CHAPTER 12.17

Ironmaking

Basak Anameric, David Rohaus, and Tiago Ramos Riebeiro

Iron ore concentrate is reduced, smelted, and refined to
produce steel by the processing routes shown in Figure 1
(Anameric and Kawatra 2008):

¢ Blast furnace (BF) and basic oxygen furnace (BOF)
e Direct reduction (DR) and electric arc furnace (EAF)
« Direct smelting (DS) and either BOF or EAF

¢ Direct melting of scrap in the EAF

Scrap can be the sole feed for an EAF, or it can used in
conjunction with direct reduced iron (DRI) in an EAF. Scrap
is a supplementary feed in the BOF, as well. BF and BOF pro-
cesses are considered the traditional route. DR, DS, and scrap
melting and EAF are considered alternative routes. EAF steel
production is more widely used in the United States, but on a
worldwide scale, BOF is more extensively used for steel pro-
duction. Worldwide, approximately 65% of iron and steel is
produced using traditional routes, and approximately 35% is
produced using alternative routes.

The majority of the iron ore mined and beneficiated is
used for pig iron production and subsequent crude steel pro-
duction. On average, 2 billion t (metric tons) of iron ore, | bil-
lion t of metallurgical coking coal, and 520 million t of scrap
are used to produce 1.6 billion t of crude steel (Worldsteel
2015).

This chapter gives a brief description of the ironmaking
routes. The discussions are divided into the traditional iron-
making route (BF process) and alternative ironmaking routes
(DR and DS processes).

BLAST FURNACE IRONMAKING
The BF is a countercurrent shaft furnace, which employs car-
bon, mainly in the form of coke for reduction and smelting of
iron oxides to produce hot metal (pig iron) and slag. The hot
metal usually contains 4%—5% carbon and 0.3%—1% silicon,
and is suitable for subsequent refining into steel.

The raw materials for the BF include the following:

¢ Solid raw materials—iron oxides, flux, and coke
» (Gas raw materials—hot airblast, oxygen, and hydrocar-
bon hot blast injectants

The BF operation consists of periodic charging of solid
raw materials from the top of the furnace, periodic tapping of
the hot metal and slag produced from the bottom, continuous
injection of the hot blast with hydrocarbon injectants and oxy-
gen enrichment through the tuyeres, and continuous removal
of the top gas and dust.

A BF material balance is shown in Figure 2 (Peacey and
Davenport 1979; Poveromo 2010; Lankford et al. 1985b). The
iron oxide raw materials used are typically hematite (Fe,05)
and occasionally magnetite (Fe;0,). They are added as pel-
lets, sinter, or lump ore. Depending on the particular BF, the
charge may contain one, two, or more of these oxide forms.

The main gangue contained in iron oxide raw materi-
als are silicon dioxide (5i0,) and aluminum oxide (Al,Oj5).
Flux material containing calcium oxide (CaQ), calcium car-
bonate (CaCOs;, limestone), magnesium oxide (MgO), or
magnesium-calcium carbonate (MgCO5-CaCOj, dolomite) can
be added. Pellets are produced by upgrading low-grade mineral
deposits, followed by consecutive agglomeration and indura-
tion. Pellets produced without the addition of flux are referred
to as standard pellets, and those produced with flux addition
are referred to as fluxed pellets. In addition to the preceding
list of flux materials, magnesium-iron silicates, such as olivine
(Mg,Fe)Si0,, are occasionally used as flux. Sinter is produced
by burning fuel with various iron oxide—containing materi-
als to produce clinker-like agglomerates. These iron oxide—
containing materials may include iron ore fines, in-plant
reverts (steelmaking slag, mill scale, flue dust), and fluxes
(Ricketts 2017).

Flux is added to the furnace to manipulate slag composi-
tion, enabling the formation of a fusible slag and removal of
the gangue minerals. Its addition rates are maintained by use
of fluxed pellets and/or sinter or its individual addition. The
iron oxide raw materials and fluxes are referred to as the fur-
nace burden. The furnace-loading scheme is described as the
burden/coke or ore/coke ratio.

Coke 1s added to the furnace to supply most of the reduc-
ing gas and heat needed for reduction and smelting. It is pro-
duced by heating mixtures of powdered caking coals in the
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Figure 1 Iron and steelmaking routes

absence of air (coking process). Coke is reactive at high tem-
peratures and is strong enough to withstand being crushed
even near the bottom of the BF. Coke is necessary to permit
uniform gas flow through the burden as it softens and melts in
the lower regions of the furnace. To date, no alternative mate-
rials to fully replace coke have been identified.

Hot airblast is used to burn coke in front of the tuyeres to
provide heat for reduction, heating, and melting of the charge

and products. It is preheated to 930°-1,330°C and in some
cases enriched with oxygen. Gas, liquid, or solid hydrocarbon
injections provide additional reducing gas (CO and H,) for the
reduction reactions. Hydrocarbon injectants include fuel oil,
tar, natural gas, and pulverized coal (AIST 2018).

The main product of the BF is hot metal (pig iron). It is
tapped from the furnace at regular intervals through one or
several holes near the bottom of the hearth. The composition
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Adaopted from Peacey and Davenport 1979; Poveromo 2010; Lankford et al.
1985b

Figure 2 Blast furnace materials balance

of pig iron is controlled by adjusting the slag composition and
furnace temperature, particularly in the lower half of the fur-
nace. The pig iron is transported in the molten state to an adja-
cent steelmaking plant, where it is refined to steel.

The by-products of the BF are slag and top gas. The
slag (with an approximate composition of 30%—40% Si0,,
5%-15% Al,05, 35%-15% Ca0, 5%-15% MgO, 0-1%
Na,0+K,0, and 1%-2.5% S) contains very little iron oxide.
The composition of the slag is adjusted to do the following:

* Remove SiO, and Al;O5 gangue minerals inherent to the
iron oxides.

= Control the slag viscosity.

« Control the silicon content of the metal.

= Absorb potassium oxide (K,0) and sodium oxide (Na,O).
Potassium oxide and sodium oxide enter the furnace as
inherent to both coke and iron oxides. They are partially
reduced to potassium and sodium vapor near the bottom
of the furnace. This vapor rises to the cooler parts of the
furnace, where it is re-oxidized and becomes entrapped
in solid form in the descending burden. If the vapor is
not absorbed by the slag, this process becomes cyclic
and leads to an accumulation and buildup in the furnace.
Buildup restricts the gas flow and leads to erratic descent
of the charge (Peacey and Davenport 1979).

= Absorb sulfur. If the sulfur is absorbed in the slag, it does
not yield in the metal. Metal with high sulfur concentra-
tions needs to be desulfurized prior to use.

The BF top gas is collected, cleaned, and burned in auxiliary
stoves to heat the hot airblast.

The main chemical events that take place in the furnace
include the following steps (Lankford et al. 1985b; Peacey and
Davenport 1979):

1. Burning (oxidation) of carbon by hot airblast in front of
the tuyeres to generate heat and carbon dioxide (CO,).
This reaction takes place as shown:

C+021—*002

2. Endothermic reaction of carbon and carbon dioxide to
produce reducing gas. This reaction takes place as shown:

C+C0O; —2CO
CO +H,0 —H,+CO,

3. Reduction of iron oxides to metallic iron. These reactions
take place as shown:

3Fe,04 + CO — 2Fe304 + CO,
Fe;0, + CO — 3FeO + CO,
FeO + CO — Fe + CO,

Fe,05 + 3CO — 2Fe + 3CO,
FeO+C — Fe + CO

4. Formation and melting of slag. The gangue minerals
inherent to the iron oxides and ash inherent to coke react
with the flux materials and form a fusible slag.

5. Separation of molten iron from slag. Because the density
of the slag is much lower than that of the iron, the slag
floats on top of the iron.

The rate at which reducing gas is generated, coke is
burned, and iron oxides are reduced depends on the rate at
which hot airblast is blown into the furnace. High hot airblast
rates lead to rapid combustion of coke in front of the tuyeres,
rapid reducing gas generation, and consequently a high rate of
iron reduction.

The furnace operation is limited by the maximum allowed
rate at which hot airblast can be blown into the furnace. Above
this rate, the furnace gases tend to ascend through open chan-
nels in the solid charge rather than in an evenly distributed flow
pattern. This causes nonuniform and/or incomplete reduction
and inefficient use of carbon. Excessive ascent velocities also
prevent newly melted iron and slag from descending evenly
through the bosh (flooding), which may lead to an uneven
descent of solid charge and erratic furnace operation (Peacey
and Davenport 1979).

Blast Furnace Plant Layout

The BF plant layout shown in Figure 3 (Peacey and Davenport
1979; Carmichael 2012) integrates various types of auxiliary
plants and systems required to handle the raw materials needed
to make iron and its by-products. These auxiliary plants and
systems include

« Raw materials receiving and storage,
Stockhouse,

Charging system,

Furnace proper,

Casthouse,

Slag handling,

Hot metal handling,

Stoves and hot blast system,

Gas plant, and

Utilities.
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Figure 3 Blast furnace layout

The integrated functioning of these systems and plants evolved
over centuries of ironmaking and enables the successful oper-
ation of a BF. Modifications to any one of these systems or
plants may improve efficiencies at a large scale. Conversely,
malfunction or upsets regarding any one of them may lead to
long-term interruptions and a loss of productivity.

Blast Furnace Proper

The BF proper is the main vessel for ironmaking. It is designed
to support reduction and smelting reactions. BFs may be either
mantle-supported or free-standing. Mantle-supported furnaces
have a ring girder (mantle) located at the bottom of the lower
stack of the furnace. Columns resting on the main furnace
foundation support the mantle. The hearth and tuyere breast
are supported by the foundation.

Stockhouse

Raw materials, such as iron ore, pellets, fluxes, and coal, are
delivered by bulk carriers, ship, barge, or rail car. Coke can be
delivered in the same fashion or produced in the plant. Sinter
can be delivered to the plant or produced in the plant using
supplied ore and waste oxides (such as mill scale, pellet fines,
coke breeze, sludge, etc.) generated in the plant.

Raw materials are screened, weighed, and sequenced in
the stockhouse for charging (the burden) into the furnace. The
raw materials are stored in individual bins and moved to the
top of the furnace by skips or conveyor belts. They are charged
into the furnace in separate layers. Raw materials tend to
degrade and generate fines with extended outside storage and
repeated handling (stockpiling, reclaiming, dumping, transfer
chutes, etc.). The presence of fines decreases permeability and

impairs effective gas utilization, reduces fuel efficiency, and
eventually disrupts the process.

The final screening of the raw material is conducted in the
stockhouse, using vibrating screens installed after the storage
bins and before the weigh hoppers.

Charging System

The BF is operated with a positive top pressure. When the
burden is loaded into the furnace, all the materials must pass
through the furnace top without loss of either top pressure or
furnace gas. BF charging systems have evolved significantly
to account for larger furnaces, higher production rates, and
lower fuel consumption. A bell-less top and double-bell top
with movable armor charging systems are shown in Figure 3.

Hot Blast System

The primary components of the hot blast system are hot blast
stoves, hot blast main, bustle pipe, tuyere stocks, tuyeres,
back-draft stack, and auxiliary fuel-injection system. Most hot
blast systems include three hot blast stoves; some plants use
four (Helenbrook 2012).

Hot blast stoves are a regenerative heat exchange system
used to preheat the cold blast to the BF. The top gas from the
BF serves as the energy source (with a heating value approxi-
mately 0.1 that of natural gas) (Peacey and Davenport 1979;
Lanyi et al. 2012). Top gas must be clean and dry to ensure
stable operation and longevity of the stoves. It is burned to
recover heat and to reduce carbon dioxide emissions. It is
often enriched by other fuels, such as natural gas or coke oven
gas, to attain the flame temperature required.
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The heat exchange system includes sequential heating
and cooling and regenerative mass of refractory. These steps
(shown in Figure 3) include the following:

1. During the on gas stage, combustion of the gases and pas-
sage of the waste gas through the refractory take place.
Air and gas are mixed in the combustion chamber and
then burned. The combustion gases flow into and down
through the checker refractory, heating them. The waste
gases exit through the chimney to the exhaust stack.

2. During the on blast stage, cooling of the checker refrac-
tory and heating of the blast air take place. Cold blast air
enters the bottom of the checker chamber and flows up
through the checkers, in the process of which it is heated.
If the temperature of the blast is higher than required, it is
enriched and mixed with other gases (such as natural gas
or coke oven gas).

3. During the intermediate stage, the gas system and blast
system are in isolation where the stove is bottled or
boxed. As the name suggests, all the valves are closed
and the heat is retained in the stove.

Combustion air, hot blast enriched with oxygen, natural
gas, pulverized coal, and/or other additives supplied to the
furnace through the tuyeres are referred as the wind. Wind
composition and velocity affect the kinetics of BF ironmak-
ing. If the wind velocity is too high, downward descent of the
charge is inhibited. The wind velocity can be manipulated by
the furnace top pressure: Increasing top pressure increases the
pressure of incoming wind, which increases the gas density
and lowers the wind velocity (Carmichael 2012; Helenbrook
2012).

Tuyere Injection System

The most common BF injectants are coal, oil, tar, and natural
gas. The main incentive for their use is to replace coke. This is
caused by increasing coke prices, decreasing availability, and
environmental constraints associated with coke production.
In addition, some of these injectants help with cooling in the
raceway and aid in introducing more hydrogen in the reducing
gases. The tuyere injections are accompanied by an increase
in blast temperature and oxygen enrichment, and a decrease
in blast humidity. It is these changes that contribute most to
increased coke savings and productivity (Helenbrook 2012).

Cooling System
The primary technological advances in the BF in the second
half of the 20th century were related to burden distribution,
high top pressure, fuel injection, and increased hot blast tem-
perature. The resulting improved process efficiency, combined
with building of larger furnaces, led to increased heat flux
and consequent need for cooling to ensure a stable furnace
shell (Carmichael 2012). The cooling and lining systems were
developed to protect the shell and increase the campaign life.
The two main types of cooling are plate cooling and
stave cooling. A typical cooling plate is manufactured from
cast high-conductivity copper. Single- or multiple-pass cool-
ers may be used, depending on their position in the furnace.
In the bosh, belly, and lower stock, multiple-pass coolers are
installed. Staves can be applied to all walls in all areas, includ-
ing the throat. Staves offer direct protection of the BF shell by
providing a homogeneous cooling shield that acts as a surface
on which accretions can form.

Casthouse
The casthouse is the area where the BF 1s tapped and hot metal
and slag are removed. BFs are typically tapped every 2—4
hours. Typical hot metal and slag tapping rates are in the range
of 4-6 and 3-5 t/min. In the casthouse, hot metal and slag are
directed to the appropriate handling equipment or facilities.
Various site-specific materials, equipment, and infra-
structure are used for tapping and closing the furnace. These
include the following:

= Atap-hole drill is used to bore a hole through the tap-hole
clay into the hearth of the furnace.

« A mud gun is used to close the tap hole after cast-
ing is complete. A measured quantity of clay is pushed
by the mud gun to fill the hole and to maintain an
amount of clay (the mushroom) within the hearth.
Tap-hole clays are high-temperature refractory com-
pounds. They are very dense and require high pressure to
be forced through the mud gun nozzle into the tap hole.
They essentially seal of the furnace between taps.

¢ Trough and runner systems are used to separate iron and
slag and to convey them away from the furnace. The iron
trough is a refractory-lined tundish located in the cast-
house floor and designed to collect iron and slag from
the tap hole.

The iron flows down the trough, under a skimmer, and
over a dam into an iron runner system. Trough iron level is
determined by the iron dam height. Slag is lighter than iron,
so it floats down the trough on top of the iron pool. The slag
pools on top of the iron until there is a sufficient amount to
overflow to the slag dam. It then floats down the slag runner
(7% slope) into the various pieces of slag handling equipment.
At the end of the cast, the slag dam is lowered so that most of
the slag is drained off. The iron below the dam level remains
in the trough. This reduces damage to the trough’s refractory
lining from oxidation and thermal shock.

The slag handling equipment includes the following:

= Pots for railway or mobile equipment are used for hauling
to a dump.

¢ Pits are located adjacent to the furnace for air cooling and
water quenching prior to excavation by mobile equip-
ment. Pit slag is used for fill or can be crushed for use as
aggregate.

« Pelletizing or granulation facilities are also located adja-
cent to the furnace for conversion of the slag to material
suitable for backfill, aggregate, or cement replacement.

Iron is directed to hot metal transfer ladles (torpedo cars)
using iron runners (3% slope) for movement to the steel shop,
iron foundry, pig caster, or iron granulation unit.

Operational Zones

Numerous heterogeneous chemical reactions take place inside
a BF, each serving a particular purpose. All of these reactions
contribute to the goal of producing hot metal (pig iron).
Physical configuration inside the furnace, gas flow pattern,
and establishing a countercurrent operation are the most
critical aspects for these reactions to proceed.

The BF can be conceived as five reactors (or zones),
stacked one on top of another, in a single shell. These abstract
reactors are referred as regions or zones. These zones exhibit
large temperature gradients and use raw materials and products
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in a coupled fashion. Even in the same zone, temperature gra-
dients occur, gas flow rates differ, and chemical reactions pro-
ceed differently from center to periphery.

The five zones are as follows (Geerdes et al. 2015; Lu
2012):

1. Lumpy zone, where no liquid or partial molten material
exists

2. Cohesive zone (also called softening and melting zone),
where alternating layers of partially reduced iron oxides
and coke exists

3. Active coke zone, where an irrigated bed of coke, with
hot reducing gas moving up and liquid iron and slag mov-
ing down exists

4. Raceway, where partial combustion of coke and injected
fuels takes place with preheated air to produce reducing
gas that contains carbon monoxide and hydrogen

5. Deadman zone where liquid products are collected, with
the coke bed being pushed down into liquid pool against
the buoyant force

Heat transfer, reduction, and melting are the chemical
events that take place in individual zones under countercurrent
conditions. These zones are different from the separation of
the furnace into two regions (upper and lower furnace) based
on the coke activity isotherm, for heat and mass balance calcu-
lations. For temperatures below this isotherm (950°-1,000°C),
the reaction rate of carbon gasification by carbon dioxide is
insignificant, so that coke may be treated as chemically inert.
This region is called the coke-inert region. For temperatures
above the isotherm, the region is called the coke-active region
(Lu 2012; Carmichael 2012; Poveromo 2010).

Iron oxides and coke are charged in alternate layers. They
retain this layered arrangement as they move down the lumpy
and cohesive zones, countercurrent to the flow of the reduc-
ing gas, which preheats and pre-reduces these materials. The
cohesive zone, the second zone from the top, separates the
lumpy zone for gas—solid chemical reactions and the zones for
processing liquids. Softening and melting of the iron oxides
start toward the bottom boundary of the cohesive zone. The
physical structure of the cohesive zone is important for the
whole process because it provides permeability and distribu-
tion for gas flow. The physical structure, position, and direc-
tion of the cohesive zone are influenced by the raw material
quality, charging practice, overall oxide/coke ratio (coke rate),
and how the other reactions proceed in the furnace (Poveromo
2010; Lu 2012; Lankford et al. 1985b; Sano et al. 1997).

The reducing gas 1s generated in the raceway by partial
combustion of coke and injectants with oxygen from the hot
blast. Reducing gas ascends in the active coke zone, cohesive
zone, and lumpy zone through coke slits. The momentum of
the gases from the tuyeres influences the size of the raceway.
Slag levels and coke quality influence the direction of the
reducing gas leaving the raceway (Poveromo 2010; Wallace
et al.1999).

As the molten iron and slag are produced, they drip
through the active coke zone and raceway and collect in
the hearth. The hearth is filled with coke. The ease of tap-
ping hot metal and slag depends on the coke size and quality
(Poveromo 2010).

Iron Oxide Processing
The majority of the iron oxides are introduced to the furnace
in the form of hematite (Fe,05), at ambient temperature. As

they descend, they are heated and experience a series of physi-
cal and chemical changes, including reduction and metalliza-
tion, crystal structure change, and softening and melting.

As iron oxides reach the lower boundary of the lumpy
zone softening starts. The softening properties of the partially
reduced iron oxides depend on the iron ore quality and oper-
ating conditions. The softening temperatures vary between
1,200° and 1,400°C. Softening of the iron oxides take place in
the upper boundary of the cohesive zone, and melting of the
iron oxides take place in the lower part of the cohesive zone
(Wallace et al. 1999).

Mainly, carbon monoxide is used for reduction of iron
oxides. Data from the dissection of BFs have shown that by the
time iron oxides reach the cohesive zone, the degree of reduc-
tion is about 70% (Hashimoto et al. 1977). Pre-reduced iron
particles stick together under the pressure of the bed above.
Reducibility and size distribution of the iron oxides have a
direct influence on the reduction rate and physical properties
of the cohesive zone. From a point of view of reducibility, the
smaller particles with large surface areas would be preferable.
For gas permeability and distribution through the furnace,
however, pellets and sinter with adequate size distribution are
used. The iron oxide agglomerates (pellets and sinter) should
provide a porous surface for reducing gases to diffuse in easily
and for product gas carbon dioxide to diffuse out easily (Lu
2012; Dahlstedt et al. 2000).

The cohesive zone consists of alternating layers of par-
tially reduced iron oxide and coke slits. The shape of the
cohesive zone emulates the main path and distribution of
the reducing gas. The distribution of gas flow has impor-
tant consequence for efficient use of gases and protection
of the lining in the lumpy zone. Because the cohesive zone
separates the lumpy zone above from the liquid-processing
high-temperature zone below, the size, shape, and location of
the cohesive zone also play a role in the effectiveness of those
zones. The location of the cohesive zone in relation to the
tuyere level and the thickness of the zone depend largely on
the iron oxide reducibility properties and furnace conditions
(Lu 2012; Tovarovskii et al. 2009).

The gas flow in the cohesive zone can be centralized
(V-shaped distribution) or wall directed (M-shaped distri-
bution). The following factors are manipulated to obtain a
centralized (V-shaped) distribution (Omori and Shimomura
1982):

» Charging pattern and difference in the angle of repose,
bulk density, and size distribution for iron oxides and
coke
— The angle of repose for coke, sinter, and pellets are 35,

33, and 26 degrees, respectively.
— The bulk density for coke, sinter, and pellets are
525 kg/m?3, 1,660 kg/m?, and 2,150 kg/m?, respectively.
» Segregation during charging

When centralized gas flow is observed, the iron oxides
at the center of the furnace encounter large amounts of gas,
thus they are heated and reduced faster than those charged at
the periphery. This results in earlier formation of the cohe-
sive layer at the center than the periphery, creating the conical
shape of the cohesive zone.

Softening and melting of the iron oxides start in the
cohesive zone. They are melted exclusively on the inner and
lower surface of the cohesive layer. The softening temperature
depends on the following (Omori and Shimomura 1982):

Copyright © 2019 Society for Mining, Metallurgy, and Exploration. All rights reserved.



12.17 | Ironmaking

1787

= Amount of slag components

« Fusion temperature of the slag components

* Amount of residual wiistite present (influenced by how
fast the burden is heated and reduced)

The slag components include gangue minerals from the iron
oxides, ash from coke, flux, and residual wistite.

The shape of the cohesive zone and the softening char-
acteristics vary when using fluxed (pellets and sinter) and
standard (pellets) iron oxides. When using fluxed iron oxides,
the overall fusible slag composition is basic, and fusion tem-
perature is higher when compared with standard iron oxides.
Fluxed pellets are usually more porous, which leads to faster
reduction and metallization. Thus, as these pellets start to
soften, there 1s no wiistite left in the reduced pellets to react
with the slag components. When compared with fluxed iron
oxides, the overall fusible slag composition for standard iron
oxides is acidic and fusion temperatures are lower. This leads
to early softening and formation of cohesive layers higher in
the furnace, resulting in a smaller lumpy zone for prereduction
(Lu 2012; Dahlstedt et al. 2000).

If the burden consists of two kinds of iron oxides with
high and low melting points of the slag components, the two
kinds of iron oxides melt at a different temperature. In such
cases, the cohesive layer is wider (Hashimoto et al. 1977).

If the slag formed at the lower surface of the cohesive
zone has a high viscosity, the void fraction in the active coke
zone becomes lower. This impairs dripping of the liquid prod-
ucts and the descent of the bed. Thus, the melting characteris-
tics of the iron oxides are also very important for efficient BF
operation (Hashimoto et al. 1977).

Hence, it is desirable to have a cohesive zone made of cohe-
sive layers with high softening temperatures and permeable coke
slits located low in the furnace. This promotes earlier reduction
for chemical efficiency, optimum shape, and minimum height,
offering higher production and protection of the lining.

Coke Processing

The ascending reducing gas (bosh gas) at a temperature of
2,100°-2,300°C is generated in the raceway by partial com-
bustion of carbon from coke and injectants with preheated
air. It contains three gases: nitrogen, carbon monoxide, and
hydrogen. Depending on the extent of hot blast oxygen enrich-
ment, it contains about 50%—60% nitrogen by volume. The
nitrogen in the bosh gas does not chemically react in the fur-
nace, but it plays an important role as a heat carrier from the
raceway to the lumpy zone (Lu 2012). The hydrogen content
of the gas varies depending on the extent of the natural gas
injection (Wallace et al. 1999).

This hot bosh gas moves countercurrent to the burden to
the active coke zone, then to the cohesive zone, and finally
to the lumpy zone. In the cohesive zone, bosh gas is capable
of melting the iron and slag, as well as reducing the remain-
ing wiistite. In the lumpy zone, it provides the reducing gas
required for the reduction of iron oxides.

Carbon in coke may react with the carbon dioxide (or
water vapor) from the reduction reactions at temperatures
above the coke-active region isotherm of 950°-1,000°C. The
following endothermic reaction is called the solution loss reac-
tion (Peacey and Davenport 1979; Elliott and Gleiser 1960):

As the solution loss reaction takes place, the mechanical
strength of the coke is lowered (Poveromo 2010).

In the upper part of the lumpy zone (where the tempera-
tures are below the coke activity isotherm), carbon in coke is
chemically inert (solution loss reaction does not take place)
and carbon dioxide 1s accumulated as a result of the ongoing
reduction reactions. This weakens the reducing power of the
rising gas. As the gas reaches the top of the furnace, it contains
approximately equal amounts of carbon monoxide and carbon
dioxide (Lu 2012).

As the iron oxides reach the coke activity isotherm, pre-
reduction reactions are completed to an extent, and metalliza-
tion starts. Along with the other reactions, the solution loss
reaction proceeds. The carbon does not melt; it remains solid
inside the furnace. It reacts with gases, dissolves in liquid iron,
and reacts with some oxides in slag. In the deadman zone, it is
consumed for liquid metal and slag refining reactions.

Metal and Slag Refining

For the duration between tappings or longer, liquid metal
and slag are retained in the deadman zone, where they are in
contact with each other for a long period. During this stay,
various chemical events take place. Owing to these chemical
reactions, the composition of the slag and metal vary from top
to bottom. These chemical events are influenced by the slag
basicity, softening temperature, and rate of iron oxide reduc-
tion (Lu 2012).

These chemical events include

+ Continuing reduction of iron oxides in the slag, which
results in considerable variation of the slag composition
from the top to bottom of the slag pool;

¢ Continuing carburization of the metal;

« Sinking and coalescence of the metal droplets;

« Transfer of manganese from slag to metal;

* Transfer of sulfur from metal to slag; and

+ Decrease of the silicon content of the metal.

Physical Features Required for Efficient Operation

BF operation efficiency is measured in terms of production,
fuel consumption, and furnace lining life. All of these factors
are limited by the countercurrent operation of the furnace and
have a direct effect on the economy of the process (Hashimoto
etal. 1977).

Countercurrent operation of the furnace can be achieved
only by maintaining proper physical conditions and perme-
ability in the furnace. To date, coke remains a necessary ingre-
dient for maintaining mechanical stability and permeability
and is required for good performance.

BF operations are influenced by the volume of wind and
utilization rate of the reducing gases. If the wind volume is
increased beyond a certain limit, the descent of the solids
becomes erratic, deteriorating the countercurrent operation of
the furnace. The fuel rate depends on the utilization of the gas
in the furnace. The lining life depends on the thermal load to
which the lining is exposed (Wallace et al. 1999; Lankford et
al. 1985b; Lu 2012).

A smooth and stable BI' operation and low thermal load
on the lining can only be attained under stable countercurrent
conditions in the furnace.

The movement of the solid bed packed with iron oxides
and coke is induced by the void space created at the bottom
because of melting, burning of the carbon, and tapping of the
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liquids. The gas flow in the opposite direction is driven by the
pressure drop. The amount and rate of gas flow through the fur-
nace dictate the rate of production. The distribution of the gas
through the furnace and efficient solid—gas contact relate to
efficient use of heat and reducing gases in the furnace.

Pressure drop and void fraction of the charge in high-
temperature zones have the greatest effect on countercurrent
condition stability. To promote this, improvements have been
made to use raw materials with proper size distribution and
adequate mechanical strength (Lu and Ranade 1991). The
presence of fines in the bed narrows the gas path, increases
the resistance to gas flow, and lowers the hot metal produc-
tion rate. Raw materials lacking adequate mechanical strength
generate fines in the furnace, impairing gas flow. When the
conditions for adequate gas distribution in the furnace can be
established, the furnace can be operated at higher wind veloci-
ties and consequently at higher top pressures. This allows for
more efficient use of the reducing gas (Hashimoto et al. 1977,
Peacey and Davenport 1979; Lu and Ranade 1991).

If adequate gas flow through the furnace cannot be
attained and a strong localized gas flow forms in the limited
cross section of the furnace, a considerable amount of gas
goes to the top of the furnace without reducing the iron oxides,
lowering the overall utilization of the gas. In this case, the iron
oxides in other parts of the cross section have less chance to be
heated and reduced by the gas. Consequently, the unreduced
iron oxides proceed deeper into the furnace without being suf-
ficiently reduced to form the cohesive layers, and the pattern
of the cohesive zone changes as a result of the partial channel-
ing of the gas in the lumpy zone.

In the cohesive layer, a dense mass of pre-reduced iron
oxides impairs the gas flow. The layered charging of the iron
oxides and coke allows generation of coke slits and redistribu-
tion of the gas flow in this zone. Variation in the thickness of
each layer of charge over the cross section of the furnace aids
in promoting the proper contact pattern for chemical reactions
between solids and gas and between gas flow and the refrac-
tory lining. A sufficiently large coke slit area is necessary for
stable countercurrent operation of the furnace (Hashimoto et
al. 1977). A sufficiently high void fraction is necessary both
for the smooth countercurrent operation in the active coke
zone and for the smooth flow of iron and slag in the hearth.

ALTERNATIVE IRON UNITS AND IRONMAKING
TECHNOLOGIES

Alternative ironmaking technologies include DRI, DS hot
metal, and iron oxide reduction and smelting.

Direct Reduced Iron

DRI is a highly metalized solid, alternative iron unit. It still
contains gangue minerals inherent to the raw materials used
for its production. It is produced by solid-state reduction at
temperatures lower than the melting temperature of iron,
using hydrocarbon gases and/or carbon-bearing materials as
reducing and carburizing agents.

During its production, only oxygen inherent to the iron
oxide feedstocks is removed. Thus, DRI has a similar but more
porous physical form than the raw materials (pellets, lump
ore, fine ore) used for its production. Owing to this physical
appearance, it is often referred as sponge iron. Depending on
how the DRI will be used, its porous structure, physical degra-
dation, and/or chemical stability features may be undesirable.

In these situations DRI is often densified to hot briquetted iron
or cold briquetted iron.

When hydrocarbon gases, such as hydrogen, carbon mon-
oxide, or methane (natural gas), are used as fuel and reducing
agents, the process is called natural gas—based DR process.
When carbon-bearing materials, such as coal, gasified coal, or
coke breeze are used as fuel and reducing agents, the process
1s called coal-based DR process. Some of the important fea-
tures of natural gas—based and coal-based DR processes are
described by Anameric and Kawatra (2007).

DRI can be used in EAF along with scrap for steel pro-
duction; ferrous foundry operations as a new iron unit charge;
EAF, foundry cupolas, and BOF as coolant; and BF to increase
throughput (Anameric and Kawatra 2007).

DR processes and DRI utilization have reached commer-
cial competency and are becoming increasingly important.
This is because of

* Increasing worldwide production and demand for DRI in
EAF steelmaking,

* Need for manufacturing routes involving smaller and
more flexible equipment, and

« Developments in the natural gas industry.

Direct Reduction Processes

Shaft furnace, retort (batch) furnace, and fluidized bed reac-
tors used for natural gas—based processes include (Zervas et
al. 1996b; Markotic et al. 2002) the following:

= Shaft furnace processes
— Midrex
— Energiron 11l and ZR
— Armco
— Arex
— Purofer
+ Retort (batch) furnace processes—HyL I and II
» Fluidized bed reactor processes
— Fluid iron ore reduction (FIOR)
— Finmet
— Circored
— H-iron
— High iron briquette (HIB)
— Iron carbide

Rotary kiln, rotary hearth furnace, shaft furnace, multiple
hearth furnace, and fluidized bed reactors used for coal-based
processes include (Zervas et al. 1996b; Markotic et al. 2002)
the following:

* Rotary kiln reactor processes

— Stelco-Lurgi/Republic Steel National (SL/RN)

— Krupp-CODIR (coal-ore-direct-iron-reduction) and
Krupp-Renn

— Direct Reduction Corporation (DRC)

— ACCAR/OSIL (Allis-Chalmers controlled atmo-
spheric reduction/Orissa Sponge Iron and Steel
Limited)

— Tata Iron and Steel Company (TISCO) direct reduc-
tion (TDR)

+ Fluidized bed reactor process—Cirofer
« Shaft furnace processes—Kinglor-Metor and Hoganis
» Multiple-hearth furnace process—Primus
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= Rotary-hearth furnace processes
— International Metals Reclamation Company (Inmetco)
FastMet
SidComet and Comet
[ron Dynamics Inc. (IDI)
[ron Technology Mark 3 (ITmk3)
— DRylron

Shaft furnace. A shaft furnace is a moving bed reac-
tor where iron oxide pellets, lump ore, or briquettes descend
under gravity in a countercurrent flow to the reduction gas.
The temperature and composition of the reducing gas in the
furnace are controlled to maintain optimum bed temperature,
degree of metallization and carburization, as well as effi-
cient utilization of the reducing gas. Its operation efficiency
depends on even distribution of the gas flow across the cross
section of the shaft. This is best achieved by use of a charge of
uniformly sized particles free from fines. Pellet metallurgical
properties, such as low-temperature disintegration index and
sticking properties, are important for shaft furnace operation.
Fines generation and bridging in the furnace alter the bed per-
meability and impair the reduction efficiency and productivity
(Zervas et al. 1996a, 1996b).

Retort (batch) furnaces. Retort (batch) furnaces operate
on a similar principle to shaft furnaces. Iron oxides are charged
in fixed beds in series, and the reducing gas is transported from
one bed to another. Prior to injection of the reducing gas into
each reactor, it is preheated and conditioned with steam. Fresh
reducing gas is injected into the last retort furnace, which is
the cooling furnace. Final reduction and carburization of the
DRI takes place in the cooling furnace. When the reducing
gas first comes in contact with the iron oxides, reduction takes
place very rapidly. As the reducing gas descends in the fur-
nace, the reaction speed slows, and reduction potential is con-
siderably lower. This leads to uneven reduction of the charge
(Zervas et al. 1996b; Anameric and Kawatra 2007).

Fluidized bed reactors. Fluidized bed reactors often
consist of series of superimposed hearths in which fluidized
solids flow from one to the next below in the opposite direction
to the gas flow. This allows for intimate mixing of the solids
with the gases. Their efficiency depends on the effective mix-
ing of the charge, complete fluidization of the bed, mass flow,
and reducing gas velocity. Fine ore, without preagglomera-
tion and induration, is used as the iron oxide source. Fine ore
size distribution is closely controlled to ensure complete flu-
idization and minimal carryover to the waste stream. Because
the surface area of the fine ore is higher than that of the pel-
lets, lump ore, or briquettes, the rate of reduction is faster.
Fluidized bed reactors are operated at elevated pressures to
ensure optimum gas velocity, that is, optimum fluidization.
The sticking tendency of the highly metallized materials may
cause operational problems because larger particles formed
by sticking of the finer particles may interfere with fluidiza-
tion of the bed (Anameric and Kawatra 2007; Chatterjee 1994;
Zervas et al. 1996b).

Rotary kiln. A rotary kiln is composed of a slightly
inclined rotating cylindrical kiln with an internal refractory
lining. The residence time in the kiln can be adjusted with
the inclination and rotation speed of the kiln. Coal and iron
oxide feedstocks in the form of pellets, lump ore, or green-
balls are charged together. Generation of the reducing gas and
reduction of iron oxides take place simultaneously in the kiln.
Controlled combustion of the coal is achieved by injecting air

both at the discharge end of the kiln and through the blow-
ers mounted along the kiln length. The burner located at the
discharge end of the kiln provides the energy required for
the reduction reactions. The kiln is operated with a slightly
positive pressure to prevent the intrusion of unregulated air.
The coal feed is adjusted to slightly excess, so that unre-
acted carbon can be present in the product. This prevents the
product from reoxidation (Venkateswaran and Brimacombe
1977). The kiln product is cooled in a rotary cooler. Air flow
in the kiln is controlled to minimize temperature fluctuations.
Localized temperature increases can result in the formation of
accretions on the kiln lining and ball-shaped clusters within
the bed (Anameric and Kawatra 2007).

Rotary hearth furnace. Rotary hearth furnaces can be
operated in multiple zones: initial reduction zone, final reduc-
tion zone, and cooling zone. Temperature, gas flow, and gas
composition are controlled to provide the required conditions
in each zone. The opposite rotation of the furnace hearth and
gases enables countercurrent interaction of the solids and
gases. The energy required for the reactions is supplied by
burners located at the furnace walls. These burners are fired
at the stoichiometric deficiency of air to maintain a reduc-
ing atmosphere in the furnace. The layering thickness of the
solids on the hearth dictates the reduction efficiency. At low
thicknesses, higher degrees of reduction can be attained and
the product has more uniform properties. The production
capacity of the process is directly proportional to the furnace
hearth area; to achieve high capacities, proportionally large
(when compared with other furnaces with the same production
capacity) furnaces are needed (Zervas et al. 1996b; Anameric
and Kawatra 2007).

Direct Smelting Hot Metal (Pig Iron)
DS processes aim to produce hot metal that has similar proper-
ties as the BF pig iron. They differ from DR processes in that
the iron oxides are reduced and smelted. The gangue minerals
inherent to the raw materials are separated from the metal via
formation of a fusible slag.

DS hot metal can be used in BOF and EAF for steel pro-
duction and ferrous foundry operations as a new iron unit
charge.

Direct Smelting Processes

DS processes were developed as an alternative to the BF pro-
cess to overcome built-in disadvantages of that process. The
incentives behind development of DS processes can be sum-
marized as follows (Anameric and Kawatra 2008):

« Beneficiation and use of widely available non-coking
coals as reducing and carburizing agents, instead of coke

« Beneficiation and use of low-grade iron oxide reserves
or waste oxides, which cannot be beneficiated in the BF

» Lessening environmental emissions; elimination of coke
ovens, sinter plants, and induration kilns

* Lower capital and operational costs because of minimal
ancillary plant and material handling requirements

¢ Direct use of iron ore fines or concentrate (instead of pel-
lets, sinters, and lump ore)

« Economic operation at modest throughput rates

* Compatibility and ability to complement the existing
iron- and steelworks.

« Flexible operation that can be shut down and easily
restarted
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« Lower energy losses and utilization of secondary energies
associated with the process

* Overall lower energy consumption

« Advantages associated with the use of upgraded charge
(known chemical composition, slag-free structure) for
steel production

The DS process can be subdivided into two distinct pro-
cedures, based on the methods used for generation of reducing
gases (Zervas et al. 1996a; Meijer et al. 2013):

1. Processes where the reducing gases are generated in the
same reactor along with reduction and smelting. These
processes can be subdivided as follows:

« Complete reduction and smelting in a single-stage
reactor, such as a rotary hearth furnace or linear hearth
furnace, for example, ITmk3 and nodular reduced iron
(NRI)

» Complete reduction and smelting in a molten metal
bath, such as direct iron ore smelting (DIOS) and
high-intensity smelting (HIsmelt)

« Complete reduction and smelting in a molten slag
bath, such as Romelt and Ausiron

2. Processes where reducing gases are generated exter-
nally in two-step processing, for example, Corex, Finex,
FastMet/FastMelt, RedSmelt, IDI, Inmetco, Elred,
Plasmasmelt, and Inred (Smith and Corbett 1987). Corex
and Finex processes are currently operating commercially.

Melter-gasifier furnace. In the melter-gasifier furnace,
coal is charged from the top, where it is dried and devolatil-
ized using the gases produced from smelting (occurs at the
bottom of the furnace) and transformed into char. This char
creates a bed and supports the pre-reduced iron oxides as they
are smelted. The furnace operates in a countercurrent manner.
The temperature at the top of the furnace i1s about 1,000°-
1,200°C, and the temperature at the bottom of the furnace is
about 1,500°C. The engineering and operational principles of
this furnace resemble a BF bosh area. The commercial exam-
ples of processing schemes that use this furnace include Corex
and Finex.

Electric melter-gasifier furnace. In the electric
melter-gasifier furnace, reducing gas generation and final
reduction and smelting of the iron oxides take place. These
furnaces were designed drawing on EAF design. An early
example of this process is the strategic-Udy process, in which
prereduction was carried out in a rotary kiln followed by smelt-
ing in an electric furnace (Udy and Udy 1958; Udy 1959). For
these furnaces, the off-gases from reduction and the electric
furnace are combined and used for electricity generation. In
most cases, the energy generated using the off-gases is suf-
ficient for the process needs. The examples of processing
schemes that use this furnace include Inred and Elred.

Metal bath or slag bath melter-gasifier furnace. Bath
melter-gasifier furnaces include an extended bath, similar to
that used in open-hearth steelmaking. This bath can be metal
based or slag based. Fine ores and coal are injected into the
bath where reduction, smelting, and coal gasification take
place. The examples of processing schemes that use metal
slag melter-gasifier furnaces include Romelt and Ausiron.
The examples of processing schemes that use metal bath
melter-gasifier furnaces include DIOS and HIsmelt.

Iron Oxide Reduction and Smelting Fundamentals
Ore reducibility depends on mineral properties, reaction
mechanisms, and rate-controlling steps.

Iron Oxide Reduction

The kinetic aspects of iron oxide reduction include consider-
ation of rates at which chemical reactions involved in the pro-
duction of iron from its ores will take place. The reducibility of
an ore, defined as the ease with which the ore can be reduced,
embodies the principles of reduction kinetics. Reducibility of
an ore depends on other properties such as density, porosity,
particle size distribution, surface area, grain size and struc-
ture, and type and dispersion of gangue minerals. The success
of the DR process depends on the reducibility of the ore and
satisfying the kinetic aspects of reduction. Further discussion
regarding the reduction fundamentals and kinetics is provided
by Lu and Ross (Lu 1999; Ross 1972; Ross 1973).

Iron oxide reduction kinetics are important for DR pro-
cesses, as they control the rate at which metallic iron is pro-
duced. This influences the production rate, product quality,
economic feasibility, and competitiveness of one process with
another. The rate of chemical reactions increases as the tem-
perature increases. The reduction rate is less important in the
BF process than in the DR process, because the BF operates
at much higher temperatures. Rather than reaction kinetics,
the BF process is limited by the availability of heat and reduc-
ing agents (i.e., concurrent gas flow and pressure drop). For
DR processes, reduction takes place in the solid state, thus the
maximum temperatures that can be achieved and the corre-
sponding reduction rate are limited (Lu 1999; Ross et al. 1980;
Ross 1972). Porosity and pore size distribution are the most
important factors in controlling reducibility (Joseph 1936).
The soft earthy hydrated ores have the best reducibility, fol-
lowed by the soft hematites, the hard hematites, and finally the
hard dense magnetites (Lu 1999; Joseph 1936). If a particle of
a hard dense partially reduced ore is sectioned, a topochemi-
cal type of reduction can be observed. It would include a core
of hematite surrounded by three concentric layers: an inner
layer of magnetite, a layer of wiistite, and an outer layer of
metallic iron. For porous ores, homogeneous-diffusion types
of reduction with no district interfaces but a gradual trans-
formation from iron on the outside to hematite at the center
can be observed. However, at very high magnifications, the
microstructure of the grains making up the porous particle will
also indicate a topochemical type of reduction (Ross 1973;
Bitsianes and Joseph 1955).

For the reduction reactions to take place, the reducing
agents must contact the surface of the iron oxide phases. This
requires the reacting gas to diffuse inward and the product
gas to diffuse outward at least through the outer iron layer to
react with the wistite layer. Several different mechanisms to
facilitate this have been proposed. The most widely accepted
mechanisms include the following:

« For dense ore particles where the reducing gas is unable
to contact the magnetite layer or hematite core, it is pre-
dicted that solid-state diffusion of ferrous ions as pro-
posed by Edstrom takes place (Edstrom 1953; Edstrom
and Bitsianes 1955). The solid-state diffusion of ferrous
ions through the wiistite crystal lattice is facilitated by the
presence of lattice vacancies. Some of the ferrous ions
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and electrons migrate to nucleation sites where they pre-
cipitate as metallic iron; other ferrous ions and electrons
diffuse across the wiistite and magnetite layers where they
react with magnetite and hematite to produce wiistite and
magnetite. The solid-state diffusion rate of ferrous ions
through wiistite is much greater than the gaseous diffu-
sion rate of either hydrogen or carbon monoxide through
the pores of the ore particles at the temperatures used for
DR processes. Thus, solid-state diffusion is not usually a
rate-determining step (Lu 1999; Ross 1972).

« For very porous ores, reducing gases can penetrate faster
than they can react at any one interface.

Reaction Mechanisms
For reduction of hematite by a reducing gas, reduction mecha-
nisms include (Lu 1999; Lien et al. 1971) the following:

« Diffusion of the reducing agent from the moving gas
stream to the surface of the ore particle and then to the
interior of the particle

» Reaction of the reducing agent with one oxygen atom
from iron oxide to form carbon dioxide or water at
one of the solid—solid interfaces (hematite-magnetite,
magnetite—wiistite, wiistite—iron)

« Diffusion of the reduction product gases (carbon dioxide
and water) to the exterior of the particle and through the
main gas stream to be carried away

These steps are sequential, and the slowest step will be the
rate-controlling step for complete reduction of the iron oxide.

Hydrogen reduction is endothermic; adequate heat must
be supplied to the reaction site for completion of these reac-
tions. Thus, heat transfer to the reaction site, rather than diffu-
sion, may be the overall rate-controlling step.

The rate of endothermic reactions increases faster with
an increase in temperature rather than effective gas diffusiv-
ity. Wiistite reduction by hydrogen tends to be controlled by
interfacial reaction at a lower temperature, shorter reaction
time, and smaller particles. At higher temperatures, longer
reaction time, and larger particles, however, gas diffusion is a
rate-controlling step.

Heterogeneous reactions take place only in the interfacial
reaction zone. This region is located at the phase boundary
with a finite thickness including the absorbed gas molecules
on the solid surface in a gas—solid system. Effective diffu-
sion through the interfacial reaction zone depends on the pore
structure, which changes with time because of phase changes
and sintering at high temperatures.

The changes in the pore structure can be explained by
changes in crystal structure that take place during stepwise
reduction of hematite through magnetite and wiistite to metal-
lic iron (Weiss et al. 2011). In hematite, the oxygen atoms
are arranged in the hexagonal close-packed structure. As the
hematite reduces to magnetite and wiistite, oxygen atoms
undergo a severe readjustment, to form a face-centered cubic
structure. This results in approximately a 25% increase in
volume (Edstrom 1953; Edstrom and Bitsianes 1955). This
tends to open up the structure and facilitate further reduction
reactions. In the transformation of magnetite to wiistite, the
oxygen lattice remains unchanged while iron atoms diffuse
in to fill the vacant sites in the iron lattice. Wiistite has a vari-
able composition: There is a small increase in volume as its

composition changes from that in equilibrium with magne-
tite to that in equilibrium with metallic iron (approximately
7%—13% volume increase). The nucleation and growth of iron
crystals result in shrinkage, leading to an increase in porosity
and greatly enhancing diffusion and reduction (Edstrom 1953;
Elliott and Gleiser 1960).

For completion of iron oxide reduction reactions, kineti-
cally the most important reaction is the reduction of wiistite
to metallic iron. At the beginning of wiistite reduction, the
gas—solid interface recedes as oxygen atoms are removed by
the reducing gas and iron ions and electrons diffuse into the
interior. Wiistite composition gradually changes across its sta-
bility field from the boundary value with magnetite toward
equilibrium value with metallic iron. This interplay between
interfacial reaction and solid-state diffusion in wiistite deter-
mines the mechanism of nucleation and growth of metallic
iron. The mechanisms of nucleation and growth of metallic
iron include the following (Lu 1999):

« When the rate of creation of excess iron atoms is much
faster than solid-state diffusion to the interior of the
wiistite grain, the Fe/O ratio increases rapidly, and the
nucleation zones become supersaturated with iron and
wiistite. This leads to iron nucleation at numerous sites
and the growth of iron nuclei to overlap and cover the
whole surface of the grain.

¢ When the accumulation of excess iron atoms near reac-
tion sites is minimal, the Fe/O ratio is uniform and
increases as the interfacial reaction proceeds. As the
reaction proceeds, wiistite grain becomes supersaturated,
and the nucleus of iron appears on the surface of wiistite.
Then the excess iron atoms move to the nucleus, leading
to its growth.

The mechanism of growth of the iron nucleus with fresh
iron involves pushing up the previously nucleated iron. In the
case of an area where the base is constant, the shape of iron
growing out may look like whiskers (Lu 1999; Bahgat et al.
2009). In the case of an area where the base is enlarged later-
ally, the shape of iron growing out may look like pyramids.

Rate-Controlling Steps

Among researchers, there is a considerable diversity of
opinion about the mechanism of iron oxide reduction and
rate-controlling steps. Numerous viewpoints have emerged
from the studies conducted, including the following (Seth and
Ross 1965):

= Rate is controlled by the diffusion of gas through the
boundary layer of stagnant gas. This theory is true mainly
for packed beds where the flow of gas through the bed
is crucial. For a single particle, the boundary layer may
be prevented from being the rate-controlling step if the
flow rate of the reducing gas is above the critical flow rate
(Chatterjee 1994).

« Rate is proportional to the area of metal-oxide (Fe—
FeO) interface. Several researchers have reported a lin-
ear advance of the Fe-FeO interface, which support the
theory for reduction being controlled by surface area
(porosity) (Turkdogan and Vinters 1972). However, sev-
eral other researchers have reported that this theory is not
always applicable and when it is applicable, it does not

Copyright © 2019 Society for Mining, Metallurgy, and Exploration. All rights reserved.



1792

SME Mineral Processing and Extractive Metallurgy Handbook

hold in the final stages of reduction when the Fe—FeO
interface is supersaturated.

» Rate is controlled by the transportation of reducing gas
from the main stream to the metal-oxide interface and
the product gas out from the metal-oxide interface to the
main stream. In addition to the researchers who supported
this theory, others have indirectly proved that sintering
and recrystallization of iron cause a decrease in reduction
rate by inhibiting the transportation of gas through the
sintered layer (Udy and Lorig 1942). Several researchers
have rejected this theory on the basis that they could not
obtain a relationship between the particle diameter and
time required to reach a certain degree of reduction.

» Rate is controlled by multiple steps with their relative
contributions varying during the course of reduction.

= Several researchers have reported that in the beginning
of the process, the rate-controlling step was the surface
reaction, but after a layer of iron was formed, the dif-
fusion of gas became the rate-controlling step. Toward
the end, rate was controlled by porosity (Seth and Ross
1965; Turkdogan and Vinters 1971, 1972; Turkdogan et
al. 1971). This is the most widely accepted theory for
determination of the rate-controlling step and process
control.

Reducing Gas Generation and Gas Reforming

Reducing gas generation is achieved by the gasification of
a carbonaceous solid fuel or the reforming of natural gas.
Natural gas is approximately 80% methane (CH,) and com-
posed of a mixture of hydrocarbons and in some cases con-
tains low amounts of nitrogen. The use of natural gas directly
in ironmaking faces the issue of gas decomposition and conse-
quent carbon deposition on the iron oxide. The deposited car-
bon may act as a barrier to contact between the reducing gas
and iron oxide, hindering the reduction reaction. Therefore,
natural gas needs to be reformed.

Carbonaceous solid fuels need to meet specific require-
ment for use in BFs and in DR processes such as SL/RN.
Coking coal with low amounts of ash and sulfur is needed for
use in cokemaking and further in BFs. Reactive coals with
high volatile matter content and high ash-softening tempera-
ture are the ones used in DR. If those requirements are not
met, the gasification of a low-quality coal may be an alterna-
tive for ironmaking.

In both reforming and gasification, the reducing gas will
be mainly composed of a mixture of CO and H, in different
amounts. This gas is injected into a shaft furnace where reduc-
tion of iron ore is performed to produce DRI

Reforming of Natural Gas
Following are the main reactions related to reforming of natu-
ral gas:

Dry reforming: CH, + CO, <> 2H, + 2CO
Steam reforming: CH4 + H,O < 3H, + CO
Water—gas shift reaction: H,O + CO « CO, + H,

Methane conversions for dry reforming are higher than
for steam reforming, demonstrating a higher thermodynamic
efficiency for the use of CO, as the reforming agent. Some
dry reforming happens in the steam reforming reactor and

vice versa. This is because of the water—gas shift reaction that
causes the interchange between CO, and H,O. Moreover, the
final proportion between CO and H, in the product gas is also
dependent on the water—gas shift reaction.

Parallel reactions include carbon deposition, which takes
place according to the following reactions:

2CO0 & C+CO,
CH; < 2H,+C
H, +CO « C+H,0

Inside the reduction reactor, carbon deposition and for-
mation of iron carbide are desirable. However, in the reform-
ing reactor, carbon deposited on the surface of the catalyst will
reduce its activity, causing a drop in efficiency. In extreme
cases, a blockage of the reactor may occur. Additionally, the
metallic material used in the reactor walls can fail because of
pit corrosion, termed metal dusting. This failure is caused by
the carburization of the metal with initial formation of carbides
that then decompose into fine particles of metal and solid car-
bon. This type of corrosion causes holes in the reformer tubes.

Therefore, reforming reactors are operated in conditions
in which carbon deposition is avoided. In practice, steam
reforming reactors operate with steam-to-carbon ratios
(H,O/C or H,O/CH,) greater than 1, as pressures are usually
higher than 10 atm. Dry reforming is operated at temperatures
as high as 1,000°C and a CO,/CH, ratio of 1.

Industrial application of reforming of natural gas for
DR of iron is mainly applied in the Energiron I1I, Energiron
ZR, and Midrex processes. The only industrial application of
dry reforming of natural gas is in the Midrex process. The
reformer is a reactor composed of several tubes containing a
bed of a catalyst of nickel supported on alumina. The Midrex
reformer is a stoichiometric reformer, and hence, the amount
of natural gas is controlled to react with all the CO, and some
of the residual H,O present in the reforming gas. In the Midrex
process, the reformed gas does not need to be cooled prior to
injection into the shaft furnace, which saves some energy.

The Energiron IIT process uses a steam reformer oper-
ated at temperatures above 700°C and pressures above 5 atm.
Therefore, an excess of steam is necessary to obtain high con-
versions of methane. The steam-to-carbon ratio used in the
reforming process is 2 or higher. Consequently, the reformed
gas needs to be cooled to condense this excess steam. The
cooled reformed gas is then mixed with the top gas coming
from the shaft furnace. Finally, the reformed gas mixed with
the top gas is directed to the gas heater to reach the neces-
sary temperature for reduction and then directed to the shaft
furnace.

The Energiron ZR process brings a different concept
without a reformer. In this case, reforming reactions occur
inside the shaft furnace and the DRI serves as the catalyst.
The top gas from the shaft furnace is treated in the same way
as in the Energiron I1I for removal of water and CO,. This gas
is then mixed with natural gas and humidified with controlled
amounts of water. The humidified gas passes through the gas
heater and is then directed to the shaft furnace.

The amount of CO in the reducing gas is higher for the
Midrex process because it is produced by dry reforming.
Reducing gas for the Energiron process is richer in H,, and for
the ZR concept, the amount of CH, is particularly high.
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In addition to reforming, oxygen and natural gas may be
mixed with the reformed gas before injection into the shaft
furnace. Oxygen is used to partly combust the reducing gases
(CO, H,, and CH,) for temperature increase. This will enhance
the rate of reduction inside the shaft furnace. Natural gas is
injected either to burn or to carburize the reduced iron.

Both the Midrex and Energiron processes have adapted
versions to work with coke oven gas. Reforming is also nec-
essary because of the high amounts of hydrocarbons in this
gas. Midrex has patented a technology—the Thermal Reactor
System—in which a partial oxidation of the coke oven gas is
performed to generate the reducing gas rich in H, and CO.

ENVIRONMENTAL CONSIDERATIONS
Ironmaking processes produce solid, gaseous, and liquid
emissions, which are of environmental concern.

Blast Furnace Technology

The BF ironmaking process produces solid and gaseous emis-
sions. There may also be liquid emissions, depending on how
the cooling system is designed and how the gaseous and solid
by-products are treated.

The BF generates a large quantity of off-gas, approxi-
mately 1,600 m3/t of hot metal (Lankford et al. 1985b). On a
dry basis, the gas is composed of roughly 23% CO,, 21% CO,
3% H,, and the balance N,. There may also be small amounts
of sulfur and volatile organic compounds, depending on the
charge materials. The actual BF gas volume and composition
depend on the thermodynamic equilibrium in the furnace and
a function of the top-charged materials as well as the fuels
and oxygen that may be injected into the lower portion of the
furnace through the tuyeres. The gas has a heating value of
approximately 3.54 KJ/m3, which is a function of the gas com-
position (Lankford et al. 1985b).

During BF operation, lighter-weight, smaller solids are
entrained in the off-gas. A dry separator that forces the gases
to make an abrupt direction change causes the heavier solids
to fall out of the gas by centrifugal force. The solids collected
by this process are dry. A wet venturi scrubber may be used
to remove the smaller particulate. Venturi scrubbers use water
droplets and the energy from a high pressure to force water
droplets to combine with the particulate and other water drop-
lets to form slurry drops large enough to fall out of the gas
stream. The particulate concentration in the BF gas exiting the
venturi scrubbers is significantly reduced, and the gas is ready
to be used as an energy source or flared. The slurry collected
by the venturi scrubber may be treated by a filter press or other
means to separate the particulates from the water. The water
may be treated and recycled to the scrubber. The removed sol-
ids are in sludge form and may contain enough carbon to be
used as a solid fuel. However, its use may be limited by the
presence of iron oxide or other elements originating from steel
scrap or other materials charged into the furnace. The sludge
may be landfilled if all regulations that apply for the sludge
composition are met. Recycling the sludge in an iron ore
agglomeration process or separating the carbon and iron from
undesirable elements, such as zinc, has been considered, but
usually the processing costs outweigh the benefits of recover-
ing the fuel or raw materials.

Roughly up to 65% of the BF gas is used to heat the
stoves. The remainder is used elsewhere in the integrated plant
or flared. The solids removed from the BF gas are either dry

particles or a sludge-type material. The solids may be recycled
within the integrated process, in either ore agglomeration or
coke making, or landfilled, depending on the composition and
regulations.

The major solid by-product of the BF ironmaking process
is slag. It can be used as an ingredient to make cement. It is an
attractive substitute for limestone as it contains a significant
amount of calcium that does not need to be calcined. Initially,
slag may contain a significant amount of iron or iron oxide.
The iron-bearing portion is magnetically removed after the
solidified slag is crushed into manageable portions.

It should be noted that sulfur is typically part of the BF
ironmaking process. A majority of the sulfur originates from
the coke but some may also be introduced via the iron oxide
feed materials. Nearly all of the sulfur exits the BF as part of
the liquid iron or slag. In some cases, the slag chemistry may
be altered to maximize sulfur pickup and minimize the amount
of sulfur in the iron. The iron desulfurization capability down-
stream of the BF is a factor in determining the slag chemistry.

Regardless, the BF slag will likely contain sulfur in some
form. Consideration should be given to the possible emission
of gases containing sulfur as the slag is cooled in the slag pits.
In the case of slag granulation, the water may pick up sulfur
compounds and need to be appropriately treated.

The liquid iron or hot metal produced may be desulfur-
ized before the steelmaking process. The sulfur is typically
removed by injecting an alkali reagent into the liquid metal.
This process generates a slag type of material that is skimmed
from the liquid metal. The iron-bearing materials in the slag
may be removed from the slag and recycled into the process.
The sulfur content in both the iron-bearing and non-iron-
bearing materials influences how those materials may be
recycled, landfilled, or used outside of the process. These are
additional solids emitted from the process.

BF operation requires significant cooling, which is done
with water. The water-cooling system can be an open- or
closed-loop system. Open systems are noncontact systems
in which the cooling water is not part of the process and is
confined to being discharged, usually into the original body
of water. Monitoring of the amount of water consumed and
the discharge temperature may be required by regulations.
In the case of closed cooling systems, any blowdown dis-
charge required to meet optimal water chemistry may also be
regulated.

Any water discharged may be regulated. The dewatering
process discharge may contain suspended and dissolved solids
that need to be removed before being recycled into the process
or discharged to maintain proper water chemistry.

Alternative Technologies

In general, the solid, gaseous, and liquid emissions from the
alternative ironmaking processes are similar to the BF pro-
cess. The DRI exhaust gases emerge from the top of the reac-
tor at a temperature in the range of 250°-350°C and usually
at a higher pressure, up to 6.8 atm, than BF gas (Lankford
et al. 1985a; J.O.L. Morales, personal communication). The
gas consists of carbon dioxide, water vapor, nitrogen, carbon
monoxide, and hydrogen as a result of the iron reduction ther-
modynamic equilibrium. Similar to the BF process, the DRI
exhaust gas has chemical energy, but it is not used as a fuel,
rather, it is treated so that the reducing gases may be recycled
through the process.
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The gases from the top of the reactor contain dust particles
that are dragged out of the reactor because of the direct contact
between the gas and the solid. The exhaust gas is cleaned and
quenched. Typically, most of the carbon dioxide is removed
from the exhaust gas to recycle the reducing gases, hydrogen,
and carbon monoxide into the process. The removed carbon
dioxide may be released to the atmosphere or liquefied and
sold as appropriate.

In the solid-based DRI process, the gases exiting the reac-
tor, usually a rotary hearth furnace, are fully oxidized, hot,
and near atmospheric pressure. The thermal energy may be
recovered via heat exchanger. The exhaust gases will likely
contain particulates, nitrogen oxides (NOx), and sulfur diox-
ide (SO,). The fuel and reductant in the solid-based DRI pro-
cess is usually coal that contains some sulfur. Depending on
the volume and concentrations, the exhaust gas will likely be
passed through a system to remove the particulates and may
be treated to remove some of the SO, and NOx.

In both the gas- and solid-based DRI processes, it is nec-
essary to supply thermal energy to support the chemical reac-
tions. Depending on how the system is designed, the thermal
energy may be provided by indirectly preheating the process
gases before they enter the reactor. The fuel for the indirect
heating is typically natural gas, and the exhaust gases from the
indirect heating process will essentially be free of particulates
and SO,. However, it may be necessary to treat the exhaust
gases for NOx.

Similar to the BF process, the solids removed from the
exhaust gas of either the gas- or solid-based DRI processes
are either dry particles or a sludge-type material. They may
be recycled into the iron ore pellet process, sold, or landfilled,
depending on the composition and regulations.

Fines are generated during the handling of both the iron
ore pellets fed to the reactor and the DRI produced. Material
handling systems equipped with highly efficient dust collect-
ing units are employed to capture the airborne fines. These
solids may be briquetted and fed into the reactor with the iron
ore pellets.

Both the gas- and solid-based DRI processes require a
significant amount of cooling, which is done with water. The
water-cooling systems are similar to those used for the BF
process, and the environmental considerations are similar.

Greenhouse Gas Emissions

Currently, there is some concern about the emission of carbon
dioxide (CO,) and other gases that may contribute to climate
change. Although CO, emissions are not regulated by the U.S.
federal government, several U.S. states and several countries
around the world have established cap-and-trade or other sys-
tems in an attempt to reduce CO, emissions.

As with nearly all energy-intensive processes, such as the
manufacture of electricity, cement, glass, paper, and chemi-
cals, the ironmaking process emits a relatively large amount
of CO,. On an intensity basis, the BF process to make iron
emits roughly 1.3 t of CO, per ton of liquid, carbon-saturated
iron (IEA 2000). Alternatively, roughly 0.8 t of CO, is emitted
in making a ton of liquid iron (containing some carbon) from
melting DRI in an EAF. The amount of energy required to
reduce and melt the iron from iron ore is the same in both pro-
cesses. The lower CO; emissions from the DRI-EAF process
can be primarily attributed to the use of natural gas as both a
fuel and reductant. Although a significant amount of natural

gas may be used in the BF process, the process requires some
minimum amount of coke (from coal) to maintain bed porosity
within the furnace.

Note that the calculation of CO, emissions can be com-
plex and should be well thought out, particularly if the cal-
culated emission intensity 1s used to compare processes. To
understand the meaning of the value, it is important to note the
basis of the CO, emission calculation; whether it is scope 1,
scope 2, scope 3 (EPA 2018), or some other type of calcula-
tion. Briefly, the scope | emission only accounts for carbon
that crosses the boundary in liquid or solid form. The scope 2
calculation adds the emissions associated with energy, typi-
cally electricity, which crosses the boundary either into or
out of the process. Scope 3 calculations account for emis-
sions associated with preparing the materials that cross the
boundary. For example, the DRI iron ore pellets usually have
a higher iron content than BF pellets, and thus, more CO, may
have been emitted to prepare the higher-quality pellets. It may
be somewhat obvious that a thorough scope 3 or other type of
in-depth calculation may require at least a few assumptions
and the development of standard CO, emission factors for
various materials.
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