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The present review handles the main characteristics of iron oxide reduction and its industrial applications. 
The reduction of iron oxide is the basis of all ironmaking processes, whether in a blast furnace or by direct 
reduction and/or direct smelting processes. The reduction characteristics of iron ores control the effi ciency 
of any ironmaking process and the quality of the produced iron as well. Many controlling parameters should 
be considered when discussing the reducibility of iron ores such as equilibrium phase diagrams, reduction 
temperature, pressure, gas composition, and the nature of both iron ores and reducing agent. The different 
factors affecting the main routes of ironmaking will be highlighted in the present review to give a clear 
picture of each technology. Moreover, further innovations regarding the reduction of iron oxides such as 
the reduction by green hydrogen will be discussed.
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INTRODUCTION

 Iron is considered as one of the most common elements 
in the earth’s crust, representing about 5% by weight 
among elements of the earth’s crust, and the fourth 
abundant element after oxygen, silicon, and aluminium. 
Iron is an allotropic element that has three different forms 
at atmospheric pressure depending upon temperature; 
(α-Fe, BCC) body centred cubic stable below 910 oC, 
(γ-Fe, FCC) face centred cubic exists between 910 oC and 
1390 oC, and the last phase is (δ-Fe, BCC) body centred 
cubic which is stable at 1390 oC to 1539 oC1. Iron has 
three solid oxides, namely hematite (Fe2O3), magnetite 
(Fe3O4) and wüstite (FexO: x is a little lower than unity). 
The specifi c volumes of these oxides are 0.272, 0.270, 
and 0.231 ml/g iron, respectively2. Maghemite (γ-Fe2O3) 
is also a common phase for iron III oxide. It has the 
same chemical formula as hematite. It is a ferrimagnetic 
material and considered the ultimate low-temperature 
oxidation product of magnetite (Fe3O4) and inverts 
to rhombohedral hematite (α-Fe2O3) when heated at 
temperatures between 250 and 750 oC. In nature, it is 
usually found only around the edges of regions of hy-
drothermal or magnetic activity, where the temperature 
ranges from 300 to 400 oC. Table 1 shows the different 
forms of iron ore minerals, and their specifi cations. 
Iron exists naturally in minerals (iron ores) in the form 
of iron oxides such as hematite (69.9% Fe), magnetite 
(72.3% Fe), carbonate such as siderite (~48.2% Fe), 
and limonite (brown ores), Fe2O3 xH2O. 

Industrially, the only known way to extract iron from 
its ores is the reduction technique, whether in a blast 
furnace or by direct reduction and/or smelting. The dri-
ving force that determines the reduction of iron oxides 
is the removal of oxygen from the ore. The reduction 
characteristics of iron oxides and their equilibrium with 
the reductant determine to a great extent the effi ciency 
of any ironmaking process. The phase diagrams of iron 
with oxygen, hydrogen and/or carbon systems should be 
considered when discussing the reducibility of iron oxides. 
However, ironmakers classify the reduction techniques of 
iron oxides according to the type of reducing agent into 
gaseous reduction (by H2, CO, or mixture of them), and 
carbothermic reduction by solid carbon. Both reduction 
techniques are mainly depending on many factors such 
as reduction temperature, pressure, gas composition, 
and nature of the reactants.

In general, the reduction temperature is the main 
factor affecting the rate of reduction of iron oxides. The 
reduction rate of iron oxides is found to be increased by 
increasing the reduction temperature3–14. Experimentally, 
it was found that, at a given temperature, the rate of 
reduction (dr/dt) is highest at the beginning of the reduc-
tion process followed by a gradual decrease in the rate 
till the end of the processes. The reduction of iron oxide 
is a complex process that takes place in more than one 
step (stepwise manner) via the formation of intermediate 
lower oxide phases such as magnetite and/or wüstite 
depending on the applied reduction temperature. Some 
kinds of literature15–19 observed the presence of reduction 
rate minimum temperature phenomena at later stages, 
in which the reduction rate has a minimum degree at 
a certain temperature, after which the rate increases 
again with further rise in reduction temperature. Such 
rate minimum phenomena that were observed during the 
gaseous reduction of iron oxide was explained in terms 
of physical and/or chemical changes. The formation of 
some hard reducible phases such as fayalite and ferrites, 
sintering effects as well as α–γ Fe phase transformation 
(912 oC) are the most signifi cant factors affecting rate 
minimum phenomena20. It has been reported that the 
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Table 1. Types and specifi cations of iron ore minerals
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diffusion velocity of H2O or CO2 in γ-Fe is much slower 
than that in α-Fe resulting in a lower rate of reduction 
at > 912 oC than that at lower temperature1. 

The reduction temperature has a great infl uence on the 
structure of the produced iron and its lattice strain21–22. By 
decreasing the reduction temperature, the pore structure 
becomes fi ner. The lattice strains can be induced in iron 
powders reduced in hydrogen or carbon monoxide at low 
temperatures, whereas reduction at higher temperature 
allows relief of these strains by atom movement.

The reducing gas composition and its partial pressure 
is playing a great role in the stability of the reduced 
metallic iron. It was found that the rate of formation 
of metallic iron is increased with increasing partial 
pressure of the reducing gas. A highly porous structure 
with extensive surface cracking could be observed under 
strongly reducing gas composition23–27. 

The main characteristics of iron ores (nature, type, and 
amount of impurities) greatly affect the reduction of iron 
oxide. The surface orientations, dislocations, impurities 
in solid solution, and the non-stoichiometry of solid 
phase change to a great extent the rate of reduction 
of iron oxides28–32. In general, iron ores are naturally 
occurring with impurities such as silica and oxides of 
Ca, Al, Mg, Mn and others. These impurities decrease 
the reduction rate of iron oxides in all ironmaking 
processes and affect the reduction kinetics as well33–40. 
Accordingly, it is important to investigate the iron ore 
composition and the impurities levels when considering 
any ironmaking process. 

On the other hand, the reduction technique of iron 
oxides in micro and/or nanoscale might be extended to 
other novel and advanced applications. The reduction 
of iron oxides with green hydrogen is considered as the 
key parameter for decreasing greenhouse gas (GHG) in 
the iron and steel industry to minimize the emission of 
CO2. In this case, the green hydrogen is used as reduc-
tant and fuel as well. The generated green hydrogen 
from electrolysis of water can be utilized in ironmaking 
processes to replace carbonous materials in the target 
of minimizing CO2 emission. Furthermore, the reduction 
of iron oxides is becoming a promising route for the fa-
brication of iron-metal alloys. Such technology is mainly 
dependent on the simultaneous reduction and sintering 
of iron oxide enforced metal oxides. Recently, this route 
became an important technique in powder technology. It 
can be used in developing intermetallic alloys with unique 
properties and looked upon as novel technology for the 
production of alloys such as Fe-Mo, Fe-Cr, Fe-Ni, and 
other nano-structured Fe-M intermetallics.

Based on the above background, the present review 
handled the commercial technologies applied for iron 
oxide reduction. The factors affecting the reduction of 
iron oxides in most ironmaking techniques are investiga-
ted in detail together with the theoretical bases of each 
technique. 

REDUCTION KINETICS AND MECHANISMS 

The reduction of iron oxide takes place in more than 
one step via the formation of lower oxides (Fe2O3 →Fe3O4 
→ FeO → Fe). These steps are greatly dependent on 
the applied temperature in both isothermal or non-iso-

thermal techniques. In non-isothermal conditions, the 
reduction of iron oxide was carried out by reducing gas 
mixtures (H2 and/or CO) from room temperature up to 
a pre-determined temperature. Different heating rates 
were also controlled (oC/min) and the extent of reduc-
tion was continuously measured from the O2-weight loss 
resulting from the reduction reactions [O2 + H2 (CO) 
= H2O (CO2)]. The typical reduction reactions of Fe2O3 
with Ar-4 % H2 gas mixture was performed in TG-DTA 
Thermal Analyzer (STA 409 NETZSCH, Germany) as 
given in Figure 1. The course of reduction was carried 
out at a heating rate of 5 oC/min up to 900 oC and kept 
constant at this temperature for 60 min. then cooled 
down to room temperature at a heating of 20 oC/min. 
From Figure 1, it can be detected the presence of one 
exothermic peak at about 530 oC and two endothermic 
peaks at 710 and 830 oC. The exothermic peak resul-
ted from Fe2O3-Fe3O4 phase transformation, while the 
endothermic peaks were corresponding to Fe3O4-FexO 
and FexO-Fe phase transformations, respectively. These 
phases were identifi ed by applying X-ray phase analysis 
which confi rmed the above-mentioned fi ndings. 

Figure 1. TG-DTA thermal analysis for iron oxide non-iso-
thermally reduced in 4% H2-Ar gas mixture in pure 
5 oC/min H2 up to 900 oC

On the other hand, the isothermal reduction behaviour 
of iron oxide was carried out at certain temperatures. 
In these experiments, the sample was heated up to the 
pre-determined temperature in Ar atmosphere and kept 
constant for a while, then the reducing gas (H2) is in-
troduced instead of Ar and the reduction was followed 
by measuring the O2-weight loss as a function of time 
and continued till completion where no more weight 
loss could be recorded. Figure 2 represents the typical 
reduction behaviour of iron oxide in H2 atmosphere 
at 700–1000 oC. It shows that the rate of reduction 
increased with the rise in the reduction temperature. 
At a given temperature, the rate of reduction is high at 
the early stages then gradually decreased with progress 
in the reduction reactions showing a signifi cant delay in 
the reduction rate at the later stages. The delay in the 
rate is more pronounced at lower temperatures, which 
is attributed to wüstite–iron transformation step41. 

It was reported in most ironmaking literatures that the 
rate controlling step of the reduction of iron oxide is the 
oxygen removal from wüstite phase (FexO → Fe trans-
formation step). The reduction reaction mechanism can 
be predicted from the correlation between the following: 
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1 – Apparent activation energy (Ea kJ/mole) calculated 
by applying Arrhenius equation; 

 (1)

where; Kr is the rate constant, Ko is the frequency factor, 
R is the gas constant, and T is the absolute temperature. 

2 – Microscopic examination of morphology and 
structure of partially and completely reduced samples 
using both of Refl ected Light Microscope (RLM) and 
Scanning Electron Microscope (SEM-attached with 
EDAX). This will give a good idea about the mode of 
reaction especially in case of dense grains.

 3 – Testing of different mathematical formulations 
derived from the gas–solid reaction model (interfacial 
chemical reaction, chemical reaction and mixed control 
reaction equations) to predict the mechanism of reaction 
from the straight line obtained42. 

It has been reported that in the gas-solid reactions 
of iron oxides, the following basic processes were pro-
posed1, 43–45:

i) Diffusion of the reducing gases from the bulk gas 
to the surface of grains or the diffusion of the product 
gases in the reverse directions through the boundary 
layer around the particles.

ii) Internal diffusion of these gases and possibly of 
cations and anions through the layer of solid particles 
to the reaction interface.

iii) Chemical reactions between the reducing gas and 
oxygen atoms either at a particular reaction interface or 
throughout the particles. 

iv) Nucleation and grain growth of metallic iron on 
the surface of lower oxide.

v) Heat transfer to the reaction interface.
It has been agreed that the most important stage in the 

reduction reactions, which determines the reaction rate 
and the degree of utilization of gases, is the separation 
of O2 from wüstite. 

There are three possible mechanisms suggested for 
the gaseous reduction of dense iron ores depending 
upon the structure of the ore, all of them are based on 
the microstructure changes accompanying the reduction 
process as follows.

The fi rst mechanism suggested by Edstrom1 is the most 
widely accepted and applies to hard dense ore which 

produces a porous iron product layer on the surface of 
the ore particles. Oxygen is removed from the FeO/Fe 
interface only according to the reaction shown in equation 
(2). The other oxides are reduced as written in equations 
(3) and (4). For these two reactions, ferrous ions diffuse 
inward from the iron-wüstite interface, where the oxygen 
is removed to react with magnetite and hematite.

At the FeO/Fe interface, the oxygen is up taken:
 (2)

While other oxides can be reduced:

 (3)

 (4)

The second mechanism was proposed in literature44 
in which the reducing gas (H2) takes the oxygen from 
the oxides at the iron oxides interfaces:

 (5)
 (6)

 
(at the Fe2O3/Fe3O4 interface) (7)

The third mechanism proposed in the literature45 can 
apply to coarsely crystallized ores. A dense iron is formed 
around grains of wüstite. Both hematite and magnetite 
are reduced into lower oxides, but in this interpretation, 
wüstite is reduced by H2 (or CO) to metallic iron which is 
then absorbed on the outer surface. Oxygen ions diffuse 
through the iron band to the surface and react with H2 
to form H2O vapour. 

The predicted reduction mechanisms from applying 
mathematical model can be confi rmed through inve-
stigating the morphology and microstructure changes 
accompanying the reduction process. Figures 3 and 4 
show different images for the morphology of reduced 
metallic iron. In all experiments, the iron oxide is re-
duced partially and/ or completely in H2 atmosphere at 
1000 oC. The microstructure of partially reduced iron 
oxide at early and intermediate stages is given in Figure 
3(a), in which different phases of lower oxides are clearly 
distinguished. Whereas the morphology of completely 
reduced iron oxide can be observed in Figure 3(b), 
a relatively porous structure of metallic iron with micro 
and macro pores can be detected. Figure 4(a) shows the 
SEM image of completely reduced iron oxide, in which 
porous iron layer can be simply observed. The sintering 
phenomena accompanying the reduction process at high 
temperatures is shown Figure 4(b), a very dense metallic 
layer of iron with the absence of macropores is observed. 

INDUSTRIAL TECHNOLOGIES FOR IRONMAKING 

The extraction of iron from its ores via the reduction 
technique is the main step in all ironmaking technologies. 
To date, ironmaking processes take 3 general routes; 
namely blast furnace (BF), direct reduction (DR), and 
direct-smelting route (DS). All technologies used in the 
three routes have their own advantages and disadvantages. 
However, it is diffi cult to carry out a direct comparison 
between them, as BF technology is well established and 
represents an essential route for manufacturing iron 
from iron ores. The different factors affecting the three 
routes will be highlighted hereinafter to give a clear 

Figure 2. Typical isothermal reduction behavior of iron oxide 
reduced at 700–1000 oC in pure 0.5 l/min H2 atmo-
sphere
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picture of each technology, but still, the most diffi cult 
question to be answered is the suitable route that can 
be recommended for new ironmaking investment. The 
main deriving forces that should be considered when 
answering such kinds of questions are (not limited to) 
the available energy resources, iron ores, capital and 
fi xed production costs, and environmental regulations.

Blast Furnace
Iron blast furnace is still the essential route for the 

production of molten iron to date. The ironmaking blast 
furnace (BF) is a very energy-intensive metallurgical 
process and the prime route for steel production, from 
which about 70% of the world’s steel consumption is 
produced. It depends on using low or medium iron 
ores together with coke to produce hot metal after the 
separation of gangue materials as slag. Apart from the 
complicated thermodynamics phenomena occurring in 
blast furnace, the highly capital-intensive cost is the most 
important factor when selecting BF technology to pro-
duce hot metal. This is because BF requires coke ovens 

to convert raw coal to coke, sinter plant for preparing 
iron ores, gas cleaning, and control systems. However, 
the current modern blast furnace with amazing charac-
teristics of the operation indices as shown in Table 2 will 
continue to be the main route for the production of hot 
metal46–50. The innovation in the design together with the 
improvement in the operation parameters are the main 
reasons to keep the blast furnace route a competitive 
technology to date.

Innovations in measuring tools and the use of advanced 
mathematical models have radically enhanced the ways 

Figure 3. Morphology of iron oxide reduced at 1000 oC by H2 under different operation conditions: (a) partially reduced to 50%, 
(b) completely reduced to metallic iron

Figure 4. Photomicrographs of iron oxide reduced at 1000 oC by H2 gas: (a) completely reduced Fe2O3, (b) reduced Fe2O3 after 
sintering for 5 hr

Table 2. Modern blast furnace characteristics
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of controlling and monitoring the blast furnace opera-
tion parameters. Still, lowering energy consumption with 
keeping higher productivity are the main goals of blast 
furnace makers that can be achievable via increasing 
oxygen enrichment air blast and extensive coal injection, 
and/or looking for new source of energy. Artifi cial Intel-
ligent programmes are nowadays trying to develop more 
advanced ways to solve the complicated blast furnace 
operation problems. 

However, to defi ne the importance of reduction pro-
cesses in modern blast furnace technology, it is essential 
to understand the relation between iron ore composition 
and fuel consumption. As mentioned previously, the 
reducibility of iron oxide and the associated impurities 
in the iron ores include many complicated reactions be-
cause the reduction of these oxides takes place in more 
than one reaction (stepwise manner). The presence of 
different intermediate lower oxides and metal ferrites 
hindered the reduction reaction in a general way. In blast 
furnace processes, the reduction of iron oxide takes place 
by solid carbon of coke and/or mixture of CO and H2 
coming from natural gas (NG) injection (90–99% CH4). 
Accordingly, the blast furnace reactions could be classifi ed 
into two categories, namely indirect reduction (reaction 
8), and direct reduction (reaction 9). Thermodynamically, 
each reaction has its own characteristics in the terms of 
heat consumption and the amount of reducing agent51;

 (8)

 (9)

(where k1 = equilibrium constant, ∆H = enthalpy of 
the reaction)

It was reported that one of most important factors that 
leads to decrease the amount of coke consumption is the 
decrease in the percentage of direct reduction reactions. 
This can be done in modern blast furnaces by increasing 
the amount of natural gas injected through tuyeres or via 
injection pulverized coal. Many blast furnace operators 
use the degree of direct reduction as an important index 
to optimize the blast parameters of iron blast furnace. 
Thus, the amount of natural gas injected via tuyeres could 
be increased to maximum value that corresponds to the 
minimum percentage of direct reduction of iron oxide. 

In related investigations of the authors of the present 
review47, 52–53, and another literature54, different mathe-
matical models were developed to optimize the operation 
parameters of blast furnace technology. These models 
mainly depend on the calculations of direct reduction 
reaction, which can be used to measure and control the 
operation parameters of blast furnace. The detail of each 
model is discussed hereafter.

Mathematical model of theoretical coke consumption
One of the important indexes that defi ne the effi ciency 

of iron blast furnace is the amount of coke consumption. 
The coke is the main source of energy in blast furna-
ce. It is recommended to operate BF with a minimum 
amount of coke. Andronov in literature54 developed 

PDK model to estimate the minimum theoretical value 
of coke consumption based on Equations 8 and 9. In 
that model, the minimum degree of direct reduction 
(rdmin) corresponding to the minimum amount of coke 
consumption is calculated from Equation (10).

  (10)

where  is the degree of utilization of CO in the 
reaction (FeO + CO = Fe + CO2). The equilibrium 
constant of the reaction is k1, 

 is the degree of utilization of H2 in the reaction 
(FeO + H2 = Fe + H2O) the equilibrium constant of 
the reaction is k2  

n = mole of CH4 , H1 = enthalpy of direct reduction 
of iron oxide, J/mol (Fe)

 = heat given by coke carbon burning at the tuyeres 
in the heat exchange zone of the furnace (T = 1173 K), 
J/mol (Ct)

 = heat given by 1 mole of methane in the heat 
exchange zone of the furnace, J/mol(CH4). 

The theoretical minimum coke consumption (Kmin) 
and minimum carbon in coke (Cmin) could be estimated 
using the value of rdmin as the following:

 (11)
(where Ck = carbon content in coke, and Ce = carbon 
content in hot metal). 

It was reported that the injection of natural gas 
enriched with oxygen into BF increases the chance of 
lowering direct reduction percentage to minimum value 
and consequently decrease the total coke consumption 
with conditions keeping other parameters in acceptable 
indices. The model could be used in BF technique to 
predict the effect of different factors on the relative 
coke consumption. 

Mathematical model of theoretical fl ame temperature 
and energy balance

The energy balance in iron blast furnace is a very 
complicated issue due to the high temperature in the 
raceway region which makes the actual measurement 
diffi cult. However, the operators of iron blast furnace 
use the theoretical fl ame temperature (TFT) as an ope-
rational index for blast furnace parameters optimization. 
The actual temperature in the raceway is lower than 
theoretical fl ame temperature because all heat losses 
are ignored in the calculation. Accordingly, increasing 
the calculation accuracy of TFT enables optimizing the 
operation parameters of iron blast furnace. Furthermore, 
TFT can be used as a controlling parameter to detect 
any deviations from the normal operation of the furnace.

The mathematical model of TFT estimation depends 
on the concentration of the raceway gases namely CO, 
H2, and N2 together with the amount of coke carbon. In 
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real data for blast furnaces using mathematical models 
developed in the above models47, 52. It can be reported 
that the increasing amount of injected natural gas via 
tuyeres greatly affects the value of sharing degree of 
direct reduction and consequently decreases the coke 
consumption and consequently, the total cost of the 
production will be declined. The most important benefi t 
of using mathematical models in iron blast furnace is to 
predict any deviation from normal conditions and enable 
the blast furnace operators to take the right decision in 
a reasonable time.

Direct Reduction Technologies
Direct reduction (DR) technique is an alternative ro-

ute for the production of DRI or so-called sponge iron 
from its ores instead of conventional blast furnace. It 
was invented to eliminate the use of coke and replace 
it with non-coking coal or natural gas in the reduction 
reactions. In DR processes, iron ore in the form of fi -
nes, lumps, and/or pellets is reduced by either solid or 
gaseous reducing agents at relatively lower temperatures 
(below the melting and fusion temperatures of ores or 
agglomerates). In DR processes, iron ore is reduced 
in solid state form at 800–1050 oC by either reformed 
natural gas (>95% CH4) or coal-based reductant. By 
time, the number of BFs in the world is decreasing with 
increasing the number of DR plants. The main product 
of DR processes is DRI (Direct Reduced Iron) or sponge 
iron, which is the main charge of electric steel furnaces 
(as scrap). The recent development of benefi ciation 
methods, as well as pelletizing of iron ores, enables the 
DR techniques to be promising and very competitive to 
iron blast furnace route. In reality, the invention of DR 
technique in 1930 was a target for further benefi ciating 
of iron ore to increase blast furnace performance55. 
The DR processes is intrinsically more energy effi cient 
than the BF since they operated at low temperatures 

combustion zone, the burning of coke carbon reaching 
the tuyeres and methane can be estimated for 1 mole 
of air blast using the following stoichiometric equation: 

   
 (12)

where; ω, φ, and D are oxygen, moisture and natural 
gas contents in dry blast, respectively.

The contents of raceway gases (m3/m3) can be calcu-
lated from Equation (13). 

 (13)

Using the enthalpy of hot blast ( ), enthalpy of carbon 
of coke burning to slag temperature (iC) and enthalpy 
of auxiliary fuel, the total enthalpy of raceway gases 
( ) can be estimated from Equation (14). 

 (14)

where; WC is the heat of combustion of coke carbon in 
CO (kJ/kg coke carbon). 

The TFT can be estimated from Equation (15).

 (15)

Mathematical model of air blast calculation
Abdel Halim in literature47, developed a mathematical 

model to estimate the volume of air blast consumption 
based on the bases of the above-mentioned models. The 
model is mainly based on the value of direct reduction of 
iron together with estimation of hydrogen consumption 
during indirect reduction of iron by hydrogen (VH2i). 
Thus, the most accurate index that can be used in the 
calculation of (rd) is the ratio of degree of utilization of 
H2 and CO inside the furnace . The value of R

is varied in a very narrow range (0.95–1.0). The selected 
value of R could be confi rmed by zone heat balance 
for iron blast furnace. The air blast consumption can 
be calculated using nitrogen balance in Equation (16). 

  (16)

where υ’N2 is the nitrogen consumption of air blast per 
kg coke carbon reaching the tuyeres (CФ).

   (17)

  (18)

Since     (19)

   (20)

In conclusion, all the above mathematical models have 
been demonstrated to investigate the effect of different 
operation parameters on the performance and effi cien-
cy of blast furnace, and consequently the total cost of 
hot metal production. Figure 5 shows the analysis of 

Figure 5. Analysis of real data for iron blast furnace using 
mathematical models
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and the produced DRI (90–94% metallization) which 
is successfully used as a feed for electric furnaces in 
mini steel plants for steel production. Hot briquetting 
technology is also applied to produce Hot Briquetting 
Iron (HBI) from the fi nes produced during charging of 
furnace and/or from the movement of pellets or lumps 
during reduction process. This technique is applied to 
prevent the reduced metallic iron from the re-oxidation 
reactions before shipping, handling and storage of DRI. 
However, the fi rst successful plant to produce DRI was 
developed by Midrex Technologies, Inc in the late 1950s. 
Before the end of 1960’s, most electric arc furnaces used 
DRI as the main feed. 

Ironmakers classify the DR techniques according to 
the type of reductant (coal based DR and gas-based DR 
processes) and furnace used into different DR proces-
ses56, 57. Table 3 summarizes the characteristics of the 
common types of direct reduction processes. High grade 
of iron ore is reduced at relatively low temperatures 
using the product of reformed natural gas (H2 + CO) 
or coal. The DR technique became a suitable route to 
produce iron in many developing countries suffering 
from lack of coking coal. The main DR technologies of 
gas-based DR processes that produces >85% of DRI 
are Midrex and HyL. 

 (22)

 (23)

 (24)

Wüstite reduction to metallic iron:

 (25)

 (26)
In Midrex technology56, the reduction of iron ores takes 

place in a vertical shaft furnace using the product of 
reformed natural gas. The process contains three main 
units namely, shaft furnace, reforming unit of NG, and 
cooling system. The effi ciency of the process is greatly 
affected by the reduction temperature, composition of 
the reducing gas, and the nature of feedstock charge. 
However, a major problem facing steel industry all over 
the world, including the developing countries, has been 
inadequate availability of high-quality scrap. This has 
been accentuated by the ever-increasing adoption of 
continuous casting. While the technology for making 
quality steels requires large quantities of prime quality 
scrap, continuous casting improves energy utilization and 
reduces the generation of in-plant scrap. In conclusion, 
DRI becomes a promising substitution for scrap due 
to very low contamination, particularly the contents of 
sulfur and phosphorus in the metallic iron. 

On the other hand, HyL III processes was developed 
to reduce iron oxide in the form of lump and/or pellets 
in two stages in retorts. The reduction reactions were 
performed with natural gas-steam reforming to produce 
(1:3 CO/H2 gas mixture). However, a single moving bed 
reactor is developed to replace the four-bed reactor in 
HyL I and can be operated by 100% iron ore pellets, 
100% lump ore, or a mixture of both (70% pellets + 30% 
lump ore). The Steam-natural gas mixture is preheated 
to 620 oC in a reformer convection section before ente-
ring to the reformer at 830 oC to produce reducing gas.
CnH(2n+2) + n H2O → nCO + (2n-1) H2   (27)

The chemical composition of the reducing gas is; 
73% H2, 17% CO, 6% CO2, 1% H2O and 3% CH4. 
The HyL IV is a shaft furnace in which the natural gas 
is reformed in the same reactor by the freshly reduced 
metallic iron (DRI) which acts as a catalyst for the re-
forming of natural gas. At the same time in the reactor, 
water – shift gas reaction is simultaneously proceeded 
(CO + H2O = CO2 + H2). 

Direct-Smelting Process (DS)
The direct smelting (DS) technique is considered the 

second alternative ironmaking technology. The DS pro-
cesses are characterized by using non-coking coal, and in 
some cases possible fi ne ores instead of pellets or lump 
ores. The absence of restrictions in most DS processes 
for both types of iron ores and/or reducing agent makes 
the DS processes very competitive although most of the 
invented techniques are still on the research scale or pilot 
plant. So, the advantage of this technique is the lower 
capital cost results from the elimination of the coke 
and agglomeration plants and high smelting intensities. 

Table 3. Common types of DR/HBI processes

Midrex technology is the most common route of DR 
in terms of production and popularity. According to the 
annual report of statistics of Midrex (2020 world direct 
reduction) as shown in Table 4, the total world produc-
tion of DRI was 104.4 million tons (Mt) in 202057. It 
decreased by 3.4% from the record 108.1 Mt produced 
in 2019. From 2015–2019, worldwide DRI output incre-
ased by 35.5 Mt, or nearly 49%. India is ranked number 
one among all countries in the rate of DR production 
by 32.98 million tons in 2020.

Table 4. Statistical analysis for world DRI in 2020

The prevailing chemical reaction in DR processes is 
the heterogeneous gas-solid reduction of Fe2O3 with 
H2 + CO (coming from natural gas reforming) as the 
following56, 58–63, Fe2O3 (O2 content = 30%) to Fe3O4 
(O2 content= 27.7%), to FeO (O2 content = 22.3%), 
and then the fi nal product is Fe:

Hematite reduction to magnetite:

 (21)
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The most common commercial DS processes are Corex, 
Finex, Technored, and HIsmelt50, 64–75. Recently, the Corex 
and Finex processes have reached industrial application. 
The main disadvantage of DS processes is the lower 
production rate. The module capacity of Corex process 
in commercial scale is about 0.6 Mt/y, although a new 
Corex module was constructed at Baosteel in Chain with 
average capacity 1.5 Mt/y. The most important challenge 
facing DS processes is the high capital cost because 
the process does not use coal directly. However, Corex 
process involves two main reactors. The fi rst unit is the 
pre-reduction furnace that reduces iron ore to 90%. The 
second unit is the melter-gasifi er that fi nally reduces and 
smelts the iron ore and generates reducing gas by com-
bustion of coal for the pre-reduction furnace. In all DS 
processes, there are many chemical reactions associated 
with different mass and energy transport phenomena. 
One novel idea is now being used to decrease the cost 
effi ciency of the Corex process through recycling the top 
gases that can be utilized in power generation or can 
be exported to the neighbour direct reduction plant70.

FURTHER INNOVATIONS

Reduction of iron oxide with green hydrogen
The iron and steel industry is an energy-intensive sector 

as it requires huge natural resources. To date, the main 
reducing agent used in the reduction of iron ores in all 
ironmaking processes is based on carbonous sources 
such as coke, coal, pulverized coal, and even natural gas. 
About 7% of the global greenhouse gas is produced from 
iron and steel industry. One of the novel technologies 
suggested to minimize CO2 emission during reduction 
of iron oxides is to replace carbonous materials with 
green hydrogen. For example, replacing coke of blast 
furnaces with green hydrogen which is produced from 
water electrolysis has the potential to reduce emissions 
of CO2

76–79. The hydrogen produced from electrolysis of 
water is now becoming a core principle of new process 
confi gurations for decarbonized many heavy industries. 
A mathematical model based on mass and energy bal-
ance has been developed76 to explore the feasibility of 
using hydrogen direct reduction of iron ore (HDRI) 
coupled with electric arc furnace (EAF) for carbon-free 
steel production. The results show that such technology 
could reduce the emissions from steel production in the 
EU by more than 35%. 

The electrolysis of water that produces H2 and O2 in-
volves many exchange transport phenomena. The energy 
required for the electrolysis processes may be obtained 
from emerging renewable power sources such as wind 
and/or solar77 which makes the process more feasible 
in the near future. However, the total decarbonization 
degree will depend on the amount of green hydrogen 
that can replace carbon in the reduction processes. In 
real ironmaking processes, complete reduction of iron 
oxide by hydrogen is feasible from the theoretical point 
of view, but in reality, other factors should be consid-
ered such as reduction of iron ore impurities, and hard 
reducible phases. In general, the carbon of coke used in 
blast furnace for example is not only used as a source 
of reductants, but also it is the main source of energy. 

Hydrogen-based direct reduction is among the most 
attractive solutions for green ironmaking, with high 
technology readiness. In general, hydrogen-based direct 
reduction proceeds two to three times faster than CO-
-based direct reduction. This is attributed to the physical 
properties of hydrogen, i.e., its small molecule size, low 
viscosity, and high mobility when diffusing as a molecule 
through pores or as dissociated atom through solids. 
The hydrogen-based direct reduction process is charac-
terized by a hierarchy of phenomena that can infl uence 
the reaction at different length and time scales. They 
range from transport and reaction kinetics in a shaft 
reactor at macroscopic scale down to chemical reactions 
at interfaces at atomic scale and catalysis, dissociation, 
and charge transfer at electronic scale. Reaction kine-
tics is also affected by micro-to-atomic-scale features 
of the different oxides and the adjacent iron layers, 
including crystal defects, porosity, mechanics, and local 
composition. Although these dynamically evolving nano-/
microstructure features can alter the kinetics by orders 
of magnitude, a complete picture of their roles and inte-
ractions is still missing. More research is still needed to 
take the fi nal decision for completely replacing carbon 
by green hydrogen in ironmaking processes. 

Manufacturing of metallic alloys
The reduction technique of iron oxide has been exten-

ded to be applied in another metallurgical applications. 
The reduction of iron oxide powder is a promising route 
for the fabrication of iron-metal alloys. Such technique 
might replace the traditional route for the manufacturing 
these alloys by powder metallurgy in the near future. It 
is mainly dependent on simultaneous reduction-sintering 
reactions of iron oxide doped metal oxides. The reduc-
tion technique is a simple, environmentally friendly, and 
economic approach to develop intermetallic alloys with 
unique properties.

The authors of the present work have successfully 
produced metallic materials with a wide range of ap-
plications via reduction route80–86. The composition of 
the produced alloys can be controlled under operational 
conditions. The fi rst example is the synthesis of ferronickel 
(Fe-Ni alloy) with different contents of Ni via gaseous 
reduction of blended oxides (Fe2O3+NiO) by hydrogen 
gas. The reduction of metal oxides takes place as given 
in the following reactions: 

2Fe2O3 + 3H2 = 4Fe + 3H2O  (28)

NiO + H2 = Fe + H2O  (29)

Fe2O3 + NiO = NiFe2O4  (30)

NiFe2O4 + 4H2 = Ni + 2Fe + 4H2O  (31)
The reduction temperature and the composition of the 

starting materials play an important role in the reduction 
kinetics and mechanisms. It was reported that NiO is 
easily reducible than Fe2O3, and hence the formation 
of metallic nickel during reduction of blended oxide 
accelerates the reduction rate of iron oxide because Ni 
acts as catalyst80–82. However, the idea of using gaseous 
reduction technique to fabricate Fe-M alloys might be 
applied on Fe-Co, Fe-Mn, Fe-Mo, W-Fe, W-Fe-Ni. 

Another example to utilize reduction technique in 
powder technology was used to fabricate heavy tungsten 
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alloy with composition 93W:3Ni:2Fe:2Co84–85. It was 
reported that the oxide blend composed of WO3, NiO, 
Fe2O3, and CoO3 can be reduced under certain conditions 
in hydrogen atmosphere at temperature above 900 oC to 
avoid the appearance of residual oxides. The reduction 
rate increased with increasing reduction temperature. 
A very dense intermetallic matrix was formed after 
sintering at 1500 oC as shown in Figure 6 84. Arrhenius 
plots and gas solid reactions equations were used to 
elucidate the reaction mechanism. It was found that the 
reduction rate is most likely controlled by interfacial 
chemical reaction mechanism.

process. It was reported that nano-sized iron oxide is 
reduced at relatively lower reduction temperature than 
commercial one.  In related investigations88, authors of 
the present work handled the reducibility of iron oxide 
nanoparticles with an average crystallite size of 35, 100 
and 150 nm synthesized by hydro-thermal techniques. 
The nanoparticles were reduced isothermally in pure 
hydrogen at 400–600 oC. The infl uence of crystal size 
and reduction temperature on the reduction characte-
ristics of nano-sized iron oxide was deeply investigated 
together with prediction of reduction mechanisms in 
nanoscale. The TEM images of both reduced and unre-
duced nanoparticles (35 nm) are shown in Figure 7. The 
reduction behaviour of nanoparticles in pure hydrogen 
gas at different reduction temperatures is recorded in 
Figure 8. It was observed that the complete reduction of 
nanoparticles was detected at a reduction temperature 
≥ 450 oC. A topochemical mode of reduction was obse-
rved with all reduced samples. The reduction process was 
initially controlled by combined effect of gas diffusion 
and interfacial chemical reaction mechanism whereas the 
controlled mechanism at the fi nal stages of reduction was 
varied according to the size of nanoparticles.

Figure 7. TEM images of iron oxide nanoparticles (35 nm): 
(a) unreduced, (b) reduced particles with H2 gas at 
450 oC

Figure 6. Photomicrographs of heavy tungsten alloy sintered 
at 1500 oC for: (a) 30 min, (b) 90 min

Reduction of iron oxide in nanoscale
Recently, nano-sized iron oxide has become an at-

tractive material and promising candidate in different 
engineering applications83, 87–89. The reduction of nano-
-sized iron oxides is considered an important step in 
many metallurgical processes87–93. Experimental analysis 
showed that the reducibility of nano-sized iron oxide is 
much easier than micro-sized iron oxide. In all cases, 
this can be attributed to the high surface area of nano-
-sized iron oxide which facilitates the penetration of 
gas and consequently enhances the overall reduction 

Although the investigation of reduction technique 
for nano-sized iron oxide is still in the research stage, 
but it can be recommended to test the utilization of 
nano-sized iron oxide in ironmaking processes as a new 



90 Pol. J. Chem. Tech., Vol. 25, No. 4, 2023

source for decreasing energy consumption. The nano-
-sized iron oxide powder can be injected with air blast 
in iron blast furnace like the current pulverized coal 
injection technology. Such kind of injection will decrease 
the reduction time of iron ore charge and consequently 
the energy consumption will decline83.

CONCLUSIONS

The reduction technique of iron oxide is a signifi cant 
issue in many engineering applications. It is considered 
as the main operation in all ironmaking processes, 
whether blast furnace, direct reduction and/or direct 
smelting. The reduction of iron ores is the only way to 
extract iron from its ores by gaseous or carbothermic 
techniques. The reduction characteristics and factors 
affecting the reduction kinetics and mechanisms play an 
important role in optimizing all ironmaking processes 
in industrial scale. The present review highlighted the 
advanced trends in ironmaking processes with special 
emphasis on the reduction techniques of iron oxide. 
Although there has been a great effort to develop and 
optimize the main three technologies of ironmaking 
(BF, DR, and DS) in the last decades, more innovations 
are still needed to overcome the current problems in 
each technology. The reduction of iron oxides by gre-
en hydrogen and utilizing nano-sized iron oxides are 
among novel trends to optimize ironmaking processes. 
Besides that, the reduction of iron oxide doped metal 
oxides can be utilized to produce Fe-M intermetallics 
alloys with unique properties. However, any new trend 
in the reduction of iron oxides should be investigating 
in detail to become competitive and easy to be applied 
commercially. Developing energy-effi cient technologies 
based on nanotechnology and nanomaterials of iron 
oxides, together with encouraging research to further 
improve the benefi ciation of iron ores, are becoming 
the hot issues in ironmaking fi eld. 
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