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ARTICLE INFO ABSTRACT

Keywords: The use of non-nano iron particles is currently under investigation for several industrial applications, including
Ir_‘m ) ) carbon-free power production. Nevertheless, poor understanding from the fundamental point of view has been
Kinetic Mechanism reached on the phenomena ruling the oxidation, with detrimental effects on the performance and safety of
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Energy production reactive systems. In this perspective, this work presents an experimental campaign investigating the oxidation o
. iron particles in a quiescent regime, exposed to external heat fluxes. Different boundary conditions were explored
Heterogeneous reactions : i N K
to this scope, monitoring the sample mass and heat release rate along with the tests. The acquired measurements
were integrated with Scanning Electron Microscopy analyses. A mechanicistic model identifying the production
of FeO, Fes0y4, and Fe;O3 was proposed and corroborated by the comparison of the collected data, showing
excellent agreement between the enthalpy of reactions deriving from experiments and literature. The variations
in oxidized structures lead to a regime ruled by intraparticle diffusion of oxygen, once large diameters are
explored. The investigation of the kinetic and ignitability of iron powder allows for a technical-based approach
for a proper, optimized, and safe design of reactive and storing systems involving iron and iron oxide particles,

debottlenecking their use at industrial scales.

1. Introduction

The combination of strength, workability, and durability has largely
promoted the use of metals in different human activities over the cen-
turies. Among others, iron powder plays an essential role in the chemical
and process industries, also because of its utilization within the
ammonia economy [1], wastewater treatment [2], and pyrolysis of
mixed plastics [3]. However, only recently, the role of iron within the
energy transition has been indicated as a promising route. Indeed,
metallic iron is considered a candidate for future renewable energetic
production, as an aero-space propellant [4], as well as a carbon-free
energy carrier [5]. The latter approach is based on the concept of cir-
cular energy economy, where renewable-based energy is adopted to
produce hydrogen, which is used to reduce iron oxide powder, making
the transportation of energy carriers safer and allowing for energy
release in iron-fired power plants [6]. This strategy has the intrinsic
advantage of enabling the retrofitting of existing power plants and in-
frastructures [3], with obvious implications from the economic point of
view and on the feasibility of its implementation. In this view, an in-
depth knowledge of the chemistry of the iron powder is paramount

either during the reduction or oxidation stages [7]. Similarly, once
oxidized, iron particles can be also employed as an oxygen carrier,
allowing for the implementation of chemical looping strategies in
different industrial fields, as reported in dedicated literature reviews
[8910]. Besides, the use of pure iron as a renewable energetic material,
in the Direct Reduction Iron (DRI) process (sponge iron) [11] for sus-
tainable steel production, in the production of hydrogen gas under mild
hydrothermal conditions (200 — 300 °C, in the presence of carbon di-
oxide) has been significantly promoted recently [12]. The combination
of these industrial needs has promoted scientific efforts toward the
characterization of the chemical and physical phenomena of fine pow-
ders. However, most of the currently available research is focused on the
characterization of the single particle behavior, with little understand-
ing of the interactions between adjacent particles and layers of iron
powders.

From a chemical point of view, when exposed to oxidants, metallic
iron can react to form stable oxides, such as magnetite (Fe3O4) and
hematite (FepO3) based on the fluid dynamic regime, the size of iron
particles as well as the availability of the reactants [13], also affecting
the macroscopic properties of the resulting flame [14]. The combustion
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modes of iron particles in heterogeneous flames have been first inves-
tigated based on a single metal particle approach to account for the
occurring physical and chemical phenomena and the corresponding
rates, including solid-phase kinetic rates, vaporization rate, and mo-
lecular diffusion rates of oxidant and thermal energy [15]. Although the
achievement of a flame temperature larger than 950 °C can activate the
formation of NOx within the exhaust gases, a negligible amount of these
species have been detected in iron-fired power plants [3]. According to
the thermo-chemical analysis recently reported by Neumann et al.
(2024) [5], iron combustion can be modeled as a set of reactions
(Equations (1) — (5), forming as an intermediate Fe,O (Wustite) char-
acterized by a z ~ 0.95.

Fe+0.750,—0.5Fe; 03 (1)
Fe+ (0.5 e 2)0,—Fe,O 2)
Fe,O + (0.25 ¢ 2)0,—(0.5 @ 2)Fe; 05 3)
Fe +0.660,—0.33Fe304 @
Fe304 4 0.250,—1.5Fe; 05 (5)

Investigations on the heterogeneous reactions in real furnaces reported
the formation of FeO as a relevant step into the kinetic mechanism to-
ward the oxidation of iron particles to hematite [15]. In this sense, to
properly evaluate the thermo-chemical phenomena of the reactive sys-
tem, the main thermodynamic properties of the main species potentially
involved by the oxidation of Fe are reported in Table 1.

From an experimental perspective, the evaluation of the chemistry of
iron oxidation can be investigated by monitoring the evolution along the
time of the overall mass and structure of iron particles exposed to an
oxidative environment. Following this approach, calorimetric studies
and morphological characterization of the microstructure represent
powerful tools for kinetic studies of iron oxidation [17]. To this scope,
different techniques can be adopted. Among the others, thermo-
gravimetric (TG) analysis under isothermal and non-isothermal condi-
tions in inert or reactive environments is largely considered a bench-
mark. However, considering the potential impacts of heat transfer
phenomena on the investigated system, the utilization of bench-scale
apparatuses is highly desirable. This approach can have beneficial ef-
fects on the development and validation of models suitable for bulk and
multi-particle systems. In addition, it is worth noting that most of the
available studies are focused on the flame behavior of microscopic iron
particles in suspension in an oxidative medium, typically air, and in the
presence of an ignition source [18], with limited literature devoted to
the characterization of safety and kinetic aspects in a quiescent regime,
especially for non-nano particles [19]. Therefore, a complete under-
standing of the phenomena ruling the chemistry in a quiescent regime
can boost the application of iron particles, providing scientifically-based
substrates for the optimized and safe design of storage and trans-
portation systems.

Alternatively, relevant information on the reactivity of iron-based
systems can be gathered from an in-depth characterization of the

Table 1

Summary of the thermodynamic properties of iron and iron oxides, as reported
by Chase et al. (1998) [16]. Where p: density; Tr,: melting temperature; Cp 208k:
heat capacity at 298 K; AH}_ZQSK: standard enthalpy of formation; ASygg: stan-
dard entropy; LHV: lower heating value.

SPECIES  p Tm Cp,208K AHf 5051 AS o [J/ LHV
[KG/ [°C] [J/ [KJ/MOL] MOL/K] [KI/
M%) MOL/K] G]
FE 7870 1538 25.09 0 27.31 7360
FEO 5740 1377 49.93 —272.04 60.72 2030
FE304 5180 1590 147.2 —1120.89 145.2 350
FE,O3 5260 1565 103.7 —825.5 87.28 0
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physical and chemical structures of the products. A variety of techniques
can be employed for this purpose, including X-ray Diffraction (XRD) for
determining crystalline phases, Energy Dispersive Spectroscopy (EDS)
for elemental composition, and electron microscopy for detailed surface
imaging. Among the other, the use of Scanning Electron Microscopy
(SEM) represents a powerful technique to visually evaluate the surface
of solid materials. This aspect is particularly relevant if the structural
differences between iron oxides are considered. More specifically, SEM
provides high-resolution images that allow for a precise evaluation of
the surface structure, making it especially useful for detecting subtle
morphological changes during oxidation. As a way of example, SEM can
reveal whether iron particles undergo swelling or compaction depend-
ing on the type of iron oxide formed, which can influence the integrity of
the oxide layer and its ability to protect the underlying material from
further oxidation. The advantages of SEM lie not only in its ability to
provide detailed visual information but also in its relative ease of use
and the velocity of analysis compared to other techniques.

For these reasons, calorimetric studies under inert and oxidative
environments, at small and bench scales, and initial conditions were
performed in this work focusing on the quantification of the heat release
rate, the quantification of the apparent kinetic of the main reactions, and
the overall reactivity. The structural composition of the obtained
products was analyzed and compared with the raw materials investi-
gated in this work. A two-dimensional thermal balance was defined and
quantified to represent the phenomena occurring within the bench scale
campaign. The combination of the experimental and numerical data
collected in this work was employed to develop and validate a kinetic
model for the oxidation of iron non-nano particles in a quiescent regime,
applicable to real-scale scenarios. Hence, the collected data and result-
ing models can be of particular interest for the design of robust and safe
technological solutions within storage and transportation systems.

2. Methodology

In this work, an experimental campaign using the cone calorimeter,
as sketched in Fig. 1 and described by ISO 5660 [20], was carried out to
characterize iron particles (purity > 99.0 %wt) of median diameters of
74 pm and 450 um. These values were selected to be representative of
possible conditions for the energy production sector [21] and chemical
processes [22], respectively. The employed apparatus consists of a
radiant heater, having a conical shape, to deliver controlled heat flux to
a solid sample placed in a stainless-steel holder 2.5 cm from the heat
source. To guarantee the evaluation of metallic particles, samples were
stored and prepared under an inert atmosphere before the tests. Once
exposed to air, a continuous ignition source (electric spark from a 10 kV
high-voltage transformer) was provided. The mass of the sample was
monitored by a high-precision load cell. The exhaust gas was gathered
under a calibrated exhaust hood, maintaining steady-state conditions
and allowing for the quantification of its composition and flow rate. The
heat release rate was measured using oxygen consumption calorimetry
[23], namely HRR was determined based on the time evolution of the
measured oxygen content in the exhaust gas and coefficients deriving
from calibrations. Comprehensive calibration ensures accuracy and
adherence to international fire testing standards (e.g., ISO 5660 [26]
and ASTM E1354 [27]). Additional information on the implemented
protocol and features of the constituting elements can be found else-
where in the literature [2425].

To provide further insights into the reaction mechanism and ongoing
phenomena, the standardized methodology typically employed for the
experimental campaign involving the cone calorimeter was revised in
this work. More specifically, the temperature profile of the sample was
measured by K-type thermocouples, placed in the middle of the sample
holder (i.e., 5 cm from each lateral wall) at different heights (i.e., 0 cm,
0.5 cm, and 1.0 cm from the bottom) as reported in Fig. 1, once exposed
to different external fluxes within 7 — 50 kW/m?. The evolution of the
heat release rate (HRR) and mass gain rate (MGR) was monitored, based



B.A. De Liso et al.

Thermocouple 1

Exhaust
gases

Gas sample collection

Chemical Engineering Journal 514 (2025) 163164

g Laser photometer beam

f' 0, |
> CO, Computer
Filtering Gas sample co
‘\\and drying  pump Analyzers
S 10em ™
f [ S !
i Thermocouple 3
- Ketype g |
: o _
! wv S '
: o
| l 5
Load cell Data logger
\ 2

Fig. 1. Detailed experimental configuration of the cone calorimeter equipment.

on direct and indirect (i.e., oxygen consumption method, Equation (6),
together with the combustion effectiveness and safety parameters
defined elsewhere [28].

Ahe | Mo AP (x5, — Xox)

HRR = 0 O VT, T (b Dxer ) — b ®

Where ATh‘ indicates the produced heat per mass of oxygen consumed,
M, and My are respectively the mass of oxygen and mass of air, x,_ and

> “tox
Xox Stand for the initial and exhaust molar fraction of oxygen, C and b
represent instrumentation constants (C-factor), and AP and T, are
respectively the exhaust differential pressure and temperature.

Following the experimental campaign, the overall reactivity was
evaluated based on the collected measurements and compared with the
reaction list mentioned in the previous section (Equations (1) — (5).
According to the literature [13,19], the superficial reaction rate rp of
non-nano metal particles can be defined in terms of geometrical prop-
erties, stoichiometric coefficients, the initial composition of the gaseous
mixture, the kinetic coefficients and mass transport coefficients. How-
ever, different formulations can be used based on the assumed rate-
determining step. Hence, the measured MGR was compared with rp
calculated in the case of kinetic as the rate-determining step, following
the procedure described in the literature [19].

The obtained results were discussed in the view of data gathered
through thermogravimetric analysis performed under oxidative (air)
and inert (pure nitrogen) environments. In agreement with the kinetic
mechanism reported in the previous section, the latter condition was
considered as a blank test to evaluate the possible occurrence of physical
transformations. All the samples were subjected to thermogravimetric
tests under both nitrogen and air atmospheres, with a maximum tem-
perature of 800 °C and a heating rate of 10 °C/min. The maximum
temperature was selected considering the Curie point of iron (~768 °C),
where significant structural and compositional changes may occur due
to the loss of ferromagnetic properties [29], and to ensure consistency
with the cone calorimeter tests, where the highest applied heat flux
corresponds to approximately 772 °C of the conical heater. Conversely,
preliminary tests have highlighted that a heating rate of 10 °C/min

represents an excellent trade-off between the accuracy of the obtained
data, the representativeness of the observed phenomena, and the
effectiveness in the characterization of thermal behavior in small-scale
systems.

Scanning electron microscopy (TESCAN MIRA3, SEM microscope)
was employed to evaluate the morphology and microstructure of iron
particles obtained after thermal treatment. Collected images were
compared with homologous data deriving from raw material employed
in this work. The analyses were conducted in high vacuum (HV) mode,
using an accelerating voltage of 15 kV. Secondary electron (SE) imaging
was utilized, with a working distance of approximately 10 mm. Different
magnifications were applied depending on the sample under investiga-
tion. Wherever possible, both the cross-sections and surface of the
samples were analyzed to provide a comprehensive understanding of the
iron samples.

Under the assumption of a characteristic time for the heat transfer
phenomena involving solid samples significantly smaller than the one
for the overall heterogeneous reaction, a homogeneous distribution of
sample temperature was considered. This hypothesis will be validated
by the comparison of the temperatures measured during each test.
Under this impulse, a lumped bi-dimensional model was proposed and
tested against experimental data collected in this work. Namely, iron
and iron oxide particles were considered as composing a single paral-
lelepipedal block having dimensions 10 x 10 x 1 cm as reported in Fig. 2.
More specifically, a heat transfer thermal balance was established
(Equation (7) considering the external heat flux (q), depicted by the red
arrow and representing the thermal energy emitted by the cone calo-
rimeter onto the sample, the heat flux leaving the system (g, indicated
by the blue arrow and quantifying the heat dissipated through the
external walls of the sample holder (L), and the heat generated (Qg) by
the reactions, reported in black arrows.

dT

g eL—qeA+Q, =meC, e N

@)
In this sense, it is worth noting that L and A are determined by the
geometrical design of the sample holder, g represents an input value for
the cone calorimeter tests, imposed as a constant for the whole test, C,
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Fig. 2. Schematic representation of thermal contributions during cone calorimeter tests on iron powder.

was calculated at each time interval through the dedicated empirical
correlation [30] based on the temperature measured by the thermo-
couple placed at 0.5 cm from the bottom of the sample holder, m and &
are measured by the load cell and the abovementioned thermocouple,
respectively. Eventually, q; was calculated as the product of the driving
force (i.e., the difference between the measured temperatures of the
sample and the temperature in the proximity of the sample holder) and
the overall heat transfer coefficient (U) accounting for the conduction of
iron particles and stainless steel and natural convection. The required
parameters and dimensionless correlations suitable for the quantifica-
tion of these heat transfer coefficients were determined in agreement
with the literature [30]. Therefore, Q, resulted to be the only remaining
unknown term within Equation (7). This aspect is particularly signifi-
cant in the identification of the various reactive steps during the
oxidation mechanisms. Indeed, by meticulously evaluating the heat
generated, alongside the other contributions, it was possible to support
the identification of the reactive steps occurring during the oxidation
processes, thereby providing valuable insights into the stability and
reactivity of the iron powders under varying thermal conditions. More
specifically, the postulated kinetic mechanism was validated by
comparing the heat generated resulting from Equation (7) with a theo-
retical value obtained as the sum of the reaction rates multiplied by the
corresponding heat of reactions included within the mechanism.

3. Results and discussion

In this section, the most relevant results obtained by the experi-
mental and theoretical analyses conducted in this work will be presented
and discussed. Following the protocol described in the methodological
section, measurements from calorimetric approaches will be presented,
to identify the key elements and steps within the oxidative process. The
gathered information will be used to infer a chain of phenomena char-
acterizing the reactive systems under the investigated conditions. The
posed hypothesis will be, then, tested against experimental data deriving
from surface analysis and numerical estimations from mass and energy
balances.

3.1. Small-scale calorimetry

The time evolutions of the mass collected employing TGA are re-
ported in Fig. 3 for the investigated iron particles under an oxidative
environment. For the sake of conciseness, the homologous data obtained
in the case of nitrogen atmosphere are not reported since no significant
variations in mass are observed along the tests, as can be observed in the
supplementary material.

It is worth noting that a difference between the measured mass at the

1354
| 450 um
130 4 74 pm _--
i ’
/
125 4 /
i !
)
120 |

@

110

Mass, m/m [%]

Conditions

Air
105 Ty = 800 °C
T dT/dt = 10 °C/min
100 L L L L AL AL B B |

—T T T 1
0O 10 20 30 40 50 60 70 8 90 100 110 120

Time, t [min]

Fig. 3. Time evolution of the mass as collected by thermo-gravimetric analysis
of iron particles having different diameters.

end and the beginning of the experiment (Am,,,) of 33 % was observed in
both cases, meaning that the overall increase in the sample mass is not
affected by the particle diameter once lab scale systems are employed,
suggesting the achievement of thermodynamic equilibrium or a com-
plete conversion. Based on the initial composition of the sample and the
stoichiometry of the reactions potentially involved, the ratio between
the final and initial mass indicates that magnetite and hematite must be
present at the end of the test and non-oxidized iron was completely
converted. Indeed, a hypothetical complete conversion of Fe exclusively
to FeO increases the initial mass by ~ 28 %. Similarly, the complete
conversion to Fe3O4 or FeoO3 leads to an increase in the initial mass of ~
38 % and ~ 43 %, respectively. In addition, based on the expected
prompt reactivity of FeO under an oxidative atmosphere [15], FeO can
be considered as an intermediate species, only. In addition, an abrupt
variation in the MGR can be observed in both tests (blue circles in
Fig. 3), although occurring at different times (or temperatures). Based
on the previous considerations, this trend can be associated with the
hypothesis of a two stages reaction mechanism (i.e., Fe — FeO — Fe304)
followed by a three stages mechanism (Fe — FeO — Fe304 — Fez03).
This assumption is in line with the kinetic mechanism available in the
current literature [31]. This assumption will be explored in detail once
the measurements from the bench-scale apparatus are discussed,
together with the characterization through SEM analyses. The delay in
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this variation for the case of larger particles suggests the existence of a
regime dominated by oxygen diffusion. A possible time evolution of the
chemical composition of single particles is reported in Fig. 4, based on
the gathered information.

3.2. Bench-scale calorimetry

For the sake of clarity, only the time evolution of the HRR and mass
of the samples obtained by the cone calorimeter tests at 15 kW/m? and
35 kW/m? for the particle size of 74 um and 450 ym are reported in
Fig. 5 and Fig. 6, respectively.

Three different phases can be distinguished by the evaluation of the
HRR and mass trends with the time once the samples having particles of
74 pm are considered. Indeed, regardless of the external heat flux pro-
vided to the sample, the tests conducted on the iron particles of 74 pm
show an initial peak in HRR which can be attributed to the fast oxidation
of the superficial Fe to wustite, as confirmed by the initial increase in the
sample mass. Once an external heat flux of 15 kW/m? is provided to the
sample, the peak in HRR is followed by a phase lasting ~ 30 min (see
green arrows in Fig. 6) where an almost constant value of HRR equal to
30 kW/m? and a simultaneous linear increase in the sample mass can be
observed. The combination of these trends suggests the occurrence of
two reactions in series resulting in the following oxidation path: Fe —
FeO — Fe304. This hypothesis is further supported by the comparison of
the experimentally determined enthalpy of the reaction (- 1116.8 kJ/
mol) and the theoretical value (- 1120.9 kJ/mol), providing a strong
validation of the proposed reaction pathway.

When the sample is exposed to an external flux of 35 kW/m?, the
peak in HRR is followed by an almost constant value of sample mass and
non-negligible HRR values, indicating the occurrence of disproportion-
ation reaction of wustite (4FeO=Fe3;04 + Fe). During this phase, an
almost constant temperature of 850 K [32] was measured by the ther-
mocouples placed inside the intra-particle space. Although the signifi-
cance of the disproportionation of wustite has been highlighted mostly
by previous studies focused on the reduction of iron oxide [33], the
occurrence of this reaction has also been proved by in situ XRD analysis
to be independent of the atmosphere (including inert) in a wide range of
temperatures [32]. Bearing in mind the heterogeneous nature of the
investigated reactive system, together with the elevated thermal con-
ductivity of iron and iron oxides, the diffusion of oxygen within particles
may be assumed as a possible rate-determining step. Therefore, the core
of particles can be assumed as Fe and the edge as Fe30O4 at the end of the
second phase, regardless of the external flux provided to the specimen.
Conversely, the presence of FeO can be affected by the external heat flux
provided. The third phase within the HRR trends is characterized by a
simultaneous parabolic increase in mass and HRR. Considering the mass
transfer limitations on the oxygen diffusion, the observed exothermic
phase can be attributed to a superficial reaction, namely the formation
of Fey03 from Fe304. Hence, a reaction mechanism composed of three
stages (i.e., Fe — FeO — Fe304 — Fey03) can be inferred. At this stage, it
is worth mentioning that Amy, can provide further support to the dis-
cussion. Indeed, based on the stoichiometry of reactions, a complete

Chemical Engineering Journal 514 (2025) 163164

conversion of Fe to FeO, Fe30O4, or Fe;O3 would lead to an percentage
increase in mass of the sample of about 28.7 %, 43.0 %, and 38.2 %,
respectively. In this sense, particles having a diameter of 74 pm exposed
to 15 kW/m? showed a Amy, larger than 40 %, meaning that a complete
conversion exclusively to FeO must be excluded and the conversion of
the majority of Fe to FesO4 and Fe;O3 can be inferred. Conversely, the
presence of FeO at the end of the test cannot be excluded once larger
external heat fluxes are provided to the sample or larger particles are
investigated.

Regardless of the investigated conditions, homogeneous tempera-
tures were measured within the samples during the experimental
campaign, supporting the hypothesis reported for the energy balance.
Besides, stable phases showing constant temperatures for at least 5 min
were observed during the experiments. Therefore, the temperatures
measured during the longest stable phase per each experiment (T) are
presented in Table 2 for various thermal fluxes and diameters analyzed
in this work.

As the heat flux increases, T significantly increases for both particle
sizes. Nevertheless, some discrepancies can be observed once values
obtained at the same fluxes are compared. For lower heat fluxes (7 kW/
m? and 15 kW/m?), the 74 ym particles reach a significantly higher
steady-state temperature than the 450 um particles. This trend can be
only partially attributed to the fact that smaller particles have a larger
surface area-to-volume ratio, which leads to faster heating because of
the limitations in heat transfer rate by conduction through the walls of
the sample holder and convection on the lateral surfaces with respect to
internal conduction. Indeed, the achievement of stable values suggests
the instauration of a thermal equilibrium. Hence, larger temperatures
suggest the occurrence of more exothermic reactions. At higher heat
fluxes (35 kW/m? and 50 kW/m?), the difference in steady-state tem-
perature between the two particle sizes becomes smaller, indicating that
at high energy input levels, the impact of particle size on temperature
diminishes. For the 450 um particles, there is a noticeable jump in
temperature between 15 kW/m? (285 °C) and 35 kW/m?> (554 °C),
suggesting that the material may be undergoing a significant physical or
chemical change. Similarly, for the 74 um particles, the temperature
stabilizes between 380 °C at 15 kW/m? and 575 °C at 35 kW/m?, with a
moderate increase at 50 kW/m? to 584 °C. To further support the dis-
cussed results, Fig. 7 reports a schematic representation of the experi-
mental system and pictures of the specimen exposed to external heat
fluxes.

Fig. 8 represents the profile of the heat generated (Qg) during the
cone calorimeter test on 74 pm iron powder subjected to a heat flux of
15 kW/m?. The Qg, normalized by the mass gain rate (MGR), was
directly compared to the enthalpy of the reaction of each reactive step,
to identify the oxidation mechanism. In the first stage, where magnetite
(Fe304) forms from iron (Fe), the Qg/MGR ratio was equal to — 6.19 kJ/
g, which closely aligns with the theoretical value of the standard heat of
reaction (AH;) for the oxidation to magnetite of —6.69 kJ/g [34]. This
strong correlation demonstrates that the heat generated during this
stage is primarily driven by the oxidation of Fe to FesO,. As the process
continues, with the transition from Fe3O4 to hematite (Fe;O3), the

74 um

450 um

M Fe

L FeO
i Fey04
L Fe,04

Time

o eee———

Fig. 4. Schematic representation of the chemical composition of iron particles based on the developed kinetic mechanism.
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Table 2
Measured temperatures over a stable phase lasting at least 5 min (Ts) for
different thermal fluxes and diameters.

Heat Flux [kW/m?] Stable temperature over 5 min, T [°C]

74 pm 450 pm
7 184 121
15 380 285
35 575 554
50 584 594

obtained Qg/MGR value decreases to —0.49 kJ/g, reflecting the lower
values of the standard enthalpy of reaction for this intermediate reaction
(—0.51 kJ/g) [34]. In the final step, where complete oxidation to Fe;O3
is assumed, the Qg/MGR reaches —7.84 kJ/g, closely matching the
theoretical value of —7.39 kJ/g [34].

3.3. Superficial Scanning of iron samples

In agreement with the postulated mechanism, SEM analysis of the
cross-section and surface (Fig. 9) confirmed significant structural dif-
ferences, further validating the distinct phases of heat generation
observed in the profile.

At a heat flux of 35 kW/m?, the oxidation behavior markedly differs
from previous tests, as all oxidation mechanisms occur at significantly
accelerated rates. SEM images, reported in Fig. 10, indicate that both the

cross-section and surface exhibit comparable characteristics, supporting
the observation of a more rapid and uniform oxidation process.

Despite this consistency in surface morphology, it is noteworthy that
the oxidation mechanism predominantly develops around the periphery
of the particles. As mentioned before, the mass evolution of the sample
reveals that not all of the sample has been converted into the final
oxidation products. This is evident, as the SEM images, both from the
cross-section and surface, suggest a uniform transformation, yet the core
of the particles remains incompletely reacted. This phenomenon likely
results from diffusion limitations, which restrict the full oxidation of the
material under these higher heat flux conditions.

At a heat flux of 35 kW/m? for particles having a diameter of 450 pm,
the oxidation process displays similar behavior to that observed for
smaller particles at 15 kW/m?. Specifically, according to the obtained
profile of the heat generated, the iron undergoes oxidation in two main
stages: the initial oxidation to magnetite (FesO,), followed by further
oxidation to Fe20O3s. These reactions are confirmed through SEM analysis
(Fig. 11), particularly when examining the cross-section of the 450 ym
sample at 35 kW/m?, where two distinct zones are evident. For the sake
of clarity, blue and red boxes were added to the collected figure to
highlight the areas where different structures can be observed. In this
sense, it is worth mentioning that the red region represents the area
closer to the external heat flux provided by the cone calorimeter and in
direct contact with air during the experimental tests.

The blue region reported in Fig. 11 is characterized by larger and
more loosely packed particles. Considering the comparison of the
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Fig. 7. Schematic representation of the experimental system adopted in this work and visual inspection of the sample structure after tests conducted at 35 kW/m? of
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Fig. 8. Heat generated profile over time of a 74 pm iron powder exposed to a
15 kW/m? heat flux with the identified reactive steps based on reac-
tion enthalpies.

structural properties of iron oxide particles [35]the predominant phase
observed in this region can be identified as magnetite (Fe304). Mean-
while, the zone within the red rectangle exhibits more densely packed
particles. According to the literature [35], this phase corresponds to
hematite (Fe203). Combining this information with the previously pro-
posed kinetic mechanism (i.e., Fe — FeO — Fe304 — Fe303) and the mass
balances, a first stage where the external surface is completely trans-
formed to Fe3sO4 can be assumed. Hence, interparticle diffusion of oxy-
gen can be assumed as the rate-determining step at this stage for the 450
pm iron powder exposed to an external heat flux of 35 kW/m?2. After-
ward, the oxidative step leading to magnetite is followed by further
oxidation to hematite, suggesting that the oxidation proceeds down-
wards in a layer-by-layer mechanism. At this stage, the production of a
layer of hematite on the top of the sample (i.e., the surface closer to
external heat flux and fresh air) reduces the void fraction and, thus,
generates an additional limitation to the intraparticle diffusion of oxy-
gen, hindering the formation of hematite in deeper layers. Therefore,
under these assumptions, the intraparticle diffusion can be assumed as
the rate-determining step for this second stage of oxidation as confirmed
by data from prior studies [36]. In support of these hypotheses, the
cross-section surface of the outer layers observed under SEM shows the
same characteristics as the red zone, indicating that the surface has fully
transitioned to hematite (Fe;O3).

4. Conclusions

In this work, an experimental campaign combining small and bench-
scale calorimetry was conducted to elucidate the chemistry of the
oxidation of iron particles in a quiescent regime under a wide range of
conditions. A specific protocol was developed to monitor and combine
the most relevant parameters for the characterization of iron oxidation,
including the mass gain rate, the heat release rate, and the temperature
for different incident heat radiations. Collected data were integrated
with surface analysis employing scanning electron microscopy. A bi-
dimensional model, merging iron particles in a single solid element
that has the effective properties of the investigated reactive systems, was
found to accurately describe the system from an energy perspective,
meaning that a homogeneous temperature profile can be considered
within the iron samples. Conversely, the same approach cannot be
successfully adopted for the description of the chemical structure of the
sample since single-particle and multi-particle models are required in
this case. Hence, the collected data were discussed to enlighten the most
relevant aspects potentially characterizing these models. Based on the
combination of exothermicity and mass increases along the tests,
different steps were distinguished and attributed to the transitions be-
tween Fe, FeO, FesO4, and Fe;Os. An excellent agreement between
experimental and theoretical enthalpies of reactions was observed,
allowing for the development of suitable kinetic mechanisms. Under this
scheme, the rate-determining steps were identified as a function of
particle diameter and external heat flux provided to the sample surface.
More specifically, the formation of Fe;O3 from Fe3O4 was observed to
significantly increase the relevance of intraparticle diffusion of oxygen
because of the more compact structure than other oxidized iron species,
once large diameters are investigated, exclusively. Under these condi-
tions, a stratified reaction was observed, leading to the distinction of a
deeper area rich in non-reacted FesO4 by external layers rich in Fe;O3 on
the particle surface. Conversely, only small diameters exposed to an
external heat flux of 35 kW/m? undergo a disproportionation reaction of
wustite (4FeO=Fe30, + Fe), leading to a stable phase characterized by
low intensity of generated heat power during the reaction phase.

The combination of different experimental approaches and
theoretical-based evaluations proposed in this work represents an
effective protocol for understanding the phenomena characterizing
reactive systems. The obtained results allowed for the integration of
single-particle models into multi-particle models, closing the gap be-
tween fundamental-oriented research and industrial applications.
Indeed, the gathered information and the resulting observations repre-
sent an essential database for the evaluation of safety and kinetic aspects
relevant to the utilization of non-nano metal particles under real case
conditions, promoting the safe and optimized utilization of iron powder
in several industrial fields, including carbon-free power production.
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Fig. 11. SEM images of the cross-section of 450 pm iron powder after heating at 35 kW/m? at different zoom levels. Two distinct morphological regions are
highlighted: the red area, directly exposed to the heat flux, and the blue area, representing the inner, less exposed region.

the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.

0rg/10.1016/j.cej.2025.163164.
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