INTRODUCTION

With increasing stress being placed on
expanding steel produetian capacity, especially in
areas lacking high grade iron ore and metallurgical
coke, attention has been directed towards developing

and expanding other techniques for the production of

iron. One such alternative promising methoed is the

direct reduction of iron ore, The words 'direct

reduction' refer to the process, wherein the ore is
reduced with either solid or gaseous reductants to the
solid product without the intﬁrmediate liquid product,
namely, molten metal. Briefl},\the factbré which

stimulate much of the interest in processes other than

the blast furnace are as follows:

1. The increasing availability of ore fines and of

high grade ore concentrates from low grade Qres,

2. The decreasing reserves of metallurgical coking

coal.

5. The need for steel production in small
concentrated market areas remote from ma jor
steel producing centres,.i.e;, in small scales with

output less than 1000 tons.




4., High cost and limited supply of steel scrap

in the case of developed countries and lack of

large capital in the casce of developing countries.

Thus the direct reductiOn is one possible

way of considerable technical promise. lMany economic

and process studies of specific appllcatlon of direct

reduction by pilot plant operatlonsl ~8 have shown it to

be at least competetive and for some reasons the preferred

route for addltlonal hot metal and steel capa01ty.
Wlldg has COHSlGLred in a concise and oomgrehen81ve way

the erl requlrements for iron ore reduction. His main

conclusions are:

1. The process using prepared ore and fuel and

electricity has the highest efficiency.

2. Other processes are having low efficiencies,
however, their flexibility in using the
locally available fuel makes them promising

processes.

While pilot plant studies have shown that
this process is viable from economic point of view,
the fundamental reduction processes occurring in the

direct reduction are not well understood.



The possibility of reduction of a specimen
of iron ore or any ferruginous material by a reductant
has to be judged from the point of view of equilibrium

consideration or 1n other words, a Thermodynamic

approach has +o be made for the reaction system under

study. Thermodynamic data of interest for iron making
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are available in 1iteraturelo. SChenck and

Bauk10h12 have stressed the importance_of chemical
equilibrium and exﬁlained its application'in the
reduction of iron oxide. if for'example, the-oxygen
partial pressure of the gaseous atmosphere in contact
with the ferric oxide 1s equal 1o or greaterjthan-

the dissociation pressure of the oxide, thén the gas
with that composition iﬁ contact with the metal oxide
will not reduce_it.* Darkan and Gurry13 have drawn the
phase diagram showing the equilibrium compositions of
metallic iron and its oxides with oxygen partial

pressure,

Haematite (Fe20 ) can have the fellewing

3
reduction sequence as indicated by the equilibrium phase

diagram



Pe. 0 —  FeQ —3 Te
F6203 e Peg 4
( above 57000 )

I -FeBO' w3 TFe (below 570°C )

FEZO5 4

Rusgian workersl4_l6 have recorded the presence

of wustite (FeO) below evenIBTOOC. Geﬁerally speaking,
however, the possibility of the formation of FeO is very -

remote below this critical temperature. When the
equilibrium in the system is favourable for the reduction -

of the oxide, the process has to be normally_kinetically

controlled.

Study of the rate of reduction of the oxide,
under favourable thermodynamic conditions,is of interest
to understand_the-ﬁechanism of reduction, when the
reaction is_kiﬂetically controlled. There is 2 wealth
of information available in literature on fhe redu¢tion
of iron oxide. Reviews showing the periodical progress
made in the study of the reaction have also appeared}
For example, Hauffel7 in 1955 has.made an assessment
on the scientific aspects of the reduction process, In
1967, Engell and Bogdandyla have made an eXhauStivé'
furvey on this aspect. A brief outline of the various

aspects of this problem is presented in the following

Pages.




Reduction of a lump of iron ore or oxide

presupposes an elementary process of heterogeneous

chemical reaction between solid oxide and solid

or gaseous reducing agent. In the discusgion to follow,
sttention will be limited to the reduction by gaseous
reductants only, with épecific reference to hydrogen.
In order that chemical reaction may go on, the

gas must come in contact with the solia-at the
interface or phase-boundary of the gés/solid and
further the gaseous products of reaction must be
transported away from the reaction Siﬁe. The reduction
of a lump of ore in & current of réducing gas involves
at least two elementary processes;namélgzchémical

reaction and diffusion of gases through the pores of

the lunmp,

Thugs, the reduction process involves the

Tollowing sequence:

i. transport of hydrogen from the bulk gas
stream to the surface of the iron oxide pellet

through a sgtationary boundary layer.




i, diffusion of hydrogen through the iron product
Jayer and the poree in the pellet to the re-

action surfacei

i4i. Treaction of the reducing gas ﬁiﬁh oxide at
reaction Surfade to give rigé to produéf gas.
This may include several steps like adéorpticn
chemicel reaction, nucléation;etc.

iv. diffusion of the product gas through the pores of
~the metal layer formed, to the surface of the
pellet,

v. transport of the product gas'from the pellet

surface to the bulk of the gas stream through

the boundarj'layeL.

One of these five steps will be the slow

step controlling the overall rate of reduction.

Excepting step (iii) all the other steps
involve the diffusion of the gaseous species, while
step (iii) is the surface reaction. This surface
reaction may be layer-wise over the surface or it
may be taking place throughout the entire available

Surface of the solid. Both types of these surface



d19’20 in the reduction of

reactions have been observe

jron oxide.

RATE CONTROLLING STEP

piffusion through the gag film:

That the flow rate of gas influences the
rate of reduction of iron ores has been.long known2l’22.
When the gas velocity is too small ( € 100 cc/min)
there can be local depietion_ of the concentration
of the reductant since the gaé product formed will be

adsorbed on the surface or will be present near the

surface of thefproduot which can inhibit the approach
of the reductant to the oxide. The results obtained
by Marek gﬁ_@igl pertain to this region of gas
velocity so that the diffusion through the boundary
layer is theslow step. Woods22 has considered this

diffusional resistance in detail. When the flow rate of

gas is gradually stepped up, the rate of reduction

will incresse bhut aboﬁe a certain flow rate, further
increase in flow rate will have little or no effect on
the rate of reduction indicating that the boundary layer
15 no longer hindering reduction kinetics. This has

been Qonfirmed by Udy and Lorigza, Feinmann et §l24



and Schurmanll gﬁ.g&gb. The following relation£6

will hold good for +the diffusion through the film

t o (x) .. (1)

where x is the amount reacted at time tT.

Diffusion through the product layer a.s rate determining:

Bogdandy amd'Janke27 from their studies on
the reduction of pellets of 31 mm diameter, have
concluded that the slowest step in the reduction of
iron oxide is the diffusionIOf the gases through the
product iron layer. Bogdandy_and:Gﬁnrér28 and
Henderson29 attributed the Slow.rate to the protective
layer which inhibits the gas diffusion. This has been
confirmed by Wilhelm and Pierreao; Turkdogan and

i 51 52 .
Vinters”™™ and Qucte et al” . The general equation

for such a model is

1 . |
R STS TR

where r is the radius of the original ééllet.
Hill and Tiemann33 obtaincd evidence for this model.

In reducing low grade iron ores, they found that above



90000, the rcductlon nevel went Lo completion because
a" sintering. Due +Ho sintering the pores were closed,

theredby inereasing the diffusional resistance by the

product layer.

Reaction at the interface as rate controlling:
_——lﬂﬂlﬂ—_—w“m'* ——— — ) — -

A majority of investigator534"3’ have

concluded that the rate is controlled by the surface
reaction at the interface of oxide/metal. MdKewan38
found that the rate of reduction increased with the

partial pressure of hydrogen and the linear_relationship

for the following equatio%6has been obtained for the

interface reaction

[1-(1 - x)l/g} @ t/r . (3)

Several imvestigator539"4l working under
different experimental conditions have confirmed the

importance of the reaction at the interface.

In deriving the above ecuation (3), for
the topochemical model a tacit assumption has been
layer by
made that stcpwige reduction of iron oxide occurs Jayer

i.e., only after reducing the outer layer, the
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reductant can react with the subsequent lower layer.

for example, in the reduction of Fego3 the first layer

will be reduced to Fe304. Turther reaction of this

magnetite with reductant gas will convert it to wustite

(FeQ) above 57000 or directly to iron below 57000. The
wustite formed above 570°C will be reduced to metallic
iron. Thus, above 57000, in a partially reduced oxide,
one will find 311 the four phases namely, Fe203/'Fe3oﬁr /
FeO / Fe and below 570°C the three phases F82034/_F8304 /

Fe.

Mixed gdntro]; model:

It is normally conSideréd that the rate
controlling step is the interaction of the gaéeous
reductant with the solid at the Fe / FeO inferface,
on the basis that the solid diffusion is fast. One
implication of thic model is that only wvery thin layers
of the intermediate oxides are formed so that diffusion

42

through them will bc negligible. Warner'  on the other
hand found thick layers of the intermediate oxides which
offered considerable rcsistance to the gas diffusion and
hence concluded that the reduction is not controlled

elther by diffusion through the pores or the interface
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action alone and derived an equation for the mixzed
re .

47 .
also arrived at

44,45

control modci. Gray and Henderson

a4 similar conclusion. Spitzer et al have derived

sthematical equation for the reduction

Seth and Ross46

s generalised m

of haematite. combining equations

> and % derived the following equation for the mixed

control model.

%.. t = == [1 - (1 - X) / ]l /
d 3 ' LT (1) £ 7., (4)
+lp-=ps -3

where A and B are constants involving concentration

gradient and reaction rate constant.

Beranski et al’! have found that this relation
holds good for the data on the reduction of industrial
iron catalyst. Initially, the rate is controlled by
the reaction at the interface of iron and wustite
because very little resistance is given by iron
formed, As the layer of iiron grows, resistance to the
transportation of gas increases ond hence subsequently
this becomes the slow step®, mhis situation will be

applicable when dense pellets of large diameters( > 10 mm )
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are used, SO wmat the product iron formed as a thick
donse film, offers resistance in the reduction of ores
wdd ot o
4
a+ high temperatures. Engell et al 7 have found that

+he mixced control model lﬂ OperathL 1n th& reductlon of

arés; Wéi%ﬁao LOBO has also derived another equation

for the mixed obntrol model.
51

g+, Clair’™ on similar considerations

gerived an equation for the mixed control model

taking into account the diffusion through the Stagnant

film in addition to the interface reaction and diffusion

through the product layer.

Uniform reaction over the entire cross section of the solid:

| In the previous sections, the rate equations
for the interface reaction have been derived assuming
layer by layer reduction. Oh the other hand if a lump
of ore is very poroﬁs, then the feducing gas can travel
through such poreg-uwmmﬂ.th. interior énd'baCK; reacting
simultaneously with equal velocity, thﬁﬁughout the mass
of the oxides then the entire lump wilxz;aduced step-
wise. Starting with haematite it will be converted
completely To magnetite. When no hacmatite remains,

magnetite will start getting reduced to wustite and so on.




13

| 5D " |
As pointed out by Schenck loose and porous
[

glomerates mey get reduced in this manner. Thisg ig
ags 12,

explained in terms of Thiele and Zeldowitﬁﬂltheoryiand

53—55_

ral treatments on this are available A general

seve

equation for this 18

in (1 -~ x) ot | .o (5)

Bogdandy and Rieékezo using different sizes of pellets
have found that for pelletstless than 4 mm diameter,

the concentration of the:reduciﬁg gas 1s uniform through-
out the pellet to obey the above equaﬁion. .Wethrill.

g 2 have supported
59

and Furnas and Meissner and Schora

this view., El MehairysafLevin and-wagner obtained
2 linear relation for the above equation which they

attributed to the first order rate e@uation.

actual mechanism of 4 the Treduction:

Whatever be the rate controlling step for
the reduction %o trle place, the reductant shouwld react
with oxygen in the lattice to produce the product
vapour and the metal, In the reduction of FL203 to
metal, the F6203 —— Fez0, reaction represents 1l per

cent reduction, the ctep F0304 ~=—» TFeO another
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£ 22 pexr cent and the ctep FeO ——2 Fe accounts

the rest of about 67 per cent. The reducing gas isg

abou
for
ofore in contact with wustite during major part of

;her

ihe reduction time.

In order to explain some features of the
reduction of wustite, i1t becomes necessary to take into

account the lattice vacancy disorder of the wustite

phase which 1z a cation deficient p-type semiconductor.

In wustite the iron/oxygen ratio is variable
but is always less than the stoichiometric ratio O.
Depending upon the oxygen partial pressure of the gas in

contact and temperature, the wustite lattice contains

2+

2 large number of Fe ion vacancies, the vacant sites

forming 5 to 11 per cent of the total iron ion sites.

Electrical neutrality is maintained through the presence

24+

o. Fe ions &5 shown in Fig.l.l.

Following the removal of oxygen from the

Burface the wustite layer becomes supersaturated with

e

2+ ,
Fe"" ions, this will lead to the formation  and
61,62

growth of iron nueclei., Richardson et al and
63 o
Wagner”” have formulated such a picture. During the

reduction procese a concentration gradient of F92+



0 I

e’ 0 pett 0~ Fe'
0= gttt o7 ‘[] =
Fe++ d: Fe' " O:; Fet T

rig.J.1l. Wustite lattice showing the cation vacancy
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also built up across the wustite layer, |
unattacked by the gas. The Fe2+

grate from the surface to the

ions is

the subsurface being

jons may therefore mi
interior and react at the cubsurface with the magnetite

layer according to the following equatioﬁg

Fe + Fez0, ——3  4Fe0

Thus, the wustite layer grows at the expense of
6
magnetite. This has been established by Edstrom 4.

HauffelT has given the following mechanism to explain the
above process.
F ——~$‘2H+ (chemisorption) At the surface

H, +®
PeO + 2H 4+Fe il —> H,0 (Reaction)
———— |

Y

i + 2e_(gas/ — diffusion ——— Feg+ + 2e

Fe
oxide through ( PeQ/Fe.0
inter- the solid _ 374
face ) interface)

2 —
¥ + 2e ~meN ATPeO (Reaction at FeO/Fe304

Fe_, O + T
interface)

t =eleciron defect., Fe (1 = bivalent cation vacancy.

, 6
Engell and Kohl 2 have concluded that the rate is controlled

by this solid state diffusion process.
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Below 57000 where FeO ig unstable, a similar

process 1s probable for the reduction of magnetite to

metallic iron as the magnetite is known to have cation

vacancliese.

The following reduction sequence is well

cstablished for the reduction of iron oxide.

4

Fe,05 — Fe,0, ——3 FeO —> Fe (above 570°C)

Fe 0, — Te —  Te (below 570°C)

203 9

As a consequenbe of the assumption of layer by layer
reduction it is imperative that all the species in the
reduction sequence should be present during reduction.
Many authors have supported this view., On the contrary,
when uniform internal reduction occurs, (i.e,, when the
reduction kinetics obevs th2 equation 1n (1-x) « %)

the reduction will proceed in steps. Magnetite formed
from haematite will be reduced to wustite, only when
all the haematite has been converted to magnetite and
further reduction of wustite to metal will start after

completion of reduction of magnetite to wustite.
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‘ 6
Many authors, notably Rusgslan ’67 and

P, _
Japanese68’69,have supported the stewlse mechanism

for the reduction of FeQO3 to metal.

In the reduction with hydrogen below 57000, the
first step of the processpnamelg F8203 to F8304 is
exothermic and the further reduction O métal is
highly endothermic; with carbon monoxide, however, both

the steps are ezothermiOTO. Thus, employing the

method of differential thermal analysis, Keely7l

showed the stepwise reduction of Fezo3 to Fe304.
T2

and Dobovisek and Rosina

Recently, Walker and Ford 15

s1so have used the same technique for following the
reduction of iron oxide. Colombo et §;74 and

75 have - obtained a break

Gazzarini and Lanzavechia
in the kinetic curves which they have attributed to
the change in the reduction rate due to stepwise
reduction and tried to explain this with the help of

defect structure of the oxide.

Lmaa (e, WAL T

Effect of products of reduction on the rate of reduction:

In the experiments reported in this thesis,
the products of reduction are water vapour and solid

metal., It has been shown that water vapour generally
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retards the reduction rate, 1ts effect ie more

the reduction of FGSQ4 to Fe than on the Feao4s

6 . .
pertberm formation f?om F62037 . The retardation has

pronounced on
vecn explained on the basis of equilibrium conditions.

gimilarly, studies on the effect of added
metallic iron have given somne interesting results. In
196%, Pokhvisnev and AbdelfassleThave found that the
metallic iron powder has a catalytic effect on the
reduetion of iron oxide. Korneeva and Vorontsoﬁ78
have found that plafinised platihum has a Similér efféct
in the reduction of F9203. Simi;ar-oatalytic effect by
metals on the reduction of metal‘oxideg have been

85

reported79"84, Recently, Boudart et al~” have tried

to explain the catalytic effect ol metals like

platinum and palladiumd?ﬁ the reduction of metal oxides
. an

like tunstic oxide /ferric oxide, on the basis of the
adlineation theory 6rgiﬂally proposed by Schwab and
Pietsch86. According to this theory the hydrogen 1s
adsorbed on +the metal surface and ig transported TO
the oxide-metal interface through the portholes of
moisture, The exact nature of the species that 1s

being transported has not yet been established. An

excellent review on this spillover mechanism 1s now

available,
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Roman and DelmonBS from ‘their studics on the
catalytic effect of metal on the reduction of Nio/8102
concluded that the scceleration in the rate is due to
the stabilisation of the nuclei and creation of more
sites Tor growth. This has been concluded by thenm
on the basgis of decrease in the rate of reduction of
Ni0/810, compared %o that of pure NiO and further in the
former the reaction does mot go'to completion. Further
stuﬁieng led them to conclude that the molegular
hydrogen is activated by adsorption on the metal surface.
The activated hydrogen species, which are mobile on the
surface, are tran&ferred;fo the reducing oxide particle.
Bogdandy et §;90 have shown the Significancé_of the
formation of the nuciei'im the reduétion process, by thelr
studies on tempering the lattice stress. Moraweitsz
andG Schaefergl have given supporting evidence for the

cbove observations.

Effect of added impurities on the reduction kinetlcs:

Effect of foreign metal oxildes on‘the
reduction kinetics of HiOg2 and 00093 have been studied
in a systematic way., Russian worker894’95 have studied
the catalytic effect of halides and carbides of various

metal ions and attributed the elffect 1o the change 1n
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the electronic properties of the material, But similar

96,97

effect with inert oxides has not been clearly established .

94

It has been found” ' that carbonates forming ferrites
impede the reduction rate. Turkdogan and VintersgB

have studied the effect of doving with Cal on the
reduction of iron oxide. They have found that the
haematite 1s present till 90 per cent reduction is over.
This, they have attributed to the blocking of inter-~
connecting pores in the haematite by the calcium ferrite
formed and have oonoluded'that the partially reduced
ferrites remaining in the pores of the iron layer hinder
the gas diffusion. Engell and Koh199 from similar
studies on mixed oxides concluded that the oxide with
lower free enthalpy of formation gets reduced and as
the reduction proceeds the less noble metal (i.e., the
one with lower free enthalpy of formation)_diffuses

with the formetion of the metal phase inside the oxide, 
Further studies on complex iron oxides like ores and
solid solutions have led himloo to concludc that the
8eparation of oxyszen and iron requires a diffusion
process in the solid phase. Similar conclusion has

101

also been arrived at by Tittle "~ for the reduction of

iron oxide by hydrogen present inm granular calcined bauxite.




According tO him, the reduction ig in two steps as

follows:
Hy
F6203 + 2A1203 ———— EFeAlzo4
Hy
FeAlZO4 — e 4 A1203

21

In this sequence, the first step is considered to be fast

and the second one is considered to be the slow step.

Methods of following the reduction:

For accurate measurements, a closed high

vacuum unit is employed. At the start of.the reaction

the reducing gas is enclosed in the reaction vessel to

a predetermined pressure. As the gas reacts with the

solid inside the reaction chamber, the gaseous reaction

product is frogzen out and the resulting pressure of

the reducing, non-condensable gas is measured as a

function of time. This is the common principle used

in the various erperimental arrangements employed in

the reduction of the ozide8102“106.

The conventional method employed in the

reduction of oxides, ores and agglomerates is to use

flowing gos and 50 measure +the welght of the reacting
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solid phase or the weight of gaseous products like
water or carbon dioxide or to analyse the exit gas,
The two methods are not oompéfrableo The rateg and
energies of activation obtained from the former may be
used as reference data for the particular reaction,
whereas the latter one will yield only the apparent

rates and energies of activation.

The flow rate of the gas should not be too
small if the diffusional resistance through the stagnant
boundary layer of gas film is to be avoided. This
condition has to be satisfied, Sincé kinetic data
obtained under experimental econditions of diffusional
resistance will not give information on the mechanisnm

of reduction.

Attempts to follow the kinetics of reduction
of iron oxide by magnetic susceptibility measurements

have been made by Chekin and SyrovatskiilOT. Recently
108

gas chromatogrphic technique has been successfully used

for the study of the kinetics of iron oxide reduction.

10
Dutta et al J have made use of electrical conductivity

neasurement s to follow the reduction of iron ores by

hydrogen,
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Methods for analysis of product distribution in the solid

anse:

'As pointed out earlier, in the reduction of

woematite to the metal, there can be as many as four
phases present at any time during the reduction. Thus

an analysis of product distribution in the solid will give
valuable information on the course of reduction of the
-oxide which could.be}made ﬁae of in proposing a proper _
model for the kinetics of reduction. Thus metallographic
analysis aﬁd X=ray diffractometry have been used as
analytical tools for the identification of solid phase in

partially reduced oresttO~ 114,

115 116

Kolbel and Kuspert and Romanov et al
have used the Mossbauer spectroscopy for the phase

analysis during the reduction of iron oxides.

118

;;;;;

8.- 5 = e (e el -~ 1 y
have used thec nhot ctage and scanning electron microscopy
f 0 e - L] L1

r the study of the mocphological changes occurring

in iron oxigde during reduction with hydrogen.
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scope of thc present investigation:

From the foregoing review, the following

inferences may be drawn.

l.

The rate determining step in the reduction of iron

oxide is still controversial.

The influence of foreign metal oxides on the

kinetics of the reduction of iron oxide has not

been systematically studied.

The actual role of the added metal oxide on

the rcduction of iron oxideswhether it is

electronic or structural, has not been identified.

The mechanism of the_reduction of the ores has

not yet been unamviguously established.

The presence of water vapour in the reducing gas
strecam affects the .reduction kinetics in

more thaoan one way. The exact role of water
vapour, the nature of the species involved

and the mode of operation of reduction rcecaction
in presence of water vapour, have not been

identified.
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The priacipal aims of the present investigation
are to obtain experimental data on thesc five aspects
of the reduction of iron oxide so ag to resolve some
of the controversies existing in literature as well asg
to elucidate tie mechanism of thé reduction of ores
and of haematite in presencé of water vapour. To achleve
these aims, the reduction experiments have been carried
out below 570°C so that the number of possible solid
phases that can be present Simultaneously.is reduced to
three, namely, F¢203/F930¥/Fe instead of four. The
flow rate of the reducing gas has been fixed ©to at 280 ml/
min so that the gas difquional problems will not be

affecting the kinetics of reduction.

The strategy employed to achieve the principal
aims of this investigation is to follow the kinetics

of the reduction of pure haematite.and haematite doped
with different amounts of.okides like lithium oxide,
magnesium oxide, aluminum oxide, tiﬁanium dioxide cectc.,
by using the féchniques of weight loss measurements,
thermogravimetry and differcntial thermal analysis and
the phases present at any stage of reduction have been
analysed using, X-ray diffractometry, Mossbaner spcctro-

8copy and miero-~graphy.
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The rcesults obtained by these studics form
the subject mafter of Chaptere III and IV of the present
thesis. The reduction kinetics of natural haematite
and magnetite ores have also been followed by using the
same techniques and the results obtained pertaining
to the mechanism of reduction reaction have been presented

in Chapter V of this thesis.

In order o idencify the actual part played by
the presence of water vapour-in the reducing gas strean,
a series of experimen%s have been carried out oh the
reduction of ferric oxide in presence of ﬁarious metal
powders as well as varying amounts of water vapour. The
results obtained from these experiments have been
presented and analysed critically +to identify fhe rolé
played by water vapour in Chapter VI,

The overall mechanism of the reduction of

iron oxide evolved from +he present investigation is

outlined briefly in Chapter VII,



