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ABSTRACT

The reduction of Carol Lake iron ore concentrates
has been studied with and without additions of the fluxing
agents, lime, magnesia and dolomite. Flux additions in
the range from 1 to 5 wt.% were investigated in the tem-
perature range 950-1100°C. The major interest of this
study relates to the kinetics of reduction to iron for
which a thermogravimetric technique was used. | The mor-
phology of reduced and partially reduced specimens was
studied using optical and electron microscopic techniques.
The phases present in each specimen are charactefised by
X-ray diffraction technique. In addition, the surface
area of several typical samples was measured by the B.E.T.
technique.

Most of the present work has concentrated primarily
on the kinetics of reduction and the morphology of phases
with the major interest in understanding the variation of
reduction with time and temperature in terms of rate pro-
cesses and morphology of the reduced oxide and flux

additions.

The rate of reduction increased with increasing
reduction temperature and the concentrate powder reduced
at a lower rate than compacts especially at low temperature

due to stronger sintering, while swelling and -.cracking

occurred with the compacts.
The formation of fayalite was observed in most of the

specimens except those with lime and dolomite additions.



The major effect of lime additions on reduction is
the formation of a liquid phase. At low temperatures,
the reduction rate decreased markedly due to the blockage
of pores while a slight increase in rate was observed at
high temperatures. For 5% Ca0 additions, a small
increase in reduction rate is observed due to the presence

of Cal0 in solid solution in the wustite phase.

Magnesia additions gave faster rates at all temper-
atures than the iron ore compacts or those with lime
additions and increasing the amount of magnesia also
increased the rate of reduction. Magnesioferrite formed
during sintering and precipitation of hematite occurred
during cooling preferentially on sub-grain-boundaries or
in a specific crystallographic direction. Significant
carbon deposition occurred in the specimens before complete
reduction is achieved. Magnesiowustite reduced more
rapidly than wustite due to the ease of iron nucleation

over the whole surface.

Dolomite additions produced effects which can be
related to both lime and magnesia. A liquid phase was
formed during sintering and mainly consisted of augite.

The magnesioferrite which was crystallized from the liquid
prhase was reduced from the surface of the grains forming

a thick iron shell and the concentration of MgO in the
grains increased considerably due to the diffusion of MgO.
Upon wustite formation at llOOOC, the formation of another

liquid in the Ca0O-Mg0-SiO, system is observed and produces

2

similar effects to the corresponding liquid in the lime

system.
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CHAPTER 1

INTRODUCTION

There are many systems of practical importance in
metals and materials processing operations where a solid
phase is made to react with a gas mixture, one or more
components of which participate in the reaction.

In the reduction of iron oxides with carbon monoxide and
hydrogen or their mixtures, the mathematical formulation
of a so called general rate equation is considered not to
explain the overall reaction phenomena completely.

Because of the apparent complexity of the rate process,
further mofe, there are large number of variables,
including the nature and flow rate of the reducing gas,

the chemical composition and physical properties of the
ore, the temperature of reaction, all of which can affect

both the mechanism and kinetics of reduction.

The study of foreign oxide additions to iron ore was
carried out to improve our knowledge of burden character-
istics in blast furnace operation. The advantage of
adding finely crushed calcium compounds to sinter mixtures
was first recognized in Sweden(59) and has been applied

to pellets, producing so called self-flux sinter and
self-flux pellets instead of acid pellets. These im-

provements can result in a remarkable reduction of fuel

ratio on blast furnace operation.
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Throughout the world, lack of high purity iron ore
forces the use of hematite containing high alumina as a
burden material. Generally, high alumina in iron ore
makes highly viscous slags and more flux material is needed
to reduce this harmful property. Alumina additions are
known to cause degradation during low temperature reduc-
tion. MgO additions are typical additions to cure these
effects and is considered to improve the high temperature
reduction characteristics. However the use of dolomite
or serpentine as an MgO source leaves some doubt related
to the reduction behaviour as it was postulated that this
kind of flux material can not give satisfactory results
for reducibility and mechanical or thermal properties of

the burden material in practical performance.

The program of study in this laboratory has concen-
trated on the isothermal reduction of one material; Carol
Lake hematite which was chosen on account of its relatively
high hematite content(96%) coupled with a good resistance
to swelling and cracking during reduction. Investigations
were initially limited to the reduction of hematite to
magnetite or iron in carbon monoxide-carbon dioxide and

hydrogen-water vapour mixtures.

In contrast with the extensive information now
available on reduction of Carol Lake iron ore, the
reduction of this iron ore with flux additions, which
is the subject of the present investigation, has received
little attention.

Such a study would yield valuable information on the
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influence of flux materials on the kinetics and structural
changes. In addition, a comparison between the reduction
behaviour in these systems would make a valuable contri-

bution to industrial knowledge.

Accordingly, a survey of the literature is made,
followed by experiments using a thermogravimetric
technique. The reduced samples are examined using
optical microscopy and the phases are identified using

X-ray diffraction and electron probe microanalysis.
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CHAPTER 2

LITERATURE SURVEY

2.1. INTRODUCTION

The behaviour during reduction of iron oxide indicates
that the total process is extremely complex. While iron
oxide reduction with gas mixtures has been studied very
extensively during the past three decades, the detailed
reaction mechanism is not understood completely. .By the
efforts of recent workers(6,ll,12,15,16), interpretation
of reduction mechanisms has become more clarified both

theoretically and practically.

2.2. IRON OXIDE

Iron has three oxides, hematite( Fe,04 )., magnetite

( Fe and wustite ( FeXO ). Magnetite and wustite

)
30
exist within certain variable concentration ranges.
Fig. 2.1 shows the diagram according to Darken and Gurry(53).
The oxide phases in equilibrium with different gas mixtures

of CO-CO, are shown in Fig. 2.2, which gives the equilib-

2
rium relationship for Fe-0-C (9).

‘Wustite has a cubic lattice of the NaCl type and is
unstable below 570°C, when it decomposes eutectoidally

into a- iron and magnetite :

4Fe0 = Fe304 + Fe

However, it is easy to undercool wustite and maintain it

in a metastable state(l). The range of existence of
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wustite is fairly large but does not include the stoichio-
metric compound FeO, the oxide always has a higher
oxygen content with the iron lattice containing 5-11%
vacancies. The lattice parameter varies linearly with
oxygen content, from 4.3010 +to 4.2816 & (9).

Magnetite also has a cubic lattice of the reverse spinel
type. It has a close packed cubic lattice of 0%~ ions

3+

2+ and Fe

with the smaller Fe ions distributed in the
various interstices. This oxide also shows a gradually
decreasing lattice parameter with increasing oxygen,
indicating the presence of vacant cationic lattice points.
Hematite exists in two modifications with different
lattices: @- Hematite is of the rhombohedral corundum

type and Y- Hematite is, like magnetite, a cubic spinel
type. It is obtained by dehydration of V- FeOOH below
500°c, or by oxidation of magnetite below 400°% (1).
Transformation of a- Hematite to y- Hematite has not been

observed and it appears that y- Hematite is a metastable

phase formed only during dehydration or oxidation(l).

2.3. REDUCTION OF IRUN OXIDE

The reduction of iron oxides and various iron ores
has been investigated many times(1-16). However there
have been great differences of opinion in the literature
as to whether the reduction of iron oxide is controlled
by a diffusion process(2) or by a reaction process(1,5).
The most common reducing agents used in iron oxide reduc-
tion process are carbon monoxide, hydrogen and mixtures
of these two gases. The reduction of hematite represents

a complex system. The reduction takes place through the
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series FeZOB/Fe3O4/FeO/Fe above the temperature (570°C)
where wustite is stable. For a transformation according

to the reduction

Fe O+ mCO nFe + mCO
n-m

2

Fe O + mH., = nFe + mH,O
nm 2 2

Bogdandy illustrates the reduction sequences schematically
using porous lump iron ore(9). The progress of reaction
of nonporous solid iron oxide with gaseous reactants was
studied by many workers(l,5). It can be represented by
the unreacted core model. The reaction occurs at a sharp
face or within a narrow region between the unreacted core
énd the product layer. The product may or may not be
porous; In either case, the gaseous reactant must be
able to penetrate through the product layer in order for

the reaction to proceed to completion.

2.3.1. REDUCTION BY CARBON MONOXIDE

The reduction of ferric oxide to iron using carbon
monoxide, takes place in three stages at temperatures
above 570°C. But at lower temperatures below 57OOC,
it is generally thought that iron oxide reduction takes
place in two stages. The magnetite produced in the
first stage is reduced to iron by péssing the wustite stage:

1/4Fe + CO = 3/4Fe + CO

304 2
By calculating the free energy change for each reaction

(Table 2.1), the equilibria can be calculated. Fig.2.2
shows three curves for these reactions and also contains

the curve showing the CO-CO, composition at equilibtium

2



TABLE 2.1 THERMODYNAMIC PROPERTIES OF IRON OXIDES

AND SOME SELECTED COMPOUNDS ( 9,86 )
(Free energy of formation)
cal.
T FeO Fe,0, Fe, O, Co
927 -44450 -174600 -122200 -52150
1027 -42900 -167400 -116400 -54350
1127 -41400 -160300 -110600 -56250
o
T C CO? Ccao MgO MgFe204
927 -94650 -122400 -112600 -3030
1027 -94700 -119900 -109500 -3000
1127 -94750 -117250 -106850 -2950
o} . VITREQOUS
T C CazFezo5 QUARTZ CRISTOBALITE "~ oo
927 -12090 -158400 -158450 -152200
1027 -12330 -154150 -154250 -148100
1127 -12530 -150100 -150200 -144000
% CaMg (S10,)
3°2
927 -35820
1027 -36490
1127 -36630

26
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for the reaction: CO2 + C = 2CO commonly known as
the Boudouard reaction. At temperatures above about
1000°c, the reaction is essentially complete. That is
the gas phase is 100% CO. This means that carbon dioxide
can not exist to any great extent at temperatures above
1000°C in the presence of carbon. This might suggest
that carbon monoxide can not reduce iron oxide at temper-
atures above 1000°C with carbon depositién occurring.
However, reduction does take place and -this appears to

be due to the reduction reaction and carbon deposition

taking place separately(31).

2.3.2. REDUCTION BY HYDROGEN

The reduction of iron by hydrogen is much the same
as reduction by carbon monoxide. That is, the reduction
takes place in three stages at temperatures above 57000
and two stages below 570°¢C. In the system
Fe-H-0, there is no reaction involving hydrogen similar
to the Boudouard reaction that complicates this system.
Therefore the reduction of magnetite and wustite at
temperatures below 650°C and 700°C are thermodynamically

feasible (31).

2.3.3. REDUCTION BY CARBON MONOXIDE AND HYDROGEN MIXTURES

This system is more complex not only beacuse the re-
actions are not restricted to those between the gaseous
and solid phases but also due to reactions between the
gaseous phases. Therefore, whatever PCOZ/PCO ratio is
in equilibrium with a solid phase must be in equilibrium

with a definite composition of hydrogen and water wvapour
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according to the reaction:

CO2 + H2 = CO + H20

Recently many workers studied this kind of reduction be-

cause of its practical interest(21).

2.4. REDUCTION KINETICS OF IRON OXIDE

For obvious technological reasons, the kinetics of
reduction of iron oxides has become the subject of inten-
sive experimental and theoretical investigation during
recent years. Continuing efforts to construct mathemati-
cal models(32,33) to describe the kinetics of reaction
between a gas stream and a granular bed of solid particles
have demonstrated the necessity of a thorough understanding
of the reaction kinetics of a single particle within the
system as a prerequisite to the construction of physically

significant models for a complex reaction system.

2.4.1., INFLUENCE OF VARIOUS PROPERTIES ON THE REDUCTION
RATE

Some of the rate determining steps in iron ore reduc-
tion are associated with the nature of the reaction system
and the contact between the reacting phases while others
are associated with the nature of the ore. The latter
determines the ease with which oxygen can be removed from
the iron oxides in the ore by the reducing gases. This
propérty of an ore is often referred to as the reducibility.
In turn, the properties of an ore which determines its
reducibility are particle size, shape,density,porosity,
crystal structure and composition. All of these proper-

ties influence the relative amount of reactive surface
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area of the iron oxides exposed to the reducing gases(36).

a) Porosity of iron ore

Joseph(24) carried out reducibility tests on several
natural ores and the results of some of his experiments
show that the porosity of iron ore particles is one of
the most important factors controlling reducibility.
Joseph’s work showed that the reducibility, expressed
as the reciprocal of the time required for 90% reduction,

varied directly with the porosity.

b) Structural change of iron ore during reduction

In reduction of iron oxides by CO or H2, the external
volume of the sample often changes considerably. The
volume changes during stepwise reduction of 4mm cubes of
Fe, 04 and Fe,0, in CO or CO—CO2 mixtures were reported by
'Edstrom(l). In the formation of magnetite from hematite,
two distinct microstructures, porous growth magnetite

and lath magnetite produced by mechanism resembling dis-

continuous precipitation and a shear mechanism respec-

tively were observed(27).

In the transformation of magnetite to wustite, the oxygen
lattice remains unchanged while iron diffuses to fill the
vacant sites in the iron lattice. This can be accomodated
with only a small increase in volume(l). The lack of
expansion of magnetite during reduction as starting
material causes the formation of a dense layer of metallic
iron surrounding remnants of wustite which cut off access

of the reducing gas to the oxide and practically prevents
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complete removal of oxygen(28).

Other structural changes which occur during reduction,
excepting those which ére a direct result of the chemical
change in the iron oxide mentioned above, are sintering,

swelling, softening and cracking.

Sintering

This behaviour may be of particular importance in the
reduction of iron oxides where sintering of the porous
metal product layer may markedly reduce the overall rate
of reduction by limiting access of the reactant gas(36).
Activation energies for sintering are high(36); that is,
the rate of sintering increases rapidly with increasing
temperature and the lowest reduction observed at 650°C(17)

is regarded as guye to sintering of the iron layer.

Swelling

Most iron ores and pellets swell to some extent during
reduction but some exhibit what has become known as a
"catastrophic" swelling(34). The swelling results in the
production of a mass of metallic wires or whiskers, rather
than the fairly dense sponge of the normal reduction, and
causes severe problem in blast furnace operation.
According. to Bleifuss(40), catastrophic swelling involved
in the reduction of calcioferrous ores is due to the formation
of a surface layer of lime saturated with iron. Normal
swelling is probably caused by the crystallographic trans-

formations, that occur during reduction(7).

Softening

As far as the effect on gas-solid reactions are concerned,
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softening may be considered as an extreme form of sinter-
ing(36). At softening temperatures, pores must close
extremely rapidly, which in turn prevents diffusion of
gaseous reactant into the solid and thus severely hinders

the reaction(54,57,58,76,78).

Cracking

Cracking of the solid is usually undesirable for gas-
solid reaction systems carried out on an industrial scale,
because the reactant breakage may cause operational diffi-
culties. However, cracking of ore may increase the
overall rate of reaction by reducing the diffusional resis-

tance (2,36).

c) Degree of oxidation and reducibility test

The chemical composition of the raw material has great
influence on the reduction(4). Even a small change in the
degree of oxidation influences the reducibility considerably.
All stages of iron oxide reduction can be graded in terms
of increasing difficulties:

Fe,0ffrom Fe203)——-—Feo (least difficult)
Fe304(as charged) ---FeO
FeO(from Fe20§ —————— Fe
FeO(from Fey0,) ----- Fe (most difficult)
The reducibility of an iron ore can be determined experi-
mentally in many ways. Most reducibility measurements
are made by the thermogravimetric methods. Some workers
use 90% reduction, others use as low as 50%, whichever is

most suitable for the particular process(31).

d) Carburization during reduction
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The oxygen removed from the oxide can be measured by a
method measuring loss-in-weight during reduction. But
with CO it is impossible to calculate the oxygen removed
directly. At 1000°C and higher with Fe203 as.the original
material, carbon deposition is significant after 80% of
of the oxygen has been removed(l). At higher temperatures
than 1100°C, carburization dose not proceed until the reduc-
tion degree exceeds 90%(20). In addition, iron carbide
(FesC), commonly called cementite, can be formed by the
reaction.

3Fe + 2CO = Fe3C + 002

Like carbon deposition, the above reaction is also favoured
by low temperatures and high carbon monoxide concentrations.
Okura(18) reported that the rate of carbon deposition on
iron powder reduced at low temperature is larger than that

reduced at high temperatures and the weight of carbon depo-

sited is proportional to the specific surface area.

2.4.2. REDUCTION KINETICS OF IRON ORES

Concerning the reacting surface exposed to the reducing
gases there are other factors that affect the rate of re-
duction of iron oxides. The first to be considered is the
rate of heat and mass transfer across the gas-flow boundary
layer at the outer surface of the solid phase. When the
reaction rate is controlled by this phenomenon, it is known
as "Boundary Layer Control" Secondly the rate of diffusion
of fhe reducing gas inward and the product gas outwards
through the reduced iron layer can control the rate of re-
duction of iron oxides. This phenomenon is generally asso-

ciated with large ore particles, and known as "Gaseous



33

Diffusion Contrel" or "Iron Pore Control". Thirdly the
chemical reaction at the wustite-iron interface is believed
by McKewan(1l,5) to be rate controlling. When this is the
case, the rate of reduction per unit area of remaining
iron oxide surface is found to be constant with time. This
mechanism is reffered to as "Interfacial Reaction Control"
or "Phase Boundary Reaction Control".

When both gas diffusion control and-interfacial reaction
control combine to influence the rate of reduction, the
mechanism is reffered to as "Mixed Control" (6,1l1).

All of the above factors include other factors such as
nucleation and crystal growth in the iron phase(27), the
presence of impurities, partial pressure of reducing and
product gases(i), the presence of inert gases(31) and
temperature which can contribute to the rate controlling
step in the reduction of iron oxides and these have been

investigated by many workers(l,22,23).

a) Boundary layer control

In boundary layer control, the overall reduction rate
is controlled by the rate of diffusion of gas and or heat
through a boundary layer of stagnant gas that builds up
around each particle(36). Therefore the rate of diffusion
of gas through this layer is proportional to the gas con-

centration gradient across the layer.

b) Phase boundary reaction control

When counter-diffusion of the reducing gas and the
product gas in the reduced outer iron layer is sufficiently

fast, the concentration of the reducing gas at the reacting
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surface is effectively the same as its concentration at

the particle surface. McKewan(10) developed a mathemati-
cal model in support of this mechanism based on the assump-
tion that the reaction rate is proportional to the surface

area of the reaction interface.

c) GaseQus diffusion control

A mathematical model of gaseous diffusion control for a
spherical particle has been proposed by Spitzer et al. (6)
and Ross et al. (7). During the early stages of reduction,
where the iron layer is non-existent or very thin, the
phase boundary reaction controls the reduction rate, but
gaseous diffusion control takes over as the iron layer
thickens(7,17,35). During the final stages of reduction
other factors can become the predominant controllong

influence (16).

d) Mixed control

Mixed control has been proposed by several experimenters
(6,7,13) to reconcile the complexities and conflicting results
obtained with the simpler mechanisms. Under these condi-
tions, Ross(7) proposed a generalized rate equation.

The relative importance of these two contributory factors
(transportation of gases and phase boundary reaction) is

of course a function of the nature of ore(31l) to be reduced.

e) solid state diffusion

The rate minimum, which has often been observed in the
reduction of certain iron ores, can be related to the re-

crystallization of iron which slows down the reduction of
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wustite which is surrounded by recrystallized iron and
cause a change from a process controlled by the phase
boundary reaction to one controlled by solid state diffu-
sion(40).

Regarding mass transport through dense solid oxide layers,
Wagner (50) has postulated that diffusion in oxides may be
interpreted as migration processes of ions and electrons.
Edstrom(56) studied the solid state diffusion phenomenon

in the reduction of dense magnetite in which the same para-

bolic data were obtained as those in the oxidation of iron.

f) Activation energy

To estimate the reaction rate, an "Arrhenius plot" is
convenientiy used and some experimental results have been
interpreted using the temperature variations of reaction
rate.

The activation energy of a reaction controlled phase boun-
dary reaction was reported as 15.2 Kcal(2,5), 14.9 Kcal(2)
and for sblid state diffusion as 47.8 Kcal(49) and 52 Kcal

(48).

2.5. FORMATION AND GROWTH OF NUCLEI DURING REDUCTION

The formation of so0lid reaction products in the reduc-
tion of metal oxides is a process in which the formation of a
nucleus is necessary. The problem of nucleation of the
product phase becomes more important as the particle size
of the ore is reduced since at high reaction rates the ore
may be transformed by the growth of a single nucleus(44).
Hayes and Grieveson(27) studied the formation of magnetite

from hematite and for the situation where the nucleation
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frequency of the new phase is high compared with the rate
of growth of the nuclei, complete coverage of the surface

occurs with an approximately uniform porous layer.

2.6. INTRAPARTICLE TEMPERATURE OF IRON OXIDE DURING
REDUCTION

In the kinetic analysis of the reduction process of
iron oxide specimens, it is generally assumed for simplicity
in mathematical modelling that the temperatures of the
reaction space and the specimen being metallized are equal.
The influence of heats of reaction of the gaseous reducing
agent on the temperature inside iron oxide pellets depends
on the reduction stages and temperature(25). In the gaseous
reduction by hydrogen or carbon monoxide, the rise in tem-
perature inside the sample at the beginning of the process
is less pronounced than its subsequent decrease(l19). The
initial porosity of the sample has different