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Preface

Extractive metallurgy is that branch of met-
allurgy that deals with ores as raw material and
metals as finished products. It is an ancient art
that has been transformed into a modern sci-
ence as a result of developments in chemistry
and chemical engineering. The present volume
is a collective work of a number of authors in
which metals, their history, properties, extrac-
tion technology, and most important inorganic
compounds and toxicology are systematically
described.

Metals are neither arranged by alphabetical
order as in an encyclopedia, nor according to
the Periodic Table as in chemistry textbooks.
The system used here is according to an eco-
nomic classification which reflects mainly the
uses, the occurrence, and the economic value of
metals. First, the ferrous metals, i.e., the pro-
duction of iron, steel, and ferroalloys are out-
lined. Then, nonferrous metals are subdivided
into primary, secondary, light, precious, refrdc-
tory, scattered, radioactive, rare earths, ferroal-
loy metals, the alkali, and the alkaline earth
metals.

Although the general tendency today in
teaching extractive metallurgy is based on the
fundamental aspects rather than on a system-
atic description of metal extraction processes,
it has been found by experience that the two
approaches are complementary. The student
must have a basic knowledge of metal extrac-
tion processes: hydro-, pyro-, and electromet-
allurgy, and at the same time he must have at
his disposal a description of how a particular
metal is extracted industrially from different
raw materials and know what are its important

compounds. It is for this reason, that this .

Handbook has been conceived.

The Handbook is the first of its type for ex-
tractive metallurgy. Chemical engineers have
already had their Perry’s Chemical Engineers’

Handbook for over fifty years, and physical .

metallurgists have an impressive 18-volume
ASM Metals Handbook. It is hoped that the

present four volumes will fill the gap for mod-
ern extractive metallurgy.

The Handbook is an updated collection of
more than a hundred entdes in Ullmann'’s En-
cyclopedia of Industrial Chemistry written by
over 200 specialists. Some articles were writ-
ten specifically for the Handbook. Some prob-
lems are certainly faced when preparing such
a vast amount of material. The following may
be mentioned:

e Although arsenic, antimony, bismuth, bo-
ron, germanium, silicon, selenium, and tel-
lurium are metalloids because they have
covalent and not metallic bonds, they are in-
cluded here because most of them are pro-
duced in metallurgical plants, either in the
elemental form or as ferroalloys.

e Each chapter contains the articles on the
metal in question and its most important inor-
ganic compounds. However, there are certain
compounds that are conveniently described
together and not under the metals in question
for a variety of reasons. These are: the hy-
drides, carbides, nitrides, cyano compounds,
peroxo compounds, nitrates, nitrites, silicates,
fluorine compounds, bromides, iodides,
sulfites, thiosulfates, dithionites, and phos-
phates. These are collected togéther in a spe-
cial supplement entitled Special Topics, under
preparation.

o Because of limitation of space, it was not pos-
sible to include the alloys of metals in the
present work. Another supplement entitled
Alloys isunder preparation.

e Since the largest amount of coke is con-
sumed in iron production as compared to
other metals, the articles “Coal” and “Coal
Pyrolysis™ are included in the chapter deal-
ing with iron.

I am grateful to the editors at VCH Verlags-
gesellschaft for their excellent cooperation, in
particular Mrs. Karin Sora who followed the
project since its conception in 1994, and to
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Jean-Frangois Morin at Laval University for
his expertise in word processing.

The present work should be useful as a refer-
ence work for the practising engineers and the
students of metallurgy, chemistry, chemical en-
gineering, geology, mining, and mineral benefi-
ciation. Extractive metallurgy and the chemical
industry are closely related; this Handbook will
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therefore be useful to industrial chemists as well.
It can also be useful to engineers and scientists
from other disciplines, but it is an essential aid
for the extractive metallurgist.

Farhi Habashi
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1.1 Introduction

While the Periodic Table classifies metals,
metalloids, and nonmetals according to their
chemical properties, it does not indicate their
relative economic value. The fact that iron and
its alloys, e.g., steel, are by far the most impor-
tant metals from the point of view of produc-
tion and use, has resulted in the classification
of metals as ferrous (iron and its alloys) dnd
nonferrous (all other metals and metalloids).
This classification is well justified: the annual
production of iron in one year exceeds the pro-
duction of all other metals combined in ten
years.

1.2 Ferrous Metals

Iron produced in the blast furnace (pig iron)
is converted into the following commercial
products: Steel, wrought iron, cast irons, and
pure iron. Table 1.1 shows typical analysis of
these products; steel is the most important
product. Chemically pure iron is prepared on a
small scale because of its limited use.

Table 1.1: Typical analysis of ferrous materials.

1.2.1 Steel

Steel is made on a large scale by blowing
oxygen and powdered lime through molten
iron to oxidize the impurities. According to
their use, steels are divided into three main

groups:

Constructional Steel. This is used for the
manufacture of machine parts, motor cars,
building elements, sky scrapers, ships,
bridges, war instruments (cannons, tanks,
etc.), and containers. It can be carbon or alloy
steel. The mechanical properties of alloy steel
are considerably higher than those of carbon
steel. Chromium and nickel are the main al-
loying elements used in this category.

Tool Steel. This is used for the manufacture of
tools (lathe knives, chisels, cutters, etc.). It is
either carbon (0.7-1.2% C), or chromium,
manganese, silicon, or tungsten alloy steel.
Manganese alloy steels are used to make ma-
chines such as rock crushers and power shov-
els, which must withstand extremely hard use.

Pig iron Cast iron White cast iron Steel Wrought iron
C 3.5-4.25 2.50-3.75 1.75-2.70 0.10 0.02
Si 1.25 0.50-3.00 0.8-1.20 0.02 0.15
Mn 0.90-2.50 0.40-1.00 <0.4 0.40 0.03
S 0.04 0.01-0.18 0.07-0.15 0.03 0.02
P 0.06-3.00 0.12-1.10 <0.02 0.03 0.12
Slag 0 0 0 0 3.00




Special-Quality Steel. These include corro-
sion-resisting, stainless, acid-resisting, and
heat-resisting steels. Stainless steel, which
contains chromium and sometimes nickel and
manganese, is a hard, strong alloy that resists
heat and corrosion. Stainless steels are used
for such things as jet engines, automobile
parts, knives, forks, spooms, and kitchen
equipment.

1.2.2 Wrought Iron

Wrought iron was known since antiquity
and was the major ferrous material produced
until the nineteenth Century; it is produced
now in limited amounts. Wrought iron is prac-
tically pure iron, low in carbon, manganese,
sulfur, and phosphorus, but contains an appre-
ciable amount of slag in mechanical admix-
ture. Its desirable properties are due to the
fibrous structure of this slag which givesit ex-
cellent resistance to shock and vibration, mak-
ing it particularly suitable for the manufacture
of such products as engine bolts, crane hooks,
lifting chains and couplings. Wrought iron is
readily welded, and the presence of slag
makes it self-fluxing. It is readily machinable
and cuttings are sharp and clean because the
chips crumble and clear the dies instead of
forming long spirals. Wrought iron is made
from pig iron by melting in a furnace lined
with ferrous oxide. Under these conditions,
the entire carbon content of the pig iron is oxi-
dized and removed, as well as most of the
other impurities while silicon forms slag. As a
result, the melting point of the mass increases
and a sticky lump is obtained saturated with
slag. the lump, which weighs about 200 kg is
removed from the furnace then put through a
squeezer to remove as much slag as possible.

1.2.3 CastIrons

Cast iron is a series of iron-carbon alloys
containing more than 1.5% C, together with
silicon, manganese, phosphorus, and sulfur
which are impurities from the raw material
and are not alloying elements. The form in
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which carbon-is present in the cast iron deter-
mines its properties.

Grey Cast Iron. Produced by melting pig
iron, scrap iron, and steel mixture to give the
cast iron composition. The slow cooling and
the high silicon content favors the decomposi-
tion of cementite into iron and free carbon in
the form of flakes. Gray cast iron is character-
ized by its power to damp vibrations and by
the wear resistance imparted by the lubricating
effect of graphite. Both properties make it a
useful material for the construction of machin-
ery by casting. It is readily machinable (due to
graphite flakes) and is an economic material
since it has a low melting point of about
1200 °C. It has, however, poor toughness and
limited tensile strength.

White Cast Iron. Produced by melting pig
iron and steel scrap. After solidification no
carbon is precipitated but remains in combina-
tion as iron carbide. It is hard, brittle, and un-
machinable. It is used for making grinding
balls, dies, car wheels, but mostly used for
making malleable cast iron.

Malleable Cast Iron. Prepared from white
cast iron by annealing for several days,
whereby iron carbide is decomposed into iron
and graphite in form of nodules. It is more
ductile and more resistant to shock than grey
cast iron. It is used in large quantities for such
materials as pipes and pipe fittings and the au-
tomative industry requiring higher mechanical
properties.

Ductile Cast Iron. It is a high-carbon ferrous
product containing graphite in the form of
spheroids. The spheroid is a single poly-
crysalline particle, whereas the nodule is com-
posed of an aggregate of fine flakes. Ductile
cast iron has all the advantages of cast iron,
e.g., low melting point, good fluidity and ca-
stability, ready machinability, and low cost,
plus the additional advantages of high yield
strength, high elasticity, and a substantial
amount of ductility. It is used by the automo-
tive, agricultural instruments and railroad in-
dustries, pumps, compressors, valves, and
textile machinery. Ductile cast iron is pro-
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duced from any cast iron by introducing a
small amount of magnesium (in form of a
magnesium-nickel alloy containing 50-80%
Ni), or cerium into the molten iron while in the
ladle, shortly before casting. This addition cat-
alyzes the decomposition of carbon into sphe-
roids and not flakes.

1.2.4 PurelIron

. High-purity iron possesses temporary mag-
netism, i.e., when the magnetic field is re-
moved, the magnetism disappears. Carbon-
iron alloys on the other hand, show permanent
magnetism. For this as well as for other rea-
soms, e.g., studying the physical properties of
the metal, the preparation of high-purity iron
is of scientific interest. Preparation of pure
iron is a tedious process that requires special
techniques and numerous operations.

1.3 Nonferrous Metals

The nonferrous metals are divided into nu-
merous groups according to their production,

properties, use, and occurrence (Table 1.2).
This classification is arbitrary since one metal
may be placed in two groups, e.g., titanium is
both a light and a refractory metal, thenium is
both scattered and refractory; similarly
hafnium, The term “rare metals” is sometimes
applied to the refractory, scattered, radioac-
tive, and the lanthanides collectively. This ter-
minology is misleading because such metals
are not rare; it may be the difficulty in their ex-
traction and uncommon utilization that give
the impression that they are rare.

1.3.1 Primary Metals

While iron is the most widely used metal, it
lacks important properties such as corrosion
resistance. From the beginning of the Nine-
teenth Century, copper, nickel, lead, zinc, and
tin and their alloys found use as substitutes for
iron in industrial applications that required
particular properties in which cast irons and
steels were lacking. That is one reason why
these metals are known as primary metals.
(Table 1.3).

Table 1.2: Commercial classification of nonferrous metals and metalloids.

Remarks

Group Metals .

Primary Cu, Pb, Zn, Sn, Ni Extensively used; second in importance to iron.

Secondary As, Sh, Bi, Cd, Hg, Co Mainly by-products of primary metals but also form their own
deposits. Used in almost equal amounts (10—20 thousand tons an-
nually).

Light Be, Mg, AL Th Low specific gravity (below 4.5), used mainly as material of con-

] struction.
Precious Au, Ag, Pt, Os, Ir, Ru, Rh, Pd Do not rust; highly priced.
Refractory W, Mo, Nb, Ta, Ti. Zr, Hf, V,Re, Melting points above 1650 °C. Mainly used as alloying elements
Cr in steel but also used in the elemental form. Some resist high tem-

perature without oxidation.

Scattered Sc, Ge, Ga, In, TL, Hf, Re, Se, Te Do not form minerals of their own. Distributed in extremely
minute amounts in the earth’s crust.

Radjoactive Po, Ra, Ac, Th, Pa, U, Pu

Undergo radioactive decay. Some of them (U, Pu, and Th) un-
dergo fission. Plutonium prepared artificially in nuclear reactors.

Rare earths Y. La, Ce, Pr, Nd, Sm, Eu, Gd, Always occur together, similar chemical properties. Not rare as

Tb, Dy, Ho, Er, Tm, Yb, Lu

the name implies.

Ferroalloy Cr, Mn, Si, B Were once mainly used as alloying elements to steel, but now
metals also used in elemental form.
Alkali Li, Na, K. Rb, Cs Soft and highly reactive.

-Alkaline earths Be, Mg, Ca, Sr, Ba

Higher melting point and less reactive than the alklali metals




Table 1.3: Typical uses of primary metals.

Metal Use %
Copper Electrical 50
Buildings 20
Engineering and transport 25
Other 5
100
Lead Batteries 35
Pipes, sheets 15
Gasoline additive 12
Cable sheathing 10
Pigments, chiemicals 10
Alloys, solder 10
Other 7
100
Zinc Galvanizing 40
Die casting 27
Alloys 18 -
Sheet, wire, etc. 8
Zinc compounds 5
Other 2
100
Tin Tinplate 50
Solder 20 .
Alloys 15
Chemicals 3
Other 12
100
Nickel Stainless steel 28
Cast irons and alloy steels 20
Nonferrous alloys 20
High-temperature alloys 12
Electroplating 16
Catalysts 1
Other 3
100

Copper. The high heat conductivity of copper
makes it a suitable material of construction for
heat conducting devices such as heating or
cooling coils, boiling kettles, and other parts
of chemical engineering apparatus. Because of
its high electrical conductivity it became the
chief material for conductors, contacts, and
other electroconductive parts. It is used only
as a pure metal since traces of impurities
greatly reduce this property. However, pure
copper is too soft for structural components of
machines and apparatus. Its alloys with other
metals are much stronger and many of them
surpass copper in other properties, €.g., in cor-
rosion resistance.

Alloys of copper with 10 to 40% Zn are
called brass. They are cheaper then pure cop-
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per, can readily be shaped and machined, and
are strong, hard and resistant to corrosion.
They find extensive application in chemical
and general machine-building, ship-building
and military engineering. Bronze is an alloy of
copper with 6 to 20% tin that found extensive
use because of its excellent mechanical, anti-
friction, and anticorrosion properties. Alloys
similar to bronze are prepared by admixing
metals other than tin to copper, e.g., aluminum
(5-11%), lead (25-33%), silicon (4-5%),
and beryllium (1.8-2.3%). Aluminum bronzes
with additions of lead are suitable for bearings
while beryllium bronzes are used in the manu-
facture of springs. Copper—nickel alloys (5-
35% Ni) and German silver (5-30% Ni and
13-45% Zn) are particularly resistant to attack
by aggressive media. They are used to make
medical instruments, home appliances, and
works of art. Copper was the first among non-
ferrous metals in world output until 1958
when it was moved to second place by alumi-
num. In electrical engineering, copper is more
and more being replaced by aluminum, which
is less electroconductive, but lighter.

Nickel. As compared to other heavy nonfer-
rous metals, nickel is stronger, harder, more
refractory and more corrosion resistant. Simi-
lar to iron and cobalt, it is ferromagnetic. It is
relatively expensive and its consumption as a
pure metal is low. Nickel is used for plating
metals with a view to protect then against cor-
rosion and for ornamental purposes. Nickel
sheets, pipes, and wire are used for special
components of apparatus and instruments in
the chemical industry. Nickel is also required
for the manufacture of certain types of batter-
ies which are lighter, more compact and de-
pendable in operation than lead batteries.
Nickel catalysts find their application in many
chemical processes. '

More than half of nickel is consumed in the
manufacture of nickel-iron alloys. Chro-
mium-nickel, stainless, and acid-resistant
steels, commonly containing up to 8% Ni and
with admixtures of chromium and other met-
als, are widely used in the chemical industry,
machine tool manufacture, building of durable
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structures, general machine building, and mil-
itary engineering. Strong and wear-resistant
nickel cast irons, alloyed with chromium, mo-
lybdenum, and copper, are necessary for the
manufacture of heavy internal combustion en-
gines for locomotives and of special machine
tools and dies.

Many nickel alloys are chemically resis-
tant and can withstand temperatures up to
600 °C. They are used for turbines of jet air-
craft, gas turbine power plants, and in nuclear
reactors. Nichrome (75-85% Ni, 10-20% Cr,
the balance iron) and other similar thermo-
electric nickel alloys are not only refractory,
but possess high electrical resistance and are
suitable for wire or sirip rTesistor heaters.
Strongly, magnetic alloys of nickel with iron
(permalloys) and other similar alloys find ex-
tensive application in electrical and radio en-
gineering. Alloys of nickel with copper have
been mentioned earlier.

Lead. Lead was used to make coins, orna-
ments, miscellaneous vessels, and water pipes.
With the invention of gun powder, it found use
for the manufacture of case-shot, bullets, and
shot. Abilities of lead to resist attack by dilute
sulfuric and hydrochloric acids and many
other chemicals have made the metal the chief
material for the chemical industry in the 19th
century. Lead is amenable to rolling: sheets 2
to 10 mm thick are suitable for anti-corrosion
coating of various apparatus. Sheaths of elec-
tric cables intended for prolonged under-
ground service, in water or moist surroundings
are made from lead blended with small
amounts of other metals to enhance its plastic-
ity. Lead slorage batteries are necessary to
start internal combustion engines. About half
of the lead produced is used in the manufac-
ture of electric cables and storage batteries. In
nuclear engineering, lead serves as a shield
against y-rays.

Lead alloys differ from the pure metal ei-
ther by greater strength and hardness or by an-
tifriction properties, and most of the alloys are
resistant to corrosion. Printing alloys for cast-
ing type contain antimony, tin, and copper in
addition to lead. Antimony makes the alloys

hard, while tin greatly improves their castabil-
ity. Alloys of lead and antimony, hard and cor-
rosion-resistant, find extensive use in
chemical engineering. In soldering alloys, or
solders, lead may partly replace tin.

Zine. Zinc protects iron against corrosion in
the air and in cold water. More than half of
zinc output is consumed for this purpose.
Zinc-plating (galvanizing) is considerably
cheaper than tin-plating or nickel-plafing, An-
other important field of application is the man-
ufacture of alloys, inclusive of the already
mentioned brases and German silver. Zinc-
based alloys, partly employed instead of
bronzes and low-friction alloys in bearings,
contain aluminium (8-11%), copper (1-2%
and magnesium (0.03-0.06%). Identical com-
ponents, but in a different ratio to zinc, are
contained in printing alloys, similar in proper-
ties to lead—antimony alloys.

Tin. Used in tin-plating, solders, bronze and
other alloys. At one time was used for wrap-
ping purposed in form of tinfoil.

1.3.2 Secondary Metals

This group includes the metals cadmium,
cobalt, and mercury and the metalloids ar-
senic, antimony, and bismuth. They are
mainly by-products of the primary metals but .
also form their own deposits. They are used
worldwide in almost equal amounts of about
20 000 tons annually (Table 1.4).

Cadmium. Cadmium is used in the metallic
form in electroplating and alloying. Cadmium
compounds are used in paints and pigments;
cadmium sulfide is yellow, and cadmium se-
lenide is red. Cadmium compounds are toxic
and therefore care must be taken during pro-
cessing cadmium and its compounds to avoid
inhalation or dispersal of cadmium fumes and
dust or the release of cadmium-bearing efflu-
ents into the environment.

Cobalt. This metal is used principally in heat
and corrosion-resistant alloys, in jet engine
parts, and in magnets. It also serves as a binder
material in tungsten and other carbide cutting



tools, and in hardfacing alloys. Nonmetallic
applications (paint drier, ceramics, and cata-
lysts) account for about 20% of its consump-
tion.

Table 1.4: Typical uses of secondary metals.

Metal Use %

Antimony Batteries 47
Pigments, chemicals 18

Fire retardants 11

Rubber, plastics 8

Glass, ceramics 6

Bearing alloys 4

Other 6

100

Cadmium Cadmium plating 50
Plastics stabilizer 20

Pigments 15

Ni—Cd batteries 7

Other 8

100

Cobalt Alloys 45
Magnets 30

Paint driers 10

Ceramics 5

Catalysts 5

Other 3

100

Mercury Caustic-chlorine cells 35
Batteries, electrical 28

Biocidal paints 14

Instruments 10

Dental 5

Agriculture 3

Other _6

100

Mercury. In older times mercury was princi-
pally used for the recovery of gold and silver
from their ores by amalgamation, a process
that is now obsolete because of the poisonous
nature of the metal vapor. It is now used as a
liquid cathode in chlorine and sodium hydrox-
ide manufacture. The mercury lamps use and
electric discharge tube that contains mercury
vapor; they are more efficient as a light
source. Mercury is also used in electrical
switching devices, in thermometers and ba-
rometers, as an alloy with silver and tin for
dental applications. Nonmetallic applications
include mercuric oxide in batteries, in certain
organic preparations as fungicide, bactericide,
or preservative.
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Arscnie. Arsenic is regarded as a troublesome
impurity in smelting and refining and must be
removed during the recovery of the primary
metals. Its compounds are toxic and therefore
their handling in a plant is costly because of
the strict anti-contamination measures. Its
consumption in the metallic form is only 3%
of the total; it is mostly used as compounds.
As metal, it is used as a minor additive in non-
ferrous alloys (copper and lead based) to im-~
prove their strength, and sometimes to
improve corrosion resistance. In the electronic
industry, high-purity arsenic is combined with
gallium and/or indium for making semicon-
ductors, solar cells, infrared detectors, light-
emitting diodes, and lasers. Arsemic com-
pounds are mainly used as herbicides and in-
secticides.

Antimony. Antimony is mainly used as an al-
loying constituent of lead, e.g., to harden lead
for storage batteries, and as alloying element
in bearings, type metal, and solder. In com-
pound form antimony trioxide is used in ce-
ramic enamels in plastics, as a white pigment,
and as flame retardant.

Bismuth. Bismuth is mainly used for the man-
ufacture of low-melting alloys (m.p. as low as
60 °C) which are used for making safety

plugs.

1.3.3 Light Metals

These are beryllium, aluminum, magne-
sium, and titanium. They are used in pure state
and in alloys, characterized by light weight
and high strength hence they are valuable ma-
terials of construction (Table 1.5). They are re-
active metals and difficult to prepare and
became known in the metallic state relatively
recent.

Beryllium. Beryllium is an expensive metal
used in small and specialized industries. Its
dust and fumes as well as vapors of its com-
pounds are poisonous to inhale. It is fabricated
by powder metallurgy techniques because
coarse grains tend to develop in the castings
causing brittleness and low tensile strength.
About 10% of the metal is used in the metallic
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form, 80% in form of beryllium—copper alloys
(containing about 2% Be), or other master al-
loys, and the remaining 10% is used as a re-
fractory oxide. In the metallic form it is used
as a moderator to slow down fast neutrons in
nuclear reactors because of its low atomic
weight and low neutron cross section. As an

alloy with copper, it is particularly important

in springs because such alloys possess high
elasticity and great endurance. '

Table 1.5: Typical uses of light metals.

. Metal Use %
Beryllium Electric industry 37
Electronic industry 16
Nuclear reactors 20
Aerospace 18
Others 9
00
Aluminum Buildings 30
Transportation (automotive,
aircrafis) 20
Electrical 15
Packaging 15
Others (reducing agent, paint) 20
100
Titanium Jet engine 84
Chemical industry 16
. 160
Magnesium As metal and alloy (reducing
agent) 65
As oxide for refractories 7
Fertilizer, paper, etc. 28
To00

Aluminum. Pure aluminum often replaces
copper in electrical engineering. Although its
electrical conductivity is only 65% that.of
copper, the density of aluminumi is almost
three times as less (Cu 8.95, Al 2.7). This
means a lesser consumption of the metal. Also
suspension of aluminum conductors requires
fewer poles than that for copper. Pure alumi-
num is soft, but, if alloyed with small addi-
tions of other elements its mechachical
strength increases. Aluminum alloys combine
strength, lightness, and corrosion resistance.
Its large scale production started in the first
quarter of this century when aeronautics was
then making its first steps. Today it finds wide
application in building construction. Alumi-
num alloys containing silicon are used in cast-
ing, cylinders, pistons, and other parts of

aircraft and automotive engines as they readily
reproduce mould configuration; they are also
light and strong. .

The surface of aluminum and of its alloys is
always coated by a thin but strong layer of
Al,O3 which protects it against further oxida-
tion. The film is extra strong if it is obtained
by anodic oxidation. The film can readily be
dyed in many colors and this is widely used.
The strength of the surface films and 1ts harm-
lessness to users make aluminum suitable for
the manufacture of various equipment in the
food industry. In the form of foil it is used for
packing foodstuffs. Aluminum powder is also
used in the manufacture of paint. The strong
affinity of aluminum makes it suitable for pre-
paring metals from their oxides. Because of its
abundance in the Earth's crust, the metal is
more likely to be used as a substitute to wood,
plastics, and other construction materials.
Nonmetallic applications of aluminum ac-
count for about 10% of the element. Bauxite
and alumina are used as refractories, fused
alumina is used in abrasives, aluminum sulfate
1s used in water treatment.

Magnesium. Magnesium is lighter than alu-
minum resists poorly the action of atmo-
spheric air, particularly when moist but its
alloys with aluminum, zinc, and manganese
are adequately corrosion resistant. These al-
loys, readily castable and machinable, have a ~
wide application in the manufacture of air-
craft, automotive industry, and in rockets. The
high affinity of magnesium for oxygen allows
its use as a reducing agent for metallothermiic
reactions, e.g., production of titanium and ura-
nium. The high affinity of magnesium for oxy-
gen and its ability to bumn in the air with
evolution of large quantities of heat and light
makes it suitable in the manufacture of incen-
diary shells and flares. The main application
of magnesium at present is an oxide used as a
refractory brick for furnace lining. A large
amount of this material is prepared from sea
water.

Titanium. Titanium is somewhat heavier than
magnesium and aluminum, but it is stronger
and very resistant to corrosion. Titanium and



its alloys resist heat up to 450 °C, whereas alu-
minum and magnesium alloys tend to fail at
about 300 °C. That is why titanium alloys be-
came the basic materials for jet aircraft. Tita-
nium alloys are used for the manufacture of jet
engines, rockets, and shells of satellites. The
largest application of titanium is an oxide used
as a white pigment.

1.3.4 Precious Metals

This group of metals is composed of gold,
silver, and the six platinum group metals: plat-
inum, osmium, iridium, ruthenium, rhodium,
and palladium. They are all common in that
they do not rust, and are highly priced (Table
1.6).

Table 1.6: Typical uses of precious metals.

Metal Use %
" Gold Jewelry and arts 70
Dental 9
Space and defence 8
Other 13
100
Silver Silverware 29
Photography 28
Electrical 22
Brazes, solder 10
Silver batteries 3
Other _8
100
Platinum Catalysts 60
Electrical 17
Glass forming 9
Dental, medical 5
Jewelry, etc. 4
Other 5
100

Gold. A large part of the world's gold supply
is lield by govemiments and central banks, to
provide stability for paper currency, and as a
medium for settling intemational trade bal-
ances. The unit of gold purity is called karat, it
is 17241, A 22-karat gold, for example, is an al-
loy containing 22 parts gold and 2 parts other
ingredients, usually silver; hience it contains
91.67% gold and 8.33% silver. A large part is
also used in jewellery, arts, in dentistry, and in
coins.

! A carat s also the unit of trade (200 mg) of diamonds.
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e All the gold ever mined in the world would
fit into a store room measuring 17 melres
long, 17 metres high, and 17 metres wide.

e The Amenican Federal Reserve Bank on
Wall Street is the biggest repository of gold
in the world: some 13 000 tons of gold are
kept behind 90 ton steel doors in vaults
blasted out of solid grauite.

e Gold is used in the electronics industry to
make more than 10 billion tiny electrical
contacts every year.

e Of the estimated 100 000 tons of refined
gold in the world — bullion, jewellery, coin —
no less than 40 000 tons, or 40% was mined
in South Africa since 1886.

e Over 50 tons of gold are used every year by
the world's dentists.

o Italy is by far the biggest user of gold for the
manufacture of jewellery: about 250 tons
annually, enough to make 100 million wed-
ding rings.

Silver. Pure silver is too soft for many applica-
tions and an alloy of silver and copper is com-
monly used. Silver is used as an ormamental
metal for tableware and in coins. It is also
commonly used in plating articles made of
cheaper metals, in fabricating mirrors, and in
preparation of silver salts used in photogra-
phy.

Platinum. Platinum is an important contact

catalyst in the chemical industry e.g., oxida-

tion of ammonia. It has also important uses in
the electrical industry, in dentistry, in jewel-
lery, and in laboratory ware.

1.3.5 Refractory Metals

This group of metals is composed of the
transition metals tungsten, molybdenum, nio-
bium, tantalum, titanium, zirconium, hafnium,
vanadium, rthenium, and chromium. All these
metals have high melting points. For example,
tungsten melts at 3380 °C, rhenium at
3180 °C, molybdenum at 2610°C. They are
mainly used as alloying elements in steel but
also are used in the elemental form. Some re-
sist high temperature without oxidation, and

S i
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some are very hard, having excellent wear and
abrasion resistance (Table 1.7).

Table 1.7: Typical uses of refractory metals.

Metal Use %
Vanadium Ferrous alloys 80
Nonferrous alloys 10
Catalyst (V,05) ; 10
160
Chromium Metallurgical (stainless steel) 58
Refractories (oxide) 30
Chemical industry (tanning of
leather, electroplating) 12
. 100
Molybdenum  Steel industry 80
Chemicals 20
100
Tungsten Tungsten carbides 53
Alloy steels 23
Electrical lamps 13
Chemicals 4
Other 7
100

Tungsten. Tungsten has the highest melting
point of all metals; it also has one of the high-
est densities. When combined with carbon, it
becomes one of the hardest man-made materi-
als. While the tungsten filaments forr light
bulbs are widely used, its most common and
most valuable use is in metal cutting, mining,
and oil drlling tools. Although tungsten can
be used at high temperatures, an oxide film
forms which is volatile above temperature of
approximately 540 °C. So, for use at ex-
tremely high temperatures, tungsten parts
must be coated, used in a vacuum, or be sur-
rounded by a protective atmosphere. Typical
uses involving protective atmospheres — or
vacuum - include incandescent lamp fila-
ments, electron tube electrodes, and various
types of heating elements. Silicide coating and
noble metal cladding are effective oxidation-
Tesisting coatings, for example, cladding the
tungsten with a platinum gold alloys.
Tungsten is resistant to many severe envi-
ronments which readily attack other metals. It
resists nitric, sulfuric, and hydrofluoric acids
at room temperatures. It-is only subject to
slight attack by hot alkaline solutions such as
potassium, sodium, and ammonium hydrox-
ides. Tungsten also has good resistance to sev-

eral liquid metals including sodium, mercury,
gallinum, and magnesium; to oxide ceramics
such as alumina, magnesia, zirconia and tho-
na. It is often used for crucibles to melt these
materials in an inert atmosphere.”

Molybdenum. Molybdenum is hard with re-
spect to tensile stresses. Its electric and heat
conductivities are somewhat lower than those
of tungsten. When heated without access of
air, it is readily amenable to mechanical work-
ing and can be drawn into a thin wire. It retains
strength up to temperatures of about 1000 °C.
It is used 1in parts of vacuum apparatus, €.g.,
hooks for filaments in electric bulbs, targets of
X-ray tubes, heaters of high-temperature fur-
naces, plates of generator and rectifier tubes.
Molybdenum steels posses a high mechanical
strength, wearability and impact strength. Be-
cause molybdenum oxidizes rapidly at about
600 °C in air, a protective coating is needed in
hot air applications. Many coatings involve
formation of a thin layer of MoSi, on the sur-
face of the molybdenum part. The compound

. has outstanding oxidation resistance up to

about 1650 °C. In vacuum, uncoated molyb-
denum has a virtually unlimited life at high
temperature.

Vanadium is mainly used as an alloying ele-
ment in steel, in titanium alloys, and in some
high-temperature alloys. In form of V,Oj it is
used as a catalyst for oxidation reactions (SO,
to SO3).

Niobium. The major use of niobium is as an
alloying element for steel. It also offers lower
density and low thermal neutron cross section
compared to other refractory metals, which
makes niobium useful in atomic reactors. At
ordinary temperatures niobium will resist at-
tack by all mineral acids, with the exception of
hydrofluonic acid, and it is not affected by
mixed acids such as aqua regia.

Tantalum. Tantalum is one of the most cormo-
sion resistant materials available. It forms sta-

-ble anodic oxide films which make excellent

electronic capacitors.

Rhenium. Rhenium has a melting point-ex-

~ ceeded only by tungsten, density exceeded
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only by osmium, iridium, and platinum. It is
unique among refractory metals in that it does
not form carbides. It is highly desirable as an
alloying addition with other refractory metals.
The addition of rhenium greatly enhances the
ductility and tensile strength of these metals
and their alloys. Rhenium alloys are gaining
acceptance in nuclear reactors, semiconduc-
tors, thermocouple, gyroscopes and other
aerospace applications. Tungsten-thenium al-
loys are used to surface molybdenum targets
in X-ray tube manufacture. Other rhenium al-
loys (with tungsten or molybdenum) are used
for filaments, grid heaters, and ignitor wires in
photo-flash bulbs. Rhenium has found impor-
tant applications in catalysts for reforming in
conjunction with platinum and in selective hy-
drogenation. It is resistant to hydrochloric acid
and shows good resistance to salt water corro-
sion.

1.3.6 Scattered Metals

This group of metals and metalloids is com-
posed of scandium, germanium, gallium, in-
dium, thallium, hafnium, rhenium, selenium,
and tellurium. They do not form minerals of
their own but occur in very small amounts in
the ores of other common metals. Thus gal-
liwn occurs with aluminum in bauxite, sele-
nium and tellurium in copper and nickel
sulfide ores, etc. (Table 1.8). As a result of
processing a large tonnage of ores each year,
these melals are enriched in cerlain fractions
and are usually recovered.

Table 1.8: Parent ores of scattered metals.
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1.3.7 Radioactive Metals

These metals have the highest atomic
weights in the Periodic Table starting from
polonium, and include radium, actinium, tho-
rium, protactinium, uranium, and the transura-
nium metals which do not occur in naturel.
They undergo spontaneous nuclear disintegra-
tion due to the repulsion of the protons within
the nuclei of those atoms as a result of their in-
creased number. In this process a helium ion
(composed of two protons and two neutrons)
is ejected. The helium ion (called alpha parti-
cle) possesses extraordinary cohesion.

Naturally-occurring  radioactive metals
form three series, each element in the series
being produced when the one before it disinte-
grates, with the successive radioactive disinte-
grations stopping when a stable isotope of lead
is formed. The three series are formed from
uranium 238, uranium 235 (an isotope of ura-
nium occurring in uranium ores to the extent
of 0.7%), and thorium 232 (Figure 1.1). Dur-

. ing their disintegration radium 226, 223, and

224 are formed respectively. These disinte-
grate in tum to the radioactive inert gas radon
222 and its isotopes radon 219 (called acti-
non), and radon 220 (called thoromn), respec-
tively. They then disintegrate to different
polonium isotopes. Being gases with short
half lives, radon and its isotopes represent a
serious health hiazard during the treatment of
ores containing radioactive metals.

I.Potassium 40) is a very weak naturally occurring radioac-
tive element; it emils beta particles.

Metal Parent ore Concentration in ore, % Major use
Gallium Bauxite 0.01 Semiconductor
Germanium Zinc sulfide Trace Semiconductor
Hafnium Zircon sand 1 Nuclear reactors, control rods
Indium Zinc sulfide Trace Semiconductor
Rhenium Molybdenite concentrates from 0.07 Refractory metal

porphyry copper ores
Scandium Uranium and thorium Trace .
Selenium Copper sulfides Trace . Photoelectric cells
Tellurium Copper sulfides Trace
Thallium Zinc sulfide Trace
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Uranium series Actinium series Thorium series
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Figure 1.1: Radioactive metals.

Uranium 235 undergoes fission when bom-
barded by thermal neutrons; it breaks apart
into two smaller elements and at the same time
emitting several neutrons and a large amount
of energy (Figure 1.1):
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U +on —> 2Kr+ '5Ba + 301 + 200 MeV

Ll

89 . 144 _
Y +4e Ba+3e

Uranium 238 absorbs neutrons forming
uranium 239 which is a beta emitter with a
short half life; its daughter neptunium 239 also
emits an electron to form plutonium 239.

-

n 1 239 39 -
9§U+un—> 2U— Np+e

239, -
ssPu+ e

Plutonium 239 (half life 2.4 x 10* years) is
an alpha emitter, it undergoes fission with the
emission of several neutrons and can maintain
a chain reaction. Thus, a nuclear reactor using
uranium as a fuel, not only produces energy,
but also produces another nuclear fuel. Under
certain conditions it is possible to generate fis-
sionable material at a rate equal to or greater
than the rate of consumption of the uranium.
Such a reactor is known as a breeder reactor.

Thorium absorbs neutrons and is trans-
formed to uranium 233:

23 1 233, 233 -
ool + gt = "5Th = "y Pa+e
233 -
U +e

Uranium 233 also undergoes fission; and
can be used to operate a breeder reactor ac-
cording to the scheme:

83 1 .
22U + gn — Fission products + Energy

+
Ve ~a
one neutron one neutron
that is captured to continue
by 23 chain reaction -
>Th
{
233
wlh
{
z;iPa +e
3. -
B,,_U +e

Uranium is the base of nuclear power reac-
tors and nuclear weapons. Non-energy appli-
cations (ceramic glazes, catalysts) account for
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approximately 10% the industrial demand. At
the beginning of this century, shortly after the
discovery of radioactivity, uranium ores were
exclusively treated for their radium content to
be used for medical purposes while uranium
was rejected. It was only after the discovery of
fission that this tendency was reversed. Highly
enriched uranium, used for weapons needs,
has more than 90% 2°U.

1.3.8 Rare Earths

This group of 13 metals always occur to-
gether and have similar chemical properties.
These are cerium, praseodymium, neody-
mium, samarium, europium, gadolinium, ter-
bium, dysprosium, holmium, erbium, thulium,
ytterbium, and lutecium. Another member of
this group is promethium, whose position in
the Periodic Table is between neodymium and
samarium does not occur in nature but is found
in the fission products of uranjum. To this
group is always added lanthanum and yttrium
because they also have similar properties and
are associated with these metals in nature.
These metals are not rare — they are widely
distributed in nature aud it is preferable to call
them the lanthanides in reference to the first
member of the group. They form their own ore
deposits and also occur in phosphate rock, in
iron ores, and others.

The annual consumption of lanthanides is
about 30 000 tons. They are finding use as
deoxidizers, in alloys, in the production of cast
iron and steel, as catalysts, in lighter flints and
flares, in the glass and ceramic industry, in op-
tical glass as well as glass polishers, in the
manufacture of ferrites for use as magnetic
materials for electric motors, electronic cir-
cuits, and computers. Europium and yttrium
are used in the manufacture of phosphors, pro-
ducing the bright reds and greens of color tele-
vision. Because of neutron-absorption
properties they are used in the manufacture of
control rods in nuclear reactors. they have
many other applications, e.g., in the produc-
tion of more efficient fluorescent lighting, por-
table X-ray sources, better X-ray screens, fiber
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optics, quick-drying paints, synthetic gems,
and others.

1.3.9 Ferroalloy Metals

This group of metals is composed of chro-
mium, manganese, silicon, and boron. They
were once mainly used as alloying elements to
steel in form of ferroalloys but now are also
used in the elemental form. Thus chromium is
used as a protective coating by electroplating
on iron, silicon is used in the preparation of
semiconductors and to convert energy from
the sum directly into electricity. Manganese is
used as an alloying element with aluminum
and copper. Manganese dioxide is a powerful
oxidizing agent. Boron carbide and boron ni-
tride are hard materials second only to dia-
mond.

1.3.10 Alkali Metals

This is the first group in the Periodic Table.
Their name is derived from fact that when re-
acted with water they form alkalies. Soft and
highly reactive, usually not used as metals ex-
cept lithium as an alloying element for alumi-
num, sodium as a reducing agent either alone
or as an amalgam, and an alloy of 50% Na and
50% K known as NaK is used as a coolant in
nuclear reactors. Sodium salts have a varety
of applications, e.g., NaCl is a source of chlo-
rine, potassium salts are used as fertilizers.

The economic deposits of the alkali metals
are mainly found in nature as salt deposiis or
in surface and subsurface waters except lith-
ium which may also be found as a silicate; the
last member of the group, francium, does not
occur in nature. At one time sodium carbonate
was recovered from the ashes left after burn-
ing wood by leaching with water, while potas-
sium carbonate was recovered similarly but
from ashes left after burning seaweeds. One of
potassium isotopes that is naturally occurring
is radioactive. ;

40 40 -
K= pCate

The Economic Classification of Metals

1.3.11 Alkaline Earth Metals

This is the second group of the Periodic Ta-
ble whose name originates from the fact that
these metals form stable oxides (earths) that
lhave alkaline reaction. For example, calcium
forms the oxide CaO which dissolves in water
to form calcium hydroxide. The first two
members berylium and magnesium are of
useful mechanical properties and being light,
are used as light metals. The last member, ra-
dium is radioactive and of no importance as a
metal. At the beginning of this century, radium
salts were used for treating cancer and for
painting phosphorescent watch dials. Of the
remaining three, calcium is the most important
being used sometimes as a reducing agent.
Calcium compounds CaCO; (limestone),
CaS0,+2H,0 gypsum, and Cay(PO,)sF, (flu-
orapatite, the main component of phosphate
rock) occur in nature in great amounts and the
first two are widely used as material of con-
struction while the third is a source of fertiliz-
ers. The pyramids of Egypt were constructed
of limestone.
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Magnesium is like calcium in forming large
deposits, for example, dolomite and magnes-
ite. It is also found in relatively large amounts
in sea water. Besides being a light metal it is
also used as a reducing agent. Strontium and
barium on the other hand, are of limited use.
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2.1 The Logarithmic Law

There is usually a gradual increase in the
production of most metals. This is due to new
ore discoveries, increased population, and the
natural development in society.

For most metals, the rate of increase of pro-
duction follows a logarithmic law (Figures 2.1
and 2.2) and is constant within a certain period
of time:

logW, ~log W, = k(t,-1t,)

where W, and ¥, are the weights of metal pro-
duced in time ¢, and ¢, respectively, and kis a
constant. This logarithmic law is the same as
population growth (Figure 2.3) which is de-

rived from the relation: rate of increase of pop-
ulation at a certain moment is proportional to
the number of people at that moment:

dN

5 = kN
I&g = k[ at
MmN E

N.
2.303log—2 = k{t,~t
gNl (t~1;)

Statistical information on metal production
are useful in projection of future needs. some
facts can also be deducted from these curves:
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Figure 2.1: Production of metals.
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Tigure 2.2: Production of metals (continued).
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Figure 2.3: World population.

2.1.1 Growth Rate

The constant k& x 100, which is the slope of
the curves shown in Figures and during a cer-
tain period, is called the growth rate and is ex-

pressed in percent. For example, the growth
rate of copper during the period 1870 to 1910
was 5%, i.e., copper production increased by
5% every year during the period mentioned.
The growth rate for metals are not the same;
some metals, especially the new ones grow at
a faster rate than the old metals. For example:

e The growth rate of nickel is higher than that
for lead. The reason for this is that an old
metal like lead, once used extensively for
constructing equipment for chemical plants,
€.g., lead chambers in sulfuric acid plants, is
now giving way to the new metal, nickel,
which is finding increasing use in the form
of stainless steels and for constructing cor-
rosion resistant equipment.

@ The growth rate of aluminum is higher than
that for copper. The two metals are good
electrical and heat conductors, easily
worked or machined, and resistant to atmo-
spheric corrosion. Aluminum became
cheaper than copper after World War II and
is now replacing it in power cables.

Metal Production

2.1.2 Doubling Period

Another way of expressing the rate of
growthis the doubling period, At, i.e., the time
required for a certain metal to double its pro-
duction. This is related to the growth rate by
the relation:

_ 2303log2 _ 0.69
k k

M

Thus, is the case of copper mentioned above, a
growth rate of 5%, i.e. £ = 0.05 means that
copper production doubles every 14 years (At
= 0.69/0.05 = 14) during that period.

2.2 Producﬁon Patterns

The maxima in the curves in Figures 2.1
and 2.2 are due to the exceptionally high pro-
duction rates in time of wars to meet military
needs and for stockpiling. On the other hand in
time of crises, the curves show exceptionally
low production rates, e.g., 1921 and the early
1930s.

With the exception of iron ores and alumi-
num ores, most ores are complex, i.e., they
may yield more than one metal. As a result,
the production pattern of a certain metal may
also be complex. Table 2.1 shows the produc-
tion pattern for silver. It can be seen that only
20% of the world's silver comes from silver
ores and the rest is by-product of lead, copper,
copper-nickel, gold, and tin ores.

Table 2.1: Sources of silver produced worldwide.

17

10°
~
4
. /’/
10° —r
R
Irpn
/{
Y S
10 -
0 ]
1
§ 10°
EH !
/
! SHeel
10° 7
i
t
/
10*
10- (=] o o o o o o o
w o o o b d w o) o
o) w0 [e}] o o [e}] (=] o
L] (o -l -l (o L] (o o™

Figure 2.4: World production of iron and steel.

e Lead and zinc have nearly the same produc-
tion level (as well as the same price). The
two metals are closely related in the sense
that they always occur together in ores; thus
a zinc plant usually produces lead as by-
product and vice versa.

Production patterns of metals change as a
result of the following factors:

@ Changing technology. Steel was produced in
small amounts until the discovery of the

Origin %

Silver ores 20
Lead ores 45
Cu, Cu-Ni ores 18
Gold ores 15
Tin ores 2
100

A metal may follow the pfoduction pattern
of another if both occur together in ores. For
example:

@ Gold and silver usually follow each other
because a large part of silver is a by-product
of gold production. '

Bessemer Process in 1850s (Figure 2.4).
Similarly, the production of aluminum in-
creased rapidly after the discovery of the
electrolytic process in 1886, and that of gold
after the discovery of the cyanidation pro-
cessin 1887.

e Changing application. The curve for silver
shows a slight decrease in production during
the past 40 years. It is not so much used as a
coinage metal since the introduction of
nickel. Otherwise it has the same growth
rate as gold.
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2.3 Prices

Prices of metals vary from few cents/kg,

e.g., iron, aluminum, and lead, to tens of thou-
sands of dollars/kg, e.g., gold and platinum.
The price of a metal varies also with the purity,
the form whether in powder, ingot, pellets,
etc., and the amount sold. There are many fac-
tors that control the price of a metal. For ex-
ample: .
Availability of rich deposits. Large iron de-
posits containing 60% iron are common,
while a gold deposit is usually 0.001%. It
would, therefore, be expected that iron is
cheaper than gold.

Easiness in extraction. A metal that can be
extracted by reduction with carbon is usually
cheaper than metal that must be extracted by
reduction with metallic magnesium (or other
metal). For example, lead oxide is reduced by
coke while beryllium fluoride is reduced by
magnesium. Evidently, lead will be cheaper
than beryllium.

Easiness in refining. A metal that can be re-
fined from aqueous solution or can be handled
" in air when molten will be usually cheaper
than a metal that must be refined from fused
salts or must be handled in inert atmosphere
because of its reactivity. Thus nickel, for ex-
ample, is cheaper than titanium.

However, there are many exceptions to the
above. For example:

e Copper is actually easier to produce than
aluminum, yet it is more expensive.

@ Tellurium occurs in ores in nearly the same
concentration as gold, yet, it is much
cheaper.

e Lead is more difficult to refine than nickel,
yet, it is cheaper.

e Sodium is more difficult to handle than zinc,
yet, it is cheaper.

All these factors combine to give a simple
relation: The price of a metal varies inversely
with its production. Metals produced in large
tonnage are less expensive than those pro-
duced in small tonnage. Iron is the cheapest
metal while the platinum metals are the most
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expensive. Expressed in a different way,
cheaper metals are consumed in greater quan-
tities than more expensive ones. Many other
commodities fall on the same straight line.

This straight line cannot be explained by
the law of supply and demand because if a
metal is in great demand its price should rise.
This is not the case: iron is in great demand yet
its price is the lowest of all metals: The law of
supply and demand, however, applies tempo-
rarily within certain periods when the produc-
tion level of a metal is changed. For example,
a shut down in the steel industry may lead to
an increased price of the metal because of the
temporary shortage in supply. When the price
reaches a certain high level, production is re-
sumed. This is usually the case when there is a
labor conflict. The price of the metal, how-
ever, usually does not come back to its original
level before the conflict because of the in-
creased cost of its production. Soon after,
other industries follow suite, and the prices ad-
just themselves.

A natural phenomenon in pricing metals is
that new metals start with high price, and their
price gradually decreases as time goes on due
to development in the extractive processes,
and also to increase in its production due to in-
creased demand. For example, aluminum
started as a very expensive metal, now it is a
cheap metal.

The price of the lanthanides (rare earths) re-
quires some clarification. There metals always
occur together. To separate a member of the
group it is necessary to separate all the others
and stock pile them. The cost of producing a
desired member is therefore very high. If for
instance a use is found for the stock piled ma-
terial, then price would decrease.

Once the price of an expensive metal is re-
duced and approaches another metal, substitu-
tion for a particular use becomes possible
without sacrificing a loss in the end use. For
example, aluminum foil replaced tin foil in
wrapping, aluminum busbars replaced copper
in electrical industry, and aluminum beverage
cans replaced tinned steel.

The price of copper was once about three
times that of either lead or zinc. In the last 30

Metal Production

years it has only been double their price. this
can be explained when comparing the produc-
tion patlerns; it was only 30 years ago that
copper production approached that of lead or
zinc and started to surpass them.

2.4 Metal-Producing
Associations and cartels

A great demand for a metal causes a short-
age in the market, and as a result, the price
tends to rise. To meet the shortage and hold the
price constant, cartels are formed. These can
be either privale or government sponsored.
For example, the tin cartel which was com-
posed of seven producing countries as mem-
bers and controlled 94% of the production in
the Western World fixed the price of the metal
by creating a stock of the metal furnished by
the members. Should the price of the metal in-
creases, the cartel offers its stock for sale thus
lowering the price and vice versa: should the
price decrease the cartel buys metal from the
market until the price is stabilized at the de-
sired value. The tin cartel, however, broke
down few years ago because a non-member
producing country increased its production of
the metal and the cartel was unable to buy a
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large stock of the metal available on the mar-
ket.

Associations are usually formed between
producers of a certain metal world-wide. For
example:

e Aluminum Association
e Cobalt Development Institute
e International Copper Association

e International Lead-Zinc Research Organi-
zation
e Nickel Development Institute
e Tantalum—Niobium International Study
Center
The purpose of these associations is to pro-
mote the use of the metal in question through
diffusing information, subsidizing research in
potential applications, etc. Metal producing
companies participate by paying the cost of
operations. They also sponsor holding confer-

ences and publish bulletins about their activi-
ties.
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3.1 Introduction

Recovery of a metal from scrap requires
much less energy than starting from ore. For
example, the remelting of steel scrap to pro-
duce reusable steel saves about 74% of the en-
ergy that would be required to produce the
same quantity of steel from iron ores. In the
case of aluminum, it is even higher — it reaches
96 % (Table 3.1). Recycling of metals has two
important effects on society.

e Conservation of natural resources
e Decreasing pollution of the environment.

As a result, there is a great effort nowadays
to collect and recycle old metals.

Tahble 3.1: Energy savings through recycling of melals;

Metal Energy saving, %
Aluminum 96
Copper 87
Iron and steel 74
Zinc 63
Lead 60

3.2 Ferrous Metals

There are small-scale steel plants that oper-
ate solely on scrap; these usually use electric
furnaces for melting. Other steelmaking pro-
- cesses based on raw iron as a starting material
also use scrap to a variable degree (Figure
3.1). The use of scrap in certain steelmaking
processes is necessary because it is used to
control the temperature in the converter during
steelmaking. As a result of oxidizing the im-
purities in the pig iron, the temperature rises
because of the exothermic nature of the reac-
tion. To prevent the rapid deterioration of re-
fractories, scrap is added to cool down the
change. On the average, the steel industry con-
sumes 50% raw iron and 50% scrap. Steel

scrap for steelmaking comes from two main
Sources:;

@ Local. This is scrap produced locally in a
steelmaking plant during shaping. In a steel
plant, about one third of the steel produced
is returned as scrap.

e External. This is old automobiles, farm
equipment, railroad rails, ships, etc., that is
purchased from outside sources.

Steel scrap in form of tin cans is usually
sold to the copper industry to be used for pre-
cipitating copper from leach solutions by the
reaction:

Cu®™ + Fe —» Cu + Fe** .

It is first heated to remove tin by volatiliza-
tion before use (detinning).

A shortage of scrap is expected in the future
as a result of introducing continuous casting
method which produces less local scrap. This
shortage, however, can be overcome by pro-
ducing a certain quantity of iron by “direct re-
duction” methods. This iron is not produced in
the blast furnace but in less expensive equip-
ment such as a rotary kiln, a static bed, or a
fluidized bed. It differs from blast fumace iron
in being not subjected to melting, and is suit-
able as a substitute for scrap. Usually steel
produced from such iron is made in electric
furnaces (Figure 3.1).

3.3 Nonferrous Metals

Great efforts are now being made to collect
and recycle scrap of aluminum (e.g., beverage
cans), copper (e.g., electric wires), lead (e.g.,
old automobile batteries), silver (e.g., used
photographic films, table ware), nickel from
hydrogenation catalysts, platinum from auto-
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mobile exhaust gas catalyst and ammonia oxi-
dation catalyst, etc. As a result, new
technologies are constantly emerging for treat-
ing and purifying such scrap.
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Figure 3.1: The role of scrap and scrap substitutes in the steel industry: (a) Steel industry based solely on scrap; () Steel
industry based on = 50% raw iron and = 50% scrap; (¢) Steel industry based on scrap substitutes.
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4.1 Introduction

It is often possible to recover certain metals
as by-products during the processing of ores.
This is often aided by the fact that metals
found in exceedingly small amount in a feed
material to a chemical or a metallurgical pro-
cess are enriched in certain fractions during
processing i.e.g. dust, slimes and residues and
therefore can be economically recovered as
by-products. In some cases this may be a
means to conserve the natural resources, in
others it may be an essential purification step.

r

4.2 Uranium from
Phosphate Rock

Phosphate rock contains on the average 150
ppm uranium. During the processing of the
rock for fertilizer manufacture, uranium is en-
riched in the phosphoric acid produced as an
intermediate product and is usually recovered
as a by-product without interfering with the
manufacturing process (Figure 4.1).

H;80, Phosphate rock

{ 150 ppm uranium

H;PO,

CaS0,-2H;0

Solvent extraction Uraniuin

H3POy, for
fertilizer manufacture

Figure 4.1: Recovery of uranium from phosphate rock.

4.3 Vanadium from Fuel Oil

Fuel oil contains on the average 100 ppm
vanadium. During burning in boilers to gener-
ate steam, the dust collected in the gas treat-
ment section is rich in vanadium (Figure 4.2).

4.4 Precious Metals from
Copper Ores

A copper ore containing 1 to 2% Cu that
may be beneficiated to a concentrate contain-
ing 20 to 40% Cu, when smelted yields raw
metal containing about 97% Cu. During the
electrolytic refining step to get 99.9% Cu, the
impurities behave differently: some remain in
solution and can be crystallized, for example
nickel sulfate, while the others remain at the
botton of the tank as insoluble residue called
slimes (Figure 4.3). These are an important
source of the precious metals as well as sele-
nium and tellurium originally present in the
ore.

Fuel oil
0.01% vanadium

-

Electrostatic
precipitation

L" Exhaust gas

Fly ash
2% vanadium

Figure 4.2: Recovery of vanadium from fuel oil.
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Copper ore 1-2% Cu
Beneficiation Gangue
Concentrate 20—40% Cu
97% Cu
Electrorefining
Electrolyte
99.9% Cu
Au: 0.2-2%
Ag: 3-25% )
Se: 2-15% NiSO,4-2H,0
Te: 0.5-8%
Pt-metals: trace

Figure 4.3: Enrichment of traces of metals present in cop-
per ore during the production of the metal. ’

4.5 Rhenium from Porphyry
Copper Ores

Chalcopyrite concentrate from porphyry
copper ores contains on the average 0.05%
molybdenite. This is usually separated by se-
lective flotation. The molybdenite concen-
trate obtained contains about 700 ppm
rhenium which is enriched in the dust fraction
during oxidation (Figure 4.4). This is the prin-
cipal source of thenium.

4.6 Cadmium from Zinc
Concentrates

During the production of zinc by the hydro-
metallurgical route small amounts of cadmium
are.present in the leach solution and these
must be removed before the electrowinning
step (Figure 4.5). This is an important source
of cadmium. At the same time germanium, in-
dium, and thallium are retained in the leach
residue and are recovered.
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Chalcopyrite ore

{

l Crushing and grinding ‘

i Bulk flotation F Tailings

Concentrate: 25-35% Cu,
J 0.02-2% MoS,, 700 ppm Re

l’ Steaming J
v

Selective flotation

Chalcopyrite
concentrate Purification,
e.g., leaching

Roasting

Dust collector

S0,

Figure 4.4: Chalcopyrite — a major source of rhenium,

Zinc sulfide concentrate

Leaching

Filtration

Electrolysis

Zinc

Residue containing
Ge, In, T1, and
PbSO,

Cd

Figure 4.5: Recovery of cadmium as a by-product of the
zinc industry.

By-Product Metals

4.7 Gallium from Aluminum
Ores

Traces of gallium found in bauxite, the
principal source of aluminum, are usually re-
covered from a bleed of the aluminate leach
solution (Figure 4.6).
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Bauxite
- 0.01% Ga

NaOH

Filtration

Precipitation
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Figure 4.6: Recovery of gallium from bauxite as a by-
product of the aluminum industry.
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Iron

5.1 Introduction!

Iron is an Anglo-Saxon word; the symbol,
Fe, comes from Latin ferr-um. The French term
sidérurgie, i.e., iron technology, comes from
o16npog the Greek word for iron. Also sideri-
tis is the Latin work for lodestone.

The use of iron has been known since the
earliest times; it was prepared by the so-called
bloomery hearth, or Catalan forge. Iron ores
were heated in a shallow trench with a large
excess of wood charcoal, fanned by bellows.
Lumps (blooms) of wrought iron were ob-
tained, and were welded together by hammer-
ing. As technology advanced during the
Middle Ages, the trench was replaced by a
small shaft furnace, and from this the present
day blast furnace has developed. The use of
water power to operate the blast was intro-
duced during the 14th century. The conse-
quent considerable increase in furnace
temperature resulted in the production of iron
with a much higher carbon content than for-
merly, namely cast iron. This was not mallea-
ble but it was soon discovered how this might
be converted into malleable iron by a second
heating in an ample supply of air (refining).
The iron industry received a great impetus at
the end of the 18th-century, when the demand
for iron began to increase as a result of the in-
vention of the steam engine and the railway.
The shortage of wood charcoal led to the intro-
duction of coke, as fuel and as reducing agent.
Coke was first used in the blast fumace by
Abraham Darby, in 1732. The refining process
underwent fundamental improvements during
the 19th century, through the introduction of
the blast refining method (Bessemer process,
1855; Thomas—Gilchrist process, 1878) and of
regenerative heating (Siemens—Martin process
1865). Later, smelting in the electric furnace
has been introduced for the production of cer-
tain high-grade steels.

Iron is the cheapest and most widely used
metal. Its annual production exceeds by far
that of all other metals combined. It comprises

' For History of Iron, see Secction 6.2.

31

approximately 93% of the tonnage of all the
metals used.

5.2 Occurrence

Iron is a relatively abundant element in the
universe. It is found in the sun and many stars
in considerable quantity. Iron is found native
as a principal component of a class of meteor-
ites known as siderites. The core of the earth is
thought to be largely composed of iron. The
metal is the fourth most abundant element in
the earth’s crust: about 5% is iron. Iron is a vi-
tal constituent of plant and animal life, and ap-
pears in hemoglobin.

5.2.1 Native Metal

Iron occurs in the native state in two forms
[1]:
Telluric Iron. This form of iron is known as
telluric irom, i.e., terrestrial, to distinguish it
from meteoric, i.e., coming from outer space.

" The difference in nickel, cobalt, carbon, and

basalt content clearly distinguishes one from
the other (Table 5.1). Although both types
may look alike and may occur as large boul-
ders 20 to 80 tons, there is another way to dis-
tinguish between the two, besides chemical
analysis, is the Widmanstitten structure that
appears in meteoric iron when a piece is pol-
ished, etched and examined by the optical mi-
croscope. The large crystals indicating slow
cooling is characteristic of meteoric iron. The

- major occurrence of telluric iron is in associa-

tion with the basalts® of Western Greenland.
Large boulders are on exhibit at the Natural
History Museums in Stockholm, Copenhagen,
and Helsinki. Telluric iron is found also as
small millimeter-sized pea-shaped grains dis-
seminated in the basalt, characterized of their
low carbon content, usually less than 0.7%.
These were extracted from the basalt by the
natives by crushing and then cold-hammering
the collected metallic particles into coin-sized

? Basalt is a heavy dark grey or black basic igneous rock
composed mainly of finely divided pyroxene, feldspar,
and sometimes olivine. )
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flakes to insert them into groves in bone and
use them as knives.

Table 5.1: Typical analysis of telluric and meteoritic iron.

Telluric, % Meteoric, %
Nickel 0.5-4 5-20
Cobalt 0.1-0.4 0.5-0.7
Carbon 0.2-4.5 0.03-0.10
Basalt 5-10 nil

Ferronickel. Ferronickel is an iron—nickel al-
loy that occurs in nature as the mineral awaru-
aite, FeNi, (named after Awarua Bay in New
Zealand, where it was first discovered), and
josephinite, FeNi, (named after Josephine
County, Oregon where it was first discovered).
Both minerals contain cobalt, usually in the ra-

tio Ni:Co = 10:1. Ferronickel also occurs as
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microscopic lamelle in association with as-
bestos, as microscopic crystals in association
with serpentine, or as microscopic particles
associated with the minerals pentlandite, (Fe,
Ni)S, and hazelwoodite, NiS, in serpentine
rocks (Figure 5.1). Thus it occurs in most as-
bestos formations and can be recovered from
the asbestos tailings by magnetic methods.

5.2.2 QOxide Minerals

Iron ores of sedimentary origin account for
nearly 80% of the world’s reserves; the re-
maining 20% is of magmatic origin such as
magnetite. The most important oxide minerals
are the following:

Iron

e Hematite, Fe,O,. Occurs in nature in the fol-
lowing forms:
— Specular hematite: black to steel grey
crystals with metallic luster
— Micaceous hematite: occurs in thin flakes
resembling mica; they may be so thin as to
be translucent and they are then deep red
— Common red hematite is dark red in mas-
sive, granular or earthy (red ocher)-form
— Magnetic. This is the y-Fe,O; which oc-
curs in the Ural as the mineral maghemite.
It is like Fe,O,, a cubic spinel type.
o Magnetite, Fe,O,. It is brittle with a dark
grey to black opaque color, with metallic
luster, strongly magnetic.

Geological Terms

e Limonite is a geologic term signifying cer-
tain deposits of hydrated iron oxides which
vary in color from brown to yellow. It is
formed by the weathering and alteration of
other iron-bearing compounds. When
present in a loose, porous and earthy depos-
its in swamps, it is known as bog iron ore.
When mixed with clay it forms what is
known as yellow ocher. Most limonite ores
require washing to remove clay, and drying
to remove moisture, before shipping or re-
duction.

o Taconite is another geological term signify-
ing an iron ore deposit consisting of fine
grains of hematite and magnetite embedded
in a matrix of silica, It is difficult to drill and
blast but easy to grind. Large deposits of this
type occur in the Lake Superior region cor-
taining 25-35% Fe. Enrichment can be ef-
fected by magnetic methods to separate
magnetite, and flotation to separate hematite
to achieve a concentrate containing 63% Fe.

o Laterite is a limonite containing 1-2% Ni
and about 0.1% Co. At present these are
used as nickel and not as iron ore, e.g., in
Cuba. '

e Oolitic ironstone is iron carbonate which
has replaced the CaCO, of an oolitic lime-
stone retaining the texture of the original
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Table 5.2: Complex oxides of iron.

Chromite Cr,0,-FeO
Columbite Nb,0,-(Fe, Mn)O
Tantalite Ta,04+(Fe, Mn)O
Timenite TiO, FeO
Wolframite WO,-FeO

5.23 Complex Oxides

Iron occurs in combination with other met-

 als in form of complex oxides (Table 5.2). It is

only recovered from ilmenite concentrates as a
by-product of the manufacture of titanium
slag, e.g., Sorelslag used for making TiO, pig-
ment,

5.2.4 Carbonates

Siderite, FeCO,;. When occurring in eco-
nomic deposits it represents a low-grade iron
ore since the pure mineral contains only
48.3% Fe. It crystallizes in thombohedra like
calcite, which dissolves in water containing
carbonic acid, with the formation of iron(II)
hydrogen carbonate, Fe(HCO,),. Such waters
rapidly deposit iron(Ill) oxide hydrate when
exposed to air, since the excess carbon dioxide
escapes, the carbonate deposited is hydro-
lyzed, and is oxidized by atmospheric oxygen.

5.2.5 Sulfides, Disulfides, and
Complex Sulfides

Iron(II) sulfide occurs in nature as pyrrho-
tite, FeS, iron(Il) disulfide as pyrite and marc-
asite, FeS,. It also occurs in combination with
arsenic as the mineral arsenopyrite, FeAsS.
Iron(I1T) sulfide occurs in the form of double
sulfides, especially with copper(l) sulfide —
e.g., chalcopyrite, CuFeS, or Cu,S-Fe,S,, and
bornite, CusFeS; or 3Cu,S-Fe,S;. These are
the major copper minerals.

Iron monosulfide (ferrous sulfide), FeS.
Iron sulfide, crystallized in the hexagonal sys-
tem, is magnetic. The iron sulfide occurring in
meteorites, with the same crystal structure, is
called troilite. Pyrrhotite almost always con-
tains nickel, and is therefore of importance as

Figure 5.1: Photomicrograph of polished sections. A) Lamella of ferronickel in asbestos deposit 0.05-0.5 mm in size
(70 x); B) Microscopic crystals of ferronickel (560 x); C) Microscopic particles of ferronickel (F) cemented with pent-
landite (P) from serpentine rock (210 x).

rock. The rock consists of small round a nickel ore. The sulfur content of pyrrhotite is
grains resembling the roe of fish. usually 1 to 2% higher than corresponds with
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the formula FeS, the excess sulfur being built
into the crystal lattice. Its ability to take up a
certain excess of sulfur arises from the fact
that a proportion of the positions which should
be occupied by Fe atoms may remain vacant.
The density of FeS varies between 4.5 and 5.

Pyrite (iron disulfide), FeS,. Pyrite is widely
distributed in nature. The ore is not a source of
iron but a source of sulfur. However, the resi-
due of roasting from the manufacture of sulfu-
ric acid is smelted for iron, after the impurities
which are undesirable for this purpose, al-
though often valuable in themselves, have
been removed in special refineries: silver and
gold are present as well as copper and zine.
The disulfide also occurs as marcasite.

Pyrite and marcasite have a brassy yellow
color and metallic luster. They differ in their
crystal structures. Pyrite, which is commonly
found in well formed large crystals (usually
cubes or pentagonal dodecahedra, or combina-
tions of these forms), belongs to the pentago-
nal hemihedral class of the cubic system.
Marcasite is orthorhombic.

Pyrite and arsenopyrite are different from
other sulfide minerals since they contain the

Table 5.3: Important minerals in iron ores.
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disulfide ion, SZ-; arsenopyrite contains in ad-
dition the diarsenide ion, As3". In pyrite, FeS,,
the iron atoms are in a face-centered cubic ar-
rangement with pairs of the sulfur atoms lo-
cated on the cube diagonals. In arsenopyrite,
FeAsS, the iron atoms are also in a face-cen-
tered cubic arrangement like in pyrite but half
of the diagonal positions are occupied by pairs
of the sulfur atoms and the other half by pairs
of arsenic atoms.

Pyrite and arsenopyrite have received great
attention recently because in some gold ores
called “refractory”, they entrap gold in their
crystal structure and render the metal unex-
tractable by cyanide solution unless the min-
eral structure is destroyed by thermal or
aqueous oxidation prior to cyanidation, Pyrite
is also the major sulfur-bearing impurity min-
eral in coal. Attempts to upgrade the coal in-
clude the aqueous oxidation of the pyrite.

5.2.6 Phosphates

Vivianite. Hydrated iron(II) orthophosphate,
Fey(PO,),*8H,0, is the main source of phos-
phorus impurity in iron ores.

Mineral Chemical formula Density, glom®  Hardness ([) S(gjgﬁzzﬁ‘:gﬁggg

Iron (for comparison) Fe 7.88 4-5
Magnetite Fe,0, 5.2 5.5 1011
Specularite (“hematite”™) Fe,O, 5.2-5.3 6.5 107
Limonite

Needle ore 0-FeOOH 43 5-5.5 104107

Ruby mica B-FeOOH 4.0 5 10107
Siderite FeCO, 3.7-3.9 445 107
Pyrite FeS, 5.0-5.2 6-6.5 107°
Pyrrhotite FeS 4.6 4 1072107
Chalcopyrite CuFeS, 4.1-43 354 107%-107¢
Apatite Ca,F(PO,), 3.2 5 -107¢
Vivianite Fe,(PO,), 8H,0 2.62.77 3
Quartz 8i0, 2.65 7 -107¢
Orthoclase KAISi,04 2.55 6 107°
Plagioclase NaAlSi;04/CaAl,Si,0y 2.6-2.8 225 1072-107
Kaolinite, dickite Al(OH)Si,0y, 2.6 1
Muskovite KAL(OH,F), [AISi;Oy] 2.6-2.8 2-2.5 1072107 ».
Pyrolusite MnO, 5 1-6 10°¢
Calcite CaCo, 2.6-2.8 3 -107¢
Timenite FeTiO, 4.5-5 . 56 107

Iron

53 Ores [23]

Iron is found in high concentration in ore
deposits, where it occurs mainly as oxide. Ta-
ble 5.3 lists the iron minerals of greatest indus-
tjal importance (along with some
accompanying gangue minerals) and their rel-
evant properties. -

The only minerals of worldwide impor-
tance are hematite (specularite, Fe,0;), mag-
netite (Fe;0,) and limonite (FeOOH). Siderite
(FeCO,) finds limited use on a local basis.
Other ores such as chamosite (an iron magne-
sium aluminosilicate) or pyrite are virtnally
not important for iron production anymore.

5.3.1 Ore Deposits

Of the variety of classification systems that
have been proposed for iron-ore deposits, the
one from the United Nations Survey is used
here [4]. The criterion is the physical appear-
ance of the deposit; the main types are bedded
(A), massive (B), residual (C), by-product (D)
and other (E)

A Bedded Deposits

A-1 Iron formation

Lake Superior Type
Chiefly Precambrian; primarily as sedimentary depos-
its, heavily metamorphosed (itabirite, taconite, jaspilite
or quartz-banded ore); enriched by weathering pro-
cesses (Mesabi, Minas Gerais, Carajas, Venezuela, La-
brador and Quebec, Krivoi Rog)

Algoma Type
Primarily as thinly-banded quartzite with interlayers of
iron ore; enriched as limonite hematite weathering ore

A-2  [ronstone formation
Mainly marine sedimentary deposits of minette type;
Clinton, Wabana; chiefly mesozoic, with limonite as
the most important mineral

A-3  Other Iron-Ore Sediments
Examples: clastic deposits, ferruginous sandstone, and
iron shale; also alluvial deposits and unconsolidated
clastic sediments

B Massive Deposits

B-1 Bilbao Type
Deposits from weathering of siderite rock, with limo-
nite and hematite in the weathering zone

B-2 Magnitnaya Type -
Contact-metasomatic replacement deposits

B-3 Kiruna Type
Magnetite intrusion, usually with apatite

B-4  Taberg Type
Syngenetic titanomagnetite bodies and deposits of
finely intergrown ilmenite ores

C Residual Deposits
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C-1 Laterite and iron-ore caps as a result of weathering
of underlying iron-bearing rocks

C-2 Fluvial deposits and bog ore

C-3 Otherresidual ores, e.g., caps of sulfide ore deposits
(gossan, “iron hat”), unconsolidated clastic deposits

D By-products
Recoverable values in by-product iron oxide

E Other Types of Deposits
e g, Iode-type deposits (Siegerland)

Bedded deposits are stratigraphic members
enriched in iron by a factor of ca. 4-12 above
average. They occur in all geologic ages; in-
cluding ores which originate from them, they
account for ca. nine-tenths of potential iron re-
serves. Names applied to Precambrian meta-
morphic ore beds are itabirite, taconite, Lake
Superior type, quartz-banded ore, jaspilite,
magnetite quartzite, hematite quarizite, etc.
More recent formations are known as minette
(Jurassic), Salzgitter type, and other local
names. In general, the term bedded deposits is
used for iron-mineral enrichments in which
ore minerals are more or less closely lami-
nated with quartz, jasper or carbonate rock and
the iron-bearing sediments lie conformably to
the under- and overlying beds of igneous or
metasedimentary rock. Thus, iron formations
can be chemical rocks, clastic sediments, or
rock beds that have been replaced by iron min-
eral during diagenesis or in their subsequent
history.

Massive iron-ore deposits are ore bodies of
irregular shape, discordantly embedded in the -
enclosing rock. They include:

o Replacement deposits in carbonate rocks
(Bilbao type) with siderite, hematite or li-
monite (the last two in the weathering zone
above the water table)

e Contact-metasomatic deposits in the contact
region of acidic intrusive rocks with magne-
tite and, to a lesser extent, hematite, siderite,
pyrite, pyrrhotite and copper sulfide (Mag-
nitnaya type)

e Magnetite intrusions in acidic magmatic
rock (Kiruna type)

e Massive or intergrown titanomagnetite or il-
menite concentrations in basic rock (Taberg
type).

The most important type of residual deposit
is laterite, which occurs as a cap overlying a



36

wide variety of rocks. It is the product of
weathering in tropical and subtropical climatic
regions. The iron content of these ores is usu-
ally low (limonite, hematite), the alumina con-
tent high, and undesirable accessory
constituents such as chromium, phosphorus,
and nickel are frequently present (e.g., at Vo-
gelsberg, Germany). Thus, laterite has largely
ceased to be an important iron ore except
where the lateritic caps of other iron ore de-
posits have secondary enrichments of up to
69% iron. On the other hand, nickel-bearing
laterites are the most important nickel ores of
the future (Cuba, New Caledonia, the Philip-
pines). Extended fluvial deposits, such as the
Robe River deposit in Western Australia,
should also be mentioned. Bog ores, in con-
trast, form deposits of small extent that were
formerly locally important. They are precipi-
tation products from iron-containing solu-
tions. The weathering cap of sulfide deposits
(gossan or “iron hat”), which are usually sepa-
rated from the primary sulfides by an indis-
tinct boundary, are of some importance.

5.3.2 Supply of Iron Ore

Until about the 1950s, ironworks were
mainly supplied from their own deposits; ore
and concentrate were transported over short
distances. Since that time a fundamental
change has occurred as a result of (1) the
greater demand because of increased produc-
tion, (2) the drop in the cost of overseas trans-
port because of larger ship capacities, and (3)
the need for higher productivity because of
continually rising labor and energy costs. The
iron ore demand of the most important steel-
producing regions is essentially met by a few
large ore-producing regions.

Medium-sized and small ironworks lo-
cated at deposit are now found only in case of
large deposits (northeast India, the Ukraine
and other areas of the former Soviet Union,
northeast China). Table 5.4, listing world iron-
ore reserves, also shows, from the tonnage
standpoint, that only a few countries play im-
portant roles in ore supply. The short descrip-
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tions below are limited to the most important
deposit areas and supplier countries.

Production figures for iron ore, ore concen-
trate, and ore agglomerate appear in Table 5.5.

Table 5.4: World iron ore reserves [5].

Reserves,

£x 106 Iron content, %
Former Soviet Union 110 750 25.4
China : 42 000 30.0
Brazil 34 540 56.9
Canada 26 417 31.6
United States 25 400 20.7
Australia 17 781 60.0
India 13 500 61.5
South Africa 6 300 59.1
France 4 064 40.2
Sweden 3353 59.1
Venezuela 2337 54.4
Liberia 1668 39.5
Other 2235 28.4
World total 290235 35.4

Table 5.5: World tron ore production, ore, concentrate
and agglomerate (1975-1986) (t X 10°) [6].

1975 1980 1986 1993

North America 132.0 127.1 828 960
Canada 469 48.8 361 323
Mexico 5.1 7.6 73 8.0
United States 80.1 70.7 394 557

South America 1343 146.1 1647 189.8
Brazil 89.9 1147 132.0 159.4
Chile 11.0 8.6 7.0 7.0
Peru 7.8 57 5.0 5.2
Venezuela 248 161 191 155

Europe 355.5 335.3 313.6 1842
Austria 3.8 32 3.1 1.4
France 496 290 124 3.5
Germany © 33 1.9 0.7 0.1
Norway 4.1 3.9 37 2.2
Spain 76 9.2 6.1 2.5
Sweden 309 272 205 187
Soviet Union/CIS 232.8 2447 2499 154.0
United Kingdom 4.5 0.9 03 —
Former Yugoslavia 5.2 4.5 6.7 0.3

Asia 122.7 122.8 1519 303.8
China 65.0 68.1 90.0 2247
India 414 419 478 560
North Korea 9.4 80 8.0 10.0
Turkey 2.4 2.6 4.0 5.1

Africa 577 60.8 558 442
Algeria 3.2 3.5 3.4 2.6
Liberia 24,0 182 153 —
Mauretania 8.7 8.9 8.9 9.2
South Africa 123 263 245 294

QOceania 99.9 99.2 92.5x123.7
Australia 97.6 955 90.0 1214
New Zealand 2.3 3.6 2.4 2.3

World total 902.0 891.3 861.3 941.7

Iron

1t is striking that the most important supply
sources are type A deposits (bedded), and
among these the metamorphic deposits of Ita-
bira type (under that or some other local
name), chiefly of Precambrian age.

Especially important are the enrichment or
weathering zones of these deposits, where the
mobilization of silica and alumina has pro-
duced rich ores that can be forwarded to iron-
works without preliminary beneficiation.
Table 5.5 also shows that ores expensive to
produce and those whose beneficiation does
not yield concentrates with at least ca. 60%
iron have lost much of their importance. In
fact, most of them will no longer be in produc-
tion after a few years. Examples are the Meso-
zoic deposits in France, Belgium and
Luxembourg (minettes), in the United King-
dom (home ore), and in Germany (Salzgitter,
Siegerland, Lahn-Dill, Oberpfalz).

The important producer countries rank as
follows by tonnage output (1993 production,
tonnes x 10°):

China 2247
Brazil 159.4
Former Soviet Union 154.0
Australia 121.4 L
India 55.0
United States 55.7
Canada 323
Sweden 18.7
Venezuela 17.5

5.3.3 Most Important Iron-
Producing Countries [4-8]

Brazil. Brazil is currently the biggest pro-
ducer of ore for overseas shipment. Two ore
districts are now in production. The “iron
quadrangle” (“Quadrilatero ferrifero™) in Mi-
nas Gerais state is the more important. It sup-
plies several local ironworks, but most of the
product is exported.

The ores occur in three successive beds,
Precambrian in age and strongly metamor-
phosed, called (from shallowest to deepest)
Rio das Velhas, Minas Gerais, and Italcolomi
[4]. The ore is thought to consist of marine
sedimentary deposits. The ore beds contain
35%—-60% iron.

Various ore types are distinguished:
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e Hematite enrichments (lump to powder ore),
> 64 % iron

@ Silica-rich hematite ore, 60—64% iron

e Itabinte, 35-60% iron, occurring in com-
pact, soft and powder forms and typical of
the Minas Gerais series

o Canga, (60-68% iron), a conglomerate-like
ore that often consists of rounded fragments
in a limonite matrix .

Capacity isca. 130 x 10° /a of ore shipped;
about a tenth is shipped as lump ore, 24 x 10°
t/a as pellets, and the remainder as sinter fine
ore (“sinter feed™).

The second large ore district is Carajas,
with a production target of 35 x 10° t/a, 10—
20% of this being lump ore. The Carajas ore
also lies within Precambrian beds and has
been enriched by secondary processes to 60—
67% iron.

Venezuela [4, 8]. The most important iron-ore
district is the Imataca belt, including the well-
known Cerro Bolivar, El Pao, and San Isidro
deposits. The belt is part of the Precambrian
Guyana Shield. The ores occur in a sequence
of metamorphic rocks with gneiss, shales, and
taconite-like iron-banded quartzite. Secondary
processes have created rich ore deposits,
partly through the precipitation of iron hy-
droxide in cavities. At the surface, a hematite-
rich laterite cap, 1-50 m thick has formed; this
is still the main source of ore. In 1987, ore out-
put was 17.2 x 10°t, of which 5.5 x 105t was
consumed domestically.

Lump ore, sintered fine ore and pellet feed
containing 62-67% iron, 0.6-6% silica, 2%
alumina and 2-5% loss on ignition are pro-
duced. To meet the needs of direct reduction
units (Midrex, HyL) at the Matanza iron-
works, a 6 600 000 t/a pellet plant has been
erected.

‘Canada. The Labrador geosyncline is the

most important ore-district. Precambrian de-
posits of the Lake Superior type are regarded

.genetically as continental shelf deposits that

have undergone various degrees of metamor-
phosis. There are weathered rich ores contain-
g over 60% Fe and having high limonite
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contents; weathered, relatively coarse-grained
magnetite hematite ores containing 20-50%
quartz; and unweathered banded ore.

United States—Lake Superior. Most of the
known iron-ore reserves in the United States
are found in the Lake Superior area, in Minne-
sota, Wisconsin, and Michigan. About three-
quarters of U.S. ore production comes from
this region; the output goes to ironworks south
of the Great Lakes (Ohio, Pennsylvania). The
deposits occur in Lower and Middle Precam-
brian strata. Iron oxide, carbonate, silicate and
sulfides are thinly banded with gel quartz and
other gangue minerals. The thickness is be-
" tween 15 and 300 m. Fine-grained magnetite
and hematite are the principal ore minerals.

In weathering zones locally enriched lump
ores exist containing ca. 60% Fe; these consist
of hematite and limonite. Mining is limited to
these rich ores and magnetite-bearing beds,
which are relatively easy to beneficiate by
magnetic separation.

Australia. The large iron-ore reserves of this
continent are concentrated in the north of
Western Australia, in the Pilbara district. The
Precambrian banded itabirite ores contain
magnetite, quartz, carbonate, and stil-
pnomelane. The near-surface region includes
hematite and limonite weathering ores. Be-
sides these in situ enrichments, conglomerate
and residual ores are also found; the latter
have a high limonite content and occur chiefly
in old Tertiary nverbeds.

India. In India the most important ore deposits
are enclosed in the strata of a Precambrian
geosyncline, which runs parallel to the east
coast over a significant part of the subconti-
nent. The ore is mainly of itabirite type; later-
itic weathering has produced rich ore with a
high alumina content in the gangue, which ex-
tends to a considerable depth. Locally, quartz-
banded lean ore and similar primary ores have
also been exploited. Hematite ore containing
> 60% iron is worked; it is partly lump ore and
partly sinter fine ore. Hematite-limonite ore
also occurs. The lateritic hard-ore cap is often
underlain by blue dust. This ore consists of
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medium- to fine-grained primary specularite,
martite and, locally, primary magnetite as
weathering residue, and contains only small
amounts of quartz, kaolin minerals, and gibb-
site as gangue.

China. China has many isolated ore deposits,
most of which form the basis for local iron and
steel industries. The largest concentration of
reserves, however, is in the provinces of Lia-
oning (northeast China) and Hebei (eastern
central China). The ores are of itabirite type,
mainly with hematite—quartzite ores contain-
ing 50% iron. Large rich ore reserves are obvi-
ously nonexisting in China. Of the ores now
being mined, it is known that beneficiation is
often difficult and costly. Exceptions are the
various magnetite deposits of Magnitnaya
type. Some ores contain undesirable second-
ary constifuents such as tin, fluorspar and
finely intergrown apatite. Despite the potential
reserves, cost considerations may cause
China to import iron-rich ore; the recently ob-
served construction of steelworks at coastal
sites is an indication of this policy.

Former Soviet Union. The former Soviet
Union has more than 20 iron-ore regions. The
most important reserves are in the regions of
Kursk, western Siberia, and the Ukrainian
crystalline shield. The first two areas account
for ca. 30% each, the last for some 10% of the
Soviet Union’s total reserves [4]. The most
important production region is the Ukrainian
Shield, with the Krivoi Rog syncline as its
center (“Krivbas™). The Precambrian strata
here contain both magnetite—quartzite and he-
matite~martite quartzite ores.

In the area of the Kursk Magnetic Anomaly,
three basins are distinguished: Belgorod in the
west, Kursk-Orel in the center, and Staryi Os-
kol in the east. Near-surface rich ore with he-
matite and martite has been exploited for some
time. The horizontal quartzite magnetite beds
are of increasing economic importance. From
the geological standpoint, the iron-bearing
beds form part of the Precambrian basement
of the Central Russian shield. ”

In the western Siberian ore province, three
districts exist. However, only the Kuznetsi—
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Savan area. has acquired economic impor-
tance. It consists of a large number of contact-
metasomatic magnetite ore bodies of slight
and moderate thickness, which also contain
iron sulfide and zinc sulfide. The deposits are
thought to have originated in the time of the
Caledonian orogenesis.

The Gornyi Altai district has limited re-
serves in Clinton-type deposits (sedimentary
deposits with partial secondary enrichment),
which date from the Variscan orogenesis.

The western Siberian district, in a narrower
sense, has considerable reserves of minette-
type sedimentary ore deposits that have not
been much explored; these had their genesis as
marine coastal deposits in the Upper Creta-
ceous and the Eocene.

Sweden. For a long time, Sweden was the
most important ore supplier for the Central
European and, in part, the Western European
iron industry. Quartz-banded magnetite-hema-
tite ores of the Lake Superior type were mined
in central Sweden. However, the chief source
of ore for export is northern Lapland, in a dis-
trict centered around Kiruna and Malmberget,
where Kiruna-type magnetite deposits (mas-
sive intrusions in granite-like enclosing rock,
with a relatively high apatite content) occur.
Reserves are more than 2 x 10° t, with ca. 60%
iron and 0.04-5% phosphorus. The phospho-
rus content is reduced to 0.04% by beneficia-
tion, because hardly any Bessemer pig iron is
produced in western Europe anymore.

5.3.4 Beneficiation of Iron Ore

The purpose of beneficiation is to render
the ore more suitable for transport and for var-
ious reduction and smelting processes in the
production of pig iron or steel.

The only processing steps used for ores
mined from rich deposits (rich ores) are crush-
ing and screening. Such ores come mainly
from the weathering zones of itabirite depos-
its. At some mines, washing is combined with
the screening of fines (< 6~8 mm) for sinter-
ing; very fine material containing kaolin is

- thus separated, and the alumina content is re-

duced. Low-grade ore is concentrated to lower
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transport costs and bring about a chemical
composition suitable for the subsequent re-
duction step. In this enrichment process, the
gangue is reduced and, in many cases, its com-
position improved. Current reduction and
smelting processes require a basic slag
(Ca0:8i0, > 1), but the gangue, of nearly ev-
ery type of iron ore, is “acidic”, that is, it con-
tains an excess of silica. Beneficiation lowers
the silica level to 5~8% in the concentrate.
Harmful components present in the ore
must be removed. Such components include
phosphorus, arsenic, chromium, copper, vana-
dium, alkali, sulfur and titanium; these either

-make metallurgical processing more difficult

or degrade the iron and steel quality. A small
quantity of titanium (<0.5%) is, however,
added to the burden at some ironworks, be-
cause it has been found to increase the life of
the blast-furnace brickwork.

The basic methods of beneficiation for iron
ores are usually the same as for nonferrous
ores and industrial minerals. Naturally some
peculiarities exist because of the mineralogy
and the type of intergrowth.

Crushing. Conventional equipment is em-
ployed for crushing. Primary crushing takes
place in gyratory crushers (up to 3500 t/h) or
jaw crushers. Mobile versions of the latter are
now employed directly at the mines. Cone
crushers are common for the'second and third .
stages of crushing. They are however, increas-
ingly replaced by semiautogenous grinding
(SAG). Here steel balls, 100 mm or greater in
diameter are added in a quantity of up to 6
vol% to aid the comminuting action. Autoge-
nous mills are tumbling mills of large diame-
ter and relatively short length, roughly 0.4—1.2
times the diameter. Fine grinding takes place
in rod and ball mills, usually in a closed circuit
with classification by hydrocyclones. Both dry
and wet comminution are practiced; the wet
process is more common when this step is fol-
lowed by concentration.

Another option is autogenous or semi-au-
togenous primary crushing followed by fine
grinding in a pebble mill; a tumbling mill
which does not contain steel balls but lumps of
ore of ca. 75-30 mm in diameter. This is possi-
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ble only with hard ore that yields enough
“pebbles” in the first crushing stage. This pro-
cess has the advantage that no grinding balls
are needed, but the energy requirement for
grinding often increases if the conditions in
the mill are not optimal.

Screening. Vibration screens with elliptical
or linear oscillaions have been widely
adopted for screening. Multilevel screens of
the Mogensen design are increasingly used.

Concentration. The concentration of iron
ore is generally based on physical differences
between the iron-bearing and gangue minerals
(Table 5.3). Flotation and electrostatic con-
centration utilize physicochemical differ-
ences. The iron minerals have a higher
specific gravity than the gangue minerals, so
in many cases gravity or centrifugal concen-
tration is possible. The dense-media separa-
tion process for coarse particles (=3 mm) in
drum or tank separators is also used. For me-
dium-sized material, ca. 15-0.5 mm, cyclone
separators or the cylindrical “Dyna Whirl-
pool” can be employed. Both use a centrifugal
force field for separation. Gravity separators
for fines (roughly 2-0.075 mm) include the
Humphreys® spiral concentrator and the Rei-
chert cone separator.

The Reichert cone separator has been
adopted in the past two decades mainly for the
beneficiation of placer ore, but it is used more
and more for fine-grained weathering iron
ores.

The magnetic concentration of magnetite
ore takes place in drum-type separators with a
low-intensity magnetic field. Dry separators
are fed from the top and discharge the non-
magnetics, in wet separation the ferromagnet-
ics are picked up from the feed pulp
(underfeed). Ferrite-based permanent magnets
have almost completely replaced ALNICO
and electromagnets. The magnetic flux den-
sity is up to 0.15 T. Wet separators include
drums up to 1500 mm in diameter and 3600
mm wide, with throughput capacities of 50—
200 t/h. The drums, with up to five poles, are
arranged in appropriately designed tanks for
cocurrent or countercurrent operation. In addi-
tion, high-intensity wet magnetic separators

Handbook of Extractive Metallurgy

have been employed since ca. 1970 in the con-
centration of weakly magnetic ore. The Jones
design is most common, Here the separating
elements are arranged in a ring which rotates
carousel-fashion through a strong field gener-
ated by electromagnets. The magnetic flux
density in the separation zone is 0.1-0.5 T; be-
cause of the tip configuration of the separating
elements, it is concentrated at the tips to much
higher values with a strong convergence of the
field lines. The carousel design permits semi-
continuous operation.

High-intensity dry magnetic separators are
generally not used in beneficiation any longer.
Electrostatic drum type separators are em-
ployed only for the recleaning of the concen-
trate, where they remove mainly Qquartz-
bearing gangue. The process is restricted to
grain sizes in the range of 1-0.05 mm.

Flotation has been used for iron-ore benefi-
ciation since ca. 1950. The first two systems in
Michigan were built for “direct” flotation (val-
ues in froth) of fine-grained specularite ore.
Tall oil and diesel oil were added as collectors.
“Hot flotation” enabled concentrates to float
with only a few percent of silica. The rougher
concentrate in pulp form was heated to >
90 °C, then recleaned in several stages after
cooling. “Indirect” or “reverse” flotation is
most commonly used today; the gangue goes
into the froth and the iron ore into the under-
flow. Conditions are controlled so as to pre-
vent the ore from flotation. As depressants for
iron ore, starches or dextrin are used in con-
junction with a basic pH. The collectors em-
ployed for gangue depend on the gangue
minerals: oleic acid or oleates (e.g., for apa-
tite) or amine salts (for quartz and feldspar). In
general, the goal is first to enrich the ore as
much as possible by less expensive means
(gravity, magnetic separation), using rela-
tively expensive flotation only for the final
beneficiation stage. In the case of rich ores,
however, flotation can also be employed as the
sole concentration process when only a little

. gangue is to be removed.
A process of limited importance is riagne--

tizing roasting followed by low-intensity mag-
netic separation. The iron minerals are

Iron

thermally converted to magnetite with solid,
liquid or gaseous reducing agents. The process
is used in shaft furnaces in China and rotary
kilns in the former Soviet Union.

A thermal beneficiation process is the
roasting of siderite ore. The purpose of this
process is to save weight for transport and to
relieve the blast furnace of the carbon dioxide
load. Shaft furnaces or sintering machines are
employed. In the latter case, agglomeration is
combined with calcination.

. Figure 5.2 presents a general flowsheet for
the beneficiation of iron ore. Currently almost
all the crude ore comes from large-scale open
pit mines with capacities between 10 000 and
100000 t/d. Only in Swedish Lapland, the
former Soviet Union and China are high-ca-
pacity underground mines operated. Depend-
ing on the iron content and other requirements,
the ore is processed into lumps, sinter or pel-
lets; Table 5.6 lists the fractions of these prod-
ucts in blast furnace burdens in several areas.
Table 5.7 gives some analyses of ores that are
of commercial importance.

The beneficiation of an Indian laterite ore is
shown schematically in Figure 5.3. The ore is
a decomposition product containing limonite
and hematite values along with kaolin, quartz
and alumina minerals as gangue. By washing
in a drum and then removing the finest frac-
tion, the iron content is elevated by ca. 3%
units and the Al,O; content is lowered from 3—
4% to < 1.7%.

Crude
ore

Y sty

Tailings
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Table S.6: Lump ore and agglomerate in blast-furnace
charge, 1986, % [8].

Western United
Germany Europe Japan S?at:s

Lump ore 9.8 12.1 16.8 5.3 125

Total

Sinter 64.4 70.5 73.6 22.5 62.4

Pellets 25.8 17.4 9.6 72.2 25.1

Total 100.0 100.0 1000 100.0 100.0
Crude ore

Pre-crushing

Rich ore Lean ore
Crushing Comminutian
Screening Classification
Removal of
undesirable
components

Coarse concentrate i

Grinding
Fine concentrate

LSinl‘ering | | Pelletizing ]

4

Lump ore Sinter Pellets

Figure 5.2: Schematic diagram of iron-ore processing,

Concentrate to
 pellet piant

Figure 5.3: Flowsheet of Pale beneficiation plant, India: a) Washing drum; b) Spiral classifier; ¢) Rod mill; d) Ball mills;
e) Slurry tank; f) Disk filter; g) Rotary dryer; h) Hydrocyclones.
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Table 5.7: Analyses of iron ores [9, 10].
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Fe,, Sio, AlO, Ca0 MgO Ignition loss

Lump ores
Hamersley Iron 65.0 29 1.6 0.1 0.1 27
Mt. Newman Mining 65.7 34 1.2 0.1 0.1 1.5
CVRD-Itabira 67.7 1.1 1.0 0.0 0.0 0.4

. CVRD-Carajas 67.6 0.7 1.1 0.1 0.0 13
Ferteco Feijao 673 1.8 1.0 0.1 0.0 09
MBR-Aguas Claras 68.4 0.6 0.7 0.1 0.1 0.8
Chowgule 60.1 3.5 2.8 0.0 0.0 not known
Bellary-Hospet 66.9 2.1 1.9 0.1 0.1 0.8
SNIM-Mauretania 63.1 6.8 13 0.0 0.0 not known
ISCOR-Sishen 66.5 31 1.1 0.1 0.1 0.6
ISCOR-Thabazimbi 64.0 6.0 1.0 0.2 0.4 1.2
Cerro Bolivar 64.2 1.3 1.0 0.1 0.1 5.5
Fine ores
Hamersley Iron 62.5 4.4 26 0.1 0.1 32
Mt. Newman 62.6 5.5 24 0.0 0.0 4.7
Robe River 57.2 5.6 2.7 0.1 0.1 9.2
CVRD-Sinter Fines 64.4 5.0 1.2 0.1 0.1 1.5
CVRD-Carajas 67.9 0.6 0.7 0.1 0.1 1.4
Ferteco-Fabrica 64.3 3.1 1.9 0.1 0.1 2.7
Romeral 65.4 4.4 0.9 0.9 1.0 0.8
Mifergui-Nimba 67.5 2.3 1.0 0.1 0.0 1.0
Sesa Goa 60.6 3.5 4.2 0.1 0.1 3.8
NMDC-Bailadila 65.4 2.1 1.9 0.0 0.0 not known
Carol Lake 65.8 4.5 0.1 0.5 0.4 0.3
Bong Mining Co. 64.7 7.5 0.3 0.2 0.3 0.3
LAMCO 64.7 4.7 1.0 0.0 0.0 1.7
LKAB-Kiruna KBF 69.7 1.2 0.2 0.6 0.5 0.2
LKAB-Kiruna KDF 62.0 4.6 0.8 3.6 12 0.6
Co. Andaluza de Minas 55.0 4.4 1.1 43 0.4 not known
ISCOR-SISHEN 65.5 3.7 1.6 0.1 0.1 0.7
C.V.G.-El Pao 64.5 3.7 1.4 0.1 0.1 1.9
Pellets
Evelth Mines 65.6 4.9 0.1 0.8 04
Kiruna 66.1 2.5 0.3 03 . 2.0
Malmberget 66.7 22 0.8 0.2 1.6
CVRD 65.3 2.8 0.5 3.0 0.1
Ferteco 65.0 33 0.9 2.5 0.0
Samarco 65.1 2.6 1.2 22 0.2
Kudremukh 66.1 2.8 0.3 23 0.1
Carol Lake 65.6 4.9 0.3 0.5 0.3
Cartier Mining Co. 65.2 5.2 0.5 0.4 0.3
Wabush Lake 65.8 3.0 0.4 0.1 0.0
Bong Mining Co. 64.1 7.0 0.3 0.3 0.3
Las Encinas 66.8 1.5 0.7 1.6 0.8
Empire CCIL 65.3 5.6 0.4 0.2 03
Empire CCL 59.5 5.3 0.4 7.0 1.9
Minntac 65.6 5.4 0.2 0.2 0.3

This simple way of improving the composi-
tion of iron-rich fine ore is often used in India
and Brazil. A basically similar process with
washing troughs or log washers was formerly
used for high-alumina ores in many other re-
gions (Salzgitter, Ilsede, Mesabi Range). If
much of the alumina present is associated with
limonite, a rod mill is employed instead of a

washing drum. Applying 3—4 kWh/t on com-
minution frequently results in satisfactory re-
moval of alumina. Figure 5.4 illustrates the
beneficiation of a magnetite ore from a Mag-
nitnaya-type deposit. Secondary and tertiary
crushing and primary grinding are replaced by
an autogenous mill.

Iron
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Figure 5.4: Flowsheet of Pena Colorada beneficiation plant, Mexico: a) Primary crusher; b) Crude-ore screen; c¢) Crude-
ore bins; d) Autogenous mill; e) Primary magnetic separation; f) Hydrocyclones; g) Sieve bend; h) Secondary magnetic
separation; i) Ball mill; j) Concentrate thickener; k) Slurry tank; 1) Concentrate thickener; m) Slurry tanks; n) Disk filter;

o) Tailings thickener.

The concentrate has ca. 69% iron; with a
particle-size distribution of ca. 80% <0.045
mm, which is fine enough for pipeline trans-
portation and pelletizing. Numerous benefici-
ation plants for magnetite ore from other
deposit types have been designed in a similar
way, for example in the former Soviet Union
(Krivoi Rog, Kursk, Olenogorsk), in the Lake
Superior area, and in northern Sweden. Older
installations still employ conventional commi-
nution (three stages of crushing and two to

“three stages of grinding).

For hematite ore, the first grinding stage is
followed by gravity separation or, in the case
of fine grained ore, further grinding is fol-
lowed by high-intensity wet magnetic separa-
tion or flotation. In many cases, however, the
principal iron minerals in such ores from
weathering zones include not only hematite
but martite (which is only a little less magne-
tizable than magnetite) with residual magne-
tite. In this case, complex flowsheets must be
adopted, including low- and high-intensity
magnetic separation, flotation, classification
and slurry treatment for dewatering of the con-
centrate. This is also the case if undesirable
constituents are present (e.g., apatite).

Finally, the selective dispersion process
should be mentioned. In one Michigan plant,
this operation is a preliminary to flotation. Af-
ter grinding to the liberation size, sodium hy-
droxide and starch are added to the ore pulp
(sodium hydroxide to disperse aluminous and
limonitic constituents, starch to flocculate the
specularite) and the flocculated agglomerates
are separated from the dispersed minerals in a
hydroseparator. The downstream flotation re-
moves coarse quartz which is discharged in a
conventional manner, with amine salts as col-
lectors.

5.3.5 Agglomeration

In present-day smelting technology, very
fine material is undesirable in the reduction
equipment. The blast furnace is the dominant
type of equipment for the production of iron
metal. Only in exceptional cases (small fur-
naces with capacities up to ca. 100-150 t/d of
pig iron) is unscreened crude ore used (after
primary crushing if necessary). Modern high-
performance blast furnaces require physical
and metallurgical preparation of the burden.
Formerly agglomeration was used in a purely
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physical way, as a process of size enlargement
aimed at improving the permeability of the
blast-furnace burden; however, developments
hl recent years have shifted part of the slag-
ging into the fine-ore or concentrate shltering
step. On the other hand, the requirements for
physical and chemical quality of the blast fur-
nace burden have become more stringent, and
mining companies that supply ore to several
ironworks (as the large ones generally do) now
prepare a variety of concentrate or fine ore
qualities from the same or similar crude ores.

As a rule, blast-furnace burden contains
lump ore, sinter, and pellets. Pellets are made
from both concentrate and iron-rich fine ore. If
the beneficiation process yields very fine-
grained concentrates (e.g., <0.] mm), these
are usually converted to pellets at the mine and
transported in this form. Sinter is generally
produced at the ironworks. The varying loads
imposed on material during transport to the
blast furnace mean that pellets must satisfy
stringent mechanical strength requirements.
Pellets are also nearly always made from one
well-defined ore or concentrate, whereas sin-
ter is produced from predesigned mixtures of
ores and additives. There are exceptions, such
as pellets made at ironworks from mixed ore,
or sinter made from a single ore or concentrate
quality where an ironworks uses ore from a
single deposit. Blast furnaces are also some-
times operated with lump ore alone, sinter
alone, or pellets alone. Sponge iron plants are
generally fed with a single iron source.

Sinter and pellets differ in the way the par-
ticles are bound into the agglomerate. In pel-
lets, the ore particles are connected chiefly by
bridges of ore. When magnetite is oxidized at
temperatures > 900 °C during hardening of
pellets, these bridges arise through mobiliza-
tion of lattice constituents during recrystalli-
zation into the hematite lattice. In the case of
hematite ores, mobilization is less pro-
nounced, because the crystal lattice structure
does not change. The formation of iron oxide
bridges is supported by additional slag
bridges; it must be remembered that the quan-
tity of slag in many pellet qualities is only 3—
4% (corresponding to 6-7 vol%).
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Sinter consists of a calcium ferrite matrix,
with siliceous and aluminous constituents dis-
solved and primary hematite embedded in it.
Whereas pellets are thoroughly oxidized (a
maximum of 0.5% FeO), sinter contains 4—
6% FeO, which is linked to silica and alumina
in the matrix.

Pellets are burned at a temperature below
the melting points of the constituents. Their
strength gain is adequate only when the reac-
tion temperature is controlled to £10 °C over
long time periods. For this reason, hot gas is
used to supply heat; it can be generated by the
combustion of fuel gas, oil, or even coal. In
sintering, on the other hand, the constituents
of the mixture are melted. This-happens at
temperatures so high that the reaction itself
goes to completion within minutes, but in a
thin layer that continuously advances through
the material bed cocurrently to the gas. The
fuel is coke breeze, or occasionally non-gas-
sing coal fines, evenly distributed in the sinter
mixture.

Pelletizing. Iron-ore pellets are made in two
steps. The concentrate to be pelleted must
have a sufficiently fine particle-size distribu-
tion (65—85% < 0.045 mm) and a specific sur-
face area of at least 1600 cm?/g as measured
by a permeability method (Blaine, Fisher Sub-
sieve Sizer).

Spherical green pellets (green balls) of ap-
propriate size (ca. 9-16 mm in diameter) are
formed by a pelletizing disk or drum, The par-
ticles are bound together by capillary forces
acting through water bridges between them.
This means that green pellets can be obtained
only at a narrow range of moisture content. If
the water content in the fine ore (which is usu-
ally recovered as a filter cake) is too high, wa-
ter-absorbent materials such as bentonite can
be used to correct it within narrow limits. If
the water content is low (1deal case) it is useful
to hold it in the filter cake ca. 0.5~1% lower
than the green pellet moisture content to sup-
press the premature formation of undersize

.pellets (“micropellets™) in the granulator.

Prior to (or during) the formation of* green
pellets, substances are added to the fines to
render them stable against the stresses that oc-
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cur in the hardening process. In addition to
bentonite, whose active constituent is strongly
water-absorbent montmorillonite, organic
binders such as Peridur have come into use re-
cently. The latter are advantageous in that they
can be bummed off during hardening, whereas
bentonite elevates the silica and alumina con-
tent of the pellets.

Purchasers usually prescribe the gangue
composition of pellets to fit the operating re-
quirements of the particular blast furnace and
the chemical composition of the other iron
sources to be used. This composition, which
also governs the chemical and metallurgical
properties of the pellets, is controlled with ad-
ditives, the most important being slaked lime,
limestone, dolomite and olivine. These are
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added in a grain size corresponding to that of
the fines.

The second operation is the thermal hard-
ening of the pellets at 1200-1320 °C. Non-
thermal hardening is employed only in a few
unimportant cases. Three distinct heat harden-
ing systerns exist: the traveling grate (Figure
5.5), the combination of preheating traveling
grate and rotary kiln (grate—kiln) (Figlire 5.6),
and the shaft furnace. The shaft furnace is
mainly suitable for magnetite concentrates
and low capacities (up to ca. 500 000 t/a) and
has lost much of its market share in the past 15
years. The traveling grate and the grate—kiln
combination each share ca. 50% of the mar-
ket.

Storage and
Mixing Section Grinding Section
Balling Section L L
RS -
r b - 3
!
_gg_u_____u a
Heart Layer

Screening and
Feeding Station

Figure 5.5: Flowsheet of Lurgi-Darvo travelling grate pelletizing process: a) Grinding mill; b) Pelletizing discs; c)
Roller feeders; d) Travelling grate; e) Firing hood; f) Updraft Drying fan; g) Recuperation fan; h) Cooling air fan; i)

Waste gas fan; k) Hood exhaust fan.
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Figure 5.6: Flowsheet of combined traveling grate/rotary kiln (“grate kjlh”) process: a) Traveling grate; b) Rotary kiln;

c) Annular coolers.

The “basicity” of the final pellets, ex-
pressed as the ratio (CaO + MgQ):(Si0, +
Al0j), is < 0.1 for “acid pellets” or up to 1.3
for “basic pellets”. Each range of values offers
certain advantages and disadvantages with re-
spect to mechanical strength and metallurgical
qualities.

After a number of years of declining pellet
production and the shutdown of several plants,
the western world had, at the end of 1987, a
pellet capacity of roughly 163 x 106 t/a (100
units using the three hardening processes).

According to present information, the
former Soviet Union has 20 traveling-grate
plants and 5 grate-kiln plants. The first group
has a total reaction area of ca. 6500 m>, which
might correspond to a pellet capacity of ca. 50
x 10° t/a. Grate-kiln plants add an estimated
capacity of ca. 107 t/a.

While the former Soviet Union has a large
number of pellet plants, up to now this has not
been the case for China.

For the assessment of the mechanical and
metallurgical properties of burned pellets, a
number of parameters are determined in more-
or-less standardized tests. The most important
are: - :

e Cold Compression Strength
Individual pellets 10~12 mm in diameter are
compressed to failure between two plane or
- slightly concave faces of a hydraulic press,
and the crushing force is measured (values

found in practice are usually > 3000 N per
pellet).

@ Abrasion Resistance
The abrasion resistance is determined in the
ISO tumble test. Under standardized condi-
tions, pellets are tumbled in a drum and the
> 6.3 mm and < 0.6 mm fractions are deter-
mined. The values should be at least 95%
and at most 4%, respectively.

e Low-Temperature Disintegration test
This test indicates how the pellets will be-
have, for example, in the blast furnace in the
critical range of temperatures around
500 °C. In an electrically heated rotary kiln,
pellets are heated to 500 £ 10 °C and held at
this temperature for 60 min under reducing
conditions. After cooling, the pellets are
screened to determine the > 6.3 mm and
< 0.5 mm fractions. The degree of reduction
is determined. The values for the > 6.3 mm
fraction are usually between 60 and 80%;
those for < 0.5 mm usually 10-20%.

e Free Swelling

In a vertical tubular furnace, 18 pellets are
reduced with a carbon monoxide hydrogen
mixture at 1000°C. The weight loss during
reduction yields the degree of reduction.
The volume change in the pellets indicates
the swelling, which should be 20% at maxi-
mum. The compression strength measured
in a hydraulic press should be > 500 N per
pellet.

i Savivava
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Sinter Machine

Figure 5.7: Flowsheet of sintering: a) Mixing drum; b) Travelling grate; c) Gas distribution hood (EOS only); d) Annular
cooler; e) Waste gas fan; f) EOS recycling gas fan; g) Fresh air blower (EOS only); h) Waste gas final cleaning.

o Reduction under Load (RUL) 4
In an upright retort, pellets are heated to
1050 °C, placed under a mechanical load of
5 N/cm?, and exposed to a reducing atmo-
sphere. The pressure drop of the reducing
gas across the bed and the reduction rate are
determined. A low pressure drop indicates
pellets stable in reduction. The pressure
drop should not exceed 100 Pa.

The reduction rate at 40% reduction is an
important parameter of reducibility; dR/dz,,
should be at least 1% per minute.

Special test methods have been devised for
pellets used in various direct-reduction pro-
cesses (HyL reduction test in an upright retort,
Midrex test, and testing for the SL/RN process
in an electrically heated laboratory rotary
kiln). In the test for the SL/RN process, pellets
and reducing agent (usually coal) are investi-
gated at the same time. A number of different
or modified test procedures are employed in
individual countries or at individual iron-
works. :

Sintering. Iron ore sinters are virtually all
produced in travelling-grate installations (Fig-
ure 5.7). The rotary kiln and pan-sintering pro-
cesses formerly in use are no longer important.
Likewise, cooling of the hot sinter at the last
section of the grate has become obsolete. Stan-
dard is now the straight-grate “Dwight-Lloyd-
Process™. Straight-grate as well as annular
coolers are in use. Quite some efforts are be-
ing made to reduce solid and gaseous contami-
nants contained in the sintering off-gas (dust,
S0,, NO,). A new development recently intro-
duced by Lurgi in industrial plants is “EOQS”
(Emission Optimised Sintering™) process. It is
characterized by recirculating approximately
half of the off-gas of the sintering grate back
to the gas distribution hood, where it is mixed
with fresh air and used as oxygen carrier and
for heat transportation through the sinter bed.
The advantages are reduction of the final
waste gas volume (allows for smaller gas
cleaning facilities), and substantial reduction
of waste gas pollutants (dust, SO,, NO_, diox-
ines, furanes). Fuel consumption is reduced by
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about 5 kg/t of sinter, whereas the electric en-
ergy consumption is increased by about 1.5
kWht. -

As a rule, several ores are processed in one
unit; a “monosinter” from just one ore is the
exception. Along with ore and concentrate, the
mixture for sintering also contains recycle ma-
terial from the ironworks, provided no buildup
of undesirable or detrimental substances re-
sults. Undersize sinter from the screening step
is also recycled. The basicity of the sinter has
been substantially increased in recent years.
Originally sintering was considered only as a
means to deal with fine ore with respect to im-
proved handling and permeability of the blast
furnace burden (“physical burden process-
ing™). The overall chemical composition of
the blast furnace feed (including coke ash)
was adjusted by addition of suitable materials
in the form of lumps (limestone, dolomite,
manganese ore if necessary). Thus, the basic-
ity of sinter and lump ore generally was < 1
(exception minette ore with high calcite con-
" tent of the gangue).

Today these additives are generally added
to the sinter mix as fines (< 5 mm) and some-
times precalcined (burnt lime instead of lime-
stone). The basicity of the sinter is generally
higher than that of the blast furmace slag to
compensate (1) for the “acid” coke ash, (2) the
gangue of the lump ore, and (3) slag compo-
nents of the iron-ore pellets.

Increasing the basicity also improves the
quality of the basic sinter as well as the heat
economy. Many plants today produce sinter
with a basicity of > 1.5. The slag analysis is
‘controlled by addition of limestone or burnt
lime, dolomite (to control CaO and MgO), oli-
vine (to control MgO and SiO,), and quartz
sand. The most common fuel is coke breeze.
To ignite the mixture gas or oil heating is ap-
plied. The total heat consumption for an iron-
rich basic sinter is between 1.3 and 1.7 MJ per
tonne of final sinter. When low-iron ore mix-
tures (e.g., those containing minettes) or ores
containing high levels of alumina (2-4%
Al,0,) are sintered, the heat consumption is
higher (up to 2.5 MIJA). Analyses of sinter
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from German ironworks fall in the following
approximate ranges (in %):

Few 55.5-55.8
Fe(Il) 456
Sio, 56

Ca0 9-11
MgO 1.2-3.2
ALO, 1.2-2
Ca0:Sio, L4-1.9

Ironworks in Germany use imported ores

almost exclusively; some heat-consumption
and analysis figures for other European iron-
works differ from the ones cited, because low-
iron domestic ores still are processed there. In
contrast, sintering plants in Japan operate un-
der conditions similar to those in Germany.
The basicity of the sinter in Japan, however, is
nearly always > 1.8.

In the United States, the fraction of sinter in
the burden is only 22.5% (1986; Table 5.6),
much lower than in Europe and Japan. The
fraction of pellets, on the other hand, is very.

high (72.2%). Thus, in the United States im-.

provement in pellet quality, above all in metal-
lurgical properties, have been the focus of
attention, with the result that basic pellets with
Ca0:SiO, ratios of ca. 1.5 have been sought.

Few details are known about current sinter-
ing technology in the former Soviet Union and
China. Rich fine ores are rare in both coun-
tries, and agglomerates are made chiefly from
concentrates. In some works, blast furnaces
are operated on 100% sinter. Since the basic-
ity of the sinter in these cases must be adapted
to the requirements for blast-furnace opera-
tion, the basicity values are often too low for a
sinter of truly good quality. One remedy might
be to pellet part of the concentrate at a low ba-
sicity and raise the basicity of the sinter to
1.6-1.8. '

- A variety of test methods are used for sinter
quality control; some of the techniques are
similar to the ones for pellets. The methods in-
clude:

e Shatter Test
The shatter test has been standardized only
in Japan. At Lurgi, 150 kg of sintef (grain
size > 8 mm) is dropped three times from a
height of 2 m onto a steel plate; then the
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> 20 mm, 20—8 mm, 82 mm, and <2 mm
fractions are determined.

e Tumble Test
The shatter test is often replaced by the tum-
ble test, which follows the same guidelines
as described above for pellets The fraction
< 6.3 mm should be at least 70%; at German
ironworks it is between 70 and 85%.

e Low-Temperature Disintegration .
This test is not one of the standard ones; it is
performed in a similar way to the test on pel-
lets. . .

e Reduction Degradation Index (RDI)
The reduction degradation index is now re-
garded as the most important quality crite-
ron for sinter. In the test, 500 g of sinter
(grain size 20-16 mm) in a stationary bed is
reduced for 30 min at 550 °C by a gas mix-
ture comprising 30 vol%, carbon monoxide
and 70 vol% nitrogen. .
After cooling, the sample is placed in a
drum (130 mm in diameter and 200 mm
long and provided with two lifters) and sub-
jected to 900 revolutions at 30 rpm. The ma-
terial is then screened at 6.3 mm, 3.15 mm
and 0.5 mm. The RDI is the fraction < 3.15

- mm. This should be 35% if possible; at iron-
works, in Germany it is between 30 and
40%.

@ Relative Reducibility

Ironworks use very different methods for
the relative reducibility test. A sample is re-
duced at 900 °C using a carbon monoxide
nitrogen mixture similar to RDI. The index
reported is the degree.of reduction at the end
of the test. In addition, a test as set forth in
1SO 4695 1s carmried out to determine the re-
duction rate at 40%, reduction, which is
usually ca. 1.5% per minute.

5.4 Reduction of Iron
Oxides [11]

5.4.1 Chemical Aspects

The reduction of iron oxide ores takes place
at an appreciable rate only at temperatures
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above 900 °C. Below this temperature, a dark
porous mass is obtained having the same
shape as the original lumps or particles, and
reduction is usually incomplete. Figure 5.8
shows-a particle of Fe,O; before and after re-
duction by hydrogen at 700 °C showing the
porous nature of the product. In general, re-
duction follows the scheme

Fe,0; = Fe,0, - FeO > Fe

If reduction is conducted below 570™C, the
reaction follows the scheme

Fe,0; - Fe,0, 5> Fe

Figure 5.8: A 20-um Fe,O, sphere before and after reduc-
tion by hydrogen at 700 °C (2500 x).

since FeO is unstable below 570 °C. When a
hard dense oxide is reduced, metallographic
examination usually shows a layered struc-
ture: Fe,O; in the core, surrounded by Fe,O,,
FeO, and finally Fe as can be seen in Figure
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5.9. For porous oxides, however, no distinct
interfaces are observed, except a gradual
transformation from Fe on the outside to

Fe,0; in the center. This is because the reduc--

ing gas can penetrate faster than it can react at
any oxide interface.

Between 950 and 1000 °C complete reduc-
tion in a reasonable length of time usually
takes place. At 1000 °C, sintering of the parti-
cles starts and a product having the form of a
sponge is obtained. At about 1200 °C a pasty
porous mass is formed due to the presence of
impurities. If reduction is carried out in the
presence of carbon, the iron absorbs it rapidly
and the product begins to melt at 1300 °C.
Iron containing 4.5% carbon melts at 1125 °C
which is far below the melting point of pure
iron (1530 °C). Table 5.8 summarizes these
points.

Figure 5.9: Cross section of a partially reduced dense iron
ore in hydrogen at 850 °C for 35 minutes. Sample etched
to show the multilayer structure of products. :

Table 5.8: Effect of temperature on the reduction of iron
oxide ores.

Temperature, °C Product

900 Dark grey porous mass has the same
shape as the original particles; reduc-
tion usually incomplete.

950-1000  Complete reduction in a reasonable
length of time.

1000 Sintering of product starts; the product
has the shape of a sponge.

1200 A pasty porous mass is formed.

1300 If reduction is carried out in presence of

carbon, the iron absorbs it rapidly and
the product begins to melt.

Ferric oxide, Fe,O,, is generally reduced
with a higher velocity than Fe,O, Also, hy-
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drogen is more effective than CO as a reduc-
ing agent. Like any other heterogeneous
reaction, the rate of reduction is influenced by
the stagnant boundary layer of gas which sur-
rounds each oxide particle (the Nernst bound-
ary layer). This factor depends on the rate of
flow of the reducing gas past the oxide parti-
cle, i.e., it is a function of the design and oper-
ation of the apparatus used for reduction. The
resistance of the boundary layer may be elimi-
nated by increasing the rate of flow of gas, but
this way may not be economically feasible be-
cause unreacted gas will escape in the stack, or
the carry over of dust particles will be exces-
sive.

Swelling or shrinkage may accompany the
reduction. Swelling is due to the formation of
whiskers which in turn is related to the phe-
nomena of nucleation and crystal growth.
Shrinkage is due to volume change when the
oxide is reduced to metal as well as due to sin-
tering. Both are influenced by impurities. Cal-
cium oxide, for.example, was found to prevent
swelling and to increase the rate especially
when conducted at or below 700 °C. The
width of the FeO layer formed when Fe,O~
CaO mixture is reduced is much less than
when pure Fe, O, is reduced, all other condi-
tions being equal. It seems that FeO reacts
with CaO forming Fe and a ferrite according
to

3FeQ + CaQ — Fe + CaFe, 0,

Calcium ferrite formed is then reduced di-
rectly to Fe and CaO without producing FeO.
Calcium carbonate increases the rate of reduc-
tion in the same way as CaO with the added
advantage that during sintering prior to reduc-
tion, CO, is given off thus creating a porous
product which enhances reduction. Small
amounts (0.1-1%) of Na,CO, or K,CO, cause
extensive swelling.

5.4.2 Technical Aspects

It was not until the 14th century that fur-
naces were developed that could not only pro-
duce iron but at the same time melt it so that
the product called pig iron could be tapped
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from the furnace in a molten form, thus allow-
ing large scale production and continuous op-
eration. Such a furnace is called a blast
furnace because of the blast of air introduced.
Figure 5.10 shows a typical view of a blast
furnace plant. At present, most pig iron is
transferred in molten state to steelmaking
plants and in this form it is referred to as hot
metal. Sometimes, it is required in solid form
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for convenient handling and therefore is cast
into molds where it solidifies to form what is
referred to as pigs. Processes taking place in
the furnace are:

@ Reduction of the iron compounds present in
the ore

@ Separation of the resulting iron from the
slag.

Figure 5,10: Typical view of a blast furnace plant. The blast furnace at the center, the three towers on the left are the

stoves.
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Figure 5.11: Hot metal mixer.

Steel is the most important commercial
form of iron because of its high tensile
strength. Molten pig iron from the blast fur-
nace is usually stored in a hot-metal mixer be-
fore transferring it to the steelmaking plant
(Figure 5.12). A hot-retal mixer is a cylindri-
cal vessel up to 1500 tons capacity, lined with
fire bricks (about 0.6 m thickness) and
mounted horizontally such that it can be tilted
to pour the desired amount of metal into a
transfer ladle for transport to the steelmaking
plant (Figure 5.11). The functions of the hot-
metal mixer are therefore the following:

o To conserve the heat in pig iron, keeping it
molten for long periods.

e To promote uniformity of iron by mixing the .

products of several blast furnaces. This per-
mits delivery of iron of more uniform com-
positions and temperatures.

e To permit independent operations between
the blast furnaces and the steelmaking plant
because of its large capacity.
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Table 5.9 shows the raw materials and the
products of a modern blast furnace.

Iron ore

Blast furnace plant

Hot metal

Hot-metal mixer

Hot metal

Steelmaking plant

Steel

Figure 5.12: Schematic representation for the flow of raw
material for steelmaking.

5.4.3 Raw Materials

Iron ores are the most important raw mate-
rial charged to blast furnace. Other minor ma-
terial are the following:

o Mill scale (Fe,0, by-product of hot-rolling)

Iron

Table 5.9: Raw materials and products of a blast furnace
per ton of pig iron (in tons).

Raw materials

Ore 1.7

Coke 0.5-0.65

Flux (limestone) 0.25 .

Air 1.8-2.0

Products

Pig iron 1.0

Slag 0.2-0.4

Flue dust 0.05 .
Blast furnace gas 2.5-3.5

Table 5.10: Typical analysis of Lake Superior ore.
%

Fe 55.6
SiO, 5.9
Mn 0.2
P . 0.6
Al,O, 3.6
CaO 1.2
MgO 0.9
SO, . 0.06
Na,0 +K,0 trace
TiO 0.02
H,0 . 12.1

@ Blast furnace flue dust after sintering

@ Pyrite cinder after leaching away of the non-
ferrous metals it contained ‘

5.4.3.1 Iron Ores

High-grade ores contain 60-70% Fe, me-
dium-grade 40-60% Fe, and low-grade <
40% Fe. The world’s main supply of iron is
obtained from ores containing hematite; those
containing magnetite supply only about 5% of
the world’s iron and the most important source
of such ores is Sweden and the Urals. The
most important ore containing siderite is in
Erzberg, Austria. A typical analysis of an iron
ore is shown in Table 5.10.

5.4.3.2 Coke!

Coke in the blast furnace has two functions:

e As a fuel producing the heat required for re-
duction and melting the iron.

e To supply the reducing agent (mainly CO).

! For the manufacture of coke, see Section 5.22.
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Table 5.11: Typical analysis of coke.

C 90.0
Sio, 4.4
Fe 13
Mn 0.07
P 0.03
AlLQ, 2.8
Ca0 0.3
MgO 0.2
S 0.9
H,0 157

700}~ -1300

COKE CONSUMPTION Kg/t pig iron

1 1 1 L]
0.6 08 1.0 L2 L4 [X)
SULFUR IN COKE, %

SLAG PRODUCTION Kg/t pig lron

Figure 5.13: Effect of sulfur in coke on coke consumption
and slag volume.

Besides, a small amount of carbon dissolves in
the hot metal, thus lowering its melting point.
Main requirement for coke are: high calorific
value, high mechanical strength, and low im-
purities. A typical analysis of coke is given in
Table 5.11. Coke burns intensively near the
tuyéres; temperatures in this region reach
1700 °C. At this temperature, CO, reacts im-
mediately with carbon to form CO:

C+0,-CO,
C+C0,—2C0

Sulfur in the coke accounts for about 90% of
the total sulfur entering the blast furnace.
About half of this sulfur is volatilized as H,S
or COS when the coke is burned and leaves
with the blast furnace gas. The remaining sul-
fur is partially eliminated in the slag, and a
small amount enters the metal. When coke
contains excess sulfur, large amounts of lime-
stone must be added to insure that the sulfur
content of the pig iron is maintained at a low
level. This will result in a large volume of
slag, and a correspondingly large consumption
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of coke because the decomposition of lime-
stone is an endothermic reaction, as shown in
Figure 5.13. Furthermore, the productivity of
the furnace decreases.

5.4.3.3 Limestone

The function of limestone is to render the
gangue in the ore and the ash of the coke,
mainly SiO, and Al,O, which have high melt-
ing points, easily fusible. In the blast furnace,
limestone is decomposed starting at 800 °C as
follows:

CaCO, »Ca0+CO,

It is used in pieces 5-10 cm in size; a typical
analysis is shown in Table 5.12.

Table 5.12: Typical analysis of limestone.

CaO 51.5
MgO 1.7
co, 41.4
Sio, 3.4
Fe 0.3
Mn 0.1
P 0.006
Al,O, 0.9
SO, 0.06
Na,0+K,0 trace
H,0 0.5

5.43.4 Air

Air for the blast furnace has to be preheated
to 500-1000 °C and compressed to 200-300
kPa to burn the necessary amount of coke to
furnish the required temperature for the reac-
tion:

C+',0,-CO

Air always contains a certain amount of mois-
ture depending on the atmospheric humidity.
Near the tuyéres zone, any moisture in the air
will react with coke as follows:

C+H,0 5CO+H,

Since this reaction is endothermic, variation in
atmospheric humidity greatly affects the ther-
mal balance of the furnace to such an extent
that it would cause wide variation in the chem-
ical composition of the iron produced. Some
plants installed units to separate the moisture
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from the air by refrigeration before entering
the furnace.

Table 5.13: Typical analysis of pig iron.

%

C 3.54.25
Si =1.25
Mn 0.9-2.5
S =004

P . 0.06-3.00
Fe =94

5.4.4 Products

5.4.4.1 Piglron

Pig iron 1s transferred molten as hot metal
or molded in pig-machine. A typical analysis
of pig iron is given in Table 5.13. The hearth
temperature influences the carbon content in
pig iron.

5.4.4.2 Slag

Slag formed in the blast furnace serves two
purposes:

o To collect the impurities in the molten metal

e To protect the metal from oxidation by the
furnace atmosphere

Analysis of a typical blast furmace slag is
given in Table 5.14. About 1% of the slag con-
taining about 60% Fe is recovered by mag-
netic separation and is returned to the blast
furnace. Molten slag from a blast furnace is
usually treated in one of the following ways:

e It is poured into a pit and after solidifying
and cooling it is excavated, crushed, and
screened. The product is called air-cooled
slag and is used in concrete and railroads.”

e It is either allowed to run directly into a pit
of water producing a coarse, friable product,
or a stream of molten slag is broken up by a
high-pressure water jet as it falls into the pit.
The product in both cases is called granu-
lated slag and is used in making building
blocks.

e If limited amounts of water are applied to

the molten slag, a dry cellular lump 6f prod-.

uct called lightweight expanded slag is
formed. In this case the amount of water
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should be less than that required for granula-
tion. This slag has a relatively high struc-
tural strength with good insulating and
acoustical properties and is therefore used in
making acoustical tile and for other struc-
tural purposes.

e Slag fines are used as filling material inToad
construction since they have excellent bind-
ing properties with bitumen.. )

Table 5.14: Analysis of a typical blast furmace slag.

%

Si0, 35
Ca0O 44
AlLO; 15
MgO 3
FeO 1
MnO 1
S 1
Total 100

Table 5.15: Typical analysis of blast furnace gas.

vol%
CO 27
co, 12
N, 60
H, 1
(CN), trace
Total 100 ’

54.4.3 Gas

Gas coming out of furnace top is more than
that introduced at the bottom due to the gasifi-
cation of carbon. A typical analysis of the gas
is given in Table 5.15. The CO content in the
gasis due to the reaction:

€O, +C —2C0

About 20% of the total fuel requirement is
consumed in this manner. This reaction not
only consumes coke but also consumes heat
since it is endothermic. Carbon dioxide is a
product of ore reduction and CaCO, decompo-
sition. Because of its CO content, the blast fur-
nace gas is used as a fuel to preheat the air
blast and to generate power (boilers, etc.). The
gas leaves the furnace at 120-370 °C.

During the manufacture-of iron in the blast
furnace, some hydrogen cyanide, HCN, and
cyanogen gas, (CN),, are formed as a result of
the reaction of nitrogen in the blast with coke.
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These. gases are extremely poisonous. Their
formation is thought to be catalyzed by alkali .
oxides: .
H,0+3C+N,—»2HCN+CO

Blast furnace gas contains 200-2000 mg/m?> of
these cyano compounds. In the dust collecting
system, the gases are scrubbed with water and
some of this water finds its way in waste dis-
posal. Before discharging this water, cyanide
compounds dissolved in it must be destroyed.

5.4.4.4 Flue Dust

This material is composed of about 15%
carbonaceous material, 15% gangtie, and 70%
Fe;O, though only Fe,O; may have been
charged; the reason is that the reaction at the
top of furnace is

3Fe,0, + CO — 2Fe,0,+ CO,

Flue dust is collected as a mud in the venturi
scrubbers and Cottrell precipitators; it con-
tains about 40% solids. It is transferred to
thickeners where it is thickened to 60% solids,
then filtered. The filtrate returns to the thick-
eners and the filter cake containing about 25%
moisture is transferred to the sintering plant
where it is agglomerated into a product suit-
able for charging to the furnace.

5.4.5 Behavior of Impurities-

Impurities in the raw materials play an im-
portant role in the blast furnace because they
influence the quality of the product and the life
of the refractory lining. Although some of
these impurities may be in trace amouants, yet
they will represent hundreds of thousands of
tons when considering the continuous opera-
tion of the furnace for 5 to 7 years through
which millions of tons of ore have been re-

‘duced. The behavior of impurities varies con-

siderably and can be divided as follows:

e Unobjectionable impurities are those which
are not reduced, e.g., Al,0, and MgO. They
are also valuable fluxes.

e Impurities that completely enter the pig
iron; these are phosphorus, copper, tin,
nickel, and vanadium. The reduction of the
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compounds of these elements takes place
readily. Of these the most serious is phos-
phorus since it has to be completely re-
moved to make an acceptable steel.

Impurities that partially enter the pig iron:
these are manganese, silicon, titanium, and
sulfur. The reduction of MnO,, SiO,, and
TiO, takes place only at high temperatures.
Therefore, the presence of the respective
metals in pig iron will be a function of the
temperature in the hearth; usually about
70% of these metals enter the pig iron. Tita-
ninm is especially undesirable because its
presence in the slag, even in small amounts,
increases its viscosity. Manganese, silicon,
and sulfur have to be removed later in the
steelmaking process.

Impurities that accumulate in the furnace:
these are the alkali metals and zine. Com-
pounds of these metals are readily reduced.
As the charge descends into the hotter re-
gion of the furnace they are reduced to met-
als; these metals are volatile under the
conditions of operations in the furnace. As
vapors, they travel upward, where they react
with CO, and deposit as oxides on the sur-
faces of the cooler particles of the charge
and are again returned to the hotterregion of
the furnace as the charge descends. The pro-
cess is repeated and thus these metals will
never leave the furnace. They accumulate in
large amounts and the vapors penetrate the
refractories and partially condense in the
pores and cracks thus causing their disinte-
gration. To minimize difficulties in furnace
operation such as fluctuating hot metal tem-
perature or sulfur content and to avoid the
build-up of alkali in the furnace, the amount
of alkali entering the furnace is carefully
monitored and maintained at a fixed low
level. Slag basicity and hot metal tempera-
ture are also adjusted to ensure maximum
removal of alkali in the slag. The tendency
is approximately as follows:

— As the alkali content increases, slag basic-
ity should be decreased for any given tem-
perature of iron.
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— As the temperature of molten iron in-
creases, slag basicity should be decreased
for any given alkali loading.

These conditions are opposite to those
needed for hot metal sulfur content, and there-
fore a compromise has to be made.

5.5 The Blast Furnace

5.5.1 General Description [11-14]

The blast furnace is composed of a hearth
and a stack on the top. Such furnace is also
known as a shaft or a vertical furnace (Figure
5.14). The name is due to the fact that air is
blown or “blasted” through the charge. The
furnace has the following characteristics:

o The charge enters at the top of the stack and
the products get out at the bottom. Any
gases formed are discharged from the top.

e Heating is conducted by burning coke
which is incorporated in the charge. It is ig-
nited by air blown in near the bottom of the
furnace. The hot gases pass upward through
the descending cold charge.

o The charge must consist of coarse material
that is strong enough to withstand the static
pressure in the shaft without crumbling into
powder. Powders are objectionable because
they will be easily blown outside the furnace
by the gases. Also, they cause channelling to
take place in the fumace, i.e., the reacting
gases will go only through certain channels
in the bed thus decreasing greatly the fur-
nace efficiency. The charge must be perme-
able so that the rising gases can pass freely
through all of its parts.

e At one time, the top of the furnace was left
open causing great heat loss. Later, it was
closed and opened only during charging. To-
day furnaces have at the top the double bell
system which keeps the furnace closed at all
times thus preventing the escape of gases
even during charging. This system (Figure
5.15) is composed of two bells: one small
and one large. When both are in the closed
position, the charge is dumped in the hopper
above the small bell. The large bell remains
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closed while the small bell is opened to ad-
mit the charge to the large bell hopper. The
small bell is then closed to prevent the es-
cape of gas into the atmosphere, and the
large bell is opened to admit the charge to
the furnace. The large bell is again closed
and the process repeated. It should be noted
that the rod supporting the large bell passes
through a hollow rod supporting the, small

HOPPER

BELL oo

TOP <

INWALL <

BOSH o
PEEP SIGHT~_ |} = =
BLOW PIPE -

HEARTH § TUYERES

BOTTOM

Figure 5.14: A vertical furnace — the iron blast furnace.
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bell, thus permitting the independent opera-
tion of bells. The opening and closing of the
bells is fully automated.

e High temperature can be attained in a fur-
nace without damaging the refractory lining
by inserting hollow wedge-shaped plates in
the outer side of the refractory lining which
are water-cooled.

>

e GAS OFFTAKE

CEEE WEARING PLATES

STEEL JACKET

STACK COOLER PLATES

MANTLE
BOSH COOLER PLATES
BUSTLE PIPE

GOOSE NECK

SLAG HOLE

IRON NOTCH
COLUMN

HEARTH JACKET
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Figure 5.15: Double bell system for charging a blast furnace without permitting an escape of gases.

e Air for the furnace is introduced at the lower
part. Figure 5.16 shows a section through
the bosh and upper part of the hearth wall
showing details of connections between the
tuyeére and the bustle pipe in a large blast
fumace. The bustle pipe is a large circular,
refractory-lined pipe that encircles the fur-
nace at about the mantle level and distrib-
utes the air blast from the hot-blast main to
the furnace. The blowpipe, a horizontal, ce-
ramic-lined steel pipe about 1.5 m long, car-
ries the hot blast from the bustle pipe
through the tuyére stock and gooseneck to
the tuyéres. The tuyeres are nozzle-like cop-
per castings about 20 in number, spaced

equally around the hearth about 30 cm be-

low the top of the hearth. Each tuyére fits
into a tuyeére cooler casting through which
cold water circulates. The gooseneck is
lined with fire brick, and has a small open-
ing closed by the tuyére cap through which a
small rod may be inserted to clean out the
tuyeres without removing the blow pipe. A
small glass-covered opening called the
peep sight is placed in front of the tuyeres to
allow the inspection of the interior of the
furnace directly.

e The furnace acts as a countercurrent heat ex-
changer: the cold charge is descending
while the hot gases are ascending in the fur-
nace. Thus, coke will be preheated in the up-
per part of the furnace so that when it

reaches the lower portion and comes in con-
tact with the hot air blast at the tuyéres, it
will burn with great intensity. In the upper
part of the furnace, the ore also loses its wa-
ter content and is preheated.

e The liquid products formed settle to the bot-
tom from where they can be removed. New
material is charged at the top in quantities
sufficient to keep the charge level relatively
constant.

e Tapping a molten material from the furnace,
e.g., a molten metal is usually conducted in
the following way. The notch which is
closed with clay is opened by drilling into
the clay with a pneumatic drill until the skull
of metal is met, then an oxygen lance is used
to formm a hole through it. The metal flows
into the main trough which has a skimmer
located near its end. The skimmer separates
any slag flowing with the metal and drives it
into the slag ladles. The metal continues to
flow down the main runner from which it is
diverted at intervals into the metal ladles by
means of gates. At the end of tapping, the
hole is closed by means of the clay gun. The
nose of the gun enters the metal notch and
clay is forced from the gun by a plungeror a
screw operated electrically or by steam. The
slag notch can be opened or closed by
means of a steel cone-shaped knob.on the
end of a long steel bar. Figure 5.17 shows a
section through the slag notch.
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Figure 5.16: Section through the bosh and upper part of

the hearth wall of a blast furnace.

Figure 5.17: Section through slag notch of a blast fur-

nace.

o The furnace is lined with refractory materi-
als which must have a high melting point to
withstand high temperatures. Alumina-sil-
ica refractories are usually used for lining
the stacks. The percentage of Al,O, in the
bricks increases in the lower part of the
stack. Graphite is one of the most refractory
substances known but oxidizes slowly at
high temperatures; it is usually used for lin-
ing the hearth.

e The fumnaces are fully automated and may
produce 10 000 tons of iron per day. They
are huge structures over 60 m high. The col-
umn of material inside the furnace is about
25 m high that varies in temperature be-
tween 190 and 1760 °C. A fumace is de-
signed to operate continuously for 5-7 years

with a total production of about 14 million
tons.
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o To support a large furnace, a reinforced con-
crete pad about 3 m thick and 18 m diameter
is built. A circular heat-resistant concrete
pad about 6 cm thick is laid over the founda-
tion (Figure 5.18). A large funace requires
8-10 supporting columns which are an-
chored to the concrete foundation. A heavy,
horizontal steel ring 5-10 cm thick called
mantle rests on the top of the supporting col-
umns. It supports the furnace shell and-
brickwork so that, when necessary, the
hearth and bosh brickwork may be removed
without much trouble,

5.5.2 Operation

Starting a New Furnace. Bringing a newly
built furnace into routine operation is called
“blowing-in”. This process-requires the skill
and cooperation of a large number of people,
and it takes probably more than a month to
achieve this goal. Once a furnace goes into op-
eration it is expected to continue for 5 to 7
years during which about 8 million tons of
iron are produced before a major shutdown.
The steps involved are:

e Drying the lining of furnace and stoves.
This operation is carried out for the follow-
ing reasons:

— To drive off the vast amount of water ab-
sorbed by the brick during construction,
and contained in the slurry used in brick-
laying.

- To avoid as much as possible thermal
shock to the structure. Drying is carried
out by burning natural gas or wood in the
stoves and circulating the hot gases to the
furnace. Heating should be increased
gradually and it usually takes 10 to 14
days. During this stage intensive checking
of pipes, connections, etc., takes place.

o Filling the furnace. Usually the hearth and
bosh are filled with coke, then about an

_equal charge of coke, limestone, and sili-
ceous material are mixed together and added
on top. Then comes a charge composed of a
small amount of ore and coke.
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Figure 5.18: General view of the iron blast furnace showing top details and concrete foundation.

e Lighting the charge. This is done by blow-
ing small volumes of hot blast at 1000 °C.

o First stages of operation.. Once the coke in
the furnace is ignited, it is important to ig-
nite the gas leaving the furnace otherwise it
will cause a health hazard to the environ-
ment due to the CO content. Gradually the
hot blast volume entering the fumnace is in-
creased. After the initial coke charge is con-
sumed, slag will begin to accumulate in the
hot hearth. Charging at the top continues
and at the same time the percentage of the
ore is gradually increased. Once there is in-
dication that enough slag accumulated, the
slag notch is closed. Tapping of slag takes
place 6 to 8 hours after the air was blown in,
while iron tapping takes place after 24 to 28
hours. It takes 5 to 6 days until the iron pro-
duced is according to the specifications.

5.5.3 Operating Difficulties

An important difficulty in operation is
when the charge in the upper part of the stack
is cemented together into a large impervious
mass (bridge) while the material underneath
continues to move downward thus creating a
void. The void tends to increase unmtil the
bridge collapses, causing a sudden downward
movement of the charge which is known as
“slip”. In severe cases, this causes a sudden in-
crease in gas pressure and an effect like an ex-
plosion. Reasons for this slip may be due to
alkali vapors that condense at the top of the
furmace and cement the solid material to-
gether, or it may be due to fine carbon deposi-
tions which results from the reaction

200 5 CO, +C

Iron

554 Shutdown

Temporary shutdown for an emergency or
otherwise is called “banking”, and it involves
reducing the combustion rate, thus preserving

the charge for future use. The air blast is

stopped, the blowpipes are dropped, and the
tuyéres openings are plugged with clay. If the
shutdown is planned for a few days, coke may
be charged without flux, and charging contin-
ues, until the coke descends to the bosh. The
final tapping is made and then air is cut off. A
heavy blanket of ore is dumped in the furnace
to cover the upper burden surface and reduce
the natural draft. At the conclusion of the tap-
ping, the tapping holes are plugged and the
furnace isolated. In this way the charge in the
fumnace can be kept for an indefinite time until
blowing-in is required.

Extended shutdown is called “blowing out”
and usually takes place when the lining is
worn. Sometimes, however, business condi-
tions may necessitate that production is no
more required and an extended shutdown is
necessary. Subsequent to blowing out and
when the fumace is to be completely relinéd,
the hot metal must be completely drained. A
hole is drilled into the furnace bottom below
the hearth staves, and a runner for iron is in-
stalled. A long oxygen lance is inserted in the
hole to open the remaining brick and allow the
iron to flow. This residual iron is called “sala-
mander”, and may be 400 to 600 tons.

Starting an empty furnace from cold is gen-
erally faster and requires less effort than start-
ing it from a shutdown. However, the cost of
blowing out, raking out, and cleaning prior to
starting is more expensive than a temporary
shutdown.

5.5.5 Efficient Operation and
Improvements

In the past 50 years blast furnace produc-
tion increased from an average of 800 t/day to
8000 t/day with some furnaces operating at
10 000 t/day. It seems, however, that the size
of a blast furnace is limited by two factors:
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e The large capital cost which will be difficult
to raise

o The limited mechanical strength of coke to
withstand the static pressure of a tall fur-
nace.

The great increase in the blast furnace output

is due to the following:

Beneficiated Feed. A feed to a blast furnace
should fulfill the following conditionss

e Uniform size to allow gases to flow through
without channelling.

o Mechanically strong to withstand handling,
the high temperature, and the high static
pressure in the furnace without crushing or
disintegration.

e Free from fines to minimize the dust blown
out of the furnace.

@ Fairly permeable to enhance the reduction
process.

For these reasons high quality coke sized to
about 50 mm is usually used. Ore is also pre-
pared and sized between 10 and 25 mm. Pow-
dered feed material is compacted and sized
before charging. Since high temperatures are
usually applied in the compaction process, a
part of the limestone required for the charge to
the furnace is incorporated into the compacted
material. In this way, the calcination CaCO,
takes place outside the furnace, thus increas-
ing its capacity and at the same time decreas-
ing the volume of the exit gases. This process
is known as “self fluxing sinter”.

Increased Blast Temperature. When the air
blast temperature is increased by preheating,
the coke consumption will decrease and as a
result the furnace capacity will increase. Since
a certain amount of heat enters the furnace
with the preheated air, the furnace efficiency
increases. The higher the air temperature the
higher the economy will be for the following
reasons:

e The amount of coke required per unit metal
produced is reduced.

o As a result of decreased fuel consumption,
the air volume per unit metal produced will
also decrease. .
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e As a result of the previous two points, the
volume of gas leaving the furnace per unit
metal produced will also decrease. This re-
sults in the decreased size of gas ducts and
dust collecting system, etc.

o The reaction rate is increased as a result of
increased air temperature, thereby lowering
the reaction time of the process, i.e., in-
creased productivity. '

Oxygen Enrichment. Air is composed of
21% oxygen and 79% nitrogen. The advan-
tages gained by using pure oXygen or oxygen-
enriched air in oxidation processes offsets the
cost of liquefaction of air and separating the
nitrogen. The reasons for that are the follow-
ing:

e Nitrogen acts as a diluent and absorbs large
amounts of the combustion heat. When oxy-
gen or oxygen-enriched air is used, the
amount of heat lost by nitrogen is therefore
decreased. As a result, the temperature of
the furnace rises, and consequently produc-
tion is increased. Or, coke consumption/ton
of material processed is reduced.

o The total volume of gases passing through
the furnace would be considerably less than
in normal practice. Therefore, the erosion of
the refractories should be reduced and the
size of furnace and dust-collecting units re-
duced.

o High-melting-point slags can be used, i.e.,
slags containing lime. In this case sulfur can
be eliminated.

Nitrogen-Free Operation. Instead of using a
high temperature air blast it has been sug-
gested to use cold oxygen. In this way the tem-
perature in the furnace could be kept high and
the inconveniences due to nitrogen could be
eliminated. The cold tuyéres facilitate the in-
jection of coal in the furnace and in this way
coke will be used only as a reducing agent and
not as a fuel, which represents a great saving.
Further, the top gas could be cleaned, treated
to remove CO,, and the remaining CO recy-
cled for use as a fuel.

Fuel Injection. When a sufficiently hot blast
1s available, a portion of a cheap fuel (pulver-
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ized coal, fuel oil, natural gas) can be injected
to replace some of the expensive coke. This
results in increased production because it per-
mits the removal of some coke from the
charge. It is also a means for controlling the
flame temperature since the fuel is injected
cold. Generally, when tuyére-injected fuels are
used, the moisture content of the blast must be
decreased. The choice of the fuel depends on
its cost and also on the cost of equipment for
its injection. The equipment for gas injection
is the least expensive and that for pulverized
coal is the most.

Blast Humidity Control. By adding moisture -

to the blast in the form of steam, it is possible
to control the flame temperature and to
achieve a smooth furnace operation because
the reaction of steam with coke is endother-
mic:

H,0+C—H,+CO

The products of this reaction are themselves
reducing agents.

Pressure Operation. There is a recent ten-
dency to operate the blast furnace under a
slight pressure. This results in increased fur-
nace capacity and decreased coke consump-
tion. Operating under pressure, however,
results in several difficulties. The furnace
must be air tight at the top. Also charging
equipment must have a special mechanism to
allow the bell to be lowered. On the other
hand, flue gases, being at high pressure, may
be recovered in a turbine to be used, for exam-
ple, in blast blowing.

Operating the blast furnace under pressure
can be achieved by introducing a throttling
valve in the gas system. This results in the fol-
lowing advantages:

e Larger amounts of air can be blown and con-
sequently increased production rate.

o Increased pressure shifts the equilibrium of
the following reaction to the left:
CO,+C = 2CO

This reaction is responsible for the con-
sumption of unnecessary amounts of coke.
As a result, operating a furnace at 200 kPa

o
i
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results in a decreased coke consumption of
about 10%.

e As a result of decreased coke consumption,
the available volume in the furnace will in-
crease and more ore can be reduced. -

5.5.6 Engineering Aspects

The iron produced in the blast furpace is
saturated with carbon and is in the molten
state. Depending on burden composition and
operation technique of the blast furnace, the
molten iron produced contains varying
amounts of other elements such as silicon,
manganese, phosphorus and sulfur. The blast
furnace can produce pig iron but not steel.

The blast furnace is operated to achieve the
following three major objectives:

o Lowest energy consumption, particularly the
lowest coke rate;

e Highest productivity, i.e., highest produc-
tion rate per unit volume of the furnace;

e Composition and temperature of the molten
pig iron produced must meet the require-

ments of the steel shop and must be con-
stant.

p Ap~0.5-1 ‘
Ap-5-20 ¢ ——
B |
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Table 5.16 shows the simplified mass and
heat balances of the reactions that proceed se-
quentially during the descent of the burden in
the blast furnace. All figures in the table are
based on 1 mol Fe,O;, 1/4 mol CaCO; as a
flux, and % mol of coke as fuel and reductant.

Hematite is first reduced via magnetite to
wustite by the gas. Because the heat require-
ment of the reactions are small, the heat con-
tent of the gas is sufficient for heating the
burden (see Figure 5.20). The gas composition
prevailing in the upper part of the furnace (be-
low 1000 °C) has the reducing potential for
hematite and magnetite as depicted in Figure
5.21. Only a portion x of the wustite is reduced
to iron because of kinetic limitation. The devi-
ation of the gas composition from the Boud-
ouard equilibrium above 650 °C is due to the
low reactivity of coke. Thus, carbon dioxide is
not adequately converted to carbon monoxide.
Deviation below 650 °C is caused by suppres-
sion of the carbon deposition reaction, 2CO #
CO, + C. For coke saving, the former devia-
tion from equilibrium is desirable, however,
the latter undesirable.

Ap-15-30 =
Ap~100

/ \

Figure 5.19: Top gas cleaning system [15]: a) Blast furnace; b) Dust catcher; ¢) Cyclone; d) To electric precipitator; ) To

hurdle scrubber; £} To bag filter; g) To venturi scrubber.
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Simplified mass and heat balances in the blast furnace as a countercurrent reactor [21]: increase (+), decrease (-).

Table 5.16

Heat®

Fe,04 FeO Fe CaCO;,; CaO co Co,
+1

Cc

+,

+k

0,, !/, mol CaCO,, k mol car-

Charge consisting of 1 mol
bon

Fe,

1

negligible

+1

-1

+2

-1

Fe,0, + CO — 2F:0 + CO,

Indirect reduction
wustite = iron

hematite — wustite

2 Indirect reduction

negligible

+2x

x(2FeO +2CO — 2Fe +2C0O,)
4 Decomposition of limestone

3

=672

AH, for 1 CaCO,
kY at> 700 °C

+4,

1
+,

Y,

315(1

AH,for2 FeO

+2(1 -x)

21 -0 +2(l-%)

-2(1 -x)

Direct reduction of remaining

wustite

5

—x)kJat 1100 °C (heat

of reaction)

(1-x)(2Fe0 + 2C — 2Fe +2CO)

6 Melting of iron and slag

AH_ for2Fe=42kJat

1300 °C

=-111kJ

AH for1C

v

HC+Y,0,+2N, » CO+2N,

7 Combustion of carbon
Hot blast >,y mol

+2y  AH| for 5/2 mol air=—

1,

8

—t) kP

0.084(1,

+2y
+2y

+1,

+,

+1

+k

Input at top

Input at bottom
Output at top

y+1l-4x 125+

+Y,

+2

0

k-21-x-

Output at bottom

y=0
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duction is assumed to proceed.

Temperature at which the direct re

Hot blast temperature; 4, =

*Heat of reaction not based on reaction temperature.
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Figure 5.20: Schematic profile of temperature and gas
composition in the longitudinal direction of the blast fur-

nace. [
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Figure 5.21: Variation of temperature and gas composi-
tion in a typical operation of the blast furnace superim-
posed on the reduction equilibrium diagram of iron oxide.

During descent of the burden, limestone
starts to decompose at ca. 700 °C. This reac-
tion requires heat and releases carbon dioxide,
therefore the gasis cooled and its carbon diox-
ide content increases. Consequently, the re-
duction rate of iron oxide decreases and the
value of x in Table 5.16 decreases. A lower
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value of x corresponds to a higher coke rate
according to the balance shown in Table 5.16.
The wustite that has not yet been indirectly re-
duced by the gas to iron must be reduced di-
rectly with carbon. This reaction requires a
great amount of heat. For simplicity it has
been assunled in Table 5.16 that direct reduc-
tion of wustite proceeds at 1100 °C. This zone
of the fumace is critical for the completion of
the entire process. The amount of”oxygen
which must still be removed from the ore in
this part of the furnace depends on the degree
of reduction achieved in its upper part. There-
fore the residual amount of oxygen depends
on the reducibility of the ore. On the other
hand, the amount of oxygen which can be re-
moved from the ore in this zone depends on
the enthalpy that is delivered by the gas at
1100 °C. This enthalpy, in turn, depends on
the amount of coke that is available for com-
bustion in front of the tuyéres.

If excess heat 1s available, a higher top-gas
temperature is found. However, the utilization
degree of the gas T, decreases because the
excess heat is supplied by combustion of coke
to carbon monoxide, This phenomenon can be
controlled by decreasing the coke rate of the
burden materials fed at the top of the bed.
However, the action will only be effective af-
ter 4-6h when the burden charged at new
rates comes to the tuyére zone. An immediate
effect is obtained if the heat input to the lower
part of the furnace is decreased by increasing
the moisture content or decreasing the temper-
ature of the blast. ’

It is more difficult to compensate an en-
thalpy shortage in the lower part of the fur-
nace. An increase in the coke rate is effective
only after several hours. It is often not possible
to increase the temperature of the blast be-
cause the blast temperature is usually at its
maximum for economic reasons. The maxi-
mum blast temperature is limited by the ca-
pacity of the stoves and also by the maximum
allowable temperature of the blast furnace. A

. short-term solution to compensate an enthalpy

shortage is to inject fuels such as hydrocar-
bons, natural gas, oil, or pulverized coal to-
gether with an oxygen enrichment of the blast.
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Upon further descent of the burden, the en-
thalpy Afl; s needed to melt iron and slag must
be supplied. For simplicity, they are assumed
to melt down at 1300 °C (see column 6 in Ta-
ble 5.16).

The various heat sinks are compensated by
the equal amount of heat supplied from the
combustion of the coke and from the hot blast
as described in columns 7 and 8 in Table 5.16.
This requirement almost determines the coke

rate for various conditions. This is an approxi- -

mate calculation because the coke require-
ment for the reduction of molten wustite,
silica, and manganese oxide as well as that for
the carbon dissolved in the metal has not been
taken into account. To consider the heat and
mass balances, the furnace is divided into two
parts by a boundary line which is drawn in the
thermal and chemical reserve zome. In this
zone, the temperature is almost constant (ca.
900 °C) and no reduction of iron ores occurs.

The coke rate is determined by the enthalpy
requirement of the lower furnace. The quan-
tity of carbon v (mol of carbon per moles-of
hematite to be reduced) needed to supply the
heat is given by Equation (1) (for symbols see
Table 5.16):

y=—AHg s+ ——F—— 1)

The total amount of carbon required £ is
given by (see Table 5.16):

k=y-2x+2 ’ @)
The amount of carbon required for direct re-
duction is:
k—y=-2x+2

Substitution of the figures listed in Table
5.16 gives the carbon rate as a function of the
hot blast temperature #; and the amount of
whustite reduced indirectly x, assuming that the

direct reduction proceeds primarily at £ =
1100 °C

357

k=
111 + 0.084(z — 1100)
2+ 315

111 + 0.084(z; — 1100)
The coke rate Q is then given by:

x+2
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O =118k

on the basis of a carbon content of the coke of
85% and on iron content of the hot metal of
93.5%.

The fraction of indirect reduction rqg indi-
cates how much oxygen has been removed
from the ore by indirect reduction. Taken to-
gether with the fraction of direct reduction r.
the sum should be equal to unity:

reotre=1 3
For reduction of hematite, the following re-
lation is valid (Table 5.16, columns 2 and 3):

(o)
removed _ g 2% (4)
Oum 3

Tco =

On the basis of the balance shown in Table
5.16, it is not possible to assign a value to x
(amount of wustite indirectly reduced). The
maximum value of x can be determined ther-
modynamically. If the value of x is given, then
Fco» 15 obtained from Equation (4). In fact, the
value of x is determined by the rate of the indi-
rect reduction of iron ore and by the reactivity
of the coke which, in tum, determines the de-
gree to which the Boudouard reaction pro-
ceeds. The value of x can be evaluated from
the composition of the top gas if the opera-
tional data are available. The gas utilization
factor is defined by Equation (5):

_ %CO,
" % CO,+%CO

Substitution of the values in Table 5.16 pro-
vides the following Equation:

MNco e)

1+2x

- 2(1—-x)+y ©

Tlco
Since y depends only on the enthalpies and x
for a given blast temperature (see Equation 1),
the value of x can be determined if the decom-
position of limestone is neglected. In practice,
Feo 1s between 0.45 and 0.65 and the corre-
sponding values of x are between 0.175 and
0.475.

The amount of air I required per molé of he-
matite and the amount of off-gas generated gg,
are obtained from Table 5.16:

Iron

5 .
] = 5 (amount of air) Q)]
2= 3y~-2x+2 (amount of off-gas) (8)

These equations are approximate expres-
sions and should be improved for more accu-
rate calculations—particularly when the
calculated results are to be used for furnace
control to keep the composition and tempera-
ture of the hot metal constant. For this purpose
it is necessary to formulate the heat and mass
balances on hydrogen from water vapor and
hydrocarbons and on the solutes in the iron
(e.g., carbon, silicon, manganese, and phos-
phorus).

5.5.7 Effective Utilization of
Energy

The high thermal efficiency of the blast fur-
nace (Table 5.17) directly leads to a low coke
rate. Heat losses through the wall amount to
ca. 5%. Additionally 2-5% of thermal energy
is lost in the form of off-gas enthalpy. These
values decrease with increasing furnace size
so that the total loss of thermal energy is <6%.
Compared to the low thermal energy loss of
the blast furnace, the chemical energy of the
off-gas is rather large and amounts to ca. half
of the thermal energy used effectively in the
furnace.

Table 5.17: An example of enthalpy balance for the mod-

ern blast furnace (no. 6BF at Chiba works of Kawasaki
Steel Corp.).

Enthalpy ¥103 kJ per ton of pig iron %
Input
Raw materials 519 3
Coke ‘ 14 412 83
Blast 1411 8
Electricity 1093 6
Total 17 439 100
Output
Top gas 5389 31
(chemical: 4966; thermal: 423)
Pig iron 9 697 56
Slag 908 5
Dust 255 1
TRT’s recovery® 536 3
Wall, heat loss 653 4
Total 17 439 100

“TRT: Top-gas pressure recovery turbine.
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The thermal energy supplied by the hot
blast (Table 5.17) should be partly subtracted
from the total energy required for the blast fur-
nace operation because the blast is primarily
heated by the off-gas. Even in modern blast
furnaces ca. 30% of the primary energy sup-
plied by coke leaves the process in the form of
carbon monoxide and hydrogen in the off-gas.
A heat loss of 3-7% is caused by slag en-
thalpy. With these considerations in mind,
lowering of the energy requirement can be ac-
complished as follows:

e use the chemical energy of the off-gas as ef-
ficiently as possible in the process system,

@ decrease the specific slag volume,

o prepare the burden (operation of the stack),
i.e., cary out dehydration and decarboniza-
tion outside the blast furnace by utilizing in-
expensive energy sources. :

Additionally, efforts exist to replace metal-
lurgical coke by other inexpensive energy
sources because of high cost and shortage of
coking coal.

Blast Furnace Operation and Physical
Properties of Burden Materials. The heat re-
quired to produce 1 t of hot metal substantially
depends on the physical properties of the iron
ores. In modern blast furace operation, pro-
cessed ores like sinter and pellets are usually
fed to the furnace to conduct stable operation -
for pursuing higher productivity and lower
coke rate. Physical properties which signifi-
cantly affect the blast furnace operation are re-
ducibility and reduction disintegration.
Higher reducibility contributes to the increase
in indirect reduction in the stack region
thereby increasing the utilization factor 7o
and decreasing the coke rate because of a de-
crease in direct reduction. Reduction disinte-
gration directly affects the gas permeability of
the burden beds and may cause flow maldistri-
bution which negatively affects the reduction
of iron ore and gas utilization. Therefore, the
physical properties of the sinter should be con-
trolled appropriately. A lower FeO content in
the sinter enhances the reducibility, however, a
higher content improves the reduction disinte-
gration as shown in Figures 5.22 and 5.23.
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Figure 5.22: Influence of FeO content in sinter on the re-
ducibility [22] (Courtesy of The Iron and Steel Institute of
Japan).

Alow gangué content of the burden materi-
als also contributes significantly to the coke
savings by decreasing the slag volume.

Chemical Energy of the Off-Gas. Burden
materials with a high reducibility and a low re-
duction disintegration provide a low coke rate,
but a high gas utilization factor 1,. A better
burden preparation allows the use of higher
blast temperatures which results in the use of a
larger portion of the off-gas for heating the
blast. These circumstances significantly de-
crease the waste energy that leaves the blast
furnace process in the form of off-gas. Figure
5.24 illustrates the decrease in the coke rate in
Germany and in Japan by improving the phys-
ical properties of the burden materials and uti-
lization of the off-gas. Figure 5.24 also shows
the effect of replacing coke by oil and pulver-
ized coal on the coke rate. The theoretical lim-
its of the coke rate for a fully oxidized burden
and a burden that has been 60% and 100%
prereduced are also indicated in this diagram.
When 100% prereduced burden is used, the
blast furnace is operated as a melting furnace
like a cupola that produces cast iron. In this
case, a gas with a very high calorific value is
produced because the blast furnace works as
an iron and gas producer.
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Figure 5.25 shows that the calorific value
of the off-gas decreases with decreasing coke
rate, which favors the cost effective operation
of the blast furnace. On the other hand, it may
be necessary to increase the calorific value of
the off-gas by increasing the coke rate when
the calorific value of the off-gas is not suffi-
cient to heat other furnaces in the steep plant
or the hot blast stoves and when a cheaper en-
ergy source is not available. In the case, the
blast furnace also has a function as a gas pro-
ducer.
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Figure 5.25: Relationship between specific enthalpy of
top gas and coke rate [24] (Courtesy of Verlag Stahleisen

mbH).

In spite of the successful efforts to decrease
the coke rate and to use substitutive fuels since
the 1950s, the problem to what limit the coke
rate can be lowered is still not solved. Suffi-
cient coke must be present in front of the
tuyéres to form a dead man through which the
gaseous products can ascend. In addition, the
coke consumed in the dead man must be re-
placed. If the quantity of coke required for
these portions of the process is not available,
then the characteristics of the process change
and it can no longer be called a blast furnace
process. )

Figure 5.26 gives a schematic illustration of
the processes occurring in the combustion
zone in front of the tuyéres [24]. According to
direct observations, coke particles are en-
trained in the turbulent air flow immediately
in front of the tuyére opening and fly on circu-
lar trajectories within the raceway.

The coke particles are primarily gasified in
the raceway. According to the gaseous compo-
sition distribution in the raceway shown in
Figure 5.27, coke burns with the gas at first
forming carbon dioxide, and then carbon diox-
ide is reduced to carbon monoxide in an area
near the coke-filled bed. A typical gas-compo-
sition change from the tuyére via the raceway
to the packed bed calculated by a two-dimen-
sional model [27] is shown in Figure 5.28.
From this figure the gasification reaction has
almost gone to completion in the raceway re-
gion, therefore a very small quantity of CO, is
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left for the coke packed bed around the race-
way.

Moreover, the direct observations indicate
that a shower of iron and slag droplets de-
scends in front of the tuyéres, together with
coke particles falling through the air flow In
addition, in no other part of the raceway roof
was the burden observed to descend. On the
basis of these observations it is assumed that
the molten iron and slag trickles down in the
space between the individual tuyéres and
within the dead man. This phenomenon has
been proven by dissection of blast furnaces
[28, 29].

Fluid flow studies have shown that the ade-
quate quantity of gas cannot flow through the
cohesive layers or through the layers which
hold up the molten materials unless a suffi-
cient volume of coke bed (which has a high
permeability) is present inside the furnace.

Figure 5.26: Movement of coke particles in front of the
tuyére and location of combustion zone: a) Packed zone;
b) Coke fluidizing zone; c) Coke slow moving zone; d)
Blast jet.

Basic Concept to Improve Blast Furnace
Performance. The following technologies or
their combinations have been principally ap-
proved to decrease the coke rate and to in-
crease the productivity of the blast furnace:

o Pretreatment of iron ores improves the re-
ducibility and permeability and hence, in-
creases the gas utilization 7)o, Examples
are sintering or pelletizing of the ore and
screening to separate the fines.
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e Injection of auxiliary fiels such as hydro-
carbons, oil, and pulverized coal replaces
coke for heating and reduction purposes.

e Oxygen enrichment of the blast together
with fuel injection decreases the amount of
blast; this decreases the amount of off-gas
per tonne of coke and increases the furnace
efficiency.

e Increase in the blast temperature reduces
the amount of coke required for heating.

@ High pressure operation allows the intro-
duction of a larger amount of blast per unit
time.

@ Reducing gas injection in the lower part of
the stack lowers the amount of coke re-
quired for reduction.

@ The use of partially reduced ore results in a
decrease in the coke rate and an increase in
the productivity of the furnace.

The effect of these various technologies on
the coke rate and their limits of applicability
can be summarized with the aid of the ex-
tended Rist diagrams shown in Figures 5.29,
5.30 and 5.32.

Table 5.18 lists quantitative results ob-
tained from operational data concerning the
technologies applied to decrease the coke rate
on the basis of the Rist diagram and to in-
crease the productivity.

Curve 1 in Figure 5.29 represents the con-
ditions in a blast furnace without additional
technologies. Heat is liberated during the oxi-
dation of carbon (coke for heating) by the hot
blast (E to F). The segment FG represents the
reduction of elements dissolved in iron and
segment GK corresponds to direct reduction.
The indirect reduction is represented by the
segment AK. The diagram allows the determi-
nation of the amount of carbon required per
mole of iron (C/Fe) and the amount of coke
(85% C) required per tonne of hot metal
(93.4% Fe). For this purpose, the operating
line 1 is shifted to the line la which goes
through the origin. The intersection of 1a with
the abscissa in the upper part of the diagram
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together with curves I or II gives the carbon
consumption (C/Fe) on the ordinates I or I on
the left side, while the coke consumption can
be read from the ordinate on the right. The-
lower abscissa (0—100%) is valid for the seg-
ment between E and K. It shows the coke con-
sumption for heating (EF), for reduction (GK),
and for the reduction of minor constituents in
the burden (FG). For the blast furnace opera-
tion in accordance with line 1 the coke rate is
550 kg per tonne of hot metal which is equiva-
lent to a C:Fe ratio of 2.3. The consumption
ratio is 60% for heating, 25 % for direct reduc-
tion, and 15% for the reduction of the minor
constituents in the burden.

Lines 2 and 3 are theoretical operating lines
for obtaining the limits of the coke rate. Line 2

ca» Yo —

0 20 40 6080100 !

(]

y)!

(no coke used for reduction) is based on the
assumption that the reactivity of the coke is so
poor that the Boudouard reaction and the di-
rect reduction are suppressed completely.
However, it is also assumed that a gaseous
composition is reached which corresponds to
the reduction equilibrium from wustite to iron
(point W). In this case the entire quantity of
carbon monoxide required for the feduction
must be generated by the combustion of coke.
This condition causes the extremely high coke
rate (line 2a) of ca. 1000 kg per tonne of hot
metal, a lower gas utilization 1, as well as
higher temperatures of off-gas and molten
iron.
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Figure 5.29: Extended Rist diagram [20]. Line 1: normal blast furnace operation (standard); Lines 2 and 3: hypothetical
operation (Line 2: coke for reduction = 0, line 3: coke for heating = 0).
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Figure 5.30: Effect of measures to decrease the coke rate and to increase the productivity of the blast furnace estimated
by the Rist diagram [20]. Line 1: normal blast furnace operation (standard); Line 2: improvement in gas permeability and
reducibility; Line 3: improvement in indirect reduction (K;) by injecting reducing gas into the stack.

Line 3 is based on the assumption that no
coke is required for heating and that the total
heat required is supplied by a hot inert gas. In
that case the coke rate would be ca. 200 kg per
tonne of hot meta] while the gas utilization
would be 80%.

Line 2 in Figure 5.30 shows the decrease of
the coke rate caused hy the improvement of
gas permeability and reducibility compared
with the standard case (line 1). Line 2 gives an
improvement of 5% in gas utilization thereby
close approaching the equilibrium point W in
the wustite field. In addition, the degree of di-
rect reduction (K,) decreases which leads to a
coke saving of 30 kg per tonne of hot metal
(thm). The reducibility of various burdens are

shown in Figure 5.31, which were measured
according to Japanese industrial standard.

It is evident from Figure 5.30 that improve-
ment in the physical properties. of burdens
does not result in a large decrease in the coke
rate but can probably contribute much to the
stable operation of the blast furnace. A lower
coke rate (i.e., a lower slope of the operating
line in Figure 5.30) could only be achieved if
it were possible to increase the degree of direct
reduction together with the gas utilization.
This method would lead to an increase in the
heat requirement that must he supplied by a
hotter blast if coke is to be saved. However,
the hot blast temperatures have already
reached their technological limit.

Iron
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Table 5.18: Effect of various parameters on the coke rate and the productivity of the blast furnace, based on 1t of hot

part of the heat requirement. In some cases,
the blast is also enriched with oxygen to in-
crease the combustion efficiency. The best
record achieved up to now with the blast fur-
nace in the Kimitsu Works of Nippon Steel are
shown by line 2 in Figure 5.32. The coke rate
is 390 kg/t for a heavy oil addition of 60 kg/t
(gas utilization of ca. 45%, indirect reduction
of ca. 75%). There is a slight break in the line
at K, which indicates that the quantity of re-
ducing gas is larger as a result of the oil addi-
tion than in the case of carbon gasification
alone.

Auxiliary fuels injected into the blast fur-
nace can replace coke only up to a certain
limit. In the raceway the hydrocarbons are
only combusted to carbon monoxide and hy-
drogen, liberating less heat than coke per
equal quantity of oxygen.

Natural gas

CH,+',0, »CO +2H, AH,s=-36kI/mol ©)
oil
-CH,~+',0, > CO+H, AH,,=-90kJ/mol  (10)

metal [21].
Effect on coke rate
Parameter Range Change kg per tonne of hot metal
Slag volume, kg/t 250-350 -100 ~15t025
Partially reduced pellets®, % of burden 0-30 +10 ~1.5t02.0
Fully reduced pelfets®, kg/t. 0-20 +10 2103
Scrap, kgft +10 —4
Gas velocity in stack®, m/s 2.5-5.0 0.1 -2.5t03.0
Hot metal silicon, % ) 0.5-1.5 0.1 - —4t07
Fines in burden, % <5 mm B 07 -1 —4to7 ,
Crushed ore, % of burden :
8-40to 8-30 mm 0-40 40 ~10to 13
8-30to 10-25 mm 0-40 40 ~5107
Coke ash content, % 612 ~1 -5t0 10
Pellet content of burden, % 0-100 +10 ~510 10
- Sinter content of burden, % 0-100 +10 -5t0 10
Blast moisture content®, g/m’ -10 61010
Blast temperature, °C 900-1350 +100 —8t020
Oil injection, kg/t 50-100 +1 0910 1.4
Blast oxygen enrichment, % +1 +2t03%"
Top gas pressure, kPa 10-250 +10 +110 2%°
*With 68% Fe, 40% metallic iron.
b Fully metallized.
*With respect to empty stack (superficial velocity).
4 Air at standard conditions.
¢ Increase in melting rate,
Fuel injection through the tuyéres (e.g., Coke
pulverized coal or hydrocarbons) can supply a C+1,0,5CO  AHy=—111 klimol an

Thus a given quantity of heating coke can
only be replaced by a larger quantity of hydro-
carbons if the same amount of heat has to be
generated. In other words, the replacement ra-
tio, defined by hydrocarbons:coke is > 1. |
However, twice to three times the amount of
reducing gas including hydrogen is produced
per mole of combustion air (Equations 9 and
10) compared to the combustion of coke
(Equation 11).

The addition of hydrocarbons increases the
degree of indirect reduction because the re-
duction rate of hydrogen is higher than that of
carbon monoxide. Thus, the degree of direct
reduction and its enthalpy requirement de-
crease. Consequently, the overall effect of hy-
drocarbon injection on the replacement ratio
increases, thereby giving an overall hydrocar-
bon coke replacement ratio < 1. The enthalpy
deficiency which suppresses further increase
of indirect reduction becomes increasingly no-
ticeable whenever more coke is replaced by
increasingly larger amounts of hydrocarbons.
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The advantage of the lower fuel cost, there-
fore, becomes gradually less. However, a
more serious problem is the decrease in the
furnace productivity. Fuel injection can be
made more cost-effective by increasing the
oxygen enrichment of the blast or the hot blast
temperature. Modern practice makes use of
the theoretical and actual flame temperatures
to control the replacement ratio. Japanese fur-
naces are operated on the basis of a theoretical
flame temperature of ca. 2200 °C.
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Figure 5.31: Influence of basicity and pellet diameter on
reduction degree [31] (Courtesy of The Iron and Steel In-
stitute of Japan); —O- 1200°C; —@— 1250 °C; —
0-— 1300 °C; —x— 1350 °C.

Cost effectiveness considerations should
take into account the fact that the sulfur con-
tent of the hot metal increases as a result of oil
injections. This leads to a cost increase associ-
ated with the desulfurization of hot metal. Ad-
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ditions of up to 70 kg/t have been tried and
were technically feasible. However, the oil cri-
ses of 1973 and 79 made oil very expensive.
Therefore almost all blast furnaces operated in
Japan changed the injection fuel from oil to
pulverized coal. Figure 5.33 illustrates the re-
placement ratio of coke by pulverized coal.
Pulverized coal is more difficult to inject into
the blast furnace than oil because it is in the
solid not in the fluid state and it contains ash.
A successful technology for pulverized coal
injection has been developed to inject up to
150 kg/t by using low ash coal crushed to <
200 mesh (74 pm) [33]. However oil or natu-
ral gas injection is also conducted depending
on local energy conditions all over the world.

Line 3 in Figure 5.30 shows a break which
represents the operation of injecting a reduc-
ing gas into the stack to promote indirect re-
duction. This leads to the heating and reducing
coke requirement of 390 kg/t (line 3a). How-
ever, inherent to the low coke rate is a low gas
utilization T, of only 30%. The break in line
3 at K is the result of an increase in the quan-
tity of the gas at the poinlt of injection. This
technology has not been accepted for wide-
spread application because of the poor gas uti-
lization and the large amount of top gas.
However, the reducing gas injection in the
stack region is an important technology for the
operation of the blast furnace with pure oxy-
gen [34], which is currently being developed
for the super high productivity of the blast fur-
nace process.

Line 3 in Figure 5.32 represents a blast fur-
nace operation using prereduced ore with a
metallization degree of 50%. This procedure

-leads to a decrease in the coke rate to 310 kg/t.

In this case, gas utilization is only ca. 30%.
Therefore, such an operation is only recom-
mended when the blast furnace capacity is in-
sufficient to satisfy a sudden increase in hot
metal demand. The productivity of the blast
furnace increases significantly by using prer-
educed material although it is more expensive.
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Slag Practices. The slag must meet the fol-

lowing requirements:

e It should absorb all unreduced non-volatile
components of the burden and remove them
from the blast furnace.

o It should be a liquid of low viscosity.

o It should be able to absorb the sulfur prima-
rily contained in the fuels and it should con-
tain as little iron oxide as possible to
increase the yield of hot metal.

@ The slag volume should be as low as possi-
ble without impairing the desulfurization.

e The temperature range where the burden
components become cohesive should be
narrow to ensure better permeability of the
burden column.

e Finally, the slag shounld be converted to sal-
able material.
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Figure 5.34: Phase diagrams of the system Ca0-Al,0,-8i0, [35].

These requirements are in part complemen-
tary and in part mutually exclusive. It is there-
fore necessary to state priorities.

About 95% of the slag consists of SiO,,
CaO, MgO, and Al,O;. The requirement of
low viscosity can be met by a variety of com-
ponents in this quaterriary system. Ignoring
the presence of MgO, the phase diagram of the
ternary system CaO-Al,0,-S10, illustrated
in Figure 5.34 shows a low melting tempera-
ture region which is parallel to the CaO-SiO,
binary for low Al,0, content. This region ex-
tends from high SiO, content to the saturation
isotherm for 2Ca0-SiO, and then for essen-
tially constant CaO content toward high Al,O,
content. The MgO content of the slag does not
substantially affect the relative position of the
low melting temperature region and only af-
fects the absolute values of the melting tem-
peratures. The compositions of blast furnace
slags as encountered under various operating
conditions are shown in Figure 5.35.

The desulfurization of the hot metal in-
creases with slag basicity, i.e., with increasing
CaO and/or MgO content. Region I in Figure

5.35 can, therefore, be used only for process-
ing low sulfur burden (e.g., in Brazil where
very low sulfur content charcoal is often used
as reductant). Because the gangue constituents
usually form a low basicity slag, region 1
largely represents the slag composition with-
out addition of fluxes. The furnace can be op-
erated at a relatively low temperature because
of the low melting points. Region 2 is reached
for low iron content burden with acid gangue
constituents. This mode of operation prevails,
for example, in Salzgitter and requires exten-
sive desulfurization of the hot metal outside of
the blast furnace. The attainment of a basicity
that would result in adequate desulfurization
within the furnace would require a large lime
addition which leads to a high slag volume and
consequently to higher coke rate. Region 3
represents the worldwide preferred slag com-
positions for /arge blast furnaces. In this case,
depending on the alumina content, dolomite
must be added to satisfy the required MgO
contents (see Table 5.19). %

Slags with higher basicities B as shown in
Table 5.19 would favor optimum softening
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conditions. The softening and melting range
of the gangue constituents is ca. 80—130 °C for
B =0.5and ca. 20-50 °C for B=2.0. Because
of the higher melting temperature of the
highly basic slag and of extra energy required
due to the larger quantity of flux addition,
hence, the slag basicity is maintained at ca.
1.2.

Twa liquids
10% Mg0
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Table 5.19: Optimum composition of blast furnace slag in
% [35].

ALO, Ca0 MgO Si0,
5 43 16 36
10 44 14 32

15 44 12.5 28.5
20 45 1n 24
25 48 8 19
30 56 5 9
35 54 4 7

10 Crystobalite

Y.

90

09 80 70 60 50 40 30

—
20 10 0 AL0,

Figure 5.35: Composition of typical blast furnace slags on the CaO-Al,0,-8i0, phase diagram (see Figure 5.34) [20]

(for explanation of regions 1, 2, and 3 see text).

5.5.8 Blast Furnace Productivity
Criteria

The production rate P (t/d) of a blast fur-
nace has been linked in various ways with the
constructive data of the blast furnace and with
metallurgical properties of the burden to give
the specific furnace productivity. To date, no
consensus has been reached to define a param-
eter which characterizes the furnace size and
can be used in the calculation of the productiv-
ity. The characteristic parameters proposed up
to now are (1) the hearth diameter, (2) the
hearth bustle area that determines the depth of
penetration of the blast in front of the tuyéres,

(3) the square of the hearth diameter, (4) the
hearth area, and (5) the working volume of the
furnace. In Germany the hearth area is mostly
used as a characteristic parameter for the fur-
nace size, whereas in Japan the inner volume
of the furnace is often used.

To compare various furnaces, the coke con-
sumption with respect to the hearth diameter is
often used. The coke consumption is a crite-
rion (typical parameter) to express the produc-
tivity in the furnace which is operated in a
given mode. The amount of coke consumed in
the furmace is determined stoichiometrically
by the constant blast volume blown. If the
quantity of blast exceeds the limit, unfavor-
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able phenomena such as hanging of the burden
or variations in hot metal composition occur.
The following relations have been proposed
between hearth diameter and coke consump-
tion:

D= J4Q/nR

0=30.673%1.829(D - 1.829 — 2L,)

0 =yD? 12)
logQ =2.59 xlogd + 0.73

0 =9.06D*2

where 7y is the productivity factor, D is the
hearth diameter and R a constant. The produc-
tion of hot metal P is related to coke consump-
tion per day Q (t coke per day) by the coke rate
K (t of coke consumed for producing 1 t of hot
metal) and is indirectly evaluated from the
quantity of blast blown or the coke consumed:

P=QIK (13)

Blast furnaces which are well operated
have a specific hot metal production rate p =
P/A of 65 tm™d™ at a coke rate of 470 kg/thm,
a slag volume of 300 kg/thm, a superficial gas
velocity at the top of 3 m/s and a blast temper-
ature of 1100 °C. In Japan specific production
rates of 80 tm™d™ together with slag volume
of 180 kg/thm have been achieved. Productiv-
ities based on the hearth area should be inter-
preted carefully, because the hearth diameter
increases during the course of a furnace cam-
paign by the wear of the lining. Therefore, the
productivity should be evaluated by using the
actual hearth area.

The coke consumption Q is shown as a
function of the hearth diameter in Figure 5.36
for a productivity factor y between 10 and 25.
The daily production rate of some blast fur-
naces, as a function of the hearth diameter is
shown in Figure 5.37. Curves for the specific
hot metal productivity p are also shown for
comparison. In practice it has been observed
that the specific iron productivity does not in-
crease proportionally for extremely high coke
rates because for hard drven fumaces the
coke rate X in Equation (13) increases with de-
creasing gas utilization.
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Table 5.20: Values of constants in Equation (14) [39]
(Courtesy of The Iron and Steel Institute of Japan).

l m n
P,<1000 0 2.0 500

1000 <P, <1500 0.10 1.5 1000
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Figure 5.36: Change of coke consumption with the hearth
diameter D and productivity factor y[37].

Formule for the calculation of the produc-
tivity based on empirical observation of oper-
ating furnaces have been derived with the aid
of regression analysis [38]. These formulz are
used to compare various furnaces or for the
design of new furnaces. A regression formula
on productivity is given for the blast furnace
which produce pig iron for steelmaking.
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Table 5.21: Characteristic data for modern large blast fumaces.
Japan Germany France
No: 2 No. 5 No. 1 No. 4
Oita Fukuyama Schwelgem Dunkerque
NSC NKK Thyssen Stahl AG SOLLAC
Blown in date, month-year 10-1976 02-1986 02-1973 11-1987
Hearth diameter, m 14.8 144 13.6 14.0
Working volume, m* 5070 4664 3596 3648
Number of tuyéres 40 42 40 40
Number of tap holes 5 3 4 4
Number of cinder notch 0 0 0 0
Bel! and hopper arrangement® 2B+V 4B PW BW
Top gas pressure, kPa max. 300 230 330 max. 250
Hot blast stoves (number-type)h 4/ECS 4/ECS 3/ECS 4/ECS
Blast blower electr. electr. electr. electr.
Gas cleaning® DC/2VS DC VSEP DCCVS DCVSC
Production, t/d 10 150 9295 : 8700 8250
Load on hearth area, tm™d 59.0 57.1 60.7 54
Net burden weight, kg/thm® - 1640 1600 1631
Slag weight, kg/thm 321 309 255 314
Coke rate (dry), kg/thm 493 512 337 345
Pulverized coal injection (dry), kg/thm 0 0 145 127
Blast temperature, °C ’ 1097 995 1150 1185
Blast volume (standard conditions), m 1110 1151 1100 1062
Oxygen enrichment, % 0 1.05 0 0
*B = bell; V = valves; PW = Paul Worth top without a bell.
BECS = extemal combustion stack.
*DC = dust catcher; VS = venturi scrubber; EP = electric precipitator; C = cyclone.
4thm = tonne of hot metal.
16000 - P
¢ 9241 + [(4.5 (0,-2.20))/100
14000 (-
(m/100)(P,~n)
+ 1+
212000 - b 100
o / =
© 10000 489 - 0.10(z, ~1132) + 10(Ash - 10.8)
g 0/ a 0.2(SV —1304) - 0.9{(SR —~ SFPe) ~ 71.7]
3 8000 ~0.5(0OPe —91)
o 8
& 6000 e a4
- [ } . - -
< g where P is the productivity (td'm™); 4 a con-
£ Lol CY stant (0.85-1.15) O, the oxygen enrichment of
2 g/ the blast (%), P, the top-gas pressure (gf/cm?® =
2000 gram force per square centimeter = 98.0665
Pa); /, m, n are constants given in Table 5.20, ¢
0 L ‘ the blast temperature (°C); Ash the ash content

0 2 4 6 8 10 12 14 1
Hearth diameter, m ——

Figure 5.37: Relationship between hot metal production
rate and the hearth diameter. The curves are for different
specific hot metal production rates [38]. a) 50 tm~d™; b)
68tm™d; c) 85 tm™d™,

in coke (%), SV the slag volume, (kg per
tonne of pig iron); SR the sinter ratio (%),
SFPe the self fluxing pellet ratio (%), OPe the
_acid pellet ratio (%).
The disadvantage of this formula is that it is
entirely empirical. It does not predict produc-
tivity increases with technological improve-
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ments. Important operational data for some
large blast furnaces are summarized in Table
5.21.

5.5.9 Use of Blast Furnace
Products

Hot metal, slag and top gas are the products
of the blast furnace.

Hot Metal. Most of the hot metal is processed
to steel by means of the LD (Linz Donawitz)
oxygen top-blowing processes. The hot metal
used for the LD or open hearth (Siemens—
Martin) steelmaking process is known as low-
phosphorus hot metal. It is characterized by
low phosphorus and low sulfur contents. High
phosphorus hot metal (Thomas iron) can also
be refined to steel by means of the oxygen
steelmaking (LD/AC) process Other types of
hot metal are further processed in foundries to
cast iron or are used as alloys in the steel shop
or in the foundry because of their high alloy
content (e.g., manganese, silicon). The com-
position of the common types of hot metal are
listed in Table 5.22. The Bessemer (Thomas)
and open hearth processes have been replaced
by the oxygen top-blowing processes.

Slags. Depending on the conditions during so-
lidification, the slags produced by the blast
furnace are further processed to:
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e Air-cooled slag (solidification in slag pots
or pouring pads),

o Granulated slag (spraying of the liquid slag
with water),

@ Pumice slag (foaming with water), or

e Slag wool (blowing of the liquid slag with
air or steam)

Granulated slag can be in the form of peb-
bles or can have a porous structure depending
on the pgranulation process. The different
structure affects the hydraulic-bonding prop-
erties, the grindability, and the strength. Gran-
ulated slag is used as a material for making
blast furnace cement by mixing it with Port-
land cement after pulverization. It is also used
as a fertilizer.

Pumice slag is used in porous form as an in-
sulation and filler material in heavy concrete
and as a replacement for other bulk additions.

Air-cooled slag is either ground, such as
granulated slag, or crushed and screened to be
used as ballast or aggregate.

Slag wool is used in the form of pads for
thermal insulation.

The relative quantities of the various prod-
ucts made from blast furnace slag for the vari-
ous application are listed in Table 5.23 [40].

Table 5.22: Average composition of various kinds of hot metal (%) [36].

C Si Mn P S

Low phosphorus iron 3.84.5 0.5-1.0 1.5-5.0 0.05-0.12 <0.05
LD hot metal 3.84.4 1.0 0.8-1.2 0.01 <0.04
Thomas (Bessemer) iron 3.5-3.9 ca. 0.3 ca. 0.8 ca. 1.8 <0.055
Hematite hot metal 3.54.2 1.5-3.5 0.7-1.0 <0.12 <0.04
Foundry iron I 3.5-4.5 1.5-3.5 1.0 0.5-0.7 <0.04
Foundry iron I 3.54.5 1.5-3.5 1.0 0.7-1.0 <(0.06
Foundry iron IV A 3.5-4.5 1.5-3.5 0.7 1.0-1.4 <0.06
Foundry iron IV B 3.54.5 1.5-3.5 0.7 1.4-2.0 <0.06
Specialty and malleable cast iron 3.443 0.34.0 0.2-1.0 0.05-0.10 <0.05
Specialty metal (high carbon) 4.0-4.8 <25 0.3-0.6 0.08-0.15 <0.05
Specialty metal for the production of

nodular cast iron 2.8-4.3 <2.0 <0.2 <0.06 <0.02
Siegerland specialty metal 2.8-3.4 2-3.5 24 <0.1 <0.05
Spiegel iron 4.0-5.0 <1.0 6-30 0.1-0.15 <0.04
Ferro manganese (75%) 6.0-7.0 <1.0 70-80 <0.25 <0.03
Ferro silicon 1.4-2.2 813 . 0.5-0.7 <0.15 <0.04
Charcoal hot metal 3.6-4.2 0.25-2.75 <1.0 ca. 0.03 ca. 0.015
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Figure 5.38: A control system of blast furnace developed by Kawasaki Steel Corp. [41] (Courtesy of The Iron and Steel

Institute of Japan).

Table 5.23: Slag production and use in Japan in 1987
[40].

10°t %
Slag production from blast furnace 23 8§42
Slag use
Road-bed construction 6328 26.54
Improvement of grand 174  0.73
Engineering works 1666 6.99
Cement 12064 50.60
Concrete 1496 627
Manure and improvement of soil 423 177
Building 603  2.53
Others 1088 456

Top-Gas. The top-gas consists mainly of N,,
CO,, CO and H,. The utilization degree of the
top gas is usually ca. 50% therefore itis a lean
gas whose calorific value is between 2850 and
3560 kJ/m* (STP). This value is very low
compared to those of coke oven gas and LD

gas. Almost all the top gas is used in the iron
and steel plant itself which has been exten-
sively discussed (see Figures 5.7, 5.20, and
5.25).

5.5.10 Process Control

Thirty years ago, the blast furnace process
was operated completely by manual control.
Relatively few measuring devices were avail-
able for process monitoring purposes. since
the 1950s the productivity of a typical furnace
has increased by ca. 20 times. This improve-
ment in operation increased the importance of
the process control. Modem blast furnaces are,
therefore, equipped with a sophisticated sys-
tem of measuring and controlling devices, and
are directly linked to the process computer
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(Figure 5.38). The latter is often incorporated
into the total control system of the whole plant
via a larger business computer.

The computer control of the blast furnace
process for the optimization of the quality and
costs started ca. twenty years ago. Research in
this area is still being carried out. Much infor-
mation can be obtained about the process by
measuring the in- and outflows of mass and
energy and also about many phenomena tak-
ing place inside the furnace. However, the ba-
sic problem is to -convert these informations
into control varables to serve the control cir-
cuit. The algorithm to evaluate the control
variables from the measured values are based
on various mathematical models.

Static and Dynamic Models Based on Sta-
tistics. In these models the blast furnace is
considered to be a black box. The effect of cer-
tain deliberate changes in the input variables
(e.g., coke addition, pulverized coal injection,
moisture content of the blast, back pressure at
the top) on productivity, hot metal composi-
tion, top gas utilization, etc. is evaluated. With
the aid of statistical models, this leads to re-
gression expressions containing the desired al-
gorithms for the determination of the control
variables. These statistical blast furnace mod-
els that have already been applied successfully
do not, in principle, require any knowledge
concerning the phenomena occurring inside
the blast furnace. An example of such a re-
gression expression is the productivity for-
mula (see Equation 14) which should only be
used for control purposes based on the values
of a particular furnace and not based on values
collected from various furnace operations. Al-
though it is relatively simple to derive such an
expression representing a blast furnace model
from operational data, its application is lim-
ited. If such a model is applied to new operat-
ing conditions, then its predictions deviate
from reality, the more the new operating con-
ditions deviate from those which are described
by the statistical data. Optimization of the op-
erating conditions becomes stringently con-
servative when applying statistical models.
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Static models based on statistics allow pre-
dictions concerning the steady state of the fur-
nace only. Dynamic models based on statistics
allow predictions concerning the behavior
during a transient when passing from one
steady state condition to another.

Models Based on Overall Balances. Models
derived by taking overall balances represent
the internal phenomena of the blast furnace on
the basis of two-stage heat and mass balances.
The procedure is principally similar to that de-
scribed in section 5.5.6 in which the applica-
tion of the Rist diagram and the heat and mass
transfer phenomena (Table 5.16) were dis-
cussed. However, the models are more exact
and detailed. A disadvantage of these blast
furmace models is that they are unable to pre-
dict time-dependent phenomena in the fur-
nace, although data concemning phenomena
occurring in the blast furnace are evaluated.
For the evaluation of the control variables it is,
therefore, necessary to make assumptions con-
cerming the thermal equilibrium between gas
and solids in the thermal reserve zone and the
chemical equilibrium between gaseous com-
ponents (CO and CO,) and solid component
(iron and wustite), in the chemical reserve
zone. The assumption corresponds to point W
in the Rist diagram. -

In the overall balance model, a direct rela-
tionship exists between input and output vari-
ables. This is a definite difference to the
statistical model. The overall balance model
has only one apparent degree of freedom
which is the degree of indirect reduction. The
existence of this apparent degree of freedom is
caused by a lack of knowledge and will disap-
pear when the internal phenomena of the blast
furnace can be measured exactly and incorpo-
rated in the model. Under the fixed technolog-
ical boundary condition the function of the
blast furnace is determined by these phenom-
ena in combination with certain pretreatment
of ore and coke as well as a given hot metal
composition.

Kinetic-Dynamic Model. The kidetic-dy-
namic model in its most extensive form is
based on a knowledge of all phenomena that
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constitute the entire blast furnace process. The
phenomena include thermodynamic equilib-
pum and the kinetic relationships that govemn
the momentum, heat and mass transfer. The
model is also based on the knowledge of the
behavior of burden materials (e.g., size distri-
bution at the top of the furnace, descending
moverment, softening and melting), coke gas-
ification, and gas permeability. The model can
simulate the behavior of a blast furnace for
any given situation with a large computer. All
the data required for the model can be deter-
mined in the laboratory and essentially need
not be corrected with data based on actual op-
erating conditions. The model thus con-
structed has proved to be advantageous for the
study of new processing conditions and the
predictions of the operating results without
performing costly experiments with the blast
furnace. Iis disadvantage is the requirement of
great amount of expenditure to complete in-
formation on all the important phenomena oc-
curring in the furmnace. For routine blast
furnace control, the model must be simplified
to reduce computer loads.

The most important kinetic phenomena for
constructing the mathematical model by tak-
ing differential balances around a control vol-
ume are the chemical reactions (e.g., reduction
of iron oxide, coke gasification, water gas
shift reaction, and reduction of silica). The re-
duction rate of iron oxide by carbon monoxide
or hydrogen can be expressed in terms of the
three-interface  unreacted-core  shrinking
model which is represented in Figure 83. Rate
and equilibrium constants needed for the rate
equation are given in reference [42]. For silica
reduction, a mechanism via the intermediate
formation of SiO gas has recently been pro-
posed [43]. A rate equation has been derived
for the transfer of silicon from the SiO gas to
the hot metal in accordance with the mecha-
nism as described by Equation (15).

Sk = k(A/M)Pgq (15)
dt

where k_ designates the reaction rate constant,

AIM the specific area, and Py the partial pres-

sure of Si0.
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Figure 5.39: Three-interface unreacted core model [41]

(Courtesy of The Iron and Steel Institute of Japan): De, =

intraparticle diffusivity in i-th phase; k,; = rate constant of
i-th chemical reaction; k& = mass transfer coefficient’
through gas film; 7 = radial coordinate; ¥ = molar fraction

of gas.

This mechanism has been found to give ex-

cellent simulation results when it is incorpo-
rated into the mathematical model.

The heat transfer between the different
phases in a packed bed is usually expressed in
the form of convection heat transfer. The esti-
mation of the heat transfer coefficient is
mainly based on the Ranz Equation [45]:

Nu = 2.0+ 0.6(9Re)}2Pr1/2 (16)

where Nu, Re, and Pr designate Nusselt, par-
ticle Reynolds, and Prandt] numbers.

However, this equation sometimes gives an
inappropriate value. The rate of heat exchange
in a packed bed is currently being studied.
Flow maldistribution of gas in a packed bed
can be estimated by using the Frgun equation,
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a potential flow mechanism is often applied to
the solid flow [46].

On the basis of the principal concepts men-
tioned above, one-dimensional [47], or two-
dimensional [46, 48, 49] mathematical models
were derived. On the other hand, dynamic
changes in the internal situation of a blast fur-
nace were also simulated by an unsteady-state
mathematical model [50, 51].

Even if a supercomputer is available for the
simulation computation of a whole blast fur-
nace, it is still quite difficult to obtain detailed
results which include all the phenomena oc-
curring in a blast furnace. Mathematical mod-
els presenting some specified phenomena in a
blast furnace are effective when detailed infor-
mation is requested. Such models are devel-
oped for analyzing burden distribution at the
top of a blast furnace [52], gas flow and heat

p.kg/m(STP) — =
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transfer in the cohesive zome [53], raceway
phenomena [27], fluid flow in the hearth [54]
and so om.

Some examples of the simulation results
are shown in Figures 5.40, 5.41, and 5.42. Fig-
ure 5.40 depicts a onedimensional distribution
of process variables such as temperature, pres-
sure, concentration, and fractional reduction
for two different top-gas pressure.

Temperature and gas-concentration distri-
butions reveal the existence of thermal and
chemical inactive zones and characteristic dis-
tribution of CO concentration which shows
maximum value at the position where the CO,
concentration is zero. The simulation results
agree well with the principal behaviors of the
process variables- previously shown in Figure
5.20.
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Figure 5.40: Longitudinal distribution of process variables in blast furnace (A) for the case of high-pressure operations
[46] (Courtesy of The Iron and Steel Institute of Japan): t,, f, = temperatures of gas and solid,; f; = fractional reduction of

B

iron oxide; f] = fractional decomposition of limestone; u = superficial gas velocity; p = gas pressure; p, =top gas pressure;

x, y = molar fraction of CO and CO,; F = volume flow rate of

gas; p = gas density; p, = bulk density of burden bed.
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Figure 5.41: Two dimensional simulation results by finite difference method [48] (Courtesy of The Iron and Steel Insti-
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Figure 5.42: Two dimensional simulation result by finite element methbd [46] (Courtesy of The Iron and Steel Institute
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Figure 5.41 shows the streamline of gas, as
well as the radial distribution of pressure, tem-
perature and reduction degree, which show a
considerable nonuniformity One of the impor-

tant problems is how to control or utilize the

nonuniformity to improve productivity. .
Figure 5.42 shows computed radial profiles

of pressure, gas velocity, and temperatures of
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gas and solids. In this computation, the layer-
by-layer structure of the packed beds and the
radial particle size distribution were consid-
ered, which markedly affect the gas perme-
ability and then gas flow and temperature
distributions.
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Complete measurement of the internal state
of a blast furnace is very difficult because of
its huge size. Simulation technology in combi-
nation with operating and some measured data
is very important to understand the behavior
of the blast furnace.
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Figure 5.43: Heat balance for calculating value of E,_-heat required for the reduction of silicon and for the overhealmg of
iron and slag [55] (Courtesy of The Institution of Mmmg and Metallurgy).
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Figure 5.44: Schematic diagram of a dynamic simulation model of blast furnace [51] (Courtesy of The Iron and Steel In-

stitute of Japan).
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Application of the Models. The purpose of
the blast furnace control durmg continuous
operatlon is the increase in productivity by
stabilizing the furnace operatlon and the pro-
duction of high quality pig iron of appropriate
temperature and composition. The control
varables are (1) ore: coke ratio and burden
distribution at the top of the furnace, (2) flow
rate and temperature of blast, water vapor ad-
dition, and oxygen injection, pulverized coal,
oil and fine ore injection.

Originally, attention was paid to the ther-
mal condition in the lower part of the blast
furnace for the stable operation. The so-called
Wu model was proposed by the Institut de re-
cherches sidérurgiques (IRSID) in France. In
the model, the heat input mto the lower part of
the furnace is calculated from blast volume
and composition, tuyére injection, and the off-
gas analysis. The amount of heat Wu is that re-
quired for the melting of iron and slag, the re-
duction of the alloying elements, and
compensation for heat loss. The value of Wu
can be calculated by subtracting the heat con-
sumed by direct reduction of the iron oxides
from the total heat supplied to the lower part
of the furnace. By maintaining Wu at a con-
stant set value pig iron of a constant composi-
tion can be produced.

At the Centre de recherches métallurgiques
(CNRM) in Belgium, a somewhat different
model of the same basic type was developed
for automatic regulation of the thermal condi-
tion of the furnace. In this model, the heat in-
put per ton of pig iron into the high-
temperature zone of the furnace was calcu-
lated from the temperature and composition of
the top gas, the blast volume, blast tempera-
ture, and blast composition. The value ob-
tained is called the heat requirement. The term
E,, was defined as the difference between the
actual (B)) and the standard heat requirements
(B,). The latter quantity represents the amount
of heat needed to produce a pig iron at
1300 °C containing 0% Si.

The value of E_ corresponds to the heat re-
quired for silica reduction and for overheating
slag and metal. The heat balance to calculate
E_ is shown in Figure 5.43.

87
“
=
BE M1
vl
ag! 2p © Y
[P S o 0y |
. ok @
g Top gas femperature

"w 400 - Ty
M - ﬁ—
o a 0 re. v wews Y 'y _'!_
[=9 E' oo°a9°
Sou 1000 - Brick temperature °

600": >13m above tuyere .

200 -

0} - ao®

&4 1000 oo
T2 B % ?
=1 -
o g 600 i ,ooA°°°  Brick temperature
'JE:' = 200 |- s >7.5m above fuyere
a2 0 1 L L L . !

0 5 w0 15 20 25 30

Time, h —— o
Figore 5.45: Comparison between measured and simu-
lated changes of process variables in blow-in operation of
Kokura no. 2 blast furnace, Sumitomo Metal Industries,
Ltd. [51] (Courtesy of The Iron and Steel Institute of Ja-
pan): — Predicted; @ O Measured.

A one-dimensional dynamic model was ap-
plied to the unsteady-state blast furnace opera-
tion such as the shut down, the blow-in, and
the blow-out together with a two-dimensional
gas flow model. A schematic diagram is
shown in Figure 5.44. Figure 5.45 shows the
simulation results for the blow-in operation of
the blast furnace according to the scheduled
increase in blast volume and temperature as
shown in Figure 5.46. The initial condition
given to the mathematical model was obtained
from the actual filling condition of coke and
burden before the start of the blow-in. The re-
sults confirm the effectiveness of the model
application to the planning of the blow-in op-
eration of the blast furnace. Another success-
ful example for the application of a dynamic
model to the actual operation has been re-
ported for the blow-out of the blast furnace.
The content of the blast furnace was blown out
with the decrease of stock level from the top to
the upper bosh under the schedule predicted
by the mathematical model. Actual changes of
the operation conditions are shown in Figure
5.47 in comparison with the scheduled ones.
The actual results are in reasonable agreement
with the schedule (see Table 5.24). Some im-
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provements to the mathematical model are
necessary for obtaining a satisfactory agree-
ment. However, principally such a kinetic-dy-
namic model is found to be effective not only
for steady-state but also for unsteady-state op-
erations.

The most precise mathematical model of a
blast furnace to date is the two-dimensional
steady-state kinetic model developed by Sua-
1vaMa et al. [57] (Nippon Steel Corp:). It in-
cludes models tor operational design, burden
distribution, gas, solid and liquid flow, for the
reaction rate of seven chemical reactions, for
heat transfer and a total combination model.
When operational conditions and a blast fur-
nace profile are given, this model provides (1)
streamlines of gas, liquid and solids, (2) pres-
sure distribution, (3) reduction degree of iron

oxides, (4) gas, solid and liquid temperature, -

and (5) location of the cohesive zone.

An integrated process computer system in
the entire ironmaking department is being de-
-veloped for increasing flexibility and produc-
tivity in the ironmaking systems which consist
essentially of coke ovens, sintering machines,
hot stoves, and blast furnaces.

The three-layer hierarchical system shown
in Figure 5.48 is used for integrated control. In
the system, microcomputers can accept the op-
erating data directly from the plant and can
control it. A process computer which eventu-
ally controls the overall ironmaking system is
installed to provide sufficient information to
the operator for realizing effective operation.
Finally, a central business computer is con-
nected to the process computers for optimal
control of the overall iron and steel production
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system. Chiba works of Kawasaki Steel Corp.
constructed this three layers system for two
sintering plants and achieved effective opera-
tional control.
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Figure 5.47: Results of the empty blow-out operation of
the Kokura no. 2 blast fumace [56] (Courtesy of The Iron
and Steel Institute of Japan).

Table 5.24: Results of the empty blow-out operation of the Kokura no. 2 blast fumnace in Sumitomo Metal Industries [56]

(Courtesy of The Iron and Steel Institute of Japan).

Actual results Schedule Difference, %
Blow-out operation time, h 233 24.5 -5
Accumulated amount of blast volume, m*x 10* (STP) 1380 1675 ~18
Accumulated amount of water-spray, t 694 716 y -3
Pig iron produced during blow-out, t 880 998 -12
Amount of total coke consumption, t 550 690 -20
Coke consumption per blast volume, t/m*x 10° (STP) 0.40 0.41 -2
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Figure 5.48: Functional hierarchy of the ironmaking information system [57] (Courtesy of The Iron and Steel Institute of

Japan).
Table 5.25: Summation of net exergy losses in the blast furnace ironmaking system [60] (Courtesy of The Iron and Steel
Institute of Japan). L ow
Case A-1 Case A-2, MJ/thm
Process
Inflow Qutflow Net loss Inflow Qutflow Net loss

Blast furnace 17 054 15175 1879(20.8%) - 16920 14736 2184 (24.1%)
Coke oven 22657 18 580 4077 (45.1%) 20110 16 491 3619 (39.9%)
H_ot stove . 1983 1276 707 ( 7.8%) 2100 1423 677( 7.5%)
Smtermg: machine 3014 764 2250 (24.9%) 3074 733 2341 (25.8%)
Rotary kiln 138 33 105 ( 1.2%) 339 79 260 ( 2.9%)
Curing of nonfired pellets 190 170 20( 0.2%)

Total 45 036 35998 9038 (100%) 42 543 33 462 9081 (100%)

Although great progress has been made in
the computer control of blast fumaces by in-
troducing mathematical models, control is still
incomplete. Recently, artificial intelligence
has been introduced into blast-furnace control.
The principal strategy of this technology is
based on operational data [59]. Therefore, the
question how to accumulate the operating data
18 most important. Some trials have been made
to couple the artificial intelligence (Expert
system) with a mathematical model.

Ener‘gy Recovery. After the oil crisis, energy
cost increased drastically. Therefore in high-

energy consuming industries, energy saving
has been examined from various points of
view. In Japan 1.9 x 107 kJ energy is currently
consumed to produce 1t crude steel in the
blast furnace ironmaking process. This value
is 20% lower than 10 years ago. The energy
savings are still conducted in each ironmaking
process. Tn the blast furnace, a lot of energy is
saved by using top-pressure recovery turbines.
Figure 5.49 illustrates the development of en-
ergy savings in the ironmaking department of
NSC during the last 15 years.

To pursue further energy savings, an exergy
analysis was conducted on the basis of actual
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operation data of a blast furnace ironmaking
system which produced ca. 7000 t pig iron per
day. Very high net exergy losses occur in the
coke oven and the sintering machine (see Ta-
ble 5.25). Compared to these processes the
blast furnace destructs less exergy. Net exergy
losses in the conventional blast furnace, the di-
rect reduction electric furnace, and the smelt-
ing reduction systems are compared in Figure
5.50. The exergy analysis for the conventional
and the direct reduction iron-electric furnace
systems was performed on the basis of opera-
tion data but in case of the smelting reduction
system, the data were obtained by taking heat
and material balances. However, no definite
difference among the net exergy losses were
found. Further energy savings will probably
lower exergy losses even further.
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Figure 5.49: Chronological change in the amount of en-
ergy saved by main waste heat recovery process in Nip-
pon Steel Corp. [60] (Courtesy of The Japan Iron and
Steel Institute): a) Recovery of sensible heat from coke
oven gas; b) Recovery of waste heat from sinter cooler; ¢)

Coke dry quenching; d) Recovery of sensible heat from -

hot stove; e) Top gas pressure recovery turbine.

5.5.11 Hot-Metal Desulfurization

The sulfur content of the hot metal pro-
duced depends on the sulfur content of the fu-
els, the slag basicity, the slag volume, and the
silicon content of the hot metal. The sulfur
transfer mechanism in the blast furnace is
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shown schematically in Figure 5.51. After the
hot metal is separated from slag, the former is
desulfurized by gas metal and slag-metal re-
actions. However, in the upper part of the co-
hesive zone, the sulfur compounds present in
the gas phase are absorbed partly by solid iron
ores.
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Figure 5.50: Summation of net exergy losses in different
ironmaking systems [61] (Courtesy of The Iron and Steel
Institute of Japan): A) Blast furnace ironmaking (1 = stan-
dard, 2 = pulverized coal injection), B) Direct reduction-
electric furnace ironmaking (1 = fired pellet, 2 = nonfired
pellet); C) Smelting reduction ironmaking (1 = shaft fur-
nace, 2 = fluidized bed). O2 = oxygen production; BF =
blast furnace; EF = Electric fumnace; SRF = Smelting re-
duction furnace. O Pretreatment, agglomeration of raw
materials; @ Shaft furnace, fluidized beds; & Hot stove.

The steelmaking process requires a sulfur
content of the hot metal of < 0.025-0.035%,
because desulfurization is difficult in the steel-
making process. Except for the desulfurization
of the coke, sulfur can be removed in the blast
furnace, between the blast furnace and the
steel shop, and in the steel shop. The cost is re-
ported to be the lowest for desulfurization be-
tween the blast furnace and the steel shop [62].

Desulfurization in the blast furnace rte-
quires an increase in the limestone additions.
This leads to the additional costs associated
with the limestone itself and the increased
coke rate because more heat is needed for
melting the slag and for decomposing the
limestone. In addition to this, the carbon diox-
ide generated from limestone must be com-
pensated.

Desulfurization in the steel-producing ves-
sel tequires a large slag volume even for
highly basic slags because of the unfavorable
sulfur distribution ratio under oxidizing condi-
tions. Iron losses to the slag increase because
of the large slag volume.
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Figure 5.52: Temperature dependence of equilibrium sul-
fur content of carbon-saturated hot metal [63] (Courtesy
of The Iron and Steel Institute of Japan).
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Figure 5.53: Changes of sulfur content with time in bot-
tom-blowing ladle desulfurization process for variable
fluxes (amount of flux addition 10 kg/thm) [63] (Courtesy
of The Iron and Steel Institute of Japan): @ CaC.; A CaQ;
| Ca(CN); O Na,CO,; & NaOH; O KOH; X NaCl; V
NaF; v CaF,;, @ Na,AlF,.

Handbook of Extractive Metallurgy

At present, it is advantageous to desulfurize
at least a portion of the hot metal during frans-
portation to the steel shop. After mixing with
hot metal which is not desulfurized outside the
blast furnace, an input sulfur content of <
0.02% can be delivered to the steel shop.

Desulfurizing Fluxes include calcium com-
pounds which are in the solid state or half

melting conditions at the hot metal tempera-

ture (e.g., Ca0, CaC,, Ca(CN),, and CaF,), al--
kaline compounds in the liquid state (e.g.,
KOH, NaCl, and NaF), and magnesium and its
alloys in the gaseous state.

Their desulfurization ability is remarkably
affected by treatment conditions such as (1)
mixing, (2) atmosphere (oxidizing or reduc-
ing), (3) composition of hot metal, and (4)
property and amount of blast furnace slag.
Figure 5.52 shows the equilibrium sulfur con-
tent obtained by each desulfurizing flux. Ac-
tual desulfurization curves for the bottom
blowing method with nitrogen are shown in
Figure 5.53. - .

According to these figures, desulfurization
degree, method, cost, and workability should
be considered when selecting of a desulfuriz-
ing flux in addition to its desulfurizing ability.

The equation for the desulfurization reac-
tion with soda ash [64] and of concurrent reac-
tions are as follows (Equations 17-19):

(Na,CO;) + [S] + [Si] = (N2,S) + (Si0,) + CO an

(Na,CO;) + (FeS) + [Si] >
(Na,8S) + (8i0,) + [Fe] + CO (18)
(Na,CO;) + [Si] — (Na,0-8i0)+C 19)

Furthermore, Na,CO, reacts easily with Si0,
from the refractories forming 2Na,0-SiO,,
Na,0-Si0,, and Na,0-28i0,. The vaporiza-
tion loss of Na,CO, is ca. 6% at 1250 °C. This
value increases to 35% at 1350 °C, therefore
the effect of desulfurization decreases sharply
at temperatures > 1300 °C. The disadvantages
of desulfurization with soda ash are its corro-
sive action to the vessel lining and the envi-
ronmental problems related to discarding
slags which contain high alkaline contents.
Environmental problems arise from sodium
oxide-containing fumes and from the reaction
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of the sodium sulfide contained in the slag
with water to produce hydrogen sulfide and
sodium hydroxide.

The desulfurization reactions of hot metal
with calcium carbide are as follows:

{CaC,) +[8] = (CaS) + 2[C] (20)
{CaC,) +/,{0,} - {Ca0) + 2[C] (21)
{CaC,) + ',[0] - (Ca0) +2[C] (22)
C+1,0,>CO Y@

As calcium carbide is easily oxidized (see
Equations. 21 and 22) the desulfurization
should take place under controlled atmo-
sphere. The reaction product CaS which has a
high melting temperature of 2450 °C forms
the solid slag. The diffusion of sulfur in the hot
metal to the boundary between hot metal and
calcium carbide is the rate-determining step of
the desulfurization reaction. In the sulfur-
transfer mechanism, mixing strongly affects
the degree of desulfurization. When calcium
carbide particles are injected with an inert car-
rier gas, a calcium sulfide layer grows at the
outer surface of the particle as the reaction
proceeds. The reactivity of each particle de-
creases with increasing thickness of this layer.
Thus, the efficiency of this flux is relatively
low. Its advantage is that a very low residual
sulfur content of the hot metal can be achieved
irrespective of its initial sulfur content.

When lime is used, the following desulfur-
ization reactions proceed: .
4Ca0 +2[S] + [Si] — 2CaS + 2Ca0-Si0, (24)
2Ca0 +2[S] + [Si] - 2CaS + Si0, (25)

The reaction given by Equation (25) occurs
at 1300 °C even if the silicon content of the
hot metal is only 0.05%. If the silicon in the
hot metal is oxidized to silicon dioxide in this
process, it reacts with lime to form
2Ca0-8i0,. This reaction decreases the
amount of lime available for desulfurization.
Therefore oxidation of silica should be pre-
vented by using the inert or reducing atmo-
spheres or airtight vessels.

Magnesium is sometimes used as a desulfu-
rizing flux because it has a very strong affinity
for sulfur. Equations (26), (27), and (28) repre-
sent the desulfurization by magnesium and the
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oxidation of magnesium which occurs in the

desulfurization process.

{Mg} +[S] > MgS (26)
{Mg} + [0] - MgO @70
{Mg} + 1,0, - MgO (28)

The vaporization temperature of magne-
sium is relatively low (1107 °C). Therefore,
magnesium evaporates upon contact with the
hot metal and the desulfurization efficiency
decreases. It is therefore necessary to control
the vaporization (see below).

Table 5.26: Typical desulfurization processes outside the

blast furnace [18] (Courtesy of The Iron and Steel Insti-
tute of Japan).

Method Process
Soda-ash paving

soda-ash paving process
reladling process
ladle with siphon process

shaking ladle process
DM converter process .
rotating drum process

Shaking ladle

Stirrer Demag-Ostberg process
Rheinstahl process
KR process

Injection (ladle process)
(torpedo-car process)

Gas bubbling bottom blowing process

top blowing process
Gas-lift mixing reactor GMR process

Desulfurization with injection process
magnesium plunging bell process

Continuous desulfuriza- turbulator process
tion in the blast-fur- powder injection process
nace runner paddle-type stirrer process
electromagnetic stirrer process

Desulfurization Processes. To produce low-
sulfur or ultra-low sulfur steel, a number of
desulfurization processes have been devel-
oped. Typical processes for desulfurization
outside the blast furnace are listed in Table
5.26. Tn each process, acceleration of the des-
ulfurization reaction is achieved by increasing
the contact area between the desulfurizing
fluxes and the hot metal. This is carried out by

_employing improved stirring techniques. The

other requirements for the processes are as fol-
lows: (1) inexpensive desulfurizing fluxes,
(2) high reproducibility with regard to the de-
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gree of desulfurization, (3) small decrease of
the hot metal temperature, (4) low iron loss to
the slag, and (5) an easy and inexpensive dis-
posal of the slag.

Desulfurization in the blast-furnace runner
is not widely accepted at present despite the
favorable surface:volume ratio ‘and the low
degree of technical expenditure required. The
reasons are the corrosive attack of the slag on
the runner material, the hazardous exposure of
the workers to alkaline fume, and the poor re-
producibility with respect to the degree of des-
ulfurization.
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Figure 5.54: Effect of the amount of soda ash addition on
the desulfurization of hot metal in various desulfurization
processes [66] (Courtesy of Verlag Stahleisen mbH): O
Blast-furmace runner; @ Transportation ladle; ® Mixer—
ladle; © Mixer—ladle-ladle; © Torpedo car ladle, ladle
with siphon. S = pig iron for steelmaking; Th = Thomas
pig iron; F = pig iron for foundry. a) Ladle with siphon; b)
furnace-runner and transportation ladle.

The soda-ash paving method is frequently
used for desulfurization in the transport ladle
because of its simplicity. The transport ladle is
used to transport the hot metal from the blast
furnace to the hot-metal mixer located in the
steel shop. In this method, the desulfurizing
flux is placed in the ladle prior to filling it with
hot metal. Good mixing is achieved by forma-
tion of carbon dioxide and by the falling hot-
metal stream. The slag is removed from the
filled ladle. Figure 5.54 illustrates the relation-
ship between the final degree of desulfuriza-
tion and the amount of soda ash added. The
final desulfurization degree increases with in-
creasing soda-ash addition up to a value of
80%, which is obtained at 8 kg “soda-ash ad-
dition” per ton of hot metal. After that the des-
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ulfurization degree in most cases reaches a
plateau level.

Efforts to improve the mass transfer of the
sulfur by moving the vessel containing the hot
metal involved trials with rotating drums
(Kalling—Domnarvet process [67]) and shak-
ing or rotating ladles. In the shaking ladle, the

ladle axis rotates around a circular path at ca.

70 rpm. By reversing the direction of the
movement, the mixing effect can be enhanced
(Kobe Steel process [65]).

Figure 5.55 shows desulfurization pro-
cesses with mechanical stirrers. The stirrer
proposed by OsTBERG (see Figure 5.55A) has a
hollow stirer which discharges the hiot metal
through horizontal tubes by centrifugal forces
and absorbs hot metal from the bottom of the
vertical tube. The simple stirrer proposed by
Kraemer in Rheinstahl Hiittenwerk (Figure
5.55B) is made of refractory. This stirrer
mixes in desulfurizing fluxes into the hot
metal. The stirrer developed by Nippon Steel
(Figure 5.55C) is an impeller which produces
eddy flow of the kot metal. Results of plant
experiments for this stirrer are shown in Fig-
ure 5.56. According to this figure the process
is highly effective for desulfurization. The
stirrer method is widely used in North Amer-
ica, Europe, and Japan for the production of
low-sulfur steel or ultra-low sulfur steel.

The injection method of hot metal desulfur-
ization is widely accepted for the desulfuriza-
tion in a ladle or a torpedo-car. In this method
the flux powder of desulfurization is injected
with a gas stream. As flux powder CaC,,
Ca(CN),, Ca0 and soda ash are widely used.
Currently magnesium is also used. The injec-
tion lance is better for dipping into the hot
metal bath. The dipping depth should be 1/2 to
3/4 of the bath depth. NSC [76] and TSAG
[77] developed the respective process for des-
ulfurization by using the injection method.

In the gas-bubbling method, the desulfuriz-
ing flux is at first added to the surface of the
hot metal and then mixing is started by the in-
jection of gas into the hot metal. The injection
is made through the lance dipped info the hot
metal (top-blowing method) or through the
porous plug at the bottom (bottom-blowing
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method). Figure 5.57 represents schematically
the bottom-blowing desulfurization ladle, Ul-
tra-low sulfur steel containing 0.001-0.002%
S can only be produced by this method if the
second addition of calcium carbide is made af-
ter the slag of the first treatment is removed.
The gas-lift mixing reactor method (GMR
method) was proposed by Kobe Steel. The ba-

AL
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sic principle of this method is to use the buoy-
ancy force of the gas injected at the bottom of
the riser as driving force for a circulatofy mo-
tion of the hot metal as illustrated in Figure
5.58. This method removes sulfur in hot metal

to <0.002% by adding 5 kg of CaC, per tonne
of hot metal.
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Figure 5.55: Stirrers for desulfurization of hot metal [55] (Courtesy of The Iron and Steel Institute of Japan): A) Demag-

Ostberg process; B) Rheinstahl process; C) KR process.

16 e
i \s
M(‘ jk
3 Ade
enr J
* oo
RIS 1&.
E "
§8~ o\< °
: ° ‘x\:\'
5ot
o EWAY '
e S
g OEI%-O
52~ o Ny '
00 0x Obx
0 1 i | 1. 1 H 1 .
0 1 2 3 [A S 6 7

Amount of CaCé added, kg/thm —=

Figure 5.56: Relation between amount of CaC, added and
[8] content after treatment {75] (Courtesy of The Iron and
Steel Institute of Japan). [S] content before treatment
(1350 °C): Q 0.02%; x 0.03%; @ 0.04%.

If magnesium is used as a desulfurizing
flux, magnesium-coke [80], a plunging bell
[80-82] injection of a magnesium aluminum
alloy, surface-coated magnesium, or a mixture
of CaO and Mg with gas [83-85] are used to
suppress the vaporization loss of magnesium.

Since some problems remain unsolved in
magnesium desulfurization (such as violent
scattering of hot metal and resulfurization
which requires a too long treatment time) the
operation techniques must be improved. The
advantages of this method in comparison to
other methods are the very small amounts of

flux required, ca. [ kg/t, and the easy disposal
of the slag.

It is very difficult to compare the various
desulfurization processes for the pretreatment
of hot metal, because many factors such as fa-
cility cost, operation cost, amount and cost of
desulfurizing flux, degree of desulfurization,
workability, and iron loss must be considered.
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Figure 5.59 shows the relationship between
degree of desulfurization and operation cost.
To reduce the cost of desulfurization, effective
and inexpensive desulfurization fluxes and
desulfurization processes requiring less flux
must be developed.

/70f ladle

Figure 5.57: Desulfurization ladle with porous plugs [78]
(Courtesy of The Iron and Steel Institute of Japan): a) Sur-
face of hot metal; b) Porous plugs.

T

Figure 5.58: Schematic diagram of the gas lift mixing re-
actor for desulfurization [79] (Courtesy of The Iron and
Steel Institute of Japan): a) Dust collecting duct; b) Com-

 pressed nitrogen; c) Inlet of flux; d) Cover for dust catch;
e) Desulfurizing flux; f) Hot metal; g} Ladle; h) Main part
of gas-lift mixing reactor.
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Figure 5.59: Relation between desulfurization degree and
relative cost of treatment [76] (Courtesy of Dept. of Mate-
rials Science and Engineering, McMaster University,
Hamilton, Canada). Sulfur content before treatment:
0.030%. a) Mag-coke process; b) Porous plug process; c)
KR process; d) Top blowing process; ¢) Soda-ash pouring
process.

5.6 Plant Layout

A blast furnace plant consists of numerous
units beside the furnace itself (Figure 5.60).
The most important units are the following:

5.6.1 Dust-Recovery System

The blast furnace gas may contain up to
170 kg of dust per-ton of pig iron produced.
This dust must be captured for two reasons:

@ To recover its valuable metal content
e To prevent pollution of the environment.

Gas cleaning is conducted in two steps:

e Removal of large particles in dust catchers
followed by cyclones.

e Removal of fine particles in spray towers,
venturi scrubbers, or electrostatic precipita-
tors.

5.6.1.1 Dust Catchers

The gas is allowed to pass through a large
chamber to reduce its velocity and cause the
dust to drop out by gravity. To enhance the
separation, the direction of gas flow is reverse.
A typical gravity chamber is shown in Figure
5.6]1. It is a 10-12-m diameter, brick-lined
vessel.

Iron

Figure 5.60: Blast furnace plant.
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Figure 5.61: Dust catcher.

3.6.1.2 Cyclones

This equipment is more efficient than the
previous type and occupies less space. The
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dust-laden gas enters a cylindrical or conical
chamber tangentially. The centrifugal force
causes the dust particles to travel outward to
the wall of the chamber, where they collide
and fall downward to a receiver at the bottom,
while the gas escapes from an opening at the
top (Figure 5.62).

5.6.1.3 Spray Towers

In these towers (Figure 5.63) the gas passes
upwards countercurrent to a descending spray
of water. To increase the contact between the
two phases, the tower 1s packed with wooden
grates, ceramic tiles, or metal spirals. The part
of the tower above the water spray is for sepa-
rating the water droplets from the exit gases. A
typical unit consists of a contact zone where
the dust laden gas and the water are brought
together, followed by a separation zone where



98

the gas is separated from the wetted slurry. In
the contact zone, the particles increase their
weight and size and adhere together when they
are moistened thus making their separation
easy.
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Figure 5.62: Dust-collecting cyclone.
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Figure 5.63: Spray towers for dust removal.
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Figure 5.64: Venturi scrubber.

5.6.1.4 Venturi Scrubbers

In this system, water is introduced at the
throat of a venturi perpendicular to gas flow
and is atomized into tiny droplets; thus a large
surface area is created. The venturi is followed
by a separating section usnally in the form of a
centrifugal eliminator for the removal of the
entrained droplets and collected dust particles

(Figure 5.64).

5.6.1.5 Electrostatic Pr_eci;ﬁtators

Dust separation in this equipment is based
on the fact that if the solid particles carried in a
gas are given an electrical charge, they will be
attracted to a collection device carrying the
opposite charge. The type most commonly
employed consists of a series of ionizing elec-
trodes and an oppositely charged series of col-
lecting electrodes housed in a chamber
through which the exhaust gas is routed (Fig-
ure 5.65). The ionizing electrodes are rods
while the collecting electrodes are grounded
plates or shells that have a large surface area
compared to the ionizing electrodes. A high
voltage of 50 000 to 80 000 volts is applied
across the two sets of electrodes to maintain
the highest electrostatic field without spark-
ing.

Under the influence of the electrostatic
field, the gas molecules get electrically
charged and move away from these electrodes
toward the collecting electrodes. As the sus-
pended dust particles collide with thesé mole-
cules, the electric charge is transferred to the
dust.
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Figure 5.65: Electrostatic precipitator. A) Principle; B) Industrial installation.
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Figure 5.66: Stoves for heat recovery from blast furnace gas.
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Figure 5.67: Arrangement of refractory brick in a regen-
erator. :

The particles are then attracted to the col-
“ lecting electrodes, where they lose their
charge and fall into hoppers below, or become
dislodged by automatic intermittent tapping.
Electrostatic precipitations are expensive but
efficient equipment.

5.6.2 Heat Economy System

Gases leaving a blast furnace are not at high
temperature but have a high calorific value
due to their CO content. The gases after being
purified of their dust content are then burned
in stoves and the heat of combustion is used to
heat fire brick chambers. Once the chambers

are hot, the blast furnace gas is switched over
to another stove and air is introduced in the hot
chamber to take away the heat before entering
the furnace. The cycle is then repeated. A typi-
cal unit is 7-9 m diameter and about 36 m high
with a dome-shaped top and consists of two
parts (Figure 5.66):

o The combustion chamber where the blast
furnace gas is burned.

o The refractory chamber where the hot com-
bustion gases pass before their exit (Figure
5.67).

The heating surface in the chambers is usu-
ally 22 000-25 000 m2 There are usually 3
units per furnace, and they are provided with a
common stack. The air blast for the furnace
passes through the heated stove countercur-
rent to the gas. One stove is “on blast” for | to
2 hours at a time while the other two stoves are
“on gas” for 2 to 4 hours. This is achieved by
means of automatic valves. With the advance-
ment of gas cleaning, the use of refractory
bricks with small openings became feasible,
thus resulting in a high efficiency.
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5.7 Refractory Materials

Refractory materials must meet the follow-
ing requirements:
e Mechanical stability under load at high
temperatures (up to and beyond 1800 °C,

depending on quality),
@ Resistance to slags and dusts at high temper-
ature, and .

e Specific thermal properties, such as thermal

conductivity, specific heat, and resistance to

-sudden temperature changes, depending on
application.

These properties can be tested in the labora-
tory under conditions similar to the service
conditions. Some methods are internationally
standardized (PRE, ie., Fédération eu-
ropéenne de produits réfractaires and ISO rec-
ommended test methods) [86]. Refractories
are classified by chemical-mineralogical crite-
ria and by process requirements. The basic
distinction is between shaped products
(bricks) and unshaped ones (mixtures, mor-
tars, castables). Another basis for classifica-
tion is the type of binding. Here a distinction
must be made between fired products (firing
temperatures 800-1800 °C) and unfired,
chemically bonded refractories (phosphate
binders, resin binders, refractory cements, wa-
ter glass, magnesium sulfate).

In the iron and steel industry in Germany,
the classification of the “Steel and Iron Mate-
rial Data Sheets” (Stahl-Eisen-Werkstoffblat-
ter) is used. '

Table 5.27 shows the consumption of re-
fractory materials (kg per tonne of crude steel)
for Germany and Japan in 1970, 1980, 1990,
and 1993. The steep decline is mainly ac-
counted for by new steelmaking technologies
(oxygen-injection process replacing the Sie-
mens-Martin furnace, introduction of contin-
uous casting) and by improvements in
refractory qualities.

This progression is also clear from Table
3.28, which lists the outputs of the main quali-
ties of refractory bricks in Japan. The 1970
and 1993 figures show the decrease in fireclay
brick and silicate brick production and the in-
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crease in high-grade refractories (magnesia~—
carbon, high-alumina castable).

The world steel industry is the principal
consumer of refractories (ca. 60%).

Pig-iron production includes (1) blast fur-
naces with hot blast stoves, and (2) torpedo la-
dles, with a molding capacity of 150 600 t of
molten pig iron, as transport containers from
the blast furnace to the steelworks. This sector
employs mainly the following refractory qual-
ities: carbon and graphite bricks, silicon car-
bide bricks, materials containing more than
50% alumina, fireclay, and silica.

In steelworks the most important qualities
are magnesia—carbon bricks, bricks and mix-
tures based on magnesia and dolomite, zircon
material, and high-alumina castables.

Table 5.27: Consumption of refractories in Germany and
Japan (kg per tonne of crude steel).

Germany Japan
1970 1980 1990 1993 1970 1980 1990 1993

Bricks 19 129 88 71 24 95 55 49
Mixtures 16 10.5 59 6.3 5 58 60 64
Total 35 234 147 134 29 153 115 113

Table 5.28: Production of refractories in Japan in 1000 t.

Bricks 1970 1980 1990 1993
Fireclay 1800 829 325 200
50% AL,O, 191 173 155 125
Silica 260 66 7 5
Chrome-magnesia 284 278 126 99
Magnesia—carbon 52 123 107
Dolomite-magnesia 251 104 13 8
Zircon 61 91 52 31
Silicon carbide 53 27 18
Insulants 88 55 27 15
Others 75 44 35 37
Unshaped Products

(Mixtures) 570 907 836 845

Blast Furnaces. Molten pig iron and slag are
present in the lower part of the blast furnace
(bottom and hearth). Repairs cannot be made
to this part of the furnace during operation.
Chemical and mechanical attacks on the re-
fractory material occur here. Graphite and car-
bon bricks are the most important structural
refractories for this portion of the blast fur-
nace. Carbon bricks have a higher cold-crush-
ing strength than graphite bricks and those
containing some graphite (part-graphite and
semi-graphite bricks). Carbon bricks have a
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lower porosity than graphite bricks. Mi-
croporous carbon and part-graphite bricks
with additions of alumina and silicon have
higher alkali and pig-iron resistance [91, 98].

The current state of the art is the “ceramic
cup”, which comprises sintered mullite bricks
placed in front of the carbon on the bottom,
and large-size prefabricated panels of corun-
dum concrete in front of the carbon on the
wall. This type of lining protects the carbon
bricks and prolongs their service life greatly.
In the other zones of the blast furnace (bosh,
belly, stack), a variety of brick qualities are
used. These include bricks containing over
50% alumina, corundum bricks, and silicon
carbide bricks with various binders. Hard fire-
clay bricks are usually employed in the stack.
Furnaces often differ greatly in their refractory
linings. The properties of some refractory
structural materials are given in Table 5.29.

Runner and Taphole Mixtures. Tar-free un-
shaped products containing > 50% alumina,
silicon carbide, and carbon are used in cast, vi-
brated or rammed form. Numerous and very
different mixtures are in use, including spinel
(MgAl,0)-containing material in the metal
level and mixtures up to 80% SiC in the slag
level.

Hot Blast Stoves. The standard lining consists
of silica bricks in the dome (temperatures up
to 1500 °C), bricks with > 50% alumina in the
combustion chamber, and silica and fireclay
bricks (depending on thermal stress) in the
checkerwork shaft.

Torpedo Ladles [90, 99]. In the lining design,
the following factors relating to stresses on the
refractory must be considered: temperature of
pig iron (1450-1520°C), distance trans-
ported, slag composition, and metallurgical re-
actions such as desiliconization, dephospho-
rization and desulfurization in the ladle.
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Lining bricks mostly contain > 50% Al,0,
(andalusite and bauxite bricks). If the slag has
a Ca0:8i0, ratio > 1, unfired pitch-bonded
dolomite bricks can also be used with success.
The increase in metallurgical reactions in tor-
pedo ladles has led to new types of lining,
which have been adopted in an attempt to ex-
tend the service life (100 000400000t pig
iron transported). In zone lining, resin-bonded
corundum—carbon-silicon carbide bricks are
used in the slag zone (especially in Japan),
with resin-bonded andalusite carbon bricks in
the bottom. Linings differ from plant to plant,
depending on service conditions.

5.8 Iron from Pyrite Cinder

[74]

Pyrite is mdinly used for the manufacture of
sulfuric acid. It is oxidized in fluidized bed re-
actors whereby the following reaction takes
place:.

2FeS, + 11,0, — 480, + Fe,0,

While SO, can be readily converted to SO,

.and then to H,SO,, iron oxide (called cinder)

cannot be used directly for manufacturing iron
because of the presence of impurity metals.
Table 5.30 shows analysis of cinder. As a re-
sult, methods have been developed to purify
the cinder and at the same time to recover the
nonferrous metals present. The recovery of
nonferrous metals from the cinder is achieved
by two routes: the chloride and the sulfate pro-
cesses.

5.8.1 The Chloride Route

In this route, the nonferrous metals are
transformed into water-soluble chlorides by
heating with a solid chloride. At low tempera-
ture the chlorides remain in the residue while
at high temperature they are volatilized.

Iron

Table 5.29: Properties of blast-furnace lining bricks.
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Microporous
Carbon carbon (10% Graphite
Al,0,, 15% Si)

Mullite Corundum concrete
(70% ALO,)  (90% ALO,)

Bulk density, glem’ 153-157  1.63-1.73 1.55-1.60 245 3.30
Open porosity, % 14-18 14-18 25-28 1518 9-12
Micro porosity > 1 um, % 8-11
Ash, % <7 3540 <1
Cold compression strength, N/mm? 30-40 60-90 15-25 70 60
Thermal conductivity, Wm™K™,
at 20°C 3-8 130 2 5
at 500 °C 5-12 * 8-10 95 1.8 4
at 1000 °C 8-14 11-13 65 1.7 3
Table 5.30: Typical analysis of pyrite Cinder. chlondes (Table 5.31). These are scrubbed in
Main components, % Trace metals, ppm water from the exit gases and the solution
Fe 54-58 Co 300-1500 treated for metal recovery.
Gangue 6-10 Ag 25-50
Cu 0.8-1.5 Au 0.5-1.5
Zn 2.0-3.5 cd 40-100 5.8.2 The Sulfate Route
s 2.5-4.0 Ni 15-1500 ) o
Pb 0.3-0.7 Mn 300-3000 This route is mainly used for the recovery

Table 531: Data on the treatment of pyrite cinder by
Kowa—Seiko process.

Heated pellets, Volatilization,

Dry pellets, % o %
Cu 0.47 0.04 91
Pb 0.18 0.01 92
Zn 0.59 0.01 - 97
As 0.05 0.05 -,
S 0.61 0.03 96.5
Fe 59.2 61.5 —
Au (g/t) 0.94 0.05 95
- Ag(gft) 33.6 7.00 80

DK Process. This process has been used in
Germany for nearly a century at the Duis-
burger Kupferhiitte in Duisburg (operations
ceased in 1980s). The pyrite cinder is mixed
with NaCl and heated continuously in a multi-
ple hearth furnace at 800 °C to transform non-
ferrous metals into water-soluble chlorides.

Each batch requires about 2 days for leaching

in vats. The concentrated leach solution ob-
tained in the first 15 to 20 hours is sent for
copper and other metals recovery, while that
subsequently obtained, being poor in metal
content, is recycled. The residue, called purple
ore, now a high-grade iron ore (61-63 % Fe),
is sintered and delivered to the blast furnace.

Kowa-Seiko Process. This is a Japanese pro-
cess in which the cinder is mixed with calcium
chloride, pelletized, then heated in a rotary
Kiln at 1100 °C to volatilize nonferrous metal

of cobalt from the cinder. It is based on a care-
ful temperature control during the oxidation of
pyrite. If the temperature is kept at 550 °C, co-
balt in the pyrite will be converted to sulfate
and therefore can be leached directly from the
cinder with water. At least two plants are using
this process:

o At the Bethlehem Steel plant, Sparrows
Point, Maryland, the hot pyrite cinder is
quenched with water to give a slurry con-
taining 6-8% solids. When the solids are fil-
tered off, the solution contains 20-25 g/L
Co; it is processed further for metal recov-
ery. In the cinder the Fe:Co ratio is 50:1; in
solution it is 1:1. This plant supplies the
only domestic source of cobalt in USA.

e In Finland at the Outokumpu Company
plant, the sulfated pyrite cinder contains
0.8-0.9% Co and other nonferrous metals.
It is leached with water to get a solution at
pH 1.5 analyzing 20 g/L Co, 6-8 Ni, 7-8
Cu, 10-12 Zn, and trace amounts of iron,
which is treated for metal recovery.

5.9 Iron from Ilmenite [11]

Qmenite, FeTiO,, is the major titanium
mineral. It represents 90% of the world tita-
nium ore reserves while rutile, TiO,, accounts
for the remaining 10%. Ilmenite occurs either
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as massive deposits, e.g., in the Province of
Quebec, or as sand at the mouth of rivers, e.g.,
in India. The Quebec deposits are one of the
largest in the world. However, when compared
with other ilmenite ores, the Quebec ore is a
low-grade ore (Table 5.32). It is beneficiated
by physical methods to a concenirate contain-
ing 36.8% TiO,, 41.8% Fe (total), and a small
amount of sulfur.

Table 5.32: Analysis of ilmenite ores.

%

TiO, 43-59
FeO 9-38
Fe,O, 5-25
si0, 0.44
ALO, 13-33
MgO + CaO 0.1-1.4
v 0.4-2

Ilmenite ore

Crushing
and grinding

Tailings

Beneficiation

Anthracite Concentrate
Alr Oxidation of SO
Dryer sulfide impurity 2

Mixer

CcO Selective Pig iron
reduction

Desulfurization

Titanium slag Iron

Figure 5.68: Selective reduction of ilmenite.
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The concentrate is mixed with a certain
amount of carbon which is just enough to re-
duce the iron oxide component of the ore, then
charged in an electric furnace at 1650 °C
where iron oxide is reduced to metal while ti-
tanium is separated as a slag (Figure 5.68).
This method is used by the QIT Fer et Titane
incorporation at its plant in Sorel near Mont-
réal and at Richards Bay in South Africa. It is
also used in Ukraine at Zaporozhye and in Ja-
pan.

A small amount of TiO, is reduced to Ti,05
and will be found in the slag. The slag is
mainly titanates of iron, magnesium, and cal-
cium together with some calcium and alumi-
mum silicates; its titanium dioxide content
varies between 72 and 98%. The analysis of
iron produced at Sorel is given in Table 5.33.
The slag is high in titaninm and low in iron
and is therefore preferable to ilmenite in man-
ufacturing TiO, pigment or titanium metal.

5.10 Direct Reduction
Processes

The name “direct reduction” is misleading,
because these reduction processes do not con-
stitute a “more direct” route to steel than does
the blast furnace. Nor does the term have any-
thing to do with direct reduction in the blast
furnace. Despite all these objections, however,
the term has become accepted in international
usage.

Table 5.34 lists the plants for direct reduc-
tion of iron ore that were in operation or under
construction in 1995, together with their loca-
tions and the processes employed.

Table 5.33: Analysis of iron produced from Quebec il-
menite at Sorel (also known as Sorelmetal).

%

C 1.8-2.5
S . 0.11
P.O, 0.025
MnO trace
Xzos o (())5?,
r A

Si 0.08
TiO, trace

Iron
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Tahle 5.34: World direct reduction plants (plant list is correct as of December 31, 1995) [102) This list does not include
plants that are inoperabie or have been dismantled.. )

Process Plant Location cﬁs;‘;g’ Modules Start-up  Status®

Midrex Georgetown Steel Georgetown, SC, USA . 0.40 1 1971 (o]
Hamburger Stahlwerke Hamburg, Germany 0.40 1 (o]
Sidbec Dosco 1 Contrecceur, QC, Canada 0.40 1 1973 (o]
SIDERCA Campana, Argentina 0.40 1 1976 (o
Sidbec Dosco 2 Contrecceur, QC, Canada 0.60 1 1977 O
SIDOR I Matanzas, Venezuela 0.35 1 (o]
ACINDAR Villa Constitucién, Argentina 0.60 1 1978 (o]
Qatar Steel Co. Umm Said, Qatar 0.40 1 70
British Steel Hunterston, Scotland 0.80 2 1979 I
SIDOR I1 Matanzas, Venezuela 1.27 3 O
CIL Point Lisas, Trinidad & Tobago 0.84 - 2 1980-1982 O
Delta Steel Warri, Nigeria 1.02 2 1982 Of1
Hadeed I Al-Jubail, Saudi Arabia 0.80 2 19821983 (o]
OEMK Stary Oksol, Russia ’ 1.67 4 1983-1988 O
Amsteel Mills Labuan Island, Malaysia 0.65 1 1984 (o]
ASCO Ahwaz, Iran 1.20 3 1985-1992 (o)
ANSDK I El Dikteila, Egypt 0.72 1 1986 (o]
LISCO Misurata, Libya 1.10 2 19891990 O
Essar Steel I & I1 Hazira (India) 0.88 2 1990 O
MINORCA (OPCO)  Puerto Ordaz, Venezuela 0.83 1 (o)
VENPRECAR Matanzas, Venezuela 0.66 1 (o]
Essar Steel III Hazira, India 0.44 1 1992 O
NISCO Mobarakeh, Iran 3.20 5 1992--1994 O
Hadeed I1 Al-Jubail, Saudi Arabia 0.65 1 1992 (o]
HDIL Raigad, India 1.00 1 1994 O
ANSDK II El Dikheila, Egypt 0.80 1 1997 C
Hanbo Steel Asan Bay, South Korea 0.80 1 C
IMEXSA Lazaro Cardenas, Mexico 1.20 1 C
Total 24.08 45

HyL-III Hylsa 2M5 Monterrey, Mexico 0.25 1 1979 (o}
Hylsa 3M5 Monterrey, Mexico 0.50 1 1983 (o)
IMEXSA Lézaro Cardenas, Mexico 2.00 4 1988-1990 (o)
Grasim Raigad, India 0.75 1 1993 O
PT Krakatau Steel Kota Baja, Indonesia 1.35 2 1993--1994 O
PSSB Kemaman, Malaysia 1.20 2 1993 (o)
Usiba Salvador, Bahia, Brazil 0.31 1 1994 (o]
Hylsa 2P5 Puebla, Mexico 0.61 1 1995 (o)
Total 6.97 13

HyL-I Tamsa Veracruz, Mexico 0.28 1 1967 I
SIDOR 1 Matanzas, Venezuela 0.36 1 1976 O
Hylsa 2P Puebla, Mexico 0.63 1 1977 (o}
PT Krakatau Steel Kota Baja, Indonesia 1.68 3 1978-1982 O/1
SIDORII Matanzas, Venezuela 1.70 3 1980-1981 O
ASCO Ahwaz, Iran 1.03 3 1993--1995 O

- Total 5.68 12

SL/RN Piratini Charquedas, Brazil 0.06 1 1973 I
SIIL Paloncha, India 0.03 1 1980 (o]
Siderperu Chimbote, Peru 0.09 3 O
ISCOR Vanderbijlpark, South Africa 0.72 4 1984 O
BSIL I Chandil, India 0.15 1 1989 O
Prakash Industries [ Champa, India 0.15 1 1993 (o]
Nova Iron & Steel Bilaspur, India 0.15 1 1994 (o]
Prakash Industries I  Champa, India 0.15 1 1996 C
BSIL I Chandil, India 0.15 1 1998 C
Total 1.65 14
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. Capacity,
Process Plant Location Mf/yeaz'{ Modules Start-up  Status®

Jindal Jindal Strips Raigarh, India 0.40 4 19931995 o
Monnet Ispat I Raipur, India 0.10 1 1993 o
Jindal Strips Raigarh, India 0.20 2 1996-1997 C
Monnet Ispat IT Raipur, India 0.10 1 1997 C
Total 0.80 8

DRC Scaw Metals I Germiston, South Africa 0.18 2 19831989 (0]
Tianjin Iron & Steel Tianjin, China 0.30 2 1996 c
Scaw Metals I Germiston, South Africa 0.15 1 C
Total 0.63 5

Codir Dunswart Benoni, South Africa 0.15 1 1973 O
Sunflag Bhandara, India 0.15 1 1989 o
Goldstar Mallividu, India 0.22 2 1992 (o)
Total 0.52 4

Fior Fior de Venezuela Matanzas, Venezuela 0.40 1 1976 (6]

OSIL OSIL Keonjhar, India 0.10 1 1983 O
Lloyd’s Steel Ghugus, India 0.30 2 1996-1997 C
Total 0.40 3

Purofer ASCO Ahwaz, Iran 033 1 1977 (6]

SIIL STL Paloncha, India 0.06 2 1980-1985 (0]
Bellary Steels Bellary, India 0.06 2 19921993 (0]
HEG Borai, India 0.06 2 1992 (o)
Kumar Met. Nalgonda, India 0.03 1 1993 (o)
Raipur Alloys Raipur, India 0.03 1 0
Tamilnadu Sponge Salem, India 0.03 1 0
Aceros Arequipa Pisco, Peru 0.06 2 1996 C
Total 0.33 11

Iron Carbide Nucor Steel Point Lisas, Trinidad & Tobago 0.30 1 1994 (6]

Tisco Ipitata I Joda, India 0.12 1 1986 o)
Ipitata I1 Joda, India 0.12 1 1998 Cc
Total 0.24 2

Dav Davsteel Cullinan, South Africa 0.04 1 1985 (o]

Kinglor~  No. 3 Mining Enterprise Maymo, Burma 2 19811984 o

Metor

0.04

* Status codes: O = operating; I = idle; C = under construction.

Table 5.36 contains technical data for the
direct reduction processes described in this
chapter and certain other processes. The stated
capacities should be regarded as approximate,
as some of theé processes have been further de-
veloped. The annual plant outputs often vary
from the original design capacity. In particu-
lar, the demand of the client (i.e., of the elec-
tric steel mill), a low scrap price, or a shortage
of spare parts may lower the annual output.

In most direct reduction processes, up to
92-95% of the iron oxide is reduced to metal-
lic iron. The degree of metallization Fe,,,.
i/Fegm I % is an important variable for
characterizing the direct-reduced iron (DRI)
produced by the process in question.

5.10.1 Fuels and Reducing Agents
[103,104]

A considerable amount of heat input is re-
quired in the production of iron, because es-
sentially all the processes involved are
pyrometallurgic. Part of the heat is used to
heat up the raw materials to be processed and
part of it is required for endothermic chemical
reactions. The majority of this energy is ob-
tained by combustion of fossil fuels. Approxi-
mately one-quarter of the annual output of
steel is derived from scrap in electfic arc fur-
naces which pose a correspondingly high de-
mand for thermoelectric energy.
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Fuels. Fossil fuel, especially in the form of
coke constitutes the primary reducing agent in
blast furnaces; this coke cannot be replaced ar-
bitrarily by substitutes such as coal. Coke
‘functions both as a support material and as a
matrix through which gas circulates in the
stock column. A portion of the fuel can be in-
troduced into the tuyére along with the air sup-

ply. Figure 5.69 provides detailed insight into

the demand for the fossil fuels in iron ‘manu-

facture, indicating its percentage distribution

by various fuel types and consumers.

The illustration is based on an integrated
production facility in which all the coke and a
portion of the required electrical energy is pro-
duced on site, the extent of the latter being a
function of the availability of excess off-gas
(105].

All energy data in Figure 5.69 relate to total
energy input, including that from external

sources of electricity. Approximately 88% of
the imported energy is derived ultimately from
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coal,. 83% of which is converted into coke,
Gas is derived as a by-product: 15% from the
coke ovens, 20% from the blast fumace, and
4% from the steel mill. This gasisin turn pro-
cessed in the coke oven plant and distributed
to power plants and other appropriate units
within the facility for subsequent processing.
A number of requirements must be met by

coke that is intended for use in iron manufac-
ture; . ?

o The ash, moisture, and sulfur content should

be as low as possible, and should show little
variation.

e Coke strength should be consistently high |
with the lowest possible variation.

@ The coke should be as unreactive as possi-

ble, in particular toward carbon dioxide and
steam.

e Particle size should be kept in the range of

40-80 mm, but at least in the range of 2080
mm.

Coal {dry}
LHV =31.6 GJit Oxygen ‘ Total energy
ygen Pellets Electrici i
_S7TkgsterG) 513r*2036) 412kg20.5G) 11.23[1:3374 G) by
T — "—""—"—“——‘-—-———'vv-—r-!—-c—-.—— ———
436kg 912kg 29
Bs
0.4y g 0.7
Coxing plant 0.3
335 kg coke i =), 2o 0.}
i} = ’
0.9 2. 0 335Kg Coke 355] 111
41kg Coke breaze kg7t
1l 1.2 Pig
A iron
8.8 J
9% 1.1;J
05 J i
‘ 1 Blast fornace ~ Energy consumption
0. e /_.‘J_ B27kg pig iron SgZ"G/J 4=0.7=) BOGI crude steel
owing plant EST) EXY including subsequent
1000 kg crude steel Ao 59%) - —() jomd| PROCESSING
1. T T ‘
N -, Ve
Rolting mitls {50) .
805kg rolled steel A75%, 0.3 0 0.2
0.3 0 15
— J'
Tar and benzene 14 Electricit
23kg20.9GJ 1.1 Stean ! Energy
crediting
0.9G)

Figure 5.69; Energy demand distribution in an integrated steel mill based on 1 1 of crude steel.
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Table 5.35: Important characteristics of coke.

Blast furnace coke
Drum index® (%) >90
Dust M 10° (%) < 6
Moisture (%)° <5
Ash (%)° <10
Sulfur (%)° <1

Volatiles (%6)°

*Based on DIN 51 717, equivalent to ISOIR 556.
94 of crude weight.
*Of dry weight.
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Figure 5.70: Limiting curves for the effective rate con-
stant in the Boudouard reaction shown for two types of
coke; — — coke type a; — -~ coke type b (the curve pa-
rameter is the grain diameter in mm): a) Chemical surface
reaction; b) Boundary layer diffusion; c) Pore diffusion.

Coke characteristics are the subject of nu-
merous norms, including ISOIR 556, DIN
51 717-51 719, DIN 51729, and DIN 51730.
Typical values for coke intended for iron man-
ufacture (reflecting these norms) are presented
in Table 5.35.

Coke reactivity is determined on the basis
of the norm ST/ECE/Cool/12. Specifications
supplied with respect to ash and sulfur content
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are applicable not only to coke but also to in-
jection coal.

Depending on coke temperature and parti-
cle size, the principal determinant in the rate
of the Boudouard reaction

C+C0,=2C0 (29)

is the varying resistance to reactivity In-the
case of blast-furnace coke with a particle size
between 40 and 80 mm, and at low tempera-

ture (< 1050 °C), the limiting factor is the re-

sistance of the interfacial reaction. For
particles < 8 mm in diameter the resistance of
the interfacial reaction is rate-limiting up to ca
1200 °C. Between 1050 and ca. 1350 °C the
resistance of pore diffusion becomes the rate-
determining factor in the Boudouard reaction.
Above 1350°C the rate of reaction is governed

by the diffusion of carbon dioxide through the’

gaseous layers adhering to the coke particles.
The corresponding relationships are illustrated
in detail in Figure 5.70.

Carbon conversion 7, in molm™s™ may be
computed on the basis of the rate constant kg
derived from Figure 5.70 [103]

dn

re= 37 = kal(ngo,~nd,) (30)

where ngo is the CO, concentration in the

gas phase (mol/cm®) and n,. the CO, con-

bentration in equilibrium with ‘C and CO

(Boudouard reaction). '
Furthermore

ke = kg-meeM @1

where m, is the mass of carbon (g) per cubic
meter of charge and m the pore utilization fac-
tor according to Thiele. Within the tempera-
ture range in which the interfacial reaction is
rate determining

km = HC . g~360/RT g~l s—-l (32)

where H is the reactivity factor. Moreover,
because n =1

kyr = mg- Hg - e3%/RT g1 (33)

The activation energy of 360 kJ/mdl is uni-
formly applicable with respect to any fuel
[86]. Depending on reactivity and charge size,
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the product m¢ X H may range from 0.4 X
10857 t0 0.4 x 103571,

Gaseous and liquid fuels used in iron man-
ufacture are described elsewhere.

Reducing Agents. Assuming that iron oxide
is present in the solid state, industrial-scale re-
duction of iron ore with carbon monoxide or
hydrogen takes place according to

FeO, +n(CO, Hy — Fe + n(CO,, H,0) L))

If iron oxide is present as a liquid, a second re-
action is also possible:

FeO, +nC — Fe +nCO 35)

Carbon monoxide is produced in the blast fur-
nace from the reaction of oxygen in the blast
air with hot coke and other reducing agents
such as injected coal or oil

c+%%,0,-CO (36)

Carbon monoxide is also the product of the
Boudouard reaction :

C+CO, = 2C0O 29)

Carbon dioxide required by Equation (29)
is formed during the reduction of iron oxide
according to Equation (34). In some cases,
coal is utilized as the reducing agent, which
means that the gases actually responsible for
reduction arise both from coal pyrolysis and
from coal gasification inside the reduction re-
actor.

Coal pyrolysis may lead to varying quanti-
ties of hydrogen and hydrocarbons, which in
turn serve partly as reducing agent and partly
as fuel. The majonity of the reducing gas in
such a case originates from the solid carbon
contained in the coal, where ore reduction and
the Boudouard reaction are linked through
Equations (29) and (34).

Gaseous reducing agents other than those
formed in the reduction reactor itself are de-
rived from natural gas, oil, or coal. Stoichio-
metrically, the large number of processes that
are actually suitable for gas production, is lim-
ited significantly because a low content of
steam and carbon dioxide as well as a specific
hydrogen:carbon monoxide ratio is required
in the reducing gas.

109

An appropriate gas for reduction above the
decomposition temperature of carbon monox-
ide is that produced by steam reforming, with
a composition of 73% hydrogen, 13% carbon
monoxide, 1% water, 8% carbon dioxide, and
5% methane:

CH, +H,0 - CO +3H,

In the Midrex process a 1.5:1 ratio of hy-
drogen and carbon monoxide is requiréd. This
ratio is achieved by reaction of natural with
blast furnace top gas which results in a better
utilization of input energy (composition after
condensation of steam: 20% CO, with the bal-
ance being CO and H,O at equal ratios):

CH,+C0,—>2CO+2H,

Reduction gas should contain as little steam
and carbon dioxide as possible. Even rela-
tively small amounts of these substances dras-
tically limit the utility of the gas, because
according to Equation (34) the reduction of
iron oxide itself produces carbon dioxide and
water. Their presence in the reduction gas
would therefore shift the equilibrium to the
side of iron oxide. At the temperatures nor-
mally employed for converting iron oxide to
iron, the ratio CO:CO, or H,:H,0 must not
fall significantly below 2.3. In addition, reduc-
tion gas should contain as little undecomposed
hydrocarbons as possible.

The use of fossil fuels in iron manufacture
is currently the subject of careful reevaluation,
and new reduction techniques are in the devel-
opment stage. It is quite likely that coal will
come to play an increasingly important role as
a source of reduction gas. This can be accom-
plished by partially combusting coal with oxy-
gen in an iron bath. The resulting hot gas is
then used to reduce iron oxide in a separate
vessel. (see the equations above). Then the re-
duced iron is itself transferred to the iron bath
where it is melted. Gas generation on the basis
of nuclear energy is expected to remain eco-
nomic for many years, although some effort is
currently being directed toward the use of a
plasma arc for converting carbon sources into
reduction gas.
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5.10.2 Shaft Furnace Processes
for Direct Reduction

Wiberg—Soderfors Process. The oldest shaft
furnace process for direct reduction of iron
ore, the Swedish Wiberg process, is based on a
patent issued in 1918. Up to the end of the
1950s, it was technologically improved and
adapted to changed conditions on the ore and
fuel markets. Nowadays, the Wiberg process
is only of historical significance.

The development of the process was pro-
moted above all by the growing shortage of
very low-sulfur charcoal pig iron, the raw ma-
terial for swedish high-quality steel. In addi-
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tion, it was intended that coke would only be
used for the reduction process, the process
heat being supplied by cheap electricity avail-
able because of the geographical location.

In the Wiberg process (Figure 5.71) the iron
ore is preheated in the top section of the fur-
nace (a) to the reduction temperature of ca.
950 °C by hot gases generated by combustion
of part of the so-called excess gas. In the zone
immediately below, the ore is reduced to wus-
tite with ca. one third of the reducing gas vol-
ume. The reduction to metallic iron takes
place in the bottom section of the furnace at
ca. 950 °C with ca. 1300 m* (STP) gas/t DRL

Pellets
1290 kg
Fe62%
Top gas
} 1500 m?
= °n =12%
Coke oo o . Excess gas : ﬁ?&:az.s,{’/n
Wke b - Dolomite  175m’ 0,-15.8%
Coke circuit { Water €0,=23% 65kg €0,=40% N268.1%
30kg N Gk C0=547% | (0-38% " N
H,=15.7% CHetse LA Ay
ges m?  Hy0=6.6% @ H,0=10.5% Iy
—— e ML — — 1300m?
j L5 m3 Reduction gas \tl
€02=12.5%]| f g _—
10kg (0=65.5%
Electrode H,=19% $=20,025 g/m?
consumption H,0=2% . ¢
1275 m?
1100°C C 9459( g
5 / 4 .
£0,23.2%
0=Thb%
Hy=211%
H,0=12%
Excess coke  65kg .
230 mm <30 mm Oolomite waste Sponge iron
30kg . 35kg pate 1000kg
C=82% €=30% =27 metaltic Fe=70%
$=0.8% S=1.1% : total Fez=80%
Ash=17%  Ash=68% =0.5%
$=0.010%
P=0.010%

Reduction grade=87%

Figure 5.71: Flow Sheet and material balance (based on 1 tsponge iron) of the Wiberg process. All volumetric values of
the gases refer to standard conditions [101]. a) Reduction shaft; b) Carburetor; c) Desulfurization shaft; d, e, f) Fans; g, h,

i) Charging bins for pellets, dolomite, and coke; j) Electrodes; A) Preheating zone; B) Pre-reduction zone; C) Main re-

duction zone.
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Figure 5.72: Schematic of the Purofer process: a) Shaft furnace; b) Top-gas scrubber; c) Gas reformer; d) Stack.
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Figure 5.73: Schematic of the Midrex process: a) Shaft furnace; b) Reduction zone; c) Cooling zone; d) Scrubber; e) Gas

compressor; f) Gas reformer; g) Recuperator.

Table 5.36: Typical consumption figures for direct reduc-
tion processes.

Consump- Electrical

. Metaili-
Proc N
ess Reductant thII;, RIGJ/t y \;]n}f/{ggm zation, %
Midrex natural gas 10.0 100 92-94
HyLI  natural gas 18.9 85
HyLIIl natural gas 10.5 90-93
Purofer natural gas,
oil 143 93 95
Nippon
steel mnatural gas 10.5 90-92
Fior natural gas  16.0 90
SL/RN  coal 14.8 80 93

Two thirds of the reducing gas is withdrawn
by means of a hot gas fan (€) and regenerated

in the carburetor (b) over a hot column of
coke. The energy required for the endothermic
reactions

CO,+C —12C0

H,0+C—>CO+H,

is supplied by resistance-heating electrodes.

The gas, which is contaminated with sulfur
from coke, is passed through dolomite in a
shaft furnace for desulfurization (c). The re-
ducing gas contains 95% carbon monoxide
and hydrogen in a ratio of ca. 3:1.

The Wiberg process, which was developed
for the special conditions of the Swedish iron
industry, was a pioneering technology. The
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high cost of coke and electrical energy to gen-
erate the reducing gas is the reason why this
process is no longer in use.

The principle of generating the reducing
gas by a chemical reaction between the off-gas
of the reduction shaft (the top gas) and natural
gas has been applied in two processes: the
Purofer and the Midrex process. -

Purofer Process. This process (Figure 5.72)
was developed at Huttenwerke Oberhausen
(later Thyssen Niederrhein); the ICEM pro-
cess developed by the Romanian Research In-
stitute for Metallurgy is similar to it. The ore
(preferably pelletized) passes vertically down-
ward through the shaft furnace in countercur-
rent to the hot reducing gas. The gas is used
for heating the charge and for reduction. The
reducing gas is generated catalytically in re-
generative-type gas generators. After cooling
and purification, the top gas is used partly for
heating up the gas generators and partly for
chemical conversion of the natural gas at 900
1000 °C to reducing gas according to the
equations

CH, +CO, - 2CO +2H,

CH, +H,0 » CO +3H,

The carbon from methane reforming that is
deposited on the catalyst of the regenerator
during reducing-gas production is burned off
during heating-up. This regenerative phase
causes slight variations in reducing gas tem-
perature and composition. In the Purofer pro-
cess, the DRI is discharged hot and can be
transported in containers either directly to an
electric steel mill or to a hot briquetting plant.

In addition to the pilot plant in Oberhausen
(capacity 500 t/d), one plant was built in Bra-
zil (but with a Texaco heavy-oil gasifier as gas
generator) which is now dismantled. The only
plant in operation in Iran is designed for oper-
ation with natural gas.

Midrex Process. The most successful gas-
based direct reduction process is the Midrex
process developed by Midland-Ross Corp. of
Toledo, Ohio (Figure 5.73) [107].

In this process, natural gas continually un-
dergoes catalytic conversion to hydrogen and
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carbon monoxide (ratio ca. 1.5:1) at ca.
900 °C using a partial stream (ca. 2/3) of the
top gas, which is cleaned and cooled to lower
its water-vapor content. Reduction is accom-
plished in the cylindrical part of the shaft fur-
nace at 780-900 °C, depending on the
temperature at which sintering (“sticking”) of
the reduced ore or the pellets occurs. In the
conical discharge section of the shaft furnace,
the DRI is cooled to ca. 45 °C by recirculated
cooling gas. Here. the carbon content of the
product can also be adjusted to between 1.2
and 2.5%. There are also Midrex plants featur-
ing hot discharge followed by hot briquetting.

One third of the top gas is used to heat the
gas reformer, whereas the hot flue gases serve
to preheat the combustion air and the feed gas
mixture prior to reforming.

With increasing heat recovery in the recu-
perator and reduction temperatures of ca.
900 °C, energy consumption per tonne of DRI
may fall to 9.6 GJ in the Midrex process.

The reducing gas can also be generated by
steam reforming of natural gas. The first shaft
furnace direct-reduction process to employ
steam reforming was the Armco process. Here
natural gas undergoes continuous catalytic
conversion with excess steam according to the
reaction:

CH, + xH,0 - CO +3H, + (x— H,0

Afier removal of the water vapor, the top gas
is used as cooling gas. :

Only one commercial plant was ever built
because of the difficulty of achieving com-
plete mixing of the cooling gases entering the
lower part of the shaft with the hot top gases
from the reduction zone, the low reducing po-
tential of the gases, and a range of technical
problems.

Nippon Steel (NSC) Process. The reducing
gas containing over 95% carbon monoxide
and hydrogen is generated by steam reforming
with only a slight excess of water vapor and
addition of top gas freed from water and car-
bon dioxide (see Figure 5.74). Like the Puro-
fer process, the NSC process ha$ a hot
discharge facility, from which DRI can be
filled into containers and taken either directly
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to a steel mill or to a hot briquetting plant.
Ounly one plant in Malaysia with a design ca-
pacity of 1000 t/d has been built which was
later modified into an HyL-III plant.

HyL-III Process. Hojalata y Lamina S.A.
(HyL) of Mexico has also developed a shaft-
furmace process based on steam reforming of
natural gas (HyL-III process, Figure 5.75).
This process represents a further development
of HyL’s retort process (see Section 5.10.3).
Because of the large quantity of excess steam

Oxide feed
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produced in continuous catalytic conversion
of the natural gas, the generated gas must first
be cooled to remove the excess water vapor.
After addition of water- and carbon dioxide-
free top gas and indirect heating to ca. 850 °C,
the reducing gas is fed into the reduction shaft.
In the bottom sgction of the shaft furnace, the
DRI is cooled down to < 50 °C as in the Mi-
drex process. HyL-III plants can also be oper-
ated with hot discharge and hot briquetting.

EZ
¢ =

DRI to hot briquetting

NS

Cooling gas  Steam

Natural gas

Figure 5.74: Schematic of the Nippon Steel process: a) Shaft furnace; b) Heat exchanger; c) Gas heater; d) Dust remover;

e) CO, scrubber; f) Reformer; g) Stack; h) Cooling zone.
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Figure 5.75: Schematic of the HyL-III process: a) Shaft furnace; b) Gas scrubber; c) Reformer; d) Cooler; ) Recupera-

tor; ) Stack; g) CO, scrubber.



114

The degree of metallization of the DRI pro-
duced by the various shaft furnace processes
ranges from 92-95%. The carbon content is
usually 1.5-2%.

5.10.3 Retort Processes

HyL Process (HyL-I Process). A number of
plants employing this process were built up to
1975 before the shaft-furnace processes be-
came established. The development of this
process began in 1951 at Hojalata y Lamina
S.A., Monterrey (Mexico). It operates with
four reactors simultaneously, each one being
at a different point in the reduction cycle at a
particular time. Figure 5.76 shows the stage at
which product DRI is cooled with cold reduc-
ing gas in retort 1. At this point, the carbon
content of the DRI is adjusted to ca. 2%. After
cooling and water-vapor condensation, the
off-gas from this retort is reheated to reduction
temperature and passed through retort II,
where pre-reduced material is fully reduced.
The gas is then recooled to remove any newly
formed water vapor, reheated and fed to retort
III containing freshly charged ore, which is
then pre-reduced. The off-gas from this stage
is cooled and freed from water vapor; it is then
available for use as fuel gas for steam raising.
Retort IV is simultaneously emptied from DRI
and charged with ore.

As lump ore or pellets are stationary in the
retorts during reduction, the risk of sticking is
high. Sophisticated removal devices are re-
quired for emptying the retorts.

The degree of metallization of the DRI is
often lower at the bottom of the retorts than in
the upper layers. Thus the target average de-
gree of metallization is often only ca. 86%. As
gas generation is carried out with a large ex-
cess of steam and cooling and reheating of
each retort is very costly, an energy consump-
tion of ca. 21 GIJ per tonne DRI must be taken
into account.
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Hoganis Process. This process has been in
operation since 1911 and has undergone no
significant technical modifications since the
1950s, nor has its use become any more wide-
spread. In this process, iron ore is reduced
with coal in hermetically sealed crucibles with
indirect heating (by combustion of the carbon
monoxide escaping from the crucibles). The
sulfur content of the DRI is minimized by add-
ing limestone or dolomite to the charge mix
and rapidly cooling the product. It is thus suit-
able for use in powder metallurgy or stainless-
steel production. The capacity of plants oper-
ating on the Hoganis process is relatively low,
ca. 35 000 t/a.

Kinglor—-Metor Process. This process occu-
pies a category between the shaft furnace and
the retort processes. The development of this
process (Figure 5.77) by Co. Kinglor-Metor
S.p.a., Mineraria & Metallurgica, Italy, began
in 1971 but was based on the Echeverria pro-
cess which had been in operation in Spain
since 1957 [108]. Like the rotary kiln pro-
cesses (see Section 5.10.5) and in contrast to
the gas-based direct reduction processes de-
scribed so far, it uses a solid carbon-contain-
ing reductant, which is charged together with
the ore (6—25 mm size) and, where applicable,
limestone or dolomite is used for desulfuriza-
tion. The heat for the strongly endothermic re-
action

FeO, +xC — Fe +xCO

which in this case takes place at ca. 1050 °C,
is supplied through the wall of the shaft fur-
nace, which must therefore have a high ther-
mal conductivity. Silicon carbide satisfies the
requirements as to thermal conductivity, heat
resistance, and abrasion resistance. The shaft
heating burners are designed for gaseous and
liquid fuels. The reduced material is indirectly
cooled with gas in the bottom zone of the
shaft. Commercial plants consist of & group of
six reduction chambers, each with a capacity
of ca. 20 t/d DRI
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Figure 5.76: Flow sheet of the HyL-I process: a) Ore conveyor belt; b) Retort I at cooling stage; c) Retort I at final re-
duction stage; d) Retort III at pre-reduction stage; e) Retort IV at discharging and charging stage; f,-f,) Cooler; g,—g,)
Gas preheating; h~h,) Intermediate container for sponge iron; i) Conveyor belt for sponge iron; j) Air compressor; k) Air
preheating; 1) Reduction gas generator; m) Superheated steam generator; n) Cooler; o) Saturated steam generator; p)
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Figure 5.77: Shaft fumace of the Kinglor-Metor process
(dimensions in mm): a) Silicon carbide shaft; b) Gas dis-
charge pipe; c) Fireclay outer wall; d) Bumner; ¢) Gas or
oil pipe; f) Air cooling; g) Extruding screw discharge; h)
Hopper; i) Sponge iron discharge; j) Charging hopper.

5.10.4 Fluidized-Bed Processes

Fluidized-bed processes for direct reduc-
tion exploit the lower cost of fine ores com-~
pared with lump ores and pellets. However,
the disadvantages of these processes are that
(1) the fine ores have a tendency towards
sticking above ca. 700 °C and that (2) below
600 °C the susceptibility to reoxidation of the
DRI is so high that it must be stored under in-
ert gas or hot-briquetted.

Fluidized-bed processes that operated with
pure hydrogen were the Novalfer process and
the H-Iron process; however, they did not at-
tain any major technological significance. In
the HIB-process, reduction was carried out in
several stages with a gas containing ca. 85%
hydrogen. The ore of 0.2 mm size underwent
only ca. 65% metallization and was then hot-

- briquetted. The sole commercial plant has

been converted by Midrex Corp. into a shaft
furnace plant with hot discharge/hot briquet-
ting.
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Figure 5.78: Schematic of the Fior process: a) Reformer;
b) Gas cooler; c) Heater; d) Fluidized-bed reactor; e)
Scrubber; f) Stack.

Fior (Fluidized Iron Ore Reduction) Pro-
cess. Development of the Fior process (Figure
5.78) started in the 1950s at Esso Research
and Engineering in collaboration with Arthur
D. Little. Following the building and opera-
tion of a 300 t/d pilot plant in Dartmouth,
Nova Scotia, from 1965 to 1969, a 400 000 t/a
commercial plant operating on this process
was built in Puerto Ordaz, Venezuela.

After drying and preheating to ca. 880 °C,
the fine ore (mostly < 5 mm) is metallized to a
degree of ca. 92% in a three-stage fluidized
bed. The reducing gas is generated by steam
reforming of natural gas in continuously oper-
ating catalytic reformers. The reduced fine ore
is hot-briquetted, the briquettes being cooled
and. shipped to the end-users without further
passivation.
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The Finmet process is a further develop-
ment of the Fior process, taking advantage of
the experience gained in more than 10 years of
Fior plant operation.

Iren Carbide Process (Figure 5.79) [109]. In
NUCOR’s Iron Carbide process, fine iron ox-
ide (0.1-1 mm) is reduced by a hydrogen- and
methane-containing gas to iron carbide ac-
cording to:

3Fe,0, + 5H, + 2CH, — 2Fe,C + 9H,0

The iron oxide is heated to 700 °C prior to
feeding into the fluidized bed reactor in which
the reduction of the iron oxide and the forma-
tion of iron carbide occurs at a temperature of
approx. 570 °C and at a pressure of approx. 3
bar(g). '

In the fluidized bed reactor baffles are ar-
ranged, which cause the solids to move from
the inlet to the outlet. The relatively low re-
duction temperature required to form iron car-
bide results in a retention time of about 16
hours in the first 900-t/day plant built in Trini-
dad. At a gas-to-solids ratio of about 10 000
Nm?t oxide, the gas volumes to be handled
are very high compared to shaft-furnace pro-
cesses.

The fines carried over with the reduction

_gases are partially recovered in a cyclone and

recycled into the reactor. After heat exchange
with the cold reduction gas, the off-gases are
scrubbed, cooled for water condensation,
compressed, and recycled via heat exchanger
and a gas heater. Make-up gas is hydrogen.
The reduction gas consists of 60% CH,, 34%
H,, 2% CO, 1% H,0, and minor amounts of
CO, and N, The iron carbide formed in
NUCOR’s plant contains 90% Fe total (90%
asFe,C, 8% as FeO, 2% as Fe metal), 6.2% C,
2% gangue.

Iron carbide is listed as a nonpyrophoric
material, therefore handling and shipping do
not require briquetting or other treatment to
avoid reoxidation.
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Figure 5.79: Flowsheet of the Iron Carbide process: a) Oxide heater; b) Reduction reactor; c) Cyclone; d) Heat ex-
changer; e) Scrubber/cooler; f) After-cooler; g) Compressor; h) Gas heater; i) Product cooling.

Circored® Process (Figure 5.80) [110]. In
Lurgi’s Circored® process fine iron oxide ores
(0.1-1 mm) are reduced by hydrogen accord-
ing to:

Fe,0; +3H, — 2Fe + 3H,0

The ore, preheated to approx. 800 °C, is first
prereduced to about 65% metallization in a
circulating fluidized-bed reactor (CFB) within
20 minutes.

The final reduction to 90-93% metalliza-
tion is achieved in a following fluidized-bed
reactor (FB) with several compartments at
lower gas velocities over a period of up to 4
hours — depending on the desired metalliza-
tion and the reducibility of the oxides.

The reactors are operated at temperatures
generally below 650 °C to avoid sticking. The
off-gases from the final reduction step in the
FB as well as make-up hydrogen are passed

into the CFB reactor. Most of the solids in the
off-gases from the CFB are recovered in the
recycle cyclone.

The gases are then passed through a heat
exchanger, dedusted, cooled for water vapor

condensation, and compressed to the plant

pressure of approx. 4 bar(g). After heat ex-
change with the hot off-gases from the CFB
the reduction gas is heated to 750 °C before
being reintroduced into the two reduction re-
actors.

Hot make-up hydrogen is first used to
transport and further heat up the reduced fines
from the FB into a briquetting plant before be-
ing passed into the CFB. The reduced DRI
fines are hot briquetted if the product is in-
tended for export. It is also possible to directly
charge it into smelting furnaces.
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Figure 5.78: Schematic of the Fior process: a) Reformer,
b) Gas cooler; c) Heater; d) Fluidized-bed reactor; e)
Scrubber; f) Stack.

Fior (Fluidized Iron Ore Reduction) Pro-
cess. Development of the Fior process (Figure
5.78) started in the 1950s at Esso Research
and Engineering in collaboration with Arthur
D. Little. Following the building and opera-
tion of a 300 t/d pilot plant in Dartmouth,
Nova Scotia, from 1965 to 1969, a 400 000 t/a
commercial plant operating on this process
was built in Puerto Ordaz, Venezuela.

After drying and preheating to ca. 880 °C,
the fine ore (mostly <5 mm) is metallized to a
degree of ca. 92% in a three-stage fluidized
bed. The reducing gas is generated by steam
reforming of natural gas in continuously oper-
ating catalytic reformers. The reduced fine ore
is hot-briquetted, the briquettes being cooled
and. shipped to the end-users without further
passivation.
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The Finmet process is a further develop-
ment of the Fior process, taking advantage of
the experience gained in more than 10 years of
Fior plant operation.

Iron Carbide Process (Figure 5.79) [109]. In
NUCOR’s Iron Carbide process, fine iron ox-
ide (0.1-1 mm) is reduced by a hydrogen- and
methane-containing gas to iron carbide ac-
cording to:

3Fe,0, + SH, + 2CH, — 2Fe,C + 9H,0

The iron oxide is heated to 700 °C prior to
feeding into the fluidized bed reactor in which
the reduction of the iron oxide and the forma-
tion of iron carbide occurs at a temperature of
approx. 570 °C and at a pressure of approx. 3
bar(g). '

In the fluidized bed reactor baffles are ar-
ranged, which cause the solids to move from
the inlet to the outlet. The relatively low re-
duction temperature required to form iron car-
bide results in a retention time of about 16
hours in the first 900-t/day plant built in Trini-
dad. At a gas-to-solids ratio of about 10 000
Nm3/t oxide, the gas volumes to be handled

are very high compared to shaft-furnace pro- .

CESSES.

The fines carried over with the reduction

_gases are partially recovered in a cyclone and

recycled into the reactor. After heat exchange
with the cold reduction gas, the off-gases are
scrubbed, cooled for water condensation,
compressed, and recycled via heat exchanger
and a gas heater. Make-up gas is hydrogen.
The reduction gas consists of 60% CH,, 34%
H,, 2% CO, 1% H,0, and minor amounts of
CO, and N, The iron carbide formed in
NUCOR’s plant contains 90% Fe total (50%
asFe,C, 8% asFeO, 2% asFe metal), 6.2% C,
2% gangue.

Iron carbide is listed as a nonpyrophoric
material, therefore handling and shipping do
not require briquetting or other treatment to
avoid reoxidation.
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Figure 5.79: Flowsheet of the Iron Carbide process: a) Oxide heater; b) Reduction reactor; ¢) Cyclone; d) Heat ex-
changer; €) Scrubber/cooler; f) After-cooler; g) Compressor; h) Gas heater; i) Product cooling.

Circored® Process (Figure 5.80) [110]. In
Lurgi’s Circored® process fine iron oxide ores
(0.1-1 mm) are reduced by hydrogen accord-
ing to:

Fe,0, +3H, — 2Fe + 3H,0

The ore, preheated to approx. 800 °C, is first
prereduced to about 65% metallization in a
circulating fluidized-bed reactor (CFB) within
20 minutes.

The final reduction to 90-93% metalliza-
tion is achieved in a following fluidized-bed
reactor (FB) with several compartments at
lower gas velocities over a period of up to 4
hours — depending on the desired metalliza-
tion and the reducibility of the oxides.

The reactors are operated at temperatures
generally below 650 °C to avoid sticking. The
off-gases from the final reduction step in the
FB as well as make-up hydrogen are passed

into the CFB reactor. Most of the solids in the
off-gases from the CFB are recovered in the
recycle cyclone.

The gases are then passed through a heat
exchanger, dedusted, cooled for water vapor
condensation, and compressed to the plant
pressure of approx. 4 bar(g). After heat ex-
change with the hot off-gases from the CFB
the reduction gas is heated to 750 °C before
being reintroduced into the two reduction re-
actors.

Hot make-up hydrogen is first used to
transport and further heat up the reduced fines
from the FB into a briquetting plant before be-
ing passed into the CFB. The reduced DRI
fines are hot briquetted if the product is in-
tended for export. It is also possible to directly
charge it into smelting furnaces.
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Figure 5.80: Flowsheet of the Circored® process: a) Oxide heater; b) Circulation in fluidized bed; ¢) Cyclone; d) Heat ex-
changer; €) Scrubber/cooler; f) Compressor; g) Gas heaters; h) Fluidized bed; i) Briquetting machine.

A 500 000-tpy Circored® plant is under
construction in Trinidad. By using a CO/CH,-
containing reduction gas, the Circored® pro-
cess can also be applied for production of a
carbon containing HBI with approx. 1-3% C
or iron carbide with approx. 6.5% C.

Circofer® Process (Figure 5.81). Another flu-
idized bed process developed by Lurgi Metall-
urgie operating with a CFB prereduction and a
final FB reduction step is based on coal as the
basic energy source. Fine coal is partially
burned in a “gasifier/heater” and the semicoke
produced is used as a heat carrier into the CFB
as well as to prevent sticking of the iron parti-
cles at the reduction temperature of > 900 °C.
The final reduction is achieved at lower tem-
peratures in the FB with recycled off-gases
from the CFB. The gas treatment is rather sim-

ilar to the Circored® process, however,a CO,-

absorber step had to be included as the reduc-
tion is achieved mainly with CO-containing
gases No commercial plant has been built so
far,

5.10.5 Rotary Kiln Processes

The internal kiln temperature is continu-
ously recorded by thermocouples installed
along the entire length of the kiln and project-
ing into the kiln freeboard. The power supply
to the shell fans and the transmission of the
data recorded by the individual thermocouples
is accomplished by means of slip rings
mounted on the kiln shell. Devices-for taking
samples of material during operation are also
mounted on the kiln shell.
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Figure 5.81: Flowsheet of the Circofer® process: a) Preheating cyclone system; b) ==»; ¢) Circulating fluidized bed; d)
Heat exchanger: e) Scrubber/cooler; f) CO, removal; g) Compressor; h) Gas heater; i) Fluidized bed; k) Magnetic separa-

tion; 1) Briguetting machine..

Rotary kiln processes for direct reduction
of iron oxides are based on coal as reductant.
Typical features of rotary kiln processes are
their high flexibility with regard to feedstocks
and their capability for economic production
of even small quantities of DRI. All non-cak-
ing coals ranging from lignite through bitumi-
nous coals up to anthracite or coke breeze are
suitable as reductants. In addition to the pellets
and lump ores that are the main iron-bearing
materials, iron sands, and ilmenite concen-
trates are also industrially used.

Of the various rotary kiln processes [111],
the Krupp Codir process and the Lurgi SL/RN

process have attained the greatest technologi-
cal significance. The two processes operate
according to similar principles. As most of the
DRI currently produced in rotary kilns world-
wide is manufactured by the SL/RN process
(see Table 5.36), the principle of the rotary
kiln processes will be explained with refer-
ence to this process.

The SL/RN process was developed in 1964
out of the combination of two separate pro-
cesses: the Stelco-Lurgi (SL) process for pro-
ducing DRI from high-grade ores and the
Republic Steel National Lead (RN) process
for beneficiation of low-grade ores.
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In the SL/RN process (Figure 5.82), reduc-
tion of iron oxide is carried out in a refractory-
lined rotary kiln (f) inclined from the feed to
the discharge end. The slope of the kiln is ca.
1.5-2.5% depending on the feed materials.

The kiln is equipped at both ends with spe-
cial seals between the rotating kiln and the
fixed feed and discharge heads. These seals
essentially prevent inleakage of air and thus
reoxidation. A number of fans are installed on
the shell of the kiln; these supply the necessary
process air via so-called air tubes or via air in-
jection nozzles in the feed zone of the rotary
kiln.

The central burner installed at the kiln dis-
charge end is used to dry out the refractory
kiln lining during the initial start-up and to
heat up the system after a shutdown. Under
normal operating conditions, only air without
fuel is fed through the central bumer. How-
ever, if low-reactivity coals (anthracite) are
used, it may be necessary to continuously fire
a small amount of supplementary fuel via the
central burner to satisfy the overall heat re-
quirement.

Fresh coal, recycle carbon, ore or pellets,
and dolomite or limestone as desulfurizing
agent are charged in a predetermined ratio at
the kiln feed end by a gastight charging sys-
tem.

Up to ca. 35% of the total fresh coal re-
quired is fed into the kiln from the discharge
end with a special pneumatic injection system
(h). This improves the utilization of the energy
contained in the coal volatiles and prevents
depletion of carbon in the material bed, espe-
cially in'the case of very long kilns.

The charge passes through the kilnin ca. 8-
12 h. The retention time mainly depends on
the slope, degree of filling, and the rotational
speed of the kiln. For each combination of

iron-bearing material and reductant, a mini-

mum retention time is necessary to achieve the
desired degree of metallization; this is deter-

mined with laboratory tests.
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For example, the necessary retention time
for a combination of “porous” pellets and
highly reactive lignite is low, whereas that for
“compact” lump ores and low-reactive anthra-
cite is high.

In ‘simplified terms, the rotary kiln can be
divided into a preheating and a reduction zone
(Figure 5.83).

In the preheating zone, the feed materials
are dried, and coal volatiles escape, .and the
charge is heated to reducing temperature (ca.
950-1100 °C). .

An overview of the coals and ores used in
SL/RN plants is given in Table 5.37. The usual
grain sizes of the feed materials are < 15 mm
for the reductant, <25 mm for the iron-bearing
materials and < 3 mm for the desulfurizing
agent.

The charge is heated through exchange of
heat with the kiln waste gases flowing
counter-currently to the charge. The energy is
supplied by the sensible heat of the waste
gases from the reduction zone, by the partial
coml?usﬁon of the coal volatiles, and by direct
burning of carbon in the preheating zone.

If high-volatile coals are used, injection of
air into the charge can bring about partial com-
bustion of the volatiles within the charge,
which accelerates preheating.

In the preheating zone, a certain degree of
prereduction is accomplished through the coal
volatiles. However, the greater part of the re-
duction occurs in the reduction zone at near-
constant temperature according to -

Fe,O,+ CO—Fe,0O,_, +CO,

The carbon dioxide formed durnng reduc-
tion reacts within the charge with fixed carbon
according to the Boudouard reaction
C+C0,—2C0

and forms the carbon monoxide required for
the reduction process.

The necessary heat in the reduction zone is
supplied through combustion of the surplus
carbon monoxide from reduction, of the vola-

tiles in the injected coal, and of fixed carbon.

. The desired temperature profile is estab-
l;§hed by controlled addition of combustion
air along the length of the kiln. '
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Figure 5.84: Gas composition inthe kiln freeboard (A) and kiln charge (B) measured in an industrial kiln of 50 m length.
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Inside the kiln, an oxidizing atmosphere
above the charge and a reducing atmosghgre
within the charge prevail in close proximity
(Figure 5.84). Accordingly, the 1jeactions oc-
curring above the charge in the kiln freqboard
are exothermic and those taking place in the
material bed are endothermic. Separation of
the two atmospheres is ensured by the gas gen-
erated in the material bed, which also prevents
reoxidation of particles of DRI at the charge
surface. '

After leaving the rotary kiln, the DRI is
cooled to ca. 100 °C together with the excess
coal in an indirectly cooled rotary cooler. The
DRI is separated from the nonmagnetic kllln
discharge material by screening and magnetic
separation.

The > 3 mm fraction of the magnetic por-
tion can be directly used for steel production,
the < 3 mm fraction is normally briquetted be-
fore further use.

The > 3 mm fraction of the nonmagnetic
portion is mostly char and can be recyclgd_ to
the process. The < 3 mm fraction, containing
ash, calcined desulfurizing agent, and char, 1s
disposed of.

In particular cases, €.2., if the ash content of
the coal is very low, it is advantageous to
charge the entire kiln discharge material .dl—
rectly into a downstream electric furnace vs{1th—

out cooling and separation. This brings
considerable savings in electric energy for the
melting down process.
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Fe0+C0 ==Fe+(D,
[02+[ =200

FeD+C =Fe+CO

The waste gases leave the kiln at the feed
end at ca. 850-1000 °C. They pass through a
dust-settling chamber to remove coarse dust
and enter an afterburning chamber, where
combustible gases and carbon particles are
burnt off. The waste gases are then cooled,
cleaned and discharged to the atmosphere. Al-
ternatively, the sensible heat of the gases leav-
ing the afterburning chamber may be
recovered in a downstream steam boiler for
generation of process steam or combined for
production of steam and electric power.

Since 1984, a four-strand SL/RN plant with
a capacity of 600 000 t/a DRI and waste-heat
recovery has been in operation at the Vander-
bijlpark Works of ISCOR in South Africa. Ap-
proximately 1.9 t of process steam (1.6 MPa,
260 °C) per tonne of DRI are generated for the
steel mill. .

Taking into account a variety of reducing
agents, the energy requirement (without char
recycling) referred to as the lower heating
value of the coals, is ca. 19.3 GJ/t DRI for lig-
nite briquettes (A), ca. 18.4 GIfor bituminous
coal (B), and ca. 17.8 GI fora mixture cqn51s§~
ing of 70% anthracite (C) and 30% bitumi-
nous coal (B) [112]. The analyses of these
coals are shown in Table 5.38.

If a combination C:B = 50:50 with recy-
cled char is used, the energy requirement 1S
only 14.8 G/ DRI [112]. .

Further typical. consumption -figures are
given below:

Ore or pellets (Fe,, 67%) 1.42-1.441

Iron

Fixed carbon 380-475kg
Electric power 7090 kWh

Water 1.5-2.5 m®
Manpower - 0.4-0.6 man hours
Repair and maintenance $8-10

In addition to DRI production, SL/RN ro-
tary kilns are commercially used for prereduc-
tion of iron ore at Highveld Steel in Witbank,
South Africa (13 units with an ore capacity of
200 000 t/a each, 30-35% metallization) and
for reduction of ilmenite concentrates at Wes-
tralian Sands Ltd. in Capel, Western Australia
(one unit, ilmenite throughput 180 000 t/a,
95-97 % metallization).

Table 5.38: Coal analyses.

Coal A B C
Fixed carbon, % 44 59 23
Volatile matter, % 51 27 8
Ash, % 5 14 4

Lower heating value (dry), GI/kg 233 27.0 32.7

5.11 Smelting-Reduction
Processes

Smelting-reduction processes are multi-
stage processes where hot metal is produced
directly with coal,  particularly noncoking
coal.

The main reasons for developing smelt-re-
duction processes (since 1970) was to find
processes which produce /iquid iron economi-
cally at low capacity and use coal directly. The
processes should be more flexible regarding
raw material and operation and should cause
less pollution than a blast furnace.

The ore, fine ore, or lump ore is prereduced
with the gas produced in the-melting vessel.
The prereduced ore (sponge iron) is melted
down in a melting vessel where melting en-
ergy is generated by oxidation of coal. Some
processes use also electrical energy in the
melting stage.

Simulations with computer models were
performed for different smelt reduction pro-
cess configurations [113-115] to find an opti-
mum process and to estimate the influence of
postcombustion and prereduction on coal con-
sumption. (Postcombustion is defined as the
partial oxidation of a gas previously generated
in the melting vessel, whereby the energy pro-
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duced by this combustion is transferred to the
bath with high efficiéncy.) Economical and
technical comparison can be found in the liter-
ature [116-118].

Characteristics of Coals for the Smelting-
Reduction Processes. The most important
property of the coal for the smelting reduction
processes is its volatile content, because this
determines the gasification temperature of the
reaction '

coal + 0, = CO +H,

Coals with Jow volatile content generate a
high temperature when gasified with oxygen,
the released energy being used for sponge iron
melting. Gasification of coals with a high vol-
atile content such as lignite results in a low
temperature because the volatile hydrocarbons
must be cracked before gasification can occur.

Figure 5.85 shows the calculated adiabatic

gasification temperature (gasification to CO +
H,) as a function of the H:C and O:C molar
ratio of the coal. The higher the gasification
temperature the better the coal is suited for
smelt reduction process, i.e., the lower is the
coal consumption. The classification of coals
by the aforementioned molar ratio is more ac-
curate than by volatile content because coals
with the same volatile content can show re-
markable differences in their gasification tem-
perature. The coal rank classification shown in
Figure 5.85 gives only a rough estimation.

For converter-type melters the degree of
postcombustion must be increased when using
highvolatile coal, but there are some limita-
tions with respect to the movement of the bath.
For processes with countercurrent flow of coal
and gas, besides energetic limitation, prob-
lems with tar formation can also occur.

The ash content of the coal is less critical
than its volatile content. The mainly acidic
ashes of the coal must be compensated for by
additives so that basic slags can be formed.
Thus, processes which require a high slag ba-
sicity are more sensitive to the ash content.
The additives (limestone, dolomite) enter the
melter stage in most cases in the calcined
form. Otherwise the influence of the ash con-
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tent on the coal consumption is too high and
extra energy for calcining the additives and for
the endothermic Boudouard reaction is
needed.

The moisture content of the coal (ca. 10%)
decreases the gasification temperature drasti-
cally because of the endothermic water-gas re-
action. Hence, most of the processes use dried
coal.

Other properties of the coal such as the
melting behavior of the ash, the swelling in-
dex, or the reactivity are of little or no con-
cern. The Hardgrove index influences the
grinding cost when grinding is necessary (con-
verter processes).
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Figure 5.85: Adiabatic gasification temperatures (H, +
CO) for coals in dependence on the atomic number ratio:
a) Lignite; b) Subbituminous coal; c) High volatile bitu-
minous coal;, d) Medium volatile bituminous coal; e) Low
volatile bituminous coal; f) Anthracite; g) Coke.

The sulfur content of the coal should be of
course as low as possible (£ 1%). However,
the tolerable range must be evaluated for each
smelt reduction process separately.

Classification of Smelting-Reduction Pro-
cesses. The first developments in smelting re-
duction on a laboratory scale failed in the
1960s because the conversion of coal and fine
ore in a melting vessel was tried without prer-
eduction [119]. The next development was in
Sweden in the 1970s, where the energy was
introduced into the melting vessel in the form
of electrical energy. Further developments
were the converter processes with and without
postcombustion. Processes which are closest
to the blast furnace are those with a char-or
coke-bed melter—gasifier (Table 5.39).
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Processes which only modify the blast fur-
nace technique such as the oxygen-coal blast
furnace of BSC and NKX or the plasmaheated
blast furnace Pirogas [117] are not discussed
here.

In the case of processes using fine ore gen-
erally only the smelting reactor is developed.
The integration of the fine-ore reduction into
the process and therefore directly into the
smelting reactor has not yet been realized in
any of the existing pilot plants.

5.11.1 Processes Using Electrical
Energy

These processes were developed in Sweden
and consist of a prereduction stage of the fine
ore and a final reduction which use electrical
energy. The electrical energy is introduced via
plasma burners (Plasmamelt), electric arc (El-
red), or electric resistance heating (Inred). The
only process which has a technical application
is the Plasmamelt process in a modified form
(Plasmadust and Plasmachrome). Because of
the high electricity consumption these pro-
cesses can only be considered for iron produc-
tion in countries with cheap electricity.

Plasmamelt. The Plasmamelt process [142,
137] was developed by SKF Steel Engineering
AB. The flow sheet is shown in Figure 5.86.
Fine ore is prereduced with a reduction gas
generated in the smelting reduction stage. The
prereduced material (reduction degree 50~
60%) is injected together with powdered coal
into a coke-filled shaft furnace (melter) pro-
vided with plasma generators. Recycled pro-
cess gas is used as injection gas. The final
reduction and melting occur inside the coke
column which also protects the refractory. A
proportion of the spent reduction off-gases is
combusted to dry and preheat the ore fines.
The Plasmamelt process requires a low
coke intake (consumption 50-100 kg per
tonne of hot metal), 1100 kWh of electricity
and 200 kg coal per tonne of hot metal. The
prereduction stage was developed separately
in a 1 t/h pilot plant. Integrated operation of
melting and reduction has not yet been tested.

Iron

Table 5.39: Smelting-reduction processes [118].
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Ore Prereducti duc-
Process 1on (reduc . . D -
type Fuel tion degree) Final reduction me?teslt(;%e References
Char or coke bed melter—gasifier
Corex lump lumpcoal shaft furnace (90%) fluidized bed
2 ) 1600 t/d [120-123]
Sumitomo SC lump coke (30%) shatft fu 0%
- cole c(o « o) rmace (60%) cupola 3t/d [124, 125]
Kawasaki XR fine lumpcoal circulating fluidized fluidized bed
10t/d
bed (40-80%) (126, 127
Converter with postcombustion .
HlIsmelt (CRA) fine finecoal  fluidizéd bed horizontal cylindrical con- 10t [128-130]
) verter (C-injection) -
MIP and melting  fine finecoal  hotand melting cy-  horizontal cylindrical con- 20t [131]
cyclone clope (30%) verter (C-infection)
NKK fine fine coal fluidized bed (15%) converter (C-top blowing) 5t [132,133]
NSC fine fine coal ) glrgulatmg fluidized converter (C-top blowing) 5t [134i
ed (30%) ’
Kobe Steel lump félll_;e coal, shaft fumace converter (C-injection)  0.51 [117]
4
Without postcombustion
Coin (Krupp) fine finecoal - circulating fluidized converter (C-injecti
S l " TS 90§A;) onverter (C-injection) 31t [135-137]
is ump fine coal  shaft furnace two-sta;
Steel/Hoogovens) (>90%) (Cgtosp bglzsioirrll\é)eﬂer (7]

Process with electrical energy

ELRED (ASEA) fine fine coal circulating fluidized

bed

Inred (Boliden) fine finecoal  melting chamber

Combismelt (Lurgi) lump Ilump coal rotary kiln
fine coal
Plasmamelt (SKF) fine coke

fine coal

fluidized bed

d.c. arc furnace

arc furnace
submerged electric
furnace

shaft fumace

8t/hmelting, [138, 139]
0.5 t/hred.

8th [140, 141]

8 t/h melting [142, 143]

Slag Crude iron

Figure 5.86: The Plasmamelt process: a
generator.

To ore drier

) Prereduction; b) Shaft furnace; c) Compressor; d) Pressure control; €) Plasma
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Figure 5.87: The Inred process: a) Flash-smelting chamber; b) Submerged-arc furnace; ¢) Coke bed with sponge iron -
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To gas
cleaning

and slag; d) Slag; e) Iron; f) Waste-heat boiler; g) Boiler drum; h) Cyclone.

A melter with a capacity of 8 t/h is inte-
grated in a modified process (Plasma dust)
where waste oxides from steelworks are pro-
cessed in Southern Sweden.

" The Inred process [140, 141] was devel-
oped by Boliden and tested from 19821 984
in a pilot plant with a capacity of 8 th. Fine
ore, coal, and fluxes are fed together with oxy-
gen in a flash-melting chamber giving temper-
atures of 1900 °C. Superheated liquid FeO
together with some coal char fall into the elec-
tric furnace with submerged arc, where final
reduction takes place (Figure 5.87). Because
of the high FeO content in the slag (7-8%) a
sulfur content of 0.15-0.2% must be expected
for a commercial plant.

In the Elred process [138, 139] fine ore is
prereduced to 60-70% in a single-stage fast-

fluidized bed at 950-1000 °C before being
melted down in an electric arc furnace (hollow
Soderberg electrode). The reducing gas is pro-
duced by partial combustion of coal with air
within the fluidized bed. The prereduction pi-
lot plant was built by Lurgi with a capacity of
500 kg/h and the electric arc furnace by ASEA
(capacity 8 t/h) (Figure 5.88). Up to now this
process has found no technical application for
iron production.

The Combismelt process combines the
Lurgi prereduction rotary kiln and a sub-
merged electric arc furnace (DEMAG). The
electric energy is generated by waste heat and
off-gas.

%

Iron

Flue gas ]

Concenfrates —=—

Fluidizing gas = o

Prereduced
materiat

Figure 5.88: The Elred process.

5.11.2 Char-Coke-Bed Melter—
Gasifiers

In these processes the melting stage is a
fixed bed or fluidized bed of char or.coke. Pre-
reduction is performed in a shaft fumace
(Corex, Sumitomo) or fluidized bed (Ka-
wasaki).
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The Corex process (formerly called KR
process) is the most advanced smelting reduc-
tion process with a 1000 t/d plant in operation
in South Africa since 1988 [120-123]. This
process was developed by Deutsche Voest-Al-
pine Industrieanlagenbau (formerly Korf En-
gineering) and its parent company Voest-
Alpine in Austria to a 60 000 t/a pilot plant
from 1981 to 1987.

The Corex process (Figure 5.89) séparates
the iron-ore reduction and melting steps into
two reactors:

e Generation of reducing gas and liberation of
energy from coal for melting occur in the
melter—gasifier.

e Reduction of iron ore occurs in a shaft fur-
nace.

The Corex process is designed to operate
under elevated pressure, up to 0.5 MPa.

Coal is fed into the gasifier (a) where it
comes into contact with a reducing gas atmo-
sphere at a temperature of ca. 1000-1100 °C.
Instantaneous drying and degasification of the
coal particles occur in this upper portion of the
melter—gasifier. Reducing gas is generated in a
fluidized bed, by the partial oxidation of coal.

At first carbon is oxidized to carbon diox-
ide. Then, carbon dioxide reacts with free car-
bon to form carbon monoxide. The gas
temperature in the fluidized bed is in the range
of 1600-1700 °C. The temperature conditions
in the freeboard zone above the fluidized bed
guarantee production of a high-quality reduc-
ing gas which contains ca. 65~70% carbon
monoxide, 20-25% hydrogen, and 2-4 % car-
bon dioxide. The remaining constituents are
methane, nitrogen and steam.

After leaving the melter—gasifier, the hot
gas is mixed with cooling gas to obtain a tem-
perature suitdble for direct reduction, ca. 850~
900 °C. The gas is then cleaned in hot cy-
clones (d) and fed to the shaft furnace as re-
ducing gas. A small amount of the cleaned gas
is converted to cooling gas in a gas cooler. The
fines captured in the hot cyclone are reinjected
into the melter—gasifier. ' ’
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Figure 5.89: The Corex process, basic flow sheet with export gas: a) Melter—gasifier; b) Reduction shaft furmace; c) Coal

feed system; d) Hot dust cyclone; e) Cooling-
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Figure 5.90: Expected material flow sheet for a Sumitomo SC commercial plant (F.C. = fixed carbon; V.M. = volatile

matter).

Iron

The reducing gas is fed into the reduction
furnace and countercurrently ascends through
the iron burden.

The iron ore, charged into the shaft furnace
through a lock hopper system, descends by
gravity. The reduction reaction in the shaft fur-
nace, using gas with ca. 70% carbon monox-
ide and 25% hydrogen is exothermic, leading
to temperatures in the burden which are above
the reducing gas temperature. Because of car-
bon monoxide decomposition, carbon depos-
its will form on the iron and act as a lubricant.
Formation of Fe,C occurs as well and cluster
formation is avoided. The top gas is cleaned
and cooled in a scrubber, and is then available
for various purposes. Metallization of the DRI
averages 90-95%, and its carbon content is in
the range of 3—5%, depending on the raw ma-
terial used and operating conditions.

The continuous transfer of the hot DRI
(temperature 800-900 °C) from the reduction
furnace to the melter gasifier is carried out by
a special controllable transport system which
discharges into connected downcomers. The
velocity of the descending sponge iron parti-
cles is lowered in the fluidized bed, furthere-
duction is completed, heating and melting
occurs. Hot metal and slag drop to the bottom
of the melter—gasifier. Analogous to the prac-
tice in the blast furnace hot metal and slag are
discharged by conventional tapping proce-
dures. Tapping is cartied out every 2.5-3 h on
an average. For a good desulfurization a slag
basicity > 1 is required.

Temperature and silica content of the hot
metal can be adjusted by various process pa-
rameters, i.e., coal particle size, height of the
fluidized bed, system pressure, and rate of hot
metal production.

The melter—gasifier may generate a certain
amount of surplus gas depending on the coal
selected. This surplus gas becomes part of the
cooling gas stream, and can be either used sep-
arately or mixed with the top gas from the
shaft furnace. When using a high volatile bitu-
minous coal, the resulting gas mixture (export
gas) approximates 1800 m? (STP) per tonne of
hot metal with a lower heating value of ca.
8000 kJ/m? (STP).
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According to the composition and quality
of the coal, the specific oxygen consumption
is ca. 450-550 m® (STP) per tonne of hot
metal. The energy for the oxygen production
can be supplied from about one third of the ex-
port gas of the Corex plant. The coal con-
sumption depends on the coal quality and is
ca. 0.5-0.7t fixed carbon per tonne of hot
metal.

If the export gas cannot be used economi-
cally, it is converted to reducing gas by re-
moval of carbon dioxide and recycled. This
process route offers the advantage of a lower
coal and oxygen consumption.

The Sumitomo SC process [124-125] uses a
combination of two shaft furnaces (Figure
5.90), the reduction furnace which produces
DRI from lump ore and a coke-bed melting
furnace which generates the reducing gas. Ox-
ygen, air, and pulverized coal are blown into
the coke bed. Low-grade coke is charged at
the top of the melting furnace which corre-
sponds to the lower part of a blast furnace or a
cupola.

The gas coming out of the melting furnace
with a temperature of 600 °C is cleaned in a
cyclone, then it must be heated up by partial
combustion with air to the reducing tempera-
ture of 800 °C.

The melting furnace was developed in a pi-
lot plant with a capacity of 8 t/d in 1982. In
1984 the reduction furnace was integrated.
Expected consumption figures (Figure 5.90)
for a commercial plant are given on the basis
of the result obtained by the pilot plant. The
expected coke consumption of 218 kg per
tonne of hot metal (in the pilot plant much
higher) is nearly as high as that of a modern
blast furnace with a high coal-injection rate.
So the goal of a cokeless process is not
achieved. .

Kawasaki developed a smelting reduction
process for ferrochrome production on the ba-
sis of a coke-bed melter with two-stage
tuyeres, the XR process [126, 127]. Powdered
ore was prereduced in a fluidized-bed reactor
and injected into the furnace through the upper
tuyere. For iron production, this process was
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modified to feed coal from the top as schemat-
ically shown in Figure 5.91.

Small-size degassed coal forms a fluidized
bed in the upper part of the furnace and the
lumpy char forms a packed bed in the lower
part. The pilot plant for the XR process with a
capacity of 10 t/d was started 1987. It is
planned to reduce the fines in a circulating flu-
1dized bed to a reduction degree of 80%.

Prereduced
ore

Figure 5.91: The Kawasaki XR process: a) Fluidized bed
prereduction fumace: b) Coke-bed melter; ¢) Upper
tuyére; d) Lower tuyére.

5.11.3 Converter-Type Melters

The converter-type melters are under de-
velopment from the experience of the oxygen
LD-BOF converter for steelmaking. Coal is
injected with or without oxygen in a liquid
iron bath.

In most of the processes the carbon monox-
ide hydrogen gas mixture coming out of the
melt is partially combusted (postcombusted)
to generate heat (up to 1900 °C) which is
transferred to the bath. Processes using fine
ore prereduce the ore in fluidized beds to a re-
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duction degree of 15-90%. In most cases the
process pressure is low (ca. 50 kPa). At
present only the melting stage is developed for
most of the processes. Integrated operation of
melting and reduction has not been tested.
Apart from the latter the most critical areas of
these processes are refractory lifetime, gas-
handling system (accretions), and foaming
and splashing of the melt. Because of the high
FeO-content in the slag the sulfur content of
the hot metal is higher and the silicon content
lower than in the blast furnace process.

Processes with Postcombustion. The most
advanced converter process has been devel-
oped by Klockner, Germany, and CRA, Aus-
tralia, since 1981 [128-130]. After pretests a
pilot 10 t-converter started operation in 1984
with a capacity of 4 t/h where especiaily post-
combustion was investigated. The prereduc-
tion stage was not tested in this plant. In 1987
Klockner was bought out and CRA formed a
joint venture with Midrex to further develop
the process under the name Hlsmelt. The flow-
sheet of the HIsmelt process is shown in Fig-
ure 5.92. Coal is injected from the bottom into
the melt. The energy for melting and final re-

duction is generated by partial combustion of

the converter gas with preheated air. The con-
verter off-gas is used for prereduction of the
fine ore. Because of the high oxidation degree
of the gas it is only possible to reduce the ore
to iron(II) oxide which is separated in a cy-
clone and fed to the converter. The main prob-
lem of this process is whether the high
postcombustion degrees, up to 65% depend-
ing on coal quality, and reduction degree can
be maintained for continuous operation and
whether the huge amount of hot gas can be
handled.

The NKK process [132, 133] is another
converter type process which also operates
with a high postcombustion degree (see Figure
5.93). Coal and oxygen are blown in'from the
top to the bath. The fine ore is prereduced only
to a low degree.
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Figure 5.92: Flowsheet of Hismelt process for the case
47% postcombustion and reduction to FeO: a) Air pre-

heaters; b) Cyclone; c) Prereducer; d) HIsmelt converter.
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Figure 5.93: The NKK's smelting reduction process for
ironmaking: a) Smelting reduction fumnace; b) Preheating
and prereduction furnace.
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Since 1986 tests have been performedin a 5
t-converter. In 1988 a prereduction stage was
integrated in the pilot plant with a capacity of
100 t/d.

Processes Without Postcombustion. The
Coin process [135-136] developed by Krupp
operates without post combustion and with a
high reduction degree. In the first published
flow sheets the prereduction stage was a shaft
furnace. The latest one (see Figure 5.94)
shows a multistage prereduction of fine ore
which was tested separately in a pilot plant.
The prereduction stage is a combination of en-
trained-bed and fluidized-bed reactors.

The converter pilot plant is a 3 t-converter.
To achieve a high degree of metallization a
high reduction temperature is needed. Sticking
of the ore is prevented by carbon monoxide
decomposition in a prereduction stage at 500—
600 °C. Oxygen and degassed coal is blown
into the bath from the bottom. As no postcom-
bustion delivers energy, the coal (especially
high volatile coal) must be preheated and
charred by injecting in the converter off-gas
and recycling via a cyclone. The process is
very complex and integration of the multistage
prereduction, the coal devolatilizer, and the
converter is not easy.

5.12 Aspects of
Environmental Protection

In the recent past, the rapidly increasing en-
vironmental consciousness has led to consid-
erably tightened environmental standards in
many countries. In Germany, for instance, a
limiting value for dust emissions of 150
mg/m? (STP) was stipulated as early as 1974
in the TA Luft for the prevention of air pollu-
tion. The amendment to the TA Luft in 1986
further reduced dust emissions in waste gases
to 50 mg/m® (STP) [144]. This limit applies to
total dust emissions. Lower limits have been
set for individual components, such as heavy
metals, e.g., 0.2 mg/m® (STP) for cadmium,
mercury, and thallium; 1 mg/m* (STP) for ar-
senic, cobalt, nickel, selenium, and tellurium;
and 5 mg/m> (STP) for antimony, lead, chro-
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mium, manganese, vanadium, and copper as
well as cyanide and fluoride. Urged by strin-
gent requirements, the steel industry has made
substantial investments in environmental tech-
nology in recent years [145]. In Germany, for
instance, from 1975 to 1984 ca. 2.4 x 10° DM
(10% of the steel industry’s resources for new
investments) were spent on environmental

protection. The lowering of dust emissions

from 10 kg per tonne of raw steel in 1960 to
the present value of 1.4 kg per tonne of crude
steel serves as an example for the success of
new techniques in controlling air pollution
[146].

The endeavors towards pollution control
are not limited to the air pollution control, but
also include water pollution control, reduction
of noise, and waste management. The division
of capital expenditure between the individual
areas in Germany (1975~1984) is as follows:

Air pollution control 67.7%
Water pollution control 21.4%
Noise reduction 9.5%
Waste management 1.4%
Total 2354 105DM

It can be seen that the investment in air-pol-

lution control represents two thirds of the total

capital expenditure.

Apart from the direct measures taken to
control pollution, the saving or recovery of en-
ergy also has a favorable effect on the environ-
ment because the corresponding amounts of
energy can only be produced at the expense of
the environment. The most important exam-
ples of these measures are (1) the reduction of
the specific fuel consumption during sintering
by half since the 1950s, (2) the expansion of
blast-furnace top gas in turbines and its utili~
zation for heating, (3) dry coke quenching,
and (4) CO gas recovery.

Pollution-control techniques being cur-
rently employed in pig-iron production and in
related auxiliary plants will be described with
a series of examples. However, in view of the
diversity of processes available, a complete
survey cannot be presented here.

Iron

5.12.1 Air Pollution Control

Virtually all areas of ironworks make use of
gas dedusting techniques. Apart from mechan-
ical and filtering dust separators and scrub-
bers, electrostatic precipitators are frequently
used today [147-149].

Sintering Plants. In the past, dust Separation
from off-gases in iron-ore sintering plants was
carried out with cyclones. Today’s demands
are essentially fulfilled by three-field horizon-
tal dry electrostatic precipitators, which are
operated on the suction side of the sinter
waste-gas fan. The waste-gas flow rate of a
sinter belt with a reaction area of e.g., 400 m?
is in the range of 1.8 x 10°m¥h. As shown in
F1gur.e 5.95, the waste-gas dedusting in that
case is achieved in two parallel electrostatic
precipitators. :

The electrical resistance of sinter dust,
which in most cases is very high, frequently
impedes electrostatic dust precipitation [150].
Increas@ng the humidity of the gas, by adding
watey either to the off-gas or to the sinter belt,
can improve dust separation by reducing the
electrical resistance of the dust. Dust emission
can be reduced by 20-50% of the starting val-
ues by conditioning the waste gas with sulfur
tnox:ide [149]. In this process sulfur dioxide,
obtamed, €.g., by combustion of sulfur, is oxi-
dlzefl to sulfur trioxide and added to the waste
gas n front of the electrostatic filter, A level of
10-30 ppm of sulfur trioxide in the waste gas
1s sufficient to reduce the electrical resistance
of dlrlst and thus cause the improvement in de-
du:stmg efficiency mentioned above, The re-
quired amount of sulfur trioxide is so low that
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only ca. 33 kg/h of sulfur are needed to pro-
duce e.g., 20 ppm of sulfur trioxide for the
conditioning of the waste gas of a 400 m? sin-
ter belt. Extra sulfur trioxide emission does
not oceur because it is bound to the dust by
chemisorption (sulfate formation). The effect
of this process depends on the basicity of the
sinter feed and on the composition of the raw
material.

»

‘ Simple housings at feeding points, at the
sinter discharge end, at screening machines
and at numerous transport devices cannot ef-
fectively prevent the escape of dust into the -
surroundings. For this reason, suction hoods
are installed that are connected by means of
branched ducts to a central dedusting system,
which is often an electrostatic precipitator.
The schematic of a so-called room dedusting
system of this type is presented in Figure 5.96.
Ip many cases, the dust-laden off-gas from the
sinter cooler is passed through the room de-
dusting plant, however, it may sometimes be
led to a separate electrostatic precipitator.

Blast Furnace. A blast furnace with an open
top is not used any longer. Dedusting systems
have allowed the cleaning of top-gas to dust
loading values of < 10 mg/m® (STP), and thus
have permitted the utilization of the energy
contained in this gas in turbines and for the
heating of hot blast stoves. Apart from the di-
rect protection of the environment brought
about by top-gas purification compared to an
open top, an indirect effect is achieved by sav-
Ing energy which would have to be produced
at the expense of the environment.

s ﬁrsj Jb 9 :
K | IYD : ;

Fi e . -
igure 3.95: Sinter plant waste-gas dedusting: a) Sintering machine; b) Feed paint; c) Igniter; d) Sinter; e) Wind boxes;

£) Manifold; g) Electrostatic precipitator; h) Fan; i) Stack.
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Figure 5.96: Sinter plant room dedusting: a) Sintering machine; b) Hot sgreening;' c) Copler, d) Cold screening and
crushing; ¢) Sinter product: f) Return fines; g) Suction system; h) Electrostatic precipitator; i) Fan; j) Stack.
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Figure 5.97: Top-gas cleaning: a) Blast furnace; b) Gravity dust catcher; c) Cyclone: d) Scrubber; e) Wet electrostatic

precipitator; f) Fan.

The top-gas leaving the blast furnace (a) is
loaded with 10-40 g/m® (STP) of dust. The
volumetric flow rate of a blast furnace that
has, e.g., an output of 5000 t of hot metal per
day is ca. 420 000 m*h (STP). Figure 5.97
shows the components of the top-gas purifica-
tion plant of a blast furnace that is operated at
a slight overpressure. The larger particles of
dust are first separated in a gravity dust
catcher (b), i.e., a settling chamber with flow
deflection, and subsequently in a cyclone (c).
Further cleaning of the blast-furnace gas oc-
curs in a single- or multiple-stage scrubber (d)
and in a wet electrostatic precipitator (e),
which carries out both fine purification as well
as removal of droplets. If the top-gas volumet-

ric flow rates are very high, several purifica-
tion plants are installed in parallel.

The top-gases from blast furnaces that are
operated at higher pressures can be freed from
dust to the desired degree of purity by using a
pressure difference of ca. 20 kPa in high per-
formance scrubbers without an electrostatic
precipitator. Another method of top-gas dust
separation, which has been repeatedly and
successfully used recently, is dry dust removal
in electrostatic precipitators, This method has
the advantage of involving low pressure losses
and consequently has a lower energy require-
ment for gas transport and, in addition, water

. and sludge treatments are no longer nécessary.

Dry top-gas purification represents the latest
technological development.

Iron
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Figure 5.98: Cast house dedusting: a) Blast fumace, area of tapping hole; b) Main runner with skimmer; c) Hot metal
runner with transfer points; d) Slag runner with transfer points; e) Suction lines; f) Electrostatic precipitator; g) Fan; h)

Stack.

In the area of raw material handling a room
dedusting plant prevents dust emissions. The
burden bunkers and conveyors are connected
by a suction system to a bag filter or an elec-
trostatic precipitator. p

The smoke that arises during the tapping of
the blast furnace represents a minor environ-
mental problem as far as emission protection
is concerned. However, it is a nuisance for the
operating personnel and makes working con-
ditions on the casting platforms very difficult.
Cast house dedusting is being carried out for
some years now to improve working condi-
tions. In fact, even older blast furnaces are be-
ing equipped with dedusting systems [151,
152]. The enclosing of the skimmer, iron, and
slag runners and their points of transfer with
easily removable hoods having fire-proof lin-
ings is characteristic for a casting house de-
dusting plant. The enclosed areas are
connected to suction lines, which are prefera-
bly installed below the casting platform. The
region of the tapping hole cannot be enclosed
because it has to remain accessible to the drill-
ing and plugging machines. In this case,
smoke is usually caught with a suction hood
placed near the tapping hole and then led to
the precipitator. The flow diagram of the main,

hot metal, and slag runners on a casting plat-
form as well as the suction system is shown in
Figure 5.98. The hatched parts of the diagram
represent the enclosed areas. It can be seen
that each suction point has a damper. When
the plant is in operation, only the suction
points at which smoke is to be trapped are
opened. For instance, if no slag is discharged
in the first phase of tapping, all the dampers on
the slag runner remain closed.

In blast furnace tapping, the flow volume
that has to be trapped, dedusted, and trans-
ported is 500 000-800 000 m>/h. The power
consumption of a casting house dedusting sys-
tem can reach 0.8 MW, hence, modem plants
are automatically controlled. Control dampers
in the suction lines and variable-speed blowers
draw off as little air as necessary. For example,
a minimum amount of air is withdrawn during
tapping pauses and maximum amounts at the
start and termination of tapping. Bag filters or
electrostatic precipitators are employed as
dust collectors. The advantages of electro-
static precipitators are the substantially lower
pressure loss and the fact that they can be op-
erated during tapping pauses with minimal
power input.
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Dry Coke Quenching. As mentioned above,
dry quenching of coke also has a positive ef-
fect on the environment, because of the fact
that, in contrast to wet quenching, the waste
heat of the coke is utilized and no cooling
clouds are produced. The heat is removed
from the coke with the help of recirculating
gas and used for steam generation in a waste-
heat boiler. In an ironworks in Germany, two
70 t/h dry coke quenching plants produce 36
t/h of steam each, which is then used as a fuel
substitute in a neighbouring power plant
[153]. The fuel saved in this way contributes
to environmental protection. An equivalent of
> 20 MW of electrical power is produced.

Direct Reduction Plants. In direct reduction
plants the waste gases leaving the furnace are
freed from dust in an electrostatic precipitator,
bag filter or scrubber, depending on the re-
quirements in the operational areas. Electro-
static precipitators or bag filters are used for
room dedusting plants.

Regarding the emissions of the dust com-
ponents mentioned above, cadmium, lead, and
possibly manganese can be of relevance in the
making of pig iron, however, the limiting val-
ues for these metals are generally adhered to.

5.12.2 Prevention of Water
Pollution

In the course of pig iron production, mod-
ern ironworks cause practically neither water
pollution, nor warming up of waters. Only
small amounts of water are required in sinzer-
ing plants for rolling the burden and, if neces-
sary, for sinter cooling or gas conditioning.
The water used is released into the atmosphere
in the gaseous state through the waste gas
stack. Generally, direct reduction plants do not
produce wastewater.

Blast furnaces, on the other hand, have a
congsiderable water requirement for cooling. In
the past, up to 60 m> of water were consumed
per tonne of pig iron [154]. Another water-
consuming process pertaining to the blast fur-
nace is wet top-gas purification. It is becoming
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increasingly rare today that the wastewater of
this process is released into the atmosphere. In
fact, the introduction of a closed water circula-
tion with the appropriate water conditioning
plant [155, 156] for top-gas purification and
blast furnace cooling contributes to the
marked decrease in the water requirement for
steelmaking, which is today ca. 30 m’ per
tonne of raw steel [146].

Blast-furnace cooling with a closed circula-
tion requires water-cooling plants. Usually the
circulation water is evaporated in the blast fur-
nace coolers and condensed and cooled in
cooling towers.

The essential components of a scrub-
ber/precipitator effluent for top-gas purifica-
tion are shown in Figure 5.99. The
clarification of the effluent can be carried out
in a thickener and the dewatering of the sludge
in a filter press. However, other dewatering
machines, such as drum or rotary disk filters
may be applied.

5.12.3 Noise Reduction

As in other industrial plants, numerous
sources of noise exist in ironworks, which
contribute to the total noise emission. Many of
these noise sources are not specific to the pro-
duction of pig iron. These include fans, com-
pressors, pumps and ore-dressing plants. The
noise abatement measures consist of, e.g., the
use of low-vibration motors, the enclosing of
machines or other apparatus, or even entire
parts of the plant, such as the sinter waste-gas
fans [157].

Special measures are required to dampen
the feeding and expansion noises at hot blast
stoves. Considerable noise reduction can be
achieved here by covering the valves and the
expansion line with a sound-absorbing mate-
rial and by using sound absorbers or perfo-
rated disks in the blowoff line [158]. Emission
values of ca. 40 dB(A) can be achieved at a
distance of 1000 m from a blast furnate or sin-
tering plant if noise damping measures are
used consistently [159].

[ron

Effluent from scrubber and
wet electrastatic precipitator
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Figure 5.99: Effluent treatment for top-gas cleaning: a) Thickener; b) Filter press; ¢) Cooling tower,

5.12.4 Waste Management

Blast furnace slag is quantitatively the most
important waste material created in the pro-
duction of pig iron. This materal is com-
pletely utilized. About two thirds of the total
amount is employed in road construction. The
remainder is used by the cement industry for
the production of blast furnace cement [1603.

The recycling of the dry dust obtained in
top gas purification also causes no problems
because it can be recycled to the sintering
plant. However, blast furnace sludge is for the
most part still being dumped, in amounts of
130 000 t/a in Germany [161]. The reason for
this is the high content of lead, zinc, and alkali
found in the sludge. If the sludge were recircu-
lated, these substances would accumulate in
the blast furnace. Today, various processes are
available which reduce the environmental im-
pact caused by these dumps by allowing the
recycling of blast funace sludge and other
waste containing lead and zinc.

One way of expelling the unwanted accom-
panying substances is the reprocessing of
dusts and sludge in rotary kilns [162-165].
The product thus obtained consists essentially
of metallic iron, which can, e.g., be briquetteii
and returned to the pig iron production [166].

Most of the dust separated in the waste-gas
precipitators of sintering plants can usually be
led back into the process. Only the dust arising

in the last field of the electrostatic precipitator
must be removed from the circulation because
of alkali enrichment.

The prime goal is always the avoidance or
minimizing of residual substances. For exam-
ple the specific amount of slag has decreased
from 800 kg/t at the beginning of the 1950s to
300-350 kg/t of pig iron today. In a modern
steel plant, ca. 90% of the total amount of
waste products is recycled.

3.13 Economic Aspects

Pig Iron. The conventional and by far the
most common approach to iron manufacture
involves reducing and smelting the iron ore in
a blast furnace together with coke, the imme-
diate product being pig iron. Pig iron, in turn,
1s the principal raw material for the manufac-
ture of commercial iron and steel. Production
of a tonne of steel requires ca. 700 kg of pig
iron in addition to scrap and flux.

World production of pig iron in 1988
reached a level of 532 x 10° t, derived from ca.
960 x 10°t of iron ore (Tables 5.40 and 5.41)
[167]. The Eurogean Community alone pro-
duced 93.7 x 10°t of pig iron in 1988, using
142 x 10° t of ore and sinter together with 44 x
10®t of coke [168]. The major cost factors in
pig iron manufacture are related to raw materi-
als (41%), fuel (34%), and processing (25%).
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Table 5.40: Iron ore production and fraction of world output, reported by country.

Coutry Fe content. % Production, 10%t % of World Output
i 1986 1987 1988 1986 1987 1988°
France 30 12.6 11.3 10.0 13 1.2 1.0
United Kingdom 28 0.3 0.3 0.2 0 0 0
Germany 30 0.7 0.2 0.1 0.1 0 0
Spain 46 6.1 33 39 0.6 04 0.4
Sweden 64 20.5 19.6 20.4 2.1 2.1 2.1
Turkey 57 4.0 4.5 4.8 0.4 0.4 0.5
Norway 64 3.5 3.1 2.6 04 04 0.3
Austria 30 3.1 3.1 23 0.3 03 0.2
Finland 59 0.7 0.7 0.6 0.1 0.1 0.1
United States 62 39.6 47.0 57.4 4.1 5.1 6.0
Canada 64 37.3 37.8 40.2 3.9 41 42
Brazil 65 129.5 134.0 145.0 13.6 14.5 15.1
Venezuela 64 16.7 17.2 18.2 1.7 1.9 1.9
Mexico 62 8.0 7.0 . 85 0.8 0.8 0.9
Peru 67 5.3 5.4 43 0.6 0.6 0.4
Chile 60 6.3 6.2 73 0.7 0.7 0.8
Argentina 39 0.6 0.7 0.7 0.1 0.1 0.1
Other Latin America 0.4 0.6 0.6 0 0.1 0.1
South Africa 64 24.5 22.0 22.7 2.6 24 2.4
Liberia 60 15.6 13.8 12.8 1.6 1.5 1.3
Mauretania 61 9.2 9.0 9.7 1.0 1.0 1.0
Algeria 50 3.4 34 3.5 0.4 0.4 0.4
Egypt 44 2.0 2.0 2.0 0.2 0.2 0.2
Tunisia 50 0.3 03 0.3 0 0 0
Morocco 63 0.2 0.2 0.1 0 0 0
Zimbabwe 64 0.8 0.9 1.0 0.1 0.1 0.1
India 63 48.8 48.4 52.5 5.1 5.3 5.5
Iran 46 0.3 03 0.5 0 0 0.1
South Korea 48 0.5 0.5 0.8 0.1 0.1 0.1
Japan 50 0.3 0.3 0.2 0 0 0
Other Asia 0.3 0.3 0.3 0 0 0
Australia 62 97.3 104.6 95.4 10.2 11.3 9.9
New Zealand 57 2.6 23 3.0 0.3 0.3 0.3
Former Soviet Union 60 250.0 251.0 2504 26.2 27.2 26.1
China 60 142.5 157.0 153.8 14.9 17.0 16.0
North Korea 48 8.0 8.0 8.0 0.8 0.9 0.8
Yugoslavia 35 6.8 42 5.6 0.7 0.5 0.6
Rumania 26 2.0 2.0 2.0 0.2 0.2 0.2
Bulgaria 33 2.1 1.9 2.1 0.2 0.2 0.2
Former Czechoslovakia 26 1.8 1.8 1.8 0.2 0.2 0.2
Hungary 24
Albania 50 0.8 0.8 0.8 0.1 0.1 0.1
EEC 19.7 16.5 14.2 2.1 1.8 1.5
Western nations 501.1 495.2 535.5 52.5 537 55.8
Socialist nations 433.7 426.7 424.5 454 46.3 4 442
World total 954.5 921.9 160 100 100

960.0

*Preliminary figures, in some cases estimates.
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Table 5.41: Pig iron production and fraction of world output, by country.
Country Production, 10°t % of World Output
1986 1987 1988*" 1986 1987 1988*
EEC 85324 85 603 93 681 17.45 16,94 17.62
Gem.mny 29018 28 517 32453 5.94 5.64 6.11
Belgium/Luxembourg 10 724 10 559 9182 2.19 2.09 1'73
Fra‘nce . 13 982 13 449 14786 2.86 2.66 2:78
United Kingdom 9812 11914 13 235 2.01 236 2.49
ltaly 11 886 11 355 11376 243 225 2.14
The Netherlands 4628 4575 4994 0.95 091 > 0194
Port‘ugal 463 431 445 0.09 0.08 0.08
SP‘“" 4811 4 804 4691 098 0.95 0:88
Finland 1978 2063 2173 0.41 0.41 0.41
Norw.ay 570 370 367 0.12 0.07 0.07
Austria 3349 3451 3664 0.69 0.68 0.69
Sweden 2435 2314 2494 0.50 0.46 0.47
Switzerland 65 70 70 0.01 0.01 0.01
Tm:key 3 666 4068 4437 0.75 0.81 0.83
United States 39772 43917 50 457 8.14 8.68 9‘49
Canada 9249 9719 9486 1.89 1.92 1:78
Japan ) 74 651 73 418 79 295 15.27 14.53 14.92
Australia . 5853 5579 5723 1.20 1.10 1.08
OECD Nations 232 181 230 497 251837 47.50 45.61 47'38
Former Soviet Union 113 600 113 900 114 000 23.24 22.53 21.45
German Democratic Republic 2625 2743 2750 0.54 0.54 0'52
Bulgaria 1600 1656 1650 0.33 0.33 0.31
Poland. 10200 “10 023 10 000 2.09 1.98 1‘88
Rumania 9500 9500 9500 1.94 1.88 1:79
Former Czechoslovakia 9 600 9788 9 800 1.96 1.94 1.84
Hungary - 2075 2109 2050 0.42 0.42 0.39
Comecon Nations 149 200 149 770 149 750 30.52 29.64 28.17
Former Yugoslavia 3 067 2868 2912 0.64 - 0.57 0’55
S?uth Africa 5774 6317 6112 118 1.25 1.15
mebat-)we 644 560 545 0.13 0.11 0.10
Argefllma 1639 1752 1610 0.34 035 0.30
Bra‘.zﬂ 15838 21335 23 627 3.24 422 4:44
Chile . 591 617 778 0.12 0.12 0.15
Colo.mbxa 319 326 310 0.07 0.06 - 0.06
Mexico 3728 3698 3642 0.76 0.73 0:69
Peru 216 179 202 0.05 0.04 0.04
Vex}ezuela 491 471 506 0.10 0.09 0.10
Chl.na 47 000 50 200 51 000 9.62 9.93 9:59
India ] 10 509 10 920 11 709 2.15 2.16 2.20
North Korea 5750 5900 5900 1.18 1.17 1.11
South Korea 9003 11 057 12 585 1.84 2: 19 2.36
World 488 836 505 514 531575 100 100 160

Preliminary figures, in some cases estimates. Source for EEC data: SAEG; for all other nations: TIST
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Figure 5.100: Development of blast furnace burden com-
position (A) and fuel rate (B) in Germany since 1950 for
basic pig iron.

In view of the massive requirements for
raw material and energy, and investment costs,
the potential for savings through optimization
of scale and exploitation of more economical
sources of raw material is extremely attrac-
tive. Environmental protection measures have
also come to play an increasingly important
economic role in iron manufacture in recent
years.

Careful organization and quality control on
the input side of pig iron production is also im-
portant with respect to the properties of the
principal end product—steel—and conse-
quently on the market picture as it relates to
steel vs. alternative materials. Economic fac-
tors and quality are therefore closely linked.

Several recent developments deserve spe-
cial mention as determinants of the competi-
tiveness of steel, especially from the
standpoint of cost reduction:
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o Increased emphasis on major sources of ore
displaying a high iron content, a consider-
ation which helps to minimize fluctuations
in ore quality.

e Significant improvement in the facilities for
handling and transporting ore in increas-
ingly large unit amounts. Intercontinental
marine ore transport today involves units as
large as 350 000 dwt (i.e., dead weight), rep-
resenting a three-fold increase in maximum
load in the course of 20 years.

e Steady improvement in the preparation of
the furnace charge in terms of ore classifica-
tion, sintering, and pelleting. For example,
the use of lump ore has decreased in Ger-
many from 35% in 1970 to < 10% currently.
Sinter input, on the other hand, has in-
creased to 60%, and pelletized ore—virtu-
ally unknown before 1965—now represents
30% of the charge (Figure 5.100).

e Significant reduction in fiel consumption
and more variety in the nature of the fuel
employed for reduction.

Fuel consumption has dropped by a total of
ca. 20% over the last 20 years, now amounting
to only 480 kg per tomne of pig iron. Coke con-
tinues to constitute the major source of fuel
(415 kg/t), although since about 1986 inex-.
pensive coal has increasingly been used as a
coke substitute (40 kg/t). Petroleum fuel cur-
rently accounts for ca. 25 kg/t.

By far the largest part of the pig iron output
goes into steel production: ca. 91 X 105t
(97%) in the case of the EEC with an addi-
tional 2 x 10° t consumed by foundries. About
0.7 x 10°t in the form of spiegel eisen and
high-carbon ferromanganese are being used
for the production of alloyed steel.

In Europe essentially ro open market exists
for basic pig iron, because the steel industry is
effectively self-supporting. Iron of this type is
purchased only rarely and in times of shortage,

as when demand is particularly strong or some
industrial mishap causes supply problems. By
contrast, there is a lively trade in such prod-
ucts as foundry iron, hematite iron, and sphe-
roidal pig iron. The list price of foundry iron,
for example, remained steady in the range of
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55-75%/t for nearly 20 years. It finally began
to climb at the time of the 1974 oil crisis as a
result of increasing energy prices, subse-
quently reaching alevel of 190-260%/t.

The largest exporter of pig iron, and by a
wide margin, is Brazil at 2 x 10° t/a, followed
by Canada and Germany with ca. 0.5 x 108 t/a
each (Table 5.42) [169].

141

Sponge Iron. The direct reduction process
(see Section 5.10) has recently provided the
market with a new form of pig iron: sponge
iron, available in significant quantity since the
1970s and produced from lump ore or pellets.
Current world output of sponge iron is esti-
mated at 14 x 106 t/a.

Table 5.42: Development of import and export of pig iron (worldwide).

Country 1981 1982 1983 1984 1985 1986 1987 - 1988
Import”
EEC® 1550 1672 1430 1541 1698 1885 1906 2363
Germany 285 303 279 295 348 379 364 324
Belgium/Luxembourg 172 132 89 135 - 160 159 182 309
Denmark 52 66 31 38 61 77 79 113
France 435 399 385 447 505 413 424 325
United Kingdom 148 165 168 102 124 148 119 233
Ireland 1 2 1 1 1 1 1 3
Ttaly 348 437 319 400 335 475 530 745
Netherlands 51 50 39 64 62 61 60 72
Greece 17 14 17 7 14 25 21 '
Spnin. 41 104 102 52 88 147 126 8
Austria 95 89 51 66 67 - 52 42 62
Sweden 64 83 61 64 69 77 62 25
Switzerland 65 74 72 71 78 42 34 46
Former Czechoslovakia 843 901 780 745 869 809 717 685
Japan 1068 1337 952 777 604 921 1443 2917
United States 857 633 456 925 307 603 378 811
Poland 1449 1273 1135 1188 1354 1323 1338
Hungary 291 235 295 281 321 255 263
Former Yugoslavia 71 99 65 75 57 57 27
Export*
EEC" 1420 1013 996 1145 1281 690 697 713
Gern?any 821 622 497 590 705 542 540 464
Belgium/Luxembourg 19 17 16 27 26 23 30 38
Denmark 1
Fra‘nce ) 538 332 389 475 451 12¢ 54 55
United Kingdom 35 31 60 34 59 33 43 31
Ireland 2 1
Italy 1 3 22 10 22 61 20 37
Netherlands 6 5 12 9 18 18 10 4
Norw.a_v 280 213 183 160 212 185 191 134
Austria 1 1 7
Sweden 45 30 27 3 7 10 3 12
Australia 158 300 350 150
Japan 12 61 341 285 1083 1058 51 30
Cm}ada 523 526 389 449 654 602 523 388
United States 33 59 14 61 40 50 53 70
Hungary 5 21
Brazil 714 693 1801 2473 2476 2369 2445 2532

*Pig im}l inF luding spiegel iron and blast furnace feﬁomanganse.
. Inclgdmg internal exchange, 1988 without Greece.

Preliminary.

Export not totally broken down because of security reasons.
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sumption (O), net energy consumption (&), and con-
sumption of primary energy referred to net energy (82) for
different production processes (for the production of 1t of
crude steel based on ore).

This newer production method represents a
significantly more economical route to pig
iron than that involving coke when alternative
forms of energy are available in abundance
(e.g., natural gas, as in the case of Indonesia,
Malaysia, the Middle East, Mexico, and Vene-
zuela). Indeed, sponge iron can often be pro-
duced for 120%/t under appropriate
conditions, and most of the direct reduction fa-
cilities currently in operation are located in the
regions cited [170].

Sponge iron is devoid of elemental silicon
and phosphorus, and it contains only little car-
bon i.e., it lacks any source of energy for the
subsequent conversion to steel. In this sense it
is comparable to steel scrap, and it is highly
priced as a charge for electric furnaces where
these can be operated economically.
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Alternative Production Methods. So far, no
other alternative routes to iron manufacture
have achieved any significance. The current
trend in technical innovation is suggested by
the Corex method utilizing a melter~gasifier
which was developed in Germany and first in-
troduced in South Africa in 1988. One impor-
tant advantage of the process is a significant
reduction in environmental pollution, and it
also avoids the expensive construction of cok-
ing pelletizing, and sintering facilities. The
potential cost saving has been estimated at as
much as 30%.

Size of the Production Facility. One way of
classifying the various manufacturing meth-
ods is in terms of dimension (scale, capacity).
For example, blast firnaces today may be as
large as 15 m in diameter, with a working vol-
ume of 5580 m?* (Cherepovets, Novolipetsk).
Nevertheless, massive facilities such as these
are not always optimal from an economic
standpoint, nor do they necessarily match the
needs in a given situation. Local factors and a
desire for flexibility may well dictate smaller
units. Thus, the average blast furnace in Japan
has a diameter of 12 m, while in Germany 9 m
is more typical.

For technical reasons, direct reduction fa-

cilities are much smaller, with a typical maxi-
mum annual output of 600000 t. The first
smelting reduction Corex units are currently
producing only ca. 300 000 t/a.

Lower investment costs are responsible for
the fact that smaller steel mills in particular
(i.e., those with an annual output < 1 x 10° 1)
tend to utilize a direct-reduction or smelting-
reduction iron process (Figure 5.101) in con-
trast to the blast furnaces at larger integrated
steel mills, where the lower fuel consumption
associated with a conventional blast furnace is
the decisive factor [171] (Figure 5.102).

The principal economic factors addressed
here with respect to iron intended as a precur-
sor to steel-—performance of the production
unit, investment costs, energy consumption,
advantages of scale—all suggest that the blast
furnace will continue to retain its primacy
over the long term. Only where unusual local
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conditions favor other sources (through cheap
sources of energy or limited demand) is the
otherwise efficient and economical blast fur-
nace likely to be displaced.

5.14 Purelron [172,173]

The pure metal is not often encountered in
commerce, but is usually alloyed with carbon
or other metals. Chemically pure iron ¢an be
prepared either by the reduction of pure iron
oxide (best obtained for this purpose by heat-
ing the oxalate in air) with hydrogen, or by the
electrolysis of aqueous solutions of iron(Il)
salts, e.g., of iron(II) ammonium oxalate. On
the technical scale, pure iron is prepared
chiefly by the thermal decomposition of iron
pentacarbonyl. The so-called “carbonyl iron™
prepared in this way initially contains some
carbon and oxygen in solid solution. These
impurities can be removed by suitable after
treatment.

Table 5.43: Some physical properties of iron.

Density at 20 °C, g/cm’ 7.874
Thermal expansion coefficient at 20 °C 11.7 x 107

Lattice constant, cm 2.861x 107 «
Melting point, °C 1539
Boiling point, °C = 3200
Temp. of oy transformation (4,) on
heating, °C 910
Temp. of v, transformation (4,) on
cooling, °C ' 1400
Resistivity at 20 °C, Qcm 9.7x 107
for commercial iron 11 x 1078
Temperature coefficient of resistance  0.0065
Compressibility, cm*kg 0.60% 107
Specific heat, calg™ K- 0.105
Heat of fusion, cal/g 64.9
Heat of a.ytransformation, call/g 3.86
Heat of v, transformation, cal/g 1.7
Linear correction at o,y on heating 0.0026
Linear corraction at ¥,8 on heating 0.001-0.003
Modulus of elasticity, 1b/in® 30x 108
dynes/em® 21 x 10
Modulus of rigidity, Ib/in® 12x10¢
Proportional limit for annealed iron,
Ib/in® 19x 10°
Tensile strength, Ib/in® 25-100x 10°
Brinell hardness number (annealed) 50-90

Pure iron is a lustrous, rather soft metal
(hardness 4.5). Some of its physical properties
are given in Table 5.43. Iron is ferromagnetic,
i.e., itis strongly magnetized when placed in a
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magnetic field. Unlike iron which contains
carbon, pure iron has a very low remanence,
i.e, it instantly loses its magnetization when
the applied electric field is removed. For this
reason it finds certain applications in electro-
technology, e.g., for electric motors and trans-
formers, in which rapid fluctuations must
occur in the magnetism of ‘an iron core. In the
solid state, iron can have several allotropic
forms depending primarily on its temperature.
These are:

e o-Iron: magnetic and stable to 768 °C, crys-
tallizes in a body centered cubic lattice, i.e.,
iron atoms are arranged at the centre and the
apexes of unit cubes. It dissolves very little
carbon (0.025% at 721 °C). Alpha iron with
the carbon traces dissolved in itis called fer-
rite.

@ P-Iron: it is a form stable between 768 and
910 °C. It is alpha iron that has lost its mag-
netism. It does not dissolve carbon.

e y-Iron: this form is stable between 910 and
1390 °C. The crystallographic appearance is
a face centered cubic lattice, i.e., iron atoms
are arranged at the apexes and centers of the
sides of unit cubes. It is nonmagnetic and
dissolves 2% carbon at 1102 °C. Gamma
iron with carbon in solution is called austen-
ite. :

e d&-Iron: the last of the allotropic forms, it is
nonmagnetic and stable between 1391 and
1537 °C, melting point. The crystallo-
graphic arrangement is in the form of a
body-centered cubic lattice.

The physical properties of iron are changed
by the presence of foreign elements (metal-
loids or metals) in very small amounts.

Iron has a great affinity for oxygen. It rusts
in moist air, i.e., the surface gradually be-
comes converted into iron oxide hydrate.
Compact iron reacts with dry air only above
150 °C. When heated in air it forms the inter-
mediate oxide, Fe;O,, which is also formed
during the forging of red hot wrought iron. In a
very finely divided state — such as is ob-
tained, for example, when iron oxalate is
heated in hydrogen — iron is pyrophoric.
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Iron objects are protected from rusting by
covering them with coatings of other metals
(e.g., zinc, tin, chromium, nickel) or with paint
(red lead). A particularly effective protection
from rust can be achieved by converting the
iron superficially to iron(II) phosphate (“phos-
phatizing™). This is done by treatment with a
solution of acid manganese or zinc phosphate,
Mn(H,PO,), or Zn(H,PO,),. Iron dissolves in
dilute acids with the evolution of hydrogen
and the formation of iron(Il) salts. The normal
potential of iron in contact with iron(Il) salt
solutions i1s +0.440 V at 25 °C, relative to the
normal hydrogen electrode. If iron is dipped
into a copper sulfate solution, it becomes cov-
ered with metallic copper:

Fe+Cu™ 5 Fe® +Cu

At ordinary temperature, iron is hardly at-
tacked by air-free water. If air has access,
however, the porous iron(IIT) oxide hydrate is
formed, and corrosion goes on continuously as
a result. Concentrated sodium hydroxide at-
tacks iron, fairly strongly, even in the absence
of air, especially at high temperatures, since
the Fe(OH), goes into solution through the
formation of hydroxo salts.

Iron combines energetically with chlorine
when heated, and also with sulfur and phos-
phorus, but not directly with nitrogen. It has a
strong tendency, however, to unite or alloy
with carbon and silicon. These alloys are most
important for the properties of technical iron.
Oxygen is dissolved by molten iron, as FeO;
some of this is retained in solid solution on
cooling (6-iron can dissolve up to 0.12%, o~
iron only up to 0.04% of O in solid solution).
The oxygen content of iron reduces its work-
ability when hot. Nitrogen is absorbed from
the air by molten iron only in minimal
amounts. However, if iron is heated in ammo-
nia gas, an iron—nitrogen compound, Fe,N, is
formed, which displays a considerable solubil-
ity in solid iron, and confers great hardness.
This property is utilized in the surface-harden-
ing of iron articles, by heating them in ammo-
nia (nitriding process). In addition to the
foregoing, there is a second compound, Fe N,
with a rather narrow range of homogeneity.

Handbook of Extractive Metallurgy

Above 660 °C, this is transformed without
change of composition into crystals of Fe.N,
in which only one half of the available lattice
positions are occupied by nitrogen atoms.

Hydrogen is also absorbed by iron at a red
heat. The amount absorbed is small, and is
proportional to the square root of the pressure.
Electrolytic iron, however, may contain larger
amounts of hydrogen, which make it hard and
brittle. The hydrogen is driven off on heating,
and the iron then becomes ductile.

5.15 Iron—Carbon System

A varety of textural constituents can be
distinguished in solidified iron containing car-
bon. The most important are the following:

Austenite, a solid solution of carbon in iron
(more precisely, in y-iron). The formation of
austenite depends on the fact that carbon at-
oms can take up positions at the center and in
the middle of the cell edges of the unit cube of
Y-iron (Figure 5.103). If these sites were occu-
pied in every umit cell, a compound FeC, with
50 atom% C, would be produced. However,
the crystal lattice of austenite is stable only be-
low 8 atom% C. The C atoms thus built into
the crystal lattice distribute themselves statis-
tically between the cell centers and cell edges,
and austenite has the characteristics of a “solid
solution™. The crystal lattice of y-iron is ex-
panded uniformly in all directions by the in-
corporation of the C atoms, but the expansion
is small.

Martensite, a metastable conversion product
of austenite, formed by rapid cooling, can be
regarded as a (supersaturated) solid solution of
carbon in a-iron. Like all supersaturated solu-
tions, it is unstable (or metastable). As shown
in Figure 5.103, only a fraction of the sites
available for C atoms is occupied in the mar-
tensite structure also. If all lattice positions
were occupied, a compound FeC would result
in this case also. As compared with the a-iron
structure, the crystal lattice of martensite has
undergone tetragonal distortion; it 1s stretched
in one direction, and contracted a little in the
two others. '
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Figure 5.103: Detailed structure of the textural constitu-
ents in iron—carbon system. wiron: @ = 3.59 A (extrapo-
lated to room temperature); austenite: @ = 3.63 A (for 8
atom% C); martensite: a, = 2.84, ¢, = 3.00 A (for 6
atomY% C); o(8)-iron: 2 = 2.86 A.

Cementite, a compound of iron and carbon,
Fe;C (contains 6.68% C), has a considerably
more complex structure; the Fe atoms form
prisms, with the C atoms located at their mid-
points.

Lgdeburite, an eutectic mixture of cementite
W1t1} a}lstenite (saturated with carbon). An eu-
tectic 1s formed by the cooling of a melt.

Pearlite, am eutectoid mixture of ferrite and
cementite. An eutectoid is applied to a mixture
which is formed in the solid state.

Figure 5.104 represents the phase diagram
of the iron—carbon system up to a content of
5% by weight of C. The melting point of iron
1s first lowered by the addition of carbon, from
A to E, and is then raised again with further in-
crease of carbon content. The eutectic point E
corresponds to 4.2% C, and a temperature of
1140 °C. A melt of iron containing 4.2% of
carbon solidifies in the form of ledeburite.
Fr_om melts with a lower carbon content,
mixed crystals of y-iron with carbon (austen-
ite) first separate. The mixed crystals have a
lower carbon content than the melt, so that a
melt having the composition corresponding to
the point b on the liquidus curve AE is in equi-
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libq'um with mixed crystals having the com-
position given by the point a on the solidus
curve AC. The melt is thus enriched in carbon
through the deposition of austenite. At the
same time, the concentration of carbon in the
austenite deposited rises continuously until, at
the point C, with a carbon content of 1.7% C,
this phase is saturated with carbon. The melt
has then reached the point E, and the remain-
ing melt solidifies as ledeburite. ,

Melts containing up to 1.7% of carbon
therefore yield only austenite, and those with a
higher content (up to 4.2%) give ledeburite as
well. Austenite, however, is only stable at high
temperatures. When the alloy is slowly
cooled, it undergoes transformation into a
mixture of ferrite and pearlite, at temperatures
between F (the transformation temperature of
Y-iron into o-iron) and H (or D), depending on
its carbon content (G is the transformation
temperature of 8-iron into a-iron). Martensite,
which is characterized by its- extreme hard-
ness, is formed as an intermediate product in
this transformation, and persists at ordinary
temperature if cooling is effected rapidly
(“quenching”). Under microscopic examina-
tion on a polished section, martensite stands
out clearly in the form of dark needles from
the light, not yet transformed austenite.
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Figure 5.104: Phase diagram of iron—carbon alloys (sim-
plified).
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On passing to a melt with more than 4.2%
of carbon, cementite, Fe,C, first separates on
rapid cooling. When the carbon content of the
residual melt has thereby been reduced to
4.2%, the rest solidifies as ledeburite. If cool-
ing is allowed to take place slowly, however,
graphite crystallizes out, for the most part, in
place of cementite. This is because, at temper-
atures below the melting point, a mixture of
iron and graphite is more stable than a mixture
of iron and cementite. Hence the latter is
slowly converted into the former at about
1000 °C. As a result of this transformation
within the solid alloy, the graphite is deposited
in an extremely finely divided state (“temper
carbon™). This fact, as already mentioned, is
taken advantage of in malleabilizing.

5.16 Technical Varieties of
Iron

Ordinary technical iron contains silicon,
manganese, and other impurities, as well as
carbon, and the properties of the iron—carbon
alloys may be modified to a considerable ex-
tent by these other constituents. Thus silicon
represses the formation of cementite and fa-
vors the deposition of graphite, whereas man-
ganese acts in the opposite manner. The
influence of silicon, manganese, etc. on the
range of existence of the various modifica-
tions of iron, becomes practically important
only when these elements are present in con-
siderable concentration, as in the special
steels.

Pig Iron or Cast Iron. This is iron which con-
tains more than 2.3%, and usually 5-10% of
foreign constituents, with a carbon content of
2-5%. It melts without previous softening,
and therefore cannot be forged, but it casts
well, since it fills the molds sharply. The melt-
ing point of pig iron lies between 1100 and
1200 °C. Pig iron is brittle at ordinary temper-
ature. Ordinary grey cast iron contains the car-
bon chiefly in the form of graphite (typically
0.9% “combined carbon”, 2.8% graphite).
White cast iron, contains its carbon essentially
as cementite (e.g., 3% “combined carbon”,
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0.1% graphite). Since it is harder and more
brittle than grey cast iron, it is less suitable for
castings (except for malleable cast iron), and
is used almost exclusively as raw material for
the production of malleable iron.

Malleable iron has a lower carbon content
than pig iron, and contains fewer impurities.
The carbon content is usually between 0.04
and 1.5%. Malleable iron melts at a higher
temperature than pig iron. It softens gradually
at high temperatures, and can therefore be
forged and welded, as well as rolled or
stretched into wires.

Soft Iron. This iron contains 0.5% of carbon
at the most. It is tough and relatively soft, and
can therefore be worked particularly well. It
approaches pure iron in its properties, but dif-
fers from the latter in that, when magnetized, it
loses its magnetism with a greater or less delay
(hysteresis).

Steel. Steel has a higher carbon content than
soft iron — usually between 0.5 and 1%. It
can be forged and welded less readily than soft
iron. It is also harder than the latter, and not
tough but elastic at ordinary temperature. The
most important characteristic of steel is that it
may be hardened. If it is heated to bright red-

ness, and suddenly cooled (by plunging it into

water or oil), it becomes extraordinarily hard
and brittle. The brittleness can be removed
without any reduction in hardness, by “tem-
pering” the steel — that is, by hearing it care-
fully for a short time to a moderately high
temperature (250-300 °C).

The possibility of hardening steel is based
on the fact that iron—carbon alloys with a car-
bon content below 1.7% can be converted into
austenite by heating them. When this is sud-
denly cooled (“quenched”) it passes over, par-
tially or completely, into the very hard
martensite. As follows from the phase dia-
gram (Figure 5.104), the temperature neces-
sary for hardening varies, according to the
carbon content of the steel. It is usually about
900 °C. The effect of tempering is td release or
diminish the internal strains that result from
quenching.

Iron

If, in course of tempering, the temperature
is raised higher, so that pearlite begins to sepa-
rate out in a state of very fine subdivision, the
hardness decreases to some extent but the ten-
sile strength is increased. It is essential, how-
ever, that the heat treatment should not be
continued so long that the martensite decom-
poses completely into pearlite, as the hardness
and strength would then be lost once more.

5.17 Compounds
5.17.1 General

5.17.1.1 Ferrous Compounds

When iron is dissolved in nonoxidizing ac-
ids such as hydrochloric or dilute sulfuric, so-
lutions containing ferrous ion are obtained.

Fe+2H —Fe™ +H,

When a solution of a pure ferrous salt is
treated with an alkali hydroxide, a white, ge-
latinous precipitate of ferrous hydroxide,
Fe(OH), is formed. In the presence of air, fer-
rous hydroxide quickly turns green, and then
slowly becomes reddish-brown as it is oxi-
dized to hydrous ferric oxide.

4Fe(OH), + O, — 2Fe,0, + 4H,0

Because of this fact it is difficult to obtain pure
white ferrous hydroxide, and ferrous oxide,
FeO, is prepared by the thermal decomposi-
tion of ferrous oxalate:

FeC,0, — FeO + CO+ CO,

rather than by the dehydration of ferrous hy-
droxide. Solutions containing ferrous ion have
a pale green color. In the presence of air, fer-
rous ion is slowly oxidized to ferric. This oxi-
dation takes place much more readily in
alkaline than in acidic solution, as is indicated
by the standard potentials for the following
half-reactions:

Fe* 5 Fe*+e” E=-0.77V
Fe(OH), + OH — Fe(OH); + &~ E=0.56 V

The most important ferrous compound is
the sulfate, which crystallizes from aqueous
solution as the heptahydrate, FeSO, 7H,0.
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Because of the ease with which ferrous com-
pounds are oxidized, particularly in alkaline
solution, ferrous sulfate is widely used in
chemical industry and in the laboratory as a re-
ducing agent.

When equimolar proportions of ferrous sul-
fate and ammonium sulfate are brought to-
gether in aqueous solution, and the solution is
evaporated until crystallization takes place, a
double salt of the formula (NH,),SO,-FeSO,-
6H,0, known as Mohr’s salt, is obtained. In
the solid state, Mohr’s salt is not oxidized by
the air, and it is useful, therefore, as a depend-
able source of ferrous ion free from ferric.

The ferrous halides are most readily pre-
pared by the action of solutions of the corre-
sponding hydrogen halides upon metallic iron.
The chloride crystallizes as the green hydrate
FeCl,-4H,O when its solution is evaporated
out of contact with the air.

Ferrous sulfide, FeS, is obtained either by
direct union of iron and sulfur or by the action
of hydrogen sulfide on neutral or basic solu-
tions of ferrous ion. The black precipitate of
FeS obtained in this reaction is readily soluble
in even weakly acidic solutions. A black pre-
cipitate is obtained by the action of S*~ions on
iron(III) salt solutions. This is practically in-
soluble in water, but is soluble in dilute acids,
and has a composition corresponding to the
formula Fe,S;. It decomposes readily in air
when it is moist, with the formation of iron ox-
ide hydrate and the deposition of sulfur. Sulfur
is also deposited when the precipitate is

treated with hydrochloric acid: ’

Fe,S, + 4HCl — 2FeCl, + 2H.S + S

5.17.1.2 Ferric Compounds

The iron atom has only two electrons in its
outer (4s) shell. It may, however, lose or share
in addition an electron from the incomplete 34
subshell, thereby attaining an oxidation state
of 3+. Solutions of many ferric salts contain
the hydrated ferric ion, Fe(H,0)Z". Because of
the small size and high charge on the ferric
ion, the hydrated ion reacts with water to give
acid solutions.
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Fe(H,0)2" + H,0 - Fe(H,0)(OHY*" + H;0"

When solutions of ferric salts are boiled, basic
ferric salts or hydrous ferric oxide may be pre-
cipitated. The yellow color of solutions of fer-
fic salts is due to complex hydrated ions or to
colloidal hydrous ferric oxide. When a solu-
tion of a ferric salt is treated with ammonia, or
with a soluble hydroxide, a red-brown gelati-
nous precipitate of hydrous ferric oxide is ob-
tained which readily goes into the colloidal
condition. Since its composition varies with
the method of preparation. It is best repre-
sented as Fe,05-¥H,0. Hydrous ferric oxide
does not dissolve in basic solutions.

When hydrous ferric oxide 1s strongly
heated, it loses all its water and yields the an-
hydrous oxide, Fe,O5. This oxide exists in a
number of crystalline modifications, the par-
ticular form depending upon the method by
which it is obtained. As the mineral hematite,
ferric oxide occurs in large quantities in the
earth’s crust. Finely divided ferric oxide ob-

tained by the burning of pyrite is used as a red .

pigment or as a mild abrasive under the names
of Venetian red. When ferric oxide is heated to
a very high temperature, or when iron bums in
oxygen or is heated in steam, ferroxoferric ox-
ide, Fe;0y, 1s obtained. This compound occurs
naturally as the ore called magnetite, some
samples of which are highly paramagnetic and
are known as lodestones. This oxide may also
be regarded as ferrous ferite, and its formula
accordingly may be written Fe(FeO,),.

The most important salt of ferric ion is fer-
ric chloride. It is a true salt only when hy-
drated; the physical properties of the
anhydrous form indicate that it is covalent.
Anhydrous ferric halides are obtained by the
passage of a current of the corresponding
halogen gas over heated iron. Under these
conditions, ferric chloride, for example, crys-
tallizes in black crystals in the cold parts of the
tube. The density of the vapor formed when
these crystals are volatilized (280 °C) indi-
cates that the compound is Fe.Cl,. Anhydrous
ferric chloride dissolves readily in water to
yield a yellow solution of the hydrated com-
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pound. Several solid hydrates are obtainable,
the most familiar being FeCl,-6H,0.

On evaporation of solutions containing
equimolar proportions of ferric sulfate and the
sulfate of an alkali metal or ammonium, vio-
let-colored ferric alums are obtained, e.g.,
(NH,),S0,-Fe,(S0,), 24H,0. Feric nitrate,
also, may be obtained in violet-colored crys-
tals, having the formula Fe(NO;);9H0. .

5.17.1.3 Complex Compounds

Iron in both the 2+ and 3+ oxidation states
forms many complex compounds. Of these,
the complex cyanides, because of their high
stability, are particularly important.

When solutions containing ferrous ion are
treated with an excess of cyanide ion, the pale
yellow complex ferrocyanide ion is obtained.
This ion is so stable that solutions of ferrocya-
nides have none of the properties either of fer-
rous or of cyanide ion:

Fe** + 6CN™ — Fe(CN)F

The most familiar ferrocyanides are the
readily soluble sodium and potassium salts,
Na,Fe(CN)e-10H,0 and K Fe(CN)g3H,0.
Likewise, when solutions containing ferric ion
are treated with an excess of cyanide ion, the
very stable red ferricyanide complex is ob-’
tained:

Fe¥ + 6CN- = Fe(CN)Y

The most important ferricyanide is the potas-
sium salt K;Fe(CN),, which is obtained indus-
trially by the oxidation of the ferrocyanide
with chlorine:

2K Fe(CN); + Cl, — 2K Fe(CN)s + 2KCl

These complex cyanide ions form precipi-
tates with a number of metal ions and are
therefore useful in analytical chemistry.
When a solution of a ferrocyanide reacts with
a soluble ferric salt, a dark blue precipitate of
complex structure, called Prussian blue, is ob-
tained. Likewise, when a solution of a ferricy-
anide is treated with a soluble ferrous salt, a
complex dark blue precipitate knoWwn as Tumn-
bull’s blue is obtained. The compositions of
these precipitates vary considerably with the

Iron

conditions under which the reaction is carried
out. The important fact, however, is that fer-
rous ion reacts with ferricyanide ion to give a
dark blue precipitate, whereas ferric ion reacts
with ferrocyanide ion to give a precipitate of
practically identical color. On the other hand,
pure ferrous ion forms a white precipitate with
ferrocyanide ion, and ferric ion reacts with fer-
ricyanide ion to yield a brown solution con-
taining a complex of unknown composition.
These reactions provide a convenient method
for testing for ferrous and ferric ions and for
distinguishing between them.

The addition of a solution containing thio-
cyanate ion, SCN-, to a solution containing
ferric ion produces a deep red color. More than
one colored complex ion is formed but in each
of these complexes, thiocyanate ions are coor-
dinated to the ferric ion. This reaction consti-
tutes a very sensitive test for ferric.

5.17.2 Iron(II) Sulfate

Properties. Iron(Il) sulfate heptahydrate, fer-
rous sulfate, copperas, green vitriol,
FeS0O,-7H,0, mp 64 °C, p 1.898 g/em’, crys-
tallizes from aqueous solution as green, mono-
clinic crystals, which are readily soluble in
water and glycol but insoluble in alcohol, ace-
tone, and methyl acetate. On being heated to
60-70 °C, 3 mol of water is driven off to form
the tetrahydrate, FeSO,-4H,O. In the absence
of air, at ca. 300 °C, iron(Il) sulfate monohy-
drate, a white powder, is formed. When heated
to ca. 260 °C in the presence of air, the mono-
hydrate is oxidized to iron(IIl) sulfate. De-
composition of iron(II) sulfate begins at about
4_80°C. Iron(II) sulfate is efflorescent in dry
air. In moist air, the surface of the crystals be-
comes covered with brownish basic iron(IIT)
sulfate. Aqueous solutions of iron(II) sulfate
are slightly acidic due to hydrolysis. The rate
qf oxidation by air increases in alkaline solu-
tion and on raising the temperature. Iron(Il)
'§ulfate reduces copper(Il) ions to copper(l)
lons and gold or silver ions to the correspond-
ing metal. With univalent cations (e.g., K, Rb,
Cs, NH,, and Tl) and divalent cations (e.g.,
Cd, Zn, Mn, and Mg), double salts (alums) are
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.readily formed; an example is Mohr’s salt,
iron(Il) ammonium sulfate, FeSO,(NH)SO,-
6H,0. This green salt is soluble in water, eas-
ily purified, and more stable to oxidation than
iron(Il) sulfate heptahydrate.

P'roduction. Iron(II) sulfate is produced by
dissolving scrap iron in dilute sulfuric acid or
by oxidizing moist pyrites in air.

Iron(Il) sulfate is also obtained as a hyprod-
uct from steel pickling and from the produc-
tion of titanium dioxide (sulfate process, with
11p1en_ite a s raw material). It is recovered from
plclqmg liquors in a relatively pure form. The
purity of iron(II) sulfate from the production
of titanium dioxide depends on the source of
the ilmenite. A typical composition is 87-90%
FeSO,-7TH,0, 6-7% MgS0,-7TH,0, 0.6-0.7%
TiOSO,, 0.2% MnSO,-7H,O, 3-6% water,
and depending upon the type of ilmenite used,
traces of nickel, chromium(III), vanadium,
copper, zirconium, and others.

Uses. Iron(II) sulfate is used for the prepara-
tion of other iron compounds. It is employed
to a lesser extent in writing inks, wood preser-
vatives, desulfurizing coal gas, and the pro-
duction of Turnbull’s blue, Prussian blue, and
other iron pigments; as an etchant for alumi-
num; for process engraving and lithography;
and as an additive to fodder.

_ As sensitivity to environmental protection
increased, other uses had to be found for
iron(Il) sulfate, because the above mentioned
applications did not consume the amounts
available as a byproduct from industrial pro-
cesses. Large amounts of iron(II) sulfate are
used for the clarification of community efflu-
ents. With an additional clarification step, up
to 90% of the phosphate in the effluent can be
eliminated. Sludge formed in clarification
tanks may be used as fertilizer [174-175].
?ron(II) sulfate can also be recycled. After dry-
ing to the monohydrate, it is decomposed in a
calciner:

4FeSO, — 2Fe,0, + 450, + 0,
Sulfur dioxide is converted by the contact pro-

cess to sulfuric acid [176]. The conversion of
iron(II) sulfate to gypsum and iron(II) chloride
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by treatment with calcium chloride has also
been proposed. The iron(II) chloride is then
decomposed to iron(I1I) oxide and hydrochlo-
ric acid [177]. To convert surplus iron(Il) sul-
fate to a product that can be disposed on a
dump site, it can be neutralized with one
equivalent of calcium hydroxide. The conver-
sion is reportedly 97% [178]. To regulate the
setting characteristics of cement, gypsum can
be replaced by iron(II) sulfate [179]. As an ad-
ditive to cement, iron(II) sulfate can reduce
the content of water-soluble chromates sub-
stantially [180]. Iron(Il) sulfate solutions can
be used to eliminate chlorine in waste gases
[181]. Effluents containing cyanides and chro-
mates may be decontaminated with iron(Il)
sulfate [182]. Iron(Il) sulfate can be used to
combat chlorosis, a disease of vines [179]. Itis
also used to treat alkaline soil and to destroy
moss [179].

Toxicology. If swallowed, iron(II) sulfate can
cause disturbances of the gastrointestinal tract.
Ingestion of large quantities by children may
cause vomiting, hematemesis, hepatic dam-
age, and peripheral vascular collapse [183].

The acute oral toxicity (LD50) of iron(Il)
sulfate in the rat is 1389-2778 mg/kg, and the
in rabbit, 2778 mg/kg [184].

5.17.3 Iron(IIl) Sulfate

Properties. Anhydrous iron(III) sulfate, fer-
ric sulfate, Fe,(SO,);, is a yellowish-white
solid. It dissolves in water, hydrolyzing at the
same time, to yield a brownish solution. Basic
iron(II) sulfate precipitates when the solution
is boiled. With alkali metal (M) sulfates,
iron(Ill) sulfate forms alums, M'Fe(SO,),:
12H,0. Alums are almost colorless but nor-
mally have a violet tinge.

Production. Iron(IIl) sulfate is prepared by
treating iron(II) sulfate with boiling concen-
trated sulfuric acid, or by evaporating a mix-
ture of iron(IlI) oxide and sulfuric acid.
Iron(I1I) sulfate solutions are produced indus-
trially by injecting chlorine gas into an iron(IT)
sulfate solution [185]. The solution thus ob-
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tained contains a mixture of iron(IlI) sulfate
and iron(IIT) chlonide. :

Uses. Ferric sulfate is used to prepare alums
and iron oxide pigments, and as a coagulant
for the treatment of liquid effluents. Ammo-
nium ferric sulfate is used for tanning. Solu-
tions of iron(Ill) compounds are used to
reduce the volume of sludge from effluent
treatment plants. By using a mixture of
iron(I1I) sulfate, iron(IIl) chloride, and cal-
cium hydroxide it is possible to achieve a dry-
matter content of the sludge, after filtration, of
at least 35% [186].

5.17.4 TIron(III) Chloride

Iron(III) chloride, ferric chloride, is a by-
product of some metallurgical and chemical
processes, such as the chlorinating decompo-
sition of iron-bearing oxide ores. lts ready
availability and the cheap feeds used to pro-
duce it (iron and chlorine) have made iron(III)
chloride, especially its aqueous solution, a sig-
nificant feed stock for many industries, in par-
ticular, water treatment and the production of
iron oxides or other iron compounds.

Properties. Iron(I1I) chloride, FeCl,, sublima-
tion temperature ca. 305 °C, bp 332 °C [2.1];
AH{ (25 °C) -399.67 kJ/mol [187], p (25°C)
2.89 g/em? [188], is an almost black crystal-
line solid.

1t is dimeric (Fe,Cly) in the gas phase up to
about 400 °C, dissociates at higher tempera-
ture, and is monomeric at 750 °C in the pres-
ence of excess chlorne. If chlorine is not
present in excess, the compound decomposes
to iron(II) chloride and chlorine above 200 °C
[189].

Anhydrous iron(IIT) chloride has a hexago-
nal layer structure and forms dark, almost
black, microcrystalline platelets with a metal-
lic luster. The strongly hygroscopic crystals
form a series of hydrates in humid air
(FeCl;-xH.0,x=6,3.5,2.5,2) [190] and deli-
quesce on absorbing more moisturé. The crys-
talline commercial product is iron(Ill)
chloride hexahydrate, FeCl;-6H,0, mp ca.

fron

37 °C. It forms yellow crystals and occurs as
[FeCL,(H,0),]"CI™-2H,0.

Tron(III) chloride is very soluble in water:
430 g of FeCl; per kilogram of solution at
0 °C, 480 g/kg at 20 °C, and 743 g/kg at 40 °C
[191]. The enthalpy of solution of anhydrous
iron(11I) chloride is 95 kJ/mol for the forma-
tion of a 40% solution at 20 °C. The aqueous
solution is strongly acidic. If a solution of
iron(IIT) chloride is diluted and neutralized
slowly with alkali, [Fe(H,0)4** is deproto-
nated to give yellow [Fe(OH)(H,0);]** and
dimeric [Fe,(OH),(H,0)]*. Brown, colloi-
dal B-FeOOH is formed upon further neutral-
ization; at higher temperature, iron hydroxide
precipitates [192].

Iron(III) chloride is readily soluble in lig-
uids having donor properties, such as alcohols,
ketones, ethers, nitriles, amines, and liquid
sulfur dioxide, but only sparingly soluble in
nonpolar solvents such as benzene and hex-
ane. The reaction of iron(IIT) chloride with hy-
drochloric acid or chlorides 'yields the
tetrachloroferrates  [FeCl,]” and [FeCl,
(H,0),]™. Because complexes are also formed
with donor solvents, iron(IIT) chloride can be
extracted from aqueous solutions in the pres-
ence of hydrochloric acid by using ether [193].

Iron(IIT) chloride is a strong oxidizing
agent. Thus, many metals (for example, Fe,
Cu, Nj, Pd, Pt, Mn, Pb, and Sn) are dissolved
by aqueous iron(III) chloride, with the forma-
tion of iron(II) chloride; magnesium dissolves
with evolution of hydrogen. Iron(III) chloride
solution liberates carbon dioxide from alkali-
metal carbonates. When iron(III) chloride is
heated in air, iron(III) oxide and chlorine are
produced. Above 200 °C, iron(III) chloride is
rapidly reduced by hydrogen to iron. It is also

~ reduced by coal.

Production. Anhydrous iron(IIl) chloride is
produced industrially by reaction of dry chlo-
rine with scrap iron at 500-700 °C [194]. The
process 1s known as direct chlorination. Pre-
heated scrap is charged into the top of a water-
cqoled iron shaft furnace, while chlorine (or a
mixture of chlorine and nitrogen) is admitted
at the bottom. To prevent formation of iron(1I)
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chlonide, a 10~30% excess of chlorine is used.
Iron scrap is added continuously at a rate de-
pending on the reaction temperature and the
amount of chlorine remaining in the exit gas.
The iron(III) chloride vapor produced passes
through water- or air-cooled condensation
chambers. The crystals obtained are removed
continuously from the walls by vibration or
knocking. They are then ground, screened,
and packaged with exclusion of meisture.
Chlorine in the waste gas is removed either by
scrubbing with iron(Il) chloride solution, to
give iron(III) chioride, or by reacting with so-
dium hydroxide solution, to yield sodium hy-
pochlorite and sodium chloride.

In another process, carried out in a reactor
with an acid-resistant liner, iron scrap and dry
chlorine gas react in a eutectic melt of iron(III)
chloride and potassium or sodium chloride
(e.g., 70% FeCl, and 30% KCl) [195]. First,
iron scrap is dissolved in the melt at 600 °C
and oxidized to iron(Il) chloride by iron(III)
chloride. Iron(Il) chloride then reacts with
chlorine to yield iron(IIT) chloride, which sub-
limes and is collected in cooled condensation
chambers.

The advantages of direct chlorination in-
clude higher space time yields, lower capital
cost, and less waste. The melt process gives a
purer product because impurities remain
largely in the melt; however, for this. reason
the melt must be changed and disposed of fre-
quently.

Iron(IIT) chloride solutions are prepared by
dissolving iron in hydrochloric acid and oxi-
dizing the resulting iron(II) chloride with
chlorine. In a continuous, closed-cycle pro-
cess, iron(Ill) chloride solution is reduced
with iron and the resulting iron(II) chloride so-
lution is reoxidized with chlorine. Iron(TII)
chloride solution is also produced by solving
iron(Ill) oxide in hydrochlorc acid. Solid
iron(IIl) chloride hexahydrate is crystallized
by cooling a hot concentrated solution.

Quality Specifications and Analysis. Com-
mercial forms of iron(IIl) chloride include
sublimed anhydrous iron(III) chloride (= 99%
FeCly), iron(IIl) chloride hexahydrate (ca.
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60% FeCly), and iron(IIl) chlonde solution
(ca. 40% FeCl,). Iron(III) chloride for potable
water treatment must comply with DIN 19602
(February 1987).

Trivalent iron is determined by iodometric
titration with sodium thiosulfate; chloride ion
is determined by argentometry.

Occupational Health. Iron(III) chloride irri-
tates the skin and, especially, eyes. Therefore,
workers handling it must wear protective
glasses, facial protection, and rubber gloves.
The TLV for iron(II) chloride is that for solu-
ble iron salts: 1 mg of iron per cubic meter.

Storage and Transportation. Anhydrous
iron(IIl) chloride can be stored in standard
steel containers. It is shipped airtight in sheet-
iron drums or plastic barrels, and loose in tank
trucks. Moist iron(IIT) chloride and iron(III)
chloride solutions attack ordinary metals. The
following materials are suitable for containers
to hold iron chloride solutions: rubberized
steel; plastics such as polyethylene, poly(vinyl
chloride), and polytetrafluoroethylene; fiber-
reinforced plastics; glass; stoneware; porce-
lain; and enamel. The only suitable metallic
materials are titanium, tantalum, and Hastel-
loy C.

The transport classification for anhydrous
iron(III) chloride is UN No. 1773, RID-ADR
Class 8.11c and for iron(III) chloride solution,
UN No. 2582, RID-ADR Class 8.5c.

Iron(III) chloride spilled by accident must
be collected and forwarded to a sewage plant
for disposal. Contaminated soil must be
cleaned with a large amount of water and neu-
tralized with lime. Iron(III) chloride is a Class
1 hazard to water quality.

Uses. Anhydrous iron(III) chloride is used in
organic chemistry as a chlorinating agent for
aliphatic hydrocarbons and for aromatic com-
pounds. It also acts as a catalyst in Friedel-
Crafts syntheses and condensation reactions.
Iron(I1I) chloride is also used occasionally as
an oxidizing agent [196, 197].

Because solutions of iron(I1I) chloride dis-
solve metals such as copper and zinc without
troublesome evolution of hydrogen, they are
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used for the etching or surface treatment of
metals (e.g., in the manufacture of electronic
printed circuits, copperplate rotogravure print-
ing, textile printing rolls), and for making
signs. Iron(III) chloride solutions are also used
in leaching the copper ore chalcopyrite.

Iron{III) chloride is used as a starting mate-
ral in the preparation of other iron com-
pounds, particularly oxides and hydroxides.
However, most iron(IlT) oxide pigments ob-
tained by hydrolysis of iron(III) chloride at
high temperature have weak colors and a blu-
ish cast, so these processes have not achieved
commercial importance.

The largest use of iron chloride is in the
form of dilute solutions that are employed as
flocculating and precipitating agents in water
treatment [198]. In processing surface waters
into potable and process water, 5-40 g of
iron(III) chloride is added to 1 m* of crude wa-
ter at pH 6-—7. The precipitated iron(III) hy-
droxide adsorbs finely divided solids and
colloids (e.g., clays and humic acids). If decar-
bonization or the precipitation of heavy metals
is to be carried out at the same time, slaked
lime is added to adjust the pH to 9-11.

In municipal and industrial wastewater
treatment, iron(III) chloride is particularly ef-
fective because it precipitates heavy metals
and sulfides, whereas contaminants such as
oils and polymers, which are difficult to de-
grade, are adsorbed on the iron hydroxide
flocs. Phosphates are also lowered to a level of
ca. 1 mg of phosphorus per liter of water in the
clarifier discharge. Preliminary treatment with
iron(III) chloride can increase the capacity of
overloaded clarifier plants.

Sludge conditioning with iron(III) chloride
and lime improves the dewatering of filter
sludge, so that drier sludges, better suited to
disposal or incineration, are obtained.

Consumption ‘of iron(IIl) chloride in the
United States in 1994 was as follows [199]:
Sewage and wastewater treatment: 65%

Water treatment: 25%
Catalyst, etchant, and other: 10% %

Solutions of iron chlorosulfate, FeClSO,,
obtained by chlorinating iron(II) sulfate, are
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also used extensively as flocculents in water
treatment [201].

Economic Aspects. Of the few anhydrous
iron(I1I) chloride producers worldwide, the
most important in Europe is BASF. Most of
the iron(I1T) chloride is obtained as a by-prod-
uct when iron-bearing raw materials are chlo-
rnated or when steels are pickled with
hydrochloric acid; the major commercial form
is the 40% solution.

Qutputs (by year, as 100% FeCl,) and ma-
jor producers are

Europe (1994) estimated 150 000 t (Solvay,

Atochem, BASF, SIDRA)

USA (1994) [199] 200 000t (Du Pont, PVS, Imperial
West Chem.) :

Japan (1987) [200] 322000t

The most important European producers of
iron chlorosulfate are Kronos Titan and Thann
et Mulhouse SA.

5.17.5 Iron(II) Chloride

Tron(II) chioride, ferrous chloride, is much
less important industrially than iron(III) chlo-
ride. The etching of steel with hydrochloric
acid yields large amounts of iron(II) chloride,
which is chlorinated in solution or thermally
decomposed to iron oxide and hydrochloric
acid. A solution of iron(II) chloride is also ob-
tained as a by-product from the chloride pro-
cess for the production of titanium dioxide.

Properties. Iron(II) chloride, FeCl, mp
677 °C, bp 1074 °C, AH? (25°C) -342.1
kJ/mol, p (25°C) 3.16 g/lem®, forms pale
green, rhombohedral crystals which are
readily soluble in water, alcohol, and acetone,
but only sparingly soluble in ether and ben-
zene. The compound occurs naturally as the
mineral lawrencite. It forms several hydrates,
FeCl,-xH,0 (x=1, 2, 4, 6).

’ When heated in air, iron(II) chloride forms
iron(III) chloride and iron oxides. Iron(Il)
chloride solution undergoes virtually no hy-
drolysis; it is oxidized readily by air.

Production. Anhydrous iron(II) chloride is
produced from iron filings heated to red heat
In a stream of hydrogen chloride or from-iron
and chlorine at 700 °C. The product is ob-
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tained as a sublimable white mass. Iron(Il)
chloride can also be prepared by passing hy-
drogen over heated iron(IIT) chloride.

Solutions of iron(II) chloride are prepared
by dissolving iron in hydrochloric acid or by
reducing iron(III) chloride solutions with iron.
When a hot saturated solution is cooled to
0 °C, pale green, monoclinic crystals of the
hexahydrate are obtained; cooling to room
temperature yields the blue-green “tetrahy-
drate. If the solution is concentrated at 90 °C,
the green dihydrate is obtained; above 120 °C
or on vacuum evaporation, the dihydrate is
converted to the monohydrate, FeCl,-H,0. In
the absence of air, the monohydraté is con-
verted to anhydrous iron(II) chloride at 230 °C
[202]. '

Quality Specifications. Iron(I) chloride is
sold as an anhydrous powder (2 96% FeCl,),
as the dihydrate (> 75% FeCl,), as the tetrahy-
drate (> 60% FeCl,), and as an aqueous solu-
tion (ca. 30% FeCl,).

Transportation. Solid iron(II) chloride is
shipped in sheet-iron drums, plastic bags, or
glass containers, and its solution is transported

" in rubberized containers or plastic barrels.

Uses. Iron(II) chloride is used as a reducing
agent and for the production of other iron
compounds. Increasingly, iron(IT) chloride so-
lution serves as a precipitating and flocculat-
ing agent with reducing properties for use in
water treatment; it is especially effective with
wastewater containing chromate, for example.

Pure iron(II) chloride solution is an impor-
tant starting material for the preparation of ac-
icular goethite, a-FeOOH, and lepidocrocite,
vFeOOH, which are further processed to y-
Fe,O, magnetic pigments. Pure iron(Il) chlo-
ride is also employed in the preparation of
pure iron.

5.17.6 Iron Pentacarbonyl

Metal carbonyls are complexes in which
carbon monoxide is coordinated to the central
metal atom. Of the iron carbonyls, only iron
pentacarbonyl, Fe(CO),, is economically sig-
nificant.
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M. BerTrELOT [203] and, independently, L.
Monp and L. Qumcke [204] discovered iron
pentacarbonyl in 1891 [205]. Only after BASF
had developed high-pressure technology for
ammonia synthesis was its industrial produc-
tion feasible. In 1925, a large plant was built in
Germany by BASF to make iron pentacarbo-
nyl which had proved to be a very effective
antiknock agent for gasoline engines. When
the compound was replaced shortly afterwards
by lead alkyls, which were beneficial to mo-
tors, the production of iron powder from iron
pentacarbonyl came to the fore.

In 1940, GAF began producing the pentac-
arbonyl in the United States under license
from BASF. A BASF plant was moved to the
Soviet Union in 1945. Plants built in England
(1944) and France (1952) have ceased produc-
tion. In addition to iron powder, BASF has
been producing pure iron oxide from the car-
bonyl since about 1930.

Physical Properties. Iron pentacarbonyl isa
clear, yellow, mobile liquid with an indistine-
tive odor. The molecule has a trigonal-bipyra-
midal structure [206].

Endothermic decomposition to iron and
carbon monoxide begins at ca. 60 °C. Al-
though decomposition becomes marked at the
boiling point, iron pentacarbonyl can be dis-
tilled at atmospheric pressure with slight
losses.

Some physical properties of iron pentacar-
bonyl are as follows:

mp -20°C

bp 103 °C
Critical temperature 285-288 °C
Critical pressure 2.90 MPa
Heat of fusion 69.4 KJ/kg
Heat of vaporization 190 kJ/kg
Specific heat (20 °C) 1.2kJkg 'K
Viscosity (20 °C) 76 mPa-s

Surface tension (20 °C) 0.022 N/m
Coefficient of linear expansion (20 °C) 0.00125

Refractive index (1p™) 1.518
Thermal conductivity 0.139 Wm™'K™!
Enthalpy of dissociation (vapor) 994 kJ/kg

Heat of combustion (to CO, and Fe,0,)-8200 kl’kg
Density, g/em’

at0 °C 1.495
at20 °C 1.457
at40 °C 1.419
at60 °C 1.380
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Vapor pressure, kPa

at 20 °C 3.49
at60 °C 21.33
at 100 °C 87.58

Iron pentacarbonyl is completely miscible
with petroleum ether, hexane, benzene, pen-
tanol and higher alcohols, ethyl ether, acetone,
acetic acid, and ethyl acetate. It is partially
miscible with paraffin oil and lower alcohols
up to butanol [207].

Water solubility data for iron pentacarbonyl
are contradictory; a value of 50-100 mg/L can
be assumed [208]. The solubility of water in
iron pentacarbonyl is 200400 mg/kg.

The most complete documentation on iron
pentacarbonyl is given in [209]; for earlier lit-
erature, see [210].

Chemical Properties. Iron pentacarbonyl is
an easily combustible substance. It does not
react with water or with weak or dilute acids.
With concentrated acids, the corresponding
iron salts are formed with the evolution of car-
bon monoxide and hydrogen. Reactions with
halogens yield iron halides. Iron pentacarbo-
nyl also reduces organic compounds; for ex-
ample, nitrobenzene is reduced to aniline; a
ketone, to an alcohol; and indigo, to indigo
white. The Hieber base reaction yields iron
carbonyl hydride or its salts [212-216]:

Fe(CO), + 4NaOH — Na,Fe(CO), +Na,CO, + 2H,0

The salt Na,Fe(CO), is a strong reducing
agent.

Visible-light photolysis of pure iron pentac-
arbonyl or its solutions yields diiron nonacar-
bonyl, which precipitates as golden
hexagonal platelets [217, 218]:

2Fe(CO), — Fe,(CO), + CO

The trinuclear iron carbonyl Fey(CO),, is also
known [219-224].

As a highly reactive and readily available
compound, iron pentacarbonyl is used for the
preparation of many complexes, but these are
not very significant industrially [211].

The most important industrial reactions of
iron pentacarbonyl are thermal decomposi-
tion in the absence of air, yielding ifon powder
and carbon monoxide, and combustion to
iron(1Il) oxide, Fe,O,.
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Table 5.44: Equilibrium data for the formation of iron
pentacarbonyl.

Fe(CO),, g o P

T,°C }17)"-;3 vol% (at equi- Dre(coy,
librium)
Observed Calculated
60 0.69 22.4 0.86 0.363
80 1.47 21.8 20.1 3.39
160  38.83 9.0 24x10° 1.0x10°
200 132.68 5.7

55x10° 1.26x10°

Production. Although nickel carbonyl can be
obtained from nickel and carbon monoxide at
atmospheric pressure and moderate tempera-
ture, the production of iron pentacarbonyl re-
quires a pressure of 5-30 MPa, a temperature
of 150-200 °C, and the presence of reactive
iron.

Values reported for the reaction equilibrium
are not in good agreement with those calcu-
lated [225-228]. Table 5.44 lists experimental
data for the equilibrium constant along with
values calculated from the Nernst approxima-
tion [228].

Even at high temperature and pressure,
massive iron reacts sluggishly with carbon
monoxide, so iron sponge, with its greater sar-
face area, is used as starting material [229].
Better yields are said to be obtained with iron
quenched and granulated from the melt and
containing 2-4% sulfur [230], which has a
catalytic action [231]. For the reaction kinet-
ics, see [232].

The exothermic reaction
Fe + 5CO — Fe(CO)y,  AH =-226.92 kJ/mol

is carried out in high-pressure batch equip-
ment with a vertical reactor charged with iron.
The gas, circulated by a pump, is preheated
and admitted to the reactor. It leaves the reac-
tor hot and loaded with iron pentacarbonyl
which is condensed in a heat exchanger and al-
lowed to expand into the unpressurized purifi-
cation system under low pressure. To mainiain
Fhe pressure in the system, the carbon monox-
1d§ used is replaced with fresh gas. Most of
this is obtained when the carbonyl is decom-
posed to iron powder. This closed operating
cycle removes carbonyl from the reaction
equilibrium [233].
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Carbon monoxide pressure, temperature,
and flow rate are controlled carefully through-
out the batch to avoid spontaneous decompo-
sition of carbon monoxide, which would result
in a sharp temperature increase and the depo-
sition of carbon black [234].

The liquid carbonyl contains some lubricat-
ing oil (from the pump), water, and iron dust.
Depending on the starting material, volatile
carbonyls of nickel, chromium, molybdenum,
and tungsten may also be present. These are
removed by distillation.

The batch process is rather expensive and
requires inert gas purging at the beginning and
end of each batch. Nonetheless, other ap-
proaches have not been implemented. In a wet
process, carbon monoxide was reacted with
solutions of iron(I!) salts in aqueous ammonia
at 11.5 MPa and 80 °C, giving iron pentacar-
bonyl in yields of 40-50% [235, 236]. A solu-
tion of iron(Il) chloride in methanol
containing a sulfur compound and Mn powder
is said to form iron pentacarbonyl on reaction
with carbon monoxide [237]. Another process
uses three fluidized beds in seres, for iron ore
(e.g., hematite) reduction, high-pressure car-

bonylation, and carbonyl decomposition;
however, the process has not been adopted
commercially [238, 239].

Quality Specifications and Analysis. Com-
mercial pure iron pentacarbonyl is brought to
high purity by double distillation. The levels
of contaminants, metals that form volatile car-
bonyls, and sulfur are at or below the thresh-
old of detectability [208].

To test for trace contaminants, a sample is
solidified by cooling, treated with excess bro-
mine, and brought slowly to room tempera-
ture. After the reaction stops, the residue is
dissolved in dilute nitric acid. Techniques suit-
able for analyzing the solution (e.g., for Cr, Ni,
Mo, or Pb) are atomic absorption spectros-
copy and emission spectroscopy with induc-
tively coupled plasma. Iron pentacarbonyl
can be analyzed in a similar fashion after be-
ing dissolved in concentrated nitric acid.

Iron pentacarbonyl in gases, including air,
can be oxidized with a hydrogen peroxide
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methanol mixture and analyzed as iron hy-
droxide [208]. Bromine water and concen-
trated nitric acid are also suitable as oxidizing
agents. The exposure of individual workers to
iron pentacarbonyl is measured using a per-
sonal air sampler, consisting of a charcoal-
filled tube and a small battery operated gas
pump. The iron pentacarbonyl is catalytically
oxidized on the activated charcoal to give iron
oxide, which can be determined as iron after
combustion of the charcoal. The average con-
tent of iron pentacarbonyl in the air i5 then cal-
culated.

Indoor air can be continuously monitored
by radiometry with ionization detectors. Iron
pentacarbonyl is atomized to an aerosol in a
measuring chamber at 150 °C; the aerosol di-
minishes the ionization current generated by a
radioactive source. The change in current is a
measure of the carbonyl concentration. The
detection threshold is ca. 0.1 ppm [240].

Gas chromatography with an electron-cap-
ture detector has been used to determine iron
pentacarbonyl and nickel tetracarbonyl in syn-
thesis gas. The limit of detection for nickel tet-
racarbonyl has been found to be 0.001 ppm
and that for iron pentacarbonyl somewhat less
[241].

Safety. Two potential hazards must be consid-
ered in relation to iron pentacarbonyl: toxicity
and combustion. These can be controlled only
if the product is handled in sealed equipment
[208]. The fire hazard can be summarized as
follows:

Flash point <-15°C

Ignition point <65 °C

Lower explosion limit 2.6-4.5vol%

On substances with a high surface area, such
as activated charcoal, ignition is possible even
at room temperature.

Because the heat of combustion of iron
pentacarbony] is only one-fifth that of fuel oil,
iron pentacarbonyl fires are easy to extin-
guish. The best extinguishing agent is water,
which removes heat and forms an airtight
cover. Water that has been used to extinguish
tires must not be discharged into natural wa-
ters.
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Iron pentacarbonyl bumms completely to
iron(IIT) oxide and carbon dioxide only when
it is atomized with air. Open combustion (e.g.,
in a dish) does not go to completion, and car-
bon monoxide is formed.

The best protection against the occurrence
of iron pentacarbonyl concentrations that
might present a danger of poisoning or explo-
sion is continuous air monitoring. Carbon
monoxide alarms respond only at much
higher, toxic concentrations.

Storage. At industrial plants, iron pentacarbo-
nyl is stored and processed in the absence of
air in metallic (usually steel) equipment. Suit-
able seals and fittings are recommended by the
carbonyl producer [208].

In unpressurized tanks, the carbonyl is cov-
ered with a protective gas (CO, N,, Ar, CO,).
Tanks are connected to a gas reservoir so that
the pressure does not drop below atmospheric
even when the tank is cooled.

When the product is stored in pressurized
vessels, the liquid is withdrawn through a sub-

~merged tube, not through valves in the tank

bottom.

Tanks and pumps are installed in liquid-
tight collecting basins.

Cleaning of Equipment and Disposal. Pro-

cess equipment can be cleaned before opening
by flushing with steam and then condernsing
the iron pentacarbonyl and water.

Carbonyl residues are collected and reused
whenever possible. Because of the density dif-
ference, the product can easily be separated
from water.

Laboratory carbonyl residues can be col-
lected in a bottle partly filled with water.
Glassware is washed several times with a
small amount of acetone, which is poured into
water for phase separation. '

Small amounts of iron pentacarbonyl can
be disposed of by burning in a sheet-metal tub.
The presence of carbon monoxide in the off-
gas must be taken into account. .

Transportation. Because of fire and toxicity
hazards, stringent regulations apply to the
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transportation of iron pentacarbonyl. Contain-
ers must be airtight and stable.

In Germany, the same regulations apply as
in the case of nickel carbonyl. Both substances
are assigned to Class 6.1, No. 3 under RID and
GGVE for rail shipment, and under ADR and
GGVS for road shipment. These regulations
allow pressurized containers up to 250 L rated
at 1 MPa. They are subject to inspection as
pressure vessels (e.g., by TUV) before  being
placed in service and at five-year intervals
thereafter. The contents are limited to 1 kg of
iron pentacarbonyl per liter of capacity. Every
pressurized container must bear a nameplate
with the following information: name of sub-
stance, owner, empty weight, year of first in-
spection and year of most recent inspection,
inspector’s stamp, maximum filling weight,
and rated pressure.

The largest producer of iron pentacarbonyl,
BASF, sells it in 20~ and 250-kg pressurized
containers. Each container has two valves or a
double valve, so that liquid can be withdrawn
through a submerged tube.

Also used as nonreturnable packaging in
Europe are 1-L pressurized aluminum bottlés,
with a rated pressure of 1 MPa and a filling
weight of 1 kg.

For international shipment by sea, iron pen-
tacarbonyl is classified as follows: UN No.
1994, Class 6.1, IMDG Code. Air shipment
and mailing are forbidden. .

Similar regulations now apply in the United
States. Although iron pentacarbonyl is a Poi-
son B, because of the risk of inhalation it must
be packaged in gas containers under pressure
as prescribed for a Poison A under DOT Haz-
ardous Materials Regulations. The containers
hold 300 pounds of carbonyl.

Carbonyl Iron Powder. By far the largest use
of iron pentacarbonyl is for the production of

carbonyl iron powder. The equilibrium reac-
tion

Fe(CO)ﬂg, = Fe+5C0, AH=-+194.7kJ/mol

goes from left to right at standard pressure
above_ 200 °C. The iron deposited on hot sur-
faces is brittle hard, and not commercially us-
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able. In hot liquids such as paraffin oil, finely
dispersed iron is obtained [242]. The only pro-
cess that has become industrially important is
decomposition in cavity decomposers, which
yields spherical iron particles of 1-10 um di-
ameter [243].

The decomposer is a pipe, externally heated
by electricity or gas, into which iron pentacar-
bonyl vapor is admitted from the top. The car-
bonyl decomposes not on the wall, which is
heated to > 300 °C, but on iron particles circu-
lating in the gas stream. These particles grow
to 3—8 pm and are then discharged along with
the carbon monoxide generated. Carbon and
oxygen produced by the decomposition of car-
bon monoxide are incorporated in the iron.
Addition of ammonia reduces the carbon and
oxygen content but leads to incorporation of
nitrogen in the iron particles.

The cavity decomposer, invented by BASF
in 1924, has not changed fundamentally. A va-
riety of practices have been adopted to control
the product, above all its particle size. Zinc
particles are obtained by admitting oil vapor
into the decomposer [244], by diluting the car-
bonyl vapor with recycled carbon monoxide
gas [245], or by applying a temperature gradi-
ent from the top to the bottom of the decom-
poser [246]. Fine particles result if the rate of
flow of iron pentacarbonyl is high; larger
ones, if the rate is low [247]. Inlet velocity is
also a factor [248].

Carbon, nitrogen, and oxygen can be
largely eliminated from the iron powder by
treatment with hydrogen at ca. 450 °C [249].
The spheres, which were previously very hard
(Vickers Lardness 800-900), become soft
(100-150 Vickers) and can be deformed by
pressure, Hard and soft types are marketed for
diverse applications [250].

Carbonyl iron powder is made into mag-
netic cores for electronic components [251,
252]. In powder metallurgy, pure iron and iron
alloys are made into parts by pressing [253,
254] and by metal injection molding [255,
256], carbonyl iron powder being an impor-
tant component of powders and feedstocks
[257, 258]. Carbonyl iron powder is also em-
ployed for the fortification of foods such as
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white bread and in the production of iron-con-
taining pharmaceuticals. It is used as a reduc-
ing agent in organic chemistry, and 1s
incorporated in rubber or plastic sheets that
are used for microwave attenuation [259-
261]. For preparation, use, particle-size distri-
bution, and behavior on heat treatment, see
[262-266].

Carbonyl Iron Oxide. Only BASF converts
iron pentacarbonyl to iron oxides. The pro-
cesses are harmless to the environment, be-
cause the only by-product is carbon dioxide,
and no pollution of the wastewater with salts
occurs, unlike when iron oxides are precipi-
tated from solutions of iron salts.

Red iron oxide, in a finely divided form
similar to carbon black, is obtained by atomiz-
ing iron pentacarbonyl and burning it in an ex-
cess of air [267]. By varying temperature and
residence time in the reactor, transparent or
highly transparent red pigments can be pro-
duced [268-270]. The highly transparent pig-
ments are nearly X-ray amorphous and have
BET surface areas of 80-160 m¥/g. The less
transparent grades have surface areas of 10-35
m>/g and clearly show a hematite structure.
The iron oxide is used to make high-quality
ferrites and similar ceramic materials. Be-
cause the content of other metals and electro-
lytes is extremely low and little energy is
needed for dispersion, the oxide is particularly
suitable for use as a lightfast, UV-blocking red
pigment for paints, wood varnishes, fiber dye-
ing, and color printing.

Water injection [271] and passage through
an intense centrifugal force field [272] duning
production improve both separation and com-
pactibility.

Air oxidation of iron pentacarbonyl to mag-
netite is possible at higher temperature [273].
At 100400 °C, magnetic black Fe,O, or
brown y-Fe,0, can be obtained, as desired.
The carbon monoxide formed undergoes vir-
tually no oxidation if the reaction takes place
in a mechanically agitated fluidized bed of
product oxide [274]. Finely dispersed v-Fe,O;
pigments and Fe,O, pigments (particle size 2
to 200 nm) are produced by BASF to be used
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in aqueous suspension as contrasting agents in
nuclear magnetic resonance tomography
[275].

To obtain mixed oxides with iron as pri-
mary component, iron pentacarbonyl is atom-
ized together with a compound of the other
metal (in liquid or dissolved form) that is con-
verted to the oxide at high temperature. For
example, by atomizing the carbonyl with an
aqueous solution of chromic acid, iron chro-
mium oxide can be obtained for use as a cata-
lyst or as a brown pigment [276, 277].

Other Uses. Polycrystalline iron whiskers can
be made by decomposing iron pentacarbonyl
in a magnetic field [278-288]. The whiskers
are remarkably strong and said to be suitable
for making composites or for catalysts. An-
other process for producing iron whiskers em-
ploys an empty space decomposer at
temperatures higher than 360 °C for thermal
decomposition of iron pentacarbonyl [289].
Novel effect pigments ranging from bright
yellow to brilliant red are prepared in a fluid-
ized bed of aluminum powder, which is coated
with iron oxide when iron pentacarbonyl va-
por and air are admitted [290, 291]. Novel
brilliant pigments are produced by coating
aluminum flakes with nanometer films of he-

matite deposited from iron pentacarbonyl and -

optionally a second layer of colorless metal
oxide [292]. Other pigments are made on a
mica base [293]. These pigments are lightfast
and corrosion resistant and are therefore suit-
able for use in automobile paints.

Carriers for the toner in photocopiers are
obtained by coating fine spherical particles of
iron or glass [294], respirable plastics [295],
or porous silico-containing material [296].
Colored single component toner powders are
made of dispersions of carbonyl iron powder,
reflecting pigments or dyes and other sub-
stances in a binder [297, 298].

Suspensions of finely divided iron [299] or
its alloys [300] are prepared by decomposing
iron pentacarbonyl in solution. This process
can be used to produce magnetic ligiids [301].

If iron pentacarbonyl is decomposed on, for
example, gold ore, the iron deposits preferen-
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tially on the metal, which could then be recov-
ered by magnetic separation [302].

Iron pentacarbonyl is not an important in-
dustrial catalyst [303]; for its use as a catalyst
in organic chemistry, see [304]. Iron pentacar-
bony! has been described as a catalyst for the
hydrogenation of coal [305, 306]. The cataly-
sis of partial subsurface combustion of heavy
crude oil by iron pentacarbonyl, with the aim
of lowering the viscosity, has been reported
[307, 308].

The complex Na,Fe(CO), formed in solu-
tion by the Hieber base reaction [309], recom-
mended long ago for reducing vat dyes [310],
has met with renewed interest. For example,
chlorate can be removed from diaphragm-cell
caustic soda with this product [311]. The use
of Na,Fe(CO), to reduce organic compounds
has been described [312]. Operation of a fuel
cell using iron pentacarbonyl and an aqueous
alkali hydroxide of pH < 9 has been proposed
[313].

If iron carbonyl is added during thermal
degradation of hydrocarbons to carbon fibers,
subsequent high-temperature treatment gives
a higher yield of better graphitized, more con-
ductive fibers [314].

Pyrite films are obtained from iron penta-
carbonyl and sulfur or hydrogen suifide by
chemical vapor deposition. The films are pho-
toactive and can be used to make solar cells
[315].

Economic Aspects. Three companies produce
iron pentacarbonyl: BASF (Germany) with a
capacity of over 9000 t/a, GAF (Huntsville,
Alabama) with an estimated 1500-2000 t/a,
and a plant in the former Soviet Union.

These plants also produce carbonyl iron
powder, with capacities of ca. 1500 t/a
(BASF) and 500 t/a (GAF). The BASF plant
has an iron oxide capacity of ca. 1000 t/a.

Consumption of the carbonyl for other pur-
poses is insignificant compared to inplant con-
sumption.

Toxicology and Occupational Health. Based
upon the limited data that is available from
laboratory animal studies, iron pentacarbonyl
must be classified as highly toxic.
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The first laboratory study demonstrated
that a 45.5 min inhalative exposure to 0.025
vol% (250 ppm) of iron pentacarbonyl is fatal
to rabbits [316]. Studies by BASF showed that
30-min exposure to 40 ppm of iron pentacar-
bonyl is already lethal to rabbits [317]. Cats
reacted with considerably less sensitivity and
survived exposure to 300 ppm. In guinea pigs,
rats, and mice, fatalities began after exposure
to 140 ppm. After 30-min exposure, LC, val-
ues of 2.190 mg/m® (275 ppm) for mice and
910 mg/m® (115 ppm) for rats were found in
later acute toxicity studies [318]. The four-
hour median lethal concentration was deter-
mined to be 10 ppm in rats [319].

The oral LD, of iron pentacarbonyl is
0.012 mL/kg (0.018 mg/kg) in rabbits and
0.22 mL/kg (0.033 mg/kg) in guinea pigs
[320]. After percutaneous application, the
LD, in rabbits is 0.24 mL/kg [320]. In BASF
experiments, the following LD,, values were
determined for acute oral toxicity: rabbit, 20
mg/kg; rat, 25 mg/ kg; mouse, 100 mg/kg; cat,
100 mg/kg. Iron pentacarbonyl was found to
be not mutagen in an Ames test. No skin and
eye irritation was observed in OECD 404,
OECD 405 tests [317].

Depending on carbonyl concentration, leth-
argy, respiratory Symptoms, and lung edema
were found in rats in further inhalation experi-
ments [321]. No data are available on the
chronic toxicity of iron pentacarbonyl. Only
one six-month feeding study with rats, in
which 13 mg/d did not lead to any toxic ef-
fects, has been reported [322]. The clinical
symptomatology of iron pentacarbonyl intoxi-
cation is similar to that of nickel carbonyl poi-
soning. It is marked by immediate onset of
disorientation and vomiting. Fever, coughing,
and difficulty in breathing occur after 12-36 h.
Fatalities usually occur 4-11 d after exposure
to a lethal dose. Pathological lesions are found
in the lungs and in the vascular and nervous
systems [323]. Although iron pentacarbonyl
and nickel carbony! intoxications have similar
symptoms, iron pentacarbonyl is probably less
toxic (see Table 5.45) [324]. Furthermore, the
use of iron pentacarbonyl should result in less
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exposure than nickel carbonyl because of its
lower vapor pressure.

Safety precautions are, however, required
when working with iron pentacarbonyl to pre-
vent oral, inhalatory, and dermal exposure, be-
cause of the relatively high acute toxicity. The
MAK value for iron pentacarbonyl is 0.1 ppm.
The TLV-TWA is 0.1 ppm (0.8 mg/m?), as Fe.

Table 5.45: Acute rat inhalation toxicity.

Substance LC,,, mg/m’® Exposure time, min
Ni(CO), 240 30
Fe(CO),; 910 30

5.17.7 Iron Compounds,
Miscellaneous

Iron Acetates. When scrap iron reacts with
acetic acid, it dissolves to form acetate salts
[325]. If the initial black solution is concen-
trated to 12%, solid iron acetate can be ob-
tained. This salt is a mixture of iron(II) and
iron(I1I) oxidation states of indefinite propor-
tions best formulated as Fe (CH;COO), It is
used as a catalyst for acetylation and carbony-
lation reactions. '

Iron(Il) acetate, Fe(C,H;0,),, is colorless.
It is used in textile dyeing as an iron base for
dark brown, dark blue, and black colors.

Iron(III) acetate, Fe(C,H;0,),, is prepared
industrially by reacting scrap iron with acetic
acid, followed by oxidation of the solution
with air; it is very sensitive to light. Iron(III)
acetate is used for dyeing and printing textiles,
as a mordant in dyeing, as a catalyst in organic
oxidation reactions, and in dyeing chamois
leather.

Basic iron(Ill) acetate, Fe(OH)(C.H;0,),,
is obtained by boiling a solution of iron(Iil)
acetate and allowing the hydroxy salt to pre-
cipitate. This brownish-red compound is used
as a mordant in dyeing, for weighting silk and
felt, as a conservation additive for timber, and
as a colorant for leather.

Iron(Il) carbonate, FeCOs;, forms as a white
precipitate when solutions of alkali-metal car-
bonate salts are added to solutions of iron(II)
salts. It is used as a supplement in animal diets
and as a flame retardant [325].
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Iron Citrates. Iron citrate is a complex of in-
definite formula, containing both iron(II) and
iron(II). Iron(Il) citrate and iron(Ill) citrate
are also of indefinite stoichiometry. Jron(III)
citrate (1:1 Fe—citric acid) is also known. Iron
citrates are readily soluble in hot water and ex-
hibit complex solution chemistry. These com-
pounds have been used as supplements to
animal diets and to soil.

Iron(Il]) ammonium citrate also has an in-

definite formula. The brown hydrated form
contains 16.5~18.5% iron, ca. 9% ammonia,
and 65% citric acid, whereas the green hy-
drated form contains 14.5-16% iron, ca. 7.5%
ammonia, and 75 % citric acid [325]. Iron am-
monium citrates are very soluble in water but
insoluble in ethanol. They are used as iron ad-
ditives in food for human consumgption (e.g.,
bread and milk) and for the treatment of iron
deficiency in small animals and cattle. They
are sensitive to light and are used in light-sen-
sitive paper [325].
Iron Halides. The iron(II) halides (fluoride,
bromide, and iodide) are used as catalysts for
fluorination, bromination, and iodination in
organic reactions. Iron(Il) iodide is used as a
source of iron and iodine in veterinary medi-
cine.

Iron(IID) fluoride is used as a catalyst in or- -

ganic reactions. Iron(Ill) bromide is used in
the catalytic bromination of aromatic com-
pounds.

Iron Nitrates. Iron(Il) nitrate hexahydrate,
Fe(NO,),"6H,0, mp 60.5 °C, forms green,
rhombohedral crystals. It is prepared by dis-
solving iron in cold nitric acid (4 < 1.034
g/lcm?). With increasing density, a greater pro-
portion of iron is oxidized to iron(I1I). Iron(Il)
nitrate is used as a catalyst for reductions.

Iron(Il) nitrate nonahydrate,
Fe(NO,);-9H,0, forms colorless or pale violet
monoclinic crystals. It is made by dissolving
iron in nitric acid (d> 1.115 glem?).

Iron(1Il) nitrate hexahydrate,
Fe(NO,);+6H,0, forms colorless, cubic crys-
tals (mp 35 °C). Iron(Ill) nitrate 1s used as a
mordant, in tanning, and as a catalyst for oxi-
dation reactions.

Iron

Iron(II) phthalocyanine is synthesized from
1,2-dicyanobenzene and an iron(II) complex
in refluxing 1-chloronaphthalene and is purni-
fied by sublimation at 450 °C. This green
compound is insoluble in most solvents. Be-
cause it can exist in many oxidation states,
iron(II) phthalocyanine is used as a catalyst
for a variety of chemical and electrochemical
redox reactions. It is also an important pig-
ment [326]. .

Iron Compounds for the Treatment of Ane-
mia [327, 328]. Sufficient iron in the diet of
humans and animals is essential for tissue
growth. Iron is found at the active site of many
important proteins in the human body. These
include hemoglobin (oxygen transport), myo-
globin (storage of oxygen), cytochrome c oxi-
dase (converts oxygen to water), cytochrome
P450 (hydroxylation of poisonous or un- _
wanted chemicals), and other cytochromes
such as cytochrome c (part of the electron-
transport system). In addition, iron is neces-
sary for the biosynthesis of iron—sulfur pro-
teins such as rubedoxin.

Although a sufficient amount of iron can
usually be found in the diet, the level of ab-
sorption of this element from food is generally
low. Therefore, the supply of iron can become
critical in a variety of conditions. Iron-defi-
ciency anemia is commonly encountered in
pregnant women and may also be a problem in
the newborn, especially in animal species such
as the pig. Some diseases (e.g., theumatoid ar-
thritis, hemolytic diseases, and cancer) result
in poor distribution of iron in the body and
thus lead to chronic anemia.

More than 34 iron-containing preparations
are used as hematinics for the treatment of
iron-deficiency anemia [328]. Oral iron ther-
apy is usually the preferred method of treat-
ment unless good reasons exist for using
another route. The daily oral dosage of ele-
mental iron should be 100-200 mg. Iron(Il)
salts are more commonly used than iron(I1I)
salts because they are assumed to be more sol-
uble in the pH range 3-7. Solubility is essen-
tial if the compound is to permeate cell
membranes. The rate of regeneration of hemo-
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globin appears to be independent of the salt
used, provided sufficient iron is given. Factors
affecting the choice of preparation are the inci~
dence of side effects and the cost. If side ef-
fects occur, an altemative iron preparation or a
reduced dosage can be tried. The main iron
compounds used in iron supplements are
iron(Il) fumarate, iron(I) gluconate, iron(Il)
sulfate, iron(II) succinate, iron(IIl) chloride
solution, and iron(III) ammonium citrate. In
addition, iron dextran and iron sorbital are
psed in injectable hematinics. Iron(Il) sulfate
is often preferred because it is the cheapest
form and is at least as effective as any other. A
number of oral preparations contain ascorbic
acid (vitamin C) to stabilize the iron(II) state.
However, the therapeutic advantage is mini-
md and the cost may be increased. Folic acid
is used in conjunction with an iron salt for the
prevention of anemia in pregnant women.

Iron(II) complexes have a major disadvan-
tage, however, in that they are sensitive to oxi-
dation, especially in aqueous environments.
This can be hindered initially by protectively
coating iron(Il) compounds in tablet form.
However, when they dissolve in the gut, oxi-
dation still occurs to give insoluble iron(III)
salts (containing hydroxide). These fre-
quently cause irritation and gastrointestinal
distress. Such side effects are often severe, be-
cause large doses are necessary to ensure that
enough iron is absorbed. Nausea and epigas-
tric pain may occur and are said to be dose-re-
lated, although the relationship between
altered bowel behavior (constipation) and dos-
age is unclear [328].

Soluble iron(III) complexes are thus pre-
ferred (because oxidation is not a problem).
Unfortunately, such complexes are likely to be
charged (which is unsatisfactory for passive
membrane diffusion). Even if these complexes
were neutral, they may still be toxic.

~ The ideal properties of an iron(Ill) chela-
tion complex for treating iron-deficiency ane-
mia are: (1) solubility in the pH range 6-9, (2)
a ligand with a high affinity for iron(III), (3) a
neutral iron(III) complex, and (4) nontoxicity.
Furthermore, after absorption into the body
the complex must enter into an equilibrium
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with transferring (the iron-transport protein)
so that iron is available for utilization in meta-
bolic pathways. This means that the chelator
must be metabolized rapidly to ensure that
iron is freshly available.

One such complex currently under trial is
iron{II) maltol, [FeL,] (maltol(HL) = 3-hy-
droxy-2-methyl-4H-pyran-4-one). Recently,
iron(1IT) maltol and similar complexes [328-
332] have been shown to possess the desirable
properties outlined above for the treatment of
iron-deficiency-related diseases.

Another iron-related disease in humans is
severe tissue iron overload. This may occur
during the treatment of anemia, mainly as a re-
sult of a large number of blood transfusions.
This condition is treated by injections of des-
ferrioxamine mesylate, which is a good
chelating agent for iron(IIl), and is also used
to treat cases of accidental iron poisoning.

5.18 Relationships Between
the Different Forms of Iron
Oxides

Fe,O, loses oxygen on heating at about
1390 °C to give Fe;0,

3Fe,0, — 2Fe;0, + 1,0,

Fe,;0, can be considered as a compound of fer-
rous oxide, FeO, and ferric oxide, Fe,O;. It
crystallizes in the cubic system and can be ob-
tained by heating iron fillings in air. it is also
formed during the forging of red hot wrought
iron. In pure water in the absence of oxygen,
steel forms a film of Fe,O, at about 50 °C:

Fe+2H,0 — Fe(OH), + H,
3Fe(OH), — Fe;0, + H, + H,0

It is a black powder, insoluble in dilute acids,
strongly ferromagnetic, and has a high electri-
cal conductivity. That is why it is sometimes
used as electrodes.

It was once thought that synthetic Fe;O, be-
haves differently from natural magnetite on
oxidation in that an intermediate phase Y-
Fe,0, is observed in the synthetic sample but
not in the natural mineral:
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Fe304(,ymhm-:) — yFe,0; — o-Fe, 0,
Fe O, qamray = @-Fe;0;

This was later resolved when it was found that
the oxidation is dependent on the particle size
of Fe,0,; only extremely fine particles 3000 A
yield y-Fe,0;.

Ferrous oxide, FeO, is known as the wiistite
phase, Fe,_, O, after its discover Fritz Wist. It
has a cubic lattice of NaCl type, and unstable
below 570 °C when it decomposes as follows:
4FeO — Fe,0, +Fe

However, it can be cooled rapidly to prevent

the decomposition. It can be obtained as a

black pyrophoric powder in the following

ways:

e Heating ferrous oxalate in the absence of
air:

(CO0),Fe = FeO+CO +CO,

e Heatmg stoichiometric amounts of Fe and
Fe,O, in an inert atmosphere at 1100 °C,
then cooling rapidly:

Fe +Fe;0, — 4FeO

Iron(I) hydroxide, Fe(OH), or FeO-H,0,
is formed by treating iron(Il) salts with alkali
hydroxide in absolutely air-free solution. It
precipitates as a white flocculent material
which has a great affinity for oxygen. It
thereby turn green, which progressively dark-
ens and eventually passes into the red brown
color of iron(IIl) oxide hydrate. The green
color may be an intermediate product such as
Fe(OH),"FeOOH. Pure Fe(OH), when
washed and dried in the absence of air decom-
poses at 200 °C to give FeO with some Fe;0,.
It is slightly soluble in concentrated NaOH
forming sodium hydroxoferrate,
Na,[Fe(OH),]. If oxygen is passed through a
strongly alkaline suspension of Fe(OH),, o
FeOOH is produced.

Iron(III) hydroxide, Fe(OH),, is formed by
adding ammonia to iron(III) salt solutions, as a
red-brown slimy precipitate which yields a gel
of variahle water content when it is dried.
When freshly precipitated, it is amorphous to
x-rays. It dissolves readily in dilute acids, and
also dissolves to some extent in hot concen-
trated NaOH forming sodium ferrite, NaFeO..

Iron

As aging takes place, the diffraction pattern
characteristic to FeOOH develops but is never
complete:

Fe** + 30H™— Fe(OH),
Fe(OH); - FeOOH + H,0

Two types of iron oxide hydroxide can be ob-
tained in this way: o-FeOOH from sulfate, ni-
trate (Figure 5.105), and B-FeOOH from
chloride and fluoride solutions (Figure 5.105).

Freshly precipitated ferric hydroxide when
filtered and washed, then examined by differ-
ential thermal analysis shows endothermic
peak at low temperatures (100-250 °C) due to
the loss of water, followed by exothermic peak
at about 300 °C. X-ray diffraction before
300 °C shows no pattern, but after 300 °C
shows that of a-Fe,0,, thus indicating that the
exothermic peak is due to the crystallization of
o-Fe 0y

C(-FEOOH - a'Fe'.‘OJ(nmcrphuus) - a'Fe‘.‘OS(trysmlline)

A sample aged for 28 months showed similar
behavior, but the transition amorphous to crys-
talline took place at about 400 °C and is less
defined, demonstrating that during aging only
partial crystallization took place.

If the oxide hydrate is prepared at room
temperature by precipitation, the transition
temperature of crystallization is about 300 °C
as indicated previously; but, if prepared at
90 °C by hydrolysis, the transition tempera-
ture is about 450 °C. Electron micrographic
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studies showed that the transition process
amorphous—crystalline is accompanied by an
increase in the particle size from below 50 A
to about 300 A. This phenomena is not re-
stricted to iron oxides but to other oxides as
well.

B-FeOOH is obtained as a light brown de-
posit when a ferric solution containing C1~ ion
is hydrolyzed by boiling. It entraps variable
amounts of Cl™ ions within its crystal $tructure
which can be partly washed with water. The
amount of CI” has an important influence on
the thermal behavior of the material and its in-
frared spectrum but not on the x-ray diffrac-
tion pattern.

¥FeOOH occurs in nature to a minor extent
as the mineral lepidocrocite. When heated be-
low 500 °C it loses water giving y-Fe,0,

2y-FeOOH — y-Fe,0, + H,O

It is artificially prepared by adding NaOH to
dilute FeSO, solutions until pH 6 followed by
blowing air through the solution for 2 hours
and is then allowed to age for 2 days. The dif-
ferential thermal analysis pattern of y-FeOOH
shows an endothermic dehydration peak at
330 °C followed by the exothermic transfor-
mation of y-Fe,0, to a-Fe,O5 at 535 °C. At
room temperature and in weak acid or neutral
medium, FeS is oxidized slowly to y-FeOOH
as follows:

4FeS + 30, + 2H,0 — 4y-FeOOH + 48

Figure 5.105: Left: a-FeOOH obtained by aging iron hydroxide gel for 155 days (precipitation took place at pH 10);

Right: B-FeOOH.

L
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Oxidation of Fe,0, below 400 °C also yields
v-Fe O,

5-FeOOH is obtained from Fe(OH), by
rapid oxidation with an excess of H,0, or am-
monium persulfate. It is a brown strongly
magnetic material that loses about 10% of its
water at 100 °C and is partially transformed to
hematite; complete transformation takes
place at 200 °C.

FeCO; can be formed artificially when
(NH,),CO; is added to a ferrous solution.
Freshly precipitated ferrous carbonate when
oxidized by excess H,0, is transformed to
Fe(OH),, however, this hydroxide is dark yel-
low instead of red brown. It also undergoes
crystallization during aging to o-FeOOH. Fer-
rous carbonate reacts with NaOH to form a
surface layer of Fe(OH), which on oxidation
results in the formation of magnetic iron ox-
ides:

FeCO, + 2NaOH — Fe(OH), + Na,CO,
2Fe(OH), + '/,0, — y-Fe,0; + 2H,0
3Fe(OH), + 11,0, = Fe;0,+ 3H,0

This is the basis of a beneficiation method for
low-grade siderite ore, whereby the magnetic
iron oxides formed are separated from the
gangue minerals by magnetic methods.

5.19 The Aqueous Oxidation
of Iron Sulfides [333]

The behavior of pyrite and arsenopyrite
during leaching is different from other sulfides
due to the presence of the disulfide ion, ST
Arsenopyrite contains in addition, the diars-
enide ion, As?". The presence of the disulfide
ions is manifested on heating the minerals in
absence of air: pyrite loses an atom of sulfur,
while arsenopyrite loses an atom of arsenic:

FeS, »>FeS+S§
FeAsS — FeS + As

5.19.1 Pyrite

Pyrite dissociates in water as follows:

= Falt 2-
FeSzm = Fe(ﬂq, + 835
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When the disulfide ion reacts further, the equi-
librium is shifted to the right, and more pyrite
goes into solution. Disulfide ion is similar to
peroxide ion, 07, which may undergo autoox-
idation! to elemental sulfur and sulfide ion:

8§ —»28+2e”

S¥+2e— 28"

Overall reaction:

SF—>Ss+8%

Hence, three paths may arise depending on the
conditions:

e High acidity and the absence of oxygen. In
this case H,S is formed:

§*+2H - H.S
or
FeS,+2H" - Fe™ + S + H,8
o High acidity and low oxygen concentration.
In this case, elemental sulfur is formed:
§* > 8+2¢
1,0,+2H" +2¢” > H,0
Overall reaction:
§*+1,0,+2H" - S+H,0
or
FeS, +/,0,+2H" - Fe* + 28 + H,0

In this case, the aqueous oxidation of pyrite
may be considered to take place by an elec-
trochemical mechanism like other sulfides
in acid medium and can be represented by:

Anodic reaction: FeS, — Fe™ +28 +2¢”
Cathodic reaction: */,0, + 2H" +2¢” — H,0

o In neutral medium and high oxygen concen-
tration: In this case, it seems that the autoox-
idation of the disulfide ion does not take
place because in neutral medium, thiosul-
fates and other lower oxidation products
were identified. Thiosulfates may, therefore,
form directly from the disulfide ion by the
following reaction:

! The autooxidation of peroxide ion is as follows:
07 - 0,+2¢" 0+ 2 —20%
Overall reaction:

208 50,+20° or  2H,0,—0,+2H0

[fron

8 +3,0,— 8,0}

which oxidizes further to sulfate:
S,0% + 5H,0 — 2807 + 10H" + 8¢
1,0,+H,0 +2e”— 20H"

H*+OH - H,0

The overall reaction in this case is:
§,0% +20,+H,0 —280;"+ 2H"

which leads to the global oxidation reaction
of pyrite in neutral medium

S¥ +7,0,+H,0 — 280} +2H"
or
FeS, + 1,0, + H,0 — Fe** + 280} + 2H"

Two points should be noted from the above
scheme:

e Pyrite takes up one eighth of its oxygen re-
quired for oxidation to sulfate from the wa-
ter and the remaining from molecular
oxygen. This was confirmed experimentally
by using radioactive oxygen in following up
the reaction.

e Under certain conditions hydroxyl ions are
formed during the oxidation. This was cen-
firmed when pyrite was in contact with wa-
ter containing agar-agar thus minimizing the
diffusion of OH" ioms. Cathodic regions
form on pyrite whereby oxygen is reduced
according to:

11,0,+H,0 +2¢”— 20H"

while at the anodic zone the following reac-
tions would take place:

FeS,—» Fe* + 82
8 +%,0,— 8,0}
8,0} +5H,0 — 2SO} + 10H" + 8¢”

The presence of thiosulfates in waste solu-
tions raises an environmental problem be-
cause these are usually not precipitated by
gtandard methods like sulfates, e.g., when add-
ing Ca(OH),. Hence they escape the mine site
and may contaminate surface waters. This
topic was the subject of an extensive research
project in Canada.

Sulfites were also identified in deaerated
solutions. The relation between disulfide,
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thiosulfate, sulfites, and sulfate ions is shown
schematically below:

. 2 o 2 e 2-
L Q. O,
KON ke (8800 180l {0800
[SS:I 0 Hox 0:
Disulfide  Thiosulfate Sulfite Sulfate

5.19.2 Arsenopyrite

Arsenopyrite may dissociate in water as
follows:

- 2+ 2~ >
FeAsSy, = 2Felly, + Ashy + Sk

The behavior of disulfide ion is probably the
same as in the case of pyrite in acid and in neu-
tral medium, while the diarsenide ion forms
arsenic acid:

2~ +30, +2H" + 2H,0 - 2H;As0,
The overall reactions are:
@ In acid medium:
4FeAsS + 70, + 8H + 2H,0 — 4H,AsO, + 4Fe** + 48
@ In neutral medium:
4FeAsS + 130, + 6H,0 — 4H;AsO, + 4Fe? + 4807

Ferrous ion formed in the above reactions oxi-
dizes further to form ferric arsenate precipi-
tates:

2Fe* +1,0,+2H" — 2Fe** +H,0
Fe* + H;AsO, + 2H,0 — FeAsO, + 2H,0 + 3H"

5.19.3 Pyrrhotite

Pymhotite is slowly solubilized in water at
110 °C and 200 kPa oxygen pressure as fer-
rous sulfate:

FeS +20,,, = FeSOyqq

If, however, the reaction is conducted in pres-
ence of dilute acid (0.1 M), the formation of
elemental sulfur and ferric oxide takes place:

H
2FeS + 1,0y, — Fe,0, +28

It will be also observed that the acid initially
added will be present unchanged at the end of
reaction. In fact the acid is consumed at the
initial stage of the reaction and then regener-
ated later. The reason is that the oxidation of
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ferrous ion to ferric is possible only in pres-
ence of acid:

2Fe* +2H" +1/,0, » Fe* + H,0

Hydrolysis of ferric ion then follows with gen-
eration of acid:

Fe** +3H,0 — Fe(OH), +3H"
2Fe(OH); - Fe,0, + 3H,0

That is why FeS suspended in water will yield
only a solution of FeSO, when oxidized but in
presence of acid the formation of Fe* be-
comes possible. Because of hydrolysis, Fe,O,
is formed and the acid is regenerated. It should
be observed that the oxygen utilization in the
presence of acid is less than in the first case.

5.20 Regeneration of Iron-
Containing Pickling Baths

In Germany in 1987, the output of rolled
steel products from base, high-grade, and
stainless steels averaged 2.0 x 10° t per month.
Approximately 60% of this is pickled at least
once.

Pickling removes the oxide layer that ad-
heres to the steel surface. The oxide layer
arises as scale in heat-treatment processes or
as rust through the corrosive action of water,
with its load of dissolved susbstances, or
through humid atmospheric corrosion.

Whereas rust consists largely of Fe,O,,
scale is made up of the three iron oxides (wus-
tite FeO, magnetite Fe;O, and hematite
Fe,0;) in a ratio that depends on steel compo-
sition, annealing conditions (temperature,
heating time, furnace atmosphere), final tem-
perature of rolling, and rate of cooling after
rolling.

The “picklability” of a steel and the acid
consumption for pickling also depend on
many factors: adherence of scale, composition
of the steel, mode and magnitude of mechani-
cal working, type and composition of pickling
solution, and pickling conditions. The selec-
tion of pickling acid is dictated by the required
surface quality and by economic factors. The
most important pickling acids for iron and
steel are sulfuric and hydrochloric. Phospho-
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ric, nitric, and hydrofluoric acids are used for
special purposes and stainless steels.

Iron(IIl) ions that dissolve during pickling
are reduced by metallic iromn, so that the pick-
ling acid contains primarily iron (II) salts. The
quantity of iron dissolved during pickling is
called chemical pickling loss; it accounts for
0.2-1.2% of the iron or steel being pickled
and accounts for approximately three-quar-
ters of the weight loss during pickling.

If iron salts are removed from the pickling
liquor, the unconsumed pickling solution can
be returned to the pickling unit after the addi-
tion of an amount of acid equivalent to the
quantity of salts precipitated.

The acid consumed in pickling can also be
completely regenerated from the iron salts.
The pickling liquor recycled between the pick-
ling tanks and the regeneration unit is thus not
consumed, apart from evaporation losses.

5.20.1 Sulfuric Acid Pickling
Solutions

When steel is pickled with sulfuric acid, the
scale oxides dissolve to give iron sulfates. The
rate of dissolution of the three oxides in sulfu-
ric acid increases in the order Fe,O,, Fe,0,,
FeO. The reaction of sulfuric acid with metal-
lic iron to give iron(Il) sulfate and hydrogen is
inhibited by pickling additives (inhibitors).

Two processes are employed to regenerate
sulfuric acid pickling liquor, whose descrip-
tion follows.

5.20.1.1 Crystallization

In industrial plants, spent pickling solution
1s usually cooled by using brine. The cooling
effect depends strongly on the cleanness of the
cooling surface, on which salt crust can easily
form. These systems, therefore, require very
careful upkeep. Frequent shutdowns must be
expected.

Vacuum Crystallization (Figure 5.106). A
vacuum equal to the vapor pressure of water at
the desired final temperature is maintained in
the crystallization vessel.

Iron

i Steam Water
Cooling H,50,

Spent pickling
solution FESD,:- 7H20

Regenerate

Figure 5.106: Vacuum crystallization (Keramche-
mie/Lurgi): a) Suction tank: b, c) Precoolers; d) Crystal-
lizer; €) Steam-jet compressor; f) Salt-slurry pump; g)
Thickener: h) Centrifuge; i) Direct-contact condenser; j)
Auxiliary condenser; k) Steam-jet venting device: 1) Vac-
uum pump; m) Water receiver; n) Pickling solution re-
ceiver; 0) Acid direct-contact condensers.

Part of the pickling solution is pumped con-
tinuously from the pickling tank to the vac-
uum crystallizer, where it is cooled
evaporatively to 5 °C and then to 0 °C to crys-
tallize iron(Il) sulfate. Water vapor flows di-
rectly, or after compression in a high-
performance steam-jet apparatus, to a direct-
contact condenser. The salt-liquid mixture is
removed continuously by a salt-slurry pump
and separated in a centrifuge. After the mother
liquor has been freshened with concentrated
sulfuric acid and water, it is returned to the
pickling tank. The vacuum in the evaporator is
maintained by a vacuum pump connected to
the direct-contact condenser.

A modified design omits the steamjet appa-
ratus, therefore, only electrical emergy is
needed for its operation, which may be an eco-
nomic advantage because in this case no fuel
isrequired for steam generation.

Cyclone Crystallization (Figure 5.107). In
the cyclone crystallizer (b), fine droplets of
spent pickling solution are sprayed counter-
current to a stream of air. In this way, rapid
evaporation and cooling are accomplished. If
the iron content of the pickling solution is to
be kept low, a second cooling stage is added.
Indirect cooling with water or brine takes
place in the cooling vessel (c). A blower in-
jects air to prevent the crystals from settling
and forming a crust on the vessel wall. Iron(1l)
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sulfate crystals are separated in the centrifuge
(d); the filtrate (regenerate) is returned to the
pickling plant.

The iron(Il) heptahydrate can be used in the
production of cyanoferrates, as a flocculent in
wastewater treatment, in the production of gas
adsorbents, as a pesticide, as a chemical fertil-
izer, and in the production of iron-oxide pig-
ments.

A "

Spent pickling e
solution (

=

C

Regenerate

b

FeSO,-7H,0

Figure 5.107: Cyclone crystallizer (Andritz-Ruthner): a)
Acid pump; b) Cyclone crystallizer; c) Cooling vessel; d)
Centrifuge; €) Vent; f) Blower; g) Pickling liquor tank; h)
Cooling system.
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Figure 5.108: Regeneration by electrolysis: a) Pickling
tank; b) Electrolysis cell; ¢) Diaphragms; d) Cascade rins-
ing; ) Spent pickling solution. :

The heptahydrate can also be converted to
the monohydrate. A continuous apparatus for
the preparation of very pure monohydrate is
built by Mannesmann Anlagenbauw/Messo-
Chemietechnik.

The heptahydrate is dehydrated to the
monohydrate at a well-defined acid concentra-
tion at ca. 90 °C. After separation of the crys-
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talline monohydrate in a centrifuge, iron
sulfate-poor mother liquor is retuned to the
reactor. The water vapor resulting from the de-
hydration is removed from the cycle.

5.20.1.2 Electrolysis

An electrolytic process has recently been
developed [334]. Cathode and anode compart-
ments are separated by a diaphragm (Figure
5.108). Metallic iron is deposited at the cath-
ode; sulfuric acid and oxygen are produced at
the anode. Elecirolysis is facilitated by addi-
tion of an electrolyte, which is not consumed
and does not affect the pickling process, but
allows iron to be recovered most effectively
from the acidic solution. Sulfuric acid either
flows directly from the anode compartment
back to the pickling tank or is detained tempo-
rarily in a holding tank.

Evaporation and electrochemical decompo-
sition result in a continual loss of water. Using
multiple countercurrent cascade rinsing after
pickling allows the quantity of water to be ad-
justed so that no wastewater is produced. The
unit is marketed by Keramchemie.

5.20.2 Hydrochloric Acid Pickling
Solutions

Because of its technical advantages, hydro-
chloric acid has largely replaced sulfuric acid
in pickling baths, especially in large plants.

Hydrogen is produced when iron is dis-
solved. Iron(I1l) chloride, formed by dissolu-
tion of Fe,O, and Fe,O,, is reduced by the
hydrogen to yield FeCl,, so that virtually the
only chloride present in the pickling liquor is
iron(Il) chloride. Spent pickling solution can
be regenerated completely by thermal decom-
position. Iron chloride is converted to iron ox-
ide and hydrochloric acid:
4FeCl, + 4H,0 + O, — 2Fe,0, + 8HCI

Gas or oil is used as fuel. The heat consump-
tion is ca. 3 M1 for the simultaneous regenera-
tion of 1L of pickling solution and 1L of
rinse liquor.

In large-scale operations, the two processes
that have found widespread application are (1)
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the fluidized-bed process and (2) the spray-
roasting process. :

Each is employed in more than 100 indus-
trial plants. The efficiency of the acid recovery
is ca. 99%.

Fluidized-Bed Process. In the Lurgi—Keram-
chemie fluidized-bed regeneration process
[335] (Figure 5.109), spent pickling solution is
led via the settling tank and the venturi loop
into the fluidized bed in the reactor. The bed
consists of granulated iron oxide. Residual
acid and water are evaporated at 850 °C, and
iron chloride is converted to iron oxide and
hydrogen chloride. Growth and new formation
of iron oxide grains in the fluidized bed are
controlled so that a dust-free granulated prod-
uct is obtained, with a particle diameter of 1-2
mm and a bulk density of ca. 3.5 g/em®. The
granular product is discharged continuously at
the bottom of the reactor and transported by a
vibrating cooling chute and a vibrating spiral
conveyor to the storage bin. In smaller units,
the granular product can also be discharged di-
rectly into shipping containers.
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Figure 5.109: Fluidized-bed process for regeneration of
hydrochloric acid pickling solutions: a) Separating tank;
b) Venturi scrubber; c) Reactor: d) Cyclone; e) Absorber;
f) Scrubbing stage; g) Off-gas blower; h) Stack; i) Mist
collector.

The hot gases from the reactor contain hy-
drogen chloride and a small amount of iron
oxide dust, which is collected in the cyclone
and retumed to the fluidized bed. In the ven-
turi scrubber, the off-gas is then cooled to ca.
100 °C. The thermal energy of the off-gases is
used to concentrate the pickling solution by
evaporation before it is fed to the reactor. Fine
dust particles in the gas stream are removed by
scrubbing.
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From the ventuni scrubber, the cooled gas
siream goes to the absorber, where hydrogen
chloride is absorbed adiabatically with rinse
liquor and fresh water. The hydrochloric acid
thus produced has a concentration of ca. 18%.
It is recycled to the pickling unit or held in a
storage tank. After passing through a scrub-
bing stage and a mist collector, the off-gas is
virtually free of hydrochloric acid and is re-
leased to the atmosphere. .

Spray-Roast Process. The spray-roast pro-
cess is often employed for the recovery of
metal oxides from metal chloride solutions. It
can also be used for the regeneration of iron
chloride-laden hydrochloric acid solution
[336]. The pure spray-roast oxide obtained in
this way is used in the fermrite industry
(150 000 t in 1987).

As shown in Figure 5.110, spent pickling
solution goes to the venturi scrubber where
hot gases concentrate it hy evaporation of wa-
ter. In the next step, the highly concentrated
pickling liquor is injected into the spray-roast
reactor at a pressure of 0.3-0.5 MPa as a fine
spray either cocurrent or countercurrent to hot
combustion gases. The cocurrent arrangemeht
is common for pickling acids that contain zinc
and lead, because their chlorides have high va-
por pressures and are separated after a shorter
retention time.

Spent
pickling salufion

Heating ‘l i
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Concentrated
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ta be 273 i Wate
pickled i—»—_-z (e =

Figure 5.110: Spray-roast process for regeneration of hy-
drochloric acid pickling solutions: a) Venturi scrubber: b)
Spray-roast reactor; c) Cyclone; d) Absorber; e) Rinse
tanks; ) Pickling tanks.

The temperature of the roasting gas outlet
from the spray tower is about 400 °C. The
gases proceed to the cyclone. Fine iron oxide
powder, together with the oxide collected in

inse liguor

R
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the cyclone, is discharged continuously (bulk
density 0.3-0.4 g/cm?).

When some silicon-rich steels are pickled,
the silicon dioxide content of the pickling so-
lution does not permit the iron(IIT) oxide prod-
uct to be used in the ferrite industry. The
quantity of silica can be reduced in an addi-
tional precleaning step [337], in which silica is
;electively removed from the pickling solu-
tion. ,

After passing through the cyclone, the
roasting gases are cooled and scrubbed in the
venturi scrubber before going to the absorber,
where hydrogen chloride is absorbed to pro-
duce 18-20% hydrochloric acid. The acidic
iron chloride solution, which is generated
when the pickled steel is ninsed, is used as the
absorption liquor. Hydrochloric acid is recy-
cled to the pickling tank. Residual gases, with
a low hydrochloric acid content, are dis-
charged to the atmosphere.

Spray-roast plants have unit capacities of
0.3-25 m*h of pickling acid and a similar
amount of rinse liquor.

The Fe,O; generated in the thermal decom-
position process can be used as raw material in
various industries. The most important options
are the production of magnetic materials (e.g.,
soft and hard ferrites), the production of iron
powder for the fabrication of sintered parts
and welding electrodes, and use as an additive
in the manufacture of magnetic tapes, abra-
sives, tiles, glass, cosmetics, and pigments.

5.20.3 Nitric and Hydrofluoric
Acid Pickling Solutions

Stainless and acid-resistant steels are usu-
ally pickled with a mixture of nitric and hy-
drofluoric acids. Nitric acid serves as an
oxidizing agent, whereas hydrofluoric acid
forms complexes with metal ions. In contrast
to the pickling of carbon steel, the permissible
iron conceniration in a pickling solution for
special steels is limited by the tendency of iron
and the alloy components to form fluoride
complexes and thus reduce the concentration
of fluoride ions in solution. Severe inhibition
of the pickling process occurs at a total metal
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concentration of 50 g/L,, so that pickling solu-
tions must be topped up with fresh hydrofluo-
ric acid, and eventually neutralized and
discarded, even though only about half the
acid content has been consumed.

When the pickling bath is neutralized with
calcium hydroxide, the resulting metal hy-
droxides and calcium fluoride form a sludge
that can be disposed of without treatment, but
nitrates remain in solution and contribute to
eutrophication in receiving waters.

The following regeneration processes have
been devised in recent years.

Water

Regenerate

Byproduct to
neutralization ptant

Spent
pickling solution

Figure 5.111: Regeneration of HF-HNO, pickling liquors
by liquid-liquid extraction: a) Heat exchanger; b) Extrac-
tion cofumn; c) Storage tank; d) Reextraction column; e)
Storage tank; f) Adsorber.

Liquid-Liquid Extraction. Liquid-liquid
extraction [338] makes use of the fact that ni-
tric and hydrofluoric acids form adducts with
tributyl phosphate that are soluble in hydro-
carbon solvents. Addition of sulfuric acid also
renders extractable acid anions bound in the
form of metal salts. Around 93% of the nitric
acid and 60% of the hydrofluoric acid can be
recovered. The flow sheet for the process is
shown in Figure 5.111.

After sulfuric acid has been added to the
spent pickling solution and the mixture has
been cooled, it is directed to the top of an ex-
traction tower; the organic phase enters at the
bottom. The aqueous raffinate, containing sul-
furic acid, is discharged at the bottom. From
the top of the tower, the organic phase, laden
with extracted acid, goes to the foot of a re-ex-
traction tower. The water inlet at the top

Handbook of Extractive Metallurgy

washes out the acids. The organic phase dis-
charged at the top goes back to the extraction
tower. In an adsorber, traces of tributyl phos-
phate are removed from the aqueous regener-
ate before it is retwrned to the pickling tank.
The tributyl phosphate is returned to the tank

©.

Fluoride-Crystallization. In this process, the
recovery of nifric acid is ca. 90% (Figure
5.112) and that of hydrofluoric acid, 55%, de-
spite the fact that metals precipitate as fluo-
rides, so that comresponding amounts of
hydrofluoric acid are consumed. The filter res-
idue can be employed as a feedstock for the
production of hydrofluoric acid or for the re-
covery of nickel.

Concentrated
pickling liquor

Wafer vapor, HF, HNO;4

d
]
Condensate
Spent Filtrate | e
pickling liquor f
Regenerate Fluoride
crystals

Figure 5.112: Regeneration of HNO,-HF pickling solu-
tions by fluiride crystallization: a) Particle collector; b)
Flow-through evaporator; c¢) Condenser; d) Crystalliza-
tion tanks; e) Filter; f) Storage tank.

Spent pickling solution is led through a par-
ticulate collector and a flow-through evapora-
tor, where it is evaporated within minutes to
about half its volume by electrical heating.
The water vapor, which contains part of the ni-
tric and hydrofluoric acids, is condensed by
indirect cooling. The sparingly soluble fluo-
rides of iron and of the alloy constituents pre-
cipitate from the concentrated, supersaturated
solution in crystallization. tanks and are re-

Iron

moved periodically by filtration. The filtrate is
led to a storage vessel where it is combined
with condensate from the condenser. After ad-
dition of fresh nitric and hydrofluoric acid, the
liquor is returned to the pickling tank.

Bipolar Membrane Process. In the bipolar
membrane process [339] (Figure 5.113), the
free acids are first recovered in an electrodial-
ysis cell and then returned to the pickling tank.
Metal ions are then precipitated as metal hy-
droxides by neutralization with potassium hy-
droxide. Metal hydroxide sludge is collected
in the downstream filter press. The filtered salt
solution (potassium fluoride and potassium ni-
trate) goes to a bipolar membrane module
where HF, HNO,, and KOH are separated
from the potassium salts. The acid mixture is
returned to the pickling tank, whereas potas-
sium hydroxide is reused for neutralization.
The dilute salt solution (K¥, KNO,) is desalted
by reverse osmosis. Part of it is used as wash
liquor for the filter press, and the rest is recy-
cled to the membrane unit to obtain the highest
possible yield of acids and potassium hydrox-
ide. The residue from the filter can be reused
as raw material in iron and steel works, de-
pending on its content of metal hydroxides.

KQH, KF
KOH
- KF, KNO,
H9 L]
¢ |P p =]
Free Metal
acid hydroxides
a
Regenerate

Figure 5.113: Regeneration of HNO,~HF pickling solu-
tions in a bipolar membrane cell: a) Pickling tank; b) Elec-
trodialysis cell; ¢) Neutralization; d) Filter press; e)
Blpc:\lar membrane module (Aquatech cell); f) Reverse os-
mosis.

Retardation Process. The retardation process
can generally be employed for separating
strong inorganic acids from their salts. By
loading a strongly basic jon-exchange resin
with spent pickling solution and then eluting
with water, separation into a high-salt fraction
and a subsequent high-acid fraction is
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achieved. The flow sheet for the process is
shown in Figure 5.114.

Acid retardation can probably be accounted
for by diffusion of undissociated acid into the
lon-exchange resin grains so that upon elution
with water, it must diffuse back out; the result
is that elution of acid is retarded [340].

For nitric and hydrofluoric acid pickling
solutions, most of the free acids can be recov-
ered in this way. Partial regeneration of pick-
ling solutions reduces disposal costs.

Regenerate

Spent pickling liquor
Ia— Water

Byproduct
to neutralization
plant

Figure 5.114: Regeneration of HNO,-HF pickling solu-
tions by acid retardation: 2) Sedimentation tank; b) Buffer
tank: ¢) Pickling-liquor metering tank; d) Water metering
tank; ) Resin bed.

5.21 Pigments

3.21.1 Tron Oxide Pigments

The continually increasing importance of
iron oxide pigments is based on their nontox-
icity; chemical stability; wide variety of colors
ranging from yellow, orange, red, brown, to
black; and low price. Natural and synthetic
iron oxide pigments consist of well-defined
compounds with known crystal structures:

e o-FeOOH, goethite, diaspore structure,
color changes with increasing particle size
from green-yellow to brown-yellow

@ y-FeOOH, lepidocrocite, boehmite struc-
ture, color changes with increasing particle
size from yellow to orange

e 0-Fe,O,, hematite, corundum structure,
color changes with increasing particle size
from light red to dark violet
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e v-Fe,O,, maghemite, spinel super structure,
ferrimagnetic, color: brown

e Fe,0,, magnetite, spinel structure, ferrimag-
netic, color: black

Mixed metal oxide pigments containing
iron oxide are also used. Magnetic iron oxide
pigments and transparent iron oxide pigments
are described later.

5.21.1.1 Natural Iron Oxide
Pigments

Naturally occurring iron oxides and iron
oxide hydroxides were used as pigments in
prehistoric times (Altamira cave paintings)
[341]. They were also used as coloring materi-
als by the Egyptians, Greeks, and ancient Ro-
mans.

Hematite (o-Fe,O;) has attained economic
importance as a red pigment, goethite (o-
FeOOH) as yellow, and the umbers and sien-
nas as brown pigments. Deposits with high
iron oxide contents are exploited preferen-
tially. Naturally occurring magnetite (Fe;0,)
has poor tinting strength as a black pigment,
and has found little application in the pigment
industry.

Hematite is found in large quantities in the
vicinity of Malaga in Spain (Spanish red) and
near the Persian Gulf (Persian red). The Span-
ish reds have a brown undertone. Their water-
soluble salt content is very low and their Fe,O,
content often exceeds 90%. The Persian reds
have a pure hue, but their water-soluble salt
content is disadvantageous for some applica-
tions. Other natural hematite deposits are of
only local importance. A special variety oc~
curs in the form of platelets and is extracted in
large quantities in Kérnten (Austria). This mi-
caceous iron oxide, is mainly used in corro-
sion protection coatings.

Goethite is the colored component of yel-
low ocher, a weathering product mainly of
siderite, sulfidic ores, and feldspar. It occurs in
workable amounts mainly in South Africa and
France. The Fe,O, content gives an indication
of the iron oxide hydroxide content of the
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ocher, and is ca. 20% in the French deposits
and ca. 55% in the South African.

Umbers are mainly found in Cyprus. In ad-
dition to Fe,O; (45-70%), they contain con-
siderable amounts of manganese dioxide (5~
20%). In the raw state, they are deep brown to
greenish brown and when calcined are dark
brown with a red undertone (burnt umbers).

Siennas, mainly found in Tuscany, have an
average Fe,O; content of ca. 50%, and contain
< 1% manganese dioxide. They are yellow-
brown in the natural state and red-brown when
calcined [342].

The processing of natural iron oxide pig- .

ments depends on their composition. They are
either washed, slurried, dried, ground, or dried
immediately and then ground in ball mills, or
more often in disintegrators or impact mills
[343].

Siennas and umbers are calcined in a di-
rectly fired furnace, and water is driven off.
The hue of the products is determined by the
calcination period, temperature, and raw ma-
terial composition [344].

Natural iron oxide pigments are mostly
used as inexpensive marine coatings or in
coatings with a glue, oil, or lime base. They
are also employed to color cement, artificial

stone, and wallpaper. Ocher and sienna pig-.

ments are used in the production of crayons,
drawing pastels, and chalks [345].

The economic importance of the natural
iron oxide pigments has decreased in recent
years in comparison with the synthetic materi-
als.

5.21.1.2 Synthetic Iron Oxide
Pigments

Synthetic iron oxide pigments have become
increasingly important due to their pure hue,
consistent properties, and tinting strength.
Single-component forms are mainly produced
with red, yellow, orange, and black colors.
Their composition corresponds to that of the
minerals hematite, goethite, lepidocrocite, and
magnetite. Brown pigments usually consist of
mixtures of red and/or yellow and/or black;
homogeneous brown phases are also pro-
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duced, e.g., (Fe, Mn),O and 'y-Fe,O3, but
quantities are small in comparison to the
mixed materials. Ferrimagnetic y-Fe,0; is of
great importance for magnetic recording ma-
terials.

Several processes are available for produc-
ing high-quality iron oxide pigments with con-
trolled mean particle size, particle size
distribution, particle shape, etc. (Table 5,46):

e Solid-state reactions (red, black, brown)

e Precipitation and hydrolysis of solutions of
iron salts (yellow, red, orange, black)

e Laux process involving reduction of ni-
trobenzene (black, yellow, red)

The raw materials are mainly by-products
from other industries: steel scrap obtained
from deep drawing, grindings from cast iron,
FeSO,+7H,0 from TiO, production or from
steel plcl\lmg, and FeCl also from steel pick-
ling.

Iron oxides obtained after flame spraying
of spent hydrochloric acid pickle liquor, red
mud from bauxite processing, and the product
of pyrites combustion are no longer of impdr-
tance. They yield pigments with inferior color
properties that contain considerable amounts
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of water-soluble salts. They can therefore only
be used in low-grade applications.

Solid-State Reactions of Iron Compounds.
Black iron oxides obtained from the Laux pro-
cess (see below) or other processes may be
calcined in rotary kilns with an oxidizing at-
mosphere under countercurrent flow to pro-
duce a wide range of different red colors,
depending on the starting material. The pig-
ments are ground to the desired particle size in
pendular mills, pin mills, or jet mills, depend-
ing on their hardness and intended use.

The calcination of yellow iron oxide pro-
duces pure red iron oxide pigments with a high
tinting strength. Further processing is similar
to that of calcined black pigments.

High-quality pigments called copperas reds
are obtained by the thermal decomposition of
FeSO,-7H,0 in a multistage process (Figure
5.115). If an alkaline-earth oxide or carbonate
is included during calcination, the sulfate can
be reduced with coal or carbon-containing
compounds to produce sulfur dioxide, which
is oxidized with air to give sulfuric acid [346—
349]. The waste gases and the dissolved impu-
rities that are leachéd out in the final stage
present ecological problems, however.

Table 5.46: Reaction equations for the production of iron oxide pigments.

Color Reaction Process

Red 6FeS0, xH,0 +%.,0, - Fe,0, + 2Fe,(80,), + 6H,0 COpperas process
2Fe(80,); - 2Fe,0; + 680,
2Fe,0, +'/,0, - 3Fe,0, calcination
2FeOOH — . Fe,0;+H,0 calcination
2FeCl, +2H,0 + 1/,0, - Fe,0, + 4HCI Ruthner process
2FeSO, + 1,0, + 4NaOH - Fe,0, + 2Na,S0, + 2H,0 precipitation

Yellow 2FeSO, + 4NaOH + 1,0, - 20-FeOOH + 2Na,80, + H,0 precipitation
2Fe + 2H,80, - 2FeSO, +2H,
2FeSO, + 1,0, +3H,0 - 2a-FeOOH + 2H,S0; Penniman process
2Fe + 1,0, +3H,0 - 20-FeOOH + 2H,
2Fe + C,H,NO, +2H,0 - 20-FeOOH + C;H;NH, Laux process

Orange 2FeS0O, + 4NaOH +/,0, - 2yFeQOH + 2Na,SO, + H,0 precipitation

Black 3FeSO, + 6NaOH + 1/,0, - Fe,0,+ 3Na,S0, +3H,0 1-step precipitation
2FeOOH + FeSO, + 2NaOH - Fe,0,+ Na,SO, + 2H,0 2-step precipitation
9Fe + 4C,H,NO, + 4H,0 - 3Fe,0, + 4C,H,NH, Laux process
3Fe,0,+H, - 2Fe,0,+H,0 reduction

Brown 2Fe;0,+ 1,0, - 3y-Fe, 0, calcination
3Fe;0, + Fe,0, + MnO, + /,0, - (Fe:Mn)Oyq calcination
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f

Red iron oxide
to dryer

Figure 5.115: Production of copperas red: a) Dryer; b)
Rotary kiln (dewatering); c) Rotary kiln; d) Tank; e)
Thickener; f) Filter.

Lower quality products can be obtained by
single-stage calcination of iron(Il) sulfate hep-
tahydrate in an oxidizing atmosphere. The
pigments have a relatively poor tinting
strength and a blue tinge. Decomposition of
iron(Il) chloride monchydrate in air at high
temperatures also yields a low-quality red iron
oxide pigment [350].

| <

NaOH I e @ I\‘\f ¢

Handbook of Extractive Metallurgy

In a new process, micaceous iron oxide is
obtained in high yield by reacting iron(TII)
chloride and iron at 500—-1000 °C in an oxidiz-
ing atmosphere in a tubular reactor [351].

Black Fe O, pigments with a high tinting
strength can be prepared by calcining iron
salts under reducing conditions [352]. This
process is not used industrially because of the
furnace gases produced.

Controlled oxidation of Fe 0, at ca. 500 °C
produces a single-phase brown y-Fe,O, with a
neutral hue [353]. :

Calcination of a-FeOOH with small quan-
tities of manganese compounds gives homo-
geneous brown pigments with the
composition (Fe, Mn),0, [354]. Calcination
of iron and chromium compounds that decom-
pose at elevated temperatures yields corre-
sponding pigments with the composition (Fe,
Cr),0, [355].

Precipitation Processes. In principle, all iron
oxide hydroxide phases can be prepared from
aqueous solutions of iron salts (Table 5.46).
However, precipitation with alkali produces
neutral salts (e.g., Na,SO,, NaCl) as by-prod-
ucts which enter the wastewater.

(= .
FeSO, solutian — *t ® gozsgiosnus- Scrap iran
Steam l |
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Water l \
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iron oxide @ Z
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Figure 5.116: Production of yellow iron oxide by the précipitation (A) and Penniman (B) processes: a) Tank; b) Pigment
reactor; ¢) Seed reactor; d) Pigment reactor with scrap basket; e) Filter; f) Dryer; g) Mill.
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Precipitation is especially suitable for pro-
ducing soft pigments with a pure, bright hue.
The manufacture of a-FeOOH yellow is de-
scribed as an example. The raw materials are
iron(II) sulfate (FeSO,-7H,0) or liquors from
the pickling of iron and steel, and alkali
[NaOH, Ca(OH),. ammonia, or magnesite].
The pickle liquors usually contain appreciable
quantities of free acid, and are therefore first
optionally neutralized by reaction with*scrap
iron. Other metallic ions should not be present
in large amounts, because they have an ad-
verse effect on the hue of the iron oxide pig-
ments.

The solutions of the iron salts are first
mixed with alkali in open reaction vessels
(Figure 3.116 Route A) and oxidized, usually
with air. The quantity of alkali used is such
that the pH remains acidic. The reaction time
(ca. 10100 h) depends on the temperature
(10-90 °C) and on the desired particle size of
the pigment. This method yields yellow pig-
meants (0-FeOOH) [356, 357]. If yellow nuclei
are produced in a separate reaction (Route A
in Figure 5.116, tank c), highly consistent yel-
low iron oxide pigments with a pure color can
be obtained [358].

If precipitation is carried out at ca. 90 °C
while air is passed into the mixture at ca. pH2
7, black iron oxide pigments with a magnetite
structure and a good tinting strength are ob-
tained when the reaction is stopped at a
FeO:Fe,0, ratio of ca. 1:1. The process can
be accelerated by operating at 150 °C under
pressure; this technique also improves pig-
ment quality [359]. Rapid heating of a suspen-
sion of iron oxide hydroxide with the
necessary quantity of Fe(OH), to ca. 90 °C
also produces black iron oxide of pigment
quality [360, 361].

Orange iron oxide with the lepidocrocite
structure (y-FeOOH) is obtained if dilute solu-
tions of the iron(Il) salt are precipitated with
sodium hydroxide solution or other alkalis un-
til almost neutral. The suspension is then
heated for a short period, rapidly cooled, and
oxidized [362, 363].

Very soft iron oxide pigments with a pure
red color may be obtained by first preparing
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o-Fe,O, nuclei, and then continuously adding
solutions of iron(Il) salt with atmospheric oxi-
dation at 80 °C. The hydrogen ions liberated
by oxidation and hydrolysis are neutralized by
adding alkali and keeping the pH constant
[364]. Pigment-quality o-Fe,O, is also ob-
tained when solutions of an iron(ll) salt, pref-
erably in the presence of small amounts of
other cations, are reacted at 60-95 °C with ex-
cess sodium hydroxide and oxidized with air
[365].

The Penniman process is probably the most
widely used production method for yellow
iron oxide pigments [366, 367]. This method
considerably reduces the quantity of neutral
salts formed as by-products. The raw materi-
als are iron(Il) sulfate, sodium hydroxide solu-
tion, and scrap iron. If the sulfate contains
appreciable quantities of salt impurities, these
must be removed by partial precipitation. The
iron must be free of alloying components. The
process usually consists of two stages (Route
B in Figure 5.116).

In the first stage, nuclei are prepared by
precipitating iron(II) sulfate with alkali (e.g.,
sodium hydroxide solution) at 20-50 °C with
aeration (c¢). Depending on the conditions, yel-
low, orange, or red nuclei may be obtained.
The suspension of nuclei is pumped into ves-
sels charged with scrap iron (d) and diluted
with water. Here, the process is completed by
growing the iron oxide hydroxide or oxide
onto the nuclei. The residual iron(II) sulfate in
the nuclei suspension is oxidized to iron(III)
sulfate by blasting with air at 75-90 °C. The
iron(IlT) sulfate is then hydrolyzed to form
FeOOH or o-Fe,O, The liberated sulfuric
acid reacts with the scrap iron to form iron(II)
sulfate, which is also oxidized with air. The re-
action time can vary from ca. two days to sev-
eral weeks, depending on the conditions
chosen and the desired pigment. At the end of
the reaction, metallic impurities and coarse
particles are removed from the solid with
sieves or hydrocyclones; water-soluble salts
are removed by washing. Drying is carried out
with band or spray dryers (f) and disintegra-
tors or jet mills are used for grinding (g). The
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main advantage of this process over the pre-
cipitation process lies in the small quantity of
alkali and iron(II) sulfate required. The bases
are only used to form the nuclei and the rela-
tively small amount of iron(II) sulfate required
initially is continually renewed by dissolving
the iron by reaction with the sulfuric acid lib-
erated by hydrolysis. The process is thus con-
sidered environmentally friendly. The iron
oxide pigments produced by the Penniman
process are soft, have good wetting properties,
and a very low flocculation tendency [366-
374].

Under suitable conditions the Penniman
process can also be used to produce reds di-
rectly. The residual scrap iron and coarse par-
ticles are removed from the pigment, which is
then dried [375] and ground using disintegra-
tors or jet mills. These pigments have unsur-
passed softness. They usually have purer color
than the harder red pigments produced by cal-
cination.

The Laux Process. The Béchamp reaction
(i.e., the reduction of aromatic nitro com-
pounds with antimony or iron) which has been
known since 1854, normally yields a black-
gray iron oxide that is unsuitable as an inor-
ganic pigment. By adding iron(II) chloride or
aluminum chloride solutions, sulfuric acid,
and phosphoric acid, Laux modified the pro-
cess to yield high-quality iron oxide pigments
[376]. Many types of pigments can be ob-
tained by varying the reaction conditions. The
range extends from yellow to brown (mixtures
of a-FeOOH and/or o-Fe,0; and/or Fe;0,)
and from red to black. If, for example, iron(Il)
chloride is added, a black pigment with very
high tinting strength is produced [376]. How-
ever, if the nitro compounds are reduced in the
presence of aluminum chloride, high-quality
yellow pigments are obtained [377]. Addition
of phosphoric acid leads to the formation of
light to dark brown pigments with good tinting
strength [378]. Calcination of these products
(e.g., in rotary kilns) gives light red to dark vi-
olet pigments. The processes are illustrated in
Figure 5.117.
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The type and quality of the pigment are de-
termined not only by the nature and concentra-
tion of the additives, but also by the reaction
rate. The rate depends on the grades of iron
used, their particle size, the rates of addition of
the iron and nitrobenzene (or another mnitro
compound), and the pH value. No bases are re-
quired to precipitate the iron compounds.
Only ca. 3% of the theoretical amount of acid
is required to dissolve all of the iron. The aro-
matic nitro compound oxidizes the Fe*' to
Fe?* ions, acid is liberated during hydrolysis
and pigment formation, and more metallic
iron is dissolved by the liberated acid to form
iron(Il) salts; consequently, no additional acid
is necessary.

The iron raw materials used are grindings
from iron casting or forging that must be virtu-
ally free of oil and grease. The required fine-
ness is obtained by size reduction in edge
runner mills and classification with vibratory
sieves. The iron and the nitro compound are
added gradually via a metering device to a
stirred tank (a) containing the other reactants
(e.g., iron(Il) chloride, aluminum chlorde,
sulfuric acid, and phosphoric acid). The sys-
tem rapidly heats up to ca. 100 °C and remains
at this temperature for the reaction period. The

nitro compound is reduced to form an amine

(e.g., aniline from nitrobenzene) which is re-
moved by steam distillation. Unreacted iron is
also removed (e.g., in shaking tables, c). The
pigment slurry is diluted with water in settling
tanks (d) and the pigment is washed to remove
salts, and filtered on rotary filters (e). It may
then be dried on band, pneumatic conveyor, or
spray dryers to form yellow or black pigments,
or calcined in rotary kilns (h) in an oxidizing
atmosphere to give red or brown pigments.
Calcination in a nonoxidizing atmosphere at
500-700 °C improves the tinting strength
[379]. The pigments are then ground to the de-
sired fineness in pendular mills, pin mills, or
jet mills, depending on their hardness and ap-
plication.

The Laux process is a very important
method for producing iron oxide because of
the coproduction of aniline; it does not gener-
ate by-products that harm the environment.

Iron
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Figure 5.117: Production of iron oxide pigment by the Laux process: a) Reactor; b) Condenser;, ¢) Classifier; d) Thick-

ener; e) Filter; f) Dryer; g) Mill; h) Rotary kiln.

Other Production Processes. The three pro-

cesses already described are the only ones that

are used on a large scale. The following pro-

cesses are used on a small scale for special ap-

plications:

e Thermal decomposition of Fe(CO), to form
transparent iron oxides [380] )

° Hydrothermal crystallization for the produc-
tion of o-Fe,0, in platelet form [381]

5.21.1.3 Toxicology and
Environmental Aspects

The Berufsgenossenschaft der Chemischen
Industrie (Germany) has recommended that
all iron oxide pigments should be classified as
mert fine dusts with an MAK value of 6

mg/m>. This is the highest value proposed for
fine dusts.

Iron oxide pigments produced from pure
starting materials may be used as colorants for
food and phammaceutical products [382]. Syn-
thetic iron oxides do not contain crystalline
silica and therefore are not considered to be
toxic, even under strict Californian regula-
tions.

5.21.1.4 Quality

The red and black iron oxide pigments pro-
duced by the methods described have an Fe,O4
content of 92-96%. For special applications
(e.g., ferrites) analytically pure pigments with
Fe,0, contents of 99.5-99.8% are produced.
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The Fe,O, content of yellow and orange pig-
ments lies between 85 and 87 % corresponding
to FeOOH contents of 96-97%. Variations of
1~2% are of no importance with respect to the
quality of the pigments. Pigment quality is
mainly determined by the quantity and nature
of the water-soluble salts, the particle size dis-
tobution (hue and tinting strength are ef-
fected) and the average particle size of the
ground product. The hue of red iron oxide is
determined by the particle diameter, which is
ca. 0.1 pm for red oxides with a yellow tinge
and ca. 1.0 pm for violet hues.

The optical properties of the yellow, usu-
ally needle-shaped, iron oxide pigments de-
pend not only on the particle size, but also on
the length to width ratio (e.g., length =0.3-0.8
pm, diameter = 0.05-0.2 pm, length: diameter
ratio = ca. 1.5-8). In applications for which
needle-shaped particles are unsuitable, sphe-
roidal pigments are available [383]. Black iron
oxide pigments (Fe,O,) have a particle diame-
ter of ca. 0.1-0.6 pm.

Some iron oxide pigments have a limited
stability on heating. Red iron oxide is stable
up to 1200 °C in air. In the presence of oxy-
gen, black iron oxide changes into brown y-
Fe,0; at ca. 180 °C and then into red a-Fe,O4
above 350 °C. Yellow iron oxide decomposes
above ca. 180 °C to form red o-Fe,0; with
liberation of water. This temperature limit can
be increased to ca. 260 °C by stabilization
with basic aluminum compounds. The thermal
behavior of brown iron oxides produced by
mixing depends on their composition.

5.21.1.5 Uses

All synthetic iron oxides possess good tint-
ing strength and excellent hiding power. They
are also lightfast and resistant to alkalis. These
properties are responsible for their versatility.
The principle areas of use are shown in Table
5.47.

Iron oxide pigments have long been used
for coloning construction materials. Concrete
roof tiles, paving bricks, fibrous cement, bitu-
men, mortar, rendering, etc. can be colored
with small amounts of pigment that do not af-
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fect the setting time, compression strength, or
tensile strength of the construction materials,
Synthetic pigments are superior to the natura)
pigments due to their better tinting power and
purer hue.

Natural rubber can only be colored with
iron oxides that contain very low levels of
copper and manganese (Cu < 0.005%, Mn <
0.02%). Synthetic rubber is less sensitive.

In the paint and coating industries, iron ox-
ide pigments can be incorporated in many
types of binders. Some reasons for their wide
applicability in this sector are pure hue, good
hiding power, good abrasion resistance, and
low settling tendency. Their high temperature
resistance allows them to be used in enamels.

The use of iron oxide as a polishing me-
dium for plate glass manufacture has de-
creased now that other methods of-glass
production are available.

Table 5.47: Main areas of use for natural and synthetic
iron oxide pigments.

Amount, %
Use i
Europe lé?;lt:g World
Coloring construction materials 64 37 60
Paints and coatings 30 48 29
Plastics and rubber 4 14
Miscellaneous 2 1 5

5.21.1.6 Economic Aspects

Accurate production figures for natural
and synthetic iron oxide pigments are difficult
to obtain, because statistics also include non-
pigmentary oxides (e.g., red mud from bauxite
treatment, intermediate products used in fer-
rite production). World production of syn-
thetic iron oxides in 1985 was estimated to be
between 500 000 and 600 000 t; production of
natural oxides was ca. 100 000 t. The most im-
portant producing countries for synthetic pig-
ments are Germany, the United States, the
United Kingdom, Italy, Brazil, and Japan. The
natural oxides are mainly produced in France,
Spain, Cyprus, Iran, Italy, and Austria.

The most important manufacturers are
Bayer, Deanshanger, SILO (Europe); Colum-
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bian Chemicals, Harcross, Miles (USA);
Globo (Brazil); and Toda (Japan).

521.2 Iron Blue Pigments

The term iron blue pigments as defined in
1SO 2495 has largely replaced a variety of
older names which were either related to the
place where the compound was produced or
represented particular optical properties, e.g.,
Berlin blue, Bronze blue, Chinese blue, Milori
blue, Non-bronze blue, Paris blue, Prussian
blue, Toning blue, and Turnbull’s blue. These
names usually stood for insoluble pigments
based on microcrystalline Fe(I)Fe(III) cyano
complexes which do not differ significantly in
their composition; many were associated with
specific hues. A standardized naming system
has been demanded by users and welcomed by
manufacturers, and has led to a reduction in
the number of names [384].

Iron blue, C.1. Pigment Blue 27:77510 (sol-
uble blue is C.I. Pigment Blue 27:77520), was
discovered in 1704 by DsBact in Berlin by a
precipitation reaction, and can be regarded as
the oldest synthetic coordination compound.

Mrori was the first to produce it as a pig-
ment on an industrial scale in the early nine-
teenth century [385].

® Fe® in [Fe(CN] "
OFed*

Figure 5.118: Crystal structure of iron blue [388].
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5.21.2.1 Structure

X-Ray and infrared spectroscopy show
that iron blue pigments have the formula
MFe"Fe™(CN)g-H,O [386]. M! represents
potassium, ammonium, or sodium, of which
the potassium and ammonium ions are pre-
ferred because they produce excellent hues in
industrial manufacture.

The crystal structure of the Fe"Fe™(CN),
grouping is shown in Figure 5.118. A face-
centered cubic lattice of Fe?* is interlocked
with another face-centered cubic lattice of
Fe* to give a cubic lattice with the corners oc-
cupied by iron ions. The CN™ ions are located
at the edges of the cubes betweén each Fe?*
ion and the neighboring Fe**; the carbon atom
of the cyanide is bonded to the Fe?* ion and the
nitrogen atom is coordinatively bonded to the
Fe* ion. According to [387] the deep blue co-
lour is the result of electron transfer from
iron(IT) and iron(II) with the absorption of
light energy (“Charge Transfer Complex™).

The wide-mesh lattice of the crystal con-
tains relatively large spaces which can be oc-
cupied altemately by alkali ions and water
molecules. In order to retain the crystal struc-
ture — and also the optical properties — water
molecules must be present. Loss of water be-
yond a certain limit brings about fundamental
changes in the pigment properties. A bonding
mechanism for the coordinating water mole-
cules assumes that both zeolitic and adsorptive
states are possible.

Many investigations helped to elucidate the
structure of iron blue [390--393].

5.21.2.2 Production

Iron blue pigments are produced by the pre-
cipitation of complex iron(Il) cyanides by
iron(Il) salts in aqueous solution. The product
is a whitish precipitate of iron(II) hexacyano-
ferrate(ll) MIFe"[Fe'(CN),] or MIUFel
[Fe™(CN),], (Berlin white), as an intermediate
stage, which is aged and then oxidized to the
blue pigment [388].

Potassium hexacyanoferrate(Il) or sodium
hexacyanoferrate(11) or mixtures of these salts
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are usually used. When the pure sodium salt or
a calcium hexacyanoferrate(I) solution is
used, the pigment properties are obtained by
adding a potassium or ammonium salt during
the precipitation of the white paste product or
prior to the oxidation stage.

The iron(II) salt used is crystalline iron(Il)
sulfate or iron(II) chloride solution. The oxi-
dizing agent can be hydrogen peroxide, alkali
chlorates, or alkali dichromates. Industrial
precipitation is carried out batchwise in large
stirred tanks by simultaneous or sequential ad-
dition of aqueous solutions of potassium
hexacyanoferrate(Il) and iron(II) sulfate to a
dilute acid. The filtrate from the white paste
product must contain a slight excess of iron.
Temperature, pH, and concentration of the
starting solutions have a decisive influence on
the size and shape of the precipitated particles.
The suspension of white paste is aged by heat-
ing. The ageing period varies in length and
temperature depending on the required prop-
erties of the finished pigment. This is followed
by the oxidation to form the blue pigment by
adding hydrochloric acid and sodium or potas-
sium chlorate [394]. Finally, the suspension of
the blue pigments is pumped into filter presses
either immediately or after having been
washed with cold water and decanted. After
filtering, it is washed until free of acid and
salt. ‘

Depending on-the pigment type, the filter
press-cakes (35-60% solids) are either moul-
ded into cylindrical pellets and dried to a fin-
ished dust-free product, or liquefied and spray
dried, or dried and then ground to form a pow-
der pigment.

Dispersibility can be improved by adding
organic compounds to the pigment suspension
before filtering to prevent the particles from
agglomerating too strongly on drying [395,
396]. In another method (the Flushing pro-
cess), the water in the wet pigment paste is re-
placed by a hydrophobic binder [397].

Although these and other methods of pigment

preparation produce fully dispersible prod-
ucts consisting mainly of iron blue and ‘a
binder [398-400], they have not become es-
tablished on the market.
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A “water-soluble” blue can be manufac-
tured by adding peptizing agents (the latter
improve the water solubility via an emulsify-
ing action). This forms a transparent colloidal
solution in water without the use of high shear
forces [388].

5.21.2.3 Properties

Hue, relative tinting strength, dispersibility,
and rheological behavior are the properties of
iron blue pigments with the most practical sig-
nificance. Other important properties are the
volatiles content at 60 °C, the water-soluble
fraction, and acidity (ISO 2495). Pure blue
pigments are usually used singly (e.g., i
printing inks) and do not need any additives to
improve them. Finely divided iron blue pig-
ments impart a pure black tone to printing ink.

Owing to their small particle size (see Table
5.48 and Figures 5.119 and 5.120), iron blue
pigments are very difficult to disperse. A
graph of particle size distribution is given in
Figure 5.121 for a commercial quality iron
blue and for a micronized grade with similar
primary particle size. The micronized grade
gives greater tinting strength in dry mixtures
than the blues obtained from standard grind-
ing. The average size of the aggregates in the

micronized material is ca. 10 pm compared

with ca. 35 pm for the normal quality product.

Iron blue pigments are thermally stable for
short periods at temperatures up to 180 °C,
and therefore can be used in stoving finishes.
The powdered material presents an explosion
hazard, the ignition point is 600-625 °C
(ASTM D 93-52). The pigments are combusti-
ble in powder form, ignition in air being possi-
ble above 140 °C [388].
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Figure 5.119: Elqctroq micrograph of an iron blue pig-  Figure 5.120: Electron micrograph of an iron-blue pig-
ment of small particle size (Manox Blue® 460 D). ment of normal particle size (Vossen Blau® 705).
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Table 5.48: Physical and chemical properties of iron blue pigments (Vossen-Blau® and Manox® grades).

Type Vossen Blau® Vossen Blau® Vossen Blau® Manox®  Manox Easisperse®
705 705L8" 724 Blue 480 D HSB 2

Colour Index Number 77510 77510 77510 77510 77510

Colour Index Pigment 27 27 27 27 27

Tinting strength® 100 100 100 115 95°

Hue pure blue pure blue pure blue pure blue  pure blue

Oil absorption?, g/100 g 3642 40-50 3642 53-63 22-28

Weight loss on drying®, % 2-6 2-6 2-6 2-6 2-6

Tamped density, g/L 500 200 500 500 550

Density?, g/cm? 1.9 1.9 1.9 1.8 1.8

Mean diameter of primary particles, nm 70 70 70 40 80

Specific surface area", m*/g 35 35 35 80 30

Thep'ﬂ'dl stability, °C 150 150 150 150 150

Resgstance to acids very good very good  very good very good  very good

Resx.stance to alkalis poor poor poor poor poor

ReS{stzmce to solvents very good very good very good very good  very good

Resistance to bleeding very good very good very good very good  very good

:LS = Luftstrahlmahle (air jet mill).

DIN ISO 787/XVI and DIN 1SO 78 7/XXTV.
:Surface-treated easily dispersible type.
. DINISO 787/V, ASTMD 281, or JIS K 5101/19 (JIS: Japanese Industrial Standard).
fD]N IS0 787/1I, ASTMD 280, or JISK 5101/21.

DINISO 787/XI or ISK 5101/18.
*DIN ISO 787/X or JISK 5101/17.
"DIN 66131.

Iron blue pigments have faxcellent light-  and color after a short weathering period. The
and weatherfastness. When mixed with white  pigments are resistant to dilute acid and oxi-
pigments, these properties can disappear dizing agents, and do not bleed. They are de-

[401]. Recent investigations have shown that a
topcoat (as commonly applied in automobile
manufacture) overcomes this problem [402].
Figure 5.122 shows changes in residual gloss

composed by hot, concentrated acid and
alkali. Other properties are listed in Table
5.48.
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Figure 5.121: Cumulative particle size distribution curve
of a normal (705) and a micronized (705 LS) iron blue
pigment of equal primary particle size. LS = Luftstrahl-
miihle (air jet mill).
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Figure 5.122: Residual gloss and AEY, values for isocy-
anate-cross-linked polyacrylate resins that contain 15%
Vossen-Blau® 2000 (older pigment type which has been
replaced by Manox® Blue 460 D) relative to the binder
and 15% TiO, (rutile) relative to the iron blue pigment af-
ter 1000 h fast exposure to UV [402]: a) Without
clearcoat; b) With clearcoat but without UV protection; ¢)
With clearcoat and UV protection.

5.21.2.4 Uses

Total production of iron blue in 1975 was
ca. 25000 t/a, but in 1991 it was only ca.
15 000 t/a. The main consumer in Europe and
the United States is the printing industry. The
second largest use in Europe, especially of mi-
cronized iron blue pigments, is for coloring
fungicides, but use in the paint industry is de-
creasing.
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Printing Ink Industry. Iron blue pigments
are very important in printing, especially roto-
gravure, because of their deep hue, good hid-
ing power, and economic cost/performance
basis. Iron blue is often mixed with phthalocy-
anine pigments for multicolor printing. An-
other important use is in controlling the shade
of black printing inks. Typical amounts used
are 5~-8% for full-shade retogravure inks and
2-8% for toning black gravure and offset inks.

Tron blue pigments are used in the manufac-
ture of single- and multiple-use carbon papers
and blue copying papers, both for toning the
carbon black and as blue pigments in their
own right [388].

Toning of Black Gravure Inks. For the ton-
ing of black gravure inks, for example, 2 to
6% of Vossen-Blau 705 are used together with

6 to 12% of carbon black. Combinations. with

red pigments with a blue undertone are also
common. When using organic pigments, resis-
tance to solvents must be taken in account. Be-
cause of the poor dispersibility of iron blue
compared with carbon black it is both eco-
nomical and practical to disperse the blue pig-
ment in a separate step.

While the visual judgement of black is in-
fluenced by the individual ability of the ob-

server to distinguish small colour differences -

in deep black, it is possible, with the help of
photometric measurements, to graphically in-
terpret objective evaluations by means of
physical data [389].

Figure 5.123 illustrates the colour changes
of a low structure LCF-type carbon black by
addition of Pigment Blue 27 (Vossen-Blau
705) and Pigment Violet 27 or by toning with
a 4:1 combination of Pigment Blue 27 and
Pigment Red 57:1. A mixture of asphalt resin,
calcium/zinc resinate and phenol resin was
used as a binder. The pigment concentration
for all was 13.2%. The toner was added in
2.2% steps up to 6.6% with a simultaneous re-
duction from 13.2 to 6.6%.

Toning of Black Offset Printing Inks. The
basic requirements for the successful use of
iron blue as a toning agent in offset printing
inks are resistance to damping or “fountain”

Iron

solutions and good dispersibility. “Resistance”
is understood here as the hydrophobic charac-
teristics of the pigment.

This property prevents wetting of the pig-
ment by water and therefore its peptization.
Non-resistant iron blue can render the ink use-
less by adsorbing water to above the normal
content. A negative side-effect of peptization
is the “dissolution” of the blue pigment from
the printing ink and the resulting blue.coloura-
tion of the fountain solution with the familiar
problerns of printing-plate contamination, also
known as scumming or toning.
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Flgure 5.123: Colour coordinates of black gravure inks
with different toning. + 2—4: Pigment Black LCF*/Vos-
sen-Blau 705; @ 5-7: Pigment Black LCF/[VB 705-Pig-
ment Bed 57:1(4:1)]; % 1-10: Pigment Black LCF*/[VB
705 Pigment Violet 27 (2: 1), @ 1: Pigment Black LCF =
Printex 35.

The combined dispersion of pigments is
only’ practical with colourants of similar dis-
persibility. Toning agents with a considerable
higher resistance to dispersion than carbon
black are therefore delivered by the manufac-
turer in the form of a predispersed paste or
must be ground separately by the user.

Developments in the fields of iron biue
technology have overcome these problems. A
new generation of pigments has been gener-
atted which covers both the demand for a suffi-
cient resistance against damping solutions and
the request for a good dispersibility. Easily
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dispersible iron blue is preferred to be used for
combined dispersion with carbon black in the
so-called “Co-Grinding” process.

In the following section, the coloristic ef-
fects ‘of those iron blue pigments are de-
scribed, as obtained in toning experiments
invglving a LCF-type carbon black, in com-
parison with Pigment Blue 15:3 and Pigment
Blue 61.

The pigment concentration of the’inks is
24%, i.e. the amount of carbon black was re-
duced correspondingly with the addition of 3,
6, or 9% of blue pigment. Black inks contain-
ing 15 to 24% of carbon black are excluded
from this experiment, and are presented to
give an additional coloristic description of
“pigment” black as regards the development
gf T_he hue when used as a self-colour pigment
in increasing concentrations.

40—

3.0 [~

I
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Figurg 5.1?4: Colour locations of black offset printing
inks with different toning. B 1-4: Pigment Black LCF (=
?nntex 35); + 5-7: Pigment Black LCF/Manox Eas-
isperse; X &-10: Pigment Black LCF/[Manox Eas-
isperse/Pigment Red 57:1(4:1)]; @ 11-13: Pigment Black
LCF/Pigment Blue 61; A 14-16: Pigment Black LCF/Pig-
ment Blue 15:3.

_ In the visual and the colorimetric evalua-
tion the colour location change of the carbon
black when used as a self-colour pigment is
nqtlceable since there is a tendency to a black
with a blue undertone at higher pigment con-
centration, even without the addition of toning
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agent. In Figure 5.124 these are the colour lo-
cations 14, starting with 15% carbon black
and in increasing additions in steps of 3% to a
maximum concentration of 24%. '

However, it is also clear that without the
addition of a blue pigment the achromatic
point cannot be achieved.

By adding various toning agents the desired
colour hue is achieved - although with varying
red/green spread. Iron blue (Manox Easisperse
154) brings about a clear shift towards green
with a relatively small shift in the blue direc-
tion (see colour locations 5~7). The required
target is more successfully achieved by the use
of a mixture of iron blue an Pigment Red 57:1
in the ratio 4:1. The colour locations 8-10 il-
lustrate useful ways of approaching the achro-
matic point with the addition of 3%, 6%, and
9% of the mixture.

The-addition of 3% of Pigment Blue 61 al-
ready results in a significant step towards
blue/red and shows almost identical incremen-
tal changes with further additions (see colour
locations 11-13). In addition, the bronze effect
occurs which intensifies with increasing dis-
tance from the achromatic point. With Pig-
ment Blue 15:3 in numerically equivalent
increments, the hue of the black ink moves to-
wards blue/green in the opposite direction
from the achromatic point and with a negative
shift (colour locations 14-16).

Agriculture. Since ca. 1935 and especially in
Mediterranean countries, blue inorganic fun-
gicides based on copper and used for treating
vines have largely been replaced by colorless
organic compounds. Micronized iron blue pig-
ments are used to color these fungicides (nor-
mally at a concentration of 3—8%), so that
even small amounts become visible due to the
high color intensity, and precise control is pos-
sible. The fungicide is usually milled or mixed
with a micronized iron blue pigment [403].

A welcome side effect of treating fungi
(e.g., peronospora plasmopara viticola) with
iron blue is the fertilizing of vines in soils that
give rise to chlororsis. Leaf color is intensi-
fied, aging of the leaves is retarded, and wood
quality (“ripeness™) is also improved [404-
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406]. Iron is necessary for chlorophyll synthe-
sis, which improves grape quality and yield.
Other iron salts do not have this effect [405].

Paints and Coatings. Iron blue pigments are
used in the paint industry, especially for full,
dark blue colors for automotive finishes. A
full shade with good hiding power is produced
by 4—8% iron blue pigments.

Paper. Blue paper can be produced by adding
“water-soluble” iron blue pigment directly to
the aqueous phase. Alternatively, a suitable
iron blue pigment can be ground together with
a water-soluble binder, applied to the paper,
dried, and glazed (quantity applied: ca. 8% in
the finished product).

Pigment Industry. The importance of iron
blue in the production of chrome green and
zinc green pigments has greatly increased
worldwide (see Section 46.10.2.3).

Medical Applications. Iron blue has become
important as an agent for decontaminating
persons who have ingested radioactive mate-
rial. The isotope 1*’Cs which would otherwise
be freely absorbed via the human or animal di-
gestive tract exchanges with the iron(II) of the
iron blue [407, 408] and is then excreted in the
feces [409]. Gelatin capsules containing 500
mg iron blue are marketed as Radiogardase-Cs
(Heyl). Thallium ions have been found to be-
have similarly [410—412]. The gelatin cap-
sules for this purpose are sold as “Antidotum
Thalii” (Heyl) [413].

5.21.2.5 Toxicology and
Environmental Aspects

Blue pigment compounds show no toxicity
in amimal studies therefore it is not expected to
cause any adverse effects on human health. No
toxic effects were reported in humans when
blue pigment compounds were used. experi-
mentally or therapeutically. ‘

Toxikokinetic studies showed, that the ad-
sorption of iron blue pigments is very low.
Following intravenous injection of a *Fe-ra-
dio labelled iron blue pigment, the
[*°Fe(CN)¢]* ion was rapidly and virtually
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completely excreted with the urine. After oral
administration of ferric cyanoferrate (**Fe) ap-
prox. 2% of the labelled hexacyanoferrate ion
was absorbed by the gastro-intestinal tract
[414]. Most of the substance is excreted with
the feces [415] and there was no evidence of
its decomposition.

The decomposition of blue pigment salts to
toxic cyanide in aqueous systems is very low.
The CN-release of KFe[Fe(CN),] in artificial
gastric or intestinal juice was 141 or 26 pg/(g -
5 hours) respectively and in water 37 pg/(g - 5
hours). The comesponding figure of
Fe,[Fe(CN)| were 64, 15 and 22 pg/(g - 5
hours) [416].

In the breath of rats after i.p. injection of
MC-labelled KFe[Fe(CN),] less than 0.01%
(detection limit) was found, whereas in an-
other study 0.04-0.08% of the orally adminis-
tered dose was found in the exhaled air [417].
It can be concluded, that the hexacyanofer-
rate(ll) complex disintegrates only to a small
extent in the intestinal tract after oral adminis-
tration. This is confirmed by the results of
acute oral toxicity studies which show in high
doses no clinical symptoms or lethality. The
LDy, values are above 5000~15 000 mg/kg
(limit tests) [418-420].

In primary irritation tests no or only slight
effects were seen at the skin or in the eyes of

the treated rabbits respectively [420, 421]. No -

skin sensitisation occurred in a Guinea pig
maximisation test [418].

The subchronic (90-120 days) consump-
tion of iron blue pigments at concentrations of
1-2% in the food or drinking water influenced
slightly the body weight gain, but no other
clinical signs or histopathologial changes
were observed [422-425]. After the adminis-
tration of daily doses of 200 or 400 mg/kg for
ten days to dogs the body weight gained and
the general condition remained unaffected
[426].

In a bacterial test system (ames test) no in-
crease of mutagenicity was detected without
or in presence of a metabolic system [420].

In human volunteers who received 1.5 or
3.0 g ferric cyanoferrate for up to 22 days ap-
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part from a slight obstipation no effects were
reported [426, 427].

 Fey[Fe(CN)4] can bind cesium therefore
iron blue pigments are used in clinical practice
as an antidote for the treatment of humans
contaminated with radioactive cesium (see
also section 5.21.2.4). Clinical use of iron(1II)
ferrocyanide in doses up to 20 g/d for decon-
taminations of persons exposed to radio ce-
sium has not been associated with any
reported toxicity [428].

Blue pigment salts are also used as an effec-
tive antidote for thallium intoxications. Ferric
cyanoferrate interferes with the enterosys-
temic circulation of thallium ions and en-
hances their faecal excretion [429].

_In a semistatic acute fish toxicity test (Leu-
ciscus idus, melanotus, fresh water fish) a sat-
urated solution with different blue pigment
compounds (with unsolved material on the
bottom or filtrated solution) no death occurred
within 96 hours. Based on the quantity
weighed the No Observed Effect Level
(NOEL) is greater than 1000 mg/L (nominal
concentrations) [430].

The bacterial toxicity was measured ac-
cording DEV, DIN 38 412, L3 (TTC [2,3,5- -
triphenyl-2H-tetrazolinm chlorid] test). The
result gives an ECy, (effective concentration)
varying between 2290 and 14 700 mg/L, and
estimated NOEC values in the range of < 10 to
100 mg/L [431].

There are no harmful effects on fish, but the
toxic effects on bacteria constitude a slight
hazard when iron blue pigments are present in
water. :

3.21.3 Iron Magnetic Pigments

3.21.3.1 Iron Oxide Magnetic
Pigments

Ferrimagnetic iron oxide pigments are used
in magnetic information storage systems such
as audio and videocassettes, floppy disks, hard
disks, and computer tapes. Cobalt-free
iron(III) oxide and nonstoichiometric mixed-
phase pigments have been used since the early
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days of magnetic tape technology. Currently,
vFe,0; and Fe;O, (the latter in small
amounts) are mainly used in the production of
low-bias audio cassettes [iron oxide operating
point IEC I standard (International Electro-
technical Commission)], and studio, broad-
casting, and computer tapes.

Production. The shape of the pigment particle
is extremely important for ensuring good mag-
netic properties. Isometric iron oxide pig-
ments produced by direct precipitation are
seldom used. Since 1947, needle-shaped -
Fe,O; pigments have been prepared with a
length to width ratio of ca. 5:1 to 20:1 and a
crystal length of 0.1-1 pm [432].

Anisometric forms of Fe,O, with the spinel
structure or y-Fe,0O, with a tetragonal superlat-
tice structure do not crystallize directly. They
are obtained from iron compounds that form
needle-shaped crystals (usually o~ and -
FeOOH) [433~435]. The oxyhydroxides are
converted to Fe;O, by dehydration and reduc-
tion. Reducing agents may be gases (hydro-
gen, carbon monoxide) or organic compounds
(e.g., fatty acids). The particle geometry is re-
tained during this process.

Since the pigments are subjected to consid-
erable thermal stress during this conversion,
the FeOOH particles are stabilized with a pro-
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tective coating of sintered material (usually
silicates [436], phosphates. [437], chromates
[438], or organic compounds such as fatty ac-
ids [439)).

Finely divided stoichiometric Fe,O, pig-

ments are not stable to atmospheric oxidation.
They are therefore stabilized by partial oxida-
tion or by complete oxidation to y-Fe,O; be-
low 500 °C.

In an alternative process, the starting mate-
nal consists of needle-shaped particles of o-
Fe, 0, instead of FeOOH pigments [440, 441].
The synthesis is carried out in a hydrothermal
reactor, starting from a suspension - of
Fe(OH),, and crystal growth is controlled by
means of organic modifiers.

Properties. Magnetic pigments with very dif-
ferent morphological and magnetic properties
that depend on the field of application and
quality of the recording medium, are used.
The largest particles (length ca 0.6 pm) are
used in computer tapes. The noise level of the
magnetic tape decreases with decreasing parti-
cle size. Fine pigments are therefore being
used increasingly for better quality compact
cassettes.

The magnetic properties may be deter-
mined by measurement of hysteresis curves on
the powder or magnetic tape.

Table 5.49: Some quality requirements for iron oxide and metallic iron magnetic pigments.

Approxi~  Specific Coercive Saturation
Field of application Pigmenttype mate particle surface field strength magnetization M/M,
length, mm area, m¥g H,kA/m M, mT-m¥kg
Computer tapes ¥Fe,O, 0.60 13-17 23-25 y 0.80-0.85
Studio radio tapes 1-Fe, O, 0.40 17-20 23-27 85-92 0.80-0.85
IEC I compact cassettes )
standard (iron oxide operating
point) ¥-Fe,0, 035 20-25 27-30 87-92  0.80-0.90
high grade Co-1Fe,0, 0.30 25-37 29-32 92-98 - 0.80-0.90
IEC II compact cassettes {(CrO, op- Co—yFe,0;,
erating point) Co-Fe,0, 0.30 3040 52-57 94-98 0.85-0.92
IEC IV compact cassettes (metal
operating point) metallic iron 0.35 35-40 88-95 130-160  0.85-0.90
Digital audio (R-DAT)" metallic iron 0.25 50-60 115-127 130-160 0.85-0.90
14" Video Co-y-Fe,0,,
. Co-Fe,0, 0.30 2540 52-57 94-98 0.80-0.90
Super-VHS video Co-v-Fe,0, 0.20 45-50 64-72 94-96  0.80-0.85
8-mm video metallic iron 0.25 50-60 115-127 130-160  0.85-0.90

*R-DAT: rotary digital audio tapé.
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Table 5.49 shows some quality require-
ments for the most important applications of
magnetic pigments. Column 4 gives the coer-
cive field strength (#,) required for informa-
tion storage materials. The coercive field is the
magnetic field required to demagnetize the
sample.

The saturation magnetization A4, is a spe-
cific constant for the material and for mag-
netic iron oxides is principally determired by
the Fe?* ion content. The ratio of remanent
magnetization to saturation magnetization
(44/M,) for the tape depends mainly on the
orientation of the pigment needles with re-
spect to the longitudinal direction of the tape,
and should approach the theoretical maximum
value of unity as closely as possible.

Apart from the morphological and mag-
netic properties, usual pigment properties such
as pH value, tap density, soluble salt content,
oil absorption, dispersibility, and chemical sta-
bility are of great importance for the manufac-
ture of magnetic recording materials.

Producers of magnetic iron oxides include
BASF and Bayer (Germany); Ishihara, Sakai,
Showa Denko, Titan K., and Toda K (Japan);
3M, Magnox (USA); and Saehan Media XKo-
rea).

World production of cobalt-free magnetic
iron oxides in 1990 was ca. 24 000 t, of which
ca. 74% was used in compact cassettes and au-
dio tapes, and ca. 25% in computer tapes.

5.21.3.2 Cobalt-Containing Iron
Oxide Pigments

Cobalt-containing iron oxides form the
largest proportion (ca. 60%) of magnetic pig-
ments produced today. Due to their high coer-
civity they can be used as an alternative to
chromium dioxide for the production of video
tapes, high-bias audio tapes (CrO, operating
point), and high-density floppy disks.

Production. The iron oxide pigments de-

scribed above are either doped or coated with
cobalt:

® Bod}.l-doped pigments contain 2-5% cobalt
that