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Fig. 11. The effect of oxidic impurity on the evolution of FesC activity (a) 80%H, + 20CO, (b) 50%H, + 50%CO, (c) 100% CO.

pellet. This non-uniform distribution can lead to local reactions that
further reduce the efficiency of the reduction process [47]. In addition,
higher tortuosity at higher temperatures leads to a reduction in the
reduction rate. This is because the increased complexity of the gas
pathways causes turbulence in the pores, which reduces the effective
contact between the reducing gasses and the iron oxides. The reduction
process becomes less efficient as the gas flow encounters higher resis-
tance, resulting in higher energy consumption and entropy generation.
Furthermore, the relationship between tortuosity, entropy generation
and energy consumption is particularly pronounced at higher temper-
atures. Higher tortuosity leads to higher entropy generation due to the
more chaotic and restricted gas flow, so that a higher energy input is
required to achieve an effective reduction [48]. This non-linear increase
in entropy, which is particularly evident in the final stages of reduction,
illustrates the thermodynamic challenges that high tortuosity poses.
Crucially, the effect of tortuosity is also influenced by the type of
reducing gas used [23]. Hydrogen, which is effective at lower temper-
atures, generally leads to a reduction in tortuosity due to more efficient
reduction and less structural deformation of the pellets. In contrast, the
use of CO, which requires higher temperatures for effective reduction,
can lead to an increase in tortuosity due to greater structural changes
within the pellet matrix.
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It can also be suggested that when the SiO, content is increased to
5%, the formation of the Fe2SiO4 phase significantly hinders the CO
reduction of FeO compacts [9]. Conversely, a significantly higher degree
of reduction was achieved when the proportion of H; in the reducing gas
was increased. From a thermodynamic point of view, the direct reduc-
tion process with CO gas starts with chemical reactions at the interface
and later involves a combination of chemical reactions and gas trans-
port. Reduction with H; follows a similar pattern, but oxygen diffusion
in the solid state through both the surface and internal structure of the
fayalite phase (Fe2Si04) [49,50] enhances it compared to CO reduction
based on oxygen diffusion at the surface. In the presence of 100% H as
reducing gas, increasing the temperature up to 950 °C had a more
pronounced effect on the activity of the reduced pure iron and the
reduction rate when only a small amount of SiO, was present [51]. The
lower reduction rates and lower activity observed at higher tempera-
tures were related to the formation of a dense iron layer, which hinders
contact between FeO and the reducing gas and causes stagnation of the
reduction. It can be concluded that by increasing the SiO; content, the
indirect correlation of activity and reduction rate of pure iron is much
more pronounced in an Hy-rich reducing atmosphere.

From a thermodynamic point of view, y-Al;O3 is stable on the
nanoscale at a higher temperature of 450 oC and in turn generates local
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Fig. 12. Average maximum activity in different reducing gas at 950 °C, (a) Fe, (b) Fe304, (c) FeO, (d) FesC.
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Fig. 13. Scatter matrix for the calculation of activity of iron compounds for all the experienced processing conditions.

stresses, which subsequently cause the formation of micropores and thus
inhibit reduction. On the other hand, this can be explained by the in-
hibition of pore size growth and the formation of surface cracks due to
the differences in shrinkage between the dissolved y-Al,O3 and the

compact matrix, which increases the number of micropores at the near-
surface sites [52]. The formation of surface cracks promotes the reduc-
tion rate by facilitating the diffusion of reducing gas [53]. It is reported
that in the presence of H; as a reducing gas, the addition of 0.5% Al;O3
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Fig. 14. Gibbs free energy of the reduction of 100% pure pellet of iron oxide to
the Fe30y, FeO, and Fe at the temperature of 950 °C.

promoted the development of a dense iron layer on the FeO surface,
which decreased the reduction rate and the activity of reduced pure iron
[54]. Nevertheless, the formation of an iron layer on FeO is much more
pronounced by increasing the concentration of dissolved CaO compared
to the concentration of dissolved AlyO3. Shigematsu et al. [54] reported
that this iron layer on FeO is porous, which in turn provides a more
active surface for reduction reactions. Further increasing the Al;O3
content to 1% led to the formation of hercynite (FeO-Al,O3) precipitates,
which resulted in an increased reduction rate and consequently led to a
lower activity of the iron compounds.

In general, CaO has a positive effect of a maximum of 2 wt% on the
direct reduction process [55]. The introduction of CaO into the system
leads to a significantly accelerated reduction of FeO compared to pure
iron oxide under H,-rich reduction conditions. This enhanced reduction
can be largely attributed to the formation of calcium ferrite, an
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important reaction pathway as observed in previous studies [45].
However, it is important to note that although increasing the reduction
temperature promotes the formation of calcium ferrite, it does not lead
to increased reducibility uniformly at all temperature levels. This in-
dicates that the process is influenced by complex interactions and factors
beyond temperature. The presence of CaO destabilizes FeO and leads to
its decomposition, as can be seen in the following reaction:

CaO + 3FeO—Fe + 2Ca0.Fe,04 13)

The transformation of FeO shows different behaviors depending on
whether it consists of pure iron oxide or contains lime additives. In the
case of pure iron oxide, the reduction process is primarily influenced by
either the diffusion of Hy through the briquette or the diffusion of Fe
through FeO. These diffusion-controlled mechanisms dictate the overall
rate of FeO reduction. If, on the other hand, lime is introduced as an
additive to iron oxide, a different scenario arises. In this case, the
decomposition of FeO, as described in Eq. (14), proves to be the central
and rate-controlling step in the reduction process. Unlike in the first
scenario, this reaction does not rely on the diffusion of Hj to accelerate
the reduction process. Consequently, the addition of lime leads to a
faster reduction of FeO as no Hj diffusion is required.

2Ca0.Fe,03 + 3H,—2Ca0 + 2Fe + 3H,0 14)

The effects of the inclusion of CaO in the FeO reduction process are
remarkable. At a temperature of 700 °C, the addition of CaO leads to the
formation of a dense iron layer covering the FeO grains. Although this
dense layer promotes the reduction, it also acts as a barrier and hinders
the diffusion of the reducing gas, especially in the CO atmosphere.
However, at higher temperatures, which exceed around 700 °C, a
different phenomenon occurs. The higher temperature favors the for-
mation of a porous iron structure. In samples containing CaO, this
porous iron structure develops on the FeO surface and provides path-
ways through which the reducing gas can easily diffuse. This effect can
be observed over a wide temperature range, up to 100 °C. The beneficial
influence of CaO on the reduction process is clearly demonstrated by this
porous structure near the reaction interface. However, this positive ef-
fect tends to decrease with increasing temperature. This reduction in the
positive effect of CaO is primarily due to the decreasing number of pores
as the temperature increases. In summary, the accelerated FeO

T T
80% H2 50% H2

T T
100% CO 100% H2

Reducing gas

Fig. 15. The Gibbs free energy in different reducing gas at 950 "C, (a) Fe, (b) Fe30,, (c) FeO, (d) FesC.
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Fig. 16. Fe activity as a function of CO and H percentage in the reducing gas.

reduction favored by CaO can be attributed to the porous nature of the
reduced iron near the reaction interface, as already found in previous
studies [56].

It is assumed that the presence of Ca ions at the interface between Fe
and FeO is the main reason for this phenomenon. It leads to several
significant changes: First, the presence of Ca ions at the Fe/FeO interface
leads to a decrease in the interfacial energy between these materials
[57]. This reduction in energy favors the disintegration of the iron layer,
making it easier to degrade. Secondly, the introduction of Ca ions at this
interface enhances the adsorption of other calcium ions [58], which
further influences the surface interactions and supports the disintegra-
tion of the iron layer. This increased adsorption of calcium ions serves to
enhance the effects of CaO on the reduction process. Finally, the energy
of interfacial deformation or the mismatch of lattice parameter between
iron and iron oxide is altered by the presence of Ca ions. This change in
the lattice parameter of the oxide and the resulting changes in strain
energy contribute to the overall collapse of the iron layer as they lead to
changes in the structural integrity of the interface [59].

The presence of 1 mol% MgO had the greatest effect on promoting
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the activity and reduction of FeO defiance, increasing the MgO content
to 5 mol% showed a negligible effect, which was attributed to the dif-
ferences in iron morphology formed during reduction [60,61]. In
agreement with previous studies [62], it can be concluded that Mg3
could diffuse into the Fe304 lattice and form a MgFe;04 solid solution by
replacing part of the Fe2", making the structure porous. The higher
porosity improved the diffusion of the reducing gas and increased the
contact areas, promoting the reduction process. On the other hand, the
gas diffusion becomes more turbulent as the tortuosity of the pores in-
creases, leading to a decrease in the reduction rate with increasing
tortuosity [23,48]. The introduction of MgO into Fe3O4 appears to play a
crucial role in promoting the formation of magnesiospinels, a develop-
ment that effectively promotes the formation of a porous structure
within the material [60]. This porous structure helps to create pathways
for various reactions and the exchange of gasses, resulting in enhanced
porosity and reactivity. Conversely, in the presence of MgO, FeO shows a
marked transformation leading to denser structures. This transformation
can be attributed to the formation of magnesiowustite, which, in
contrast to the porous nature of magnesiospinels, contributes to a more
compact and solid composition. This structural change can significantly
affect the properties and behavior of the material. However, it is
important to note that the addition of 0.5 wt% MgO to the charged iron
ore in the final stage of reduction had a hindering effect, particularly in
the transition from FeO to pure Fe. This observation suggests that while
MgO is beneficial for certain aspects of the reduction process, it may
present challenges or complications at certain stages of the iron ore
reduction process, as documented in previous research [63].

The influence of various additives on the reduction behavior of Fe;O3
and Fe3Oy4 pellets was investigated in detail, revealing different effects.
In particular, the addition of CaO was found to have a suppressive effect
on the reduction rate of both FeyOs and Fe3O4 pellets, while SiOy
showed no significant effect. This particular influence of CaO on the
reduction process can be attributed to the formation of molten calcium
ferrite, a phase that subsequently obstructs the existing pores within the
FegOj3 pellets. Furthermore, it was observed that the estimated effective
gas diffusivity decreased significantly when high concentrations of CaO
and SiO, were introduced into the pellet, suggesting that these additives
may hinder gas diffusion pathways within the pellet structure.
Furthermore, at high Hy flow rates, CaO and to a lesser extent MgO were
observed to promote the local formation of porous iron nuclei. This
phenomenon helps to create pathways for rapid gas diffusion and
consequently facilitates the reduction process. However, in contrast to
CaO and MgO, samples containing SiO and Al,03 showed no discern-
ible effect on the formation of porous iron nuclei, suggesting that these
additives do not have a significant influence on the development of these
essential porous structures within the pellet matrix, as documented in

Fig. 18. Fe activity as a function of (a) CaO and H percentage, (b) CaO and TiO, in the pellet.
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Fig. 17. Fe activity as a function of basicity index and (a) H, percentage, (b) CO in the reducing gas.

previous studies [42].

The FesC activity are largely influenced by non-iron oxides such as
TiO, and CaO with a direct proportionality as shown in Fig. 19.

The effects of non-ferrous oxides on the behavior of Al3C show the
complex interplay between these catalyst components, their synergistic
effects and their influence on the catalytic activity. CaO, MgO, TiO, and
Al,03 are well-known industrial catalysts, and their influence on the
activity of FesC can be attributed to their ability to change the surface
properties, chemical reactivity and electronic structure of the catalysts.
For example, CaO and MgO are basic oxides and can serve as strong
bases that can influence the acidity of the catalytic sites on the A13C
surface, affecting the adsorption and activation of reaction molecules. In
addition, the interaction between TiO, and Al,O3 with Al3C in the
presence of Hy gas as a reducing agent shows a particularly intriguing
trend. This suggests that the interplay between multiple oxide additions
can lead to synergistic effects or improved catalytic performance. For
example, it has been found in the literature that the presence of Al,O3
can promote the dispersion and stability of TiO2 on the catalyst surface,
which in turn can improve the redox properties and thus the catalytic
activity of Al13C [64]. Moreover, the cooperation between CaO and MgO
in the presence of Hy gas seems to emphasize the importance of
considering multiple oxide components in the development of catalysts
for certain reactions. The presence of MgO can promote the accessibility
of active sites on the AI3C surface and increase reactivity towards

certain reactants when used together with CaO.

The original iron ore was characterized by a remarkably homoge-
neous distribution of various common nanoscale impurities, including
sodium (Na), magnesium (Mg), aluminum (Al), titanium (Ti) and va-
nadium (V). However, during the reduction process, the resulting sam-
ples showed a distinct change, namely the formation of nano-sized oxide
islands embedded in the reduced iron matrix. These oxide islands consist
of species derived from the non-ferrous oxides that were present in the
original composition of the ore. Since these oxide species could not be
effectively reduced during the process, they faced a crucial choice: they
could either maintain their original uniform distribution as oxide
nanoparticles or be displaced from the reduction front and eventually
become part of the remaining oxide phase. This phenomenon points to a
compelling mechanism at play in the reduction of iron ore. The driving
force behind the reduction of iron was apparently strong enough to
overcome this particular barrier and eventually entrap the gangue ox-
ides as nanoparticles in the iron matrix [65]. This process demonstrates
the intriguing interplay between the reduction forces and the persistence
of non-iron oxide species within the transformed material, as described
in previous research [66].

The reduction process exhibits different mechanisms in different
phases, in particular gas diffusion and chemical reactions at the in-
terfaces. The behavior varies depending on the atmosphere of the
reducing gas. In particular, Hy shows faster reduction kinetics compared

Fig. 19. FesC activity as a function of (a) CaO and MgO percentage, (b) TiO, and Al,Oj3 in the pellet.
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to CO. During the reduction of Fe;Og3 pellets in an Hy atmosphere, the
first two reduction stages, from Fe;O3 to Fe3O4 and from Fe3O4 to FeO,
take place quickly, while the reduction of FeO to pure iron is slow. This
discrepancy is due in part to the unique physical properties of Ha,
including its smaller molecular size and lower viscosity, which can lead
to different gas transport phenomena compared to carbon-based
reducing agents. The effect of these non-ferrous oxides is more pro-
nounced at lower temperatures and is enhanced at larger pellet sizes.
Regardless of the specific non-ferrous oxide, the overall process exhibits
common trends, including mass loss due to oxygen removal, increased
porosity and volume expansion, especially for samples processed at
temperatures above 1000 °C. These high-temperature conditions can
lead to cracks in the reduced pellets, reducing their mechanical strength
and potentially generating fines and dust that impair gas permeability in
the shaft furnace. The formation of cracks is attributed to the restruc-
turing of the crystal lattice during phase transformations, resulting in
stresses and lattice disruptions. In the presence of several impurities and
non-ferrous oxides, several factors contribute to fluctuations in the
reduction process. For example, the presence of CaO leads to the for-
mation of calcium ferrite, which increases the reduction rate. However,
this effect decreases at higher temperatures due to changes in the pore
structure. In addition, the introduction of MgO can either promote or
hinder the reduction, depending on its concentration and its effect on
the porosity of the pellets.

Previous studies by various researchers looking at the reduction of
iron ore have consistently emphasized the negative Gibbs free energy
associated with the reduction processes leading to Fe3O4, FeO and Fe.
This negativity indicates the spontaneity of the reaction, with temper-
ature and the nature of the reducing gas influencing the dynamics of the
Gibbs free energy [10,29,67]. In the work of Tahari et al. [29], it was
observed that at 500 °C the thermodynamic preference of reduction by
CO over Hj is evident. In particular, the formation of Fe3O4 in a CO
atmosphere is more favorable compared to Hj at this temperature. The
reported Gibbs free energy values for the reduction of Fe;03 to Fe3O4 at
500 °C were — 83 and — 75 kJ/mol in CO and H, atmospheres,
respectively, emphasizing the greater spontaneity of Fe3s04 formation
under CO reductant. In addition, an increase in temperature increases
the negative Gibbs free energy, which is consistent with similar findings
from another research [68]. The temperature-dependent trend is
consistent: higher temperatures lead to a more negative Gibbs free en-
ergy for FesO4 production in both CO and Hy atmospheres. This pattern
is reflected in our studies, as shown in Figs. 13 and 14, where Fe304
formation proves to be the most spontaneous compared to FeO and Fe. It
is noteworthy that at higher temperatures (950 °C) an H; atmosphere
seems to increase the efficiency of the reduction process compared to
CO. In summary, the collective presence of several non-ferrous oxides
such as SiO,, Al,03, CaO, TiO» and MgO significantly affects the direct
reduction of iron oxide pellets, regardless of whether CO gas or Hj is
used as a reducing agent. These non-iron oxides influence the reduction
process through their interaction. For example, the formation of
different phases, such as calcium ferrite or magnesioFeO, can influence
the overall porosity of the pellets. This in turn affects the diffusion of the
reducing gasses and the contact surfaces within the pellet and ultimately
influences the reduction rate. In addition, all these factors together can
influence the effective gas diffusivity within the pellet, which affects the
mass transfer of the reducing gasses and the chemical reactions at the
interfaces. This collective influence can lead to variations in the reduc-
tion kinetics at different temperatures and gas compositions. These
impurities, which often remain in the pellets during DR processes, lead
to a high slag load in the subsequent EAF operations, which makes it
necessary to use high-quality pellets with an impurity level of <5%.

4. Conclusion

In summary, this study provides a comprehensive investigation of
the reduction of iron oxide pellets and provides valuable insight into the
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effects of different reducing gas atmospheres and impurities on the
equilibrium amounts and activity of iron compounds using HSC chem-
istry software. The conclusions can be drawn as follows:

- The study confirms that H; as a reducing gas promotes more effective
reduction of iron oxide pellets at lower temperatures, resulting in
higher equilibrium levels of Fe. Conversely, CO proves to be more
effective at higher temperatures, indicating an atmospheric depen-
dence on temperature for optimal reduction performance. This result
highlights the importance of selecting appropriate gas atmospheres
based on operating temperature ranges to maximize reduction
behavior.
The structural effects of the reducing gasses were notable, with
hydrogen reducing the tortuosity of the pellets more effectively at
lower temperatures. This is due to its smaller molecular size, which
increases diffusion rates. In contrast, CO increases tortuosity,
necessitating higher temperatures that cause more pronounced
structural changes within the pellets. Understanding these dynamics
is crucial for the development of pellet structures that are compatible
with certain reducing gasses.
- From a thermodynamic point of view, the reduction reactions of iron
oxide are shown to occur spontaneously at 950 °C in different gas
atmospheres, with the reduction of Fe3O4 exhibiting the lowest Gibbs
free energy. CaO and MgO in particular play a crucial role in
modulating the reduction kinetics, especially enhancing the reduc-
tion of Fez0O4 in a hydrogen-rich atmosphere.

Porosity in iron oxide pellets is the key to efficient reduction and

varies with the reducing atmosphere. Hy promotes early porosity and

improves reduction at lower temperatures, while CO requires higher

temperatures to be effective and forms less porosity initially. A

mixture of 50% Hy and 50% CO takes advantage of the early benefits

of hydrogen and the effectiveness of CO at higher temperatures,
optimizing reduction behavior in iron and steel production.

- The results show that impurities such as TiO,, CaO, SiO3, MgO and
Al,O3 significantly influence the reduction activity of iron and its
oxides. In particular, CaO and MgO play a crucial role in modulating
the reduction kinetics and especially promote the reduction of Fe3O4
in a hydrogen-rich atmosphere.

In summation, the findings presented in this paper advance our un-
derstanding of the direct reduction process and highlight the multifac-
eted interplay of factors involved. Such knowledge is indispensable for
optimizing reduction processes in the iron and steel industry, leading to
more efficient and sustainable operations. This study paves the way for
further research and practical applications in this critical sector of in-
dustrial production.
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