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Abstract

The transition towards sustainable ironmaking necessitates the replacement of carbon-based
reduction processes with hydrogen-based alternatives to mitigate CO, emissions. This study
investigates the reduction behavior of two types of industrial pellets utilized in direct reduction
(DRI) and blast furnaces (BFs), using hydrogen (H.) and carbon monoxide (CO) as reducing
agents. The experimental analysis utilizes ambient pressure X-ray photoelectron spectroscopy
(APXPS) to examine the surface reduction mechanisms and a thermogravimetric analysis
(TGA) to evaluate kinetic parameters in bulk scale.

DRI pellets achieved a higher metallization degree during surface reduction by hydrogen
due to their higher porosity. Although adding CO to the reducing gas hindered the formation of
metallic iron in DRI pellet, BF pellet reached to 20% metallization degree by a mixture of 50:50
CO:H,. However, subsequent reoxidation of the reduced iron to wiistite and magnetite occurred
due to increasing partial pressure of H,O and CO, on the surface of the pellets.

Investigating the effect of water vapor on the hydrogen reduction of pellets showed that
although complete reduction is thermodynamically possible with 30% water vapor in the
system, the reduction of wistite to iron could not start, even at high temperatures, due to a
kinetic barrier. The effect of 20% water vapor on the reduction degree was dependent on the
reduction temperature. Although adding 10% water vapor decreased the rate of reduction, it did
not affect the reduction degree.

Keywords: APXPS, hydrogen, iron ore pellet, reduction rate, reduction
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Tiivistelma

Siirtyminen kestdvéadn raudanvalmistukseen edellyttdd hiilipohjaisten pelkistysprosessien
korvaamista vetyyn perustuvilla vaihtoehdoilla hiilidioksidip&astdjen véhentdmiseksi. Taméa
tutkimus  tarkastelee  kahden  teollisen  pellettityypin  pelkistymiskdyttaytymista
suorapelkistyksessd (DRI) ja masuunissa (BF) kayttden pelkistimend vetyd (H,) ja
hiilimonoksidia  (CO).  Kokeellinen  analyysi  hyddyntdd painetta  kontrolloivaa
rontgenfotoelektronispektroskopiaa (APXPS) pinnan pelkistysmekanismien tutkimiseen seka
termogravimetristd analyysia (TGA) kineettisten parametrien arviointiin suuremmassa
mittakaavassa.

Tutkittaessa  pinnan  pelkistymistd  vedylla DRI-pelletti  saavutti  korkeamman
metallisaatioasteen verrattuna BF-pellettiin, mikd johtui sen suuremmasta huokoisuudesta.
Metallista rautaa ei muodostunut DRI-pelletissé, kun pelkistyskaasuun vedyn lisdksi lisattiin
hiilimonoksidia. Kuitenkin BF-pelletti saavutti korkeamman metallisaatioasteen (20 %), kun
pelkistyskaasujen suhde oli 50:50. Pelkistyneen raudan uudelleenhapettumista wistiitiksi ja
magnetiitiksi havaittiin tapahtuvan, kun H,O- ja CO,-osapaineet kasvoivat pelletin pinnalla.

Tutkittaessa vesihdyryn vaikutusta pelletin vetypelkistyksen aikana havaittiin, ett vaikka
taydellinen pelkistyminen on termodynaamisesti mahdollista vesihdyrypitoisuuden ollessa
30 %, wistiitin pelkistyminen raudaksi ei tapahdu edes korkeissa lampétiloissa kineettisten
esteiden takia. Vesihdyrypitoisuuden ollessa 20 % pelkistymiseen vaikutti myds kéytetty
pelkistyslampétila. Vaikka 10 prosentin vesihdyrypitoisuus hidasti pelkistysnopeutta, se ei
vaikuttanut pelkistysasteeseen.

Asiasanat: APXPS, pelkistysnopeus, rautamalmipelletit, vetypelkistys






Dedicated to those who have strived for freedom, in
thought, in spirit, and in life.






Acknowledgements

I would like to express my deepest gratitude to my main supervisor, Professor Timo
Fabritius, for his unwavering trust in me and for giving me the opportunity to join
the University of Oulu from 5000 kilometers away. His exceptional guidance,
leadership, and support have been invaluable throughout this journey.

I am also sincerely grateful to my co-supervisors, Dr. Mikko Iljana and Dr.
Anne Hietava, for their constant support and encouragement, which have been
instrumental in helping me complete my PhD. Additionally, 1 extend my
appreciation to Riku Mattila, Laboratory Manager, and Tommi Kokkonen, Project
Researcher, for their invaluable technical assistance.

I acknowledge the Centre for Material Analysis (CMA) and MAX IV
Laboratory for providing essential laboratory and characterization facilities that
significantly contributed to this research.

This work was made possible by the generous support of the Sustainable
Hydrogen—Potential for Bothnia Gulf Cluster project (20357962), funded by the
European Regional Development Fund (ERDF). | also appreciate the financial and
strategic assistance from the FFS2—Towards Fossil-Free Steel 2 (grant number
5534/31/2023) and the CLEANZ2STEEL project, supported by the Kvantum
Institute. A special thanks to the Finnish Foundation for Technology Promotion
(Tekniikan Edistamissaétid) and Tauno Tonning Foundation for their financial
support, which has greatly contributed to this research.

Beyond academia, | am deeply thankful to my friends, who have filled these
four years with joyful and unforgettable moments, helping me maintain a balance
between work and personal life.

Lastly, my heartfelt gratitude goes to my family. Despite the physical distance
between us, | have always felt their unwavering love, support, and positive energy
in every moment of my journey.

10.2.2025 Aidin Heidari



10



List of abbreviations and symbols

etc.

H,O
LOI
Ferot
SiO,
CaO
Al;O3

et cetera

id est

exempli gratia
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1 Introduction

The iron and steel industry is one of the most important industries and plays an
undeniable role in the global economy with a major effect on many other industries.
At present, the global steel industry heavily relies on the conventional blast furnace
(BF) and basic oxygen furnace (BOF) methods to produce approximately 70% of
all crude steel. These methods involve the utilization of coke as a primary source
for carbon monoxide (CO) generation, which serves as the key reducing agent.
Regrettably, this traditional approach contributes to the release of approximately
1.9 metric tons of carbon dioxide (CO,) for each ton of steel produced, posing
significant environmental concerns (Souza Filho et al., 2022). The remaining 30%
of steel production is achieved using electric arc furnaces (EAF), where steel scrap
and directly reduced iron (DRI) are melted. In the direct reduction process, carbon
monoxide (CO) and hydrogen (H;) are generated as the reducing agents through
the high-temperature decomposition of natural gas. Although this route results in
significantly lower CO, emissions compared to the blast furnace method, the
continued use of CO as a reducing agent in direct reduction processes remains a
source of concern in relation to CO; emissions (Souza Filho et al., 2021). It is worth
noting that the iron and steel industries collectively contribute to approximately 7%
of the global total CO, emissions, emphasizing the need for sustainable and low-
carbon steel production methods (Heidari et al., 2021). Therefore, researchers and
industries are looking for alternative technologies to lower CO, emission and to
make the process more environmentally friendly.

In the context of metallurgical processes, green hydrogen offers a sustainable
alternative for reducing iron ore. The utilization of hydrogen in direct reduction
processes can substantially lower the carbon footprint of steel production. Recent
studies have demonstrated the feasibility of hydrogen-based reduction at various
temperatures, highlighting its potential to revolutionize the steel industry (H6lling
& Gellert, 2018; S. Li et al., 2021).

Using hydrogen as a reducing agent has been considered the main alternative
for the transition to fossil-free ironmaking (Rukini et al., 2022; R. R. Wang et al.,
2021). Hydrogen can be utilized in three different ways. First, injecting hydrogen
into the blast furnace. In this method, part of the coke (CO as the reducing gas) is
replaced by hydrogen, which mitigates CO, emission. However, since the blast
furnace has been designed to operate with coke, it is not possible to replace all of
the coke with hydrogen (Yilmaz et al., 2017). The second method is direct reduction
(DR) using hydrogen as a reducing gas that can be done in shaft furnaces or
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fluidized bed reactors. This process can be achieved with only hydrogen, which can
be fossil-free if the hydrogen is produced through methods such as water
electrolysis (Spreitzer & Schenk, 2019a; L. Wang et al., 2022). The third method is
plasma hydrogen reduction in which iron ore can be melted and reduced
simultaneously in a plasma arc zone (Raabe et al., 2023).

Among the mentioned routes, direct hydrogen reduction is closer to scaling up
and industrialization and some companies have started to design plants (Kushnir et
al., 2020). However, the feasibility of completely shutting down all existing blast
furnaces worldwide and swiftly replacing them with hydrogen-based shaft furnaces
is impractical. Therefore, many industries view the injection of hydrogen into
existing blast furnaces as a short-term solution (Sun et al., 2023). The
thermodynamics and kinetics of the process have been widely studied by
researchers. Studies show that the reduction of iron ore by hydrogen is considerably
faster than the reduction by carbon monoxide (Heidari et al., 2021; S. Li et al.,
2022). Hydrogen can diffuse faster because of its small molecular size and higher
mobility, and it has higher reaction rates. However, since the hydrogen reduction is
endothermic, the required energy should be supplied by an external source. The
hydrogen reduction process can be comprehensively studied on three distinct scales:
macroscopic, mesoscopic, and microscopic. Macroscopic investigations offer
insights into transport phenomena and reaction kinetics within shaft furnaces, while
the mesoscopic scale is apt for exploring the structural evolution of iron ore pellets
during the reduction process. However, it is at the microscopic scale that we gain
access to invaluable information pertaining to crystal defects, interfacial reactions,
porosity, chemical composition variations, and mechanical factors that can
significantly impact the overall kinetics of the process.

This doctoral thesis provides an in-depth review of the kinetics involved in the
hydrogen reduction of iron ore, covered in the first supplement. The primary goal
of this literature review was to compile findings and methodologies from various
studies to identify key parameters influencing reduction kinetics and to highlight
areas needing further investigation. Following the review, two types of iron ore
pellets, differing in chemical composition and physical characteristics, were
selected for detailed study. The reduction behavior of these pellets was examined
both at the surface and in the bulk. Surface-level reduction was analyzed using
APXPS, with results presented in Publication Il. Bulk reduction was studied in
Publication I11, using single pellet reduction tests in a TGA at various temperatures.
Given the significance of water vapor, which is inherently present during reduction

18



yet understudied, its effect on hydrogen reduction of iron ore pellets was
specifically explored in Publication 1V.

In this study, the reduction process was examined at a depth very close to the
surface for the first time. Additionally, bulk reduction experiments using two types
of industrial pellets and a broad range of temperatures and water vapor levels (up
to 30%) provided valuable industrial relevance and insight.

In Figure 1, the publications are presented graphically, and how they relate to
the thesis goal. The main focus is on pellets, as previously stated, and this emphasis
is clearly shown in Figure 1.

Fig. 1. Structure of thesis and published articles.

1.1 Thermodynamics of reduction

Iron oxide is in the forms of Fe,O3 (hematite), FesO4 (magnetite), and FeO (wstite).
However, wistite is not stable at temperatures lower than 570 °C and it is formed
during a reduction process at temperatures higher than 570 °C. A direct reaction
between iron oxide and carbon does not occur in the blast furnace due to the very
slow Kkinetics, because the two reactants are in solid phases. Hence, carbon first
reacts with oxygen and produces carbon monoxide according to the reaction (1),
which is the reducing agent. Carbon monoxide also can be produced by reforming
the natural gas in direct reduction plants as follows

C(s)+1/, 0, (g) = CO (9. (1)

Iron oxide can be reduced to metallic iron by carbon monoxide, according to the
following reactions:
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3Fe,05(s)+ CO (g) =2Fe30,(s)+CO, (g), (2)
Fe;0, (s)+4CO (g) =3Fe(s)+4C0, (g) below570°C, (3)

Fe;0, (s) +CO (g) =3 Fe0 (s) + CO, (g) above570°C, (4)
and
FeO (s) 4+ CO (g) = Fe (s) +C0, (g) above570°C. (5)

The overall reduction of hematite to iron can be written as:

Fe,05 (s)+3C0(g) =2Fe(s)+3C0,(g). (6)

All the reactions are exothermic except reduction of magnetite to wistite. So, the
overall reduction does not require extra energy.

The produced CO; during reduction reactions is not stable at high temperature
and in the presence of C it can transform to CO as in the following reaction, which
is called the Boudouard reaction:

C(s)+C0,(g9) =2C0 (9. ()

The reaction is endothermic and consumes heat. Furthermore, due to Le Chatelier’s
principle, at a higher pressure less CO will be produced (Figure 2).

The gas utilization of carbon monoxide can be presented by the parameter nco,
which is the relative amount of CO; in the gas mixture

P
Nco —<0%2 (8)

Pco+Pco,’

It can be inferred from the equation that when nco=0 it means that the gas
composition is all CO and reduction is possible, whereas the nco=1 shows that there
is no CO in the gas mixture and reduction cannot occur. So, the 1-nco is the relative
amount of CO in the gas mixture.
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%CO in gas

Fig. 2. Stability diagram of a Boudouard reaction at different pressures.
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The equilibrium constant for the iron oxide reduction with CO can be written as:

and

and

£ Fe,0y + (Sy —<b) €O =< Fe,0, + (iy—%b) co,

©)

(10)

(11)

(12)
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A Baur-Glaessner diagram can be made by plotting 1- nco versus the temperature.
The diagram illustrates the stable regions of iron, wistite, and magnetite, and the
related equilibrium reactions (Figure 3).

100
=
Z Fe
]
= 80 co=Fe* CcO,
t Ot 2 —
3 s
T 60
=]
(=]
=
40
S (_,Q FeO
%') T //r\l )l(_u
S 2 S 0
= 204 & =3k
3 oV \*’OO i
o O - Co
1 Fe304 2
0 . T r T X T X
400 600 800 1000 1200

Temperature (°C)

Fig. 3. Baur—Glaessner diagram for an Fe-O-C system (Drawn using HSC Chemistry
10.4.1.1 database).

Reactions 13-16 can be considered for the reduction of iron oxide by hydrogen:

3 Fe;05 (s) + H, (g) = 2 Fe30, (s) + H,0 (g), (13)

Fe;0, (s)+4H, (g) =3Fe(s)+4H,0(g) below570°C, (14)

Fe;04 (s) + H, (g) =3 FeO (s) + H,0 (g) above 570°C, (15)
and
FeO (s) + H, (g) =Fe (s) + H,0 (g) above 570°C. (16)
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The overall reduction of hematite to iron can be written as:
Fe,05 (s)+3 H, (g) =2Fe(s)+3H,0 (g). a7

Itis clear that the hydrogen reduction of iron oxide is endothermic, and extra energy
is needed per mol of iron. This energy should be supplied using supplementary heat
from something like the oxidation of hydrogen

Hy (9) +7 05 (9) = H,0 (g). (18)

The parameter nn2 can be also defined as the gas utilization of hydrogen, which is
the relative amount of H,O in the gas mixture
P

Nu, = P& (19)

HytPH,0

According to the equation, when nn2=0 the gas mixture only contains H; and on the
other hand when nu2=1 it means that there is only H,O in the gas mixture. Hence,
“1-nn2” can be defined as the relative amount of H, in the gas mixture and a
measure for the reduction power of the gas mixture, which is called in some
literature as “gas quality”. As a result, the reduction reaction is feasible only if nu2
lies below a thermodynamic limit.

The equilibrium constant can be calculated as below:

£ Fe,0, + (iy - gb) Hy =< Fe 0, + (fy —gb) H,0  (20)
and
K = “Feavs ris ™ = exp (- 22 21
BN =D Ik ) (1)
@Fex0y "Hy
For pure substances are = areo = 1.
(a0
K= (_P”zo) 22)
PH,
and
K
M, = 1o (23)

By plotting 1- nw2 versus the temperature and adding to Figure 3, the Baur-
Glaessner diagram containing Fe-O-C-H system can be plotted as the Figure 4.
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Fig. 4. ABaur—Glaessner diagram for an Fe-O-C-H system (Drawn using HSC Chemistry
10.4.1.1 database) (Modified under CC BY 4.0 license from Publication | and Ill © 2021,
2024 Authors).

1.2 The kinetics of reduction

The Kkinetics of the hydrogen-based reduction of iron ores is critical in
understanding the efficiency and mechanism of iron production using this
environmentally friendly alternatives to traditional carbon-based methods. The
kinetics of hydrogen reduction are highly complex, with several factors
contributing to this intricacy. While it is widely acknowledged that hydrogen
facilitates a faster reduction than carbon monoxide, multiple variables affect the
reduction rate (Scharm et al., 2022). These include macrostructural features such
as the type of iron oxide (e.g., natural ores or synthesized materials), the
morphology of particles (such as lump ore, sinter, pellets, or powders), and their
porosity. Additionally, microstructural properties such as the mineral composition,
crystal size, and defects, along with experimental conditions such as the
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temperature, gas flow rate, pressure, and reactor design, all significantly impact the
overall reduction kinetics (Heidari et al., 2021).

1.2.1 The effect of temperature

The influence of temperature on reaction kinetics is analyzed from two viewpoints.
The temperature dependence of the rate constant is articulated by the Arrhenius
equation (Equation 24), where “k” denotes the rate constant, “A” signifies the
frequency factor associated with collision frequency and orientation favorability,
“Ea” represents the reaction activation energy, “R” is the gas constant, and “T”
indicates temperature in Kelvin

k = Aexp _}TET“. (24)

The diffusion coefficient in solids is also temperature-dependent and adheres to the
Arrhenius equation (Equation 25). In this context, “Do” represents the maximum
diffusion coefficient, “E,” denotes the diffusion activation energy, “R” signifies the
gas constant

D = Dyexp _1TE:' (25)

In both instances, when the temperature rises, the rate of reduction escalates
exponentially.

Research indicates that the influence of temperature on the reduction rate is
more pronounced at reduction temperatures below 800 °C. Furthermore, at
temperatures exceeding 600 °C, the reduction of Fe,Os3 to FesO, occurs rapidly, and
elevated temperatures significantly influence the second (Fe;Os—FeQ) and third
stages (FeO—Fe) of the reduction process (H. Chen et al., 2017; X. Mao et al.,
2022a). Temperature influences the structure of the direct reduced iron (DRI). A
drop in temperature leads to a finer pore structure, whereas an elevation in
reduction temperature causes a decrease in the total pore area. Nevertheless,
multiple researchers have noted that at reaching a specific temperature threshold,
the reaction rate or ultimate reduction degree may decline with additional
temperature increases (Bahgat & Khedr, 2007; Piotrowski et al., 2005; Zuo et al.,
2015). Certain literature has noted the occurrence of a minimum temperature
phenomenon in reduction rates at advanced stages, where the reduction rate reaches
a minimum at a specific temperature, subsequently increasing with a higher
elevation in the reduction temperature. The reported minimum rate phenomena
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during the gaseous reduction of iron oxide were elucidated by physical and/or
chemical modifications. The emergence of some hard reducible phases, including
fayalite and ferrites, along with sintering effects and the o-y Fe phase
transformation at 912 °C, are the primary causes influencing rate minimum events.
The diffusion velocity of H,O or CO; in y-Fe is significantly slower than in a-Fe,
leading to a lower rate of reduction at temperatures exceeding 912 °C compared to
lower temperatures (Abdel Halim et al., 2023).

Pousette et al. revealed that reduction and carburization reactions in CO + H2
environments are competitive, with carburization predominating at lower
temperatures (700 °C) and reduction occurring more rapidly at elevated
temperatures (800—900 °C) (Pousette et al., 2024).

1.2.2 The effect of the gas flow rate

The hydrogen flow rate can affect overall concentration of hydrogen in the reactive
system. Furthermore, an increased flow rate enhances the diffusion of hydrogen
inside the pellet and reduces the resistance to the gaseous diffusion surrounding the
particle (Kang et al., 2024a; Ohmi et al., 1983; Ohmi & Usui, 1982). Research
indicates that augmenting the gas flow rate often enhances both the reduction rate
and the maximum degree of reduction, with a more significant impact observed in
the conversion of magnetite to wistite and wistite to iron. Additional aspects such
as the temperature and characteristics of the pellet can affect the influence of gas
flow rate. It has also been found that there exists a critical flow rate, beyond which
an increase in flow rate does not significantly affect the reduction rate (Kang et al.,
2024a; Kawasaki et al., 1962; Kuila et al., 2016a).

Zhang et al. established that augmenting the fluidizing velocity and hydrogen
concentration during the reduction of Chinese hematite ore fines in a fluidized bed
transitioned the kinetics model from three-dimensional diffusion to a combination
of three-dimensional diffusion and one-dimensional nucleation and growth (J.
Zhang et al., 2024). Yu et al. found that an elevated hydrogen concentration
positively influenced the reduction rate, and the effect of an H, partial pressure
fluctuation was substantial even at lower temperatures (D. Yu et al., 2013). Certain
research indicates that reducing the gas concentration alters the reduction rate by
influencing the adsorption and chemical reaction processes of gas reactants on the
surfaces of solid reactants (Monazam et al., 2014; Tang et al., 2021).
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1.2.3 The effect of particle size and porosity

Augmenting the particle size consistently diminishes the reduction rate owing to
the reduced diffusion distance (F. Chen et al., 2015; Teplov, 2012; Turkdogan &
Vinters, 1971; A. Zhang et al., 2020). At low reduction temperatures, the particle
size is not a significant characteristic (Corbari & Fruehan, 2010). Furthermore, for
particle sizes below a specific threshold, the correlation between the reduction rate
and particle size is minimal, as the internal diffusion resistance is negligible in such
instances (Hou et al., 2012).

The influence of the dimensions of the iron oxide pellets is also contingent
upon their porosity. The effect of size is diminished when the pellets are very porous
and amplified when they are less porous. In a more porous particle, the reducing
gas can penetrate the particle, allowing reduction to commence simultaneously on
all sides. A porous particle contains fewer reactants per unit volume (Wagner et al.,
2006).

The reduction rate of iron oxide particles diminishes as the particle size
increases. The fractional reduction remains consistent upon completion of the
reduction.

Cavaliere et al. examined high-grade Brazilian iron ore pellets at temperatures
ranging from 800 to 1000 °C, demonstrating that pore tortuosity impeded gas
transport and reduced reaction rates (Cavaliere et al., 2023). Kazemi et al. similarly
discovered that although more porous pellets demonstrated accelerated reduction
kinetics, the reduction mechanisms were consistent for pellets with comparable
hematite content (Kazemi et al., 2017). Conversely, Metolina et al. indicated that
porosity exerted a negligible influence on the hydrogen reduction of hematite
pellets, while temperature and pellet size were more consequential factors
(Metolina et al., 2022). Korobeinikov et al. investigated the effects of the reduction
rate and temperature on porosity, demonstrating that slower speeds yielded larger
pores, but elevated temperatures and increasing CO concentrations led to coarser
pore structures (Korobeinikov et al., 2023).

1.2.4 The effect of pressure

Research has indicated that elevating the absolute pressure while maintaining a
constant partial pressure of H, does not result in any significant alteration in the
decrease rate throughout the initial and intermediate stages. A rise in the partial
pressure of H, results in an elevated reduction rate. An increased partial pressure of
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H, correlates with a greater concentration of H;, which, as posited by other
researchers, may elucidate the enhanced reduction rate (Souza Filho et al., 2023).

Ozgiin et al. highlighted the influence of hydrogen pressure on reduction
kinetics and microstructural development during the direct reduction of hematite
pellets. Their findings indicated that elevated hydrogen pressure markedly
improved the reduction rate and caused considerable alterations in pore shape,
resulting in the development of finer grains of metallic iron (Ozgiin et al., 2024).
Kuila et al. observed that a reduction in hydrogen partial pressure from 1 to 0.25
atm resulted in a fall in the final reduction degree from 1.0 to 0.8 (Kuila et al.,
2016a).

1.2.5 The effect of mineralogy of iron

The reduction of hematite by hydrogen occurs more rapidly than that of magnetite,
particularly at elevated temperatures. This is because of the robust and compact
shell of magnetite, which results in reduced diffusivity. Moreover, the greater
density of hematite (5.260 g/cm3) relative to magnetite (5.175 g/cm3) results in the
formation of micro fractures during the reduction of hematite to magnetite due to
volume alteration. In other words, when hexagonal hematite transforms into cubic
magnetite, it expands in volume, leading to the formation of cracks and pores.
These structural changes enhance the kinetics of magnetite reduction (Kuila et al.,
2016a). The created fissures function as porosities, facilitating gas diffusion. Oxy
hydroxides such as goethite, FeO(OH), exhibit significant reducibility attributed to
the elevated surface area resulting from water loss (Lu et al., 2024).

Angalakuditi et al. emphasized notable disparities in metallization among
different iron ores, with hematite and magnetite surpassing goethite and limonite
(FeO(OH).nH,0), owing to the latter’s elevated loss on ignition (LOI)
(Angalakuditi et al., 2022).

Kar et al. investigated the hydrogen reduction of various bauxite residue pellets
and traditional iron ore pellets. The reduction rate of pellets is contingent upon the
porosity and grain size of iron complexes, specifically brownmillerite and hematite.
The increased porosity and lower hematite particle size in the bauxite residue
pellets, along with self-hardened CaO-added bauxite residue, resulted in faster and
a greater degree of reduction compared to hematite iron ore pellets (Kar et al., 2023).
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1.2.6 The effect of impurities

The incorporation of SiO, may result in the formation of iron silicate (fayalite)
during reduction. The presence of fayalite adversely impacts the reduction rate,
especially in the final stages of reduction (wistite to iron). The detrimental effect
is more significant when the reductant is CO rather than H, (Bahgat et al., 2008;
Kim et al., 2012).

The majority of the examined investigations indicated a positive impact of
CaO on the reduction rate. CaO accelerates reduction by mechanisms such as
enhancing the initial porosity, facilitating the dissociation of wistite, and
encouraging a porous structure in the reduced iron layer (Iguchi et al., 1982; Seth
& Ross, 1963).

The beneficial effect of Al,O3 incorporation on the reduction rate is due to the
production of hercynite precipitates. These precipitates are hypothesized to
enhance gas diffusion by altering the atomic configuration of the iron oxide
structure (Kapelyushin et al., 2015; Shigematsu & Iwai, 1987).

The influence of MgO on the reduction of iron oxides may be advantageous
or detrimental, contingent upon the phases that develop during the reduction
process. The addition of MgO to magnetite seems to enhance the development of
magnesio spinels, therefore encouraging a porous structure. Nonetheless, the
addition of MgO to wiistite compacts results in a dense structure due to the creation
of magnesio-wustite (Bahgat et al., 2007; Pan et al., 2018). Teplov et al. observed
that both Al.Os and MgO slow down the reduction rate of magnetite by hydrogen,
with Al-O; having a stronger inhibitory effect than MgO (Teplov, 2012).

Mishra et al. conducted further research on low-grade multi-metallic
magnetite ore pellets and discovered that gangue components such as SiO,, Al,Os,
and MgO substantially impacted the porosity and cold crushing strength (CCS),
hence influencing the total reduction performance (Mishra et al., 2024).
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2 Materials and methods

2.1 Materials

2.1.1 Iron ore pellets

In this research, two types of industrial pellets crucially employed in both direct
reduction (DRI) and blast furnace (BF) processes were utilized. Each pellet
weighed approximately 8 £ 0.1 grams and measured 15-16 mm in diameter. The
selection of these pellets was based on their significance as primary feedstocks in
the iron and steel manufacturing industry. The chemical compositions and physical
properties of the pellets are detailed in Table 1 and Table 2 respectively. Moreover,
XRF has been carried out for each single pellet and the reduction degree has been
calculated accurately based on that.

Table 1. The chemical composition of BF and DRI pellets.

Elements Feot FeO SiO2 CaO MgO Al203 TiO2 V205 MnO
Mass% BF 66.7 0.6 1.85 0.43 1.3 0.32 0.35 0.26
DRI 65.79 2.2 3.78 0.73 0.45 0.64 0.23 - 0.028

Table 2. The physical properties of BF and DRI pellets.

Pellet Bulk density g/cm?® Crushing strength daN (ISO 4700)
BF 2.2 220
DRI 2.1 190

2.2 Methods

Different devices and software were used to study the reduction behaviour of the
pellets and to gain a comprehensive insight. The devices and software that have
been utilized in this thesis are listed in Table 3.
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Table 3. Devices and software that have been used in the thesis.

Device / software Application

Bulk reduction Surface reduction Publication
APXPS * I
TGA * (1) and (1V)
Optical microscopy * (1
FESEM * * (1), (1) and (1Vv)
XRD * ()
Micro-CT * (1
HSC Chemistry software * * (I, (1ry and (1vV)
ImageJ software * (D)

2.2.1 Ambient pressure X-ray photoelectron spectroscopy (APXPS)

In-situ reduction experiments were conducted at the APXPS end station of the
SPECIES beamline at the MAX IV Laboratory in Lund, Sweden (Kokkonen et al.,
2021; Urpelainen et al., 2017). A general scheme is illustrated in Figure 5. The
SPECIES beamline is a soft X-ray beamline with a photon energy range between
30 and 1500 eV, equipped with a Phoibos 150 hemispherical analyzer. This
beamline is suitable for measuring spectra up to 20 mbar and heating up to 1000 °C
in an ultra-high vacuum (UHV). Each sample consisted of a slice from a pellet,
which was loaded onto a steel plate, and mounted inside the standard cell of the
SPECIES APXPS system on a composite PBN/pyrolytic graphite/PBN heater.
Carbon monoxide (CO), hydrogen (H), and their mixtures were used as reducing
gases for the iron ore oxide reduction to see the effect of gas composition on the
reduction of both pellets. H, and CO gases were dosed through mass flow
controllers (MFCs). Before dosing CO and Hy, all the samples were characterized
in UHV, and O 1s, C1s, Fe 2p, and Fe 3p spectra were recorded to define the initial
compositions. Sample temperatures were measured with a K-type thermocouple.
Samples were exposed to different gas mixtures as well as pure CO and H,. The
gas flow rates varied from 0.5 to 10 sccm. The sample temperature was increased
sequentially from room temperature to 650 °C and kept at each temperature.
Considering the experimental conditions such as the gas composition, flow rate,
and pressure, reaching a temperature higher than 650 °C with the APXPS device in
the MAX IV laboratory was not possible. Moreover, since reactions are slower at
lower temperatures, monitoring the progress of reduction and the effect of different
parameters is easier. The reduction of iron ores at low temperatures has also been
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studied by other researchers (Adam et al., 1989; Du et al., 2017; P. Li et al., 20223;
Pineau et al., 2006, 2007; Teplov, 2010, 2012).

APXPS measures the kinetic energy of electrons emitted from a material’s
surface when it is irradiated with X-rays. From this, the binding energies of core
electrons are determined, providing X-ray photoelectron spectra. These spectra
reveal the elemental composition, chemical states, and bonding environments at the
surface, even under near-ambient pressures. APXPS is particularly valuable for
observing surface reactions in real time, such as oxidation or reduction processes
(Han et al., 2021).
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Fig. 5. A schematic of the APXPS cell featuring a sample, gas feeding section, and
electron analyzer. Insets display the applied gas perturbation (square pulse) alongside
the QMS signal at the cell outlet (left) and the synchronized DLD XPS signal from the
sample surface (right), all on the same time scale (Reprinted with permission from
Redekop et al., 2021).

SPECS Phoibos 150 NAP

2.2.2 Thermogravimetric analysis (TGA)

To ensure the integrity of the samples, the pellets underwent preconditioning in an
oven at 120 °C for one hour to eliminate any residual moisture. Subsequently,
reduction experiments were conducted utilizing Linseis STA PT 1600, a state-of-
the-art Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) device
capable of simultaneous mass and heat difference measurements which is
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illustrated schematically in Figure 6. The device tube is 40 cm in length, and has
an inner diameter of 30 mm and a wall thickness of 3 mm. It can work with H,, CO,
CO,, H;0, and N, up to 1600 °C.

Mass changes have been measured over time using TGA under certain
conditions such as temperature, gas flow rate, gas composition, and pressure. The
mass change data was then converted to the reduction degree to study the reduction
behaviour of pellets in different conditions. Experiments have been repeated twice
to minimize the experimental errors.

Optional EGA
(FTIR/MS/GC-MS)

Heater

Sample
Reference

Gas flow
MFC

Vacuum

Purge gas
Balance

Fig. 6. Schematic of the utilized TG-DSC device (Linseis STA PT 1600) (Modified under
CC BY 4.0 license from Publication Ill and IV © 2024, 2025 Authors).

2.2.3 Optical microscopy

After high-temperature tests, the pellet specimens were embedded in epoxy,
subsequently cross-sectioned and polished for analysis. Structural and phase
examinations were conducted using an Olympus DSX1000 Digital Microscopes
high resolution optical microscope (LOM) to visually inspect the samples.

2.2.4 Field emission scanning electron microscopy (FESEM)

The polished samples were coated with carbon to enhance their conductivity for
electron microscopy examination. Morphological investigations of the reduced
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pellets were then conducted using a field emission scanning electron microscope
(FESEM; Zeiss Ultra Plus, Carl Zeiss SMT AG, Germany), coupled with an
energy-dispersive X-ray spectroscopy (EDS) device for elemental analysis.

2.2.5 X-Ray diffraction (XRD)

The crystalline phases present in the reduced pellets were identified using an X-ray
diffraction (XRD) analysis performed with a Rigaku SmartLab X-ray
diffractometer with x-ray radiation source from Co Ka. XRD patterns were
recorded over the 20-range of 5-130° with a step size of 0.02° and a scanning speed
of 4.06 degrees per minute, operating at 40 kV and 135 mA.

To carry out the XRD analysis, samples have been ground into a fine powder
using a mortar and pestle, and then the powder has been mounted onto a sample
holder.

2.2.6 Micro-CT

X-ray microtomographic imaging at the research unit of medical imaging physics
and technology, Faculty of Medicine, University of Oulu was utilized to study the
porosity of the pellets.

2.2.7 HSC Chemistry

The Lpp Diagram module of HSC Chemistry 9 software was used to plot Fe—O-C
and Fe—-O-H phase stability diagrams based on the reaction equations and
thermodynamic database. The Lpp Diagram module calculates the phase stability
boundaries as lines based on the reaction equations (vector graphics). In other
words, the Lpp Diagram module draws isothermal phase stability diagrams of three
element systems, also known as predominance area diagrams or Kellogg diagrams.

2.2.8 Kinetics analysis method

The predominant method for ascertaining isothermal kinetics parameters is model
fitting. By integrating experimental data and aligning it with established models,
the ideal model can be identified among probable candidates based on the minimal
deviation in the conversion rate between the experimental data and the model’s
computed results.
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The rate of the reduction reaction can be determined by distinguishing the
degree of the reaction conversion over time. The Kinetic equation at this juncture is
represented by Equation 26:

da

r=—=k(Mf (). (26)

dt
In the study of isothermal kinetics, the integral method can be employed for data
analysis and processing, as depicted in Equation 27:

a da

G(a)z 0 %

= [ k(T)dt = k(T)t, (27)

where G(a) denotes the integral representation of the reaction model, f(a) signifies
the differential representation of G(a), k(T) indicates the apparent rate constant at
the reaction temperature T, and t represents the reaction time. The rate-determining
mechanism of the reduction reaction is confirmed using G(a), as each G(a) is
constructed from particular reaction steps (including nucleation and nucleus growth,
phase interface chemical reaction, or diffusion).

The relationship between the observable rate constant, k(T), and the reduction
temperature, T, can be illustrated by the Arrhenius equation (Equation 28):

k(T) = Aexp (— Ii—;) (28)
and
Ink(T) =InA—=2 (29)
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3 Results

The outcomes from the bulk reduction experiments are discussed, with the
reduction degree defined in the Equation 30.

mq—mg

Reduction degree (%) = x 100, (30)

mo
where m; denotes the weight of the sample prior to reduction, m; represents the
weight of the sample at reduction time t, and m, signifies the weight of oxygen in
the form of iron oxide available for reaction throughout the reduction process.

In the surface reduction experiments, Fe 2p and Fe 3p spectra were quantified
and converted to Fe®, Fe?*, and Fe®* percentages. Based on that, the metallization
degree, which refers to the percentage of metallic iron present in the total iron
content, has been calculated.

3.1 The surface reduction of iron ore pellets

The APXPS device was employed to investigate the surface (up to 10 nm) reduction
of DRI and BF pellets. The results indicate that pellets exhibit varying behavior
during surface reduction, influenced by the gas composition, gas flow rate, and
pressure, which affect the reduction of both pellets.

Figures 7a and 7b illustrate the Fe 2p and Fe 3p spectra for the DRI sample.
The Fe 2p spectra, acquired under ultra-high vacuum and normal temperature
circumstances, exhibit seven distinct peaks, including a singular satellite at 719.1
eV. The blue peaks denote Fe?* states, whereas the red peaks signify Fe®* states.
Figure 7b illustrates the Fe 3p area, featuring the Fe®* peak at 55.4 eV and the Fe?*
peak at 53.8 eV. The presence of both Fe?* and Fe3* chemical states corroborates
the identification of magnetite as the specific iron oxide present. The detection of
a satellite peak at 719 eV in hematite iron oxide indicates the presence of both
hematite and magnetite in the DRI pellets. A satellite peak refers to an additional
peak that appears in the photoelectron spectrum alongside the main core-level peak.
Prior to reduction with H; in the ambient pressure cell, the DRI pellets were
subjected to heating in UHV at 700 °C. During the heating in UHV, a reduction in
the intensity of the satellite peak at 719 eV was detected, concurrently with an
increase in the intensity of Fe?*. Subsequent to vacuum annealing, the sample was
positioned within the ambient pressure cell, subjected to a flow of 0.5 sccm
(Standard Cubic Centimeters per Minute) of hydrogen for a duration of 60 minutes.
Upon the introduction of a 0.5 sccm flow, the intensity of the Fe?* peak augmented;
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however, the intensities of the Fe 2p and 3p regions stabilized for 60 minutes at a
hydrogen flow rate of 0.5 sccm, signifying the attainment of a steady-state reaction
condition. It is crucial to note that the presence of several iron oxides in DRI pellets
complicates the differentiation between wistite and magnetite. It is presumed that
prolonged exposure to H, results in an enhancement of the peak intensity
corresponding to Fe?*, signifying the reduction of magnetite to FeO. The hydrogen
flow rate was elevated to 1.15 sccm to further investigate the reduction process.
Subsequent to this alteration, a new peak (depicted in orange in Figure 7) appeared
at 706.5 electron volts (eV), corresponding to metallic iron (Fe®) (Yamashita &
Hayes, 2008). This indicates the further reduction of magnetite and wustite to Fe®.
Nevertheless, following prolonged exposure to a hydrogen flow rate of 1.15 sccm,
no additional substantial drop of Fe® was noted. To optimize the reduction process,
the hydrogen flow rate was elevated to 5 sccm for a duration of two hours. This led
to a swift escalation in the strength of the Fe® peak, signifying an enhanced level of
reduction on the pellet surface. Based on the Fe® peak intensity during a 2-hour
duration with a 5 sccm flow rate, it can be deduced that approximately 93% of the
DRI surface was reduced to metallic iron (Fe® under these experimental
parameters.
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Fig. 7. The APXPS spectrum of a) Fe 2p, and b) Fe 3p from BF pellets during reduction
with H,. Fe 2p and Fe 3p spectrarecorded using 900 eV photon energy (Reprinted under
CC BY 4.0 license from Publication Il © 2024 Authors).

To examine the effect of the reducing gas (CO or H), an additional DRI pellet with
the same composition was analyzed. The outcomes are illustrated in Figure 8. The
DRI pellet was subjected to a CO:H, combination (20:80) for 150 minutes at 650 °C
with a flow rate of 5 sccm. The cell’s total pressure was sustained at 1 mbar. The
Fe 2p and Fe 3p spectra (recorded in UHV at room temperature) closely resemble
those presented in Figure 7 (Fe 2p and Fe 3p UHV RT), corroborating that the
composition of this sample reflects that of the prior DRI sample. Following a 150-
minute exposure of DRI pallets to a 5 sccm flow of a CO and H, mixture, the Fe
2p spectra closely resemble those obtained in UHV at room temperature. A
marginal enhancement in the strength of the Fe?* peaks was noted, signifying the
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partial reduction of hematite to magnetite; however, no additional reduction to Fe°
was detected.
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Fig. 8. Fe 2p peak evolution of DRI pellet reduction using a mixture of CO/H; as a
function of time. Fe 2p and Fe 3p spectra recorded using 900 eV photon energy
(Reprinted under CC BY 4.0 license from Publication Il © 2024 Authors).

The subsequent step of the inquiry concentrated on examining the surface reduction
of the BF sample, employing both pure H; and an H»-CO combination at 650 °C.
Figure 9 depicts the reduction of BF pellets at 650 °C in a pure H; environment.
The measurements were conducted at various pressures between 1 and 2.1 mbar
during a duration of approximately 3.5 hours. The aim was to comprehend the
impact of varying pressure in a pure H, atmosphere at 650 °C on the reduction
process. The Fe 2p spectra, obtained under ultra-high vacuum settings, closely
resemble those of hematite (Fe,Os, Fe®*) reference samples, thereby demonstrating
that the BF pellets were composed solely of hematite. During Hz dosing at 1 mbar
pressure and 650 °C, the BF pellets swiftly transitioned from hematite (Fe3*) to a
probable mixture of magnetite and wistite (Fe?*), as seen by the heightened
strength of the Fe?* peaks. Administering H; at a pressure of 1 mbar for a further
30 minutes yielded no notable further decline. As a result, the pressure was elevated
to 2.1 mbar, while the temperature remained constant at 650 °C and the flow rate
at 5 sccm. The increase in pressure resulted in a further decrease of Fe?* to Fe°
within 60 minutes, as evidenced by the emergence of the Fe® state at 706.5 eV. The
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strength of the Fe® peak augmented over time, signifying the conversion of Fe?* to
Fe®. After 210 minutes, the reduction process attained a steady state, as evidenced
by the stable Fe® peak intensity.
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Fig. 9. The APXPS spectrum of a) Fe 2p, and b) Fe 3p from BF pellets during reduction
with H,. Fe 2p and Fe 3p spectrarecorded using 900 eV photon energy (Reprinted under
CC BY 4.0 license from Publication Il © 2024 Authors).

A new BF pellet was subsequently put into the reaction chamber and reduced in a
CO and Hz mixture at 650 °C. Figure 10 displays the Fe 2p and 3p spectra, obtained
in the presence of a CO and H, combination. All in situ spectra were recorded at a
flow rate of 10 sccm, with the overall pressure in the reaction chamber held at 2
mbar. The Fe 2p and 3p spectra were initially recorded in pure CO with a flow rate
of 10 sccm for 60 minutes. Hematite was noted to be converted to Fe?* with a 10
sccm flow of pure CO. Nonetheless, no additional reduction was detected in pure
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CO. Consequently, after 60 minutes, the composition was modified to incorporate
30% H; for an additional 30 minutes, although no further reduction was seen. As a
result, the H, flow was augmented to achieve a gas mixture including 50% H,. The
initial finding was a substantial reduction of Fe oxides to Fe® following this rise.
Additional reduction was observed under stable settings for a duration of up to 290
minutes. After 240 minutes, a drop in the strength of the Fe® peak (in the Fe 2p
region at 707 eV and in the Fe 3p region at 52 eV) was noted, accompanied by a
rise in the intensity of the Fe®* peak, signifying the reoxidation of Fe® to Fe3*. Figure
11 illustrates the temporal evolution of the Fe 2p peak corresponding to the
differing percentages of CO and H; mixtures.
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Fig. 10. The APXPS spectrum of a) Fe 2p and b) Fe 3p from BF pellet during reduction
with mixture of CO and H,. The spectrawere recorded in 10 sccm constant flow at 650 °C.
Fe 2p and Fe 3p spectra recorded using 900 eV photon energy (Reprinted under CC BY
4.0 license from Publication 1l © 2024 Authors).
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Fig. 11. The evolution of Fe 2p peaks for BF pellet at 650 °C as a function of time under
varying compositions of CO and H, mixtures (Reprinted under CC BY 4.0 license from
Publication Il © 2024 Authors).

3.2 The bulk reduction of iron ore pellets

The single pellet reduction of a blast furnace (BF) pellet and a direct reduced iron
(DRI) pellet were conducted utilizing thermogravimetric analysis (TGA). The
pellets were reduced in pure CO and pure H, environments with a constant flow
rate of 2 I/min at temperatures ranging from 700 °C to 1100 °C.

Figure 12 illustrates the reduction curves derived from the TGA reduction tests
conducted at various temperatures. The requisite reduction degree for theoretical
complete conversion to magnetite is 10.1% for DRI pellets and 10.9% for BF
pellets. The reduction degree for full conversion to wustite (FeO) is 32.6% for DRI
pellets and 33.2% for BF pellets. The values, obtained from the chemical
composition of the pellets, are depicted by dashed lines in Figure 12. Both pellets
underwent a maximum reduction degree approaching 100% during hydrogen
reduction. When carbon monoxide served as the reducing agent, the BF pellet
attained a reduction degree of 32% at 700 °C and 67% at 800 °C, but the DRI pellet
achieved 28% and 59% at the corresponding temperatures. At 1000 °C and 1100 °C,
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the DRI pellet attained reductions of 93% and 100%, while the BF pellet obtained
reductions of 88% and 94%, respectively. In both instances of reduction with H;
and CO, and for both pellets, elevating the temperature resulted in an enhanced
reduction rate and the attainment of a greater degree of reduction. Figure 12
illustrates that during the hydrogen reduction of both DRI and BF pellets,
temperature exerted a more pronounced influence throughout the range of 700-
900 °C. A rise in temperature from 1000 to 1100 °C resulted in only a marginal
increase in the decrease rate.
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Fig. 12. Reduction curves for a) a DRI pellet with CO, b) a DRI pellet with H,, ¢) a BF
pellet with CO, and d) a BF pellet with H; at different temperatures (Reprinted under CC
BY 4.0 license from Publication Il © 2024 Authors).

To gain a deeper insight into the chemical reactions, we carried out X-ray
diffraction (XRD) investigations to complement the reduction experiments. Figure
13 illustrates the XRD results of both unreduced and reduced DRI and BF pellets
subjected to H, and CO at different temperatures. At 700 °C, the hydrogen-reduced
DRI pellet displays subtle peaks of wistite alongside prominent peaks of metallic
iron. This indicates that a small amount of wiistite persisted in its unreduced state,
affirming that the conversion of wiistite to metallic iron is the most sluggish and
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pivotal phase in the reduction process. At increased temperatures, only metallic iron
is observed, signifying the successful completion of the reduction process to iron.
In the context of reduction by CO at 700 °C, the DRI pellet has minor magnetite
peaks, indicating a tiny quantity of residual unreduced magnetite, alongside
prominent peaks of wistite, suggesting that wistite is the dominating phase.
Nonetheless, only the wiistite phase is observable when the BF pellet is reduced at
700 °C. At 800 °C, the XRD results for the BF pellet reveal wistite and minor peaks
of metallic iron, which are also present in the DRI pellet; however, the peaks of
wastite in the DRI pellet are significantly more pronounced, suggesting a greater
abundance of wistite in that sample. The XRD results of both pellets at 900 °C are
analogous, with wistite as the predominant phase alongside metallic iron. At
1000 °C, the predominant phase for both pellets is metallic iron, while the
secondary phase is wiistite; nevertheless, the metallic iron peaks in the DRI pellet
are more pronounced. At 1100 °C, the XRD results of the DRI pellet reveal only
metallic iron, whereas wistite peaks persist in the XRD results of the BF pellet.
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Fig. 13. XRD results for the reduction of a) a DRI pellet with CO, b) a DRI pellet with H,,
c) a BF pellet with CO, and d) a BF pellet with H; at different temperatures (Reprinted
under CC BY 4.0 license from Publication Ill © 2024 Authors).

Figure 14 shows the FESEM images of CO-reduced pellets at different
temperatures. At 700 °C, metallic iron is not observable. Nonetheless, SiO, and
other gangue oxides appear as a singular grain, separate from iron oxides, or
situated at the boundary of iron oxide grains.

At 800 °C, despite the presence of significant interconnected porosities and
cracks in the DRI pellet’s structure, only a thin layer of metallic iron forms at the
grain rims, inhibiting further reduction. In contrast, the BF pellet, characterized by
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its denser composition, demonstrates a more sophisticated reduction process and a
thicker layer of metallic iron (Figure 14b).

At 900 °C, reduction advances from the grain borders to the grain cores in both
pellets, making them practically indistinguishable. The emergence of porosities and
cracks is observable from 700 °C, but an elevation to 900 °C leads to a significant
rise in porosity development, facilitating reduction. Nevertheless, some wistite is
discernible in the structure of the BF pellet, especially inside the larger grains.

At 1100 °C, a similar situation occurs, in which the DRI pellet experiences
total reduction, whereas wistite is still identifiable in specific areas of the BF
pellet’s structure.

Figure 15 displays FESEM images of DRI and BF pellets subjected to
reduction with hydrogen. At 700 °C, only trace amounts of wstite are observed in
certain areas of the DRI pellet, consistent with the findings of other researchers
(Zakeri et al., 2025). Unlike the reduction with CO, which failed to infiltrate the
thick structure of the BF pellet and reduce the grain core, the use of hydrogen as a
reducing agent resulted in complete reduction even at lower temperatures. This
indicates that hydrogen possesses enhanced reduction capabilities and diffuses
more efficiently. Notably, in regions where iron oxides were encapsulated in
gangue oxides (predominantly SiO,), hydrogen successfully diffused and reduced
the iron oxide (Figure 15e).

Analogous to the reduction process involving CO, elevated temperatures,
particularly beyond 900 °C, resulted in the expansion and formation of porosities
and cracks during hydrogen reduction. The proliferation of porosities and cracks
was more significant during carbon monoxide reduction than during hydrogen
reduction, which has been observed also by Szekely et al. (Szekely & El-Tawil,
1976). This disparity becomes further apparent at temperatures of 1000 and 1100 °C.
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Fig. 14. FESEM images for CO reduced DRI pellets on the left and BF pellets on the right
at a) 700, b) 800, c) 900, d) 1000, e) 1100 °C (Reprinted under CC BY 4.0 license from
Publication Il © 2024 Authors).
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Fig. 15. FESEM images for H, reduced DRI pellets on the left and BF pellets on the right
at a) 700, b) 800, c) 900, d) 1000, e) 1100 °C (Reprinted under CC BY 4.0 license from
Publication Il © 2024 Authors).
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3.3 The effect of water vapor on the hydrogen reduction of iron ore
pellets

The impact of added water vapor on the hydrogen reduction of iron ore pellets,
which are used in direct reduction process was examined. Isothermal single-pellet
reduction tests were performed using TGA in gas atmospheres with different ratios
of water vapor and hydrogen (30% H.O + 70% H, 20% H.O + 80% H., 10% H.0O
+ 90% H>, and 100% H-) within a temperature range of 800 °C to 1000 °C.

Figure 16 demonstrates that the gas compositions and temperatures were
chosen to render the complete reduction to metallic iron thermodynamically
feasible.All isothermal studies conducted at a constant gas flow rate of 2000 ml/min,
samples were cooled down to 20 °C in a nitrogen environment after a reduction
period of 110 minutes.
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Fig. 16. Baur—Glaessner diagram. Each point represents one isothermal experiment
(calculated with HSC Chemistry version 10.4.1.1) (Reprinted under CC BY 4.0 license
from Publication Il © 2024 Authors).

Figure 17 depicts the results of isothermal reduction experiments performed at
temperatures between 800 °C and 1000 °C, with water vapor concentrations
ranging from 0% to 30%. It is clear that when the temperature rises, the rate of
reduction correspondingly escalates. This effect, however, fluctuates based on the

50



gas composition and the reduction stage. For example, utilizing pure hydrogen, the
time required to reach the maximum reduction degree decreases from 79 minutes
at 800 °C to 50 minutes at 900 °C and 29 minutes at 1000 °C, respectively. The
influence of temperature on the reduction rate is amplified with 10% water vapor,
resulting in a further decrease in the time needed to achieve maximum reduction
degree.

A comparison of Figures 17a and 17b reveals that an increase in the water vapor
content diminishes the reduction rate and extends the reduction time, with the gas
composition having a more significant impact at lower temperatures. Figure 17c
illustrates the significant influence of temperature on the rate of reduction in the
presence of 20% water vapor. The maximum reduction degree is attained after 61
minutes at 1000 °C, whereas the reduction process fails to achieve equilibrium
within 110 minutes at both 900 °C and 800 °C, progressing at a diminished rate.
Figure 17d indicates that while reduction may seem to cease after the second step,
temperature continues to significantly influence the reduction rate.

Moreover, Figure 17 illustrates that the initial reduction step (hematite to
magnetite) occurs rapidly and is independent of the temperature and water vapor
concentration. Both the temperature and water vapor content affect the rate of the
second stage (magnetite to wistite), with the influence of water vapor content
becoming more significant beyond 10%. Furthermore, elevated water vapor levels
amplify the effect of temperature on the reduction rate. Figures 17a, 17h, and 17¢
demonstrate that temperature exerts its most substantial influence on the reduction
rate in the last phase (wdistite to iron).
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Fig. 17. Hydrogen reduction curves with a) 100% H,, b) 90% H, + 10% H,O, c) 80% H, +
20% H,0, d) 70% H, + 30% H,O at different temperatures (Reprinted under CC BY 4.0
license from Publication IV © 2025 Authors).

Figure 18 illustrates the maximum degree of reduction under various reaction
conditions. Significantly, complete reduction occurs at all temperatures. The
introduction of 10% water vapor has a minimal impact on the reduction degree,
closely mirroring results achieved with pure hydrogen. Nonetheless, with 20%
water vapor, a significant drop in the degree of loss is seen, especially between 800 °C
and 900 °C. The decrease in the reduction degree is less significant at 1000 °C.
With 30% water vapor, the maximum reduction degree consistently hovers around
30% across all temperatures, suggesting that the reduction of wistite to metallic
iron does not commence, despite its thermodynamic viability. Furthermore, Figure
18 highlights that the effect of temperature on the degree of reduction is substantial
solely with 20% water vapor in the gas mixture.
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Figures 19a, 19b, and 19c illustrate the FESEM pictures of pellets reduced with
pure hydrogen at different temperatures. At 800 °C, while metallic iron is
predominant, areas of unreduced wistite are seen within the cores of some larger
grains. In contrast, at 900 °C and 1000 °C, the microstructure of reduced pellets
exhibits metallic iron as the exclusive phase, alongside darker gray gangue
elements.

Figures 19d, 19¢, and 19f illustrate the FESEM results of pellets reduced using
a composition of 90% H; and 10% H,O. At 800 °C, some grains exhibit the
existence of unreduced wistite, with its content significantly higher than that in
pellets reduced exclusively with hydrogen. At 900 °C, metallic iron is the
predominant phase, while occasional residues of wiistite are seen within the cores
of larger grains. At 1000 °C, wdstite is no longer detectable, indicating nearly total
reduction of the particle.
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Fig. 19. FESEM images of reduced pellets with 100% H, at a) 800 °C, b) 900 °C, d) 1000 °C,
and reduced pellets with 90% H,+10% H,O at d) 800 °C, e) 900 °C, f) 1000 °C (Reprinted
under CC BY 4.0 license from Publication IV © 2025 Authors).

Figure 20a depicts the dense microstructure of reduced pellets produced with a gas
mixture of 80% H, and 20% H,0, mostly consisting of wiistite and gangue oxides,
with no observable metallic iron. In contrast, Figure 20b illustrates that at 900 °C,
the formation of metallic iron commences at the grain boundaries and progresses
into the core, whereas wistite continues to be the predominant phase in larger
grains. At an elevated temperature of 1000 °C (Figure 20c), metallic iron emerges
as the dominating phase, while wstite is primarily found in larger grains.

In contrast, Figures 20d, 20e, and 20f demonstrate that the microstructure of
pellets reduced with 30% water vapor in the reducing gas shows no presence of
metallic iron at any temperature. Wiistite serves as the primary component, with
minor traces of other phases, predominantly SiO,, detected in the thick
microstructure of the pellets.

Moreover, Figures 19 and 20 illustrate that regardless of the water vapor level
in the reducing gas, increasing the temperature promotes the development and
enlargement of pores and microcracks. Increasing the water vapor content in the
reducing gas significantly diminishes the porosity of the reduced pellets, resulting
in a denser microstructure, particularly when the water vapor percentage surpasses
10%. However, elevated reduction temperatures can alleviate this effect.
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Fig. 20. FESEM images of reduced pellets with 80% H,+20% H,O at a) 800 °C, b) 900 °C,
d)1000 °C, and reduced pellets with 70% H,+30% H,O at d) 800 °C, e) 900 °C, f) 1000 °C
(Reprinted under CC BY 4.0 license from Publication IV © 2025 Authors).
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4 Discussion

4.1 Comparison between DRI and BF pellets

Because of the differences in the initial chemical composition and physical
properties of BF and DRI pellets, they showed different behaviours during
reduction in terms of both the surface and bulk scale. The reduction, microstructure,
and kinetics of the pellets will be compared and discussed in the following sections.

4.1.1 Reduction and microstructure

Figure 21a shows the contour plot of Fe3*, Fe?*, and Fe® on the surface of DRI
pellets based on the Fe 3p and Fe 2p spectra, during the reduction by hydrogen. It
can be observed that the reduction of hematite to magnetite started from the
beginning even with the low H, flow rate of 0.5 sccm. The reduction did not
progress further with 0.5 sccm. By increasing the flow rate to 1.15 sccm, wistite
was formed. Increasing the flow rate to 5 sccm led to the reduction of the DRI
sample to around a 90% metallization degree in 2 hours. Increasing the flow rate
elevates the reaction rate by raising the hydrogen concentration at the reaction
interface. Additionally, resistance to gaseous diffusion around the pellet decreases
by increasing the gas flow especially at low temperatures. It has been reported
previously that there is a critical gas velocity, which depends on the temperature,
and below which the gas flow rate controls the rate of reaction (Kawasaki et al.,
1962; Kuila et al., 2016b). Kang et al. found that increasing the hydrogen flow rate
promotes the reaction rate by decreasing the activation energy and effect is more
significant for reduction of magnetite to wistite and wustite to metallic iron steps
(Kang et al., 2023).
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Fig. 21. The contour plot for Fe*, Fe?', and Fe® intensities during the reduction of a) a
DRI pellet by H, with different flow rates, b) a BF pellet by H, at a different pressure, and
c) BF pellet by mixture of CO-H2 with different ratio based on Fe 3p (left) and Fe 2p
(right) spectra (Reprinted under CC BY 4.0 license from Publication Il © 2024 Authors).

The contour plot of different iron ions at the surface during the hydrogen reduction
of BF pellet in different conditions is illustrated in Figure 21b. Increasing the Fe?*
concentration together with a decrease in Fe®** indicates a high-rate reduction of
hematite to magnetite by H, at 1 mbar and then it became slower. After 30 minutes
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no changes were observed. By increasing the H; pressure from 1 mbar to 2.1 mbar,
wistite started to form but at a lower rate. Furthermore, after 80 minutes wistite
started to reduce to metallic iron. Since the gas flow rate is constant (5 sccm),
increasing the pressure leads to a longer residence time of the gas and consequently
increases the reduction rate. Habermann et al. showed that by increasing the
pressure at a constant flow rate, the rate of reduction significantly increases at the
final stage of reduction (fractional reduction higher than 0.5), which represents the
reduction of wistite to metallic iron (Habermann et al., 2000). This phenomenon is
compatible with the results in Figure 9b. As Fe® rises and Fe?* falls, it suggests a
faster reduction rate from wiistite to metallic iron compared to magnetite to wastite
at an elevated pressure. However, even at a higher pressure the metallization degree
achieved from the hydrogen reduction of the BF pellets is approximately 9%, which
is significantly lower than the 90% observed for the DRI pellets.

Using higher reduction temperatures (700 to 1100 °C) and a higher gas flow
rate (2 I/min) no diffusion barrier was detected during the bulk reduction of both
pellets and they both showed similar behaviour and reached almost complete
reduction. However, the DRI pellet showed a higher reduction rate, which is
because of its higher porosity in comparison to the BF pellet. Moreover, some
traces of wustite were detected in the reduced DRI pellet at 700 °C, especially in
the center of the coarser grains.

By adding 20% CO to the gas mixture to reduce the surface of DRI pellet, only
a slight reduction to magnetite was observed and the reduction did not proceed
further even with 5 sccm flow rate. High level of magnetite (9.11%) in the chemical
composition of DRI pellet may explain this phenomenon. The reduction of
magnetite is more difficult than that of hematite due to the hard and dense shell of
magnetite (Edstrom, 1953; Heikkil4 et al., 2020). Because of the larger molecular
size of CO in comparison to H, and the lower reducing ability, adding 20% CO to
the gas mixture decreases the mobility and diffusibility of the reducing gas and
consequently cannot reduce the DRI sample with high amount of magnetite.

The surface reduction of the BF pellets by different gas mixtures can be
observed in Figure 21c. Increasing the Fe?* and decreasing the Fe3* shows that the
reduction of hematite to magnetite started from the beginning using CO as the
reducing gas. Progress was observed by adding 30% H, and the magnetite started
to reduce to wistite. Increasing the percentage of H, to 50%, led to the formation
of metallic iron and after 150 minutes a 20% metallization degree was detected. An
increase in the percentage of Fe?* indicates that the reduction of magnetite to
wustite was ongoing at the same time. Interestingly, by continuing the reduction
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with a mixture of CO and H, (50:50), the level of Fe® fell dramatically, indicating
the reoxidation of the surface, and after 290 minutes, this became stable. The results
from the Fe 2p analysis indicate that substituting the gas mixture with 100% H, at
the 240-minute mark led to a surface reduction to metallic iron. However, the Fe
3p contour plot suggests that the introduction of 100% H, did not alter the
conditions within the deeper layers of the pellet.

To understand the unexpected reoxidation of the surface, the reduced sample
was studied also by FESEM. In Figure 22, DRI pellets exhibit surface pores of
varying sizes extending towards the core, aiding gas diffusion and contributing to
high metallization in hydrogen reduction. In contrast, the BF sample surface
features numerous minute pores where water vapor and carbon dioxide accumulate
during reduction due to the low temperature and flow and block the active sites on
wastite (Moukassi et al., 1983; Spreitzer & Schenk, 2019b), especially on the
concave interfaces (Nie et al., 2024). Because the pores are not connected to the
internal parts of the sample, the pressure of water vapor and carbon dioxide inside
them increases locally and causes reoxidation to wistite and then magnetite. Put
simply, the produced water vapor and carbon dioxide remain unremoved, causing
a reduction in the hydrogen and carbon monoxide concentration at the reaction
interface when the flow rate is not high enough (Kang et al., 2024b). Figure 23
schematically illustrates this phenomenon.

10 BT = 1500 Sagral A = 562 Dute 13 3l 2023 10 BT = 15,000 Sigeal A # 562 Dt 13 i 2023 m

Fig. 22. FESEM image of a) reduced DRI pellets with H,, b) a reduced BF pellet using
mixture of CO-H, (50:50) after 3 hours (Reprinted under CC BY 4.0 license from
Publication 1l © 2024 Authors).
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Fig. 23. Schematic of mechanism of reduction and reoxidation of BF pellet in CO-H,
(50:50) atmosphere. First, the surface of the sample is reduced by H, and CO and a layer
of metallic iron is formed on the surface. Over time, the partial pressure of CO, and H,O
increases, especially in the porosities, and this causes reoxidation (Reprinted under CC
BY 4.0 license from Publication Il © 2024 Authors).

Figure 24 shows the phase stability diagram of Fe-O-C and Fe-O-H at 650 °C,
which represent the reduction of BF with CO and Ha, respectively. The diagrams
have been drawn using HSC Chemistry software based on the Gibbs free energy
and thermodynamic database. Each line represents a reaction between two
substances at the equilibrium condition. Although the partial pressure of CO, COs,
H,, and H,O cannot be determined exactly in our experiments, the estimated
pressure range for the components mentioned has been shown by a red circle in the
diagrams. It can be observed that by increasing the partial pressure of CO, and H,O
produced in the reduction reactions, wiistite becomes stable. Since the stability area
of wistite is very small, a further increase in partial pressures of CO, and H,O leads

61



to the reduction of wistite to magnetite, which justifies the increasing Fe3* in Figure
21c during the reoxidation. The reoxidation reactions are illustrated as reactions
31-34:

Fe (s)+C0, (g) = FeO (s) + CO (g), (31)
3Fe0 (s) + CO, (g) = Fe;0, (s) + CO (g), (32)
Fe (s) + H,0 (g) = FeO (s) + H, (g9), (33)
and
3Fe0 (s) + H,0 (g) = Fe;0, (s) + H, (g). (34)

For the reactions 7-10, the Gibbs free energy can be given by the equations 35-38
respectively:

AG = AG® + RT In2£eefco (35)

are Pco,
AG = AG® + RT In 520470, (36)

FeO ©'CO3
AG = AGO + RT In2Ee2"Hz, (37)

are PH,0

and

AG = AG® + RT In25z0s ™z, (38)

FeO "H20

where AG is the Gibbs free energy, AG? is the standard Gibbs free energy, R is the
universal gas constant, T is the temperature, are, areo, and are203 are the activity of
Fe, FeO, and Fe3O4 respectively, and Pco and Pco, are the partial pressure of CO
and CO; respectively. For pure substances are = areo = are203 = 1. Therefore, it is
evident that at a fixed temperature, elevating the partial pressures of H,O and CO;
decreases the AG values, prompting oxidation reactions to occur spontaneously.
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Fig. 24. Phase stability diagrams of a) Fe-O-C, and b) Fe-O-H systems at 650 °C. The red
circle shows the initial point for reduction with CO-H, (50:50). The arrow shows that as
the reduction proceeds, the partial pressure of CO, and H,0 increases, which causes
the reoxidation to wistite and magnetite (Reprinted under CC BY 4.0 license from
Publication Il © 2024 Authors).

Because of higher temperatures and higher flow rate in the bulk reduction
experiments, both pellets achieved a higher reduction degree during both CO and
H, reduction in comparison to the surface reduction. Comparing the reduction with
H,, the reduction with CO caused a significant decrease in the reduction rate and
maximum reduction degree for both pellets. At 700 °C, the third stage of reduction
(reduction of wiustite to iron) did not start, and the complete reduction only
achieved at 1100 °C for the DRI pellet.

The pellets displayed different reduction behaviour as it was also detected
during the surface reduction when CO was introduced into the system. Comparing
the reduction profiles and XRD analyses reveals that at temperatures of 700 °C and
800 °C, the BF pellet exhibited a higher reduction rate compared to the DRI pellet.
As the Fet Values of both pellets are very close, this disparity can be attributed to
the higher concentration of magnetite in the DRI pellet (9.11%) as opposed to the
BF pellet (1.93%), which renders reduction more challenging due to the presence
of a dense structure and low permeability, which impedes penetration.
Consequently, magnetite is preferred not to be used as a raw material in ironmaking,
especially in blast furnaces (Kuila et al., 2016b; P. Li et al., 2022b; J. Yu et al.,
2017). However, the magnetite formed during the first stage of reduction has a
different structure, the transformation of hematite with a hexagonal crystal structure

63



into cubic magnetite causes a volume expansion and swelling. As a result,
microcracks and pores are formed as the magnetite nuclei forms, which facilitates
diffusion of the reducing gas inside the ore and enhances the kinetics of reduction
(Kuilaetal., 2016b; J. Yu et al., 2017). Moreover, Li et al. detected a dense Fe layer
with closed pores in the iron matrix when they used magnetite as a raw material for
the reduction process (S. Li et al., 2022). Similar observations have been reported
by other researchers, particularly at lower temperatures (Corbari & Fruehan, 2010;
Edstrom, 1953; Heikkila et al., 2020).

At 900 °C, both pellets exhibited comparable reduction behavior. Interestingly,
at temperatures of 1000 °C and 1100 °C, the trend reverses, with the DRI pellet
demonstrating a faster reduction rate. According to the Arrhenius equation, the
diffusion coefficient rises with increasing temperature, indicating that at elevated
temperatures, the reduction kinetics of BF pellets are likely not governed by slow
internal diffusion.

A comparison between FESEM images suggests that elevating the temperature
leads to the expansion of porosities and the development of cracks, consequently
enlarging the size of porosities in both carbon monoxide and hydrogen reduction.
However, this expansion is more noticeable when CO serves as the reducing agent
due to its slower reduction rate compared to Hy, as reported by Turkdogan et al. and
Abdelrahim et al. (Abdelrahim et al., 2020; Turkdogan & Vinters, 1971).
Furthermore, the DRI pellet has fewer micropores and a more well-defined network
of macropores in comparison to the BF pellet.

At 900 °C, reduction progresses from the grain boundaries towards the grain
cores in both pellets, rendering them nearly identical. While the growth of
porosities and cracks was detectable since 700 °C, a temperature increase from 900 °C
results in a noticeable surge in porosity growth, aiding reduction. Consequently, the
high porosity of the DRI pellet, which was more than the BF pellet even before the
reduction according to the bulk density values, further amplified by the temperature,
allows CO to diffuse easily through the pellet and react, leading to near-complete
reduction at 1000 °C. However, some waustite remains visible in the BF pellet
structure, particularly in the larger grains. At 1100 °C, a comparable scenario
unfolds, wherein the DRI pellet undergoes complete reduction, whereas wiustite
remains detectable in certain regions of the BF pellet structure.

Furthermore, FESEM images reveal a noteworthy observation: while many
researchers have suggested that reduction initiates from the pellet surface and
proceeds inward, a similar phenomenon occurs within the pellet itself, manifesting

64



at a microscale level. Specifically, metallic iron initially forms at the grain edges
and subsequently progresses towards the grain core as reduction proceeds.

4.1.2 Kinetic analysis

For each experiment, the values of o and t were inserted into various integral
mechanism functions (G(a)), and the G(o) versus the t curve were derived through
fitting. Concurrently, the mechanism function with the highest linearity was chosen
as the most suitable. Despite the multitude of models available for iron ore
reduction, this study adopts the most commonly utilized ones found in the literature
(H. Chen et al., 2017; Kang et al., 2024a; P. Li et al., 2022b; X. Mao et al., 2022b;
J. Zhang et al., 2024), as detailed in Table 4. It is important to note that the
resistance encountered by a gas reactant passing through an ash layer is
considerably greater than that through a gas film enveloping the particle.
Consequently, gas film resistance may be disregarded in cases where the reaction
results in the formation of a non-stripping, rigid, solid ash layer, such as during the
reduction of a hematite pellet, particularly when utilizing a reducing gas with a high
flow rate (Kang et al., 2024a). However, it is worth mentioning that the resistance
of the ash layer remains unaffected by variations in the gas flow rate (Kang et al.,
2024a).

Table 4. Kinetic models for gas-solid reactions.

Symbol Mechanisms G(a)

Al 1D Nucleation and growth —In(1—-a)

A2 2D Nucleation and growth [-In(1 — a)]'/?
A3 3D Nucleation and growth [-In(1 — a)]'/3
D1 1D Diffusion through the solid ash a?

D2 2D Diffusion through the solid ash a+(1—-a)ln(1—-a)
D3 3D Diffusion through the solid ash [1-@a- 01)1/3]2
D4 3D Diffusion (Ginstling—Brounstein) 1-3(1-a)**+2(1-a)
R1 1D Chemical reaction a

R2 2D Chemical reaction 1-(1—-a)/?

R3 3D Chemical reaction 1-(1—-a)/3

Figure 25 illustrates the calculated results of the kinetic models outlined in Table 4.
The values displayed at the top of the histogram represent the average R? value for
each model across different temperatures. Based on the findings, it was determined
that D2 (2D diffusion) exhibited the most compatibility for reducing both DRI and

65



BF pellets when CO served as the reducing agent, as depicted in Figure 25a and c.
This suggests that the reduction process could be constrained by the rate of CO
diffusion to the particle surface, with the controlling step being the diffusion of the
reagent gas (CO) or product gas (CO;) through the reduced iron layer. According
to Figure 25b and d, the kinetics of the hydrogen reduction of DRI and BF pellets
were controlled by Al (1D nucleation and growth) and R3 (3D chemical reaction),
respectively, which is close to the results by Kang et al. and Piotrowski et al. that
reported Al and R2 as the controlling models for the hydrogen reduction (Kang et
al., 2024a; Piotrowski et al., 2005). This shows the higher diffusion capacity of H,
which can pass through the nanoscale cracks or pores.
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Fig. 25. Linear fitting results under different temperatures by different models for
reduction of a) a DRI pellet with CO, b) a DRI pellet with H,, c) a BF pellet with CO, and
d) a BF pellet with H, (Reprinted under CC BY 4.0 license from Publication Il © 2024
Authors).

As per Equation 4, the observable rate constant k(T) at varying temperatures was
graphed against 1/T and it is illustrated in Figure 26. This resulted in a fitted line
with a slope of -E./R. The apparent activation energy, E., was then deduced from
the slope, and the pre-exponential factor, A, was computed using the intercept.
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Consequently, the Kkinetic triplets, which include E,, A, and G(a), were established

and are shown in Table 5.
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Fig. 26. Arrhenius plot for the reduction rate constant of a) a DRI pellet, and b) a BF
pellet with H, and CO (Reprinted under CC BY 4.0 license from Publication Ill © 2024
Authors).

Table 5. The E, and A, derived from Arrhenius plots for different reduction conditions.

Reduction conditions DRI pellet reduced BF pellet reduced DRI pellet reduced BF pellet reduced

by Ha by Ha by CO by CO
Kinetic models Al R3 D2 D2
Ea (kJ.mol?) 26.12 25.71 55.59 53.80
A (min?) 0.98 0.38 1.43 1.08

According to the data presented in Table 5, the activation energy decreased from
55.59 kJ/mol and 53.80 kJ/mol to 26.12 kJ/mol and 25.71 kJ/mol, respectively,
when transitioning from carbon monoxide to hydrogen as the reducing gas. This
observation suggests the enhanced diffusion capability of hydrogen, enabling more
hydrogen molecules to surmount the energy barrier required for initiating the
reaction. Furthermore, the comparable activation energy values observed for pellets
reduced in the same gas indicate that the influence of the gas composition
outweighs the impact of pellet properties such as mineralogy and porosity.

To gain a more precise understanding of pellet porosity, microtomography tests
were conducted, as shown in Figure 27. An ImageJ software analysis revealed that
the porosity of unreduced BF and DRI pellets was 32% and 38%, respectively.
Surface areas were also calculated using the Brunauer-Emmett-Teller (BET)
equation, with values of 0.064 m2/g for BF pellets and 0.069 m2/g for DRI pellets.
The higher porosity and surface area of DRI pellets suggest more and larger pores
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compared to BF pellets, facilitating CO diffusion and improving reducibility,
particularly at higher temperatures.

Fig. 27. From left to right: 3D, 2D, and processed microtomography images of a) an
unreduced BF pellet, and b) an unreduced DRI pellet (Reprinted under CC BY 4.0 license
from Publication Il © 2024 Authors).

4.2 The effect of water vapor on the reduction

4.2.1 Reduction and microstructure

As shown in the previous chapter, adding water vapor to the gas mixture not only
decreases the rate of reduction, but also affects the maximum reduction degree
depending on the percentage of water vapor. Adding 10% water vapor did not have
a significant effect on the maximum reduction degree. However, adding 20% water
vapor to the system resulted in a notable drop of the maximum reduction degree to
36% and 77% at 800 °C and 900 °C, respectively.

The Baur—Glaessner diagram suggests that complete reduction should occur at
a thermodynamic equilibrium even with 30% water vapor in the system. However,
the reduction curves and FESEM images indicate the presence of a kinetic barrier
that prevents full reduction, as the transformation of wistite to metallic iron did not
commence.

68



A closer analysis reveals that as the partial pressure of water vapor (Pu20)
increased, the pellet grain size expanded, while the number and size of micro-pores
diminished. This structural change heightened diffusion resistance, making it more
difficult for hydrogen to penetrate the pellet core and for the water vapor generated
during reduction to escape to the surface. Additionally, as the reduction progressed,
the formation of a solid iron layer on the pellet surface further extended the
diffusion pathway. This meant that hydrogen had to travel a greater distance from
the surface to the iron/wustite interface, and the water vapor had to diffuse farther
in the opposite direction, increasing the resistance to mass transfer.

However, the absence of metallic iron on the pellet surface when 30% water
vapor was present suggests that these factors alone do not fully account for the
hindered reduction. A key contributing factor appears to be the concentration
gradient, which drives diffusion. When the water vapor content in the gas mixture
increases while maintaining constant total pressure, the partial pressure of
hydrogen decreases, effectively diluting its concentration in the reactive gas. This
weakens the hydrogen concentration gradient between the reaction interface and
the pellet surface. Simultaneously, the elevated water vapor concentration at the
pellet surface reduces its gradient between the reaction site (where it is produced)
and the surface, further impeding diffusion.

Thus, the primary reason for the decline in reduction efficiency at higher water
vapor levels is the reduction in concentration gradients for both hydrogen and water
vapor, which significantly limits mass transport and reaction kinetics.

4.2.2 Kinetic analysis

As previously mentioned, the reduction process occurs in three sequential stages:
hematite (Fe:0s) to magnetite (FesO.), magnetite to wistite (FeO), and wustite to
metallic iron (Fe). Therefore, the kinetics of each stage should be analyzed
separately. However, since the transformation of Fe.Os to FesO. occurs extremely
rapidly, it could not be distinctly identified for kinetic analysis. As a result, the first
two stages were combined, and the overall reaction Fe.Os — FeO was considered
as the first stage of reduction.

A common approach for determining isothermal Kinetic parameters involves fitting
experimental data to theoretical models. By comparing experimental results with
model predictions, the most suitable model is identified based on the smallest
deviation in conversion rates. For each experiment, the degree of reduction («) and
time (t) were applied to various integral mechanism functions, generating G(a) vs.
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t curves through data fitting. The model that demonstrated the highest linearity was
selected as the most appropriate.

While numerous models exist for iron ore reduction, this study focused on
those most commonly used in the literature (H. Chen et al., 2017; Garg et al., 2022;
Kang et al., 2024a; P. Li et al., 2022b; X. Mao et al., 2022b; J. Zhang et al., 2024),
as summarized in Table 4.

It is important to note that gas resistance when passing through an ash layer is
significantly higher than the resistance of the gas film surrounding the particle. In
reduction processes that produce a solid, non-porous ash layer, such as in hematite
pellet reduction, gas film resistance can be considered negligible—especially when
a reducing gas with a high flow rate is used (Kang et al., 2024a).

The model fitting for the first stage of reduction is presented in Figure 28. As
shown in Figure 28, when pure hydrogen is used at all temperatures, as well as
when 10% water vapor is introduced at 900 °C and 1000 °C, the primary resistance
to reduction is attributed to the chemical reaction. However, for reduction with 10%
water vapor at 800 °C and 20% water vapor at 900 °C and 1000 °C, the controlling
mechanism shifts to diffusion.

In contrast, when using 20% water vapor at 800 °C and 30% water vapor across
all temperatures, none of the models listed in Table 6 exhibited strong linearity,
suggesting that no single mechanism fully captures the kinetics under these
conditions. This indicates that the reduction process is likely governed by a
combination of factors—a phenomenon known as mixed-control kinetics.

In other words, at low water vapor concentrations, hydrogen readily diffuses
into the pellets, making the reduction primarily reaction controlled. However, as
the water vapor content increases or the temperature decreases, diffusion becomes
more restricted. As previously discussed, higher water vapor levels reduce the
concentration gradient, which is the driving force for diffusion. Additionally,
excessive water vapor further inhibits the chemical reaction by blocking active sites
at the reaction interface (Moukassi et al., 1983; Spreitzer & Schenk, 2019b). The
surface of wistite is considered to have a limited number of available sites for
hydrogen and water vapor adsorption. Additionally, water vapor can dissociate into
oxygen ions and hydrogen at the wustite surface, as described by reaction 36. As a
result, in addition to water vapor and hydrogen, the oxygen produced from reaction
36 can also occupy these surface sites on wustite (Turkdogan et al., n.d.).

H,0(g) + 2e — 0%~ + H,(g). (36)
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Equation 37 represents the total number of available sites on the surface of wustite,
expressed as:

61.120 + 91.12 + 90 + 6\}1 + QD = 1, (37)

where B50, 82, and 8, denote the fraction of surface sites occupied by water
vapor, hydrogen, and oxygen molecules, respectively. 8y represents the fraction
of sites occupied by the activated complex, and 65 corresponds to the fraction of
vacant surface sites.

A water vapor molecule can form an activated complex on the wistite surface
according to reaction 38

H,0(9) — [H;0]w. (38)
The equilibrium constant for reaction 38, Ky, is given by Equation 39:
Ky = —, (39)
aH,o0

where ay and ag,o are the activity of activated complex and water vapor
respectively. The activity values of activated complex and oxygen at the surface of
wistite (oxide-gas surface) can be calculated using Equations 40 and 41:

a = ky g2 (40)
and
ay = k5, (41)
where k; and k., are proportionality factors that depend on temperature.
By substituting Equations 40 and 41 into Equation 39 and replacing ag, o with

the partial pressure of water vapor, the fraction of sites occupied by the activated
complex can be expressed as Equation 42:

Oy = Ky k_:%PHzo- (42)

Equation 42 reveals that an increase in water vapor partial pressure leads to a higher
fraction of surface sites being occupied by the activated complex. This blocks the
interaction between hydrogen and waustite, thereby hindering the reduction of
wastite by hydrogen.
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Fig. 28. Model fitting for the first stage of reduction a) 3D chemical reaction (R3), and
b)3D diffusion (D3) (Reprinted under CC BY 4.0 license from Publication IV © 2025
Authors).

According to the Arrhenius equation, the observable rate constant k(T) form R3
and D3 models was plotted against 1/T for different temperatures, as illustrated in
Figure 29. This plot produced a linear relationship, with the slope corresponding to
—E4/R. Using this slope, the activation energy (E.) was determined to be 49.09,
169.14, 169.12, and 72.45 kJ/mol for reductions with 0%, 10%, 20%, and 30%
water vapor, respectively. These values are consistent with those reported in
previous studies (Heidari et al., 2021). Mao et al. established a correlation between
activation energy and the rate-controlling mechanism, as summarized in Table 6 (X.
D. Mao et al., 2023). Based on this classification, the activation energy values for
reductions with 10% and 20% water vapor correspond to the range typically
associated with solid-state diffusion, whereas the value for 30% water vapor falls
between interfacial chemical reaction and solid-state diffusion. These findings
align well with the results obtained from kinetic model fitting, further supporting
the proposed reaction mechanisms.
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Fig. 29. Arrhenius plots for the first stage of reduction (Reprinted under CC BY 4.0
license from Publication IV © 2025 Authors).

Table 6. Relationship between apparent activation energy and probable rate controlling

model.

Apparent activation energy Ea (kJ/mol) Probable rate controlling model

8~16 Gas diffusion

29~42 Combined gas diffusion and interfacial chemical reaction
60~67 Interfacial chemical reaction

>90 Solid-state diffusion

A similar method was applied to determine the rate-controlling mechanism for the
second stage of reduction, with the model fitting results illustrated in Figure 30.
Similar to Bonalde et al. resalts, the 3D diffusion model (D3) exhibited the best
linearity for reduction in pure hydrogen at 800 °C and 900 °C, which can be
attributed to the formation of a solid metallic iron layer on the pellet surface that
restricts diffusion (BONALDE et al., 2005). However, at 1000 °C, the controlling
mechanism transitioned to a chemical reaction, as the higher temperature facilitated
hydrogen diffusion.

For reduction with 10% water vapor, diffusion remained the dominant
mechanism at 800 °C and 900 °C. However, at 1000 °C, none of the models from
Table 4 provided a perfect fit, indicating that the process was likely mix-controlled,
involving both diffusion and chemical reaction.

When using 20% water vapor at 900 °C and 1000 °C, diffusion continued to
be the rate-controlling step. Although higher temperatures improve hydrogen
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diffusion within the pellet, the increased water vapor content reduces the
concentration gradient, thereby impeding diffusion. Consequently, even at 1000 °C
with 20% water vapor, diffusion remains the primary rate-controlling mechanism.
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Fig. 30. Model fitting for the second stage of reduction a) 3D diffusion (D3), and b) 3D
chemical reaction (R3) (Reprinted under CC BY 4.0 license from Publication IV © 2025
Authors).

The Arrhenius plots for the second stage of reduction are shown in Figure 31.
Analysis of the slope revealed activation energy values of 134.65, 145.89, and
177.40 kJ/mol for reductions with 0%, 10%, and 20% water vapor, respectively.
These results indicate that an increase in water vapor content corresponds to higher
activation energy.

Furthermore, when compared to the data in Table 6, the obtained activation
energy values fall within the range typically associated with solid-state diffusion.
This behavior is attributed to the formation of a solid metallic iron layer on the
pellet surface, which acts as a diffusion barrier.
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5 Conclusion

5.1 Conclusion

This research provides a comprehensive analysis of the hydrogen reduction of iron
ore pellets, with a particular focus on both direct reduced iron (DRI) and blast
furnace (BF) pellets. The study examines the surface and bulk reduction behaviors
under different conditions, evaluating the effects of hydrogen (H.), carbon
monoxide (CO), and water vapor (H:0) on the reduction Kkinetics, phase
transformation, and microstructural evolution.

The results reveal that DRI pellets achieve a higher metallization degree
compared to BF pellets during surface reduction with hydrogen, owing to their
greater porosity, which enhances gas diffusion. Although the introduction of carbon
monoxide into the system stopped the reduction of DRI pellets, BF pellets exhibit
partial reduction when exposed to a CO-H: mixture, but their surface is prone to
reoxidation due to the accumulation of water vapor and CO-, particularly at low
gas flow rates.

In bulk reduction experiments, both DRI and BF pellets were tested using pure
hydrogen and pure carbon monoxide at temperatures ranging from 700 °C to
1100 °C. The results indicate that reduction is significantly faster with hydrogen
than with carbon monoxide due to hydrogen’s smaller molecular size and higher
diffusion coefficient. Both pellets reached near-complete reduction with hydrogen
at high temperatures, whereas carbon monoxide reduction was considerably slower,
particularly at 700-800 °C, where the final step of wistite to iron transformation
did not occur. At 700°C and 800 °C, BF pellets underwent faster and more extensive
reduction than DRI pellets when using CO as the reducing agent. This difference is
primarily due to the higher magnetite content in DRI pellets, which makes
reduction more challenging. However, at 1000 °C and 1100 °C, the trend reversed,
with DRI pellets displaying higher reduction rates than BF pellets. This shift can
be attributed to the greater porosity and larger pore structures in DRI pellets, which
enhance gas diffusion and reaction kinetics.

The effect of water vapor on hydrogen reduction was also investigated,
showing that although complete reduction is thermodynamically possible even with
30% water vapor, the kinetic barrier prevents the final step of wistite to iron
transformation. Increasing water vapor content decreases the hydrogen
concentration gradient, blocks active reaction sites, and shifts the rate-controlling
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mechanism from chemical reaction control to diffusion control. However, at 10%
water vapor, the reduction degree remains largely unaffected, while at 20% and
higher levels, a significant decline is observed, particularly at lower temperatures.

A kinetic analysis revealed that the rate-controlling mechanisms depend on
both temperature and gas composition. When using pure hydrogen, reduction is
primarily governed by chemical reaction along with nucleation and growth
processes. In contrast, when CO serves as the reducing agent, the process is
diffusion-controlled, particularly at lower temperatures, due to the slower diffusion
rate of CO compared to H,. An Arrhenius analysis further validated these findings,
with activation energy values consistent with those reported for solid-state
diffusion in iron oxide reduction. The introduction of water vapor led to a mixed-
control mechanism, where active site blockage on wustite increased the chemical
reaction resistance, while a decreased concentration gradient intensified the
diffusion resistance, further hindering the reduction process.

Overall, this study provides critical insights into the mechanisms, kinetics, and
microstructural transformations involved in hydrogen-based and CO-based
reduction of iron ore pellets. The findings highlight the advantages of hydrogen
reduction, while also identifying challenges related to diffusion barriers, water
vapor effects, and reoxidation risks. These results contribute to the ongoing
transition toward fossil-free steel production, offering valuable guidance for
optimizing hydrogen-based direct reduction processes in industrial applications.

5.2 Future work

To address existing research gaps and build upon previous findings, the following
areas are recommended for future investigation:

- High-Temperature Surface Reduction: Conduct APXPS experiments at
elevated temperatures (800-1000 °C) to better understand surface reduction
mechanisms.

- Pellet Size Effects: Analyze the impact of pellet size through single-pellet
reduction tests and batch reduction experiments to evaluate scalability.

- Dynamic Reduction Simulations: Simulate hydrogen reduction in a shaft
furnace using dynamic reduction tests across different scales to mimic
industrial conditions.
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- Parameter Interactions: Investigate how flow rate, pressure, and porosity
interact with water vapor during hydrogen reduction and their influence on
reaction Kinetics.

- Melting Behavior Analysis: Examine the melting characteristics of pellets
reduced under different conditions using an EAF simulator to assess their
suitability for steelmaking.

These future studies will provide deeper insights into the hydrogen-based reduction
process, supporting the transition toward sustainable ironmaking.
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