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Reducing carbon dioxide emissions from industrial processes is a major objective of current scientific research.
Iron and steel production through iron ore reduction is a key contributor to greenhouse gas emissions, which can
be significantly lowered using green hydrogen. However, the process involves complex, multi-scale challenges,
such as reaction kinetics, thermodynamic constraints, mass and energy transport, fluid and particle dynamics,
solid morphology, and economic feasibility. Based on kinetic parameters determined on a simpler system, this
work focusses on a validation of these kinetic results. Validation is achieved through experimental and modeling
investigations of systems with increased complexity, using the kinetic parameters previously estimated. Exper-
iments were carried out in a packed bed reactor-like setup using pure iron oxide powder under varied operating
conditions. As a novelty in this field, the thermal conductivity measurements of the product gas were quanti-
tatively correlated to the extent of reduction of the solid sample. A mathematical model of a fixed-bed reactor,
incorporating a dynamic shrinking core model, was demonstrated to accurately reproduce the experimental
findings. The results emphasize the reversible nature of the chemical reactions involved and highlight the critical

influence of water vapor in the systems.

1. Introduction

The ecological transition has become one of the most debated topics
in recent years, as data on the climate crisis and advancing desertifica-
tion become increasingly alarming. For instance, the European Union
has set a target of zero greenhouse gas emissions by 2050, but the
achievability of this objective is highly uncertain and could be delayed
in the coming years [1]. The biggest challenge is to find environmentally
friendly and innovative technologies that can be seamlessly integrated
into modern anthropogenic processes, from transportation to energy
supply and industry. The main problem is that although alternative
processes to conventional ones exist or are being theorized, they are
often not economically competitive as they are based on technologies
that are either too expensive or still under development, leading to
immature and inefficient production compared to the established
methods. This inevitably requires the interests of the various scientific
and industrial sectors to be aligned toward a common goal. The chal-
lenge is particularly pressing for the steel sector, one of the most carbon-
intensive industries with estimated CO5 emissions of around 1.85 tons
per ton of steel produced [2]. Combined with a 250% increase in

production observed over the last 25 years to almost two billion tons
annually, the situation is becoming increasingly concerning [3]. The
traditional steelmaking process is based on the Blast Furnace-Basic
Oxygen Furnace (BF-BOF) route, in which iron ores (mainly iron oxides)
are chemically reduced at high temperatures by carbon monoxide (CO)
generated in situ through the partial combustion of coke and auxiliary
reductants [4]. Although this complex metallurgical process is not the
only one currently in operation, it is clearly the most widely used
worldwide [5]. Over the last 50 years, various alternative routes to the
blast furnace have been developed to utilize natural resources other than
coal [6,7]. In the processes known as Direct Reduction (DR), the carbon
source is partially replaced by gas mixtures of CO and hydrogen (Hy).
Typically, the reduction process is carried out in a Shaft Furnace (SF)
followed by an Electric Arc Furnace (EAF), melting the solid pro-
duct—direct reduced iron (DRI)—using electrical energy [8]. Industri-
ally operated DR processes include Midrex [9] and HYL-III [10]. The
main difference between these routes lies in the H5/CO ratio of the feed
gas as well as the operating temperature and pressure. In general, the
HYL-III process operates with twice the Ho/CO ratio of Midrex and under
higher temperature and pressure conditions. Other industrial DR
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processes are Circored [11] and SL/RN [12]. These systems differ from
the classical DR process mainly in the type of reactor used: SL/RN uses a
rotary kiln, while Circored uses a fluidized bed. They also differ with
respect to the source of the reducing gas [13]. Several studies estimate
that the extensive use of DR processes could lead to a significant
reduction in CO; emissions in the long term. Specifically, emissions from
the standard SF-EAF process could be reduced by half, with an overall
emission of around 0.97 tons of CO per ton of steel [2]. In the case of
Circored, in which only hydrogen is used as a reducing agent, the esti-
mated emissions fall even further to around 0.2 tons of CO5 per ton of
steel [14,15]. However, there is a great deal of uncertainty regarding the
technological gap associated with the continuous and sustainable pro-
duction of Hy. It is estimated that the amount of green hydrogen
required for a complete conversion of the industry is around 70,000 m®
STP/h per 1 million tons of steel per year [16] — a figure that is
currently far from being achievable in the short term. Therefore, with
the support of the scientific community and transition-friendly policies,
industrial companies need to work together to improve the efficiency
and continuous applicability of green electrolysis [17] or chemical loop
technologies [18,19]. To facilitate this transition, some studies have
suggested introducing limited amounts of Hy into the blast furnace [20].
This raises several questions, particularly with regard to the delicate
balance of reducing agents and the safety of systems not designed to use
hydrogen at temperatures above 2000 °C [21]. From a chemical point of
view, the reaction network does not differ significantly between
hydrogen and carbon monoxide. The reduction proceeds via a series of
reversible steps from hematite (FeoO3) to magnetite (Fe3O4) and wiistite
(FeO) and finally to metallic iron (Fe). It has been shown that under the
same operating conditions, reduction with hydrogen is more efficient
and faster than reduction with carbon monoxide [22]. However, certain
phenomena require further investigation, both in kinetic and thermo-
dynamic terms. First, the endothermic nature of hydrogen reduction
must be taken into account, as it has a negative impact on the energy
balance of the reactor and requires an external energy input [23]. Sec-
ondly, the morphological evolution of the solid during reduction seems
to differ significantly when using Hy compared to CO. Some authors
attribute this to the higher diffusivity of hydrogen within the solid [24].
Furthermore, the effect of water vapor, especially during the fast first
reduction step, should also be investigated in more detail. Subsequent
reactions are strongly influenced by the driving/reducing power of the
gas mixture, which may be locally saturated with water vapor. From this
perspective, an additional layer of complexity arises from the thermo-
dynamic nature of the reaction network. The phase diagrams describing
the stability of the different iron oxides are calculated based on the
composition of the gas mixture, which includes both the reducing and
oxidizing species formed during the reaction, as well as the operating
temperature. These theoretical equilibrium curves have been deter-
mined for the reduction carried out with hydrogen, with carbon mon-
oxide, and also for mixtures containing both reducing agents.

The Baur-Glassner/Chaudron diagrams illustrate the stability re-
gions of each solid phase as a function of gas composition and temper-
ature, providing a valuable thermodynamic framework for interpreting
the reduction behavior of iron oxides under different atmospheres [25].

The diagram shows how the Gas Oxidation Degree (GOD) varies with
the operating temperature and gas composition. In the case of Hp-based
reduction, the GOD, is defined as the ratio between the water vapor
concentration and the sum of the H,O and H; concentrations. This
definition effectively represents the molar fraction of oxidant in the
system. In simple terms, the diagram allows for an analysis of the
reduction potential of a gas mixture based on its composition, deter-
mining the stability regions of the different iron oxides. The same ob-
servations apply to both CO-based reduction and to mixed Hy-CO
atmospheres with different molar fractions. The role of the oxidant
species in the reactive system is of crucial importance but is unfortu-
nately still often underexplored in literature. This overview illustrates
the considerable complexity of the reduction process, which includes
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kinetic and thermodynamic mechanisms, diffusion phenomena and the
structural evolution of the solid. This can lead to different reaction re-
gimes — from kinetic to diffusion control [26,27] or even mixed and
varying regimes [28,29], including solid-state diffusion [30]. To better
understand the kinetics of hydrogen-based iron oxide reduction,
numerous studies have investigated the effects of temperature, volu-
metric flow rate and gas composition [31,32]. However, the results are
often difficult to compare as the technical conditions and reactor
configuration vary, e.g., thermogravimetric systems, fixed beds, fluid-
ized beds and drop tube reactors [33-36]. One of the main sources of
operational variability is the solid sample itself. Many studies report that
the role of impurities (gangue) in commercial solids remains unclear.
While they may partially influence the final morphology of the reduced
iron [37], their impact on the kinetics appears to be minor [38]. Another
factor is the particle size distribution, which ranges from fines, powders
obtained from ground ore to pellets [39-41]. As a result, the estimation
of the kinetic parameters is subject to high variability, so that hardly any
uniform results can be obtained [42]. Therefore, the present study aims
to validate kinetic parameters derived from experiments on the reduc-
tion of thin layers of pure hematite powder with a defined granulometry.
These parameters were obtained in a previous work, where the nu-
merical procedures and methodologies were described in detail [43].
For clarity, all essential information required to understand and repro-
duce the present work is fully contained within this manuscript and its
supplementary materials. This estimation dataset was chosen to mini-
mize overlapping phenomena that could influence parametric evalua-
tion. In particular, the use of a very thin reactive bed makes it possible to
neglect diffusion-related effects, prevents the compaction of fine mate-
rials at high temperatures and limits the local thermodynamic effects of
water generated during the reaction [43]. However, the predictive
capability of the estimated kinetic parameters under spatially varying
gas compositions and significant local HoO accumulation had not yet
been assessed. As a means to increase the system complexity, hydrogen
reduction in powder beds was investigated and used to validate the
estimated kinetic parameters. These experiments were performed with
tenfold or more sample mass under extended operating conditions. The
samples were subjected to chemical-physical analyzing before, during
and after reduction, which provided an evaluation of their properties
and composition, giving results that supported the theoretical and
modeling assumptions. The findings demonstrate that the kinetic pa-
rameters determined precisely can accurately describe the more com-
plex system used for validation and, furthermore, provide an interesting
assessment of the role of water vapor and local thermodynamics influ-
encing the final stages of the reduction. The present study provides
mechanistic insight into phenomena that may become critical in larger-
scale systems, thereby supporting the development of modern hydrogen-
based reactor design strategies.

2. Materials and methods
2.1. Materials

The iron oxide samples employed in the reduction experiments were
commercially sourced from Sigma-Aldrich. The specific material utilized
was hematite, characterized by a chemical purity exceeding 96% and
particle dimensions of <5 pm. Powder materials allow to minimize mass
and heat transfer phenomena, but the substantially increased bed mass
in the present experiments raises new relevant questions concerning the
reduction process related to hydrogen starvation and the thermody-
namic effect of water in the system. As for the gas phase, high-purity (>
99.99%) hydrogen was employed as the sole reducing agent, while
argon (> 99.99%) served as an inert carrier. Both gases were supplied by
the company Woikoski Oy, with purities sufficiently high to ensure that
no side reactions or impurities would interfere with the experimental
results.
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2.2. Chemical and physical characterization

The specific surface area was calculated by means of the Brunauer-
Emmett-Teller method. The morphological characteristics and surface
structure of the samples were further examined using scanning electron
microscopy (SEM). Micrographs were acquired with a NovaNanoSEM
instrument, equipped with a through-the-lens detector, providing high-
resolution imaging of the sample topography and compositional
contrast. The thickness of the solid bed deposited during the experiment
was estimated by analyzing photographs captured with a digital single-
lens reflex camera (Canon EOS600D). The images were processed using
specialized image analysis software, which enabled precise dimensional
evaluation based on calibrated reference markers. Granulometric dis-
tribution of the solids samples was evaluated using light scattering
technique (LS) through a Malvern Panalytical MASTERSIZER 3000. The
monitoring of the transient chemical species through XRD analysis and
of other solids proprieties during the reduction process is analyzed in
detail in D'Angelo et al. works [39,40].

2.3. Reactor fluid dynamic

To achieve an accurate characterization of the reactor, residence
time distribution (RTD) and axial dispersion effects were evaluated.
Under standard conditions (T = 600 °C, Q = 20 mL/min), the mean
residence time (7) of the elements of fluid (i.e., Hy in Ar) was evaluated
to be 3.68 min. The axial Peclet number (Pe), expressing the ratio be-
tween convective and diffusive transport, was derived from pulse-
response experiments and fitted using an unsteady-state mass balance
with open-open boundary conditions. An example of model fitting is
shown in Supplementary materials (cf., Fig. S1) displaying the residence
time distribution function (i.e., E(t) density function) over the dimen-
sionless time 6.

Values of Pe ~ 12 were consistently obtained for all tested flow rates,
and operating temperature, indicating deviation from ideal plug flow
and the necessity of developing a model that accounts for axial disper-
sion phenomena.

2.4. Experimental setup

The reduction tests were carried out under various experimental
conditions using an Autochem system designed primarily for chemi-
sorption studies. A key component of the system is the thermal con-
ductivity detector (TCD), which allows for rapid real-time monitoring of
the gaseous effluents with high temporal resolution. Operating on the
principle of a Wheatstone bridge, the TCD gives a signal that reflects the
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difference in thermal conductivity between a reference stream-
—argon—and the reactive gas mixture exiting the reactor, which in-
cludes hydrogen, water vapor, and argon. Fig. 2 shows a schematic
representation of the experimental apparatus at a hypothetical time
t > 0, where the solid bed has potentially different iron oxides and iron
in the different layers, as well as the single particle that may have a triple
reaction front at a given time.

The reactor, made of quartz glass, consists of a straight tubular body
with a length of L ~ 0.193 m and a radius of R = 0.011 m. It is placed
inside a compact electric furnace for accurate temperature control. A
type-K thermocouple, positioned at the axial midpoint of the fixed bed,
continuously monitors the temperature. The powder sample is sup-
ported on a quartz disk (pore sizes below 10-15 pm). An additional layer
of quartz wool is positioned beneath the disk to prevent particle
elutriation into the outlet stream. To ensure uniform heating, the tem-
perature was ramped up linearly at a rate of 10 °C/min. A series of
isothermal experiments were then conducted to evaluate the influence
of key variables—including reaction temperature (T), solid mass (m),
total gas flow rate (Q), and hydrogen molar fraction (yu,) in the feed
stream—on the reduction behavior of the iron oxide (See Table 1).

TCD is widely accessible in conventional gas-analysis setups and
provides adequate sensitivity for detecting variations in Hy concentra-
tion within Hp/H0 systems, where a strong thermal conductivity
contrast exists between reacting species. Its intrinsic tolerance to water
vapor allows direct analysis of the gas stream produced during reduc-
tion, avoiding the need for extensive pre-treatment typically required
when mass spectrometer or gas chromatography systems are exposed to
significant moisture. Compared to gravimetric techniques, TCD enables
continuous monitoring of the gas phase under flowing conditions and
avoids potential uncertainties related to buoyancy effects or fine-particle
entrainment in small-mass powder systems. These features make TCD a
practical, reliable, and transferable tool for real-time kinetic monitoring
in hydrogen-driven reduction studies, provided that sufficient thermal
conductivity contrast exists between reacting species.

To validate the TCD-based approach for monitoring iron oxide
reduction with Hj, off-gas composition was analyzed using an Agilent
990 Micro GC. Consistent trends between TCD signals and Micro GC Hy
profiles (cf., Fig. S2) confirm the method's reliability. Repeatability was
assessed by performing duplicate experiments under identical operating
conditions. The standard deviation in raw TCD signal remained below
1% (cf., Fig. S3), indicating high experimental reproducibility. All
normalized TCD data (cf., Figs. S4 and S5) are provided in the Supple-
mentary Material. The TCD signals are presented in normalized form to
facilitate direct visual comparison across different operating conditions
using a common y-axis scale. For each experiment, the corresponding

Table 1
Hematite reduction experimental conditions.
Test T[C] Qu, [mL/min] Qar [mL/min] Q [mL/min] Y, [—] m (g

1 600 4 8 12 0.33 0.1017

2 800 4 8 12 0.33 0.1140

3 1000 4 8 12 0.33 0.1011

4* 600 4 24 28 0.14 0.1005

5 800 4 24 28 0.14 0.1070
1000 4 24 28 0.14 0.1012

600 3 17 20 0.15 0.1070

600 5 15 20 0.25 0.1101

600 4 16 20 0.20 0.1105

600 4 16 20 0.20 0.1483

600 4 16 20 0.20 0.2192

600 4 16 20 0.20 0.3200

800 4 16 20 0.20 0.1040

800 4 16 20 0.20 0.2000

600 2 26 28 0.071 0.1002

600 5 19 24 0.21 0.1071

600 6 22 28 0.21 0.1083

** Further comparisons between experimental tests.
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maximum detector signal (in mV) is reported in the Supplementary
Material (cf., Table S3). Multiplication of this value by the normalized
profile allows reconstruction of the original unprocessed TCD signal.

2.4.1. Mathematical and physical interpretation of TCD signals

The analysis of the thermal conductivity signal is inherently complex
due to the combined effects of the gas phase properties and the struc-
tural characteristics of the detection system (i.e., the Wheatstone
bridge). The data analysis method developed to improve the interpre-
tation of the reduction process leads to an important intermediate step in
the analysis: establishing a robust correlation between the original
thermal conductivity signal and the extent of solid phase conversion in
the heterogeneous gas-solid reactions [43]. The procedure briefly out-
lined in the Appendix, involves the calculation of the accumulated
hydrogen consumption and the interpretation of this with respect to the
solid reduction degree. Furthermore, the presence of dead volume and
axial dispersion effects in the initial part of the experiments required a
correction of the signal, which was obtained by comparison with the
results of the blank signal, i.e., an experiment without a solid sample. By
this procedure, the dynamic effect of the introduction of the hydrogen
gas in the feed flow can be appropriately considered. All normalized
TCD datasets together with the corresponding calculated reduction de-
gree profiles are provided in the Supplementary Material (Figs. S4 and
S5). In addition, Figs. S6 and S7 report the blank signals employed for
baseline subtraction, completing the information required to reproduce
the full data processing procedure.

2.5. Mathematical model

The mathematical model facilitates a more detailed analysis of the
interparticle gas composition of the solid bed, considering not only the
kinetic and fluid dynamics, but also the thermodynamics of the reduc-
tion reactions, which strongly influences some phases of the process. The
model applies to a granular mass balance, which takes into account the
particle size distribution in the solid phase, as well as a more realistic
representation of the progression of the reaction front. At its core, the
model couples a traditional axial dispersion formulation with a time-
dependent dynamic shrinking core model (SCM) enhanced by a prod-
uct layer concept. At each time increment, the state of solids is reas-
sessed, and the model dynamically selects the governing equations
based on the number of active reaction fronts present. This strategy
ensures the inclusion of a broad spectrum of transport and reaction
mechanisms, including chemical kinetics, thermodynamic equilibrium,
and mass transfer phenomena — both internal and external. Reactions
are constrained to occur at the interface between the unreacted core and
the reacted shell; as the core shrinks, the reaction surface area corre-
spondingly decreases. In the proposed mechanism, a maximum of three
concurrent reaction fronts can be active, depending on the oxide species
and their extent of conversion. This kinetic model represents an
advanced version of an earlier framework by the research group [44]
and was used to estimate the kinetic parameters of the three reduction
[43]. It is presented here in a more compact way, highlighting the main
differences.

2.5.1. Solid mass balance

The model expresses the temporal t and spatial evolution of each iron
oxide's molar content along the axial coordinate 2z, of the bed. The initial
oxygen molar content ng is calculated based on the mass and molar
weight (M) of the starting oxide (e.g., np = 3m/M). The solid side mass
balance describes the dynamic of the degree of conversion X; using the
ordinary differential equation

6X](t. ZZ)

_ ri(t, 22)
ot =1-a7

N

(€Y

where the term g; represents the fractional oxygen content depending on
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the oxide species. The local reduction rate r; for each oxide is formulated
as

P 1 <Nj(t»szr3) I
8

N 3
) =2 R T ) |, Wik y“”f““”)

(2

Here, R, is the universal gas constant, P is the pressure, and yy, jeq is
the equilibrium hydrogen mole fraction for reaction j. The equilibrium
mole fraction yy, j.q is derived based on local gas composition (y;;) and
the reaction-specific equilibrium constant K;

f

Yu,(t, 22) +Yu,0/ (t,zz)) 3

1
Yijeq(t,22) = m(
]

The equilibrium constants of each reactive step were calculated
through the expressions

AG;
K; = exp TRT )]
AG; = g1 T + 8, T +8, (5)

where AG; is the Gibbs free energy in J/mol while g,; are parameters
taken from thermodynamic datasets [45]. These parameters for each
reaction j are reported in the Supplementary Material in Table S2.

The global reduction rate is then aggregated over all particle size
classes by weighing each rate by the respective initial radius r and
weight fraction x,, thus capturing the influence of particle size distri-
bution on the overall conversion. The parameters A;, N; and W that are
the kinetic resistance, the effective reduction rate, and the total resis-
tance, respectively, are central to the dynamic selection of the governing
equations. The degree of conversion X; helps determine the number of
active reaction fronts in each layer. At each simulation time of the
mathematical model, the composition of the solid bed is queried layer by
layer by determining the number of active reaction fronts, which can
vary from 3 to O at the end of the reduction. The analytical equations
describing the multi-front reductive processes are complex to derive
[46], but easy to implement due to their mathematical nature. For this
reason, the terms N; and W evolve dynamically as the number of
available reactions varies using f, which orchestrates these transitions.

Xl(t,Zg):O
Xl(t,ZZ) <1 /\Xz(t,Zz) =0

if Xl(t.ZZ)<1/\X2(t,22)<1/\<0X3(t.22)<1 f_l i—1
Xi(t22) = 1 A Xa(t,25) < 1 AXs(t,25) < 1 -t =
X1 (f,Zz) =1 /\Xz(t722) =1 /\X3(t,Zz) <1
Xl(t,Zz):1/\X2(t722):1/\X3(t,22):1

f=2 j=1,2

f=3 j=1,2,3

f=2 j=23

f=1 j=3

f=0 (6)

Generally, N; and W are defined starting from the kinetic resistance
(4)), the intraparticle diffusion resistance and external diffusion resis-
tance. The analytical expressions for these terms are reported in detail in
a previous work [44]. As an example, A; is defined as

1 1
A(tz) | = 3 @)
3

(1-X(t,2)) kf‘<1 +%,)

where k; is the kinetic constant. The kinetic parameters were determined
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from reduction data of thin layers of pure hematite using a similar
experimental and modeling approach to that described in this work.
These parameters were used by means of the linearized Arrhenius
equation (cf., Supplementary Material, Table S1, Fig. S8). The thermo-
dynamic parameters were extracted from known theoretical expres-
sions, underlying the phase diagram involving exclusively Ha-based
reduction shown in Fig. 1.

2.5.2. Gas mass balance

The gas phase dynamics account for the temporal changes in the
concentrations of reducing and oxidizing species. The reactor is divided
into two zones — a non-reactive zone (I = 1) and a reactive fixed-bed
region (I = 2) — each characterized by dimensionless coordinates 2;
and 2,, respectively.

u  odci(t,z1) D, d*ci(t,z)
aCi(t,ZI) L-h ()zl (L—h)z (3212

o u dc;i(t,2,) +azci(t,zz)
h ()Zz 02»'22

forl=1

+(1 —e)~2§fui_j~rj(t,zz) forl=2

®

In the model equations, c; denotes the concentration of gas species i
(H; or Hy0), while ;; are the stoichiometric coefficients associated with
reaction j. The key hydrodynamic parameters include bed height h, su-
perficial gas velocity u, and axial dispersion coefficient D,. The initial
porosity ¢ of the bed was measured through physisorption techniques.
Boundary conditions are specified at the reactor inlet (z; = 0), the
interface between zones (z; = 1, 2, = 0), and the outlet (2, = 1).

dci(t, z
ci(t,21) |5, —o = Ciin 1((3711) =0 )
z1=1
oc;(t, z
atm) o —ata),  CER o (10
22=1

2.5.3. Numerical controls and solutions

The particle size distribution refined by LS techniques and the
calculated external mass transfer coefficient (H) indicate that external
diffusion limitations can be safely neglected since its average value is
approximately 1000 m/s. This coefficient was determined based on the
classical Sherwood (Sh), Schmidt (Sc), and Reynolds (Re) correlations

1200
1100 + i
=
=
£ —*
5}
< 1000 T
=
g .
ron
= a Line types
g 900 CO: D.O/Hl: 1.0
Q - - - c0:02/H,:08
s 1 Lo s s e C0:0.6/H,:0.4
Q
= 800 L e CO: 0.4/ H,: 0.6
Magnetlte [esnes CO:D.S/H1:0.2
i L €0:1.0/H,: 0.0
\ Colour
700 4 H Purple Fe,0, = Fe;0,
i i Blue Fe,0, = FeO
i % Red FeO = Fe
i i \ K Black Fe,0, = Fe
600 L L

T T T ll I. T - T T T
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Gas Oxidation Degree - GOD (Xo,+X,,0)/(Xcot Xzt X o Xi20) [-]
Fig. 1. Thermodynamic diagram of Baur-Glassner/Chaudron [25]. The line

type indicates the composition of the Ho—~CO reducing gas mixture, color de-
notes the equilibrium conditions of each specific reduction step.
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D,
H=Sh=—™> an
2rp
1/2 1/3
2R-u-
Sh =2+ 0.6Re’2Sc'® =240.6 (’*) %) 12)
g g'Dmol

where y, and p, represent gas viscosity and density, respectively. The
molecular diffusivity was determined according to Valipour et al. [47].

A0-7.7175 1/2
D, — 1.107-T ] Zi 13)
P-(Yv13)? M;

where v; is the diffusion volumes of the gas species involved. These
parameters are derived from empirical equations obtained via CHEM-
CAD [48].

The analysis of the thermal gradients within the particles was
assessed using the Mears criterion. The temperature difference between
the particle surface and its center was calculated to be —0.65 K, 1.61 K,
and 1.23 K for the three reduction steps, respectively. Axial temperature
deviations are expected to be largest near the bed inlet, where the re-
action driving force is highest, and to decrease along the bed due to
hydrogen consumption and water formation. Owing to the limited bed
diameter and low heat generation rate, radial temperature gradients are
estimated to be below 1 K throughout the bed. These results indicate that
the energy balance for the reduction of fine iron oxide beds with
hydrogen can be safely neglected, as the internal temperature gradients
are minimal [44]. The model was implemented in Matlab 2024a. The
spatial discretization of the partial differential equations was performed
with the finite difference method, using a backward differentiation
scheme for first-order derivatives and a central differentiation scheme
for second-order derivatives. Each axial coordinate of the reactor
domain was discretized into 20 uniformly distributed nodes, and the
resulting ordinary differential equations were integrated over time using
the odel5s solver. A comprehensive summary of the model parameters
is provided in Supplementary Materials (cf. Table S1 and Table S2).

3. Results
3.1. Materials morphology and characterization

The evolution of the chemical composition of the samples over time
was examined in detail in D'Angelo et al. work [39], as it is crucial to
understand the fundamentals of iron oxide reduction, particularly
through XRD analysis (cf., Fig. S9). These results demonstrated that the
time evolution of the TCD signal curve is directly correlated with the
progress of the chemical reaction. In particular, the changes in the slope
of the curve correspond to the moments when the dominant solid phase
involved in hydrogen consumption changes, both kinetically and ther-
modynamically. This confirm that the reaction performed at a temper-
ature above 570 °C goes through all known intermediate reaction stages,
starting with hematite, then magnetite, wiistite and finally iron. To the
end of analyzing chemical composition and solid transient proprieties,
reduction process was carried out several times in the same operating
conditions by interrupting the reduction of 0.3 g hematite bed at
different time intervals. The operating condition used was 600 °C, a
hydrogen molar fraction of 0.2 and a total gas flow rate of 20 mL/min.
The resulting solid samples were subjected to various analyses,
including SEM and nitrogen physisorption. The SEM analysis provides
significant morphological and topographical information about the
starting material and the samples under the reduction process. The
normalized thermal conductivity signal and the results of the SEM
analysis are shown in Fig. 3.

The SEM images provide important information, especially about the
morphological evolution of the solid phases. Although pure hematite
powder tends to agglomerate, the classical rhombohedral structure
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remains recognizable (Fig. 6b.1). As the reaction progresses — from Fey03 and the presence of FeO and Fe after 50 min (Fig. 3b.4). After 150

hematite to magnetite after 5 min or 10 min (Figs. 3b.2 and 3b.3) some min of reaction, increasing the magnitude in order to get more infor-
coalescence of the iron oxide particles can be observed. At this stage, mation, a clear coalescence of the particles can be seen (Fig. 3b.5).
Fe3Oy4 is the predominant species that has formed rapidly. This phe- Numerous studies have reported that such coalescence can lead to the
nomenon becomes evident with time, along with the disappearance of formation of dense outer iron layers that hinder the penetration of the
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reducing gas, resulting in incomplete reduction governed by a steady-
state diffusion regime [16,49,50]. The last SEM image, Fig. 3b.6,
shows the fully reduced iron after 250 min. XRD analysis of this sample
confirms the exclusive presence of metallic iron, with no detectable
intermediates. This morphological analysis highlights that the particle
size, although the distribution may change during the reduction process,
always results in dimensions comparable to the initial ones of the
powder. Moreover, to determine the evolution of the size distribution of
the samples over time, a light scattering technique must be used. A
comparison between the particle-size distributions of the starting ma-
terial and the reduced iron is reported in the Supplementary Materials
(cf., Fig. S10). These results show that the occurrence of particle coa-
lescence is present but negligible. This is evidenced by the minimal
broadening of the particle-size distribution curves of the reduced iron
compared to the pure hematite, as well as by the nearly identical Sauter
mean diameters calculated over the entire distribution (difference of
0.22:107° m). For these reasons, it was assumed that the initial particle
size distribution was maintained throughout the reduction process. This
assumption was also confirmed by the ability of the model to accurately
describe the entire experimental data set using the initial size distribu-
tion (c.f. Results section). The specific surface area and porosity were
analyzed using nitrogen physisorption and calculated using the BET
method. The relative evolution of these two properties over time is
shown in Fig. 4. Selected measurements were performed in duplicate to
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assess reproducibility. The observed variability remained within 1-2%
for both porosity and specific surface area. Given this limited deviation
and the substantially larger structural trends observed during reduction,
additional replicates were not performed for all time points.

These results show that thermal activation of the solid occurs during
the initial heating ramp of 10 °C/min and both surface area and porosity
increase. At this point, a porosity of 0.1 and a surface area of about 7 m?/
g was measured. As soon as the reduction starts, opposing trends can be
observed for both properties: the surface area first increases and then
decreases within the first 10 min, while the porosity initially decreases
slightly before increasing again. This behavior can be explained by an
initial phase of rapid reduction of Fe;O3 to Fe3O4, which is accompanied
by oxygen removal: the reaction creates new vacancies, which leads to
an increase in surface area. The initial reduction in porosity is likely due
to sintering. As the reaction progresses, new voids continue to form, but
at lower reaction rates. The porosity increases while the surface area
decreases due to coalescence of the particles. It is notable that the
changes in both properties remain limited compared to the changes
during the initial thermal activation. Starting from the initial values at t
= 0 min (i.e., after heating process), the porosity increases overall by
about 20% (from € = 0.1 to € = 0.12) while the surface area decreases by
about 25%. These variations do not significantly affect the predicted
behavior under the investigated conditions. Therefore, structural pa-
rameters were assumed constant in the present modeling framework.
Specifically, the bed porosity was set its initial value, ¢ = 0.1.

3.2. Validation study

The present study on the reduction of iron oxide powder beds was
carried out under different operating parameters to evaluate the influ-
ence of the fixed-bed height. The main focus is to assess the predictive
capability of previously determined kinetic parameters [43] under more
complex and industrially relevant conditions. No parameter fitting was
performed using the experimental data presented herein; instead, the
independently estimated kinetic parameters were applied unchanged to
evaluate the model performance against a new and more demanding
dataset. The experimental data were compared with the findings of the
mathematical model that incorporates the kinetic parameters for each
reduction step estimated. The reduction experiments included an
extensive set of experimental conditions designed to stress both the
experimental setup and the robustness of the mathematical model. The
aim was to evaluate the kinetic behavior and especially the thermody-
namic constraints imposed by water vapor in the bed. A preliminary
theoretical analysis [44] showed that the lower layers of the bed differ
significantly from the upper layers in the case of a significant bed height.
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The model revealed that as the upper layers are exposed to fresh Hy, they
react rapidly under the strong driving force, while the lower layers are
subjected to water vapor generated in the upper layers. This leads to a
significant slowdown in the reduction process, especially in the re-
actions involving magnetite and wiistite [44]. Such phenomena are
critical to consider for scale-up problems, e.g., to furnaces of industrial
size. In addition, the morphological evolution of the material — driven
by slower reaction rates under thermodynamic constraints — can lead to
structural rearrangements as the system has both time and energy to
stabilize in more ordered configurations. The comparison between the
experimental and modeled results, processed according to the method of
integration and correction of the blank experiments (cf. Materials and
methods section) confirms the ability of the model to accurately inter-
pret the phenomena occurring during the reduction process and thus
validate the kinetic parameters. This also underlines the reliability of the
interpretation of the thermal conductivity signal of the outlet gas. In the
reduction of hematite beds, the slope changes in the curves of the
thermal conductivity signals are much more pronounced than in the thin
layers [39] reduction experiments due to the enhanced phenomena in
bed systems, which often make all transitions between regimes more
clearly visible. Fig. 5 highlights the variability in the shape of the
normalized TCD signal as a function of operating temperature.

The temperature shows a remarkable effect on the appearance of the
TCD signal, and, in particular, on the slope changes. At 600°C the TCD
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signal appears relatively smoothly, whereas at 800 °C and above the
curves change significantly. In particular, the plateaus indicate that the
system is not able to consume more hydrogen than reflected in the
signal, implying a constraint that is due to insufficient driving force.
The Baur-Glassner diagram confirms that the stability region for
metallic iron expands with increasing temperature, so that the final
reduction can take place even at slightly higher water vapor content. In
the normalized TCD signal, this becomes clear when comparing the
signal values, as the plateau observed at 1000 °C is lower than that at
800 °C. These thermodynamic constraints are not as clearly visible in the
global reduction degree, which is, however, easier to model due to its
more monotonic behavior. The TCD signal and the global reduction
degree are discussed in more detail in the Discussion section to complete
the kinetic, modeling, and thermodynamic interpretation of the reduc-
tion process. A comparison between pure and commercial ironmaking
materials has also shown that the morphological characteristics of the
sample can further influence the interpretation of the TCD signal [39].
Porosity, exposed surface area and their evolution during the chemical
reaction are of crucial importance when it comes to accurately
describing complex experimental data sets [40]. To improve the read-
ability of the experimental data obtained by TCD sensor and considering
the high temporal resolution of the measurement, the signal was down-
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sampled to 20 s between the points.

3.2.1. Temperature effect

The significant influence of temperature takes on more nuanced
implications when going beyond the key findings presented in thin
layers experiment work [39]. In particular, in the case of powder bed,
which — within certain limits — can be considered analogous to a pellet
consisting of microscopic grains, high temperatures can promote not
only the well-known kinetic and thermodynamic effects, but also critical
morphological and structural transformations. Numerous studies have
reported that sintering in the final stages of reduction can lead to solid-
state diffusion regimes [51,52]. This phenomenon is often associated
with the crystallographic transition of iron above 912 °C from alpha-Fe
(body-centered cubic) to gamma-Fe (face-centered cubic), which is more
compact and denser [42]. Such a structural change hinders the diffusion
of reducing agents and increases the retention of oxidizing agents. This
slows down the reduction process both from a kinetic and thermody-
namic point of view. Several authors also reported about the formation
of dense iron shells surrounding an unreacted FeO core — especially
during the reduction of pellets [16]. However, as noted in the
morphological and structural analysis section of this study, temperature
does not appear to be a dominant factor in the development of the solid
structure in the case of this powder bed. In particular, no pronounced
late-stage deceleration indicative of a transition toward a solid-state
diffusion-controlled regime was observed at 1000 °C, nor was evi-
dence found for the formation of a compact, diffusion-limiting metallic
layer under the investigated powder-bed conditions. The markers in
Fig. 6 show the effect of temperature on the overall degree of reduction
of pure hematite beds over time for three different temperatures (600 °C,
800 °C and 1000 °C) within the interesting range of shaft-furnace
operation. Comparison between Figs. 5 and 6b illustrates how
different interpretations can arise from relatively simple mathematical
manipulations of the TCD signal. The most clearly recognizable change
in slope corresponds to the end of hematite reduction and typically oc-
curs at a degree of conversion of just over 0.11. This result differs from
the theory due to a partial reduction of the upper magnetite layers
overlapping with the first reduction step: the constant availability of
fresh hydrogen and the low share of water vapor in these layers makes
magnetite reduction to wiistite possible. Further insight into this
behavior is provided by the mathematical model, which shows the rapid
completion of the first two reductions in the upper regions of the bed.
This model information is presented in the Supplementary Materials (cf.,
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Fig. S11) in the form of contour plots of the composition of the solid and signal are not as clearly reflected in the overall conversion curve,
gas components as a function of time and space (i.e., axial coordinate of because of a continuous overlap of Fe304 and FeO reduction. For this
the fixed bed). The other more pronounced slope changes in the TCD reason, a potential slope changes at a conversion slightly above 0.3,
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which corresponds to a complete and rapid end of the magnetite
reduction, are rarely detectable. The phase of thermodynamic limitation
is clearly visible here. The flatter the plateaus of the TCD signal, the
more linear the reduction curve becomes, reflecting a constant reduction
rate. The mathematical model also shows that the lower regions of the
bed are exposed to high concentrations of water vapor, which is
generated in the upper zones and transported downwards (cf., Fig. S11).
Within certain limits, this leads to significantly different reduction times
for magnetite and wiistite. The two sets of experiments shown in Fig. 6
offer valuable insights into the role of temperature. Under different
operating conditions, the reduction times appear similar at 1000 °C due
to the enhanced reaction rate, which makes it difficult to distinguish
between the experimental cases. However, the analysis changes at lower
temperatures, where differences emerge both in the overall reaction
times and in the slopes of the reduction curves. This not only un-
derscores the global importance of all operating conditions—discussed
in detail in the following subsections—but also highlights the critical
influence of combined kinetic and thermodynamic effects, which are
primarily governed by the operating temperature. As observed by the
continuous lines in Fig. 6, which represent the results of the model, it has
accurately captured the behavior in the bed experiments at all three
temperatures studied despite the wide operating variety.

3.2.2. Effect of gas composition

Changes in the composition of the feed gas influence the driving
force of the reduction reaction. Fig. 7 shows the effects of hydrogen
molar fraction on the overall degree of reduction of hematite beds over
time for two different gas feed flow rates, 20 mL/min and 28 mL/min.
The results indicate that an increased hydrogen concentration in the
feed gas faster reactions and a decrease in the overall time to full
reduction of the sample. However, the high molar ratio of Hy:Ar plays a
decisive role here not only in improving the reaction kinetics, but also in
influencing the thermodynamic behavior. The most obvious effect is the
non-linear decrease in global reaction time. Fig. 7a shows this clearly:
the reduction curves for yy, = 0.20 and yy, = 0.25 almost overlap at
Q =20 mL/min. This slowdown is due to the large amount of water
vapor produced, which drastically decreases the driving force in the
lower layers of the bed. For the larger feed gas flow rate (Fig. 7b) an
increase in the feed hydrogen content has a much stronger effect,
because more hydrogen is brought into the system making hydrogen
starvation less severe. Note that different feed gas hydrogen concen-
trations were applied in the two cases to make the overall reduction time
comparable. In terms of molar flow of pure hydrogen into the system,
the cases in Fig. 7a represent 3.0 mL/min, 4.0 mL/min and 5.0 mL/min,
while the cases in Fig. 7b represent 1.96 mL/min, 3.92 mL/min and 5.88
mL/min. Despite these differences in the conditions, the model
(continuous lines) is seen to reproduce all experimental trends
extremely accurately.

3.2.3. Effect of volumetric gas flow rate

As noted above, the total volumetric flow rate, Q, of feed gas plays an
important role since it affects the rate of hydrogen introduced into the
system and thus influences the possible starvation of the reductant in the
process. Fig. 8 shows the effect of the feed gas flow rate on the overall
reduction behavior at 600°C for a fixed hydrogen molar ratio, yu, =
0.20, in the feed gas. Increasing the flow rate clearly reduces the overall
reduction time, and the change appears to vary almost linearly with the
feed flow rate. It is interesting to note that this variable was the least
influential one in the thin-layer experiments [39], but here it proves to
be significant due to the larger bed mass. The model's results again show
excellent agreement with the experimental findings for all values of Q.

3.2.4. Bed mass effect

The effect of the solid sample mass introduced into the reactor de-
termines not only the amount of oxide to be reduced, but more impor-
tantly how the bed height affects kinetics and thermodynamics. The bed
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can be discretized into layers that each correspond to thin sample layer,
with the main difference that the gas composition experiences changes
in the consecutive layers of the bed. The deeper layers of the bed will
thus encounter a gas with less hydrogen and more water vapor,
imposing thermodynamic limits for the reduction reactions. This applies
as long as the morphological and structural nature of the sample does
not change much compared to its initial state. A temperature of 600 °C is
a good choice, as it marks the entry point of the FeO stability region and
serves as a practical operating temperature at which the solid properties
can be assumed to be constant. Fig. 9 shows the effect of the solid mass
on the reduction behavior at T = 600°C and yy, = 0.07 (c.f. Fig. 9a) as
well as at T = 800°C and yy, = 0.20 (c.f. Fig. 9b). The total reduction
time naturally increases with the mass of the solid sample and the
relation is quite linear. At 600 °C, the reduction time increases linearly
with solid mass. The mathematical model accurately describes the
behavior, demonstrating that the effect of the spatial coordinate has
been considered appropriately. The experiment at the higher tempera-
ture validates the model under more extreme conditions. Even though
some small discrepancies can be observed, the model provides a very
good fit, demonstrating its ability to capture the reduction behavior over
a wide range of conditions.

4. Discussion

The analysis of the findings of reduction experiments in beds of he-
matite powder compared with the simulation results has confirmed and
validated the ability of the mathematical model to accurately describe
the key phenomena of the reduction process. The agreement between
simulations and experiments must be interpreted in light of the fact that
no parameter adjustment was performed for the present dataset. The
model response therefore reflects the genuine predictive performance of
the previously established kinetic framework [43] under conditions that
significantly differ from those used for parameter estimation. The study
demonstrates that adding more complexity to the experimental system
— by significantly increasing the height of the fixed bed subjected to
reduction — did not alter the control regimes identified during the
parametric estimation using infinitesimal amount of sample [43]. This
implies that the mechanisms used to describe the process remain valid
and that the simplifying assumptions, such as constant bed porosity and
the use of the initial size distribution, are still appropriate. A summary of
validation of the model's accuracy to describe the experimental results is
provided in the parity plot of Fig. 10, which holds the results from all 17
experiments presented in this paper, downsampled to 50 s between the
points. The markers are well aligned along the diagonal of the diagram,
which is confirmed by the high R? value. This comparison also reveals
that the most critical stage of the modeling is the transition from Fe3O4
to FeO, as the last two reduction steps partially overlap. To further
investigate the inter-particle dynamics, a series of simulation-based
experimental case studies were carried out with the aim to isolate and
analyze the most important control mechanisms under variable oper-
ating conditions, and, in particular, temperature. It is well known that
not only kinetics and mass transfer, but also the thermodynamic con-
straints of the process change considerably with temperature. For
example, below 570 °C (about 840 K, cf. Fig. 1) the reduction sequence is
limited to only two reactions. Figs. 11-13 show simulated kinetic and
thermodynamic details of bed reduction experiments carried out at
600 °C, 800 °C, and 1000 °C, respectively, as well as the TCD signal and
the corresponding reduction degree estimated based on it.

The experimental data sets (m = 0.100g, yy, = 0.14andQ =
28 mL/min) used for this analysis were augmented in panels b by
simulation results of the GOD, calculated from the composition of the
outlet gas, and by average values of the solid phase reduction degrees for
the three reaction steps. Panels a, in turn, show the corresponding
thermodynamic Baur-Glassner diagram for each set of experimental
conditions, and the furnace temperature (red dashed vertical line) as
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well as the corresponding GOD values of the Fe3O4-FeO and FeO-Fe
equilibria (horizontal dotted lines, extended into panels b).

Fig. 11 shows data for hematite reduced at 600 °C. A first notable
observation is the initial peak in the GOD, which reflects the complete
conversion of the available hydrogen to water vapor. This initial Fe;O3
reduction step is not thermodynamically limited and can be completed
within a few (~ 4) minutes. This rapid reduction is reflected in a change
in the slope of both the TCD signal and the calculated reduction degree.
The subsequent reduction steps start more slowly due to strong ther-
modynamic limitations. During the transition after the complete
reduction of hematite, the GOD (and thus the water content) decreases,
allowing the later reactions to proceed. While only the outlet gas and
average conversion values are illustrated in this analysis, it is important
to note that the reactions in the upper bed layers, which are always
exposed to fresh Hy, always progress faster in the later reaction steps (cf.,
Fig. S11). However, due to the strong thermodynamic constraints in the
lower parts of the bed, their contribution to the overall conversion is
initially low. In the time interval 4-10 min, a significant Fe3O4 con-
sumption occurs, which leads to the stabilization of the GOD. The sub-
sequent change in the TCD slope after 10 min correlates with the
moment when about 50% of the Fe3Oy4 is converted to FeO. This marks
the transition to a new predominant solid species that drives the con-
sumption of the reductant. After 20 min, FeO begins to form in the lower
bed layers (X3 = 0.3), while the Fe3O4 reduction approaches completion
(X3 > 0.7). The last FeO-to-Fe reduction phase is the slowest and takes
almost an hour to complete. This is largely due to the fact that most of
the water vapor is released during this last step, reducing the driving
force in the underlying bed layers. The GOD is seen to remain in the
stability region of FeO for about 30 min before it drops, which eventu-
ally allows for a faster reaction rate. After about 50 min, the magnetite is
completely reduced, and another 25 min are needed for the complete
reduction of wistite.

Increasing the temperature significantly enhances the reduction rate.
Thermodynamically, Fig. 12 shows that the stability range of FeO ex-
pands so that it can also form in the presence of much more water vapor
in the gas. The same holds true — albeit to a lesser extent — for the FeO-
to-Fe step, due to the differences in the monotonicity of the equilibrium
curves. Interestingly, the conversion rate of FesO3 to FezO4 is compa-
rable to that observed at 600 °C. This is due to the higher and simulta-
neous Hy consumption by Fe,O3 and Fe304, which has two effects: (1)
more water vapor is produced, with a much broader GOD peak than
before, affecting thermodynamics; (2) kinetic competition occurs, with
the upper layers consuming more reductant required by the unreacted
hematite in the lower layers, resulting in multi-layer competition. As a
result, Fe;O3 and Fe304 reach complete reduction after ~4 min and ~
12 min, respectively. These transitions are clearly visible in the experi-
mental TCD signal, with the changes in the slope reflecting the dominant
reaction stage. After Fe3O4 has reached a conversion of more than 80%,
the GOD decreases and enters the wiistite stability region. Initially, the
FeO reduction is limited by the high GOD and does not participate in the
competition for hydrogen with Fe;O3 and Fe3O4. Only when the
magnetite reduction approaches completion, the TCD signal stabilizes
(at t = 5-6 min), followed by a drop in GOD to the thermodynamic
threshold for the final FeO reduction. The water content remains high,
and since FeO is the only active phase, thermodynamic limitations
dominate. The practically constant TCD signal confirms that the system
cannot consume more hydrogen than thermodynamically allowed. As
soon as the wiistite conversion exceeds 80%, GOD drops again, and the
remaining oxides are reduced.

Fig. 13, illustrating the conditions at 1000 °C, further emphasizes the
observed dynamics. The multilayer competition between Fe;Os and
Fe304 remains, but the stability range of FeO shifts — wiistite can now
be produced for GOD <0.8, which accelerates its formation. The new
bottleneck is reached in the third step: GOD = 0.4 marks the thermo-
dynamic limit of the process. A complete reduction is achieved shortly
before t = 35 min.
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Given the comparative results between experimental and simulated
data (i.e., TCD signal and GOD), the behavior of the normalized TCD
signals for hematite-bed reduction at different operating temperatures,
as shown in Fig. 5b, becomes clearer. In particular, the different flat-
region values correspond to different operating points of the chemical
reaction along the equilibrium curve of the Baur-Glassner diagram for
the wiistite-iron reaction. Each temperature thus leads to a distinct
possible thermodynamic limitation for the wiistite-to-iron reaction,
which determines a different outlet hydrogen fraction. Consequently,
the normalized TCD signals exhibit different plateau levels, each
reflecting a specific thermodynamic limitation.

This validation has highlighted the identification and analysis of
fundamental aspects of iron oxide reduction under increasingly complex
system conditions compared to the thin-layer experiments [39]. It is
evident that in the absence of mass transfer limitations, thermodynamics
plays a central role — in some stages even more prominently than
intrinsic kinetics — in defining the reduction dynamics and reactor
behavior. While the present study is conducted at laboratory scale,
temperature remains the primary transferable operating parameter, as it
simultaneously governs kinetics, equilibrium constraints, and transport
phenomena. The mechanistic insight obtained here provides a consistent
and structured basis for future multiscale extensions of the modeling
framework, including grain-based pellet descriptions and pilot-scale
reactor simulations. In this sense, the present validation constitutes a
necessary intermediate step between intrinsic kinetic estimation and
reactor-scale modeling.

The present modeling framework is formulated for fine powder beds
under conditions where structural evolution does not introduce addi-
tional intraparticle diffusion limitations. It should be emphasized that
for larger particles or industrial pellets, high-temperature reduction may
involve significant structural transformations, including pore closure,
crack formation, and densification phenomena, which can alter the
dominant rate-controlling mechanism. In such cases, coupling of the
present kinetic framework with grain-scale or intraparticle diffusion
models would be required to ensure accurate predictive capability.
Analogous thermodynamic limitations have also been reported in sim-
ulations of industrial-scale direct reduction processes [53]. The current
study therefore defines a validated applicability range for micron-scale
powder systems, establishing a clear pathway toward future multiscale
model development.

5. Conclusions

The main aim of this work was to validate the kinetic parameters
estimated for the reduction of pure iron oxide powders by means of
experiments on thin hematite layers. The experimental system was
extended to a bed of particles, where the conditions change spatially due
to the effect of the reduction reactions on the gas composition. The study
was not only designed to assess the accuracy of the kinetic parameters,
but also to reveal possible limitations in the applicability of the kinetic
model to more complex systems. A comprehensive experimental matrix
was developed covering a wide range of operating conditions such as
temperature, solids mass, hydrogen molar fraction, and total gas flow
rate. The experiments were conducted using a PBR system, i.e.,
Autochem 2910 equipped with a thermal conductivity detector for gas
analysis.

The main findings of this study can be summarized as follows:

e TCD signal quantitatively correlated with the solid-phase conversion
degree;

e The previously determined kinetic parameters accurately describe
the reduction behavior in a packed-bed system, with no change in the
controlling regimes compared to the estimation conditions;

e The coupled shrinking-core and axial dispersion model successfully
captures all major stages of the reduction process;
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e Thermodynamic limitations arising from local water vapor accu-
mulation (i.e., low driving force) significantly affect the reduction
rate, particularly in the lower regions of the bed;

The hematite-to-magnetite transition proceeds rapidly and is only
weakly influenced by thermodynamic constraints, whereas the sub-
sequent reduction steps are increasingly governed by local gas
composition;

The modeling framework remains robust across a wide range of
temperatures, solid masses, hydrogen concentrations, and gas flow
rates.

These findings support the validity of the combined experimental
and model-based approach as a robust tool for analyzing fine iron oxide
reduction systems within the investigated micron-scale powder-bed
operating conditions. Extension to larger particles or industrial pellet-
scale configurations will require explicit incorporation of intraparticle
diffusion mechanisms and structural evolution effects. Additional phe-
nomena are expected to influence the overall behavior, including intra-
pellet diffusion limitations, morphological evolution such as pore
closure and sintering, structural heterogeneity, and the presence of
gangue minerals and binders typical of industrial materials. These fac-
tors may intensify local thermodynamic constraints and modify the
effective reaction pathways compared to pure oxides. Future work
should therefore focus on disentangling intrinsic kinetic effects from
transport and structural phenomena in commercial materials, enabling a
more comprehensive understanding of hydrogen-based industrial iron-
making systems.

Notation
Abbreviations
BF Blast Furnace
CFD Computational Fluid Dynamic
GOD Gas Oxidant Degree
DRI Direct Reduction Iron
LS Light scattering
RTD Residence time distribution
SCM Shrinking core model
TCD Thermal conductivity detector
Symbols
Aj Kinetic reaction resistance [s/m]
aj Proportional oxygen content parameter [—]
¢ Concentration i:th gas in the reactor [mol/rn3]
Cijin Feed i:th gas concentration [mol/m?]
Dy, Molecular diffusivity coefficient [m?/s]
D, Axial dispersion coefficient [mz/s]
E(t) Density function [—]
Gibbs energy parameter coef. (j = 1 [J/(mol K?)], j = 2 [J/(mol K], f = 3
i [J/mol])
H External diffusion coefficient [m/s]
h Height of the solid bed [m]
K; Equilibrium constant j:th reaction front [—]
k; Kinetic constant j:th reaction front [m/s]
L Reactor length [m]
M; Molecular weight [g/mol]
m Iron oxide initial mass [g]
N Number of granulometric families [—]
N; Effective reaction SCM term (f=1 [-], f=2 [sz/mz],f =3 [ss/mg])
ng Initial concentration of oxygen [mol/m3]
P Operating pressure [N/m?]
Pe Pcclet number [—]
Q Volume flow rate [mL/min]
Ry Universal gas constant [J/(K mol)]
Re Reynolds number [—]
r,“l Iron oxide particle radius [m]
T Reduction rate SCM [mol/(m® s)]

(continued on next column)
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(continued)
Sc Schmidt number [—]
Sh Sherwood number [—]
T Operating temperature [K]
t Time [s]
u Gas velocity [m/s]
w Total resistance (f = 1 [—]) (f = 2 [s2/m?]) (f = 3 [s°>/m°])
X; Reduction degree j:th reaction front [—]
Xn Weight granulometric distribution [—]
Yij Gas molar fraction i:th species of j:th reaction front [—]
Y jeq Equilibrium molar fraction of Hy of j:th reaction front [—]
2 Reactor axial coordinate [—]
AG; Standard Gibbs free energy change [J/mol]
€ Bed void degree [—]
Py Gas density [g/cm®]
vij Stoichiometric matrix [—]
Hg Gas viscosity [Pa s]
T Mean resident time [min]
Subscripts
f Number of available reaction fronts
i Gas species
j Reaction fronts
l Spatial reactor domain
n Index of granulometric family's distribution
Superscripts
0 Index of initial condition [—]
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Appendix A

The analysis of the thermal conductivity signal is inherently complex
due to the combined effects of the gas phase properties and the struc-
tural characteristics of the detection system (i.e., the Wheatstone
bridge). The data analysis method developed to improve the interpre-
tation of the reduction process leads to a crucial key point: establishing a
robust correlation between the raw thermal conductivity signal and the
extent of solid phase conversion in heterogeneous gas—solid reactions.
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Significant slope variations within the signal indicate transitions be-
tween different reaction stages determined by the evolution of the pre-
dominant solid phase species and their respective kinetic and
thermodynamic constraints. The response of the gas phase detector was
quantitatively correlated with the overall degree of reduction of the
solid sample. The data processing procedure in detail is: i) normalization
to isolate gas conductivity changes; ii) signal complement to allow nu-
merical integration; iii) cumulative integration using the trapezoidal
rule; iv) the final processed curve. The presence of dead volume and
axial dispersion effects in the early stages of the reaction led to de-
viations from the ideal behavior of the plug flow reactor. To correct the
overestimation of hydrogen consumption due to these physical effects,
the cumulative integral of the blank signal (i.e., in the absence of a solid
sample) was subtracted from the experimental signal (cf., Fig. S12). The
region enclosed between the two cumulative curves (cf., Fig. S12A)
corresponds to the corrected aliquot of hydrogen consumed by the
chemical reaction. Signal treatment performed through a sequence of
these predefined mathematical steps rely exclusively on the physical
characteristics of the TCD output and do not involve empirical correc-
tions, filtering procedures, or arbitrary smoothing techniques. Owing to
the intrinsic stability of the TCD response, problems typically associated
with baseline drift or offset determination are inherently minimized,
enhancing the robustness of the analysis. Baseline subtraction was
temporally aligned with the experimental sequence (i.e., valve switch-
ing) to ensure accurate synchronization and to prevent artefacts arising
from signal misalignment.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cej.2026.176307.
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