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Abstract:

Iron and steel making are responsible for around 7% of global CO., emissions. The use of fossil
fuels to provide both the heat needed to reduce iron ore into iron and the reducing agent is the principal
cause of these emissions. Here, we focus on an alternative pathway for direct iron ore reduction using
concentrated light power as the heat source and ammonia as the reducing gas. Experiments were
performed on industrial iron ore pellets and compared to the ones obtained using hydrogen as a
reducer. We showed that below 600°C, reduction with ammonia proceeds via iron nitrides formation.
Reduction dynamics is slower for ammonia for short exposure times but is rapidly caught up, so that
reduction ratios as high as the ones obtained for hydrogen are observed. Notably, degrees of reduction
exceeding 90% in 5 min were obtained on disks cut from industrial iron ore pellets. This work
therefore opens a promising route towards ammonia-based solar metallurgy.

I. Introduction

Iron and steelmaking are a cornerstone of our current society - 1951 Mt of steel were produced in
2021 [1] - but are responsible for around 7% of global CO. emissions [2]. Whatever the route used to
produce steel, fossil fuels are used to chemically reduce the iron ore and/or to provide the heat needed.
Strongly decarbonizing the ironmaking process is a necessary endeavour that requires using carbon
free or bio-sourced reducers and a less emitting heat source. In the present work, we aim at studying
the direct reduction of iron oxides via the combined use of ammonia as the reducer and concentrated
solar power as the heat source, for reasons which are detailed below.

Concerning the use of carbon-free reducers, the direct reduction of iron oxide (Fe.Os) by hydrogen
(H:) is promising and is described by the following equation:

Fe,0; + 3H, - 2 Fe + 3 H,0 1
In this reduction, two intermediary iron oxides can be formed depending on temperature: magnetite
(FesO.) and wuestite (FeO). This route has largely been studied in the literature [3—8] and is currently
developed by several companies [9,10].
However, transporting H, under its compressed or liquid form from places of production to places

of use presents some drawbacks, such as the energy cost and the lack of dedicated infrastructures.
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Ammonia (NH;) might be an advantageous alternative. Although producing NH: from H. requires an
additional synthesis step, ammonia is liquefied at lower pressures and higher temperatures than
hydrogen, making it a high-density hydrogen carrier (108 kg Hxm’ liquid NH;) suitable for
transportation. Its advantages are also already existing transport facilities, storage infrastructures and
workers [11]. Finally, it can be efficiently decomposed into hydrogen for further use (Equation 2),
several catalysts being active for this purpose [12]. These benefits explain why ammonia is seriously
considered as an energy carrier in off-shore wind farms, for example [13,14].
2NH; - 3H, +N, 2
Besides the reduction of iron ore by hydrogen after ammonia decomposition, the direct reduction
by ammonia is also possible [15-20]. Injecting NH: into the reactor makes also sense since iron and
iron alloys are known catalysts of NHs; decomposition [11]. Hosokai et al. showed that from 430 °C
to 530 °C, a direct reduction via ammonia occurs (Equation 3) and that over 530 °C, the mechanism
is an indirect reduction via the hydrogen produced by NH; thermal decomposition [15].
Fe,0; + 2 NH; - 2Fe+ N, + 3 H,0 3
Their experiments were conducted under low concentrated ammonia flux and they observed the
formation of iron nitride Fe:N. Yasuda ez a/ showed that, with higher concentrations of ammonia, the
iron produced in presence of NH; is nitrided into a Fes.N phase (0 < x < 1), which gradually
decomposed into FesN and finally iron [16] (see Equation S.I.11 in the Supplementary

Information). All in all, Hosokai and Yasuda proposed the following nitridation pathways:
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Ma et al. then showed that the nitride phase contained in a sample could be removed during a
subsequent melting process to leave only the iron phase [18]. Moreover, they highlighted the fact that
nitriding allows the protection of iron against re-oxidation and other degradations. This indicates that
nitriding does not have to be seen as a problem and that iron nitrides can potentially be included in
the reaction yield.

As for the heat source, concentrated solar power for metallurgy is an option that is being studied
since Steinfeld and Kuhn in 1993 [21]. They worked on the reduction of magnetite (Fes:O.) by
methane under concentrated solar flux and were able to reach 68% of reduced iron for a sample heated
for 15 min at 1000 °C. Later, Fernandez-Gonzalez ef al. studied the reduction of sintered ore with
coke breeze and reached 29.7% reduction [22].

The combined used of hydrogen and concentrated solar power for the direct reduction of iron ore
has only been studied by Li ef al [23], Abanades and Rodat [24] and by our team [25]. Li et al.
obtained 98% reduction after 50 min on a fine powder in an indirectly heated reactor. Abanades and
Rodat were able to completely reduce 1 g of iron oxide particles mixed with sand in 15 min at 1000
°C. In our case, a direct reactor was used, where the samples — industrial ore pellets — were directly
heated by the light flux. It was shown that, in a direct reactor, the reaction is fast and propagates from
the illuminated side [26]. By playing on the shape of the samples to take this mechanism into account,
we were able to reach a reduction yield of 96% in 2 min on flat and thin samples elaborated by slicing
industrial hematite ore pellets.

To our knowledge, the use of both ammonia and concentrated light flux has never been studied.
The underlying issue is whether it is possible to reach reduction yields as large as the ones obtained
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with hydrogen in similar times. To address it, we carried out batch experiments on industrial hematite
pellets and thin samples exposed to direct light irradiation under ammonia and compared them to the
results obtained with hydrogen. We observed a difference in the reduction kinetics for low exposure
times. Nonetheless, we were still able to reach high reduction yields: a value of 95% was obtained
after 6 min on 2 mm-thick disk samples.

I1. Experimental section

I1.1. Materials

The samples were industrial pellets courtesy of ArcelorMittal (Maizicres-1és-Metz, France); phase
ratios according to XRD analysis are available in Table S.I.1. Experiments in an in situ XRD
chamber (XRD 900, Anton Paar) were conducted with industrial pellets grinded in powder with a
mortar and pestle. For the reductions under concentrated light flux, pellets were chosen with a mean
weight of 2.13 g (£0.5%). Disks were cut from larger pellets using a diamond circular saw (Buehler
IsoMet low speed saw; Buehler — n°114254). Their mean weight, diameter and thickness were 0.75
g, 11.31 mm (£3.5%) and 2.13 mm (£2.4%) respectively.

I1.2. In situ XRD experiments on powders

In situ XRD experiments of powder reduction were performed using a PANalytical Empyrean
diffractometer (45 mA, 35 kV, Co) mounted with the reaction chamber. For all experiments, an
atmosphere of NH;-N; at 5-95 vol.% (Air liquid) was used at 1 bar. For each analysis, the temperature
was risen to the set-up value at a rate of ca. 130 °C/min and then maintained during the plateau. Each
plateau was composed of nine successive scans of 20 min each, with one additional scan realised at
30 °C before the rise in temperature. These scans were performed in a Bragg-Brentano scanning
geometry from 20 = 10° to 110° with a 0.0263° step and a counting time of approximately 70 s.

I1.3. Reduction under concentrated light flux

The experimental bench was composed of a Xenon lamp (9 mm-long arc, electric power of
1230 W, light power of 300 W)) placed at the first focal point of an ellipsoidal mirror (XE1600,
ScienceTech). A schematic of the set-up can be found in Figure S.I.1. An alumina crucible (Sceram
ceramics) was placed inside a 0.6 L borosilicate glass reactor (Avitec) and this reactor was placed on
a mobile xy platform (2 XR25C Travel Linear Translation Stage mounted at 90°, ThorLabs), the ~
axis displacement being realized with a rack and pinion. The crucible was aligned with the
concentrated light flux and the position along the zaxis was chosen according to the crucible type.
For the pellets, a 16 mm-diameter crucible was used and placed a few centimetres below the second
focal point of the mirror to be fully illuminated. For the disks, another 16 mm-diameter crucible was
used with a few modifications: it was cut so that two alumina bars could serve as a support for the
disks allowing the reducing gas to be in contact with the lower surface of the disk. It was placed so
that its top would be at the same place as the top of the other crucible; the disk samples where thus
completely illuminated. In both cases, the crucible was receiving around 150 W, and the mean
luminous flux was around 75 W/cm’ (maximum of 115 W/cm’ at the center, see Figure S.1.3).
Pictures of the two crucibles are displayed in Figure S.I.2.

In standard experiments, temperature was measured with two K-type thermocouples: one placed
under the crucible and the other one in the atmosphere, not directly under the light flux. We also
performed specific experiments in which the first thermocouple was placed directly under an iron ore
pellet, through a hole pierced in the crucible while the second thermocouple was in direct contact
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with the top (see Figure S.1.9). These experiments aimed at estimating the temperature gradient within
the pellet. The reactor pressure was measured with a pressure sensor (type 520, Huba control).
Temperature and pressure were acquired in real-time using a Labview program.

Before each experiment, the reactor was successively vacuumed and refilled three times with the
reducing gas before setting it at the required pressure. For hydrogen reductions, hydrogen was
produced by water electrolysis using a H. generator (F-DGSi, model WM-H2) and the pressure was
set at 2.5 bar(g) (ze. 3.5 bar(a)). For ammonia reductions, a bottle of pure NH; (H.O < 100 ppm,
AlphaGaz™) was used and the pressure was set at 1.33 bar(g) (z.e. 2.33 bar(a)) which corresponds,
once fully decomposed into H>, to the same amount of H than the hydrogen reductions (Equation 2).
Some samples were rolled-over so that several sides would be exposed to the light flux. In this case,
after the first exposure, the light flux was stopped, the reactor was returned to ambient atmosphere,
the sample was rolled-over and the reactor was flushed three times with the reducing gas before
setting it at the required pressure.

For some specific experiments, the composition of the reactor atmosphere thorough the reduction
was also measured using a quadrupole mass spectrometer (Pfeiffer Omnistar GSD 320). For this
purpose, the reactor was connected to the spectrometer by a capillary and a fine stainless steel
metering valve (Milli-Mite 1300 Series, Hoke). Before each gas analysis the dead volume between
the spectrometer entry and the valve was pumped, the valve being closed. After pumping, the valve
was opened and the gas analysed. This protocol allows to analyse the gas inside the reactor every ca.
1 min 30 s.

Once reduced, the samples were grinded using a mortar, pestled into a fine powder and analyzed
with a PANalytical Empyrean diffractometer (45 mA, 35 kV, Co). For the pellets, about 90% of the
grinded sample was placed in a sample holder and one scan per sample was carried out. For the disks,
for which less powder was produced, a smaller sample holder was used and two scans per sample
were conducted with about 20% of the powder per batch to get a reliable analysis of the sample. These
scans were performed with the same parameters as the ones used for in situ XRD experiments (see
above).

Once reduced by ammonia or hydrogen, some pellets were coated in epoxy and then cut from top
to bottom with a diamond circular saw (Buehler IsoMet low speed saw; Buehler — n°114254).

I1.4. Characterization

The diffractograms were analysed using the HighScore software to identify the phases in presence.
The Crystallographic Information File (CIF) files were obtained via the Crystallography Open
Database website and the mass proportion (%) of each phase was determined with MAUD software
using Rietveld refinements. For each diffractometer, the weighted reliability factor (R.,) was kept
below 10% and the agreement between the experimental values and the fit was visually validated (see
Figure S.1.14 for reference).

To quantify the reduction degree of the samples, two different quantities were used: the degree of
metallization (DoM) and the degree of reduction (DoR), both expressed in percent. The first indicates
the weight ratio between the metallic iron and the iron contained in all iron-containing phases
(Equation 6). The second is similar but counts in addition the iron contained in nitrides (Equation 7).
For the reductions by hydrogen, DoM and DoR are equal but, in the case of ammonia, introducing
the DoR allows to integrate the nitrides into the potentially useful material since the iron contained
within them is retrievable once the material is melted [18].

The detail of the DoR and DoM obtained for each experiment can be found in Table S.I.2.



pure iron (wt.%)

DoM =

(%) 6

iron contained in all phases (wt.%)

pure iron + iron contained in nitrides (wt.%)

DoR =

(%) 7

iron contained in all phases (wt.%)

III. Results and discussion

IIL.1. Influence of temperature

Figure 1 shows the evolution of the phase proportion for five powder samples exposed to different
temperature plateaus in an 7n sifu XRD chamber under an ammonia atmosphere: 400 °C, 450 °C,
500 °C, 550 °C and 600 °C. The diffractograms used to determine the phases are available in Figures
S.1.4-S.1.8.

At 400°C, only the partial transformation of hematite in magnetite is observed (see Figure 1a).
At 450°C, hematite is transformed into magnetite and a small amount of iron nitride Fes.N (0 < x
< 1) appears, the rise of the latter being correlated to a decrease of the magnetite content (see Figure
1b). Yasuda ef al [16] also observed the transformation of magnetite into Fes;.N at approximately the
same temperature. The first apparition of iron is observed for the experiments performed at 500°C,
but its part stays below 20%, even after 200 min of reaction (see Figure 1c). This temperature also
corresponds to the apparition of iron nitride Fe.N which starts to slowly decompose into iron after
150 min. This decomposition was also observed by Iwamoto et al. [17]. At 550 °C, hematite is quickly
transformed into magnetite and iron nitrides, which then decompose into iron (see Figure 1d). The
nitrides are fully converted into iron in less than 60 min. The remaining of the reaction is a slow
transformation of magnetite into iron, the later composing 90 wt.% of the sample after 200 min.
Finally, at 600 °C (Figure 1e), hematite is immediately transformed, the noticeable difference being
the apparition of a small amount of wuestite and the fact that no nitrides are detected. The absence of
nitrides could be explained either by the quick decomposition of ammonia at this temperature, making
hydrogen reduction predominant over nitriding, or by the iron nitride fast decomposition compared
to the XRD scan duration. For this temperature plateau, the iron ratio reaches 87 wt.% after 60 min.
Afterwards, the small amount of wuestite and magnetite still present in the sample (ca. 7 wt.% and 5
wt.% respectively) slowly decomposes into iron, which constitutes 96 wt.% of the powder at the end
of the heating plateau. The apparition of wuestite is coherent with a reduction by hydrogen since at
temperatures higher than 570 °C, the hydrogen reduction of hematite goes through wuestite formation
(see Equation S.1.6-S.1.8 and Ranzani Da Costa [27]).
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Figure 1: Phase evolution as a function of time for different temperatures (a) 400 °C, b) 450 °C,
c) 500 °C, d) 550 °C and e) 600 °C). Temperature is in dashed black line and the rising time has
been greyed out.

II1.2. Reduction under concentrated light flux

In this section, ammonia and hydrogen reductions of industrial hematite pellets under concentrated
light flux were conducted. The aim was here to compare ammonia and hydrogen reduction on the
same types of samples and under conditions similar to our previous work [25]. To do so, the ammonia
content was chosen so that, if totally decomposed, the hydrogen content would be the same as for the
hydrogen reductions. Thus, 3.5 bar(a) of hydrogen (corresponding to a 3.5:1 ratio of
hydrogen:reduced iron) and 2.33 bar(a) of ammonia were chosen.

First, specific experiments were performed on pellets, aiming at giving access to the appearance
of the reduction front and to the temperature of the pellet during the reaction. The pellets, labelled
H2-P28 and NH3-P28, were exposed 28 min to the light flux in a hydrogen and ammonia atmosphere,
respectively. The micrographs of the pellets cut in two are shown in Figure 2.

5 mm 5 mm




Figure 2: a) Top view of NH3-P28§ pellet before cutting. The dashed yellow line corresponds to
the cut line. Optical microscopy micrographs of b) H2-P28 and c) NH3-P28§ pellets afier their cut.
The red line corresponds to the reduction fiont: the material above the line is iron whereas it is iron
oxide below the line.

The top and bottom of the sample have very different colours (see Figure 2). It was shown in our
previous work related to the hydrogen reduction of pellets that light grey is pure iron whereas dark
grey is iron oxide, indicating that the reduction proceeds from the illuminated side of the pellet to the
shadowed one [25].

Figure S.I.10 shows the results of dedicated experiments on H2-P28 and NH3-P28 where
thermocouples were put in contact with the top and the bottom of the pellets. The top-temperature
reaches 1000 °C within the first 100 s of the experiment and changes little thereafter. The temperature
below reaches 250 °C within the first 250 s, then continues to rise slowly to 300 °C at the end of the
reaction. We note a slight difference between the two reducers: reduction under ammonia leads to a
higher temperature compared to H.. The difference for the top temperature peaks at around 90 °C at
4 min before decreasing to around 40 °C after 28 min. A slightly less important difference is observed
for the bottom temperature. The range of measured temperatures perfectly agrees with the presence
of non-reduced ore at the bottom of the pellet and of iron at the top, since iron starts to be efficiently
produced in H, and NHs reduction experiments for temperatures above 550 °C (see Figure 1
and [28]). These results have led us to conduct experiments where the pellets were rolled over to
expose different sides to the light flux, in order to decrease the total reduction time (see below).

To continue the study, for each gas, three additional experiments were conducted: two on pellets
exposed for different times and one on a disk exposed for 2 min. The pellets, labelled H2-P16, H2-
P12, NH3-P16 and NH3-P12, were rolled-over so that different sides would be exposed to the light
flux. For ammonia reduction, other disks were reduced for longer exposure times. Table 1
summarizes the experimental conditions.

Table 1: Overview of the hematite samples. The sample reference provides indication on the gas
used for the reduction (NH; or H.), the type of sample (D for disk; P for pellet) and the total reaction
time. For the rolled-over samples, the total exposure time is the number of exposed sides times the
duration of each exposure. All the reductions were conducted with a maximum light flux of
115 Wi/eni'. The pellets weight ca. 2.13 g and the disk samples 0.75 g with a diameter of ca. 11.31
mm and a thickness of ca. 2. 13 mm.

Reducing gas Sample Sample description Exposure time (min)
H2-P28 28
H2-P16 Pellet 16 (2 x 8 min)
3.5 bar(a) H: :
H2-P12 12 (4 x 3 min)
H2-D2 Disk 2
NH3-P28 28
NH3-P16 Pellet 16 (2 x 8 min)
2.33 bar(a) NH: .
NH3-P12 12 (4 x 3 min)
NH3-D2 Disk 2




NH3-D3
NH3-D4
NH3-D5
NH3-D6
NH3-D7
NH3-D8
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I11.2.a. Comparison with hydrogen-based reduction for different samples

The first four samples for each reducing gas are compared in this section. The diffractograms used
to determine the phases and the DoR and DoM values are available in Figure S.1.12 and Table S.I.2.

Figure 3 shows the DoR and the DoM after their reduction by hydrogen (in green) or ammonia
(in shades of red). In the case of the pellets exposed for 28 min and not rolled-over (H2-P28 and NH3-
P28), the DoR reached with hydrogen is slightly higher than with ammonia and one can note that no
nitrides were observed at the end: the DoR and DoM for ammonia reduction are the same. They start
to differ for a pellet exposed 16 min with a rollover after 8 min; in this case, a small amount of nitrides
is produced resulting in a DoR 0f 98.1% and a DoM of 97.0% (NH3-P16) against 95.9% for hydrogen
reduction (H2-P16). The DoR reaches 96.2% for the hydrogen reduction of a pellet exposed 4 x 3min
(H2-P12) but only 77.1% for the ammonia reduction of a similar pellet (NH3-P12); the DoM is even
lower (45.8%). For the disks exposed for 2 min (H2-D2 and NH3-D2), the DoR is 95.6% with
hydrogen while only 57.5% with ammonia, the DoM being only 39.7%.

I DoRH, [TDoRNH,; [ ] DoM NH,
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NH3-P28 NH3-P16 NH3-P12 NH3-D2

Figure 3: Degree of reduction (DoR) or degree of metallization (DoM) of different samples
reduced by H: (green) or NH; (red). For NH; the DoR and DoM are different and are represented
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in dark and light red respectively. The samples are, fiom left to right, pellets exposed for 28 min to
the light flux, pellets exposed for 16 min with one rolling-over, pellets exposed for 12 min with
three rolling-over and disks exposed for 2 min.

We were here able to observe the same behaviour as our previous work as the hydrogen DoR is
greater than 90% for pellets rolled-over, a value higher than for a longer exposure time without
rollover. The DoR for the disks reduced under hydrogen was also higher than 90% due to its thin
shape.

The behaviour observed with ammonia is different: the DoR was lower than with hydrogen, except
for the 16 min exposure. For a pellet exposed 12 min, each side was exposed for only 3 min and in
this case, a difference of around 20% between ammonia and hydrogen reductions was observed. For
the disk exposed 2 min, a little less than 40% of difference can be noted. This indicates that under
these conditions, the global ammonia reduction kinetics is slower than the one with hydrogen, at least
when we proceed by short exposures in a row. This slower reduction by ammonia than by hydrogen
was also observed by Yasuda et al [16] even though they were working with an infrared furnace. This
could be explained by the much larger size of ammonia molecules compared to hydrogen, making
more difficult their diffusion inside the samples (0.310 nm against 0.074 nm of molecular diameter
for ammonia and hydrogen respectively). Indeed, for temperatures lower than 530 °C, NHs is the only
reducing gas but when higher temperatures are reached, H. is produced and interferes in the
reduction [15]. Therefore, at short exposure times, we suggest that the NHs/H. ratio stays in favour of
NHs, 7.e. that the reduction happens in a slower diffusion regime than with pure H.. This hypothesis
is confirmed by the NHs/H., ratio measurements made during a specific experiment on NH3-P28: it
does not drop below 1 before 4 min (see Figure S.1.11). Otherwise, the slower kinetics could also be
due to a higher activation energy for ammonia than for hydrogen, but no data for ammonia permitting
to evaluate this hypothesis were found in the literature.

Another difference with pure hydrogen reduction is the production of nitrides: iron nitrides are
present as Fes.N in the disk exposed 2 min and as Fe:N in the pellet exposed 4 x 3 min (see Figure
S.1.12). It can be observed that there are no iron nitrides left after long and continuous exposure times
(DoR and DoM are equal). We attribute it to the fact that iron nitrides decompose at high
temperatures, as previously observed in the literature and in Figure 1. The mechanisms of nitridation
for the samples exposed several times for short durations can be complex and will thus be discussed
in details in Section IIL.3.

I1.2.b. Optimization of the degree of reduction for disks samples

Figure 4 shows the DoR and the DoM of disk samples exposed to the concentrated light flux for
different durations. Diffractograms are available in Figure S.1.13 and DoR and DoM values can be
found in Table S.I.2. A sharp rise is observed for low exposure times (below 5 min) for both DoM
and DoR. Then the curves reach a plateau with a DoM and DoR greater than 95% after 6 min.

This further shows the globally slower kinetics of ammonia reduction for short exposure under the
concentrated light flux and confirms the production of nitrides and their disappearance for longer
reductions. Diffractogram analysis from Figure S.I1.13 reveals the presence of a mixture of Fe;.N and
FeuN after 2 min of exposition, while only Fe.N is present after 3 min and 4 min. [ron nitrides are
finally totally decomposed after 5 min.



These experiments show that it is possible to considerably reduce the reaction time with a thin
sample. Indeed, only 5 min are necessary to get a DoM greater than 90%, which makes this process
approximately three times faster than the best ones with pellets (see Figure 3, NH3-P16). We
attribute it to a homogenous and higher temperature than for pellets. This implies that iron can be
quantitatively produced and nitrides fully decomposed for lower reaction times.
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Figure 4: Degree of reduction (DoR) and degree of metallization (DoM) of hematite disks
samples exposed to the luminous flux for different time durations.

I11.3. Discussion

In this section, the temperatures measured during some pellet experiments, the nitriding
mechanism as well as the potential industrialisation of a solar and ammonia-based metallurgy process
will be discussed.

First, as shown in Figure S.1.10, the temperatures reached during ammonia reduction are higher
than the ones reached during hydrogen reduction. One can note that the difference peaks at 4 min.
This could be due to the fact that ammonia reduction is slower and less endothermic than hydrogen
reduction [15]. However, we still observe a difference after 28 min which can hardly be explained by
this reason since ammonia is completely decomposed. This difference could be explained by the final
atmosphere composition: the presence of a heavier gas, nitrogen, could change the thermal exchanges
between the pellet, the luminous flux and the thermocouple.

In the literature, nitriding has been observed during the reduction as well as during samples’
cooling in the presence of ammonia [18,20]. Our experiments on powders confirmed the nitriding
during reduction (see Figure 1) but our experiments on pellets are more delicate to interpret (see
Figure 3 and Figure 4). Indeed, for long exposure times (28 min and 8 min), we observed no
nitriding but it could be attributed to the decomposition of nitrides produced during the reduction as
well as to the absence of ammonia in the cooling atmosphere (see the NHs/H. ratio in Figure S.1.11).
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For short exposure times (3 min), there are nitrides in the samples but the conditions are favourable
to the production of nitrides during the reduction as well as during the cooling. Indeed, the exposure
time could be too short for the nitrides to be decomposed during the reduction and ammonia is still
present in the cooling atmosphere: the two processes could therefore be happening. To better illustrate
this point, one can take the example of the pellet exposed 4 x 3 min. After a first exposition, the pellet
is turned so that its top is mainly oxide and the bottom mainly iron. The atmosphere is filled with
ammonia and the pellet illuminated. At the top, the oxide is therefore reduced; the produced iron
could then be nitrided by the remaining ammonia during cooling (probably not during the reduction
as the temperature is high enough — 1000°C, see Figure S.1.10 — to directly decompose the nitrides).
On the contrary, at the bottom, the already reduced iron part is colder and nitriding without
decomposition could occur. At this stage, we are thus not able to determine which process is
responsible for the nitriding observed for short exposure times. Further experiments are envisaged to
try to solve this issue.

As for the industrial potential of an ammonia-based solar metallurgy, besides the proof-of-concept
presented in this paper, further investigation should focus on the design of the reactor. One could for
example consider a rotary kiln or rotating cylindric reactor working with iron ore pellets. However,
it has been shown here that thin samples are more adapted to short residence times. An efficient
reactor should therefore take this constraint into account, and one could imagine the use of thin plates
of iron oxide sliding through the light flux. These perspectives were discussed in our previous work
and could be considered for ammonia in the same way as for hydrogen [25]. The main difference
would be the residence time of the charge since ammonia reduction is kinetically slower at low
temperatures and becomes competitive with hydrogen reduction only when a high temperature is
reached in the whole sample.

Another necessary study to estimate the industrial potential of solar ammonia metallurgy would
be the life cycle assessment (LCA) of ammonia metallurgy compared to the one of hydrogen. Such a
study should consider the two possible ways to use ammonia in a metallurgy process: the in-situuse
of ammonia — as in the present work — or the ex-situ one, with a first step consisting of ammonia
decomposition into hydrogen. This last possibility could lead to the absence of nitrides in the
produced iron and would prevent the kinetics slowdowns observed during ammonia reduction. These
considerations on the reducer use will be part of a solar metallurgy LCA that is currently performed
by collaborators and that will take into account technical parameters such as the size of the production
units, their repartition on a territory, the materials used for construction and, of course, the entire iron
ore and reducer supply chains.

To go further on issues related to reducers, one could wonder about their availability for a future
low-carbon iron production. Several research groups have estimated the electricity amount required
to produce H. or NH; with low-carbon processes. For hydrogen and for ammonia, around 19.5% and
24.5% of the global electricity production in 2021, respectively, should be assigned to the production
of these reducers in order to meet the steel demand of the same year (details on the calculations are
presented part G of Supplementary Information). Needless to say, if this electricity aims at
decarbonizing metallurgy, it should be low-carbon. Such a huge quantity of low-carbon electricity
could hardly be available, which logically leads to recall the importance of sufficiency and of
redefining our needs facing ecological emergency. In term of iron production, more than half the
world steel consumption is used by the building and infrastructure sector [30]. This part alone can be
optimized by many options such as a better recycling or reuse [31-33]. Furthermore, other means of
construction are explored and could provide a solution to this overuse of steel [34-36]. However,
rethinking of needs and uses should be among our priorities.

11



IV. Conclusion

In the present article, ammonia reduction of industrial hematite samples under concentrated light
flux was compared to hydrogen reduction.

First, for powder samples studied by 7n situ XRD, observations from the literature were confirmed,
such as the production of iron for temperatures over 500 °C and the production of nitrides that
subsequently decompose into iron. The possibility to produce iron at such a low temperature is of
great importance when envisaging production units based on solar irradiation. Besides, even if
nitrides are produced, they will decompose once the iron produced is melted to the desired shape.

For pellet samples, experiments showed that rolling the samples over was not as much efficient
for ammonia reduction than for hydrogen: if the time during which each side is exposed is too short,
the degree of reduction is much lower for ammonia than for hydrogen, given that the reaction with
ammonia is slower than with hydrogen. However, letting the pellets 2x8 min under the concentrated
light flux under ammonia allows to get a DoR of 98.1%, slightly above the DoR reached in 4x3 min
under hydrogen.

Finally, disk samples were studied because they can quickly reach a high and homogeneous
temperature. For a 2 min exposure, the reduction was less efficient with ammonia than with hydrogen,
confirming that short exposure times are not suited for ammonia reduction. However, only 6 min
were necessary to reach a plateau above 95% for both the degree of reduction and the degree of
metallisation, proving the potential interest of iron reduction by ammonia under a concentrated light
flux.

In this work, synthetized ammonia was used but using bio-sourced ammonia could be a way to
further reduce the environmental impact of the ironmaking process. Our short term perspective is to
use urea, a molecule found in mammals urine, which decomposes into ammonia at temperatures
higher than 150 °C [37,38]. Therefore, an iron making process based on concentrated solar power as
heat source and bio-sourced ammonia produced by urea decomposition as reducing agent could be
considered as a low-emission alternative for ironmaking.
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