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Hydrogen-based direct reduction (HyDR) of mill scale is a promising process for transitioning the steel industry
towards more sustainable production. Previous studies focused on high temperature reduction of mill scale in
shaft furnace, but sintering issues are encountered. To mitigate this problem, the reduction of mill scale particles
was investigated at lower temperatures (400°C-700 °C). Reduction experiments were conducted in a thermog-

ravimetric analyzer (TGA) using pure hydrogen, both with and without pre-oxidation stage conducted between
700 °C and 900 °C and coupled with microstructure characterization. The highest reduction rate is obtained at
500 °C after pre-oxidation at 800 °C, governed by mixed phase boundary and 2D nucleation and growth
mechanisms. Without pre-oxidation, unstable wiistite decomposes into Fe and FezO4 as analyzed under both
neutral and reducing atmosphere following a 1D nucleation and growth mechanism, while magnetite reduction
to iron is governed by a phase boundary-limited mechanism.

1. Introduction

The urgent transition towards a more sustainable society must
include a reduction in greenhouse gases produced by the steel produc-
tion sector, estimated at around 5% of CO2 emissions in Europe and
almost 7% worldwide [1]. The decarbonization of steel production relies
on the shift in the primary production methods (reduction agents) and
on additional recycling of steel. In 2016, 70% of the world's steel was
produced by blast furnaces or basic oxygen furnaces [2]. This produc-
tion method is energy-intensive (about 18 GJ/t of crude steel due to
high-temperature operation, coking coal, hot air injection, etc. [3]) and
also highly polluting due to the use of carbon-based reducing agents
(coke and coal). A promising alternative is the use of hydrogen gas as a
reducing agent to produce metal with a lower environmental impact.
Indeed, 0.1 ton of CO, could be emitted per ton of steel if sustainably
produced hydrogen were used, compared to 1.9 tons of CO; per ton of
steel for conventional blast furnace production [4]. These emissions can
be further reduced by recycling iron-rich sources, such as mill scale, a
low-cost iron-based industrial by-product (containing about 70 wt % of
iron [5]). It corresponds to approximately 2% of the steel related waste
mass [5], thus about 18.4 millions of tons produced worldwide in 2024
[6]. This huge amount is already mostly recycled in integrated steel
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plants, with up to 85% of the produced mill scale consumed via sintering
of mill scale mixed with iron [5], directly re-injected in the steel-making
process. The remaining 15% is not suitable for recycling due to its
properties or contamination [5]. Improving the level of direct recycling
of mill scale is sometimes not possible (logistical issues, qual-
ity/adequacy of the mill scale ...) and landfilling is the current chosen
solution. Developing an alternative path for the upcycling of this
by-product is thus of interest.

In this work, the recycling of mill scale fines is considered for a new
high-density energy storage technology called iron fuel [7]. Sustainable
energy can be stored by direct chemical reduction of the iron oxide
powder, and released through its high-temperature oxidation in air or
water [8]. The presence of chemical additions naturally present in the
mill scale was found to be very promising for the iron fuel cycle [9,10].
For this application, the aimed products are therefore a fine reduced
mill-scale powder in the range of 30 pm — 100 pm.

Reduction of mill scale pellets of size ranging from 2 to 25 mm as
well as powder particles with sizes smaller than 200 pm, with mainly Ca,
Si, Mn, Al, Cu and Cr oxides impurities, into metallic iron has previously
been proved possible using carbon-based reducing agents (coke, coal,
CO/CO; mixture, anthracite) at high temperatures (700 °C — 1200 °C)
[11-19]. Less studies were conducted using hydrogen as the reducing
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agent, and they were all carried out at high temperatures (600 °C —
1300 °C) in vertical or tubular furnaces [20-26]. This temperature range
is typically aimed at the industrial scale, where hydrogen-based direct
reduction of iron ores is mainly conducted in shaft furnaces with oper-
ating temperatures close to 800°C — 1000 °C [27,28]. In that case, the
ores fines need to be first pelletized. To avoid pelletization and obtain
powders as the reduction products, fluidized bed reactors are an inter-
esting alternative pathway. However, the operating reduction temper-
atures in fluidized bed reactors are limited due to powder agglomeration
and defluidization at high temperatures. The operating temperatures for
direct reduction in fluidized bed reactors must be under 500 °C — 700 °C
for particle sizes of 50 pm — 200 pm [29].

Guan et al. [30] studied the reduction of mill scale crust (2 mm thick)
at 370 °C — 550 °C using Ar-H; (20-80 vol %) in a thermogravimetric
analyzer. Complete reduction of the oxidized crust was achieved, with
the reduction time decreasing with an increasing temperature [30].
Nevertheless, reduction of mill scale fines (<150 pm) under pure
hydrogen in this temperature range remains unexplored.

Furthermore, pre-oxidation of magnetite-based iron ore consistently
demonstrated improved reduction rates [31-34], although it has never
been applied to mill scale particles. The reduction of magnetite is pro-
moted by the increased number of defects from the oxidation step, fa-
voring diffusion and formation of pores during reduction, according to
Edstrom [35]. Wang et al. [36] also observed a positive influence of
pre-oxidation for the reduction of ironsand, mainly composed of wiistite
with oxides inclusions (TiOg, SiO3, MgO, Al20O3, CaO).

In this work, hydrogen-based direct reduction of mill scale fines (45
pm — 106 pm) was investigated in the temperature range of 400 °C — 700
°C, with and without applying a pre-oxidation step in the temperature
range of 700 °C - 900 °C. A combination of thermogravimetric analyses,
thermal treatments and microstructural characterizations (SEM, XRD,
BET surface area, gas pycnometry) was conducted to identify the
fundamental mechanisms governing the reduction kinetics. The impor-
tance of wiistite decomposition on its reduction under 570 °C was
highlighted.

2. Material and methods
2.1. Material and characterization techniques

Representative of industrial mill scale collected after descaling steel
slabs, prior to hot rolling, was considered in this work. The mean
chemical composition given in Table 1 was measured by inductively
coupled plasma (ICP-OES) analysis and total carbon content analysis
(TCC), and averaged over ten samplings. After drying for 2h at 120 °Cin
air to remove moisture, the broken crust was further ground by ring
milling and sieved to collect particles with sizes between 45 and 106 pm.
Fig. 1 presents the size distribution (Fig. 1b) and sphericity (Fig. 1c) of
the obtained mill scale powder, measured by laser diffraction and image
analysis using the wet mode with 2 vol % of tetrasodium pyrophosphate
in water as dispersant over three samplings. The majority (80%) of the
particles ranges between 10 and 130 pm, with a mean diameter and
standard deviation of the volume-based distribution of 60.8 pm and
48.8 pm, respectively. Smaller particles of hundreds of nanometers in
diameter could not be fully separated from the main particles by the
sieving process, likely due to van der Waals forces, as illustrated in
Fig. 1b and d. The Dv10, Dv50, and Dv90 (indicating the upper size limit
containing 10%, 50% and 90% of the powder volume) were of 3.2 pm,
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54.0 pm and 112.9 pm, respectively. On the other hand, the powder
presents a relatively low sphericity, reflecting the irregular shape of the
particles, given by the sphericity distribution in Fig. 1c and as illustrated
by the scanning electron microscopy (SEM) observations of Fig. 1d and
e. Additionally to the irregular shape, deposits were also observed on the
surface, as shown in Fig. 1f at higher magnification. Energy-dispersive X-
ray (SEM-EDX) analyses (carried out at 15 kV) indicate local variations
of the chemical composition with higher levels of elements other than Fe
detected among these deposits (Fig. S1 in Supplementary Material),
based on more than 10 measurements points for each characterized
microstructure. These additional elements are more present on the
surface deposits than within mill scale particles (Supplementary
Fig. S2). From EDX analyses on cross sections, manganese was detected
as the main foreign element dissolved in solid solution in the iron oxides
(average 0.76 wt % with a 0.13 wt % standard deviation). Other addi-
tional elements are also present as oxide precipitates (e.g. chromium
oxides as illustrated in Fig. S1 in Supplementary Material).

The average volume fractions of each phase were quantified by X-ray
diffraction and Rietveld refinement using TOPAS V5.0 after manual
powder grinding, using a cobalt source at 30 kV and 30 mA. The only
fitting parameters used for Rietveld refinement were the lattice pa-
rameters and the crystallite size of each phase. No additional corrections
were applied to avoid overfitting. The average mass fractions of each
phase was estimated from the measured average volume fractions using
5.26 g/cm®, 5.19 g/cm?, 5.95 g/cm® and 7.87 g/cm? as the theoretical
densities of FepOs, FesOy4, Fe; O and Fe, respectively [37]. The initial
mass fraction of each phase in the initial mill scale is given in Table 2 for
three different samplings.

The same characterization techniques (SEM, EDX, ICP and TCC,
XRD) were used to characterize the pre-oxidized and reduced mill scale
powders. Moreover, the surface area evolution was measured by the
Brunauer-Emmett-Teller (BET) method, with Krypton gas (purity
99.999%), using the BET method with a p/pg range from 0.05 to 0.30.
The data were corrected to ensure a continuous increase in V(1-p/po),
with V the molar volume of adsorbed gas, p the equilibrium pressure and
po the pressure at saturation of the adsorbed gas. The closed, non-
percolating porosity was estimated using a gas pycnometer with nitro-
gen gas in combination with the theoretical solid phase densities.

2.2. Thermogravimetry analysis (TGA)

The reaction kinetics are measured in a thermogravimetric analyzer
(TGA), developed by Coenen et al. [38]. The reactor (a quartz tube with
a 19 mm diameter and 1.5 mm wall thickness) is kept at the desired
temperature by resistive heating inside an insulating assembly. The
sample, 100 mg of powder, is placed in an aluminum-oxide crucible (5
mm inner diameter, 10 mm height and 1 mm wall thickness), suspended
to a micro-balance with a sensitivity of 0.1 pg by a titanium wire and
placed in controlled gas flows.

To analyze the kinetics and reduction mechanisms of iron oxides,
three types of experiments are carried out: (1) full or partial hydrogen-
based reduction (HyDR) of as-received mill scale, (2) full pre-oxidation
of initial mill scale, (3) full pre-oxidation followed by full or partial
HyDR. Reduction is carried out at three different temperatures below
570 °C (400 °C, 450 °C and 500 °C) to calculate the apparent activation
energy of reduction when wiistite is not stabilized. The impact of wiistite
stabilization above 570 °C is additionally studied at 700 °C, sufficiently
far away from the transition zone. Three pre-oxidation temperatures

Table 1

Mean chemical composition of initial mill scale particles, measured by ICP and total carbon content analysis. The average and standard deviation are given over 10

samplings.
[wt %] Fe Mn Al Si Cu Ni Mg ctot 0
Avg 73.46 0.37 0.05 0.04 0.02 0.02 <0.01 0.24 Rest
std 0.83 0.03 0.01 0.01 <0.01 0.02 <0.01 0.18 /
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Fig. 1. Characterization of the initial mill scale particles. (a) X-ray diffraction spectrum. (b) Particles size and (c) sphericity distributions (volume-based) of the
sieved particles (45-106 pm) measured and averaged by dynamic image analysis over 3 samplings. (d) (e) (f) SEM micrographs of the initial particles at different

magnifications (SE2 signal).

Table 2

Phase distribution in as-received mill scale, measured by X-ray diffraction and
Rietveld refinement, given as the average and standard deviation over three
samplings.

[wt %] Fe Fe, O Fe304 Fe,03
Average 0 81.5 16.0 2.5
Standard deviation 0 2.1 2.0 0.6

(700 °C, 800 °C, 900 °C) are chosen based on their positive impact re-
ported in the literature [31,32,36,39,40].
In the case of HyDR, nitrogen gas (500 milli-NLPM) is used during

heating (20 °C/min rate). Once the reactor is stabilized at the desired
temperature (400 °C, 450 °C, 500 °C or 700 °C), hydrogen gas
(99.999%) at 480 milli-NLPM is fed in for a maximum of 3 h if a full
reduction is desired. The reaction is stopped sooner if the change in mass
in the last 30 min is less than 0.5 mg in case of the full reduction tests, or
at the aimed reaction duration for the partial reduction tests. During
cooling, the reactor is switched back to a flow of nitrogen (500 milli-
NLPM) and is cooled down as fast as possible (cooling rate varying be-
tween 30 °C/min and 50 °C/min). In the case of pre-oxidation, the same
heating and cooling procedures are applied, but a flow of air (79% ni-
trogen and 21% oxygen, at 480 milli-NLPM) is provided during the
oxidation step. Pre-oxidation was carried out for 3 h at 800 °C and
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900 °C, or for 4 h at 700 °C as full oxidation is targeted. Longer pre-
oxidation time was chosen at 700 °C to partially compensate for the
slower oxidation kinetics. In the case of HyDR following pre-oxidation,
the sample was cooled down to the aimed reduction temperature under
nitrogen in between the oxidation and reduction steps. The local vari-
ations in temperature and gas composition were minimized by using a
relatively small sample amount (~100 mg) and large hydrogen flow rate
(480 milli-NLPM). During the reduction reactions, the thermodynamic
stability domain, given by the local temperature and the ratio between
the gaseous reductant (hydrogen) and products (hydrogen + water
vapor), was always kept in the reduced iron domain. The maximum
water vapor production rate was reached during the reduction of pre-
oxidized mill scale at 700 °C, and corresponded to a ratio between the
gaseous reductant and products of 0.87, far above the thermodynamic
limit of ~0.65. During pre-oxidation, the maximum oxygen consump-
tion rate corresponded to a maximum decrease in oxygen concentration
from 21% to 19.5%. The influence of local temperature and gas
composition variations was therefore considered as negligible in our
analysis.

The conversion degree is computed based on the measured mass
evolution:

_ Mpey05 — m(t)

X(t) =
Fey03 — Myef

@

where mg.,0, is the mass if completely oxidized to hematite, m(t) is the
measured mass at time t and mg. s is the final mass if completely reduced
to iron (theoretically estimated from XRD measurements). The initial
and final masses measured by TGA (m(t)) were corrected based on initial
and final weighting, as well as on the final conversion degree measured
by XRD. The conversion rate dX/dt can be derived from Equation (1),
and was smoothed using a Savitzky-Golay filter (polyorder 2) with a
window of 100 and 10 in the case without and with pre-oxidation,
respectively (a Savitzky-Golay filter with a window of 40 and poly-
order 3 has been applied a second time at the center of the curve at
450 °C without pre-oxidation to smooth it further). A fixed window is
used to have a controllable and locally reproducible model over the
entire curve. A maximum latency of 1.5 min is expected due to the
window size and acquisition time interval (negligible regarding the long
duration for full conversion i.e. 25-125 min).

Large variations of mass were recorded for reduction conducted at
450 °C and interpolation correction was applied to have an analyzable
trend (Fig. S4 in Supplementary Material). Interrupted reduction tests
were carried out for different reaction durations, giving a better un-
derstanding of the evolution of the phases and their mechanisms. For the
case with pre-oxidation, reduction has been stopped after 30s, 100s and
390s, corresponding to 8%, 20% and 65% conversion, respectively. On
the other hand, reduction of the as-received mill scale was interrupted
after 42s and 980s, corresponding to 34% and 95% conversion (initial
conversion of mill scale without pre-oxidation is around 25%).

2.3. Heat treatments

The decomposition of wiistite under 570 °C was decorrelated from its
reduction by conducting several heat treatments in neutral atmosphere,
using sealed quartz tubes filled with neutral nitrogen and ~2 g of mill
scale powder. They were heated in a resistive furnace at a heating rate of
~15 °C/min up to 500 °C, maintained isothermally for 0's, 42 s, 1000 s,
1 h, 2 h and 3 h, and then water quenched. The microstructures of the
heat-treated powders were investigated using SEM and XRD, following
the same procedure as described in Section 2.2. The lattice parameters of
each phase were estimated during the integration of peaks using Topas
Software (Section 2.1). The ratio of iron and oxygen associated with the
wiistite phases was calculated based on the work of Berthon et al. [41].
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3. Results
3.1. Pre-oxidation stage

Fig. 2 presents the oxidation kinetics (Fig. 2a) of mill scale at 700 °C,
800 °C or 900 °C and the reduction kinetics (Fig. 2b) at 500 °C for pre-
oxidized mill scale at the three different pre-oxidation temperatures.
500 °C was chosen as the screening temperature here as it gave the most
promising reduction kinetics in the non-oxidized case (see Section 3.2.1,
Fig. 4). Complete oxidation to hematite is only reached with a pre-
oxidation temperature of 900 °C. Slower oxidation kinetics are ob-
tained at 800 °C and 700 °C, leading to a mix of 83-17 wt % and 50-50 wt
% hematite-magnetite, respectively. The powder pre-oxidized at 800 °C
presents the highest reduction rate at 500 °C and is chosen for the
following reduction analyses.

Typical surface morphologies (Fig. 3a, b and c) and cross-section
micrographs (Fig. 3d-i) of oxidized particles at 700 °C, 800 °C and
900 °C are shown in Fig. 3. The porous structure at the surface is the
most commonly observed feature, although other morphologies (denser,
vein-like, needles) are also detected on a few particles, as shown in
Supplementary Fig. S3. A rougher, more porous, outer surface is
observed at lower pre-oxidation temperature, consisting of more
angular, geometric features. Smoother features are formed at higher
temperatures. A denser outer layer is observed at 900 °C, where closed
pores are highlighted by white arrows in Fig. 3c. Inside the particles, an
inhomogeneous distribution of porosities is observed, with an accumu-
lation of very small pores close to the initial particle contour. This is best
shown on Fig. 3g and h with the initial surface highlighted by the dotted
lines. Delamination is also visible between the outer-grown oxide scale
and the initial particle contour at every temperature, as highlighted by
the white arrow in Fig. 3d.

3.2. Hydrogen-based direct reduction

3.2.1. Influence of reduction temperature and pre-oxidation state

Fig. 4 presents the overall reduction kinetics of the mill scale parti-
cles measured by the thermogravimetric analyzer, with the mill scale
particle reduced as received in Fig. 4 (a), (b) and after a pre-oxidation at
800 °C in Fig. 4(c) and (d). Increasing the reduction temperature from
400 °C to 450 °C shortens the time to reach 90% conversion by a factor
3. Raising the temperature to 500 °C further reduces this time by a factor
of 2. The conversion rate always presents a sharp increase in the
beginning of the reaction, followed by a stabilization and slow decrease
with further conversion. The initial conversion rate is systematically
increased with the reduction temperature, but significantly slows down
around a conversion degree of 0.41 at 700 °C. In Fig. 4a, this results in a
stabilization of the conversion degree around 92% and complete con-
version is therefore not achieved even after 3 h of reduction. On the
other hand, at every temperature, applying an oxidation step prior to the
reduction results in a faster reaction rate (Fig. 4b). At 700 °C, pre-
oxidation increases both the initial reduction rate (from 0.06 to 0.28
min_l) and the stabilization of the conversion degree (from 92 to 95%
conversion after 3 h).

Fig. 5 illustrates the surface morphologies, before and after reduction
at 400 °C - 700 °C, with and without pre-oxidation. For the as-received
particles (Fig. 5a—e), the initial deposits at the surface of the particles
(see Supplementary Figs. S1 and S2) are replaced by spheres of a few
nanometers in diameter, increasing in size up to tens or hundreds of nm
at 700 °C. On the other hand, when a pre-oxidation step is carried out, a
rougher and more porous surface is observed (Fig. 5f—j). For a reduction
at 700 °C (Fig. 5j), a coarser network can be seen. The pore size at the
surface is increasing with temperature, going from about 0.1 pm at
400°C - 500 °Cto 1 pm at 700 °C.

Cross-section micrographs of reduced mill scale particles at 500 °C
and 700 °C with and without pre-oxidation are given in Fig. 6. Very
different microstructure and morphology are observed when the
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Fig. 2. Kinetics evolution for (a) pre-oxidation at 700 °C, 800 °C or 900 °C and (b) reduction at 500 °C after a pre-oxidation step at 700 °C, 800 °C or 900 °C.

Surface

Cross-section

Fig. 3. Scanning Electron Micrographs of (a-c) the surface morphology (secondary electron signal) and (d-i) cross-section (backscattered signal) of particles pre-
oxidized at (a), (d), (g) 700 °C for 4 h, (b), (e), (h) 800 °C for 3 h and (c), (f), (i) 900 °C for 3 h. The arrows in subfigures (c) and (d) indicate closed pores and
delamination, respectively. The dotted lines in subfigures (g) and (h) delimit the initial contour of the particle.

reduction temperature is increased. This is due to the change in the
reduction mechanisms with the appearance of wiistite, as further dis-
cussed in Sections 4.3.1 and 4.3.2. No significant differences in poros-
ities are noted at 500 °C (Fig. 6b and e). At 700 °C (Fig. 6¢ and f), a
significant proportion of wiistite (grey phase) remains surrounded by
metallic iron (white phase), both with and without pre-oxidation.

Fig. 7a presents the influence of pre-oxidation and reduction on the
volume of closed non-percolating porosity. Pre-oxidation at 700 °C does
not induce significant porosity change, but the closed porosity content
increases from 5.71 vol % to ~11.7 vol % after pre-oxidation at 800 °C
and 900 °C. Reduction at 500 °C systematically increases the volume of
closed porosity. Applying a pre-oxidation step leads to a higher initial
content of non-percolating porosity. Fig. 7b presents the evolution of the
closed porosity volume for different reduction temperatures. The
application of a pre-oxidation step systematically decreases the closed
porosity content at the end of the reduction process, except at 500 °C
where the closed porosity stayed similar with and without applying a
pre-oxidation step. Furthermore, the evolution of the surface area of the
particles with the influence of pre-oxidation is given in Fig. 7c and with
the influence of reduction temperatures in Fig. 7d. The surface area after
oxidation at 900 °C lies below the detection limit and no data could have
been extracted. From Fig. 7c, no effect on the initial surface area is

observed due to the oxidation step, but reduction significantly increases
the final surface area. On the other hand, a higher surface area is ob-
tained for lower reduction temperatures (Fig. 7d). Applying a pre-
oxidation step reduces the final surface area.

3.2.2. Microstructure evolution during hydrogen-based direct reduction at
500 °C

Partial reduction experiments were conducted to characterize the
microstructure evolution during reduction at 500 °C. The proportions of
phases detected by XRD in the as-received/pre-oxidized and partially
reduced samples at 500 °C are given in Table 3.

Fig. 8 presents cross section SEM micrographs, coupled with EBSD
analysis, of the three samples partially reduced (8%, 20% and 65%)
following a pre-oxidation stage. Nucleation of metallic iron at the border
of the particle and grain boundaries is already seen after 8% of con-
version, as highlighted by the yellow arrows in Fig. 8c. Following
reduction up to 20% (Fig. 8d-f), a growth of the iron phase is observed
around the metallic iron nuclei previously formed at the surface or near
cracks. For a reduction up to 65%, the reduced phase is surrounding the
remaining oxidized grains, as shown in Fig. 8g-i.

On Fig. 9, cross section micrographs of the partially reduced samples
without pre-oxidation are presented, coupled with EBSD analysis. As-
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Fig. 4. Reduction kinetics measured by thermogravimetry at 400 °C - 700 °C of (a), (c) as-received and (b), (d) pre-oxidized mill-scale at 800 °C 3 h, represented by
the evolution of (a), (b) conversion over time and (c), (d) conversion rate over conversion.

As-received

Pre-oxidized

450°C

Fig. 5. Scanning Electron micrographs of the surface of initial and reduced mill scale particles at 400 °C, 450 °C, 500 °C or 700 °C for 3h with and without pre-

oxidation at 800 °C for 3h (secondary electron signal).

received particles are composed of a wiistite matrix with magnetite
islands that can present geometrical patterns (Fig. 9a—c). At 34% of
conversion (Fig. 9d-f), metallic iron is observed at the edges of the
particles and near cracks. Needles of magnetite are observed in addition
to the initial blocks of magnetite (Fig. 9e), linked to wiistite decompo-
sition studied in neutral atmosphere in the next section. As the reduction
time increases, the porous phases expand towards the center of the
particle (Fig. 9g). A magnetite layer is visible in between the iron and
wiistite phases (Fig. 9h and 1).

3.3. Wiistite decomposition under neutral atmosphere

Thermodynamically, wiistite is unstable below 570 °C. The decom-

position of as-received mill scale particles (composed of more than 80 wt
% of wiistite) was analyzed under nitrogen at 500 °C to decouple its
decomposition from its reduction under hydrogen. The evolution over
time of the XRD spectra of six samples is given in Fig. 10a and b, while
the output of the quantitative analysis is provided in Fig. 10c. The initial
phase proportions are given in Table 2. Hematite quickly disappears,
while a strong increase in magnetite is observed. Furthermore, a change
in the lattice parameter of the wiistite phase also occurs, varying be-
tween 4.26 A and 4.31 A, as highlighted by the shift to the left and the
split into two or more peaks in the XRD spectra around 49° in Fig. 10b.
The left peaks correspond to iron-enriched wiistite phases and the right
ones to iron-depleted wiistite phases. Wiistite becomes more enriched in
Fe in the first 1000 s, then stabilizes as iron nuclei appears. Fig. 10d
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700°C

As-received

Pre-oxidized
at 800°C for 3h

Fig. 6. Scanning Electron micrographs of the cross-section of initial and reduced mill scale particles for 3h at 500 °C or 700 °C, with and without a pre-oxidation step
(backscattered electrons signal).
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Fig. 7. Evolution of the closed, non-percolating porosity and surface area of mill scale particles, measured by nitrogen gas pycnometer and BET Krypton gas
adsorption, as a function of: (a), (c) pre-oxidation temperature before and after reduction at 500 °C; (b), (d) reduction temperatures with and without pre-oxidation at
800 °C for 3h. In subfigure (c), the surface area lies below the detection limit after pre-oxidation at 900 °C. The error bars are the standard deviation over 10
measurements.

presents the evolution of the average oxygen fraction x, in the wiistite 4. Discussion

phase for the as-received mill scale and heat-treated samples at 500 °C

for up to 3 h. After the heating period, a significant decrease in x, is 4.1. Mechanisms of reduction and decomposition

observed: the iron content of wiistite increases, accompanied by the

formation of magnetite. The remaining iron-rich wiistite will decompose Different steps govern iron oxides reduction as a function of tem-
into magnetite and iron afterwards. perature, particularly above and below 570 °C. Hematite (highest
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Table 3
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Composition of the initial/oxidized and partially reduced samples at 500 °C with and without pre-oxidation at 800 °C. The first column gives the duration of the
reduction experiment, and the second one gives the obtained conversion degree X for the corresponding sample. In the case with pre-oxidation, the initial sample

corresponds to the one oxidized at 800 °C for 3h.

Reduction time [s] Obtained conversion X [—]

Hematite [wt %]

Magnetite [wt %] Wiistite [wt %] Iron [wt %]

With preox. 0 0.03
30 0.08

100 0.20

390 0.65

Without preox. 0 0.25
42 0.34

980 0.95

83.1 16.9 0 0

71.8 23.8 0 4.4

42.6 41.3 0 16.1
0 46.7 0 53.3
2.6 16.0 81.4 0
0 39.0 51.1 9.9
0 2.1 4.6 93.3

Preox. at 800°C for 3h -

Preox. at 800°C for 3h -
Conversion 20%

Preox. at 800°C for 3h —
Conversion 65%

Fe

Fig. 8. Scanning Electron micrographs of the cross-section of pre-oxidized mill scale particles, partially reduced at 500 °C up to 8% (a-c), 20% (d-f) and 65% (g-i)
conversion. (a), (d) and (g) electron backscattered contrast; (b-c), (e-f) and (h-i) electron backscatter diffraction (EBSD). The yellow arrows in (c) highlight the
presence of iron. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

oxidation degree) is first reduced to magnetite, independently of the
temperature:

3 Fe203 + Hg —>H20 +2 F6304 (2)
Below 570 °C, magnetite is then directly reduced to metallic iron:
Fe;04 + 4 H,—»4 H,0 + 3 Fe 3)

Above 570 °C, wiistite is thermodynamically stable and is observed
as an intermediate compound. Magnetite is thus first reduced to wiistite
before further reduction to iron:

F6304 + Hz —’Hzo + 3 FeO (4)

FeO + H,—H,0 + Fe 5)

To these chemical reaction steps must be added the possibility of a
simultaneous decomposition of unstable FeO below 570 °C. Slow wiistite
decomposition was observed together with an increase in magnetite and
iron in Fig. 10. Additionally, a rapid decrease in the amount of FezO3 is
also observed. This could be explained by a local redistribution of

oxygen towards the thermodynamically more stable phases for this low
oxygen pressure and temperature, i.e. FegO4 and Fe. Yet, the hematite
decrease could also result from sampling, as hematite is present in low
quantities, inhomogeneously distributed among the particles (see
Table 2). However, the increase in magnetite cannot be explained solely
by this decrease in hematite, and the formation of Fe in neutral atmo-
sphere proves the decomposition of wiistite.

As illustrated in Fig. 10b, wiistite gets first enriched in Fe with the
nucleation of Fe304. The peaks of iron-rich wiistite then stabilize around
49.35°, with the additional formation of metallic iron. This is shown by
the stabilization of the average oxygen fraction around 0.518, corre-
sponding to the expected mole fraction for the eutectoid decomposition
of wiistite based on the equilibrium phase diagram Fe-O. Consequently,
a two steps mechanism of decomposition, previously proposed by
Otsuka et al. [42], is observed here:

— 1-—4x

X
Fel,XO g 1= i’y F8304 + 1= 4y

Fe; ,O (x >y) 6)
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34% conversion
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95% conversion

Fig. 9. Scanning Electron micrographs of the cross-section of non-pre-oxidized mill scale particles, partially reduced at 500 °C up to 0% (a-c), 34% (d-f) and 95% (g-
i) conversion. (a-b), (d-e) and (g-h) electron backscattered contrast; (c), (f) and (i) electron backscatter diffraction (EBSD).

4 Fe;_,O (iron rich) »Fe304 + (1 — 4y) Fe 7)

Gleeson et al. [43] developed an isothermal transformation diagram
for the different morphologies of wiistite (for similar mill scale to the
present one) eutectoid decomposition below 570 °C under air for
different holding times. Between 250 °C and 500 °C, magnetite first
appears close to the wiistite/magnetite interface, prior to the iron +
magnetite eutectoid decomposition. After a relatively long time (~2 h),
a mix of iron and magnetite forms with a lamellar structure [43].
Eutectoid Fe/Fe304 lamellae in as-received mill scale was also observed
by Guan et al. [30] and by Jie et al. [44]. In the present case, only
magnetite precipitates with a block morphology (Fig. 9a-e) and no
lamellar structure are observed, even after 3h at 500 °C under nitrogen
atmosphere. Even though iron is detected by XRD (~3.7 wt %), iron
precipitates could not be observed in the microstructure using SEM,
likely because of its nanometric size.

4.2. Mill scale oxidation

An outward growth of the iron oxides is observed on the surface of
pre-oxidized samples together with a small increase in closed perco-
lating porosity (Fig. 7a). This oxide expansion is illustrated in Fig. 3d-i
where a porous, crown-like layer forms around the original particle
boundary. This microstructure evolution can be explained by the faster
diffusion of iron cations towards the external surface (interface between
iron oxides and air) compared to the diffusion of oxygen anions towards
the center of the particle [45]. The migration of iron cations towards the
surface leaves behind vacancies and closes surface pores, increasing the
content of non-percolating porosity. Depending on the oxidation tem-
perature, the final appearance of the porous surface is different. At
700 °C, the porous angular structure (Fig. 3a) could originate from
preferential growth of hematite in favored directions, as previously re-
ported by Zheng et al. [45], slightly increasing the specific surface area

of the powder. At larger temperatures, smoothing of the surface of the
particles leads to a decreased surface area. The latter is driven by the
decrease in the internal energy of the system and the accelerated ionic
diffusion with temperature. Strong delamination is also highlighted at
the initial boundaries of the particles, between the outer scale (from
strong outward diffusion of iron cations) and inner oxidation of the
surface mill scale particle (from weak inward diffusion of oxygen an-
ions) (Fig. 3d). The accumulation of vacancies at this boundary, due to
the strong local ionic diffusion and change in defects density, causes the
formation of microcracks and eventual delamination upon local stresses,
as reported during iron oxidation by Mitchell et al. [46].

Reduction at 500 °C is faster with a pre-oxidation at 800 °C, as
illustrated in Fig. 2. This can be explained by the microstructural
changes described above. During oxidation at 700 °C, complete oxida-
tion of the mill scale is not achieved (as described in Section 3.1) and the
presence of remaining magnetite slows down the subsequent reduction.
At 900 °C, diffusion is more active, and the outer layer is much denser
than at 800 °C, which will block the diffusion of hydrogen within the
particles during reduction.

4.3. Mill scale reduction

Reduction process can be described by multiple models based on the
limiting kinetic mechanism. 3 models are compared here, consistent
with the literature [40,47].

- Phase-boundary-controlled model (PBC): also known as core shell or
heterogeneous shrinking-core model, this model considers spherical
particles. The slowest step, limiting the reaction kinetics, is the
reduction reaction at the boundary between the reactant phase (core,
which has not yet reacted) and the product phase (present in the
shell).
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Fig. 10. X-ray diffraction analysis of the decomposition of wiistite. (a) and (b) XRD spectra of (i) initial mill scale particles and after (ii) 0 s, (iii) 42 s, (iv) 1000 s, (V)
1 h, (vi) 2 h and (vii) 3 h at 500 °C. Evolution of (c) the phase proportion and (d) the average oxygen fraction in wiistite over time, from Rietveld refinement of the
XRD spectra. The propagation of error rule is used to estimate the error bar presented.

- Internal diffusion model (Diff): is a model limited by the diffusion of
reactants through the reaction medium. The reaction rate will be
equal to that of the transport of the reactants through the oxides or of
the products through the reduced layer.

- Nucleation and growth model (NAG): it is assumed that the nucle-
ation of the reduced phase and its growth from the reaction phase
will limit the reaction kinetics. The interactions between the initial
phase and newly nucleated one are described by the Avrami equa-
tion. This equation involves a parameter n (between 1 and 4), known
as the order of the model or the Avrami exponent, which depends on
both the assumptions made about the nucleation mechanism

10

(random or non-random nucleation, presence of preferential sites,
etc.) and the dimensionality of the nuclei growth (1D, 2D or 3D).

With each theoretical model, a mathematical expression for the
evolution of the conversion is given [47] (see Supplementary Table S1).
To quantify the kinetics parameters of the reactions, kinetic fitting was
performed on the evolution of the conversion from the TGA (Fig. 4b)
based on these models. The mathematical developments and methods
for this kinetic analysis are given in Supplementary Material
(Supplementary Figs. S6, S7 and S8). To estimate the error propagation,
a resampling of the data has been applied a thousand times following a
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bootstrap method (further explained in Supplementary Materials).

4.3.1. Direct hydrogen reduction below 570 °C

4.3.1.1. With pre-oxidation. Pre-oxidation (at 700 °C, 800 °C or 900 °C)
always accelerates the subsequent reduction reaction, irrespective of the
reduction temperature (between 400 and 700 °C), as shown in Figs. 2
and 4. 800 °C for 3 h was chosen as the best pre-oxidation treatment for
the rest of this work as it gave the highest subsequent reduction rate at
500 °C.

When oxidation is carried out prior to the reduction, mill scale only
consists of magnetite and hematite. Below 570 °C, hematite reduction
occurs in two steps, assumed to evolve simultaneously: (i) reduction of
hematite to magnetite, and (ii) reduction of magnetite to metallic iron:

(l) 3F8203 + H2—>2F€304 -+ Hzo (8)

(ii) Fe;04 + 4H,—3Fe + 4H,0 ©

The reduction of hematite and magnetite (mostly present in pre-
oxidized samples) is therefore faster than for wiistite (predominant in
as-received particles). This analysis is also supported by Wolfinger et al.
[32], who analyzed the impact of pre-oxidation on the direct reduction
of magnetite at 800 °C — 1000 °C and found that a higher degree of
oxidation favors the reduction rate.

Regarding microstructure and morphologies evolution, no signifi-
cant changes in porosity are observed at the surface of the particles
(Fig. 5e-f-g) with the temperature of reduction (400 °C, 450 °C or
500 °C). Pre-oxidation consistently leads to a smaller closed porosity
content after reduction compared to the reduced particles without pre-
oxidation, as shown in Fig. 7b. This decrease could be due to better
connectivity of the internal pores with the surface, thus reducing the
closed volume of porosity. An increase in the surface area would
therefore be expected. However, the opposite trend is observed (Fig. 7d).
This can be explained by an increase in the size of the pores at the
surface, as illustrated in Fig. 5. As the surface-to-volume ratio of a sphere
or cylinder is inversely proportional to the radius, the increase in volume
involves a decrease in surface area, compensating the better connec-
tivity with the internal pores.

In Fig. 8b and c, reduction of both Fe;O3 and Fe3O4 is observed to
occur simultaneously in a zone of about 20 pm in depth, as previously
observed for the reduction of pure iron oxides particles in the same
temperature range [40]. Hematite reduction occurs towards the center
in a concentric way, suggesting a core shell limiting mechanism.
Pre-oxidation leads to a higher hematite content, which is then rapidly
reduced. This reduction leads to an increase in the amount of magnetite
produced. In Fig. 8d, iron is nucleating and then growing in such pores
but also around defects (i.e. cracks, grain boundaries). These observa-
tions can be linked to a nucleation and growth model for the reduction of
porous magnetite coming from the hematite reduction. The increase in
porosity from hematite reduction leads to an increase in specific surface
area which allows for a larger diffusion path for hydrogen. These wider
channels generate a decrease in internal transport resistance, which
accelerates the reduction kinetics observed in Figs. 2 and 4. On the other
hand, initial dense magnetite, not originating from Fe,O3 reduction, is
also observed in the center of the particles (Fig. 8g and h), suggesting a
final phase boundary mechanism. This sequence of models (phase
boundary for hematite reduction and nucleation and growth for
magnetite reduction) was also the conclusion of Choisez et al. [40] for
pre-oxidized pure iron particles reduced at 400°C-500 °C under H; based
on microstructure observations and a similar kinetic study. The presence
of additional impurities and different morphology of the mill-scale
powder do not affect the dominant mechanisms of direct reduction in
the 400°C-500 °C range.

Kinetic fitting was then used to confirm the limiting mechanism
suggested based on the microstructure evolution observations. Supple-
mentary Fig. S6 illustrates the results of the fits for a phase boundary
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mechanism followed by a nucleation and growth process, the two pre-
viously chosen models. The R-squared values are available for all models
in Table S2 in Supplementary Materials. The apparent activation energy
and pre-exponential factor for both hematite and magnetite reduction
was then derived from fitted rate constants, from Arrhenius equation k =

ko-exp ( — }f—“T> , given in Table 4 and Supplementary Fig. S8. An increase

in the rate constants is observed with increasing temperature, as ex-
pected based on Arrhenius equation. For magnetite reduction, the
Avrami exponents are close to 2, typically corresponding to a surface
nucleation with one-dimensional growth, similar to the Hy reduction of
pure iron oxide powder by Choisez et al. [40]. Both obtained apparent
activation energies are consistent with literature: 119 kJ/mol for the
reduction of hematite to magnetite with reported values around
[76;140] kJ/mol [40,47,48,51] and 105 kJ/mol for magnetite reduction
to iron with reported values around [52; 186] kJ/mol [33,40,48-50]. As
the apparent activation energy depends on a large number of different
parameters (raw material, nature of the reducing gas, temperature
range, reaction stages, impurities, etc.) [48], it is not surprising to find
wide variations between the different values available in the literature.
Comparative tables (Tables S3 and S4) of apparent activation energies
with experimental conditions are available as Supplementary Material
for both hematite and magnetite reduction. Finally, the rate-limiting
step of the whole reduction process at temperatures below 570 °C, is
the reduction of magnetite to iron, as shown by the microstructural
analysis and the lower rate constant.

4.3.1.2. Without pre-oxidation. In the case without pre-oxidation, four
reactions can be considered: (i) reduction of hematite to magnetite, (ii)
reduction of magnetite to iron, (iii) reduction of wiistite to iron and (iv)
decomposition of wiistite into magnetite and iron:

(i) Fe;O3 + Hy—>Fe304 + H,O (11D
(ii) Fe3O4 + 4H,—3Fe + 4H,0 (12)
(iii) FeO + H,—Fe 4+ H,0 13)
(iv) 4FeO—Fe;04 + Fe a4

The first reaction occurs quickly during the heating step (Fig. 10c)
due to the low initial Fe,O; content (~2.5 wt %, Fig. 1) and high
reactivity. The major part of reduction of hematite at the start of the
reaction is also noted in the literature [40,48,51]. As for the case with
pre-oxidation, the second reaction seems to be first governed by nucle-
ation and growth (NAG) of iron, with favored nucleation sites in porous
Fe304 (edge) and on defects (cracks and grain boundaries) (Fig. 9d). At
the end, a core shell mechanism is also suggested from Fig. 10g, with a
magnetite layer surrounding dense wiistite in the center. These oxidized
islands reduce towards the center of the particle. As the thickness of the
magnetite layer seems to stay constant, the production and the disap-
pearance of magnetite occur at approximately the same rate. Reactions
(iii) and (iv) are more difficult to decorrelate, as both consume FeO to
form Fe. Since magnetite reduction is reported to be easier and faster
than for wiistite [52-54] and considering that a magnetite layer is al-
ways present between the wiistite and iron phase, even for large
reduction levels (95%) (Fig. 9h and 1)), the decomposition of wiistite (iii)
appears to be dominant compared to its direct reduction (iv). Wiistite
first decomposes into magnetite according to Equation (6) and magne-
tite is then directly reduced to iron due to the reducing atmosphere.
Wiistite decomposition is also favored by the presence of a reducing
agent by Le Chatelier. Indeed, after 1000 s without hydrogen, a decrease
of 10 wt % of wiistite is noted (Fig. 10c) whereas, in the presence of
reducing agent for the same duration, wiistite has almost completely
disappeared (Table 3). Wiistite eutectoid decomposition could be
limited by a diffusion mechanism (Diff) as there is a redistribution of
oxygen ions. Large variations in the size of the crystalline lattice are
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Kinetic parameters (rate constant, Avrami exponent, apparent activation energy, pre-exponential factor) for hematite to magnetite and magnetite to iron reductions,

fitted using PBC and NAG models, respectively.

400 450 500

Reduction of hematite to magnetite (PBC)  Rate constant [min~'] 33.69-1073 +244.10°3 248.46:107% +71.44.10°3 513.03:1073 £+ 260.4-10°3
Apparent activation energy [kJ/mol] 118.91
Pre-exponential factor [min~!] 67.27-10°

Reduction of magnetite to iron (NAG) Rate constant [min~'] 19.63:1073 £ 0.0114-10°3 109.70-10~% £ 0.18.103 215.1073 £0.53-10°3
Avrami exponent n [—] 1.86 + 0.011 1.88 +£0.011 1.69 + 0.01006
Apparent activation energy [kJ/mol] 104.59
Pre-exponential factor [min~!] 2.941-10°

indeed observed, as illustrated in Fig. 10 and developed in Section 4.1. Table 6
able

Another possibility would be for the eutectoid decomposition to be
controlled by a nucleation and growth model (NAG). Indeed, during
wiistite decomposition, iron nucleation is observed to be very slow,
while and magnetite increases from the start (Fig. 10). Moreover,
magnetite will precipitate from oxygen-rich wiistite and the limiting
factor for precipitation can be the nucleation and growth of iron phase,
as described in the literature [55-57]. In conclusion, both models (Diff
or NAG) are possible for wiistite decomposition, while a nucleation and
growth mechanism (NAG) for magnetite reduction is chosen to compute
the apparent activation energy.

The results of the kinetic fitting are given in Supplementary Fig. S7.
Quantitative data are only given considering a diffusion model for the
wiistite decomposition as it gives, at all temperatures, higher R-squared
values than considering a nucleation and growth mechanism (see
Table S2 in Supplementary Materials). The associated rate constant (and
Avrami exponent) at each temperature, the apparent activation energy
and pre-exponential factor for the reaction are summarized in Table 5
and the Arrhenius plots are given in Supplementary Fig. S8. As the
Avrami exponents are close to 1, magnetite reduction is solely limited by
the nucleation itself. The apparent activation energy of magnetite lies in
the range of the literature, as shown above in the case with pre-oxidation
(Section 4.3.1.1 or Table S3). For the apparent activation energy of
wiistite decomposition, no results are found in the literature. Finally, the
rate-limiting step of the whole reduction process at temperatures below
570 °C is the eutectoid decomposition of wiistite has developed previ-
ously with the microstructural analysis and shown by lower rate
constants.

In conclusion, Table 6 shows a comparison of both reduction path-
ways under 570 °C. In the case with pre-oxidation, reduction happens in
two steps. First, hematite is reduced to magnetite following a phase
boundary mechanism. The subsequent reduction of magnetite to iron is
limited by a nucleation-and-growth mechanism. Dense magnetite can
also be present when the initial sample is not fully pre-oxidized. The
reduction of dense magnetite is controlled by a phase boundary mech-
anism. On the other hand, without pre-oxidation, the scheme is more
complex and is summarized in Table 6. Firstly, the traces of hematite
quickly disappear without a clear limitation of the reaction kinetics.
Eutectoid wiistite decomposition is then predominant and could be
limited by a nucleation and growth or diffusion mechanism. Wiistite

Table 5

Comparison of hydrogen-based direct reduction of as received and pre-oxidized
mill scale below 570 °C.

With pre-oxidation Without pre-oxidation

1. 3Fe;03 + Hy—>2Fe304 + HyO 1. 3Fe;03 + Hy—2Fe304 + H,0
= Limited by PBC = Not limiting the reaction

2. Fe304 + 4Hy—3Fe + 4H,0 2. FeO—Fe304 + Fe
= Limited by NAG when porous, i.e. = Limited by Diff or NAG
arising from Fe;O3 = Promoted by the presence of a
= Limited by PBC when dense, i.e. reducing agent
initially present 3. Fe3O4 + 4Hy—3Fe + 4H,0

= Globally limited by NAG
= In final stage, limited by PBC

decomposition is strongly promoted by the presence of a reducing agent.
Finally, magnetite is reduced into a— iron. This reduction step is globally
controlled by a nucleation and growth mechanism, but, in the final
stage, a phase boundary mechanism is observed.

4.3.2. Direct hydrogen reduction at 700 °C

At 700 °C, the reduction follows a three steps mechanism: (i)
reduction of hematite to magnetite, (ii) reduction of magnetite to wiis-
tite and (iii) reduction of wiistite to iron. The formation and reduction of
this intermediate wiistite could slow down the overall reaction, as
observed for reductions below 570 °C (Subsection 4.3.1.). As illustrated
in Fig. 4, pre-oxidation increases not only the reduction rate but also the
level of stabilization of the conversion degree. Reduction kinetics is
favored by the disappearance of the wiistite phase and the appearance of
the hematite phase where the oxygen ion diffusion is highest. On the
other hand, the stabilization level can have two origins: (1) the transi-
tion to external gas diffusion limitation due to interparticle sintering or
(2) ionic diffusion limitation due to dense iron layer formation. The first
hypothesis was discarded as an open network could be observed in be-
tween the particles of the agglomerate collected after reduction at
700 °C for 3 h, using X-ray computed tomography (Fig. S5 in Supple-
mentary Material). The second hypothesis was confirmed by micro-
structural analysis (Fig. 5b and d), where several islands of wiistite are
surrounded by a dense iron layer. A similar limitation was previously
reported during iron oxides reduction at 700 °C in hydrogen and was
associated to the faster Fe ionic diffusion at that temperature, decreasing

Kinetic parameters (rate constant, Avrami exponent, apparent activation energy, pre-exponential factor) for wiistite decomposition and magnetite to iron reduction,

fitted using Diff and NAG models, respectively.

400 450 500

Decomposition of wiistite into magnetite and iron Rate constant [min ']
(Diff) Apparent activation energy [kJ/
mol]
Pre-exponential factor [min~1]
Reduction of magnetite to iron (NAG) Rate constant [min~']

Avrami exponent n [—]
Apparent activation energy [kJ/
mol]

Pre-exponential factor [min~']

7.47-107% £ 0.023-1073 18.87:1072 £ 0.18.10°3 36.04-107% 4+ 0.084-1073
68.27

1.521-10%

18.14-1073 £ 0.043-10">  51.73:103+0.17-10"%  100.76:1073 +0.15-10~3
1.37 + 0.016 1.29 +0.011 1.29 + 0.0038

74.45

11.306-10°

12
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porosity in reduced Fe [58-60]. The formation of this denser layer can
entrap a larger volume of porosity (explaining the higher closed volume
of porosity observed in Fig. 7b), while strongly decreasing the surface
area (Fig. 7d).

As presented in Fig. 5d and h, the particle surface after reduction is
significantly different when applying pre-oxidation. Without the prior
oxidation step, the surface is very irregular, and numerous bubbles are
present on it. This is probably due to the presence of numerous elements
other than Fe present in small amount that cannot be reduced using
hydrogen (Al, Si, Ca ...), changing the morphology to spherical to
decrease the internal energy and interfaces. Further investigations are
yet needed to confirm this hypothesis. In the case with pre-oxidation,
wide pores were noted (Fig. 5h). These largest pores appear to be
growing in layers. El-Rahaiby et Rao [61] also observed a similar trend
for the formation of wiistite. The observed structure could therefore
result from the formation of wiistite by magnetite reduction.

4.3.3. Process improvements

From the understanding of previous mechanisms, a few conclusions
can be drawn to improve the industrial reduction process. Mill scale is
abundant, but a non-negligible amount is still treated as a waste. The
latter could be valorized as sustainable energy carriers [9,10], using
hydrogen-based direct reduction of the fines in fluidized bed reactors.
The following insights can be concluded from our work. The direct
reduction at 700 °C should be avoided to avoid the formation of a
diffusion-limiting, dense iron layer. The addition of a pre-oxidation step
at 800 °C accelerates the reduction kinetics. This pre-oxidation step can
be even more energetically interesting if the heat from the oxidation of
the mill scale is valorized, e.g., to heat the reaction gas. However, the
direct reduction of the initial mill scale without pre-oxidation might be
favorable if the limiting resource is hydrogen gas. Indeed, a neutral
treatment could be first applied to decompose wiistite into magnetite
and iron. The magnetite phase can subsequently be reduced using
limited quantities of hydrogen as its reduction rate is higher than that of
wiistite. Below 570 °C, two mechanisms may be limiting the reduction
reaction according to our analysis: (1) nucleation and growth of iron
and/or (2) ionic diffusion during wiistite decomposition. Further in-
crease of the efficiency of the process could be brought by creating a
higher density of crystalline defects to form more nucleation sites and
accelerate ionic diffusion. For example, energetic mechanical debonding
of mill scale from the steel slab, additional ball-milling, or optimized
pre-oxidation treatment could be applied. By applying a longer
pre-oxidation treatment at lower temperature, the formation of smaller
grains with high specific surface area could be obtained. The overall
energetic and hydrogen consumption associated with these different
treatments should be evaluated to optimize the overall recycling pro-
cess. Further work on a larger scale is required to assess the impact of the
different process parameters on the reduction efficiency of mill scale
powder fines in fluidized bed reactors. Nevertheless, the identification of
the fundamental mechanisms governing the reduction reaction at the
particle scale in this work can serve as a guide for the following
process-scale analyses.

5. Conclusion

This work evaluates the feasibility of recycling industrial mill scale
fines using HyDR as a potential sustainable source of iron. The reduction
behavior of mill scale powder, mainly constituted of wiistite, was
investigated at low temperatures (400 °C, 450 °C, 500 °C and 700 °C)
under pure Hy using a thermogravimetric analyzer (TGA) and micro-
structural analysis. The influence of pre-oxidation at 700 °C — 900 °C
was also investigated. Pre-oxidation consistently accelerated the sub-
sequent reduction at all investigated temperatures. Among the tested
conditions, pre-oxidation at 800 °C resulted to the fastest subsequent
reduction at 500 °C. At 700 °C, reduction is ultimately limited by the
formation of a dense iron layer surrounding unreduced wiistite islands.
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In this temperature regime, pre-oxidation also increases the final stabi-
lized conversion degree from 92 to 95% after 3 h of reduction.

At intermediate temperatures (400 °C, 450 °C and 500 °C), distinct
mechanisms were identified depending on the state of the initial
oxidation. For pre-oxidized particles, hematite to magnetite reduction
follows a phase boundary mechanism (with an apparent activation en-
ergy of 118.9 kJ/mol), while the simultaneous reduction of magnetite to
iron is limited by a surface nucleation and one-dimensional growth
model (with an apparent activation energy of 104.6 kJ/mol). Micro-
structural observations confirmed that hematite reduction is fast,
whereas iron nucleation from magnetite is the rate-limiting step.

Without pre-oxidation, the initial presence of wiistite introduces
additional reaction pathways. Wiistite decomposition occurs simulta-
neously with magnetite to iron reduction, leading to more complex ki-
netics. Magnetite reduction is limited by the nucleation of metallic iron
with an apparent activation energy of 74.45 kJ/mol. The eutectoid
decomposition of wiistite into magnetite and iron may be controlled
either by a nucleation and growth or by a diffusion mechanism. The
latter provides the best kinetic fit and has an associated apparent acti-
vation energy of 68.27 kJ/mol. Complementary experiments conducted
in a neutral atmosphere further demonstrated a two-steps wiistite
decomposition mechanism: initially enriching wiistite in iron, followed
by its decomposition into magnetite and iron precipitates. The latter
constitutes the rate-limiting step of this reaction.

Hydrogen-based direct reduction of mill scale fines is technically
feasible in the 400 °C - 500 °C range, with pre-oxidation playing a key
role in accelerating reduction kinetics and modifying the dominant re-
action mechanisms. This study supports the potential of mill scale as an
alternative and sustainable iron source within hydrogen-based iron-
making routes.
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