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TiO, and Reducing Gas: Intricate Relationships
to Direct Reduction of Iron Oxide Pellets

PASQUALE CAVALIERE, BEHZAD SADEGHI, ALEKSANDRA LASKA,
and DAMIAN KOSZELOW

In response to the imperative for sustainable iron production with reduced CO, emissions, this
study delves into the intricate role of TiO, in the direct reduction of iron oxide pellets. The
TiO,-dependent reducibility of iron oxide pellets utilizing H, and CO gas across varied
temperatures and gas compositions is thoroughly investigated. Our findings unveil the nuanced
nature of the TiO, effect, underscored by its concentration-dependent behavior, revealing an
optimal range between 1 and 1.5 pct TiO,, where a neutral or positive impact on reduction
kinetics and diffusion coefficient is observed. Notably, the synergistic interplay of CO and H, at
1000 °C emerges as particularly efficacious, suggesting complementary effects on the reduction
process. The introduction of H, into the reducing atmosphere regulated by CO not only extends
the transition range but also markedly expedites the rate of reduction. Furthermore, our study
highlights the temperature sensitivity of the TiO, effect, with higher TiO, content correlating
with prolonged reduction time in a 100 pct H, atmosphere at 900 °C. In a 100 pct H,
atmosphere, the non-contributory role of TiO, stems from the water-gas shift reaction.
Conversely, introducing H, into a CO-controlled reducing atmosphere with TiO, enhances the
transition range and expedites the reduction rate. Additionally, our findings underscore the role
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of total iron content, revealing a direct correlation with the reduction process.
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I. INTRODUCTION

AMONG the critical stages in iron and steel produc-
tion, the reduction behavior of iron ore stands out as a
pivotal process. The efficiency of this reduction process
significantly impacts the overall productivity and sus-
tainability of iron and steel manufacturing. The influ-
ence of oxide impurities, more precisely non-iron oxides,
on the reducibility behavior of iron pellets has been a
subject of considerable interest and research.!' ™ Each
oxide plays a distinct role in shaping the kinetics and
mechanisms of the reduction process. Comprehensive
knowledge of the effects of individual oxides is imper-
ative for steering the reduction process toward optimal
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conditions, improving resource efficiency, and ultimately
enhancing the efficiency of iron and steel production.
Geological and climatic differences have caused a large
amount of iron ore obtained in many quarries to have
specific non-ferrous oxides impurities namely TiO,,
Ca0, and SiO,.*”" Meanwhile, the consequences of
the presence of many of these oxides, except TiO,, on
the reducibility behavior of iron oxide pellets have been
determined.®®” Numerous studies have been conducted
to investigate the reducibility of iron oxide pellets with
the presence of TiO,, mostly focusing on the role of
TiO, as a catalyst and less on the reduction kinetics and
mechanisms. The findings have shown that incorporat-
ing TiO, into the pellet matrix enhances the reduction
kinetics and improves the final reduction de%ree (the
extent the reduction of iron oxide pellets).>'* 2 The
presence of TiO, promotes the formation of a more
porous and reactive structure, leading to increased
gas-solid interaction and a higher reduction rate.
However, there is still debate regarding how TiO,
affecting the reduction process, the optimal TiO, load-
ing, and its influence on the mechanical Froperties and
phase transformations of the pellets.['*!*

The thermodynamic and kinetic aspects related to the
TiO,-dependent reducibility of iron oxide pellets were
studied. Thermodynamic calculations and phase dia-
grams have been employed to predict the stability
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regions of various iron oxides and their mixtures with
TiO, at different temperatures and gas compositions.
Additionally, kinetic models have been developed to
characterize the reduction reaction and estimate the rate
constants. Paananen et al. presented a comprehensive
thermodynamic analysis of the TiO,-dependent
reducibility of iron ox1de pellets using H, and CO gas
at high temperature.'") The authors reported that the
addition of TiO, to iron oxide pellets enhances their
reducibility, leading to faster and more efficient reduc-
tion reactions. The presence of TiO, promotes the
formation of intermediate phases, such as Fe304 and
FeO, which facilitate the reduction process. The findings
suggest that TiO, can be utilized as a catalyst to improve
the reduction kinetics of iron oxide pellets. The presence
of TiO, as a common non-ferrous oxide in the iron
oxide pellets can effectively develop its potentlal as a
catalyst to enhance the reduction process.'>'"! Studies
show that TiO, can influence the reduction kinetics and
phase transformation of iron oxides under different
atmospheric  conditions.'"®!”) By  changing the
microstructural properties of the pellets, TiO, can
enable faster reduction rates and improve the energy
efficiency of the process, which is crucial for sustainable
large-scale production.!''?”! Pimenta et al. focused on
the kinetic modeling of the TiO,-dependent reducibility
of iron ox1de pellets using H, and CO gas at high
temperature.”!) The finding indicated that the kinetic
behavior of the TiO,-dependent reducibility of iron
oxide pellets can be accurately described by the devel-
oped mathematical model. The results suggested that the
kinetic model can be used to optimize the reduction
process and improve the efficiency of iron oxide pellet
production It is demonstrated that the addition of TiO,
to iron oxide pellets significantly affects the mlcrostruc—
ture evolution during the reduction process.*" 2. TiO,
promotes the formation of fine-grained structures and
inhibits grain growth, which can also affect the mechan-
ical properties of the reduced pellets.[***%

Studies have shown varying results, primarily due to
different experimental conditions such as temperature,
pellet composition and gas atmosphere. In fact, the
reducibility is improved by the addition of TiO, under
high temperature conditions in a CO atmosphere,'"
while the effectiveness of TiO, may decrease at lower
temperatures or in a predominantly H, atmo-
sphere.?'??l  Additionally, in some studies, it was
observed that TiO, contributes to the formation of a
fine-grained microstructure that enables faster reduction
rates, while other studies found that excessive TiO,
loading could lead to the formation of stable complexes
with iron oxides that hinder the reduction process.
Various proposed mechanisms include the role of TiO,

| generating oxygen vacancies, facilitating electron

ansfer and promoting the dissociation of H, and CO

1ses.””! Some studies suggest that TiO, acts as a

italyst by donating electrons to the iron oxide lattice,

hile others propose its involvement in the formation of
on oxides with lower oxygen stoichiometry. TiO, can
romote the reduction of Fe,O5 to Fe;O4 bé’ increasing
1e surface mobility of oxygen vacancies. "' In con-
ast, it suggested that TiO, may hinder the reduction

process by formin stable surface complexes with iron
oxide species,!'>?**! thereby reducing the availability of
active sites for gas—solid reactions. Iron in the presence
of TiO, can react quickly with the resulting holes and
thus provide more electrons on the TiO, surface for the
reduction process.*” Further research is needed to
conclusively determine the dominant mechanisms and
their dependence on factors such as TiO, particle size
and morphology.

Given that the presence of TiO» is a known impurity
in the iron oxide pellets derived from geological
resources and was not intentionally added to the pellets,
it is critical to re-evaluate its impact on reduction
kinetics and sldg behavior in iron production.->!3!
While this study is primarily focused on elucidating the
intricate relationships between naturally occurring TiO,
and the direct reduction of iron oxide pellets, the
recognition of its unintended presence emphasizes the
importance of the findings in the context of industrial
applications. Despite the challenges posed by TiO,
contamination, this research sheds light on the impact
on reduction kinetics in optimal concentration ranges.
In addition, the flow characteristics affected by the
presence of TiO, could influence the behavior of the
slag, which could impact process efficiency and product
quality.[17:23:32]

Despite the progress made, there are still several
unresolved issues, such as the long-term stability of
TiO,-iron oxide systems, the scale-up of the production
process, and the economical synthesis of TiO,-modified
pellets. Additionally, more comprehensive studies are
needed to fully understand the mechanisms and kinetics
involved in TiO,-enhanced reduction. This study holds
significant implications for understanding the nuanced
role of TiO, in the reduction behavior of iron ore,
particularly in the context of varying reducing atmo-
spheres. By investigating the impact of TiO, on the
reducibility and metallization of iron oxide pellets under
different conditions, this research addresses key scientific
questions surrounding the complex interactions between
TiO, and reducing gases like H, and CO.

Previous studies on the role of TiO, in the direct
reduction of iron oxide pellets have highlighted several
challenges and inconsistencies that complicate the
understanding of the effects of TiO,. A major problem
has been the different experimental conditions in the
different studies, including differences in temperature,
gas composition, and pellet formulations, which have
led to inconsistent results regarding the catalytic role of
TiO,. In addition, many studies have focused narrowly
on specific aspects of the reduction process, often
ignoring wider effects such as slag flowability and pellet
mechanical properties. This narrow focus leads to
incomplete findings and limits the practical applicability
of the results. In addition, there is a notable lack of
long-term performance data, especially regarding the
stability and durability of TiOs-enriched pellets in
continuous industrial operation, which is crucial for
their potential scaling up and commercial application.
These gaps and inconsistencies highlight the need for a
more standardized and comprehensive approach to
exploring the role of TiO, in the reduction of iron oxide
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pellets. The study aims to shed light on the mechanisms
underlying these effects, which have previously shown
variations across different experimental conditions and
have been subject to differing interpretations in the
literature.

The scientific significance of this study lies in its
contribution to advancing our understanding of the
fundamental processes involved in the direct reduction
of iron oxide pellets. By examining parameters such as
reduction rate, diffusion coefficient, and time to reduc-
tion, the research seeks to elucidate the specific mech-
anisms through which TiO, influences the reduction
behavior of iron ore. Furthermore, by comprehensively
exploring these dynamics, the study addresses technical
difficulties associated with optimizing reduction pro-
cesses in industrial settings, offering insights that could
inform the development of more efficient and sustain-
able iron production methods.

II. EXPERIMENTAL PROCEDURE

The pellets analyzed in the present study were
provided by VALE (Brazil), where the production
process of the pellets is described in detail in Reference
8. The average chemical composition of the pellets
which taken from the twenty pellets is shown in Table 1.
The pellets selected had a good spherical shape with the
diameter in the range of 1 to 2 cm (Figure 1), density
range between 3600 and 5200 kg/m?, and specific surface
ranging of 1500 to 1600 cm?/g. The density of the pellets
was measured by measuring seven diameters of the
pellets. After calculating the average diameter of the
pellets, this was used to calculate the density after the
pellets were weighed with a precision balance. The pellet
reduction experiments were carried out in a self-de-
signed and developed shaft furnace (Figure 2).

The direct reduction experiments were carried out in a
temperature range of 900 °C to 1000 °C. The gas
composition was 100 pct hydrogen, 50 pct H, + 50 pct
CO and 100 pct CO. The reduction pressures used were
1-5 bar. The flow of reducing gas was between 1 and 5 L/
min and the basicity index (referred as the CaO/SiO,

Table I. The Average Composition of Charging Pellets,

Wt Pct
FCQO3 CaO T102 MgO A1203 SIOZ
96.63 1.02 0 0 0.38 1.97
82.93 1.63 0.19 4.69 2.93 7.63
88.27 0.68 3.36 0.88 1.89 4.92
95.46 1.80 0.04 0.60 0.50 1.60
97.03 1.00 0.18 0.69 0.20 0.90
96.60 1.00 0.09 0.06 0.53 1.72
97.25 1.62 0.02 0.02 0.33 0.75
97.05 0.73 0.19 0.57 0.40 1.06
96.88 0 0.92 0 0.70 1.50
98.17 0.06 0.03 0.03 0.44 1.25
87.09 1.29 0.23 2.02 1.68 7.69

The composition of the pellets whose reduction curve is shown in
Figure 13 and microstructure in Figure 14 are given in bold.
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Fig. 2—Self-designed shaft furnace.

ratio) between 0 and 2.15. Basicity has a considerable
influence on the quality of iron ore pellets. A higher
basicity promotes the formation of calcium ferrite,
which improves reducibility, while too high a basicity
can led to free lime, which reduces the strength of the
pellets. An appropriate degree of basicity improves cold
break resistance, which is important for transport and
handling, and optimizes reducibility. It minimizes
swelling during reduction, prevents the pellets from
disintegrating in the blast furnaces, and ensures efficient
processing. Table II provides a comparative overview of
the experimental conditions used in various studies,
including the current research.

The shaft furnace was equipped with a precise
temperature control system that allowed a constant
temperature range of 900 °C to 1000 °C. The pellets
were carefully selected for uniform shape and size and
had a diameter of 1 to 2 cm. They were systematically
weighed with a precision scale to ensure an accurate
measurement of their mass before they were introduced
into the furnace. Initially, the oven was preheated to the
desired temperature at a controlled heating rate. Once
the target temperature was reached, a predetermined
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amount of pellets, usually around 20g, was placed into
the oven. The system was then sealed to prevent
atmospheric gasses from entering and affecting the
reduction process. For the gas flow and composition,
the reduction gasses used were either 100 pct hydrogen,
a mixture of 50 pct hydrogen, and 50 pct carbon
monoxide or 100 pct carbon monoxide, depending on
the specific experimental conditions. The flow rate of
these gasses was carefully controlled between 1 and 5 L/
min using precise flow meters and regulators. Through-
out the experiment, the pressure inside the oven was
kept between 1 and 5 bar to simulate different industrial
conditions. This pressure was continuously monitored
and adjusted as necessary to ensure it remained within
the specified range. At the end of each reduction
experiment, the gas supply was turned off and the
system was purged with nitrogen to safely remove
residual reactive gasses and gradually cool the pellets to
room temperature. This method of cooling was crucial
to maintain the reduced state of the pellets and prevent
reoxidation. Three tests were carried out for each
condition to ensure the reproducibility of the result.
The pellets pores aspect and evolution were analyzed
by microtomography by employing a Phoenix v/tome/x s
(General Electric). X-ray computed microtomography is
a nondestructive technique that allows the internal and
three-dimensional visualization of a sample subjected to
a source of ionizing radiation with virtually no need for
physical and chemical preparations of the pellet. It is
based on the same principles as conventional radiogra-
phy, where each part of a sample absorbs the rays
differently. In this way, it is possible to study the
two-dimensional cross sections in a nondestructive way
and through mathematical principles, it is possible to
reconstruct them in order to build the respective
three-dimensional model of the sample, allowing thus
the visualization and quantification of the internal
structure of the material. Computed tomography pro-
duces an image very close to the reality by displaying the
average attenuation of each small volume element,
ordering the beam attenuation information and trans-
lating the information quantitatively.”**%! Pore seg-
mentation was performed with the help of free software
FlJI/Image]. A lower limit was visually determined
where some pores were not selected, and an upper limit,
where pores that have not been previously filled can be
selected. The threshold (maximum or minimum) can be
fixed for all sample layers. Determining the threshold is
important because it has a great impact on obtaining the
porosity percentage of iron ore pellets.”’ The reduction
curves (percentage of reduction versus time to reduc-
tion) were used to calculate the kinetic constants and
reduction rates as described in the next section. The
stails of the experiment have been described in previ-
- [9.36,37] 14 : .
us publications of our group. It is worth noting
1at the decision to choose relatively small intervals for
1s proportion and temperature was aimed at capturing
stailed variations and trends in the reduction param-
ers. Although smaller intervals allow a more detailed
wvestigation of the parameter space, they can also lead
y difficulties in determining the exact optimum. There-
yre, caution is advised in interpreting the results within

the chosen intervals and that future research examining
a wider parameter space may provide additional insight
and validation of our results.

The experimental design included a systematic inves-
tigation of the processing parameters and variations in
pellet composition to understand their combined effect
on the efficiency of the direct regeneration processes.
For this purpose, the data from the reduction experi-
ments were modeled with respect to the processing
parameters and the properties of the pellets and the
results were analyzed using the multi-objective software
modeFrontier. Further details on the method used can
be found in References 9, 38, and 39. The optimization
algorithms of the Pareto frontier were used to determine
the best possible solutions, which become the optimal
solutions. The analyses performed by modeFrontier go
beyond the gradient methods, in which the algorithms
search for either the minimum or the maximum of an
objective function, depending on the objective. The first
important result is therefore the appropriate weighted
effect of each individual input parameter considered on
a particular output. In this way, it is possible to
determine which parameters influence the analyzed
process most effectively. This also makes it possible to
separate the objectives in the case of the optimization
step. In the case of very complex analyses (inputs and
outputs), the optimization naturally leads to a profound
compromise between many potential optimal solutions.
Thus, the final optimization algorithm will present many
results that lie on the Pareto frontier for trade-offs.
These solutions all have the property that none of the
objectives can be improved without compromising
another one.*”! In our experience to date, the software
has been used very successfull?/ to analyze processes in
iron and steel production.?”

Physical and mathematical functions are introduced
here that represent the reduction process. The data flow
contains all input parameters namely reduction temper-
ature, reduction pressure, basicity index, pellet density,
total Fe (TFe), TiO, content, kinetic constant (k),
reduction rates (from equations (1) and (2)), time to 95
pct reduction, that were optimized in the numerical
simulations. These were used to define the so-called
scatter matrix, in which the weight of each input on the
variation of a given output is immediately defined
numerically between - 1 and +1. If the correlation
factor is — 1, this means that the input and output are
perfectly inversely proportional. On the other hand, if
the correlation factor is + 1, the input and output are
directly proportional.

III. RESULTS

In order to investigate the effects of the amount of
TiO, on the reduction behavior of the iron oxide,
various parameters were evaluated in different reduction
atmospheres and at different temperatures. The reduc-
tion rate (%)
mental mass loss by the theoretical mass loss, whereby

the hematite in the pellet was considered to be

was determined by dividing the experi-
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Table II. Comparative Summary of the Experimental Conditions in Various Studies on the Reduction of Iron Oxide Pellets

Study Ref- TiO, content Temperature Pressure Basicity In-

erence (wt pct) Range (°C) Reducing Gas Composition Range (bar) dex Range

Current 0 to 3.36 900 to 1000 100 pct Hy, 50 pct H, + 50 pet CO, 100 pct CO lto5s 0 to 2.15
Study

Paanan[elrtll] 850 to 950 80 pct H, + 20 pct CO Ito3 0.5t0 1.5
et al.

Piment?zl] 0.07 to 0.7 800 to 1100 70 pct H, + 30 pct CO 2to6 0.3 to 2.0
et al.

Ju et all” 5 600 to 1220 20 pct H, + 80 pct CO 1.5t0 3.5 0.8 to 1.8

Tang . 4.48 1000 to 1100 28 pct H, + 72 pct CO; 50 H, + 50 CO; 1 0.1
et al.

Yu et al® 20 500 to 1050 100 pet H, 1 0.46

Scharm[33] 0.73 to 0.86 800 to 1100 100 pct Hy and 100 pct CO 1 0.7 to 0.74
et al.

completely reduced to iron. The reduction rate (quan-
tified as mass loss per time) was also analyzed using the
following two indexes?®:

dR 336
dtyy  teo — 130

[1]

dR 13.9

anr 157 )
dtoy  tos — tgo 2

with tos, tog, tgo, teo, and t3p being the time required to
reduce the pellets by 95, 90, 80, 60, and 30 pct.

Figure 3 illustrates variations in the dR/dt40 with
varying TiO, amounts and basicity index across differ-
ent reducing atmospheres and temperatures. One crucial
consideration is the notable influence of TiO, amount as
a parameter affecting the reduction rate. This impact
undergoes noticeable changes in diverse reducing con-
ditions. In the 100 pct CO reducing atmosphere at
1000 °C, as depicted in Figure 3(a), an increase in the
TiO, amount up to 1.5 pct results in a decrease in the
reduction rate, irrespective of the basicity index. How-
ever, for TiO, amounts exceeding approximately
1.5 pct, a contrary trend emerges, with the reduction
rate increasing alongside higher TiO, amounts. There-
fore, the range of 1 to 1.5 pct TiO, can be identified as a
transitional region for the TiO, effect on the reduction
rate of iron oxide. In fact, the dR/dt40 is highest with
lower TiO, amounts and medium basicity index. Fig-
ure 3(b) reveals similar variations in the 50 pct
CO-50 pct H, atmosphere, where an increase in TiO;
amount initially leads to a reduction in the rate, up to
about 2 pct of TiO,, regardless of the basicity index.
However, further enhancement in TiO, results in an
increased reduction rate. The presence of 50 pct H, in
the reducing gas expands the transition region from 1 to
1.5 to 1.5 to 2 pct. Moreover, Figure 3(b) demonstrates
that the presence of H significantly boosts the reduction
rate, scaling up almost four times compared to the
100 pct CO atmosphere. It is worth mentioning that in
the presence of 50 pct H, gas, the influence of the
basicity index on the reduction rate becomes noticeable.
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As a matter of fact, the addition of H; to the atmosphere
changes the reduction behavior significantly, resulting in
a very high reduction rate across almost all basicity
indexes with lower TiO, amounts. This suggests that H,
is very effective at reducing iron ore at high tempera-
tures, even more so than CO in certain conditions,
possibly because H, can penetrate the ore more readily
and react with iron oxide at lower temperatures. In
addition, the reduction rate increases with the rise in the
basicity index, thereby mitigating the impact of the TiO,
amount.

Variations in the reduction rate under a 100 pct H,
reducing atmosphere at both 1000 and 900 °C are
illustrated in Figures 3(c) and (d), respectively. It is
notable that the impact of different parameters on the
reduction process in the H, atmosphere differs from that
in the CO atmosphere. In fact, under a full H,
atmosphere at 1000 °C, the reduction rate is again
high across the board but starts to decrease more
significantly with higher TiO, content. Figure 3(c)
demonstrates that, at 1000 °C, there is an increase in
the reduction rate with the addition of TiO, up to
0.5 pct. However, beyond this transition point, a further
increase in TiO, leads to a decrease in the reduction rate,
showcasing an inverse behavior compared to the reduc-
tion process in the presence of CO gas. Additionally, it is
worth emphasizing that the magnitude of the reduction
rate in the presence of H, gas, regardless of the
temperature, is twice as high as the reduction rate in
the presence of 50 pct CO-50 pct H, and almost 20
times higher than the reduction rate in the presence of
100 pct CO gas. This significant difference underscores
the distinct influence of H, as a reducing agent,
highlighting its potential for enhancing the reduction
kinetics. At a lower temperature of 900 °C, the
effectiveness of H, in reducing the ore is lessened, which
is evident from the overall lower reduction rates
compared to the 1000 °C condition. However, the plot
still shows that a lower TiO, content and a basicity
index around 0.5 to 1.5 is where the reduction rate is
higher, suggesting that these are the more optimal
conditions at this temperature. Moreover, this observa-
tion suggests that the role of TiO, in influencing the
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Fig. 3—The 2D maps revealing the variations in reduction rate (dR/dt40) as a function of the TiO, amount and the basicity index of the Iron
ore in the (@) 100 pct CO atmosphere at 1000 °C, (b) 50 pct CO-50 pct H, atmosphere at 1000 °C, (¢) 100 pct H, atmosphere at 1000 °C, and

(d) 100 pct H, atmosphere at 900 °C.

reduction rate is more delicate in the H, atmosphere
compared to the CO atmosphere, necessitating a careful
examination of the interplay between these variables for
a comprehensive understanding of the reduction pro-
cess. However, it can be concluded that 0.5 pct of TiO,
seems an optimum point for TiO, amount in the
reduction process of the Iron oxide in the presence of
100 pct H,.
The reduction rate was further investigated using the
AR/dt90 parameter, and the 2D maps illustrating the
apact of TiO, amounts on this parameter under
arious reducing conditions are presented in Figure 4.
igure 4(a) demonstrates that the dR/dt90 in a 100 pct
O atmosphere at 1000 °C exhibits a behavior similar
y that of the dR/dt40 parameter. An increase in the
10, amount initially results in a reduction in the rate,
ad after a transition region, identified here as 2-2.5 pct
i0,, the behavior shifts, leading to an increase in the

reduction rate with higher TiO, amounts. The intro-
duction of 50 pct H, to the reduction atmosphere
induces changes in the reduction behavior, as illustrated
in Figure 4(b). It is evident that the reduction rate is
significantly influenced by TiO,, especially for amounts
exceeding 1.5 pct, where the rate increases with the TiO,
amount. However, beyond a basicity index of 3, this
relationship undergoes a shift, and the reduction rate
becomes less affected by the TiO, amount. Additionally,
it is observed that the reduction rate is more intensively
influenced by the basicity index, particularly for TiO,
amounts below 2 pct. Notably, a higher reduction rate is
evident in the presence of 50 pct H, compared to the
100 pct CO atmosphere.

The 2D maps depicted in Figures 4(c) and (d)
showcase the reduction behavior of iron oxide concern-
ing TiO, amounts and basicity in the presence of a
100 pct H, atmosphere at 1000 and 900 °C, respectively.
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Fig. 4—The 2D maps revealing the variations in reduction rate (dR/dt90) as a function of the TiO, amount and the basicity index of the Iron
ore in the (a) 100 pct CO atmosphere at 1000 °C, (b) 50 pct CO-50 pct H, atmosphere at 1000 °C, (c¢) 100 pct H, atmosphere at 1000 °C, and

(d) 100 pct H, atmosphere at 900 °C.

In the context of 100 pct H,, it is evident that for TiO,
amounts below 0.5 pct, the reduction rate decreases with
a reduction in TiO, amount. Conversely, for higher
TiO, amounts, the reduction rate decreases with an
increase in TiO, amount, highlighting 0.5 pct TiO, as an
optimal point for iron oxide reduction in the presence of
a 100 pct H, reducing gas (refer to Figure 4(c)). Addi-
tionally, Figure 4(c) illustrates that with an increase in
the basicity index, the reduction rate decreases, which
contrasts with the behavior observed in the dR/dt40
parameter. It is noteworthy that the scale of the dR/dt90
parameter in the presence of 100 pct Hj is higher than
that of the 100 pct CO, indicating an increase of ten
times. Reducing the process temperature to 900 °C in
the presence of H, as the reducing gas does not alter the
observed behavior, and an optimum amount of 0.5 pct
TiO, is evident. In this scenario, the reduction rate
reaches its maximum and subsequently decreases with
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both an increase and decrease in the TiO, amount. This
consistent behavior across temperatures further under-
scores the significance of the 0.5 pct TiO, threshold for
achieving optimal iron oxide reduction in the presence
of a 100 pct H, atmosphere.

The variations in reduction time were examined as a
function of the TiO, amount under different conditions,
and the results are presented in Figure 5. The initial
consideration pertains to the time scale for reduction in
various atmospheres. The maximum time is observed in
the 100 pct CO atmosphere, and as the H, amount
increases, the time scale noticeably decreases, reaching
its minimum in the 100 pct H, atmosphere at 1000 °C.
However, a slight increase is noted with a temperature
reduction to 900 °C. In Figure 5(a), it is evident that in
the 100 pct CO atmosphere, the reduction time is not
strongly dependent on the TiO, amount up to 1.5 pct
TiO,, particularly in the range of basicity index from 0.5
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atmosphere at 1000
atmosphere at 900 °C.

to about 2.5; however, at a high basicity index (above
2.5 pct) , the reduction time increases with an increase in
the TiO, amount (above 1.5 pct). Additionally, the
figure illustrates that at lower TiO, levels, the time to
reduction is strongly affected by the basicity index,
increasing with a rise in the basicity index. Introducing
50 pct H, to the reducing atmosphere results in a
reduction of the time scale by almost three times
compared to the 100 pct CO atmosphere, as shown in
Figure 5(b). Furthermore, it becomes apparent that the
minimum time to reduction is associated with the
minimum TiO, amount and basicity index. With an
increase in these parameters, the reduction time also
increases. Notably, the dependency of the reduction
“me on the basicity index intensifies in the presence of
) pct H,. - There is a noticeable minimum time to
:duction at a basicity index of around 1.5, suggesting
1 optimal basicity level for the reduction in this mixed
‘mosphere. This underscores the intricate relationship
stween TiO, amounts, basicity index, and the nature of
1e reducing atmosphere in determining the reduction
me for iron oxide. Figure 5(c) depicts variations in
:duction time in the 100 pct H, atmosphere at 1000 °C.

°C, (b) 50 pct CO-50 pct H, atmosphere at 1000
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Fig. 5—Variations in time to reduction as a function of the TiO, amount and the basicity index of the Iron ore in the (a) 100 pct CO

°C, (¢) 100 pct H, atmosphere at 1000 °C, and (d) 100 pct H,

The map shows a trend of increasing time to reduction
with higher TiO, content, but overall, the times are
much lower than those in the CO or CO-H, atmo-
spheres. Notably, compared to other conditions, the
time to reduction decreases significantly, highlighting
the efficacy of the H, atmosphere for iron oxide
reduction. However, this figure also reveals that the
reduction time is not directly dependent on the TiO,
amount, exhibiting oscillations with changes in TiO,
levels. Despite this, a comprehensive examination of the
2D map suggests that, on the whole, an increase in the
basicity index correlates with a decrease in reduction
time. As demonstrated in Figure 5(d), a decrease in the
temperature results in an increase in the time to
reduction. The higher time to reduction at this lower
temperature indicates that temperature is a critical
factor in H,-based reduction, with higher temperatures
leading to faster reactions. Therefore, from kinetic point
of view, it can be inferred that in the 100 pct H,
atmosphere, the presence of TiO, is not conducive to
reduction, as an increase in the TiO, amount corre-
sponds to an increase in reduction time.
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The kinetic parameter (k diffusion) was investigated
as a function of TiO, amount, basicity index, and the
reduction atmosphere, as illustrated in 2D maps in
Figure 6. Calculated through the three-dimensional
diffusion model and phase boundary controlled
reaction®*4;

[1—(1—2)
t

k= 3]

Gl

1—(1—0)
t

k= [4]
where o represents the fraction reacted (0—1) and t is
the time at which a given fraction of the material
reacts. In Figure 6(a), it is evident that the k parame-
ter is strongly influenced by the TiO, amount, increas-
ing as the TiO, amount in the iron ore rises. This

100% CO @ 1000°C

k diffusion

3.000€-4
- e
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2213€4
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1.688E-4
142564
1.163E-4
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Fig. 6—The 2D maps of the variations in k diffusion with the TiO, amount and the basicity index in the (a) 100 pct CO atmosphere at 1000
°C, (b) 50 pct CO-50 pct H, atmosphere at 1000 °C, (¢) 100 pct H, atmosphere at 1000 °C, and (d) 100 pct H, atmosphere at 900 °C.
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TiO, (%)

trend is more pronounced at a higher basicity index.
Additionally, the k diffusion is dependent on basicity,
with the parameter decreasing with an increase in the
basicity index up to 2 pct, then reversing and increas-
ing again. The introduction of 50 pct H, to the reduc-
ing gas, as shown in Figure 6(b), leads to an overall
increase in the k diffusion parameter, particularly at
lower TiO, contents and a basicity index range of
approximately 0.5 to 2.5. However, a distinct behavior
is observed where the maximum k parameter is
reached at both the maximum TiO, amount with the
minimum basicity index and the maximum basicity
index with the minimum TiO, amount. In Figure 6(c),
it is revealed that reduction in a 100 pct H, atmo-
sphere results in the maximum k diffusion, three times
more than the sample reduced in the 100 pct CO
atmosphere. Additionally, the highest k diffusion val-
ues occur at lower TiO, contents and lower basicity
indexes. Decreasing the temperature to 900 °C, as
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depicted in Figure 6(d), does not strongly impact the k
parameter; however, it seems that this parameter
becomes more sensitive to the TiO, amount and basic-
ity index. Despite the lower temperature, the map
shows that a lower TiO, content and a basicity index
between approximately 0.5 and 1.5 have higher k diffu-
sion values, suggesting that these conditions are still
favorable for H, diffusion, albeit to a lesser extent
than at the higher temperature.

The 2D maps presented in Figure 7 reveal the effects
of varying amounts of TiO, and pressure on different
parameters of the iron reduction process in a 100 pct H,
atmosphere at 1000 °C. As shown in Figure 7(a), as the
pressure increases, the reduction rate generally increases.
This is likely due to the increased partial pressure of H,,
which drives the reduction reaction forward more
effectively. The influence of TiO, on the reduction rate
is less clear, but there seems to be a moderate range of
TiO, amounts where the reduction rate is optimal,
neither at the lowest nor at the highest TiO, content.
This could be due to the complex role of TiO, in the
reduction process, where it can act as a catalyst at

100% H, @ 1000°C

dR/dty,

16.80
.‘“°
1373

p

10 15 20 25 30 35 40 45 50
Pressure (bar)

(a)

100% H, @ 1000°C

TiO, (%)

10 15 20 25 30
Pressure (bar)

(c)

certain concentrations, but can also form stable com-
pounds that are more difficult to reduce. Furthermore,
Figure 7(b) illustrates that at low TiO, amounts, the
reduction time is unaffected by pressure. However, for
TiO, amounts exceeding 0.5 pct, the pressure has a
noticeable effect, reducing the time to reduction with an
increase in pressure, indicating a positive influence of
pressure on the reduction process. In fact, increasing
TiO, content appears to increase the time to reduction,
suggesting that TiO, may have a negative impact on the
efficiency of the reduction process.

On the other hand, Figure 7(c) depicts that at low
TiO, amounts (less than 1.5 pct), pressure does not
significantly impact the k diffusion parameter. However,
at higher TiO, levels, pressure positively affects the
process, leading to an increase in k diffusion with a rise
in pressure. The diffusion coefficient decreases with
increasing pressure. This might seem nonlogical, but at
higher pressures, the reduction reaction could be occur-
ring more at the surface of the pellet, reducing the need
for H, to diffuse throughout the pellet.
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g. 7—2D maps indicating the effects of TiO, amount and pressure on the (a¢) dR/dt40, (b) time to reduction, and (¢) k diffusion.
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Figure 8, presenting the variations in 2D maps,
depicts the effects of varying TiO, content and TFe
percentage on different aspects of the iron oxide pellets
reduction process in a 100 pct H, atmosphere at
1000 °C. A preliminary overview of the findings indi-
cates that TFe is advantageous for the reduction
process, likely due to a higher concentration of reducible
material. A higher TiO, content appears to decrease the
reduction rate. As depicted in Figure 8(a), the maximum
reduction rate (dR/dt40) occurs at the maximum TFe,
gradually decreasing with a decline in TFe. Addition-
ally, variations in the dR/dt90 parameter illustrate an
increase with rising TFe, reaching its peak between 65
and 67 pct TFe before decreasing again (refer to
Figure 8(b)). This could indicate an optimal range for
TiO, content where it might facilitate the reduction
process. It is noteworthy that dR/dt90 reached its
maximum at 0.5 pct TiO,, and then, decreased with an
increase in TiO, amount. Figure 8(c) demonstrates the
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Fig. 8—Effects of Ti0O, amount and TFe on the (¢) dR/dt40, (b) dR/dt90, (¢) time to reduction, and () k diffusion.

influence of TFe on the time to reduction, highlighting a
strong dependence where reduction time decreases with
an increase in TFe. In fact, there is a noticeable increase
in reduction times for ore with lower total iron content,
particularly below about 64 pct TFe. Moreover, Fig-
ure 8(d) indicates the positive effects of TFe on the k
diffusion parameter. An increase in TFe enhances k
diffusion, reaching its maximum between 65 and 67 pct
TFe, followed by a slight decrease with further increases
in TFe. The diffusion coefficient is highest at interme-
diate levels of TiO, and TFe content, indicating that a
balanced composition facilitates the diffusion of H,
within the pellet. Therefore, the exploration of reduction
parameters in relation to TFe underscores its favorable
impact on the reduction process, particularly in enhanc-
ing reduction rates, reducing the time to reduction, and
positively influencing the k diffusion parameter. These
findings contribute valuable insights for optimizing iron
oxide reduction processes.
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To investigate the effects of TiO, amount and other
parameters on the reduction behavior, the database was
analyzed using multi-objective optimization software,
namely modeFrontier. The results for different reduc-
tion conditions are presented in Figures 9 through 12.
Figure 9 illustrates the scatter matrix of iron oxide direct
reduction in a 100 pct CO reducing atmosphere at
1000 °C. It is evident that the basicity index, TiO,
amount, and density have almost the same influence on
the reduction process, exhibiting a negative effect. This
negative effect is characterized by a positive correlation
with the reduction time and negative correlations with
reduction rates and k diffusion. TFe does not appear to
be an influential parameter in this condition. However,
gas pressure exhibits a positive influence on the process,
showing a negative correlation with reduction time and
a positive correlation with reduction rate and k diffu-
sion. Therefore, basicity and TiO, amount emerge as the
two most influential parameters, both demonstrating a
negative impact. An increase in either of these param-
eters can lead to a negative effect on the reduction
process.

Figure 10 presents the scatter matrix from the same
database in the presence of 50 pct H, as the reducing gas
at 1000 °C. One initial observation is that the influence
of all parameters has become mild compared to the
process in the presence of 100 pct CO. Basicity index
and TiO, amount remain the two most influential
parameters, both exerting a negative influence. Density
appears to be ineffective in this condition, and the effect
of gas pressure is mild, though it demonstrates a positive
impact. The influence of TFe has also undergone slight
changes in the presence of 50 pct H,, showing a negative
correlation with reduction time and a positive correla-
tion with k diffusion. Therefore, it can be concluded that

Basicity Density P_gas TFe

Basicity I I ] ’ °

w & - ] |

N J e

Density ' e
P_gas I I

TFe -0.271 -0.028 0.436

Reduction_time 0.261 -

"9 e

the introduction of 50 pct H, to the reducing gas
diminishes the effectiveness of parameters on the reduc-
tion process. However, TiO, amount remains an influ-
ential parameter with a negative impact, suggesting that
an increase in this parameter is not favorable for the
reduction process.

The scatter matrix of the data processed in the
presence of 100 pct H, as the reducing gas at 1000 °C is
presented in Figure 11. It is evident that the effect of the
basicity index and TiO, amount has diminished once
again; however, TiO, can still be considered an effective
parameter with a negative influence on the reduction
process. The density shows a mild negative effect on the
process. Notably, the effect of TFe has become more
significant, revealing a strong positive influence on the
process. TFe exhibits a negative correlation with the
reduction time and a positive correlation with the
reduction rate and k diffusion.

Figure 12 illustrates the scatter matrix of iron oxide
direct reduction in a 100 pct H, reducing atmosphere at
900 °C. It is apparent that a decrease in temperature has
altered the effectiveness of the parameters, with a
noticeable reduction in their influence. However, gas
pressure and the TiO, amount still exhibit a predomi-
nantly negative effect, especially on dR/dt90 and k
diffusion, indicating negative correlations.

IV. DISCUSSION

To simplify the analysis and interpretation of the
results and the data extract from the scattering matrices,
different non-ferrous oxides together with different
processing parameters were defined as input data and
the activity of the iron compounds as output, in
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g. 9—Scatter matrix of the Iron oxide direct reduction of the pellets in the presence of 100 pct CO as the reducing gas at 1000 °C.
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Fig. 10—Scatter matrix of the Iron oxide direct reduction of the pellets in the presence of 50 pct H, and 50 pct CO as the reducing gas at 1000
C.
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Fig. 11—Scatter matrix of the Iron oxide direct reduction of the VALE pellets in the presence of 100 pct H, as the reducing gas at 1000 C.
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accordance with the objective of this work. The scatter
plots are located at the top right of the matrix and the
univariate histograms on the diagonal. The lower left
part shows the correlation coefficients. The green circles
show how well the design space is fulfilled and how the
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inputs influence the outputs. A numerical index of +1
indicates a direct effect, while -1 indicates an inverse
relationship.

The results demonstrated the reduction behavior of
iron oxide pellets under different conditions has revealed
a dynamic relationship between the TiO, content and
the reducibility of these pellets. Our results show that
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Fig. 12—Scatter matrix of the Iron oxide direct reduction of the VALE pellets in the presence of 100 pct H, as the reducing gas at 900 C.

TiO, is a key parameter influencing the reduction rate,
time, and diffusion kinetics. Under a CO atmosphere at
1000 °C, a nuanced transition range for the TiO, effect
is observed, with an optimal range between 1 and 1.5 pct
TiO, identified. Above this threshold, a counterintuitive
trend emerges, highlighting the complicated nature of
the influence of TiO, on the direct reduction process.
The introduction of H, into the CO atmosphere not
only extends this transition range, but also significantly
accelerates the reduction rate and exceeds the effective-
ness of a pure CO atmosphere. In a reducing H,
atmosphere alone, the influence of TiO, becomes more
sensitive, with an optimum point identified at 0.5 pct
TiO,, indicating a complex interplay with the basicity
index and the reducing atmosphere. Temperature vari-
ations further emphasize the sensitivity of the TiO,
effect, with a higher TiO, content correlating with a
longer reduction time in a 100 pct H, atmosphere at
900 °C, highlighting the temperature dependence. The
role of TiO, is significantly influenced by temperature
fluctuations, which have a direct effect on the thermo-
dynamic stability and kinetic behavior of titanium-con-
taining compounds such as ilmenite (FeTiO;) and
pseudobrookite (Fe,TiOs). From a thermodynamic
point of view, the stability of these titanium-containing
phases can be described quantitatively by changes in
“1ibbs free energy with temperature. As the temperature

icreases, the Gibbs free energy for the formation of

lese phases generally decreases, indicating increased

ability and a shift in equilibrium in favor of the

yrmation of these compounds. This shift may inhibit

1e reduction process as these stable titanium oxides are

ss casily reduced compared to iron oxides. On the

ther hand, from a kinetic point of view, the effect of

mperature on the reaction rates with TiO; is critical.

The activation energies of the reactions that lead to the
formation and reduction of FeTiO3 and Fe,TiOs deter-
mine the temperature sensitivity of these processes.
Higher temperatures generally lower the activation
barriers and accelerate the kinetics of these reactions.
This can lead to a faster formation of titanium-contain-
ing phases in the initial stages of heating, followed by an
increase in their reduction rate at higher temperatures.
In addition, the diffusion rates of titanium ions and
oxygen within the pellet matrix are also enhanced at
higher temperatures, allowing faster transport of reac-
tants and products to and from the reaction sites. This
improved diffusion is critical to maintaining the effi-
ciency of the reduction process, particularly in dense
pellet structures where diffusion pathways can be
significantly impeded. The multi-criteria optimization
analysis confirms the nuanced effects of TiO, content on
the reduction process in different atmospheres and
highlights the need for a nuanced understanding of the
role of TiO, in the optimization of iron oxide reduction
processes.

Improving the conditions for reduction kinetics with
TiO, can lead to an increase in the final degree of
reduction. This is because the reduction kinetics directly
influence the rate at which iron oxide is converted to
metallic iron. By enhancing the conditions for the
reduction kinetics with TiO,, the process of converting
iron oxide into metallic iron is accelerated, resulting in a
higher final degree of reduction. This is in line with the
results of the present work, which highlights the
concentration-dependent behavior of TiO, and its opti-
mal range in which a neutral or positive effect on the
reduction kinetics is observed. Thus, by improving the
conditions for the reduction kinetics with TiO,, the
efficiency of the reduction process is increased, which
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ultimately leads to a higher final reduction degree.
Research results indicate that TiO, acts as a catalyst and
improves the reduction kinetics by forming active
sites.''27*2] However, increased TiO, concentrations
can cause problems, such as the formation of stable ox-
ide phases that hinder the reduction process.*” Under-
standing the complicated role of TiO, is crucial for
improving the reduction conditions. Figures 13 and 14
illustrate the complexity of TiO, behavior and highlight
its sensitivity to parameters such as the reducing
atmosphere, temperature, pressure, and the presence of
other non-ferrous oxides. The reduction rate shows
different responses to different TiO, concentrations
under different reducing atmospheres. In Figures 3 and
4, the parameters dR/dt40 and dR/dt90 under 100 pct
CO initially show a decrease with increasing TiO,
content up to 1 pct before showing an upward trend.
This is due to the significant solubility of TiO, in
hematite and magnetite, which enhances the catalytic
effect and influences oxygen diffusion. However, an
excess of TiO, can lead to the formation of micropores
or voids, which has a negative effect on the reduction
rate. The optimum reduction rate is observed at TiO,
concentrations below 0.5 pct. In contrast, at 100 pct H,
with TiO,, the reduction rate increases up to 0.5 pct and
then decreases, possibly due to the fact that TiO, is less
reducible than iron oxides and dilutes the concentration
of reducible iron oxides (example of reduction curve is
provided in Figure 13).

In addition, TiO, plays a crucial role in preventing the
reoxidation of reduced iron by reacting with residual
oxygen in the system.[”) This prevention is crucial for
maintaining the integrity of the reduced iron and
ensures that the benefits of the reduction process are
not compromised.'”! In addition, TiO, contributes to an
accelerated direct reduction rate of iron oxide pellets by
facilitating the formation of a liquid phase during the
reduction process.*** This liquid phase serves as a
conduit that supports the transportation of the reducing
gases to the surface of the iron oxide particles where the
crucial reduction reactions take place. The promotion of

100

80 |-

60

Reduction (%)

40 |-

0 1 1 1 1

Time (min)

Fig. 13—Reduction curve for the pellets (in bold in Table I) at 950
°C and 1 bar in H, atmosphere.
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a liquid phase by TiO, demonstrates its versatile role in
facilitating efficient gas transport, a factor that is
essential for sustainable reduction reactions.""! In fact,
the presence of TiO, oxide contributes to an increase in
the surface area of the iron oxide particles, leading to an
increase in porosity of about 80 pct, as shown in
Figure 16 (Additional tomography pictures of the
unreduced and reduced pellets are provided in Figures S1
through S12 of electronic Supplementary material). This
increase in size is attributed to the creation of additional
active sites due to the increased surface area, which
favors a stronger interaction with the reducing gas.*”
The basicity index is considered one of the influential
parameters for the reduction behavior of iron ore.**
Figures 10, 11, and 12 show its strong negative influence
on the reduction parameters under a reducing gas of
100 pct CO, although this effect diminishes with the
addition of 50 pct H,. In a 100 pct CO atmosphere at
1000 °C and a high basicity index (above 2.5), the time
to reduction decreases slightly but remains relatively
high, possibly due to the formation of a basic slag that
facilitates the reduction of the iron ore but is less
effective at higher TiO, content. The higher H, concen-
tration at elevated pressure probably improves the
reaction kinetics as TiO, is not easily reduced by Ho,
which could hinder the reduction of iron oxides. CaO,
which has a significant influence on the reduction
behavior, acts through reactivity and catalytic effects.
Studies indicate that CaO increases the reduction rate by
facilitating the formation of a liquid phase, promoting
the migration of iron particles and accelerating the
reduction kinetics.*4>4¢]

In addition, the addition of CaO reduces the solubility
of FeO in the slag phase and inhibits the formation of
fayalite.*”! The presence of CaO leads to a higher
porous structure, which improves the reducibility of iron
oxide.**™ As a fluxing agent, CaO lowers the melting
point of gangue and thus supports the formation of a
liquid phase that favors the reduction process. SiO;
influences the reduction behavior by affecting the
viscosity of the slag and the formation of the liquid
phase. A higher SiO, content increases the viscosity of
the slag and hinders the movement of gas bubbles and
iron particles. In addition, a higher SiO, content leads to
the formation of the Fe,SiO,4 phase, which significantly
hinders the CO reduction of FeO compacts.*” SiO, also
plays a role in the formation of stable phases that
influence the overall reduction kinetics. The formation
of liquid slag phases at elevated temperatures promotes
efficient mass transfer mechanisms and improves the
kinetics of the reduction process.”%>

An increase in basicity up to the range of 1.5 to 2 has
a positive effect on the reduction rate (dR/st40 and dR/
dt90), followed by a subsequent decrease. These results
are consistent with previous studies.[*>*** For example,
Mishra er al™ observed a significant increase in
reduction with the addition of CaO, which peaked at a
certain threshold (4 wt pct). Beyond this threshold,
however, the degree of reduction decreased with a
further increase in the CaO content of the pellets. They
also investigated the effects of basicity and found that
the highest levels of reduction and metallization were
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section | (b)
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Fig. 14—The X-ray tomography images of the (a, b) unreduced, and (¢, d) reduced pellets in 100 pct H, as reducing gas. The porosity value for
unreduced pellets was about 35 pct and increased by about 63 pct for the reduced one. The pellet composition as an example is referred to the
one in bold in Table I. The whole database is visible as supplementary material.

achieved at a basicity index of 1.6. This trend suggests
that there is an optimal basicity range for maximizing
reduction efficiency. In addition, the mechanism behind
the positive influence of basicity on the reduction rate
has been investigated in the literature. Increased poros-
ity of the pellets, which usually occurs in the presence of
CaO, contributes to an increased reduction rate. Studies
suggest that the formation of acicular calcium ferrite
and lattice transformations caused by lattice distortion
in the presence of CaO lead to increased porosity in the
pellet structure. This improves diffusion in the product
yers, leading to an overall increase in the reduction
ite. Higher basicity also promotes the formation of a
ore basic slag with a lower melting point, facilitating
1e formation of a liquid phase, which is crucial for the
:duction of iron oxide. This liquid phase is essential for
1 mobility of iron particles and gas bubbles and
»ntributes to faster reduction kinetics.*>% 6

CO reacts with iron oxide to form CO, and metallic
iron. However, the presence of TiO, appears to hinder
this reaction, possibly due to the formation of stable Ti
compounds that are not easily reduced by CO. While the
basic slag may enhance the reduction process, its
effectiveness could be compromised at higher TiO,
content. A higher TiO, content could lead to the
formation of stable compounds with the slag compo-
nents and change the properties of the slag. These
interactions may affect the ability of the slag to
efficiently support the reduction of the iron ore. TiO,
has a significant influence on the viscosity and melting
properties of the slag. With a higher TiO, content, the
composition and properties of the slag change in a way
that reduces its effectiveness in promoting rapid reduc-
tion, resulting in lower reduction rates. Longer reduc-
tion times at lower total iron content, especially below
about 64 pct TFe, can be explained by the principle that
lower iron content naturally leads to longer reduction
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times due to the lower amounts of reducible material. A
lower total iron content means that less iron is available
for reduction, resulting in a smaller volume of material
going through the reduction reaction. The rate at which
iron oxide is reduced to metallic iron depends on the
availability of reducible material and the kinetics of the
reduction reactions. With a lower total iron content, less
material is available for oxygen removal and the
reduction reactions proceed more slowly due to the
limited amount of iron available for the reaction. The
decrease in diffusion coefficient with increasing reducing
gas pressure suggests that the reaction may be less
diffusion limited at high pressure and more controlled
by the surface reaction. This suggests that the process at
high pressures could benefit from optimizing the surface
properties of the pellets for better reactivity rather than
focusing only on the diffusion characteristics. The CO
atmosphere promotes the Boudouard reaction, in which
CO reduces iron oxides to iron.””) However, a higher
TiO, content could inhibit this reaction as TiO, is not as
easily reduced by CO, leading to a decrease in the
diffusion coefficient. In addition, a higher basicity index
is more likely to lead to the formation of a more liquid
slag, possibly hindering gas diffusion through the pellet
and thus lowering the diffusion coefficient. H,, with its
smaller molecular size and higher reactivity, has a higher
diffusion coefficient than CO under these conditions,
possibly explaining the higher diffusion coefficients in
this syngas mixture. Optimal diffusion seems to occur at
a moderate basicity index, suggesting that while some
slag formation is beneficial to the reduction process,
excess could hinder gas diffusion.

Therefore, it can be concluded that the presence of
TiO,, which does not contribute to reduction in a
100 pct H, atmosphere, is due to the phenomenon of the
water-gas shift reaction. When TiO; is present, it can act
as a catalyst for the water-gas shift reaction, which leads
to the production of additional water vapor from the H,
and CO present. This water vapor can then react with
the iron oxide, leading to the formation of more
stable iron hydroxides that hinder the reduction process
in a 100 pct H, atmosphere.'”>®! On the other hand, in
the presence of TiO», the introduction of H, into the
reducing atmosphere controlled by CO can increase the
transition area and accelerate the reduction rate due to
the synergistic interaction of CO and H,. CO has a
higher reactivity with iron oxide, and its introduction
into the atmosphere can create a favorable environment
for the initial stages of reduction. The subsequent
introduction of H, complements this process by further
promoting the reduction of iron oxide, resulting in an
extended transition region and an accelerated reduction
rate.”? ¢l Compared to existing data and theories, our
results are consistent with the observations of Mohanty
et al™¥, who reported an increase in reduction efficiency
upon addition of CaO, which peaked at 4 wt pct.
However, our study provides new insights by investi-
gating the nuanced effects of TiO, content on the
reduction process and reveals a transition range between
1 and 1.5 pct TiO, with optimal effects on the reduction
kinetics. Our research contributes to this understanding
by demonstrating the interplay of TiO, and basicity
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index in different reducing atmospheres and tempera-
tures. Moreover, the influence of TiO, on the reduction
process mirrors the catalytic effects reported in previous
studies.*>*3% Beyond this optimal value, Paananen
et al"! have shown that as the TiO, content in solid
solution in magnetite increases, the oxidation rate
accelerates, which in turn negatively affects the reduc-
tion strength of the sinter and the reducibility of the
pellets. Our results extend this knowledge by demon-
strating the concentration-dependent behavior of TiO,
and its role in the formation of stable oxide phases that
can hinder the reduction process.*”? In addition, the
observed increase in porosity due to TiO, addition is
consistent with studies reporting increased porosity of
pellets in the presence of CaO, which contributes to an
increased reduction rate.*** These comparisons empha-
size the importance of our results in the broader context
of the existing literature on iron oxide reduction
processes and provide a more comprehensive under-
standing of the multifaceted role of TiO, in this complex
system.

Possible mechanisms of the influence of TiO, under
different reducing atmospheres can be described as
follows: First, TiO, changes the viscosity and melting
behavior of the slag during the reduction process, which
influence mass transfer and chemical reactions within
the pellet matrix. TiO, changes the physical properties
of the slag formed during the reduction process. A
higher TiO, content usually increases the viscosity of the
slag, which can hinder the movement of reduction gasses
and molten iron within the pellet matrix. This increase in
viscosity can slow down the rate of reduction as it
hinders the mass transfer processes required for efficient
reduction. In addition, the presence of TiO, can affect
the melting behavior of slag components, potentially
increasing the melting point. This change could result in
the slag being less liquid at the operating temperature,
affecting the coalescence of iron grains and the move-
ment of gas bubbles, which are critical for effective
reduction.

Second, in hydrogen and CO atmospheres, TiO,
potentially catalyzes key reactions such as the water-gas
shift and Boudouard reactions, affecting local gas
composition and reaction kinetics. In a reducing atmo-
sphere consisting predominantly of hydrogen, TiO,
could act differently than in a CO-containing atmo-
sphere. TiO, can potentially catalyze the water-gas shift
reaction, where CO and water vapor react to form CO2
and more H,, affecting the local H,/CO ratio and thus
the reduction dynamics. Furthermore, in CO2- rich
atmospheres, TiO, could influence the Boudouard
reaction (CO, + C = 2CO), where its catalytic
properties could either enhance or inhibit the reaction
depending on the specific conditions and the interaction
of TiO, with other elements in the slag. Then, the
addition of TiO, can change the phase formation and
sintering behavior and affect the porosity, permeability,
and structural integrity of the iron oxide pellets. TiO,
leads to the formation of stable titanium-containing
compounds within the iron matrix or slag, such as
Fe,TiOs or FeTiO;. These phases are generally more
resistant to reduction and could therefore hinder the
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overall kinetics of reduction. Furthermore, the addition
of TiO, could change the porosity of the pellet by
affecting the sintering behavior during pellet formation.
Higher porosity generally improves reducibility by
increasing the surface area accessible to reducing gasses.
However, the formation of dense, titanium-rich phases
could reduce the effective porosity.

In a blast furnace, the presence of TiO, could lead to
faster reduction rates, reduce coke consumption, and
improve the overall energy efficiency of the furnace. In
fact, TiO, is a known component of slag and influences
its viscosity and melting behavior. A high TiO, content
can increase the viscosity of the slag, making slag
tapping more difficult and possibly leading to a build-up
in the furnace and irregularities in the internal furnace
pressure. The altered composition of the slag can also
affect the removal of sulfur and other impurities.
Depending on the concentration and distribution of
TiO, in the pellets, this can even affect the longevity and
performance of the refractories used in the blast furnace.
In other words, TiO; in the slag phase can interact with
the refractories and accelerate wear and degradation,
which could require more frequent maintenance and
affect the overall stability of the blast furnace operation.
In addition, the presence of TiO, could affect the
solubility of carbon in the molten iron, which would
affect the final carbon content and mechanical proper-
ties of the iron produced. While TiO,-enriched pellets
are promising to improve the reduction process, their
integration into blast furnace operations, especially in
the production of iron grades that require special
mechanical properties, should be approached with
caution.

Finally, TiO, affects the diffusion of gasses and solids
within the pellets by changing the surface properties and
internal structures, thus affecting the overall reduction
rates and efficiency. The presence of TiO, could alter the
surface properties of iron oxides and affect the adsorp-
tion and reaction kinetics of reducing gasses on the
pellet surface. Depending on the nature of the surface
changes induced by TiO,, this could either increase or
slow down the rate of reduction. If TiO, leads to the
formation of more compact and less porous structures,
the diffusion of ions and electrons through the pellet
could be hindered, affecting the overall reduction rate.
Nevertheless,  additional  experimental,  namely,
advanced microscopic and spectroscopic analyses and
theoretical studies such as kinetic modeling should be
considered.

V. CONCLUSION

In conclusion, this study provides a comprehensive
aalysis of the influence of TiO» on the reduction of iron
«ide pellets under different conditions of temperature,
ressure, and gas composition. Our results indicate that
hile higher concentrations of TiO, typically hinder the
:duction process, there is a favorable concentration
indow of 1 to 1.5 pct TiO, in which the effect on

reduction kinetics and diffusion coefficients becomes

neutral or positive. This finding is of crucial importance

for the optimization of industrial reduction processes.
The most important results of our research include

1. The combination of CO and H, gasses at a temper-
ature of 1000 °C and increased pressure dramatically
improves the reduction process. This optimal condi-
tion has been shown to reduce the time to complete
reduction by up to 20 pct compared to conditions
without this gas mixture. Such efficiency is crucial for
improving throughput in industrial applications.

2. Temperature plays a crucial role. Our experiments
show that increasing the temperature from 900 °C to
1000 °C can shorten the reduction time by about
15 pct at different TiO, concentrations. This under-
lines the importance of temperature management in
industrial furnaces to maximize the reduction rate.

3. The effect of pressure was quantitatively significant.
Increasing the pressure from 1 atm to 5 atm led to an
improvement in reaction rates and a 25 pct reduction
in the time to complete reduction. This underlines the
potential of pressure optimization in the industry to
accelerate the reduction process.

4. This study also confirms the positive correlation be-
tween total iron content and reduction performance.
Increasing the TFe content from 85 pct to 95 pct was
associated with a 10 pct improvement in the reduc-
tion rate and a corresponding reduction in the time to
complete reduction. This suggests that the selection
of higher quality iron materials could be a strategic
approach to improve the efficiency of the reduction
process in industrial applications.

These results provide actionable insights for the iron
and steel producing industry. The results suggest that
careful manipulation of TiO, content together with
strategic control of operating parameters such as tem-
perature, pressure, and gas composition can lead to
significant improvements in the efficiency and cost-ef-
fectiveness of the reduction process. The findings of this
research not only contribute to the academic under-
standing of the dynamics of iron oxide reduction, but
also provide practical guidance for improving the
operation of industrial furnaces to achieve more sus-
tainable and economically viable production results.
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