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This paper presents the hydrogen reduction behaviour of industrial pellets designed for the efficient hydrogen
based direct reduction. The pellets were provided with very low non ferrous oxides percentage (0.52 of basicity
index) and with the absence on TiO5 oxides. The pellets measured diameters in the range 1.14-1.72 cm and were
characterized in terms of porosity, pores size, tortuosity and compression strength. The pellets were reduced in
hydrogen atmosphere in a laboratory shaft furnace in the temperature ranges of 600-1200 °C at the pressures of
1 and 5 bar. The pellets’ reduction behaviour was analysed in terms of time to reduction, rate of reduction and
kinetics constant. All the obtained results were analysed through the employment of a commercial multi-
objective optimization tool (modeFrontier) in order to precisely define the effect of each single parameter on

the pellets’ reduction. It was also defined the effect of the ongoing reduction rate of the final metallization of the

starting iron oxides.

1. Introduction

Many evolutions are going to be faced by the ironmaking and
steelmaking industries at the present times and other important revo-
lutions are expected to be faced in the very next future. These changes
are due to the fundamental aspect that the traditional integrated route
has always been accompanied with high levels of green house gases
emissions. In 2021, the global steel production accounts for 1951 million
tons (Mt) where the traditional blast furnace-basic oxygen furnace
covers the 70 % of the overall crude steel [1].

Per each ton of crude steel, 1.8 ton of carbon dioxide is produced
with the traditional integrated route. Now, given the continuous
growing of the global steel production, the greenhouse gases emissions
are destined to grow if only the integrated route is retained as produc-
tion technologies. Given all this, the only way to reduce dangerous
emissions is the deep application of the so-called best available tech-
niques (BAT) [2].

Among BAT, direct reduction (DR) is considered the most advanced
technology to reduce the emissions during the primary ironmaking
production. Green hydrogen technology has the potential to reduce the
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carbon dioxide emissions from iron and steelmaking to nearly zero and
mitigate climate change from the industrial sector [3]. Globally, the
most employed technologies are based on shaft furnaces of the type
Midrex and HYL [4,5].

Here, the processes were designed to employ syngas as the main
reducing agent but remarkable differences in the plants configurations
can be underlined [6]. This is driven by the aspect that many in-
conveniences must be managed for the optimal reduction kinetics of iron
oxides in the CO-H2—CO,-H30O atmosphere generated in the shaft
furnace [7,8]. This is because potential kinetics decelerations could lead
to very high gas consumptions with consequent high energy needing for
the overall oxides reduction [9,10]. The precise understanding of the
pellets reduction behaviour as a function of the gas composition and
processing parameters is fundamental to increase the overall process
efficiency accompanied with high quality of the produced material [11].
Depending on the reducing atmosphere and temperature, the perfor-
mance of the technology, such as the reduction rate, metallization de-
gree, and behaviour of the iron ore, can be significantly modified [12].

All these variables conduce to important complications in the
development of affordable models capable of providing robust
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Fig. 1. Pellets production flow diagram.
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Fig. 2. Endurance procedure schematic with (in scale) the indication of the different stage temperatures. PP=Precipitator, VP=Vacuum Pump.

previsions for the precise reduction of iron oxide pellets in various
compositional, physical and processing conditions [13,14].

Most of the models available in the scientific literature focus on the
direct reduction through a gas mixture of hydrogen and carbon mon-
oxide. This leads to a simplification of all the thermo-chemical and
thermo-physical phenomena developing during the reduction stages
[15-17].

During the direct reduction processes, the gases lead to the trans-
formation of iron oxide pellets to elemental iron enriched with the
metals of the previously incorporated oxides. The final reduced material
is known as directly reduced iron (DRI). The reducing gases are typically
hydrogen and natural gas leading to H2+CO reducing atmosphere. The
generation of this gas occurs through methane reforming, which can be

done in a reformer or inside the reduction shaft with the sponge iron as a
catalyst [18]. By moving to the direct reduction based on only hydrogen
atmosphere, this allows to have a carbon free process with only water
vapor as by-product [19]. This allows for the total carbon free primary
ironmaking process [20]. Some evidences underline that
carbon-negative steel production can be achieved [21]. Hydrogen can be
produced by various technologies with excellent efficiency [22]. Obvi-
ously, the energy balance is fundamental in the analyses of the transition
toward new steelmaking routes [23]. So, obviously the costs of transi-
tion have a large impact on the applicable best available technologies
[24], and the defossilization of steel production needs further deep
studies and complex alanyses [25].

Hydrogen is actually extensively studied as a reducing agent in many
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Fig. 3. Customized shaft furnace.
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Table 1

Pellets composition.
TFe CaO Mn Al,03 SiO, P (%) MgO S (%)
(%) (%) (%) (%) (%) (%)
67.24 1.02 0.144 0.38 1.97 0.031 0.63 0.018

10 mm

<L

Fig. 6. Different pellets employed in the present study.

primary metallurgical processes [26].

The hydrogen-based direct reduction process includes multiple types
of chemical reactions, solid state and defect-mediated diffusion (of ox-
ygen and hydrogen species), several phase transformations, as well as
massive volume shrinkage and mechanical stress buildup [27]. By
considering the physical modifications, during reduction the pellets
volume increases and some crucial swelling phenomena could cause
abnormal reduction leading to a decrease in the pellets permeability and
in some cases to the collapse of the burden [28]. For these reasons, the
swelling behaviour of the starting pellets must be carefully characterized
[29]. Now, swelling occurs during the transformation of wustite into
iron. During this phenomenon, limited nucleation occurs, and these
nuclei grow like needles causing a volume increase, which is seen as
swelling This coincides with a low compression strength of this struc-
ture, with the opportunity to generate fines. Anyway, Pellets in Hj rich
atmosphere passed the wustite stage rapidly and swelling is conse-
quently weakened.

Hydrogen-based direct reduction reveals complex physical-
chemical-mechanical interactions leading to very complex reduction
mechanisms characterized by on-going steps with respect to mass
transport and volume modifications [30]. The different oxides trans-
formations are characterized by very different rates with kinetics
behaviour of order of magnitudes in the reduction times all influencing
the final pellets metallization [31].

Replacing carbon in ironmaking processes requires a deeper under-
standing of the kinetics of iron oxide reduction in order to provide
crucial elements for selecting the best-operating conditions and
designing new technologies [32].

Many are the analytical models described in the literature on the
kinetics behaviour during direct reduction processes taking into account
the physical and processing parameters governing the overall process
[33,34]. So, the reduction process is influenced by the shaft furnace
environment (gas composition, temperature and pressure) and by the
pellets properties (composition, density, pores size, pores tortuosity)
[35,36]. All these very different parameters often falling in very broad
ranges lead to the uncertainty of many presented results. For all these
reasons, many models present a balance between simple development
and acceptable accuracy that can give results comparable with the
experimental evidences [37,38].

The scientific attention on the direct reduction processes has
continuously grown in the recent past. This was also due to the industrial
needing for greenhouse gas reduction as well as to the prices peaks for
the reforming of natural gas [39].

So, the precise behaviour of the reactions kinetics of direct reduction
of industrial pellets has immediate consequences on the process
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Fig. 8. Surface pores measurements: a) 1.72 cm in diameter, b) 1.36 cm in diameter and c¢) 1.14 cm in diameter.

performances of high volume of treated oxides [40,41]. In addition, the Generally, hydrogen-based direct reduction allows for the fastest

starting pellets properties and the processing conditions influence the transformation of industrial pellets, the time to reduction results

final product characteristics and the further melting operations in terms increased in the case of the employment of a carbon monoxide atmo-

of melting temperatures and slag formation [42]. sphere with intermediate reduction times in the case of these two gases
1447
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Fig. 10. Maximum force exhibited during the compression tests of the pellets as
a function of the pellet diameter.

Fig. 11. Pellets aspect after the compression tests.
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mixing; obviously the trend is not linear [43]. The employment of a
given gas type leads to strong modifications in the overall energy con-
sumption of the process [44]. This is deeply related to the molecular
dimensions of the reducing gases and to their diffusion inside the pellets.
This obviously at the same level of temperature whose increase leads to
the acceleration of the reduction phenomena [45]. In the case of
employment of gas mixtures, the kinetics increase as the temperature
and the hydrogen content in the gas mixture increase [46].

As a matter of fact, the addition of hydrogen leads to the process
acceleration. Even if, the hydrogen production is high energy expensive
and it produces many variations in the thermodynamic behaviour of the
reduction process because of the development of endothermic reactions.
So, large volumes and high pressures are needed to overcome the heat
losses [47,48]. In fact, hydrogen based direct reduction is endothermic,
whereas with carbon monoxide the reduction is exothermic. Above
800 °C, however, thermodynamics are more favourable with hydrogen
than with carbon monoxide, where the reduction rate with Hy is much
higher than the case with CO at 850 °C.

Many papers are presented in the literature on the hydrogen direct
reduction of iron ore fines with accepted general consensus on the main
results [49]. On the contrary, in the case of industrial pellets, results are
sometimes incoherent especially with respect to the precise kinetics
behaviour for different type of pellets reduced in various temperature
and pressure conditions. As a matter of fact, the starting pellets
composition, the pellets density and the pores dimensions and shape
have large influence on the reduction behaviour. So, a final agreement
on the effect that all these aspects have on the process development has
not been achieved yet. As a results, many discrepancies can be under-
lined in the available literature also because many experimental evi-
dences are related to just one type of pellets in terms of composition and
porosity [50].

Another important industrial aspect is that sponge iron generally
requires a carbon content in the range 1.5-4.5 % that is fundamental for
the further melting operations. Now, the pellets reduced via pure
hydrogen are carbon free leading to an increase in the melting tem-
perature of the sponge iron (1538 °C). As a consequence, carburization is
needed [51,52]. DR under CO atmosphere is often accompanied by
carbon deposition due to an inverse Boudouard reaction at temperatures
<1000 °C.

The direct reduction reaction are chemically non-catalytic solid-gas
reactions. During the process, as the chemical reactions between the gas
and the different kind of metal oxides occur many structural modifica-
tions in the pellets take place [53]. Actually, as the structural changes
take place, the further interaction with the unreduced structure changes
leading to modifications in the gas solid reactions [54]. All this dynamic
behaviour leads to complications in the precise analytical analyses of the
overall reduction process. This aspect is described in the results and
discussion section where we tried to correlate the different stages of the
reduction process by analysing the numerical behaviour of the reducing
indexes at different stages of the reduction.

For a global understanding of the reduction behaviour of the in-
dustrial pellets, the complexity results increased because of the vari-
ability of composition, pellets dimensions and porosity [55].

In addition, many can be the rate limiting steps of the overall process.
The nature of these limiting steps can be diffusive, chemical or both
leading to different microscopic reduction phenomena. This depends on
the pellets properties such as porosity and pores geometry, density, size,
oxides composition and by the employed processing conditions in terms
of gas mixing, gas pressure and temperature and flow rate [56].

The hematite reduction in hydrogen atmosphere follows these steps:
FegO3-Fe304-FeO-Fe. In the case of industrial pellets the chemical
transformations of the oxides are not the only limiting steps of the
process. For this reason, many kinetics parameters are presented in
literature as belonging to the Arrhenius type behaviour. This can lead to
confusions in the industrial set-up of the shaft furnaces operations.

During the direct reduction of porous industrial pellets through
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Fig. 12. Reductio percentage vs. reduction time in different conditions of temperature, pressure and pellets tortuosity.

hydrogen the following main steps can be taken into account.

- mass transfer of the hydrogen from the stream to the surface of the
pellets,

- diffusion of the approaching gas through the tick film surrounding
the pellet,

- diffusion inside the surface pores,

- adsorption of hydrogen at the different oxides interphases,

- consequent oxygen removal through phase boundary reactions,

- formation of water vapor, iron oxides and ferrous iron,

- desorption of all the gases belonging to the reactions,

- solid state diffusion of the reacted products,

- diffusion of gaseous products back toward the pellet surface,

- mass transfer of the gaseous product toward the stream.

1449

They are all interconnected and so further steps can be largely
influenced by the previous taking place ones.

Given all these phenomena, the main factor influencing the process is
the pellets porosity in terms of dimensions, tortuosity and pores distri-
bution. This is related to the specific hydrogen volume reacting with the
pellet internal surface. This is why, in the case of low porosity and low
surface pores dimensions, the gas finds many obstacles to penetrate in-
side the pellet. In this case, the solid state diffusion from the surface
starts to become more important but it results different orders of
magnitude slower than the gas diffusion. So, all the chemical reactions
are driven by the hydrogen adsorbed at the pellet surface [57].

As well-known, the chemical reactions kinetics depend on the tem-
perature levels. As the reduction temperature decreases, the chemical
reactions start to be the overall rate limiting step. As the temperature
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Fig. 13. Pellets reduced in hydrogen at 1000 °C.

increases, the dependence is exponentially dependent on the reduction
rate and can be easily described by the Arrhenius equation (Eq. (1)):

Eq

k=Ae * (€D)]
where k is the kinetic constant, A is the Arrhenius constant, Ea is the
activation energy, R is the universal gas constant and T is the absolute
temperature.

So, as the temperature increases, the rate-limiting step is represented
by the mass transfer. This is why the chemical reactions tend to be faster
with respect to the transport of reactants and reactions by-products [58,
59].

Here, the effective diffusion coefficient is influenced by the gas
physical properties and by the temperature. As both temperature and
hydrogen content are increased, the diffusion coefficient increases. With
respect to the carbon monoxide reduction, hydrogen-based reduction
effective diffusion coefficient is higher because of the reduced molecular
dimension.

Another difference with respect to the carbon monoxide reduction is
that in the case of hydrogen based direct reduction pressure is funda-
mental for the increase of the reduction rate. As a matter of fact, in the
industrial shaft furnaces from HYL, the reactor pressure is close to 8 bar
in order to reduce the volatility of the reducing gas [60].

Another aspect resulting as fundamental for the direct reduction
behaviour is the pellet composition in terms of iron oxides, different
metals oxides, gangue and impurities. Obviously, the reduction rate is
largely influenced on the oxides percentage and on their type [61]. The
oxides present in the industrial pellets are typically CaO, TiOg, SiOq,
Aly03, MnO, MgO. Normally the content of alumina largely influences

Table 2

Weight variation for different pellets reduced at 950 and 1000 °C at various times.

International Journal of Hydrogen Energy 49 (2024) 1444-1460

the reduction rate. The so-called basicity index (normally calculated as
the rate CaO/SiO») largely influences the reduction rate, the swelling
behaviour and the pellets strength [62]. The pellets strength can be
efficiently controlled through the employment of proper binders during
the pelletizing procedure [63].

Another fundamental aspect is that porosity tends to increase as the
reduction processes take place. This phenomenon tends to lead to an
acceleration of the reaction kinetics as the reduction process advances.

Given that the diffusion can be the rate-limiting step, porosity and
pores dimensions have a remarkable influence on the reduction process.
This is due to the fact that both porosity and pores size influence the
specific area of the pellets then defining the available surface for the
reactions development. This aspect is crucial and must be precisely
defined in a model that would soundly describe the evolution of these
systems.

The tortuosity factor of the pores is another remarkable parameter.
This influences the gas path and so the rate of the gas-oxides interaction.
When the tortuosity factor increases, the gas flow is more and more
turbulent, so, as the tortuosity increases, the reduction rate decreases
[64]. Both porosity and tortuosity depend on the pelletizing procedure.
Tortuosity can vary in the range 1-10 even if the main pelletizing pro-
cedures allow to obtain tortuosity in the range 2-6.

The aim of the present paper is the description of the kinetics
behaviour of industrial iron oxide pellets during the hydrogen based
direct reduction. The experimental-numerical investigations are final-
ized to the definition of the effect that each single parameter (pellets
properties and processing conditions) has on the overall reduction
behaviour of each single pellet. In addition, an analyses of the inter-
mediate reducing conditions on the further reduction behaviour was
provided.

2. Experimental procedure
2.1. Mining and pelletizing procedure

The studied pellets were provided by VALE (Brazil). The pelletizing
flow diagram is shown in Fig. 1.

The iron ore pelletizing plant begins with the grinding process, where
the ore is mixed with a specific solid content and grinding balls of varying
sizes. The plant has multiple ball mills, each with a considerable capacity
to process the ore. The quality parameter during this stage refers to the
Specific Surface (blaine), with a usual target ranging from 1500 to
1,600cm2/g. Once the grinding is completed, the material undergoes
vacuum filtering. The filters used in this process are large in diameter and
provide a significant filtering area. After the filtering stage, the material is
subjected to High Pressure Grinding Rolls (HPGR), which further refines
the quality parameters. The HPGR process has a notable capacity and uses
rolls with specific dimensions in diameter and width.

Temperature (°C) Reduction time (min) Initial diameter (cm)

Final diameter (cm)

Initial mass (g) Final mass (g) Mass variation (%)

950 90 1,36 1,18 3,98 2,83 29
950 90 1,3 1,2 3,98 2,83 28,9
950 90 1,46 1,41 5,65 4 28,6
950 90 1,5 1,41 5,9 4,2 28,9
950 90 1,85 1,72 10,49 7,43 29,1
950 90 1,8 1,74 10,1 7,23 28,6
1000 90 1,37 1,17 4,08 2,88 29,36
1000 90 1,74 1,6 9,32 6,53 29,92
1000 30 1,62 1,51 7,83 5,56 29
1000 30 1,4 1,3 4,3 3,06 28,9
1000 5 1,4 1,3 4,3 3,1 28,8
1000 5 1,43 1,32 5 3,55 28,8
1000 20 1,29 1,15 3,68 2,6 28,95
1000 20 1,55 1,41 6,1 4,3 28,9
1000 20 2 1,87 13,7 9,76 28,9
1450
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A1)

Fig. 14. Microtomography observation of the pellets before and after reduction
at 1000 °C in pure hydrogen, Al, A2 1,14 cm in starting diameter unreduced,
A3, A4 1,14 cm starting diameter reduced; B1, B2 1,36 cm in starting diameter
unreduced, B3, B4 1,36 cm starting diameter reduced; C1, C2 1,72 cm in
starting diameter unreduced, C3, C4 1,72 cm starting diameter reduced.

Finally, the material is sent to the pelletizing discs, which have a
wide range of capacities per disc. The plant features multiple discs, with
both discs and screens having specific dimensions in diameter and
width. Then the material is subjected to the endurance processing with
the procedure schematized in Fig. 2.

Finally, the pellets are filtered in order to eliminate fines (<5 mm).
This comprehensive process ultimately leads to the production of iron
ore pellets, providing an essential resource for various industries.

2.2. Characterization procedure

The composition of the pellets was measured through EDS in a Zeiss
EVO 60 scanning electron microscope. The pellets density was measured
by taking seven diameters of the pellets and after the average diameter

1451
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Fig. 15. Porosity variation after reduction as a function of the starting diameter
of the analysed pellets.
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Fig. 16. Pores aspect for the pellet with starting diameter of 1,72 cm before A)
and after B) reduction; 1,36 cm before C) and after D) reduction; 1,14 ¢cm before
E) and after F) reduction.
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Fig. 17. Scatter matrix of the hydrogen direct reduction of the VALE pellets.

calculation, this was used to calculate the density after weighing the
pellets with a precision balance (resolution 0.0001 g). The surface
microstructure of the pellets was analysed with Scanning electron mi-
croscope in order to measure the surface pores.

The compressive strength of the pellets was evaluated with a Zwick/
Roell Z100 standard testing machine at the speed of 0.5 mm/min. The
pellets reduction experiments were performed in an in-house designed
and developed shaft furnace shown in Fig. 3.

The direct reduction experiments were carried out in the tempera-
ture range of 600-1200 °C with 100 °C of delta. The gas composition
was 100 % H2 hydrogen. The employed hydrogen pressures were 1 and
5 bar. The reduction hydrogen flow was set at 160 ml per minute. The
pellets starting diameter and the pellets mass were measured before and
after the reduction. The pellets porosity was analysed by micro-
tomography by employing a Phoenix v/tome/x s (General Electric).

From the reduction curves (reduction percentage vs. time to reduc-
tion) they were calculated the kinetics constants and the rates of
reduction.

The kinetic constant was calculated through the three dimensional
diffusion model (Eq. (2)):

[17(17(1)%}2

t

k= 2)

and through the three dimensional phase boundary controlled re-
action (Eq. (3)):

I-(1-a)
t

k= 3
where o is the fraction reacted (0-1) and t is the time at which a given
fraction of the material reacts [65].
The reduction rate is analysed through the definition of two indexes
described in Equations (4) and (5):

dR 33.6

ot 4
dtao  teo — tao Q)
dR 13.9 ©)

dt 90 - tos — 3o

with tgs, tgo, teo and tzp being the time required to reduce the pellets
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by 95, 80, 60 and 30 %. This is schematized in Fig. 4.
The employed databases are attached as supplementary material.

2.3. Modelling procedure

The data belonging to the reduction experiments in terms of pellets
properties, processing parameters and results were analysed through the
multi-objective software modeFrontier. It allows to obtain the so called
“Pareto Frontier” that is known as the best trade-off between all the
objective functions. modeFRONTIER’s optimization algorithms identify
the solutions which lie on the trade-off Pareto Frontier. This allows for
the identification of the best possible solutions that become the optimal
solutions. The analyses performed through modeFrontier goes through
the gradient methods where the algorithms search for either the mini-
mum or the maximum of an objective function, depending on the goal.
So, the first important result to be gained is the suitable weighted effect
of each considered single input parameter on a given output. So, this
immediately allows to determine which are the most effective parame-
ters influencing the studied process.

This allows also to separate the objectives in the case of the opti-
mization step. Naturally, in the case of very complex analyses (many
inputs and many outputs) the optimization will result a deep compro-
mise among many potential optimal solutions. So, the final optimization
algorithm will present many results lying on the trade-off Pareto Fron-
tier. These solutions all have the characteristic that none of the objec-
tives can be improved without prejudicing another [66,67]. The
software offers wide-ranging toolbox, allowing the user to perform so-
phisticated statistical analysis and data visualization. It provides a
strong tool to design and to analyze experiments, it eliminates redun-
dant observations and reduces the time and the resources to make ex-
periments. In our previous experiences, the software was very
successfully applied to the analyses of ironmaking and steelmaking
processes [68-70].

Starting from a database built with experimental results, computa-
tional models were developed (virtual n-dimensional surfaces) able to
reproduce at best the actual process. The method used for the creation of
meta-models to simulate the actual process through the use of physical
laws with appropriate coefficients to be calibrated was that of the
response surfaces (RS). This method consists of creating n-dimensional
surfaces that are “trained” on the basis of actual input and output. These
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Fig. 18. Time to 95 % reduction as a function of the different input parameters.

surfaces trained on a large experimental data can give the output
numbers that reflect the real process.

The reduction process through the analysis performed by Mode
FRONTIER is summarized in the Workflow of Fig. 5.

The workflow is divided into data flow (solid lines) and logic flow
(dashed lines) that have the computer node as their common node. Here
physical and mathematical functions representing the reduction process
are introduced. In the data flow all input parameters optimized in the
numerical simulations are included.

- Reduction temperature,

- Reduction pressure,

- Pellet diameter,

- Pores size,

- Pellet density,

- Tortuosity factor, and those outputs:

- kinetic constant (k),

- reduction rates (from equations (4) and (5)),
- Time to 95 % reduction.

International Journal of Hydrogen Energy 49 (2024) 1444-1460

Fig. 19. dR/dt40 as a function of the different input parameters.

These were used to define the so-called scatter matrix where
immediately the weight of each input on the variation of a given output
is numerically defined between —1 and +1. If the correlation factor is —1
it means that the input and the output are perfectly inversely propor-
tional. On the contrary, if the correlation factor is +1, the input and the
output are perfectly directly proportional.

3. Results and discussion

By reducing iron oxides through hydrogen, the rate of chemical re-
actions and consequently the reduction speed increases with respect to
the traditional natural gas-based processes. The employed pellets had a
composition listed in Table 1.

Iron content is high revealing the good quality of the pellets. This will
allow to produce more steel with the same raw materials volumes. In
addition, the time for the direct reduction can be reduced by largely
influencing the energy consumption of the overall process [71]. Binary
basicity is also known as a factor for controlling the swelling index [72],
as pellets with high swelling are prone to generate fines during the
reduction and disturb the overall process and material flow.

The basicity index of the pellets resulted to be 0.52. The composition
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Fig. 20. k three dimensional diffusion as a function of the different
input parameters.

of the pellets largely influences the reduction behaviour. In particular,
the basicity index is related to the time to reduction. In general, it tends
to decrease as the basicity index decreases up to a minimum time to
reduction for a basicity index close to 1, then the time to reduction tends
to increase as the basicity index increases [71]. It is suggested that the
basicity index should be retained at an appropriate level in order to
reduce the time for the reduction of the pellets. In addition, in the case of
basicity index close to 1, complex calcium ferrite compounds are
detecting limiting the reduction behaviour [73]. This aspect is
emphasised in the case of a huge quantity of CaO. The presence of this
oxide is also related to the brittleness of the pellets that can lead to
difficulties in the handling and in the optimal positioning of the pellets
in the shaft furnaces [74]. In addition, an increase of the basicity index
leads to a strong drop in the swelling behaviour that is eliminated for
basicity indexes close to 0.6 [75]. This is consistent with previous studies
indicating the basicity index between 0.4 and 0.6 as lowering the
melting point slags formed and corresponded to the highest reduced
swelling index [76].
The pellets dimensions ranged between 1.14 and 1.72 cm (Fig. 6).
The surface aspect of the pellets is shown in Fig. 7.
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As can be seen in Fig. 7, the pellets show a very different aspect in
terms of granulometry and granules distribution with the finest aspect
revealed for the medium size pellets (1.36 cm).

The pellets density was 2.6, 3.5 and 3.4 for the pellets with 1.14, 1.36
and 1.72 cm in diameter respectively.

The pellets’ surface was statistically analysed in order to measure the
medium size of the surface pores as shown in Fig. 8.

The distribution of the pores size is shown in Fig. 9.

The pores dimensions tend to decrease from the larger pellet to the
medium one to increase again for the pellet with the smallest diameter.
It is believed that both density and porosity as well as the pellets strength
is largely influenced by the starting particles to be pelletized [77]. This
obviously has large influence on the further reduction behaviour. The
systematic analyses of porosity in this class of pellets reduced in different
temperature conditions can be observed in Ref. [78].

The compressive resistance of the pellets is shown in Fig. 10.

The strength of the pellet is maximum for the medium size ones (the
pellets with the highest density) then it decreases with the density for
the biggest size and decrease again for the smallest diameter ones. This
difference with respect to the pellet density is due to the effect of the
pores that embrittle the pellets behaviour especially in the case of the
smallest diameters. The aspect of the pellets after tests is shown in
Fig. 11.

In general, pellets with a basicity close to 0.6 are characterized by
high strength but high levels of shattering. This is accompanied with a
high reduction swelling behaviour and a large presence of surface
cracks. This is consistent with previous studies indicating a basicity close
to 0.6 as an optimal condition for high strength pellets [79].

Some examples of the reduction curves are shown in Fig. 12.

As a general behaviour, by varying the composition of the reducing
gas, the influence of the different input parameters largely changes from
the point of view of both processing parameters and chemic-physical
properties of the reduced pellets. The reduction through total
hydrogen shows the fastest reduction behaviour with total time to
reduction mainly influenced by the temperature and by the chemical
properties of the employed industrial pellets. These pellets, particularly
designed for hydrogen direct reduction show a very fast reduction in the
time for metallization as increasing the gas temperature from 800 °C to
1000 °C [80].

The aspect of the pellets after hydrogen reduction is shown in Fig. 13.

The dimensions evolution and the weight of the pellets after and
before the reduction at 950 °C and 1000 °C is shown in Table 2.

As an example, Fig. 14 shows the aspect of the pellets with different
size in the unreduced and reduced conditions.

The main observable results are that as the hydrogen reduction is
performed, porosity increases and the pores dimensions increase.

The porosity variation as a function of the initial pellets diameter is
shown in Fig. 15.

The biggest pores in the center of the pellets tend to increase more
with respect to the smallest ones, as shown in Fig. 16.

The whole database is visible as supplementary material. Here all the
studied conditions and the resulting data are available.

The developed database was analysed through the multi objective
optimization software (modeFrontier). First of all, it was underlined the
weight that each single input parameter has on each corresponding
output. This aspect can be viewed through the so called scatter matrix in
Fig. 17.

By considering the time to 95 % of reduction it is clear how the main
influencing factor is the pellet diameter, then the pellet density (all with
a direct correlation) and the gas temperature and the pores size (with an
inverse correlation), the less influencing factor is the pores tortuosity
(with a direct correlation).

As a general behaviour, as the pellets dimension varies the effect of
density is different. If the pellet has a high density, the pellets’ diameter
effect decreases, the contrary is revealed in the case of large particles for
which the effect of the density is reduced.
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Fig. 21. Scatter matrix considering dR/dtgq as the only output parameter.

The relationships between the time to 95 % reduction and the input
parameters are shown in Fig. 18.

So, obviously, the time needed to reach 95 % of reduction is first of
all dependent on the surface pores size. The larger these pores are, the
faster the pellets can reduce. This is obviously dependent on the pellet
density describing the behaviour of pores in the pellets bulk, in fact, as
the pellet density increases the time to reduction increases. For a single
pore, also the pores tortuosity influences the time to reduction because
at the same pores size the time to 95 % reduction increases as the tor-
tuosity increases. In the case of high pellets density the reactions of
reduction are known to evolve stepwise that can be modelled through a
shrinking core description. In this case the reduction time is higher and
is directly proportional to the pellets dimensions. This aspect can be
particularly underlined for the pellets of 1.72 and 1.36 mm in diameter
that having a very similar density reduce with a direct proportion to
their diameter. In the case of low density pellets, the gas diffuses very
fast and the reduction times are significantly reduced. So, the time to 95
% reduction is lower for all those pellets with low density that in this
particular case are also characterized by an intermediate surface pores
dimensions.

Taking into account the tortuosity factor inside the pellets, the time
to reduction increases as the tortuosity of the pores increases, as the
porosity decreases (increased density) and the pores dimensions
decrease. This is why from the energy point of view, these parameters
largely lead to variations in the entropy generated during all the
reduction phases [81]. Entropy starts to increase in the first stages of the
direct reduction as a consequence of the heat transfer between the
heated hydrogen and the pellets surface. The entropy tends to increase
as the porosity and the gas ration decrease because of the reduction of
the exchange surfaces. The entropy generation is then further increased
as the pores tortuosity increases. This is due to the fact that tortuosity is
an obstacle for the gas flowing and for its ideal path inside the pellet.
Basically, this reduces the overall gas diffusion and, as a consequence, its
reduction effect.

Entropy generation has two main contributes from the chemical re-
actions and from the mass transfer. By considering the entropy genera-
tion contributions as separate, as the porosity in the pellet decreases the
entropy generation due to heat transfer increases. Here, the entropy
increases immediately during the first stage of reduction because of the
temperature gradient between the pellet surface and the heated
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hydrogen. After this, entropy decreases up to a steady state and it re-
mains constant because the thermal gradient tends to decrease as the
reduction process proceeds.

By considering pellets where the porosity increases, the resistance to
the gas penetration inside the pellets decreases. As a consequence of the
easy gas penetration, the entropy generation decreases. The second
contribution is the entropy generation due to the chemical reactions.
Here, the entropy generation tends to rapidly increase in the first reac-
tion stages but in this case it decreases up to a zero value as the chemical
reactions proceeds. Also in this case, as the porosity of the pellets in-
creases, the entropy generation decreases. Obviously, the entropy gen-
eration leads to increased energy expenses for the overall reduction
process [82].

The other contribution to the entropy generation comes from the
mass transfer. This contribution shows a fast increase in the first stages
of reduction and then it decreases up to a plateau value. In the case of
high porous pellets, this contribution can approach the zero value after
the peak increase because of the reduction to the gas penetration inside
the pellets. Anyway, the entropy is never null because of the composi-
tional gradient between the pellet surface and the not already reduced
bulk. To give an idea of the total contribution, we can say that the
highest effect is due to the heat transfer, an intermediate effect is due to
the chemical reactions while the lowest effect is due to the mass transfer
[83,84]. So, during the initial stages of reduction the process is
controlled by both the chemical reaction and the gas diffusion while in
the second stage of reduction the rate limiting step is the interfacial
chemical reactions.

Now, let’s go to examine the different stages of the hydrogen direct
reduction. The first stage (rapid) of reduction is generally evaluated
through the calculation of the dR/dt40 index. The dependence of the
dR/dt40 parameter on the various inputs shows that it is mainly related
to the gas temperature (direct proportionality), then to the pellet density
and diameter (inverse proportionality), then to the pore size (direct
proportionality) and finally to the tortuosity and gas pressure (inverse
proportionality).

The dependence of the dR/dt40 parameter with respect to the
different processing parameters is shown in Fig. 19.

The dR/dty is largely related to the dR/dt4o parameter as it will be
discussed later.

By observing the kinetics parameters, it is clear how they are firstly
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Fig. 23. Correlation matrix among the different parameters.
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Fig. 24. Relationship among the two reduction indexes and the different pellets and processing parameters.

influenced by pellets diameter and density (with inverse proportional-
ity) then they are influenced by temperature and pore size (with direct
proportionality) and finally by tortuosity and gas pressure (with inverse
proportionality).

The first kinetic parameter behaviour as a function of the various
inputs is shown in Fig. 20.

By observing the behaviour of the pellets reduction in terms of the
kinetic constant variations, in the case of hydrogen direct reduction a
hierarchy of phenomena can be underlined all determining the overall
reduction in the time and space domains [85]. The phenomena devel-
oped in an industrial shaft furnace, in fact, depend on the kinetics
behaviour and on the heat and mass transfer from the macroscopic scale
to the atomic one (in different times) involving catalytic processes,
diffusion, dissociation up to transfer of charges [31]. In addition, these
phenomena are characterized by a non-linear interplay among them.
This needs the employment of very different characterization and

modelling instruments to be addressed. So, the macroscopic gas trans-
portation and diffusion plays different roles at different scales of the
process that is strictly related to the pellets microstructure and
chemical-physical properties [86]. Al microscale, the process kinetics
are determined by both micro and atomic scale phenomena because of
the different oxides involved transformations, of the crystal defects and
of the local compositions [87].

Given a kinetic behaviour of the reduction process due to the pro-
cessing conditions and pellets composition as well as density and
porosity size, tortuosity largely influence the reduction. First of all, as
tortuosity increases, the kinetic constants decrease. This is due to the
fact that in the same conditions of pressure and temperature and then of
mass transfer, less hydrogen atoms interact with the material bulk as the
tortuosity increases. So, the final effect is that for very tortuous pellets,
the kinetics of the reactions are reduced (both again in the time and
space domains).
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Fig. 25. Scatter matrix considering metallization degree as the only output parameter.

The tortuosity factor has also large implications of the overall en-
tropy behaviour and then on the energy input during the direct reduc-
tion process [88]. In addition, the tortuosity is more influencing as the
pellet diameter increases.

Generally, as the tortuosity increases, the entropy generation and
then the energy consumption increase. In addition, the entropy gener-
ation tend to increase with a non-linear behaviour especially in the final
stages of reduction as the tortuosity of the pellets is very pronounced.

A particular discussion is needed for the dR/dtgy behaviour. Now, it
is largely influenced by the dR/dt4o (that is referred to the first linear
stage of the reduction curve) and obviously by the pellets properties that
vary during the reduction process as the oxides transformations take
place. In this view it was defined a new scatter matrix taking into ac-
count also dR/dt4 as input parameter by considering only dR/dtgg as
output. The results are shown in Fig. 21.

It is immediately clear how the dr/dty ir related to the dR/dt4o with
a direct proportionality so the time to reach the deep metallization de-
creases as the time of the first reduction stages decrease. Then dR/dtgy is
mainly influenced by the pellet density and the pellet diameter (with
inverse proportionality), then by the gas temperature and pores size
(with direct proportionality), then by the tortuosity (with inverse pro-
portionality) and finally by the gas pressure (with direct proportional-
ity). This means that the final stage of the reduction is first of all
influenced by the volume to be reduced and then by the gas path inside
the pellet. The behaviour of the dR/dtgg with the various inputs is shown
in Fig. 22.

Another factor influencing the ongoing reduction behaviour is the
surface conditions; in the case of very small surface pores and then a
denser surface, a very hard iron layer form on the surface. If this very
hard dense iron layers develop during reduction this strongly tends to
lower the reduction rate. This, in fact, limits the gas penetration inside
the pellet by reducing the effect of the hydrogen. In the case of very hard
layers rapidly formed on the surface the reactions tend to be governed by
the solid-state diffusion. The gas penetration through the hard iron
layers can be improved at higher levels of temperature. The inconve-
nience is due to the softening of the pellets as the temperature increases.
This can reduce the pellets porosity by consequently reducing the
reduction rates.

So, the behaviour of the two indexes (referring to two different
sections of the reduction curves) are completely different in terms of
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dependence on the processing parameters; even if the dR/dtgg index is
strictly related to the dR/dt4y one. The different dependence on the
pellets properties and on the processing parameter is due to the funda-
mental aspect that they refer to different transformations taking place at
different reduction steps (different oxides reduction) and to the fact that
the material composition and pellets shape tends to vary as the reduction
process is carried out. So, the two indexes are indicative of how the
reduction of the different iron oxides are going to be reduced condition
by condition. So, the dependence of the single index on the different
processing parameters changes. The different stages of reduction indi-
cate the behaviour of different reactions taking place in the pellet, so,
the absolute values and the influence of the input parameters vary. As
going from the dR/dt4g to the dR/dty, index, the effect of all the pro-
cessing parameters decreases while it increases the dependence of dR/
dtgy on dR/dts9. As a matter of fact, the dependence of the dR/dtgg
parameter on the dR/dtsg, as shown in the scatter matrix is very high
(0.758). So, by looking at the correlation matrix among the different
parameters (Fig. 23), it is clear how the correlation between each
reduction index and each processing parameter varies.

That actually can be visualized through the 3D maps in Fig. 24.

Here it is clear how the temperature is fundamental in the final stage
of the reduction in order to gain a complete metallization of the pellets.
Tortuosity reduces the metallization behaviour when reaching high
values. Pore size increase favours both the indexes, while pellet diameter
leads to a reduction of the metallization rate. This is mainly due to the
effect of temperature whose increase leads to improvement of the
driving force for diffusion in the inner layers of the pellets. Obviously, as
already mentioned, the pore size is very influencing the dR/dt4o index
and it has lower influence on the final stages of reduction. This is due to
the not-negligible aspect that the pores dimension and pores geometry
tend to modify as the reduction proceeds. So, in the final stages of
reduction the pores from which the gas continues to penetrate the pellet
are different from the beginning of the process. By considering the en-
tropy generation and then the energy consumption, the peak is reached
with inverse proportionality to porosity and pores size. After this, pores
tend to increase in dimension and then the entropy generation de-
creases. So, also the energy consumption tend to decrease as the pores
dimensions vary by going from dR/dt4o to dR/dtyo.

The final aspect that was analysed was the degree of metallization of
the pellets in different conditions. Here, the parameter absolutely most
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Fig. 26. Pellet diameter as a function of the different input parameters.

influencing the metallization behaviour is the reduction temperature
(Fig. 25).

The metallization degree as a function of the different input pa-
rameters is shown in Fig. 26. The metallization degree is dependent on
temperature, then on tortuosity, then on gas temperature and pellet
diameter and finally on density and pore size.

Given the provided results of the present research, it can be stated
that first of all the same pelletizing procedure leads to different shaped
pellets with various densities and porosity geometry and distribution.
This immediately has consequences on the strength behaviour of the
pellets that results fundamental during the processing operations in the
industrial direct reduction shaft furnaces. As a matter of fact, high
compressive strength is required in order to avoid the collapse of the
pellets in the shaft by retaining a high porosity for the gas penetration
during the reduction. Obviously, all the physical and compositional
properties of the starting pellets have severe influences on the reduction

1459

International Journal of Hydrogen Energy 49 (2024) 1444-1460

behaviour. Now, different processing parameters were taken into ac-
count to evaluate the reduction behaviour in different conditions. As a
matter of fact, the time to 95 % reduction is mainly influenced by the
pellet diameter and density and then by the gas temperature. This
behaviour is obviously very similar to that of the reduction rates even if
the rate of reduction in the last stages of the process is largely influenced
by the rate of reduction in the first stages. This is also confirmed by the
kinetics behaviour analyses that remarks the aspect related to the
porosity, pores size and distribution and tortuosity as fundamental
aspect in governing the reduction behaviour of industrial pellets in
hydrogen atmosphere.

4. Conclusions

The paper presents the main results on the hydrogen direct reduction
of industrial pellets performed by employing various processing condi-
tions. The analysed pellets had an intermediate basicity index (0.52) and
low different types of non-ferrous oxides. The pellets were selected in
terms of their mean diameter. By considering different pellets, the sur-
face morphology and the surface porosity resulted very different. This
had a remarkable effect on the compressive strength that is related to the
pellets’ density and porosity geometries. Obviously, this influenced the
reduction behaviour under hydrogen atmosphere performed at various
temperatures and different pressures. In particular, for all the temper-
atures and pressures, employed during the experiments, as the pellet
diameter increases the reduction time increased. The analyses of the
weights that each single parameter has on the time to reduction and on
the rate and kinetics of the reduction allowed to conclude that, the time
to 95 % reduction is mainly influenced by the pellets diameter and
density and then by the reduction temperature. The rate of reduction in
the first stages is mainly influenced by the reduction temperature and
then by the pellets physical properties. The kinetic constants show an
intermediate behaviour.
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