction times. It is important
to emphasize that de-fluidization initiates after reduction times of 380 s and 500 s for the cases
without MgO addition and with 0.25 wt.-% MgO addition, respectively. But only the reduction
tests without de-fluidization, are discussed and compared. Figure 38(b) illustrates the reduction
rate for various MgO addition. The reduction rate can be divided into three stages (I, 1I, and
IIT). Stage 1 is regarded as the fast reduction from Fe;O3 to FesOa4. As given in Figure 38(d), it
is observed that samples with a higher MgO content exhibit a slightly elevated reduction rate
during Stage 1. When coupled with Figure 38(c), it becomes apparent that the presence of
MgO primarily exerts a beneficial influence in Stage 1. However, as the reduction progresses
further, the reduction rate lines become entangled in Stages II and III, revealing no distinct
pattern. These findings align with previous studies by Muhammad [105] and Srinivas [106],
which concluded that the addition of MgO can enhance the reduction Fe2Os. It is easier for
Mg?* to migrate to vacancy than Fe?* in wistite (FexO). Therefore, magnesiow(stite (FexMgi-
xO) is formed, which inhibits the reduction of wistite. A similar phenomenon has also been
observed in the reduction of pure hematite doped with MgO using CO [57]. In the study
conducted by El-Geassy [57], the impact of MgO on the stepwise reduction of pure hematite
compacts was examined. The findings indicates that in the hematite-magnetite reduction step,
an initial enhancement effect is evident due to heightened porosity and the increased active
sites resulting from the introduction of foreign cations into the Fe,Os; lattice. At later stages, the
formation of phase MgO-Fe»03 with low reducibility retarded the reduction of Fe>Os. In the
magnetite-wstite and wiustite-iron reduction steps, the decreases in reduction rate are
attributed to the formation of magnesiowdstite. In the present study, the final reduction degrees
are listed in Table 9. Although the deeply oxidized sample with 0.25 wt.-% MgO-addition
becomes partially de-fluidized, the final RD is as high as 91.37 %. In general, the addition of

MgO tends to have a promotional effect on the reduction rate.
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Table 9: Influence of MgO addition on the fluidization behavior and the final RD

MgO content (wt.-%) Fluidization state Final reduction degree (%)
0 Completely fluidized 25.00
0.25 Partly de-fluidized 91.37
0.5 Completely fluidized 93.75
1.0 Completely fluidized 96.05
1.5 Completely fluidized 96.35
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Figure 38: Influence of MgO on reduction behavior: (a), (c) reduction degree curves; (b), (d) reduction

rate.

4.1.3 Multistep kinetic analysis

the fitting results for deeply oxidized sample with varying amounts of MgO is presented in
Figure 39, where R1, R2 and R3 denote chemical reaction, nucleation and diffusion
respectively. It should be noticed that in case of 0.25 wt.-% MgO addition, around 10% of the
material was not fluidized. The results exhibit excellent match with the experimental data as
indicated by the low root-mean-square deviation (RMSD) values listed in Table 10. Notably,
the reaction process R1 primarily governs the initial portion of the overall reduction degree
(RD), thereby exerting minimal influence on the subsequent reduction stages. In terms of long-
time reaction processes, the total RD is primarily influenced by R2 and R3. The values of w;

exhibit a slight increase with higher amounts of MgO addition, reflecting the enhancement
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effect of the reaction in the initial stage. The values of w, and w; show no obvious trends but
keep quite stable. In general, the quantity of MgO has a minor impact on the reaction
mechanisms. The parallel reaction processes can be illustrated as follows. The initial reaction
is dominated by a rapid chemical reaction. During the middle phase, nucleation and diffusion
govern the reaction, with nucleation playing a dominant role. However, in the later stage of the

reaction, nucleation becomes less significant, and diffusion becomes the limiting step for the

reaction.
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Figure 39: Fitting results for deeply oxidized sample with different amount of MgO: (a) 0.25 wt.-%;
(b) 0.5 wt.-%; (c) 1.0 wt.-%; (d) 1.5 wt.-%.

Table 10: Kinetic analysis for Sample B with different amount of MgO

MgO addition

0.25 wt.-% 0.5 wt.-% 1.0 wt.-% 1.5 wt.-%

Weight factors wi 0.2180 0.2190 0.2273 0.2340
w2 0.4361 0.4356 0.4268 0.4235
w3 0.3459 0.3454 0.3459 0.3425
Nucleation rate constants (s™") aj 0.0013 0.0013 0.0014 0.0014
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a 8.40 x 1078 8.40 x 1078 8.40 x 108 8.40 x 108

as 5.12 x 10 6.37 x 10* 5.60 x 10 6.18 x 10
Kinetic exponents n; 1.2400 1.2500 1.2306 1.2307

ny 2.3099 2.3100 2.3103 2.3103

n3 0.9099 0.9100 0.9389 0.9388
Root-mean-square deviation RMSD  0.0072 0.0050 0.0050 0.0046

4.2 Parameter optimization for the hydrogen-induced fluidized bed

reduction of magnetite iron ore fines

It was confirmed, in the previous chapter, that the pre-oxidation treatment has the potential
to enhance the fluidization behavior of magnetite iron ore fines. However, when the reducing
temperature is as high as 700 °C, at least 0.5 wt.-% MgO powder should be added to prevent
the de-fluidization. When reduction degree reaches around 80%, the reduction rate is very low,
and the diffusion becomes the reaction limiting step. In the current chapter, to improve the
reduction behavior in later stage, the pre-oxidation temperature of the sample is lowered from
1000 °C to 900 °C and 800°C. The oxidation content of the sample is changed from deeply
oxidized to partly oxidized. The optimum operating parameters are confirmed by an orthogonal
experiment. More detailed results are given in Publication 2 [61] and Publication 3 [62], which
are under the Creative Commons CC BY license and permit unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
4.2.1 Reduction under various conditions

The effect of pre-oxidation temperature on the fluidization and reduction behavior is studied
using DOX125.250-1000 and DOX125.250-800. DOX and POX represent deeply oxidized sample
and partly oxidized sample, respectively. The “125-250" represents the particle size range 125-
250 ym. As shown in Figure 40(a), the RD curve of the DOX125.250-800 is similar to that of
DOX125.250-1000 in the early reduction stage. However, when RD reaches 80 %, DOXj125.250-
800 shows a higher reduction rate than that of DOX125.250-1000. It should be noted that the DFI
of DOX125.250-800 is much higher than that of DOX125.250-1000. A better fluidization behavior is
observed in a higher oxidation temperature pre-treatment. From the point of fluidization

behavior, a high-temperature oxidation treatment is suggested. The reduction efficiency is a
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crucial factor in the production of DRI. Figure 40(b) gives the characteristic reduction time to
achieve a specific RD. It takes 8.45 min to reach RD of 33 % and another 20.26 min to reach
RD of 80 % for DOX125.250-1000. DOXi125.250-800 requires the similar time to reach RD of 33 %
(7.93 min) and 80 % (18.06 min). But compared with DOX125.250-1000, it takes nearly only half
time for DOX125.250-800 to reach RD of 95 %. Lower pre-oxidation temperatures tend to
enhance the reduction rate during the later stage of the reduction process.
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Figure 40: Effect of pre-oxidation temperature on the fluidization and reduction behaviors: (a)

reduction degree and DFI; (b) reduction time to reach a specific RD.

The effect of pre-oxidation content on the fluidization and reduction behavior is studied using
DOX125.250-800 and POXj25.250-800. As shown in Figure 41(a), the RD curve of the DOX125-250-
800 is similar to that of POX125.250-800 in the entire reduction stage. However, the fluidization
behaviors exhibit slightly different. The POX125.250-800 starts de-fluidization (DFI>5 %) when
RD reaches around 65 %, while the DOX125.250-800 starts de-fluidization earlier at around RD
of 35 %. Both types of materials exhibit a partly de-fluidized state at the end of the process,
with a DFI of 36%. In terms of the characteristic reduction time, as depicted in Figure 41(b), no
significant difference is observed. The pre-oxidation degree appears to have no substantial

impact on fluidization and reduction behaviors.
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Figure 41: Effect of pre-oxidation degree on the fluidization and reduction behaviors: (a) reduction

degree and DFI; (b) reduction time to reach a specific RD.
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Figure 42 displays the surface morphology and polished-section images of the reduced
samples. Specifically, the DOXi25.250-1000, DOX125.250-800 and POXi25.250-800 exhibit a
lamellar shape, a conical-shape, and a cylindrical shape, respectively. Although in Figure 42(c),
still few conical-shaped irons can be observed, most of the iron phase exhibits cylindrical
shapes. Nicolle et al. [46] provided an explanation for the growth of iron nucleus on wustite
and established a correlation between the shape of the iron phase and the controlling
mechanism. According to his findings, when the reaction was primarily limited by the inward
diffusion of iron ions, the fresh metallic iron exhibited a layered structure on the particle surface.
In cases where the reaction was predominantly controlled by chemical reactions, a cylindrical
whisker structure might form. If the reaction involved a combination of diffusion and chemical

reaction controls, a conical shape of iron phase was expected to develop.

Detailed kinetic analysis is discussed in Publication 2 [61]. In the initial reduction stage of
the deeply oxidized sample, the rate-limiting step is attributed to diffusion control. A higher pre-
oxidation temperature (1000 °C) impacts the final reduction stage, shifting the controlling
mechanism to diffusion. On the other hand, for the partly oxidized sample treated at 800 °C,
the entirety of the reduction process is governed by chemical reaction control. For DOX125.250-
1000, the reaction is controlled by diffusion, chemical reaction and diffusion in the first
(11%<RD<33%), second (33%<RD<80%) and third (80%<RD<95%) stage, respectively. The
morphology shape observed in Figure 42(a) is characteristic of a diffusion-controlled reaction,
which aligns with the kinetic analysis results for the third stage. As given in Figure 42(g), the
polished-section image displays numerous wustite islands, which is caused by the restriction
of inward diffusion of iron ions. It can be concluded that the reduction of DOX125.250-1000 is
mainly controlled by the diffusion of iron ions. As for DOX125.250-800 and POX125.250-800, the
morphology shapes in Figure 42(b) and Figure 42(c) are typical shapes for a mixed-controlled
reaction and a chemical-controlled reaction, respectively. According to the kinetic analysis, it
can be inferred that in the third stage, diffusion is not the rate-limiting step for the reduction of
DOX125-250-800. In comparison with DOX125.250-1000, the occurrence of wistite islands in
DOXi25-250-800 is less pronounced, as shown in Figure 42(h). The kinetic analysis indicates
that the entire reduction progress of POX125.250-800 is solely controlled by chemical reaction. It
was proved by the polished-section image, as shown in Figure 42(i), the wistite islands in

POX125.250-800 almost disappeared.
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Figure 42: The reduced samples with the particle size of 125-250 ym: (a) surface morphology of
DOXi125-250-1000; (b) surface morphology of DOX125-250-800; (c) surface morphology of POX125-250-800;
(d),(g) polished-section images of DOXi125.250-1000; (e),(h) polished-section images of DOX125-250-800;
(f),(i) polished-section images of POX125.250-800. Images of (a)-(c) were obtained by SEM; Images of

(d)-(i) were obtained by optical microscope.

In general, structural analysis supports the findings of the kinetic analysis. Through both
kinetic and structural analysis, it is evident that a pre-oxidation treatment at higher
temperatures leads to a restriction of the diffusion of iron ions during the subsequent reduction
process, particularly in the later stages. This effect is reflected in the flat surface morphology,
which in turn contributes to enhanced fluidization behavior. A pre-oxidation treatment at lower
temperatures facilitates the diffusion of iron ions. However, in such a case, the fluidization
behavior is destroyed by the surface morphology with whiskers.

4.2.2 Orthogonal experiment analysis

The oxidation treatment applied to magnetite iron ore indeed exhibits an enhancement in
fluidization behaviors. However, even with this treatment, additional MgO is necessary when
conducting reduction at a temperature of 700 °C. The outcomes from previous chapters show

that the oxidation parameters of the magnetite have influences on its fluidization and reduction
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behaviors. To confirm the dominant influencing factors and the optimal process condition, the
orthogonal experimental method is conducted in this chapter. The fluidized reduction process
is influenced by several key factors, including oxidation temperature (Factor A), oxidation
content (Factor B), MgO addition amount (Factor C), and gas velocity (Factor D). The
orthogonal experimental plan is designed using IBM SPSS Statistics 26 software, where three
levels of each factor are taken. The reduction temperature and H. content are 700 °C and 15.9
NI/min, respectively, for all the experiments. The detailed experimental programs are given in
Table 11 and Table 12.

Table 11: Orthogonal experimental factors and levels.

A B C D
Fact
actor Oxidation temperature, °C Oxidation content MgO amount, wt.% Gas velocity, m/s
Level A1 A2 Az B B2 B3 C1 C2 Cs D+ D2 D3
800 900 1000 Raw  Partly Deeply 0.5 1.0 1.5 0.35 0.40 0.45

Table 12: Orthogonal experimental plan.

No. A B C D
1 As B2 Cs D+
2 As Bs C+ D2
3 Az B+ Cs D2
4 Az B3 C: D+
5 Az B2 C1 Ds
6 A1 Bs Cs Ds
7 A1 B1 C1 D1
8 As B+ C2 Ds
9 A B2 C2 D2

The primary objective of a fluidized bed reduction process is to achieve a high reduction rate
while maintaining a stable fluidization state. Therefore, the time to reach RD=90% (t90%) and
the Ave.DFI are chosen as indicators for the optimization of reduction parameters. The result
is shown in Table 13. In order to determine the dominant factors that influence fluidization and
reduction behaviors and identify the optimal conditions, an orthogonal experiment analysis is
conducted. The criterion used to determine whether reduction occurs in a completely fluidized
state is the Ave.DFI smaller than 5%. The results are shown in Table 14 and Table 15. Among
the experimental results, Experiment No.2 exhibits the lowest Ave.DFI and experiment No.6

gives the smallest tgox.
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Table 13: The orthogonal experimental result

No. to0%, Min Ave.DFI, %
1 50.80 2.32

2 70.92 1.73

3 56.64 2.89

4 47.73 16.81

5 49.86 16.95

6 38.62 4.23

7 56.92 18.52

8 66.24 4.56

9 46.95 2.80

Table 14: The orthogonal experimental analysis regarding too%

A B C D
K1 142.49 179.80 177.70 155.45
Kz 154.23 147.61 160.92 174.51
Ks 187.96 157.27 146.06 154.72
k1 47.50 59.93 59.23 51.82
k2 51.41 49.20 53.64 58.17
ks 62.65 52.42 48.69 51.57
R 15.16 10.73 10.55 6.60
Primary and secondary factors ABCD
Optimization scheme A1B2C3sDs

Table 15: The orthogonal experimental analysis regarding Ave.DFI

A B C D
K1 25.55 25.97 37.20 37.65
Kz 36.65 22.07 2417 7.42
Ks 8.61 22.77 9.44 25.74
k1 8.52 8.66 12.40 12.55
k2 12.22 7.36 8.06 2.47
ks 2.87 7.59 3.15 8.58
R 9.35 1.30 9.25 10.08
Primary and secondary factors DACB
Optimization scheme D2A3C3B2

The Ki is obtained by summing the experiment result (see Table 13) corresponding to each
level number i as shown in Table 12; The value of ki is calculated by dividing Ki by the number

n of occurrences of each level, where n=3; R is determined as the difference between the
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maximum value of ki and the minimum value of ki. The experimental factor with the highest R-
value indicates the most significant influencing factor. The experimental level associated with
the smallest ki value represents the optimal choice for the corresponding experimental factor.
Hence, concerning reduction efficiency, specifically tgo%, the primary and secondary influencing
factors are oxidation temperature, oxidation content, MgO addition amount, and gas velocity.
The optimal condition is determined as A:B>C3sDs: the magnetite iron ore is partly oxidized at
800 °C, mixed with 1.5 wt.% of MgO, and reduced in the fluidized bed at a gas velocity of 0.45
m/s. In terms of fluidization behaviors, specifically Ave.DFI, the primary and secondary
influencing factors are gas velocity, oxidation temperature, MgO addition amount, and
oxidation content. The optimal condition is determined as D2A3C3B.: the magnetite iron ore is
partly oxidized at 1000 °C, mixed with 1.5 wt.% of MgO, and reduced in the fluidized bed at a
gas velocity of 0.4 m/s. From the orthogonal experimental result as shown in Table 13, the
fluidization behavior shows no problem under experimental conditions. Experiment No.6
shows the highest reduction rate. Only experiments No. 4, 5, and 7 are partly de-fluidized.

Subsequent discussions mainly focus on the reduction rate.

If the condition A1B>CsDs shows the lowest tgoe, with an acceptable Ave.DFI (<5.0%), it can
be confirmed as the optimum condition. Thereafter, experiment No. 10 is carried out using the
condition A1B2C3Ds. The teo% and Ave.DFI of No. 10 are 42.1 min and 2.4%, respectively.
Figure 43 shows the reduction and de-fluidization curves. Experiment No. 10 shows a good
reduction rate, albeit slightly lower than that of experiment No.6. Notably, the fluidization
behaviors observed in both No. 10 and No. 6 are comparable. Thus, it can be deduced that
the experiment. No.6 is the optimal condition instead of No.10. The detailed RD curves and

structure analysis are given in Publication 3 [62].
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Figure 43: The fluidized reduction results of experiments No.6 and No.10: (a) reduction curve; (b) de-
fluidization curve. P800-1.5%-0.45 represents that the magnetite iron ore is partly oxidized at 800 °C,
mixed with 1.5 wt.% of MgO and reduced in the fluidized bed at a gas velocity of 0.45 m/s; D800-
1.5%-0.45 represents that the magnetite iron ore is deeply oxidized at 800 °C, mixed with 1.5 wt.% of

MgO and being reduced in the fluidized bed at a gas velocity of 0.45 m/s.
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4.3 The oxidation behavior of the magnetite iron ore fines

The pre-oxidation of magnetite iron ore fines influences the subsequent reduction behaviors.
For subsequence reduction, the sintering effect cannot be ignored during the oxidation
treatment of magnetite-based iron ore fines. This effect often leads to a considerable reduction
in the specific surface area [107],[108]. The sintering effect usually has a detrimental impact
on the reduction of iron ore particles. In the current chapter, the oxidation behavior, pore
structure, surface morphology and internal structure of the magnetite ore fines after pre-
oxidation treatment are studied. The properties of the three commercial magnetite ore fines
used for oxidation experiment are listed in Table 6 and Table 7. More detailed results are given
in publication 5 [91], which is under the Creative Commons CC BY license and permit
unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.
4.3.1 The oxidation capacity index

Figure 44 shows the oxidation TG-DTG curves of different samples. From Figure 44(a), it is
obvious that Sample B is the easiest one to be oxidized among the three samples. According
to the result, as given in Figure 44(b-d), the oxidation reaction can be categorized into a
minimum of three distinct stages. Peak 1 is consistently observed at approximately 330 °C in
all the samples. In this temperature range, the oxidation primarily takes place at the particle
surface, and the chemical reaction is the rate-limiting step [109]. The diffusion of Fe?* and Fe®*
ions is also limited due to the low oxidation temperature. Therefore, the height of peak 1 is
relatively low. The oxidation product is supposed to be y-Fe;O3 [110]-[112]. At the temperature
around peak 2 (550 °C), the y-Fe-O3 becomes unstable and transforms to a-Fe,O3 [65]. From
the kinetic perspective, oxidation reaction of magnetite in particle scale is limited by solid-state
diffusion. The diffusion rate constant remains unaffected by changing oxygen partial pressure
but does increase with elevated temperatures [65]. The increasing temperature accelerates
the movement of Fe?* and Fe®*" ions, thus enhancing the oxidation rate. However, as the
oxidation reaction progresses, the formed a-Fe>Os shell obstructs the diffusion of the iron and
oxygen ions, leading to a decline in the oxidation rate [113]. At higher temperatures, the
following peaks (peak 3 or peak 4) of different samples show diversities, which can be
attributed to the side-reactions between impurities and iron oxides. The isomorphous
substitution occurs widely within the structure of magnetite-based ores, resulting in impurity

element existing in the magnetite lattice [114].
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Figure 44: Oxidation TG-DTG curves of the samples: (a) TG curve of samples; (b) TG-DTG curve of
Sample A; (c) TG-DTG curve of Sample B; (d) TG-DTG curve of Sample C.

The characteristic parameters of the oxidation are listed in Table 16. T.is the temperature

when the oxidation starts. The temperature when Ore B starts to be oxidized is much lower

than that of Ore A and Ore C. Tp_1, Tp_z, Tp_3, and Tp_4, are the temperatures of the peaks in the

DTG curves. The highest oxidation rates are observed in the temperature range of 548 °C and

573 °C. Additionally, the second highest oxidation rates occur in the temperature range of

764 °C and 902 °C. The OCI represents the oxidation capacity index of magnetite-based iron

ore. A higher OCI value for a magnetite-based ore represents that it is easier to be oxidized.

Ore B shows the highest OCI, followed by Ore C and Ore A.

Table 16: The characteristic parameters of the oxidation.

Parameters

T, (C)
T ,(C)
T ,(°C)
T 5 (°C)

T ,(C)

Ore A

265

337

570

764

962

Ore B OreC
214 239
325 326
548 573
778 902

/ /
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T, (°C) 1083 1000 1091

(dw/dt) max—1, (%/min)  0.5663 0.8719 0.9050
(dw /dt) max—2, (%/min) 1.4375 1.6143 1.5784
(dw/dt) max—3, (%/min)  0.5318 1.1468 0.8558
(dw/dt) max—s, (%/min)  0.7971 / /

(dw /dt) mean, (%/min) 0.4778 0.6470 0.5998
0CIx10°, (% -min-°C”)  0.9031 2.2807 1.5192

4.3.2 Structural evolution

The surface morphologies under different duration times are shown in Figure 45—Figure 47.
As shown in Figure 45(b), Figure 46(b) and Figure 47(b), after only 2 min, the dense surface
structure becomes rough and presents a nano-sized grid-like structure. This phenomenon has
been also observed in the oxidation of vanadium-titanium magnetite ores [95],[102],[115]. The
grid-like structures are supposed to be hematite phase and caused by the out-diffusion of Fe?".
After 5 min, as shown in Figure 45(c), Figure 46(c) and Figure 47(c), the grid-like structures in
the Ore B are much bigger than those in the other two samples. The larger grid-like structures
observed in Sample A compared to Sample C could be attributed to the differences in impurity
content. As indicated in Table 6, Ore B contains fewer impurity elements, while Sample C has
the most impurities. These impurity elements may potentially replace iron ions in the lattice
structure, thus affecting the diffusion behavior of cations. This influence on cation diffusion
could lead to distinct growth patterns in the grid-like structures. With the oxidation time, these

grid-like structures grow larger and eventually connect together.

- o |

r*4
Sl .|
-y
W

p “_ﬁ

Figure 45: SEM images of the oxidized products of Sample A obtained under different duration times:
(@) 0 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 60 min, (h) 120 min.
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Figure 46: SEM images of the oxidized products of Sample B obtained under different duration times:
(a) 0 min, (b) 2 min, (¢) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 60 min, (h) 120 min.

Figure 47: SEM images of the oxidized products of Sample C obtained under different duration times:
(a) 0 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 60 min, (h) 120 min.

Figure 48 shows the samples under different oxidation time. The raw magnetite samples
exhibit dense and compact structures. The oxidation progression in all three samples follows
a consistent pattern: surface oxidation followed by internal oxidation. As shown in Figure 48
(b), (f) and (j), the oxidation firstly takes place at the surface of the magnetite particle. As the
oxidation proceeds, as shown in Figure 48 (c), (g) and (k), the hematite shells are generated
on the particle surface. In the final oxidation stage, as seen in Figure 48 (d), (h) and (l), the
growth of hematite shell is not uniform. Instead, the needle-like hematite structures are
generated from the surface hematite shell and extends inward within the particle. It's worth

noting that there are no noticeable pores or cracks observed at the interfaces between the
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hematite and magnetite phases. This suggests that the structural integrity remains largely

intact, and the oxidized samples still exhibit compact structures.

S0pm

Figure 48: Polished section images of the oxidized samples obtained under different duration times:
(a)-(d) Ore A under 0, 2, 5 and 60 min; (e)-(h) Ore B under 0, 5, 30 and 120 min; (i)-(l) Ore C under 0,
2, 30 and 120 min.

4.3.3 Pore structure parameters based on N2 adsorption

Table 17 lists the results of the pore structure parameters of the raw and oxidized magnetite
samples. The specific areas of the raw Ore A, Ore B and Ore C are 1.63, 0.94 and 0.83 m?/g,
respectively. After 5 min of oxidation, the specific surface areas decrease significantly to 0.52,
0.38 and 0.29 m?/g. As the oxidation progresses, the specific surface areas of the samples
consistently decrease. This trend is also reflected in the total pore volumes of all the samples.
Meanwhile, the average pore sizes of the samples increase steadily with the oxidation. This
phenomenon can be attributed to the closure of smaller pores, which is a consequence of the
sintering effect. The pore size distributions of the samples after different oxidation time are
shown in Figure 49. For the raw samples, the dominant pore size is between around 2 and
5 nm. However, in the oxidized samples, the pore size less than 3 nm is considerably

decreased.

Dissertation Heng Zheng Page 61



Table 17: The pore structure parameters of the samples within different oxidation time

Ore A Ore B Ore C
Duration Average Total Specific  Average Total Specific  Average Total Specific
time pore pore surface  pore pore surface  pore pore surface
(min) size volume area size volume area size volume area
(nm) (x 10 (m?3/g) (nm) (x 10 (m?/g) (nm) (x 10 (m?3/g)
cmd/g) cmd/g) cmd/g)
0 4.93 16.03 1.63 5.30 9.23 0.94 4.60 712 0.83
5 5.94 6.53 0.52 5.60 4.34 0.38 6.80 3.28 0.29
10 5.79 7.50 0.54 5.60 3.16 0.27 6.10 2.62 0.23
20 5.87 7.80 0.55 5.87 3.12 0.27 9.88 1.78 0.18
60 6.13 2.46 0.24 5.70 3.16 0.30 10.61 1.34 0.16
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Figure 49: Pore size distribution of the samples: (a), (d) Ore A; (b), (e) Ore B; (c), (f) Ore C.

4.3.4 Oxidation mechanism

The magnetite crystal unit has 32 oxygen anions and 24 iron cations (16 Fe3* and 8 Fe?").
The oxygen anions are cubic close-packed in the magnetite unit. With this arrangement, there
are a total of 96 interstitial spaces between the oxygen anions. Among these interstitial spaces,
64 are tetrahedral interstices, while the remaining 32 are octahedral interstices. Notably, only
8 of the tetrahedral interstices are occupied by Fe®*" cations, while 16 out of 32 octahedral
interstices are occupied by 8 Fe3* cations and 8 Fe?* cations [116]. This arrangement of vacant

interstices enables the iron cations to move more freely within the crystal lattice compared to
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the oxygen anions [117]. Moreover, the size of an O% anion (1.26 A) is much larger than that
of Fe?* cation (0.75 A) and Fe®* cation (0.69 A).

In the process of magnetite oxidation, when an oxygen atom diffuses into magnetite lattice,
2 electrons are trapped. The local charges in the crystal must be neutral, therefore, 2 positively
charged holes 2 h* are formed at the location of the previous electrons [118]. the schematic of
the oxidation mechanism is shown in Figure 50. During the process, when the Fe?* cation
captures the charged hole h*, the valence increases, transforming the iron to trivalent state.
However, as oxidation progresses, the occurrence of h* has a higher probability to collide with
the Fe3* cation. In such case, they equate to an impurity cation exhibiting a greater valence
(>3") and compel the lattice to turn more compact [118]. Therefore, the diffusion of iron cations
experiences a substantial decline, resulting in a significantly slower oxidation rate of magnetite

O "% O
SoReiR Yoot
OO QO.O

Figure 50: The schematic of the oxidation mechanism of magnetite: (a) the Fe2* cation turns into the

Fe3* cation; (b) later oxidation period.

At the point of a single magnetite particle, the oxidation initials at the surface and then
proceeds to its inner particle. Figure 51 shows the oxidation process of a single magnetite
particle. Upon the absorption of electrons by oxygen atoms from the magnetite phase, the
process of oxidation takes place. Initially, a hematite film emerges at the interface. Due to the
limited concentration of iron cations, Fe cations exhibit a preference for diffusing towards the
particle's surface. This concentration gradient serves as the driving force for the growth of
hematite. On the other hand, the hematite phase has a preferred orientation along the (104)
or (110) crystal face, resulting in the generation of the grid-like structure at the surface. As
oxidation proceeds, hematite becomes the prevailing phase on the surface. Subsequently, the
Fe3* cations begin to diffuse into the particle center and form needle-like hematite structures.
The needle-like hematite structures continue to grow and merge together until the oxidation

ends.
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Figure 51: The oxidation process of a single magnetite particle.

4.4 Phase transition of magnetite via in situ high-temperature X-ray

diffraction

The goal of the present chapter is to examine the thermal transformation of magnetite ore
fines on a crystal scale via high-temperature X-ray diffraction (HT-XRD). The Ore B and Ore
C, as listed in Table 6, are used for such investigation. More detailed results are given in
publication 6 [119], which is under the Creative Commons CC BY license and permit
unrestricted use, distribution, and reproduction in any medium, provided the original work is

properly cited.
4.41 Oxidation degree

The patterns obtained from high-temperature X-ray diffraction (HT-XRD) are presented in
Figure 52. All the peaks shift to a lower diffraction angle as the temperature rises, which is
caused by thermal expansion [120]-{122]. The (104) peak of Fe,Os is firstly observed at 400 °C,
as presented in Figure 52(a) and (c). With elevated temperatures, the intensity of the (104)
peak intensifies, indicating a greater proportion of Fe,O3; phase. The (311) peak of Fe3Os
disappears at 1000 °C, indicating a deep oxidation of Fe3zO4. The width of (104) peak becomes
narrower with increasing temperature, which implies the enlargement of Fe>Os crystallite.
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Figure 52: In situ HT-XRD patterns at different temperatures: (a), (b) Ore B; (c), (d) Ore C.

The oxidation degree (w) can be obtained by equation (38). The oxidation degrees of both
ores at different temperatures are shown in Figure 53. Ore B is easier to be oxidized than Ore
C, as indicated by its faster kinetics. The oxidation degree is lower than 10% at 400 °C in both
cases. When the temperature reaches 600 °C, the oxidation degree becomes larger. However,
above 800 °C, the oxidation rate slows down. The sigmoid-shaped oxidation degree curve

suggests the rate-limiting step is the solid-diffusion control which can be described by parabolic
law.
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Figure 53: The oxidation degrees of Ore B and C at different temperatures: (a) Ore B; (b) Ore C.
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4.4.2 Evolution of lattice constants

Table 18 summarizes the lattice constants of Fe3O. in the ores at different temperatures.
The obtained results align well with findings in existing literature. The alteration in lattice
constant with increasing temperature is supposed to be caused by thermal expansion and
lattice adjustments during oxidation [123]. As shown in Table 18, the lattice constant measured
in this study is slightly larger than that reported in the literature at a specific temperature. Such
a difference could be attributed to a much higher oxygen partial pressure in the current study,
as the magnetite is oxidized under an air atmosphere. This condition could result in a larger
lattice constant of magnetite due to partial oxidation [124] (i.e., a higher oxygen occupancy in
the lattice). The temperature dependence of the lattice constant can be represented by
polynomials up to the fifth order [125]. The correlation between lattice constant and
temperature is successfully fitted with the second-order polynomials (Figure 54), within a
temperature range of 25 °C to 800 °C. The temperature-dependent lattice constant of Fesz04
can be described as: a=253x10"8xT? +864x107>xT+8.4132 . At the higher
temperature (e.g., 1000 °C), the (222) peak of Fe;O.4 disappears, which reduces the accuracy

in the assessment of the lattice constant. Thus, the lattice constant at 1000 °C is not considered.

Table 18: The lattice constant and volume of the FesO4 cell measured by high-temperature X-ray

diffraction during the oxidation of FesOx4 in air.

Ore B Ore C Ref.[126] Ref.[124]
Temp. a=b=c (A) volume (A3) a=b=c (A) volume (A3) a=b=c (A) a=b=c (A)
25°C 8.4156x0.0021 596.0207 8.4165x0.0007 596.2214 8.3778 /

400 °C 8.4476+0.0035 602.8437 8.4473+0.0010 602.7819 8.4203 8.3888
600 °C 8.4796+0.0010 609.7186 8.4797+0.0005 609.7486 8.4547 8.4424
800 °C 8.4953+0.0042 613.1268 8.4974+0.0005 613.5637 8.4761 8.4698
*1000 °C / / / / 8.4969 8.4987

* The intensity of FesO4 peaks at 1000 °C is quite low and not suitable for the calculation of lattice

constant.
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Figure 54: The lattice constant of FesO4 as a function of temperature measured by high-temperature

X-ray diffraction during oxidation of Fe3Os in air.

Table 19 lists the lattice constants of Fe,O3 at different temperatures. According to equations

(27)-(29), a minimum two Fe2O3 peaks are needed for the calculation of lattice constants for a

trigonal crystal structure. Hence, only one set of a and c can be obtained at each temperature

in the current study. The lattice parameters of Fe;O3 obtained in this investigation are slightly

larger than those in literature, where a was 5.01-5.04 A and ¢ was 13.68-13.73 A in the

temperature range of 300 °C to 800 °C [127]. The relative increase in a and ¢ are shown in

Figure 55, which agreed well with that in the literature. The correlation between lattice

constants and temperature can be also fitted with second-order polynomials (Figure 56). The

temperature-dependent lattice constant of Fe>O3; can be described as: a = —2.81 x 1078 x

T2 +876%x 107> xT+5.0368; c =3.01 x 1078 X T2+ 1.09 x 107* x T + 13.7621.

Table 19: The lattice constant and volume of the Fe20s cell

Ore B Ore C
Temp. a=b (A) c(A)  volume (A3) a=b (A) c (A) volume (A3)
25°C 5.0391 13.7648 302.6958 5.0391 13.7648 302.6958
*400 °C / / / / / /
600 °C 5.0798 13.8282 309.0220 5.0769 13.8496 309.1470
800 °C 5.0884 13.8628 310.8451 5.0921 13.8717 311.4972
1000 °C 5.0972 13.9066 312.9067 5.0943 13.896 312.3125

* The intensity of Fe2O3 peaks at 400 °C is quite low and not suitable for the calculation of lattice constant.
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Figure 56: The lattice constants of Fe20s3 as a function of temperature: (a) lattice constant a; (b) lattice

constant c.

4.4.3 Evolution of crystallite size of Fe203

In Figure 57, the Fe»O3 crystallite sizes long the c-axis and the a/b axis of Ore B and Ore C
is presented. As temperature increases, a greater portion of Fes04 is oxidized into Fe2Os3,
consequently inducing a growth of the Fe»Os3 crystallite in both ores, as shown in Figure 57.
Furthermore, the growth rate of Fe-Os is more pronounced along a/b axis (D, in Figure 57)
than c-axis (D, in Figure 57) in the crystal unit. Moreover, the crystallite size along the a/b axis
exhibits a larger size than that along the c-axis. Such findings suggest a growth habit of Fe.O3
during oxidation. It is worth noting that D, and D, are calculated based on the (110) and (104)

peaks, respectively. In our previous study [91], it was found that the surface energy of the (110)
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crystal surface was larger than that of the (104) crystal surface. The growth rates of the crystal
faces are proportional to their surface energies, indicating a larger crystallite size along the a/b
axis, which concurs well with the current study. The growth habit of Fe,O3; was also observed
in TEM micrographs of Fe»;O3 during the decomposition of goethite, where the Fe,Os; phase
showed acicular morphology [129]. In general, it is believed that the Fe,O3 phase presents
acicular microcrystals due to its crystallographic-dependent properties. Besides, the crystallite
sizes of Ore B are slightly larger than that of Ore C at specific temperatures. The current
experimental data cannot explain this phenomenon. One possible factor contributing to this
difference could be the higher contents of Al,O3 and MgO in Ore C, which inhibit the diffusion
of Fe cations [117],[118]. On the other hand, the crystallite sizes, calculated based on the peak
(311), of the parent Fe;O4 phase of the Ore B and Ore C are 1027.7 A and 812.6 A, respectively.

The larger crystallite size of Fe203 might be inherited from the larger parent FezO4 phase.
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Figure 57: The crystallite sizes of Ore B and Ore C along the a/b axis and the c axis of a unit cell at

different temperatures: (a) Ore B; (b) Ore C.
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5 Main conclusion

For a stable process of the fluidized bed reactor, some pre-treatments of the magnetite ore

fines are tested. The research work in this thesis is classified into four work packages. The first

two work packages discuss the fluidization and reduction behaviors of the magnetite ore fines

with pre-treatments, i.e., pre-oxidation and MgO addition. The last two work packages

investigate the oxidation of magnetite phase during the pre-oxidation treatment of magnetite

ore fines. All the research works presented here are available online in peer reviewed research

journals. The main conclusions are given as follows [56],[61],[62],[65],[91],[119]:

1.

The untreated magnetite-based iron ore fails to achieve complete fluidization during the
reduction experiments. The fresh surface metallic iron on the particle forms an iron shell
and covers the unreacted dense wistite core. At a reducing temperature of 600 °C, de-
fluidization could be avoided by a deep pre-oxidation treatment. After oxidation, the
phase structure after reduction becomes porous. However, at a reducing temperature
of 700 °C, an addition of at least 0.5 wt.-% MgO is required to maintain complete
fluidization. MgO could promote the initial reaction because of an increase in active
sites owing to the Mg?* cations into Fe,QOs lattice. At later reduction stages, the formation
of magnesiowdistite slows down the reduction rate. For deeply oxidized samples, the
amount of MgO addition has little influence on the occurring rate-limiting mechanisms.
The chemical reaction dominates the initial reaction. The diffusion becomes the reaction
limiting step in the final stage.

At a reducing temperature of 700 °C, the samples with higher temperature pre-oxidation
treatment show better fluidization behaviors due to the flat surface morphology. From
the point of fluidization behavior, a high-temperature oxidation treatment is suggested.
Regarding the reduction efficiency, a lower pre-oxidation temperature is more beneficial
for the reduction rate, especially in the later reduction stage. The diffusion of the iron
ions is improved. The pre-oxidation content of the magnetite iron ore fines shows no
noticeable difference in fluidization and reduction behaviors. The primary and
secondary influencing factors are pre-oxidation temperature, oxidation content, MgO
addition amount, and gas velocity. The optimal condition, in current experimental series,
is that the magnetite iron ore is deeply oxidized at 800 °C, mixed with 1.5 wt.% of MgO,

and reduced in the fluidized bed at a gas velocity of 0.45 m/s.
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3. The oxidation reaction of magnetite iron ore fines can be divided into at least three
stages. The first two oxidation rate peaks are observed at around 330 °C and 550 °C,
respectively, indicating the formation of y-Fe»,O3s and a-Fe;03. The highest oxidation
rate of these three samples is in the temperature range between 548 °C and 573 °C.
The proposed oxidation capacity index (OCI) could successfully describe the oxidation
behaviors of magnetite ore fines. The magnetite-based iron ore with a higher OCI value
represents that it is easier to be oxidized. During the oxidation, the surface of the
magnetite samples becomes rough and presents nano-sized grid-like structure due to
the outgrowth of the hematite. With the oxidation time, the grid-like structures grow
bigger and connect with each other. At the same time, the hematite phase also grows
inward the particle, forming the needle-like structures. The specific areas of the oxidized
samples are much smaller than the raw sample. The newly formed hematite phase
shows a certain growth habit and preferentially orients themselves along the (104) or
(110) crystal surfaces.

4. The crystal information, such as lattice constant and crystallite size, can be successfully
characterized by the HT-XRD. The intensity of the (104) peak of Fe»Os increases with
the increasing temperature, indicating an increase in the fraction of Fe;Os. The width of
the (104) peak become narrower with the increasing temperature, suggesting a growing
crystallite size of Fe;O3 during oxidation. The lattice constants of Fe304 and Fe;O3 both
increase with the temperature and follow second-order polynomials. The correlation of
lattice constant and temperature can be expressed as follows: FesO4: a =
253X 1078 x T2 +8.64x107°>xT+84132; Fe,03 a=-2.81x10"8xT? +8.76 X
107> X T+ 5.0368; c =3.01 x 1078 x T? + 1.09 x 10~* x T + 13.7621 . The growth
rates of Fe>Os crystallite along the a/b axis is faster than that in the c-axis, thus showing

acicular microcrystals.
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ORIGINAL RESEARCH ARTICLE

Effect of Prior Oxidation on the Reduction Behavior
of Magnetite-Based Iron Ore During Hydrogen-
Induced Fluidized Bed Reduction

HENG ZHENG, DANIEL SPREITZER, THOMAS WOLFINGER,
JOHANNES SCHENK, and RUNSHENG XU

Magnetite-based iron ore usually shows a high sticking tendency and a poor reducibility in the
fluidized bed because of its dense structure. To enhance the fluidization and reduction behaviors
of magnetite-based iron ore during hydrogen-induced fluidized bed reduction, the effect of a
prior oxidation treatment is investigated. The results show that the untreated magnetite-based
iron ore cannot be fluidized successfully in the tested temperature range between 600 °C and
800 °C. At 600 °C reduction temperature, the de-fluidization can be avoided by a prior
oxidation treatment. At higher reduction temperatures, the fluidization behavior can be further
improved by an addition of 0.5 wt pct MgO. Magnesiowiistite (Fe,Mg;_,0) is formed, which
decreases the contact chance of the sticky surface between particles. Regarding to the reduction
rate, a prior partial oxidation is more beneficial compared to deep oxidation. The Kkinetic
analysis shows that MgO could promote the initial reaction. The reaction rate limiting step is no
longer diffusion but chemical reaction for prior partly oxidized samples. A prior partial
oxidation combined with an addition of MgO is considered to be a promising pretreatment

®
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method for a successful processing of magnetite-based iron ore.
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© The Author(s) 2021

I. INTRODUCTION

TODAY, the two dominating process routes for
steelmaking are the blast furnace—basic oxygen furnace
(BF-BOF) route and the scrap-based electric arc fur-
nace (EAF) route.!! In order to achieve the goal of
climate neutrality (net-zero greenhouse gas emissions)
by 2050, breakthrough technologies are crucial for
further decreasing the overall CO, emissions from steel
production.¥ One option is the use of H, as a reducing
agent to produce direct reduced iron (DRI), followed by
a melting stage, typically an electric arc furnace for
crude steel production (DRI-EAF). Currently, methane
is commonly used to produce a syngas of H, and CO as
a reducing gas. In this case, if decarbonized electricity is
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used, the greenhouse gas intensity of the DRI-EAF
route can be decreased to around 0.7 t CO,/t steel.*
The amount of scrap return is supposed to increase
within the next few years. As a result, the production of
EAF steel will also grow, which requires a considerable
amount of DRI product to produce high quality steel
grades.!”:®!

The fluidized bed technology has been widely used
since the 1950s for the production of DRI; it has been
well developed in the past decades. H, and iron ore fines
can be used as a reducing gas and solid burden in the
fluidized bed ironmaking process, respectively.”’ Aside
from hematite-based iron ores, the occurrence of mag-
netite-based iron ore is also very common in nature. The
use of magnetite-based iron ore during hydrogen-in-
duced fluidized bed reduction is therefore of great
interest. As reported, it is impossible for mag-
netite-based iron ore fines guaranteeing a stable fluidiza-
tion during the total reduction procedure."” Reduction
by H» is an endothermal reaction; therefore, pre-heating
of iron ore is one opportunity for ensuring a sufficient
energy supply. Generally, the preheating process occurs
in oxidizing atmosphere. As a result, the magnetite iron
ore becomes oxidized. The oxidation of magnetite is an
exothermic reaction which generates considerable heat,
which is beneficial for reducing the primary energy input
for pre-heating.
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Many researchers investigated the effect of pre-oxi-
dation on the reduction behavior of titanomagnetite in a
fixed bed. Eungyeul er all'""'* conducted the reduction
test using both H, and CO. It was found that although
the initial surface area of pre-oxidized titanomagnetite
was much lower than that of raw material, the
reducibility was greatly enhanced due to the structural
transformation from rhombohedral (titanohematite) to
spinel cubic (titanomagnetite) during the reduction,
which led to about 25 pct volume expansion resulting
in open structures. Wang er all'"¥! did the reduction
kinetic analysis of titanomagnetite iron ore and found
that the chemical reaction controlled the early stage of
the reaction, while the mechanism of later stage was
considered to be diffusion controlled. After pre-oxida-
tion treatment, the reduction was entirely controlled by
the chemical reaction. The diffusion was no more the
rate-limiting step due to the formation of micro-cracks
which served as channels for the reducing gas.

The most common problem for the fluidized bed
reduction was the de-fluidization phenomenon caused
by sticking of the reduced metallic iron, which would
decrease the reduction efficiency and make a process
control of the system impossible.'¥ The reduction
temperature,''” fluidizing gas!'® and particle size distri-
butions!'” showed significant impacts on the fluidization
behavior. In CO-induced fluidized bed, the bonding
effect of iron whisker was the common cause for
de-fluidization."'”! The addition of H, in CO could
control the surface morphology of particles from
fibrous/whisker shape to dense structure and improved
the fluidization behavior significantly.”?” In H-induced
fluidized bed, although there was no iron whisker on the
surface, the newly generated iron resulted in the
agglomeration of particles.”"! In order to prevent
de-fluidization, many researchers focused on the coating
treatment of iron ore. Zhong er al.”? found the MgO
was more effective to prevent de-fluidization, comparing
with CaO. Under the condition of CO-H, reducing gas
mixture, MgO could insulate the contact of metallic iron
between particles effectively, which decrease the particle
stickiness. The same time, because of the deposition of
CO, part of the iron in the particle surface was
converted to Fe;C, which also helped to decrease the
sticky tendency.”*! Guo er al.*** discussed five differ-
ent coating methods on Fe,Oj3 particles (briquetting-sin-
tering method, high temperature injection method,
powder method, slurry-sintering method and coprecip-
itation method) in the H,-induced fluidized bed. It is
found that, if MgO addition is above 1.5 wt pct, all the
methods could help to keep a stable fluidization. The
reason can be explained by the formation of MgFe,Oy4
on the particle surface, which shows a high melting
point. An effective coating method was important for
avoiding de-fluidization problem. In the coprecipitation
method, the Fe,O; particles are coated with MgO in the
liquid solution of Mg(NO);-6H,O and Na,CO; to get
more effective and uniformly adsorption of MgO
particles.” From coprecipitation method, only 0.411
wt pct of coating MgO content was required to avoid
the sticking problem. The inhibiting effect of MgO could
be summarized as physical and chemical barrier. The
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main mechanism prevention of coating MgO at a
reduction temperature below 800 °C was physical isola-
tion. When the reduction temperature was above
900 °C, the magnesia compounds (Fe,MgO, or
FeMgO,) would a;[azpear on the surface which served as
a chemical barrier.l*6-2"!

The above studies have explored the effects of
pre-oxidation on the reduction and addition of MgO
on fluidization behaviors. But the influences of prior
oxidation treatment on magnetite-based iron ores are
rarely discussed in Hj-induced fluidization conditions.
Currently, no general concept is available for a success-
ful treatment of magnetite-based iron ore during hydro-
gen-induced fluidized bed reduction. The purpose of this
study is to use magnetite-based iron ore directly as a raw
material and to investigate methods preventing the
de-fluidization. The present work aims at (1) a compar-
ison of the fluidization behaviors between raw mag-
netite-based iron ore and oxidized one; (2) an
examination of the reducibility of the raw and oxidized
magnetite-based iron ore during the fluidized bed
reduction; (3) an investigation of the effect of prior
oxidation on improving the fluidization and reduction
behaviors; (4) an analysis of the effect of MgO addition
on the fluidization and reduction behaviors of the
pre-oxidized magnetite-based iron ore; (5) a multistep
kinetic analysis of the reduction mechanism of the
magnetite-based iron ore. This work could provide
precursory theoretical guidance for the pretreatment of
magnetite-based iron ore for a successful H-induced
fluidized bed reduction.

II. EXPERIMENTAL
A. Materials

In this work, a commercial magnetite-based iron ore
was used. The raw magnetite-based iron ore is defined as
Sample A. The samples after deep and partial oxidation
treatments were named Sample B and Sample C,
respectively. The surface morphology of samples before
reduction tests were shown in Figure 1. The raw
magnetite-based iron ore fines had clear edges and
corners, presenting irregular shapes. After oxidation, the
sharp-edged corners disappear and the surface became
less smooth, which provides more adsorption sites for
the MgO powder. The particle size distribution of the
samples consisted of 50 wt pct 125-250 um and 50
wt pct 250-500 um. The chemical compositions of the
Sample A, Sample B and Sample C were characterized
by the inductively coupled plasma—mass spectrometry
(ICP-MS) method and listed in Table I. MgO powder
with high purity was used in this work (> 99.5 wt pct,
— 44 um).

B. Experimental apparatus and procedure

The experimental apparatus used was a labora-
tory-scale fluidized bed reactor, which is schematically
shown in Figure 2. The inner diameter of the reactor
was 68 mm. The upper part of the reactor was designed
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Fig. 1—Surface morphology of materials before reduction under SEM: (a), (¢) Sample A; (b), (f) Sample B; (¢), (g) Sample C; (d), (h) Sample B

with additional 0.50 wt pct MgO.

Table I. Chemical Compositions of the Samples (Wt Pct)

Feio FeO SiO, AlLO5 CaO MgO MnO P
Sample A (Raw Magnetite) 59.50 19.66 1.13 3.03 2.00 0.17 0.70
Sample B (Deep Oxidized) 57.80 0.50 1.11 2.97 1.96 0.17 0.68
Sample C (Partially Oxidized) 58.64 12.89 1.12 3.01 1.99 0.17 0.69
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1. Gas mixture unit; 2. Three-stage electrical furnace; 3. Distributor; 4. Fluidized bed reactor; 5. Dust filter; 6. Scale;

7. Pressure regulator; 8. Differential pressure monitor; 9. Temperature control; 10. Computer system unit

Fig. 2—Schematic layout of laboratory fluidized bed reactor.

in a conical shape to reduce the superficial gas velocity
and, therefore, to reduce the sample losses in the form of
entrainment during fluidization. H, and N, were mixed
in the gas mixing unit and preheated while passing
through the supply pipe inside the furnace. The temper-
ature of the reducing gas mixture and specimen temper-
ature in the fluidized bed reactor were measured by

METALLURGICAL AND MATERIALS TRANSACTIONS B

thermocouples (Type N) below the grid and inside the
sample. These temperature measurements were used to
control the power for the three-stage electrical resistance
heating of the furnace. The three-stage heating system
could work independently, which helped to maintain the
reduction temperature. The sample temperature was
measured by the thermocouple that inside the bed
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Table II.

Experimental Process Conditions

Iron Ore MgO Additive Reducing Gas H, Gas Velocity Temperature Pressure
400 g 0-1.5 wt pct 15.9 L/min (SATP) 0.4 m/s 600-800 °C 1 atm.
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Fig. 3—Four states of fluidization behavior: (a) completed fluidization; (b) partial de-fluidization; (¢) aggregating de-fluidization; (¢) completed

de-fluidization.

material. The fluidization behavior was characterized by
the differential pressure measurement between the gas
distributor and the material. The real-time pressure drop
and weight change of the material were measured and
these measurements were stored automatically by the
system.

All reduction tests followed the same procedure. The
material was charged through a small aperture at the top
of the reactor at 500 °C during the preheating stage and
purged with N,. When the material reached the target
temperature, followed by a 10-minutes temperature
equilibrium period, the atmosphere was changed to the
reducing atmosphere. If de-fluidization occurred, or
when the reaction time reached 110 minutes, the
reducing gas was again replaced by N, and sample
cooling under N, atmosphere began. The superficial gas
velocity was kept constant at 0.4 m/s at all different
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temperatures. This was achieved by a constant H, flow
rate, balanced by different nitrogen flow rates. The H,
was maintained as 15.9 L/minutes at standard ambient
temperature and pressure (SATP).

The deep oxidation of magnetite iron ore was
performed in a muffle furnace at 1000 °C under air
atmosphere for 20 hours to ensure a deep oxidation.
The partial oxidation took place at 800 °C for 4 hours.
The MgO particles were mixed directly with the material
before charging it into reactor. The MgO-content was
represented by the weight percentage of MgO corre-
sponding to the charged iron ore material. The exper-
imental conditions are listed in Table II.

The weight loss measured during the reduction can be
converted into the reduction degree (RD) by chemical
analysis of the iron ore. The RD can be calculated based
on Egs. [1] through [3]:13%>"]

METALLURGICAL AND MATERIALS TRANSACTIONS B



100 100
90 -
80 -
70 -
60 -
50 -
40 -
30

RD / DFI (%)
RD / DFI (%)

— 201 —RD
T oA 10} - - -DFI

D Ty it e

- (R 1 1 ! 1 1 0 1 1 1
00 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000

Time (s) Time (s)

(a) (b)

Fig. 4—Reduction degree and de-fluidization index of Sample A and Sample B at 600 °C: (¢) RD/DFI of Sample A; () RD / DFI of Sample B.

Fig. 5—Polished section images of the Sample A and Sample B after reduction tests at 600 °C under optical light microscope: (a), (b) Sample A;
(¢), (d) Sample B.
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Fig. 6—Fluidization and reduction behaviors of Sample A and Sample B: (a) DFI of Sample A against RD; () DFI of Sample B against RD;

(¢) fluidization time; (d) reduction degree when de-fluidization starts.

weight loss due to the loss of O and the mass of input
material; Mo and Mg, are the constant molar masses
for O and Fe.

C. Determination of the Fluidization Behavior

The fluidization behavior was characterized by the
pressure drop measurement across the material during
the test, which is explained in detail in previous
publications.'® In the actual investigations, four typical
curves of pressure drop were observed, which represent
four types of fluidization states—namely, completed
fluidization, partial de-fluidization, aggregating de-flu-
idization, and completed de-fluidization. Figure 3 shows
exampled for the four pressure drop curves. The
fluidization states can be summarized as follows:

(1) Completed fluidization (CF): The two lines are equal
during the whole reduction, as shown in Figure 3(a).

(2) Partial de-fluidization (PD): The differential pres-
sure decreases at the beginning and then remains
stable afterwards, as shown in Figure 3(b).

(3) Aggregating de-fluidization (AD): The two lines are
equal at the beginning. Then, the differential pres-
sure decreases during the whole reduction, as shown
in Figure 3(c).
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Table III. Influence of Temperature on the Fluidization State

Fluidization State

Reduction Temperature °C Sample A Sample B
600 °C AD CF
625 °C CD PD
650 °C CD PD
700 °C CD CD
800 °C CD CD

(4) Completed de-fluidization (CD): The two lines are
equal at the beginning. After a certain time, a sud-
den differential pressure drop occurs and turns to
low values of pressure drop within quite a short
time, representing a fixed bed, as shown in Fig-
ure 3(d).

The fluidization time (f;) can be determined as the
duration when the dotted grey line (Apcaiculated—bed) and
the black line (Apmeasured—bed) are distinguished from
each other. The buoyancy force in this case was not
considered. The Apcacuiated—bed 18 assumed only because
of the mass of the sample portion inside the fluidized
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Fig. 7—Influence of temperature on the fluidization area: (¢) Sample A, (b) Sample B.

S00pm

Fig. 8—Surface morphology of (partly) reduced Sample A, (a through e) are under SEM, (f) is under optical light microscope: (a) 600 °C; (b)
625 °C; (c) 650 °C; (d) 700 °C; (e) 800 °C; (f) polished section from raw magnetite iron ore reduced in 650 °C; (f) is reproduced with

[30]

permission,” copyright 2020 by Montanuniversitit Leoben.

bed. To assess the fluidization during the experiment, a
de-fluidization index (DFI), which describes the per-
centage of material, which is not fluidized, is defined as
shown in Eq. [4].

Ap calculated—bed — AP 'measured—bed

DFI =
Apcatculated—bed — APfixed—bed

[4]
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m;-g
Rector area’

[5]

where Apcaiculated—bed represents the theoretical differen-
tial pressure drop over material, which is calculated
from the initial material mass and the weight loss sus-
tained during the reduction if it is in a completed

Ap calculated—bed —
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Fig. 9—Surface morphology of (partly) the reduced Sample B, (a through ¢) are under SEM, (f) is under optical light microscope: (f) polished

section for Sample B reduced in 650 °C. (f) is reproduced with permission,

Table 1IV.

[30]

copyright 2020 by Montanuniversitit Leoben.

Influence of MgO Addition on the Fluidization Behavior and the Final RD

MgO Content (Wt Pct)

Fluidization State

Final Reduction Degree (Pct)

0 CD
0.25 PD
0.5 CF
1.0 CF
1.5 CF

25.00
91.37
93.75
96.05
96.35

fluidized state; m;, is the mass of the material during
the reduction; Apmeasured—bed represents the measured
differential pressure drop for the material; the value of
Apfixed—bed 18 defined as when Apmeasured—bed 1S smaller
than 2 mbar referring to completed de-fluidization.

D. Sample Characterization

The polished micro section and the surface morphol-
ogy of the samples were observed using an optical light
microscope (Nikon MM 40 measuring microscope
system, Japan) and a scanning electron microscopy
(Quanta 200Mk2, FEI, America). The element distribu-
tion was analyzed by energy dispersive spectroscopy
(EDS, Oxford Instrument, England). The XRD patterns
were achieved by an D2phaser X-ray diffractometer
(Bruker AXS GmbH, Germany) using Co as the X-ray
source. The scanned angular range varied from 20 to
80 deg with a scanning speed of 2°/min.
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III. RESULTS AND DISCUSSION

A. Effect of Prior Deep Oxidation on the Fluidization
and Reduction Behaviors of the Magnetite-Based Iron
Ore

Figure 4(a) shows the reduction results of Sample A
and Sample B at 600 °C including the RD and DFI. The
RD for Sample A always starts at 11 pct, because
according to Eq. [1] magnetite is defined to have already
a reduction degree of 11 pct. For Sample A, although
de-fluidization starts at the reduction degree of 35 pct,
indicated by the DFI, a complete reduction can be
achieved within 110 minutes. Almost 50 pct of the
Sample A is not in fluidized state at the end of the
reduction. As shown in Figure 4(b), no de-fluidization
occurs during the reduction of Sample B at 600 °C. The
reduction rate dramatically decreases when RD is higher
than 80 pct. Figure 5 shows the polished section images
of Sample A and Sample B after reduction. The particles
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Fig. 10—Influence of MgO on reduction behavior: (a), (¢) reduction degree curves; (b), (d) reduction rate.

in Sample A are completely reduced. However, in
Sample B, small wiistite cores covered by iron shells
can be observed inside the particles. The iron shells
inhibit the direct contact of the reducing gas with the
reaction interface, which explains the low reduction rate
at the final stage.

The relationships between DFI, f;, RD, and temper-
ature are summarized in Figure 6. As given in Fig-
ure 6(a), for the Sample A, only at 600 °C reduction
temperature a complete reduction can be achieved
without de-fluidization problem. While for Sample B,
as shown in Figure 6(b), the complete de-fluidization
only occurred at temperatures higher than 700 °C. The
influence of temperature on ¢ is significant, as shown in
Figure 6(c). With increasing temperature, the ¢
decrease, for both raw and oxidized magnetite-based
iron ore. Figure 6(d) shows the relationship between
reduction temperature and RD when de-fluidization
starts. The RDs present a decreasing trend, along with
the temperature, due to the short fluidization time.
Combined with Figure 6(c), it can be seen that when the
reduction temperature is above 650 °C, even if the ¢ of
Sample B is smaller, the RDs are higher than those of
Sample A. Especially at 800 °C, the oxidized mag-
netite-based iron ore has similar # but shows nearly
10 pct higher RD, which indicates that the Sample B has

METALLURGICAL AND MATERIALS TRANSACTIONS B

a better reduction behavior in the initial stage. Previous
researchers”!*?! have confirmed that the reducibility of
magnetite-based iron ore could be improved by pre-ox-
idation treatment; the results of this work are in
agreement with their findings. It can be noted that if
the temperature is higher than 700 °C, the RD of the
raw magnetite-based iron ore remains stable at 20 pct,
which could be the critical RD for starting the de-flu-
idization.*** In actual case, metallic iron can be
formed before the reduction to FeO completed, indicat-
ing that even RD is smaller than 33 pct the formation of
first metallic could occur at the surface of the particles.

The fluidization states at different temperatures are
shown in Table III. It can be seen that de-fluidization of
Sample A occurs at all tested temperatures. The Sample
B could maintain completed fluidization at 600 °C
during the whole reduction test. However, with increas-
ing temperature de-fluidization also takes place in the
Sample B.

Based on the relations between temperature and RD,
when de-fluidization starts and completes, a fluidization
regime diagram can be defined, as shown in Figure 7.
The area of completed de-fluidization expands with the
increasing temperature. The starting points of de-flu-
idization of Sample B are higher than that of Sample A.
In general, the effect of the prior oxidation treatment is
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Fig. 11—Surface morphology of reduced Sample B with different amount of MgO under SEM: (a) 0.25 wt pct; (b) 0.50 wt pct; (¢) 1.00 wt pct;

(d) 1.50 wt pct.

beneficial for the fluidization behavior. It should be
noted that, in Figure 7, de-fluidization starts or ends at
RD equals 100 pct, which means that no de-fluidization
or completed de-fluidization occur. At 600 °C, the
Sample B shows a completed fluidization state. There-
fore, the start de-fluidization point of Sample B at
600 °C is set as 100 pct. At higher reduction tempera-
ture, it is not sufficient to ensure a stable fluidization by
only prior oxidation treatment. MgO is a typical and
effective additive that can be used preventing the
de-fluidization phenomenon.*?% Therefore, the effect
of MgO on the fluidization behavior is discussed
afterwards.

Figure 8 shows the surface morphology of Sample A
after reduction at different temperatures. It can be seen
that more and larger cracks appear on the particle
surfaces with increasing reduction temperature.
Although a crack formation occurs, the particles after
reduction still have a dense structure. As shown in
Figure 8(f), when reduction temperature is higher than
650 °C, typical iron shells around the particles are
formed and fewer pores exist in the remaining wiistite
core. The de-fluidization of the Sample A happens due
to the sticky precipitated iron shell. When the newly
formed iron aggregates to certain content on the particle
surface and iron shells are formed, the de-fluidization
starts.2!3]
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As shown in Figure 9, no cracks occur in Sample B
after reduction. The pre-oxidation treatment promotes
the formation of a porous structure during reduction, as
shown in Figure 9(f). The porous structure does not
only improve the reducibility, but also avoids the
exclusive formation of metallic iron on the particle
surface, thus decreasing the de-fluidization tendency.
The iron is uniformly distributed in the whole particle
area and the remaining wiistite can be also found
throughout the whole particle. The formation of iron
whiskers on the surface of the particles can be observed
in Figures 9(a) through (e). The whisker usuallg/
occurred during the reduction from wiistite to iron.*®
With increasing temperature, the iron whiskers become
bigger and the whisker area expands. No precipitated
iron shell, covering the particles, can be found in the
particles of Sample B. Hence, the iron whiskers play an
important role influencing the fluidization behavior
during reduction. The whiskers can act as hooks
between the particles, as it can be observed in Fig-
ure 9(¢). The friction between the particles can be
increased by the whiskers during fluidization, which
requires a higher exertion force of the fluidization gas on
the particles in order to break the newly formed
connections. If the friction between the particles
becomes too big, fluidization might be not possible
anymore at given process conditions. The friction
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Table V. EDS Analysis With Different MgO Contents

0.25 Wt Pct 0.50 Wt Pct 1.00 Wt Pct 1.50 Wt Pct
Point a, b, ¢ Point d, e, f Point g, h, i Point j, k, 1
Fe, At. Pct 69.19 £+ 3.02 63.40 £ 3.33 59.81 £ 3.55 53.38 £ 3.83
Mg, At. Pct 11.39 4+ 1.05 14.66 &+ 1.23 16.61 4+ 0.91 2241 +£2.42
O, At. Pct 19.41 £ 3.99 2193 4+ 3.24 23.57 £ 2.84 24.19 £ 5.55

Fig. 12—Polished cross-section of Sample B with 1.5 wt pct MgO
after reduction under SEM.

Table VI. EDS Analysis of Sample B With 1.5 Wt Pct
MgO After Reduction

Point a Pointb Pointc Pointd Pointe

Fe, At. Pct 58.49 65.52 40.08 65.33 58.45
Mg, At. Pct 7.13 7.11 25.28 0 0
O, At. Pct 34.38 27.37 34.66 34.67 41.55

becomes higher in case of a large quantity of such iron
whiskers. That is why higher reduction degrees are
required for Sample B to become de-fluidized.

B. Effect of MgO-Addition on the Fluidization
and Reduction Behaviors of Deep Oxidized Magnetite
Iron Ore

The effect of MgO-addition on the fluidization state
and reducibility of Sample B was examined. The MgO
powder was mixed with the oxidized magnetite-based
iron ore before the reduction tests, which were con-
ducted at 700 °C. It can be seen in Table IV that if an
MgO amount of 0.25 wt pct is added, a partial de-flu-
idization occurs, with around 15 pct of the material not
fluidized according to the DFI. De-fluidization can be
avoided when the addition amount of MgO is higher
than 0.25 wt pct. To demonstrate the influence of MgO
on the reduction behavior, the relation between RD and
MgO-content is shown in Figure 10. With an increasing
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amount of MgO, the reduction degree curves in Fig-
ure 10(a), moving slightly toward lower reduction times.
It should be noted that with no and with 0.25 wt pct
MgO-addition, de-fluidization starts after a reduction
time of 380 s and 500 s, respectively. But only for the
reduction tests without de-fluidization, the reduction
degree and reduction rate are discussed and compared.
Figure 10(b) shows the reduction rate for different
values of MgO addition. The reduction rate can be
divided into three stages (I, II, and III). Stage I is
regarded as the fast reduction from Fe,O; to Fe;O,.
From Figure 10(d), it can be seen that samples with a
higher amount of MgO exhibit a slightly higher reduc-
tion rate in Stage I. Combined with Figure 10(c), it
seems that the MgO mainly has a promotion effect in
Stage I. However, at further reduction, the reduction
rate lines intertwine in Stages II and III and show no
obvious pattern. The results are consistent with the
previous researches from Muhammad®” and Srinivas!**
that the addition of MgO could improve the reduction
of Fe,O3;. However, through molecular dynamics sim-
ulation, it is easier for Mé2+ to migrate to vacancy than
Fe’ " in wiistite (FexO).’”! Therefore, magnesiowiistite
(Fe,Mg;_,0) is formed, which inhibits the reduction of
wiistite. The similar phenomenon is also found in the
reduction of pure hematite doped with MgO using
CO.M EI-Geassy*” studied the influence of MgO on
the stepwise reduction of pure hematite compacts. He
found that in the hematite-magnetite reduction step the
promotion effect occurred in the early stage because of
an increase in porosity and an increase in active sites
owing to the foreign cations into Fe,O; lattice. At later
stages, the formation of phase MgO-Fe,O3; with low
reducibility retarded the reduction of Fe,Os3. In the
magnetite-wiistite and wiistite-iron reduction steps, the
decreases in reduction rate was attributed to the
formation of magnesiowlistite. In the present study,
the final reduction degrees after 6000 seconds reduction
time are listed in Table IV. Although Sample B with
0.25 wt pct MgO-addition became partially de-fluidized,
the final RD was as high as 91.37 pct. Generally, the
addition of MgO shows a promotion effect on the
reduction rete.

After reduction at 700 °C, as shown in Figure 11, the
surface of particles of the samples doped with different
amounts of MgO have quite a smooth structure. The
formation of iron whiskers cannot be observed, explain-
ing the stable fluidization during the whole reduction
procedure. Three EDS spots were conducted on every
particle to obtain the composition of the surface region
of the particles. The average result of element contents,
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Fig. 13—XRD patterns of reduced Sample B with different amount of MgO: (a) scanning angle (260) ranges from 20 to 80 deg; (b) enlarged
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100
20 i
80 i
70 i
60 i
50 i

DFI (%)

40-—
30-
20-—
10-—

0 I 1 . 1 . 1 1 n 1 2 1 n 1 n 1 L 1

0 10 20 30 40 50 60 70 80 90 100

RD (%)
(a)

100
bl / /M,MM_
;\: 60 |-
[a]
o
40
20
Sample B
Sample C
0 i 1 1 N 1 1 2 1 L
0 1000 2000 3000 4000 5000 6000
Time (s)
(b)

Fig. 14—Fluidization and reduction behaviors of Sample B and Sample C With 0.5 wt pct MgO addition: (¢) DFI of Sample C; (b) reduction

degree.

given in at. pct, are listed in Table V. The EDS analysis
shows that the particle surface contains Fe, Mg, and O,
indicating that the compound on the surface is com-
posed of oxides and metallic iron. It is found that with
the additional amount of MgO, the Mg element on the
particle surface increases. In a similar way, the oxygen
content increases. The particle surface is covered by
scale-like iron-containing grains. If 0.25 wt pct MgO
was added, the grains showed a better connection with
each other, forming a network structure. With the
increased content of MgQO, the grains became smaller.
Therefore, these scale-like grains are regarded as a
critical structure. The total area of the grains can be
treated as an effective sticking area during fluidization.
MgO prevents the growth of such grain structures by
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hindering lattice expansion during the oxide reduction
and slowed down the diffusion rate of iron ions,*"
which results in decreasing the contact chance of the
sticky surface.

Figure 12 shows a polished cross section of Sample B
with 1.5 wt pct MgO after reduction. The element
contents of the particle from the edge to the inside is
shown in Table VI. The Mg element was distributed
around a seam at the particle surface, which indicates
that effect of MgO is mainly exerted on the surface of
the particles. No Mg element is observed inside the
particle. The high content of the element O inside the
particle was caused by the preparation of the samples.
The re-oxidation of iron may occur during mounting
and polishing procedures.

METALLURGICAL AND MATERIALS TRANSACTIONS B



Fig. 15—Polished section images of the Sample B and Sample C after reduction tests at 700 °C with 0.5 wt pct MgO addition under optical light

microscope: (@), (b) Sample B; (¢), (d) Sample C.

Figure 13 shows the XRD results of the reduced
Sample B with different amounts of MgO-addition. It
can be seen from Figure 13(a), the main phases of the
reduced samples are metallic iron. As shown in Fig-
ure 13(b), due to the low amount, the peak intensities of
magnesiowlistite (Fe,Mg;_,O) phase are quite small
compared with that of iron but increases with the
addition amounts of MgO. MgO can be completely
dissolved into FeO and form a continuous solid solu-
tion.*>*] The iron whiskers generally grow on the
wiistite during the reduction.”®** The formation of
magnesiowlistite phase inhibits the further reduction of
wiistite at the particle surface, thus prevents the forma-
tion of iron whiskers and scale-like iron-containing
grains.

C. Effect of Prior Partial Oxidation on the Fluidization
and Reduction Behavior of Magnetite Iron Ore

Considering the low reaction rate in the final stage of
reduction, as discussed in Section III-A, the improve-
ment by replacing deep oxidation to partial oxidation
treatment is discussed. Figure 14 shows the DFI and
RD curves of the reduction tests at 700 °C with 0.5
wt pct MgO addition for Sample B and Sample C. As
shown in Figure 14(a), with prior partial oxidation
treatment and 0.5 wt pct MgO addition, only about
10 pct material becomes de-fluidized. Figure 14(b) com-
pares the reduction process of the Sample B (completed
fluidized) and the Sample C (~ 10 pct de-fluidization).
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The reduction behavior Sample C is similar to that of
Sample B until RD equals ~ 80 pct and shows a higher
reduction rate during the final stage of reduction. As a
result, it takes less time for Sample C to get nearly
complete reduced.

Figure 15 shows the polished section images of the
Sample B and Sample C after reduction tests at 700 °C
with 0.5 wt pct MgO addition. For Sample B, small
wistite cores, which are covered by iron shells, can be
observed inside the particles. The shells avoid the
reducing gas diffuse into the particles resulting in a
low reduction rate at the final stage. While the particles
of Sample C were nearly completely reduced and no
obvious wistite cores can be found, which explained
why Sample C shows higher reduction rate at final stage.
Kinetic analyses should explain the reason for the
differences.

D. Multistep Kinetic Analysis

The fluidization behavior of the raw magnetite-based
iron ore is improved significantly by the prior oxidation
treatment and the addition of MgO. As discussed above,
it seems that MgO promotes the initial reaction and
prior partial oxidation treatment shows more beneficial
reduction rates compared to a prior deep oxidation
treatment. In order to investigate the mechanism
behind, a multistep kinetic analysis is carried
out based on the model, developed by
Johnson-Mehl-Avrami.*> %
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Fig. 16—Fitting results for Sample B with different amount of MgO: (a) 0.25 wt pct; (b) 0.5 wt pct; (¢) 1.0 wt pet; (d) 1.5 wt pet.
Table VII. Kinetic Analysis for Sample B With Different Amount of MgO
MgO Addition
0.25 Wt Pct 0.5 Wt Pct 1.0 Wt Pct 1.5 Wt Pct
Weight Factors Wy 0.2180 0.2190 0.2273 0.2340
Wy 0.4361 0.4356 0.4268 0.4235
w3 0.3459 0.3454 0.3459 0.3425
Nucleation Rate Constants (s™') a 0.0013 0.0013 0.0014 0.0014
a 8.40 x 10°° 8.40 x 10°% 8.40 x 10°% 8.40 x 10°%
as 512 x 107* 6.37 x 107* 5.60 x 10~* 6.18 x 107*
Kinetic Exponents n 1.2400 1.2500 1.2306 1.2307
1y 2.3099 2.3100 2.3103 2.3103
n3 0.9099 0.9100 0.9389 0.9388
Root Mean Square Deviation RMSD 0.0072 0.0050 0.0050 0.0046
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The parallel reaction process can be defined as shown
in Eq. [6]. The root mean square deviation (RMSD) is
used to assess the fitting procedure—the smaller RMSD,
the better the fitting result.!®!"

X =W (1 - Eialtnl) + Wz(l — e*“ﬂ”z) T W3(l _ e—agz"s),
[6]

where w3 are the weight factors representing the rel-
ative importance of the resulting rate limiting mecha-
nism; a3 are the nucleation rate constants; n;,3 are
the kinetic exponents which can be linked to the occur-
ring rate-limiting mechanism. If n <1, the rate-limiting
step is considered to be diffusion controlled; If n is
close to 1, the reaction mechanism belongs to the reac-
tion kinetics; If 7> 1.5 the reaction is controlled by the
nucleation process. Based on the definition of reduc-
tion degree (RD), the Fe,O3, Fe;04, FeO and Fe exhi-
bit the RDs of 0, 11.1 pct, 33.3 pct and 100 pct,
respectively. A similar kinetics analysis procedure was
used by Chen et al.[49] and Monazam et al.[50] for the
reduction of Fe,O; to Fe by CO and CHy, respec-
tively, where w was fixed to a certain RD or n was
fixed to a certain rate limiting mechanism. In the pre-
sent study, both w and n were not fixed to a specific
value to be able to analyze if more than one rate limit-
ing step acts together in paralle].[5!%!
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Fig. 17—Fitting results for Sample C with 0.5 wt pct MgO addition.

1. Deep Oxidized Magnetite-Based Iron Ore
with Different Amounts of MgO-Addition

Figure 16 shows the fitting results for Sample B with
different amounts of MgO-addition, where R1, R2 and
R3 represent chemical reaction, nucleation and diffusion
respectively. It should be noticed that in case of 0.25
wt pct MgO addition, around 10 pct of the material was
not fluidized. The results fit very well to the experimental
data as shown by the low RMSD values in Table VII. It
can be seen that the reaction process R1 dominates the
initial portion of the total RD. Hence, R1 will have little
influence on the later reduction stage. In terms of
long-time reaction processes, the total RD is dominated
by R2 and R3. The values of w; slightly increase with
the amount of MgO-addition, representing the promo-
tion effect of the reaction in the initial stage. The values
of wy and w3 show a small decline trends but keep quite
stable. In general, the amount of MgO has little
influence on the reaction mechanisms. The parallel
reaction processes can be described as follows. More
than one rate limiting step acts together in parallel in
each reduction stage. The fast-chemical reaction dom-
inates the initial reduction stage, where the Fe,O; is
reduced into Fe;O4. While nucleation and diffusion rule
the middle reduction stage, but nucleation is in a
dominant position. The reduction from Fe;O4 to FeO
is mainly controlled by nucleation. After an incubation
time for the nucleation of metallic iron, in the later
reaction, nucleation is not important anymore. The
diffusion becomes the reaction limiting step, which is in
good agreement with Figures 15(a) and (b), where small
remaining wiistite cores are cover by dense iron shells.

2. Partly oxidized magnetite-based iron ore with 0.5
wt pct MgO addition

Figure 17 shows the fitting result of partly Sample C
with 0.5 wt pct MgO-addition. The reaction mechanism
experienced a significant change comparing with that of
Sample B (Figure 16(b)). It can be seen that the reaction
process R3 and R1 dominate the total RD, especially in
the initial stage. Since n3 and n; are close to 1, the
reaction process R3 and R1 are both considered to be
chemical reaction. Hence, diffusion is not the limiting
step anymore, which is in good agreement with the
Figures 15(c) and (d), where nearly no small unreacted
wiistite cores can be found. The reaction is mainly
controlled by the chemical reaction, also at the later
stage. In the middle reduction stage, nucleation still
plays the limiting role but not as big as that in Sample B.
Table VIII shows the kinetic analysis result. Compared
with Sample B, the value of w; and ws are much higher,
representing that the prior partial oxidation promotes
both the diffusion and the chemical reaction.

Table VIII. Kinetic Analysis for Sample C with 0.5 Wt Pct MgO-Addition

Partly Oxidized Magnetite Iron Ore with 0.5 wt pct MgO Addition RMSD
wy 0.2608 a 1.31 x 1073 ny 1.0200 0.0081
W 0.1060 ar 8.41 x 1078 1, 2.1400
W3 0.6332 a 7.38 x 1074 ns 0.9900
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IV. CONCLUSIONS

The purpose of this research work is to use mag-
netite-based iron ore directly for hydrogen-induced
fluidized bed reduction and examine methods preventing
de-fluidization. The effect of a prior oxidation treatment
is discussed and the MgO is examined to prevent
de-fluidization. The following conclusions are obtained:

(1) The raw magnetite-based iron ore without pre-
treatment could not be successful fluidized during
the reduction experiments. The newly formed
metallic iron agglomerated on the surface of the
magnetite particle and an iron shell is formed sur-
rounding a dense wiistite core. At 600 °C, de-flu-
idization could be avoided by a prior deep oxidation
treatment. After oxidation, the phase structure
during reduction became porous. This porous
structure allows the reducing gas to penetrate into
the particle resulting in a higher reduction rate until
certain degrees of reduction and decreasing the
aggregation of metallic iron on the surface.

(2) At a higher reduction temperature, the inhibition
effect of prior deep oxidation was reduced. An
addition of at least 0.5 wt pct MgO was required to
maintain complete fluidization. After reduction, the
particle surface of the sample doped with MgO
shows a quite smooth structure instead of whiskers.
The formation of magnesiowlistite (Fe,Mg;_.O)
phase inhibits the further reduction of wiistite at the
particle surface, thus prevents the formation of iron
whiskers and the growth of scale-like iron-contain-
ing grains on the particle surface.

(3) Although the fluidization state was improved by
deep prior oxidation treatment, the reduction rate
dramatically decreased in the final reduction period
because of the unreacted wiistite cores inside the
particles. This problem could be improved via
replacing prior deep oxidation by a partial oxidation
treatment. These two kinds of samples have similar
reduction behaviors until RDs approximate 80 pct,
the partly oxidized sample showed higher reduction
rates during the final stage of reduction. As a result,
it takes less time to get a nearly complete reduction.
The optimum pretreatment for magnetite-based iron
ore during hydrogen-induced fluidized bed reduc-
tion is considered to be a prior partial oxidation
combined with an addition of MgO. The prior oxi-
dation temperature may also influence the reduction
behaviors, which will be investigated in the future
work.

(4) MgO could promote the initial reaction because of
an increase in active sites owing to the Mg?> " cations
into Fe,O3 lattice. At later reduction stages, the
formation of magnesiowiistite slows down the
reduction rate. Generally, in the present experi-
mental conditions, the addition of MgO shows a

1970—VOLUME 52B, AUGUST 2021

promotion effect on the reduction rate. For deep
oxidized sample, the amount of MgO addition has
little influence on the occurring rate-limiting mech-
anisms. The chemical reaction dominates the initial
reaction. The diffusion becomes the reaction limiting
step in the final stage. The occurring rate-limiting
mechanisms of the partly oxidized sample are totally
different compared to the deep oxidized sample. The
chemical reaction dominates the reduction process.
The reaction rate limiting step is no longer diffusion
but chemical reaction.
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Abstract: The influence of different pre-oxidation temperatures and pre-oxidation degrees on the reduction and fluidization behaviors of mag-
netite-based iron ore was investigated in a hydrogen-induced fluidized bed. The raw magnetite-based iron ore was pre-oxidized at 800 and
1000°C for a certain time to reach a partly oxidation and deeply oxidation state. The structure and morphology of the reduced particles were
analyzed via optical microscope and scanning electron microscopy (SEM). The reaction kinetic mechanism was determined based on the
double-logarithm analysis. The results indicate that the materials with higher oxidation temperature and wider particle size range show better
fluidization behaviors. The lower oxidation temperature is more beneficial for the reduction rate, especially in the later reduction stage. The
pre-oxidation degree shows no obvious influence on the fluidization and reduction behaviors. Based on the kinetic analysis, the reduction pro-

gress can be divided into three stages. The reduction mechanism was discussed combing the surface morphology and phase structure.

Keywords: magnetite-based iron ore; prior oxidation; fluidization behavior; kinetic analysis; hydrogen reduction

1. Introduction

The European Union (EU) aims to reach the goal of cli-
mate neutrality (net-zero greenhouse gas emissions) by 2050
[1]. It is noticed that, nowadays, about 60% of the crude steel
from Europe is produced through the blast furnace-basic oxy-
gen furnace (BF-BOF) route [2]. The BF-BOF route has a
high production efficiency but produces more CO, per ton of
crude steel than other alternative steelmaking routes. Cur-
rently, steelmaking industry is still one of the major CO,
emission sectors in Europe, which emits 4% of the EU’s total
CO, emissions [3]. The breakthrough technologies are re-
quired to further cut down CO, emissions [1,4-5]. Already,
different alternative steelmaking processes have been invest-
igated under the European Ultra Low CO, Steelmaking (UL-
COS) program [4-5]. One of the interesting topics is using
hydrogen as a reducing agent instead of CO [6—11]. Hence no
CO, will be generated during the reduction of iron oxides.
There are some promising related projects in the EU [12],
such as HYBRIT in Sweden [13], SALCOS in Germany
[14], and SuSteel and HYFOR" in Austria [15].

Direct reduction of iron ore fines receives increasing at-
tention in ore-based ironmaking. The fluidized bed techno-
logy provides a possibility to produce direct reduced iron
(DRI) with H, and iron ore fines [16]. A pre-heating system
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for the iron ore is required when using hydrogen as the red-
cing agent due to the endothermic reaction. It is also difficult
to process all types of iron oxides in the form of iron ore
fines. In the case of magnetite-based iron ore, the pre-heating
can be done via a gas with a remaining amount of oxygen to
utilize the exothermic oxidation reaction from Fe;O, to
Fe,0;. Based on our previous work [17-20], in an Hy-in-
duced fluidized bed reactor, the magnetite-based iron ore
showed the lowest reducibility and the worst fluidization be-
haviors due to the formation of a dense iron shell on the
particle surface. Though, the same amount of the generated
energy due to the oxidation is needed for the reduction after-
wards, the pre-oxidation treatment improves the reduction ef-
ficiency and fluidization behaviors significantly. Some other
researchers studied the influence of the pre-oxidation treat-
ment using thermogravimetric analyzers. Based on the re-
search from Wolfinger et al. [21], Park and Ostrovski [22],
and Wang et al. [23], the reducibility was also greatly en-
hanced due to the structural transformation from dense to
porous phase, and the diffusion was not the rate-limiting step
due to the formation of micro-cracks.

However, the above studies mainly focused on the reduc-
tion and fluidization behavior under various reducing condi-
tions. Little attention has been given to the pre-oxidation
treatment process. Furthermore, the influences of different

@ Springer
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pre-oxidation temperatures and pre-oxidation degree on the
reducibility of magnetite-based iron ores are rarely discussed.
The scope of this work is to study the effect of different pre-
oxidation treatments, i.e., different pre-oxidation temperat-
ures and pre-oxidation degrees, on the fluidization behaviors,
morphology, and thus reduction kinetics using hydrogen as
reducing agent. The structure and morphology of the re-
duced particles were analyzed via optical microscope and
scanning electron microscopy (SEM). The reaction kinetic
mechanism was determined based on the double-logarithm
analysis. This work will provide preliminary guidance for the
performance optimization in a possible novel industrial-scale
direct reduction process.

2. Experimental
2.1. Preparation of the oxidized material

In this work, a low-grade magnetite-based iron ore was
used as the raw material. The chemical composition was
characterized by the inductively coupled plasma-mass spec-
trometry (ICP-MS) method and is listed in Table 1. The MgO
powder (>99.5wt% MgO, size below 44 um) with high pur-
ity was used as anti-sticking agent during the experiments.
The raw material was divided into three particle size ranges:
125-250 pm, 250-500 pm, and full size. The full size was
achieved by mixing 50wt% of 125-250 um and 50wt% of
250-500 pm. It should be noted that the particle size was
defined by conventional dry sieving. For a pre-oxidation
treatment, 1000 g of the raw material was charged into a
250 mm x 350 mm steel vessel and put into a conventional
heat treatment furnace at 800 and 1000°C for a defined oxid-

Int. J. Miner. Metall. Mater., Vol. 29, No. 10, Oct. 2022

Table 1. Chemical composition of the sample wt%

Sample Few FeO SiO, AL,O; CaO MgO MnO P
Raw magnetite 59.50 19.66 7.05 1.13 3.03 2.00 0.17 0.70
Note: Fe,,—Total iron content.

ation time to reach a so-called deeply oxidation and partly
oxidation. The bed height of the material layer was around
2.5 mm, ensuring a uniform contact between gas and solid.
Based on the previous study [20], the raw magnetite-based
iron ore could not maintain completed fluidized at 700°C re-
ducing conditions. A deeply oxidation treatment and an addi-
tion of 0.5wt% MgO powder improved the fluidization signi-
ficantly. Therefore, 7 different pre-oxidized materials were
prepared for further reduction tests in this study, as shown in
Table 2. It should be noted that for the material with bigger
particle size, it took 8 h to reach a partly oxidation at 800°C.
The additional amount of MgO powder was chosen as
0.5wt% for all the pre-oxidized materials. The oxidation de-
gree (w) was determined by the weight gain as given in Eq.
(1) [24-25]. It was impossible to obtain the oxidized material
with a fixed oxidation degree, even under the same oxidation
conditions. The oxidation degrees of the deeply oxidized ma-
terial (DOX) and partly oxidized material (POX) were in the
ranges of 50%—65% and 94%—97%, respectively.
Am

Mtheory

x 100% (D

where Am and Amypeory are the measured weight gain and the
theoretical weight gain for complete oxidation, respectively.
AMipeory 18 calculated based on the FeO content from the
chemical analysis of the magnetite-based iron ore.

Table 2. The pre-oxidation treatments and oxidation degrees of the pre-oxidized materials

No. Oxidized material Size range / um Pre-oxidation temperature / °C Oxidation time / h Oxidation degree / %
1 DOX 25 250-1000 125-250 1000 8 97.67
2 DOX50500-1000 250-500 1000 8 96.61
3 DOX55 500-1000 125-500 1000 8 94.61
4 POX 25 250-800 125-250 800 4 54.93
5 POX;50500-800 250-500 800 8 59.51
6 POX 5 500-800 125-500 800 8 58.91
7 DOX 5 250-800 125-250 800 8 96.14

2.2. Experimental procedure

The experimental apparatus, a fluidized bed reactor with a
bed diameter of 68 mm [19] and the reduction test procedure
[20], have been already described in detail in previous pub-
lications. The basic concept of the experimental apparatus
was to maintain a constant temperature and measure the
weight loss and pressure drops during the reduction process.
The reduction degree (RD) was defined through Egs. (2)—4)
[18-21].

OOUHC oreatr=
RD:(l—M)xloo% 2)

Obounded to Fe at 1=t

Obounded toFeatr=t, —
Obounded to Fe, 0, + Obounded to FeO ™ Am
Mo

, in mol 3)

Obounded to Feat =1, — 1.5x o X FetOt > in mol (4)
M.

where Opounded to Fe at =1, A1 Obounded to Fe at =, ar€ the amount of
O bonded to Fe at the start and during the reduction; Am and
my are the weight loss due to the loss of O and the mass of in-
put material; Mo and Mg, are the constant molar masses for
O and Fe; Ovounded o Fe,0, A Opounded 1o Feo are the amount of
O bonded to Fe,O3 and the amount of O bonded to FeO; ¢ is
the reduction time; £, and ¢, are the times of reaction where it
starts and is during the reduction.
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The superficial gas velocity was kept constant at 0.4 m/s at
700°C reduction temperature. This was achieved by a con-
stant H, flow rate of 15.9 L-min™' and balanced by nitrogen
with a flow rate of 8.5 L-min"'. When the RD reached 95% or
the reaction time reached 85 min, the reducing gas was re-
placed by N, and the sample was cooled under N, atmo-
sphere to ambient conditions. The obtained reduced samples
were sealed in a plastic sample bag for further analysis.

2.3. Determination of the de-fluidized index

Some researchers defined the sticking ratio based on the
weight ratio of the agglomerates and the total bed material
after reduction [26-28]. However, in this work, no agglomer-
ates were observed. To quantitatively describe the fluidiza-
tion behavior, a de-fluidized index (DFI) was defined, as
shown in Eq. (5), based on the measured (Apmeasured-bea) and
theoretical (Apcarculaed-bed) differential pressure drops over the
material [20]. The measured pressure drop caused by the grid
and the material portion (dot gray line) is shown in Fig. 1(a).
The black line represents the theoretical differential pressure
drop over the material, which can be calculated based on Eq.

6500
(a) AP easured-bed rgrid
6000 - === APpcasuredbea
— APeicutatca-bed
5500 f
<
A
~ 5000z
&
1500
1000 F———e o
500 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
Time / min

(6) [18,20]. The red dashed line represents the differential
pressure for only the material in the fluidized bed without the
pressure drop of the grid. This line should equal the black line
when the material is entirely fluidized. However, when the
material was completely fluidized, there were still minor de-
viations between Apieasured-ved AN APeatculated-bed- 1His can be
explained by the entrained material and some inaccuracies
while measuring the differential pressure across the grid dur-
ing the reduction [18]. Fig. 1(b) shows the DFI and RD
against the reduction time. When DFI is smaller than 5%, it
can be considered as a completely fluidization state.

Ap calculated-bed — AP measured-bed
DFI =

(&)

APcalculated-bed = APFixed-bed

my-g
Reactor area ©
where Aprixedved 18 the differential pressure drop when the
material is in a fixed bed state; Aprixedvea 1S 2 mbar (200 Pa)
in this work; m, is the mass of the material in the fluidized
bed during the reduction; g is acceleration of gravity, where
the value is 9.8 N/kg.

Apcalculated—bed =

100
90
80
70
60
50
40
30

(b)
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Fig. 1. Fluidized reduction results for DOXj,5 »50-1000: (a) pressure drop against time; (b) RD and DFI against time.

2.4. Sample characterization

The morphology and internal structure of the samples
were observed by scanning electron microscopy (Quanta
200MKk2, FEI, America) and optical light microscope (Nikon
MM 40 measuring microscope system, Japan). The pore
structures of the oxidized materials were evaluated by N, gas
adsorption method using TriStar 3000 surface area analyzer
(Micromeritics, America). The specific surface area was de-
termined by Brunauer—-Emmett-Teller (B.E.T.) method after
degassing of the samples at 200°C for 2 h. The cumulative
pore volume and average pore diameter were analyzed using
Barrett—Joyner—Halenda (B.J.H.) method.

3. Results and discussion
3.1. BET-BJH analysis of pore structure

In this study, B.E.T. and B.J.H. methods were used to in-
vestigate the pore structures after the oxidation of the mag-
netite-based iron ore fines. Each test was repeated three
times. The results of the pore structure parameters are listed
in Table 3. The material oxidized at 1000°C is not shown due
to the very low specific surface area (<0.01 m%g), which was
beyond the valid range of the testing facility. The material
with a smaller particle size presented slightly higher specific
surface area and total pore volume. The specific surface area
and the total pore volume of the raw magnetite were 0.092—

Table 3. Pore structure parameters of the raw magnetite and oxidized samples

Sample Particle size / pm

Specific surface area / (m*g ™)

Average pore size /nm  Total pore volume / (107 em®-g™)

. 125-250 0.092 + 0.001 10.887 +0.091 0.880+£0.014

Raw magnetite
250-500 0.093 +0.003 10.467 £ 0.521 0.850 = 0.085
POX-800 125-250 0.173 £0.002 5.160 £ 0.037 2.710 £ 0.057
i 250-500 0.141 £ 0.006 5.120 £0.012 2.400 £+ 0.078
DOX-800 125-250 0.025+0.013 5.019 £0.261 0.350 £0.071
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0.093 m%g and 0.850 x 10*-0.880 x 10 cm’/g, respect-
ively. The values of the specific surface area of POX s 550
800 and POXssy 50,-800 increased to 0.173 and 0.141 m%g.
The values of the total pore volume increased to 2.710 x 10™*
and 2.400 x 10 cm’/g, which were approximately three
times larger than those of the raw magnetite. The specific
surface area and total pore volume of DOXys »5-800,
however, decreased to 0.025 m%g and 0.350 x 10 cm’/g.
When the oxidation temperature increased to 1000°C, the
specific surface area sharply reduced to less than 0.01 m¥g.
Theoretically, the crystal transformation from magnetite
phase to hematite phase involves a volume expansion, but
sintering effect would weaken the expansion trend and even
contract the volume [29]. The average pore size of the raw
magnetite was around 10 nm. After oxidation, the average
pore size of all the materials decreased to around 5 nm. The
average pore size gave a hint that microcracks occurred after
the oxidation. The cracks generated many more pores with
sizes around 5 nm.

Fig. 2 shows the surface morphology of the samples be-
fore and after oxidation. The raw magnetite showed a smooth
surface with clear edges and corners. As shown in Fig. 2(f),
the surface of the POXj,5,5-800 sample was porous and
covered by tiny whiskers. These whisker structures still
showed clear edges, while, due to the sintering effect, as

(@) (b)

Fig. 2.
(d, h) DOX |5 »50-1000.

100
90 + (a)
80
° 70 ¢
= 60r
B 50
a8 WF #F s
&30t i — RD-DOX 5 251000
7 = = DFI-DOX 35 5,-1000
20 / —— RD-DOX 25 »5-800
10 7 = = DFI-DOX;25-25-800
0 \—’Ir-r~""‘(‘\ PR e STy L 1 1
0 10 20 30 40 50 60 70 80 90

Time / min
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shown in Fig. 2(g), the DOX,5 »5-800 sample presented a
smoother and denser surface. The sintering effect was more
obvious for the oxidation temperature of 1000°C, as shown in
Fig. 2(h).

3.2. Effect of pre-oxidation temperature

The effect of pre-oxidation temperature on the fluidiza-
tion and reduction behavior was studied using DOX s 50
1000 and DOX 55 25,-800. As shown in Fig. 3(a), the RD
curve of the DOX 55 »50-800 was similar to that of DOX 55550~
1000 in the early reduction stage. However, when RD
reached 80%, DOX s »5,-800 showed a higher reduction rate
than DOX 55 55-1000. It should be noted that the DFI of
DOX»525-800 was much higher than that of DOXs 550~
1000. A higher oxidation temperature showed a better fluid-
ization behavior. From the point of fluidization behavior, a
high-temperature oxidation treatment is suggested. The re-
duction efficiency is also an essential issue in DRI produc-
tion. Fig. 3(b) shows the characteristic reduction time to
reach a specific RD. It took 8.45 min to reach RD of 33% and
another 20.26 min to reach RD of 80% for DOX s ,5,-1000.
DOX»5.550-800 required the similar time to reach RD of 33%
(7.93 min) and 80% (18.06 min). But compared with
DOX55.5-1000, it took nearly only half time for DOX 55 50
800 to reach RD of 95%. The lower pre-oxidation temperat-

Samples with a particle size distribution of 125-250 um: (a, e¢) raw magnetite; (b, f) POX ;5 ,5-800; (¢, g) DOX; ;5 250-800;

100
90 + (®)

Time / min

DOX 55 55,-1000

DOX 55-25-800

Fig. 3. Effect of pre-oxidation temperature on the fluidization and reduction behaviors: (a) RD and DFI; (b) reduction time to reach
a specific RD. #30,, 2300, fo92,, and 7950, represent the required time for RD reaching 33%, 80%, 90%, and 95%, respectively.
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ure is more beneficial for the reduction rate in the later reduc-
tion stage, which is explained from kinetic point of view in
Section 3.5.

3.3. Effect of pre-oxidation degree

The effect of pre-oxidation degree on the fluidization and
reduction behavior was studied using DOX s 55-800 and
POX5525-800. As shown in Fig. 4(a), the RD curve of the
DOX 55 250-800 was similar to that of POX,5.5-800 in the
entire reduction stage. However, the fluidization behaviors
exhibited slightly different. The POX,5.,5-800 started de-
fluidization (DFI > 5%) when RD reached around 65%,
while the DOX,5,5-800 started de-fluidization earlier at
around RD of 35%. The two types of materials both showed
a partly de-fluidized state in the end with a DFI of 36%. As
for the characteristic reduction time, as shown in Fig. 4(b),
there was no significant difference. Thus, the pre-oxidation
degree shows no obvious difference in fluidization and re-
duction behaviors.

3.4. Effect of particle size

The effect of the particle size was investigated using the
POX25 250-800, POX55 500-800, POX350-500-800, DOX 55 350"
1000, DOX 25 500-1000, DOXs50 500-1000. As shown in Fig.
5(a), POXy555-800 presented the highest reduction rate,
which can be explained by the higher specific area and the
better fluidization behavior of the material. The RDs of
POX 55.500-800 and POX,s.500-800 exhibited similar trends
before reaching 85%. It should be noted that the weight sig-

100
90 (@
80 |
© 70 |
=~ 60f
A sor
o 40t S
g - =
30 ¢ ot =77 —— RD-POXps 55,800
20 F , p = = DFI-POX 55 55-800
10 o e — RD-DOX 5 25,-800
o o/ - = DFI-DOX s 4800
0 10 20 30 40 50 60
Time / min
Fig. 4.
specific RD.

100
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nal system is slightly influenced by the fluidization state of
the materials in the fluidized bed. After reduction tests, the
remaining materials were weighted again and compared to
the final mass from the weight signal. The differences were
within 1 g, which confirmed the mass balance and the accur-
acy of the data. Fig. 5(b) shows the DFI against RD of the
partially oxidized material. POXjs, s50-800 started partly de-
fluidized at the beginning of the reduction process, indicat-
ing that the superficial gas velocity is not high enough for this
particle size range. POX 55 »5-800 and POX 5 50-800 star-
ted the de-fluidization when RD reached around 30% and
60%, respectively. In terms of the fluidization behavior, in
this case, a wider particle size (125-500 pm) is more benefi-
cial. The characteristic reduction times are listed in Table 4.
For higher reduction efficiency, a small particle size (125-
250 pm) is recommended.

Fig. 6 shows the effect of the particle size using
DOX 55 250-1000, DOX | 55_56-1000, and DOXys4_50-1000. As
shown in Fig. 6(a), the DOX,5 »50-1000 presented the highest
reduction rate. The DOX,s5 50-1000 exhibited a slightly
higher reduction rate than DOX,s050-1000, while the
DOX 55 500-1000 and DOX,5.55-1000 showed much better
fluidization behavior, as shown in Fig. 6(b), than DOXjs4_s00-
1000. According to Table 4, it took 50.77 min for DOX 5 »s-
1000 to reach the RD of 90%, which was much less than
those for the other two particle size range materials.
DOX550500-1000 and DOX 55 500-1000 cannot reach the RD
of 95% within the defined reduction time.

100
90 | ®
80 [
70 |
60 [
50 |
40
30
20
10 |
0

Time / min

POX5-25-800

DOX 55550-800

Effect of pre-oxidation degree on the fluidization and reduction behaviors: (a) RD and DFI; (b) reduction time to reach a

100
90 | (®)
80
70
60
50 .
40
30
20

— POX,,,,5,-800
-- POX

125—500'800
-~ POX -800

250—-500

DFI/ %

0 70 80 90 100

L 1 Lae==1 1
0 10 20 30 40 50 o
RD /%

Fig.S. [Effect of particle size on the fluidization and reduction behaviors after pre-oxidized at 800°C: (a) RD; (b) DFI against RD.
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Table 4. The characteristic reduction times

Oxidized material #3309,/ Min  fgge, / MiNn  foge, / Min  fose, / Min

POX55.950-800 5.23 26.13 35.96 47.16

POX550_500-800 7.11 33.32 43.04 47.33

POX55.500-800 7.20 32.54 46.95 60.01
DOX55.250-1000 8.45 28.71 50.77 82.54
DOX550-500-1000 8.94 37.07 74.48 —
DOX55-500-1000 8.70 33.27 71.86 —

3.5. Analysis of the kinetic reaction mechanisms

3.5.1. Double-logarithm analysis method

The Avrami-Erofeev model is described as given in Eq.
(7). Eq. (8) is obtained by taking double logarithm of both
sides of Eq. (7). According to Hancock and Sharp [30], the
value of n provides the information of the involved reaction
mechanisms. Generally, if n < 1, the mechanism is con-
sidered as diffusion-controlled; if # is close to 1, the reaction
is controlled by chemical reaction; if n > 1.5, the reaction is
described by nucleation process [18,31-32].

l-x=e™ @)
In[-In(1 = x)] = nlnt+1Ink 8)

where x is the conversion (RD), 7 is the kinetic exponent, ¢ is
the reduction time (s), and k is rate constant. As shown in Fig. 7,
the entire reduction process is divided into three stages: the

100
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first stage (0.11 < x < 0.33), the second stage (0.33 <x <
0.80), and the third stage (0.80 < x < 0.95). An unavoidable
fluctuation may occur when at the beginning of the reduction
due to changing the atmosphere from inert to the reducing
gas, which ends in a fluctuation of the system pressure. This
kind of influence cannot be ignored due to the fast reduction
in this stage. Therefore, the data from x < 0.10 was not taken
into consideration.The » values are presented in Table 5.

For the first stage, the values of n were 0.76, 0.87, and
1.21 for DOX 55 250-1000, DOX 55 250-800, and POX s 55
800, respectively. For the second stage, all the n values were
close to 1, representing the chemical reaction control. For the
third stage, the values of n were 0.49, 1.07, and 1.15 for
DOX 5 250-1000, DOX 25 250-800, and POX,s 25-800, re-
spectively. Therefore, the rate-limiting step was considered
diffusion control in the early reduction stage for the deeply
oxidized material. Higher pre-oxidation temperature
(1000°C) influenced the final reduction stage, making the re-
action controlled by diffusion, consistent with our previous
result [20]. For partly oxidized material treated at 800°C, the
whole reduction process was controlled by chemical reaction.

The double logarithm method considered the whole reac-
tion process as three successive stages, each of which fol-
lowed a single reaction model. The reduction of the iron ox-
ide was regarded as several multiple reactions, where several
reaction mechanisms may contribute to the same reaction

100
90 +
80 |
70
60
50
40 -
30
10 £

00 10 20 30 40 50 60 70 80 90

RD /%

(b) — DOX,. ,.,-1000
- DOX ;. o-1000
= DOX 5y 500

-1000

DFI/ %

100

Fig. 6. Effect of particle size on the fluidization and reduction behaviors after pre-oxidation at 1000°C: (a) RD; (b) DFI against RD.
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Table 5. The n values of the materials at different reduction stages

Reduction stage

DOX1257250-1000

DOX55250-800

POX 25 250-800

First stage (0.11 <x <0.33)
Second stage (0.11 <x <0.33)
Third stage (0.80 <x < 0.95)

0.76
1.15
0.49

0.87
1.19
1.07

1.21
0.97
1.15
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stage at the same time [18-19,31-36]. However, there is not
a criterion for how to select a suitable method for the mul-
tiple reactions. Although the double-logarithm method can-
not give information about the multiple reactions, this meth-
od shows the dominant reaction mechanism in each stage and
is easier to be understood. To further confirm the kinetic re-
action mechanism, the surface morphology and polished-sec-
tion images of the samples should be examined.
3.5.2. Structural analysis

The surface morphology and the polished-section images
of the reduced samples are shown in Fig. 8. The surfaces of
the DOXi5s555-1000, DOX;25 25-800, and POX;,s 25-800
presented a lamellar shape, a conical-shape, and a cylindrical
shape, respectively. In Fig. 8(c), few conical-shaped irons can
be observed, most of the iron phase exhibited cylindrical
shapes. Nicolle and Rist [37] explained the growth of iron
nucleus on wiistite and found a relationship between the
shape of iron phase and the mechanism controlling step:
when the reaction is restricted by the inward diffusion of iron
ions, the newly formed iron phase shows a layer structure on
the particle surface; when the reaction follows a chemical re-

action control, a cylindrical whisker may occur; if the reac-
tion is under a mixed control by diffusion and chemical reac-
tion, a conical shape of iron phase is supposed to be formed.
As discussed in Section 3.5.1, for DOX55.,50-1000, the re-
action is controlled by diffusion, chemical reaction, and dif-
fusion in the first, second, and third stage, respectively. The
morphology shape in Fig. 8(a) is a typical shape for a diffu-
sion-controlled reaction, which agrees the kinetic analysis for
the third stage. As shown in Fig. 8(g), the polished-section
image presents many wiistite islands due to the restriction of
inward diffusion of iron ions. It can be concluded that the re-
duction of DOX ;5 »5-1000 is mainly controlled by the diffu-
sion of iron ions. As for DOX| s »5-800 and POX 55 »50-800,
the morphology shapes in Fig. 8(b) and (c) are typical shapes
for a mixed-controlled reaction and a chemical-controlled re-
action, respectively. Based on the kinetic analysis, in the third
stage, the diffusion is not the rate-limiting step for the reduc-
tion of DOX5.5-800. Compared with DOX»s_,5,-1000, the
wistite islands in DOX,s5 »5-800 are less, as shown in Fig.
8(h). The whole reduction progress of POX,s5 »5,-800 is only
controlled by chemical reaction according to the kinetic ana-

Fig. 8. The reduced samples with the particle sizes of 125-250 pm: surface morphology of (a) DOX;,5 »5-1000, (b)DOX55 50-800,
and (c¢) POX,5 ,50-800; polished-section images of (d, g) DOXj,5 »5-1000, (e, h) DOX,5 ,50-800, and (f, i) POX|5 »50-800. (a)—(c) were

obtained by SEM; (d)—(i) were obtained by optical microscope.
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lysis. Therefore, the diffusion of the iron ions is not a rate-
limiting step. It is proved by the polished-section image, as
shown in Fig. 8(i), the wiistite islands in POX;,5 ,5,-800 al-
most disappear.

Generally, the structure analysis supports the kinetic ana-
lysis. From the kinetic and structure analysis, it is found that a
higher temperature pre-oxidation treatment results in a re-
striction of iron ion diffusion during the following reduction
progress in the later stage. The surface morphology was flat
and no whiskers were observed, which is beneficial to the
fluidization behavior. A lower temperature pre-oxidation
treatment helps to improve the diffusion of the iron ions.
However, the surface morphology with whiskers destroys the
fluidization behavior. In future work, more reduction condi-
tions and pre-oxidation treatment parameters will be conduc-
ted to obtain a stable complete fluidization state.

4. Conclusions

The purpose of this work is to study the influence of the
pre-oxidation temperature and pre-oxidation degree on the
reduction and fluidization behaviors of the magnetite-based
iron ore. Based on the current results, the following conclu-
sions can be drawn:

(1) A partly oxidation of the magnetite-based iron ore with
particle size of 125-500 um at 800°C increased the specific
surface area and total pore volume. Compared with the raw
magnetite-based iron ore, the specific surface area and total
pore volume for a deeply oxidation treatment at 800 and
1000°C decreased significantly.

(2) Under present experimental conditions, the materials
with higher temperature pre-oxidation treatment showed bet-
ter fluidization behaviors due to the flat surface morphology.
The materials with lower temperature pre-oxidation treat-
ment presented morphology with whiskers. From the point of
fluidization behavior, a high-temperature oxidation treat-
ment is suggested.

(3) Regarding on the reduction efficiency, a lower pre-ox-
idation temperature is more beneficial for the reduction rate,
especially in the later reduction stage. The diffusion of the
iron ions is improved. The pre-oxidation degree shows no
noticeable difference in fluidization and reduction behaviors.
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Abstract: Hydrogen-based direct reduced iron (HyDRI) produced by fluidized bed has great potential
for achieving the target of net-zero carbon in steelmaking. However, when magnetite ores were
used as feedstock, several process parameters showed influences on its fluidization and reduction
behaviors. To confirm the dominant influencing factors and its optimum process condition, the
orthogonal experimental method was conducted in the present study. The result shows that the
primary and secondary influencing factors are oxidation temperature, oxidation content, MgO
addition amount, and gas velocity. The optimum condition is that the magnetite iron ore is deeply
oxidized at 800 °C, mixed with 1.5 wt.% of MgO powder, and reduced in the fluidized bed at a gas
velocity of 0.45m/s.

Keywords: hydrogen-based direct reduced iron; fluidized bed; influencing factors; optimum
condition

1. Introduction

Steel is the world’s most important engineering and construction material [1]. The total
production of crude steel in 2020 was 1.95 billion tons, and the top three steel-producing
countries were China, India, and Japan, respectively [2]. With the development of de-
veloping countries, the steel demand will further increase [3,4]. It is estimated that the
global steel demand will grow by more than 60% by 2050 [5]. Iron and steel production is
a CO, emissions-intensive sector, which was responsible for 2.6 Gt CO, emission (about
7% of global anthropogenic CO, emissions) in 2019 [6]. The two dominant steelmaking
processes are the blast furnace-basic oxygen furnace (BF-BOF) route and the scrap-based
electric arc furnace (EAF) route [7,8]. In terms of CO, emission, the BF-BOF route emits
1.6-2.2 tons CO; per ton of crude steel, which is more than twice the amount CO, emission
than that of the EAF route (0.6 tons CO; per ton of crude steel) [9-11]. To achieve the
goal of CO, neutrality within the process, the shift from BF-BOF to EAF is a trend for
future steelmaking [8]. Due to the limited access to high-quality scrap, it can be partly
replaced by direct reduced iron (DRI). The ongoing development of the hydrogen-based
direct reduced iron (HyDRI)—EAF route has a high potential for reducing CO, emission.
When EAF is operated with pure HyDRI, CO, emission can be reduced to 25-53 kg per ton
of crude steel [12,13]. Therefore, how to produce HyDRI properly and efficiently becomes
an interesting topic.

Many commercial processes use shaft furnaces or fluidized bed reactors as iron ore
reduction units [14,15]. Fluidized beds usually show better reduction efficiency because
of faster mass and heat transfer. An ongoing hydrogen-based-fine-ore reduction process,
namely HYFOR, developed by Primetals Technologies, is one of the successful exam-
ples [16]. However, if the de-fluidization phenomenon occurs, i.e., the iron ore fines cannot
be fluidized by the gas flow, the reduction efficiency would drop dramatically, and process
control of the system would become impossible. In a hydrogen-induced fluidized bed,
the newly formed metallic iron on the particle surface is sticky and has a high probability
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of forming iron aggregates [17]. To prevent de-fluidization, the particle surface can be
modified by coating treatment [18]. One practical method is to mix MgO with the iron ore
fines before charging into the fluidized bed reactor. The MgO acts as a physical barrier to
reduce the frequency of contact between particles [19]. When the reduction temperature is
higher than 900 °C, MgO reacts with Fe; O3 /FeO and forms Fe;MgO,4/FeO-MgO on the
particle surface, which serves as a chemical barrier [20].

Hydrogen reduction of iron oxide is an endothermic reaction that requires external
heat input into the system such as preheating the iron ore. When magnetite iron ore is used,
it becomes oxidized in a preheat process. Based on our previous study, the raw magnetite
iron ore could not be completely fluidized at the temperature range of 600-800 °C. The
generated fresh metallic iron accumulated on the surface of the magnetite particle and
an iron shell was formed. While an oxidation treatment of magnetite iron ore improved
the fluidization behaviors. The pre-oxidation treatment promoted the formation of a
porous structure. The porous structure improved the reducibility and also avoids the
formation of iron shell on the particle surface, thus decreasing the de-fluidization tendency.
However, additional MgO was still needed when the reduction temperature was higher
than 650 °C [21]. It was also found that the oxidation temperature and oxidation content
(deeply oxidized or party oxidized) of magnetite influenced the fluidization and reduction
behaviors [22]. Higher oxidation temperature shows a better fluidization improvement
effect but leads to a lower reduction rate in the later reduction stage. According to kinetic
analysis, the diffusion of the iron ions was the rate-limiting step. A lower pre-oxidation
temperature could improve the diffusion of the iron ions.

The current study determines the proper operating parameters through an orthogonal
experimental method. Furthermore, the dominant factors that influence the fluidization
and reduction behaviors of the magnetite iron ore are confirmed. Based on the results,
practical guidance can be provided for pilot or industrial trials.

2. Experimental
2.1. Materials

A low raw-grade magnetite iron ore was used as raw material, and the chemical
composition is shown in Table 1. The high-purity MgO powder (>99.5 wt.% MgO, size
below 44 pm) was used as an anti-sticking additive. The particle size of the raw magnetite
ore is in the range of 125-500 um, which is achieved by mixing 50 wt.% of 125-250 um
and 50 wt.% of 250-500 pm. For the oxidation treatment, 1000 g of the raw magnetite ore
was charged into a steel vessel and put into a conventional heat treatment furnace at 800,
900, and 1000 °C for a specific time. To endure a uniform oxidation of magnetite particles
within the material layer, the material was stirred manually during the oxidation. Two
types of oxidized material, namely partly oxidized material and deeply oxidized material
were obtained at each oxidation temperature. It should be noted that oxidation degrees
of the deeply oxidized material and partly oxidized material range from 94% to 97% and
50% to 65%, respectively. The oxidation degree was confirmed by the actual weight gain
and theoretical weight gain. The theoretical weight gain can be calculated according to FeO
content from the chemical analysis of the raw magnetite iron ore. The detailed calculation
has been described in detail elsewhere [23].

Table 1. Chemical composition of the raw magnetite iron ore, wt.%.

1 Feot

FeO

SiO, Al,O3 CaO MgO MnO P

59.50

19.66

7.05 1.13 3.03 2.00 0.17 0.7

1 Feyor—Total iron content.

2.2. Apparatus and Methods

The main apparatus in this study, as shown in Figure 1, was a fluidized bed reactor
with a 68 mm inner diameter [21,24]. The principle of the experimental apparatus was
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to measure the weight change and differential pressure drop continuously during the
reduction process. The factors affecting the fluidized reduction were selected as oxidation
temperature (Factor A), oxidation content (Factor B), MgO addition amount (Factor C),
and gas velocity (Factor D). The orthogonal experimental plan was designed using IBM
SPSS software (Statistics 26, IBM, Armonk, NY, USA), where three levels of each factor
were taken. The reduction temperature and H, content were 700 °C and 15.9 N1/min,
respectively, for all the experiments. The gas velocity was controlled by changing N»
content. A sample of 400 g of the material was taken for each experiment. When the
reduction degree reached 95% or the reaction time reached 90 min, the reducing gas was
changed to N for cooling. The detailed experimental programs are given in Tables 2 and 3.

6 380g
o)

700 °C
O O

90mbar
[Olle]

—

Figure 1. Schematic layout of laboratory fluidized bed reactor [21]: (1) gas system; (2) three-stage
electrical furnace; (3) gas distributor; (4) fluidized bed reactor; (5) dust filter; (6) scale; (7) pressure
regulator; (8) differential pressure monitor; (9) temperature control; and (10) computer system unit.

Table 2. Orthogonal experimental factors and levels.

A B C D
Factor Oxidation Temperature, °C Oxidation Content MgO Amount, wt.% Gas Velocity, m/s
Level Aq Ay Az By B, B; C G Cs D, D, Dj
cve 800 900 1000 Raw  Partly Deeply 05 1.0 15 0.35 040 045

Table 3. Orthogonal experimental plan.

No. A B C D
1 As B, Cs D;
2 As B, G D,
3 Ay B; Cs D,
4 Ay B, G D;
5 Ay B, G Ds
6 A B, Cs Ds
7 A B, G D;
8 As B; C Ds
9 A B, C D,
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2.3. Definition of Reduction Degree (RD) and Average De-Fluidization Index (Ave.DFI)

The RD was defined as the ratio of removed oxygen to the total oxygen bonded to iron,
where the removed oxygen was measured by the weight loss. The RD can be calculated
based on Equations (1)—(3) [21,25,26].

O .
RD = (1 _ “bounded to Fe at t=ti % 100% (1)

@) bounded to Fe at t=t0
o) _ Obounded to Fe, O3 + Opounded to FeO — Am 2
bounded to Fe at t=ti — MO ( )

mp X Petot
O pounded to Fe at t=to = 1.5 X M— (3)
Fe

where O poynded to Fe at t=t0 @A Opounded to Fe at t=ti Tepresent the amounts of oxygen that are
bounded to iron at the start and during the reduction, Am and m are the weight loss due
to the loss of oxygen and the mass of input material, and Mo and Mp, are the constant
molar masses for oxygen and iron.

A de-fluidization index (DFI) was introduced previously, as expressed by Equations (4)
and (5) [22]. The DFI was a real-time value, which represented the portion of material
that was not fluidized. For an easier comparison among the experiments in this study, an
Ave.DFI was defined as shown in Equation (6). The differential pressure data were collected
every two seconds. Dividing the total DFI by the amount of data gives Ave.DFI.

DEI = Apcalculated—bed - Apmeasured—bed (4)
Apcalculutedfbed - ApFixedfbed
m; X
APcalculated—bed = Wriﬂl (5)
DFI
Ave.DFI = 3 (6)
Nprr

where Apriyed—req is the differential pressure drop when the material is in a fixed bed state.
APFixed—bed s 2 mbar in this work; m; is the mass of the remaining material in the fluidized
bed during the reduction. Nprj is the amount of DFI data.

3. Results and Discussions
3.1. Orthogonal Experiment Analysis

The goal of a fluidized bed reduction is to obtain a high reduction rate at a stable
fluidization state. Therefore, the time to reach RD = 90% (tggo,) and the Ave.DFI were
chosen as indicators for the optimization of reduction parameters. The result is shown
in Table 4. Considering the fluctuation of the collected differential pressure data, it can
be considered as a completely fluidized bed when the Ave.DFI is smaller than 5% [22].
Experiment No.2 shows the lowest Ave.DFI, and experiment No.6 shows the smallest
toge- The orthogonal experiment analysis is conducted to confirm the dominant factors
that influence the fluidization and reduction behaviors and to figure out the optimum
condition. The results are shown In Tables 5 and 6. This analysis method is also conducted
by Zhang et al. [27] and Xu et al. [28] to determine the optimum fluidized conditions during
the reduction of hematite using a CO and CO-H; mixture.

The K; is the sum of the experiment result (see Table 4) for the corresponding level
number I as given in Table 3; k; equals K; divided by n, where 7 is the number occurrences
of each level and n = 3; R = max{k;} — min{k;}. The experimental factor with the highest
R-value represents the most dominant influencing factor. The experimental level with
the smallest k; value indicates the optimum choice in the corresponding experimental
factor. Therefore, regarding reduction efficiency, i.e., tggy, the primary and secondary
influencing factors are oxidation temperature, oxidation content, MgO addition amount,
and gas velocity. The optimum condition should be A;B,C3D3: the magnetite iron ore
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is partly oxidized at 800 °C, mixed with 1.5 wt.% of MgO, and reduced in the fluidized
bed at a gas velocity of 0.45 m/s. Regarding the fluidization behaviors, i.e., Ave.DFI, the
primary and secondary influencing factors are gas velocity, oxidation temperature, MgO
addition amount, and oxidation content. The optimum condition should be D, A3C3B;: the
magnetite iron ore is partly oxidized at 1000 °C, mixed with 1.5 wt.% of MgO, and reduced
in the fluidized bed at a gas velocity of 0.4 m/s. From the orthogonal experimental result
given in Table 4, fluidization is not a significant concern under experimental conditions.
Experiment No.6 shows the fastest reduction rate. Only experiments No. 4, 5, and 7 are
partly de-fluidized. The following discussions mainly concentrate on the reduction rate.

Table 4. The orthogonal experimental result.

No. tgge,, min Ave.DFI, %
1 50.80 2.32
2 70.92 1.73
3 56.64 2.89
4 47.73 16.81
5 49.86 16.95
6 38.62 4.23
7 56.92 18.52
8 66.24 4.56
9 46.95 2.80

Table 5. The orthogonal experimental analysis regarding toge,.

Factor A B C D
Kq 142.49 179.80 177.70 155.45
K> 154.23 147.61 160.92 174.51
K3 187.96 157.27 146.06 154.72
kq 47.50 59.93 59.23 51.82
ko 51.41 49.20 53.64 58.17
ks 62.65 52.42 48.69 51.57
R 15.16 10.73 10.55 6.60

Primary and secondary factors ABCD
Optimization scheme A1B,C3D;3

Table 6. The orthogonal experimental analysis regarding Ave.DFI.

Factor A B C D
Ky 25.55 25.97 37.20 37.65
Ky 36.65 22.07 24.17 7.42
Ks 8.61 22.77 9.44 25.74
kq 8.52 8.66 12.40 12.55
ko 12.22 7.36 8.06 2.47
ks 2.87 7.59 3.15 8.58
R 9.35 1.30 9.25 10.08

Primary and secondary factors DACB
Optimization scheme DyA3C3B;

If the condition A1B,C3D3 shows the lowest tgge, with an acceptable Ave.DFI (<5.0%),
it can be confirmed as the optimum condition. Thereafter, experiment No.10 is carried
out using the condition A;B,C3D3 The togy, and Ave.DFI of No.10 are 42.1 min and 2.4%,
respectively. The reduction and de-fluidization curves are shown in Figure 2. Experiment
No.10 shows a good reduction rate, but still, less than that of experiment No.6. The
fluidization behaviors of No.10 and No.6 are similar. Thus, it can be concluded that the
experiment. No.6 is the optimum condition instead of No.10.
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Figure 2. The fluidized reduction results of experiments No.6 and No.10: (a) reduction curve;
(b) de-fluidization curve. P800-1.5%-0.45 represents that the magnetite iron ore was partly oxidized
at 800 °C, mixed with 1.5 wt.% of MgO and reduced in the fluidized bed at a gas velocity of 0.45 m/s;
D800-1.5%-0.45 represents that the magnetite iron ore was deeply oxidized at 800 °C, mixed with
1.5 wt.% of MgO and being reduced in the fluidized bed at a gas velocity of 0.45 m/s.

3.2. The Reduction Curve Analysis

To further understand the orthogonal experimental result, a detailed reduction curve
analysis is required. As discussed in Section 3.1, the oxidation temperature and oxidation
content are the first two dominant influencing factors. Hence, Figure 3 shows the com-
parison reduction curve between the samples with different oxidation treatments, where
the MgO amount and gas velocity are varied. In Figure 3a, it is shown that the deeply
oxidized materials with a higher oxidation temperature give a lower reduction rate. The
gaps between the reduction curves are bigger, especially when the reduction degree reaches
80%. As for the raw magnetite sample, the reduction curve presents a different shape,
where the reduction rate is not restricted significantly in the later reduction stage. The
partly oxidized materials show the same trend that a higher oxidation temperature gives
a lower reduction rate (see Figure 3b), whereas the later reduction stages are improved
compared with the deeply oxidized materials. This phenomenon is more obvious in the
sample oxidized at 1000 °C, as shown in Figure 3c. The samples oxidized at 800 °C are an
exception, as it is shown in Figure 2a that the deeply oxidized sample still shows a higher
reduction rate than the partly oxidized sample even after reaching the target reduction
degree i.e., >90%. For the raw magnetite sample, comparing tests No.8 and No.7, (see
Figure 4), it is interesting to note that the test with a higher MgO addition amount and a
higher velocity shows a lower reduction rate. It gives a hint that when using magnetite
iron ore as raw material, a critical velocity must be determined. It is not that the higher the
gas velocity, the faster the reduction rate.

100 100 100
%0 %0 'v;‘/_,_.,,_ 90 -
80 ¥ 8ol g 80|
70 700 P ’ 0L
£ oof g wof ; g wf
g 50 - 2 sof € sl
40 40 - 40
0 F4 - No.2: D1000-0.5%-0.4 0 A - No.1: P1000-1.5%-0.35 e §
20}/ No.4: D900-1%-0.35 207 No.5: P900-0.5%-0.45 20+ / - == No.2: D1000-0.5%-0.4
& L/ No.si Daoo-1.s:'/.-o.45 7z F/ — 'No.Sf Psoo.-1°/.41.4 wl/ ~—— No.1: P1000-1.5%-0.35
/ No.3: Raw-1.5%-0.4 ¢ No.3: Raw-1.5%-0.4
oo 10 20 3‘0 4lo 5Ao t;o 1Jo a‘o 20 % 1 20 3 40 0 6 70 8 % 00 10 20 30 40 s 6 70 8 0
Time (min) Time (min) Time (min)
(@ (b) (©)

Figure 3. The reduction curves of the samples with different oxidation treatments: (a) deeply oxidized
at different temperatures; (b) partly oxidized at different temperatures; (c) oxidized at 1000 °C.
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Figure 4. The reduction curves of raw magnetite samples.

3.3. Structural Analysis

To figure out the reason for the reduction behaviors, the morphology of the reduced
samples was analyzed via an optical microscope. The reduced particles of the raw mag-
netite sample are shown in Figure 5. According to Hayes et al. [29,30], the iron morphology
obtained by reducing magnetite is mainly controlled by the reduction mechanism. Wolfin-
ger et al. [31] share a similar opinion and found that, for magnetite iron ore ultra-fines, when
the reduction is conducted at low temperatures (<675 °C) and controlled by the chemical
reaction in the initial reduction stage, a porous iron layer can be formed. However, at higher
temperatures (>750 °C), a dense iron layer is formed due to the fast generation of iron and
built up in the wiistite. In the present study, the surfaces of the reduced magnetite particles
are covered by porous iron layers. From Figure 5a,d, a dense wiistite core is observed, and
the porous iron layer is thinner than the other two reduced magnetite samples. It indicates
that the reduction of the raw magnetite sample is controlled by the chemical reaction in
the initial stage. As the reaction continues, the newly formed iron nuclei accumulate and
build a dense iron core within the particles. Iron nuclei accumulate more rapidly at higher
gas velocities and form a thinner, porous iron shell, leading to difficulties in gas diffusion
within the particles. As shown in Figure 5b,c,e,f, the porous iron shells are much bigger
than those in Figure 5a,d. The gas diffuses more easily into the particles, resulting in a
higher reduction rate.

As shown in Figure 6a,b,d,e, for the oxidized samples oxidized at 800 °C, the obtained
iron morphology is different from that of raw magnetite samples. Instead of porous
iron layers, many coarse iron grains are observed on the surface of the particles. From
Figure 6¢,{, it is seen that, in the sample with oxidation treatment at 1000 °C, the inner part
of the reduced particle is porous as well. However, many wiistite islands are observed,
indicating a poor reduction behavior. The iron morphology is consistent with our previous
study [22]. The oxidation treatment parameters, including oxidation temperature and
oxidation content, lead to changes in the reduction kinetic mechanism. The changes in
kinetic mechanism are due to the coarse porous wiistite obtained during the reduction
of oxidized magnetite [31]. The target of the present study is to confirm the optimum
condition for reduction of magnetite ore. The polished section images of reduced samples
support the conclusion drawn from the reduction curves, as discussed in Section 3.2.
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Raw-1%-0.45 Raw-1.5%-0.4
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Figure 5. The polished section images of reduced iron ores: (a,d) Experiment No.8; (b,e) Experiment
No.3; (¢,f) Experiment No.7.

D800-1.5%-0.45 D1000-0.5%-0.4

S
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Figure 6. The polished section images of reduced iron ores: (a,d) Experiment No.6; (b,e) Experiment
No.10; (¢,f) Experiment No.2.
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4. Conclusions

In conclusion, the optimum condition for hydrogen-induced fluidized bed reduction of
magnetite iron ore fines is successfully determined by an orthogonal experimental method.
Furthermore, the dominant factors that influence the reduction behaviors of the magnetite
iron ore are confirmed. Under the experiment’s conditions, the fluidization behavior is not
a problem. Regarding reduction efficiency, the primary and secondary influencing factors
are oxidation temperature, oxidation content, MgO addition amount, and gas velocity. The
optimum condition is that the magnetite iron ore is deeply oxidized at 800 °C, mixed with
1.5 wt.% of MgO, and reduced in the fluidized bed at a gas velocity of 0.45 m/s.

Author Contributions: Conceptualization, H.Z.; methodology, H.Z. and B.T.; investigation, H.Z. and
O.D.; writing—original draft preparation, H.Z.; writing—review and editing, J.S., O.D. and B.T;
supervision, J.S.; project administration, ]J.S.; funding acquisition, J.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by K1-MET GmbH, metallurgical competence center (funding
number FFG No. 869295). The research work was partially financed by Montanuniversitaet Leoben.
Heng Zheng greatly acknowledges the financial support from the program of China Scholarship
Council (N0.201908420284).

Data Availability Statement: Not applicable.

Acknowledgments: All authors greatly acknowledge the funding support of KI-MET GmbH. The
research program of the K1-MET competence center is supported by COMET (Competence Center
for Excellent Technologies), the Austrian program for competence centers. COMET is funded by the
Federal Ministry for Climate Action, Environment, Energy, Mobility, Innovation and Technology, the
Federal Ministry for Digital and Economic Affairs, the provinces of Upper Austria, Tyrol and Styria,
and the Styrian Business Promotion Agency (SFG).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
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HyDRI Hydrogen-based direct reduced iron -
BF-BOF  Blast furnace-basic oxygen furnace -

EAF Electric arc furnace -
RD Reduction degree %
DFI De-fluidization index Y%
Ave.DFI  Average de-fluidization index %
togo, The time to reach the reduction degree of 90% min
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One possible route for ironmaking process is using a hydrogen-gas-based flu-
idized bed to produce direct reduced iron (DRI), which allows to use the natural
magnetite directly in particle scale. The magnetite particles are oxidized during
the preheating stage before being charged into the reduction unit. The exo-
thermic effect, the crystal transformation, and the structural evolution during the
oxidation of magnetite are introduced. The oxidation of magnetite is summarized
in both thermodynamics and kinetics aspects. Furthermore, the influence of the
oxidation of magnetite on its subsequent reduction behavior is examined.

1. Introduction

In the past few decades, the ironmaking industry has consumed
most of the high-grade hematite ore, which was used as the main
iron carrier in the blast furnace process.? As a result, good
quality hematite ores are about to run out. The available ores
are becoming much more expensive and the quality is decreas-
ing. The global production of magnetite iron ore in 2015 is 583
million tons, which accounts for 28% of the total iron ore pro-
duction.’) It is time to come up with an idea to use lower-cost
iron ores with sufficient reserves for ironmaking,[**!

The natural magnetite is widely present in various rock
minerals.*”) Because isomorphous substitution occurs in the struc-
ture of such magnetite iron ores, a beneficiation process is required
to decrease the gangue and increase the total iron content.®?
Usually, the magnetite iron ore is ground to a small particle size
to release magnetite from its rock matrix, followed by magnetic sep-
aration.”! These kinds of magnetite iron ore fines cannot be used
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directly within the blast furnace or in com-
mon direct reduction facilities. The current
practice of ironmaking from magnetite con-
centrates usually involves a pelletization pro-
cess before charging it into the ironmaking
facility.*>** Reduction of iron ore fines is
an economically reasonable process. For a
net-zero greenhouse gas emission, one pos-
sible route for future crude steel production
is using a hydrogen-gas-based fluidized bed
to produce hydrogen direct reduced iron
(HDRI), followed by an electric arc fur-
nace.""! The fluidized bed provides an
opportunity to directly use the magnetite in particle scale.

Reduction by H, is an endothermal reaction. Before charging
the iron ore into the reduction unit, a preheating system could
help to ensure a sufficient energy supply. Generally, the preheat-
ing process occurs in oxidizing atmosphere. As a result, the mag-
netite particles become oxidized. The oxidation of magnetite is an
exothermic reaction, generating considerable heat, which in turn
helps to reduce the primary energy.'®'”!

Rarely literature quantitatively evaluated the exothermic effect
of the oxidation magnetite iron ore. The fundamental structural
evolution and crystal transformation of magnetite during oxida-
tion is essential and necessary information, which helps to
understand the oxidation process and effect of oxidation on
the subsequent reduction behavior. The aim of this article is
to provide a brief review and overall appraisal of the published
works that related to the oxidation of magnetite in particle scale.
Furthermore, the influence of oxidation of magnetite on its
subsequent reduction behavior is discussed.

2. Stages of the Oxidation Process

Natural magnetite, which is purified by magnetic separation, still
contains small amounts of impurities. The oxidation of magnetite
at least contains two stages. Colombo et al."®'" investigated the
first stage of oxidation of magnetite. The results confirm that in
the first oxidation stage, an intermediate phase exists, which con-
sists of a solid solution of y-Fe,03 in Fe30,. The impurities could
stabilize the y-Fe,03 phase. However, the final oxidation product
depends largely on oxidation temperature. Chen et al.”” illus-
trated the main structural and chemical difference between
y-Fe,O3 and Fe;0,. The difference is the existence of vacancies
in y-Fe,O3, which reduces the symmetry of y-Fe,O3 (primitive
Bravais lattice) with respect to Fe;O, (face-centered Bravais lattice).
Fe?" in Fe;0, is completely replaced by Fe*™ (Fe?™ — Fe*T+e™),
so the positions that were occupied by 1/3Fe*" in octahedron

© 2021 The Authors. Steel Research International published by Wiley-VCH GmbH
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Figure 1. Stages of magnetite during nonisothermal oxidation.

become the vacancies. y-Fe,O; shows a ferromagnetic behavior,
whereas a-Fe,03 shows an antiferromagnetic behavior.

The oxidation mechanism of magnetite is assumed as the fol-
lowing. The oxidation of Fe?™ to Fe*" causes diffusion of iron
ions from inside the crystals of Fe;O, toward the surface. The
solid solution of y-Fe,O; in Fe;Oy is formed at the beginning
of the oxidation. As the oxidation proceeds, the formation of
a-Fe, 05 and the solid solution appears at the surface of the mag-
netite particle. Later, through a reaction catalyzed by the presence
of a-Fe,03, the solid solution is transformed into a-Fe,O; and
Fe;0,. The secondary Fe;0,4 will be oxidized directly to a-Fe,0;
at high temperatures. Therefore, the oxidation stages of magne-
tite particles can be interpreted, as shown in Figure 1.

3. Oxidation Behaviors

The oxidation of magnetite, which is an exothermic reaction, can
be simply expressed by Equation (1).["" The heat generated from
the oxidation of 1mol Fe;Oy4 is roughly equivalent to that of
0.29 mol carbon combusted into CO,.'”! In addition to the exo-
thermic effect, the oxidation behavior is also accompanied by
crystal transformation and structural evolution.

10,

3Fe,0; . .
Fe; 04 +— .2 = e22 > AHjq = —114.6 k] mol ™! 1)

3.1. Exothermic Effect

One possible technique for the description of the exothermic
behavior is differential thermal analysis (DTA). The sample is
heated side by side with a thermally inert material in a suitable
sample holder, recording the occurring temperature difference
AT between the two materials while heating.”!! When the tem-
perature reaches a certain characteristic value for the sample,
physical changes or chemical reactions will occur, accompanied
by heat absorption or heat release. By recording the temperature
difference AT and time, the thermal effect can be identified.
DTA tests have been widely used to study the oxidation of
magnetite.”>?*! The latest quantitative study on the exothermic
effect of the oxidation of natural magnetite was conducted
by Yurev et al.® The natural magnetite, which contained
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Figure 2. Temperature variation on sample heating: 1) differential heating
curve of natural magnetite; 2) baseline with AT=0; 3) temperature
variation of the material; and 4) differential heating curve for calcium
carbonate. Adapted with permission.?* Copyright 2016, CC BY 4.0.

99.2wt.% Fe304, 0.12wt.% SiO,, 0.12wt.% TiO,, 0.30 wt.%
Al,03, 0.12 wt.% MgO, and few other oxide gangues, was heated
under air flow. As shown in Figure 2, the two peaks represent two
reaction stages. The first exothermic effect is assumed as a sur-
face oxidation of magnetite forming an «a-Fe,O3 layer. After the
complete surface oxidation of the magnetite grains, the oxidation
process slows down significantly due to the low diffusion coef-
ficients of oxygen atoms and iron ions through the product layer.
This corresponds to the horizontal line between the two peaks in
Figure 2. After surface oxidation, the formation of microcracks
and lattice defects is accelerated with increasing temperature. In
addition, the diffusion coefficients increase with the temperature
and therefore speed up the oxidation process, which corresponds
to the second exothermic effect in Figure 2. Schmidt et al.*’!
pointed out that the peak shapes can be linked to the magnetite
particle size. With increasing particle size, the height of the first
peak decreases but leads to an increase in the second peak.

© 2021 The Authors. Steel Research International published by Wiley-VCH GmbH
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As discussed by Yur’ev et al.,**) the quantitative calculation of the
thermal effect of magnetite oxidation can be conducted in refer-
ence to the analytical-grade calcium carbonate sample, as shown
in Figure 2. The Curie point of magnetite is at around 573 °C
(846.15 K). On reaching the Curie point, accounting for the sharp
change in magnetic state and the internal magnetic energy of the
material, heat is absorbed or liberated. Consequently, the Curie
point appears on the differential heating curves as a slight revers-
ible endothermal peak shown in the red circle part of Figure 2.
Based on Equation (2), the heat liberated in the oxidation of 1kg
of magnetite is about 491 kJ kg™ (=113.9KkJ mol™!), which is
close to the ideal value of 114.6 k] mol~* shown in Equation (1).

Q(Fe;04) = Q(CaCO;)S(Fe;0,4)/S(CaCO;) 2

where Q(CaCO;) is the heat required for the decomposition of
1kg CaCOs3; S(Fe30,) is the total area of the figure for the dif-
ferential heating curve associated with magnetite oxidation;
and S(CaCO:s) is the area of the figure for the differential heating
curve associated with CaCO; decomposition.

Assuming under adiabatic conditions, if the composition of
natural magnetite and the amount of oxidation heat are available,
the increasing temperature due to the oxidation heat can be cal-
culated by Equation (3)—(4).

AT = Q/ (mmixture Cmixture ) (3)

Cmixture = (ml/mmixture)cl + (ml/mmixture)cz+ e

“)
+ (mn/mmixture)cn
where AT s the increasing temperature, Q is the amount of heat,
Mimixture 1S the sample mass, Cpixrure 1S the specific heat capacity
of the sample, and m, ,_, and C; ,_, are the mass and specific
heat capacity of each component in the sample.

The specific heat capacity of each component can be referred
to from the National Institute of Standards and Technology
(NIST).1””! The specific heat capacity changes with temperatures.
For an easier calculation, the specific heat capacities at
926.85°C (1200K) are chosen. Based on earlier case, the
Cnixture 15 866.63] (kg-°C)™". For 1kg of natural magnetite,
the increasing temperature AT is roughly 566 °C (839.15 K).

3.2. Crystal Transformation

The crystal parameters of magnetite can be characterized by
X-ray diffraction (XRD) measurement. The crystal consists of
regularly arranged unit cells. If a monochromatic X-ray beam
enters the crystal, the X-ray is to be scattered by different atoms
and interferes with each other. In general, it is difficult to distin-
guish maghemite (y-Fe,03) and magnetite (Fe;04) using XRD
analysis because of their similar crystal structure. The formation
and identification of y-Fe, O3 are not further discussed because
they are beyond the research scope of this Review. There is no
evidence to show the relations between the lattice constants and
the oxidation behaviors. But it is interesting to know how the
crystal transforms during oxidation.

Schmidt et al.”® found that the lattice constants of magnetite
from different mines are likely to be slightly different. Table 1
shows the lattice constants measured from six different
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Table 1. Lattice constants and chemical data.

Magnetite ore Lattice constant ag [A] MgO [wt.%)] Al,O5 [wt.%]
A 8.394 (+0.001) 1.48 0.38
B 8.389 (+0.003) 1.73 0.45
C 8.398 (£0.001) 0.67 0.09
D 8.386 (+0.001) 1.05 0.07
E 8.387 (40.002) 2.55 0.75
F 8.392 (40.001) 0.095 0.46

magnetite ores. The theoretical lattice constant of Fe;O, is
8.4045 A. There seems to be a tendency for the size of the unit
cell of Fe;0, to decrease with a replacement of Fe*™ by Mg®™.
During oxidation, the lattice constant also changes. Gokhale!**!
oxidized magnetite at the heating rate of 10°Cmin~' from
ambient temperature to target temperature and then quenched
them in cooling air. The oxidation degree was not mentioned.
The lattice constants after oxidation were measured after cooling
and are shown in Table 2. The lattice constant decreases with
temperature up to 600 °C. He states that the diversity of the lat-
tice constant is caused by the compromise between thermal
expansion and lattice modification during oxidation.

The volume and crystallite size can also be calculated using the
XRD method. Each unit cell of Fe;04 and Fe,O; contains eight
Fe;0, and six Fe,O; molecules, respectively, as shown in Figure 3.
The detailed information on the unit cell structure can be found in
the ICSD database 1?7 and other literatures.!?*?"! During oxidation,
8 Fe;04 — 12 Fe, 03, 8 Fe;0, molecules would be oxidized into 12
Fe,03 molecules (two units of structure). Without considering the
effects of sintering between magnetite particles, the volume should
be expanded due to the crystal transformation. Based on this

Table 2. Cell dimensions of magnetite at various stages of oxidation.

a=b=c[A] Temperature

8.425 Magnetite at room temperature
8.402 Oxidized till 400°C
8.395 Oxidized till 600 °C
8.457 Oxidized till 800°C

8 Fe,0,—12 Fe,0,

Eight Fe;0, molecules

I

Six Fe,0; molecules

Fe;0, unit cell Fe,0; unit cell

Figure 3. Transformation from magnetite unit to hematite units.
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method, the expansion is defined to be 5.2%.” It is also reported
that the change of magnetite to hematite by natural metamor-
phism results in a volume increase of 2.5%.°") However, when
temperature is higher than 330 °C, the volume shows contraction
during oxidation due to the sintering effect.*” In our previous
study, after oxidation of natural magnetite, the weight increases
from 400 to 410 g. The apparent densities of the natural magnetite
and the oxidized magnetite with oxidation degree higher than 90%
are 4.96 and 5.02 g cm >, respectively.?*! Based on the weights and
densities, the volume expansion is 1.27%.

The crystallite size of magnetite and hematite can be
calculated using Scherrer’s equation, as shown in Equation (5).
Figure 4 shows the crystallite size of Fe, O3 after oxidation of tita-
nomagnetite ore. It is reported that the smaller the size of the
crystallite, the more rapid the diffusion from one crystal to

T
500 - —+— hematite 1
—e— pseudobrookite
OS 450
o
N
wn
P
=
£ 400 |
s
=
]
350 -
L 1 " 1 N 1
1080 1120 1160 1200 1240
Temperature / K

Figure 4. Average crystallite sizes of Fe,O3 and Fe,TiOs at different tem-
peratures. Adapted with permission.**! Copyright 2017, Springer Nature.

www.steel-research.de

another.%3*3% The oxidation processes are regarded as the dif-
fusion of oxygen and iron atoms in the lattice. The crystallite size
could be a reason for the diversities of the oxidation rate for dif-
ferent magnetite iron ores and could result in different reduction
rates in the subsequent reduction section.

KA
b= pcosé ©)

where D is crystallites size (nm); Kis equal to 0.94 (Scherrer con-
stant); 4 is equal to 0.15406 nm (the wavelength of X-ray source);
p is full width at half maximum (radians), and 6 is peak position
(radians).

3.3. Structural Evolution

During the oxidation of magnetite, two different typical surface
morphologies would be formed—whiskers and rough pleated struc-
tures, which are related to oxidation conditions. Song et al.*®
found that during the oxidation of magnetite in air atmosphere,
the hematite whiskers occur. During the oxidation of magnetite,
the diameter of whiskers does not change much, as shown in
Figure 5, indicating that the whiskers are likely to be generated
in the early oxidation stages. It is explained that the whisker
formation is caused by the volume increase when magnetite oxi-
dizes to hematite. The driving force for the evolution of hematite
whiskers is the compressive stress. Similar whisker structures are
also found in the oxidation of fayalite and pure iron. Gaballah
et al*”) observed the hematite whiskers in an oxidation experi-
ment of fayalite. The particle surface is first covered by a granular
layer, which then breaks before the whisker formation starts.
Microprobe analysis showed that the whiskers are made of iron
oxide growing on a silica substrate. Shao et al.*®! conducted an
in situ oxidation experiment of pure iron using an environmental
scanning electron microscope, the growth path of the whiskers is
explained, as shown in Figure 6. Above the Fe surface, there are

Figure 5. Formation of hematite whiskers during the oxidation: a—c) 800 °C for 10, 30, and 60 min; d—f) 900 °C for 10, 20, and 30 min. Adapted with

permission.®®! Copyright 2019, The Iron and Steel Institute of Japan.
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Figure 6. Plausible physical model for the oxidation of Fe based on environmental scanning electron microscope observations. Reproduced with per-

mission.*® Copyright 1997, John Wiley and Sons.

three oxide layers. Close to the Fe surface is a thin layer composed
of small nascent oxide nuclei. Above this first layer is a relatively
compact intermediate layer, which consists of agglomerated
grains. Next to the intermediate layer is another layer of younger
grains. The morphology of the last oxide layer depends on the
inherent nature of the iron base and the reaction conditions.

However, it should be pointed out that the formation of hema-
tite whiskers does not always occur during the oxidation of mag-
netite. Cho et al.?>! observed that the magnetite particle surface
becomes rough after oxidation, which is explained by the
outward growth of hematite. Figure 7 shows the outgrowth of
hematite, which is also the common surface morphology of

(a) Unoxidized magnetite concentrate;
(b) Wet screened material; material collected between 53um to 63pum;
(c-f) After oxidation in air at 600° C for 30 minutes.

Figure 7. scanning electron microscope image of magnetite concentrate after oxidation in air at 600 °C for 30 min. Adapted with permission.?% Copyright

2011, Association for Iron & Steel Technology (AIST).
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Hematite

Figure 8. Inward growth of hematite. Adapted with permission.P®!
Copyright 2019, The Iron and Steel Institute of Japan.

oxidized magnetite particles. Hematite is generated along
preferential planes, forming laths of hematite product on the
surface. Wang et al*” conducted the oxidation of iron-sand
(Ti—magnetite ore). They found from BET tests that the hyster-
esis loop in the adsorption—desorption isotherms shows that the
pores in the preoxidized iron-sand are connected in a network,
whereas for the raw iron-sand, the pores are blocked and
separated from each other.

The surface hematite layer of the particle does not grow uni-
formly. The hematite in the product layer could grow inward to
the magnetite core and generates a needle-like structure, as
shown in Figure 8. It is postulated that the hematite needles
are formed by solid-state diffusion of ions into the magnetite
matrix.*"!

4. Thermodynamics of Magnetite Oxidation

Spreitzer et al*?l calculated the thermodynamically stable
phases in the binary Fe—O system, as shown in Figure 9.
Hematite phase is the oxide with the highest oxygen content,
followed by magnetite. The ideal stoichiometries of hematite
and magnetite are Fe,O3; and Fe;O, respectively.
Theoretically, magnetite is in equilibrium with hematite at
low temperature. There are two small magnetite-phase stable
areas at high temperatures. A closer look into the equilibrium
of Fe304 and Fe, 03 under different temperatures and O, partial
pressures is shown in Figure 10. The diagram shows the stable
area of a single Fe;0,4 phase under different temperatures and
O, partial pressures. From a thermodynamic point of view, mag-
netite can be completely oxidized to hematite even at normal
ambient conditions. However, because of the complexity of
the oxidation process and the restriction of kinetic conditions,
a complete oxidation of magnetite is generally impossible. In
the following sections, the oxidation kinetic analysis is
examined.

5. Rate-Limiting Mechanisms

The International Confederation for Thermal Analysis and
Calorimetry (ICTAC) recommended the kinetics-analyzing
methods and guidance for reliable evaluation of kinetic
parameters.>** It must be pointed out that the oxidation pro-
cess is not only influenced by the oxidation conditions but also
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Figure 9. Binary Fe—O system. Reproduced with permission.*? Copyright
2020, CC BY-NC-ND 4.0.
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Figure 10. Stable region of Fe;O4 and Fe,O5 (calculated by Fact Sage 7.2,
Database: FactPS, FToxid).

the facilities and even the sample containers. Figure 11 shows
three typical thermogravimetric analysis (TGA) apparatuses.
The differences are the direction of gas flow and the sample con-
tainers. It is difficult to decide which kind of apparatus is the best
option. When a crucible is used as the container, the gas flow can
only penetrate the sample from top to bottom, because the gas
flow cannot pass through the crucible. The interruption of the
gas flow caused by the crucible and the thickness of the sample
layer may influence the kinetic analysis. In the case of the basket,
the gas flow is able to pass through the sample from the bottom
to top with minor disturbances. In the oxidation TGA test of mag-
netite in particle scale, the most important thing is to prevent the
experimental errors that are caused by mass transfer or mixing
issues.
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Figure 11. Schematic of oxidation facilities and sample containers.

From a thermodynamic point of view, the oxidation of mag-
netite to hematite is a spontaneous reaction. The chemical reac-
tion is rarely the rate-limiting step. It is well established that, for
oxidation of the pellet, the oxidation kinetics follows mixture
rate-limiting steps: gaseous mass transfer of molecular oxygen
through macroscopic pores into the pellet and solid-state diffu-
sion within the oxidized particles.*>) However, in particle scale,
the gaseous mass transfer between particles is usually neglected.
It is almost impossible for oxygen molecules to diffuse into the
particle due to the dense structure of both magnetite and hema-
tite layer. The rate-limiting step for oxidation of magnetite in par-
ticle scale is considered as solid-state diffusion. The solid-state
diffusion can be described by parabolic law. In this case, the
nature of solid-state diffusion is ion (Fe*", Fe**, or 0%7) diffu-
sion through the hematite layer. When the chemical reaction at
the interface occurs much faster than the diffusion, the interface
should move uniformly inward to the center of the particle.
However, the magnetite particles usually are not spherical.
The magnetite shows being preferentially oxidized in a certain
orientation, where the ion diffusion is faster than other orienta-
tions, resulting in the inward growth of hematite needles.
The irregular shape of the particles and the inward-growth hema-
tite may have an impact on kinetic analysis. Monsen *®! believes
that the O~ has limited mobility in magnetite and hematite,
which is only possible to diffuse along the hematite—magnetite
boundaries to a small extent. In pellet oxidation, the effect of
inward-growth hematite is usually ignored because it contributes
to a limited oxidation degree. Therefore, the oxidation process of
magnetite in pellet and particle scale is shown in Figure 12.

Monsen!*® found that under a polarized light microscope,
hematite that oxidized from the magnetite particle was found
to be formed by several subgrain structures. The higher the oxi-
dation temperature, the bigger each hematite subgrain. Figure 13
shows the schematic of hematite subgrains in an oxidized mag-
netite particle. It is possible to describe the growth of subgrain
structures by nucleation and growth mechanism. The model is

steel research int. 2021, 92, 2000687 2000687 (7 of 13)

Gas inlet

known as the JMA model that is developed by Johnson, Mehl,
and Avrami.*’% The nucleation and growth mechanism do
not contradict with the parabolic law. The nature of these two
mechanisms both involves ion diffusions. In the following sec-
tions, these two kinetic mechanisms are discussed.

5.1. Parabolic Law

Cho and Pistorius?®*>*1*?! investigated the oxidation kinetics of
magnetite concentrates using parabolic law. The parabolic law
refers to solid-state diffusion. Taking particle size into
consideration, then, oxidation process is shown in Equation (6).
The particle size was obtained by wet screening.

a2 p
t= {%} X [3 —2a —3(1 — a)f] (6)

where t is the oxidation time, d is the diameter of magnetite par-
ticle, kp is the parabolic rate constant, and « is the oxidation
degree. To quantitatively estimate the parabolic rate constant,
magnetite concentrate particles with a narrow size range between
53 pm and 63 pm were oxidized at 500, 600, and 800 °C under
80 pct N,—20 pct O, gas mixture for 24 h. If the oxidation prog-
ress follows the parabolic law, a straight line would be obtained
based on Equation (6). Monsen!*®! analyzed the oxidation of mag-
netite concentrate particles with size range between 74 and
100 pm in air flow at the temperature range of 400-800 °C using
the same model. The oxidation process follows the parabolic law
in these two works. The parabolic rate constant was estimated
from the changes in hematite thickness. In another word, the
measured parabolic rate constant indicates the macroscopic
movement of the reaction front. Cho®Y found that the parabolic
rate constants in his work were similar to those calculated by
Monsen!*® and the oxidation rate is independent of oxygen con-
tents (20pct and higher). Pistorius!* found that only in
extremely low partial pressure of oxygen can the parabolic rate
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Figure 13. The schematic of hematite subgrains in an oxidized magnetite
particle: a) under reflected light and b) under polarized light.

constant change with the oxygen content. The relationships
between parabolic rate constants and partial pressure and
temperature are shown in Figure 14. The parabolic rate
constant is supposed to be stable in the same temperature.
The average parabolic rate constant calculated by Cho and
Pistorius is as follows.

65100 o
k, = 220 exp (— W) pm? min~! 7)

Himmel et al.>®) measured the self-diffusion coefficient (D)
for iron in magnetite and hematite. For an easier comparison
between k, and D, they are transferred into the same unit with
pm?/min and shown in Table 3 and 4. Table 3 indicates that the
diffusion rate of iron in magnetite is several orders higher than
that in hematite. The parabolic rate constants shown in Table 4
are similar to the self-diffusion coefficients for iron in magnetite.
Therefore, the solid-state diffusion mechanism is plausible. The
movement of the reaction front is probably the diffusion of iron
in magnetite.
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Figure 14. The calculated parabolic rate constants in different tempera-
tures and partial pressures. Reproduced with permission.*l Copyright
2015, the Minerals, Metals & Materials Society (TMS).

Table 3. The self-diffusion coefficients for iron in magnetite and hematite.

Specimen Temperature [°C] D [um?min~]

Magnetite ~800 59x 1072
2900 53%107"

Hematite 21000 6.0x107°
~1200 12x 1072

Kumar et al.®* conducted an isothermal oxidation of magne-
tite concentrate particles by TGA in the temperature range of
500-800 °C. The concentrate is wet sieved into a narrow size
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Table 4. The parabolic rate constants.

Temperature [°C] kp [pm® min~"] Average k,. [um* min~"]
400 25% 107 220exp (- )
500 1.9%10°°

600 8.0x1072

800 3.2x107"

range from 38 to 53 pm with average particle diameter of
45.5 um. The oxidizing gas flow rate was set as 200 ml min™*
to ensure the gas diffusion to be negligible. The result shows that
the later stage of oxidation follows the solid-state diffusion mech-
anism. As discussed earlier, the parabolic rate constant should
only depend on temperature. As shown in Figure 15, the slopes
of the fitted lines indicate the values of the parabolic rate con-
stants. The slopes in Figure 15a increase with temperature,
whereas those in Figure 15b are almost constant. The resulting
data support the mechanism of parabolic law.

5.2. Nucleation and Growth

The oxidation process can be also regarded as the nucleation and
growth of hematite grains. The growth of hematite grain is real-
ized by the solid-state diffusion of iron ions. The JMA model is a
typical approach to describe such a reaction, which is defined in
Equation (8) or (9). This model can be used for isothermal reac-
tions, which follow multistep kinetics in parallel or in series. This
model can be occupied even when the data do not fit any other
commonly used models.”® It should be noted that this model
can also be used for nonisothermal reactions, but in that case,
different heating rates should be conducted for determination
of the kinetic parameters.[%] In some literatures, the JMA model
is also known as the Avrami kinetic model (AKM).[*%
an

a=1—¢"

®)

pO, =0.21 atm
d,=45.5 pm

500 1000 1500 2000 2500 3000 3500
Time, sec

www.steel-research.de

or
(In(—In(1 — a)) = nin(t) + In(a) 9)

where a is the oxidation degree, which is achieved after a reaction
time t; a represents the Avrami constant, which depends on the
nucleation frequency or the linear rate of grain growth; and n is
the kinetic exponent that provides insight into the type of
nucleation and growth mechanism. Sharp and Hancock®
summarized the relationship between the value of n and the reac-
tion mechanism. Generally, if n is smaller than 1, the reaction is
controlled by solid-state diffusion; if » is close to 1, the reaction is
likely to be controlled by first-order reaction; if n is close to 2, the
reaction is controlled by nucleation.

Kumar et al.”* assumed that the oxidation process of magne-
tite occurred in series and analyzed the same data from Figure 15
by JMA model. Because only few data points can be obtained in
the initial stage by the weighing system, further analysis from his
work was only focused on the later stage of the oxidation process.
Figure 16 shows results analyzed by the JMA model. The mea-
sured value of n is expressed as follows.

n=176x 10~*T +0.1255In(p, ) — 2.03 x 10 *TIn(p, ) (10)

The values of n obtained in the experimental conditions are all
smaller than 1 and show more sensitivity to temperature than
partial pressure of oxygen, which is consistent with solid-state
diffusion mechanism.

Monazam et al.*" used this model to examine the oxidation of
magnetite particles, which are generated from reduced hematite.
The difference is that he assumed a parallel process of two
reactions occurring during oxidation. Pursuant to the JMA
model, a parallel process of two reactions is defined by the
Equations (11)—(12).

& = wy(1— ) 4wy (1 — o) 11

wq —+ wy = 1 (12)

(b) 0.6 :
O p0O, = 0.05 atm d,=45.5 pm
PO, =0.10 atm Temp =873 K
05] pO, = 0.15 atm
pO, =0.21 atm
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o
w

o
5

500 1000 1500 2000 2500 3000 3500
Time, sec

Figure 15. Isothermal oxidation evaluated by the solid-state diffusion: a) different oxidation temperatures and b) different partial pressures of oxygen.

Adapted with permission.®*! Copyright 2018, CC BY 4.0.
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Figure 16. Isothermal oxidation evaluated by the nucleation and growth: a) different oxidation temperatures and b) different partial pressures of oxygen.

Adapted with permission.”* Copyright 2018, CC BY 4.0.

The model hypothesizes that isothermal conversion
of particles proceeds by nucleation and growth in parallel.
Each process is manifested by the value of the weight factors
w; and w,. The parallel processes P; and P, corresponding to
nucleation and diffusion are shown in Figure 17. It should be
noted that the particle size he used is between 100 and
300 pm, which is quite a wider size fraction compared with other
works. The wide size range may cause the fitting result to be less
reliable.

In the initial stage of oxidation, P; dominates the two pro-
cesses, which indicates that P1 is the rate-limiting step.
Regarding the reaction time, P, dominated the whole oxidation.
P,, which can be related to diffusion, has little influence on the
initial part of the oxidation process. In other words, the nucle-
ation of hematite dominates initially, whereas the solid-state dif-
fusion dominates the later stage of oxidation. There is no
evidence to confirm that the multistep kinetics of the oxidation
reaction is in parallel or in series.

@,
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5.3. Discussion on the Kinetic Models

The two models based on the parabolic law and the nucleation
and growth mechanisms can be occupied to describe the oxida-
tion process of magnetite. The nature of these two mechanisms
both involves ion diffusions. The solid-state diffusion is derived
based on parabolic law, which can be simply described by
Equation (13). The reaction rate is supposed to decrease with
the thickness of the product layer. Equation (13) can be inte-
grated in Equation (14), which is known as the parabolic law.

dl 1
P =kyt (14)

where | is the thickness of the product layer and k, is the
parabolic rate constant. Ginstling and Brounshtein®®”! provided
a solid-state diffusion model in the reaction taking place in

(0) 5
— 750 °C
- ~800
0.6 - -== 850
\

5 ) —900
= “ dx /di
E I
S 044F\-
A A%

Time(min)

Figure 17. Conversion curve as a function of time. Curve Py is a single Avrami equation; curve P, is a single diffusion equation. Adapted with

permission.*'l Copyright 2014, American Chemical Society.
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spherical particles based on parabolic law. This model is known
as Ginstling—Brounshtein’s diffusion model or D4 model and
gives the expression in Equation (6). Khawam et al.”® summa-
rized other forms of the solid-state diffusion models derived
from 1D (D1), 2D (D2), and 3D (D3) diffusion. Cho et al.*>"
found that the inward growth of hematite ahead of the reaction
interface would have a small influence on the fitting result, but
the solid-state diffusion by D4 model still describes the oxidation
kinetics very well.

The advantage of JMA model is that it can be applied when the
data do not fit commonly used models and it can describe the
multistep kinetics in both the parallel and series way. According
to the works from Kumar et al.>? and Monazam et al.,*" the
later oxidation stage of magnetite follows solid-state diffusion
no matter in parallel or series way. It is difficult to determine
whether the multistep kinetics occurs in parallel or series.
The current approach is to fit the data using both parallel and
series methods and then choose the method with the better
fitting result.

As discussed earlier, the kinetic analysis of the oxidation
of magnetite in particle scale generally follows the solid-state dif-
fusion. As for how to decide the kinetic models, the current
method is to choose the model that fits the experimental
data better.

6. The Influence of Oxidation of Magnetite on Its
Subsequent Reduction

It is well established that hematite iron ores show better reduc-
ibility than that of magnetite iron ores.”>*" It is of great of inter-
est to know the difference of reduction behavior between
oxidized magnetite and hematite in particle scale. Edstrom®"
oxidized natural single crystals of magnetite (Fe;04) and com-
pared the reduction rate with that of hematite (Fe,O;) in CO
atmosphere at 1000 °C. The results show that the reduction rate
of the oxidized Fe;0, is slightly lower than that of Fe,Os. After
120 min reduction, both Fe,O; and oxidized Fe;O, reach more
than 90% reduction degree, whereas that of Fe;0,4 only reaches
around 40%. Monsen!**! has done a series of works to investigate
the influence of oxidation temperatures of magnetite concen-
trates on its subsequent reduction in H, atmosphere at the tem-
perature range between 700 and 800 °C. Magnetite was almost
completed oxidized at the defined temperatures (850-1250 °C).
He found that the hematite oxidized from magnetite at relatively
low temperatures (850-1050 °C) shows better reducibility than
that oxidized at high temperatures (1150-1250°C) because
hematite that is derived at a relatively low temperature contains
more and smaller subgrain structures. The boundaries of these
sub grains serve as preferential reduction sites, which promote
the reduction process.

7. Conclusion

This Review summarizes the oxidation behaviors and
kinetics during the oxidation of magnetite in particle scale.
The oxidation kinetic mechanism is introduced and summa-
rized. Furthermore, the influence of the oxidation of magnetite
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on its subsequent reduction behavior is examined. Four
oxidation characteristics of magnetite are summarized as
follows.

1) The oxidation of magnetite proceeds through two oxidation
stages. During the initial stage, the magnetite is oxidized into an
intermediate phase, which is substable and further oxidized to a-
Fe,03. 2) The oxidation process of magnetite is accompanied by
the exothermic phenomenon, transformation of crystal, and evo-
lution of morphology. The heat liberated in the oxidation of 1 kg
of magnetite is about 113.9 k] mol™". 3) Without considering the
interaction between magnetite particles, the change of magnetite
to hematite should result in a volume increase. However, when
temperature is higher than 330 °C, the volume shows contraction
during oxidation due to the sintering effect. 4) During the oxida-
tion of magnetite, two different typical surface morphologies
would be formed—whiskers and rough pleated structures, which
are related to oxidation conditions. Whisker structures are likely
to occur at a higher oxidation temperature. One possible cause
for the hematite whisker structure is the compressive stress that
is generated due to the volume increase when magnetite oxidizes
to hematite. However, the favorable conditions for the formation
of hematite whiskers or rough pleated structures are not fully
examined. Further investigations have to be conducted.

The rate-limiting step for oxidation of magnetite in particle
scale is generally solid-state diffusion. Solid-state diffusion can
be well described by both parabolic law and the nucleation
and growth mechanisms. The parabolic rate constant increases
with temperature but is the same at different oxygen partial pres-
sures. In another word, the oxidation process depends largely on
the temperature rather than oxygen partial pressure.

The preoxidation of magnetite could greatly improve its
reducibility. The hematite that is derived at a relatively low
oxidation temperature contains more and smaller subgrain
structures. In terms of the subsequent reduction rate, lower oxi-
dation temperature is more beneficial than higher oxidation
temperature.
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Surface Morphology and Structural Evolution
of Magnetite-Based Iron Ore Fines During
the Oxidation

HENG ZHENG, JOHANNES SCHENK, RUNSHENG XU, ODAY DAGHAGHELEH,
DANIEL SPREITZER, THOMAS WOLFINGER, DAIWEI YANG,
and YURY KAPELYUSHIN

The use of magnetite-based iron ore fines by means of fluidized bed technology has become a
promising route to produce direct reduced iron. The significant influence of a prior oxidation
treatment, which occurs in the preheating stage, on the subsequent fluidization and reduction
behavior was observed in our previous study. As a result, it is important to investigate the
oxidation of magnetite-based iron ore fines for an optimization of the proposed route. Three
magnetite-based iron ore brands were analyzed. The oxidation characteristics are investigated
based on thermogravimetric analysis. The surface morphology, structural evolution, and phase
transformation were studied with a scanning electron microscope, an optical light microscope, and
a high-temperature-X-ray diffraction (HT-XRD), respectively. The three samples showed
different oxidation capacity indexes (OCIs) but similar TG-DTG curves. The oxidation rate
peaks at around 330 °C and 550 °Cindicated the formation of y-Fe,O3 and a-Fe,05. The hematite
phase shows a particular growth habit. The oxidation first occurs at the surface, forming gridlike
hematite structures, and then extends to the inside, resulting in hematite needles. The specific
surface area and pore volume decrease significantly due to the sintering effect during oxidation.
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I. INTRODUCTION

OVER the past few decades, the ironmaking industry
has consumed a great deal of high-grade hematite-based
iron ores, which were used as iron carriers in the blast
furnace process. Natural magnetite is widely present in
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various rock minerals.!"! In 2015, the world production
of magnetite-based iron ore was approximately 583
million tons, which accounts for 28 pct of the total iron
ore production.”’ Generally, the magnetite-based iron
ore is ground to a small particle size to release magnetite
minerals from its rock matrix, followed by a magnetic
separation (or flotation) to increase the iron content.!"*!
The current practice of ironmaking from mag-
netite-based iron ore involves a pelletization® or sin-
tering process’® to obtain an appropriate size range
before charging in the ironmaking facilities, such as a
blast furnace,'®® grate-rotary kiln,"”! and Midrex shaft
furnace.'!"! Nowadays, reducing CO, emissions is one
of the most critical issues. To reach the goal of climate
neutrality (net-zero greenhouse gas emissions) by 2050,
new ironmaking and steelmaking technologies and
concepts are required for further decreasing the overall
CO, emissions.['>!3!

Compared with the traditional blast furnace-basic
oxygen furnace (BF-BOF) integrated route, the natural
gas—based direct reduction—electric arc furnace route
provides a 40 to 60 pct reduction in CO, emissions,
from 1.6 to 2.2 tons CO, emission to 0.6 to 1.15 tons
CO, emission per ton of crude steel.' One possible
concept for future crude steel production is using the
hydrogen-gas-based fluidized bed technology to produce
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carbon-free direct reduced iron (DRI), followed by use
of an electric arc furnace.!'>!% Compdred to current
BF-BOF production, when the process is operated with
55 pct green hydrogen together with 45 pct natural gas,
theoretically, 82 pct CO, emission can be avoided.
When 100 pct green hydrogen is used, CO, emission
can be reduced by more than 95 pct. (17} Therefore, the
production of DRI using magnetite-based iron ores in a
hydrogen-induced fluidized bed becomes of great inter-
est. In our previous study, direct use of magnetite-based
iron ore for hydrogen-induced fluidized bed reduction
was introduced.!'®"! A series of laboratory-scale exper-
iments were carried out to test the potential industrial
application. The proposed route involves a prior oxida-
tion treatment occurring in the preheating stage, which
could improve both fluidization and reduction behavior.
Compared with the deep oxidation treatment, partial
oxidation of the magnetite-based iron ore was more
beneficial during the final reduction stage.!'!”) As a
result, it is important to investigate the oxidation of
magnetite-based iron ore for an optimization of the
proposed route. However, most of the research about
oxidation of magnetite-based iron ores was conducted in
briquettes or pellets and mainly discussed the thermal
volume change, porosity evolution, and oxidation kinet-
ics.?*27) Limited literature is available for oxidation of
magnetite-based 1 1r0n ore in partlcle scale

Colombo et al”®*) and Basta®” used differential
thermal analysis (DTA) and X-ray diffraction (XRD)
measurements to test the oxidation of natural magnetite
particles and found that the oxidation was a two-stage
process: surface oxidation and further inside ox1dc1t10n
In the first stage, the oxidation of Fe*" to Fe*" caused
the diffusion of iron ions from inside the crystals of the
Fe;04 toward the surface. An intermediate-phase solid
solution of y-Fe,O3 in FesO, was formed at the
beginning of the oxidation. Then, the stable a-Fe,O3
(hematite) phase appeared at the surface of the mag-
netite particle. In the following stage, the intermediate
phase transformed into «-Fe,Oz; and completed the
oxidation of the individual particle. Hyeon er al.?'=3*
investigated the oxidation of magnetite concentrates,
which were assumed to follow a Rosin—Rammler size
distribution. The oxidation behavior of the magnetite
pellet was then predicted based on the oxidation kinetics
of the magnetite concentrates. Apart from the oxidation
kinetic andlys1s of magnetite particles,”** 3% Song and
Pistorius®®® observed the hematite whiskers during the
oxidation of magnetite concentrates. The whiskers
formed in the early oxidation process and did not grow
during the further oxidation. The formation of hematite
whiskers was explained by a volume increase during the

structure change from magnetite to hematite, which may
cause a considerable compressive stress. The formation
of hematite helped to relieve the compressive stress and
make the structure stable.

Zheng er alB” summarized the oxidation behaviors
and kinetics of magnetite in particle scale. Theoretically,
after oxidation from magnetite to hematite, the volume
will increase around 2.55% to 5.2 pet.”) In fact, during
the oxidation of magnetite-based iron ore fines, the
sintering effect cannot be ignored. The specific surface
area usually decreases greatly after oxidation.***!] The
sintering effect also shows a negative influence on the
reduction of iron ore particles. The purpose of this study
is to investigate the oxidation behavior of the mag-
netite-based iron ore fines and characterize the pores,
morphology, and internal structure after oxidation. The
in-situ high-temperature—X-ray diffraction (HT-XRD)
was used to investigate the phase transformation during
the oxidation process.

II. EXPERIMENTAL
A. Materials

Three commercial magnetite-based iron ore fines were
used in this study. The main chemical analyses of
samples A through C are listed in Table I. The particle
size distributions and apparent particle densities of the
samples were characterized by a CILAS 1064 particle
size analyzer and Ultrapycnometer 1000 density ana-
lyzer, respectively. The results are listed in Table II. The
raw samples were dried at 110 °C for 6 hours before all
the following tests.

B. Experimental Procedures

The oxidation behavior analysis was conducted by
thermogravimetric analysis (TGA). The TGA tests were
conducted using an STA 409 PG thermal analyzer. For
a typical test, 50 mg of the sample was heated in an
Al,O5 crucible (5 x 8 mm o.d.) to 1100 °C under air

Table II. Particle Size Distributions and Density of the Raw

Magnetite Samples

Sample D10 (um) D50 (um) D90 (um) Density (g/cm®)

A 4.84 31.16 72.94 4.95
B 4.81 28.35 62.66 4.94
C 6.10 32.25 70.16 5.09

Table I. Chemical Analysis of the Raw Magnetite Samples (Weight Percent)
Sample Feo: FeO SiO, Al,O4 MgO CaO TiO, P S
A 67.03 25.70 2.33 0.69 0.56 0.93 0.039 <0.001 0.13
B 68.78 27.71 5.60 0.18 0.17 0.17 — 0.017 0.05
C 65.65 27.66 3.33 1.16 1.62 1.62 0.22 0.017 0.1
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flow (100 mL/min) at a heating rate of 7.5 °C/min. Each
test was carried out twice and showed good
reproducibility.

The isothermal oxidation was performed under a
laboratory air atmosphere in a muffle furnace. To
minimize the sintering effect, the oxidation temperature
was set as 700 °C. One gram of the sample was placed in
a 60 x 10 x 7 mm magnesia boat. Based on the bulk
density of the sample, the thickness of the material layer
in the boat was supposed to be around 0.35 mm. The
oxidation process was assumed to proceed evenly within
the material layer. Four boats of samples were oxidized
for a specific controlled time in a typical isothermal
oxidation test. After holding for a certain period, the
boats were rapidly removed from the furnace and
quenched in the open air.

The HT-XRD analyses were run on a Rigaku Ultima
IV XRD diffractometer using Cu as the X-ray source,
with a step size of 0.02 deg and scanning time per step of
0.15 seconds. To conduct high-temperature measure-
ments, the samples were placed on a platinum heating
strip in the HTK-16 high-temperature chamber (Anton
Paar). To avoid the influences of sample area and
position on the XRD patterns, cach HT-XRD measure-
ment followed the same procedure: 0.3 g of raw sample
was put on the heating strip and heated in vacuum to
400 °C, 600 °C, 800 °C, and 1000 °C, respectively, at a
heating rate of 100 °C/min. The positions and areas of
all samples should be the same. Figure 1 shows the
HT-XRD measurement profile. The raw and the final
oxidized samples were measured at room temperature in
the scanning angle range between 25 and 65 deg. At the
target temperature, one XRD measurement was con-
ducted before changing the vacuum to the air

atmosphere. After that, the XRD measurements were
conducted every 10 minutes in the scanning angle range
between 32 and 41 deg.

C. Analysis and Characterization

The weight gain measured during the TGA test can be
converted into the oxidation degree (w). The w is defined
as shown in Eq. [1]#*4:

Am

w =
Am theory

100 pct, 1]

where Am and Amy,r, are the measured weight gain
and the theoretical weight gain during the oxidation,
respectively. Amypeor, is calculated based on the FeO
content from the chemical analysis of each mag-
netite-based iron ore. It should be noted that the loss
on ignition of the samples was ignored.

The morphology and internal structure of the samples
were observed using a scanning electron microscope
(SEM, Quanta 200Mk2, FEI) and an optical light
microscope (Nikon MM 40 measuring microscope
system, Japan), respectively. The HT-XRD patterns
were identified using Jade 6.0 software. There was a
minor shift in HT-XRD peaks due to the thermal
expansion of the samples, which was taken into consid-
eration while identifying the peaks. This shift phe-
nomenon also appeared in the HT-XRD analysis of
oxidation of pyrite.*¥

The pore structure was evaluated by the N, gas
adsorption method using a TriStar 3000 surface area
analyzer. All the samples were degassed at 200 °C for
2 hours. The specific surface area was determined by the
Brunauer—-Emmett-Teller ~ (BET)  method. The

== XRD measurement

Vacuum | Air | Vacuum |
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1 1
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TOC 1 — T :
1 [ | 1 1 1 I
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O : ¥ A :
—~ 1 [ [ 1 .
) 1 [ | 1 1 1 1
S 1 [ | 1 1 1 1
= 1 [} 1 1 1 \
g | i i :
%] 1 [ 1 1 1
=" 1 [ [ ] :
£ 1 1 [ | ;
e : 100 °C/min | 1 R !
1 [} 1 1 1 I
1 11 1 1 1 I
1 [ 1 1 1 |
1 1 1 | 1 i
25~65° | {3 ' ! I
25°C ' i Y 1 :
1 1 1 1 1 i
1 [ | 1 1 1 1
At=67.5s At=10 min Time / min

Fig. 1—Schematic diagram of HT-XRD measurements in the defined temperature.
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cumulative pore volume, average pore diameter, and
pore size distribution were analyzed using the Bar-
rett-Joyner—Halenda (BJH) method.

III. RESULTS AND DISCUSSION

A. Oxidation Behavior by TGA Analysis

Figure 2 shows the oxidation TG-DTG curves of
different samples. From Figure 2(a), it is obvious that
sample B is the easiest to oxidize among the three
samples. Based on the oxidation rate, as shown in
Figures 2(b) through (d), the oxidation reaction can be
divided into at least three oxidation stages. Peak 1 in all
the samples locates at around 330 °C. At the tempera-
ture around peak 1, the oxidation mainly occurs at the
surface of particles and the oxidation rate is limited by
chemical reaction.** The diffusion of Fe** and Fe*"
ions is also limited due to the low oxidation tempera-
ture. Therefore, the height of peak 1 is relatively low.
The oxidation product is supposed to Dbe
7-Fe,05.3045461 At the temperature around peak 2
(550 °C), the y-Fe,O3 becomes unstable and transforms

100
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o o
T T

Oxidation degree (%)
H
o
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n
o
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(c)

to a-Fe,03.%7 From the kinetic point of view, the
rate-limiting step for oxidation of magnetite in particle
scale is solid-state diffusion. The diffusion rate constant
is independent of oxygen partial pressure but increases
with the temperature.?”! The increasing temperature
speeds up the diffusion of Fe’" and Fe®" ijons and,
hence, increases the oxidation rate. However, with the
oxidation reaction proceeding, the formed a-Fe,Oj3 shell
blocks the diffusion of the iron and oxygen ions, which
results in the decrease of the oxidation rate.*”? At higher
temperatures, the following peaks (peak 3 or 4) of
different samples show diversities, which can be
explained by the side reactions between impurities and
iron oxides. The isomorphous substitution occurs widely
in the structure of magnetite-based ores, resulting in an
impurity element existing in the lattice of magnetite.!*")

To comprehensively evaluate the oxidation behavior
of different samples, the oxidation capacity index (OCI)
is introduced. By analogy with the definition of the

. h . [49]

comprehensive combustion property index (S) of
coal, the OCI of magnetite-based iron ore is calculated
as Egs. [2] through [7]:
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9 70 - o
X
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Fig. 2—Oxidation TG-DTG curves of the samples: (¢) TG curve of samples, (b)) TG-DTG curve of sample A, (¢) TG-DTG curve of sample B,

and (d) TG-DTG curve of sample C.
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dw
G =aen(- 1) 2
d /dw E E
— (=) =g exp == ) =
dT(dz) ”p( RT) RT? 3]
Insert Eq. [3] into Eq. [2]:
Rd (dw) () 1 "
EdT\dr)  \dt) 1
When oxidation starts, T = T;:
Rd (de) (a1
EAT\dt ),y \dt )4 T

Equation [6] is obtained from Eq. [5]:
R d (dVV) (dw/dt)max (dw/dt)mean
T=T,

EAT\dt )y (d/d))7 . T,
_ (dw/dl)max (dw/dt)mean [6]
B T°T, ’

where d (@) indicates the oxidation rate of the
dr\d: T=T;

magnetite at the initial oxidation

(dw/dn),y, is the ratio of the maximum reaction rate
(dw/d)) s,
and the initial reaction rate; and % is the ratio
of the mean reaction rate and the reaction finishing
temperature 7,, which indicates the overall oxidation
rate.

The right side of formula [6] is defined as the OCI:

(dw/d1),,,.(dw/dr)
T*T,

temperature;

OCI — mean [7]

The characteristic parameters of the oxidation are
listed in Table III. 7; is the temperature when the
oxidation starts. The temperature when sample B starts
to be oxidized is much lower than that of samples A and
C.T,1, T,», T, 3, and T, 4 are the temperatures of the
peaks in the DTG curves. The highest oxidation rate of
these three samples is in the temperature range of 548 °C

to 573 °C. The temperature of the second highest
oxidation rate is in the range of 764 °C to 902 °C. The
OCI represents the OCI of magnetite-based iron ore. A
higher OCI value for a magnetite-based ore indicates
that it is easier to oxidize. Sample B shows the highest
OClI, followed by samples C and A.

B. Structural Evolution

1. Morphology analysis

The morphologies of the raw samples A, B, and C are
shown in Figures 3 through 5, respectively. The surface
morphologies of all the samples are similar. They are
smooth and compact, with sharp edges. From SEM
images, few gangues can be observed in sample A.
However, the gangues are widely spread in samples B
and C. As shown in Figures 4(c) and (d), the SiO, is the
main impurity phase in sample B and is intertwined with
the magnetite phase. As shown in Figures 5(c) and (d),
the SiO, is also the main gangue in sample C but dotted
with Ca, Al, and Na impurities. The SEM-ESD analysis
is coincident with the chemical analysis that is shown in
Table 1.

Figure 6 shows the oxidation results of the isothermal
oxidation tests, which give a similar trend as observed
during the TGA tests. Within the same duration time,
sample B shows the highest oxidation degree followed
by samples C and A. The surface morphologies under
different duration times are shown in Figures 7 through
9. As shown in Figures 7(b), 8(b), and 9(b), after only 2
minutes, the dense surface structure becomes rough and
presents a nanosized gridlike structure. This phe-
nomenon also occurred during the oxidation of vana-
dium-titanium magnetite ores.***%>"" The gridlike
structures are supposed to be hematite phase and caused
by the out-diffusion of Fe>". After 5 minutes, as shown
in Figures 7(c), 8(c), and 9(c), the gridlike structures in
sample B are much bigger than those in the other two
samples. The gridlike structures in sample A are slightly
bigger than those in sample C. According to Table I,
sample B contains fewer impurity elements, while
sample C has the most impurities. The impurity ele-
ments might replace the iron ions in the lattice and
influence the diffusion of the cations. It can be suggested

Table III. Characteristic Parameters of the Oxidation

Parameters Sample A Sample B Sample C
T; (°C) 265 214 239
T, (°C) 337 325 326
T, (°C) 570 548 573
T, 5 (°C) 764 778 902
7, (°C) 962 — —

T, (°C) 1083 1000 1091
(dw/dt),,x_1 (pct/min) 0.5663 0.8719 0.9050
(dw/d1),,.._(pct/min) 1.4375 1.6143 1.5784
(dw/dt),,.c_5(pct/min) 0.5318 1.1468 0.8558
(dw/dt),,,4x_a(pct/min) 0.7971 — —
(dw/dt1),,pa(PCt/min) 0.4778 0.6470 0.5998
OCI x 10°% (pct? min > °C ) 0.9031 2.2807 1.5192
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Fig. 3—Surface morphology of raw sample A under SEM: (a) through (d) different magnification times.

that these impurity elements influence the diffusion of
the iron ions, resulting in the different growth behavior
of the gridlike structures. With the oxidation time, the
gridlike structures grow bigger and connect with each
other.

2. Internal structure evolution

To investigate the evolution of the internal structure,
the samples under different duration times are observed,
as shown in Figure 10. All the raw magnetite samples
show compact structures. These three samples follow a
similar oxidation path: surface oxidation to internal
oxidation. As shown in Figures 10(b), (f), and (j), the
oxidation first occurs at the surface of the magnetite
particle. Then, with increasing oxidation time, as shown
in Figures 10(c), (g), and (k), obvious hematite shells are
formed. In the final oxidation stage, as shown in
Figures 10(d), (h), and (1), the hematite shell does not
grow uniformly inward toward the magnetite core.
Instead, the needlelike hematite structures originate
from the surface hematite shell and grow inside the
particle. It should be noted that no pores or cracks can
be observed in the boundaries between the hematite and

METALLURGICAL AND MATERIALS TRANSACTIONS B

magnetite phases. The oxidized samples still show
compact structures. The oxidation mechanism is intro-
duced in Section II-F.

C. Pore Structure Parameters Based on N, Adsorption

1. Specific surface area and pore volume

In this study, BET and BJH methods are used to
investigate the pore structures during the oxidation of
magnetite-based iron ores. The results of the pore
structure parameters are listed in Table IV. The specific
areas of the raw samples A, B, and C are 1.63, 0.94, and
0.83 m?/g, respectively. After 5 minutes of oxidation, the
specific surface areas decrease significantly to 0.52, 0.38,
and 0.29 m?/g, which can be explained by the sintering
effect at the high temperature. With the oxidation time,
the specific areas keep decreasing. The total pore
volumes of all the samples show the same trend as their
specific areas. However, the average pore sizes of the
samples keep increasing with the oxidation. This is due
to the closure of the small pores, which is caused by the
sintering effect. It should be noted that sample B shows
the biggest specific area and pore volume after 60
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Fig. 4—Surface morphology of raw sample B under SEM: (a) through (c) different magnification times and (d) EDS analysis of the gangue.

minutes of oxidation, which may contribute to its high
oxidation rate in the late oxidation process.

2. Pore size distribution

The pore size distributions of the samples within
different duration times are shown in Figure 11. For the
raw samples, the dominant pore size is between around
2 and 5 nm. For the oxidized samples, the pore size that
is smaller than 3 nm decreases significantly. This phe-
nomenon confirms the sintering effect.

D. HT-XRD Analysis

The HT-XRD patterns of the samples present similar
characteristics. Therefore, as an example, only the
patterns of sample B are shown in Figure 12. The
appearance of Pt peaks in Figure 12 is because of the
platinum heating strip. The HT-XRD results reveal that
the temperature is one of the major factors influencing
the oxidation of magnetite. At 400 °C, as shown in
Figure 12(a), a small hematite peak appears after
10 minutes. However, the relative intensities of the
hematite peaks remain stable afterward, which

1650—VOLUME 53B, JUNE 2022

illustrates that the amount of the hematite phase does
not increase. At 600 °C, as shown in Figure 12(b), the
relative intensities of the hematite peaks grow with the
duration time. At 800 °C and 1000 °C, the oxidation of
the sample proceeds quickly. After 10 minutes, the
peaks of the magnetite phase are hardly observed.
Bhargava er al.*¥ normalized the relative intensity of
the strongest peaks of the magnetite, hematite, and
pyrite phases, respectively, to investigate the phase
transformation of pyrite at high temperature. It should
be noted that the relative peak intensity of each phase is
not proportional to its content. In this stud;/, a similar
method, named the matrix-flushing method, P> is used
to conduct the quantitative analysis. The intensity of

phase j can be expressed as
-G
! pj U

8]

where C; is the structure factor, x; is the proportion of
phase j in the mixture phases, p; is the density of phase

J» and p,, is the mass absorption coefficient of the mix-
ture phases.
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Fig. 5—Surface morphology of raw sample C under SEM: (a) through (c) different magnification times and (d) EDS analysis of the gangue.
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Fig. 6—Oxidation degree within certain duration times.

Assuming that phase j is a certain reference phase,
phase i can be calculated.

_Cj‘x]' C['Xj

L)L =
! P Mo’ Pi " Hom

[l
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C; C;
and ——
Pj Pn PiPin

can be defined as k; and k;, respectively. Therefore, the
proportion of phases i and j can be calculated based on
Egs. [10] and [11]:

Since C;, Ci, p;, p;» and p,, are constant,

| =~
|~

<

/7 [10]

xi/xj =

x

Xj+Xj:1, [11]

where [; is the intensity of phase / and k; is the relative
intensity ration (RIR). The RIR of each phase can be
found in the PDF card database. The RIRs of the
magnetite and hematite phases are 4.9 and 3.2,
respectively.

The magnetite and hematite peaks located at around
35 deg overlap each other. To distinguish and split each
peak, the XRD pattern is refined by Jade 6.0. Figure 13
shows an example of the XRD patterns after refinement.
In this way, the relative content of the magnetite and
hematite can be calculated. The results are shown in
Figure 14. The result is consistent with the TGA test
that demonstrates that sample B is the easiest one to
oxidize. The oxidation of magnetite proceeds relatively
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Fig. 8—SEM images of the oxidized products of sample B obtained under different duration times: () 0 min, () 2 min, (¢) 5 min, (¢) 10 min,

(e) 20 min, (f) 30 min, (g) 60 min, and (%) 120 min.

slowly at 400 °C and 600 °C. When the temperature is
increased to 800 °C and above, the oxidation rate
increases significantly.

E. First-Principles Calculation

From the observation of the hematite structure,
discussed in Section II-B, it seems that the hematite
phase shows a certain growth habit. Yang and co-work-
ers®*>% studied the effects of SiO, and AlLO; on the
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growth habit of calcium ferrite based on the surface
energy (SE) by the first-principles calculation method.
The growth rates of the crystal faces are proportional to
their surface energies. Based on our previous stud-
ies,’*>! the preferred growth orientation of the
hematite phase is calculated using the same method
and calculation parameters. Figure 15 shows the
HT-XRD patterns of sample B under 600 °C and 800
°C without normalization. The hematite crystal face
(104) shows quite high intensity after 10 minutes and the
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Fig. 9—SEM images of the oxidized products of sample C obtained under different duration times: (¢) 0 min, (b) 2 min, (¢) 5 min, (d) 10 min,
(e) 20 min, (f) 30 min, (g) 60 min, and (%) 120 min.

Fig. 10—Polished section images of the oxidized samples obtained under different duration times: (a) through (d) sample A under 0, 2, 5, and 60
min; (e) through (4) sample B under 0, 5, 30, and 120 min; and (i) through (/) sample C under 0, 2, 30, and 120 min.
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Table IV. Pore Structure Parameters of Samples Within Different Duration Times

Sample A Sample B Sample C
Durati Total Pore Specific Total Pore Specific Total Pore Specific
uration
Time Average Volume Surface Average Volume Surface Average Volume Surface
(Min) Pore Size (x10*cm?®/  Area (m%* PoreSize (x10*cm’/ Area m?/ Poresize (x10*cm’/ Area (m?%
(nm) g g (nm) g g (nm) g g
0 4.93 16.03 1.63 5.30 9.23 0.94 4.60 7.12 0.83
5 5.94 6.53 0.52 5.60 4.34 0.38 6.80 3.28 0.29
10 5.79 7.50 0.54 5.60 3.16 0.27 6.10 2.62 0.23
20 5.87 7.80 0.55 5.87 3.12 0.27 9.88 1.78 0.18
60 6.13 2.46 0.24 5.70 3.16 0.30 10.61 1.34 0.16
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Fig. 11—Pore size distribution of the samples: (a) and (d) sample A, (b) and (e) sample B, and (c¢) and (f) sample C.

intensity is much larger than that of crystal faces (110)
and (113). With the oxidation time, the intensities of
(104) and (110) crystal face gradually increase. That is,
the hematite phase has a preferred orientation along the
(104) or (110) crystal face. The oxidation temperature
difference showed no influence on the preferred orien-
tation. The SE is calculated as shown in Eq. [12]:

SE = (Evu)face —nX Ehulk)/(ZA)a [12]

1654—VOLUME 53B, JUNE 2022

where Eyfuce and Epyy are the total energy of the crys-
tal surface model and the energy of the unit cell,
respectively. A and n are the surface area of the crystal
plane model and the number of the cells contained in
the crystal plane model.

The model used for the calculation is shown in
Figure 16. The calculated SE of each crystal face is
shown in Figure 17. The SEs of the (104), (110), and
(113) are 18.88, 27.37, and 15.59 eV/nm?, respectively.
The surface energies of the (104) and (110) crystal
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Fig. 12—In-situ HT-XRD patterns of sample B under different temperatures and duration times: (a) 400 °C, (b) 600 °C, (c¢) 800 °C, and (d) 1000

°C.
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Fig. 14—Normalized intensities of the samples: («) through (d) sample A under 400 °C, 600 °C, 800 °C, and 1000 °C; (e) through (#) sample B
under 400 °C, 600 °C, 800 °C, and 1000 °C; (i) through (/) sample C under 400 °C, 600 °C, 800 °C, and 1000 °C.

surfaces are larger than that of the (113) crystal surface.
Hence, the hematite crystals may preferentially orient
themselves along the (104) or (110) crystal surface,
which shows agreement with the HT-XRD results.

F. Oxidation Mechanism

The magnetite crystal unit has 32 oxygen anions and
24 iron cations (16Fe® " and 8Fe*"). The oxygen anions
have a cubic close-packed structure in the magnetite
unit. There are 96 interstices between the oxygen anions,
of which 64 are tetrahedral interstices and 32 are
octahedral 1nterstlces Only eight tetrahedral interstices
are occupied by Fe® " cations. erteen of 32 octahedral
1nterstlces are occupied by 8Fe®" cations and 8Fe*"
cations.’% As a result of such free interstices, the iron
cations move more easrly in the crystal lattice than
oxygen anions.”” The size of an O anion (1.26 A) is
much larger than that of an Fe? " cation (0.75 A) and
Fe’" cation (0.69 A) Thus, the smaller size of the iron
cation guarantees its predommant diffusion in the
magnetite crystal unit.

From the aspect of the crystal lattice, during the
oxidation of magnetite, when an oxygen atom pene-
trates the magnetite lattice, two electrons are trapped.
The local charges in the crystal must be neutral;
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therefore, two positively charged holes, 2 h™,
generated in the place of the previous electrons.
Flgure 18 shows the schematlc of the oxidation mech-
anism. When the Fe?" cation captures the charged hole
h ™, the valence increases and the iron becomes trivalent.
However in the later oxidation period, the charged hole
h™ has a greater opportunity to meet the Fe* " cation.
In this case, they are tantamount to an impurity cation
with a hrgher valence (>3 ), which forces the lattice to
become more compact.*® Hence, the mobrhty of the
iron cations decreases significantly, resulting in a very
slow oxidation rate of magnetite in the later stage.
From the aspect of a single magnetite particle, the
oxidation first occurs at the surface and then extends
inside. Figure 19 shows the oxidation process of a single
magnetite particle. When the oxygen atoms capture the
electrons from the magnetite phase, the oxidation
occurs. The first hematite film appears in the interface.
The Fe cations prefer to diffuse to the surface of the
particle due to the low iron cation contents. The
concentration gradient becomes the chemical drive for
the outgrowth of the hematite. On the other hand, as
discussed in Section II-E, the hematite phase has a
preferred orientation along the (104) or (110) crystal
face, which results in the formation of the gridlike
structure at the surface. With the oxidation, the

are
[58]
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Fig. 15—HT-XRD patterns of sample B without normalization: (a) under 600 °C and (b) under 800 °C. H and M represent hematite and
magnetite, respectively.

hematite becomes the dominant phase at the surface. IV. CONCLUSIONS
Then, the Fe’" cations start to diffuse toward the
particle center and form the needlelike hematite struc-
tures. The needlelike hematite structures grow and
merge until the end of the oxidation.

The purpose of this research is to investigate the
oxidation of magnetite-based iron ore fines, which are
helpful in optimizing the production of DRI by means
of fluidized bed technology. Three magnetite-based iron
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(a) (104) crystal surface (b) (110) crystal surface (¢) (113) crystal surface

Fig. 16—Model used for the calculation (the red ball represents O ion; the purple ball represents Fe ion): (a) (104) crystal surface, (b) (110)

crystal surface, and (¢) (113) crystal surface.
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Fig. 17—Surface energies of the (104), (110), and (113) crystal
surfaces.

ore brands are analyzed in terms of their oxidation
characteristics, surface morphology, and structural evo-
lution. The following conclusions are obtained.

1. According to nonisothermal oxidation DTA analysis,
the oxidation reaction can be divided into at least
three stages. The first two oxidation rate peaks are
observed at around 330 °C and 550 °C, respectively,
indicating the formation of y-Fe,O3; and a-Fe,0s.
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The highest oxidation rate of these three samples is in
the temperature range between 548 °C and 573 °C.
Sample B shows the highest OCI, followed by sam-
ples C and A. The magnetite-based iron ore with a
higher OCI value is easier to oxidize.

. During oxidation, the surface of all of the samples

becomes rough and presents nanosized gridlike
structure due to the outgrowth of hematite. The
gridlike structures of sample B are much bigger than
those in the other two samples. Sample B contains
fewer impurity elements, while sample C contains the
most impurities. It seems that these impurity ele-
ments influenced the diffusion of the iron ions,
resulting in the different growth behaviors of the
gridlike structures. With oxidation time, the gridlike
structures grow bigger and connect with each other.
At the same time, the hematite phase also grows in
the particle, forming the needlelike structures.

. The specific surface areas of samples A, B, and C

decrease significantly after only 5 minutes of oxida-
tion—from 1.63, 0.94, and 0.83 m?/g to 0.52, 0.38,
and 0.29 m?/g, respectively. With the oxidation time,
the specific areas keep decreasing. The total pore
volumes of all the samples show the same trend as
their specific areas. Compared with the raw samples,
the pore size smaller than 3 nm in the oxidized sample
is significantly reduced.

. The hematite phase shows a certain growth habit.

Based on HT-XRD patterns, the hematite crystal
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Fig. 19—Oxidation process of a single magnetite particle.

face (104) shows quite high intensity after 10 minutes
of oxidation and the intensity is much larger than
that of crystal faces (110) and (113). With the oxi-
dation time, the intensities of (104) and (110) crystal
faces gradually increase. The first-principles calcula-
tion confirms the preferential orientation. Theoreti-
cally, the surface energies of the (104) and (110)
crystal surfaces are larger than that of the (113)
crystal surface. Hence, the hematite crystals may
preferentially orient themselves along the (104) or
(110) crystal surface.
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HENG ZHENG, ODAY DAGHAGHELEH, YAN MA, BERND TAFERNER,
JOHANNES SCHENK, and YURY KAPELYUSHIN

The reduction of magnetite-based iron ore fines in a hydrogen-induced fluidized bed becomes an
attractive fossil-free ironmaking route. Our previous study showed that a prior oxidation
treatment of magnetite was helpful to improve its fluidization and reduction behavior. However,
the underlying oxidation mechanisms of magnetite ore fines remained unclear and required
further investigations. In this study, two magnetite ore brands were analyzed via in situ
high-temperature X-ray diffraction (HT-XRD) during oxidation, to investigate the thermal
transformation of Fe;O4 to a-Fe,Os at crystal scale. The lattice constants and crystallite sizes of
both phases and oxidation degree were evaluated at different temperatures based on the
HT-XRD patterns. The lattice constants of Fe;O4 and a-Fe,O3 increased with an increase in
temperature due to the thermal expansion and can be successfully fitted with temperature by
second-order polynomials. With Fe;O0,4 being oxidized into Fe,Os, the Fe,O5 crystallite grew
and showed a certain growth habit. The Fe,O; crystallite grew faster along the a/b axis than the
¢ axis. The oxidation kinetics followed the parabolic law as shown by the sigmoid-shaped
oxidation degree curve, suggesting that the solid diffusion of ions was the rate-limiting step.
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I. INTRODUCTION

MAGNETITE ore is one of the important resources
for ironmaking plants. The global magnetite ore pro-
duction is approximately 583 million tons per year
accounting for 28 pet of the total iron ore production.!!!
In some countries, such as South Australia, the major
iron ore deposit is magnetite.””) The current commercial
practice of magnetite ore fines usually requires pelleti-
zation to produce iron ore pellets with appropriate size
and strength.) However, the pelletizing process requires
additional energy and cost and generates CO, emissions.
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One possible concept for future crude steel production is
using a hydrogen-based fluidized bed to produce hydro-
gen direct reduced iron (HDRI), followed by an electric
arc furnace (EAF) process.*” Therefore, the produc-
tion of HDRI using magnetite ore fines in a hydro-
gen-induced fluidized bed becomes of great interest. The
hydrogen-based fine-ore reduction (HYFOR) process
developed by Primetals Technologies is one of the
successful examples. The HYFOR process allows for the
operation of any type of iron ore fines with particle sizes
of 100 pect < 150 um.'! In the case of using magnetite
ore fines, prior oxidation occurs in the preheating stage.
A series of laboratory-scale experiments showed that the
prior oxidation of magnetite was hel?ful to improve its
fluidization and reduction behavior.”® Thus, it is of
great importance to understand the oxidation mecha-
nisms of magnetite ore fines for optimizing the process
route.

The exothermic effect, structural evolution, and
kinetic analysis regarding the oxidation of magnetite
were summarized in our previous work.!'""!'"' In general,
the oxidation of magnetite experienced two stages,
where the magnetite was oxidized into an intermediate
phase and further oxidized to «-Fe,Os;. During the
oxidation, whisker or rough pleated structures of
hematite were formed on the surface of magnetite
particles. The rate-limiting step for oxidation of


http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-023-02754-z&amp;domain=pdf

magnetite in particle scale was generally solid-state
diffusion which can be well described by parabolic law.
The diffusion of oxygen into/within the magnetite
particles was not the rate-limiting step. There are many
kinetic studies on the oxidation of magnetite at the
particle scale using thermogravimetric analysis
(TGA).'"> 1% In addition, some post-mortem X-ray
diffraction (XRD) measurements were conducted to
study crystal transformation after the oxidation of
magnetite. It was found that magnetite from different
mines showed different lattice constants due to various
types of gangue elements.'”! .The lattice constant of
oxidized magnetite also differed after oxidation at
different temperatures.!'® The strain/stress occurring in
the lattice should promote the nucleation of «-Fe,Os
and the crystallite size of magnetite governed the
formation of y-Fe,O; and the oxidation kinetics.['”!
The crystallite size of the oxidized magnetite calculated
based on the Scherrer equation was comparable to that
measured by transmission electron microscopy (TEM),
which proved the accuracy of the XRD method for
obtaining the crystallite size.”” However, little infor-
mation is available in the literature on the phase
transition at the crystal scale during oxidizing magnetite,
which limits the understanding of the oxidation mech-
anisms of magnetite. The objective of the present study
is to investigate the thermal transformation of magnetite
ore fines at the crystal scale via in situ high-temperature
XRD (HT-XRD) during oxidation. The findings pro-
vide deeper insights into the phase transformation from
magnetite to hematite under an oxidation condition.

II. EXPERIMENTAL PROCEDURES
A. Materials

Two commercial magnetite ore brands were investi-
gated in this study and their chemical compositions are
listed in Table I. The particle size distributions and
apparent densities of the ores were characterized by
CILAS 1064 particle size analyzer and Ultrapycnometer
1000 density analyzer, respectively. The results are listed
in Table II. The raw ores were dried at 110 °C for 6 h
before all the following tests.

B. In Situ High-Temperature X-Ray Diffraction
(HT-XRD)

The HT-XRD analyses were performed on a Rigaku
Ultima IV XRD diffractometer with a Cu target. The
Ko radiation was filtered as the X-ray source. The
measurement step size was 0.02 deg and the sampling
time was 0.15 s/step. In each measurement, 300 mg of
material was placed on a platinum heating strip and
heated in the HTK-16 high-temperature chamber
(Anton Paar) to 1000 °C at a heating rate of 100 °C/
min. The material was placed in a very thin layer to
avoid thermal gradients along the height. It is difficult to
determine the thickness of the layer. The layer was
composed of a stack of approximately 3 magnetite
particles and supposed to be thinner than 150 um. The
in situ HT-XRD measurements were conducted at
temperatures of 400 °C, 600 °C, 800 °C, and 1000 °C,
as shown in Figure 1. The air could be exchanged
between the facility chamber and the outside. Due to the
small amount of magnetite, the change of oxygen partial
pressure was negligible. The oxygen partial pressure was
assumed to be the same as the ambient atmosphere.
Before and after the oxidation experiments, the XRD
measurements were conducted at room temperature
with a scanning angle between 25 and 65 deg. It should
be noted that the temperature ramping was halted and
the material was kept at a fixed temperature during the
in situ HT-XRD measurements. The oxidation reaction
continued during the HT-XRD scans. To minimize the
duration of the HT-XRD measurements and increase
the time resolution, the scanning angle was set in a
narrow range between 32 and 41 deg, where three
hematite peaks and two magnetite peaks could be
observed. In this case, each HT-XRD measurement
took around 67.5 s.

C. HT-XRD Data Treatment

The Rietveld refinement method was widely used for
phase quantification in ironmaking area.?' ** At cur-
rent study, the Jade 6.0 software provided by Materials
data Inc. was employed to identify and fit the diffraction
peaks in this study. The overlapped peaks of magnetite
and hematite at around 35 deg were successfully

Table I. Chemical Analysis of the Raw Magnetite Samples, (Wt Pct)!!"!

Feo FeO Si0, AlLL,O4 MgO CaO TiO, P S
Ore A 68.78 27.71 5.60 0.18 0.17 0.17 — 0.017 0.05
Ore B 65.65 27.66 3.33 1.16 1.62 1.62 0.22 0.017 0.10

Table II. Particle Size Distributions and Density of the Raw Magnetite Samples'

[11]

D10 (um) D50 (um) D90 (um) Skeletal Density (g/cm®)
Ore A 4.81 28.35 62.66 4.94
Ore B 6.10 32.25 70.16 5.09
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separated by refinement in Jade 6.0 software, and the
location and profile of individual peaks were obtained,
as shown in Figure 2. Besides, the quantitative infor-
mation of crystal information, such as lattice con-
stants,? crystallite size,”® and phase fraction,”” can be
obtained.

1. Determination of Lattice Constants

Based on our previous TGA tests, the oxidation
started at around 200 °C then reached the first peak at
around 330 °C and the second peak started at around
400 °C.""" The oxidation product was supposed to be
y-Fe,O3 between 200 °C and 400 °C. Above 400 °C,
y-Fe,O5 transformed into a-Fe,Os5. In the present study,
the oxidation temperature was higher than 400 °C, and
thus only a-Fe,O3 was expected to be the oxidation
product (hereafter, a-Fe,O;5 is referred to as Fe,Os).
Therefore, two crystal structures were considered: Fe;0,
(cubic close-packed crystal) and Fe,O; (hexagonal
close-packed crystal). The relationship between inter-
planar spacings (d), lattice constants (a), and crystal
planes {hkl} are expressed in Eqgs. [1] and [2].°*) When a
specific plane and corresponding interplanar spacing are
known, the lattice constants can be calculated. The
interplanar spacing can be obtained by Bragg’s law as
shown in Eq. [3].

Air == HT-XRD measurement

Non-isothermal Oxidation

32~41°

1000 °C

800 °C

600 °C

Temperature / °C

400 °C

= e ]

ime

Fig. I—Temperature profile for HT-XRD measurements.
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23 & ta

ni.
e 3
2Sinf 13
where d is the interplanar spacing; a and ¢ are the lat-

tice constants, {hkl} is the crystal plane; n is the
diffraction order, and here the value is 1.

Bragg's law : d =

2. Determination of Crystallite Size

Crystallite size (D) can be calculated using the
Scherrer equation, as given in Eq. [4]. It should be
noted that the crystallite size refers to the average
thickness perpendicular to the (hkl) planes. The (110)
and (104) planes of Fe,O3 crystal were chosen for
quantifying the crystallite size. Because these two peaks
exhibit relatively high intensities and have similar
instrumental broadening conditions (similar peak posi-
tion).”’! As shown in Figure 3, the (110) plane is parallel
to the ¢ axis and (104) plane is at a small angle to the a/b
axis.?” Therefore, the crystallite size along the ¢ axis
and a/b axis can be calculated according to Egs. [5], [6].

K

D:m 4]

Dy, = Diyp X cosoq1o 5]

—— Raw pattern
- Magnetite
—— Hematite
——Fitted
Difference

Intensity (a.u.)

Intensity (a.u.)

—— Raw pattern
L Magnetite
—— Hematite
—— Fitted
Difference

34.7 34.8 34.9 35.0 35.1 35.2 35.3 35.4 35.5 35.6 35.7

2 Theta (Degree)

(@)

34.7 34.8 34.9 35.0 35.1 35.2 35.3 354 35.5 35.6 35.7
2 Theta (Degree)

(b)

Fig. 2—Rietveld refinement peak profile of Ore A at different temperatures: («) 600 °C and (b) 800 °C.
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Fig. 3—Schematic of Fe,O; crystal: (a) (110) plane and (b) (104)
plane.

D. = Djp4 X cosaips, (6]

where D is crystallite size, nm; K is 0.94 (Scherrer con-
stant); 4 is 0.15406 nm (the wavelength of Ka Cu
X-ray source); f is full width at half maximum
(FWHM), radians; 0 is peak position, radians; D,
and D, represent the crystallite size calculated based
on (110) and (104) peaks; oo is the angle between
[110] direction and x—y plane; oo4 is the angle between
the [104] direction and the )z plane. Here,
cosaygp = 1 and cosujgq = 0.6192.1%

3. Determination of Oxidation Degree

The matrix-flushing method®%*! was used to obtain
the content of Fe;O4 and Fe,Os;. The relative mass
content of each phase is proportional to the ratio
between its peak intensity and relative intensity ratio
(RIR). The RIR value of each phase can be found in the
PDF card database. The RIRs of the Fe;O4 and Fe,O3
phases are 4.9 and 3.2, respectively. The impurities were
not considered in the calculation. The content of Fe,O3
and Fe;0, can be calculated based on Egs. [7], [8].I'"

1 1
XH/XMZi ﬁ [7]
Xg+xuy =1, [8]

where xy and xj, are the relative mass content of
Fe>O5 and Fe30q4. Iy, Iy, ky , and ky; are the intensi-
ties and RIR values of Fe,O5; and Fe;Oy4, respectively.

Kapelyushin et al.*? calculated the reduction degree
of Fe304 in the CO-CO, atmosphere based on HT-XRD
analysis. The oxidation degree of Fe;O4 can be obtained
by a similar method. The initial mass content of Fe;Oy4
was calculated via the mass balance of iron. Hence, the
theoretical weight gain can be obtained as given in
Egs. [9], [10]. The actual weight gain was calculated
based on the Fe,O; mass content via Eq. [11]. There-
after, the oxidation degree (w) can be obtained by
Eq. [12].B334

mM:xMJr%xngM 9]
AMiheory = ;1/—1:[ X % [10]
Am = ;/—Z X % X % [11]
W= A}Ztm x 100 pet, 12]

where Wy, Wy, and Wy are mole masses of Fe,Os,
Fe;04, and O, respectively. mas, Amypeory, Am, and w
are the initial mass content of Fe;0,, theoretical
weight gain, actual weight gain, and oxidation degree.

III. RESULTS AND DISCUSSION
A. Oxidation of Magnetite

Figure 4 shows the oxidation behavior of two ores at
different temperatures probed by HT-XRD. Two ores
revealed similar oxidation behavior, as suggested by the
diffraction patterns. All the peaks shifted to a lower
diffraction angle with an increase in temperature due to
thermal expansion.[3 537 The (104) peak of Fe,Os firstly
appeared at 400 °C, as shown in Figures 4(a) and (c).
With an increase in temperature, the intensity of the
(104) peak increased, indicating a higher fraction of
Fe>O;5. The (311) peak of Fe;04 vanished at 1000 °C,
representing deep oxidation of Fe;O4. The width of
(104) peak became narrower with increasing tempera-
ture, which suggested the growth of Fe,O; crystallite.

B. Oxidation Degree

The oxidation degrees of both ores at different
temperatures are shown in Figure 5. Ore A was easier
to be oxidized than Ore B, as indicated by its faster
kinetics. The oxidation degree was lower than 10 pct at
400 °C in both cases. When the temperature increased
to 600 °C, the oxidation degree increased significantly.
Above 800 °C, the oxidation rate slowed down. The
sigmoid-shaped oxidation degree curve indicated that
the kinetics followed the parabolic law, where the solid
diffusion of ions was the rate-limiting step. The
oxidation mechanism was explained in our previous
study.""! Each magnetite crystal unit contains eight
Fe;O4 molecules, i.e., 32 oxygen anions and 24 iron
cations (16 Fe*™ and 8 Fe’"). The oxygen anions
present a cubic close-packed structure, where 96
interstices exist. Only 8 out of 64 tetrahedral interstices
are occupied by Fe’ " cations. 16 out of 32 octahedral
interstices are occupied by 8 Fe®* cations and 8 Fe*”"
cations."!! Due to so many interstices, the iron cations
can move easily within the crystal lattice. The
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Fig. 4—in situ HT-XRD patterns at different temperatures: (a), (b) Ore A; (¢), (d) Ore B.

O* anion can hardly move due to its bigger size.
From the crystal scale, when an oxygen atom is
trapped by Fe;O4 for phase transformation, two
electrons are taken from the crystal by the oxygen
atom. In the meanwhile, two positively charged holes
2 h + are generated in the place of the previous
electrons for a neutral local charge in the crystal. Then
Fe?" cation may capture the charged hole h* and
becomes Fe’ " cation. In later oxidation stage, due to
the high amount of Fe’" cations, the charged hole
h™ has less opportunity to meet Fe’" cations.
In the contrast, the charged hole h™ decreases the
mobility of the iron cations and expand the crystal
unit.
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C. Evolution of Lattice Constants

Table III summarizes the lattice constants of Fe;O4 in
the ores at different temperatures. The results are
comparable to those in the literature. The change in
lattice constant with increasing temperature is supposed
to be caused by thermal expansion and lattice modifi-
cation during oxidation.'® As shown in Table III, the
lattice constant at a specific temperature measured in
this study was slightly larger than that in the literature.
Such a difference might be due to a much higher oxygen
partial pressure in the present study, as the magnetite
was oxidized under an air atmosphere. This condition
could result in a larger lattice constant of magnetite due
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Fig. 5—The oxidation degrees of Ore A and B at different temperatures: (a) Ore A; (b) Ore B.

to partial oxidation® (i.e., a higher oxygen occupancy
in the lattice). The temperature dependence of the lattice
constant can be represented by polynomials up to the
fifth order.® Here, the relation between lattice constant
and temperature was successfully fitted with the sec-
ond-order polynomials (Figure 6), within a temperature
range of 25 °C to 800 °C. The temperature-dependent
lattice constant of Fe;O4 can be described as follows:
a=253x10"% xT>+8.64 x 107 x T+ 8.4132. At
the higher temperature (e.g., 1000 °C), the (222) peak
of Fe;0,4 disappeared, which reduced the accuracy in the
assessment of the lattice constant. Thus, the lattice
constant at 1000 °C was not considered.

Table IV lists the lattice constants of Fe,O; at
different temperatures. Based on Eq. [2], at least two
peaks of Fe,O3; are required to obtain the lattice
constant « and ¢ for a trigonal crystal structure.
Therefore, only one set of a and ¢ can be calculated at
each temperature in the current study. The lattice
parameters of Fe,Os; measured in this study were
slightly larger than those in the literature, where a was
5.01 to 5.04 A and ¢ was 13.68 to 13.73 A in the
temperature range of 300 °C to 800 °C.*! Stefano
et alB" studied the phase transformation from goethite
(x-FeOOH) to hematite (¢-Fe,O3) in the temperature
range of 200 °C to 1000 °C by synchrotron powder
diffraction. Hematite was formed by the release of the
OH™ groups of goethite phase. The hexagonally
close-packed arrays of oxygen anions present in the
parent goethite still remained in the newly formed
hematite. Tatsuo ez al.l*! studied the thermal expansion
of hematite at high temperatures, where no chemical
reaction occurred. In current study, the hematite was
formed by the oxidation of magnetite. The oxygen
anions are transferred from cubic close-packed arrays to
the hexagonally close-packed arrays. The aforemen-
tioned three hematite phases were generated through
distinct pathways. Figure 7 shows the relative increase
in ¢ and ¢ of the three hematite phases. The correlation
between lattice constants and temperature can be also
fitted with second-order polynomials (Figure 8). The
temperature-dependent lattice constant of Fe,O3 can be

described as follows: a = —2.81 x 1078 x T + 8.76 x
107> x T + 5.0368; c=3.01x10"% x T> + 1.09 x
107*x T + 13.7621.

The SiO, was the dominant impurity in both ores.
At current study, the maximum temperature was
1000 °C, the SiO, was considered as inert phase. The
size of Mg>" (72 pm) is similar to Fe?" (74 pm).
Therefore, the influence of SiO, and MgO on the
lattice constant was ignored. The ore B contains more
gangue minerals than the ore A. The impurities such as
Al,O3 and CaO should have influence on the crystal
cell of FesO4 and Fe,Os. Due to the smaller size of
AP*" (54 pm) than Fe’" (65 pm), the substitution of
Fe’™ by A" in Fe;04 or Fe,O5 crystal cell would
result in a contraction of the cell volume. The Ca*"
cations either displace Fe’" or occupy vacancies in
Fe;04 cell, both of which may result in an expansion
of the crystal cell duo to the larger size of Ca’”"
(100 pm). In other words, the AI’* and Ca®" show the
opposite effect on the crystal size of Fe;04 cell.
Figure 9(a) illustrates the expansion of Fe;O4 crystal
cell at different temperatures. The difference between
the Ore A and Ore B was not significant. The Fe;Oy4
crystal cell expansion rate of Ore B was slightly smaller
than that of Ore A, which can be explained by the
substitution of Fe*" by AI’". However, the expansion
rate at 800 °C was an exception. The AI>* cations had
better mobility within the Fe;O4 crystal cell than that
of Ca?" cations. Only at high temperature, i.e., 800 °C,
the effect of Ca®" cations became more dominant than
A" cations and promoted the expansion of the Fe;04
crystal cell. Figure 9(b) shows the expansion of Fe,O;
crystal cell at different temperatures. The Fe,O3 crystal
cell expansion rate of Ore B was slightly larger than
that of Ore A at 600 °C and became more obvious at
800 °C. While at 1000 °C, the expansion rate of Ore B
was smaller than that of Ore A. This phenomenon
could be also explained by the combined effect of Al**
and Ca’" cations in the Ore B. Based on the stability
diagram of Fe;04-FeAl,O4 and Fe,0;-FeAlO;, AIP"
cations prefer to combine with Fe;O4 to form mag-
netite-based solid solution.® At 1000 °C, the
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Table III. The Lattice Constant and Volume of the Fe30,4 Cell Measured by High-Temperature X-Ray Diffraction During the
Oxidation of Fe;04 in Air

Ore A Ore B **Ref. 40 **Ref. 38
Temp a=b=c(A)  Volume(A)  a=b=c(A) Volume(A) a=b=cA) a=b=c(A)
25 °C 8.4156 + 0.0021 596.0207 8.4165 + 0.0007 596.2214 8.3778 —

400 °C 8.4476 + 0.0035 602.8437 8.4473 + 0.0010 602.7819 8.4203 8.3888

600 °C 8.4796 + 0.0010 609.7186 8.4797 + 0.0005 609.7486 8.4547 8.4424
800 °C 8.4953 + 0.0042 613.1268 8.4974 + 0.0005 613.5637 8.4761 8.4698
¥1000 °C — — — 8.4969 8.4987

*The intensity of Fe;O4 peaks at 1000 °C is quite low and not suitable for the calculation of lattice constant.
**The lattice constant from Refs. 40 and 38 are the values measured at vacuum conditions.
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Fig. 6—The lattice constant of Fe;O, as a function of temperature
measured by high-temperature X-ray diffraction during oxidation of
Fe;04 in air.

oxidation degree of Ore B was 88.8 pct. With the
decrease of magnetite phase, the AI’* cations diffused
from magnetite to hematite phase, resulting in the
lower expansion rate of Ore B.

D. Evolution of Crystallite Size of Fe;03

Figure 10 shows the Fe,Oj3 crystallite sizes of Ore A
and B along the ¢ axis and the a/b axis. With an increase
in temperature, more and more Fe;O4 was oxidized into
Fe,05, and thus the Fe,O5 crystallite in both ores grew,
as shown in Figure 10. It was also observed in both ores
that Fe,O3 grew faster along a/b axis (D, in Figure 10)
than ¢ axis (D, in Figure 10) in the crystal unit,
especially in the beginning of oxidation. Also, the
crystallite size along the a/b axis revealed a larger size
than that along the ¢ axis. Such findings suggested a
growth habit of Fe,O3 during oxidation. It is worth
noting that D, and D. were calculated based on the
(110) and (104) peaks, respectively. In our previous
study,!"" it was found that the surface energy of the
(110) crystal surface was larger than that of the (104)
crystal surface. The growth rates of the crystal faces are
proportional to their surface energies, indicating a larger
crystallite size along the a/b axis, which concurs well
with the current study. The growth habit of Fe,O3 was
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also observed in TEM micrographs of Fe,O; during the
decomposition of goethite, where the Fe,Os; phase
showed acicular morphology.[**! In general, it is believed
that the Fe,O3 phase presents acicular microcrystals due
to its crystallographic-dependent properties. Besides, the
crystallite sizes of Ore A were slightly larger than that of
Ore B at specific temperatures. It cannot be explained
with present experimental data. It may be because of the
higher contents of Al,O; and MgO in Ore B, which
inhibit the diffusion of Fe cations.*>*! On the other
hand, the crystallite sizes, calculated based on the peak
(311), of the parent Fe;O,4 phase of the Ore A and Ore B
are 1027.7 A and 812.6 A, respectively. The larger
crystallite size of Fe,O3 might inherit from the larger
parent Fe;O4 phase.

IV. CONCLUSIONS

In this study, the thermal transformation of two
magnetite ore fines was investigated using in situ
high-temperature X-ray diffraction (HT-XRD) during
oxidation. The following conclusions can be obtained:
(1) The crystal information, such as lattice constant and

crystallite size, can be successfully characterized by

HT-XRD. The peaks in HT-XRD patterns shifted
to a lower diffraction angle with an increase in



Table IV. The Lattice Constant and Volume of the Fe,O3; Cell

Ore A Ore B
Temp a=b(A) ¢ (A) Volume (A?) a=b(h) ¢ (A) Volume (A%
25 °C 5.0391 13.7648 302.6958 5.0391 13.7648 302.6958
400 °C — — - - —
600 °C 5.0798 13.8282 309.0220 5.0769 13.8496 309.1470
800 °C 5.0884 13.8628 310.8451 5.0921 13.8717 311.4972
1000 °C 5.0972 13.9066 312.9067 5.0943 13.896 312.3125

*The intensity of Fe,O3 peaks at 400 °C is quite low and not suitable for the calculation of lattice constant.

512 13.92
x10°xT? x107x -
2.81510°T? + 8.76x10°%T + 5.0368 13.90 3.0.1 10°xT* + 1.09x10™xT + 13.7621 L%
5.10 Adj.R-Square = 0.975 s 13.88 | A ReSquare=0.945 s ’
2 i < %
P P = 1386 "
% 5.08 |- _ B 8 o -
@ 2% w  13.84 |- e
g id - S > “ L
S 506} -7 o 1382t P
k] s g L7
= v £ 1380} T
- 504l &7 = OreA = - = OreA
e OreB 13.78 - 7 e OreB
— — -Fitting curve r — — -Fitting curve
502l 13.76 |
1 1 1 1 1 1 1 1 1 1 1 1374 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) Temperature (°C)
(a) (b)
Fig. 8—The lattice constants of Fe,O3 as a function of temperature: (@) lattice constant a; (b) lattice constant c.
3.5 3.5
-
°
3.0 - 3.0 -
] [ ]
|
25 25
g . g
2 2 (]
L S o0l
51 2.0 3 20
= OreA = OreA
155 e OreB 151 e OreB
 }
1'0 1 1 1 1 1 1_0 1 1 1 1 1
400 500 600 700 800 600 700 800 900 1000
Temperature (°C) Temperature (°C)
(a) (b)
Fig. 9—The expansion of crystal cell volume as a function of temperature: (a) Fe;0y; (b) Fe,Os.
temperature due to thermal expansion. The intensity suggesting a growing crystallite size of Fe,O3 during
of the (104) peak of Fe,O; increased with the oxidation.
increasing temperature, indicating an increase in the (2) The lattice constants of Fe;O4 and Fe,O3 both in-
fraction of Fe,O5. The width of the (104) peak be- creased with the temperature and followed sec-
came narrower with the increasing temperature, ond-order polynomials. The correlation of lattice

METALLURGICAL AND MATERIALS TRANSACTIONS B



600

[ n
550 |- —
L L ]
500 - /
2 [ ||
o 450 [
N
N |
2 400
= L [ ]
©
% 350 |-
E L u //-
300 |- P
L . —=—D,,
250 [ —e—D,
200 1 1 1 1
600 800 1000 Final

Temperature (°C)

(@

-]
=1
=]

550 -
500 L /
g ./\-I
o 450
N
[
2 400 -
©
» 350
300 /- .
° —=—D,,
250 g
® Dc
200 1 1 1 1
600 800 1000 Final
Temperature (°C)
(b)

Fig. 10—The crystallite sizes of Ore A and B along the a/b axis and the ¢ axis of a crystal cell at different temperatures: (a) Ore A; (b) Ore B.

constant and temperature can be expressed as fol-
lows:

FC304 1 a
=253%x 108 x T?> +8.64 x 107> x T + 8.4132;

F6203 o da
=281 x108xT>+876x 107> xT
+5.0368; ¢
=30l x108xT>+1.09x107*xT
+13.7621.

(3) During oxidation, Fe;O4 transformed into Fe,Os.
The growth of Fe,O3 revealed a certain growth ha-
bit. The growth rates of Fe,O; crystallite along the
a/b axis was faster than that in the ¢ axis, thus
showing acicular microcrystals. Such a morphology
may affect the subsequent reduction, which requires
further investigations.
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