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A B S T R A C T

In recent years, the reduction of iron ores by hydrogen has gained increased attention, as it could significantly 
reduce greenhouse gas emissions from the metallurgical sector in the near future. In order to enable a rapid 
technological development in this direction, it is essential to start from the fundamentals of the reduction pro
cess, i.e., to investigate the intrinsic kinetics of iron oxide reduction. In this work, an in-depth kinetic investi
gation of the reduction of pure powdered iron oxides in a packed bed reactor-like system was carried out. The 
conversion of the solid reactant was followed by measuring the outlet gas composition with the help of rapidly 
responsive thermal conductivity, and the kinetics of the reduction were mathematically modeled. Based on the 
assumptions behind the shrinking core model, a mathematical model was developed for a thin fixed-bed reactor 
that successfully described the experimental data by accurately determining key kinetic parameters. The results 
show that the different reaction steps are chemically controlled, except for the first step, which is governed by a 
mixture of internal diffusion and chemical control.

1. Introduction

Although iron and steel have been produced for many centuries, 
several technical innovations in the second half of the 18th century laid 
the foundations for future mass production. In particular, the intro
duction of coke in the blast furnace (BF) proved to be decisive, as it 
served as a cost-effective source of heat and reducing agents [1]. 
Through continuous technical development, the steel industry was able 
to significantly increase its efficiency and has reached an annual pro
duction of almost 2000 million tons of steel, of which today 73.7% is 
produced in the blast furnace–basic oxygen furnace (BF-BOF) process 
[2]. This sector is currently the largest industrial consumer of coal, ac
counting for approximately 15% of global consumption [3]. Unsur
prisingly, the reliance on carbon-based technologies leads to significant 
carbon dioxide (CO₂) emissions, estimated at around 2.6 Gt/year [4]. 
This makes the steel industry one of the largest contributors to green
house gas emissions and is responsible for around 8% of direct global 
industrial CO₂ emissions [2]. Across the entire complex production 
chain, 70% of the CO₂ emissions come from the blast furnace process, 
mainly due to the need for high operating temperatures and the 
reduction of iron ores (iron oxides) [5]. The heart of the process, part of 

what is known as primary steelmaking, begins with an initial pre- 
treatment and agglomeration of the powder raw materials (coking and 
sintering/pelletizing), followed by the alternating charging of coke and 
the preprocessed ore into the blast furnace. At the same time, hot air 
enriched with oxygen (hot blast) and pulverized coal are injected 
through nozzles (“tuyeres”) in the lower part of the furnace [6]. The 
interaction between the oxygen in the blast and the coke and injected 
hydrocarbons leads to a partial combustion of the carbon, which not 
only provides energy for the operation of the furnace but also enables 
the formation of carbon monoxide (CO). This, in turn, enables the 
conversion of oxides into metallic iron through a series of chemical re
actions, generally starting from hematite (Fe2O3), and all leading to the 
formation of carbon dioxide [7]: 

3Fe2O3(s) +CO(g)⇌2Fe3O4(s) +CO2(g) ΔH800◦C
r = − 7kJ

/
mol 

Fe3O4(s) +CO(g)⇌3FeO(s) +CO2(g) ΔH800◦C
r = +6kJ

/
mol 

FeO(s) +CO(g)⇌Fe(s) +CO2(g) ΔH800◦C
r = − 18kJ

/
mol 

As shown, the reversible reaction network includes two intermediate 
species: magnetite (Fe3O4) and wüstite (FeO), and the energy 
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contribution of these reactions is clearly exothermic [8]. In addition to 
the reactions listed above, also the reverse Boudouard reaction [9]

2CO(g)⇌C(s) +CO2(g) ΔH800◦C
r = − 85kJ

/
mol 

occurs at higher temperatures, developing CO2 and C in the presence of 
CO. In the upper furnace, the reverse Boudouard reaction may occur, 
leading to deposition of carbon (e.g., on iron [9]). The high tempera
tures in the blast furnace, which can exceed 2000 ◦C in the lower zones, 
favor two critical conditions for the process: improved kinetics of oxygen 
removal from the iron oxides and melting of the metal. In the lowest part 
of the furnace, i.e., the hearth, molten slag containing inorganic com
pounds such as silicates and aluminosilicates are separated from the 
molten metal due to their different densities. The role of coke is essential 
for three additional reasons: it maintains the gas permeability of the BF 
by providing coke slits in the cohesive zone (where the iron ores start to 
soften and finally melt) through which the gas can flow, and perme
ability for the gas and liquids in the lower zone [10]. The coke also 
supports the bed as the tiny solid species in the lower furnace, and finally 
ensures a sufficient carbon content in the hot metal (around 4%) in the 
melt, which is a prerequisite in the downstream BOF process where the 
carbon dissolved in the hot metal is oxidized, heating the melt as it is 
decarburized to obtain an alloy with desired mechanical properties [11].

This overview makes it clear that carbon is an inherent component in 
current ironmaking technologies, which need to be fundamentally 
revised as the CO₂ emissions should be substantially decreased. In 
particular, a chemical alternative to CO and lower operating tempera
tures are required. Alternative processes such as the Midrex were 
already proposed in the 1960s [12], utilizing natural gas as the source of 
energy and reductants. They are referred to as direct reduction (DR) and 
are based on solid-gas reactions between iron ores and a reducing agent, 
which is a mixture of CO and hydrogen (H2), generally obtained by 
methane reforming. The reaction network is thus extended to include 
the following reduction reactions, which are stoichiometrically similar 
to those already listed: 

3Fe2O3(s) +H2(g)⇌2Fe3O4(s) +H2O(g) ΔH800◦C
r = − 1kJ

/
mol 

Fe3O4(s) +H2(g)⇌3FeO(s) +H2O(g) ΔH800◦C
r = +17kJ

/
mol 

FeO(s) +H2(g)⇌Fe(s) +H2O(g) ΔH800◦C
r = +16kJ

/
mol 

As the chemical nature of the reactions suggests, H2 reduction, unlike 
CO reduction, is generally endothermic [8]. This requires careful eval
uation of the energy balance of the DR furnace to maintain optimal 
operating temperatures. However, these processes do not require the 
extreme temperatures of the BF–BOF route as no molten iron is produced 
at this stage. The reduced iron ore or pellets, usually referred to as direct 
reduced iron (DRI), are later melted in an electric arc furnace [13]. From 
a thermodynamic perspective, the reactions of iron oxides with CO or H2 
have been extensively studied and can be summarized in the 
Baur–Glässner/Chaudron diagram in Fig. 1 [8].

The diagram presents the stability regions of solid iron oxides and 
iron as a function of the Gas Oxidation Degree (GOD) and temperature. 
The GOD is the ratio between the concentration of the oxidizing species 
(CO2 or H2O) and the total concentration of the oxidizing and reducing 
species. In the absence of inert gasses, the GOD corresponds to the molar 
fraction of the oxidizing agent. The diagram indicates the existence of an 
eutectoid point above 570 ◦C at which FeO is formed. In the diagram, 
GOD = 1 corresponds to no reduction potential of the gas. For Fe2O3, for 
example, a gas with GOD <1 can reduce it at any temperature, i.e., even 
in the presence of infinitesimal amounts of reducing agent. In the other 
stability ranges, there are significant differences between CO and H2. 
Due to the different monotonic trends of the FeO–Fe equilibrium curves, 
H2 reduction above 800 ◦C becomes advantageous as the stability field 
of iron expands, while it contracts for CO-based reduction.

To reduce the carbon footprint of the steel industry, the most 

promising alternative today is to use green hydrogen instead of CO in the 
reduction steps [14]. A key factor to be explored is therefore the redox 
kinetics and morphological evolution of the solid material in the pres
ence of H2. The scientific literature is very extensive in terms of practical 
and methodological aspects [15]. The most commonly used setup for 
reduction experiments is a thermogravimetric system [16,17], which 
evaluates the conversion of iron oxides to metallic iron based on the 
weight loss of the solid sample. An alternative is the indirect evaluation 
of solid metallization of the sample via the analysis of the gas compo
sition at the outlet, using balance equations to follow the oxygen 
transferred from the solid to the gas phase [18,19]. Among the operating 
parameters, temperature plays a pivotal role due to its wide-ranging 
influence on kinetics [20,21], thermodynamics [22,23] (Fig. 1), fluid 
dynamics [24,25] and morphological changes [26,27]. Another key 
factor is the nature of the solid and its intrinsic properties, such as 
porosity [28,29] and shape [30,31]. The literature covers reduction 
experiments of both pure [32,33] and commercial materials [34,35] and 
shows considerable differences in the transient morphological evolution 
[36,37] especially in the case of pellet reduction where tortuosity and 
porosity changes can influence crucially the gas diffusion [38,39]. 
Furthermore, the effect of gangue remains unclear in many respects, 
even though various studies have attempted to identify its influence 
through rigorous experimental or numerical approaches [40,41]. 
Granulometric distribution is also of critical importance, with particle 
sizes ranging from nano powders [42] through grains or fines [43] to 
commercial pellets up to tens of millimeters in diameter [44]. For the gas 
used in the experiments, it is essential to properly consider the solid 
behavior in order to avoid limiting phenomena such as gas starvation 
and external diffusion. Therefore, many studies focus on variations in 
composition [45,46] and linear gas velocity (i.e., volumetric flow rate) 
[47,48]. From a modeling perspective, Avrami models are often used in 
studies of heterogeneous reactive processes to simplify nucleation and 
growth dynamics [49,50]. More comprehensive models include the 
Shrinking Core Model (SCM) [51,52], the grain model (GM) [53,54] or 
the random pore model (RPM) [55,56]. At pilot plant or furnace scale, 
Computational Fluid Dynamics (CFD) models enable detailed fluid dy
namic analysis and the exploration of theoretical alternatives to con
ventional processes that could drive future industrial development 
[57,58].

From this broad spectrum of experimental and modeling approaches, 
kinetic parameters of surprising discrepancy have been reported. For 
example, various authors have reported activation energies between 18 
and 246 kJ mol− 1 [59], with standard deviations often reaching 80% of 
the average value [60]. This leads to very different conclusions about the 

Fig. 1. Baur–Glässner/Chaudron thermodynamic diagram [8].
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rate-limiting steps of the reduction process, which may be kinetic [61], 
diffusive [62] or shifting regimes [63]. Such inconsistencies highlight a 
critical gap in current kinetic modeling: the lack of systematic ap
proaches to isolate intrinsic chemical kinetics from transport and 
morphological effects. To address this, the present study introduces a 
combined experimental and modeling framework designed to minimize 
these interferences and provide reliable kinetic parameters for 
hydrogen-based iron oxide reduction. By accurately evaluating the 
thermal conductivity of the outlet gases of the reactor applied in the 
reduction experiments, an innovative method was developed to analyze 
experimental data and indirectly determine the overall degree of 
reduction. This work proposes a stepwise approach to extract kinetic 
parameters under conditions as close as possible to intrinsic by coupling 
experiments on micron-scale powders in thin fixed beds with a mathe
matical model capable of capturing the complexity of the reacting sys
tem. The experimental and modeled results were validated by analyzing 
solid samples from the experiments using various analytical techniques. 
The aim is to minimize interference from external mass and heat transfer 
and particle coalescence. The model serves as a tool for parameter 
identification at small scale, which is a prerequisite for model-based 
analysis and design of direct reduction processes using hydrogen. 
Developing an overall model based on accurate intrinsic kinetic pa
rameters and subsequently incorporating transport phenomena leads to 
significantly better predictive and extrapolative capability compared to 
models relying on lumped parameters. This aspect is particularly critical 
for scale-up, as errors present at small scale tend to be amplified when 
transitioning to larger systems. For these reasons parameters obtained 
for powders are intended for future integration into pellet-level models 
(SCM or Grain Model with evolving porosity and tortuosity) and reactor- 
scale simulations of countercurrent furnaces.

2. Materials and methods

2.1. Materials

The solid samples used for the reduction experiments in this work 
were purchased from Sigma-Aldrich. Specifically, hematite (CAS: 1309- 
37-1) has a purity ≥96%, a density of 5.25 g/cm3, and particle sizes 
smaller than 5 μm, while magnetite (CAS: 1317-61-9) has a purity 
≥95%, a density ranging between 4.8 and 5.1 g/cm3, and particle sizes 
below 5 μm.

The use of powders makes it possible to minimize phenomena that 
influence the reduction kinetics. Based on the evaluation of specific 
criteria, the mass and heat transfer limitations can therefore be 
considered negligible. The powders were characterized from multiple 
perspectives to assess particle size distribution, porosity, specific surface 
area and initial and transient chemical composition. These analyzes 
confirmed the theoretical and modeling assumptions used to evaluate 
the reduction kinetics. As for the gas phase, hydrogen (>99.999%), 
which was used as the sole reducing agent, and argon (Ar) (>99.9%), 
which served as an inert carrier gas, were supplied by Woikoski Oy.

2.2. Chemical and physical characterization

X-ray diffraction (XRD) was used to thoroughly analyze the evolution 
of the chemical species involved in the reduction of the pure iron oxides. 
Specifically, diffraction patterns in the 2θ range of 20–80◦ were 
collected using a Panalytical Empyrean XRD instrument equipped with a 
PIXcel 3D detector and CuKα radiation (1.5418 Å) as the source. Particle 
size distribution analysis (i.e., Light scattering, LS) was performed using 
a Malvern Panalytical MASTERSIZER 3000. Nitrogen physisorption 
measurements were performed using a Micromeritics 3Flex-3500 system 
to evaluate the porosity of the material as well as its specific surface area 
(i.e., BET method). Further analyses, such as thermogravimetry/differ
ential scanning calorimetry coupled with mass spectrometry (i.e., TGA/ 
DSC-MS), are described in more detail in D'Angelo et al. [37].

2.3. Experimental setup

The reduction experiments on both solid materials were performed 
under different operating conditions using an Autochem 2910 device. 
Although this apparatus is generally used for chemisorption studies on 
catalysts, it has also proven to be effective for studies on heterogeneous 
gas-solid reactions. The experimental setup is equipped with a thermal 
conductivity detector (TCD) for the analysis of off-gases, which allows 
very frequent and precise measurements (i.e., thermal conductivity 
values every 0.02 s) of the gas composition. The TCD works based on a 
classic Wheatstone bridge configuration. The system generates a signal 
by detecting the temperature change - and therefore the electrical 
resistance - of heated filaments in contact with the gas. The TCD signal is 
determined by comparing the thermal conductivity between a reference 
gas (Ar) and the gas mixture exiting the reactor, which contains Ar, H2 
and H2O. This approach is particularly effective for hydrogen reduction 
studies, as the thermal conductivity of H2 and the other gases differ 
significantly. As a result, the TCD signal can be interpreted as an indi
cator of the amount of unreacted hydrogen at the reactor outlet. The 
setup of the experimental system is shown in Fig. 2.

A fixed bed reactor configuration was adopted. High purity gases 
stored in cylinders (1) are fed at a controlled flowrate via flowmeters (2) 
and mixed before entering the reactor. The glass reactor (3) has a tubular 
geometry with a length (L) of 193 mm and a radius (R) of 11 mm. It is 
housed in a small furnace (4) which allows precise temperature control, 
which is monitored by a Type-K thermocouple (5) located in the center 
of the reactor near the fixed bed. The fine solid sample is loaded into the 
reactor and placed on a quartz disk resting on a layer of quartz wool (6). 
These porous layers serve to protect the detectors (7) from possible 
entrainment of solid particles by the gas flow and to ensure a horizon
tally flatbed geometry, minimizing non-uniform gas-solid interactions 
along the bed. The TCD signal and temperature data are finally recorded 
and extracted (8). The use of the TCD in this study is motivated by its 
practical suitability for monitoring H2-based iron oxide reduction. While 
mass spectrometer (MS) and gas chromatography (GC) techniques pro
vide species-specific detection, TCD offers a rapid, continuous and 
quantitative signal directly correlated with the reaction progress 
without species-dependent calibration. Its robustness under standard 
operating conditions and its limited sensitivity to background fluctua
tions make it particularly reliable. TCD is widely accessible in conven
tional gas-analysis setups and provides adequate sensitivity for detecting 
variations in H2 concentration within H2/H2O systems. Moreover, its 
intrinsic tolerance to water vapor allows direct analysis of the gas stream 
produced during reduction, avoiding the need for extensive pre- 
treatment typically required when MS or GC systems are exposed to 
significant amounts of moisture. These advantages make TCD a prac
tical, reliable, and efficient tool for real-time kinetic monitoring in 
hydrogen-driven reduction studies.

To validate the use of the TCD for evaluating the reduction of iron 
oxide with H2, an Agilent 990 Micro GC was used to evaluate the 
composition of the off gases. Fig. S1 (Supplementary Material) compares 
the TCD raw signal and Micro GC H2 molar fraction profiles for the same 
experiment, illustrating consistent trends and validating the TCD-based 
approach.

Repeatability was verified through repeating the same experiment 
under identical conditions (Table 1, 2H); the comparative plot (Fig. S2) 
and all raw data (Figs. S3 and S4) are provided in the Supplementary 
Material. The repetition resulted in error bars below 1%, confirming the 
robustness of the measurements.

In all experiments, the solids were heated at a constant temperature 
ramp of 10 ◦C/min to ensure uniform thermal evolution across all 
samples. To accurately determine the kinetics of iron oxide reduction by 
H2, a series of isothermal experiments were performed under different 
operating conditions. In particular, the effect of temperature (T), total 
volumetric gas flow rate (Q) and hydrogen molar fraction (yH2

) was 
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investigated.

2.4. Mathematical and physical interpretation of TCD signals

Analyzing the thermal conductivity signal can be particularly chal
lenging, especially when attempting to simulate the signal itself. This is 
because the signal not only reflects the conductivity difference between 
the reference gas and the exhaust gases but is also affected by the 
physical and structural properties of the Wheatstone bridge [64]. 

Despite this complexity, the high sensitivity of the acquired data allows 
for a unique interpretation of the reduction process. As an example, 
Fig. 3 shows the original thermal conductivity signal obtained during a 
hematite reduction experiment at 600 ◦C with a total gas flow rate of 20 
mL/min and a hydrogen molar fraction in the feed of yH2 = 0.2.

As can be seen, the signal increases within a few seconds of starting 
the test, which is due to the higher thermal conductivity of the reducing 
gas compared to the reference gas (Ar). It can be expected that the 
changes in signal slope are correlated with the different phases of the 

Fig. 2. Schematic of the thin solid reactor experimental setup: gases cylinders (1), flowmeters (2), reactor (3), furnace (4), thermocouple (5) inert support (6), 
detectors (7) and computer (8).

Table 1 
Experimental conditions used for hematite and magnetite reduction.

Species Test T [
◦ C] QH2 [mL/min] QAr [mL/min] Q [mL/min] yH2 [ − ] mass [g]

Fe2O3 1H 600 3 17 20 0.15 0.0158
Fe2O3 2H 600 4 16 20 0.20 0.0133
Fe2O3 3H 600 5 15 20 0.25 0.0144
Fe2O3 4H 700 4 16 20 0.20 0.0133
Fe2O3 5H 800 4 16 20 0.20 0.0158
Fe2O3 6H 1000 4 16 20 0.20 0.0129
Fe2O3 7H 600 3 15 18 0.20 0.0129
Fe2O3 8H 600 5 19 24 0.20 0.0145
Fe2O3 9H 600 6 22 28 0.20 0.0138
Fe3O4 1M 600 3 17 20 0.15 0.0136
Fe3O4 2M 600 4 16 20 0.20 0.0153
Fe3O4 3M 600 5 15 20 0.25 0.0131
Fe3O4 4M 700 4 16 20 0.20 0.0139
Fe3O4 5M 800 4 16 20 0.20 0.0102
Fe3O4 6M 600 3 15 18 0.20 0.0129
Fe3O4 7M 600 5 19 24 0.20 0.0116
Fe3O4 8M 600 6 22 28 0.20 0.0133
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reaction and are therefore likely caused by the nature of the reactive 
network. These slope changes may thus indicate shifts in the kinetic or 
thermodynamic regime caused by the depletion of solid chemical spe
cies that previously dominated the reaction. The first major slope 
change, which occurs after a few minutes, can be interpreted as the 
almost complete reduction of Fe2O3, which is known in the literature as 
the fastest step and is not limited by thermodynamics (Fig. 1). According 
to this interpretation, the subsequent changes in the slope correspond to 
the approach of the next reduction step or a shift in the dominant 
chemical species consuming H2, depending on its kinetics as well as 
diffusion and thermodynamic constraints. To verify these assumptions, 
stop tests were conducted under the same operating conditions, where 
the reaction was stopped after 5 min, 10 min, 50 min and beyond. The 
XRD analysis of the samples collected confirmed these assumptions and 
showed a direct correlation between the acquired signal and the con
version of the solids in the reactor. However, as mentioned above, the 
simulation of the signal itself (and not the intrinsic thermal conductivity 
of the exhaust gas) is complex. Since the signal is mainly influenced by 
hydrogen, an alternative approach was proposed, correlating the gas- 
derived signal with an indirect estimate of the overall sample reduc
tion degree. To this end, several mathematical transformations were 
applied to the measurement. Fig. 4 illustrates the numerical processing 
step by step (from A to D) leading to the result.

The procedure starts with an initial normalization of the data (A); 
under certain conditions, the normalized signal alone can represent the 
thermal conductivity of the analyzed gasses [64]. This enables the sec
ond step, taking the complement (of one) of the signal (B), which is 
useful for integral calculation. Step C is crucial as it involves a cumu
lative integral of the complement signal point by point using the trap
ezoidal method, yielding a signal in (D) that reflects the reduction curves 
reported by several authors in thermogravimetric studies [65]. How
ever, particularly in the early stages of the reaction, the hydrogen 
reaching the detector corresponds to the H2 supplied due to dilution 
effects (i.e., axial dispersion). This leads to an overestimation of the 
degree of conversion, since the integral contains both the hydrogen that 
has reacted in the sample and the fraction that has not reached the de
tector due to physical effects.

As will be shown later in the Results section, the fluid dynamics of 
the reactor were evaluated using a residence time distribution (RTD) 
analysis, which revealed that the system did not behave like an ideal 
plug flow reactor. In order to accurately evaluate the data, the integral 
had to be corrected by the blank signal (i.e., from an experiment in the 
absence of the solid sample) under the same operating conditions. 
Fig. 5a shows an example of the overlap between the blank TCD signal 
and the result of a reduction test. The difference, highlighted in blue, is 
considered for producing a corrected normalized TCD signal to be 
treated by the procedure outlined above, yielding a significantly 
different estimate of the reduction degree (Fig. 5b).

The area to be considered, which represents the actual H2 con
sumption by the chemical reaction, lies between the two curves 
(Fig. 5a). By subtracting the cumulative integrals, the corrected final 
result is obtained, which is no longer overestimated. Signal processing 
was carried out using deterministic mathematical operations – normal
ization, complement transformation, cumulative integration, and blank 
subtraction – based on the intrinsic properties of the TCD signal, without 
empirical filtering or arbitrary smoothing. The inherent stability of the 
TCD signal eliminates issues related to baseline drift or offset definition, 
ensuring greater robustness. Blank subtraction was synchronized with 
experimental timing (valve opening) to minimize alignment artefacts.

This value can then be compared with the actual global reduction 
degree of the solid sample and used to estimate the kinetic parameters of 
the multistage reduction of iron oxides. The most important innovation 
is the means to correlate the raw data — measured with a very accurate 
gas detector— with the degree of conversion of a solid in heterogeneous 
gas-solid reactions. This is confirmed in the present work not only by the 
accurate fit of the experimental data, but also by an accurate physico- 
chemical interpretation provided by the model of the reactive system.

2.5. Mathematical model

The mathematical model developed in this study to evaluate the 
reduction kinetics of pure iron oxides represents a more rigorous and 
detailed version of a model previously presented by the authors [66]. 
The main differences lie in a more detailed assessment of the mass 
balance of the chemical reaction, which takes into account the particle 
size distribution of the solid, in a more realistic behavior of the reaction 
fronts and in a more detailed treatment of the gas-phase fluid dynamics 
within the full and empty volume of the reactor. The proposed model 
combines a classical axial dispersion approach with a dynamic shrinking 
core model (SCM) that includes the product layer approach. The thin 
fixed bed, which is discretized vertically into a grid of 20 points in the 
model, reacts in each layer according to sequential reaction dynamics 
evolving from a single reaction front to three fronts and then back to one 
front in the particles. At each time step, the model dynamically evaluates 
the state of the solids in each layer and selects the appropriate set of 
equations based on the number of reaction fronts. In this way, a wide 
range of phenomena are taken into account, including kinetics, ther
modynamics as well as external and internal diffusion effects. On the 
solid side, the model assumes radial homogeneity of all structural, 

Table 2 
Fixed model parameters. *[44], **[68], *** [67].

Parameter Value Unit Parameter Value Unit

d1,1
* 1 • 10− 4 m2s− 1 m2,2

* 0.50 −

d2,1
* 3.43 − m3,2

* 1.26 • 103 −

d3,1
* 4.2 • 103 K m4,2

* − 1.96 • 105 −

d1,2
* 1 • 10− 4 m2s− 1 m1,3

* 8.39 • 10− 7 Pa s

d2,2
* 5.64 − m2,3

* 0.62 −

d2,3
* 6.8 • 103 K m3,3

* 75.38 −

d1,3
* 1 • 10− 4 m2s− 1 m4,3

* − 432.5 −

d2,3
* 4.77 − v1

*** 7.07 −

d3,3
* 5.9 • 103 K v2

*** 12.7 −

m1,1
* 1.56 • 10− 7 Pa s v3

*** 18 −

m2,1
* 0.71 − ε 0.1 −

m3,1
* − 5.87 − Pe 12 −

m4,1
* 210 − L 0.18 m

m1,2
* 2.70 • 10− 6 Pa s R 5.50 • 10− 3 m

Fig. 3. Example of TCD signal; experimental conditions: mFe2O3 = 0.010 g,T =

600◦ C, yH2 = 0.20,Q = 20 mL/min.
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compositional, and porosity-related properties of the layers. On the gas 
side, a constant total gas concentration within the particles at uniform 
temperature and pressure within the particles as well as a quasi-steady 
state (i.e., no accumulation of gas phase species) are assumed. In the 
model a reaction takes place exclusively at the interface between two 
distinct solid regions: an unreacted inner core and a surrounding shell of 
reacted material. As the core is being consumed, the surface area of the 
reaction front gradually decreases. The different remaining product 
layers are always considered in the context of intraparticle diffusion 
phenomena that describe the reaching the reaction front or product 
gases that the exit. In the reaction network considered in this study, a 
maximum of three different reaction fronts is considered.

2.5.1. Gas mass balance
The gas-phase mass balance equations describe the evolution over 

time (t) of the concentrations of reducing and oxidizing agents in the 
reactor. The gas-phase model includes convection, axial dispersion and a 
reaction term that is governed by dynamic SCM. Based on the reactor 
length L and the height of the solid bed h, two dimensionless axial co
ordinates, z1 and z2, are defined to identify the two reactor zones: the 
empty zone (l = 1) (convection and dispersion) and the reactive zone 
(l = 2) (gas flow and chemical reactions). In the system of differential 
equations, subscript i refers to the gas phase species (i.e., H2 and H2O), 
while j represents the reaction or reaction front under consideration: j =
1 for the first reduction (hematite to magnetite), j = 2 for the second 
(magnetite to wüstite), and j = 3 for the third one (wüstite to metallic 
iron). 

∂ci(t,zl)

∂t
=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

−
u

L − h
⋅
∂ci(t,z1)

∂z1
+

Dz

(L − h)2⋅
∂2ci(t,z1)

∂z12 for l=1

−
u
h

⋅
∂ci(t,z2)

∂z2
+

∂2ci(t,z2)

∂z2
2 +(1 − ε)⋅

∑3

j|f
νi,j⋅rj(t,z2) for l= 2

(1) 

In this equation, ci is the concentration of the i:th gas species, while 
νi,j are the stoichiometric coefficients of the i:th gas species in reaction j. 
The boundary conditions of the PDE system are defined at the reactor 
inlet (z1 = 0), at the outlet of the empty zone (z1 = 1), at the inlet of the 
reactive bed (z2 = 0) and at the system outlet (z2 = 1). 

ci(t, z1) |z1=0 = ci,in
∂ci(t, z1)

∂z1

⃒
⃒
⃒
⃒
z1=1

= 0 (2) 

ci(t, z2) |z2=0 = ci(t, z1) |z1=1
∂ci(t, z2)

∂z2

⃒
⃒
⃒
⃒
z2=1

= 0 (3) 

As for the geometric and fluid dynamic parameters, h is the theo
retical height of the fixed bed; u is the superficial gas velocity and Dz is 
the axial dispersion coefficient. These parameters are calculated using 

h =
Vs

S
=

ms

ρ⋅πR2 (4) 

u =
Q
S
=

Q0

S
⋅
T
T0

⋅β (5) 

Dz =
L⋅u
Pe

(6) 

S is the cross-sectional area of the reactor (derived from the inner 

Fig. 4. Numerical elaboration of TCD signal raw data: a) Normalized TCD signal; b) Complement of normalized TCD signal; c) Integration of the complement signal; 
d) reduction degree obtained from cumulative integration.
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radius R), and Vs is the theoretical volume of the loaded sample obtained 
as the mass-to-density ratio of the iron oxide. The gas velocity is defined 
as the ratio of the actual volumetric flow rate Q to S, where Q is derived 
from the volumetric flow rate at standard conditions (Q0), adjusted by 
the operating temperature T and the reference temperature T0 = 295 K 
and converted using the factor β = 10− 6/60 (m3/min)/(dm3/s). The 
axial dispersion coefficient Dz is calculated based on its definition using 
the Peclet number (Pe). The fluid dynamics and the Peclet number were 
evaluated experimentally by residence time distribution (RTD) tests (see 
Results section). Finally, ε is the initial bed void fraction experimentally 
determined by physisorption experiments. For the reactive term, the 
reduction rate rj is given by 

rj(t, z2) =
∑N

n=1
xn •

P
RgT

3
r0
n

1
Aj
(
t, z2, r0

n
) ⃒
⃒
f

⋅

(
Nj
(
t, z2, r0

n
) ⃒
⃒
f

W
(
t, z2, r0

n
) ⃒
⃒
f

− yH2 ,j,eq(t, z2)

)

(7) 

Rg is the gas constant, P representa the operating pressure and yH2 ,j,eq 

is the equilibrium molar fraction of the reducing agent for reaction j. The 
global reduction rate is calculated by weighing each reaction rate by the 
initial radius r0

n of each particle size class and their respective weight 
fraction xn. With this approach, the contribution of the individual par
ticle size classes to the overall reduction process can be evaluated. The 

particle size distributions of the hematite and magnetite samples are 
presented in the Results section. To properly evaluate the driving force 
of each reaction front, yH2 ,j,eq is evaluated for the j:th reaction as 

yH2 ,j,eq(t, z2) =
1

1 + Kj
⋅
(

yH2 ,j(t, z2)+ yH2O,j

(
t , z2)

)
(8) 

where yi,j represents the molar fraction of the gas species over time and 
position within the bed while Kj is the equilibrium constant of the j:th 
reaction.

Variables Aj, Nj and W are crucial for describing how the model 
dynamically describes the progress of the reduction and selects the 
appropriate number of analytical equations. For example, if Xj is defined 
as the degree of conversion of an oxide (j = 1 Fe2O3, j = 2 Fe3O4, j = 3 
FeO) with hematite as the starting material, the interaction between the 
reducing gas and the solid initially defines the first and only active re
action front with X1(t, z2) = 0 (f = 1). If a layer satisfies both the con
ditions X1(t, z2) < 1 and X2(t, z2) = 0, two reaction fronts become 
active. A third front appears if X1(t, z2) < 1 and X2(t, z2) < 1. 
Conversely, the number of active fronts decreases when Xj(t, z2) = 1, 
which indicates that the oxide in question has been completely con
verted in this layer. As a result, W and Nj vary depending on the number 
of active reaction fronts. The parameter f changes its value based on the 
model's self-assessment, according to the scheme 

if

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

X1(t,z2)=0

X1(t,z2)<1∧X2(t,z2)= 0

X1(t,z2)<1∧X2(t,z2)<1∧< 0 X3(t,z2)<1

X1(t,z2)=1∧X2(t,z2)<1∧X3(t,z2)< 1

X1(t,z2)= 1∧X2(t,z2)=1∧X3(t,z2)< 1

X1(t,z2)= 1∧X2(t,z2)=1∧X3(t,z2)= 1

f =1 j=1

f =2 j=1,2

f =3 j=1,2,3

f =2 j=2,3

f =1 j=3

f =0

(9) 

Nj here denotes the effective reduction rate for the j:th front, while W 
represents the total resistance for mass transfer and reaction. These are 
calculated using the parameters Aj, Bj and F, which represent kinetic 
resistances, intraparticle diffusion resistances and external diffusion 
resistances, respectively, according to 

N1
(
t, z2, r0

n
) ⃒
⃒
3 = (A1A2A3)⋅yH2 ,1 + [A1A2(B3 + F) ]⋅yH2 ,3,eq

+ [A1A3B2 +A1A3(B3 + F)+A1B2(B3

+ F) ]⋅yH2 ,2,eq + [A3B1(A2 +B2)+A3B1(A2

+B2)+B1(A2 +B2)(B3 + F)+A2A3B2 +A2A3(B3 + F)
+A2B2(B3 + F) ]⋅yH2 ,1,eq

(10) 

N2
(
t, z2, r0

n
) ⃒
⃒
3 = [A2A3(A1 +B1) ]⋅yH2 ,2 + [A2(A1 +B1)(B3 + F) ]⋅yH2 ,3,eq

+ [A3(A1 +B1)(B3 + F)+B2(A1 +B1)(B3 + F)
+A3B2(A1 +B1) ]⋅yH2 ,2,eq + [A2A3B2 +A2A3B2

+A2B2(B3 + F)+A2A3(B3 + F) ]⋅yH2 ,1,eq

(11) 

N3
(
t, z2, r0

n
) ⃒
⃒
3 = [A3(A1 +B1)(A2 +B2)+A2A3B2 ]⋅yH2 ,3 + [(A1

+B1)(A2 +B2)(B3 + F)+A2B2(B3 + F) ]⋅yH2 ,3,eq

+ [A3(A1 +B1)(B3 + F) ]⋅yH2 ,2,eq + [A2A3(B3

+ F) ]⋅yH2 ,1,eq

(12) 

Fig. 5. Numerical correction of the reduction degree from TCD signal raw data: 
a) difference between the TCD signals in the blank and reduction experiments 
(blue region), and b) original (solid line) and corrected (dashed line) reduc
tion degrees.
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W
(
t,z2,r0

n
)⃒
⃒
3 =

{

(A1+B1)⋅[A3(A2+B2+B3+F)+(A2

+B2)⋅(B3+F) ]+A2[A3(B2+B3+F)+B2(B3+F) ]
}

⋅yH2 ,1,eq

(13) 

N2
(
t, z2, r0

n
) ⃒
⃒
2 = (A2A3)⋅yH2,2 + [A2(B3 + F) ]⋅yH2 ,3,eq + [A2B1

+(A3 +B2)(B3 + F) ]⋅yH2 ,2,eq
(14) 

N3
(
t, z2, r0

n
) ⃒
⃒
2 = A3(A2 +B2)⋅yH2 ,2 + [(A2 +B2)(B3 + F) ]⋅yH2 ,3,eq

+ [A3(B3 + F) ]⋅yH2 ,2,eq
(15) 

W
(
t, z2, r0

n
) ⃒
⃒
2 = A3(A2 +B2 +B3 + F)+ (A2 +B2)⋅(B3 + F) (16) 

N3(t, z2) |1 = yH2 ,3(t, z2) − yH2 ,3,eq(t, z2) (17) 

W
(
t, z2, r0

n
) ⃒
⃒
1 =

A3 + B3 + F
A3

(18) 

The analytical expressions for these variables vary depending on the 
number of active fronts. For oxides other than hematite — where all 
three reaction fronts may occur at some point — the same modeling 
approach applies to experiments starting from Fe3O4 or FeO, with fewer 
maximum fronts. Aj, Bj and F are defined as 

Aj(t, z2)
⃒
⃒
f =

1
(
1 − Xj(t, z2)

)2
3
⋅

1

kj⋅
(

1 + 1
Kj

) (19) 

F =
1
H

(21) 

where kj is the kinetic constant, Dj is the intraparticle diffusion coeffi
cient and H is the external mass transfer coefficient. The kinetic pa
rameters were determined by fitting experimental reduction data using 
the linearized Arrhenius equation, while the thermodynamic [8] and 
diffusion parameters [44] were obtained from established theoretical 
and empirical expressions (Table 2). 

kj = kj,ref • exp
[ (

−
Ea,j

R

)

•

(
1
T
−

1
Tref

)]

(22) 

Kj = exp
(

−
ΔGj

RT

)

(23) 

Dj = d1,j • exp
(

d2,j −
d3,j

T

)

(24) 

kj,ref and Ea,j are the pre-exponential factor and the activation energy, 
respectively, while Tref is the reference temperature (600 ◦C). ΔGj is the 
change in Gibbs free energy calculated from the changes in enthalpy 
(ΔHj) and entropy (ΔSj) of the reactions. The terms d1,j, d2,j and d3,j are 
coefficients used in the equation to describe intraparticle diffusion.

2.5.2. Solid mass balance
The solid phase mass balances of the different iron oxides are 

described as functions of time and position z along the axial coordinate 
of the reactive bed 

∂Xj(t, z2)

∂t
= (1 − ε) rj(t, z2)

n0⋅aj
(25) 

where n0 represents the initial oxygen content (e.g., n0 = 3m/MFe2O3 ) of 
the sample, while aj is the proportional oxygen content function of the 
type of iron oxide.

The overall degree of reduction of the solid is therefore calculated by 

X(t, z2) =
∑3

j
aj • Xj(t, z2) (26) 

The average degree of reduction (Xs), calculated along the z2, was 
used for comparison with the experimental data in the objective func
tion during parameter estimation (Section 2.5.5).

2.5.3. Phenomenologies negligible by criterion
Regarding external diffusion phenomena, the particle size distribu

tion provided by the supplier and later refined through DLS techniques 
suggests that such mass transport limitations can be reasonably 
neglected. The external mass transfer coefficient, denoted as H, was 
calculated under varying operating conditions and for all particle size 
families. It is given by 

H = Sh⋅
Dmol

2r0
n

(27) 

where Sh is the Sherwood number and Dmol is the molecular diffusivity. 
The Sh value is estimated using classical correlations involving the 

Schmidt (Sc) and Reynolds (Re) numbers, through 

Sh = 2+0.6Re1/2Sc1/3 (28) 

Sc =
μg

ρg⋅Dmol
(29) 

Re =
2Ru⋅ρg

μg
(30) 

The molecular diffusivity was calculated using the formulation pro
posed by Valipour et al. [67]

Dmol =
1⋅10− 7⋅T1.75

P⋅(
∑

vi
1/3)

2⋅
(
∑ 1

Mi

)1/2

(31) 

where vi represent the diffusion volumes of the gas species involved 
(Table 2). Finally, μg and ρg represent the viscosity and density of the 
gas, respectively, calculated as 

ρg =
P⋅
∑

yiMi

RgT
(32) 

μg =
∑

yiμi; μi =
m1,i⋅(T/K)m2,i

1 +
m3,i
(T/K) +

m4,i

(T/K)2
(33) 

coefficients mi are derived from an empirical equation obtained via 

Bj
(
t, z2, r0

n
) ⃒
⃒
f =

(
1 − Xj+1(t, z2)

)1
3 −

(
1 − Xj(t, z2)

)1
3

(
1 − Xj(t, z2)

)1
3⋅
(
1 − Xj+1(t, z2)

)1
3

⋅
r0
n

Dj
; Xj+1(t, z2) = 0 if j + 1 > max(j)

⃒
⃒
⃒
⃒
⃒
f

(20) 
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CHEMCAD [68]. The detailed and quantitative evaluation of the mass 
transfer coefficient H revealed an average value of approximately 1000 
m/s, confirming that the external mass transfer resistance can be 
neglected when compared to the other resistances considered in the SCM 
model. In this study, the energy balance for the reduction of iron oxides 
with hydrogen was not considered, although the entire reaction network 
is endothermic. This choice is justified by the operating conditions 
describing the reduction of small beds of very fine particles where 
temperature gradients can be considered negligible if a strong external 
heat source is used to keep the temperature constant. To support this 
assumption theoretically, a criterion was adopted 

Tcenter
j − Tsurface

j =
Dj
(
− ΔHj

)

λj
⋅
(

csurface
H2

− ccenter
H2

)
(34) 

where λj are the thermal conductivity coefficients of the reacting oxides 
[69]. The first term on the right side of the equation was evaluated to be 
always less than 1 K m3 mol− 1 (5⋅10− 2 to 1⋅10− 1 K m3 mol− 1) for all 
solids involved. The second term was evaluated using a worst-case 
scenario, assuming the highest hydrogen concentration at the surface 
(about 14 mol/m3 at 873 K) and zero in the particle core. Based on this 
assessment, intraparticle temperature variations of − 0.649 K for he
matite, 1.61 K for magnetite and 1.23 K for wüstite were found. These 
results confirm the assumption of negligible internal temperature gra
dients, which is also supported by recent experimental evidence from 
Hessling et al. [70] in the case of much larger pellets.

2.5.4. Reaction front control
In heterogeneous gas–solid reactions, the reaction kinetics generally 

depend on the composition of the gas phase, while the solid phase 
usually only plays an indirect role, allowing the degree of conversion to 
be calculated. To accurately determine the kinetic parameters governing 
the reduction of iron oxides, it is necessary to prevent the mathematical 
model from selecting combinations during parameter estimation that 
match the data but give theoretically incorrect results. This is the case 
with sequential reaction fronts, where in the SCM an outer front can 
progress faster than an inner front, which can lead to an overlap or, in 
the worst-case scenario, a crossing of the fronts — situations that are 
physically inadmissible. To solve this problem, a mathematical means 
was developed to control the reaction front. For each integration step of 
the model, it calculates the hypothetical value of the subsequent 
reduction. Based on the derivative value dXj(t, z)/dt at a certain time t, 
the model estimates the future term using the trapezoidal method 
dXj(t + Δt, z)/dt where Δt is the maximum integration step defined by 
the numerical solver of the model. If the calculated degree of reduction 
of the outer front at time t + Δt exceeds that of the adjacent inner front, 
the code forces the derivatives to be equal. This means that if an outer 
front moves faster than an inner front and could potentially overtake the 
latter, the two fronts are instead forced to advance at the same rate.

The key condition for front control is 

Xj(t+Δt, z) = Xj+1(t+Δt, z) if Xj− 1(t+Δt, z) < Xj(t+Δt, z) (35) 

2.5.5. Numerical solution
The mathematical model was developed in Matlab 2024a, where the 

system of partial differential equations was solved using the finite dif
ference method. The backward scheme was used for the evaluation of 
the first-order spatial derivative and the centered scheme for the second- 
order spatial derivative. The two axial coordinates of the reactor were 
discretized into 20 nodes each. The resulting system of ordinary differ
ential equations was solved with the function ode15s, a solver of variable 
step size and variable order based on numerical differentiation formulas 
of order between 1 and 5. The parameter estimation was performed with 
patternsearch, a direct optimization algorithm belonging to the class of 
derivative-free methods. It is a deterministic solver based on a pattern 
search method in which the algorithm explores the solution space using 

a grid (pattern) and adapts this grid according to the optimization 
progress. The objective function used to minimize the distance between 
experimental data and the average simulated value of the thin layer over 
time (Xs) is the following expression. 

O =
∑S

s

(
Xmeas,s − Xs

Xmeas,s

)2

(36) 

Finally, the values and units of all model parameters are reported in 
Table 2.

3. Results

3.1. Materials characterization

In order to follow the development of the chemical reaction over 
time, a detailed analysis of the composition of the fixed bed was con
ducted using stop tests. The same reduction experiment was repeated 
several times under identical operating conditions, whereby the reaction 
was stopped at different times and corresponding samples were taken. 
Due to the minimum sample mass required for successful XRD analysis 
(> 70 mg), the experiments were performed with an initial solid mass of 
approximately 300 mg. Apart from the mass, all other operating con
ditions were identical to those specified in Table 1 for the standard test, 
which serves as a common reference point for all studies on the specific 
operating effects on the process (i.e., test 2H/M). The standard test was 
carried out at a temperature of 600 ◦C, a hydrogen molar fraction of 0.2 
(balanced with argon as inert gas) and a total flow rate of 20 mL/min. 
When examining the reduction of a bed of pure hematite, the normalized 
thermal conductivity signal shows much sharper and more pronounced 
slope changes compared to the thin layer counterpart. A major challenge 
in this analysis lies in the complex interdependence of the signal, which 
is influenced by overlapping compositions in different bed layers and 
potential thermodynamic limitations due to hydrogen starvation and 
high vapor concentration in certain parts of the reactive bed. For this 
reason, this kinetic study propose a simplified analysis for thin bed 
layers — assuming a homogeneous composition throughout — avoiding 
increased complexity related to the influence of additional phenomena 
on the reduction behavior. The normalized thermal conductivity signal 
and the XRD results of the starting material and the intermediate sam
ples are shown in Fig. 6.

The analysis confirmed that the starting material is pure hematite 
with rhombohedral structure crystallizing in the R3‾c space group. The 
stop tests conducted after 5 min, 10 min, 50 min and 150 min reveal the 
evolution of the fixed bed composition over time. These points were 
selected based on the overall behavior of the TCD signal to capture the 
reactor state just before and after the main slope transitions as well as 
during the slowest phase of the reduction (i.e., 150 min). It was observed 
that Fe3O4 appears very early and that Fe2O3 is almost completely 
depleted within the first 10 min, supporting the hypothesis that the slope 
changes in the TCD signal are directly related to the dominant solid- 
phase species and its control over the reaction regime. Before 50 min, 
another change in slope is observed, and the test stop after this time 
reveals the complete disappearance of Fe2O3 and the formation of FeO. 
In addition, the peaks associated with metallic iron begin to appear. 
After 150 min, wüstite appears to be the dominant phase promoting the 
final formation of metallic iron. The presence of magnetite in this phase 
can be partly explained by the disproportionation reaction of FeO into 
magnetite and metallic iron [60] that can occur during the cooling phase 
of the reactor. This cooling was carried out at a moderate ramp rate for 
technical and safety reasons, as it is not possible to rapidly quench a 
glass reactor system from operating to ambient temperature. The most 
important result of this analysis is not only the confirmation of the 
sequential nature of the reduction — as widely reported in the literature 
— but also the correlation of the gas phase signal with the evolution of 
the composition in the solid phase. While the size distribution of the 
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powder is usually provided by the manufacturer, a more detailed 
knowledge of the granulometric families is crucial to accurately evaluate 
the reaction rate using the dynamic SCM approach. Therefore, detailed 
LS analyses were performed to assess the particle size distribution. Fig. 7
shows the particle volume fractions for hematite and magnetite and 
cumulative distribution curve calculated based on log10

(
2r0

n
)

(order of 
magnitude 10− 6 m). To evaluate the presence of phenomena such as 
agglomeration and coalescence of the particles, the LS technique was 
also used to analyze the grain size distribution of the reduced iron ob
tained from both hematite powder and pure magnetite. The results re
ported in Fig. S5 (Supplementary Material) show that in both cases the 
differences between the starting material and the reduced iron are 
negligible.

The results show significant differences. Hematite (Fig. 7a) has a 
narrow and well-defined size distribution with an average diameter 
between 1 μm and 2 μm. In contrast, magnetite has a much broader 
distribution, which partly contradicts the particle size of <5 μm stated 
by the manufacturer for both samples. Some magnetite particles reach a 
diameter of up to 100 μm, probably due to agglomeration. This result is 
critical as the reaction kinetics are strongly influenced by the particle 
size distribution, especially for the less oxidized form of iron where mass 
transport limitations may occur. Nitrogen physisorption measurements 
on the starting materials previously heated to 600 ◦C and evaluated 
using the BET method provided essential information about the surface 
area and porosity (ε). The initial porosity was found to be 0.1 for both 
samples [37].

3.2. Experimental results

The kinetic study of the reduction of a thin iron oxide layer under 
different operating conditions was carried out to evaluate the kinetic 
parameters of the individual reduction steps and to determine the con
trol regimes of the process. The experimental investigations were per
formed by varying the operating temperature, the hydrogen content of 

the reduction gas and the total volumetric flow rate. The same experi
mental conditions were used for both pure hematite and pure magnetite 
powder. The model-based results obtained by parameter estimation, 
together with the experimental data processed using the integration and 
blank test correction method (cf. Materials and Methods), demonstrate 
that the mathematical model can accurately describe the overall 
reduction behavior determined based on the thermal conductivity of the 
outgoing gas flow.

As previously mentioned, the TCD signal primarily reflects the 
hydrogen content in the outlet gas, and the slope variations in the curves 
are closely related to the controlling regime as well as to the thermo
dynamics of the chemical reactions. This behavior is particularly evident 
in Fig. 8, which shows how the normalized TCD signal changes in a 
series of experiments conducted with hematite powder at different 
temperatures.

The experimental results highlight critical aspects of the reduction 
process. The shape and slope of the curves are clearly related to the rate 
at which the reducing agent is consumed, with a significantly increased 
rate at higher temperatures, but can also be influenced by the reaction 
equilibria. Comparative tests with different pure and commercial solid 
samples with the same methodology have also shown that the 
morphological and structural nature of the sample plays a key role and 
should be taken into consideration in the interpretation of the signals.

This suggests that changes in slope can also be attributed to changes 
in the solid surface area accessible to the gas and its evolution during the 
reaction [36,37]. Given the high sampling frequency of the TCD signal, 
the signal was down-sampled to 20 s between the points to improve the 
clarity of the data representation in the figures that follow.

3.2.1. Temperature effect
Temperature is one of the most significant variables in the study of 

iron oxide reduction. An increased temperature improves the kinetics 
and efficiency of the process but also affects the equilibrium conditions. 
In particular, operation above the eutectoid point in the Baur–Glassner 

Fig. 6. a) Normalized TCD signal with marked stop points; b) XRD diffractograms of stop-test samples. Experimental conditions: mFe2O3 = 0.300 g,T = 600◦ C,yH2 =

0.20,Q = 20 mL/min.
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diagram (i.e., about 570 ◦C) allows access to the stability region for the 
sequential reduction reactions from Fe3O4 to FeO and from FeO to Fe. As 
temperature increases, thermodynamics increasingly favors these two 

reactions, significantly expanding the range of water vapor concentra
tions that do not inhibit the chemical process (Fig. 1). The markers in 
Fig. 9 show the effects of temperature on the overall degree of reduction 
of pure hematite and magnetite over time in the reduction experiments.

Comparing Figs. 8 and 9, which are different representations of the 
same experimental results, the differences between the normalized TCD 
signal become more pronounced through the integration procedure. In 
this way, important process characteristics become clear particularly in 
the early first part of the reaction. It is obvious that increasing the 
operating temperature significantly reduces the overall reduction time 
due to the increase in reaction rate and consequent hydrogen con
sumption. The results show that the complete conversion of hematite to 
magnetite takes place in less than one minute under all experimental 
conditions: a significant change in the slope can be observed at a degree 
of conversion of around 0.11. This value corresponds to the completion 
of the first reduction step, which is fast and thermodynamically unhin
dered. As for the reduction of Fe3O4 to FeO, the slope transitions in the 
thin-layer experiments are less pronounced than in the fixed-bed ex
periments (Fig. 6a). This is due to the small mass of solids used in the 
experiments: the water vapor produced is removed very efficiently, 
which supports not only the second but also the third reduction stage. 
For this reason, these reduction steps can occur almost simultaneously, 

Fig. 7. Granulometric distribution of a) Fe2O3 Sigma A, and b) Fe3O4 Sigma A.

Fig. 8. Normalized TCD signal in Fe2O3 reduction experiments: mFe2O3 =

0.010 g, yH2 = 0.20,Q = 20 mL/min, T = 600◦ C, 700◦ C, 800◦ C and 1000◦ C.

Fig. 9. Effect of temperature on a) Fe2O3 and b) Fe3O4 reduction under general 
experimental conditions: m = 0.010 g, yH2 = 0.20, Q = 20 mL/min. Experi
mental results indicated by markers, simulated results by solid, dash-dotted and 
dotted lines.
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so it is difficult to distinguish between them. The reduction of magnetite 
cannot be considered completed at an overall conversion degree of 
about 0.3 as this likely includes a contribution from the FeO-to-Fe step. 
The final, slower step is clearly the reduction of wüstite, as widely re
ported in literature [15]. The differences in reduction rates between 
hematite and magnetite powders, especially at lower temperatures (e.g., 
600 ◦C) are mainly due to the difference in particle size distribution, 
which slows down the reaction for the latter case. This gap is only closed 
at the highest temperatures.

3.2.2. Effect of gas composition
The effect of the composition of the feed gas was studied by changing 

molar fraction of the hydrogen (yH2 ), with the balance being inert gas 
(Ar), affecting the driving force of the reactions, with results for he
matite and magnetite sample reported in Fig. 10.

As expected, an increased hydrogen content significantly decreases 
the overall time required to complete the reduction process. A high 
availability of hydrogen enhances the driving force and reaction rates in 
all steps. In addition, at higher H2:Ar molar ratios, thermodynamic 
limitations are reduced or even removed. The reduction of Fe2O3 is 
consistently faster than that of Fe3O4, attributed theoretically to the 
crystal structure of Fe3O4, which has a stronger binding force for oxygen 
than Fe2O3. In this case, the much larger particle size distribution in the 

magnetite sample also slows down the reaction kinetics. A comparison 
between the two data sets shows that the effect of the operating pa
rameters becomes less significant when large particles are present.

3.2.3. Effect of volumetric gas flow rate
Finally, the influence of the total volumetric flow rate (Q) of the feed 

gas was investigated. This variable significantly influences the convec
tion phenomena within the reactor system (Eqs. (1) and (5)). An insuf
ficient flow rate can lead to an excessive accumulation of water vapor in 
the bed, limiting the reaction progress due to thermodynamic con
straints. Conversely, increasing the flow rate helps to maintain a high 
hydrogen concentration throughout the process, which promotes the 
progress of the reaction in all phases. Fig. 11 illustrates the effect of the 
gas flow rate on the reduction behavior of pure hematite and magnetite.

Increasing the flow rate clearly reduces the overall reduction time. 
For pure hematite, this variable appears to have the least impact, while 
for magnetite it has a greater effect. The experimental data reveals that 
the difference between 24 mL/min and 28 mL/min is minor for hematite 
and practically negligible for magnetite.

3.3. Parameter estimation

In the parametric analysis, the experimental trials were separated by 

Fig. 10. Effect of feed gas hydrogen content on a) Fe2O3 and b) Fe3O4 reduc
tion under general experimental conditions: m = 0.010 g, T = 600◦ C, Q =

20 mL/min. Experimental results indicated by markers, simulated results by 
solid, dash-dotted, and dotted lines.

Fig. 11. Effect of volumetric flow of feed gas on a) Fe2O3 and b) Fe3O4 
reduction under general experimental conditions: m = 0.010 g, T = 600◦C,
yH2 = 0.20. Experimental results indicated by markers, simulated results by 
solid, dash-dotted, and dotted lines.
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temperature and solid type. The kinetic parameters estimated in this 
study were determined through a simultaneous evaluation of the three 
reduction steps. The mathematical model developed here discretizes the 
solid phase and allows the coexistence of multiple reaction fronts within 
the same particle whenever dictated by local conditions. This formula
tion naturally accommodates the experimentally observed overlap of the 
reactions, rather than imposing strictly sequential progression. At each 
reaction instant, the model calculates the degrees of reduction associ
ated with each elementary step, whose sum yields the overall degree of 
reduction (Eq. (26)), directly comparable to the experimental data. With 
this approach, the contributions of the individual reactions to the global 
rate enable the evaluation of distinct kinetic constants.

For each set of experimental data, the kinetic constants kj were 
evaluated with respect to the available reactions. Using the linearized 
Arrhenius equation, the natural logarithm of the constants was plotted 

against the reciprocal of the temperature. For hematite as starting ma
terial, this approach yielded four data points for each of the three re
actions and for magnetite, three points for each of the two reactions. 
Fig. 12 shows the resulting Arrhenius plots, while Table 3 contains the 
calculated activation energies and reference kinetic constants together 
with the respective errors from the linear regression.

The Arrhenius plots in Fig. 12 show a clear and consistent trend in 
the calculated values of kj. This result is supported by the low errors 
observed when estimating the activation energies and pre-exponential 
factors using the linearized Arrhenius equation. In particular, the er
rors for Ea,j fall below 11% and for kj below 15%. As far as the first 
reduction step is concerned, the reaction always proceeds very quickly, 
especially at higher temperatures. For this reason, the use of a high- 
precision, high-frequency measuring device was crucial. As can be 
seen for all the experiments, the mathematical model successfully re
produces observed conversion, as seen by the agreement between the 
continuous lines and the markers in Figures from 9 to 11. This can be 
observed especially in the case study on the temperature effect (c.f. 
Fig. 9). This shows that there are no significant morphological and 
structural changes in the solid due to temperature, especially in terms of 
porosity (surface area) and granulometric distribution conditions 
defined by the characterization techniques. One notable exception in the 
description of experimental data is in the gas composition effect result 
during the last phase of the hematite reduction where the hydrogen 
fraction is about 0.15 (c.f. Fig. 10). This deviation may be explained by a 
possible error in the small mass (10 mg) of the sample: a weighing error 
to the fourth decimal place could cause such a discrepancy, especially in 
the slower final phase of the reduction [66]. Finally, the simulation 
results related to the volumetric flow rate effect show excellent agree
ment with the experimental data at higher flow rates, while at lower 
flow rates a slight underestimation of the final reduction degree can be 
observed.

4. Discussion

Many kinetic models have been proposed for the hydrogen-based 
reduction of iron oxides. These models generally fall into two broad 
categories: phenomenological models (like Avrami-type formulations) 
and physicochemical models. The latter includes comprehensive ap
proaches such as the Random Pore Model and Grain Model, which are 
specifically designed to capture the structural evolution and diffusion 
limitations occurring within the solid during reduction [60].

Models like the RPM and GM are particularly suited for analyzing the 
reduction kinetics of pellets or larger agglomerates, where the internal 
structure (porosity, tortuosity) significantly evolves and mass-transfer 
resistances can become dominant. Several studies show that the inter
nal structure and solid organization can change drastically with the 
operating condition such as temperature [29,39] or, in the case of H2- 
based reduction, the presence of water vapor [71,72]. In stark contrast, 
the present study employs an experimental configuration using thin beds 
of pure oxide powders, intentionally designed to minimize mass-transfer 
effects. This methodological choice allows for the extraction of kinetic 
parameters that closely reflect the intrinsic chemical reactivity of the 
system, without the need for complex structural assumptions (e.g., pore 
distribution) inherent to models like the RPM or GM. The proposed 
Shrinking Core Model is an appropriate choice for isolating this intrinsic 
chemical step under our controlled conditions. The reliability of this 
approach is confirmed by the resulting activation energies: 74.8 ± 49.0 
kJ mol− 1 for hematite reduction, 66.0 ± 57.2 kJ mol− 1 for magnetite 
reduction, and 62.0 ± 43.9 kJ mol− 1 for the final step [60]. These values 
fall within the statistically expected literature ranges. The SCM, vali
dated here, can nevertheless be extended to a grain-level or multiscale 
description if future analyses of commercial materials warrant the 
incorporation of structural factors.

The results have clearly shown that the mathematical model is 
capable of accurately describing the experimental data on the reduction 

Fig. 12. Arrhenius plots for a) Fe2O3 and b) Fe3O4 reduction.

Table 3 
Estimated parameters in the reaction rate expressions.

Starting material Reactions Ea kj,ref R2

Fe2O3 Fe2O3⇌Fe3O4 30 ± 4 7 • 10− 3 ± 6 • 10− 4 0.970
Fe2O3 Fe3O4⇌FeO 64 ± 3 8 • 10− 2 ± 1 • 10− 2 0.995
Fe2O3 FeO⇌Fe 48 ± 5 2 • 10− 2 ± 3 • 10− 3 0.980
Fe3O4 Fe3O4⇌FeO 64 ± 2 8 • 10− 2 ± 9 • 10− 3 0.999
Fe3O4 FeO⇌Fe 58 ± 3 7 • 10− 2 ± 9 • 10− 3 0.998
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of hematite and magnetite in hydrogen-containing gas flows. However, 
in order to achieve a better understanding of the reduction process, it is 
necessary to utilize the simulation to its full capacity. This approach is 
essential not only to gain insight into key aspects of the system under 
investigation, but also to assess the quality and consistency of the results 
with theoretical model assumptions and as a comparison with data re
ported in the literature. Fig. 13 presents the evolution of the individual 
reduction degrees Xj for each solid species and the progress of the overall 
reduction reaction for a thin solid layer experiment. These average 
values are used because even in a mathematically discretized thin bed, 
slight variations in the reduction dynamics occur. In particular, the 
simulated average overall reduction degree (X) — as described in the 
section on the numerical solution — is used to fit the experimental data. 
An important finding from Fig. 13 is that the reaction fronts of the 
different steps never overlap during the whole process. This important 
aspect is often neglected in modeling studies of iron oxide reduction but 
is crucial in heterogeneous non-catalytic reactions in the specific case of 
reactions in series: the conversion from one solid species to the next is 
not directly coupled in the mass balances, which requires careful 
mathematical control and validation of the adjustment of the kinetic 
parameters by simulation tests.

The standard test case shown (i.e., test H2) confirms that hematite is 
rapidly converted within the first minute under the given conditions, 
with minimal overlap with the subsequent reduction step. For the later 
steps, where the magnetite and wüstite reduction have closely following 
reaction fronts, a separate evaluation cannot be adopted. This can be 
explained by the fact that the driving force in thin iron oxide layers 
remains very high due to a low accumulation of water vapor. Although 
the reactions proceed quickly with a maximum of H2O formation in the 
hematite step and the larger amount of H2O formation in the following 
steps, the low height of the solid layer prevents hydrogen starvation and 
an accumulation of oxidizing agents. Further information provided in 
Fig. S6 (Supplementary Materials) shows simulation results in the form 
of contour plots of the dynamic evolution of solid and gas composition 
over time in the thin film fixed bed. Since there are practically no 
thermodynamic limitations — especially for FeO — the reactions can 
take place simultaneously and the reduction can be completed within 
minutes. The small amount of reducing agent and the limited flow rate 
were deliberately chosen in the experimental design to prevent exces
sively fast reactions to allow for adequate observation of the reduction 
dynamics. In the latter case, thermodynamics plays a pivotal role in 

governing the reaction fronts. As is also shown, the evolution of the 
average overall reduction degree — calculated starting from the sum of 
the reduction degrees across all particle size classes — starts increasing 
with a slight delay, which is mainly due to the initial dilution of the 
reducing gas in the inert carrier. A significant change in the slope only 
occurs when the hematite reduction has been completed. The second 
phase is much more uniform due to the overlap of the subsequent re
actions, which prevents the occurrence of a clearly dominant solid phase 
species responsible for hydrogen consumption. Based on these consid
erations, all simulations associated with the experimental data were 
thoroughly checked after parameter fitting to evaluate the quality of the 
results.

Regarding regime control, it is generally assumed that if half of the 
calculated activation energy is just below or equal to 20 kJ mol− 1, there 
is a mixture of internal diffusion and chemical control. From a numerical 
point of view, the comparison of the activation energies and the pre- 
exponential factors for the second reduction step shows almost iden
tical values. This finding is consistent with the results presented in 
Fig. 13, which show that hematite reduction is almost completely in
dependent of magnetite reduction in terms of hydrogen consumption. 
This separation of the contributions allows for a reliable estimation of 
the kinetic parameters for the second reaction step. In both cases, the 
activation energy values suggest that the controlling regime is chemical. 

Fig. 13. Experimental and simulation results of reduction of thin layers of 
hematite under the experimental conditions mFe2O3 = 0.010 g, T = 600◦ C,
yH2 = 0.20, Q = 20 mL/min.

Fig. 14. Reduction degree parity plots: Experiments vs. simulations of a) Fe2O3 
and b) Fe3O4 reduction in hydrogen-containing gas.
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The third and final step shows slightly different activation energies for 
the two solids, but the controlling regime remains chemical in both 
cases. The discrepancies can be attributed to differences in particle size 
distribution. In particular, the last step of the reduction, where more 
water vapor is produced, is sensitive to the particle radius as an oper
ating parameter [66]. It is interesting to compare the results obtained in 
this study with the values reported in the literature. The calculated 
activation energies are within the reported ranges but also agree well 
with the average values defined for each specific reaction step [60]. The 
wide variability in kinetic parameters reported in the literature is largely 
due to differences in solid sample history, purity, intrinsic properties, 
and post-synthesis treatments. In addition, many modeling approaches 
are based on simplified assumptions and kinetic parameters that often 
reflect apparent rather than intrinsic activation energies.

The choice of a rigorous experimental approach coupled with the use 
of a flexible mathematical model based on solid-phase approximations 
that reflect the experimental observations of intrinsic properties has thus 
led to consistent results, resulting in kinetic parameters in the model that 
successfully describes all experimental data for both data sets. A sum
mary of the agreement between simulations and experiments is provided 
in the double parity plot of the reduction degrees in Fig. 14. As can be 
seen from the plots the comparison between experimental and simulated 
data, down-sampled to 30 s between the points, is largely within a 
variability of ±10%. The goodness of fit is confirmed by the coefficients 
of determination, with R2 = 0.996 for the reduction of pure hematite and 
R2 = 0.995 for the reduction of pure magnetite and by the low root mean 
square errors, which are RMSE = 0.021 and RMSE = 0.020, respectively.

5. Conclusions

In this work, a comprehensive experimental and modeling investi
gation of a system for the reduction of thin beds of iron oxide fines with 
hydrogen as a reducing agent was presented. The experiments were 
conducted in a packed bed reactor-like system under different operating 
conditions, including temperature, hydrogen content, total volumetric 
flow rate and oxide type. Two pure powdered oxides — hematite and 
magnetite — were used. The experimental campaigns allowed for a 
detailed analysis of the reduction kinetics in the different reaction steps 
facilitated by an accurate analysis method based on measurements of the 
thermal conductivity of the outlet gas. Through rigorous mathematical 
data processing, the experimental signal was successfully correlated 
with the degree of conversion of the solid reactant. This innovative 
approach was further validated by combining the results of chemical 
and granulometric analyses of the solids with the consistent results of 
the developed mathematical model. A dynamic model of the shrinking 
core with multiple interfaces was coupled with a classical axial disper
sion model to account for both particle and reactor phenomena, 
including gas-phase transport through the empty reactor space and the 
solid bed. The model was able to accurately reproduce the new experi
mental data. Based on a large data set of systematic reduction experi
ments performed under different conditions, the kinetic parameters for 
each individual reaction step were rigorously determined and compared 
with values reported in the literature. This enabled a thorough and 
comprehensive evaluation of the entire reduction process. An important 
finding of the work is the small influence of thermodynamic constraints 
on the reduction process, which is due to the negligible residence time of 
the locally generated water vapor in the solid phase in the present setup. 
This leads to a strong driving force of the reducing gas. The reduction of 
hematite to magnetite is extremely rapid and is governed by a mixture of 
internal diffusion and chemical regime. The subsequent reductions of 
magnetite and wüstite are similarly rapid and are both governed by 
chemical control, although a slight difference in activation energy was 
observed in the third reduction step depending on the type of sample 
(hematite vs. magnetite) used. Using micron-scale powders and thin 
fixed beds made it possible to determinate the intrinsic kinetics of 
hydrogen reduction of iron oxides under conditions that minimize 

internal and external transport limitations. The kinetic parameters ob
tained were further validated in another study, which investigated a 
broader set of reduction experiments on packed beds of hematite pow
ders, analyzing in more detail the role of emerging phenomena, 
including the influence of water vapor on thermodynamics and kinetics. 
This methodological roadmap includes extending the experiments to 
commercial fines obtained from BF and DRI pellets to evaluate the in
fluence of morphology and chemistry, with dedicated structural evolu
tion based on detailed characterization. The final step will be scaling up 
to full-size pellets through more complex modeling approaches (e.g., 
GM), integrating the phenomena and the resulting kinetic expressions 
into reactor-scale simulations. Generally, these results provide a valu
able starting point for the evaluation of increasingly complex reduction 
systems, both experimentally and from a modeling perspective helping 
the development of future hydrogen-based technologies aimed at 
reducing the carbon footprint of the ironmaking sector.

Notation

Abbreviations

BF Blast Furnace
CFD Computational Fluid Dynamic
GM Grain model
GOD Gas Oxidant Degree
DRI Direct Reduction Iron
LS Light scattering
RMSE Root mean square errors
RPM Random pore model
SCM Shrinking core model
TCD Thermal conductivity detector

Symbols

Aj Kinetic reaction resistance [s/m]
aj Proportional oxygen content parameter [− ]
Bj Intraparticle diffusion resistance [s/m]
ci Concentration i:th gas in the reactor [mol/m3]
ci,in Feed i:th gas concentration [mol/m3]
Dj Intraparticle diffusion coefficient j:th reaction front [m2/s]
Dmol Molecular diffusivity coefficient [m2/s]
Dz Axial dispersion coefficient [m2/s]
d1,j First coefficient empirical interparticle diffusion equation 

[m2/s]
d2,j Second coefficient empirical interparticle diffusion equation 

[− ]
d3,j Third coefficient empirical interparticle diffusion equation 

[K]
Ea,j Activation energy j:th reaction front [J/mol]
e Fitting parameter error
F External diffusion resistance [s/m]
g1,i First coefficient in empirical thermal conductivity equation 

[W/(m K)]
g2,i Second coefficient in empirical thermal conductivity equation 

[− ]
g3,i Third coefficient in empirical thermal conductivity equation 

[− ]
g4,i Fourth coefficient in empirical thermal conductivity [− ]
H External diffusion coefficient [m/s]
h Height of the solid bed [m]
Kj Equilibrium constant j:th reaction front [− ]
kj Kinetic constant j:th reaction front [m/s]
kj,ref Pre-exponential kinetic factor j:th reaction front [m/s]
L Reactor length [m]
M Molecular weight [g/mol]
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m Iron oxide initial mass [g]
m1,i First coefficient in empirical viscosity equation [Pa s]
m2,i Second coefficient in empirical viscosity equation [− ]
m3,i Third coefficient in empirical viscosity equation [− ]
m4,i Fourth coefficient in empirical viscosity equation [− ]
N Number of granulometric families [− ]
Nj Effective reaction SCM term (f = 1 [− ], f = 2 [s2/m2], f = 3 

[s3/m3])
n0 Initial concentration of oxygen [mol/m3]
O Objective function
P Operating pressure [N/m2]
Pe Pcclet number [− ]
Q Volume flow rate [mL/min]
R Reactor radius [m]
Rg Ideal gas constant [J/(K mol)]
Re Reynolds number [− ]
r0
n Iron oxide particle radius [m]

rj Reduction rate SCM [mol/(m3 s)]
S Reactor cross sectional area [m2]
Sc Schmidt number [− ]
Sh Sherwood number [− ]
T Operating temperature [K]
t Time [s]
u Gas velocity [m/s]
V Solid volume [m3]
vi Diffusion volumes coefficients [− ]
W Total resistance (f = 1 [− ]) (f = 2 [s2/m2]) (f = 3 [s3/m3])
Xj Reduction degree j:th reaction front [− ]
xn Weight granulometric distribution [− ]
yi,j Gas molar fraction i:th species of j:th reaction front [− ]
yH2 ,j,eq Equilibrium molar fraction of H2 of j:th reaction front [− ]
z Reactor axial coordinate [− ]
β Unit conversion term [(m3/min)/(dm3/s)]
ΔGj Gibbs free energy changes j:th reaction front [J/mol]
ΔHj Enthalpy changes j:th reaction front [J/mol]
ΔSj Entropy changes j:th reaction front [J/mol]
Δt Maximum integration step
ε Bed void degree [− ]
λj Solid thermal conductivity [W/(m K)]
ρ Solid density [g/cm3]
ρg Gas density [g/cm3]
νi,j Stoichiometric matrix [− ]
μg Gas viscosity [Pa s]

Subscripts

f Number of available reaction fronts
i Gas species
j Reaction fronts
l Spatial reactor domain
n Index of granulometric family's distribution
s Index of signal data distribution

Superscripts

0 index of initial condition [− ]
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[51] Y. Hara, S. Kondō, Kinetics of reduction of iron oxide pellets with hydrogen at low 
temperatures, Trans. Iron Steel Inst. Japan 8 (5) (1968) 300–310, https://doi.org/ 
10.2355/isijinternational1966.8.300.

[52] D. Guo, et al., Kinetics and mechanisms of direct reduction of iron ore-biomass 
composite pellets with hydrogen gas, Int. J. Hydrog. Energy 40 (14) (Apr. 2015) 
4733–4740, https://doi.org/10.1016/j.ijhydene.2015.02.065.

[53] A.Z. Ghadi, M.S. Valipour, M. Biglari, Mathematical modelling of wustite pellet 
reduction: grain model in comparison with USCM, Ironmak. Steelmak. 43 (6) (Jul. 
2016) 418–425, https://doi.org/10.1080/03019233.2015.1135578.

[54] S.M.M. Nouri, H. Ale Ebrahim, E. Jamshidi, Simulation of direct reduction reactor 
by the grain model, Chem. Eng. J. 166 (2) (Jan. 2011) 704–709, https://doi.org/ 
10.1016/j.cej.2010.11.025.

[55] M. Hosseinzadeh, N. Kasiri, M. Rezaei, Random pore model insights into structural 
and operational parameters for hydrogen-based iron oxide reduction, Process. Saf. 
Environ. Prot. 190 (Oct. 2024) 464–480, https://doi.org/10.1016/j. 
psep.2024.07.054.

[56] J.J. Wong, D. Iruretagoyena, N. Shah, P.S. Fennell, A three-interface random pore 
model: the reduction of iron oxide in chemical looping and green steel 
technologies, Proc. R. Soc. A, Proc. Math. Phys. Eng. Sci. 479 (2278) (Oct. 2023), 
https://doi.org/10.1098/rspa.2023.0173.

[57] Y. Zhai, L. Shao, C. Zhao, X. Zhang, H. Saxén, A numerical study of the 
thermochemical and aerodynamic states of H 2 -intensive direct reduction shaft 
furnace, Steel Res. Int. (Nov. 2024), https://doi.org/10.1002/srin.202400567.

[58] F. Mauret, M. Baniasadi, H. Saxén, A. Feiterna, S. Hojda, Impact of hydrogenous 
gas injection on the blast furnace process: a numerical investigation, Metall. Mater. 
Trans. B 54 (4) (Aug. 2023) 2137–2158, https://doi.org/10.1007/s11663-023- 
02822-4.

[59] A. Pineau, N. Kanari, I. Gaballah, Kinetics of reduction of iron oxides by H2. Part I: 
low temperature reduction of hematite, Thermochim. Acta 447 (1) (Aug. 2006) 
89–100, https://doi.org/10.1016/j.tca.2005.10.004.

[60] E. Salucci, A. D’Angelo, V. Russo, H. Grénman, H. Saxén, Review on the reduction 
kinetics of iron oxides with hydrogen-rich gas: experimental investigation and 
modeling approaches, Ind. Eng. Chem. Res. 64 (1) (Jan. 2025) 1–35, https://doi. 
org/10.1021/acs.iecr.4c03136.

[61] A. Loder, S. Santner, M. Siebenhofer, A. Böhm, S. Lux, Reaction kinetics of direct 
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