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ARTICLE INFO ABSTRACT

Handling Editor: P Rios Using hydrogen to produce iron is a promising way for the steel industry to achieve the goal of carbon neutrality.
The reducibility of iron-bearing oxides by hydrogen significantly impacts the productivity and energy con-
sumption during the reduction process. This study investigated the competitive kinetics of hydrogen reduction
for different iron bearing pellets including iron ore pellets, bauxite residue pellets, and calcium-added bauxite
residue sintered and self-hardened pellets at isothermal condition. Various characterization tools, such as X-ray

diffraction, electron probe analysis, and X-ray fluorescence, were used to examine the properties of the pellets.
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Isothermal
Kinetics These pellets exhibit different porosity, iron bearing oxides and overall composition. The time required to
Porosity achieve 50 % reduction(Rsp) at 1000 °C approximately 2 min for bauxite residue and bauxite residue-CaO

sintered and self-hardened pellets, while iron ore pellets required approximately 6 min. Moreover, at 700 °C,
the Rsg value is reduced for sintered bauxite residue CaO pellets as compared to other owing to the diminished
reducibility of brownmillerite (Cay(Aly,Fe2.x))Os) in contrast to hematite found in the other pellets. It was
highlighted that factors such as porosity of the unreduced pellets, types of iron bearing oxides and grainsize
significantly influences the reducibility of different pellets. Furthermore, during the reduction process, all pellets

were observed with a rapid initial stage, a subsequent transition stage, and a final slow reduction stage.

1. Introduction

As global energy demand escalates alongside pressing concerns
about carbon neutrality, the world is facing an increasingly evident need
for energy transition [1]. Currently, most energy consumption is derived
from the combustion of fossil fuels, a primary contributor to global
warming. Furthermore, significant metal reduction relies on carbon as a
reductant, producing CO and CO, as byproducts, which significantly
contribute to greenhouse gas emissions. Consequently, the dependency
on fossil fuel-based energy is both unstable and environmentally detri-
mental, prompting the search for alternative fuels. Amidst concerns
about global climate change and the need for green energy, low-carbon,
emission-free fuels have become a priority. Hydrogen, as an alternative
fuel, has the potential to satisfy energy demand with its high specific
energy content and green reductant properties. The iron and steel in-
dustry contributes approximately 7 % of the global CO; emissions. Thus,
the Paris agreement (COP21) requires steel mills to reduce their CO5
emission from 3000 MT/year to below 500 MT/year, necessitating
several process redevelopments [2]. The industry has already initiated

* Corresponding author.
E-mail address: manish.k.kar@ntnu.no (M.K. Kar).

https://doi.org/10.1016/j.jmrt.2023.11.248

the DR-EAF route for steel production using hydrogen; however, the
primary challenge lies in procuring affordable hydrogen to make the
process cost-competitive with conventional BF-BOF methods.

Some relevant literature pertains to the reduction behavior of iron
bearing oxides and modeling work that considers pellet porosity and
grain size. Ding et al. (2018) investigated the reduction behaviors of
2Ca0-Fe;03 and Ca0-Fe;03 by hydrogen at various temperatures. Their
finding indicated that the CaO-Fe;O3 exhibited a higher reduction de-
gree and a higher extent of reduction than 2Ca0-Fe;0s3. The reaction of
2Ca0-Fe,03 with Hj is directly producing CaO and metallic iron, while
the reduction of CaO-Fe;O3 with hydrogen goes through four steps in
sequence via the formation of CaO-FeO-Fe;O3, CaO-3FeO-FeyOs,
2Ca0-Fep03 and eventually with the generation of Fe species [3].
Furthermore, literature contains modeling-based study that highlighted
the effect of porosity and reduction rate(reducibility) [4,5]. Szekely
et al. (1971) investigated the structural model for the reaction of porous
solid pellets with reactant gases. They highlighted that both grain size
and porosity of pellets plays a significant role in diffusivities of reactant
and product gases, with a focus on chemical reaction on the individual
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grains are important [5].

Although numerous studies have investigated the hydrogen reduc-
tion of iron ore pellets [6-9], however, there is still very limited research
concerning the study of hydrogen reduction of red mud or bauxite res-
idue (BR) pellets [10,11]. As the demand for iron keeps increasing and
the quality and grade of the ore decreases, high iron content bauxite
residue could serve as an important iron source if it can extract
economically. Therefore, extracting the metallic value from bauxite
residue is essential to reducing the waste and it can be used as iron re-
sources for iron production. Thus, a comparative study examining the
hydrogen reduction kinetics of bauxite residue versus conventional iron
ore is of significant importance.

A sustainable process has been introduced by the HARARE EU
project(https://h2020harare.eu/) to extract iron, alumina and REEs
from BR. In this process and hydrogen reduction has been conducted to
reduce iron oxide to metallic iron, followed by the magnetic separation
of iron recovery. This work is a part of calcium route of the HARARE
project, where both bauxite residue and calcite pellets were subjected to
hydrogen reduction. The purpose of incorporating calcite into bauxite
residue to create a calcium aluminate phase during hydrogen reduction,
so that alumina can be recovered by alkali leaching using sodium car-
bonate solution. After hydrogen reduction, the bauxite residue calcite
pellets underwent a magnetic separation process to recover iron. The
non-magnetic portion was then subjected to an alkali leaching process to
recover alumina. Following the leaching process, the residue became
enriched with calcite and rare earth elements. This enriched calcite
residue was subsequently recycled to produce bauxite residue calcite
pellets, completing a sustainable materials loop within the process [12,
13].

In this work, we studied the relationship between hydrogen reduc-
tion behavior of different BR pellets and conventional iron ore pellets
with respects to pellets porosity and iron oxides complexes. Through the
experimental work, a comparative kinetics study of hydrogen reduction
behaviors of various pellet types, including BR pellets, sintered BR-CaO
pellets, self-hardened BR-CaO pellets, and industrial iron ore pellets
were conducted. Moreover, aiming to demonstrate the relationship be-
tween the reduction behaviors and the premeasured porosity of these
pellets, a combination of analytical techniques such as X-ray fluores-
cence (XRF) for chemical analysis, scanning electron probe micro
analyzer (EPMA) for microstructural examination, X-ray diffraction
(XRD) were employed for phase analysis and mercury intrusion poros-
imeter for porosity and to provide a comprehensive understanding of the
hydrogen reduction behaviors of the various pellet types.

2. Materials and methods
2.1. Experimental methodology
The complete experimental methodology is described in Fig. 1.

2.1.1. Agglomeration of pellets

BR, limestone, and quick lime were utilized as raw materials for BR
agglomerated pellets. BR was supplied by Mytilineous Business Unit S.
A., Greece (previously known as aluminum of Greece), limestone from
VUGIUKLI S.A., Greece, and quick lime was from the NorFraKalk. The
raw materials were received in lumpy form, and then deagglomerated
below 500 pm sieve size, and dried in an oven for 24 h at 80 °C. After the
drying process, these materials were mixed in a lab mixer with appro-
priate composition based on the pellet types. The CaO were added with
calculated fractions to form compounds of CaO-Al,03, 2Ca0-SiO5 and
CaO-TiOy in different BR-lime pellets as outlined previously [14].
However, the BR to calcium oxide ratio for sintered BR-CaO pellet and
self-hardened BR-CaO pellets were fixed despite of different chemical
compositions of raw materials. Mixed materials were pelletized in the
drum pelletizer via 10 wt% water addition. The average size range is
about 8-10 mm for all different pellets.

The sintered BR-CaO pellets were produced by drying BR-CaCOs3
green pellets overnight in an oven and then sintered at 1150 + 10 °C for
120 min in a muffle furnace [14]. Self-hardened pellets were made by
mixing the BR with CaO and CaCO3 with appropriate composition [15].
The green pellets were aged in air (room temperature) for three days to
increase the pellet strength. The mechanism of self-hardening of pellets
was presented in our previous study [15]. The commercial iron ore
pellets were from the ferrous industry.

2.1.2. Hydrogen reduction in Thermogravimetry (TG) furnace

The reduction experiments were carried out in a TG furnace, which
comprised a vertical tube furnace, stainless steel hollow cylindrical
crucible, a gas flow controller, an electronic balance, and a temperature
controller. The schematic view of the furnace and the working principle
were described in our previous paper [15]. These pellets were heated in
the presence of argon with a flow of 1NL/min up to the targeted tem-
perature 1000 + 10 °C. The heating rate was maintained at 10 °C/min to
homogenize temperature inside the pellet bed. The temperature of the
sample bed was measured using a thermocouple inserted inside the
sample bed. For self-hardened BR-CaO pellets, there was no remaining
calcite (all converted to CaO) when the set point temperature reached.
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Table 1
Mass loss(wt.%) due to hydrogen reduction of different pellets at different
temperatures.

Pellets/ BR Self-hardened Sintered Iron ore
Temperature (°C) pellets pellets pellets pellets
1000 14.36 9.36 11.52 28.72
850 13.92 7.90 10.88 28.60
700 8.57 5.28 6.72 28.15

This was confirmed by the absence of mass loss observations. Hence,
after getting stable weight at the targeted temperature, Hy gas was
purged with a flow rate of 4NL/min for 90 min. After the reduction time
was over, sample cooling was carried out in presence of argon (flow rate
1NL/min) to avoid reoxidation of reduced iron. These conditions were
the same for all types of pellets. To cross-check the actual weight loss
and the weight loss recorded by the data logger, weight loss measure-
ments were taken by sample mass weighting before and after the
process.
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2.2. Characterization of materials

The mineralogical phases in the samples were identified using XRD
analysis with Bruker D8 focus (Bruker AXS GmbH, Karlsruhe, Germany)
and CuKa radiation(A = 1.54 A) with a scan speed of 0.03°. After
obtaining XRD pattens, the phases were identified using EVA software
by diffraction database. For the XRD sample preparation, pellets were
milled by a WC vibratory disk mill (RS200, RETSCH GmbH, Haan,
Germany) for 60 s at 900 revolution per minute (rpm). In addition,
chemical composition analysis and X-ray mapping were obtained by
using X-ray fluorescence and electron probe micro analyzer (EPMA)
(JXA-8500F.JEOL Ltd., Akishima, Japan) respectively. The porosity of
the pellets was evaluated utilizing mercury intrusion porosimeter
(Autopore IV 9520, Micromeritics, USA). Pressurized mercury was
employed to fill void space inside the pellets and porosity was calcu-
lated. Furthermore, the density of the pellets were determined by a
pycnometer (Micromeritics, Accupyc 1340, USA) with helium gas
injection.
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3. Results and discussion
3.1. Mass losses during reduction

The mass loss results of pellets at varying reduction temperatures are
presented in Table 1. There is minimal difference between mass losses
for BR, self-hardened BR-CaO and sintered BR-CaO pellets reduced at
850 °C and 1000 °C temperature. However, the mass losses at 700 °C
reduction was much less for BR, Sintered BR- CaO, and self-hardened
BR-CaO pellets, which may be due to the slower reduction kinetics. In
the case of iron ore pellets, the weight reduction is almost similar for the
three temperatures, which may be due to complete direct reduction of
hematite to iron.

At a reduction temperature of 1000 °C, the mass loss of all pellets is
nearly equal to the theoretical mass losses. The theoretical mass losses
were calculated based on the oxygen present in iron oxide in the pellets.
The calculated theoretical mass losses and weight loss during reduction
for different pellets are presented in Fig. 3. As major fraction of oxides
present in sample are Al;O3, SiO,, TiO3, CaO and Fe;Os3, and at the
operated reduction temperature in the presence of hydrogen, only iron
can be reduced as other oxides are much stable at that reduction tem-
perature. When there is a consistent flow of hydrogen gas into the

Table 2
XRF analysis of reduced pellets (wt.%).
Oxides/Pellets Al,O3 CaO Fe K;0 MnO MgO NayO P,05 SO3 Si0y TiOy Cry,03 V5,05 NiO LOI
Sinter BR-CaO 23.60 35.90 21.40 0.09 0.05 0.87 2.22 0.10 0.86 9.75 4.39 0.20 0.13 0.06 0.24
BR 26.32 11.89 37.62 0.11 0.08 0.36 4.08 0.10 0.89 10.24 7.34 0.38 - 0.13 NA
Self-hardened BR-CaO 19.15 40.19 23.04 0.05 0.04 0.49 2.57 0.09 0.84 7.32 5.02 0.23 - 0.08 5.8
Iron ore 0.82 0.87 88.1 0.1 0.08 1.66 0.42 0.07 - 7.47 0.2 0.01 0.15 0.03 0.01
11 s :
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sample bed, the real partial pressure pPHLZO is significantly higher than the

corresponding ratio at equilibrium. With increases in }f:zo
2/

reduction reaction starts at lower temperature. Yet, even with increasing
Py
PHy0°
free energy of reduction except iron oxide, shown in Fig. 2. Thus, sug-
gests that only Fe,O3 underwent reduction in the sample at the applied
temperatures.

ratio the

all the other oxides, apart from iron oxide, still have the positive

3.2. Properties of reduced pellets

3.2.1. Chemical analysis of reduced pellets

The results of the chemical analysis of the reduced pellets are pre-
sented in Table 2. Reduced iron ore predominantly consists of metallic
iron and silica as a minor fraction. Meanwhile, BR reduced pellets
comprise major components such as iron, alumina, CaO, Na0 and TiOs.
The metallic Fe in the samples and the other oxides were normalized
with regard to the XRD analysis data (see section 3.2.2.) of the samples,
and in Table 2 they were presented in the form of most simple/stable
oxides. Although a small quantity of unreduced iron in the form of FeO
was anticipated, the XRD data did not indicate its presence, confirming
that all iron is in the reduced state.

3.2.2. Phase analysis
Phase analysis of the raw materials and reduced pellets (Reduction
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temperature 1000 °C) were carried out by XRD, and the results are
presented in Fig. 4. As seen in Fig. 4(d), the iron in the iron ore pellets
present majorly in form of Fe;Os3, whereas in the reduced pellets only
metallic iron was identified. This indicates that most of the Fe,Os is
reduced to metallic iron. The conclusion is also correlated with micro-
structural analysis (Fig. 5(a)). As shown in Tables 2 and in the reduced
iron ore pellets, a minor quantity of SiO» is present. However, it was not
detected in the XRD analysis, possibly owing to its minor fraction. It may
also be possible that it has amorphous form in pure or combination with
the gangue (CaO, MgO), and not detected by XRD [16]. In the BR and
BR-CaO reduced pellets, metallic iron(Fe), perovskite (CaTiO3), geh-
lenite (CapAlSiO7), corundum (Al;O3), nepheline (AlyCag 3.
Ko.54Nag 24016Si4), mayenite (Al;CagO1675) and lime (CaO) are the
major phases. Similar to iron ore pellets, in BR reduced pellets, all iron
oxide was reduced to metallic iron. Aluminum is present in BR and
BR-CaO oxide pellets as gehlenite, corundum and nepheline phases,
while titanium present in the form of perovskite. In the reduced sinter
BR-CaO and the reduced self-harden BR-CaO pellets, all the phases are
similar with varying intensities. When BR CaO(self-hardened) pellets are
reduced, the added calcium oxide reacts with alumina present in BR at
elevated temperatures to form mayenite. The mayenite phase was not
present in BR reduced pellets due to the low CaO content and its favor to
react with TiO; to form perovskite. In the case of sintered BR-CaO pel-
lets, the added CaO to BR causes Al;O3 converted to gehlenite and
nepheline phases during the sintering step and remaining aluminum
stays as unreacted corundum phase. For all the pellets reduced at
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Fig. 6. SEM images of reduced iron ore pellets(a), reduced sintered BR-CaO pellet(b), reduced self-hardened BR-CaO pellets (c), reduced BR pellets (d) at 1000 °C.

1000 °C, the iron complexes (hematite, goethite, brownmillerite, sre-
brodolskite and fayalite) were converted to metallic iron after reduction
and no unreduced iron oxides were detected.

In the iron ore pellets, iron oxide completely reduced at 850 °C and
700 °C to metallic iron with some silica peak was observed. In the BR
and self-hardened BR-CaO pellets reduced at 850 °C, majority of all iron
oxide is reduced. However, at 700 °C, it was converted to a mixture of
metallic iron, magnetite and minor brownmillerite. Along with iron,
calcium oxide, perovskite, gehlenite phases are found in 850 °C and
700 °C reduced pellets. As for the sintered BR-CaO pellets reduced at
850 °C and 700 °C temperatures, iron present in from of brownmillerite
and metallic iron. The spectrum of metallic iron is more intense for
pellets reduced at 850 °C temperature as compared to 700 °C.

3.2.3. Microstructural analysis

Fig. 5(a) to 5(d) represent the elemental mapping of the reduced iron
ore, reduced BR, reduced sinter BR-CaO and reduced self-harden BR-
CaO pellets, respectively. The back scattered image of reduced iron ore
pellets is present in Fig. 5(a) in which the image magnifies an area with
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high silica. In the elemental mapping of reduced iron ore pellets, inside
metallic iron there is very little oxygen still present, nevertheless, this
was not detected in the XRD analysis which may be due to background
noise. In the reduced sinter BR-CaO pellets, the produced metallic iron is
dispersed throughout the oxide matrix (Fig. 5(b)). In certain areas, there
is an overlap of Ca and Ti with O, indicating the presence of the CaTiO3
phase. Meanwhile, the Ca, Al and O overlap in some other areas with
small fraction of Na, which signifies the mayenite phase. It worth noting
that all the phases found in the elemental and microstructural analysis
are well correlated with the identified XRD phases. The elemental
analysis of the reduced sinter BR-CaO pellets (Fig. 5(b)) and reduced
self-harden BR-CaO pellets (Fig. 5(c)) are showing the same micro-
structure, except that in the sintered sample, the intensity of Al, Ca, O
and Si in some areas are more intense. The more intense area is due to
the gehlenite in the sintered reduced pellets as compared self-hardened
reduced pellets. In fact, during the sintering of dry pellets, more geh-
lenite phase was formed, which remains stable even during reduction or
its reduction requires longer period.

In the reduced BR pellets, metallic iron is distributed uniformly
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Table 3
Physical properties of the raw pellets.
Properties/ BR dry Self-hardened BR Sintered BR Iron ore
Pellets pellets CaO Pellets CaO pellets pellets
Porosity 61.01 57.21 54.99 29.55
Density 3.15 3.10 3.51 5.09
Intrusion 0.41 0.4 0.33 0.07
volume
Mean pore 0.57 0.07 0.087 0.03
diameter
Total pore area  33.46 29.39 15.37 9.74

without overlapping of O, represents the complete reduction of iron
oxide (calcium ferrite) to metallic iron. In certain areas, Al is associated
with O as corundum phase, as present in Fig. 5(d). Notably, no over-
lapping of Ca, Al and O elements was observed which confirms the
absence of mayenite phase in the BR reduced pellets.

The iron ore pellets underwent almost complete reduction of iron
oxide during the process, which results in formation of metallic iron
with particle size above 20 pm. The metallic iron is the matrix with SiO2
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phase between the iron particles, along with some fraction of CaO and
MnO. With in the metallic iron matrix, the presence of minor silica
particle can be observed, as seen in Fig. 6(a). In both reduced self-harden
BR-CaO pellets and reduce BR pellets (Fig. 6(c) and d), metallic iron
present in form of clustered fine particles. However, the reduced sinter
BR-CaO pellets (Fig. 6(b)) feature smaller and ubiquitously distributed
metallic iron particles. The matrix of the reduced sinter BR-CaO pellets
are more compacted due to significant sintering as compared to the
reduced self-harden BR-CaO pellets and reduced BR pellets. Hence, for
the sintered BR-CaO pellets, the reduction occurs on a more homoge-
neously distributed brownmillerite phase all the entire sample, and its
reduction yield finer iron particles with less clustering compared to the
other two BR pellets.

3.2.4. Physical properties of the unreduced pellets

During the gas-solid reaction, the interfacial area between the solid
and gas phase is of vital importance. A larger interfacial area of the
pellets increases the contact area between the reactant gases and solid,
consequently promoting the interfacial reaction rate. Thus, a greater
porosity results in more interfacial area and faster reaction rate. Results
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Fig. 7. Fraction of oxides reduced versus time in different pellets at different temperatures.
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Table 4

Time for 50 % reduction at different temperatures for different pellets.
Pellets/Temperature BR Sinter BR Self-hardened BR Iron
Q) CaO Ca0O ore
1000 (°C) 2 2.1 1.8 6.5
850 (°C) 291 2.1 2.41 9.5
700 (°C) 12.31 78.81 38 18

of the porosity, density, intrusion volume, mean pore diameter and total
pore area of unreduced pellets are presented in Table 3.

The porosity of BR and BR-CaO pellets are above 50 vol%, whereas
the sintered iron ore pellets exhibit a porosity of approximately 30 vol%.
The lower porosity in the pellets may be attributed to high temperature
sintering. However, the sintered BR-CaO pellets have more than 50 vol%
porosity even after sintering, which is due to the calcite decomposition
that enhances of porosity of the pellets. Since dry BR pellets were uti-
lized in this work, the heating cycle to the targeted temperate also
promoted the composition of the diaspore, goethite, gibbsite, com-
pounds that facilitate increased porosity during reduction. For the self-
hardened BR-CaO pellets, the calcite decomposition rise during the
heating process improves the porosity to above 57 vol%. Both the
intrusion volume and intrinsic pore diameter are greater in the BR and
BR calcite pellets, which are one order larger than iron ore pellets. As
shown in Table 3, with increasing porosity level, the total pore area also
increases and the density decreases. Since a greater porosity promotes
more reduction in a gas-solid reaction through facilitating more and
faster gas molecules diffusion, it is expected that pellets with superior
porosities will exhibit better reduction and increased reducibility [17].

3.3. Kinetics of hydrogen reduction of pellets

3.3.1. Fraction conversion rate

The fraction of iron oxides reduced with respect to time at different
reduction temperatures are presented in Fig. 7. The fraction reduced (X)
was calculated based on the following equation.

(Aw)
(Win)

X= (€D)

where Aw is the weight loss during reduction time t, w;, represents the
mass of oxygen present in the Fe;Os in initial mass of sample. The half of
the reduction (Rs) for all the different pellets with different reduction
temperature are presented Table 4. The half of reduction was reached
for BR and BR-calcite pellets (sintered and self-hardened) in about 2 min
of reduction at 1000 °C, however, for the Fe;O3 pellets, the half of re-
action was after 6.5 min at this temperature. Similar reduction rate was
observed for all pellets reduced at 850 °C. The lower rate of reduction of
iron ore pellets compared to BR and BR-calcium pellets may owing to the
lower porosity of this pellet. As listed in Table 3, the porosity of BR and
BR-calcite pellets is near about twice than iron ore pellets. However, the
half of reduction completion is different for pellets reduced at 700 °C.
The halftime of reduction for sintered BR-CaO pellets was longer
compared to other three pellets. As from the previous work, the iron
present in the sintered pellets is in the form of brownmillerite [15]. The
reduction of brownmillerite with hydrogen is thermodynamically
feasible near 1000 °C as per thermodynamics calculation, and its
reducibility is obviously lower at lower temperatures regarding the
curves in Fig. 9, along with the detection of Fe in all reduced samples of
this pellet. However, for iron ore, BR and self-hardened BR CaO pellets,
major fraction of iron present in form of hematite, and the reduction of
hematite with hydrogen is feasible at lower temperatures with a higher
rate as seen in Fig. 9 than brownmillerite. At 1000 °C, both BR and
BR-CaO pellets (sintered and self-hardened) exhibited a substantial
reduction, with over 80 % of the fraction reduced within 5 min of
reduction, but for the iron ore pellets, it took above 10 min. This may be
more due to the higher porosity of the BR-containing pellets and
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applying high temperature wherein brownmillerite is reduced as fast as
hematite at this temperature. The close reduction rate between the two
phases can be observed for the two CaO-added BR pellets at 1000 °C,
while the main difference is the form of iron oxide.

The hydrogen reduction process can be divided into three different
regimes based on different reduction rate: initially, the reduction began
with a rapid rate, and then transitioned into an intermediate transition
stage, and finally settled into a slow reduction rate. In the transition
stage, the process may be mixed-controlled mechanism. In the BR pellets
reduced at 1000 °C and 850 °C, the reduction happened in three regimes
nonetheless the transition regime is smaller.

In the early stages, the rapid rate of reduction is primarily attributed
to the substantial porosity, resulting in a significant reduction extent
accounting for 80-90 % of the initial reduction extent. Nevertheless, as
the reduction process progresses, the rate slows down. Particularly, for
BR pellets reduced at 700 °C, a notable extended transitional phase is
observed follows the initial reduction extent to only approximately 50
%.

Initially, the reaction is chemical reaction rate controlled may be due
to lower reduction temperature and then mixed controlled, and even-
tually become diffusion controlled in the final stage. The same reduction
regime was observed for self-hardened BR CaO pellets as this pellet has
similar Fe-bearing oxide (hematite) with the same size, and also porosity
as listed in Table 3.

In the sintered BR CaO pellets, the three reduction stages occurred at
different temperatures. Notably, the extent of transition stage at 700 °C
is the largest, while it is the smallest at 1000 °C. Moreover, the rapid
initial stage contributed to the most extensive reduction at 1000 °C (X >
0.9), but the smallest at 700 °C (X < 0.1). In the sintered BR-CaO pellets,
the porosity is the same as BR pellets and self-hardened BR CaO pellets,
however, the iron is present in form of brownmillerite in the sintered
pellets. The reduction of brownmillerite with hydrogen is feasible at
higher temperature 1000 °C based on the negative Gibbs free energies
shown in Fig. 9. The mechanism is further discussed in section 3.3.3.
Obviously, the reduction rate of brownmillerite is lower than hematite
at lower temperatures than 850 °C. All types of BR pellets, including
sintered BR CaO pellets and self-hardened BR CaO pellets, possess po-
rosities above 50 vol%. The rate of reduction can also be influenced by
several factors: the finer particle size, reducibility of brownmillerite and
hematite, and the reduction temperature. Notably, the reduction tem-
perature plays a dual role, governing both diffusion of reactant and
product gases through the product layer and influencing the reducibility
of the iron bearing oxides. In iron ore pellets, the initial reduction rate is
slower at 1000 °C as compared to BR and BR-calcium pellets (self-
hardened BR CaO), which may be due to lower porosity of the iron ore
pellets and the bigger hematite particle size. It is worth noting that in all
these three pellets, hematite particles were reduced by hydrogen. After
20 min of reduction, the rate became much slower may be due to
diffusion of product as well as reactant gases through a thicker inter-
mediate FeO layer (between Fe and Fe;O3), and according to literature,
diffusion through FeO is the rate controlling step [18].

3.3.2. Reduction velocity index

Reduction velocity index (RVI) can be used to evaluate the reduction
behavior of pellet. A higher RVI value is indicative of superior reduc-
ibility of the pellets. The RVI value for different pellets was calculated by
equations (2) and (3) based on ISO 4695:2007(E). The standard is
applicable to various iron raw materials, including lump ores, sinters
and hot-bonded pellets, and sintered also contained CasFe;Os [19],
which is similar to iron complex present in sintered BR- CaO pellets.

dR (O 33.6 .

o <ﬁf 0.9> r— (Reduction above 60%) 2)
R 26.

% <% = ()_9) = . E 530 (Reduction below 50% <y < 60%) 3)
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Table 5

Calculated reduction velocity index values for the reduction of different pellets.
RVI/Temp. BR Sinter BR CaO Self-hardened BR CaO Iron ore
1000 °C 18.66 16.8 17.68 6.72
850 °C 14 4.94 16.8 3.86
700 °C 6.72 0.35 2.68 2.38

where, tgo and tsy are the time required for degrees of reduction 30 %
and 60 %, respectively, and 33.6 is a constant. ty is the time required for
degrees of reduction below 60 % and above 50 % where 26.5 is the
constant. The rate of reduction in atomic scale of O/Fe = 0.9 with unit of
reducibility is %/mins.

As shown in Table 5, at 1000 °C BR has the highest RVI, which is
three times greater than for iron ore pellets. However, BR and BR-CaO
pellets are with close RVIs, possibly due to their comparable poros-
ities. At 850 °C, the RVI-values of BR and self-hardened BR-CaO pellets
remain similar, which can be attributed to similar porosities and the
existence of FepO3 as the Fe-bearing compound in them. The RVI for
sintered BR-CaO pellets remain lower at 700 and 850 °C even with
higher porosity of the unreduced pellets. This may again confirm the
crucial role played by the type of reducible oxide involved. In the BR-
CaO sintered pellets, iron is present in the form of brownmillerite,
which requires higher reduction temperature for faster conversion to
metallic iron. Contrastingly, the iron ore pellets exhibit a lower RVI
value in comparison to both BR and BR-CaO self-hardened pellets at all
three-reduction temperature, this is due to the iron present in these
pellets being in the form of hematite. The lower RVI for the hematite
pellet is attributed to both lower porosity and the size of hematite grains.
As presented in Fig. 6, the hematite particles in the iron ore pellet are
significantly larger than those in the BR pellets. Consequently, the
change from the fast initial reduction stage to the second transition stage
occurs at a lesser conversion rate when compared to the two other
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hematite containing pellets as seen in Fig. 7. Moreover, the final
reduction stage is slower for the iron ore pellet as there is thicker product
layer on the hematite particles of this pellet than those in the BR con-
taining pellets due to the initial larger iron oxide particles. The sche-
matic illustration of iron ore reduction and BR/BR CaO (sintered and
self-hardened) pellets reduced at 1000 °C is presented in Fig. 8. At
time t;, the product layer thickness is identical for both the types of
pellets (L$ =LY), and for time t,, the thickness is (L§ = L5). At t, time, the
BR/BR CaO pellets were completely reduced above 95 % fraction
reduction. In contrast, the iron ore pellets achieved a reduction slightly
below 90 %, indicating the presence of an unreduced oxide core within
the pellets.

3.3.3. Reducibility of iron bearing oxides
The overall reduction reactions of hematite and brownmillerite with
hydrogen are presented in reactions (4) and (5):

Fe,05(s) + Hy(g)—2Fe(s)+3H,0(g) (€]
TCay|Fe,, Al _,],05(s)+21x H(g)= 14x Fe(s)+21xH,0(g)
+ (24 12x)CaO(s) + (1 — x)Ca,Al14033(5) )

As shown in Fig. 9, the free energy of brownmillerite reduction is
positive at 1000 °C when the partial pressure of Hy/H,0 = 1. However,
during experiments utilizing pure Hy gas, the pm,/m.0 is much higher
than the equilibrium composition. Moreover, the reduction of brown-
millerite with Hy was calculated with the activity 1, but in actual
practice the activity of the products phases is less than 1. Therefore, the
high partial pressure of hydrogen and the low activities of products drive
the reduction reaction to the right. Consequently, even at lower reduc-
tion temperatures, the brownmillerite reduction occurs with the for-
mation of metallic iron, albeit at slower reduction rate. In contrast,
hematite presents a negative free energy of reduction across all three-
reduction temperatures (1000, 850 and 700 °C) when the partial
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Fig. 8. Schematic illustration of reduction behavior of iron ore and BR containing pellets at 1000 °C reduction temperature.
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Fig. 9. Free energy for the reduction of brownmillerite to iron at different reduction temperatures, calculated by FactSage version 8.2.

pressure of Hy/Hy0 = 1.
4. Conclusions

In this work, hydrogen reduction of bauxite residue, bauxite residue-
calcium oxide self-hardened, bauxite residue-calcium oxide sintered,
and iron ore pellets at different reduction was investigate, the main
conclusion are as follows:

e The porosity of pellets made from bauxite residue are high (50-60
vol%), which is significantly greater than that of iron ore pellets
(20-30 vol%). The Fe-bearing oxide exists in the form of hematite in
iron ore, bauxite residue, and self-hardened CaO-added bauxite
residue pellets, whereas it appears as brownmillerite in the bauxite
residue CaO-added sintered pellets.

Although the reduction of Brownmillerite is not feasible at py, 1.0 =
1 from the thermodynamic point of view (using currently available
thermodynamic software), however, it has been observed that the
reduction becomes favorable with increasing ppy,/m.0 ratio and
elevated applied temperatures.

The reduction rate of pellets depends on both the porosity and the
grain size of iron complexes (brownmillerite and hematite). The
higher porosity and smaller hematite particle size in the pellets of
bauxite residue, and self-hardened CaO-added bauxite residue yiel-
ded higher degree of reduction than the hematite iron ore pellet.
The rate of brownmillerite reduction is more temperature dependent
compared to hematite. It exhibited a slower reduction rate than he-
matite at 700 °C, while the difference is decreased with increasing
temperature to 1000 °C. As the reduction progresses, the reduction
mechanism changes from a fast chemically controlled reaction to a
slow diffusion-controlled reaction, while an intermediate transition
stage exists. The extent and rate of reduction in these stages are
significantly influenced by the pellet type utilized and its inherent
characteristics.
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e The microstructure of reduced pellets, particularly in terms of iron
distribution, differs markedly. Fine iron particles are more clustered
in bauxite residue, and self-hardened CaO-added bauxite residue
pellets compared to sintered CaO-added bauxite residue pellets.
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