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Iron is currently produced by carbothermic reduction of oxide ores. This is a multiple-stage
process that requires large-scale equipment and high capital investment, and produces large
amounts of CO2. An alternative to carbothermic reduction is reduction using a hydrogen
plasma, which comprises vibrationally excited molecular, atomic, and ionic states of hydrogen,
all of which can reduce iron oxides, even at low temperatures. Besides the thermodynamic and
kinetic advantages of a hydrogen plasma, the byproduct of the reaction is water, which does not
pose any environmental problems. A review of the theory and practice of iron ore reduction
using a hydrogen plasma is presented. The thermodynamic and kinetic aspects are considered,
with molecular, atomic and ionic hydrogen considered separately. The importance of
vibrationally excited hydrogen molecules in overcoming the activation energy barriers, and in
transferring energy to the iron oxide, is emphasized. Both thermal and nonthermal plasmas are
considered. The thermophysical properties of hydrogen and argon–hydrogen plasmas are
discussed, and their influence on the constriction and flow in the of arc plasmas is considered.
The published R&D on hydrogen plasma reduction of iron oxide is reviewed, with both the
reduction of molten iron ore and in-flight reduction of iron ore particles being considered.
Finally, the technical and economic feasibility of the process are discussed. It is shown that
hydrogen plasma processing requires less energy than carbothermic reduction, mainly because
pelletization, sintering, and cokemaking are not required. Moreover, the formation of the
greenhouse gas CO2 as a byproduct is avoided. In-flight reduction has the potential for a
throughput at least equivalent to the blast furnace process. It is concluded that hydrogen plasma
reduction of iron ore is a potentially attractive alternative to standard methods.
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I. INTRODUCTION

Almost all economically important metals are
extracted from naturally occurring ores. Of these metals,
the d-block transition metals play a particularly signifi-
cant role in our day-to-day life. These transition metals
have assumed utmost importance due to our ever-growing
population and economy. The most widely used transition
metal in modern times is iron, in the form of steel.
Globally, iron and steel production has surpassed 1660
million tonnes per annum, and is increasing day-by-day.[1]

Steel production is not only energy intensive, but also
environmentally sensitive, at a time when climate change
is a great concern throughout the world. The steel
industry has been successful in reducing the energy
consumption per tonne of steel by 60 pct in the last 50
years. This drastic change leaves little room for
improvement of conventional technologies. Of these
technologies, blast furnace–basic oxygen furnace—
accounts for 70 pct of the total world steel production.[2]

The blast furnace–basic oxygen furnace process
requires huge capital investments and is highly energy
intensive. The feedstock used by the process includes
sinters or pellets from medium/high-grade iron ore and
coke, manufactured from coking coal. Both medium/
high-grade iron ore and coking coal are being depleted,
placing limitations on future supply. Pelletization,
sintering, and cokemaking, are problematic and costly
steps, and are also facing tighter regulation. The process
requires the use of carbon, leading to the emission of the
greenhouse gas CO2 into the atmosphere; for every
tonne of steel produced, 1.8 tonnes of CO2 is emitted. As
a consequence, the iron and steel industry is responsible
for 6.7 pct of total global CO2 emissions.[2] Climate
change associated with the emission of CO2 and other
greenhouse gases is pushing the world into a dangerous
realm, with consequences including shrinking glaciers,
rising sea levels, heat waves, destruction of ecosystems,
loss of biodiversity, and economic losses.[3] There have
been considerable efforts worldwide to decrease CO2

emissions from the steel industry; however, the blast
furnace—basic oxygen furnace process is a mature
technology, and advanced facilities operate close to
thermodynamic equilibrium. Therefore, a significant
reduction of CO2 emissions using conventional tech-
nologies does not seem feasible.[4]

Although a number of myths have been propagated
about the steel industry, such as ‘the steel industry is
mature,’ and the steel industry is dying,’ there is in fact a
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rapid growth in demand for iron and steel.[5] In order to
keep pace with this demand, and as a response to the
problems faced by the blast-furnace—basic-oxygen-fur-
nace process, considerable research has been and contin-
ues to be performed on low-carbon breakthrough
technologies worldwide, including in the EU (ULCOS),
Japan (COURSE50), US (AISI), Canada (The Canadian
Steel Producers Association), South Korea (POSCO),
China (Bao Steel & China Steel) and Australia (CSIRO,
Bluescope Steel and One Steel). To date, about US $1
billion has been invested in these R&D projects, the
highest investments being in the ULCOS I (US $95
million) and ULCOS II (US $630 million) technologies.[2]

These programs have identified the steelmaking tech-
nologies with the most promise of reducing CO2 emis-
sions by more than 50 pct. Hydrogen stands out as the
strongest candidate for an alternative reductant in place
of carbon (ULCOS II, COURSE50, POSCO, etc.).[6–10]

Hydrogen shows several technical advantages: (a) the
product gases are mixtures of H2O and H2, thereby
avoiding CO and CO2, (b) thermodynamic and kinetic
considerations mean that the reduction rate is fast,[10–15]

(c) its use avoids carbon content in the produced iron,
and (d) it allows the use of metallurgical coke, which is
polluting and expensive, to be avoided. The consump-
tion of hydrogen is much low than that of carbon, as
shown in Table I.[11] Further, it has been recently
reported that energy consumption is reduced by 32 or
57 pct, and CO2 emissions are reduced by 61 or 96 pct,
compared with blast furnace ironmaking, for natural
gas and hydrogen, respectively, as the reductant/fuel.[15]

These benefits come mainly due to the elimination of
coke making and sintering or pelletization.[15] For a
detailed and comprehensive discussion on ironmaking,
the reader is referred to References 16 through 18.

Some ambitious projects are underway using hydro-
gen as an alternative reductant.[19,20] The objective is to
produce liquid steel directly from iron ore, and hence
these processes are called direct steelmaking pro-
cesses.[21] They can be divided into two groups:
shaft-furnace and fluidized-bed processes.

The shaft-furnace processes are direct reduction
processes that utilize the higher reactivity of hydrogen,
relative to carbon monoxide, for reduction of iron ore at
lower operating temperatures. The dominant shaft-fur-
nace processes are MIDREX[22] and HYL.[23–25] How-
ever, the shaft furnaces require a pelletization step,
which entails additional cost and environmental prob-
lems. Further, shaft furnaces cannot match the large
production rates of blast furnaces, due to the problems
with the sticking and fusion of particles[26,27] and pellet
disintegration.[28–31]

The fluidized-bed processes are direct reduction or
smelting processes that use iron ore fines. Iron ore fines,
in this context, correspond to the majority of individual
particles measuring less than 10 mm diameter. POSCO’s
FINEX,[32–37] Lurgi’s CICRORED,[38–40] and the
FIOR,[41] FINMET,[33–42] and Iron Carbide[43] processes
are the representative large-scale applications of the
technology.
It has been recently reported that the low-grade fine

iron ore concentrates, in this case particles of size less
than 100 lm, can be reduced with hydrogen gas in
small-scale units, bypassing problematic and costly steps
such as pelletization, cokemaking, and sintering.[44] In
this context, a new technology using hydrogen gas,
named ‘suspension ironmaking technology’ is under
development at the University of Utah.[19,20] The pro-
cess is essentially the first flash-type ironmaking process,
in which the fine iron ore concentrate is converted
directly to metallic iron by in-flight reduction with
molecular hydrogen. The use of dilute particle suspen-
sion greatly diminishes sticking and fusion problems, so
the proposed process can be operated at high temper-
atures, allowing high intensities, and ensuring favorable
thermodynamics. The raw materials can be fed easily,
and it is possible to produce either solid or molten iron.
The material and energy balance calculation of their
process shows that the process reduces energy consump-
tion, compared with the blast furnace, by 38 pct and
CO2 emission by 96 pct.[19] The process should be
readily adaptable to a large-scale reactor.
There have also been studies performed of an in-flight

reduction process using heated but nonionized hydrogen
gas. Since the process is easily adaptable to HP, we
consider it later in this paper (in Section VI–B–2) in the
context of related HP processes.
Hydrogen in the plasma state provides thermodynamic

and kinetic advantages for reduction because of the
presence of atomic, and ionic, as well as vibrationally
excited, hydrogen species. The energy carried by these
species can be released at the reduction interface, leading
to local heating. Thus, reduction by hydrogen plasma
(HP) does not require volumetric heating, as is required
for molecular hydrogen. This allows the heat loss from the
reactor to be reduced, with accompanying cost savings. It
has been reported that steel of high quality and produc-
tivity can be produced using a HP, with a cost saving of 20
pct compared with the blast furnace process.[45]

Although hydrogen is the preferred reductant fuel
from the environmental and reduction kinetics view-
points, it is currently expensive.[46] Nevertheless, there
are widespread expectations for the development of the
hydrogen economy, and thus the availability of

Table I. Masses of Reductants and Products in Case of Reduction of Hematite to Iron

Reaction C CO CO2 H2 H2O

Fe2O3+3C fi 2Fe+3CO 36 84
Fe2O3+3/2C fi 2Fe+3/2CO2 18 66
Fe2O3+3H2 fi 2Fe+3H2O 6 54

Tonnes per 112 tonne of Fe
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inexpensive hydrogen; much effort and many resources
are being devoted toward this goal.[46] Production of
hydrogen currently uses either reforming of methane or
electrolysis of water, both of which are energy intensive
processes. However, there is a large research effort
devoted to using solar energy for the production of
hydrogen, for example through use of solar cells to
provide the electrons necessary to electrolyse water, or
through photocatalytic water splitting, in which the
action of sunlight on a semiconductor immersed in
water is used to produce hydrogen directly.[47,48]

HP reduction of iron oxide can occur for different
physical states of iron oxide. Depending on the physical
state of the reacting iron oxide at the reaction interface,
we divide the HP reduction of iron oxide into two classes:
heterogeneous processes, in which the reduction reactions
occur at the interface between the HP and the molten or
solid iron oxide, and homogeneous processes, in which
the iron oxide is vaporized, so reactions occur in the gas
phase. Homogeneous processes can also be referred to as
dissociative reduction.[11] The great majority of processes
investigated are heterogeneous, but we consider homo-
geneous processes as well, both for completeness and
because their characteristics are instructive.

This review builds on earlier publications,[11–14] which
provided a general overview of the reduction of metal
oxides by HPs,[11] study of HP reduction of cobalt
oxide[12] and copper oxide,[49] and experimental studies
of the reduction of iron oxide in a microwave HP.[13,14]

We refer on several occasions to[11] in particular, to
avoid unnecessary duplication.

Our review is structured as follows. We begin in
Section II with a brief introduction to plasmas of indus-
trial interest, emphasizing the difference between thermal
and nonthermal plasmas. We then discuss the thermody-
namics of the hydrogen reduction process in Section III,
with particular emphasis on the advantages associated
with vibrationally excited hydrogen molecules and atomic
hydrogen, which are produced in plasma processes. We
also consider the relevance of hydrogen ions, taking into
account the influence of charging of the melt.

The reduction of iron oxide by thermal HP involves
three steps: (i) transfer of HP species from the gas or
plasma to the HP–iron-ore reduction interface, (ii)
reduction reactions at the interface, and (iii) transfer
of the products from the interface to the bulk of the
respective phases. Of these, the second step is controlled
by thermodynamics and reaction kinetics; at the high
temperatures of thermal HP, these factors are generally
favorable. The overall reduction kinetics is then con-
trolled by the first and third steps, which depends on the
transfer of heat, mass, and momentum. Therefore, we
examine in Section IV the thermophysical properties of
hydrogen and argon–hydrogen thermal plasmas.

This is followed in Section V by an examination of the
kinetics of the hydrogen reduction process, as well as
departures from equilibrium of atomic hydrogen gener-
ation, as occur in nonthermal plasmas, and in some
regions of thermal plasmas.

We then, in Section VI, review the published exper-
imental studies on reduction of iron ore by HP. We first
consider the relatively few experimental studies of

reduction of iron oxide in nonthermal HP. This is
followed by a detailed review of the published work on
reduction of iron ore by thermal HPs. Processes in
which the HP reduces liquid iron oxide at the interface
between the plasma and the ore, and in-flight reduction
processes, are both considered.
Finally, in Section VII, we consider the technical and

economic feasibility of HP reduction of iron ore,
looking in particular at the energy efficiency and
throughput compared with conventional processes.

II. FUNDAMENTALS OF PLASMAS

Plasmas are known as the fourth state of matter. A
plasma is formed when sufficient energy is transferred to
a gas to partially ionize the molecules or atoms. The vast
majority of the universe including stars and the inter-
stellar medium, is in the plasma state. On Earth, plasmas
occur in lightning and in flames, and are applied in
many industrial processes.
Plasmas of industrial interest can be divided into two

main classes: thermal and nonthermal plasmas. (Here
we do not consider plasmas used in experimental devices
aimed at producing nuclear fusion, which is not yet an
industrial process.)

A. Thermal Plasmas

Thermal plasmas are at pressures above about 0.1
atm. They can be produced between two electrodes by a
DC or AC voltage, or by a radiofrequency or microwave
electromagnetic field. Initially the electrons are heated,
but the high pressure ensures a high rate of collisions
between the electrons and heavy species (molecules,
atoms, and ions), so that the temperatures of the
electrons and heavy species rapidly reach equilibrium.
This gives rise to the property of local thermodynamic
equilibrium (LTE), which requires that all the temper-
atures (translational temperatures of electrons and
heavy species, electronic, vibrational, and rotational
excitation temperatures of atoms and molecules, and the
equilibrium temperature of chemical reactions) are equal
at a given position.
LTE is usually a valid assumption in the central

regions of thermal plasmas produced by a DC or AC
voltage, or by a radiofrequency electromagnetic field.
Deviations can occur near electrodes, and in the fringes
of the plasma, with electron temperatures being higher
than the heavy-species temperature in these regions.
Examples relevant to HPs will be considered in Sec-
tion V–B. Microwave plasmas usually have strong
deviations from LTE, with the electron temperature 2
to 10 times higher than the heavy-species temperature.
Typical thermal plasma temperatures are in the range

of 5000 K to 25,000 K (4727 �C to 24,727 �C), and
typical electron densities are of the order of 1023 m�3 in
the case of atmospheric pressure, corresponding to
complete first ionization of all atoms. Figure 1 shows
the calculated composition of an LTE HP at 1 atm for
temperatures up to 30,000 K (29727 �C). The hydrogen
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is 50 pct dissociated at about 3500 K (3227 �C), and 50
pct ionized at about 15,000 K (14,727 �C).

As energy is added to the hydrogen molecule, it moves
from the ground state to higher rotational and then
vibrational levels. These levels have relatively long
lifetimes. The first rotational level is only 0.015 eV
above the ground state, and the first vibrational level is
0.516 eV above the ground state.[50] The energies
required to access these excited states are much less
than the 5.42 eV required for dissociation. Dissociation
typically occurs stepwise, as a molecule gains energy
through collisions and moves into increasingly high
rotational and vibrational levels. As hydrogen gas is
heated, the proportion of molecules in a given rovibra-
tional level increases according to the Boltzmann
distribution. More detail is given in Section V–C.

DC thermal plasmas can be divided into transferred
arcs (in which one of the electrodes is the work piece,
i.e., the charge or melt in metallurgical applications) and
nontransferred arcs, in which the arc is between two
electrodes within a plasma torch, and a jet of plasma
issuing from the torch is used for the process.

Applications of thermal plasmas include arc welding,
plasma spraying, plasma cutting, arc furnaces, and other
metallurgical applications, arc lighting, waste treatment,
nanoparticle production, and particle spheroidization.
These applications make use of the high temperatures,
high heat fluxes, and strong radiative emission, which
characterize thermal plasmas.

B. Nonthermal Plasmas

Nonthermal plasmas are also known as nonequilib-
rium or cold plasmas. In such plasmas, the electron
temperature is very much higher than the heavy-species
temperature. As in thermal plasmas, the electrons are
initially heated by an electric or electromagnetic field.
However, in nonthermal plasmas, the electrons do not
efficiently transfer energy to the heavy species. This can
be due to operation at a low pressure, with a consequent
reduction in collision rate. Nonthermal plasmas can also

be produced at atmospheric pressure by ensuring the
lifetime of the plasma is very short (well below a
microsecond); in this case there is insufficient time for
the electrons to heat the heavy species. This can be
achieved by inserting a dielectric barrier between the two
electrodes to which an AC voltage is applied; the
build-up of charge on the dielectric interrupts the
discharge, which resumes when the polarity is reversed.
Nonthermal plasmas are characterized by several

temperatures, including the translational or kinetic tem-
peratures of electrons (Te), ions (Ti) and neutrals (Tg),
and the vibrational (Tv) and rotational (Tr) excitation
temperatures of molecules. These are generally referred to
as the electron, ion, gas, vibrational, and rotational
temperatures, respectively. Typically they follow the
order Te>Tv>Tr � Ti � Tg.

[51,52] In many nonthermal
plasma systems, Te is about 1 eV (~11,600 K
(11,327 �C)), while Tg is close to room temperature.
Low-pressure plasmas are used for applications includ-

ing etching of semiconductors and thin-film deposition.
Applications of atmospheric-pressure nonthermal plas-
mas include ozone production, gas cleaning, modifying
the surface properties of plastics, and plasma displays.

III. THERMODYNAMICS OF THE REDUCTION
PROCESS

Thermodynamic and kinetic principles provide guid-
ance toward potential pathways for the reduction of
metal oxides. The spontaneity or feasibility of the
reduction is established by its Gibbs standard free
energy change (DG�). For a reduction to be sponta-
neous, DG� should be negative. The Ellingham diagram
provides DG� of oxides as a function of temperature
(T).[11,45] The diagram gives an estimate of how changes
in T, pressure (P) and composition affect the chemical
equilibrium of oxides, thereby providing information as
to the stability as well as the possibility of reduction of
oxides. An Ellingham diagram for a wide range of metal
oxides is given in Figure 2.

Fig. 1—The temperature dependence of species number densities in a hydrogen plasma in local thermodynamic equilibrium at 1 atm.[62–64]
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The Ellingham diagram of iron oxides, including
hydrogen species, is presented in Figure 3. An elemental
reactant associated with a given line can reduce an oxide
associated with a line at larger DG�.

As evident from Figure 3, the H2–H2O line lies below
the lines of hematite (Fe2O3) and, for temperatures
above 900 K (627 �C), magnetite (Fe3O4). H2 should
therefore reduce these iron oxides. In practice, this does
not happen, due to thermodynamic and kinetic con-
straints. Now, some kinetic features of gaseous reduc-
tion of iron ore are well established.[53–60] The
reduction of iron ore by H2 occurs in stages,
Fe2O3 fi Fe3O4 fi FexO fi Fe. FexO, whose miner-
alogical name is wustite, has significant stoichiometric
variability, with x assuming values from 0.83 to 0.955.
Assuming x = 1 for simplicity, the fractional oxygen
removals are 1/9, 2/9, and 6/9, respectively. The
corresponding reduction reactions can be presented
by the reactions:

3Fe2O3 þH2 ¼ 2Fe3O4 þH2O

DG�
1 ¼ 3:0� 0:1096T T in Kð Þ

½1�

Fe3O4 þH2 ¼ 3FeOþH2O

DG�
2 ¼ 65:75� 0:702T T in Kð Þ

½2�

FeOþH2 ¼ FeþH2O

DG�
3 ¼ 18:45� 0:102T T in Kð Þ

½3�

the overall reaction being

Fe2O3 þ 3H2 ¼ 2Feþ 3H2O

DG�
4 ¼ 37:57� 0:0432T T in Kð Þ

½4�

As seen from the DG� in the above equations, the
thermodynamically favorable steps in iron oxide reduc-
tion are Fe2O3 fi Fe3O4 and Fe3O4 fi FeO, at temper-
atures above 900 K (627 �C). So these steps can be
carried out by removing the kinetic barrier. The final
step, FeO fi Fe, which entails the greatest fractional
oxygen removal (6/9), is not only endothermic but also
DG� positive. For example, at 1673 K (1400 �C), DG3�=
3.76 kJ/mol.[61] The hydrogen reduction of Fe2O3 fi
FeO has a large equilibrium constant, i.e., it is essen-
tially irreversible, while in contrast FeO fi Fe has an
equilibrium constant that strongly favors the reverse
reaction.[61] This is indicated by the location of the
H2–H2O line above the Fe–FeO line in Figure 3. In
order to move the H2–H2O line downward to a position
below Fe–FeO line, to make FeO fi Fe feasible, the use
of a HP becomes important.
When the H2 is provided with sufficient energy (hv), it

converts to a HP containing rotationally and vibra-
tionally excited (or using more concise terminology,
rovibrationally excited), hydrogen molecules (H2

*),
monoatomic hydrogen (H), and ionic hydrogen (H+.).
The energy can be either supplied by thermal heating or
electric discharges (DC, microwave, radio-frequency,
inductively coupled, etc.).
The HP can be represented by

H2 gð Þ þ hv ¼ HP H�
2=2H=2Hþ� �

DG�
5 � 0 ½5�

Fig. 2—Ellingham diagram for metal-oxide conversion, showing
MO-M, H2O-H2, H2O-H, and H2O-H+ lines. Fig. 3—The Ellingham diagram of iron oxides, including hydrogen

species, showing the influence of different levels n of dissociation of
H2.
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The distribution of different excited species in a HP in
local thermodynamic equilibrium at atmospheric pres-
sure was given in Figure 1.[62–64]

The overall reaction for reduction of FeO by an HP
can be obtained by thermodynamic coupling of Eqs. [3]
through [5]. This leads to

FeOþHP H�
2=2H=2Hþ� �

¼ FeþH2O

DG�
6 ¼ DG�

3�DG�
5<0 ½6�

The DG� becomes negative (indicating that reduction
is feasible) even at low T. Here, T refers to the
temperature of all the species present at the reduction
interface under local thermodynamic equilibrium in a
thermal plasma. It should be noted that the effect of H2

*

on DG� has not yet been reported. The stored energy in
H2

* will, however, increase the rate of dissociation,[65] as
will be discussed in Section V–C. However, the H and
H+ present in the plasma decrease DG� by around 900
and 6000 kJ/mol, respectively,[11] as shown in Figure 3.
This decrease in DG� indicates the importance of the HP
in the reduction of iron oxides.

A. Role of Monatomic Hydrogen

Hydrogen removes the oxygen from iron oxide by
oxidation. The DG� values for oxidation of H2 and H are
given by References 66 and 67:

2H2 þO2 ¼ 2H2O DG�
7 ¼ �492:9þ 0:1096T T in Kð Þ

½7�

4H ¼ 2H2 DG�
8 ¼ �875:61þ 0:21205T T in Kð Þ ½8�

4HþO2 ¼ 2H2O DG�
9 ¼ �1368:51þ 0:3267T T in Kð Þ

½9�
DG� is dependent on the physically measurable

quantities of equilibrium partial pressure (p) and T.

The p of H2 or H required for the reduction of different
iron oxides with hydrogen is determined from the
equilibrium constant, which is in turn determined from
DG�. The temperature dependence of the partial pres-
sure of H2 and H required for the reduction of iron
oxides is shown in Figures 4(a) and (b), respectively; the
diagrams have been drawn from the data taken from the
literature.[66–69] As shown in Figure 4(a), the reaction
Fe2O3 fi Fe3O4 is thermodynamically feasible at all
temperatures at very low p of H2 (~10�4 to 10�5). The
other two reduction steps (Fe3O4 fi FeO and
FeO fi Fe) require higher p. But unlike H2, the p
required for H for these reactions is very low, as shown
in Figure 4(b).
Such low partial pressures of H can be obtained using

a nonthermal plasma, favoring the production of iron
by direct reduction of iron oxides.[11–14] Although the
required p of H is low, H is unstable with a short lifetime
(~4 ms), while H2 is of course stable,[8] and a pure H
atmosphere cannot be created. However, mixtures of H
and H2 with varying fractions of H can be produced.
These metastable mixtures have usable lifetimes.[70]

These mixtures may be applicable to reduction of iron
oxides. Deviations from chemical equilibrium can pro-
duce enhanced concentrations of H in thermal plasmas
as well, as will be discussed in Section V–B.
The H and H2 equilibria are described in Eqs. [7]

through [9]. Assuming that the hydrogen gas mixture
consists of only H and H2, and the mixture obeys the
ideal gas law i.e., pH

pH2

¼ nH
nH2

, where p and n represent the

partial pressure and the number of moles of the
components, respectively, the mixture of H and H2

reacts with the oxygen in FeO to form water vapor
according to the following stoichiometry:

nHHþ nH2
H2 þ

nH
4

þ nH2

2

� �
O2 ¼

nH
2

þ nH2

� �
H2O

½10�
As discussed in Reference 11 DG10� for this reaction is

calculated from DG7�and DG9� as

Fig. 4—Equilibrium partial pressures for reduction by (a) molecular hydrogen and (b) atomic hydrogen.
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DG�
10 ¼

1

2� n
�985:75� 382:75nþ ð0:21924þ 0:10242nÞT½ �

½11�

where n is the mole fraction of atomic hydrogen. It
was shown in Reference 11 that DG10� decreases as n
increases.

The value of DG� for 2Fe+O2 = 2FeO is given by
Reference 66

DG�
11 ¼ �529:8þ 0:1307T T in Kð Þ ½12�

The reduction of FeO by a mixture of H and H2 can
be represented by

4n

2� n
Hþ 4ð1� nÞ

2� n
H2 þ 2FeO ¼ 2H2Oþ 2Fe ½13�

The DG� for this reduction reaction is
DG�

12 ¼ DG�
10 � DG�

11:
Using the values of DG�

10 and DG�
11, at equilibrium

(i.e. DG�
12 ¼ 0), the mole fraction of H required for

reduction of FeO as a function of T is given by

n ¼ 73:85� 0:0420Tð Þ= 912:55� 0:2331Tð Þ ½14�
The temperature dependence of the mole fraction of

H required for reduction of FeO (i.e. n vs T) at
atmospheric pressure is shown by the dotted curve in
Figure 5. The curve intersects the T axis (i.e. n = 0) at
1758 K (1485 �C), which implies that pure H2 alone can
reduce FeO at temperatures higher than 1758 K (1485 �C).
At temperatures lower than 1758 K (1485 �C), H is
required for reduction. The required H increases with
decreasing T. Even at very low T, a relatively small mole
fraction (<10 pct) of H can reduce FeO. This H moves
the H2–H2O line below the Fe–FeO line, even at low T,
as shown by the dotted lines in Figure 3. Hence, H
makes the reduction of FeO feasible, even at low T.

Figure 5 also contains another curve, the atomic
hydrogen mole fraction obtainable in a HP at atmo-
spheric pressure, assuming LTE.[62–64] As evident from
Figure 5, the required H mole fraction for reduction of
FeO is higher than that obtainable at lower tempera-
tures.[62–64,71–74] This has important consequences, since it
indicates that in anLTEprocess, it does notmake sense to
increase the temperature up to that temperature required
to produce sufficient atomic hydrogen, since (i) H2 is able
to reduceFeOat these higher temperatures; (ii) the boiling
points of iron and its oxides are around 2500 K (2227 �C)
and most of the traditional plasma processes are hetero-
geneous (solid–plasma and liquid–plasma); (iii) the equi-
librium dissociation temperature of H2 (~3500 K (3227
�C)) is much higher than the boiling points of iron and its
oxides:[11] and (iv) no studies of reduction of FeO in
homogeneous processes (i.e., by dissociative reduction
mechanisms) have been reported.[11]

However, it is important to note that the limitations
of high temperature do not rule out thermal plasma
processes for reduction of FeO. First, deviations from
LTE can occur in thermal plasma processes, leading to
anomalously high atomic hydrogen densities at low
temperatures, as will be discussed in Section V–B.
Further, rovibrationally excited hydrogen molecules,
which are produced in LTE plasmas at relatively low
temperatures, favor reduction of FeO, as will be
considered in Section V–C.
Finally, homogeneous processes for iron oxide reduc-

tion are still an open possibility. High-temperature
thermal plasma reduction processes using the dissocia-
tive reduction mechanism have thermodynamic and
kinetic advantages.[11,65,75] They are particularly useful
for refractory oxides, whose dissociation temperatures
are high [~4500 K (4227 �C)].[11] At 4500 K (4227 �C),
oxygen and water are completely dissociated. In disso-
ciative reduction, the reduction process starts with the
formation of metal and oxygen atoms. Then, during a
quenching stage, oxygen atoms recombine with the
reducing agent, thereby preventing the metal atoms
from recombining with oxygen, and allowing effective
metal production. The equilibrium dissociation temper-
ature of FeO, as calculated from Eq. [14], is 4053 K
(3780 �C), which is relatively low. At this temperature,
water and oxygen are largely, but not completely,
dissociated. Therefore, the quenching stage will not be
as efficient as for refractory oxides, but nevertheless
dissociative reduction of iron oxide is feasible.

1. Effects of pressure and temperature
DG� depends on the pressure P as well as temperature

T. As a result, the dependence on pressure of the
dissociation of hydrogen has to be considered. The DG�

for dissociation (H2 = 2H) is given by

DG� ¼ �RT lnKD; ½15�

where the equilibrium constant for the dissociation
reaction, KD, can be written as

KD ¼ P2
H

PH2

¼ exp
�DG�

RT

� �
½16�

Fig. 5—Dependence of mole fraction of atomic hydrogen on temper-
ature at atmospheric pressure: (a) H required for reduction of FeO;
and (b) H obtainable under LTE conditions; the results of Murphy
et al.[63] and Capitelli et al.[72] are shown for comparison.
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Let aD be the degree of dissociation, defined as the
ratio of the number of dissociated hydrogen molecules
(nD) to the number of hydrogen molecules initially
present (n0). In equilibrium, the number of moles of H2

is given by n0 1� aDð Þ, and the number of moles of H by
2n0aD.

The mole fractions of H and H2, n and N, respec-
tively, can be expressed, respectively, as

n ¼ 2aD
1þ aD

½17�

N ¼ 1� aD
1þ aD

½18�

Assuming the ideal gas law is obeyed,

KD ¼ P2
H

PH2

¼ n2

N
¼ P

4a2D
1� a2D

½19�

aD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KD

4Pþ KD

r

½20�

n ¼ 2
ffiffiffiffiffiffiffi
KD

p
ffiffiffiffi
K

p
D þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Pþ KD

p ½21�

Equation [21] contains all parameters for determining
the atomic mole fraction as a function of P, at constant
T. For the two extremes of pressure, i.e. P fi 0 and
P fi ¥, we obtain n fi 1 and n fi 0, respectively. In
other words, the mole fraction of H decreases with the
increase in pressure.

An alternative expression for aD was derived by
Capitelli et al.[72] under the following assumptions: (a)
The gas is ideal, (b) the standard enthalpy at 0 K
(�273 �C) is approximated by the bond dissociation

energy (D), and (c) the standard entropy is independent
of T. Based on these assumptions, Capitelli et al.
obtained

KD ¼ exp
�DG�

RT

� �
¼ exp

�D

RT

� �
exp

DS
�

R

� �
¼ A exp

�D

RT

� �

½22�

where A ¼ exp DS
�

R

� �
is a constant. Using Eq. [20], this

gives

aD ¼
ffiffiffiffiffiffi
A

4P

r

exp
�D

2RT

� �
½23�

The mole fraction, n was calculated for different
pressures using published DG� data and Eqs. [18] and
[23][76]; the results are presented in Figure 6, which gives
results for different temperatures, and Figure 7, which
gives results for different pressures. The values obtained
are compared with those obtained from Eq. [17] using
aD from Eq. [23] (i.e., from the work of Capitelli
et al.[72]), and show excellent agreement. As evident from
Figures 6 and 7, n increases with the decreasing pressure
and the increasing temperature. This observation is in
accordance with LeChatelier’s principle. As there is an
increase in volume, during atomization (2 moles of H
produced from 1 mole of H2), the decrease in pressure
favors the reaction in the forward direction. So, more H
is produced at reduced pressure.
In earlier work on reduction of metal oxides by

low-temperature HP,[11–14] although the fraction of H
could not be measured, the intensity of the Ha lines of a
microwave HP was obtained from the optical emission
spectra for different pressures. The variation of intensity
of Ha line with change of pressure is shown in Figure 8.
Assuming that intensity of Ha line increases with the
atomic hydrogen concentration, the observed trend,

Fig. 6—Dependence of mole fraction of atomic hydrogen on temper-
ature for different pressures: (a) 0.01 9 105 Pa (b) 0.1 9 105 Pa, (c)
1 9 105 Pa, and (d) 100 9 105 Pa. The dotted lines show the results
obtained using aD from Capitelli et al.[72] Curve (e) shows the mole
fraction required for reduction of FeO.

Fig. 7—Atomic hydrogen vs pressure at different constant tempera-
tures (a) 2500 K (2227 �C), (b) 3000 K (2727 �C), (c) 4000 K
(3727 �C), and (d) 5000 K (4727 �C). The dotted lines show the re-
sults obtained using aD from Capitelli et al[72]
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decreasing n with increasing pressure, is in agreement
with the results shown in Figure 6.

B. Role of Ionic Hydrogen

In addition to atomic hydrogen, atomic hydrogen
ions (H+) are also produced in HPs; molecular ions
(H2

+ and H3
+) can also be produced, although these

have low densities in LTE. Figure 1 shows the number
density of H+ in an atmospheric-pressure HP in LTE. It
can be seen that approximately half the atoms are
ionized at a temperature of about 15,000 K (14,727 �C),
and that the density of H+ is very low for temperatures
below about 7000 K (6727 �C).

The reduction potentials of the hydrogen ions are
much higher than those of the neutral species. Zhang
et al.[77] listed the principal chemically active species in
HP at moderate pressures as H, H+, H2

+ and H3
+. The

DG� values for H2O generated from reactions of
different hydrogen species with oxygen were given in
Reference 11 The reduction ability for these species
varies in the order H+>H2

+>H3
+>H.[11,78] Zhang

et al.[78] also reported the free energies for reduction of
hematite (Fe2O3) by different chemically active species
present in HP. From their reported data, DG� values for
reduction of FeO by various chemically active species
were calculated and are also presented in Figure 9.

The temperatures at which H+ is produced in LTE
are significantly higher than the boiling point of both
iron and iron oxides [~2500 K (2227 �C)]. In plasma
metallurgy, homogeneous reactions do not dominate
unless the processed material (FeO in this case) is also in
the gas or plasma state. However, iron ore reduction in
practical systems takes place mainly in the solid or liquid
state. Nevertheless, hydrogen ions can also play an
important role in heterogeneous processes, since the
polarity of the interface between the plasma and the
condensed FeO charge plays a vital part in the reduction
process, as we discuss in the next subsection.

C. Role of the Polarity of the Charge/Melt

Most studies of the reduction of iron oxide by HP have
been carried out in heterogeneous systems, where the
hydrogen gas is in the plasma state but the iron oxide
remains in the solid[13,14,77,78] or liquid phase.[79–92] The
reduction at this interface depends on the number of
particles reaching the interface. HP contains both heavy
positively charged particles, and light negatively charged
electrons. According to statistical thermodynamics
1
2mv2 ¼ 3

2 kT
� �

, the velocity of the electrons is much higher
than the velocity of ions. Thus, the electron flux to the
interface dominates, and a negative potential develops.
This negative potential then starts repelling electrons and
attracting positive ions until the charge is balanced; i.e., the
interface attains quasi-neutrality. This phenomenon is
localized in a narrow region called the plasma sheath.

When a polarity is applied to a surface, it will repel
like-charged particles and attract particles of opposite
polarity. If the surface of FeO is given a positive
polarity, electrons are attracted, and molecular and
atomic hydrogen ions are repelled.[77,78,80,86] As a

consequence, electrons form a narrow region at the
interface, and the particles reaching the reduction
interface are neutral atoms and molecules. Conversely,
a negatively charged surface will repel electrons and
attract positive molecular and atomic ions. As noted in
Section III–B, these positively charged ions have very
high reducing ability.
Dembovsky et al.[93] examined the thermodynamics

with and without an externally applied polarity in the
case of FeO reduction by HP. They calculated DG� with
and without polarity by taking into account the con-
centration of different species present in the HP; their
results were presented in Reference 11 It was found that
the application of positive polarity to the previously
neutral FeO surface reduces the probability that a
reaction will proceed as intended. A negative polarity
decreases DG� by a factor of around six, indicating that
the likelihood of the reduction reaction proceeding is
extremely high, and that the equilibrium is shifted to the
product side. For example, a positive charge alters the
standard heat of reaction by +62.7 kJ/mol, but a

Fig. 8—Variation of intensity of the Ha line with pressure in a mi-
crowave hydrogen plasma for two powers: (a) 600 W and (b) 750 W.

Fig. 9—DG� � T curves for H2O for different chemically active
hydrogen species.
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negative charge on the surface alters it by
�1999.4 kJ/mol, relative to the neutral surface.[93,94]

There is some experimental evidence for this effect.
Zhang et al.[78] carried out HP reduction of tablets of
Fe2O3 in a DC pulsed hydrogen glow discharge at 763 K
(490 �C) and 1500 Pa. The tablets were reduced with
and without an applied polarity. The results are shown
in Figure 10. There was no reduction when a positive
polarity was applied to the sample. Reduction took
place when the sample was neutral, and the extent of
reduction increased by a factor of about six when the
surface was negatively charged. This is discussed in more
detail in Section VI–A.

IV. THERMOPHYSICAL PROPERTIES OF
HYDROGEN PLASMAS

An effective heterogeneous reduction process requires
that the HP interacts with the iron oxide over a large
interfacial area. The thermophysical properties of the
plasma, which include the thermodynamic and transport
properties, are important because they strongly influ-
ence the momentum, heat, and mass transfer, and hence
the reduction process. As the iron and its oxides
vaporize at relatively low temperatures, below 2300 K
(2027 �C), and their gas-phase dissociation temperatures
are also low, we have limited our discussion of these
properties to temperatures below 6000 K (5727 �C).
Also, although we use the term HP, generally the plasma
that is employed in practice includes a large proportion
of argon. Argon is added to optimize the transport
properties to ensure that the required arc properties are
obtained, as discussed below. Therefore, we consider in
detail the effect of hydrogen addition to argon. The
characteristics of argon–HPs over a wide temperature
range, from 300 K to 30 000 K (27 �C to 29 727 �C),
have been discussed in detail in the literature.[3–5,95,96]

A. Calculation of Thermophysical Properties

The thermophysical properties are calculated assum-
ing local thermodynamic equilibrium (LTE). As noted
in Section II, this assumption is satisfied in the central
regions of a thermal plasma; deviations may occur in the
edge region, or close to the electrodes.
The composition of the plasma is calculated by

minimizing the Gibbs free energy of the gas mixture,
under the constraint of charge neutrality. The Gibbs free
energy for a gas mixture is

g ¼
X

i

liNi; ½24�

where Ni is the number of moles, and li is the chemi-
cal potential of species i.
The chemical potential of an ideal gas is

li T;Pð Þ ¼ l0i Tð Þ þ RT ln ni=nð Þ þ RT ln P=P0ð Þ; ½25�

where R is the ideal gas constant; T is the temperature;
ni is the number density of speciesi; n is the total num-
ber density; P is the pressure and P0= 1 bar; and
li
0 = Hi

0+TSi
0 is the chemical potential of species i in

the standard state (i.e., at atmospheric pressure); Hi
0

and Si
0 are, respectively, the standard-state enthalpy

and entropy per mole. To calculate the composition of
a mixture of hydrogen and argon, the required data
are therefore the standard-state chemical potentials of
the species that may be present, including H2, H, H2

+,
H+, Ar, Ar+, Ar2+, and e–. These data can be calcu-
lated from spectroscopic parameters of the species.
Once the composition of the gas mixture is known, it

is a simple matter to calculate the thermodynamic
properties. For example, the mass density is given by

q ¼
X

i

nimi; ½26�

where mi is the mass of species i. The specific enthalpy
is given by

h ¼ 1

q

X

i

nimihi; ½27�

where hi is the enthalpy per unit mass of species i, and
the specific heat at constant pressure is given by

cp ¼
dh

dT

				
P

½28�

Calculation of the transport coefficients, such as
viscosity, thermal conductivity, and electrical conduc-
tivity, is more complicated, since they depend on the
collision cross-sections of each of the species with one
another, and must be calculated from the kinetic theory
of gases. The usual method of calculation of the
transport coefficients is the Chapman–Enskog
method,[97] which is an approximate method of solution
of the Boltzmann equation. The collision cross sections
are integrated over a Maxwellian distribution of veloc-
ities to give ‘‘collision integrals’’. In plasmas, it is
necessary to consider interactions between pairs of
neutral particles, between pairs of charged particles,

Fig. 10—Relative reduction of tablets of Fe2O3 by a DC pulsed
hydrogen plasma reduction for (a) an applied positive charge, (b) no
applied charge, and (c) an applied negative charge.
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between neutral particles and ions, and between neutral
particles and electrons. Different procedures are used for
each type of interaction; details are given by, for
example, Boulos et al.[98] Some simplifications are
possible due to the very large mass difference between
electrons and the heavy species.[99]

The expressions for the transport coefficients are too
complicated to reproduce here; instead we present
approximate expressions which indicate the dependence
on temperature and composition.[100]

The viscosity depends on the mass of the heavy
species mh, the temperature T and the collision integrals
for interactions between pairs of heavy species Xhh

according to

g �
ffiffiffiffiffiffiffiffiffi
mhT

p

Xhh
½29�

The electrical conductivity depends on the electron
density ne and the collision integrals for interactions
between electrons and heavy species Xeh according to

r � neffiffiffiffi
T

p
nXeh

½30�

The thermal conductivity has four different compo-
nents. The translational thermal conductivity due to the
motion of heavy species is given by

kh � cp
Xhh

ffiffiffiffiffiffi
T

mh

r

½31�

In addition, there is translational conductivity due to
the motion of electrons, which is small at the relatively
low temperatures of interest here, the internal thermal
conductivity due to the transport of internal energy of
the species (such as the vibrational energy of molecules),
and the reaction thermal conductivity. The latter refers
to transport of the heat of dissociation of molecules, and
heat of ionization of molecules and atoms, and tends to
dominate at the temperatures at which dissociation and
ionization reactions occur.

B. Enthalpy and Specific Heat

The enthalpy and specific heat are thermodynamic
properties that substantially affect the heat content of
plasma, and hence the reduction of iron oxides to
metallic iron, which are endothermic reactions. Further,
as discussed below, they influence the constriction of arc
plasmas, and therefore the interfacial area between the
arc and the charge material.

The enthalpy and specific heat values of argon–HPs
with 10, 20, 30, 40, and 50 pct hydrogen are shown in
Figures 11 and 12, respectively.[101] As shown in figures,
the enthalpy and specific heat values are the lowest for
pure argon (shown as a dotted line), and the enthalpy
increases approximately linearly with the temperature.
The addition of hydrogen increases the heat content and
specific heat of plasma, the increase being approximately
proportional to the proportion of hydrogen added, as
expected from Eqs. [27] and [28]. The enthalpy and
specific heat start to increase abruptly at temperatures

from around 2000 K (1727 �C) due to dissociation of
hydrogen molecules. The large peak in the specific heat
for mixtures containing hydrogen is centered at around
3500 K (3227 �C), at which temperature, hydrogen is
approximately 50 pct dissociated (see Figure 1). This
heat of dissociation remains stored inside the plasma,
and is delivered during recombination of atomic hydro-
gen at the plasma–oxide interface.[80] This heat favors
the reduction of FeO; hence the presence of hydrogen
assists reduction thermally as well as chemically.
Ionization of hydrogen and argon atoms is not

significant until temperatures above 6000 K (5727 �C),
so no corresponding peaks in specific heat are apparent
in Figure 12.

Fig. 11—Temperature dependence of enthalpy of atmospheric-pres-
sure LTE plasmas in argon, and argon–hydrogen mixtures with mole
fractions from 0.1 to 0.5 hydrogen.

Fig. 12—Temperature dependence of specific heat of atmo-
spheric-pressure LTE plasmas in argon, and argon–hydrogen mix-
tures with mole fractions from 0.1 to 0.5 hydrogen.
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The constriction of an arc can be estimated from
specific enthalpy using the relationship[102]

IVz � qzhzvzA ½32�

which approximates the total power flowing toward
the lower electrode (i.e., the charge material in steel-
making applications) in a DC arc by the product of
the arc current I and the potential difference Vz

between the upper electrode and the plasma at the
axial position z. This power is then equated to the rate
of enthalpy flow, given by the product of the density
qz, the enthalpy hz, the flow speed vz at position z, and
the cross-sectional area of the arc A.

From the above equation, it is clear that, for a given
arc power IVz, an increase in the product of density and
enthalpy (which has units of energy per unit volume)
will lead to a decrease in area (i.e. constriction of the
arc), if the flow velocity does not change. This has been
termed the thermal pinch effect.[102,103]

Hydrogen has a large specific enthalpy (enthalpy per
unit mass). Despite its low atomic mass, the product of
enthalpy and density is larger than that of argon, leading
to a more constricted arc. Also, as will be discussed in
Section IV–D, the flow velocity is larger in hydrogen
arcs, further increasing the constriction according to
Eq. [32]. Adding argon to hydrogen decreases the
product of enthalpy and density, and the flow velocity,
therefore gives a less constricted arc. This increases the
interfacial area at the interface between the arc and the
charge material, which facilitates the transport of heat
from the plasma to the full surface area of the charge
material. This favors the reduction process, so argon is
generally added to HP.

C. Thermal Conductivity

The thermal conductivity of argon, and argon–hy-
drogen mixtures, is shown in Figure 13. The thermal
conductivity of argon increases with temperature. With
the addition of hydrogen, the thermal conductivity
increases significantly. These trends are as expected from
Eq. [31], since the heavy-species translational thermal
conductivity dominates at low temperatures. When
hydrogen is present, there is a large peak centered at
around 3500 K (3227 �C), which is due to the reaction
conductivity associated with the dissociation of hydro-
gen molecules. The presence of even a small amount of
hydrogen makes a strikingly large difference to the
thermal conductivity, particularly at temperatures at
which hydrogen is dissociated.

Since plasma temperatures close to the charge mate-
rial are typically below about 5000 K (4727 �C), the
presence of hydrogen leads to a very strong increase in
conductive heat transfer to the charge material.[101] This
has been exploited in arc welding, and is clearly of
strong benefit in liquid-HP reduction processes.

D. Viscosity and Plasma Flow Velocity

Argon is much heavier than hydrogen. From Eq. [29],
we therefore expect that the viscosity of argon is much

greater than that of hydrogen. However, it is interesting
to note that the addition of 25 pct hydrogen to argon
plasma does not significantly affect the viscosity.[63]

Since the reduction of iron oxide occurs at the
interface between the plasma and the charge material,
the transport of the active species in the plasma toward
the interface is important, so plasma velocity plays an
important role in the hydrogen plasma smelting reduc-
tion (HPSR) process. The higher the velocity, the greater
the convective heat transport and the greater the flux of
active species toward the interface.
Figure 14 shows the calculated plasma axial velocity

in Ar and H2 arc plasmas. It is clear that the increase in
the axial velocity for the hydrogen arc is dramatic. The
voltage of the HP is 3 times larger, but the axial velocity
increases by around 20 times near the cathode tip.
Eq. [32] shows that this increase in velocity further
increases the constriction of the arc. Thus, both the
higher values of the product of density and enthalpy,
and the higher velocity, lead to a more constricted arc
when hydrogen is present.
The higher velocity is a consequence of two factors.

The main factor is that the constriction of the arc
leads to the increase of current density near the
cathode and consequently to an increase in the j 9 B
or Lorentz force, where j is the current density in the
arc, and B is applied magnetic field. The Lorentz force
tends to squeeze the arc and increase the pressure on
the arc axis. This pressure is the driving mechanism
for the convective flow in the arc as it causes a strong
axial flow away from the electrode toward the melt
(pinch effect).[102,103] The second factor is the lower
viscosity of hydrogen arcs. Viscosity is a measure of
the transport of momentum transverse to the flow
direction; i.e., the spreading of the flow. Lower
viscosity therefore implies that the flow velocity
remains high near the axis, with the momentum not
transferred to larger radii.

Fig. 13—Temperature dependence of thermal conductivity of atmo-
spheric-pressure LTE plasmas in argon, and argon–hydrogen mix-
tures with mole fractions of 0.1 to 0.5 hydrogen.
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E. Coverage Area

Badr[80] studied the HPSR of iron oxide. He reported
that addition of hydrogen increases the arc temperature
and constricts the arc. This is in accordance with our
discussion in Section IV–A. Murphy et al.[103] reported
the temperature distribution of Ar and H2 arcs near the
melt surface. As shown in Figure 15, the argon plasma
had a wider coverage area, even though the voltage and
therefore the arc power was one-third that of the HP.

This leads to a higher heat flux density, but the arc
covers a smaller area, which is problematic for reduction
of the charge material.
The arc constriction reduces the area of contact of the

plasma with the molten FeO. While this can increase the
rate of reduction near the arc axis, the rate of reduction
averaged across the interface between the charge mate-
rial and the plasma is decreased. Argon addition
increases the coverage area, thereby increasing the

Fig. 14—Calculated velocity fields for tungsten-inert-gas welding arcs in Ar and H2, for an arc current of 150 A.[103] Reproduced from Ref. [103]
by permission of Taylor & Francis Ltd, http://www.tandfonline.com.

Fig. 15—Temperature fields for arcs in Ar and H2, for the same conditions as Fig. 14.[103] Reproduced from Ref. [103] by permission of Taylor
& Francis Ltd, http://www.tandfonline.com.
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average rate of reduction. Due to the advantages of
argon addition, most of the HP reduction processes of
iron ore have been carried out with Ar-H2 plasmas.

V. KINETICS AND NONEQUILIBRIUM
PROCESSES

In Sections III and IV, we have considered HP
reduction of iron ore under equilibrium conditions. In
Section III, we emphasized the importance of vibra-
tionally excited hydrogen molecules, and atomic and
ionic hydrogen, noting that reduction of FeO to Fe by
ground-state hydrogen molecules was not thermody-
namically favorable. In Section IV, we discussed the
thermophysical properties of equilibrium HP, and how
these influenced the reduction of iron oxides.

In this section, we extend the discussion to consider
chemical reaction kinetics and deviations from thermal
and chemical equilibrium. These factors are critical in
understanding real reduction processes, since (1) reac-
tion kinetics determine the rate of chemical reactions,
and (2) in reality, even thermal plasmas are never fully in
equilibrium. We consider deviations from equilibrium in
both thermal and nonequilibrium plasmas. Relevant
experimental results that have been obtained using
nonequilibrium plasmas are presented in Section VI–A.
By far the majority of experimental results have been
obtained using thermal plasmas, and these are consid-
ered in Section VI–B.

A. Reaction Kinetics

As the reduction of iron oxide proceeds, a layer of
metallic iron forms at the interface between the iron oxide
charge and theHP. If the diffusion of hydrogen in themetal
layer is not the rate-limiting step, then the rate of the
reduction process is determined by the nature of the excited
hydrogen species present in theHP, and their concentration
adjacent to the surface of the charge. For a reduction
reaction to occur, the high-energy molecules of the reduc-
tant and the substance being reduced must first interact at
the reduction interface so as to overcome the activation
barrier of reduction. Depending on their internal energy,
the corresponding rate coefficients can vary over several
orders of magnitude.[104] In the present context,[11–14,77–92]

the high-energy active species from theHP interactwith the
iron oxide surface to overcome the activation barrier of the
reduction reaction. The lowering of activation energy and
the faster kinetics of reduction of iron oxide by HP, in
comparison to neutral H2 and to other reducing plasmas,
has already been reported in the literature.[11–14,80]

Rajput et al.[13,14] carried out solid-state reduction of
hematite at different H2 pressures, using neutral H2 and
HP, in a microwave HP reactor. The activation energy
decreased from a value of 45 to 20 kJ/mol in the HP.
This decline in activation energy was tentatively
attributed to rovibrationally excited hydrogen mole-
cules, denoted as H2

*. Rajput et al. obtained HP at
different combinations of microwave powers and pres-
sures, i.e., at different microwave power densities
(MWPDs). Based on the distribution of HP species in

a microwave-assisted low-temperature HP reported by
Hassouni et al.[105] for similar conditions, it is assumed
that the plasma consists of 2 pct H, 8 pct vibrationally
excited H2

* (m = 1 level), with the remaining 90 pct being
ground-state H2. The HP energy calculated for this
composition is 21.5 kJ/mol. Using this energy and DG�
of the reactants and products, the activation energy for
reduction of Fe2O3 was calculated and is shown in
Figure 16. The decrease in the activation energy for the
HP (25 kJ/mol) agrees reasonably well with the calcu-
lated HP energy of 21.5 kJ/mol.
Other authors[104,106] reported that H2

* molecules
stimulate the chemical processes through their surface
dissociation and diffusion of H into the crystal structure
to the reduction interface, thereby giving rise to faster
reduction kinetics. The role of H2

* in HP has been
emphasised in the literature[11,104,106] and is discussed in
detail in Section V–C.
Lowering of the activation energy has also been

reported for liquid iron oxide. Badr[80] carried out the
reduction of hematite in the liquid state by neutral H2

and HP, and reported a decrease in activation energy in
the presence of plasma. This lowering of activation
energy increased the rate of reduction of FeO by almost
one order magnitude.[87,89,90] The authors also reported
that the reduction process by HP was controlled by
chemical reactions. Hence, the interfacial area between
the HP and the iron oxide plays a significant role in the
kinetics of reduction. Badr et al. also compared the
reduction of iron oxide by HP with that by a CO
plasma. They reported the activation energy for reduc-
tion by HP (23 kJ/mol) is 15 pct of that by CO plasma
(150 kJ/mol), and that the reduction kinetics for the HP
are 3.4 times faster than the CO plasma.
A schematic diagram of the activation energy profile

for reduction of FeO with different hydrogen species is
shown in Figure 17. Reduction of FeO to Fe by H2 is
thermodynamically feasible at high temperatures, as
discussed in Section II. However, the high activation
energy (denoted by E1 in Figure 17) prevents the
reduction from occurring. When H2 molecules absorb
energy to become H2

*, their internal energy increases,

Fig. 16—Reduction in activation energy for reduction of Fe2O3

when molecular hydrogen is replaced by a hydrogen plasma.
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which leads to a decrease in the activation energy E2.
When the stored energy becomes significant, the activa-
tion energy (EA) may become negative, as it does in the
case of atomic H. A decrease in activation energy makes
the reduction easier.[11]

B. Deviations from Local Thermodynamic Equilibrium in
Thermal Plasmas

The composition of a HP under LTE conditions was
shown in Figure 1. It can be seen from the figure that the
atomic hydrogen concentration approaches zero at
temperatures below about 2500 K (2227 �C). The
composition is calculated assuming that reaction rates
are infinitely large, so that the composition is deter-
mined by chemical equilibrium. As was noted in
Section III–A, deviations from LTE can occur near
the electrodes and in the fringe regions of thermal
plasmas. Of particular interest in the context of iron
oxide reduction are deviations from LTE due to a
delayed recombination of hydrogen atoms. This can
lead to a higher flux of hydrogen atoms to electrodes
(for example the iron oxide charge in HP reduction).

The recombination of hydrogen atoms to form
molecules is a three-body reaction:

HþHþM ! H2 þM

where M represents any third body. Three-body reac-
tions are relatively slow; moreover diffusion rates are
high in the fringes of thermal plasmas and close to the
electrodes because of the large temperature gradients.
This means that the rate of diffusion of atomic hydro-
gen to the fringes of the plasma and to the electrodes
can be much larger than the rate of recombination.

This has been demonstrated experimentally by Snyder
et al.,[107] who used two-photon laser-induced fluores-
cence to measure the distribution of hydrogen atoms in
an argon–hydrogen arc plasma. Comparison with the
calculated distribution of hydrogen atoms indicated that
the hydrogen atom density was much higher than
predicted by the local temperature and LTE. Ye
et al.[108] calculated the atomic hydrogen distribution
in a thermal radio-frequency plasma taking into account
the rate of the recombination reaction, and found that
the atom density was much higher than predicted by
LTE in the fringes of the plasma.
These results indicate that it is possible to obtain a

substantial flux of atomic hydrogen to the iron oxide
charge material from a thermal plasma, even though the
temperature in the gas adjacent to the charge material is
below the dissociation temperature of hydrogen
molecules.

C. Rovibrationally Excited Hydrogen Molecules

We noted in Section II–A that hydrogen molecules
become rotationally and vibrationally excited as tem-
perature increases in thermal plasmas. The population
of the excited states is described by the Boltzmann
distribution:

n;J
n

/ exp
�E;J

kBT

� �
; ½33�

where nm,J and Em,J are the number density and energy
of the states with vibrational level m and rotational
level J, n is the total number density, and kB is Boltz-
mann’s constant. For example, the first vibrational

Fig. 17—Schematic diagram of the activation energy profile for reduction of FeO by different hydrogen species.
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level at E1;0 ¼ 0:516eV is 1 pct occupied at the temper-
ature of 1300 K (1027 �C), and 10 pct occupied at
2600 K (2327 �C).

Figure 18 shows the effect of vibrational excitation of
H2 on DG� of HP. The figure displays the variation of
DG� for the reaction 2H2+O2 = 2H2O, with and
without different vibrational excitations. The dotted
line represents the Fe–FeO line. It is observed that DG7�
decreases as the level of vibrational excitation m
increases, with the H2–H2O line moving downward.
Once the H2–H2O line moves below the Fe–FeO line,
reduction of FeO becomes feasible; this is achieved even
for lowest vibrational levels m = 1 or 2, depending on
the temperature.

Practically, HP also contains other vibrationally
excited hydrogen molecules with higher vibrationally
excited levels (v = 3 to 14) and atomic H, as reported by
Hassouni et al.[105] They studied the chemical kinetics
and energy transfer of microwave HP at different
powers and pressures, and hence different MWPDs, as
listed in Table II. They calculated the vibrational
distribution functions for all vibrational levels (v = 0
to 14), for various discharge conditions. Of these, only
the first two lowest vibrational levels v = 1 and v = 2
are shown in Table II. These two levels have been used
in the calculation of DG� for the Ellingham diagram,
shown in Figure 19. The figure shows the DG� for
different MWPDs, as reported in Table II. As evident

from Figure 19, with an increase in MWPD, the Gibbs
free energy decreases, indicating the feasibility of reduc-
tion at a lower temperature. This figure can be com-
pared with Figure 3 of,[11] which shows a similar
diagram but for HP with different fractions of atoms
and no vibrationally excited molecules. It is clear that
the presence of the vibrationally excited molecules
significantly increases the reducing potential of the
HP, allowing reduction of FeO to occur even with low
levels of vibrational excitation and dissociation induced
by a low MWPD.
As mentioned above, the calculations of DG� in

Figure 19 have been done only for the first two
vibrational levels v = 1 and v = 2. If other vibrational
levels (v = 3 to 14) are included in the DG� calculation,
DG� would decrease further.
In nonthermal HPs, it is possible to have much

higher rovibrational populations than that given by
the Boltzmann distribution for a given gas tempera-
ture. As noted in Section II–B., the temperatures
typically follow the order Te > Tv > Tr � Ti �
Tg.

[51,52] In typical nonthermal plasma systems, Te is
about 1 eV (~ 11 600 K (11327 �C)), while Tg is close to
room temperature. This avoids the problem of over-
heating encountered in thermal plasmas, and tradi-
tional furnaces used for iron oxide reduction. A typical
temperature distribution is shown in Figure 20.
Electrons play a critical role in energy transfer in

nonthermal plasmas.[109] The hydrogen molecules gain
energy from collisions with the electrons. Most of the
acquired energy is stored as rovibrational excita-
tion.[11,65,105,109,110] Hassouni et al.[105] reported the
energy distribution to various channels in a moderate
pressure microwave HP diamond-deposition reactor.
The percentage power dissipation to channels, estimated
from their stated values, is shown in Figure 21. Most of
the energy gained by electrons from the high-frequency
(HF) electric field (more than 70 pct) was transferred to
the vibrational modes of H2 through electron collisions
(e–V processes). Other significant energy-transfer chan-
nels were electron-impact dissociation, gas heating
(elastic collisions), electronic excitation, and ionization
of H2 and H. The power lost by electrons in elec-
tron-impact dissociation, gas heating (elastic collisions)
was low compared with the energy transferred to e-V
processes. The energy transferred to electronic excita-
tion and ionization of H2 and H always remained
negligible.

Fig. 18—Effect of vibrational excitation of molecular hydrogen on
standard free energy of a hydrogen plasma. The free energy required
for reducing FeO to Fe is shown by the dotted line.

Table II. Working Parameters and Atomic Hydrogen Concentration in Diamond MPACVD Reactor
[105]

Pressure
(Pa)

Input Microwave
Power (W)

Average MWPD
(9106 W m�3)

Atomic H
Fraction

Vibrationally
Excited (v = 1) H2

*

Fraction

Vibrationally
Excited (v = 2)
H2

* Fraction

1400 300 4.5 0.01 0.0274 0.0011
2500 600 9 0.02 0.0786 0.0035
5200 1000 15 0.03 0.1001 0.0119
8400 1500 22.5 0.075 0.1265 0.0207
11000 2000 30 0.16 0.1328 0.0222
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In atomic gases, such as Ar and He, the gas
temperature increases when electrons collide with atoms,
because of electron–translational (e–T) energy transfer.
But in molecular gases, electrons transfer energy to
rotational and vibrational modes. Typical rotational
energy steps are small (the first rotational level of
hydrogen is at 0.015 eV). However, vibrational energy
levels are comparable to typical values of Te (the first
vibrational level of hydrogen is at 0.516 eV).[111] The

majority of electrons transfer their energy to vibrational
energy, e–V, of hydrogen gas molecules by a step-by-
step process.[65] The molecules can maintain this energy
for a long time (10�3 � 10�2 s) until the accumulated
vibrational energy reaches the dissociation
threshold.[112]

There is a great deal of experimental evidence for
elevated values of Tv while Tg remains low. For example,
Staack et al.[51] investigated a DC normal hydrogen
glow discharge at a pressure somewhat below atmo-
spheric (40 kPa). They reported a Tv of 4956 K (4683 �C)
while Tg was 754 K (481 �C). Shimizu et al.[113] obtained
Tv in the temperature range 7600–8600 K
(7327–8327 �C) while keeping a low Tg (638–962 K
(365–689 �C) in a microwave HP at 133–400 Pa and
600 W. There are many other reports of significant
increases in Tv.

[114–120]

The vibrational temperature in nonthermal plasmas
can be very high, significantly increasing the hydrogen
dissociation rate.[105,121–128] The thermodynamic equa-
tions for multi-temperature nonthermal plasmas have
been derived by several authors.[98,129–140] The internal
partition function of H2 (vibrational and rotational) has
been calculated at Tg by Capitelli et al.[71,72,125,132–134]

for each of 14 vibrational levels, up to the dissociation
limit. Capitelli et al.[72] have also calculated the partition
function of H.

Fig. 19—The Ellingham diagram for FeO reduction and for H2O
reduction for different hydrogen plasmas compositions at MWPDs:
(a) 3.5 9 106 W m�3, (b) 9 9 106 W m�3, (c) 15 9 106 W m�3, (d)
22.5 9 106 W m�3, and (e) 30 9 106 W m�3.

Fig. 20—Temperatures prevailing in hydrogen plasmas at pressures.

Fig. 21—Power dissipation to channels in microwave hydrogen plas-
ma reactor, using data from Ref. [105].

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 48B, JUNE 2017—1577



D. Transfer of Energy from the Plasma to the Reaction
Interface

There are several mechanisms by which energy is
transferred from a plasma to a surface. In all cases,
thermal conduction is important, since the plasma
temperature is higher than that of the surface. In the
case of a transferred arc plasma, an additional mecha-
nism is the transfer of energy by electrons. If the surface
is the anode (which is normally the case for metallurgical
processes), the energy flux can be approximated as[141]

H ¼ juw � krT; ½34�

where j is the current density, uw is the work function
of the surface, k is the thermal conductivity, and T is
the temperature.

For the case of a molecular-gas plasma, such as a HP,
there are also important reactive heat-transfer mecha-
nisms from rovibrationally excited molecules and atoms,
which we consider here.

Relaxation of vibrationally excited states is relatively
slow in the gas phase, particularly at low gas temper-
atures, for which the collision rate is low. The main
mechanisms are V–V or V–T relaxation, which refer,
respectively, to transfer of energy to the vibrational
excitation of another molecule, and transfer to the
translational energy of another species. V–T relaxation
is faster than V–V relaxation in the gas phase, but V–T
relaxation at the reduction interface is much faster
again.[65,142]

The high rate of V–T relaxation at the surface, and
the low rate of relaxation in the gas phase, are important
factors in reduction of FeO in a HP process. They favor
the transfer of the vibrational energy of hydrogen
molecules to the reduction interface, increasing the
energy of the reacting species at the reduction interface.
This decreases the activation barrier, increasing the
reaction rate.[13,65] Since the reduction of FeO is
endothermic, the energy is important in ensuring that
the reduction is feasible at low temperature in HP.[13]

The transfer of energy stored in the plasma by rovibra-
tionally excited molecules is in fact important for a
broad range of applications.[110] The phenomenon is
called nonthermal surface heating.[65] The surface tem-
perature can reach 3000 K to 5000 K (2727 �C to
4727 �C) for a gas temperature of 1000 K
(727 �C).[143,144] Rajput et al.[13] have already reported
the reduction of hematite at gas temperature as low as
573 K (300 �C).

When the stored energy in H2* molecules exceed the
dissociation energy of hydrogen molecules
(4.52 eV),[73,74,109] the H2

* molecule dissociates and forms
atomic hydrogen. The H atoms incident on the reduc-
tion interface can diffuse into crystal structure.[104,106]

The H atoms recombine, and the energy released by this
recombination also causes heating of the surface.[65]

There are several reports of surface heating by exother-
mic heat released during recombination at the sur-
face.[145] The heat generation by H recombination was
used in the obsolete process known as ’atomic hydrogen
welding.’[63,109,145] This is a factor in the use of hydrogen
in welding, cutting, and melting applications.[63,146]

Interestingly, the heat of recombination of H
(4.52 eV) is more than the Fe-O bond dissociation
energy (4.19 eV).[67] The heat released by H recombina-
tion is therefore sufficient to dissociate the Fe–O bond at
the reduction interface.
The results of Rajput et al.,[13,14] who reported the

reduction of iron oxide at low gas temperature in a
nonthermal microwave HP, provide evidence for the
importance of these heat-transfer mechanisms, since the
gas temperature is insufficient to heat the iron oxide to
the temperature required. Their results are considered in
detail in Section VI–A.

VI. PROCESSES FOR THE REDUCTION OF
IRON OXIDE BY HYDROGEN PLASMA

The benefits of HP processing of iron ore for
steelmaking arise from the ability to accommodate
finely divided iron ore concentrates without preagglom-
eration, thereby avoiding the requirement for multiple
processes. Use of finely divided ores and a single step
allows greater control than in the blast-furnace process.
Use of a HP can potentially eliminate the need for coke
ovens, agglomeration plants, blast furnaces, and oxygen
steelmaking operations in future steelmaking
technology.[147]

Reduction of iron ore using a HP can be carried out
using both thermal and nonthermal plasmas. We con-
sider nonthermal plasmas in Section VI–A, and thermal
plasma processes in Section VI–B.

A. Nonthermal Hydrogen Plasma Processes

The reduction of iron oxide by nonthermal HPs take
place at low temperatures, well below the melting point
of iron ore. The properties of nonthermal plasmas were
outlined in Section II–B, and they have been considered
with reference to reaction kinetics, and energy transfer
to the reaction interface, in Sections V–A and V–D,
respectively.
Experimental studies of the reduction of solid-state

iron oxide by nonthermal HP have been presented by
Rajput et al.[13,14] They carried out the reduction of iron
oxide at low gas temperature in a nonthermal micro-
wave (2.45 GHz) HP. The iron oxide was in the form of
compacted pellets of diameter 40 mm and thickness
between 3 and 9 mm. The effects of varying process
parameters including the ambient temperature and
pressure, hydrogen flow rate and microwave power
were investigated; results are shown in Figure 22. It was
found that the HP could reduce the iron oxides even at
temperatures as low as 573 K (300 �C), for which
reduction by hydrogen gas is negligible. In all cases, the
reduction reaction proceeded in the sequence Fe2O3 fi
Fe3O4 fi FeO, leading to metallic Fe formation.
An approximately 95 pct reduction was achieved for

all the parameters investigated. Ambient temperature
had only a small influence on the reduction rate.
However, the reaction rate was nearly three times faster
for experiments carried out at higher microwave power
and pressure. Rajput et al. linked the reduction rate to
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the average microwave power density (MWPD), which
depended on the microwave power, hydrogen flow rate,
and pressure. This determined properties of the plasma
such as the electron density and temperature, gas
temperature, and plasma species densities. Increasing
the MWPD from 4.8 to 22.4 9 106 W m�3 increased the
iron oxide reduction rate from 2.4 to 5.2 9 103 pct m�3,
where the unit is percentage reduction of the iron oxide
per cubic metre of hydrogen gas. Rajput et al. reported a
decrease in the activation energy of the iron oxide
reduction reactions due to vibrationally excited hydro-
gen molecules; this effect has been discussed in
Section V–C.

Zhang et al.[78] used a cold HP to reduce tablets of
Fe2O3 to metallic iron. The plasma was a DC pulsed
glow discharge at 1500 Pa, with a gap of 10 mm between
the electrodes, 1250 Hz pulse frequency, 550 V voltage
and 0.3 A current. Complete reduction under plasma
exposure occurred after 10 mins at 763 K (490 �C), but
no reduction was obtained using neutral hydrogen gas,
even after 60 minutes.

The polarity was found to have a critical role, as was
noted in Section III–C and shown in Figure 10. No
reduction occurred when the sample was placed on the
anode and only a small amount reduction occurred
when the sample was electrically isolated. However,
when the sample was placed on the cathode, the
reduction was significant, and the overall reduction rate
followed a sigmoidal-type curve, characterized by three
stages of reduction with reduction rates.

These results were explained in terms of the plasma
sheath that is formed adjacent to electrodes. The
cathodic sheath voltage approaches the potential differ-
ence applied between the electrodes, accelerating ions
toward the cathode, while the anodic sheath voltage is
much lower and repels ions.

During the early stage of the reduction, when the
sample is placed on the cathode, the surface of the oxide
sample is electrically insulating, so the sheath voltage
around the sample is low. After the first stage of
reduction, a conductive metal layer is produced, so the
sample surface has the same potential as the cathode.
The voltage drop across the sheath is very large, and a
high flux of hydrogen ions is accelerated toward the
sample, increasing the rate of reduction. Subsequently,
the increased thickness of the metal layer reduces
transport of hydrogen to the oxide region, accounting
for the reduced rate of reduction.
Diffusion of hydrogen species to the reaction interface

through the product layer is thus the rate limiting step
for the final stage. This indicates that the dimension of
oxides particles is an important parameter in process
design.
The results presented by Zhang et al.[78] indicate that

hydrogen ions are an important species in the nonequi-
librium reduction experiments. As discussed in Sec-
tion III–B, reduction of iron oxide by hydrogen ions is
thermodynamically more favorable than reduction by
atoms and molecules. Further, the high energy of ions
accelerated in the sheath may enhance chemisorption,
and assist the diffusion of hydrogen species in the bulk.
There have been other efforts to reduce other oxide

ores in nonequilibrium plasmas; for example Zhang
et al.[77] studied the reduction of TiO2 to Ti2O3 in a
pulsed hydrogen glow discharge, and Zhang et al.[78]

investigated the reduction of CuO to Cu in a similar
plasma, finding in both cases that the plasma was much
more effective than neutral hydrogen gas.

B. Thermal Hydrogen Plasma Processes

Thermal HP reduction is carried out above the
melting point of ore. Thermal plasmas provides the
thermodynamic and kinetic advantages of using hydro-
gen gas with external heating for reduction of fine iron
ore, as does the suspension ironmaking technology
described in Section VI–A. The HP combines both high
temperature, which provides thermodynamic feasibility
of the reduction reaction, and active hydrogen species,
which give faster kinetics. This combination permits
steel production in a single step without any carbon in
the product.[65,148,149]

Thermal HP processes may be classified into two
types: (i) liquid–HP reduction[79–92] and (ii) in-flight
reduction.[8,89,150–154] Liquid–HP reduction is similar to
the direct smelting process. The in-flight HP reduction is
similar to fluidized-bed reactors and suspension iron-
making technology.[44]

In thermal HP processes, a thermal plasma is formed
from hydrogen or an argon–hydrogen mixture. The
thermal plasma may be produced using one of several
methods, as discussed in Section II, for example a DC
transferred arc, a DC nontransferred arc, or an induc-
tively coupled RF discharge. The hydrogen gas mole-
cules gain energy through collisions with the electrons,
which are heated by the electric or electromagnetic field.
The molecules becoming vibrationally excited, dissociate
and then ionize. The dissociated and ionized species

Fig. 22—Percentage reduction as a function of time at various tem-
peratures for microwave plasma reduction of Fe2O3: (a) Set 1 [tem-
peratures 573 K, 673 K, and, 773 K (300 �C, 400 �C, and 500 �C),
power 750 W, pressure 5333 Pa]; (b) Set 2 [temperatures 873 K,
973 K, and 1073 K (600 �C, 700 �C, and 800 �C), power 1500 W,
pressure 13 333 Pa].[13] Reproduced from Ref. [13] by permission of
Taylor & Francis Ltd, http://www.tandfonline.com.
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partially recombine at the plasma–oxide interface. This
generates a large amount of heat, which supports the
reduction of Fe2O3, an endothermic reaction.[7,78] The
thermodynamic and kinetic advantages of HPs over
neutral H2 were considered in detail in Sections III and
V, respectively.

The interest in HP reduction of iron ore first arose
when Stokes[153] succeeded in achieving 100 pct reduc-
tion by injecting iron oxide powder along with hydrogen
into a helium plasma. Chemical and physical analysis
indicated that the product was 100 pct metal.

Liquid–HP reduction will be discussed in Sec-
tion VI–B–1, followed by in-flight reduction in
Section VI–B–2.

The literature on reduction by HP is summarized in
Table III.

1. Liquid–HP reduction
Gold et al.[10] and MacRae et al.,[155] working at

Bethlehem Steel Corporation, reported a single-stage
plasma reactor, shown in Figure 23, based on the
principle that the rate of the heterogeneous reduction
reaction taking place at the interface between the
processed material and plasma is directly proportional
to the size of the interface. They enlarged the contact
area by melting the fine solid particles, and increased the
contact time by causing the liquid metal to flow down
the cylindrical walls that formed the anode.[94] The
low-temperature reducing plasma was generated in a
DC arc discharge between a tungsten cathode and an
annular anode. A 2:1 mixture of hydrogen and methane,
serving as the reducing gas, was introduced into the
cathode region.[116,155] A mixture of hydrogen and
methane was chosen because it required less electrical
power than either hydrogen or methane alone.

The pulverized ore concentrate (45 pct smaller than
37 lm with a closely specified grain size distribution)
was injected downstream of the nozzle orifice tangen-
tially to the strongly swirling gas plasma. The ore melted
almost instantly to form a flowing film on the anode
walls. The time of residence of the ore particles in anode
walls was estimated to be in the range from 1 to 60 s.[94]

The film serves several purposes required for reduction:

(a) It provides a large contact area between plasma gas
and reactant;

(b) It provides a long residence time for heat transfer
from the plasma gas;

(c) It increases the anode area, which is critical in
avoiding overheating;

(d) It protects the anode from wear, particularly in the
area of arc root attachment, decreasing the anode
erosion rate and increasing the reactor operating
lifetime;

Table III. HP Processing Route

Nonthermal HP Reduction (Low Temperature,
Solid State, Below Melting Point)

Thermal HP Reduction (High Temperature, Liquid State,
Above Melting Point)

Solid–HP Reduction Liquid–HP Reduction In-Flight Reduction

Rajput et al.[13,14]

Zhang et al.[77,8]
Gold et al.[10]

MacRae et al. [155]

Kassabji et al.[157]

Nakamura et al.[86]

Kamiya et al.[87]

Back[79]

Badr[80]

Nagasaka et al.[90]

Weigel et al.[89]

Plaul et al.[158]

Gilles et al.[153]

Kitamura et al.[88]

Saito et al.[154]

Dayal et al.[8]

Nikolic et al.[150]

Tyklo et al.[151,152]

Choi[44]

Wang[164]

Fig. 23—Bethlehem falling-film reactor. Adapted from Ref. [10,155].
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(e) It increases the reactor efficiency by thermally insu-
lating the walls.[116]

While the heat of the plasma is absorbed and
reduction is taking place, the molten metal drops down
to the magnesia crucible, which is further heated by the
plasma. The slag and molten metal were collected in the
magnesia crucible, which was poured intermittently.

Bethlehem Steel claimed that a H2/CH4 ratio of
between 2:1 and 2.5:1 can reduce the electricity con-
sumption to as little as 2.65 kWh/kg of steel with
thermal efficiency 84 pct.[65,94] Other factors that were
important in reducing the thermodynamic process
energy requirement to close to the theoretical value
(2.2 kWh/kg of iron) in scaling up the reactor from 100
kW to 1 MW were the use of finer iron ore, an improved
arc heater, and improved reactor design and operation.

In spite of the promising results obtained with the
Bethlehem falling-film reactor, it could not find indus-
trial application due to difficulty in obtaining a high-
power plasma torch with sufficient working life and the
high working voltage needed to obtaining a stable long
arc.[156] However, this 1-MW plasma pilot plant for
production of iron by continuous ore reduction demon-
strated that operation with economic energy require-
ments was feasible, and was a turning point in
metallurgical application of thermal plasma for steel-
making.[147] The same unit has been employed for
production of ferrochrome and ferrovanadium.[94]

A method of direct reduction of iron ore with
hydrogen and natural gas plasma has also been tested
at a scale of 1 MW in France. This method was found to
be profitable, but only bare details were made public.[157]

The 1-MW falling-film reactor pilot plant constructed
under this scheme produced iron product from Carol
Lake hematite with the following impurities: 50 ppm S,
10 ppm P, 60 ppm C, 60 ppm Si, and 70 ppm Cu.[147]

The ore feed rate was 500 kg/hr, reducing gas feed rate
was 400 m3/h, and the molten metal was collected in the
0.6 m magnesia crucible at 320 kg/h.

Nakamura et al.[86] performed a laboratory-scale test,
as illustrated in Figure 24, in which iron oxide was
melted in a water-cooled crucible, and reduced by means
of 10–50 pct H2 mixed with Ar in a transferred-arc
plasma. The degree of reduction was found to be
proportional to the amount of hydrogen fed into the
reactor. The efficiency of hydrogen utilization for the
reduction was 50–70 pct, which is much higher than the
equilibrium values below 3000 K (2727 �C). Nakamura
et al.[86] attributed this high efficiency partly to the
reactivity of the hydrogen atoms in the plasma and
partly to the continuous contact of the HP with the
molten iron oxide layer floating over the liquid iron that
was formed. The removal of phosphorus by volatiliza-
tion was remarkable. The degree of phosphorus removal
depended on the CaO/(SiO2+Al2O3) weight ratio. An
Ar-H2 plasma was found to give better phosphorus
removal than Ar and Ar-N2 plasmas.

Kamiya et al.[87] prepared a simple experimental
apparatus for the study of iron ore reduction rate with
both batch feeding (Figure 25) and continuous feeding
(Figure 26). The apparatus comprised a DC plasma

torch with thoriated-tungsten electrode, water-cooled
copper anode, and water-cooled copper crucible. The
ore was partially melted by a nontransferred Ar plasma
and then melted down by a transferred Ar plasma. The
plasma gas was then switched to an Ar-H2 (7 pct)
mixture. The sample weights were between 25 to 75 g,
the flow rate of the mixture gas was 20 Nl/min, and the
input DC power was 8.3 kW. The reduction of molten
iron oxide and FeO-bearing slags was studied. It was
found that the reduction of molten iron oxides pro-
ceeded linearly with time, and the reaction rate was
proportional to the atomic hydrogen partial pressure. It
was thus concluded that the rate-determining step was
the chemical reaction between FeO and the atomic
hydrogen formed by thermal dissociation in the plasma.
Further, the results showed that the rate of reduction of
FeO-bearing slag was lower than that of molten iron
oxide and was proportional to the FeO concentration in
the slag. It was postulated that the reduction rate was
also controlled by the mass transport rate of FeO across
the boundary layer between the interface and the molten
slag bulk. It was also observed that the reduction of
both materials took place only in the cavity formed at
the surface of the melt by the momentum of the plasma
jet. Kamiya et al. also carried out continuous reduction
of prereduced iron ore, as shown in Figure 26. They
reported an increase in the rate of reduction for
continuous feeding for all hydrogen concentrations.
Kamiya et al.[87] proposed a mechanism for iron oxide

reduction by HP in a heterogeneous liquid–HP system
that is governed by the following steps:

1. Mass transfer of hydrogen through a gas film from
the bulk phase to the reaction interface between
plasma gas and molten iron oxide or FeO-bearing
slag;

Fig. 24—Laboratory-scale transferred arc thermal plasma reactor.
Adapted from Ref. [86].
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2. Mass transfer of oxygen through a liquid film from
molten iron oxide or molten FeO-bearing slag bulk
to the reaction interface;

3. Adsorption of the molecular or atomic hydrogen at
the reaction interface;

4. Adsorption with dissociation of FeO at the reaction
interface;

5. Chemical reaction at the reaction interface;
6. Desorption of H2O from the reaction interface;
7. Mass transfer of H2O through a gas film from the

reaction interface to the bulk phase.

The most important work on liquid–HP reduction has
been carried out as part of the European Union ULCOS
programme. This is the largest initiative within the
worldwide steel industry, proactively looking for solu-
tions to the threat of global warming. As one of the
candidate used in innovative steelmaking technologies,
liquid–HP reduction has been examined extensively by
the Chair of Metallurgy of the University of Leoben,
Austria.

Hiebler and Plaul[45] demonstrated production of
molten iron from its ore in a laboratory-scale experi-
ment using HP, using a process they called Hydrogen
Plasma Smelting Reduction (HPSR). Their experimental

results led to the development of a concept for HPSR
plant on industrial scale with the capacity to continu-
ously produce an iron melt free of carbon and sulfur in a
single stage using ore fines. A technology assessment has
shown that HPSR, if it were available today, could
produce steel at 20 pct lower cost than conventional
steelmaking routes, with higher product quality and
greater flexibility and without harming the
environment.[45]

Badr[80] examined the thermodynamics, kinetics, and
scale-up potential of the HPSR process in detail. A
schematic overview of the plasma facility is shown in
Figure 27.
Badr carried out laboratory-scale experiments using

both hollow graphite and lanthanated (1 pct La2O3)
tungsten electrodes in an 8 kW DC transferred-arc
reactor, with a voltage of 110 V and current of 70 A.
The fine ores were introduced in 100 g batches, or
continuously fed through the hollow electrodes. The gas
(H2 or Ar-H2) was supplied (up to a flow rate of 5 Nl/
min) through the hollow electrodes, and also by lateral
supply via a ceramic lance located 20 mm from the melt
surface. The reduction behavior was evaluated by
calculating the reduction degree, H2 utilization degree,
total H2 utilization, and the oxygen reduction rates for
30, 40 and 50 pct Ar-H2 mixtures.
In the earlier work of the group on liquid–HP,[79,158] it

had been concluded that H and H+ stemming from the
dissociation and ionization within the plasma region
took part in the reduction process at the plasma–melt

Fig. 25—Experimental reactor for batch-type feeding. Adapted from
Ref. [87].

Fig. 26—Experimental reactor for continuous feeding.[87] Repro-
duced from Ref. [87] by permission of ISIJ International.
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interface. This was because the reduction rates obtained
in these experiments were higher than could be obtained
using molecular H2. This conclusion was re-examined by
Badr,[80] by comparing results obtained with the tung-
sten and graphite electrodes. The results corresponded
to those expected for reduction by H2 under thermody-
namic conditions, rather than by H or H+. Badr
concluded that the graphite electrodes used by Back
and Plaul to ensure stability of the plasma had con-
tributed to the increase in reduction through the
formation of CO.[80] The reduction rates obtained with
graphite electrodes were 1.25 times faster than with
tungsten electrodes, and this was due to generation of
CO; there was no evidence of reactions with HP
species.[80] Badr also found that surface of the graphite
electrodes was rougher than the tungsten electrodes,
leading to a greater mobility of the point of arc
attachment on the electrode, but stabilizing the arc
contact with the melt, and ensuring that the arc did not
attach to the sidewalls of the crucible. The lower surface
roughness of the tungsten electrodes gave rise to a less
stable arc, because the arc attached to the tip of the
electrode, and the arc column moved continuously in
order to find the most conducting path. This led to
lateral shifting of the arc to the side walls, causing
damage to the side walls.[80] Similar crucible damage was
observed by Plaul.[158]

Badr et al.[80] investigated the reduction of hematite in
the liquid state by neutral hydrogen gas and HP, and
reported a decrease in activation energy due to the
presence of plasma. This lowering of activation energy
increased the rate of reduction of FeO by almost one
order of magnitude.[87,89,90] The authors also reported
that the HP reduction process was controlled by the
chemical reaction rate. Hence, the interfacial area
between the FeO and the HP plays a significant role in
the kinetics of reduction. They also compared the

reduction of FeO by HP with that by a CO plasma.
They reported the activation energy for reduction by HP
(23 kJ/mol) was less than one sixth of the activation
energy for reduction by CO plasma (150 kJ/mol). Also,
the reduction kinetics of the HP were 3.4 times faster
than those of the CO plasma.
Badr[80] found that continuous feeding of the fine ores

through the hollow electrode gave a stable arc and an
increase in reduction rate by almost 20 pct compared
with batch loading. This suggested the feasibility of
continuous feeding of ore in a scaled-up process. Badr
did not mention the reason for the increase in reduction
rate, but it may be due to in-flight reduction, as noted
earlier.
Badr[80] also examined hydrogen utilization kinetics

by changing the method of hydrogen supply, testing a
lateral supply of hydrogen, as shown in Figure 28, with
the total hydrogen flow rate kept constant. No change in
reduction was found, and the plasma–melt interfacial
area remained the same.
The reduction rates of solid phase[159] and liquid

phase[91,160] FeO using neutral hydrogen gas are com-
pared with that for HPSR (liquid–HP)[79,87,161] in
Figure 29.
From the figure, it is clear that the reduction potential

of molecular hydrogen increases almost two orders of
magnitude with respect to solid-state reduction just
above the melting point. Badr[80] calculated the specific
reduction rate by HP, based on the plasma–melt
interfacial area, visually estimated during experimenta-
tion, and obtained a reduction rate of 0.25 kg-oxy-
gen m�2 s�1. Taking his transferred arc HPSR
experimental data [~2673 K (2400 �C)] and the hydro-
gen gas smelting reduction data obtained by Hayashi
et al.[160] at 1773 K (1500 �C) and Ban-ya et al.[91] at
1673 K (1400 �C), Badr obtained an activation energy of
23 kJ/mol. He observed only a small improvement in the

Fig. 27—Schematic overview of plasma facility.[80]
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rate of reduction by raising the temperature up to the
plasma temperature, lying within the same order of
magnitude.

Nagasaka et al.[90] used the kinetic data of several
authors[87,90,161] who used both transferred-arc and
nontransferred-arc HPSR, and the hydrogen gas smelt-
ing reduction data of Hayashi et al.[160] at 1773 K
(1500 �C) and Ban-ya et al.[91] at 1673 K (1400 �C), to

obtain an activation energy of 80 kJ/mol. However, the
rate of reduction increased almost one order of magni-
tude when transferred and nontransferred plasmas were
combined. The authors[87,90,161] also reported that the
reduction process was controlled by the chemical
reaction rate. As stated earlier, Badr[80] obtained a 20
pct increase in reduction rate for continuous feeding
through the hollow electrode, suggesting in-flight reduc-
tion by HP is a useful effect.

2. In-flight reduction
In-flight reduction has not been studied in as much

detail as liquid–HP processes. Nevertheless, it has a long
history; in fact the interest in HP reduction of iron ore
started when Stokes[153] succeeded in achieving 100 pct
reduction by injecting iron oxide powder along with
hydrogen into a helium plasma. He injected the ferric
oxide (Fe2O3) powder at a flow rate of 0.3 g/min with
hydrogen as the conveying gas flowing at 13.6 L/min
into a helium plasma flame operating at a power level of
15.5 kW. The product was collected by cold finger, 5
inches from the feed inlet, and was reported to be a
sub-micron highly pyrophoric black powder. Chemical
and physical analysis indicated that the product was 100
pct metal.
Gilles and Clumb[153] investigated the in-flight HP

reduction of iron ore in a direct-current plasma jet
reactor, shown in Figure 30.

Fig. 28—Furnace layout with lateral injection of H2.
[80]

Fig. 29—Rates of reduction of FeO by neutral hydrogen[91,159,160]

and hydrogen plasma[79,87,161] processes, and trends calculated by
Badr[80] and Nagasaka.[90]

1584—VOLUME 48B, JUNE 2017 METALLURGICAL AND MATERIALS TRANSACTIONS B



The cathode (‘‘plasma torch’’ in the figure) was placed
on a hollow anode. The plasma gas was introduced into
the space between the electrodes through the tangential
slots at the outer edge of the cathode. The ore was
injected through two 2.1-mm-bore orifices in the anode
spaced 180� apart. The orifices were inclined at 45� to
the exit plane to avoid contact between the ore particles
and the anode. The plasma gas coming from the
tangential slots on the outer surface of the cathode
was pure hydrogen or a 3:1 mixture of argon and

hydrogen. Carol Lake hematite concentrates of two
sizes, �200+230 and �270+325 mesh size, were
conveyed to the plasma jet by an argon stream through
the orifices of anode. The oxide particles were reduced
in-flight. The reduced products were collected on a
water-cooled copper ‘‘quench plate’’, at a distance of
146 or 197 mm downstream of the exit nozzle of the
plasma jet. The reaction system was totally enclosed in a
stainless steel duct that was cooled with hot water to
prevent condensation of product water. The net power
absorbed by the plasma gas was calculated from the
difference between the total electrical energy dissipated
in the electrical leads and plasma torch, and the heat
removed by the cooling water. Approximately linear
relationships between ore reduction and net power were
obtained in all cases, as shown in Figure 31. For same
net energy, pure hydrogen gave greater reduction than
the 3:1 argon–hydrogen mixture. For both gas compo-
sitions, the finer-sized particles give better reduction.
The most important finding is that for same net power

(energy per unit volume) absorbed by hydrogen gas, a
lower flow rate provides better reduction. This was
related to the increased residence time of particles in the
hot plasma, allowing more reduction. The maximum
reduction of around 70 pct was obtained using pure HP
gas, finer ore size (�270+325) and low hydrogen flow
rate.
It was concluded that the kinetics of iron oxide

reduction was controlled by heat transfer to the partic-
ulates, and that the mechanism of free flight reduction
varied with the rate of heat transfer. For the Ar-H2

plasma (with lower heat-transfer rates due to the lower
thermal conductivity—see Figure 13), the reduction
started on the outside of the particle and layers of iron
of decreasing oxidation states were formed. At the
higher heat-transfer rates of the pure HP, the product
iron was distributed within the particle in a continuous
wustite phase, probably resulting from liquid–gas
reactions.
This work further demonstrated the feasibility of iron

oxide with hydrogen in a plasma reactor, but the energy
requirements were approximately 100 times greater than
those required theoretically. Saito et al.[154] performed a
similar experiment and also achieved a high degree of
reduction.
Kitamura et al.[88] carried out in-flight reduction of

Fe2O3 in an Ar-H2 plasma, as shown in Figure 32, to
elucidate the reduction ability of thermal HP. The
plasma reduced the Fe2O3 to metallic iron. By combin-
ing the experimental results with calculations of the
equilibrium composition and of heat transfer, they
explained the mechanism as follows. The oxide particles
are heated quickly in the plasma, melting, and vapor-
izing. The vaporized oxide dissociates in the Ar–H2

plasma to form Fe atoms. When the gas is quenched, the
Fe atoms nucleate and grow to form nonspherical iron
particles with the oxygen reacting with the hydrogen to
form water vapor, thus avoiding oxidization of the iron
during cooling. The equilibrium composition calculation
is useful to predict the quenched phase and the quench
temperature. The mechanism has subsequently been
called ‘‘dissociative reduction’’.[11]

Fig. 30—Schematic of direct-current plasma reactor. Adapted from
Ref. [153].

Fig. 31—Effects of plasma power on reduction, for 25 pct hydrogen
in argon and 100 pct hydrogen, and different hematite particle
sizes.[153]
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Dayal et al.[8] designed a plasma reactor, called a ‘‘rail
reactor’’, for studying the in-flight reduction of metal
oxide particles. As shown in Figure 33, the reactant was
introduced from the top and a transient travelling arc
was produced in the rail reactor. There are three factors
that were considered necessary for in-flight reduction to
be successful. Firstly, high-energy atomic hydrogen
should be available throughout the reaction volume to
enable the reduction to proceed rapidly. Secondly, the
oxide particles must be retained within the reducing
atmosphere for sufficient time to be reduced. Finally, the
background temperature must be well below 4400 K
(4127 �C), the temperature at which water produced by
the reduction would be dissociated into hydrogen and
oxygen, leading to back-reactions. The rail reactor was
devised to satisfy these conditions.

As shown in Figure 33, the reactor was designed such
that the arc was forced to pass through the material
being processed with the aim of significantly improving
the plasma interaction with particles. The length of the
rail electrodes, along which the arc travels, was 140 mm.
It was found that the arc entrained the gas in the
reactor. It was also concluded that the arc produced
atomic hydrogen in a relatively large surrounding
volume as it moved. The atomic hydrogen generated

by the arc existed for more than 4 ms in the low-tem-
perature background after the arc had ceased to exist,
suggesting that atomic hydrogen would live for long
enough to be effective in a larger practical-sized reactor.
FeO in powder and tablet form was found to react more
rapidly and intensely with the hydrogen treated by the
arc than hot molecular hydrogen. Although more
practical reactor designs are still to be explored, the
results suggest that atomic hydrogen will exist through-
out the volume of such a reactor for a period that is
sufficient to reduce particles of FeO. Hence, it shows
promise for in-flight reduction of iron oxide particles.[8]

However, there were issues such as prevention of leaks,
small hydrogen explosions, interruption of the arc for
higher concentrations of particles, and hydrogen recom-
bination occurring preferentially to reactions with
oxygen.[162]

Sadedin et al.[163] also investigated an approach they
termed the spark discharge method. The arrangement is
shown in Figure 34. It was found that the spark
discharge method at atmospheric pressure was a simple,
inexpensive and relatively efficient method for produc-
ing atomic hydrogen, and hence reduction. The mag-
netically expanded spark was produced with 12 kV at a
frequency of 1 to 200 Hz; 30 to 40 pct of spark energy
was utilized, corresponding to fluxes of 3 9 1017 hydro-
gen atoms per discharge at a distance of 40 mm. The
method was used to carry out the reduction of pellets.
Nikolic et al.[150] developed an ‘extended arc furnace,’

an arc furnace modified to produce a long stable plasma
flame for in-flight reduction by introducing a hollow
electrode through which gas can pass. The furnace was
modified by Sadedin[162]; the 10 kW version is shown in
Figure 35. In this modification, the hollow electrode is
replaced by a rail reactor, through which hydrogen and
argon are passed, dissociating and partially ionizing the
gases. The heat of dissociation, as well as enthalpy of
hot gas, is transferred to the descending cloud of FeO
charge particles through the vertical chamber of the
furnace. The ionized portion of the gas increases the
conductivity of the arc column. The arc becomes more
stable and can be extended, giving rise to more efficient

Fig. 32—Experimental setup for in-flight reduction. Adapted from
Ref. [88].

Fig. 33—Principle of rail reactor.[8] Reproduced from Ref. [8] with
permission of Springer.
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heating. The preheated FeO is introduced from the top
at nominal rates of 1 to 3 kg/h. The fall time of particles
is 200 ms, in which there will be 5 passages of the
3-phase arc. The reactor design was implemented as a
30 kW furnace of 18 kg capacity for the reduction of
fine ore (particle size 38 to 295 lm). The efficiency was
higher than conventional plasma generators due to use
of smaller particles and the fluidized bed technique.

The in-flight reduction using a ‘‘sustained shockwave
plasma’’ is illustrated in Figure 36.[65,151,152,162] As
shown in the figure, the arc is struck from the cathode
and is switched from anode to anode by magnetic field
coils, creating a cone of ‘‘expanded’’ plasma. Compres-
sion and rarefaction pressure waves are excited in the
plasma by adding pulses of current to the base arc
current. The pulse rate is about of 1500 Hz. Particulates
of iron oxide are introduced into the reactor near the
cathode, from where they fall into the cone of turbulent
plasma, where ore reduction takes place.[65,151,152]

Highly turbulent plasma sweeps materials into itself,
causing intimate contact with the hottest and most
energetic gas atoms throughout the whole volume. The
objective is to ‘‘wholly entrain and process large
quantities of the particulate feedstock’’.[162]

Recently, there have been lots of investigations of
in-flight reduction by hydrogen gas. Sohn[15] carried out
in-flight hydrogen-gas reduction of magnetite ore in a
flash reactor (without HP) at a temperature higher than
1450 K (1177 �C) and with a particle residence time of 2

to 3 s. He obtained an activation energy of 463 kJ/mol,
which indicates a relatively high temperature depen-
dence. It was conclusively confirmed that magnetite
concentrate particles can be at least 95 pct reduced by
hydrogen in the several seconds of residence time
typically available in a flash reactor at 1473 K (1200 �C)
or above.[18]

Choi[44] reported the production of iron directly from
fine magnetite ore by a gas–solid suspension technology in
a high-temperature electric heating drop-tube reactor,
shownFigure 37.Thepreheatedhydrogengaswas injected
into the drop-tube reactor from the top. The iron ore fines
were also introduced from the top and reduced in-flight.
Choi obtained 90 pct reduction at 1.6 s and almost entirely
at 2.5 s at 1473 K (1200 �C) by using a large excess of
hydrogen, as shown in Figure 38. His calculations demon-
strated that the rate controlled by pore diffusion and mass
transfer is much greater than the measured rates; e.g., a
30-lm particle would be fully reduced in milliseconds
under pore diffusion and mass-transfer rate control,
compared with the few seconds actually observed in that
study. He concluded that the reaction was not controlled
by mass transfer and pore diffusion.
Following this work, Wang[164] performed compre-

hensive kinetics studies in the same reactor. He observed
90-99 pct reduction within 1 to 7 s at 1473 K to 1673 K

Fig. 34—Spark and magnet method. Adapted from Ref. [163].

Fig. 35—Extended arc furnace. Adapted from Ref. [127], modified
by Sadedin.[162]
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(1200 �C to 1400 �C), shown in Figure 38. Wang found
that rate equations describing the gas–solid reduction
kinetics limited by chemical reactions at the solid
surface, such as a shrinking unreacted core model, did
not fit the experimental data well. After detailed
calculations based on the experimental data and mor-
phological examination, Wang showed that the nucle-
ation and growth kinetics reported by earlier
researchers[165–171] fitted the experimental results. He
examined the dependence of the rate on the partial

pressure of hydrogen, particle size, and temperature. He
found a 0.5 order dependence on the partial pressure of
H2, which is consistent with the reaction mechanism in
which adsorbed H2 molecules dissociate into H atoms
before reacting with the oxide. He confirmed the
chemical reaction as the rate controlling process. By
applying the Arrhenius equation, he determined the
activation energy to be 464 kJ/mol.
Choi[44] and Wang[164] considered the technical issue

of heat supply in their studies. The use of hydrogen
preheating was abandoned because the maximum pos-
sible preheating that was obtainable with commercial
equipment was only about 673 K (400 �C).[44] Instead,
they proposed the use of a burner or plasma torch
installed on top of the reactor for heating of the charge
and the hydrogen gas. Although they supported the
possibility of supplying sensible heat to solid and gas
feed materials with the plasma torch, they did not
indicate that they had used the plasma torch in their
experiments. However, their experimental results, in
particular the high activation energy and residence time,
indicate that the use of a HP would be attractive. In
particular, use of a HP would be expected to reduce the
activation energy. For example, it has been recently
reported that the use of a nonthermal HP[11–14,49] in
reduction lowers the activation energy, with the reduc-
tion reaction dependent on the rate of production of
vibrationally excited hydrogen molecules.

VII. TECHNICAL, ECONOMIC, AND
COMMERCIAL FEASIBILITY

The success of an industrial chemical plasma process
requires the following stages: (a) the demonstration of
technical feasibility, (b) evaluation of economic feasi-
bility, and finally (c) commercial feasibility of a
full-scale reactor. We consider these aspects in turn in
this section.

Fig. 36—The sustained shockwave plasma. Adapted from Refs.
[151,152].

Fig. 37—Schematic diagram of a high-temperature drop-tube reactor
system.[61,164] Reproduced from Ref. [61] by permission of Taylor &
Francis Ltd, http://www.tandfonline.com.

Fig. 38—Hydrogen reduction rate of iron oxide concentrate vs. resi-
dence time and percent excess H2 at 1473 – 1673 K (1200 – 1400 �C)
(particle size: 25 - 32 lm).[61] Reproduced from Ref. [61] by permis-
sion of Taylor & Francis Ltd, http://www.tandfonline.com.
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A. Technical Feasibility

The fundamental feasibility of reduction of iron oxide
by HP depends on the thermodynamics and the kinetics
of the reduction reaction. HP consists of active species
that increase the thermodynamic potential by lowering
the Gibbs standard free energy. Further, these active
species decrease the activation barrier by generating
local temperature increases at the reduction interface.
There is therefore ample scientific evidence that HP is
capable of reducing iron oxide.

Demonstration of technical feasibility also requires
experimental evidence that the process works. As shown
in Section VI, this has been demonstrated in solid
state[13,14,77,78] and liquid state processes.[79–92] The
technical feasibility of in-flight reduction has also been
reported.[8,88,150]

There are several other considerations that arise in
optimizing the reduction process. For example, in
solid–HP and liquid–HP cases, as the reduction starts, a
metallic iron layer covering the iron oxide develops.
Assuming that the diffusion of hydrogen through the
metallic iron layer is not rate limiting, the extent of
reduction depends on the flux of active species colliding
with the iron oxide layer at the reduction interface. Since
the reductant, hydrogen, is contained in the plasma
working gas, the requirements for plasma production have
to be balanced against the required flux of active species.

Suitable means of feeding the solid material and
product collection are also required to maximize uti-
lization of hydrogen gas. The vaporization and dissoci-
ation temperature of iron oxides are much lower than
the temperatures available in a thermal HP. This
indicates that care must be taken to prevent the reverse
reaction if the process is carried out by thermal HP. A
further requirement is that the reaction product, water,
should move out of the reduction interface as the
reduction reaction proceeds, in order to ensure that
chemical equilibrium favors the forward reaction, i.e.,
the formation of metallic iron.

It is clear from the above discussion that design of the
plasma reactor requires balancing of several require-
ments, some of which are not well aligned. An optimized
design must be based on experimental data coupled with
theoretical considerations.

B. Economic and Commercial Feasibility

The primary criterion for economic feasibility of an
energy-intensive process such as ironmaking is the
energy consumption per unit of product, a condition
needed not only to reduce operating costs but also to
ensure a high throughput at lower capital cost. We
consider here the estimated energy consumption in
comparison to conventional processes (direct reduction
and blast furnace) and the thermodynamic efficiency. A
further critical consideration in the case of HP reduction
of iron ore is the cost of hydrogen. Finally, for a process
to be commercially feasible, it not only needs to be
economic (in terms of the cost per unit product), but to
be capable of a fast enough production rate to justify the
construction of a plant.

1. Energy comparison
Sohn et al.[15] estimated the energy required per tonne

of hot molten iron, using two methods (bond energy and
heat of reaction) for the conventional blast furnace
process, and for in-flight reduction (which they call
‘‘flash ironmaking’’) using hydrogen gas.[15] A summary
is shown in Table IV.
The energy requirement for hydrogen production is

strongly dependent on the production process. There-
fore, the energy cost of hydrogen production was
excluded from consideration from in-flight reduction;
to counterbalance this, the energy required to produce
coking coal was excluded for the blast furnace process.
The energy requirement for the in-flight reduction

process is 65 pct or less of that for the blast furnace
process. This energy saving is mainly due to the
elimination of feedstock preparation such as pelletiza-
tion, sintering, and cokemaking. It was assumed, to
allow a fair comparison, that molten metal is produced.
The energy requirement for in-flight reduction (11.51
GJ/t Fe) is somewhat more efficient than COREX (16.9
to 20.2), MIDREX (13.3), HYL III (12.3)[172,173]

2. Thermodynamic efficiency
Theoretically, to produce one tonne of pure iron,

about 650 Nm3 of hydrogen is required, which is
equivalent to 6.5 GJ/t. This is similar to the minimum
energy demand (6.8 GJ/t) when coke is used.[174] The
theoretical minimum energy cost for iron production
from magnetite (Fe3O4) and hematite (Fe2O3) concen-
trates is 7.963 GJ/t Fe. The 1 MW Bethlehem Steel
reactor obtained a productivity of 318 kg/h of pure iron
by using H2/CH4 ratio of 2:1 to 2.5:1, the energy cost
was 8.640 GJ/t of steel and the thermal efficiency was 84
pct.[65]

3. Hydrogen economy
The cost (including the energy cost) of hydrogen is a

critical factor in determining the economic viability of
HP reduction. Currently hydrogen is mainly produced
by reforming of methane, or by electrolysis of water.
The latter approach can use electricity produced from
carbon-free sources such as solar, wind, geothermal, and
nuclear energy. Nuclear energy has been cited[175–181] as
the optimum resource for economic production of large
quantities of hydrogen.
CSM (Centro Sperimentale Metallurgico, Rome)

designed direct reduction processes coupled with a
nuclear reforming process. POSCO, one of the world’s
largest steel producers, announced plans for nuclear-
based hydrogen steelmaking. Massive hydrogen pro-
duction is anticipated to be obtained from small nuclear
reactors. With the development of ultra-safe nuclear
plants that can provide electric power for production of
inexpensive hydrogen in progress, the steel industry
must be ready to utilize the alternative energy. Recently,
Kasahara et al.[182] have reported the flow diagram of a
nuclear hydrogen steel plant. In this context, suspension
reduction technology (similar to in-flight reduction),
taking advantage of hydrogen as the reductant, is an
attractive and promising alternative.[44]
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Renewable energy, including solar and wind energy, is
another attractive and nonpolluting source of the
electricity necessary to produce hydrogen by electrolysis
of water. Other hydrogen production processes, such as
direct photocatalysis of water using semiconducting
electrodes exposed to sunlight, are being actively
researched.[47,48]

4. Throughput and scale-up of the process
A reasonable standard for throughput of a ironmak-

ing process is that it be similar to that achieved in blast
furnaces. Von Bogdandy et al.[53] pointed out that in
order to achieve a throughput in a hydrogen reaction
process equivalent to that of a blast furnace, the
reduction time of iron oxide particles at 1423 K
(1150 �C) should be less than 5 s.

The production of iron using the suspension process
(in-flight reduction by hydrogen gas) at the University of
Utah,[44,164,183] which we discussed in Section VI–B–2,
meets this criterion. Choi[44] obtained 90 pct reduction at
1.6 s and almost entirely at 2.5 s at 1473 K (1150 �C) by
starting with fine concentrate and using excess hydro-
gen. Similarly, Wang[164] obtained 93 pct reduction in a
residence time of 9.3 s at 1150 �C and hydrogen pressure
of 0.85 atm for a particle size 20 to 25 lm.

Choi[44] claims that the in-flight reduction process, the
first flash-type ironmaking process to convert iron ore
concentrates directly to metallic iron, has strong poten-
tial as a high-intensity alternative ironmaking technol-
ogy, and can be adopted on a large industrial scale.
Further benefits include the production of iron that does

not contain carbon, and which can be therefore directly
for refining without requiring a conversion step.
The R & D study at the University of Utah showed

potential energy savings of 7.4 GJ/t hot metal (more
than 50 pct of conventional blast furnace energy use).
Based on the success of the earlier project, the American
Iron and Steel Institute had initiated a subsequent Phase
II-project where a larger-scale bench reactor vessel was
fabricated. In 2012, University of Utah was awarded
$8.9 million by the US Department of Energy to
perform tests to determine the best vessel configuration
and reductant to be used in a future industrial pilot
Although Choi[44] and Wang[164] succeeded in in-flight

reduction by hydrogen gas, they supported using HP as
a heating source. We have presented the many thermo-
dynamic and kinetic advantages of a HP over neutral
hydrogen in Sections III and V of this review. On the
basis of these points, HP processing of iron ore by
in-flight reduction has potential as a suitable process for
commercial feasibility.
Liquid-HP reduction of iron ore also shows consid-

erable promise as a large-scale industrial technology.
However, as discussed in Section VI–B–1, before a
scaled-up process can be considered, significant design
work is required to maximize the flux of active species
colliding with the iron oxide layer at the reduction
interface, and to ensure removal of liquid iron from this
region.
Scale-up of nonthermal plasma processes is more

problematic. The cost of vacuum equipment means that
only atmospheric-pressure systems can be considered. It

Table IV. Comparison of Energy Requirements (in GJ/t Fe) for Commercial-Scale In-Flight Reduction (‘‘Flash Ironmaking’’)

Using Hydrogen Gas, and the Blast Furnace Process, Assuming Production of 1 Mt per Year at 1773 K (1450 �C))

Process
Blast Furnace

Hydrogen In-flight
Reduction

Approach 1 2 1 2

Reduction 7.37 2.1 6.68 0.91
Sensible heat of iron 1.35 [1873 K (1550 �C)] 1.27 [1773 K (1450 �C)]
Sensible heat of slag 0.47 [1873 K (1550 �C)] 1.24 [1773 K (1450 �C)]
Slurry (H2O (l)) 1.93
Hot water not used
Flue gas 0.26 [363 K (90 �C)]
Removed water vapor 0.01
CaCO3 decomposition 0.33
Slagmaking �0.17
Heat loss in the reactor 2.60 0.78
Heat loss in heat exchanger(sum of next 3) 0.07 0.34 0.07
Reactor feed gas heater
Natural gas heater
WGS reactor feed gas heater
Steam not used (363 K (90 �C))
Sub-total 12.28 7.01 11.25 5.48
Pelletizing 3.01
Sintering 0.65
Cokemaking 2.02
CaCO3 and MgCO3 calcination (external) 0.26
Total 17.96 12.69 11.51 5.74
Percent decrease w.r.t. blast furnace 0 0 35.91 54.77

Approach 1, bond energy; Approach 2, heat of reaction.
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is, however, as discussed in Section V, possible to
produce deviations from local thermodynamic equilib-
rium, such as high levels of vibrational excitation and
dissociation of hydrogen molecules, even in high-inten-
sity arc plasmas. Thus, nonthermal effects are likely to
be of importance in improving the reaction rate and
throughput of transferred and nontransferred arc
plasma processes.

VIII. CONCLUSIONS

It has been established in this review that HP
processing of iron ore is feasible both by thermal
plasmas (e.g., dissociative reduction using transferred
arcs and in-flight reduction using nontransferred arc
plasmas) and nonthermal plasmas (e.g., DC glow
discharge, microwave discharge). This has been done
by consideration of the both the underlying physical and
chemical properties of HP and its interaction with iron
oxide, and detailed assessment of the existing experi-
mental evidence.

In both thermal and nonthermal HP reduction
procsses of iron ore, it has been reported that the rate
of reduction of iron ore by HP is controlled by the
chemical reaction rate. The reaction rate can be
increased by altering thermodynamic (pressure and
temperature) and kinetic (surface area, concentration,
and nature of reactants) parameters.

HP offers both thermodynamic and kinetic advan-
tages over hydrogen gas. The presence of vibrationally
excited hydrogen molecules, atomic and ionic hydrogen
gives thermodynamic advantages, by decreasing the
Gibbs free energy of reduction. However, in a thermal
plasma in local thermodynamic equilibrium (LTE),
these species are present in only very low densities at
the relatively low temperatures at which the heteroge-
neous reduction process can occur, which must be below
the boiling point of iron oxide. Indeed, we have
demonstrated that the densities are too low at such
temperatures to make the reduction reaction thermody-
namically feasible. Therefore, deviations from LTE, and
vibrationally excited hydrogen molecules are of great
importance. The kinetic barrier associated with HP
reduction is removed by the high local temperature
generated by recombination of hydrogen atoms and the
de-excitation of vibrationally excited molecules at the
reduction interface. The activation energy in nonthermal
plasma is decreased due to vibrationally excited
molecules.

The rate can also be increased by increasing the
interfacial area. This can be done by using fine iron ore
in an in-flight reduction process, which can be operated
using a nontransferred thermal plasma. In this case, the
rate of reduction is increased by almost one order of
magnitude in comparison with the smelting reduction by
hydrogen gas. In view of the decrease in activation
energy and increase in the rate of reduction, the in-flight
reduction and dissociative reduction are attractive
future options for HP processing of iron ore. The
thermophysical properties of the HP are critical in
determining the heat transfer and the coverage area in

thermal plasma processes. We have, for example, shown
that adding argon to hydrogen leads to a less constricted
arc, thereby increasing the interfacial area. The design of
the reactor should be such that the thermophysical
properties of HP are optimized for the reduction
process.
Nonthermal plasmas, which are far from LTE, have

been shown to be particularly effective in producing
rovibrationally excited molecules. Although they have
not been extensively investigated in the context of iron
oxide reduction, nonthermal HPs have many properties
that favor effective reduction.
We have presented an overall favorable picture for the

application of HP to iron ore reduction. However, many
challenges still exist. For example,

1. Development of cheap and nonpolluting methods for
production of hydrogen is a prerequisite for wide-
spread application of hydrogen and HP in steel-
making.

2. High concentrations of rovibrationally excited mo-
lecules, which are advantageous in HP reduction, are
produced with lower energy cost in nonthermal
plasma systems. Since only atmospheric-pressure
plasma systems will be economic, design of such
systems with deviations from thermal equilibrium
will be important.

3. The interactions between HP with solid and liquid
phases are highly complex, as are the fluid and energy
flows in the reactor. For example, in a flash reactor,
the reduction is dependent on the reaction tempera-
ture, the residence time of particles in the plasma
zone, and the gas composition inside the reactor.
These parameters depend in turn on the various
physical and chemical processes occurring in the
reactor, namely fluid flow, heat, and mass transfers,
and the reaction of solid particles with the hot gas-
eous stream. Traditional chemical engineering ap-
proaches are inadequate since they do not provide
information on the local gradients of temperature
and HP species concentrations, which determine the
interactions with the reacting particles. This makes
the experimental design and scale-up of these pro-
cesses highly challenging. Sophisticated three-di-
mensional computational fluid dynamic models are
required to describe the various processes occurring
in reacting gas–particle flows.

4. Development of suitable high-power plasma torches,
operating on hydrogen or argon–hydrogen mixtures,
is important for in-flight reduction processes. Critical
issues in such torches are efficiency and electrode
lifetime.

5. As in all metallurgical and chemical processes, there
are many problems that have to be dealt with. In the
context of HP reduction of iron ore, these include: (a)
selection of the optimum HP process, (ii) method of
introduction of material into the plasma zone, (iii)
particle size, (iv) interface temperature, (v) residence
time, (vi) avoidance of reverse reactions, in particular
re-oxidation of the product, and (vii) scale-up issues.

6. Last but not the least, reduction of iron ore by HP is
an interdisciplinary field that requires knowledge of
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both plasma physics and metallurgical engineering. It
is critical that researchers and engineers from both
disciplines should work together to solve the prob-
lems and advance the technology.
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