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Abstract: Currently, iron is extracted from ores such as hematite by carbothermic reduction. The extraction process includes several unit
steps/processes that require large-scale equipment and significant financial investments. Additionally, the extraction process produces a sub-
stantial amount of harmful carbon dioxide (CO,). Alternative to carbothermic reduction is the reduction by hydrogen plasma (HP). HP is
mainly composed of exciting species that facilitate hematite reduction by providing thermodynamic and kinetic advantages, even at low tem-
peratures. In addition to these advantages, hematite reduction by HP produces water, which is environmentally beneficial. This report reviews
the theory and practice of hematite reduction by HP. Also, the present state of the art in solid-state and liquid-state hematite reduction by HP
has been examined. The in-flight hematite reduction by HP has been identified as a potentially promising alternative to carbothermic reduction.
However, the in-flight reduction is still plagued with problems such as excessively high temperatures in thermal HP and considerable vacuum
costs in non-thermal HP. These problems can be overcome by using non-thermal atmospheric HP that deviates significantly from local thermo-

dynamic equilibrium.
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1. Introduction

Iron (Fe) is typically produced by carbothermic reduction
of medium/high-grade iron ores, including hematite. Carbo-
thermic reduction makes use of carbon derived from coke,
made from coking coal. The future availability of both these
raw materials is limited because of the depletion throughout
the world. Furthermore, the production process flow sheet of
iron covers numerous steps, e.g., coke-making, palletization,
sintering, etc. Each step is problematic, incurring significant
expenses and facing tougher environmental regulations due
to the emission of carbon dioxide (CO,). In general, 1.8 t of
CO, is discharged into the atmosphere for every ton of steel
produced [1]. At present, the world steel output is 1878 mil-
lion tons (MT) [2], which produces an estimated 3380 MT of
CO, per year. This massive amount of CO, emitted world-
wide is responsible for the greenhouse effect, pushing the
globe into a risky zone for survival, with severe environ-
mental implications of natural disasters. These natural calam-
ities include destruction of ecosystems, loss of biodiversity,
development of heatwaves, shrinking of the glaciers, increas-
ing sea levels, massive economic losses, and so on [1]. Due to
these losses and severe environmental requirements, there
have been enormous efforts by steel manufacturers globally
to decrease/eliminate CO, emissions. However, the conven-
tional unit steps/processes of ironmaking have almost ma-
tured because of research and development (R&D) over a
long period. As a result, further reductions of CO, emissions
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from the existing technologies are not conceivable [3].
2. Hydrogen gas—The alternative reductant

Because of the above-cited problems, significant R&D
activities are going on worldwide in search of breakthrough
technologies involving low-carbon or eliminating carbon (C).
In this regard, more than one billion US dollars have already
been invested [1,4]. Based on the research findings to date,
hydrogen (H,) has been identified as the best candidate to re-
place carbon because of its thermodynamic and kinetic ad-
vantages [1,4-6].

In addition to the thermodynamic and kinetic advantages,
the consumption of H, is also low in comparison to C. The
theoretical mass balance of reductants and products (in tons)
to produce 112 t of Fe from hematite shows that 112 t of Fe
production require 36 t of C, resulting in 84 t of carbon
monoxide (CO). Similarly, to produce 112 t of Fe, 18 t of C
are required, resulting in 66 t of CO,. In these processes,
massive amounts of CO and CO, are produced. Coking coal
provides the massive amount of C required for these reduc-
tion processes. Coke production from coking coal is not en-
vironmentally benign, and coking coal is in short supply.
Furthermore, the massive amounts of CO and CO, created by
these processes pollute the atmosphere and contribute to the
greenhouse effect. In contrast, 112 t of Fe require just 6 t of
H, when H, is used as a reductant, and it produces 54 t of wa-
ter, which is safe for the environment.
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When it comes to availability, coking coal of acceptable
quality is becoming scarcer day by day, but H, is widely
available in nature. For example, H, is produced from H,O
through H,O splitting, and H,O is abundant in nature. H, is
currently manufactured in a variety of ways, including meth-
ane reforming and electrolysis of H,O. H, production using
solar energy is undergoing substantial study and develop-
ment, such as electrolyzing H,O by employing the necessary
electrons produced by solar cells or splitting H,O using sun-
light on a semiconductor immersed in H,O [7—8]. Also, there
have been substantial efforts to use renewable energy and
nuclear energy to produce H, economically.

Apart from the lower consumption in terms of theoretical
requirement of H, per ton of Fe and the availability of H, in
plentiful H,O, H, has several other technical advantages: (1)
The product gases of the reduction are environmental
friendly mixtures of H,O and H,, in contrast to the detriment-
al mixture of CO and CO, produced when C is used as the re-
ductant. (2) The kinetics of reduction is faster than the kinet-
ics of reduction using C. (3) It avoids C content in the pro-
duced Fe, whereas C containing Fe is made when C is the re-
ductant. (4) It avoids polluting and expensive metallurgical
coke, thus avoiding CO and CO,. (5) It decreases the energy
of Fe production and CO, emission by 57 and 96 percent, re-
spectively, compared to using C. The elimination of coke-
making, sintering, pelletization, and other unit steps/pro-
cesses, accounts for most of these benefits [9].

3. Brief Introduction to hydrogen plasma (HP)

In our daily lives, we come across four states of matter:
solid, liquid, gas, and plasma. Among these, plasma consti-
tutes 99.9% of the universe [10]. Plasmas are also employed
in our daily life in some way —for example, fluorescent
lights, television, industrial processes, etc. Plasma is nothing
more than an energized gas. The gas excitation comes from
the energy transfer to gas molecules (in this case, H,) by dir-
ect current (DC), alternating current (AC), or an electromag-
netic wave (EM) such as radiofrequency. induction, mi-
crowave, etc. Interestingly, H, molecules have some polarity
associated with them. When the polarity of H, interacts with
high-energy electrons associated with DC, AC, or EM, H,
absorbs the energy by rotation, vibration, dissociation, ioniz-
ation, etc. For the first rotational level, first vibrational level,
dissociation, and ionization, the absorbed energy needed are
0.015, 0.516, 4.52, and 13.6 eV, respectively [11]. Further-
more, the H, molecules collide with one another to transmit
energy. Therefore, depending on the collisions, plasmas can
be of three types: (1) thermal or hot plasma, (2) non-thermal
or cold plasma, and (3) mixed plasma, as shown in Fig. 1.

3.1. Thermal or hot plasma

Thermal plasma is simply an energized gas in which a
large number of molecules/atoms have been ionized. They
occur when H, molecules at considerable pressure collide
with the hot electrons generated by AC, DC, EM, and other
sources. Due to the high rate of collisions, the hot electrons

Non-thermal or cold Mixe dThermal or hot (HPSR)
10’F  Lowpressure ~ Moderate High pressure
106 B Tv >
T, (electron) T, T, T.=T,=T,
105 L
M \
S0t —
T, (ion)
]03 L
¥/ | atm
102 T, (neutral) l
10! - - : - W :
103 102 10" 10° 10" 102 10°® 10*

Pressure / Torr
Fig. 1. Various types of hydrogen plasma and their temperat-
ures. Reprinted by permission from Springer Nature: Plasma
Chem. Plasma Process., Reduction of oxide minerals by hydro-
gen plasma: An overview, K.C. Sabat, P. Rajput, R.K. Para-
mguru, B. Bhoi, and B.K. Mishra, Copyright 2013.

transfer their energy to heavy species such as H,, H, H', etc.
As a result, the temperatures of all these species quickly at-
tain local thermodynamic equilibrium (LTE), i.e., all species
have the same amount of energy in each degree of freedom,
as shown in Fig. 1. Anything that comes into contact with
thermal plasma gets heated as if it is hot gas, with the free
electrons enhancing the thermal conduction. DC thermal
plasmas can be divided into transferred and non-transferred
arcs. In transferred arc, one of the electrodes is the workpiece,
i.e., the charge or melt in metallurgical applications. In non-
transferred arcs, the arc is created between two electrodes
within a plasma torch, and the jet of plasma issuing from the
torch is used for the metallurgical process. Typical metallur-
gical applications of thermal plasmas include welding,
plasma spraying, plasma cutting, waste treatment, nano-
particle manufacturing, spheroidization, arc furnaces, and
other metallurgical applications. The elevated temperatures,
massive heat fluxes, and intense radiative emissions that
define thermal plasmas are used in these applications.

3.2. Non-thermal plasmas

A cold plasma, also known as a non-thermal plasma, is a
cool excited gas that can be touched even with a finger. Be-
cause the electrons have a low mass, they gain EM energy
quickly and become heated. They are, however, unable to
transfer their energy to heavy mass gas particles due to the
low pressure. As a result, the gas remains cold. The golden
example is the mercury gas inside a fluorescent tube. The free
electrons in the low-pressure gas have temperatures of
around 10000 K. In contrast, the gas remains near room tem-
perature; the heavier ions and uncharged mercury atoms
couple to the material of the tube, which stays cool. The elec-
tron temperature (7,) plays a vital role in these plasmas.
These low-pressure plasmas are used for various applica-
tions, including etching of semiconductors and thin-film de-
position.

3.3. Mixed plasmas

The mixed plasmas combine the benefits of both thermal
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and non-thermal plasmas. As illustrated in Fig. 1, they occur
under moderate pressure. These plasmas are characterized by
numerous temperatures, including the translational or kinetic
temperatures of electrons (7), ions (T}), and neutrals (7,), and
the vibrational (7,) and rotational (7;) excitation temperat-
ures of molecules. They usually go in this order: 7,> T, > T, =
T; = T, [12—13]. Because most energy (above 70%) is stored
in rotational and vibrational forms of H,, more specifically
called ro-vibrationally excited molecules (H}), the vibration-
al temperature is the most relevant of the above temperatures.
In these circumstances, 7, maintains high while 7, remains
low. For example, 7, is at 4956 K while 7, is at 754 K [12],
T, in the temperature range 7600-8600 K while 7, is keeping
at a low temperature range (638-962 K) [14]. There are many
other cases of significant 7,, whereas 7, remains low
[15-21]. When the stored energy in vibrations and rotations
of Hj surpasses the dissociation energy of H, (4.52 eV)
[22-24], the H; molecule dissociates into H. The H atoms
colliding the reduction interface diffuse into the crystal struc-
ture [25-26]. The diffused H atoms rapidly recombine, and
the energy released by this recombination induces surface
heating [27]. There have been several occurrences of surface
heating produced by exothermic heat generated during sur-
face recombination [28]. Interestingly, the heat of recombin-
ation of H (4.52 eV) is larger than the Fe—O bond dissoci-
ation energy (4.19 eV) [29]. As a result, the heat released by
H recombination is enough to break the Fe—O bond at the re-
duction interface. The breaking of Fe-O being the rate-con-
trolling step of hematite reduction [30], the surface recom-
bination of H enhances the kinetics.

4. New extraction process by HP

Till now, H, might have been used for the industrial pro-
duction of Fe. However, due to the imposed restrictions of
thermodynamics and kinetics, H, has not been exploited for
industrial production on a large scale. These limitations of H,
can be eliminated by HP [1,4,6,31-40]. The thermodynamic
and kinetic limitations could be overcome by the excited spe-
cies present in HP, like H;, H, H', etc. Apart from providing
these advantages, HP can also be produced quickly in numer-
ous ways such as DC, AC, radiofrequency (RF), microwave
(MW), or any other electromagnetic (EM) field. Recently, by
using a simple MW setup, various metals and alloys could be
produced by HP, for example, Fe from Fe,O; and iron ores
[1,4,6,32-33,35,38], Cu from CuO [36], Co from Co;0,[37],
Ni from NiO [31,40], and alloys like FeCo alloy from Fe,0;
and Co;0, mixture [35], CuNi alloy from the mixture of CuO
and NiO [34], CuCo alloy from the mixture of CuO and
Co;04 [39], etc. In addition, several extensive reviews have
been published on the extraction of different metals by vari-
ous HPs [1,4]. Iron, being the most abundant metal, has a
massive scope of extraction of iron by HP. Thermodynamics
and kinetics are the potential pathways for extracting iron
from hematite by HP. Therefore, thermodynamics and kinet-
ics of reduction of hematite by HP have been discussed first.
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4.1. Thermodynamics

The thermodynamic advantages provided by HP have
been shown in the Ellingham diagram (Fig. 2). It is well-
known that the standard Gibbs free energy change (AG®) de-
termines the exergonic and possibility of a reduction reaction.
For a reduction to be possible in the standard state, AG®
should be negative. AG® can be written as AG® = —RT In K,
where R is the universal gas constant, 7 is the temperature, K
is the equilibrium constant (K = 1/po,), and po, is the oxygen
partial pressure. Therefore, AG® is denoted by AG® = RT
In po,. The relation between AG® (= RTIn po,) as a function
of T is provided by the Ellingham diagram, shown in
Fig. 2, which estimates how the changes in 7, po,, and the
composition affect the chemical equilibrium of Fe,O; and
other iron oxides, thereby providing information on the relat-
ive stability and the reduction possibilities of these iron ox-
ides. The chemical reactions of interest here are the reduc-
tion steps of Fe,0; by the excited species present in HPs. As
evident from Fig. 2, the H, line (i.e., H,-H,O line) lies below
the line of the Fe,O; for all temperatures. However, the
H,—H,O0 line lays below the magnetite (Fe;O,) for temperat-
ures above 900 K. H, should reduce Fe,O; and Fe;O, In
practice, this is difficult to achieve due to the limitations of
thermodynamics and kinetics. The H, reduction of Fe,O; oc-
curs in three steps, Fe,0; — Fe;0, occurs first, followed by
Fe;0, — FeO, and finally Fe,O — Fe. The mineralogical
name of Fe,O is wustite, which is non-stoichiometry, with x
ranging from 0.83 to 0.955. Assuming x = 1, oxygen re-
movals in the above three steps are 11%, 22%, 66%, respect-
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ively. For the three stages mentioned above, the following re-
actions can present the corresponding relevant reduction re-
actions:

3Fe,05 + H, = 2Fe;0,4 + H,0, AGY <0, all T €))
Fe;0, + H, = 3FeO + H,0, AGS <0, high T 2)
FeO+H, =Fe+H,0, AGS >0, all T ?3)
The overall reaction can be written as

Fe,0; +3H, = 2Fe + 3H,0, AG] >0, ~all T O]

The estimated AG® values of the above reactions (Egs.
(1)+(4)) have already been reported elsewhere [1]. Therefore,
for simplification, the numerical values of AG® have not been
provided here. However, as evident from the AG® values of
the above equations, the favorable thermodynamic steps in
Fe,O; reduction are Fe,0; — Fe;O, and Fe;O, — FeO, at
temperatures more than 900 K. Therefore, these first two
steps can readily be carried out just by removing the kinetic
restrictions. The ultimate step, FeO — Fe, which involves the
maximum (66%) oxygen elimination, is endothermic. For
example, as estimated by Ref. [41], at 1673 K, AGS = 3.76
kJ/mol. The K value of reduction of Fe,O; — FeO is signific-
antly positive. This step is irreversible. However, the large K
value of FeO — Fe strongly favors the reverse reaction,
which is visible from Fig. 2, where the H, — H,O line lays
above the Fe — FeO line. HP plays a significant role in the
movement of the H, — H,O line downwards below the Fe —
FeO line, i.e., to make the conversion of FeO — Fe feasible.

When sufficient energy £ (£ = hv, where 4 is the planck’s
constant and v is the frequency of EM wave) is supplied to H,
molecules, they get excited to generate the HP containing
various excited species such as H;, H, H', H, etc. The en-
ergy (E = hv) can be provided by thermal heating or electric
discharges (i.e., AC, DC, MW, RF, IF, EM, etc.).

The production of HP can be written as
Hy(g) + E(= hv) = HP(H;/2H/2H" /2H*" etc.)  AGS >>0

(%)
The thermodynamic coupling of the above equations (Egs.
(3)H5)), gives rise to the overall reaction for HP reduction of
FeO. The following equation can represent the overall reac-
tion:
FeO +HP(H;/2H/2H" /2H** ,etc.) = Fe + H,0,

AG{ = AG5 - AGS <0 6)
Even at low 7, AGy becomes negative (indicating that reduc-
tion is possible), due to the excited hydrogen species present
in HP. The exact estimations of the decrease in AG® due to
these exciting species have already been reported elsewhere
[1]. Due to this significant decrease in AG®, the reduction of
Fe,0; — Fe;0, — Fe,O — Fe is feasible even at low temper-
atures. Therefore, HP could produce iron even at 573 K
[1,35,38]. However, thermodynamics alone couldn’t be the
sole reason for this reduction. Thermodynamics should be
used with caution because it can only be used to foresee the
limitations and possibilities. This reduction at 573 K
[1,35,38] is feasible due to the thermodynamic and kinetic

advantages provided by H.
4.2. Kinetics of reduction by HP

With the progress of reducing Fe,O; by HP, a product lay-
er of Fe forms at the Fe,O;—HP interface. Suppose the pro-
cess parameters are maintained such that the diffusion of the
excited H, species present in HP through the product Fe lay-
er is not the slowest step [30], in that case, the reduction rate
could be estimated by the quality of the excited species
present in the HP and their quantity (i.e., concentration) at the
Fe,O;—HP interface. To remove the activation barrier of
Fe,O; reduction, there must be an interaction of the excited
species present in HP and the Fe,O; at the reduction interface.
As reported in the literature, depending on their internal en-
ergy, the rate coefficients of reduction of Fe,O; by H, vary
several orders of magnitude. However, in the presence of HP,
there is a significant increase of internal energy due to the ex-
cited species present in HP, thereby helping to easily bypass
the activation barrier of the reduction. This significant lower-
ing of activation energy results in the faster kinetics of reduc-
tion of Fe,0; by HP, as compared to H, [1,4].

Sabat ef al. [1,35,38] successfully demonstrated the solid-
state reduction of Fe,0; by H, and HP. By using HP, the ac-
tivation energy could be decreased from 45 to 20 kJ/mol.
This significant decrease in activation energy has been
ascribed to the H; (n = 1 level) and other excited species
present in HP. It was reported that the HP constituted of
90vol% H,, 2vol% H, and the remaining 8vol% H; (n = 1
level). The HP energy was estimated as 21.5 kJ/mol for this
composition. Combining this HP energy and AG® of the re-
actants and products, the calculated activation energy for the
reduction of Fe,0; is shown in Fig. 3.

* Activation energy by H, = 45 kJ/mol [38]
—750 | **Activation energy by HP = 20 kJ/mol [38]
*** Hydrogen plasma energy = 21.5 kJ/mol [42—43]

Plasma
2vol% H, 8vol% H3, 90vol% H,

|
~
~
W

Fe,0, + HP

|
©
=
S

T
o

stk

y Fe,0; + H,

Enthalpy / (kJ-mol™")
&
&

[
o
W
=)

Fe + H,O

Reaction direction
Fig. 3. Significant decline in activation energy of Fe,0; reduc-
tion by replacing H, with HP. Reprinted by permission from
Springer Nature: Metall. Mater. Trans. B, Hydrogen plasma
processing of iron ore, K.C. Sabat and A.B. Murphy, Copy-
right 2017.

This significant decline of the activation energy has also
been reported for Fe,Os—HP reduction in the liquid state.
Badr [44] carried out the liquid-state reduction of Fe,O; by
H, and HP and reported a considerable decrease in activation
energy due to HP. Due to this, the rate of reduction of FeO
increased by almost one order magnitude. Interestingly, it has
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also been observed that the reduction by HP is under chemic-
al control. Therefore, the area of the interface plays a signi-
ficant role in the reduction kinetics. Badr [44] compared the
kinetics of Fe,O;—HP with the Fe,O; reduction by CO
plasma. They observed that the reduction kinetics of
Fe,0:—HP is 34 times faster than Fe,O; reduction by CO
plasma. This is since the activation energy for the liquid-state
reduction of Fe,O;—HP is 23 kJ/mol, only roughly 15% of the
activation energy of reduction of Fe,O; by CO plasma (150
kJ/mol). Therefore, HP possesses significant advantages in
comparison to CO plasma.

Recently, Souza Filho ef al. [30] concluded that the rate-
controlling barriers (i.e., diffusion of oxygen species in the
solid-state) in the direct reduction process do not exist in the
HP process of reducing hematite, which further supports HP
process of reduction is under chemical control, indicating that
the reduction can be regulated by thermodynamics and
kinetics.

Apart from HP’s thermodynamic and kinetic advantages,
the stored internal energy by the excited hydrogen species is
effectively released at the reduction interface. This released
energy at the interface gives local heating, which favors the
reduction. Thus, no volumetric heating is involved during the
Fe,0;—HP reduction, whereas Fe,O;—H, reduction requires

Table 1.
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volumetric heating. The volumetric heating contributes to
huge heat losses from the reduction chamber. Thus, the elim-
ination of volumetric heating in Fe,O;—HP reduction reduces
heat loss from the reactor, thereby reducing the cost by 20%
compared to the iron produced by the blast furnace process
[1]. The technical and economic feasibility of the HP reduc-
tion has already been addressed in a previous publication [1].
However, the successful work that has already been on hem-
atite reduction by various HP methods has been reviewed
here.

4.3. Current state of the art

HP reduction of hematite has been carried out by (1) non-
thermal or cold plasma and (2) thermal or hot plasma. The
HP processing routes have been tabulated in Table 1, elabor-
ated subsequently.

4.3.1. Non-thermal or cold HP

The reduction of Fe,O; by cold HP happens in the solid-
state at low temperatures, well below the melting point. Cold
HP could be produced in numerous ways, as discussed earli-
er. The cold HP produced by MW has been used extensively
by Sabat ef al. [1,4,6,31-40]. They used a simple MW setup
(similar to the microwave oven used for cooking at home), as
shown in Fig. 4. The MW—-HP reactor was designed to integ-

References for different HP processing routes

Non-thermal HP reduction”

Thermal HP reduction”™

Solid-state

Liquid-state

In-flight

Sabat et al. [1,4, 6,31-40]
Zhang et al. [45-46]

Badr [44]
Gold et al. [47]
MacRae [48]

Kassabji and Pateyron [49]
Nakamura et al. [50]
Kamiya et al. [51]

Biick [52]

Nagasaka et al. [53]
Weigel et al. [54]

Choi and Sohn [41]

Gilles and Champ [63]
Kitamura et al. [64]

Saito et al. [65]

Dayal and Sadedin [66]
Nikolic and Segsworth [67]
Tylko [68-69]

Wang and Sohn [70]

Hiebler and Plaul [55]
Naseri Seftejani et al. [56—60]

Zarl et al. [61]

Behera et al. [62]

Souza Filho et al. [30]

Note: * Solid-state, low temperature, below the melting point; ~* Liquid-state, elevated temperature, above melting point.
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Microwave HP setup used by Sabat et al. [1,4,6,31—40]. Reprinted by permission from Springer Nature: Plasma Chem.

Plasma Process., Production of nickel by cold hydrogen plasma, K.C. Sabat, Copyright 2021.
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rate a power supply up to 6000 W and a microwave generat-
or with a frequency of 2.45 GHz. HPs of high-power densit-
ies could be created by the interaction of 2.45 GHz MW with
the polarity of H, molecules. The pellet/lump was placed on a
molybdenum sample holder located at the center of the re-
duction chamber. HP was created in the middle, covering the
sample. The governing variables of the HP were the MW
power and H, flow rate. These parameters were kept con-
stant and monitored throughout the tests. Also, temperature
and pressure were regularly evaluated throughout the reduc-
tion studies. The reduction investigations were carried out for
different intervals till reduction goes to almost 100% com-
pletion. Using this MW setup, Sabat et al. produced several
metals such as nickel [31,40], copper [36], cobalt [37], iron
[1,6,33,35,38] from the metal oxides or their ores.

Interestingly, they could also produce alloys of iron—co-
balt [35], copper—nickel [34], copper—cobalt alloy [39], etc.,
from the reduction of combinations of these metal oxides. In
these studies, Sabat et al. could reduce lumps/pellets of size
up to 15 mm, employing MW power in the range from 600 to
1500 W and H, flow rate ranging from 70 to 500 sccm. Apart
from MW, this notion of HP reduction of metal oxides can be
exploited by generating HP by other techniques such as DC,
AC, RF, or any other EM waves. These other techniques
used for cold HP reduction of Fe,O; have been addressed ex-
tensively in earlier publications [1,4]. The arrangement util-
ized by Sabat et al. [1,4,6,31-40] can alternatively be dubbed
as mixed plasma.

4.3.2. Thermal HP reduction

In thermal HP, the reduction is carried out above the melt-
ing point of hematite. Thermal HP provides the thermody-
namic and kinetic advantages, with a principle similar to us-
ing externally heated H, for fine hematite reduction by sus-
pension ironmaking technology [5,71-72]. Of course,
thermal HP is nothing more than an excited H, gas. The
thermal HP combines elevated temperature, which ensures
the reduction reaction’s thermodynamic viability, and the
kinetic advantage provided by the excited hydrogen species
decreases the activation energy and makes the reduction kin-
etics faster. This combination facilitates iron production in a
single stage with no carbon in the product.

In thermal HP processes, a thermal HP is formed from H,
or an Ar-H, mixture. Like non-thermal HP, the thermal HP
could also be produced in numerous ways: DC transferred
arc, DC non-transferred arc, or an inductively-coupled RF
discharge. The H, molecules present in H, gas receive en-
ergy through collisions with the hot electrons, heated by the
electric or EM field. After acquiring energy, H, molecules
become ro-vibrationally stimulated by a step-by-step process,
dissociation, and finally ionization. The primary recombina-
tion of the dissociated and ionized species occurs at the
HP-Fe,O; interface. This recombination releases a huge
amount of heat, which enhances the reduction of liquid
Fe,0;, an endothermic reaction [1,4,6].

Thermal HP processes are classified into (1) liquid-state
reduction and (2) in-flight reduction. The liquid-state HP re-

duction process is remarkably similar to direct smelting. The
reduction of in-flight HP is equivalent to fluidized-bed react-
ors and suspension ironmaking technology [72].

(1) Liquid-state HP reduction.

Gold et al. [47] and MacRae [48] designed a single-stage
falling film HP reactor, reported elsewhere [1]. This reactor
consisted of a cylindrical vessel anode and a centrally posi-
tioned cathode. The reactor was designed on the principle of
the kinetics of heterogeneous reactions, i.e., the rate of reduc-
tion of Fe,O;—HP is directly proportional to the Fe,O;—HP in-
terfacial area. The size of the Fe,O;—HP interfacial area was
increased by making a cylindrical vessel anode around a
centrally located cathode. Furthermore, the rate of heterogen-
eous reduction reaction was improved by (1) increasing the
interfacial area by melting fine solid particles and (2) extend-
ing the interaction duration by causing the liquid metal to
flow down the anodic cylindrical walls. The HP was gener-
ated by a direct current arc discharge between the centrally
located tungsten cathode and the cylindrical annular anode
surrounding the cathode. The reducing gas consisting of H,
and CH, in the volume ratio of 2:1 was introduced between
the space between the centrally placed cathode and the sur-
rounding cylindrical anode. The mixture was employed be-
cause the power consumed by a mixture of H, and CH, was
less than the power used by H, or CH, alone. Therefore, a
mixture was preferred. The raw material introduced was pul-
verized ore concentrate, which consisted a closely-specified
grain size distribution with 45% less than 37 pm. The powder
was injected downstream of the nozzle orifice tangentially to
the strongly-swirling HP. The fines were melted due to the
heat generated between the cathode and anode. The melted
fines created a flowing film on the surface of the cylindrical
anode. The reduction of fine particles took place in the flow-
ing film, during their residence time of 1 to 60 s. The flowing
film revealed several advantages during reduction: (1) It
provided a large interfacial area for plasma gas and reductant,
thus providing a considerable time of residence, favoring
transfer of heat from the plasma gas to the reductant; (2) By
making the cylindrical anode, the anode area increased,
thereby reducing the chance of overheating the anode; (3)
This increase in anode area protected the wear of anode, es-
pecially at the area of the arc root attachment. This decreased
the erosion rate of the anode, thereby increasing the operat-
ing lifetime of the reactor; (4) Increasing the area of the
thermally insulating wall increased the efficiency of the re-
actor.

The reactant absorbed heat from the plasma and melted at
the anodic wall. While the flowing film fell down the reactor
wall, the reactant got reduced in the molten state while drop-
ping down the reactor. This reduced molten reactant was col-
lected by a magnesia crucible, located at the bottom of the re-
actor. The molten slag and molten metal separated into two
distinct layers, due to their density difference. These collec-
ted separate layers in the magnesia crucible were poured in-
termittently.

In this plasma setup, 84% thermal efficiency was ob-
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tained, with electricity consumption at the rate of 2.65 kWh/kg
of steel. This was achieved with the volume ratio of H, and
CH, between 2:1 and 2.5:1 [27,73]. The theoretical value of
the process energy requirement is 2.2 kWh/kg of Fe. To
achieve this, several factors such as (1) use of finer iron ore,
(2) use of an improved arc heater, and (3) improvement in re-
actor design and operation were taken into consideration
while upscaling the reactor from 100 kW to 1 MW.

Similarly, another setup for a 1 MW falling-film reactor
pilot plant to reduce iron ore has also been tried in France.
Profitable results were obtained by using H, and natural gas,
although the details of the setup and experimental results are
not available [63]. However, this setup used hematite ore
from Carol Lake at a 500 kg/h feed rate and a rate of redu-
cing gas of 400 m’/h. The molten metal was collected in the
0.6 m magnesia crucible at the rate of 320 kg/h, consisting of
iron with impurities of S, P, C, Si, Cu, of 50, 10, 60, 60, and
70 ppm, respectively [74].

Despite the Bethlehem falling-film reactor’s promising
results, it could not find the application on an industrial scale
due to the following reasons: (1) difficulty in acquiring a
high-power plasma torch, (2) good working life of plasma
torch, and (3) the high working voltage needed for obtaining
long stable arc [75]. These successes of continuous Fe pro-
duction by 1 MW plasma pilot plants showed the potential of
operations with economic energy requirements. This was the
remarkable turning point of thermal plasma steelmaking.
Apart from steel, ferrochrome and ferrovanadium could also
be produced using this 1 MW setup [73].

Nakamura ef al. [50] melted hematite by transferred arc
plasma in a water-cooled crucible. The reduced gas used for
producing plasma consisted of 10% to 50% H, mixed with
Ar. The laboratory-scale test has been reported elsewhere [1].
The degree of reduction obtained from this setup was dir-
ectly proportional to the H, fed into the reactor. Interestingly,
the H, utilization efficiency varied between 50% to 70%,
which is much higher than the theoretical equilibrium values
below 3000 K. This was ascribed to: (1) H reactivity in the
HP and (2) continuous contact of HP with the molten iron ox-
ide layer floating over the formed liquid iron. Phosphorus re-
moval by vapor formation was significant, which depended
on the CaO/(SiO, + AL, 03) ratio. Better phosphorus removal
occurred by Ar—H, plasma in comparison to Ar and Ar-N,
plasmas.

Kamiya et al. [51] investigated hematite reduction by
feeding with (1) batch type and (2) continuous feeding react-
ors. The reactors have been reported elsewhere [1]. The ap-
paratus for batch-type feeding comprised of a DC non-trans-
ferred plasma torch with a thoriated-tungsten cathode elec-
trode surrounded by a copper anode (water-cooled) and a
transferred plasma with copper crucible anode (water-
cooled). The non-transferred Ar plasma partially melted the
ore. The transferred Ar plasma achieved the complete melt-
ing. After melting, the reduction was accomplished by the
Ar-H, (7vol%) mixture. The DC power was 8.3 kW, with a
gas mixture flow rate of 20 L/min for samples weighing 25 to
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75 g. The reduction studies were performed for molten hem-
atite and FeO-bearing slags. The reduction of molten hemat-
ite varied linearly with time, and the reaction rate was pro-
portional to the partial pressure of H,. The rate-determining
step was the chemical reaction between FeO and H gener-
ated from HP via thermal dissociation. FeO-bearing slag was
reduced at a slower pace than molten iron oxide, and the rate
was proportional to the FeO content in the slag. The reduc-
tion of both hematite and FeO-bearing slag took place only at
the melt-plasma interface formed at the cavity of the melt,
which formed by the momentum of the plasma jet. In the
continuous feed reactor, reduction of pre-reduced hematite
was carried out. The reduction rate for continuous feeding
was higher than the batch-type reactor for all H, flow rates.

Kamiya et al. [51] hypothesized the mechanism for the
heterogeneous liquid—HP system formed during HP reduc-
tion of hematite. They proposed the kinetic steps as follows:
(1) H, diffusion through the gas film from the bulk phase to
the reduction interface between molten hematite and plasma
gas, or the interface between the plasma and FeO-bearing
slag, (2) O, diffusion from the molten hematite or molten
FeO-bearing slag bulk to the reduction interface, through a li-
quid film, (3) H, or H adsorption at the reduction interface,
(4) FeO dissociation at the reduction interface, (5) interface
reduction reaction, (6) desorption of product H,O from the
reduction interface, and (7) H,O diffusion from the reduction
interface to the bulk phase through a gas film.

Hiebler and Plaul [55] proposed their liquid HP reduction
as hydrogen plasma smelting reduction (HPSR), in which
molten iron was produced from its ore in a laboratory-scale
experimental setup. Their experimental results showed a
concept of the industrial scale HPSR plant to continuously
produce carbon-free iron melt from ore fines in a single stage.
Their technology assessment revealed that HPSR could pro-
duce steel at a 20% reduced cost compared to the conven-
tional routes of steelmaking. They also reported that HPSR
could produce higher product quality without damaging the
environment. The scale-up potential, thermodynamics, and
kinetics of HPSR were examined by Badr et al. [76]. The de-
tails are available in Ref. [1]. The laboratory-scale experi-
ments were carried out by Badr et al. [76] using an 8 kW DC
transferred arc reactor, with a voltage of 110 V and a current
of 70 A. Hollow graphite and lanthanated (1wt% La,Os)
tungsten electrodes were used in his setup. The fine ores in
100 g batches were charged. Fine ores were also continu-
ously fed through the hollow electrodes. The hollow elec-
trodes supplied the H, or mixture (Ar—H,) to the HP zone. H,
or mixture (Ar—H,) were supplied laterally via a ceramic
lance located 20 mm from the melt surface, at a maximum
flow rate of 5 L/min. For 30%, 40%, and 50% Ar—H, mix-
tures, they estimated the reduction degree, H, utilization de-
gree, total H, utilization, and oxygen reduction rates. Badr
et al. [76] studied the reduction of liquid hematite by H, and
HP and reported a significant decline in activation energy due
to the presence of HP. This decrease of activation energy en-
hanced the rate of reduction of FeO by almost one order. It
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was also observed that the chemical reaction controlled the
HP reduction process. Hence, the FeO—HP interfacial area
played a substantial role in reduction kinetics. Badr [44] stud-
ied batch type and continuous feeding and could establish a
stable arc by continuously feeding fine ores through the hol-
low electrode. The reduction rate also increased by 20%
compared to batch loading. These advantages of continuous
ore feeding opened the possibility of the scale-up process.

After the promising results for scaling up potential by
Badr et al. [44,76], the Chair of Ferrous Metallurgy at
Montanuniversitaet Leoben restarted the work on HPSR.
Naseri Seftejani and Schenk [56] examined the kinetics and
concluded that the reduction rate by H, is one or two orders
of magnitude higher than those by other reductants. They
also confirmed that HP is the most powerful reducing agent
due to enhanced temperature, which is the most crucial factor
influencing H, ionization and the rate of iron oxide reduction
[58]. It was also reported that the highest reduction rate could
be achieved when the reduction takes place at the high-tem-
perature region of the plasma arc. Also, they confirmed the
enhancement of the reduction rate by providing negative po-
larity to the molten pool. Furthermore, Naseri Seftejani et al.
[59] redesigned the 8 kW DC experimental setup with new
instrumentation and equipments. In this new setup, the HP
was generated between the tip of the graphite electrode as a
cathode and the ignition pin located in the steel crucible con-
taining hematite as the anode. However, they experienced
difficulties with the steel electrode, which caused the liquid
hematite to freeze, leading to a decrease in the reduction rate
and degree of reduction. Therefore, they proposed the use of
refractory material for the pilot plant.

Further, they evaluated the stability of plasma arcs in the
DC-transferred arc system of the HPSR by altering the gas
compositions (Ar, H,, Ar + H,, Ar + N,, N, + H,) and pro-
cess variables [61]. Using current and voltage variations, they
could evaluate the stability fields for these gas compositions.
They reported that the maximum reliable power input is lim-
ited by gas composition. Ar, the most stable gas, acts as a sta-
bilizer of gas mixtures. However, with increasing Ar, the
maximum transferable power gets limited. For pure H,, they
proposed a voltage range of 150200 V and a minimum cur-
rent of 100 A for maximum reliable power input. For the
range of 0—40% H,, increasing the amount of H, added to Ar
demands an 8-fold increase in power. In addition, the stabil-
ity of the arc reduces considerably with the charging of ore.
Therefore, the arc stability is dependent on the charging of
iron ore and its oxygen content, and the proportion of H, in
the Ar-H, mixture. They also recommended that to scale up
the HPSR, the relationship between arc stability and reduc-
tion rate should be explored. Keeping in mind the industrial
application of the HPSR, Naseri Seftejani et al. [60] ex-
amined the HPSR slag generation during batch and continu-
ous charging of iron ore with varying slag basicity. During
batch charging, the degree of H, utilization remained high
initially, which decreased with time. However, the degree of
H, utilization remained constant during continuous charging.

The highest degrees of reduction and H, utilization were ob-
tained with a slag basicity of 2.3. Thus, these findings open
up the possibility of further scaling up the HPSR process on
the industrial scale.

On the other hand, Behera et al. [62] obtained the novel
dimensionless parameters while exploring the HPSR of
Fe,O; in a 1 kg scale specially designed reactor using a water-
cooled copper crucible and a plasma torch. They evaluated
the hydrodynamics and degree of reduction of HPSR by us-
ing different dimensionless parameters such as the number of
stoichiometric amounts of H, (according to reduction reac-
tion) fed during the process, the ratio of bath height, and re-
actor diameter. They obtained close to 100% reduction by
maintaining the specific bath height and reactor diameter ra-
tio. These dimensionless parameters can be the most critical
ones for future scaling-up procedures on an industrial scale.

Souza Filho et al. [30] undertook a preliminary funda-
mental investigation on the phase transitions and chemical
evolution at the atomic scale in the HPSR study of 9and 15 g
hematite samples. They carried out the HPSR using an arc-
melting furnace, where the arc (44 V and 800 A) was struck
between a tungsten electrode and the sample, separated at a
distance of 6 mm. The chamber gas utilized in the investiga-
tion comprised of Ar—10vol%H,. However, the reduction
was not attainable in one cycle. Therefore, to minutely exam-
ine the phase changes and chemical composition during
HPSR, they subjected the samples to the interrupted spe-
cified number of cycles with exposure to HP for 1 min in
each cycle. Each cycle consisted of charging of the furnace
with the oxide sample and flooding of the chamber with fresh
Ar-10vol%H, gas mixture, HPSR, followed by solidifying
the sample using the water-cooled copper hearth on which
HPSR was carried out, and replenishing of the furnaces
chamber with fresh Ar—10vol%H, gas mixture for the next
cycle. The partially/completely reduced samples were ex-
amined down to atomic scale, emphasizing nano-chemistry,
interface structure, composition, and phase transformation
kinetics.

They concluded that the hematite reduction kinetics de-
pended on the balance between input material mass and arc
power. With increasing the number of cycles, the percentage
reduction increased, and the gangue components were gradu-
ally eliminated due to their vapor pressures, especially Si as
SiO. Although the total elimination of Si was not possible,
sulphur and phosphorous were almost eliminated, finally
producing low-impurity-content iron. The reduction kinetics
of the 9 g hematite specimens was sluggish during the final
25% of the reduction. By raising the weight of the hematite to
15 g, the reduction kinetics considerably increased, occur-
ring two times faster. It appeared that the high surface area of
molten pools facilitated the transfer of oxygen to the reduc-
tion interface, consequently faster reduction of 15 g sample.
However, for all cases, reduction of wustite is rate con-
trolling.

They reported that the reduction rate obtained in HPSR
employing Ar-10vol%H, is substantially equivalent to the
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rate of direct solid-state reduction of hematite using H, at
850-1000°C, the temperatures prevailing in shaft-furnace
[77]. Unlike the direct solid-state reduction of hematite using
H,, the diffusion of oxygen species is not rate-limiting in
HPSR. Also, the net energy balance of iron oxide reduction
by HPSR is exothermic, quite the opposite to the direct solid-
state reduction using H,. This characteristic ensures greater
efficiency in the power consumption of HPSR. However,
they did not mention any anticipated power consumption. Al-
though the study by Souza Filho et al. [30] has been made
only on small samples, and the comparison of HPSR has
been made with a solid-state reduction of hematite by H,,
their study provides a robust inference supporting that diffu-
sion is not rate-controlling in HP reduction; instead, the re-
duction remains in chemical control. Their foundational
study provides a new direction for the investigations on
scale-up studies on the reduction of iron ores by HPSR, a car-
bon-neutral alternative for green iron.

After examining the outcomes of reduction in the solid
and liquid state, herewith, a comparison has been made
between the reduction rates of FeO in solid phase [78] and li-
quid phase [79-80] in Fig. 5. Fig. 5 also compares the FeO
reduction using H, with that of reduction by HPSR
(liquid-HP) [44,52,81].
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Fig. 5. Rates of reduction of FeO by H, and HP processes.

Reprinted by permission from Springer Nature: Metall. Mater.
Trans. B, Hydrogen plasma processing of iron ore, K.C. Sabat
and A.B. Murphy, Copyright 2017.

Fig. 5 demonstrates that at the melting point, there are al-
most two orders of increase in reduction potential of H,, fa-
voring the reduction of hematite in the liquid state. However,
there is only a marginal increase in the reduction rate by in-
creasing the temperature to the plasma temperature, which
lies within the same order of magnitude. However, the reduc-
tion rate increased almost one order of magnitude when
transferred, and non-transferred plasmas were combined.

Surprisingly, all the above researchers [30,51,53—54,77]
came to the same conclusion: the HP reduction process is
chemical control. It signifies that the HP species diffuse so
quickly that the diffusion barrier is broken down. As a result,
if HP is employed instead of H,, typical classic diffusion-
controlled processes can be transformed into chemical-con-
trolled processes. It is well known that chemical reactions de-
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pend on thermodynamic parameters (temperature, pressure,
etc.) and kinetic parameters (activation energy, interfacial
area, concentration, nature of reactants, etc.). The benefits of
HP reduction have already been noted in terms of thermody-
namics. The H; and H recombination offer the kinetic ad-
vantage by decreasing the activation energy. Also, the con-
centration and nature of HP can be regulated in the solid—HP
and HPSR. However, increasing the interfacial area re-
mained a challenge in solid-HP and HPSR. The interfacial
area problem can be resolved by employing fine ores, and the
time of contact can be increased by applying in-flight reduc-
tion. Also, continuous feeding through a hollow electrode
provides reduction enhancement of up to 20% [44]. Using
non-thermal plasma increases H, lowering the activation en-
ergy, and hastening the reduction. Combining all these out-
comes of the prior investigations, HP creates a new research
area of in-flight reduction, which removed most of the gaps
of solid-HP and HPSR.

(2) In-flight HP reduction.

Sohn and M. Olivas-Martinez [9] performed in-flight H,
reduction of iron ore in a novel-flash reactor at a temperature
higher than 1450 K and 2-3 s particle residence time. The
high activation energy of 463 kJ/mol was obtained for the
process, indicating significant temperature dependency. It
was conclusively confirmed that iron oxide concentrate
particles could be >95% reduced by H, in the residence time
of several seconds, at 1473 K or above, typically available in
the novel-flash reactor [82]. It was claimed that the energy
required for the sensible heat of solid and gas feed materials
and the reduction reaction of iron oxide might be supplied by
a single or multiple burners or in combination with a plasma
torch. Although they indicated that the plasma torch might
provide sensible heat to solid and gas feed materials, they
didn’t mention whether HP has been employed in their flash
reactor. In addition, adequate details about their flash reactor
have not been documented. However, their experimental res-
ults (high activation energy, residence time, and possible use
of plasma for supplying sensible heat to solid and gas materi-
als) bring the in-flight reduction by HP into the picture. Fur-
thermore, it has been recently established that the employ-
ment of non-thermal HP in reduction lowers the activation
energy, making the reduction process under chemical reac-
tion control, which is reliant on the emerging rate of the vi-
brationally-excited hydrogen molecule [1,4,6,31-40]. These
facts further support the new avenue of in-flight reduction by
low-temperature HP for mass production.

Despite the numerous advantages achievable by in-flight
reduction, unlike HPSR, in-flight reduction has not been
thoroughly researched. Nevertheless, in-flight reduction
came to the limelight when Stokes achieved complete reduc-
tion by injecting hematite powder with H, into a helium (He)
plasma [63]. The completely reduced iron powders could be
collected by cold finger, 5 inches from the feed inlet. Gilles
and Clump [63] carried out the in-flight reduction of iron ore
by HP in a DC plasma jet reactor, reported elsewhere [1]. The
setup was similar to the falling film reactor. But cathode’s



K.C. Sabat, Hematite reduction by hydrogen plasma: Where are we now?

outer edge consisted of tangential slots through which the
plasma gas (H, or Ar/H, volume ratio of 3:1) was introduced,
whereas the hematite ore fines of two size range —200+230
and —270+325 mesh size) were introduced through two op-
posite orifices of anode inclined at 45°. The reduced products
from the in-flight reduction of oxide particles were collected
on a quench plate located at 146 or 197 mm below the plasma
exit nozzle. Around 70% reduction was obtained using a low
hydrogen flow rate, HP gas, and finer ore size (—270+325
mesh).

Another approach called sustained shockwave plasma
(shown in Fig. 6) has also been used for hematite reduction
[68—69]. The cathode was placed at the centre in this plasma
setup, surrounded by several anodes. First, the arc is pro-
duced between the cathode and an anode. The arc was moved
from one anode to another using magnetic field coils. The
magnetic field coils added pulses to the base current at 1500
Hz pulse rate, which produced compression and rarefaction

Cathode
\
X f
‘ %
—
Reactant
feed
\| .|/
AN Anodes
(- N
Plasma plume
Free fall
= chamber
Product
collection
crucible

Fig. 6. Sustained shockwave plasma reactor. Reprinted by
permission from Springer Nature: Metall. Mater. Trans. B, Hy-
drogen plasma processing of iron ore, K.C. Sabat and A.B.
Murphy, Copyright 2017.
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pressure waves in the plasma, creating an expanded plasma
of cone shape. Iron oxide particles are injected into the react-
or near the cathode, where they fall into the turbulent plasma
cone. The reduction takes place in this turbulent plasma cone.
The highly turbulent HP draws fine iron ores into itself,
bringing them into close contact with the hottest and most en-
ergetic gas atoms over the entire volume. The goal is to
“completely entrain and process enormous amounts of
particle feedstock.”

Kitamura et al. [64] demonstrated the Fe,O; in-flight HP
reduction by using an Ar—H, plasma, as shown in Fig. 7. The
details have been explained elsewhere [1]. Pure Fe was ob-
tained from reduction.

Dayal and Sadedin [66] designed a “rail reactor” for car-
rying out the in-flight reduction of hematite particles, as
shown in Fig. 8. Hematite fines are introduced from the top
of a horizontal reactor, and reduction takes place by a hori-
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Fig. 7. In-flight HP reduction of Fe,O; by using an Ar-H,
plasma. Reprinted by permission from Springer Nature:
Metall. Mater. Trans. B, Hydrogen plasma processing of iron
ore, K.C. Sabat and A.B. Murphy, Copyright 2017.
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zontal transient moving arc. The rail reactor established the
three factors required for successful reduction: (1) H should
be available throughout the reactor’s reaction volume to
make the reduction faster, (2) hematite particles must remain
present in HP till the completion of reduction, and (3) the
temperature must be below the dissociation temperature of
H,O. The rail reactor was devised to satisfy these conditions.
Results from the rail reactor showed that H could exist for
sufficient time to reduce hematite; therefore, it is a promising
option for the in-flight reduction of hematite.

However, the identical mechanism of the horizontal rail
reactor was applied long back by Nikolic and Segsworth
[67]. They called it an extended arc furnace, as shown in Fig.
9. They developed an arc furnace producing a long stable HP
flame for the in-flight reduction by introducing the plasma
gas through a hollow electrode. This gas produces the stable
plasma required to reduce hematite descending through the
plasma. The pre-heated hematite fines (38 to 295 pum) are
charged from the top at a feed rate of 1 to 3 kg/h. The reduc-
tion was complete with a falling time of 200 ms. The effi-
ciency of the reactor was higher than other plasma reactors
incorporating the fluidized bed technique.
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Fig. 9. Extended Arc reactor. Reprinted by permission from
Springer Nature: Metall. Mater. Trans. B, Hydrogen plasma
processing of iron ore, K.C. Sabat and A.B. Murphy, Copy-
right 2017.

The benefits of HP hematite reduction have been emphas-
ized throughout the manuscript, and the drawbacks should be
highlighted as well. HP reduction is influenced by several
factors, the most important of which are the cost of H, pro-
duction and HP creation. First and foremost, low-cost, non-
polluting H, generation methods are essential for the eco-
nomic sustainability of HP reduction processes. H, is cur-
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rently produced mostly through steam methane reforming or
steam extraction and the electrolysis of H,O. The downside
of steam extraction is that it releases greenhouse gases into
the atmosphere, such as CO and CO.. Electrolysis of H,O to
produce H, necessitates a high current through H,O to separ-
ate hydrogen and oxygen atoms, which is energy-intensive
and costly. However, electricity generated from carbon-free
renewable sources such as sun, wind, and geothermal can
also be used in H,O electrolysis. Also, there are several initi-
atives to manufacture H, using semiconducting electrodes
and solar radiation [1,7-8]. Furthermore, huge attempts have
been made to utilize nuclear energy for the cost-effective
manufacturing of massive amounts of H, [83—89].

The generation of HP is another issue. Thermal HP would
have been preferred, but its temperatures are higher than the
boiling point of Fe and the dissociation temperature of Fe ox-
ides. Also, significant attention is essential to avoid the Fe
and O reversal reaction while applying thermal HP. Another
critical issue is the removal of H,O vapor from the reduction
site to shift the equilibrium towards the Fe production. In this
contest, utilizing non-transferred arc HP in-flight reduction is
a viable method. However, it has yet to be documented. Most
of the challenges associated with thermal plasma can be
overcome with non-thermal HPs. Non-thermal plasmas also
contain the necessary features for successful hematite reduc-
tion, such as substantial levels of rovibrational excitation and
H, dissociation, followed by recombination at the reduction
interface. Traditional non-thermal plasmas, on the other
hand, rely on a vacuum, which raises the expense. As a result,
non-thermal atmospheric plasmas (i.e., divergence from
LTE) are expected to accelerate the pace of reduction. In an
earlier publication [1], LTE deviation has been discussed in
great detail. For example, MW plasma, has 7, values 2 to 10
times larger than the temperatures of heavy species. On the
other hand, microwave adds to the cost, and a counter-cur-
rent solid-HP moving bed reactor employing MW has yet to
be documented. A complete techno-economic feasibility ana-
lysis, on the other hand, remains a challenge!

5. Conclusions

A summary of recent progress in hydrogen plasma hemat-
ite reduction is presented. The advantages of hematite reduc-
tion by HP are as follows: (1) HP eliminates the problems as-
sociated with conventional iron production by using coal
and/or H,. In addition, HP eliminates CO, emissions. (2) HP
can be produced in various ways, and it can be created using
DC, AC, radiofrequency, microwave, or any other electro-
magnetic fields. (3) HP provides the thermodynamic and kin-
etic advantages due to the excited species, making the reduc-
tion feasible at a lower temperature. (4) There is no need for
volumetric heating with HP. It merely heats the reduction in-
terface, the requisite for reduction. Volumetric heating is
eliminated, which decreases heat loss and costs. (5) The pro-
duction of carbon-free iron can be accomplished in a single
process, potentially eliminating the need for coke ovens, ag-
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glomeration plants, blast furnaces, and oxygen steelmaking
operations in future steelmaking technology. (6) The ability
to accommodate finely-divided iron ore concentrates without
pre-agglomeration avoids the requirement for multiple unit
steps/processes in ironmaking and steelmaking. (7) The pro-
cess has the potential of decreasing the cost due to the elimin-
ation of multiple operations. (8) The single-step method,
which does not use carbon, offers more control than the blast
furnace process. (9) In-flight reduction eliminates the major-
ity of the shortcomings of solid-HP and HPSR. (10) Adopt-
ing in-flight reduction using non-thermal atmospheric hydro-
gen plasmas with high divergence from local-thermodynam-
ic equilibrium remains a challenge!
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