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ARTICLE INFO ABSTRACT

Keywords: CO, emissions from steel production account for about 8% of the global anthropogenic CO, emissions and
Iron ore reduction the majority (over 70%) of these emissions occur during the reduction of iron ore to iron. Hence, the steel
Green steelmaking industry is striving to reduce its dependence on carbon-based energy sources and reducing agents, like the coke
Hydrogen plasma

used in a traditional blast furnace. Approaches such as hydrogen-based direct reduction are being considered
since they can drastically reduce the overall CO, emissions of the steel-making process. Here, we report an
electrified process for reducing iron ore particles using atmospheric pressure hydrogen plasma powered by
microwave energy. The process has the potential to be entirely carbon-free and overcome common challenges
of other hydrogen reduction approaches, including other plasma-based approaches. Relative reduction rates
achieved are as high as 15.5%/s, on par or faster than the highest rates reported in the literature operating
at lower temperatures and hydrogen concentrations. When compared to thermal reduction under otherwise
close to identical conditions, the microwave plasma reduction is three to four times faster, suggesting the
importance of plasma generated reactive species like atomic hydrogen. A promising mass scaling is observed,
with increasing the mass load 50 times requiring only 7 times longer reaction, which points to a good potential
for further scale-up of the technology.

Atmospheric pressure plasma
Microwave

1. Introduction The electrochemical reduction of iron ore to iron in alkaline media is
another emerging technology for green steel production offering the

Steel is currently produced worldwide at a rate of 2 billion tons advantages of low.temperature operation (373K) and lower energy
per year. For every ton of steel produced, the steel industry emits 1.9 consumption (13GJt™! of Fe) [10,11]. The technology is estimated to
tons of CO,, contributing roughly 8% of the global anthropogenic CO, potentially reduce CO, emissions by 87% and energy consumption by

emissions [1]. A large part of these CO, emissions (over 70%) occurs 31% when compared to traditional steelmaking. However, the technol-
during the reduction of iron ore to pure iron or pig iron, which is the

feedstock for steelmaking [2]. Currently, iron ore reduction is mostly
performed in blast furnaces, using a carbon based reduction agent, like
carbon monoxide (CO) released from coke. This reduction agent reacts
with the iron ore, forming CO, as the by-product:

ogy faces some experimental challenges like a decrease in the system
efficiency due to hydrogen evolution at the cathode and impurities in
the ore hampering the electrochemical reduction [10].

Among the various technologies, the hydrogen-based reduction has
become an attractive alternative because it emits water vapor instead

Fe,05 + 3CO — 2Fe + 3CO, @ of CO,:

The International Energy Agency estimates that the steel industry Fe,0, + 3H, — 2Fe + 3H,0 )
must reduce their carbon emissions by 93% by 2050, relative to 2020, i
in order to achieve the aim of the Paris Agreement, i.e. limit the Hydrogen-based reduction of iron ore is a temperature-dependent
rise in global temperature to 1.5 °C above the pre-industrial levels [3]. multi-step process. At temperatures below 840K, hematite (Fe,0;)
Emerging technologies like carbon capture and utilization (CCU) [4,5], is converted to magnetite (Fe;O,) and then to iron in the presence

hydrogen-based reduction [6-8], and molten oxide electrolysis [9] are

of hydrogen. However, at temperatures above 840K, an intermediate
anticipated to play a key role in decarbonizing the steel industry.
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oxide wiistite (FeO) is formed as the reduction proceeds as [12]:
Fe,0; — Fe;04 — FeO — Fe 3

An attractive option for the steel industry is to include hydrogen as
an auxiliary reducing agent in the carbon-based blast furnace reduction.
Park et al. [13] showed that adding hydrogen in the blast furnace
operation improves the gas utilization and coke gasification when
compared to the conventional route of using CO as the sole reducing
gas. In another study [14], simulation of a blast furnace predicted that
the CO, emissions can be reduced up to 21.4% by hydrogen injection
when compared to the typical operation with pulverized coal as the
sole reducing agent. However, adding hydrogen to the blast furnace
increases the energy demand [15] and does not sufficiently reduce the
emissions.

Alternatively, hot hydrogen can be used as the sole reduction agent,
for example in shaft furnaces (Midrex, Energiron HYL [16,17]) or flu-
idized bed reactors (CIRCORED [18]). However, shaft furnace processes
require iron ore pellets which are 10 mm to 12 mm in size. Pelletization
adds to the energy demand (186-662 MJ/t pellet) and CO, emissions
(17-193 kg CO,/t pellet) of the process [19]. In contrast, fluidized bed
reactors use iron ore fines, micrometer-sized particles of ground iron
ore, avoiding the pelletization step, however, they suffer from particle
sticking leading to defluidization and frequent breakdowns [20].

A promising approach might be the rapid in-flight reduction devel-
oped at the University of Utah. Here, small iron ore particles (<100 pm)
are heated to high temperatures of 1200°C to 1600 °C, enabling re-
duction within a few seconds, which makes the in-flight reduction
possible [8]. Early lab-scale prototypes used an electric furnace to heat
the particles [21]. However, the temperature that can be achieved with
an electric furnace is limited and these systems often have a consider-
able thermal inertia, which is not a good match for intermittent sources
of renewable electricity. Accordingly, a pilot reactor demonstrating
the in-flight reduction at an iron ore feeding rate of 1-7 kg/h used
combustion of natural gas or hydrogen as heat source [8,22].

Another method to heat the gas is using a solar-heated furnace. Li
et al. [23] used solar-heated hydrogen gas to reduce hematite particles
in a vibrating fluidized bed. High reduction (>90%) was achieved at
temperatures as low as 770K for particles with a mean size between
10pm to 15pm when the bed was vibrated at a frequency between
20Hz to 50Hz. However, due to low operating temperatures, long
reduction times of up to 50 min were needed for the reduction, and
further investigations are needed to understand the industrial feasibility
of the process.

Another alternative for volumetric gas heating is the use of an
electrically-driven plasma. Here, the gas is directly heated by Joule heat
rather by an external heating element, allowing to quickly start and
stop the process and enabling temperatures on the order of 1000K to
10000 K without threatening the structural integrity of the reactor [24].
Moreover, plasmas also produce excited and reactive species, such as
atomic hydrogen, ions, and vibrationally excited hydrogen molecules.
These plasma-produced species were predicted to enable faster iron ore
reduction at lower temperatures, when present at sufficient quantities.
This is due to the lower Gibbs free energy change and activation energy
of the reaction as compared to hot hydrogen gas [25]. In addition,
atomic hydrogen and electron-ion recombination, and other exothermic
reactions lead to surface heating [26,27] which can further improve the
reduction rate of iron ore particles.

Ironmaking using thermal plasmas has already been demonstrated.
In 1975, Bethlehem Steel Corporation developed a falling film reactor
using a 1 MW direct current (DC) arc thermal plasma [25,28]. By using
a 2:1 hydrogen-methane mixture, they claimed to produce iron from
pulverized ore concentrates at an energy cost of 12 GJt~!Fe [29], close
to the theoretical minimum energy cost of producing pure iron with
hydrogen of 6.5GJt~! Fe [25]. However, the technology was hampered
by the short working lifetimes of the electrodes of the high-power
plasma torch and challenges with further scale up [25].
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Similarly, Plaul et al. used a thermal plasma arc to reduce iron
ore fines, demonstrating a high degree of hydrogen utilization [30].
Currently, the SuSteel project explores the industrial application of this
approach [31]. Further discussion on different plasma and non-plasma
processes for hydrogen-based reduction of iron ore can be found in the
review paper of Sabat and Murphy [25]. Also, a detailed comparison
in the context of the typical reduction rates and operating parameters
relevant to our work is reported in Section 3.5.

Generally, in thermal arc processes the hot plasma is in direct
contact with an electrode. High heat fluxes limit the electrode lifetime,
necessitating regular plasma source maintenance and potentially lead-
ing to contamination of the produced iron with evaporated electrode
material [25]. In contrast, a microwave (MW) power source enables the
electrode-less coupling of electrical power into the plasma, potentially
extending plasma reactor lifetimes. Modern magnetrons can achieve an
energy efficiency of 90% and can reach a power of 100kW [32,33],
allowing for further scale up. However, to our knowledge, the iron
ore reduction using MW plasma has so far only been reported at
sub-ambient pressure [34-36], which requires costly vacuum equip-
ment and long process times associated with the pumping and venting
between each reduction cycle. For a potential industrial application,
operation at atmospheric pressure is needed.

Here, we report the reduction of iron ore fines using an atmospheric
pressure MW plasma, overcoming many of the above inherent chal-
lenges, including the need for iron ore pellets, electrode erosion, and
vacuum operation. Because of its small thermal inertia and volumetric
gas heating provided by the plasma, the process is compatible with
intermittent renewable energy sources such as wind and solar energy.
By avoiding combustion as the heat source, the process does not
produce CO, and avoids additional H,O production which shifts the
equilibrium towards oxidation instead of reduction.

2. Methods

To asses the iron ore reduction using the microwave (MW) plasma,
we compare two different methods: (i) an atmospheric pressure MW
plasma and (ii) a thermal reduction process using the same argon—
hydrogen gas mixture, heated inside an electric furnace.

2.1. Microwave plasma reduction

Fig. 1 shows a detailed schematic of the reactor used for the MW
plasma-based reduction along with a picture of the plasma column
obtained at 45slm and 1.7kW. A magnetron was used to generate
microwaves at 2.45 GHz, which were then directed through a circulator
into a waveguide. The MW power was measured using a directional
coupler and power meter (Anritsu ML2438a). The forward power was
set to 1.8kW, while the reflected power varied only slightly between
120 W and 160 W depending on the discharge conditions. Thus, the net
discharge power was about 1.7kW in all experiments reported in this
work.

The plasma source used was a surfaguide with a tapered waveguide
designed to intensify the electric field and enable an easier ignition
at atmospheric pressure. A quartz tube with a 22 mm inner diameter
crossed through a hole in the tapered waveguide and allowed the
microwaves to interact with the gas flow. An argon-hydrogen gas
mixture (90:10 volume %) entered the quartz tube from the top at
flow rates between 20 slm and 45 slm (standard liter per minute). Argon
is used to dilute the hydrogen concentration, ensuring safe operation
for the prototype reactor reported in this work without affecting the
reduction chemistry due to its inert behavior, unlike, for example,
nitrogen which can be dissociated or ionized by the plasma and then
react with the hydrogen. However, for an industrial application, the
process would likely be operated in pure hydrogen. A small part of the
total gas flow entered the quartz tube in the axial direction (5 slm) while
the rest was injected tangentially through two side ports at the inlet
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Fig. 1. Experimental setup for microwave plasma iron-ore reduction along with an insert of plasma emission at 45 slm.

to create a swirl flow that stabilized the plasma and reduced the heat
flux to the walls [37]. The plasma was ignited using a sharp tungsten
tip that was inserted into the reactor from the bottom and removed
after ignition. The bright optical plasma emission, shown in Fig. 1,
is confined to a narrow region in the center of the quartz tube with
a length of around 60 mm. Flow rate variations from 30slm to 45slm
caused a negligible change in the plasma emission, shown in figure S5
supplementary information.

The plasma heats the gas and plasma electrons create reactive
hydrogen atoms, ions, and vibrationally excited molecules which are
carried along the gas flow. This plasma effluent was then directed onto
iron ore particles resting on a stainless steel mesh (400 mesh, hole size
of 37 pm), placed below the plasma at a distance of 185 mm from the
top of the waveguide. The mesh allowed the flow to pass through the
iron ore powder, enabling efficient interaction between particles and
gas. The distance between the visible plasma edge and the particles was
estimated to be about 140 mm. This study mostly focuses on magnetite
particles with an average size <5 pm, purchased from Millipore Sigma
with product number: 310069. The BET surface area of the magnetite
particles used in this study was measured to be (4.34 + 0.03)m? g~!. The
experimental details of the BET analysis can be found in [38]. For com-
parison, hematite particles (<5pm, Millipore Sigma, product number:
310050) and natural iron ore particles (~30 pm, Alpha Chemicals) were
also used. The natural iron ore was manually sieved to a size below
37 pm.

The sample treatment was performed by first igniting the plasma
at 5slm pure argon gas flow and 1.4kW MW power. Low flow rates,
low input MW power, and less efficient coupling of MW power to
argon flow reduced early particle heating before the hydrogen plasma
treatment starts. Consequently, the temperature during this first step
was only about 440K. Next, gas flow and MW power were increased
to the desired values, while still flowing pure argon, increasing the
temperature to about 600 K. The gas flow was then quickly switched to
the argon-hydrogen mixture, starting the reduction process. After the
desired treatment time, the gas flow was switched back to pure argon
and the plasma terminated. A cooling argon gas flow was maintained
for a while, to cool the particles below the temperature at which a
possible re-oxidation might occur when exposed to air. Re-oxidation
was tested by performing the treatment of a 10mg sample for an
excessive time of 30s, thus ensuring ~100 % reduction. Since no traces
of oxides were detected in the XRD measurements for the above sample
on exposure to ambient, we conclude that re-oxidation of Fe is not
essential, though we cannot exclude the presence of a thin, likely
nanometer-scale, layer of an amorphous native oxide.

2.2. Thermal reduction

To facilitate a comparison between the MW plasma reduction and a
purely thermal hydrogen reduction, the setup shown in Fig. 2 was used.
It consisted of an electric furnace (Thermo Scientific Lindberg/Blue M
STF55346C) with a steel tube of 35 mm inner diameter passing through
the heating zone. The same argon-hydrogen (90:10 volume %) gas
mixture was used as in the MW plasma reduction, flowing at a rate
of 35slm. Crumpled-up stainless steel mesh was placed in the path of
the gas before it interacted with the iron ore particles to enhance the
heat transfer. A mass of 10 mg of magnetite particles were placed inside
a cup formed from the stainless steel mesh and attached to a push rod.
The push rod allowed the introduction of particles into the furnace once
the desired temperature was achieved.

To perform the reduction, initially, pure argon was flowed through
the tube while introducing particles into the furnace. Once the par-
ticles reached the desired position in the middle of the furnace, the
flow was switched to the argon-hydrogen mixture. After the desired
treatment time was achieved, the flow was switched back to pure
argon, thus terminating the reduction process. The particles were then
pulled out of the furnace heating zone. The main flow was turned off
and a cooling flow of pure argon, not passing the heating zone of
the furnace, was used to lower the particle temperature to prevent a
possible re-oxidation upon air exposure. No oxides were found when a
fully reduced sample after 3 min treatment time at 1350 K was exposed
to ambient, demonstrating that no re-oxidation of Fe occurred. Gas
temperatures during the reduction process were varied between 1200 K
and 1350K to explore the temperature dependence of the reduction.

2.3. Temperature measurements

For the MW plasma reduction, the glow of particles and the mesh
on which particles were resting was reflected on aluminum foil placed
at the bottom of the reactor and then coupled into a spectrome-
ter (Avaspec ULS4096CL-RS-EVO) using an optical fiber (Avantes FC-
UVIR600-2), as shown in Fig. 1. Due to the multiple internal reflections
of the radiation from the mesh/particles in the reactor tubes, the
aluminum foil acted more as a diffuser than as a mirror. It was observed
that only the mesh and the particles on the mesh emit light in the visible
range during the experiment. Because of the good thermal contact,
we assume the mesh and particle temperature to be equal. Since the
total emissive power of a black body increases with temperature to the
fourth power, it was assumed that the hottest spot of the mesh is being
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Fig. 2. Experimental setup for the thermal iron-ore reduction using hot gas heated inside an electric furnace.

measured by the spectrometer. The wavelength-dependent sensitivity
of the optical system consisting of fiber and spectrometer was corrected
for using the spectrum of a calibration light source (Ocean Optics HL-
3P-INT-CAL). During the reduction process, light was recorded with a
time resolution of one second, which allowed for a sufficient signal-to-
noise ratio for an accurate temperature determination. A median filter
was applied to the measured spectra to remove the minor contribution
of plasma line emission. The measured spectra were fitted to Planck’s
law to obtain the black-body temperature in the wavelength range of
500 nm to 1100 nm.

For the furnace-based reduction, a K-type thermocouple with un-
grounded junction and 1.6 mm wire diameter (response time ~5s [39])
was used to measure the gas temperature, as shown in Fig. 2. The
thermocouple was surrounded by a ceramic tube, resting on the bottom
of the furnace. The low thermal conductivity of the ceramic ensured
that the thermocouple was measuring the gas temperature instead of
that of the furnace walls. Only the tip of the thermocouple was exposed,
to ensure that the measurement position was well-defined and located
close to the particle position during the reduction. After reaching a
steady state, the temperature reported by the thermocouple was always
in good agreement with the set-point temperature of the furnace.

It would have been preferable to utilize the same method of tem-
perature measurement in both the furnace and the plasma reactor.
However, geometrical constraints made employing the optical method
inside the furnace impossible, while the thermocouple measurements
proved too slow for the rapid MW plasma-based reduction process. To
ensure that both methods deliver comparable results, we performed a
comparison measurement, employing both methods simultaneously in
a 60s long plasma process. When the thermocouple was touching the
mesh and sufficient time was allowed for the thermocouple to heat up,
the methods agreed to within 1%.

2.4. Quantitative XRD analysis

Treated samples were characterized through X-ray diffraction
(XRD). Each sample was crushed and mixed thoroughly to form a
homogeneous mixture prior to the analysis. The sample was character-
ized at multiple locations and an average pattern was analyzed using
the Reference Intensity Ratio (RIR) method to calculate the reduction
percentage and weight percentage of different phases present in the
sample. RIR is an instrument independent constant, specific to the
material and the reference material, used in XRD for quantitative phase
analysis [40]. The weight percentages of different phases are calculated
using the following equation

zae]

where X, is the weight percent of the phase « and I, stands for the
integrated intensity of the strongest line of phase a. The index j denotes
all other phases of the mixture. RIR,, is defined as RIR, = I,,/I, i. e. the

1
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Fig. 3. XRD pattern for magnetite particles treated with the plasma effluents for
different times. The color-coded vertical lines indicate peaks belonging to the different
iron oxide phases and pure iron.

ratio of the intensity of the strongest peak of the phase « to the strongest
peak of the reference material corundum for a 1:1 mixture by weight.
The RIR values of magnetite, wiistite, and metallic iron are 5.22, 5.29,
and 11.91, respectively. After calculating the weight percentage X, for
each phase, the reduction percentage is calculated as

calculated mass of oxygen removed
calculated mass of oxygen in the sample initially
(5)

The Powder Diffraction Files (PDF) used were #98-000-0294 (mag-
netite), #98-001-3836 (wiistite), and #98-000-0259 (metallic iron).

Reduction % = 100

3. Results
3.1. Reduction kinetics of hydrogen microwave plasma

Initially, 10mg of magnetite particles were treated with the MW
plasma, using different treatment times to study the reduction ki-
netics. The total gas flow was 45slm while the treatment time was
varied between 2s and 8s. Fig. 3 shows the XRD pattern of the sam-
ples, highlighting the different peaks belonging to Fe;0, (magnetite),
FeO (wiistite) and Fe (iron). For the untreated control sample, we
exclusively observe Fe;O, peaks, confirming the composition of our
magnetite samples. For a treatment time of 2 s, strong FeO and Fe peaks
become apparent, demonstrating partial reduction. As the treatment
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Fig. 4. Plasma-based reduction of 10 mg magnetite particles. (a) and (b) show the composition and percentage reduction, respectively, of the samples treated with the plasma for
different times at a gas flow rate of 45 slm. (c¢) and (d) show the composition and percentage reduction, respectively, of the samples treated with different gas flow rates for a
fixed treatment time of 6s. Selected data points were replicated three times to allow for an error estimation. The error bars indicate +2 standard error of the mean.

time increases, the FeO peak decreases in its intensity whereas the Fe
peak grows, indicating increasing reduction.

This trend is shown more clearly by Fig. 4a which shows the weight
percentage of the different phases, calculated from the analysis of
Fig. 3. Already after 2s, the magnetite is mostly reduced to FeO, with
further treatment time being necessary to facilitate the reduction from
FeO to pure Fe. This result confirms the reduction pathway of Fe;0O,
—FeO —Fe, in agreement with the reduction of Fe;O, at temperatures
above 840K [12]. After 8s treatment the sample is 97% Fe by weight.

Fig. 4b shows the overall reduction percentage (weight or atomic
percentage of oxygen removed) for the different treatment times to-
gether with the particle temperatures measured during the trials. The
particle temperature was almost constant at around 1300K for all
treatment times. This is in agreement with time-resolved temperature
measurements (shown in Figure S3 in supplementary information)
which show that due to their low thermal mass, particles and mesh
reach their final temperature within our 1s time resolution. Thus, the
temperature of the particles likely reached a steady state during the
experiment, which is the same for all treatment times. For the 6s
treatment times, the trials were performed three times to allow for an
error estimation. The data point shown in the figure is the mean of these
trials, while the error bars indicate +2 standard error of the mean.

The reduction already reached about 30% after only 2s treatment
time, while nearly complete reduction is reached after 8s. This reduc-
tion speed is comparable to the thermal reduction reported by Choi
and Sohn [21] who reduced 30 pm magnetite particles suspended in hot
hydrogen at 1370 K. A more detailed comparison with prior research is
presented below.

Fig. 4c and 4d demonstrate the effect of the gas flow rate on the
reduction process and particle temperature at a constant treatment
time of 6s. Fig. 4c shows only partial reduction to FeO for low flow
rates of 20 slm, while higher flow rates show much stronger reduction

peaking around 85% for 35slm and then slightly reducing again for
larger flows. This trend can be understood to reflect the transport of
both heat as well as reactive species from the plasma towards the
mesh. Increasing the gas flow will speed up the gas velocity, allowing
reactive species like atomic hydrogen to reach the particles before
recombining to molecules. An increased gas flow will also result in
a higher gas temperature at the particle position, since faster heat
transport minimizes the losses to the cool reactor walls. Correspond-
ingly, the particle temperature, shown in Fig. 4d increases with the gas
flow to about 1350K at 30slm. Even larger gas flows then lower the
temperature, presumably because these high gas flows now begin to
lower the temperature inside the plasma, as the energy input per gas
molecule is lowered. These two competing processes cause the peak in
particle temperature and reduction between 30slm to 35 slm.

Fig. 5a shows a representative SEM (scanning electron microscopy)
image of an untreated (before) and an almost fully reduced sample
(after), obtained after a treatment time of 8 s at a gas flow rate of 45 slm.
The untreated magnetite samples are composed of aggregates, formed
from small grains, ranging from hundreds of nm to several pm. Upon
reduction, they undergo a large morphological change. The reduced
sample shown in Fig. 5a is highly porous with whisker-like structures.
The formation of whiskers is a common phenomenon observed when
reducing iron ore with hydrogen [41,42]. Thus, the hydrogen plasma
effluent treatment is observed to cause the same morphological changes
as observed with hot hydrogen gas.

Fig. 5b shows the EDS (energy dispersive X-ray spectrometry) el-
emental mapping of the sample performed with SEM. The elemental
analysis shows pure elemental iron in green, oxygen in blue, and carbon
in red, where the carbon results from a carbon coating, deposited to
ensure the required conductivity of the sample. The elemental map-
ping shows the particle surface to consist almost entirely of Fe. No-
tably, only very little remaining oxygen can be observed in the image,
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Fig. 5. (a) SEM micrographs of particles before and after plasma treatment. (b) EDS elemental mapping of the 97% reduced sample, obtained after a treatment time of 8s at a

gas flow rate of 45 slm.
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Fig. 6. Magnetite reduction using a hot argon-hydrogen (90:10 volume %) gas mixture
inside the electric furnace at gas temperatures of 1200K, 1275K and 1350K. For
comparison, the figure shows the plasma-based reduction at 35slm gas flow, with
particles reaching a temperature of 1350K.

corresponding to an atomic percentage of 1.9%. This confirms the
XRD results which indicate a weight percentage of 97% iron for the
above-mentioned sample.

3.2. Comparison between MW plasma and thermal reduction

To investigate the influence of reactive plasma species, the MW
plasma reduction was compared to a fully thermal reduction. Samples
of 10mg of particles were treated at different temperature with hot
argon-hydrogen (90:10) flowing at 35 sIm for varying times from 8 s to
60s and their reduction measured with XRD. The results of this study
are shown in Fig. 6, together with the MW plasma reduction, performed
at a gas flow rate of 35slm.

For all treatment conditions shown in Fig. 6, the measured reduction
increases with treatment time, as expected. For the three thermal
reductions performed in the furnace, the speed of reduction increases
with temperature. Interpolating between the data points, we can see
that it takes about 50s to reach 95% reduction for 1200K. For 1275K
and 1350K, this level of reduction is already reached after about 35s
and 30s, respectively. Due to the temperature limitations of the furnace,
trials at temperatures higher than 1350 K were not conducted.

For the initial 70% reduction, the reduction rate (weight % of
oxygen removed per second) is almost constant, as can be deduced from
the linear trend visible in Fig. 6. For the furnace trials at 1200K, 1275K,
and 1350K, we find values of around 2.2, 3 and 5%/s, respectively.
The increase in reduction rate is expected due to the higher reaction
and diffusion rates at higher temperatures. Using the Arrhenius plot
(figure S1 in the supplementary information), In(reduction rate) vs T~1,
the apparent activation energy for the furnace trials is estimated to be
around 70kJ mol~'. In comparison, the plasma-based process has a rel-
ative reduction rate of 15 %/s, about three times higher than the purely
thermal reduction performed at the same temperature. This speed ad-
vantage becomes even more pronounced if we instead consider the time
needed to reach 95% reduction. Since the thermal reduction performed
in the electric furnace slows down at higher reduction percentages, the
plasma is about four times faster in reaching 95% reduction, needing
only 8s instead of 30s needed for the thermal reduction. Assuming a 3
times faster reduction with plasma and the same reaction kinetics law
for furnace and plasma reduction, the apparent activation energy for
plasma trial can be estimated as 60 kJ mol~!, indicating a 15% decrease
in activation energy due to plasma species such as atomic hydrogen.

It should be noted that the two setups, used for either the thermal
or the plasma-based reduction, are not perfectly identical in how the
particles are inserted into the heating zone. In the plasma, the mesh
onto which the particles are placed covers the entire reactor cross-
section, forcing the gas flow through the mesh and the particle layer. In
the furnace, however, part of the gas can flow around the cup formed
by the mesh, thus potentially lowering the hydrogen concentration at
the particle position as hydrogen is used up by the reduction process
and less quickly replenished by the gas flow. To estimate whether this
effect could influence the reduction rate, we consider the diffusion
time scales of molecular hydrogen in argon, with a binary diffusion
coefficient of about D = 1x107>m?/s at 1275K [43] and with a
diffusion length of L = d/zx where d = 1.5cm is the depth of the
cup in which the particles are placed. The diffusion time scale can
then be estimated to = = L?/D ~ 30ms, which is much faster
than the reduction. Thus, diffusion could compensate for the loss of
hydrogen molecules due to the reduction process, even if none of the
gas passed through the particles. The same estimate can be made for
the diffusion time scale needed for water vapor formed in the reduction
process to diffuse out of the cup. The binary diffusion coefficient of
water vapor in Ar is calculated using the Chapman-Enskog theory [44]
as 3.4x10™*m?s~! at 1275K. The diffusion time scale is estimated
to be about 70ms, indicating that diffusion is fast enough to avoid
any significant water concentration around the particles to hamper
reduction. Hence, the differences between the two setups should not
affect the obtained reduction rates even in the worst-case scenario when
the gas is fully bypassing the mesh cup.
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We propose that the faster plasma reduction is based on the de-
crease in the activation energy due to the presence of reactive plasma
species [25]. However, this begs the question of which reactive species
have a sufficiently long lifetime to reach the magnetite particles at a
distance of roughly 140 mm downstream of the plasma.

The MW plasma creates a multitude of excited and reactive species.
However, only a few of these have sufficiently long lifetimes in an
atmospheric pressure environment to reach the magnetite particles.
Assuming a gas temperature of around 2000K in the plasma effluent,
the species carried with the gas flow will need about 14 ms to reach the
particle position. This is considerably longer than the lifetime of many
of the excited species.

For instance, electronically excited states of hydrogen atoms have
radiative lifetimes of at most a few ps [45], which is further reduced
by heavy particle collisions at atmospheric pressure. Similarly, based
on the recombination rates for the dominant ionic species (H; or
ArH'1) [46,47] we expect charge carries to have recombined below
densities of 1 x 10" m~3 before they reach the particles (compare sec-
tion 2 in the SI). This corresponds to a flux of about 4 x 10'?ions/s
onto the particles, which is negligible compared to the 2.6 x 10'° Fe;0,
molecules contained within our 10 mg sample.

Therefore, the species most likely responsible for the increased
reduction rate of the plasma process seems to be atomic hydrogen,
created inside the plasma by the dissociation of hydrogen molecules.
Thus, we estimate the amount of atomic hydrogen reaching the par-
ticles using three-body volume recombination and radial loss to the
walls. The change in atomic hydrogen density ny can be written
as:
ony
ot
with the time 7, the gas density n,, the volume recombination rate co-
efficient k,, the binary (H-Ar) diffusion coefficient D and characteristic
radial diffusion length A = R/2.4 [48].

The equation is solved numerically over a time of 14 ms, after which
the gas flow should have reached the iron ore particles. We assume a
constant gas temperature of 2000 K and H-Ar binary diffusion of D =
3.8 1073 m? /s [49]. The gas density is calculated to n, = 3.6 x 10** m™3
using the ideal gas law. For the reaction rate coefficient, we use the
value of k, = 5 x 107 m®//s, as measured by Halstead and Jenkins [50]
in a flame experiment performed at 1900K. This value of k, was
measured for pure argon, instead of an argon-hydrogen mixture as we
use in our experiment. However, the rate coefficient for recombination
with H, as the reaction partner is similar to the one for argon [51], so
that the reaction rate coefficient for our argon-hydrogen gas mixture
should be close to the one of pure argon.

Since the dissociation degree inside the plasma is unknown, we
estimate a lower and an upper limit assuming either 10% or full
dissociation, respectively. Additionally, wall losses will be neglected for
the upper limit, effectively setting D = 0.

The upper and lower limits of the atomic hydrogen density as a func-
tion of time are shown as figure S2 in the supplementary information,
which also contains more details about the calculation. For the upper
limit, we calculated the atomic hydrogen density around the particles
to ny = 4x10*' m~3, while we find a value of ny = 8x102°m™
for the lower limit. This corresponds to the atomic hydrogen flux of
1.5 x 10'? atoms/s to 3 x 10! atoms/s. For a complete reduction of 10 mg
magnetite particles in 10s with H atoms, a flux of 2 x 10'? atoms/s is
required. This indicates that the calculated H atom flux to the particles
is 14% to 73% of the flux required for complete reduction with H atoms
alone. As pointed out by Sabat and Murphy [25], even about 2% atomic
hydrogen together with 8% vibrationally excited H, in hydrogen can
decrease the activation energy needed for the reduction process by half.
Thus, it seems likely that the atomic hydrogen created by the plasma
can explain the lower reduction times observed when compared to the
furnace reduction.

D
=~k = Lo, ©

Chemical Engineering Journal 472 (2023) 145025

100 F
80 -
9
v6o -
c
Re]
©
=]
D 40t
14
20 |+ —=— 10 mg
—e— 100 mg
—4— 500 mg
0 1 1 1 1 1 1 1 1
0 10 20 30 40

Time (s)

Fig. 7. Plasma-based magnetite reduction for different particle mass loads at a constant
gas flow rate of 35 slm.

3.3. Mass scaling and energy efficiency

Having demonstrated that hydrogen plasma can rapidly reduce
small amounts of magnetite, we now assess the impact of increasing
mass load on the reduction of magnetite particles. To this end, the
MW plasma reduction was conducted with 10 mg, 100 mg, and 500 mg
of magnetite particles placed on the mesh. Fig. 7 shows the reduction
of particles as a function of the treatment time at three different mass
loads and a constant gas flow rate of 35slm. The particle temperature
reduced slightly with increasing treatment time, but did otherwise
not vary significantly for the different mass loads and was always
between 1350K and 1270 K, as shown in figure S3 in the supplementary
information.

The time needed to reduce the magnetite particles increases with
the mass load. The 10 mg sample needed only 6s to reach a reduction
above 90%, while 20s and 40 s were needed for the 100 mg and 500 mg
samples, respectively. The increased reduction time at higher mass
load seems to be caused by hydrogen transport limitations to the
particles positioned at the bottom of the particle pile. At a mass load of
10 mg, particles form only a few layers on top of the mesh, whereas at
100 mg and 500 mg, the particle pile reaches a depth of up to 1 mm and
4 mm, respectively. Consequently, at higher mass loads the top of the
particle pile was observed to be reduced first, with particles located
at the bottom only showing evidence of reduction after much longer
treatment times. This is indicated by the color change of the material
from initially black towards metallic silver after reduction. For the
500 mg sample and a treatment time of 20s, we also collected samples
from the top and the bottom of the pile, to confirm this finding with
XRD analysis, which revealed that the particles collected from the top
of the pile were 65% reduced whereas the bottom particle showed only
6% reduction (compare figure S4 in the SI). It should be noted that
the results shown in Fig. 7 were obtained after thoroughly mixing the
samples after the treatment, thus showing average reduction values.

As Fig. 7 demonstrates the reduction rate for 10 mg, 100 mg, and
500 mg trials for the initial 90% reduction are around 15.5, 4.5, and
2.3%/s respectively showing a decrease in reduction rate with the
increasing mass load. However, the conversion of hydrogen to water
is improving with the increased mass load. The rate of hydrogen
conversion increases from 3mgmin~! for 10mg trials to 9 mgmin~!
for 100mg and 24 mgmin~! for 500 mg trials indicating an improved
hydrogen utilization at higher mass loads. Even for the 500 mg trial,
only about 8% of the total hydrogen flow is utilized for the reduction
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process. Hence, on increasing the mass load of the magnetite particles,
more hydrogen is now utilized for the reduction process.

Increasing the mass load 10 and 50 times increases the required
time for reduction only by about a factor of 4 and 7, respectively.
This indicates an improvement in energy efficiency for 500 mg trials
versus 10mg trials by about an order of magnitude. The reduction of
500 mg of magnetite to 92% Fe within 40 s corresponds to an electrical
energy consumption of about 170GJt~! of Fe produced. Additionally,
hydrogen is only consumed for the magnetite reduction in the MW
plasma-based reduction and not for combustion. Hence, the hydrogen
consumption of the process can be as small as 48kgt~! of Fe produced
if the exhaust hydrogen is captured and reused. Similarly, the con-
sumption of Ar is negligible if the exhaust gas is reused. Assuming
an energy cost of around 170MJkg~! of green hydrogen using current
commercial electrolysis cells [52], this will add an additional energy
cost of around 8 GJt~! of Fe produced. In comparison, the energy con-
sumption of conventional ironmaking, including blast furnace, coking,
and pelletization, is around 16 GJt~! of Fe [53].

Thus, our current lab-scale MW plasma consumes about 10 times
more energy than the conventional process, when only considering the
electrical power needed for the reduction. However, achieving the gas
temperature just above the mesh of 1350K requires only a heating
power of about 600 W, of the totally supplied 1700 W. Thus, about 65%
of the energy is lost to the reactor walls. If this energy loss is avoided,
the setup has the potential to achieve an energy consumption of about
60GJt~! of Fe produced, only 4 times more than the conventional route.
A system recovering the heat lost as the hot gas exits the reactor can
further improve the energy efficiency of the process.

The results presented in this work were obtained for samples with
a maximum mass of 500 mg. However, given the favorable increase in
treatment time with mass loading, demonstrated in Fig. 7, it seems
that even higher mass loads might lead to better energy efficiencies. A
scale-up of the current technology could involve a combination of the
following strategies: (i) operation with pure hydrogen to achieve faster
reduction kinetics; (ii) higher power microwave generators operating
at lower frequency to enable larger plasma volumes, (iii) improved
particle delivery to achieve higher mass loads and better particle-
plasma contact, (iv) heat recovery to improve the energy efficiency.
Different from the incumbent blast furnace technology, the microwave
plasma technology will likely be modular and scale-up will involve
parallelization, which is attractive for its compatibility with intermit-
tent renewable electricity. Techno-economic studies, which are beyond
the scope of the current report, are needed to evaluate these different
strategies.

Additionally, one of the biggest questions for the application of
the current work for future industrial applications is the cost-effective
production of green hydrogen. To this end, a considerable amount of
research is currently devoted to optimizing the cost and CO, emis-
sion of hydrogen production, exploring techniques like electrolysis,
photocatalytic water splitting, biological hydrogen production, and
steam reforming of ethanol [54-57]. Currently, water electrolysis is
the dominant green hydrogen production technique and costs around
$4.85kg™! of green H, [58]. However, the cost is estimated to decline
to $2kg~! by 2030 [58]. Thus, the global demand for reducing carbon
emissions is driving research and innovations in hydrogen production
to enable the application of green hydrogen in industrial processes in
the near future.

3.4. Reduction of hematite and natural iron ore

In addition to the magnetite particles investigated so far, natural
iron ore usually contains different oxidation states of iron, as well as
impurities, such as SiO,, MgO, and moisture. To first investigate the
influence of the oxidation state on the reduction process, 500 mg of
hematite (Fe,05) particles were reduced with a gas flow rate of 35 slm.
The utilized hematite particles had the same size (<5pm) and purity
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Fig. 8. Comparison of the reduction of 500 mg hematite and magnetite particles at a
gas flow rate of 35 slm.

as the magnetite (Fe;0,) particles. Since hematite is expected to first
reduce to magnetite, with the reduction proceeding from there (see
reaction (2)), one might suspect a slower reduction of the hematite
particles. However, Fig. 8 demonstrates the opposite. During the initial
stages of reduction, the reduction rate for hematite particles is larger
than for magnetite particles. This agrees with other studies, often
reporting slower magnetite reduction due to its non-porous structure
leading to the formation of a dense layer of iron on the surface during
the process [59]. However, only minor differences were found for our
small particles, since both oxidation states require the same 40 s to
reach 90% reduction. The higher initial reduction rate for hematite
might be caused by the relative ease of reducing hematite to magnetite.
In contrast, the time needed to reach complete reduction is mostly
determined by the conversion from wiistite to Fe as the rate-limiting
step, leading to comparable times to achieve 90% reduction for both
oxidation states.

To confirm the suitability of the process for the reduction of in-
dustrial iron ore, we tested natural black iron ore powder containing
2.9% SiO,, 1% moisture, 0.2% MgO, and 0.2% Ca. The powder was
sieved to size <37pm to remove the bigger chunks and treated with
the plasma effluent under typical conditions. For 10 mg of natural iron
ore, 89% reduction was reached after 30 s. Thus, the reduction of the
<37pm natural iron ore particles took about five times longer than
the reduction of the <5 um magnetite particles. Both the larger particle
size and as well as the impurity content in the natural iron ore may
slow the reduction. It is likely that the small particle size (~5pum) is
more suitable for the reduction process. Since the steel industry already
uses rotating mills to reduce iron ore to ~50pum particles during the
iron ore beneficiation process, achieving a particle size of ~5pm would
require an increase in the milling time. For instance, Hanumanthappa
et al. [60] showed that ball milling 150 pm iron ore particles for 13 min
produced a particle size distribution with 55% of particles having a size
of less than 10 pm. Increasing the milling time will increase the energy
cost of the process. However, the energy consumption of the milling
process (4MJt~! of iron ore produced [61]) is negligible in comparison
to major energy-consuming processes like blast furnaces (~16 GJt~! of
Fe [62]) and therefore not a major concern. However, further research
is needed to analyze the role of particle size and impurities on the
reduction and will be carried out in future work.

3.5. Comparison to other processes

The process presented in this work is now compared to similar,
mostly laboratory scale technologies reported in the literature using
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Table 1
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Comparison of some lab-scale iron ore reduction techniques reported in the literature using hydrogen as a reducing agent. The listed times corresponds to a reduction to about

90% (88% to 96%).

Work Ore Reduction process Gas composition ~ Size (um) T (K) Initial mass Time (s) Reduction rate
(%) (mg) (%/s)
This Fe;0, Plasma effluent 10H,-90Ar 5 1350 10 6 15.5
This Fe;0, Plasma effluent 10H,-90Ar 5 1350 500 40 2.3
This Fe;0, Electric Furnace 10H,-90Ar 5 1350 10 30 3.2
[63] Fe;0, Drop tube (5.6 cm diameter, 193 cm 23H,-77N, 22,5 1600 7° 2.6" 34.0
height)
[63] Fe;0, Drop tube (5.6 cm diam, 193 cm height) 71H,-29N, 35 1410 11.67 5.8" 15.8
[81 Fe;0, Drop tube (0.8 m diam, 2.1 m height) H,-CH,-0, <100 1620 252007 14.4> 6.2
[64] Fe;0, Packed bed (8 mm diam) 50H,-50Ar 0.25 820 1500 490 0.19
[65] Fe,0, Fluidized bed (68 mm bed diam) 65H,-35N, 250-500 1070 400000 1500 0.06
[66] Fe O Fluidized bed (50 mm bed diam, 2ft H, 210-1190 870 400000 300 0.3
long)
[23] Fe, 0, Vibrating fluidized bed with solar H, 10-15 770 500000 2700 0.03
irradiation
[67] Fe,0; Isothermal reduction of porous compacts H, 0.6 1370 4000 320 0.3
( 12.3 mm diam. 13.5 mm height, 35%
porosity)
[68] Fe;0, Furnace reduction of fines (8 mm diam, H, 106-125 1270 200 600 0.16
5 mm height, 27% porosity)
[69] Fe;0, Furnace reduction of fines (11 mm H, 1.5 670 50 200 0.47
diam, 3 mm height)
[70] Fe;0, Isothermal reduction of single crystal H, 4000 x 1370 1000 4530 0.02
4000 x
8000
[71] Fe;0, and Blast Furnace simulator using Sintered H,-CO 12500- 1270 100000 7200 0.01
Fe,0; pellet (95 mm diam) 16000
[72] Fe, 0, Thermal plasma arc 40H,-60Ar 10-1000 2600 100000 2000 0.05
[36] 85% Fe,0, Low pressure plasma reduction of H, 40000 1070 2570 1800 0.05

compacted pellet

aIndicates mg of particles reduced obtained by multiplying particle feed rate with residence time.

bIndicate residence time of particles in seconds.

hydrogen or hydrogen gas mixtures as the reduction agent. Since the
work in this field started as early as the 1960s or before, there is a
vast number of publications available, only a small selection of which
is discussed here. With the data selected in Table 1 we try to report
a representative value of the typical reduction rate observed with the
respective technique.

However, it should be noted that the different experiments vary
widely in regards to operating parameters (like temperature, pressure,
gas composition) and properties of particles (like grain size, min-
eralogy, porosity, specific surface area and tortuosity). Since all of
these factors influence the reduction [59], and values like the particle
porosity are usually not reported, it is not possible to calculate a single
common value to describe the merit of the reduction process. Thus, the
comparison in Table 1 should be used with caution and is only given
to provide the reader an idea of typical reduction rates and operating
parameters used in different processes with hydrogen as a reducing
agent.

Table 1 lists the type of reactor and the various operating parame-
ters used in the reduction processes. The size column lists the particle
size in case of a reduction of iron ore fines or otherwise shows the ingot
or pellet size. The reduction rate was calculated from the reduction per-
centage and the processing time reported in the respective experiments.
The listed processing times corresponds to the time needed to achieve
about 90% reduction (88% to 96%).

For the different processes, the calculated relative reduction rate
varies from 0.01 %/s to 34 %/s. The fastest reduction rate is observed
for the in-flight reduction of iron ore concentrates, developed at the
University of Utah [63]. In their drop tube reactor, where the gas is
heated electrically, a relative reduction rate as high as 34 % /s was ob-
served. The reason for this high reduction rate is the high temperature
of 1600 K and the good contact between the dropping particles and the
gas. At a lower temperature of 1410K, the relative reduction rate in the
same experiment dropped to 15.8 %/s, virtually the same value as for
the reduction of 10 mg magnetite using our MW plasma (15.5 %/s). How-
ever, our process uses a lower concentration of hydrogen to achieve this
reduction rate.

In the pilot plant developed at the University of Utah, a scaled-
up version of the drop tube reactor was used to achieve 6%/s at
1620 K. Here, the heat was generated using the partial combustion of
methane, hydrogen, and oxygen. The combustion produces water vapor
which reduces the thermodynamic driving force for the reduction [59],
which explains the lower reduction rate compared to the electrically
heated lab scale prototype [63]. The combustion of methane will also
necessarily produce CO, as a by-product, diminishing the advantage
compared to fully electric operation.

In their packed bed reactor, Baolin et al. achieved a relative reduc-
tion rate of 0.19 %/s when reducing 1500 mg of magnetite particles [64].
This relative reduction rate is about an order of magnitude lower
than the rate reported here for the reduction of 500 mg particles using
the MW plasma. The reason for this difference is likely the lower
temperatures at which the packed bed reactor was operated and the
smaller cross-section, implying a larger height of the particle stack and,
thus, increased difficulty of hydrogen reaching the lower parts of the
bed.

This drawback can be overcome by fluidized bed reactors [65,66],
which offer good contact between particles and the reducing gas as
well as the ability to handle a large amount of particles. However,
these reactors cannot use high temperatures to achieve better reduction
kinetics. This is due to the increased softness and adhesion of the highly
active iron formed at these temperatures, which leads to agglomeration
and sticking of particles, eventually leading to defluidization [73].
Thus, typical temperatures for fluidized bed reactors were reported to
lie between 800K and 1100K, leading to comparatively low reduction
rates between 0.06 %/s and 0.3 %/s.

Li et al. [23] used a vibrating fluidized bed to reduce hematite
particles (10pm to 15pm) with solar-heated hydrogen gas at 770K,
overcoming the need for combustion or electrical heating for the pro-
cess heat. However, since the process is aimed to operate at low
temperatures, the reduction required long times of around 50 min with
a reduction rate of around 0.03 %/s.
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Much higher temperatures can be achieved using thermal arc hy-
drogen plasmas. These processes can produce interface temperatures
as high as 3000K and reactive hydrogen species such as hydrogen
atoms/ions to melt the iron ore and enable fast reduction kinetics [25].
Badr showed in their lab scale experiments the reduction of 100 g of iron
ore with an 8 kW DC transferred-arc reactor [72]. Typical reduction
rates observed were 0.05%/s at plasma-melt interface temperatures
between 2270K and 2870 K.

Rajput et al. used a low-pressure plasma, operating at 1.3 X 10* Pa
and 1070K, to reduce hematite pellets at a reduction rate of 0.05 %/s.
The observed low reduction rates are due to the low temperature and
pressure of hydrogen used in this study along with the use of big pellets
(40 mm) where the process is mass transfer limited.

In comparison to the literature, the reduction rates observed in this
work are quite promising, given the moderate temperature (1350K)
and hydrogen partial pressure (0.1 atm). Under similar conditions, our
reported reduction rates are on-par with the fastest reduction we could
find reported in the literature. Heating hydrogen with a microwave
plasma source has the potential to be entirely carbon-free when uti-
lizing green hydrogen and renewable electricity. The process is also
compatible with the intermittent nature of renewable energy due to
it’s low thermal inertia and virtually no heat-up time.

However, the comparison to the literature also underlines the im-
portance of heat and good contact between particles and the reducing
agent. In this regard, in-flight reduction seems the ideal approach
to optimize the reduction rate. But this will require a considerable
increase in particle residence time which is currently only on the order
of 10 ms.

4. Conclusion

A novel method was introduced to reduce iron ore using an atmo-
spheric pressure hydrogen plasma. A fully electrified microwave setup
is used to ignite plasma in an argon-hydrogen gas mixture. The gas flow
transports heat and reactive plasma species to the magnetite particles
placed below, causing their reduction. The plasma process reduced
10mg of magnetite particles to >90 % metallization in 6s. Favorable
scaling to higher mass loads was demonstrated, with a 50 times increase
in particle mass only resulting in an increase of reduction time by a
factor of 7.

The microwave plasma reduction was compared to a thermal re-
duction, heating the argon-hydrogen mixture using an electric furnace.
Under comparable temperatures, the plasma-based reduction is three
to four times faster than the thermal reduction inside a furnace, which
may be due to atomic hydrogen created by the plasma.

The proposed technology has the potential to be a zero-carbon
process when using green hydrogen and renewable electric energy. If
heat losses can be minimized, we project that the current lab-scale
prototype can approach the energy efficiency of the conventional blast
furnace to within a factor of four. In-flight reduction of the iron ore
powders may lead to an additional speed up of the reduction. How-
ever, the technology requires further development to enable scale-up,
energy efficiency, and economic hydrogen production for an industrial
application.
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