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HIGHLIGHTS GRAPHICAL ABSTRACT

e TiO2 below 0.5 % increases the reduc-
ibility of pellets by improving the
structure. ) HSC estimation

e A high TiO2 content reduces porosity
and slows down reduction rates.

e Higher hydrogen pressure offsets the
negative effects of TiO2.

o Study aligns theoretical predictions with
the actual reduction behavior.
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ARTICLE INFO ABSTRACT

Keywords: The steel industry relies heavily on the direct reduction of iron ore pellets, which is a more environmentally
Hydrogen-based direct reduction friendly alternative to traditional blast furnaces, by reducing CO, emissions. This study investigated the effects of
TiO,

different TiOy contents on the reducibility of high-grade iron ore pellets using hydrogen (Hj). The research

E?d;fl:gzy ellet employed HSC chemistry, COMSOL Multiphysics, and X-ray tomography to analyse the thermodynamics and
irogn oii de P kinetics of hematite reduction. The results indicate that TiO, significantly affects reducibility; pellets with less

than 0.5 % TiO, show improved reducibility due to favorable microstructural changes, while higher TiO; content
reduces porosity and slows down reduction rates. However, increasing the Hy pressure to 8 bar mitigated the
detrimental effects of the high TiO, content and improved the porosity and reduction kinetics. These results
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support the theoretical predictions, provide guidelines for optimizing pellet formulations, and emphasize the
importance of controlling the TiO, content and operating conditions for efficient reduction processes.

1. Introduction

The steel industry is responsible for approximately 30 % of global
industrial CO, emissions and produces 1.9 billion tons of steel annually,
mainly using the blast furnace-to-oxygen converter process (BF-BOF).
For this reason, decarbonization is urgently needed to ensure climate
stability over the next two decades [1-3]. Timely reduction of COy
emissions is crucial because of their long-lasting atmospheric impact
[4]. Replacing carbon with green Hjy produced from renewable energy
sources as a reducing agent is a promising route for cleaner and more
sustainable iron production [5]. This switch has the advantage of pro-
ducing water as a by-product instead of CO3 [6-8], which contributes to
environmentally friendly industrial practices.

The direct reduction of iron ore pellets is a pivotal process in the
steelmaking industry, offering an environmentally friendly alternative
to traditional blast furnace methods [1,9]. The direct reduction process
converts centimeter-sized polycrystalline sintered oxide pellets, known
as DRI, into sponge iron by removing the oxygen. This is usually per-
formed using reducing agents such as Hy (HyDR) or CO at high tem-
peratures, producing 93-98 % metallized sponge iron. The efficiency
and effectiveness of this process are significantly influenced by the
material properties of the pellets, including their mineralogical
composition and the presence of specific additives. One such additive,
titanium dioxide (TiO3), has garnered attention because of its potential
impact on the reducibility of iron-ore pellets.

Research has shown that the presence of TiO; in iron ore pellets can
affect their reduction behavior and final properties [10]. These studies
have highlighted the complex relationship between TiO2 and the direct
reducibility of iron ore, with conflicting findings regarding the effects of
TiO4 levels on the reduction efficiency [11,12]. TiO, is known to interact
with other components of the pellets during the reduction process,
potentially leading to variations in the porosity, phase transformations,
oxidation rate, reduction degree, and mechanical strength of the
reduced pellets. The interaction of TiO5 with other pellet components
during reduction plays a crucial role in determining its final properties.
Different studies have highlighted the complex relationship between
TiO5 content and the physical characteristics of pellets, emphasizing the
need for a comprehensive understanding of these interactions for opti-
mized pellet production. Ju et al. [13] showed that in the presence of
TiO4 as the basicity increases the porosity increases first and then de-
creases while the compressive strength is opposite to porosity to
decrease first and then increases. Yang et al. [14] reported that as the
TiO4 content increased, the magnetite phase increased, while the he-
matite phases decreased. They also demonstrated that the lower the
TiO4 content, the better is the quality of the sintering process. According
to documented A small amount of TiO, can enhance reducibility by
creating beneficial microstructural changes [11], while others have re-
ported a decrease in reduction efficiency with higher TiO content due
to the formation of stable titaniferous phases that are difficult to reduce
[12,15]. Some studies have indicated that a higher TiO, content can
hinder the reduction process. However, other studies report more
nuanced effects, where the effect of TiO5 depends on the mineralogical
composition of the ore and the specific reduction conditions. Therefore,
it can be concluded that there is still no comprehensive understanding of
the exact mechanisms by which TiO, affects the direct reducibility of
high-grade iron ore pellets, a common feedstock for direct reduction
processes.

Despite extensive research on factors influencing the direct reduc-
ibility of DRI, including sintering and processing parameters, as well as
raw material composition, there are still significant knowledge gaps
regarding the specific influence of TiO5 content on the reducibility of

high-quality iron oxide pellets. Existing studies mainly focus on the main
parameters such as the CaO/SiO; ratio (basicity), while little attention
has been paid to the role of minor components such as TiO, and their
comprehensive effects on the reduction behavior. Some studies suggest
that TiO5 can induce microstructural changes that are beneficial for
reducibility when present in small amounts [11,12], while other studies
indicate that a higher TiO, content can hinder the reduction process
owing to the formation of stable, difficult-to-reduce titanium-containing
phases [13]. However, these results are often contradictory and lack
depth regarding the mechanisms underlying observed effects, leading to
conflicting interpretations.

This study uniquely contributes to filling this research gap by sys-
tematically analyzing how different proportions of TiOy affect the
reducibility of high-grade iron ore pellets during hydrogen-based direct
reduction. Through the use of a combination of HSC chemistry
modeling, COMSOL Multiphysics simulations, and X-ray tomography,
this study provides a comprehensive understanding of the thermody-
namic and kinetic behavior associated with TiO5 content. In particular,
the study shows that a lower TiO; content (<0.5 %) improves reduc-
ibility owing to favorable microstructural transformations, while higher
contents negatively affect porosity and reduction kinetics. Furthermore,
this study shows that increasing the hydrogen pressure can mitigate the
detrimental effects of higher TiO5 concentrations, an aspect that has not
been extensively studied in the literature. This integrated approach,
combining theoretical predictions with practical experiments, sets a
precedent for the optimization of pellet formulations and reduction
parameters to improve the efficiency and sustainability of hydrogen-
based iron production processes.

2. Experimental procedure

A series of reduction experiments were carried out to investigate the
effects of varying the TiOy content on the reducibility of the iron ore
pellets. The iron ore pellets used in this study were characterized to
evaluate the distribution and morphology of TiO; prior to reduction.
TiO, was predominantly dispersed in the pellet matrix as fine particles.
Microscopic observations and elemental analyses showed that these
particles were uniformly distributed and typically ranged in size from 1
to 5 pm. The fine dispersion of TiOy was observed to improve matrix
uniformity and maintain structural integrity prior to reduction. Key
methods included preparing pellets with controlled TiO5 content, per-
forming thermodynamic modeling using HSC Chemistry software, and
conducting reduction experiments in a custom reactor at 950-1000 °C
with high-purity hydrogen (99.99 %). The individual steps of the opti-
mized methodology are provided below.

The iron ore pellets were supplied by VALE (Brazil), where the
production process of the pellets is described in detail in [16], and the
compositions are shown in Table 1. The average chemical composition
and physical properties of the pellets were verified before testing.

Thermodynamic simulations were performed using HSC Chemistry 6
to determine the equilibrium compositions of the reactions involving
Feo03 and hydrogen, following the reduction sequence of Fe;Os3 to Fe.
The indicated reactions are listed below.

Table 1
Specifications of the analysed pellets, including average size and density.

Pellet Average size, cm Density, g/cm®
small 1.14 2.6
medium 1.36 3.5
big 1.72 3.4



http://mostwiedzy.pl

A\ MOST

B. Sadeghi et al.

F8203 + 3H2 « F8304 + 3H2 (0] (1)
Fe;0,4 + 4H, < 3FeO +4H, O (2)
FeO+H; < Fe+H; O 3)

The initial amounts of each oxide species were entered into the
software, considering their percentage in each palate and their total
moles based on their molar mass. The equilibrium compositions of all
the species involved, including oxides, elemental metals, water vapor,
and all other relevant compounds, were recorded. All oxides and their
reduced metals were in the solid phase, whereas Hy, H20, and gaseous
forms of the metals were introduced in the gas phase. Three different
compositions with different proportions of TiOq, slightly different pro-
portions of SiO3 and CaO, and the same proportions of Al,O3 and Fe;O3
were considered, as shown in Table 2.

At the starting point, the initial concentrations of the iron oxide
derivatives (Fe3O4, FeO, and Fe), with the exception of Fe;Os3, were
considered to be zero to determine the composition of the system based
on the reactions and specified conditions. The weight of the sample used
to calculate the number of moles to be introduced was 100 kg. The molar
ratio of Hy to the sum of moles of the starting oxides was assumed to be
3:1. The temperature and pressure were assumed as 600-1300 °C and 1
bar, respectively.

Pure hydrogen was used at pressures of 1 and 8 bar to isolate its
influence on reducibility and microstructural changes. A flow rate of 0.5
1/min, chosen based on initial testing and literature [5,17], ensures
thorough reduction and is consistent with industrial practice for appli-
cability. Three tests were performed for each condition to ensure
reproducibility of the results. The microstructures before and after
reduction were examined using X-ray microtomography to observe
changes in porosity [16,18]. ImageJ and COMSOL Multiphysics v.6.2
were used to analyse the pore structure and model the gas-solid
interaction.

The FLJI/ImageJ software was used to obtain the pore structure
together with the solid-gas interface. The simulations were performed
using commercial COMSOL Multiphysics v.6.2. Regression analyses
were performed using commercial Minitab statistical software, and the
details are provided in the Supplementary materials. The exact values of
the assumptions used in the COMSOL simulations are listed in Table 3.
The following assumptions were made during the simulations:

e Hj is considered to be an ideal compressible gas.

e The reactive bed filled with pellets was completely isolated.

e The reduction process required 50 min to complete.

e The initial ambient temperature is 20 "C.

e The initial velocity of gas inside the bed is considered as 5 m/s.

e For the pore-wall interaction, the Knudsen equation was used to
calculate the wall diffusivity.

e For the velocity distribution and the convection, the Darcy’s law is
employed.

e The surface chemical reactions are considered reversible.

To ensure the reproducibility and validity of the experimental re-
sults, a rigorous statistical analysis was performed. The standard devi-
ation was calculated for each set of measurements to assess data
consistency. Regression analysis was used to evaluate the relationship
between the TiO; content and reduction kinetics, with statistical sig-
nificance determined at a p-value of 0.05. Minitab statistical software

Table 2
The pellet composition (Wt%).

Pellet Fe,03 TiO, CaO Al,03 Si0, Basicity index
1 95.57 0 1.63 0.47 2.33 0.69
2 95.57 0.5 1.46 0.47 2.0 0.73
3 95.57 1 1.26 0.47 1.7 0.74
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Table 3

Assumptions adopted in COMSOL simulations.
Parameter Independent
Operating temperature 1000°C

H,, Pressure 1 bar

Velocity of Hy 5m/s
Minimum element size 0.0059 mm
Maximum element size 1.32 mm
Maximum element growth rate 1.3
Curvature factor 0.3

was used for data processing and validation. This approach enabled the
identification of trends and verification of experimental repeatability,
and ensured that the observed effects were statistically robust and
reproducible.

3. Results and discussion

In direct reduction, oxides such as CaO, Al,O3, TiO,, and SiO, are
usually present, which can influence the overall kinetics and thermo-
dynamics of the reaction system. These oxides can act as catalysts, in-
hibitors or promoters and influence the efficiency and selectivity of iron
oxide reduction. Understanding the thermodynamics of iron oxide
reduction is crucial for optimizing production methods and increasing
the efficiency of iron production. HSC chemistry software analyzes the
thermodynamic properties of the reaction system and is a useful tool for
studying and simulating the thermodynamics of the reactions. There-
fore, HSC Chemistry software was used to study the thermodynamic
aspects of the direct reduction of iron oxides in the presence of Hy gas. In
addition, we considered the effects of non-ferrous oxides such as TiO-,
CaO0, Al;03 and SiO5 on the overall reduction process. The reduction of
Feo0j3 to Fe involves hierarchical but complex chemical transformations,
each of which is governed by thermodynamic and kinetic principles.
First, FeoO3 reacts with Hj to form Fe3O4, followed by further reduction
steps that produce FeO, and consequently, elemental Fe. Fig. 1 shows
that the amount of Fe increased with increasing temperature and that all
three pellets followed the same pattern. However, the 0.0 % TiO5 pellet
produced a greater amount of Fe than the other two pellets (Fig. 1).
Interestingly, the difference between the pellets increased as the tem-
perature increased, indicating that the 0.0 % TiO; pellet produced more
Fe. It appears that more TiO leads to a lower Fe content.

The general tendency of FeO change increased as the temperature
increased. At the beginning of the simulation, the FeO content in the 0.0
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Fig. 1. Evolution of the thermodynamic equilibrium of Fe concentration for
different pellets during HyDR as a function of temperature.
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% TiO, pellet is higher, while the 1.0 % TiO, pellet contains more FeO
until the end of the simulation when the temperature of 980 ‘C is
reached. This could be due to the fact that more Fe is produced in pellet
0.0 % TiO, at higher temperatures. In addition, the amount of FeO
produced appeared to be higher than that of Fe at all temperatures and
pellets, suggesting that FeO may be the predominant product of the
reduction process under these conditions. The difference between the
amounts of Fe and FeO produced varied depending on the temperature
and pellets, suggesting that the reduction process is influenced by factors
such as temperature, composition, and reaction kinetics (Fig. 2).

Fig. 3 shows the equilibrium concentrations of FegO4 and Fe;O3 as a
function of temperature for pellets with different TiO; contents during
the HyDR process. Fig. 3 (a) shows a consistent decrease in the Fe3O4
concentration with increasing temperature for all three pellet compo-
sitions (0.0, 0.5, and 1.0 % TiOy). This decrease indicates that higher
temperatures favor further reduction of Fe3O4 to Fe, which is consistent
with the exothermic nature of the reduction reactions and the increased
reaction rates at elevated temperatures. Remarkably, the plot shows no
significant difference in the Fe3O4 concentration between the different
TiOy fractions, indicating that the TiOy concentration within the
investigated temperature range has no significant effect on the Fe304
reduction equilibrium. Fig. 3 (b) shows a similar trend for Fe;O3, where
the Fe;O3 concentration decreases steadily with increasing temperature.
As expected, this was due to the reduction of Fe;O3 to Fe3O4, which is a
precursor step for the reduction to metallic Fe. Again, the lines for the
different TiO; contents almost overlap, indicating that the TiO, content
does not significantly change the Fe;O3 reduction behavior under these
conditions. The pellet with 1.0 % TiO; had the highest Fe3O4 concen-
tration at lower temperatures; however, as the temperature increased,
the differences between the pellets decreased. This could indicate that
TiO5 influences the initial reduction stages but has less influence at
higher temperatures, where reduction to metallic Fe dominates.

The reduction of iron oxides with Hy gas produces water as a by-
product of the reaction. Higher water production may indicate more
efficient reduction reactions in which the reactants (for example, Fe;O3)
are effectively converted into products (e.g. Fe). Conversely, a lower
water production could indicate the formation of intermediate oxide
phases (for example, FeO or Fe30,), instead of the desired Fe product.
However, it is important to consider other factors as well. The pellet
with 0.0 % TiO5 produced more water in all temperature ranges, fol-
lowed by pellets with 0.5 % TiOz and pellets with 1.0 % TiO,. This in-
dicates that TiO5 is an obstacle to further reactions.

Fig. 5 shows the equilibrium composition of FeO as a percentage of
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Fig. 2. Evolution of the thermodynamic equilibrium of FeO concentration for
different pellets during HyDR as a function of temperature.
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Fig. 3. Evolution of the thermodynamic equilibrium of Fe304 and Fe;O3 con-
centrations for different pellets during HyDR as a function of temperature. (a)
F8304 and (b) F6203.

total moles plotted against temperature for three different iron-oxide
pellet samples during the HyDR process. The FeO content increased
with temperature in all the samples, reaching a peak between 1000 and
1100 °C. This behavior is consistent with the general trend that the mole
fraction of Fe increases with increasing temperature, indicating the
progression of the reduction reaction, where higher temperatures pro-
mote the conversion of iron oxides to Fe. At lower temperatures, espe-
cially 600 °C, the FeO percentages of all samples were close to each other
and showed no significant differences. This indicates that, at this stage of
the reduction process, the TiO5 content had no significant effect on the
formation of FeO. As the temperature increased further, the equilibrium
composition of FeO began to decrease in all the samples, indicating that
FeO was further reduced to elemental Fe. The decrease in the FeO
composition at higher temperatures indicates a shift in equilibrium
conditions that favor the formation of metallic iron over the oxide.
Notably, the sample with 1.0 % TiO3 had the highest FeO composition
over the entire temperature range, and the differences between the
samples became more pronounced at higher temperatures. For example,
there was a difference of 0.22 % at 600 °C and 0.39 % at 1300 °C be-
tween pellets 1 (0.0 % TiO3) and 3 (1.0 % TiO3). The presence of TiO;
appears to affect the thermodynamics or kinetics of the reactions,
possibly by influencing factors, such as the stability of FeO or the rate of
its reduction to Fe. The fact that the pellet with a higher TiO, content
had a higher FeO content suggests that TiO, could hinder the reduction
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of FeO to Fe, either by physically hindering the reaction or by altering
the chemical  equilibrium. The consistent  trends in
Figure 1Figure 2Figure 5 illustrate the complex interplay between
temperature, pellet composition and equilibrium states of the iron ox-
ides during reduction. Therefore, it can be concluded that the TiO,
content exerts a subtle influence on the kinetics and thermodynamics of
these reactions.

The linear increase in enthalpy observed in Fig. 6 over the temper-
ature range 600-1300 °C indicates an endothermic process in which the
energy required for the reduction of iron oxides to metallic Fe is grad-
ually absorbed from the environment. This steady increase in enthalpy,
independent of the TiOy content, suggests that TiO2 does not signifi-
cantly affect the total energy absorbed in the system during the tem-
perature interval studied. Furthermore, the lack of phase changes or
reaction threshold anomalies in this range suggests that the pellets un-
derwent a consistent reduction process without significant physico-
chemical transformations that can be detected via enthalpy changes.
This supports the earlier observations from Figs. 1 and 2 that Fe and FeO
concentrations increase steadily with temperature, indicating a pro-
gressive and unhindered reduction sequence from FeyO3 to Fe3Oy4, then
to FeO, and finally to metallic Fe, without any discernible interference
from varying TiO5 contents. This is consistent with the previous results
published in [19-21].

Correlating these observations with Fig. 5 shows that FeO composi-
tion peaks and decreases at higher temperatures. The consistent energy
uptake in Fig. 6 supports that temperature-controlled reduction pri-
marily determines reaction kinetics, rather than TiO, content [22-25].
Slight differences in FeO composition at peak temperatures, more
noticeable in pellets with higher TiO, content, could stem from factors
unrelated to enthalpy changes. These factors may include physical
properties like porosity and surface area, which can influence reduction
kinetics.

Building on the thermodynamic insights gained from the HSC
simulation, the results are now compared with experimental data and
COMSOL Multiphysics simulation results. This analysis validates theo-
retical predictions with experimental observations and refines the un-
derstanding of the influence of TiOs on the reducibility of pellets. It
examines the agreement between the measured reduction kinetics, the
temperature-dependent behavior and the simulations.

Fig. 7 provides experimental data on the reduction kinetics of he-
matite pellets with varying TiOz content during HyDR at 1000 °C. The
experimental data shown in Fig. 7 (a) and (b) confirm the reduction
sequence timeline identified in our database and preliminary experi-
mental results. As a matter of fact, the stages of reduction of Fe;O3 to
Fe304, Fe304 to FeO and FeO to Fe correspond to specific time intervals
of about 2-5 min, 5-30 min and 30-50 min, respectively, which is
consistent with previous publication [29]. In addition, the reducibility
naturally decreases the higher the TiO; content in the pellet. The HyDR
process involves a hierarchy of phenomena, including transport phe-
nomena and reaction kinetics, which govern the chemical reactions on
different length and time scales. The observed changes in the reaction
rate (expressed as mass loss per time) versus time curve can be attributed
to these kinetic and thermodynamic differences [26-30]. At a high
temperature, such as 1000 °C, the phases corresponding to the reduction
of FexOs3 to FesO4 and then to FeO and Fe may partially overlap, which is
why the regions related to each phase are not clearly separated in Fig. 7
(b). The peak at the beginning indicates the fastest reaction rate, which
is related to the reduction of Fe;O3 to Fe304, which is known to occur
rapidly. As the temperature is high and the Hy atmosphere is conducive
to reduction, this stage is quickly passed. This observation is consistent
with the findings [11,29], according to which the rate and degree of
reduction increase with increasing TiO; content. The subsequent slower
but steady decrease in rate may reflect the reduction of Fe3O4 to FeO and
then to metallic Fe. The presence of TiO,, particularly in the 1.0 % TiOy
sample, appears to slow the rate of reduction slightly, as indicated by a
broader peak and a more gradual decline in rate compared to the 0.0 %

Powder Technology 455 (2025) 120813

TiO4 sample. The overall trend in Fig. 7, when correlated with the HSC
simulation results, shows that while the TiO, content of up to 1.0 % does
not significantly change the final extent of iron oxide reduction, it does
affect the rate at which these reductions occur. This suggests that the
TiO4 content play a role in influencing the kinetics of the HyDR process.
It influences the rate of Hy diffusion or surface reactions without
significantly altering the thermodynamic equilibrium of the system.

The structure of the pellets was analysed by X-ray tomography. The
appearance of the 0.0 % TiO, pellet before and after direct H, reduction
is shown in Fig. 8. The appearance of the pellets with higher TiO5 con-
tent is shown in Fig. 28 in the supplementary material and is available as
online material. All these figures show the structural changes in hema-
tite pellets with different TiO, contents before and after the HyDR
process at 1000 °C for 50 min. In the images after the reduction of Fig. 2S
(0.5 % TiOy) and Fig. 2S (1.0 % TiO»), an increase in the heterogeneity
of the grey scale can be seen compared to the images before the
reduction. This is an indication of the chemical transformation caused
by the reduction, with lighter areas within the pellets indicating a
stronger reduction in the center. There are no significant differences in
the internal structure between Figs. 2S due to the different TiO; content,
indicating that a TiO, content of up to 1.0 % does not noticeably change
the physical transformation of the pellets during HyDR. In Fig. 8, similar
transformation trends can be seen in the structures after reduction, with
increased porosity and fragmentation in the medium and small sized
pellets due to the extensive reduction and the evolution of gasses.

A comparison of the 3D micrographic images for different TiO»
contents shows that the structural changes after reduction do not differ
significantly from the TiOy contents. The extensive changes in the
grayscale distribution after HyDR treatment in all pellets indicate a high
degree of reduction. The high degrees of reduction shown in Fig. 7 (a)
are consistent with the significant structural changes observed in the
post-reduction microtomographic images. Although Fig. 7 (b) shows a
slight decrease in the rate of reduction for pellets with higher TiOq
content, this is not clearly reflected in the microtomographic images,
which show no clear differences in the extent of reduction as a function
of TiO; content. This indicates that although the kinetics of the reduc-
tion process can be influenced by TiO», the final extent of reduction
within the experimental time frame is not significantly affected.

Per each pellet, 2D sections were selected in order to be able to
analyse the porosity evolution. The evolution of porosity in different
pellet sizes with different TiO5 content before and after reduction, as
shown in Fig. 9 (0.0 % TiO»), was analysed. The 2D sections of the other
pellets with different dimension and with different TiO2 content is

1.10 4
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~ 1.00 1

0.95 1
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Fig. 4. Evolution of the thermodynamic equilibrium of H; O in different pellets
as byproducts of reducing iron oxides with H, gas.


http://mostwiedzy.pl

A\ MOST

B. Sadeghi et al.

shown in Fig. 3S (0.5 % TiO3) and Fig. 4S (1.0 % TiOs) in Supplementary
material and available as online material. It was found that the pellets of
all sizes and TiO5 contents had a uniform grey scale before reduction,
indicating a homogeneous hematite structure. After reduction, an in-
crease in porosity was observed across all sizes and TiO, contents. The
increased porosity is indicated by lighter areas within the reduced pel-
lets, probably caused by the evolution of gasses such as water vapor and
H2 during the reduction of iron oxide to metallic iron. For small pellets
(as shown in Fig. 9 (a), and Figs. 3S(a), and 4S(a)), the increase in
porosity after reduction is noticeable, but less pronounced than for
larger pellets. This indicates that the uniform distribution of heat and
H,, which is favoured by the smaller size, leads to a more homogeneous
reduction process throughout the pellet.

Medium sized pellets (as seen in Fig. 9 (b), and Figs. 3S(b), and 4S
(b)) were found to have a greater increase in porosity after reduction
compared to small pellets. The medium pellet size likely allows for a
higher degree of reduction and gas evolution without the diffusion
limitations observed with the largest pellets. The largest pellets (shown
in Fig. 9 (), and Figs. 3S(c), and 4S(c)) show the most significant
changes in porosity, with the reduced pellets exhibiting extended bright
areas. It can be concluded that the larger size of these pellets leads to
more pronounced temperature and Hy concentration gradients during
the reduction process, resulting in non-uniform reduction and more
variable porosity. As far as the influence of TiO, content is concerned,
the formation of porosity is not hindered by the presence of TiO,. On the
contrary, TiO, rather serves as a flux that can facilitate the reduction
process and the development of porosity. Nevertheless, the main dy-
namics of porosity formation due to reduction seems to be consistent
regardless of the TiO, content.

Various 2D sections were then selected to carry out simulations with
the COMSOL Multiphysics software. The pellet with a composition of
0.0 % TiO2 with mean diameter in top 2D direction is shown in Fig. 10.
The corresponding binarized image created with IMAGEJ software is
shown in Fig. 5S in the Supplementary Material and is available as on-
line material.

The unreduced pellet picture is re-elaborated with ImageJ software,
then simulation is performed as shown in Fig. 11.

A simulation is then carried out to follow the evolution of porosity
over time, as shown in Fig. 12. The same simulation procedure was
performed for medium sized pellets in different views. The corre-
sponding analyses can be found in the supplementary material in Fig. 6S
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Fig. 5. Evolution of the equilibrium composition of FeO concentration for
different pellets during HyDR as a function of temperature.

Powder Technology 455 (2025) 120813

220
200

= 180 1

Enthalpy (k.
2

N

N

o
1

120

- 0.0% TiO,)
@~ 0.5% TiO,

100 = 1.0% TiO,

-7t . r - r - r  r r 1 T r* T 7
500 600 700 800 900 1000 1100 1200 1300 1400
Temp (°C)
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and Table 18S.

Fig. 12 shows a two-part visual analysis of porosity in a medium-
sized pellet with a composition of 0.0 % TiO. Fig. 12 (a) shows a se-
ries of contour plots depicting the evolution of porosity over time in the
front view at intervals from 5 min to 50 min. Fig. 12 (b) shows a graph
comparing the change in porosity over time from three different views.
It is evident that porosity increases over time, with the greatest changes
occurring in the early stages of the reduction process. This is indicated
by the expansion of the contour lines, which represent areas of higher
porosity. The contour density and rate of expansion appear to slow down
over time, indicating a slowing of the porosity change after a period of
time. Furthermore, Fig. 12 (b) quantifies this observation by showing
the percentage change in porosity over time from the three views. All
three curves follow a similar trend, with a rapid increase in porosity
within the first 20 min, followed by a plateau effect as the response
progresses. The right view shows slightly higher porosity values than the
front and top views, which could indicate directional differences in the
reduction process or inhomogeneities within the pellet. The trends in
Fig. 6S, which also shows the reduction process and porosity variations
over time, are consistent with the results in Fig. 12. This consistency
between the figures and views confirms the reproducibility and reli-
ability of the simulation results. The similarities in the trends of porosity
evolution in Fig. 12 and Fig. 6S can be used to validate the COMSOL
Multiphysics simulations for the reduction process. Hence, it can be
deducted that the reduction kinetics and the associated increase in
porosity are not only time-dependent, but also show a certain depen-
dence on the spatial orientation within the pellet.

Furthermore, the same simulation procedure was followed for me-
dium size pellets of different compositions. The corresponding analyses
is shown in the supplementary material in Fig. 7S-9S and Tables 2S and
3S. It can be seen from Fig. 9S that the 0.0 % TiO pellets show signif-
icant changes in porosity over time, with the areas of highest porosity
increasing as time progresses, indicating an active reduction process.
The 0.5 % TiO; pellets show slightly more gradual changes in porosity
distribution. In the early stages, porosity is lower than in the 0.0 % TiO4
pellets, but in the later stages, porosity also increases significantly.
Finally, the 1.0 % TiO, pellets show a more localized increase in
porosity, especially in the later periods, suggesting that higher TiO,
concentrations may affect the uniformity and spread of the reduction
process within the pellet. This comparative analysis shows how the TiO,
concentration affects the porosity distribution and the kinetics of the
reduction process in hematite pellets.

Fig. 13 shows a quantitative analysis of porosity variation in
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Fig. 7. Reduction kinetics of hematite pellets during HyDR for different pellet compositions with various TiO, content at 1000 “C, (a) reduction degree, and (b)

reduction rate, as function of time.

0.0% TiO, Unreduced

0.0% TiO, Reduced

Medium

Fig. 8. 3D-microtomographic appearance of different sized pellets containing 0.0 %TiO; before and after HyDR at 1000 °C for 50 min.

medium-sized pellets with different TiOy contents as a function of
reduction time. For 0.0 % TiOg pellets, porosity increases sharply in the
first 20 min, indicating a rapid reduction reaction. After this time, the
increase in porosity slows down and levels off at a plateau, indicating
that most of the reduction has taken place and the rate of change in
porosity is decreasing. Furthermore, a similar pattern to the 0.0 % TiOy
pellets is seen, but the overall porosity is slightly lower at each time

point. The initial rate of increase is comparable, but the peak porosity is
not as high, which may indicate that the presence of TiO, mitigates the
reduction process to some extent. At the highest TiO, content, namely
1.0 % TiOy, the clearest behavior is observed with a slightly slower
initial increase in porosity. While the porosity still increases rapidly in
the early phase, it does not reach the same level as for the 0.0 % TiO;
pellets. The overall trend indicates that a higher TiO, content has a
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0.0% TiO, Reduced, Small

Front

Top

(b) 0.0% TiO, Un_reduced, Medium

Fig. 9. 2D-microtomographic appearance of different sections of pellets containing 0.0 %TiO, before and after HyDR at 1000 °C for 50 min for different sized pellets,
namely (a) small, (b) medium, and (c) big.

noticeable effect on the reduction process and the resulting porosity. In consistent with the high percentage of porosity variation in Fig. 13. In
this regard, it should be noted that the contour plots for the 0.0 % TiO, addition, the 0.5 % TiOy pellets in Fig. 9S show a slightly more
pellets in Fig. 9S show extensive areas of high porosity, which is restrained evolution of porosity, which is also consistent with the
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0.0% TiO, Reduced, Big

(c) 0.0% TiO, Unreduced, Big

Front view at 1000°C
and 1 barin H,

Fig. 10. Top View of Fe;0O3 Pellet Transformation. (a) Pre-reduction medium pellet with 0.0 % TiO. (b) Post-reduction at 1000 °C and 1 bar H,, indicating porosity

changes for COMSOL simulations.

slightly lower percentage of porosity variation in Fig. 13. Finally, for the
1.0 % TiOg pellets, Fig. 9S shows localized areas of high porosity that
correlate with the lower and more gradual increase in porosity in
Fig. 13.

The last carried out analyses was about the potential of porosity
different evolution under different Hy pressures during direct reduction.
Fig. 14 shows the development of porosity in a big pellet with 0.0 % TiOy
content at 1000 °C under two different Hy pressures. The corresponding
analyses of big pellets for different TiO, content at 8 bar Hy pressure is
shown in the supplementary material in Fig. 10S- 15S and Table 4S and
5S. The comparison of Fig. 14 with Fig. 12S shows a similar pattern of
porosity evolution for the 0.0 % TiO, pellets. The porosity is initially
concentrated in the center and then spreads outward with time. The
pattern is the same in both figures, which shows the reproducibility of
the reduction process at 1 bar H, pressure. Similarly, the pellets reduced

at 8 bar Hy pressure show a faster and more uniform development of
porosity in both figures than the pellets reduced at 1 bar. The higher
pressure enables faster reaction kinetics and a more homogeneous dis-
tribution of porosity, independent of the TiO, content.

Fig. 15 shows a graphical representation of the change in porosity as
a function of reduction time for a big pellet at 1000 °C under different Hy
pressures and with different TiO5 contents. At a pressure of 1 bar, the
porosity of the 0.0 % TiO, pellet increases steadily until about 30 min
and then levels off. At a pressure of 8 bar, the porosity increases faster
and reaches higher values before reaching a plateau. This shows that a
higher pressure accelerates the reduction process and leads to greater
porosity. For 0.5 % TiO; pellets, a faster and higher increase in porosity
is observed at 8 bar compared to 1 bar. The trend is similar to the 0.0 %
TiO4 pellet, with 8 bar pressure leading to a faster and greater increase in
porosity. The presence of TiOy does not change the fact that higher
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Fig. 12. Porosity comparison for front view of medium-sized pellet 0.0 % TiO reduced at 1000 °C and Hj (a) Porosity evolution, and (b) The quantified Porosity

variation in three views.

pressure improves the reduction process. Again, the curve for 8 bar
pressure shows a faster increase in porosity of the 1.0 % TiO, pellet
compared to 1 bar pressure. The pellet with a higher TiO, content still
benefits from the higher pressure and shows a steep increase in porosity,
exceeding the porosity achieved at 1 bar pressure. It is clear how an
increase in Hy pressure leads to an increase in porosity (Fig. 15). The
results of simulations in different TiO, content are shown in Fig. 16. It is

10

also obvious that as TiO; increases, the porosity variation increases. The
same analyses was performed for big pellets with 0.5 and 1.0 % TiOs, the
images reconstructions and the simulations results are shown in Sup-
plementary material.

The enthalpy increasing with temperature indicates a lower ther-
modynamic favourability, meaning that higher temperatures could
potentially hinder the reaction due to the greater energy demand. The
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Fig. 13. The quantified Porosity variation of medium size pellets with different
TiO, content reduced at 1000 °C and H; as function of reducing time.

occurrence of numerous cracks with increasing TiO, content can be
attributed to the coalescence of the pores. In fact, as the TiO, content
increases, the structural changes during reduction also increase. From
the differences in the reduction rates shown in Fig. 7, it can be seen that
the reduction rate during the first intermediate stage of reduction,
namely hematite to magnetite, by TiO2 decreases significantly over
time. This can be explained by the fact that the presence of TiO; tends to
hinder the chemical reactions, which in turn has an effect on the overall

(a)
1bar 0.0%TiO,, big pellet

Time: 30
min

Time: 20
min

Time: 40 ~—
min

Time: 50
min

Powder Technology 455 (2025) 120813

reduction process. Due to the specific crystal structure of TiO, (tetrag-
onal) and other compounds such as CaTiO3 [13] (orthorhombic), the
phenomenon of active diffusion is limited. During the hydrogen-based
direct reduction process, TiOz can be partially reduced or interact
with the surrounding phases, leading to the formation of complex
compounds such as CaTiOs. This reaction limits the reducibility of the
pellets due to the stable nature of these titanium-containing phases.
More precisely, due to the complex crystal structure of these com-
pounds, the activation energy of effective diffusion increases and, on the
other hand, it becomes more difficult. In this sense, Paananen et al. [11]
found that the higher the TiO5 content of the hematite, the more frag-
mented and dissolved the reduction front. Additionally, TiO2 contrib-
utes to changes in porosity and diffusion pathways within the pellet by
affecting gas-solid interactions and microstructural transformations.
The stabilization of certain lattice structures by TiO, slows down oxygen
removal, making the reduction kinetics less favorable at higher TiO2
concentrations. As a result, the reducibility of the iron oxide pellets is
reduced. Despite the thermodynamic implications, the kinetic effects of
temperature on reaction rates are significant. At higher temperatures,
the molecules have higher kinetic energy, increasing the frequency of
effective collisions and making it easier to overcome the activation en-
ergy barrier. This aspect underlines how important it is to consider both
thermodynamics and kinetics when evaluating reaction progress.
Because even if a reaction is thermodynamically less favorable at high
temperatures, the improved kinetics could still drive the reaction
forward.

Noting this point is necessary that experimental scatter, represented
by the standard deviation of reduction rates, was within +2-4 % for all
conditions tested. This variability indicates consistent experimental re-
sults, with smaller variations due to intrinsic factors such as temperature
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Fig. 14. Porosity evolution for top view of the big pellet with 0.0 % TiO; reduced at 1000 °C and different H, pressure, (a) 1 bar, and (b) 8 bar.
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Table 4

Impact of TiO, Content on the Reducibility of Iron Ore Pellets Under Different Hydrogen Pressures.
TiO, Content Porosity Increase at 1 bar Porosity Increase at 8 bar Reduction Degree at 1 bar Reduction Degree at 8 bar Structural Reaction
(%) (%) (%) (%) (%) Integrity Kinetics
0.0 15 25 90 97 High Rapid

Moderately

0.5 12 22 87 95 Moderately high rapid
1.0 8 18 80 89 Moderate Moderate

stability and gas flow uniformity. When comparing the significance of
this scatter with the influence of TiO, content on reduction kinetics, it is
found that although there is inherent experimental variability, the ef-
fects of TiO, are more pronounced. For example, pellets with 0.0 % TiO4
exhibited a higher rate of reduction and a higher degree of porosity
change than those with 0.5 % and 1.0 % TiOs. The variability of the
reduction kinetics due to TiO5 content exceeded the standard deviation,
confirming that the influence of TiO, was significant compared to the
experimental scatter. The experimental scatter thus underlines the
robustness of the observed results and shows that the trends linked to
TiO4 content were not obscured by experimental noise but were a clear
consequence of compositional differences.

TiO4 plays a complex role in the reducibility of iron ore pellets. On
the one hand, the presence of TiO; in small amounts could potentially
act as a catalyst and improve the reduction process at the beginning due
to its effects on the microstructure of the pellet. This could be due to the
formation of microcracks and voids within the pellet, which can increase
the surface area available for the reduction reaction and facilitate the
diffusion of Hy. However, if the TiO, content rises above a critical
threshold (especially above 0.5 wt%), this has a detrimental effect on the
reducibility. The presence of higher TiO; contents correlate with a
decrease in porosity, which is a key factor for the reduction process as it
influences the gas flow within the pellet. Moreover, CaTiOs is likely to
form around hematite [13], where it hinders hematite bonding, leading
to a decrease in surface reactions and consequently a disruption in the
reducibility of the pellet. Lower porosity hinders the diffusion of the
reducing gasses and thus reduces the overall rate of the reduction re-
action. In addition, TiO, can lead to the formation of stable oxides that
are more difficult to reduce, and it can contribute to the reoxidation of
the already reduced iron, especially when the pellets are exposed to
oxidizing conditions after reduction. The addition of TiO in excess of
0.5 % by weight has also been associated with an increase in reduction-
induced degradation, such as cracking, which can have a negative
impact on the mechanical integrity of the pellets.

During HyDR process, iron oxides are reduced to metallic Fe by the
removal of oxygen atoms. This reduction involves the conversion of
Fe'® ions into Fe'? ions [29-32]. When oxygen is removed, the Fe'
ions lose an oxygen atom and transform into Fe'? ions [33]. This
transformation increases the concentration of Fe*? ions in the lattice
structure of the pellet. It is important to note that the increased con-
centration of Fe*? ions in the lattice accelerates the reduction process of
Fe*?2 to metallic iron. The more Fe*?2 ions present, the more places there
are for Hy atoms (from the Hy gas) to react with, resulting in faster
reduction to metallic iron. Conversely, the increase in the Fe*? con-
centration also slows down the reduction of Fe'*® ions to Fe'? ions. This
is because if fewer Fe** ions are available due to their reduction to Fet?2,
there are also fewer Fe*? sites where oxygen removal can take place. In
addition, the Ti* ions of TiO, contribute to the stabilization of the
lattice structure by forming strong bonds with oxygen atoms. The Ti™*
ions have a stable configuration with six oxygen atoms in an octahedral
environment. This stable configuration acts as a stabilizing factor that
makes it difficult for oxygen to be removed from the lattice during the
reduction process. As a result, the presence of Ti** ions further slows
down the removal of oxygen, contributing to the slowing down of the
overall reduction process. As a result, the removal of oxygen atoms from

13

Feo03 is made more difficult by the presence of TiO, which acts as a
stabilizing factor. The presence of TiO, leads to a more controlled
reduction process with a gradual conversion of Fe™ to Fe™2 and the
subsequent formation of metallic Fe.

The operating pressure during the reduction process has a consid-
erable influence on the effect of TiO2 on reducibility [34]. At higher
pressure, the availability of Hj increases, which can increase the
reduction rate and lead to a more uniform and extensive development of
porosity within the pellet. This is particularly beneficial for pellets with
a higher TiO5 content, as the increased pressure can partially offset the
negative effects of TiOy on porosity and reducibility. In addition,
porosity, pore size and tortuosity have a significant impact on entropy
changes during the reduction steps [35,36], with entropy generation
starting early due to heat transfer between gas and pellets. Thus, when
the H; pressure increases, the resistance of the pellets to the diffusion of
the gas decreases thanks to the higher accessibility of the Hy atoms. As a
result, the rate of entropy generation decreases and the reduction effect
is enhanced While TiO; influences the reduction process both at a
pressure of 1 bar and at 8 bar, increasing the pressure tends to weaken
the localizing effects of TiOy on the porosity distribution. The high
pressure superimposes the influence of TiO5 and leads to a more uniform
porosity of the pellets, even at higher TiO5 concentrations. This suggests
that the operating pressure may be a crucial parameter to mitigate the
adverse effects of higher TiO2 concentrations and improve the overall
reducibility of the pellets. It can be concluded that the percentage of
TiO5 in high-quality iron ore pellets and the pressure in the reduction
process are crucial variables that influence the direct reducibility of the
material. While low TiO5 contents can have a positive effect on the
reduction process, especially under high pressure conditions, higher
concentrations lead to reducibility problems, possibly due to reduced
porosity and stabilization of non-reducible oxides.

Table 4 provides important quantitative insights into the effects of
TiO4 content on the reducibility of iron ore pellets at different hydrogen
pressures. As observed, there is a clear trend where increasing TiO,
content consistently correlates with lower porosity and lower reduc-
ibility. For example, pellets with a TiO content of 0.0 % show a sig-
nificant increase in porosity (15 % at 1 bar and 25 % at 8 bar) and a high
degree of reduction (90 % at 1 bar and 97 % at 8 bar). This indicates that
lower TiO; contents improve the microstructural properties of the pel-
lets, allowing greater diffusion of hydrogen and more effective reduction
reactions. On the other hand, when the TiO5 content increases to 1.0 %,
there is a significant decrease in porosity and the degree of reduction at
both pressure conditions. The increase in porosity decreases to 5 % at 1
bar and 15 % at 8 bar, with the degree of reduction also decreasing to 80
% and 89 % respectively. This decrease in porosity and degree of
reduction at higher TiO5 contents can be attributed to the formation of
more stable and complex oxides, which are more difficult to reduce. In
addition, the structural integrity of the pellets decreases with higher
TiOy contents, suggesting that excessive TiO, content leads to a
compromised pellet structure, potentially resulting in mechanical
weaknesses that could affect their handling and use in reduction fur-
naces. The reaction kinetics also show a slowing trend with increasing
TiOy content, suggesting that the presence of TiOy complicates the
chemical reactions required for efficient reduction. However, increasing
the hydrogen pressure from 1 bar to 8 bar tends to mitigate these
negative effects and increases both the porosity and the degree of
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reduction at all TiO contents. This improvement under higher pressure
conditions suggests that operational adjustments, such as increasing the
hydrogen pressure, can partially counteract the detrimental effects of
high TiO2 concentrations and improve the overall efficiency of the
reduction process. This underscores the importance of carefully con-
trolling TiO, content and operating parameters to maximize direct
reducibility and mechanical quality of the pellets.

4. Conclusion

In summary, the direct reducibility of high-grade iron ore pellets at
1000 °C under 1 and 8 bar Hy pressure is significantly affected by the
percentage of TiOy and the operating pressure during the reduction
process.

1. The study shows that lower concentrations of TiO, improve the
reduction process, with an increase in porosity and reduction rate
being observed. In particular, pellets with 0.0 % TiO, showed a faster
initial increase in porosity compared to those with higher TiO,
concentrations. In contrast, pellets with TiO, concentrations above
0.5 % exhibited lower porosity and slower reduction rates. Thus, the
porosity in pellets with 1.0 % TiO2 was consistently lower at different
stages of the reduction process, with the porosity expansion rate
decreasing significantly after the first 20 min of reduction.

2. The reaction kinetics improved with increasing temperature, as
higher temperatures facilitated the reduction of Fe;O3 to Fe3O4 and
then to Fe. However, the presence of TiO increased the thermody-
namic energy requirement, especially at temperatures above 950 °C,
where the reduction efficiency of pellets with higher TiO, content
was significantly less favorable. At 1000 °C, for example, the
reduction rate for pellets with 0.0 % TiO» was significantly higher
than that for pellets with 1.0 % TiOs.

3. Increased H; pressure significantly improved the reducibility of the
pellets. At 1 bar, the porosity of pellets with 0.0 % TiO5 increased by
about 15 % within 50 min, while at 8 bar it increased by almost 25 %
within the same time span. This emphasizes the role of pressure in
offsetting the negative effects of higher TiO; concentrations and
promotes a more uniform and extensive porosity development in all
tested pellets.

4. The structural integrity and porosity of the pellets were significantly
affected by TiOy content. High-resolution tomography showed a
more pronounced development of microcracks in pellets with higher
TiO4 contents, especially at values above 0.5 %. These structural
changes were associated with a more fragmented reduction front,
which had a negative impact on the mechanical properties and
reducibility of the pellets.

5. The agreement between the COMSOL Multiphysics simulation re-
sults and the experimental data was robust and showed consistent
trends in porosity evolution and reduction kinetics. For example, the
simulations predicted a 20 % increase in porosity for 0.0 % TiOy
pellets at 1000 °C, which exactly matched the experimental increase
of 18-22 % observed under similar conditions.

For optimal performance in steelmaking, it is recommended to keep
the TiO; content at or below 0.5 %. Adjustments to the reduction con-
ditions, such as increasing the Hy pressure to 8 bar, can significantly
improve the reducibility and quality of the pellets, especially those with
higher TiO; concentrations. This approach not only improves reduction
efficiency, but also ensures the structural integrity of the pellets, which
is essential for their subsequent use in steel production.
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