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gas diffusion occurs very rapidly, resulting in significantly reduced 
reduction times. Therefore, the time required for reduction is shorter for 
low-density pellets, which in this specific scenario are also characterized 
by intermediate surface pore dimensions. 

The contribution to entropy generation from mass transfer is another 
significant factor in the reduction process. Highly porous pellets can 
approach zero entropy generation due to enhanced gas penetration in-
side the pellets. However, entropy is never null because of the compo-
sitional gradient between the pellet surface and the yet-to-be-reduced 
core. Heat transfer has the most significant effect on entropy generation, 
followed by chemical reactions, while mass transfer has the smallest 
impact. During the initial stages of reduction, both chemical reactions 
and gas diffusion control the process, while in the later stages, the rate- 
limiting step becomes the interfacial chemical reactions. The calculation 
of the dR/dt40 index is typically used to assess the first (rapid) stage of 
reduction. This index is highly dependent on pellet density, as illustrated 

in Fig. 11. 
Pellets with very small surface pores and a denser surface, typically 

seen in medium-sized pellets, develop a robust iron layer on the surface 
during reduction. This dense and hard iron layer has a significant 
adverse effect on the reduction rate. the development of a dense and 
hard iron layer during reduction has a significant adverse effect on the 
reduction rate of pellets with very small surface pores and a denser 
surface. Gas penetration through these hard iron layers can be enhanced 
at higher temperatures, but this can lead to softening of the pellets, 
reducing their porosity and affecting reduction rates. The final reduction 
stage of the overall process is typically assessed using the dR/dt90 index 
as depicted in Fig. 12. 

As already observed, the pores aspect strongly varies during 
reduction. 

As porosity increases, the dimensions of individual pores also in-
crease, and the tortuosity of the pores varies, as illustrated in Fig. 13. 
Consequently, tortuosity tends to continuously change during the 

Fig. 12. dR/dt90 as a function of pore size and dR/dt40.  

Fig. 13. Small pellet before reduction and after reduction at 1000 ◦C for 
90 min. 

Fig. 14. Kinetic constant as a function of reduction temperature and 
pores tortuosity. 
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reduction process. The initial value of tortuosity and its variation during 
reduction have a notable impact on pellet kinetics. The general behavior 
of reduction kinetics as a function of temperature and pore tortuosity is 
presented in Fig. 14. 

Tortuosity delays the reduction process for a given temperature. As 
tortuosity increases, the turbulence of gas flowing within the pores also 
increases, leading to a decrease in the reduction rate. Under such con-
ditions, the reduction rate tends to decrease. Considering the tortuosity 
factor within the pellets, The time required for reduction increases as 
pore tortuosity increases, porosity decreases (resulting in increased 
density), and pore dimensions decrease. These parameters significantly 
contribute to variations in entropy generated throughout all the reduc-
tion phases. 

Entropy begins to increase in the initial stages of direct reduction due 
to heat transfer between the heated hydrogen and the pellet surface. 

Entropy continues to rise as porosity and the gas ratio decrease due to 
reduced exchange surfaces. Further increases in entropy generation 
occur as pore tortuosity increases (Sundberg, 2021). Tortuosity acts as 
an obstacle to gas flow and its ideal path within the pellet, thereby 
reducing overall gas diffusion and its reduction effect (Ali et al., 2022). 
Tortuosity has substantial implications for overall entropy behavior and 
energy input during the direct reduction process. Additionally, tortu-
osity has a greater impact as pellet diameter increases. As tortuosity 
increases, both entropy generation and energy consumption increase 
(Gautam and Cole, 2022; Singh et al., 2022), and entropy generation 
tends to exhibit a nonlinear behavior, particularly in the final stages of 
reduction when pellet tortuosity is highly pronounced. The micro-
structural analyses of the pellets evolution was performed through SEM 
and microanalyses (Fig. 15). 

Based on our previous studies, we have found that the basicity index 

Fig. 15. SEM microstructure of the pellets before reduction.  
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plays a crucial role in accelerating reduction reactions. However, the 
relationship between reduction behavior and the basicity index is 
complex. Experimental evidence has shown that reduction kinetics tend 
to increase as the basicity index varies from 0 to 1, but then it begins to 
decrease again as the basicity index increases. This suggests a parabolic 
relationship between the time required for reduction and the basicity 
index. Therefore, the reduction behavior of industrial pellets is closely 
tied to the quality of the raw material, which in turn influences the 
process and the quality of the final product for subsequent operations. 
Maintaining the basicity index at an appropriate level is essential for 
optimizing the pellet reduction process. This effect is more pronounced 
when there is a higher presence of CaO in the pellet composition. An 
excessive amount of CaO can make the produced pellets overly brittle, 
making them challenging to handle in subsequent processing opera-
tions. In our observations, hematite predominates in all regions, with 
localized occurrences of Ca-ferrite, particularly in the edge and outer 

Fig. 15. (continued). 

Fig. 16. SEM microstructure after reduction at 1000 ◦C for 30 min.  

Fig. 17. Metallization degree as a function of temperature and time 
to reduction. 

Fig. 18. Weight variation of the pellets as a function of temperature and 
pressure (reoxidation curves refer to the pellets with larger diameter). 
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mantle regions. We have also noted intergranular porosity and medium- 
sized pores, likely originating from certain inputs. Calcium silicate 
permeates the gaps between hematite particles. 

Hematite is the dominant mineral observed in all regions, with 
localized occurrences of Ca-ferrite, particularly in the edge and outer 
mantle regions. Intergranular porosity and medium-sized pores are also 
present, likely originating from certain inputs or processes. Calcium 
silicate is found permeating the spaces between hematite particles. After 
completed metallization the aspect of the pellets microstructure is 
shown in Fig. 16. 

In all regions, it is observed the predominance of metallic Fe. Despite 
the substantial transformation, it is still possible to identify the contours 
of the previous oxide phase. The reduced pellet exhibits high porosity, 
allowing us to distinguish intergranular porosity, which remains from 
the oxide particles, and intragranular porosity, generated during the 
transformation of metallic Fe oxide. Furthermore, various tests were 
performed to assess the metallization and reducibility of numerous 
pellets, each weighing hundreds of grams. The rate of metallization in-
creases as the reactor temperature rises, as illustrated in Fig. 17. 

When considering the time required for reduction, it becomes 
evident that the primary influencing factor is the pellet diameter, fol-
lowed by pellet density, both of which have a direct correlation. Gas 
temperature and pore size exhibit an inverse correlation with the 
reduction time. Interestingly, pores’ tortuosity appears to have a lesser 
impact, showing a direct correlation with the reduction time. 

The effect of pellet size on the reduction process is influenced by 
pellet density. For high-density pellets, the impact of pellet diameter 
decreases, while the opposite is observed for larger particles, where 
density has a reduced effect (Scharm et al., 2022). Consequently, the 
time required to achieve reduction is primarily dependent on the size of 
surface pores. Larger pores lead to faster pellet reduction. However, this 
relationship is also influenced by pellet density, as an increase in pellet 
density results in a longer time to reduction. Additionally, when 
considering individual pores, pore tortuosity plays a role in the time to 
reduction. At the same pore size, an increase in tortuosity leads to a 
longer time to reduction. In the case of high-density pellets, reduction 
reactions occur in a stepwise manner and can be modeled through a 
shrinking core description. This leads to longer reduction times, which 
are directly proportional to pellet size. Conversely, low-density pellets 
allow for rapid gas diffusion, resulting in significantly shorter reduction 
times. Thus, the time required for reduction is shorter for low-density 
pellets, particularly when they also have intermediate-sized surface 
pores (Pal et al., 2017; Nguyen et al., 2021). The tortuosity of pores 
inside the pellets further influences the time to reduction, with increased 
tortuosity, decreased porosity (increased density), and smaller pore di-
mensions all leading to longer reduction times. 

The behavior of pellet reduction in hydrogen direct reduction is 
influenced by a hierarchy of phenomena that span from macroscopic 
scales to atomic ones. These phenomena are contingent on kinetic 
behavior and encompass heat and mass transfer, involving catalytic 
processes, diffusion, dissociation, and charge transfer. The intricate 
nonlinear interactions between these phenomena necessitate the use of 
diverse characterization and modeling tools for comprehensive under-
standing. The effects of reduction degree, temperature, and atmosphere 
on the swelling behavior of pellets have been studied thoroughly under 
typical hydrogen-based shaft furnaces. Computational analysis of 
hydrogen reduction of iron oxide pellets in a shaft furnace process has 
also been conducted. The model relies on a detailed description of the 
main physical–chemical and thermal phenomena, using a multi-scale 
approach. The calculated results reveal the detailed behavior of the 
reduction process, which is likely to reduce CO2 emissions from the steel 
industry. 

The behavior of pellet reduction is influenced by macroscopic 
transport and diffusion of gases, which play varying roles at different 
scales within the process. These roles are intimately linked to the 
microstructure and chemical-physical properties of the pellets. At the 

Fig. 19. Aspect of the pellets (medium size) after reoxidation at 700 ◦C for 
60 min. 

Fig. 20. Porosity measurement of the reoxidized pellet.  
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microscale, process kinetics are shaped by phenomena occurring at both 
micro and atomic scales due to the transformations involving different 
oxides, crystal defects, and local compositions. Several macroscopic 
studies exist on the reduction of iron oxide exposed to different gas 
mixtures, and these studies play a critical role in the reduction process 
itself (Chai et al., 2022; Fan et al., 2021; Chai et al., 2022). The reduction 
swelling process of pellets prepared from the Bayan Obo iron ore 
concentrate has been explored based on the iron oxide reduction. The 
reducing reactions of different composite pellets were mainly controlled 
by gasification diffusion. The reduction rates can be described by the 
kinetic analysis. The effect of iron ore pellet size on metallurgical 
properties has also been studied, and it was found that the size distri-
bution is important for the permeability of the ore burden layers in the 
furnace. The swelling of pellets characterizes the vulnerability to change 
in volume during reduction and is tested to ensure that the volume in-
crease during reduction does not exceed a set maximum. 

The reduction process of iron ore pellets is influenced by various 
factors, including processing conditions, pellet composition, density, 
porosity, and size. Tortuosity plays a significant role in reduction ki-
netics, as highly tortuous pellets exhibit reduced reaction kinetics, both 
temporally and spatially. As tortuosity increases, the kinetic constants 
decrease, as fewer hydrogen atoms interact with the material bulk under 
similar conditions of pressure, temperature, and mass transfer. Precisely, 
highly tortuous pellets exhibit reduced reaction kinetics, both tempo-
rally and spatially. Consequently, the degree of metallization of pellets is 
dependent on temperature, followed by tortuosity, gas temperature, 
pellet diameter, and, finally, density and pore size. The most influential 

parameter governing metallization behavior is the reduction tempera-
ture. The degree of metallization is dependent on temperature, followed 
by tortuosity, gas temperature, pellet diameter, and, finally, density and 
pore size (Iljana et al., 2022; Sadeghi et al., 2024; Cavaliere et al., 2024; 
Cavaliere et al., 2024). 

Subsequent to complete metallization, the pellets underwent 
reheating at various temperatures to assess their reoxidation behavior, 
and the results are depicted in Fig. 18. 

Oxidation initially occurs at low temperatures through the reaction 
of metallic iron with humidity in the air: 

2Fe+H2O+3O ↔ 2FeOOH  

These reactions are very exothermic and release an amount of heat that 
provides enough energy to enable the other oxidation reactions: 

3Fe+2O2 ↔ Fe3O4  

2Fe3O4 +
1
2
O2 ↔ 2Fe2O3  

Fe+
1
2
O2 ↔ FeO  

The last reaction takes place above 570 ◦C. 
The oxidation process of iron sponge is characterized by three 

distinct stages, each with a different rate of oxidation. The first stage is 
the rapid initial stage, where the oxidation rate is high, and chemical 

Fig. 21. SEM microstructure of the pellet after reoxidation.  

P. Cavaliere et al.                                                                                                                                                                                                                               



Minerals Engineering 213 (2024) 108746

13

reactions at the interfaces play a dominant role. The second stage is the 
intermediate stage, where the oxidation rate gradually decreases, and 
diffusion in the solid state becomes the controlling mechanism. The final 
stage is marked by a low and almost constant rate of oxidation, where 
solid-state diffusion with the formation of cavities at the interfaces be-
tween the oxide film and the metallic iron grains is the predominant 
mechanism. The observed behavior is influenced by several factors, 
including the rapid reduction in porosity during oxidation, which limits 
the diffusion of the oxidizing gas and the reactivity of the particle sur-
faces. As a result, the rate of oxidation decreases, and non-porous oxide 
layers block further oxidation. This complex interplay of mechanisms 
leads to the observed stages in the oxidation process. The oxidation 
process is exothermic, leading to a significant increase in the tempera-
ture of the iron sponge as heat is released. The behavior of the oxidation 
process is influenced by several factors, including processing conditions, 
porosity, and the reactivity of the particle surfaces. 

The microtomography aspect of the medium size pellet after reox-
idation at 700 ◦C for 60 min is shown in Fig. 19. 

The porosity aspect after reoxidation is shown in Fig. 20. 
The SEM microstructure and the compositional map of the medium 

size pellets after reoxidation at 700 ◦C for 60 min is shown in Fig. 21. 
The analysis of the reoxidized pellets reveals a complex trans-

formation process. Metallic iron (Fe) dominates in the reoxidized pellets, 
indicating that a substantial portion of the initially reduced iron remains 
in its metallic state after reoxidation. Minor phases such as silicates and 
Ca-ferrites are also present, suggesting the existence of impurities or 
secondary compounds. The pellets exhibit a zoned structure, with the 
core primarily transforming into hematite, an iron oxide. At the outer 
mantle, a narrow magnetite-wustite transition zone is observed, mainly 
in the region containing metallic iron. Importantly, the Fe-metallic 
phase remains preserved in the core. Additionally, some regions show 
a coexistence of magnetite and wustite without clear boundaries. This 
complex behavior underscores the intricate nature of iron oxide phase 
transformations during reoxidation, providing valuable insights for 
understanding the properties and applications of these materials. 

4. Conclusions 

In view of the extensive research performed in this study, many 
important conclusions can be drawn. The careful microtomographic 
studies performed on individual pellets, both before and after direct 
hydrogen reduction, have provided a comprehensive mapping of the 
porosity evolution in these materials. It is evident that porosity, pore 
size, and pore tortuosity vary as a function of specific processing pa-
rameters, especially with temperature variations and a gas pressure of 8 
bar. These variations in porosity properties have profound effects on the 
kinetics of the reduction process, as the rate of porosity change is 
strongly influenced by temperature conditions. Consequently, this leads 
to variations in diffusion dynamics and gas–solid interactions 
throughout the reduction process. Multi-pellet reduction experiments 
have shown that satisfactory metallization occurs at temperatures above 
850 ◦C. Overall, these comprehensive findings contribute to a deeper 
understanding of the behavior of iron ore pellets during the production 
and reduction processes and ultimately provide information for strate-
gies to optimize their performance in industrial applications. 
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