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A B S T R A C T   

Iron powder can be a sustainable alternative to fossil fuels in power supply due to its high energy density and 
abundance. Iron powder releases energy through exothermic oxidation (combustion), and stores back energy 
through its subsequent hydrogen-based reduction, establishing a circular loop for renewable energy supply. 
Hydrogen-based direct reduction is also gaining global momentum as possible future backbone technology for 
sustainable iron and steel production, with the aim to replace blast furnaces. Here, we investigate the micro
structural formation mechanisms and reduction kinetics behind hydrogen-based direct reduction of combusted 
iron powder at moderate temperatures (400–500 ◦C) using thermogravimetry, ex-situ X-ray diffraction, scanning 
electron microscopy coupled with energy dispersive spectroscopy and electron backscatter diffraction, as well as 
in-situ high-energy X-ray diffraction. The influence of pre-oxidation treatment was studied by reducing both as- 
combusted iron powder (50 % magnetite and 50 % hematite) and the same powder after pre-oxidation (100 % 
hematite). A gas diffusion-limited reaction was obtained during the in-situ high-energy X-ray diffraction exper
iment, with successive hematite and magnetite reduction, and a strong increase in reduction kinetics with initial 
hematite content. Faster reduction kinetics were obtained during the thermogravimetry experiment, with 
simultaneous hematite and magnetite reduction. In this case, the reduction reaction was limited by a mix of 
phase boundary and nucleation and growth models, as analyzed by multi-step model fitting methods as well as 
by microstructural investigation. When not limited by gas diffusion, the pre-oxidation treatment showed almost 
no influence on the reduction time but a strong effect on the final microstructure of the reduced powder.   

1. Introduction 

Decarbonization of the storage and consumption of energy is ur
gently required to combat global warming, as it accounts for more than 
70 % of global greenhouse gas emissions due to the use of fossil fuels [1]. 
Sustainable energy carriers and storage technologies are key to this 
transition to overcome the spatiotemporal intermittence of sustainable 
energy production based on solar, wind, hydropower, and geothermal 
energies. Metal fuels have therefore been introduced as carbon-free, 
energy-dense, and sustainable energy carriers [2]. In particular, iron 
powder is suited for this purpose due to its low cost, safety, abundance, 
and straightforward retrofitting of existing power plants [2–4]. In this 
concept, heat is generated by the combustion of the iron powder, i.e., its 

high-temperature exothermic oxidation, producing iron oxide particles 
as a product of the reaction. The pure iron particles can then subse
quently be recovered by reducing the combustion products using 
reducing gasses, such as H2 or CO. Particularly, hydrogen-based direct 
reduction (HyDR) is highly attractive for this fuel recycling step. 
Potentially, this sustainable process does not emit any CO2 emission for 
the whole energy cycle when the hydrogen is produced from renewable 
energy sources. In addition, the particles stay in the solid state during 
this reduction process, thus no additional atomization process is 
required (which is the case after liquid-state reduction). 

Such a HyDR step of combusted iron powder for a carbon-free energy 
sector shows many similarities to the currently globally pursued 
hydrogen-based ironmaking approaches [5,6]. HyDR is overall an 
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endothermic reaction, requiring a larger energy input to maintain the 
temperature in the reactor, compared to the exothermic CO-based 
reduction [6]. However, the former shows systematically faster reduc
tion kinetics, up to five times faster [7], compared with the use of CO. 
Direct reduction has been mostly studied on iron ores in the form of 
pellets (>1 mm) [8–17] and fines (<1 mm) [14,16,18–22], and more 
rarely on pure iron oxide fines [23–26] and single crystals [27–29]. Due 
to the different experimental set-ups and features of iron ores (in terms 
of ore type, shape, size, microstructure, chemical composition, porosity, 
etc.), the kinetics and mechanisms dominating the HyDR are not 
consistent in the literature for the case of iron ores [13], not even for iron 
oxide powder with high purity [30]. An increase in the HyDR kinetics is 
generally observed with an increase in the hydrogen pressure and the 
reduction temperature [10,14,31,32]. However, a decrease in the ki
netics and final reduction level has been observed around 650–900 ◦C 
during the reduction of iron oxide single crystals, compact oxides and 
fines [16,22,31,33]. These decreases are presumably due to local iron 
sintering around unreduced wüstite islands [7,16–18,22,33], and/or to 
the severe sintering of the iron oxide fines [31], slowing down in both 
cases the inward diffusion of hydrogen or outward diffusion of oxygen 
[7,16–18,22,33]. Below 570 ◦C, the reduction of iron oxide is facilitated 
by the direct reduction from magnetite to α-iron, by-passing the more 
sluggish reduction step from wüstite to α-iron [34], where wüstite is 
thermodynamically unstable. In addition, pre-treatment of iron ores in 
the form of a pre-oxidation step prior to the subsequent reduction has 
been found to affect the HyDR kinetics. The full pre-oxidation of iron 
ores to hematite is sometimes referred to as “deep oxidation” in the 
literature [21,35], as opposed to a partial pre-oxidation. In the frame
work of iron as a sustainable fuel, the complete oxidation of iron to 
hematite during the combustion process is aimed for exploiting a 
maximum of the stored heat through the oxidation process and get as 
close as possible to the thermodynamic limit of energy storage effi
ciency. Yet, experimentally, the combustion products obtained are not 
fully oxidized but composed of a mix of hematite and magnetite phases 
[36]. Nevertheless, the oxidation of iron to a mix of 50 % magnetite and 
50 % hematite corresponds to 95 % of the heat potential of iron [37]. 
Completely oxidizing the combusted products to 100 % hematite could 
increase the overall energy efficiency by recovering the last 5 % of stored 
energy and by accelerating the HyDR kinetics. Deep pre-oxidation of 
magnetite ores has been observed to strongly increase their subsequent 
HyDR kinetics, due to the formation of micro-cracks [38], an increase in 
open porosity [15], and phase-transformation-induced microstructure 
refinement [37]. Enhanced reducibility of magnetite ores was found for 
a pre-oxidation step conducted in a temperature range of 700–900 ◦C by 
Chen et al. [15] and of 800–1000 ◦C by Monsen [37]. Zheng et al. [22] 
also investigated the influence of the pre-oxidation temperature and 
oxidation level of magnetite ores on the ensuing HyDR. Increasing the 
oxidation temperature from 800 ◦C to 1000 ◦C was reported to strongly 
decrease the specific surface area of the particles, presumably due to 
local sintering of the particles, improving the fluidization of the particles 
but decreasing its reduction kinetics [22]. 

After combustion, the microstructure and porosity of the combusted 
iron particles differ strongly from those of natural iron ores, affecting the 
reduction behavior. The combustion process produces spherical parti
cles possessing a large range of pore sizes, ranging from a few nano
meters to hundreds of micrometers (up to 80 % of the particle diameter) 
[36]. As all these factors affect reduction kinetics and the overall effi
ciency of iron powder as an alternative fuel, it is important to investigate 
the HyDR of combusted powder to comprehend the underlying funda
mental transport and transformation mechanisms. Hessels et al. [31] 
studied the kinetics of HyDR of combusted iron powder in the temper
ature range of 400–900 ◦C in hydrogen at a pressure of 0.25–1 atm. This 
study brought important insights into the reduction process and 
concluded that the reduction process was dominated by a phase 
boundary reaction in the temperature range of 400–500 ◦C, with a 
transition from phase boundary reaction to nucleation and growth 

dominated reduction in the range of 600–900 ◦C. Their study was based 
on the analysis of the reduction kinetic curves obtained by thermog
ravimetry analysis [31]. Many additional insights on the fundamental 
mechanisms governing the reduction process can be gained from a 
microstructural analysis of the partially and fully reduced particles, as 
conducted in this work. Moreover, the microstructure and porosity 
distribution of the reduced iron particles will strongly impact the sub
sequent combustion process. The combustion process starts by igniting 
the iron particles, i.e., a self-sustained thermal runaway process. The 
ignition temperature must be well controlled: as small as possible to 
minimize the input energy required to start the combustion process, but 
must be also large enough to avoid flammability issues. The ignition 
temperature is given by the balance between the heat rate produced by 
the solid-state oxidation of the reduced iron particles and the heat ex
change rate with the surrounding gas [39,40]. Both phenomena depend 
on the surface area of the reduced iron particles, given by the final 
particle size and porosity size distribution [39,40]. Therefore, such 
features are particularly important to investigate in the framework of a 
closed sustainable metal fuel cycle [32]. 

Motivated by the observations listed above, our present study aims at 
a better understanding of the fundamental reduction mechanisms by 
investigating the microstructural evolution of the combusted powder 
during their reduction process. More specifically, HyDR of combusted 
iron powder, with and without deep pre-oxidation treatment at 900 ◦C 
(for 1 h), is studied by thermogravimetry analysis (TGA) at 400 ◦C, 450 
◦C and 500 ◦C, respectively. Interrupted TGA tests coupled with scan
ning electron microscopy (SEM), electron backscatter diffraction 
(EBSD), energy-dispersive X-ray spectroscopy (EDS), ex-situ X-ray 
diffraction (XRD), and together with in-situ high-energy X-ray diffraction 
(HEXRD), were used to investigate the phase distribution and micro
structural evolution during the reduction process. The underlying HyDR 
reaction mechanisms and the effect of a deep pre-oxidation step prior to 
subsequent HyRD are discussed. 

2. Materials and methods 

2.1. Materials 

Iron oxide powder, named PartOx hereafter, was produced by the 
combustion of pure iron powder. Details about the combustion process and 
the characterization of the combusted powder particles were reported in 
Ref. [36]. The chemical composition of the PartOx sample was measured as 
Fe-22.4O-0.037Ni-0.035Mn-0.034Mo-0.032Cu-0.015Cr-0.005C-0.001S 
(in wt. %) using inductively coupled plasma optical emission spectrometry 
(ICP-OES). The carbon and sulfur content of the combusted particles were 
measured by the combustion method followed by infrared absorption 
spectroscopy. The oxygen content was measured by the reduction fusion 
method, followed by infrared absorption spectroscopy. An additional deep 
pre-oxidation treatment was applied to the PartOx powder with the aim of 
fully oxidizing the powder to 100 % hematite. This pre-oxidized powder is 
referred to as FullOx, hereafter. To produce FullOx powder, PartOx powder 
was dispersed on a flat alumina holder, heated at 900 ◦C for 1 h in air, with 
the holder being shaken every 10 min to minimize sintering. The powders 
were sieved between 25 µm and 45 µm for the in-situ high energy x-ray 
diffraction experiment, and over 45 µm for the thermogravimetry experi
ment. The particle size distribution of PartOx was measured by laser 
diffraction, using the wet mode with 2 % of tetrasodium pyrophosphate in 
water as dispersant in the Microtrac Series 5000 SYNC Particle Size Anal
ysis System (see Supplementary Figure S1 for the particle size distribu
tions). The size distribution of FullOx could not be measured but is 
estimated as similar to PartOx, as it was produced from PartOx and sieved 
similarly. For the powder sieved over 45 µm (for the thermogravimetry 
analysis), the mean diameter and standard deviation of the volume dis
tribution were 59.2 µm and 32.2 µm, respectively. The Dv10, Dv50, and 
Dv90 (indicating the upper size limit containing 10 %, 50 % and 90 % of the 
volume of the powder) were 15.3 µm, 47.1 µm, and 116.2 μm, respectively. 
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For the powder sieved between 25 µm and 45 µm (for the high energy x-ray 
diffraction analysis), the mean diameter and standard deviation of the 
volume distribution were 32.0 µm and 9.4 µm, respectively. The Dv10, 
Dv50, and Dv90 (indicating the upper size limit containing 10 %, 50 % and 
90 % of the volume of the powder) were 20.1 µm, 30.0 µm, and 45.7 μm, 
respectively. Pycnometer measurements were applied to measure the 
density of both PartOx and FullOx powders using AccuPyc II 1340 V3.00 
under argon at room temperature, averaged on 5 gas filling cycles and on 
two samplings. 

2.2. Thermogravimetry analysis (TGA) 

FullOx and PartOx powder samples were reduced in a TGA setup, 
with a reactor diameter around 5 cm in diameter [41]. The reduction 
level X is given as: 

X(t) =
mFe2O3 ,0 − m(t)
mFe2O3 ,0 − mFe,f

(1)  

where, m(t) is the measured mass at time t, mFe2O3 ,0 is the corresponding 
mass when iron species are completely oxidized to hematite, and mFe,f 

is the corresponding mass when iron species are completely reduced to 
α-iron. Therefore, PartOx and FullOx begin with an initial reduction 
level of 0.0567 and 0, respectively, and present a reduction level of 1 
when they are fully reduced. For each experiment, about 300 mg of 
powder was used, which were held in a stainless-steel wire mesh with a 
mesh size of 500. The samples were exposed to pure hydrogen (99.999 
% purity) at a flow rate of 10 L/h during the entire reaction, corre
sponding to a mean superficial gas velocity of about 1.4 L/m2s. The 
samples were heated using an infrared furnace (with a reaction 
chamber of ~0.5 L) at a heating rate of 5 ◦C/s, then held isothermally 
at 400 ◦C, 450 ◦C, and 500 ◦C. The target temperatures were reached 
after 76–96 s, corresponding to a reduction level (X) of less than 0.004, 
0.009, 0.02 at 400 ◦C, 450 ◦C, and 500 ◦C, respectively. It should 
therefore be noted that the reduction happened non-isothermally at the 
beginning of the process, although more than 98 % of the total con
version occurred isothermally. At the end of the HyDR, the reduced 
powder was first cooled down to room temperature in hydrogen, then 
the atmosphere was switched to argon. In-situ mass loss of powder was 
recorded using a thermobalance to evaluate the reduction degree. The 
powder was also weighed before and after HyDR using a precision 
scale. Sometimes, a mismatch was observed between the measured 
mass loss by TGA and the mass change before or after the TGA ex
periments, due to the fall of particles through the mesh during the 
setup of the experiments. The conversion curves were therefore based 
on the measured mass loss recorded by TGA and on the final oxygen 
content of the reduced powder measured by reduction fusion and 
infrared absorption spectroscopy. 

2.3. Microstructure characterization 

Interrupted TGA experiments were conducted to study the micro
structural evolution of the powder during the reduction process. How
ever, it should be noted that the reduction levels from the interrupted 
TGA tests were slightly overestimated (with an increase of the reduction 
level up to 0.045) as the reduction further proceeded while cooling 
down the sample from reduction temperature to room temperature in 
hydrogen. As the relative phase change cannot be decorrelated from the 
measured reduction level, the ex-situ XRD measurements were used here 
as a reasonable approximation of the phase distribution in the inter
rupted samples. The phases were identified and their average fractions 
analyzed using a diffractometer D8 Advance A25-X1. The diffractometer 
was operated with a cobalt target at 35 kV and 40 mA. The phase dis
tribution was quantified by Rietveld refinement using the software 
Bruker TOPAS Version 5.0. 

The surface regions of the initial and reduced powders (from TGA 

experiments, at 500 ◦C) were measured using the physical adsorption 
of Kr gas molecules at 77.35 K at the surface of the particles, ac
cording to the Brunauer-Emmett-Teller (BET) theory. A BELSORP 
equipment was used and the measurements were averaged over 3 
runs. The microstructure and morphology of the initial and partially 
reduced powders were probed using scanning electron microscopy 
(SEM) Zeiss Sigma, equipped with energy-dispersive X-ray spectros
copy (EDS) for local chemical analysis, as well as electron back
scattered diffraction (EBSD) for local crystallography analysis. 
Correlative EDS and EBSD maps were acquired simultaneously using a 
JEOL-6500F field-emission gun microscope with a voltage of 15 kV 
and a step size of 50 nm. 

2.4. In-situ high-energy X-ray diffraction (HEXRD) 

In-situ HEXRD experiments were performed in transmission mode 
during the ongoing HyDR at the beamline P02.1, PETRA III at DESY 
[42], to investigate the phase transformation of the individual phases in 
real-time. The beam energy, the corresponding wavelength, and the 
beam size of the X-ray were 60 keV, ~0.207 Å, and 1 × 1 mm, respec
tively. The powders were mounted in an in-situ reaction cell [43] 
equipped with a single-crystal sapphire capillary with an inner diameter 
of 0.6 mm and a length of 80 mm [43]. The sapphire capillary was 
heated using a hot air blower attached to the reaction cell externally. 
The temperature of the samples was calibrated using a thermocouple 
inserted into the capillary at the sample position before the experiments. 
A mass of 3.8 mg and 3.4 mg was used for PartOx and FullOx powder, 
respectively. The samples were heated up in argon at a heating rate of 
~18 ◦C/min to 500 ◦C. When the target temperature was reached, the 
gas was switched to pure hydrogen. The flow rate was set to 3 L/h. 
However, the actual flow was even smaller, as a by-pass flow option was 
allowed to prevent an increase in the gas pressure due to the obstruction 
of gas flow by the powders in the capillary (see Supplementary Figure S2 
for a schematic of the set-up). The diffraction patterns were recorded 
every second using an area detector VAREX XRD 4343CT (2880 pixels ×
2880 pixels, 150 × 150 µm2). The sample-to-detector distance was about 
one meter and in a half-ring configuration. The sample-to-detector dis
tance was precisely determined using a LaB6 standard sample. The 
two-dimensional diffraction patterns were integrated using the software 
PyFAI [44]. The phase fraction was analyzed by the Rietveld refinement 
method using the software MAUD [45]. 

3. Results 

3.1. Microstructure of combusted and deeply pre-oxidized powders 

Fig. 1 presents the microstructural analysis of PartOx (Figs. 1b-e) and 
FullOx (Figs. 1f-i) samples. Fig. 1a shows the XRD profiles for both 
PartOx and FullOx samples. The phase distribution in PartOx powder 
was estimated as 51 ± 1 wt. % of magnetite and 49 ± 1 wt. % of he
matite by the Rietveld refinement. Full oxidation to 100 % hematite was 
measured in FullOx powder, both on the XRD profile where only he
matite peaks were observed (Fig. 1a) and in EBSD maps where only 
hematite was locally detected (Fig. 1h). 

The surface of PartOx particles revealed linear patterns after 
combustion. Thin lenticular hematite grains and dendritic magnetite 
grains of 19 ± 10 µm were observed in the cross-section of the par
ticles (Fig. 1d). During the deep pre-oxidation step, the morphology 
and internal microstructure of the powder were strongly modified: on 
the surface, the previous linear surface patterns grew outward to 
form a network of small hematite grains with a size of 0.45 ± 0.2 µm 
on the surface (Fig. 1f). Significant grain refinement also occurred 
inside the particles during the pre-oxidation treatment, resulting in 
equiaxed hematite grains with an average size of 3 ± 2.9 µm in the 
FullOx sample, as observed in the cross-section of the particles 
(Figs. 1g-i). 
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Moreover, the porosity distribution and surface area of the particles 
were also modified by the deep pre-oxidation treatment. Large porosities 
were present in PartOx particles (up to 80 % of the particle diameter 
[36]) and identified as resulting from gas production/entrapment dur
ing the combustion process, as documented in our previous study [36]. 
These large pores were inherited in FullOx particles. In addition, 
numerous small pore features, in the range of dozens to hundreds of 
nanometers in diameter, were also formed during the deep pre-oxidation 
treatment. These newly formed pores were mostly situated at the grain 
boundaries, as highlighted by white arrows in Fig. 1g. The fraction of 
non-percolating porosity was investigated in both samples using pyc
nometer measurements: density values of 5.125± 0.003 g/cm3 and 
5.137 ± 0.032 g/cm3 were measured for PartOx and FullOx, respec
tively. Based on the theoretical density of dense magnetite (5.18 g/cm3) 
and hematite (5.26 g/cm3) [46] and their respective mass fractions in 
both samples, the non-percolating porosity was estimated to be 1.8 ±

0.1 vol. % for PartOx particles and 2.3 ± 0.6 vol. % for FullOx particles. 
A surface area of 0.168 ± 0.077 m2 g − 1 and 0.065 ± 0.001 m2 g − 1 was 
measured by BET for PartOx and FullOx particles, respectively. 

3.2. Reduction kinetics 

Fig. 2 presents the reduction kinetics computed from the measured 
mass loss in the TGA experiments. The results suggested a strong in
fluence of the reduction temperature on the overall kinetics. An increase 
in temperature from 400 ◦C to 450 ◦C resulted in a decrease in the time 
required to reach a 95 % reduction by a factor of two, and by a factor of 
five when increasing the temperature from 400 ◦C to 500 ◦C. However, 
no strong effect of the pre-oxidation treatment was observed on the 
reduction kinetics; the slight variations between the reduction kinetics 
of PartOx and FullOx samples were within the experimental scatter 
when repeating the experiments (see Supplementary Figure S3). 

3.3. Phase evolution during reduction at 500 ◦C 

The phase evolution was investigated by ex-situ XRD experiments 
after interrupted TGA and in-situ HEXRD during HyDR at 500 ◦C. The 2D 
contour map of the X-ray intensity evolution during the in-situ HEXRD 
experiments is shown in Supplementary Figure S4. Fig. 3 presents the 

Fig. 1. Microstructural characterization of the combusted iron particles, prior to the reduction process: (a) X-ray diffraction (XRD) analysis (with a Co target); (b-e) 
combusted powder (PartOx) and (f-i) combusted powder subjected to an additional deep pre-oxidation treatment (FullOx). (b, f) Scanning electron microscopy (SEM) 
image of the surface, with secondary electrons contrast, and (c, g) of the cross section of a particle, with backscattered electrons contrast. (d, h) Electron backscatter 
diffraction (EBSD) phase map and (e, i) crystalline orientation map. The arrows in (g) highlight the additional porosities formed during the deep pre- 
oxidation treatment. 
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phase evolution of individual phases, including hematite, magnetite, 
and α-iron of PartOx and FullOx samples in both TGA and in-situ HEXRD 
experiments. No wüstite formation was observed in any case, as this 
phase is thermodynamically unstable below 570 ◦C. 

Different types of reduction behavior were observed for both types of 
samples in the TGA and the in-situ HEXRD experiments. A major dif
ference was the sequence of phase transformations. In the in-situ HEXRD 
experiment, the reduction of hematite and magnetite was sequential, i. 
e., hematite was at first fully reduced to magnetite before the initiation 
of magnetite reduction to iron. In contrast, all three phases (hematite, 
magnetite, and α-iron) co-existed in the TGA experiment. As the sample 
was composed of several particles, it could correspond to a difference in 
reduction rate in different particles, but it could also be due to the 
concomitant reduction of both hematite and magnetite in the same 
particle. This uncertainty was further clarified by the microstructural 
characterization of the partially reduced particles, as presented in Sec
tion 3.4. 

In addition, the phase transformation rates of individual phases were 
significantly larger in the TGA experiment, reaching a full reduction 
(less than 1 wt. % of remaining iron oxide measured by ex-situ XRD) after 
about 700 s. In contrast, after 1740 s in the in-situ HEXRD experiment, 43 
wt. % and 75 wt. % of the sample were still composed of magnetite for 
FullOx and PartOx, respectively. The phase transformation rates of in
dividual phases in both samples were further quantified. In the in-situ 
HEXRD experiments, the transformation rate of hematite was two times 
larger in the FullOx sample (12.8× 10− 3 s− 1) compared with the PartOx 
sample (5.7 × 10− 3 s− 1). This fact resulted in a complete reduction of 
hematite at the same time for PartOx and FullOx powders, even though 
the FullOx sample initially contained twice the amount of hematite as 
the PartOx sample. The same behavior was observed for the reduction of 
magnetite into α-iron, with an increase in the α-iron formation rate from 
0.2 × 10− 3s− 1 to 0.4 × 10− 3s− 1 with the deep pre-oxidation treatment. 
Based on the ex-situ XRD data from the interrupted TGA experiments, the 
rate of hematite fraction transformation increased from 2.3 ×10− 3 s− 1 

to 3.8 × 10− 3 s− 1 after pre-oxidation. The evolution of α-iron behaved 
non-linearly and was fitted according to the equation xFe = 1 − exp( −
k(t − a)), which represents well the kinetics of a phase transformation 
governed by the chemical reaction or nucleation and growth. This 
choice will be discussed in Section 4.2. The kinetic parameter k 
increased from 7.4 × 10− 3 s− 1 to 16.7 × 10− 3 s− 1 with the deep pre- 
oxidation treatment. 

3.4. Microstructural analysis 

3.4.1. Cross-section 
Figs. 4a-c show the microstructure of PartOx particles partially 

reduced at 500 ◦C in the TGA at an average reduction level of 0.08, 0.34, 
and 0.92, respectively. At the beginning of the reduction process, three 
different microstructure features were observed in a single particle in 
SEM images: porous bright grains, dense dark grains, and porous dark 
grains. The brightness of these grains is given by the intensity of back
scattered electrons, linked in this case mainly to the average atomic 
weight of the grains, as highlighted by EDS and EBSD in Fig. 5. Figs. 5b 
and 5c highlight the strong enrichment in iron as well as depletion in 
oxygen in the grains highlighted as bright in SEM-BSE images, which 
were identified as α-iron. The surrounding dark grains were identified as 
either hematite or magnetite using EBSD. Dense magnetite grains cor
responded to the initial magnetite grains formed after the combustion 
process, while porous magnetite grains resulted from oxygen removal 
during the reduction of the initial hematite grains. 

α-Iron grains were initially seen surrounding the holes created by the 
loss of oxygen during the reduction of hematite in both samples, as 
shown in Fig. 4a and 4d. Particularly, α-iron preferentially nucleated on 
porous magnetite rather than on dense magnetite, Fig. 4a. As a conse
quence, the lenticular hematite grains were preferentially reduced to 
α-iron before the reduction of the initial dense magnetite grains in 
PartOx. This gave rise to lines of highly porous α-iron in a matrix of 
unreduced dense magnetite grains in the middle of the reduction process 
of PartOx particles (i.e., 0.34 reduction level, as highlighted in Fig. 4b). 
Fig. 4c presents the cross-section of a fully reduced PartOx particle. 
Eventually, the porosity was heterogeneous. In the center of the powder, 
the regions of previous lenticular hematite grains became large and 
elongated pores, and more porous, while regions of the previous 
magnetite grains were denser when they were reduced to α-iron. 

Fig. 4d, 4e, and 4f present the evolution of the microstructure of 
FullOx powder for a mean reduction level of 0.07, 0.24, and 1, respec
tively. A core-shell microstructure was formed at the beginning of the 
reduction process (Fig. 4d, reduction level of 0.07), i.e., equiaxed he
matite grains in the center were surrounded by porous magnetite grains 
at the surface. α-Iron nuclei were already observed at the very beginning 
of the reduction process around the pores formed in the reduced he
matite, as highlighted by the white arrow in Fig. 4d. Yet, unlike the 
PartOx sample, α-iron was only observed at the surface of the FullOx 
particle at the beginning of the reduction, far from the unreduced he
matite grains, which subsisted only in the center of the particles. Fig. 4e 
shows the microstructure obtained after the full reduction of hematite to 
magnetite, for a mean reduction level of 0.24. Porous magnetite grains 
formed through the whole cross-section, with α-iron nuclei preferen
tially formed on the magnetite grain boundaries. Fig. 4f illustrates that a 
homogeneous porosity distribution was observed in fully reduced 
FullOx particles. 

The role of the initially present pores in the reduction process was 
also investigated in Fig. 6a, presenting the cross-section of a PartOx 
particle with a reduction level of 0.32 containing two large cavities. 

The first large and spherical cavity is percolating, i.e. open to the 
external atmosphere. Percolating cavities behave like the external sur
face of the particle, hence presents a layer of reduced iron α-iron on its 
inner surface of the same thickness as the external surface of the particle. 
In addition, the other dendritic cavity in Fig. 6a presents almost no 
ferrite α grain on its inner surface, which consists mostly of magnetite. 
The absence of ferrite α on its boundaries suggests a more difficult access 
of the hydrogen gas inside the dendritic cavity. The latter is therefore 
considered as a “non-percolating” pore in the sense that it displays a 
slower access to the hydrogen gas, although a 3D characterization would 
be required to determine its percolation. In the regions between the so- 
called “percolating” and “non-percolating” pores (region I in Fig. 6a), 
several α-iron grains were still observed due to the proximity of this 
region to the open surface. The inset in Fig. 6a highlights an interesting 

Fig. 2. Reduction kinetics of the combusted powder (PartOx) and the pre- 
oxidized powder (FullOx) at 400–500 ◦C, based on the thermogravimetry 
analysis (TGA). 
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phenomenon: several α-iron grains were observed to preferentially 
nucleate in the reduced magnetite situated across the non-percolating 
cavity, in front of the region close to the percolating cavity (region II 
in Fig. 6a). Such observations suggest that after reducing the iron oxides 
around the external surface and around the percolating cavities, the 
access of hydrogen inside a non-percolating cavity facilitates its diffu
sion inside the particle. The presence of non-percolating pores can 
therefore be beneficial in the beginning of the reduction process for the 
reductant gas to access the center of the particles through them. 

Fig. 6b presents the cross-section of a PartOx particle with a reduc
tion level of 0.92, i.e., at the end of the reduction process. In this particle, 

only a few islands of dense magnetite remained among the α-iron 
microstructure. In particular, most remaining magnetite grains were 
located close to small cavities, as highlighted by arrows in Fig. 6b. This 
finding suggests that the oxidized magnetite was stabilized by the 
presence of these cavities, probably non-percolating as discussed in 
Sector 4.3. 

3.4.2. Surface analysis 
Fig. 7 presents the evolution of the surface morphology of the pow

ders at 500 ◦C in the TGA experiments. The number and size of pores 
increased with reduction time due to the progressive removal of oxygen. 

Fig. 3. Phase evolution of individual phases in PartOx and FullOx samples during hydrogen-based direct reduction at 500 ◦C, investigated by ex-situ X-ray diffraction 
(XRD) at various reduction levels in interrupted thermogravimetry analysis (TGA) experiments, and by in-situ high-energy X-ray diffraction (HEXRD). 
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The localization of the reduction in the lenticular hematite grains in the 
PartOx sample (highlighted in Fig. 4a-c) was also observed in Fig. 7a-c, 
forming lines of coalesced pores on the surface of the reduced PartOx 
particles. Fig. 7d-f illustrates the more homogeneous porosity distribu
tion in the reduced FullOx particles. 

The surface area of the powders fully reduced at 500 ◦C was 
measured by BET, showing a decrease in the final surface area by 
applying a deep pre-oxidation treatment before the actual reduction 
process (1.280 ± 0.039 m2 g− 1 for FullOx particles and 1.734 ± 0.042 
m2 g− 1 for PartOx particles). 

Fig. 8 presents the surface morphology of fully reduced PartOx and 
FullOx powders at 400 ◦C, 450 ◦C, and 500 ◦C, respectively. Linear 
features of pores were observed on the surface of PartOx particles at all 
reducing temperatures, while the pores of FullOx particles were more 
homogeneously distributed. As reported in the literature [31], the size of 
the pores increases with the reaction temperature. An interesting 
observation of FullOx particles was the formation of many agglomerates 

at the end of the reduction; namely, smaller particles were sintered with 
the larger particles and attached to their surfaces. This phenomenon was 
rarely observed in reduced PartOx particles. 

4. Discussion 

4.1. Influence of deep pre-oxidation 

The topography of the external surface of the combusted particles 
was modified during the deep pre-oxidation treatment. Our previous 
study suggested tha the solid-state oxidation of magnetite to hematite 
during the cooling of the combusted particles resulted in linear patterns 
on the surface of PartOx particles [36]. Similar patterns were previously 
reported in the literature, which were rationalized by the oxidation of 
magnetite to hematite [47] and the associated outgrowth of hematite 
along preferred orientations [48]. During oxidation, outward iron cation 
diffusion is indeed favored compared with inward oxygen anion 

Fig. 4. Scanning electron microscopy (SEM) images with backscattered electrons detector presenting the cross-section of partially reduced particles of (a-c) PartOx 
and (d-f) FullOx powders during their reduction at 500 ◦C in the thermogravimetry (TG) reactor, with their average reduction level estimated from XRD mea
surements given in the top right corner. The white arrows highlight the presence of porous α-iron grains. 
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diffusion in the magnetite crystal structure [49]. With further deep 
pre-oxidation, magnetite was fully oxidized to hematite and the thick
ness of the surface linear patterns increased (Fig. 7). The branches of this 
network were no longer parallel to one another, showing material 
diffusion in addition to the growth of hematite. The formation of equi
axed grains (Fig. 1h) is mainly due to a grain refinement phenomenon 
during the oxidation from magnetite to hematite, i.e., several hematite 
grains nucleated from one magnetite grain. Monsen [37] observed such 
phenomenon and reported an increase in the proportion of equiaxed 
grains compared with lenticular-shaped grains when increasing the 
oxidation temperature of magnetite. Moreover, the size of the equiaxed 
hematite grains also increased with the oxidation temperature [37]. 
Larger equiaxed grains are preferred at higher oxidation temperatures 
due to the improved ionic diffusion, which allows the system to decrease 
its total interface energy. The decrease in surface area during the 
oxidation process was also previously reported in the literature during 
oxidation at 1100 ◦C [48]. It was attributed to an activated sintering 
process at high temperatures, to decrease the internal energy of the 
system. In this case, the surface area could also be further reduced 
during the pre-oxidation process due to the closing of fine cracks and of 

some initially percolating porosities, present in the combusted iron 
particles [36]. 

Preferred agglomeration and local sintering of smaller particles on 
bigger particles were highlighted in FullOx particles in Fig. 8d, e, and f. 
Such favored sticking is a sign that deep pre-oxidation could accelerate 
defluidization in fluidized bed reactors [50]. In contrast, Zheng et al. 
[19] observed that defluidization was postponed to larger reduction 
levels by prior oxidation of a magnetite-based ore. This beneficial effect 
was due to an increase in porosity with prior oxidation of the dense 
magnetite ore, which resulted in a decrease in the fresh iron formed on 
the surface of the particles. An increase in non-percolating porosities 
was measured after the deep pre-oxidation process, due to the favored 
outward diffusion of iron cations [49]. Yet, the non-percolating poros
ities created by the deep pre-oxidation treatment (~0.2 %) are less 
significant compared with the non-percolating porosities created during 
the combustion process (~1.8 %). In the case of the combusted powder, 
the increase in porosity during deep pre-oxidation is negligible 
compared with the strong increase in its surface roughness due to the 
formation of a thick oxide network at its surface. Therefore, the deep 
pre-oxidation treatment favored the sticking behavior during the HyDR 

Fig. 5. Electron backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) maps of a PartOx particle partially reduced to a reduction level of 0.03 in 
the thermogravimetry (TG) reactor at 500 ◦C. (a) The corresponding scanning electron microscopy (SEM) image, (b) oxygen and (c) iron EDS map, (d) EBSD phase 
map, and (e) EBSD inverse pole figure (IPF) related to the sample normal direction. 
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of combusted particles. However, the effect of prior oxidation on the 
defluidization behavior should be investigated in more detail in a flu
idized bed reactor. 

4.2. Reduction kinetics 

The reduction of hematite at the temperatures considered here 
(400–500 ◦C) is divided into two steps, each being represented by its 
conversion parameter X1 and X2: 

X1 : Fe2O3 + H2→Fe3O4 + H2O (2)  

X2 : Fe3O4 + 4H2→3Fe + 4H2O (3) 

Different methods exist to analyze the reduction kinetics of a mate
rial based on its conversion evolution. In this work, a model-fitting 
method was chosen with the aim of better comprehending the funda
mental physical mechanisms behind the reduction process. The different 
individual reactions can all be approximated in the general form: 

dX
dt

= f (X)k(T), (4)  

where f(X) is the physics-based model to be fitted, and the temperature 
dependence k(T) is given by an Arrhénius law: 

k(T) = Aexp
(

−
Ea

RT

)

, (5)  

Where Ea is the activation energy [kJ. mol− 1]. The model can also be 
expressed as g(X) evolving linearly with time: 

g(X) =
∫

1
f (X)

dX = kt (6) 

Table 1 lists the main models considered for the reduction of iron 
oxide [51,52]:  

(i) Phase boundary, core-shell, or contracting sphere model, where 
the kinetics is limited by the reduction reaction at the boundary 
between the reacting phase (in the core of a spherical particle) 
and the product phase (in the shell of a spherical particle). In this 
model, the reaction boundary moves inward from the surface 
towards the center of the particle. 

(ii) Nucleation and growth, or Avrami-Erofeev model, where the ki
netics is limited by the nucleation of the product phase and its 
growth from the reaction phase. This model has an additional 
parameter n (varying between 2 and 4) which depends on the 
nucleation process as well as on the dimension of the growth.  

(iii) Gas film resistance, where the kinetics is limited by the external 
mass transport through the gas film surrounding the particle 
surface.  

(iv) Three-dimensional solid-state diffusion, where the kinetics is 
limited by the diffusion of the reactants/products through the 
reduced solid layer. 

A strong difference in reduction kinetics was observed between the 
TGA and in-situ HEXRD experiments (Fig. 3), showing that the reduction 
reaction was limited by the experimental conditions in one of the set- 
ups. During in-situ HEXRD experiments, the two reduction steps were 
observed to proceed in a successive manner, with the full conversion of 
hematite into magnetite before the subsequent reduction of magnetite 
into α-iron. The conversion rates of hematite X1 and magnetite X2 are 
hence given by the decay rates of hematite and magnetite, respectively, 
as given in Section 3.3. Both conversions evolve linearly with time, 
which could correspond to the kinetics of a gas film resistance-limited 
reaction (Table 1). The reduction model f(X) depends on the driving 
force for external mass transport, i.e., the hydrogen concentration 
gradient between the surface of the particle and the external boundary 
of the gas film [51]. Considering the reduction reaction at the surface of 
the particle and the gas diffusion to the gas film to be much faster than 
the mass diffusion through the gas film, the concentration gradient 
through the gas film is relatively constant. Therefore, the reduction level 
evolves linearly with time [51]. Such gas film resistance-limited reaction 
is generally obtained when the superficial gas velocity at the surface of 
the particles is too low. The gas flux was, however, set to obtain a large 
average superficial gas velocity (2900 L/m2s). Most probably, the gas 
did not pass through the particles. As the set-up was designed with a 
by-pass flow to avoid any overpressure phenomenon in the capillary, the 
actual local superficial gas velocity inside the capillary is unknown. The 
latter is probably too small and at the origin of a gas film 
resistance-limited reaction. A strong influence of pre-oxidation on re
action kinetics was observed, increasing the reaction constant by a factor 
of 2 for both hematite and magnetite reduction in FullOx compared with 
PartOx powder. In a gas film diffusion-limited reaction, the reaction 

Fig. 6. Influence of the porosities on the reduction process. Scanning electron microscopy (SEM) images with backscattered electrons contrast of the cross-section of 
PartOx particles, partially reduced in the thermogravimetry (TG) reactor at 500 ◦C at a reduction level of (a) 0.32 and (b) 0.92. The white arrows highlight the 
presence of α-iron in the inset of (a) and of remaining magnetite near the porosities in (b). 
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kinetics are governed by (i) the concentration gradient through the gas 
film, (ii) the mass transfer coefficient through the gas film and (iii) the 
surface area of the particles [51]. The concentration gradient through 
the gas film (i) is considered constant and similar for both PartOx and 
FullOx, given by the thermodynamic stability of product phase for the 
gas concentration near the particle surface and by the gas concentration 
at the surface of the gas film, close to the concentration of the input gas 
flow. The delay observed between the end of hematite reduction and the 
beginning of magnetite reduction could be explained by the modifica
tion of the local hydrogen/water concentration at the particle surface. A 
sufficient hydrogen/(hydrogen+water) ratio (>82 vol % at 500 ◦C) is 
required as a thermodynamical condition to allow reduction of 
magnetite to iron. Furthermore, the mass transfer coefficient through 
the gas film (ii) can be strongly influenced by the superficial gas velocity. 
Although the same gas flux was used in both experiments, the separation 
of the gas between the capillary and the by-pass could induce a different 
local superficial gas velocity around the powders. Finally, a larger 

reduction rate could also be explained by a larger surface area of the 
reacting particles (iii). FullOx powder presents an initial mass of he
matite, hence a reactive surface area, twice as large as PartOx powder 
[51]. Moreover, the reduction of hematite creates micropores in the 
powder through the removal of oxygen, also increasing its reactive 
surface area for the following reduction of magnetite. Therefore, the 
reaction rate of iron oxide reduction in the case of a gas diffusion-limited 
reduction process can be expected to be proportional to the initial he
matite content. An initial deep pre-oxidation step would be particularly 
interesting for achieving faster reduction kinetics under conditions 
where the hydrogen flux is limited. 

In the TGA experiment, the hydrogen flux was set large enough (10 
L/h) to obtain a reduction process that is not limited by the external 
diffusion of hydrogen. Contrary to what was observed in the HEXRD 
experiment, the reduction of hematite and magnetite was not successive 
but partially concomitant. Thus, the kinetics of individual reaction steps 
need to be decorrelated to use the model-fitting method. Two conversion 

Fig. 7. Scanning electron microscopy (SEM) images with secondary electrons contrast of the evolution of the surface morphology of (a-c) PartOx and (d-f) FullOx 
powders during their reduction at 500 ◦C in the thermogravimetry (TG) reactor, for a reduction level of (a) 0.08, (b) 0.34, (c) 0.92, (d) 0.07, (e) 0.24, and (f) 1. 
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parameters are defined for each reduction step: X1 for the reduction of 
hematite to magnetite and X2 for the reduction of magnetite to α-iron. 
Following Hessels et al. [31], the mass evolution of the different phases 
varies with the conversions X1 and X2: 

mFe2O3 = mFe2O3 ,0 (1 − X1) (7)  

mFe3O4 = mFe2O3 ,0

(
2 MFe3O4

3 MFe2O3

X1

)

(1 − X2) (8)  

mFe = mFe2O3 ,0

(
2MFe

MFe2O3

X1

)

X2 (9)  

where mi and Mi corresponds to the powder mass and molar mass of each 
phase i, respectively. mFe2O3 ,0 is the mass of the initial powder if fully 
oxidized to hematite. The total conversion of the reduction is given by: 

X =
mFe2O3 ,0 −

(
mFe2O3 + mFe3O4 + mFe

)

mFe2O3 ,0 − mFe,f
(10)  

where mFe,f corresponds to the mass of the final powder when fully 
reduced to iron. Implementing Eqs. (7)–(9) in Eq. (10), the total con
version can be expressed by the conversion of each reaction X1 and X2: 

X =

X1

(

1 −
2 MFe3O4
3 MFe2O3

)

+ X1X2

(
2 MFe3 O4
3 MFe2 O3

− 2MFe
MFe2 O3

)

1 − 2MFe
MFe2 O3

(11) 

The total conversion expressed in Eq. (11) was fitted on the experi
mental conversion curves (given in Fig. 2), using the models summa
rized in Table 1 to express X1 and X2. A gas diffusion limited reaction 
was eliminated in this case by increasing the flow rate until the reduc
tion kinetics were independent on the applied flow rate. X1 and X2 were 
modeled as either a phase boundary (PB), nucleation and growth (NG) 
or solid-state diffusion (SD) limited reaction step. Therefore, 9 different 
model combinations were used to express the total conversion X. Table 2 
presents the goodness of fit, determined by the R-square of the fit, for 
each model combination, for PartOx and FullOx at different tempera
ture. The graphical representation of the best fits is given in Fig. 9. The 
graphical representation of the fit obtained for each model combination 
at 500 ◦C for FullOx and PartOx is given in Supplementary Figures S5 
and S6. 

A valid concern associated with such forward model-fitting methods 
is that several model combinations can present a similarly good fit, as 
shown in Fig. 9 and Table 2. This means that such a method alone is not 
sufficient to unambiguously identify the dominant mechanisms gov
erning the reduction process. Yet, additional indicative insights can be 
obtained in association with the microstructural analysis of the powder 
in its partially reduced state (Fig. 4). 

For FullOx powder, the microstructural analysis shows a clear core- 
shell structure at the beginning of the reduction process with the 
remaining hematite grains in the center and the reduced magnetite 
slowly growing from the surface to the core. This phenomenon is typical 
of a phase boundary-dominant reduction. α-Iron nucleates first around 
the pores created by the reduction of hematite to magnetite at the 
beginning of the reduction process. Then, α-iron grains nucleate and 
grow preferentially at the grain boundaries of the reduced magnetite. It 
corresponds well to the results of the model-fitting method, supporting a 

Fig. 8. Scanning electron microscopy (SEM) images with secondary electrons contrast of the surface porosity formed after full reduction of (a-c) PartOx powder and 
(d-f) FullOx powder at (a, d) 400 ◦C, (b, e) 450 ◦C and (c, f) 500 ◦C in the thermogravimetry (TG) reactor. 

Table 1 
Model description of the conversion X for various dominant mechanisms of the 
reduction process [51,52].  

Model Abbreviation g(X) 

Phase boundary PB 1 − (1 − X)1/3 

Nucleation and growth NG (− ln(1 − X))1/n 

Gas film resistance GF X 
Solid diffusion SD 1 − 3(1 − X)2/3

+ 2(1 − X)
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scenario where a phase boundary model prevails for the reduction of 
hematite and a nucleation and growth model for the reduction of 
magnetite, respectively. The fitted kinetic constant k for the reduction of 
hematite to magnetite increases with temperature from 1.3 × 10− 3 s− 1, 
2.8 × 10− 3 s− 1 to 9.8 × 10− 3 s− 1 at 400 ◦C, 450 ◦C and 500 ◦C, 
respectively. It corresponds to a preexponential factor of 4.9 ×103 s− 1 

and an apparent activation energy of 85.2 kJ. mol− 1 (see Arrhenius plot 
in Supplementary Figure S7). It should be noted that these kinetic 

constants should be considered carefully as the beginning of the 
reduction occurred non-isothermally. A stronger increase in the fitted 
kinetic constant k is obtained for the reduction of magnetite, from 0.6 ×

10− 6 s− 1, 3.7 × 10− 6 s− 1 to 49.3 × 10− 6 s− 1 at 400 ◦C, 450 ◦C and 500 
◦C, respectively. It corresponds to a preexponential factor of 1.5 ×

108 s− 1 and an apparent activation energy of 186.0 kJ. mol− 1 (see 
Arrhenius plot in Supplementary Figure S7). The fitted parameter n 
describing the nucleation and growth dimension is similar at the 
different temperatures (1.9 at 400 ◦C and 450 ◦C and 1.8 at 500 ◦C), 

Table 2 
The goodness of fit, quantified in terms of the R-square values of the fits, for the multi-model fit of the total conversion X using Eq. (11) and the different models (listed 
in Table 1) to represent the conversion of X1 and X2. The obtained best fit is highlighted in bold.  

R-square PB+PB PB+NG PB+SD NG+PB NG+NG NG+SD SD+PB SD+NG SD+SD 
n 

400 ◦C 0.9966 0.9969 0.9823 0.9931 0.9982 0.9522 0.9969 0.9943 0.9752 
PartOx 
450 ◦C 0.9933 0.9926 0.9815 0.9906 0.9956 0.9422 0.9962 0.9902 0.9747 
PartOx 
500 ◦C 0.9974 0.9982 0.9850 0.9935 0.9978 0.9536 0.9974 0.9982 0.9771 
PartOx 
400 ◦C 0.9952 0.9993 0.9717 0.9941 0.9972 0.9601 0.9954 0.9976 0.9787 
FullOx 
450 ◦C 0.9965 0.9992 0.9753 0.9952 0.9982 0.9632 0.9982 0.9983 0.9819 
FullOx 
500 ◦C 0.9935 0.9988 0.9775 0.9950 0.9978 0.9605 0.9938 0.9950 0.9773 
FullOx  

Fig. 9. Multi-model fitting the total conversion X using Eq. (11) and the models listed in Table 1 for X1 and X2. The graphics presenting the best goodness of fit, given 
in the bottom-right corners, are presented. The abbreviations PB, NG and SD correspond to a phase boundary, nucleation and growth, and 3D solid diffusion model, 
given as the models representing X1 and X2, respectively. The multi-models considering a phase boundary for X1 and a nucleation and growth model for X2 for 
PartOx are also given for all temperatures, for sake of comparison. 
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showing that a nucleation and growth model described well the reduc
tion of magnetite in FullOx powder at low temperature. 

For PartOx powder, the dominant mechanisms are less obvious. The 
best goodness of fit predicts a different model combination for each 
temperature. However, the shape of the fitted X1 curves at 450 ◦C and 
500 ◦C is physically unlikely, with an initial hematite content larger than 
0.5 and a very slow hematite reduction rate, predicting the remaining 
presence of hematite for a reduction level of more than 0.7. In com
parison, the model combining a phase boundary-governed hematite 
reduction and a nucleation and growth-limited magnetite reduction is 
physically more likely, although they present a lower goodness of fit as 
compared with the models fitted on FullOx curves. Regarding the 
microstructural analysis, the reduction of hematite starts from the 
external surface (or from the surface of the percolating cavities) and 
grows toward the center of the particles, similar to what is observed for 
the FullOx case. However, the derivation of the phase boundary model is 
based on the hypothesis of a contracting sphere [53], which does not 
correspond to the complex geometry of the lenticular-shaped hematite 
grain boundaries. This could explain the difficulty to model correctly X1. 
Regarding the reduction of magnetite, the latter can be divided into two 
categories. First, the porous magnetite formed from the initial hematite 
grains is reduced to α-iron, following the same process as in the FullOx 
case, i.e. a nucleation and growth mechanism. Then, the initial dense 
magnetite is reduced by the propagation of the α-iron/magnetite 
boundary towards the center of the dense magnetite, as illustrated by the 
porosity gradient in Fig. 4c. Similar to the reduction of hematite, it 
corresponds to a phase boundary model. However, the expression 
derived for g(x) in Table 1 for a phase boundary model corresponds to a 
spherical particle. In this case, the phase boundary is defined by the 
boundaries of the multiple lenticular-shaped hematite grains, which is 
too complex to analytically derive from simple first-order rate equations. 
In the case of PartOx, the classically used models do not well represent 
the reduction mechanisms governed by both a nucleation and growth of 
α-iron in reduced magnetite and a phase boundary propagation with a 
complex boundary geometry. These microstructural observations can 
explain why the goodness of the multi-model fit is not as good for the 
PartOx sample compared with the FullOx sample. A more detailed 
model, such as phase-field modeling, could be used as an alternative to 
correctly represent the reduction process of combusted iron powder 
[54]. 

4.3. Influence of the microstructure on the reduction process 

Strong localization of the reduction process is observed at the loca
tion of the lenticular hematite grains, as shown by the formation of 
elongated pores at the surface and inside the cross-section of reduced 
PartOx particles. This phenomenon is expected from the faster diffusion 
of hydrogen through the porosity network formed during hematite to 
magnetite reduction. Comparatively, a deep pre-oxidation treatment to 
fully oxidize the powder to hematite homogenizes the reduction process, 
resulting in a much more homogeneous distribution of porosities at the 
end of the reduction process. 

A larger surface area could be expected after the full reduction of the 
deeply oxidized FullOx powder compared to the fully reduced com
busted PartOx powder, because the initially larger oxidation level of 
FullOx particles is associated with a larger oxygen removal during the 
reduction process. Nevertheless, a lower surface area is measured in the 
reduced FullOx powder (1.280 ± 0.039 m2 g− 1 for FullOx particles and 
1.734 ± 0.042 m2 g− 1 for PartOx particles). This difference could be due 
to an inherited smaller initial surface area in FullOx particles 
(0.065 ± 0.001 m2 g− 1) compared to PartOx particles (0.168 ± 0.077 m2 

g− 1), but the difference in surface area in the initial particles (0.1 m2 

g− 1) is lower than the difference obtained after reduction (0.45 m2 g− 1), 
suggesting that the final difference in surface area is only minorly 
affected by the initial surface area, but rather comes from the reduction 
process itself. The difference in surface area could come from the 

different pore size distribution in the two reduced powders: for the same 
volume of pores, a smaller pore size will strongly increase the associated 
surface area. Compared with reduced FullOx particles, PartOx particles 
present a few large and elongated pores but also a large number of 
smaller pores formed from the reduction of the dense initial magnetite 
grains. These smaller pores could be at the origin of the relatively larger 
pore size in PartOx particles. However, experimental variations such as a 
difference in sampling (a sampling of only 0.03 g could be recovered for 
the BET measurement out of the reduced powder of 0.2 g after the 
different experimental characterization) cannot be ruled out. 

Another important observation is the nucleation of α-iron at the very 
beginning of the reduction process, illustrating a relatively low activa
tion energy for α-iron nucleation. Yet, the co-presence of hematite and 
α-iron was not observed in the in-situ HEXRD experiments. It can be 
concluded that the fast nucleation of α-iron during the TGA is due to a 
kinetic effect. When the reduction process is slower, limited by the 
hydrogen diffusion at the surface of the particle in the case of the HEXRD 
experiments, the diffusion of reactants and products inside the particles 
is fast enough to allow a full reduction of hematite to magnetite before 
the nucleation and growth of α-iron. 

The number of nucleation sites for α-iron, e.g., grain boundaries, 
could be increased by microstructure refinement, increasing their den
sity. This is especially interesting for the reduction of particles with a 
large hematite content, where the reduction of porous magnetite is 
dominated by the nucleation and growth of α-iron. Decreasing the 
temperature of the deep pre-oxidation treatment is expected to form 
finer hematite grains and potentially increase the surface area of the 
particles [22], therefore improving the reducibility of the deeply 
oxidized combusted particles. 

Regarding the presence of cavities, percolating cavities are favorable 
for the reduction process by decreasing the relative solid-state diffusion 
distances, but the role of non-percolating cavities is less straightforward. 
Non-percolating cavities can be expected to facilitate the reduction 
process in the beginning by providing free surfaces for chemical re
actions and accelerating the diffusion of the reactants by gas diffusion 
through the cavity, thus reducing the relative diffusion distances. 
However, magnetite was also observed to be stabilized around cavities 
at the end of the reduction process (Fig. 6b). This phenomenon could be 
explained by the accumulation of water in non-percolating cavities, 
thermodynamically stabilizing the oxidized phase over iron. The trap
ped water can even lead to re-oxidation of the previously reduced iron 
around isolated pores, a phenomenon that was investigated at a 
microscopic scale by Zhou et al. [28] during the hydrogen-based direct 
reduction of wüstite. The reduction process around non-percolating 
cavities during the HyDR process should therefore be further investi
gated for the current scenario of powder reduction in more detail to 
better understand its role throughout the whole reduction process. 

5. Conclusions 

In the present study, the influence of deep pre-oxidation on the 
hydrogen-based direct reduction of combusted iron powder at 400–500 
◦C was investigated using in-situ high-energy X-ray diffraction (HEXRD), 
thermogravimetry analysis (TGA), and microstructural analysis of the 
partially and completely reduced powders. 

In the in-situ HEXRD experiments, the local superficial gas velocity of 
hydrogen around the particles was limited by the experimental set-up 
and thus reduction kinetics were limited by the diffusion of hydrogen 
through the gas film around the particles. In the TGA experiment, a 
multi-model fitting analysis was applied to investigate the dominant 
mechanisms of the reduction process, together with a microstructural 
analysis of the partially reduced powders. In deeply pre-oxidized pow
der (FullOx), the reduction of hematite is dominated by a phase 
boundary model or core-shell model. The further reduction of magnetite 
is limited by the nucleation and growth of α-iron grains, which form 
preferentially around the pores formed during the reduction of hematite 
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and at the grain boundaries of the reduced magnetite. In the combusted 
powder (PartOx), the reduction of the initial hematite grains to α-iron 
follows the same mechanisms as in the deeply oxidized powder. How
ever, its kinetics are not well represented by the classical core-shell 
model due to the more complex microstructure, particularly due to 
the lenticular-shaped hematite in the magnetite matrix. Moreover, the 
reduction behavior of magnetite is distinguished by a nucleation and 
growth of α-iron mechanism for the porous magnetite (formed by 
reducing hematite) and by a phase boundary mechanism for the initially 
dense magnetite grains. 

An increase in the reduction rates was observed for both hematite 
and magnetite reductions in the deep pre-oxidized sample. When the 
reaction is limited by the resistance of the gas film around the particles, 
both reduction rates are doubled in the deep pre-oxidized powder 
compared with the combusted powder. When the superficial flow ve
locity is sufficiently large, a positive influence of the deep pre-oxidation 
is still observed on the phase transformation rates, but is compensated 
by the initially larger hematite content. Therefore, deep pre-oxidation 
does not strongly affect the total reduction time at 400 ◦C-500 ◦C. The 
influence of the deep oxidation treatment at higher reduction temper
atures could be more significant and will be investigated in a subsequent 
study. 

A strong influence of the oxidation treatment is observed on the 
microstructural evolution of the powders during the reduction process. 
In particular, the porosity distribution is highly heterogeneous at the end 
of the reduction of the combusted powder compared with the porosity 
distribution at the end of the reduction of the deeply oxidized combusted 
powder. Moreover, the increase in surface roughness favored the 
agglomeration of deeply oxidized particles which could be detrimental 
to their fluidization behavior. 

Data availability 

The datasets generated during and/or analyzed during the current 
study are available from the corresponding author on reasonable 
request. 

CRediT authorship contribution statement 

Laurine Choisez: Conceptualization, Methodology, Investigation, 
Formal analysis, Validation, Writing – original draft. Kira Hemke: 
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