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PREFACE

Now-a=days iron is the measure of Economy snd Show-
91!¢'0f gsound footing of any country. Thus the successive
developmente in the technology of iron production hae
occurred 88 to cope-up with the quest of increasing world
demand for iron and steel. Because of the limitations
of the high grade reserves of iron and good quality of
coking cosls needed for the iron production in blast
furnace, the present day research in blast furnace
technology aims mainly at incressing productivity and
decreasing the coke rates The use of pre~reduced burden
in blast furnaces is one such significant development
reported in recent years. Many countries es.g+ Japan, Canads,
UeSeAey etes have reported highly encouraging results
on the uee of pre-reduced burdens in the blast furnace on
pilot plants as well a¢ commercial scales. But, very
little work has been done, in India towards production
and utilization of pre-reduced agglomerates.

Indian iron ore reserves zre reported to be around
21,140 million tons. Due to the soft nature of Indian iron
ores and mechaniced mining, huge amounts of iron ore
fines are produced. The suitable grade coking coal reserves
are limited to about 1800 million tons out of a totsl
of 103,000 million tons of coél. Hence, in order to
improve the ceonomics of iron ore mining and emelting

operations, the utilization of iron ore fines and low
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grade fuels are highly desirable.

In addition to the sbove facts, the existing
blast furnaces are not able to cope-up with eountry'e
requlrementg for iron and steel. Theme are two ways
to increase the production of iron, first by errecting
new blast furnsces and second, to incresse the
productivity of the existing blast furnaces, Errection
of new blast furnaces requires huge amount of capital
which i¢ o handicap considering the economic situation
of our country. Therefore, use of pre-reduced burden is
highly desirable to improve the existing capacity of
Indlan blast furnaces, This recuires to develop a
suitable process which cén produce pre-reduced agglomera=-
tesy economically, and development of any pﬁoeess'
requires the study of the thermodynanic and kinetic
factors affascting the process.

Hence, this investigation has been undortéken to
thoréughly investigate the effect of process variables
e.gs temperature of reduction, time of reduction, type
of reductant, etc. on rate of reduction of iron oxide
by taking Indian iron ore fines and low grade coke and

wood‘chareoal 8s reductants.

This dissertation has been divided into four
chapters. Chapter I deals with a short review of the
literature pertaining to the varlous factors sffecting
the rate of pre-reduction and describes the kinetic
studies by various workers in the field of solid state



(iv)

reduction of iron ore by carhon. The advantages

of carrying out pre~reduction under Indian conditions
and that of under reduced pressure have also been
pointed out.

Chapter~1l deals with the detaild description of
the materials withlthe method of their anslysis, the
experimental set-up and the procedure for conducting
the experiments for kinetics studies of pre~roduction

of iron ore briguettes.

In Chapter*III, the resulté of the kinetic studies
on the pre~reduction of iron oxide in the brlqueties
consisting of iron ore fines and stolchiometric, 37.
and 6% extess than stoichiometric smounts of low grade
coké and wood charcoal under reduced pressure (O.i mm of
Hg) have been discussed. It has been found that upto
about 30/, reduction, the reduction reaction is surfsce
controlled and highly eensitive of temperatufco-After
30’/ and upto 867, reduction, the reduction reaction
proceeds in aceordance with the semilogarithmic relation-
thip r = C log ¢t + Xy where r is the percent reduction,
t is the time of reductig:, C snd X sre constants. This
relationship ¢ found to/valid for both types of reduc-
tants (low grade coke and wood charcoal) at all the
percentages (stoichiometric, 3/, and 6/. extess than
gstolchiometric). The activation energy values for
bricuettes reduced with stoichiometric, 3% and 5.



(v)

excess then stoichiometric amounts of low grade

coke and wood charcoals are 50.2 # 2.7, 51.4 2 1.1,
BO.2 + 1.2 , 52.5 1 1.1, 50.2 & 0.8 and 52.5 4 1.4
Keals/am. mole respectively. From the reported vslues
of activation energy, the diffusion of iron through
Fez0, ie suggested to be the rate controlling step.
Beyond 857, reduction, the relationship r = C log t + X
has been found to be valld, but within the scope of‘
experimentsl data, exact mechanism could not be
elucidated,

Chapter«=1V summarises the applications of the pre-
reduced bricuettes in iron and steel-making procesﬁes.
It has also been pointed out that the pre-reduced
briquettes should possess sufficient physical strength
and should not swell when exposed to high temperstures.
This chapter has been concluded with the remark that
these pre=reduced briquettes are an excellent feed to

improve the productivity of Indian blast fummace.

Further work on the studies of the kinetics of
reduction of Liron oxide with wood eharcoal and low grade
coke beyond 887. reductlbn and preparation of pre-reduced
bricuettes on pilot plant scale have also been suggested.
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CHAPIER -1

INTRODUCTION

/
1o} Since the blast furnace is the only vorsatile

unit for preduction of pig iron, every effort has been
mado in recent veasrs to Ineresse its productivity and
R0 deereace the coke rote. Faclors centrihutiagl°2 to
these i-provements were..the usQ of'high top precsure,
humidificotion of blasty fuel injection through tuyeres,
oxygen enrichment ete. The technology of these improve-
nents have beon very well estéblished and thevreported
rosults on tfho increase in production and decrease in
coke rate have oxceeded heyond prndictioné.\As‘a result,
the production capaclﬁy3 of the blast furnoce has
increased ¢to a mark of 6000 tonsﬁday'whlle pvoducéivity
of the blast furnace has crossed the mark of 2,33 tons/mg/
day.dopon has almost ¢tripled her'productiviﬁy from
0.81 tonq/ms/doy in 1956 to 2.33 tons/ms/dov in 1967,
U.SsA. hoo dacreased the requirement of iron ore, eoko
and flux from 3 tons rer ton of plg iron in 1987 ¢o 2.5
ton por ton of pig iron produced in 1966,

Howevapy, the quest fop inercasing productivity
ond doeroosing coke rato may becopcd up by Improving
tho blast furnsce burden in the following two woyst

(1) Improving ¢he burden cize i.0. ¢he olze of

fpron ore, coke, flux ete. The ¢rond now o



days i{s €o charge blast furnace with ore in the size
range of Sﬁfﬁo 8 mmy instead of 40 to 10 mm.

(11) ES¢ablishing the cquality and composition of raw
matorials charged through blast furnace. Use of self and
super-fluxgod sinter hgs resulted in remarkoble decrease
in coke rato. Beoides, sintering and pokliotinine,
briquettiné has also been used for utilizotion of ore
fines of & wide size rongo. The uniform sige and shape
of bricuettes confer desirable properties, cspecially
for melting. Moreover, briquettes have higher green and
hot strength as compared to sintor end pellets. Still,
anoiher opproach to improve the quality of burden is ¢o
partially reduce the iron bearing materiéy prior to
charging them in blast furnace. The partisl roduction of
iron bearing material 1s callod pre-reduétion which is

rocent innovation in the blast furnace technology.

Attompts have been méde to achigve econsiderable
reduction during agglomeration of iron ore boaring
fines by the use of low grade fuels either onternally
or internglly mixed ¢to iron oro. Theoretisol ealculations
by IBSIds chow that fop évery 30% metallization,
productivify would inerease by 7% but above fhis the
reward of pro-reduction decercases due‘to ingufficient
hont utiligation. The SRoecl Compony of CmaddQ has
ochioved o 23% incroass in produetivity and 20%
doeroase in coke rotu by charging pre-reduced pellets
(88.7°% Fo and 90.8°% motsllization) which ecomprises of



3

307 of the total chﬂrga; Bepublic Steel us® has
obtatned 47 increase in production and 11,37 decrease
in coke rote by charging metallized briquettes (717.
Fe and 84°% metallizaotion) comprising of 14% of the
total chargo. Hegachida Plant, Yawata4 (Jepan) reported
18.4°/ inerease in production and 187. decreage in coke
rato by chorging éponge iron (697, Fe, 587, motallization)
comprising of 40% of tho total charge. The highly
peduced (over 927.) ond metallizod (over 307+) iren ore
briquettes ma? also be used ag a substitute for steel
gserap in steel making. |

In view of tho limited reserves of high gfado

coking coal and limitod capacities of our blast furnaces,

uso of pre=roduced burden is highly desirablo.

Rato of proe=peduction of iron oxido with solid
fucls is affeeted by many foetors such as type of
poductonts used, ¢he temperoture, partlelo size ete. The
offoct of each factor on rato of pro-reduction can bo

cummariced as follGwo.

1.2.1 EFEECT OF T _TYPE OF REDUCTANT USED

Tho wood charcosl, ligniﬁo coke and low grado
coke hove docreasing offectivonoss 1n the given order
in bringing about the reduction of iron oxldoeo This
1s bocoupe of ¢tho difforoneo in reactivity of carbon

of wood ¢harcoals lignite ond low gredo eoke.
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1.2.2 EFFECT UF TEMPEKATURE

The roto of iron ore reduction are found ¢o be very
muech dopendent on the peduction ¢emperoture. Yunv studiod
on %direct rcduction of forric oxido by solid carbon
in vacuum' and the rosults indicated a marked increase
in dégPee of peduction ot the temperatures above than
900°C, as showm in Figelel(A). Uhile the extent of reduct~
ion occurrcd 0t 700 and GOEPC was found to be omtromely
emolly, reaching chly 10 to 20%.eveon ofter 6 hours. As gshown
in Fig.1.1(B) and Fig.1.1(c). The moximum percentage
peduction obtalned was even less than 50/ If the reduction
tomporature is belaw 987°C, while the parcentoge reduetion
inerocacos pemarkobly if fho reduction temperotures
cmployed were obove 987%C when the investigation on
kinotics of iron ore peduection by carbon wae carried out
updor nitrogen atmosphe?dao As shown in Fig.1.1(D), the
higher froctional welght losscs wore observed at 1100°C
than those at 900°C for the iron ore pellets vaduced even
w}th different lignite coke pereentagesgo

1.2.8 EFFECT<gF PABRTICLE SI2E _DISTRIBUTION OF THE
ovo = A

1
o
e

A

The kineties of pre~reduction of iron onide with
solid corbon io largely offected by the particle sizo
of tho rcoctants. It has boen reporied that for o constant
hematito partielo slze snd a Foy0z/C ratio e«ge 1/3, tho
obsorved ¢imo for half complete peduction with coarse,
medium snd fino slgo of earbon porticles at 10B7°C is
349 27 and O nlnutosSs The results aro summoricod in Fig.1.2.
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1:2.4 EPFECT OF HEMATITE/CARBON BATIO

The reduetion rotes of iron oxide are also aof feeted
by ¢he smount of carbon ugscd for earrying out the reduc-
tions This amnount of corbon 1is caleulated on the bosis
of complete reduction ond termed as stoichiomatrie
roculrements By using carbon more than stoichicmetric
requiregent the reductibn rete incroases. Studios corried
out by Ghosh and Tiwa?lg with different perecntoges of
lignite coke as reductant in the rango from 15 o 357
as shown in Fig.1.3 (A) éﬁggest that the higher amount of
carbon increascs the reduction rate. Similar rosults have
aloo been reported by Raos where the 59203/0 ratio was
varied between 1/1.6 and 1/9 as shown in Fig.1.3(B).

1.2.8 EFFECT OF NITROGEN GAS ATMOSPHERE AND VACUUM

10 corried his exporiments on roduction of

Baldwin
fron oitido with solid coke under hitrogen gos Otmosphore
ot differont nitrogen gao flows. A pronounced cffeet
of tho variotion of ¢he gas flow through the reduction
bod 45 obsorvad. With inerecasing gas flow the rote of
rornoval of bnvgen docreoeeo until o point is roached whore
furthor incroage has no cffect on the rate 88 shown in

Figo ) PLA

According to Le-Chotollior’s prineiplo, ¢he uge of
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vaevun fovours the forvard reoaetion,
r:.0+cf---%m+co

whore I'0 45 ony motol oxide. Thus 3 higher porcen-
tago of scduction ond motallization may be observed

vhen reduetion is corrlcd under high vacuume

1.2.6 EFFECT _OF THE ADDITIONS OF PROMOTIVE AND
INAIRITIVE AGENTS

As shown in Fig.l.8, the rato of reduction of

homatite plus carbon mixtures is dramaticelly increascd
when 5% b\} welght of LinO (knovm as promolor fo_r
colution loss reaction) is added to the mimturcs and

o0 noticesblo decreace in the rate of roduction occurred
in mixturos containing 8°%4 by woelght of FeS

(knoem ac 4nhibitor for solution lose reaction)®.
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1.3 KINETICS OF PRE~REDUCT ION

The gaseous reduetion of iron oxide has been

11,12,13 ., ample experimental

gtudied extensively
data are avaiiable for equilibrium conditions as well
as for the reaction velocity, but comparatively 1ittle
work7’8 has been reported in the field of solid state
reduction. This is due to the difficulties encountered
in meacuring solid-solid interaction compareé with
gas-solid interaction. Moreover, the effect of»gaseous
phase during solid state reduction can not be avolded.
The reaction between iron oxide and carbon may be

represented by the equation,
Fe203 + XC """"2% + YCO + Z COZ e (i)

Thus carbon-monoxide and dioxide are formed, setting
free the metal, The gaseous products thus formed may
react with the metal oxide or carbon itself, le. carbon
dioxide may react with ¢arbon to forn more tarbon
monoxide or carbon monoxide may react with the iron oxide
to give rise to more carbon dloxide. The step controll-
ing the rate of iron oxide reduction with corbon will
mainly depend on the experimental conditions i.e.
whether the gatecus products of equation (1) are being
continuously removed from the reaction site and only the
s0lid/s0lid interaction is taking place , or otherwise
the gas/eolid interaction is also taking place together
with solid/solid intgriétion. Thus the two hypotheseslo
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havo been proposed to explain the reduction of iron

| oxide vhen 4¢ is intimately mised with solid reductants,
liko coko, charcoal ete. These ¢an be represented as
followsg

Fo,0y(S) ¢ C(s) ==> Fo 0, _,(s) ¢ CO(0) veo (1)
(dircct reduction)

Ponoy(s) + CO(g) ==> Feu Oy._l(s') + CO,(g) vee(A)
COQ(Q) + C(g) —> 269(9) ess(B)

. (2)

wvhepe st = 1,2,0r 3
when ye 13,07 4

Thermodynamic considerations cannot assist in
deciding which reaction is.taking place, as the total
peaction is identical im toth caseé. The view most widely
held is that the two-stage hypothesis(2) is the dore
probab;el4. However, Tamman and ZVOPUikinlag Baak toh
et al16 and Ybn? suprorited the first hypothesis.

They claimod o have overcome the grest difficulties
sesociatod with ﬁh?rough degassing of the rcacting
cubstances ond the intorsction of the products of
peduction. The preliminary dissociation of the oxide
%o give oxygen, which thon combinod with the earbon,
woo propesed by Tammen ond Zwofuikinla- Baukloh and
Durror17 suggested thot diffuslon of solid corbon was

the pate dotermining procoss.
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(A) KINETICS STUDIES ON DIRECT IBON ORE BEDUCTION

In ¢he direct reductiony carbon is assumed to
roset diroetly with iron oxido, producing carbon
monoxide oleng with o cortain ameunt of carbon dioxide.
Stoichiometricolly the process may be represented by

ccquotions

Fofoy(S) ¢ C(5) mmmde Fegoy_l(S) + CO(qg)
2F0,0y(S)+ C(S) =—> 2F0, 0, (S)+ CO,(g)

vheve x and y are ascignod the same values os before.

The direct reduction may be visuaglized as beginn~
ing at the points of contact between iron oxide and
carbon particles, and as the oxygen is removed from the
¢0lid in the fora of CO or COpy islets of reduced
iron appear on the ouldo surface and eventually join
togothor to form a continuous shell eround the still
unreduced oxnide. Further reduction is assumed posesible by
diffusion of corbon atoms, through the reduced iron chell
to the ironfoxide interfsce. The interfocial chemical
resetion involving onide ond eapbon is presumed to oceur

relatively papidly os compsrod to the diffuslon process.

17 U

Conglstent with thegse viows, Boulkloh and Dupper” and Yun

have proposed that diffusion through the produet layer,
i.0s roduced 4ron shellp is the rate limiting step.
Dipeet reduction of iron oxlde by carbon is possihle only
when the gasoous products of roasctions, L.cs CO and COg,

ape romoved from the resetion system as fogt 0o these are
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" generated, Thus Baukloh ot 9117, Agkharov ot aiaand
Yhnv have conducted diroet reduction experimcats in a
vacuum of 2316'2 mn Hgp 1::10"'3 am Hg and 5x1€r& mm Hg
roopoetively ond cloimed to have ovorcome the problem

of romoving Cho goscous products.

It has boen obgorved by Jander(cited by Yun')
that ondothornic reactions in the solid state follow
thé gonerol diffusion lows that ore spplicable to cpysto-
1line materials. Hence the temperature at which a reaction
begins ie closely relatod to the thermal v;bration‘of the
atoms or moleciles in the crystal lattices. The theo-
rotical equotions for tho dopondonce'of 1ntersolh§
roactions on time, particle slzo ond temperature were
deVelop@d-by'Janderls, Cristling and Brounshﬁoinao and
Ca?ter by applying ¢the diffusion laws.

20 Go - -
[1~(1-f)1/3_} - -—-—--3 ¢ =Kt (Jender) oo (3)
[1»%- £ - (1—f)2/3_}= K¢ (Gtnstling et 21) ... )

z[1 + (Z0)]/3 - (21)0-1)°/%
2(z=1)
where D 1¢ the (ecarbon) diffusion coefficionty Co is tho

= Kt (Car{er)... (5)

ini¢tial eoncentration of diffusing olement, ¥ 1s the
initial radius of the onlde porticle and f is the fraction
Peaéted at Q¢ime ¢, and Z ic the wtio between the volume
of the finol produet aond that of an equlValont'émount

of the initial resetant(=0.47 for 2Fe : FeyOg).
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Thesoe three ocuotions wore derived on the
conmon undorstanding thaot

i) tho roacting particles romain spherical during
the course of tho roaction,

11) ¢ho roaction is diffusion-controlled and obeys
Flek's lawy, and
111) Onc of the roactants diffuces into ¢the parti-

clos of the other.

In doriving cquations (3) ond (4) it is further
assumed that the size of the particle remsine unchanged
dupring the posection. In addition to these, Eqe(3) also
asssumes that ¢the diffusion tskes place through a plane
ourfaco. Although Eqg.(6) derived on a more rigorous basis,
may soem proforable, nevertheless it has been shown thst
Eqs.(3) end (@) are equolly satisfac%%{y in fitting
the datazzp and o ploﬁ of [}-(1-?)1/5] Ve *¢' muet have
o eonstont olopey if ¢he reduetion reaction is carbon
di¢fucion eontrolled.

In Fig.(1.6), the direet reduction kinoties
dotormined by differont Investigotors are shown sccord=
ing t0 Eq.(3). The emporimontal results of Baykloh and

Durpo?17

aro found to be in good agrooment with the
predicted 1inear bzhavicur. Working espocially with &

a high voewun of ﬁxlosﬁ @m Hgp Yun7 obtained direet
roduction posults which, 0s showm in Flg. 4°'6 , deviatoe:
congidorably from the lincar rolationship. Thus it has

been stated that dlffusion of iron atoms instcad of
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carbon within the oxlde crystal ic the rato doter-
mining proccss. This statement wos based on tho foct

that the rate of reduction is nearly constont at constant
composition of the gascous phase in the course of preduct-

ion of wustite to metellic iron.

The diffusion of iron atoms in the oxide crystal
- 1< the rete dotermining process, could be better under-
stoud by knowing éhange’of crystal structure during

reduction in accordance with the stage of reduction. In

the reduction soquencoy

FopOg «==—> Feg0, ==—> FgQ === Fo

the second and third steps are known to be autocatalytie,

dn‘completion of first step,; 8 minimum reduction velocity

i usually observed, aftor which a3 distinct increase of

the roaction velocity occurs. Reforring to Fig.(l.?)

the transformation of forric oxide, a Fogly === Y Fep0y,

tokos place prior to the reduction of oxide hotween 200°"

and 400°C. In this trensformation, the metastable forromagne-

tic opinel (Y=FegO;) s formed from stable u=FegOy. A

high concontrotion of Fo a* the surface loyer of this

spinel {s getup as tho result-of interaction hotween the

carbon and oxygen (fram the external oxide layer), produc-

ing » gradient of Fe-coneentration through the spinel

layer. Ag iyon lons diffucc-inside, a layer of magnetite

grows from ¢the Y-FepQg with tho sdvanced degree of reduction,
4 Peglqg + Fo — Feg0, '

In this instance ferrie oxido is completely converted '
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Y~Feg0s(Cubie) =—> Fe,0, (Cubie) ~=> FeOx(Cubie) ~—ny Fe(F.0.C)

| auFeaoa(Bhombhedral or, Hexagonal)
o= s.ganorar—sm AX
am 65617 ¢ = 13.76

0.190 ee/gr

LSpinel tyge Spinel type NaCl ¢ty Cu type
s = 8,33 2=8.39 R a=4.30 8=3.67 R
0,206 ce/gre: 0.198 ce/gr. 0.177 ee/gr 0123¢C |9
910°C
200400 C I
Q"pﬂ (B. Cole )

W.type

C.127 cc/gr

Flgure 1.7= Change of Crystal Structure and Specific
Volume in the Course of Reduction of Ferric

Oxide



21

into magnetite at about 117/ reduction. In sccordance

with the successive interaction between ferrosoferric
oxide and graphite, wustite will be formed on the

surface of magnetite, and further reduction (Fe,0, = FeO)
takes placey 8s a result of continuous transfer of iron
fons through the wustite to the interface with magnetite,
the magnetite will be converted to FeO according to the

reaction,
F8304 4+ Fo = 4 FeO

The lattice orientationsl resemblance between the Fe;0,
and FeO lattices facilitates the ahove transfommation.
After magnetite is transformed completely to wustite,
Fe~ions are eontinuocusly created on the eiternal surfacé
of wustite and they begin to raise the Fe-concentration
throughout whole wustite layer by diffusing inward,
filling in the vacancles of iron ifon sites of the lattice.
Upon reaching the maximum concentr tion of Fewions in
FeO (L.e. filling all PeQicn vacant sites in wustite),
there i{s no place for the excess iron ion to diffuse,
thus causing a minimum point on the reduction rate curve
vs reduction degree (Fig.1.8). No minimum appears below
800%C because there is no metallic iron reduced from the
oxide.

The transformation of,

FesOg (spegr.0.2 ceCs/gm) => Fe0(0.19 cec./gm)
is considerably easier than,

FeO(eps gr.0.177 €.c./gm) ==> Y Fe(0.123 c.c./gm.)
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tince here the decresso in spe.volume is comparotively

large ¢han in first caoce.

Thus the diffusion of Fe=ion« within the oxide
cryotal is established os the rate determining process
in the direet reduction of ferric oxide by carbon.

(B) KINETICS STUDIES oy IRON OXIDE BREDUCTION
PHEDOMINANTLY WITH CARBON MONOXIDE

According to this hypothesis of iron oxide

roduction, carbon passes through the intemmedlate stage
of caorbon monoxide formation prior to reacting with the
onide. Furthor, the direet reduction contribution involv~
ing solid/solid inteoraetion is regarded as relatively
small comporod to the mognitude of the gaseous reaction.
This iron onide reduction mechanism may be considered

in ¢two=-stages viz. tho maductlon éf hematite ¢o iron by
corbon monoxide i.e. .equotion 2(8), and the solution
loss reactlon l.o. eouation 2(B). In the first stage

of reduction process, the slowest step is the reduction
of wustite 2o iron by ¢arton monoxido. As postulated

by Khalafalla and co-worher923, it is suprosed that CO

is first adsorbad on tho oxide lattice according to
roaction,

Co(g) = CO° (adsoprbed on oxide) ees (3)
vhich is followed by the reactlons according to following

schome.



24

CO® (ad) + CO(g) —> COp(ad) + C* (Free carbon atom) .. (b)

C*+Fe0(S) ~—> C0*(ad) + Fe oo (e)
co*(ad) “ -~ CO(g) | oo ()
C0p(ad) + Fe(S) ==> Fe0(S) + CO*(ad) .o (o)
€O, (ad) — C0,(g) o . .o ()

For the mechanism of reduction of wustite by CO, reaction(v)

was shown to be the slowest and rate-determining stepes.

In the socond stage of the reduction process, it is

postulated that CO, is first adcorbed on C-particles
) |
Co,(g) ==> CO, (adsorbed on carbon) .o (g)

and le followed by the reactions,

co; (8deon C) + C ===> 2¢0 (ad.on C) .o (h)
CO  (ade on C) = CO(g) oo (1)

The activation energy for the reaction (t), the slowest
step in‘the €irst stage, is found to be in thé‘vicinltv of
50 Keals/mo&?3. For the reaction (h), the so-called solution-
loss reaction, Meyer (as cited by Baos) determined the
kinetics and found it to be 8 zero~order reaction with an
sctivation energy of 90 K.Cal./mole Raoa concluded that,
reaction (h) , the so~called solution loss reaction , may be
the rate controlling step in the overall reduction process,
becsuse of the proximity of its activation energy to the

values determined during his experiments.
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1.4 IMPUBTANCE OF INVESTIGATION UNDER INDIAN CONDITIONS

India is fortunate enough in having large resefves
,of.bigh grade fron oreag‘the $aslc raw material for

iron and steel making, The reserves are reporte_d“

to be about 21,140 million tonmes with an sverage iron
content of 52°%4 and above, out of whkch the proved
roserves are around 5400 million tonnes. Due to the
mechanised mining and soft nature of Indian fron ores,
as high 88 40 to 607/, fines are produced. This percentage
45 likely ¢to increase when nmining is carried out at the
greater depths. On the e¢ontrary, the mettllﬁrgical grade
coking coal nserves34 are very much limited, about 1500
miliion tonnes. Their distribution 1s localised mainly
in Bilhar and Bengal regions. The non-coking ¢oal and
lignite coke reserves are sbout 103,000 million tonnes

and distributed uniformly all over the country.

The iron bearing fines and low grade fuels, as such
cannot be uscd as a part of blast furnace charge due to
apparent disadvantages: These iron ore fines can be
partially reduced with the help of low grade colld fuels,
either extornally or internally mixed with them. These
pre~reduced agglomerstes can prove an excellent blast
furnace charge and thus the éfoblah of utillzation of
theso fines and low gfado fuels may be reduced}to 8
minimum. Therefore, it is advisable to pay sufficient

sttention to find out the possibllities of producing
pre-reduced bricuettes from low grade fiuels which in turmn
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can explore new possibilitiecs in the technolgqv-of.iron

and gteel production.

The primary need under Indian conditions is to
develop an officient brocess which can produce pre?reduced
agglomerstes of constant physical and chemical qualities
economically. It is, therefore, worthwhile to thorcughly
1n§estigate and develop an economic process of pre-
reduction utilising indigeneous low grade raw materials
like liénite coke, anthracite, wood charcoal cte. as
their reserves are comparatively more than that of coking
coal,

"In an attempt to produce pre~reduced pellets from
Indian iron ore by using 36% lignite coke as reductant
in-the-pellet, Ghosh and.Tiﬁari‘g. had achieved 90% reduc-
tion but no metallization has heen reported, Koria and

6 in their work on production of pre~reduced bricuettes

Jena
from Indian ore fines, intimately mixed with llgniie coke
or wood chareoal, could produce 100%. reduced and more

than 907, metallized briquettes.

The probler of association of iron ere minerals with
gangue can be solved by using pre~reduced agglomerates
after subjecting it to magnetic seperation. This sort of
treatment removes the iron bearing fines from the gangue
and thus fine iron powders can be produced, which can
elther be injected through tuyers to the blast furnace
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or used as s coolant material in the steel making
process.

~In the present invéstiqation. the studies on the
kinetics of the pre-reduction have been made to
elucidate the mechanism of reaction for knowing the
éxact'influanco of the experimental varlables, such
as to achieve maximum posesible pre-reduction and
metallization of iron ore bricuettes feduced with low
grade coke and wood charcoal. Hence, this investigation
has been under taken to study the effect of different
amounte and type of reductants, temperature and time of

reduction on rate of reduction and percent metaliization.



CHAPTER II

EXPERINENTAL  VOBK

The preosont chopter deals with o detailed deseript-
ton of thoe row materisls with methqu of their
onalysis (chemical and.proximate)v the method of
briquettes praparation, the experimontal setup and
procedure used for carrying out the reduction with
different porecontages of low grado eoke and wocd

charcosl.

2.1 BAW MATERIALS

The raw materials used for the present investigation
were iron ope fines in the size range =100 ¢o +150 mesh
and reductants, low grade coke and wood charcoal in

the eame sizo range.

2.1.1 IRON OBE

The iron opo fines wore screencd and the fractions
botween =100 ¢o +160 mosh size were stored in dry
beakers after chemical analysise
(a) SIEVE ANALYSIS

Sieve anniysls of the iron ore fines was performed
in a2 Denver sieve set having sleves arrsngad according
to Tovlor®s sories. A BOD ¢gn. ore sample wos put on

to the top of 100 mesh slove and o 120 mesh sleve wes
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placed in botween 100 mogh and 150 mesh sieve.vThis
assembly was then ;ransforred to the sieve shaking
machine and shaken for 15 minutes. The smount retained
on cach siove wos weiched. The rosults are roported in
table=I(A), |

(b0 CHEMICAL ANALYSIS OF IRON ou525
MOISTURE DETERMINATION

5 gns of ore somple was welghed onto a watch glass
and heated in an oven at 105°C till constant welght was
obtained. It was then cooled in g dessicator and weiched.
From the loss in weight measurement, the moisture percent-

8ge in the oro flnes was calculated.

LOSS ON IGNITION |
One gn. of ore sample was first 1gnited to 500°C

for 5 minutes and then at 1000°C for 60 minutes till

constant weight is obtsined. From the loss in weight,

porcentage loss on ignition was celeulated.

IRON DETEBMINATION

The iron percentage determination 15 the ore fines
was dong by titrating a reduced solution of the ore In
- hydrochloric acid against a standard solution of potassium
dichromote.

0.6 ¢gng of the ore sample was weighed ond tranc=
forred into a 250 ml. conirsl fiaak. To thisy 10 ml.
of conc. HCl was added arg heated gently for 10-16 minutes
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and then rate of heating was increased to bring to o
gentle boil. The solution wase eveporsted to dryness and then
about 10 ml. of conc.HC1 and 40 ml. of cold wéter wasg
added. The diluted solution was heated to boiling and
then reduced by adding;stanneua chloride solution till
the red coiour of forric iron wss completeiy disappeared.
A fow excess drops of SnCly solution was added and the
flesk was cooled culckly to room temperature by putting
it under rumning tap water. To this about 10 ml. of
mercuric chloride (HgCly) solution was added and the
solution was diluted to 200 ml. with distilled water.

The diluted solution was titrated agsinst & standard
solution‘of potassium dichpomate, stirring all the times
vith a gless rods Two to three drops of an internal
indicator consisting of a solution of one gm. dipheny~
lammine in 100 ml. cone. Hy80, was added which gave an
intence violot=blue colour at the end point. From the
conslstent readings of the volume of potassium dichromate

sample
consumed, the percentage iron in the ore,wss calculated.

The chemiral analysis of the iron ore fines used

in this investigation is given in thble I-(B).

£.1.2 SOLID REDUCTANTS (Low grade coke and wood choreoal)

The golid reducing agents used in ¢his investigation
wvero low grade ¢oke and wood charcoal. These wero crushed
and sieved. Fines in the rongoe of =100 to +1860 moch were
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stored in dry beskors covered with wateh glass, Sicve
anolysis snd praﬁimate analvsis were then performed

on the reductonts.

(o) SIEVE ANALYSIS

Sieve analysis of low grade coke and wood chapeosl
powdors wore performed in the similar way as described
in 2.01(a) and the results are summarised in table II(A).

25
(b) PROXIMATE ANALYSIS
It consisted of heating €oal under standard condi-
tions and determining the amounts of moisture, volatile

matter and ash.

MC ISTURE DETEEMINATION

1.0 gm. sample of low grade coke or wood chartoal
was weighed in & sllica dish and distributed uniformly
on the dish with the help of nickel wire loop. Sample
sticking to the wiroc loop was transferred to the dish with
the help of comel hair brush., The dish without the 1lid
wag placed'in an oven adjusted to 105%C and hestod for
on hour or till the constant weight is obtained. The
dish was then coverad with 1lid, cooled in 2 de sslcator
ond welghed. Tho lose in welight expressed as percentage
of total weight of eoke or charcoal sample before hoating

gave percent moisturo.

VOLATILE MATTER DETERMINAT ION
Ono gn. of coke or charcoal sample was welghed and

taken in a silice crucible provided for the purposo of
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volatile matter dotermindtion. The crucible was then
heated in an eleetric furnoce to 9.0 2 26°C for

soven minutes. It was then token out fyom the fupnace,
coolod in a dessic tor and then weighed, Fromvthe
porcont woight loes, the porcentoge of volotile mattor
was obtained by subtracting the amount of percent |

moisturc.

ASH DETEEM INATION

One gm. af coke or chapcoal sample was woighed
in a silica dich and it was then placed in an eleelrice
muffle furnace at room §emparature. The furnace temparaturs
was ralsed to 400%-460%C and this temperature was maintained
for 30 minutes. Tho dish with open lid —ras then trans-
forred to another furnace meintained at 776° 1 26°C.
After heating to‘abeut an hour, or till the black particles
were bumt, the dich wae covered with 1lid, renoved frami.
the furnace end cooled in 2 dosscicator. From the w2ight
of the residue, the percentage of ash in the coko or char-

coal sample was calculated.

FIXED CARBON DETERMIINAT ION

The fixed carbon percentage in the peductants were
determuned wy subtpacting the sum of the porcentages of
moisture, volatile matter and ash from 100.

The proximate analysis of,as recelved, low grede

coke and wood charecoal used in this investigation

is glvon in table ~11(B).
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2.1.3 METHUD OF REMOVING VOLATILE MATTER
FROI WOOD CHARCOAL

A preliminory treatment had been given to wood
charcoal powder 20 remove volatile maﬁteé. About 300 gms
of wood charcool wos put in graphite crucible. The
grophite crueibie Qith the open end closed by the lid
wos heated to 900 326°C in an electric muffle furnace
for about 180 minutes. The cruicible was then takon

out ond cooled in o dqssicator.

The proximate analysis of this trosted wood charcoal
wag done in s similar woy as described in 2.1.2(b). The
regults sre repor¢ed in Tahle II-(B),

2,2 BRIQUETTES PREPARATION

For the present Investigation, tho briquettos were
mede on 'Specimen nounting machiné'.

The briquettes were made with stoiehiometrie,
37. and 7. excess than stoichiometriec amounts of ocach
reductant out of loﬁ grade coke and tyoated wood charcoal.
The stoichiometrié roquirement of the roductonts was
caleulated on the basis that reduction product is 1007
carbon monoxide. The iron ore fines and the reductant
were taken in dosired proporiion and thoroughly mixed.
To ¢thie mixture, o little omount (obout B ml. per 100 gms.
of mixture) of wator i¢ added. This miuturc is filled in
cylindrical die of 1.3 cm. internal diameter and 7.6 .

longth and the miskure was pressed with the help of

plunger on ‘'Specimen mounting machine' to 2 prossure, 452
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hgs./cmz. Tho briguettes were 1.3 em. in dis. and 1.0-1.5
em. in longth. |

2,2,1 DRYING OF BEIQUETTES
The briquettes wore first olr dricd ond thon in
an ovon, at about 120°C for s day. This time was found

to be enough for complete removal of moisture,

2.3 EXPERIMENTAL SET=-UP

The ouperimental cot-up usod for reduction of
iron ore brlquottes is chown in Fig.2.1l. The wvhole
cgsembly can be dividcd into throo main units nsmely,
(a) Drying unit, (b) Vacuum unit, (c) Reduction furnace.

(a) DRYING UNIT

It 15 an oven used for drying the briquettes
which were kept in different ﬁvrax beskers for different
omounts of difforont roductants. A significant absorption
of moisture fPom atmosphero was found and so to climinate
this moisturoy the briquettes wore dried time ¢o tiﬁe, ‘

and ¢thoen uscd for reduetion studies.

(b) VACUUM UNIT |

This unit consists of o rotary oll vacuum pump
ond conncetion tubes. The vacuum pump is connected with
tho reduction Rube thmough a thirco way cork through
vhich tho roduction tubé can oither be conncetod to

vacuum pump oF to the atmosphoro for vacuum relesse.

Tho cvocuetion vhich wos achieved with the rotary



35

Fig\.z. 1+ Experimental Set-up.
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vocuum pump employed for present investigationy wsg

of the ordor of 0.1 mm of Hg.

(e) REDUCTION FURNACE
The reduction furnace has the following
specifications,

(1) TYPE Single phase resistance muffle
tube horizontal furnoce.

(44) DIAMETER OF ALUWMINA 3 inches.
MUF ELE

(111) LENGTH OF ALUMINA
MUFFLE 24 inchoSe.

(iv) LENGTH OF UNIFOBM obout 10 inches from closed end
TEMPERATURE ZUNE

(v) BRESISTANCE OF
WINDING 36 ohmse

(vi) POSER INPUT 1.785 K

(vii) MAXIMUM OPERAT ION
TEMPER.TU E 1260°C

An energy regulator for temperature control, a
temperature indicator for temperaturec meagurcment and
an ammeter ware provided on the control bosrd with the
furnace. An cutotransfomer for controlled voltage
supply to the furnace has also been employed.

The cockets were provided at bhoth the aluming
muffle endsy R0 close any one or both of its cnds ss
dosired. A P=P¢/13/. Rh thermocouple was calibrated
and then uscd for temporature measuremonts.

An aluminé tube (0.75 inch in dia. and 24 inchos
in longth) ¢losed at onc ehd was uged as a roselion tube.

Tho open ond of reaction tube was connocted to vocuum

pump Rhrough 0 solid rubber cork.
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Somicylindrical stainless sﬁegl hoat, 15 em.

long ond 1.6 cm wide was used for keeping tho briquettes

in the reactlon'tube-

2.4 PROCEDURE FOR CAKRYING OUT PRE=-REDUCT LuN
OF IRON OBE BRIGUETTES

The brlquottes modo out of compacting the deosired
proportions of iron ore and low grade coke or wood
chorcoal fines (stolichiomotric, 3% and 6. encoss
than etoichiomotric amounts of reductants) followed by
romoval of molsture, wero welighod 16 s chemical balance.
- Six bricuetios oach of dif foront amounts and nature of
peductants at o time were kept in stainless steol boat
and the boat is then inserted into the alumina reaction
tube. The open end'of the tube was connected to the vacuum
pump through a solid rubber cork. After propep cvacuation
(0.1 mn of Hg) the resetion tube containing the briguettes
was then inserted into the furnace which was adjusted
to the dosired temporalupre. The fupnace temperature was
kept 8% higher then recuired, as this was found to he
temporature differonce between the outgide and incide the
reaction tube. The time of introcduction of the reaction tube
was éonsiderod to bo tho oterting of reduction reaction.
After keeping the briquettes at desired temporature and
period, the roaction tubo was taken out from the furnace
and cooled in otmosphoro under vacuum. Then the vacuum
soal was brokon end the briguettos wore taken out, woighed
end analysod for rosidusl ¢arbon content by the method |
of carbon eombustion o COy and absorbing it in potagsium
hydroxido. In this woy the experiments wore performed at
|950°Co 1000060 1100°C and 1160°C fop different lntervals
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of ¢time (ronging from 6 minutes to 360 minutes) with
stoichiometric, 37/ and 67/. oxcoss than stoichiometric

omounts of low grade cole and wood charcoal.

2,5 ANALYSIS OF THE HREDUCED BRICUETTES

The reduced briquettes have boen onalyood for
determination of ca?bon parcentage by otrohlein épparatus.
The oxidation of carbon is done at 1100°C in o otroam of
dry and pure oxygen to ylold carbon dioxido. The whole
volume of carbon dioxide plus oncoss exygen from the
combustion tube is treated with KOH solution ¢o abéorb COg .
The amount of CO, absorbed by KOH solution is calibrated
in terms of percentage of carbon on the meacuring burette

provided with the apperatus.

| The corbon percentages left after reductlon are
reported 1q Roble V and ¢able VI for the brigucttes
peduced with stolichiometric, 37/ ond 57. excess than
otoichiometrie smounts of low grade coke and woed

choreoal.



CRAPTER III

RESULTS AND DISCUSSIONS

5.1 BESULTS

The porcentoge welcht loss obtoined ond poreon-
tage carbon left for briguettes reducod with stoichio-
metric, 3/ execoss and 657/ oxncess than stolchiomotrie
amounts of low grade coke and wood charcoal in the
temperature range (950 to 1160°C). For different
intervels of time (6 minutes to 360 minutos) under reduced
prassure (0.1 mm of Hg) arc given in tobles TIL %o VI.
From the weight logs measurements and e¢arbon analysis, the
percentage reduetion of iron oxide in the briquettes
ie calcnlated. The results ape glven in 4ables VII and
VIII and plotted in figures 3,1 to 3.6 a2t variocus poercen-
tages of low grode coke snd wood char¢osl. From ¢hese
plots, it can bo obgerved that the initial stage of
reduction upto about 307, is highly tomperature sonsitive
and aléo depends on the natupe of reductonts. The wood
choreoal is found to be highly roactive as compored to

low grade coke.

In Figs. 3.7 o 3.12 log percentage reduction
1s plotted ogainot log time for briquottos rcduced with
difforent emounts (stoichiometric, S% and 5°. cxceos

than stoichiometric) of low grade coko and wood charcoal
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in occordonce with tho rnlatignshtp P = K ¢", chore pr
is'percentage reduction, ¢ is‘ttme of roduction, n

s slope and K 18 2 constont. If this law would have
been obeyed than log (r) vs log (t) chould give o
straight line, but in the present investigation no
straight line has been obtainod.

From the plots 3.13 to 3.18 , the following
rolationchip soems to hold good in the present

investigation
r="Clogt+ X (1)

vhere C ond X aro constants. In these plots the initial
percentage reduction values upto about 30)/. reduction
have not taken into considoration. The Eq.(i) is found
¢o be valid for the reductonts, low grade coke and

wood charcool at oll temperatures ranging from 980 to
1100°C upto 86% reduction as the lines are nearly
parallel to eoch other with the slope as shown in table
IX. Boyond 85/, reduction, the slope of the lines for
voricus temperatures chonges for both types of peductents
88 shown in the sane table IX, The lincs are sgsin
stfaight and parallel. The change in clope aftor 8567.
reduction is porhaps due to change in mechanism of

iron oxide reduction.
The activation encorgy valueo for briquettos

reducaed with differont amounts of l¢w grade coke

and wood charcoal are coleulated in o similar way as
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adoptod by lorion ond Jezm:)6 in their work on production
of pre-redueccd briqge%es where 8 similar relationship
is reported. By difforentiating with respect ¢o ¢,

the equation no.(i), we got

§-c3

ar .« J
oF gt ~“%

Henco according to Arrhonious oquation, 8t all
Remporatureg, the reciprocal of time for steslining
a dofinite roduction r (value), should be proportional

ko o E/FT

» whoro E, R ond T aro activation energy,

gas constant and sbhsolute temperatupe respectively.
The logd) vo § K for bricuettes reduced with stoich-
fomotric, 37 ond 57/ axcess than oﬁoichiometric
omounts of low grade colle and wood charcoal at the
dofinite roduction porcontages (204 » 3u'h » 40%. and
807 reduction) arc plotted in Figures 3.19 %0
Fig. 3.24. The activation onergy values with their
moon doviation have been calculated from the slopes

of those cu;wos and ¢the values thus obtained are given
in Table X. Doyond 857/ roduction, the activotion
onorgy values could not bo caleculated becsuse of

inoufficlient doto.



—efy— T (RS Y

/ 7
[
_ P PE— .
ﬁ / ’ . /..-/
{_./ N // //’fi
/
60~ / /p V/
O -
6 L / / ,f/
/ A
= 1] 7 4
[a e f //\/
w 4071
) _ ;
I 4 : '
- N e b}
= iz —
wJ | j L
L@ T% ;’/ X - ;”
) -~
! ' %
‘ pd
?9“' . X/ .\»/ -
-/ yd O 950°T
O o
/ e X |000<%
- a 10507C
o’ A IOOQC
~ (] 1150 C
i " i 1. . . - e __j
60 20 180 240 3C0 350

TIME IN  MINUTES

FIG.3.1_PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCE!

WITH STOICHIOMETRIC AMOUNT OF LOW GRADE COKE UNDER REDUCED
PRESSURE (0-1Mm oF Hg)



3¢, - »// /

e .G
@
\W )
\
‘\Q
\

RTJ
™~
AN
Y

FZRCENTAGE
£
o
— i
\
\
\
y
\
\
\
\
i
\
\
i
\

-8 . // - -
/ )
, -
/ //‘
2C - 1/ ,0/
| / /“a”’ 0 ‘)“33 QC
..; - x 10C0T
e (; 10507
[ ® :.30%
{ Ve
0] 4 1 I i . 1
D 0 i2C 80 2570 300 360

TivE o MINLTES

FIG.3.2_PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCED
WITH 3% EXCESS THAN STOICHIOMETRIC AMOUNT OF LOW GRADE COKE
UNDER REDUCED PRESSURE (0-1mm OF Hg)



J r)r
_ _ --@
B
]
LA
La/
/ 7
9
= /
/ .
. n
- / / C
3 .
. o )
/ 2
e
b : /
O v.
s , i
; J b :
[ 4 ' / S
x - | / A
.' . xx.é'f
t
A f /
5 o~
J .
'N\ 1:1 O,. I v!.
- I .
. o :
EL) I /
{x 1 / / A
wi i /
- ,
- -y ;
-7
P .
7
- .
] &
i
1
Lo
i I'd
“ ’;_, » 6 lf'\ . é 7~
TINFE

.‘l" Ih'. """IV.S

) !
A
—t
N
Yy " -

0 950 T
N VRIS
2] Ve
/s ol
3 coT :
; ]
377 2e0

.3.3 _PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIO.UE'TTES REDUCED

WITH 5 % EXCESS THAN STOICHIOMETRIC AMOUNT OF LOW GRADE COKE
UNDER REDUCED PRESSURE (0.-1mm OF Hg)



~ -r Lol N
— !

REYCU

. - 9
P - ' -1 :
e /3/"/
L

/ B
qc - f / /LJ/
, ,//
/ / /’ .
a d -
/o 7 o
. /S -
: 2
; / -~
/S 2
(C-
| ! /f /
."f [/i /_] -
/ / ’ .
/ )
- ’; 3
/ A //
X / / {//
o / '
4 ? /7 /
! A ',”
| / v
; , Vs
'[} / ‘/f
- S
;o J/
; #
| / /
20 -gg Y
. 0]
a S X
, - B
7 2)
/
’ /
L’ ; { |
n £ 120 18C 240
TIME N NN TS

|

950 C
15790 C
1050°C
11007
11 50°C

200

4

FIG.3.4 _PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCED
WITH STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL UNDER RECDUCED

PRESSURE (0.-1mm OF Hg)



h'},‘a
<39

o ‘
b B @ £ ¢ -@
PO - X 37
7 - *
e -
/ a7
P e - 4
. 1.
&
# -
¢ N "
a7
Ia)
8 wt o J/ =
1 P -
. 7
s L
-
¢
/
i
)
’:,,‘P - } -
,
) \ f ya
3 »
(]
A3 /
X r
.
[ y / -
v P
- 40 - 1 / -
Lo ' A
< v /
o I
‘L' i i
" {
a
N K 0 9' ~
P i ' B .
N T
) Oe- r ‘:
¢ o
L4 it tsd ot
] R
@ 1T
v :I.
B ! e > 25 5

FIG. 3.5 _PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCED

WITH 3% EXCESS THAN STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL
UNDER REDUCED PRESSURE (0.1 mm OF Hg)



‘
- ! e o b- B ] pt ).
{ﬁ.-——"’ - — Pl S
/ J./ - wd
- / / . 1/"’
I //__,,"
/‘P / .1/" J
/ -
g0 / / » gel A
)4 <
// P ! P
|7 7 L
, / ‘
Z / - ' e
g i
— 60— @ 5 -
- 3) ; {r‘ /,3 A/ _ -
« / 7
:3 ./
o 7 . e
/ -
// [
2 e 4 ‘ -
k- 40-- ‘f / A // / -
z i N
" /
A 4
" N
Co

O
.-‘(}1
RN
(D]

&2
"y

Bk L>D0
~J
2
3

O ¢£C 29 180 247 200 .
TIME IN MNLTES

FIG.3-6 _PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCED

WITH 5% EXCESS THAN STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL
UNDER REDUCED PRESSURE (0-1mm OF Hg)



! - R
o2 - 2
_&_.—— ~ o g .

/’-"", k ) r.x_/ﬂ" —t
- i\,—” /ﬁ1/ ° X 5t
' 'Y w~ e

£ -
| / - R /A/
e ~

i< “
AN
N\
\
\
N\
A
{\
.?

NTA:

s L
1]

_—
R S

OYG

S el S s
/ { J L 1 Vo ‘\'-/ Y

FiG2 7 PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR
BRICUETTES REDUCED WITH STOICHIOMETRIC AMOUNT OF
LOW CRADE COKE UNDER REDUCED PRESSURE (0 1mm OF Hg)



1

-

EDUCTION

PN

-
L.

P RCENTAG

-

OC

{

o) 950 C

X 10007

o 0507

L 1007

@D .. 5C =
1 . e . Lo L - . i
IC 5C \CC g0

LCG TIME IN  MINUTES

FIG.3.8_ PLOT OF (0G PERCENTAGE REDUCTION VS LOG TIME FOR

BRIQUETTES REDUCED WITH3% EXCESS THAN STOICHIOMETRIC

AMOUNT OF LOW GRADE COKE UNDER REDUCED PRESSURE
(0Amm OF Hg)



AT

H

I

,
{

o

G

- C

20

T G VD
- s . (’-, e T o e -
- /—' } " /Y, i
- : -
e /»' .
‘: ‘. . P .
b} h // P B
f/“ e - */ /}“
o /» / / //
’ a ,ﬁ/
4 S e i, P
e -
S /
/ g
Ve //
r
e
e
s
14‘
Ve
|~ -
v
o
99¢C C
% 200 7
o iz
{ 0L ¢
A 55 C
| |
| U i . ) r-‘;
> Vo 59 100D <
c N\ ao ' - .
LOG  TIVE N WINUTES

FIG.3.9 _PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR

BRIQUETTES REDUCED WITH 5% EXCESS THAN STOICHIOMETRIC

AMOUNT OF LOW GRADE COKE UNDER REDUCED PRESSURE
(01mm  OF Hg)



‘\____ ..

¢

N DAL

Ll
A

g

r

O

B )

JIF""

——

T e
.,“*r..

"N

e

MING TS

o 4
PP Y
Coo
n‘
-
P
L
~
~
” ES
.
~
o .
)
I
O
- -

FIG.310. PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR
REDUCED WITH STOICHIOMETRIC AMOUNT OF

BRIQUETTES
W0OOD CHARCOAL UNDER REDUCED PRESSURE (01mm OF Ha)



T . 1
o P A ol ==
G e 1 s §
_,-/’H 2 / B _ n.»”r el /.‘("
/é/‘/' ~ T T -
N 7 e — .
50 ) ////////i////gf// L P
7 )
A e ///*”’ (////
\ / Py
. _
S ///
x \//
f//
-

RS

L
Voo

frid

[
{

s "

-\ 95C C
1 X 100 T
0 105G C
A Eelolk ¢
@ Hs5CC
l !
5 1o 50 CC 3L

LOS  TIVE  In i/NyTERES

FIG.3 11 _PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR
BRIQUETTES REDUCED WITH3 % EXCESS THAN STOICHIOMETRIC

AMOUNT OF WOOD CHARCOAL UNDER REDUCED PRESSURE
(01mm OF Hg)



- - - 45— . F
10C .= T ?;wj"j?;m
‘/ A O x/_x/x
/'/6 el o L e /*/ a0
e < } A /l_‘/ - /ﬁ/ ’ /
Z ~ 6’. o . o X _
\) 5~ / // / /
@ Fol /‘?“ x
+ y |
O V. E »
-
() o /
E / X f/
¢
/,
L //
%{9 0
= 1o~ -
- :
wl
Q
e
g
O
8 o 550 ¢
X I2CC %
0 105C T
(C\ { I OO OC
0 150 T
li 1 1 L. B
5 |0 50 100 500

LOG TIME IN  MINUTES

FIG3 12_PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR
BRIQUETTES REDUCED WITH 5 9, EXCESS THAN STOICHIOMETRIC

AMOUNT OF WOOD CHARCOAL UNDER REDUCED PRESSURE
(0-1mm OF Hg)



£t
e

ror 1 3 T B
—_ Ve ")’ i —
4 . |
80— - : : S ", ) i
" / ) -
—- A - —
"‘ r
/ /
S /
'i:' 50— J B
@)
D ’
) -
L - - . ‘ -
LY_ b
:__ .
Z 40— - ¥
l_u ) ¢ ' ' 1
(') 1
) -
/
o - e L : .
I3 . ), ]
/ |
d I
— r
AV - ero
ax 10C0C
P J1050T |
A 0D T -
) g 11230 C |
[}
|
I [ 1 - o _ !
i 5 10 590 1090 =00
LG Tl N LTy

FIG.313.PLOT OF PERCENT REDUCTION VS LOG TIME FOR
BRIGQUETTES REDUCED WITH STOICHIOMETRIC AMOUNT

OF LOW GRADE COKE UNDER REDUCED PRESSURE
(0-1mm  OF Hg)



AGf I 1 i ! O
| { R ﬂﬂm
" ’ ':-"A‘ *
%-— PR § _
/
1 A
! / 4
‘ v |
BO- - . .. . - . T -1k 4 -
; / y
. / / I
Z E " ’ J
2 o
O 60~ ' . -
=5
5 /
i~ : #
x - ;L - 7 -
! ’ - " /
5 |
[ﬁ 0 - - - . - - e e e ,./ - -.f.. . . ..(r.*“ —
O - .
4 - / /
(] ; ) /
a = B La - /J / S -
/
20+ Ly 0880 T -
? , x 1000C
J J 1050TC
i / 4 1100T
v @ 1150C
/
oL .. I U NN R
| 5 10 50 100 500

LOG TIME IN  MINUTES

F1G.3-14_PLOT OF PERCENT REDUCTION VS LOG TIME FOR BRIGUETTES

REDUCEDWITH 3% EXCESS THAN STOICHIOMETRIC AMOUNT
OF LOW
GRADE COKE UNDER REDUCED PRESSURE (0-1mm OF Hg)



60" , v S T e S
| : UL
i P -0
4 {
! ) 1
. : 4
{ r* /oy
1 o 0

" B SR
| F '

! / ;

l ,l '1' /
_ / / A

) |
< roop
C o / . .
- f / |
! L

| “a ' [
N — / |
o ./f. / f/J A A4
v !y : |
. /T a
Z 40— r/ -f:/-. . ..//.. .- j/ .. / —
L(”) 4 / :
m L
0 / /o /
i - f T SRS .../ . /7 _+
! //\, 1
20 , \ © 950C
z / x 1000C
. / / ; 1 10500
3 , ., 1100C
[ - / o 1150C
| .
O I | L 1 —— -
! 5 10 50 100 500

LOG TIME IN MINUTES

FIG.3.15 _PLOT OF PERCENT REDUCTION VS LOG TIME FOR BRIQUETTES
REDUCED WITHS% EXCESS THAN STOICHIOMETRIC AMOUNT

OF LOW GRADE COKE UNDER REDUC
O oW GRAD ED PRESSURE



[QR N
o~k

e e - T L. r 1 -
100 L T
‘ ) \j) - . £ __‘,fa : .i
N |
: -
L 5 ,/‘ o ‘
l 4 ! . |
! . ) j
‘ : 5 l
N | |
/ / - |
8 O — 4 ....1l
| ; |
i [ j
} /
' 1
Z ,
,‘"; r r '
o - v ’(
%'so' | ! C -
2 60 ,
5 .f /
0 ! / ' /

i_:
~

<
|
~
Fl
-

/J 1] f/

= - /i *
Lo ;L / s o _*|
;.1..! 40 p— - . . .. 'j,-/ . . }J . . j i:f , ;
Y / / 4 s
L ,. / /. I
Q. B o . =
/ ff ‘ 4
/s .
20 . . .," . . . ) _’.,‘ . j \J 950 C —

i P / A 1000C

| / g 10507
_ Ao 1109w

& 1150T
N 1 Y B S ]

l 5 10 50 100 500
LOG TIME IN MINUTE

FIG.3.16_PLOT OF PERCENT REDUCTION VS LOG TIME FOR
BRIQUETTES REDUCED WITH STOICHIOMETRIC AMOUNT
OF WOOD CHARCOAL UNDER REDUCED PRESSURE
(0.-1mm OF Hg)



ingR)
5
1N’ ! i ! y L o
LT o
|
- . s ) Jﬁ
7 : :
) f -”! . \
80_ AN N . e . . . / ' .. ",. .,.,:\
J / -
/ / N |
- - ~
Z " / |
O / |
= -
QO 60- _ ;s
:) ,-‘ -
a .
Lﬁé fl 1.": § j
.:f‘
f— . | .
2 A : | :
N 40= - - - e - e s .../) - -./- S -
! Ty .
e ;L :'
n |
- P . {
/" {
o K U 83T
20~ | T | x ioovC -
" , 3 10500
5 110907
- & 1150C -
0 F Y N S | ) N |
| 5 10 50 100 500

LOG TIME IN MINUTES

FIG.3.17_ PLOT OF PERCENT REDUCTION VS LOG TIME FOR BRIQUETTES
REDUCED WITH 3% EXCESS THAN STOICHIOMETRIC AMOUNT
OF WOOD CHARCOAL UNDER REDUCED PRESSURE (0-1mmOF Hg)



1:_)0;_ I I l ' I"L"& ,._-.

. - )’
A“ 3
+ / ]
7
- s/ . .
.f'f. - -
< / "
i3
5 ,
~ 3
|
BU —_ - . . . . B . . . - . . .. . . C g - s -
b7 /._,

b S
]

6 0- 47 /.a . ; -~

UCTILD,
\\‘

{;‘I J . / !
i1 e -
nd ' / 7

40~ - - o e /__. . ../J:_. / . 7, _

FERCENT

BOM m e e e e e e em e a j 3950:’(: 3
. © x loo0TC |
& 12500 -
A 11920
@ 1130€C

0. ! 1 [ |
! 3 10 50 |00 Rele
LG Thvie b ity

“1G.2 102 PLOT OF PERCENT REDUCTION VS LOG TIHAE FOR
BRIQUETTES REDUCED WiV 5% SXCESS THAN
STOICHIOM ZTRIC AMOUNT OF WO0D CYARCOAL UNDZR
RIDUCED PRIESSURE (0-9mm C7 Ha)



3
T ~
150 100 G20 oee s
“Bem Ty i i
i P f
e _
', AP :
, 7 P ’
o o S
o PR ot
- Ko™ 1 3
- :
~ R o
il !
) P ¥
@) I.er:( - .
~ L -7
L
l -
0.8p REDU .TION
E\,’> J ZOZ
; 30/ :
0.4}~ i 40/ :
@ > 50/ |
i z 80/ |
[..,1 A T N T T
O7‘.0 19 80
1 4 .
‘T— X ’O, K

FIG 319 _ PLOT OF LOG(1/t)VS1/T#10°%K FOR BRIGUETTES
REDUCED WITH STOICHIOMETRIC AMOUNT OF LOW
GRADE COKE UNDER REDUCED PRESSURE (0.1mm OF Hg)



G
fe i

R , ~
sglod o hoes _10sC 1oe JERLE
;] f | x I
uy
S
O . )
»
ey 1.6 - i
= )
© "
O] 12 - -
5 7 REDUCTION
0.8 7{// - - ?07“
- X 30/
~ I A0k
i a SO‘IJ
04t )]
!
I
l |
S T R DT D B B I
%o 75 | AL
1_ x 10} Ve

FIG 3.20_PLOT OF LOG(1/t)VS 1/TX0"°K FOR BRIGUETTES
REDUCED WITH 3% EXCESS THAN STOICHIOMETRIC

AMOUNT OF LOW GRADE COKE UNDER REDUCED
PRESSURE (C-1mm OF Hg)



T >
Lglld - nod 1030 1500 220
BT | , i
W
~E L
0_
T .,_r
y Y o~
I~ - .
o~ -
*::; 3 N
@) :
O i '3-‘-: 3 o
) -
T | A e s
5 RECUCTIO |
08 .~ ~ 20
e 30y
! 3 &DJ
0.4‘— s 500
| L 80/..
ol—i 1 1oL 4 L b T
7.0 f 7.3 8.0
! G
T X1 K

FIG.3.21 _ PLOT OF LOG(1/t)VvS1/T X‘lanK FOR BRIGUETTES
REDUCED WITH 5% EXCESS THAN STOICHIOMETRIC

AMOUNT OF LOW GRADE COKE UNDER REDUCED
PRESSURE (0-1mm OF Hg)



T C
,a150 100 jose  1on0 €50
T ! ! I by
|
2.4 K
20— ’ e
//‘L /}, ot
| 6w I o
) 4 S
o - .
~ 1.2 P ¢ P
. : i} o
O RECUCTION
" ~ 20)
ij” S 40
l 2 50’
04 /
5 BOL

nl -__L__l-_,i-_L.__l_ ) I W | TR N
7.0 7.5 2N

-_’r— x10" K

FIG 3.22_PLOT OF LOG(1/t)VS 1/T%10% ° FOR BRIQUETTES
REDUCED WITH STOICHIOMETRIC AMOUNT OF WOOD
CHARCOAL UNDER REDUCED PRESSURE (0-1mmOF Hg)



T , C

1150 1100V o0 looo ___ 250
SR T T i '],
/D '
S :
Dt N
,_/"" -

4 - |

o )

./ / . p—y
1B LT |
:J‘ 3 //"‘ !
|:_-.: // a . P ) !
(-'\ l') B . | R | ; ]
o . T {
_..J ! . - ~ |I

T | REDUCTION |
08~ . o 20/ |
g 3 4,0/: i
L 50/ i
o4 ~ o 80/ II
|

c _ | i | Y I | .I_ l

Q,; ! ! 7.5 8.9

1 4 @
:f;")(lo ,OA

FIG.3.23_ PLOT OF LOG(1/t)VS 1/T x10%°K FOR BRIQUETTES
REDUCED WITH 3% EXCESS THAN STOICHIOMETRIC

AMOUNT OF WOOD CHARCOAL UNDER REDUCED PRESSURE
(0-1mm OF Hg)



U
T o~
i s s
1150 1100 1030 1000 850
<3 i | ; )
,'a :
b 'l —— .
(.-O""" (
A -
l P -V 3 PP
| ;
r-.;‘; I“G:T‘&/ - ,_/” ;
— | 157 7
Nt | S - e
© 2l . o
0
_._I _r/ L /'\ B - L
. REDUCTION |
ogts” ] ] |
-~ o ZOIQ ‘
v .. 307 ;
o A0/ ;
041 5 50 5
& 80f |
ob 1 1 1 T T N (R IR E S,
7.0 7.5 8.0
! 4 -
Lxo' K

FIG.3.24_PLOT OF LOG (/t)vS 1/T x10% °K FOR BRIQUETTES
REDUCED WITH 5 9% EXCESS THAN STOICHIOMETRIC

AMOUNT OF WOOD CHARCOAL UNDER REDUCED
PRESSURE (0-1mm OF Hg)



(1_(')] '
9 D50 L
~ 1000 C s
01050 B
A 1100 C
w (130 C
J o
//ﬂ
0.4 o
'.\/.-" -
/
.‘ /)—’
,/"(
/fﬁﬁ
e
/
//a A
.1/'.
& L~
4/
.//
;’/.(/
n//
Ve
/T A
_.-—"/A’
,,_./
L TA :
e A e T —— S s .
. .-F_ o ——— X X . —‘C“”
20 i82 240 300 St
TINE . AONLTT

, ——— 12 4
FI6.3.25 _ PLOT OF (1- 3\/@3—%—0—’(—) VS TIME FOR BRIQUETTES REDUCED WITH

STOICHIOMETRIC AMOUNT OF LOW GRADE COKE UNDER REDUCED
PRESSURE (0-1mm OF Hg)



0.6 ' ‘ 1 !
w950 _/
K 1000 o 7
o1Jad . ' 4
21100 ’\;
- S 1150 o
0.5 Y,
ry )
0.4- s
Fo
] B /;‘) Y
Xi 03- /
O
) -
C

AT
l ) Ve
— 9 , ~
I / ' . e
¢ e
OI' "‘ g./,/ 4 - _
Y
kd / »
//
v . o -
"( " Fa - .
OOL.{,;}“?‘; P - - -y ?‘ L I { (y )
o 60 120 180 2470 oo 360
TivE i Vo oTES

2
FIG.3.26_ PLOT OF(1 ~3/ 1%%-&)VS TIME FOR BRIQUETTES REDUCED WITH

3 9, EXCESS THAN STOICHIOMETRIC AMOUNT OF LOW GRADE COKE
UNDER REDUCED PRESSURE (0-1mm OF Hg)



0.6; .’/‘ i -
; _
) 950 C e
A IOO\) [ ]f
; 10 :)Ocv s
A 11007 /
o ®1150 C -
O.Jr /‘,/._-_-\a/ |
/
| 4
K
0.‘% / . - -
e
/ i
K /
- _|~ 1 I // "a/{
| 0.3 / /
}fi el f
o2
2 y /
¢ ' o 3l
7 /'9 / ' ,-1/
—"' 1 O.ZL / / .J/
: / -1’/
o / — T
: / / /"/ ,
e e
0. ou»f: - g-—w—»---*"“""’" . o
o) 60 20 180 240 300 Rt

TIME IN MINUTES

FIG.3.27_ PLOT OF (1- J’cigax) VS TIME ‘FOR BRIQUETTES REDUCED WITH

57 EXCESS THAN STOICHIOMETRIC AMOUNT OF LOW GRADE COKE
UNDER REDUCED PRESSURE (0.1mm OF Hg )



rr \
3“ N C
X, ;,L)O r
3 W JO v . -®
3 1100 ' .
. CRIE P
i . /
P R
Y
.r"A’f—
0.4 /:2/ ’/A'"
‘ [ o
A/
I
s
A
.
. ,» A
| ;
e ; -
g):_ ./ m—-
O / E/
> >/ a
) /
| / A o
ét/ e %
- ff; / /G X/ I
/ /m» 1\/- -~
: e __.i“;
1‘9‘ {;{ Ej// .- ’// ) |
. 4 ’ U/ /ﬁ"’ /_,.A;"'" |
T . : et ’*” 2 Jo—t |
| ﬁﬂ/,u e o - S o |
00WE—%" @ £l . ) .
0 60 120 180 240 30C 360

TIME IN MINUTES

00-X )2
FIG.3.28_ PLOT OF (1- 3 300°,)VS TIME FOR BRIQUETTES REDUCED WITH

STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL UNDER REDUCED
PRESSURE (0-1mm OF Hg)



1~0

Ve
o/ 9’10 “C
A !U\JJO\J
J 195V~ s -5
A 1190 B
. g 1150C Vi
s — ; —-‘J
_é v
L 4- ' e
g
-~ {
;.2 73
-
/
/ ~1
, /
0.2 a / ~
/ -
4 P
Lo/ <
c L . o
, = o g
t/( S e s
Qﬁ: S P - : ,
' a7 b ‘80 247 3C 2
TIME ‘N VAINLUTES

2
FIG.3.29_ PLOT OFQ- 3./%%%1‘- VS TIME FOR BRIQUETTES REDUCED WITH

3 % EXCESS THAN STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL
UNDER REDUCED PRESSURE (0.1mm OF Hg)



: o -
6 U 250 aC
a Fx IOGU:C )
LJIUSUQ ®
a 100 A
@ ]130C /9,
/o
0.5 - § )
/ 3 %
{ e
/A/V
0.4~ //
//
| N s
| o
'\ ‘() 03— -
(O o e
Y )
- o / B
> | i
| C.2- - | e =
-' . Ve .
— ’il i’ /fd ,x
S
_ s
i ,"’e‘ .
O r& /(.'J/ b4 5
/ “
¥om /u b8 . —C
, o X &
f-)/ ) x 5
O.0h 3 o0 . : | | . -
0] 60 20 1802 240 300 60

TIVE N MINUTES

2
100-X
F16.3.30 _pLoT OF (1- 3/ —1—0—5*) VS TIME FOR BRIQUETTES REDUCED WITH

5 ° EXCESS THAN STOICHIOMETRIC AMOUNT OF WOOD CHARCOAL
UNDER REDUCED PRESSURE (0-1mm OF Hg)



12

3,2 DISCUSSIONS OF THE BESULTS

From ¢the results, roported abovo, iR is coon that
during initisl stages of reduction, the reaction rato
i1s polatively very high. Thie may be due to the surface
reaction betvreon the reactants. AfRer sometime, when
oppreciablo reduction (about 30°4 ) due to surface
roaction hes Caken placey, the results obey the semi-
logarithmic rate law rolationship as given in Eq.(i).
The validity of somilogarithmic rato equation in the
prosont invostigation suggests that the chemieal
roactions at tho interfaces (Foz0,/Foy05s FoO/Fe,0, and
Fo/Fe0) do not control ¢he rate of reduction of iron
oxide. Hence, after 30% reduction and below 857. reduct~-
jon tho following stops esn be considered ¢o elucidate |
the osact mochanism of iron oxide reduction.
{a) Diffusion'of carbon through iron to Fo/Fel
interfoco.
(b) Diffucion of iron through FoO to FeO/Fog0, and
subsoguently through Fesoé Ro %304/1’0203 interfaco.

(c) Diffusion of omygen through iron to Fo/C
interfoco and subscquently roacting with carbon.

If ¢tho roto of corbon diffusion cohtrols tho oversll

rooetion volocity, then 08 suggested by Janderlg

ghould be lincor relationship boﬁuoen(1~3,’ 100 )2and ¢imo,
vheore i bolng percentage of reduction. Howevero no lincar

s thero

relationship 45 obtoined with both typos of roductants(low

grado eoke and wood chareool) fn the temperature rongo
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950 to 1180°C for difforent omounts of roduetants
in the’prasent investigation as chown in fligures
3.26 %o 3.30. This indicates that carbon diffusion
through iron to Fe/FeO and subsoquent diffusion o
FeO/FeSQQ interfaces doos not -control the rote of
reduction.

Nows one is left with steps (B) and (c)s
which are likely to control the rate of reduction.
I¢ has been shown by Brinhenallgﬁ and comsorkers
that diffuslon of ircan through iron oxldo is fostier
than that of oxygen in iron. Thig observatlion is also
supported by the lapgar ionic padius of oxygon
ions (0 T = 1.32 3) aﬁ compared with that of Fe 2+
and Fe ions (0.87 A and 0.67 A). Thus 4t ¢an be said
that diffusion of iron through FeO or FesU, controls
the rate of reductions The activation cnorgy veslues
fodnd in the present investigation for the briquettes
reduced with stoichiumotric, 3/+» excess ond 8°/ excess
than stoichiometric omounts of low grade cole and wood
tharcoal are given in €able X gnd found €0 be in close
agreement with the rerorted value (66 Keol/gn mole),
for diffusion of iron through Fey0,. Hencop diffusion
of iron through Fes0, is the most probablo yate
determining stop.

The semi=logarithmi--ic rate law as shown
by Eq. (1) 1s found ¢to hold good even ahovo 887, reduetion.
But the slope of tho lines considerably changas ofter
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85% reduction which is 2 suggestive of the change
in mechanism of iron oxide reduction. Due to lack of
experimental data,the exact mechanism above 85/.

reduction could not be suggested.



Cﬂ'\PIg i wlV
PPLICATIUNS OF PRESLLEDUCED DEICULTTES

4,1, INTRODUCT ION

The pro-reducod briquettes with sufficlent
degroe of metollizotion can provide an attpractive subg=
tituto for conventionol scrop used in electric ape ond LID,
ntacl making converters. They con also provide @ ready
mesns of increasing hot motal production from blast fumace
when demond 1s high. Pre=peduced agglomerstes in tho fomm
bf iron pouders.after subjecting o crushing end magnetic
- coparation ¢reotmont can also be injected ¢hrough tuyereo
in ¢ho blast furnaces. This iron powder can 2lso be used

o8 o coolont meterial in the steel making processes.

Tho blost furnace is o kind of éounﬁorflow
roaetor in vhich tho deseonding burdon reocts with the
sscending rcducing gosos. Thug, the pre~roduced briguottes
charged in ¢ho fupnoce ore under soverc conditions of
proossure ond fomporoturge So the pro-reduced agglomerates
cuet possess corioln following proportioss othorwise,
tholipr disintegration occcurs which eauses detorloration
of Ctho furnaco porformonce resulting, consoquently, in

tho doercase of blast furnoce cffieloncy.

(A) Physiea) Proportios

The pre=reduced briquottes should hovo sufficiont
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physical strongth to withstond mechanical handling at the
time of charging in the blast furace ond cubsequently

¢to withstand hecavy loads under which the chargoe comprising
of pro-reduced briguettes 1s put in the furnosco. Moreover,
beside having physical oRrongth, brlauettes should slso
havo a propor size dictpibution i.e. nelther oxceésive
onount of fincs nor lumps, as they lower down ¢he smelting

cfficiency of the furneco.

(B) Behavicur ot high temperature

Pro~roduced agplomerstes, when charged ints the
furnace, ore firstly heatod by upstreaning hot gasos and
then reduced by carbon. Melting takes place in the lower
parte of the furnace. In fhisg course of treatmont, the
pro=reduced agglomeratos should nelther swell nor generst

fines as thoy impair the smooth operation(zv) of the

furnace.

(C) Chemisal Properties

The pro-reduction, whether carried out at mine
or steelworks, pre~rcducod agglomerates must hove suffi-
eiont resistance t. roonldation against otmospheric
onygon and humidity.
The prosence of aslkali cleoments such ac Zn, Pb and
1ike others ore hormful os they accelerate the wear of the
lining. Socme of the detrimental olements like Cuy, Ni ete.

¢an not be poparated from iron in blast fupnoee or in

gRoel making proceses, pro=reduced materisls should not

contain thoso olements as far as possible.



"

The presence of clag forming constituents such
ag $10g ALQOS etc. in pre-reduced agglomerates dre not
desiroble. Their presence increasesthermsl 100d on the
furnace, slog voluma, lime consumption and thus producte
ivity 1s offeeted.

(D) Dagrec of Beductien

The cdvantages of using prowreduced briquottes
viz. decrease in coke pote and lmerease in preduction |
dopend loargoly on degreo of reductiongs- This can bo
botter reslizod vhen wo consider ¢that pre-roduction of‘
hematite o wustite, whore degree of reduetion 1s only
38/. o 1s meoningless as much of éholoxygen is still to
be renoved. Morkod improvement in productivity can only
bo oxpected vhen pre~peduced materisls contain large
amownt'of matallic iron, in other'words by achieving high
dogree of poduction. The best rosults are obtoined with
1007/ pre~reduction. But this much reduction from procticol
point of vicwo can only be obtolnod at the oupense of
strength of pro-reduced bricuettes as to achicve 1007
roduetion, oncess amount of solid fuel would be needed
which would docrepse the strength of pre-peduccd dricuettes.
Therofore, tho dogree of reduction, génerallv roached,
Lo in betwoen 70 to 907 .

063 APPLICAYXONS %F PRE=REDUCED MATERIALS
IN_Xtiuil AUW STEEL pAKING

The onplications of pre-rcduced agglomerates in

iron ond steolmoking can be classified and discussed

in ¢tho follewing waye
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(A) Pre~reduced agglomerates in iron making,
(B) Pre=reduced agglomerates in steel making,
(1) Oxygen steel making,

(11) Electric arc steelmaking
(111) Continuous steelmaking.

4.3.1 PRE~REDUCED AGGLOMERATES IN IRON MAKING

Blast furnaces on account of their excellent
productivity and economics occupy s unicue position
in the field of iron making. However, its supremacy
has been threatened all over the world by the growing
shortage of metallurgical grade coking coal. The
scientists énd technologlists are actively carrying out
researches with a view to increase the productivity
snd decreaée the coke rates in the blast fnrnaco, Utitiz-
ation of pre~reduced burden is one such step in the way

29

of achieving these objectives,

Pre~reduced materials in the blast furnace

decrcase the coke rate and increase production. Their
use have been realised in two ways.

(1) Injection of pre-reduced materials in the form
of iron powder through tuyeres in an experimental
blast furnace.

(11) “harging of pre~reduced agglomerates in experi-
mental blast furnace. |

The experimental results thus obtained, agree well

~ with the theoretical calculations and can be expressed in

terms of increase in production and decrease in coke rate.
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¢ Steol company of'Canadd‘ has achleved 23%. inerease in

~ productivity and 207 decrease in coke rate by charéing
pre~reduced pellets (88,77. Fe and 90.67/. metallization)
which comprises of 307 of the total charge. At Hegachide
plant, Yawata (Japan), 18,4 increase in prnductioh

and 187, decrcase in coke rate have been obtained 4 by
charging sponge iron (69%7. Fe and 56/. metallization)
comprising of 40/. of the total charge. On gverage, it can
be said that each percent of pre~reduction intreases
produetivity and decreases coke rate by apprbximateiy 1Ysand
1/2). respectively. The injection of pre~reduced materials
in the form of iron powder through tuyeres in the blast fur-

nace have also been reported to be economical.

‘The most favourable conditions 30 for the applicat-

ion of pre-reduced agglomerates in iron meking occur, when

(1) tho existing blast furnaces can not copé up
with country?'s requirement for iron and steel.

(11) the cost of coke delivered to the blast fur-
nace is high.

The uge of highly metallized burden in the blast
- furnace is still open to question 3s pointed out by

Astier 30

» Since,already a higher percentage of oxygen
1s removed during pre~peduction, a high chaft of existing
blast furnace seems more or less useless as now it has to

perform ohly melting and refining functions.

However, use of metallized agglomerates in electric
smelting furnace seem to be jJustified 31 because of the

following reasons,
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(1) There is no pre—reduction inside the furnace
(11) Lorge dec?eaoé in eloctricsl energy requirevwents
and.buildinéf%f high voltage transformers leéd
to oroction of olectriesl smelting units in
the range of 1200-2000 pmetric tons of hot metal/
day.

4.5.2 PBE=REDUCED AGGLOMERATES IN STEEL MAKING

The pre~reduced agglomerates can be uged as a
‘coolant matorial or as a substituto for serop in L.D.
oteelmaking process. But very little work has beén.reportedSI
in tho literature as for s the use of metallized materials
in L.D. converter is concorned. It has been establishedsl
that the semi=continuous feeding of metallized ore of high
iron content to L.D. convorter during the fourth and eighth
minutos of tho blowing poriod produces very satisfactory
results, | | '

Tests carried out on 36 tonvexperimenﬁal converter
with motallized agglomerates have shown that conversion
to steel can take place wltﬁout ejocction and soni-continuous
charging during the blow can give rise to favouroble cool~
ing. Jepaneso steelmakors have also indicated Rhe favourable
sdvontage of using metallized materisls in L.D, steelmaking.
The following few advantages of using motollized moterials
have boen nentioned, |

(1) Unifopsity in size and chemical composition, |5 <7)7)

(L1) E-se of handling and welghing, thmfmmm‘
(434) Increasod control over finagl composition of steel.

(iv) Rapid molting, with a consequent roduction in tap to



tap interval time.

(B) Electric Steclmaking

Before the tlorld Yar II, due to high cost and
low production, clectriec arc furnaces were mainly used
fop tho production of alloys end special steels. In
the early 1980'3 ?2'33 as cost of power and scraﬁ
reducod, the arc furnpces were used slso for production
of mild steels and flat prodUCiso Many oconomic and
Qechnologlcal improvemonts e.qQ. improved furmatoe dewign,
ultra high power concept, odaptibility to ¢.ntinuous
casting and/or bressnro pouring et¢c. have brought the
are furnaces into prominent position all over the world.
Pre=~reduced briquottes‘with high‘deg?ee of metall~-
fzatlon have been shown to he an oxcellent foed for
electric are furnaées. It has beoen anticipated34 that the
minture of pre-reduced iron ore and scrap peduces the power
congumption 'by 10 to 26% and hest timings by 12 to 35%
Rutes of electrode wear and refiractory lining are improved
and the aly pollution prohlen is decreased to minimum.

Sibakin and his colleagues ™’

have reported that the heat
times for molts with sponge ironlassuﬁing 5°« acld gongue
would be conciderably lessy, at any sponge perecntage, than
the hoat times of all serap heots, Millar‘sg) has commented
over this and suggestod that gangue and unpeduced FeO in
metallized ogglomerates will relse the power consumption

and m~lt time., as the metallized ore proportion increases



beyond 607/ . However, it can be assumed that pre-
reduced ore and scrap 36 are lideal electrie furnace
steelmaking feeds.

It is worthwhile to mention the results of the

trials carried out at steel Company of Canada31 on an

experimental scale and at Luken Steel Company U.$.a.(37)
on commeré€ial scale. Steel Company of Canada could achieve
46% increase in produetivity in experimental electric
furnaces by employing eontinuous charging methods. A
substantial reduction in the overall heat time and refrac-
tory consumption has been reportedal. by the virtual
elimination of the normal refining period ascociated with.
all scrap heats. Commereial scale tests carried out by
Luken Steel Company, U,S,A. reported that in the 1ar§e
furnace'testsg electric energy and refractory consumption
is higher than for conventicnal all ecrap melts. These
tosts reveal that metallized agglomerates in electric |
furnace increase the productivity and result in clean
operation and easy adjustment of the final composition of
steel. _

It s established that the method of continuous

931’37_of pre-ruduced materials in electric furnace

chargin

Qill further increase the productivity, decrease the thermal

and electric load ind cost of production. The cost savings

will be due to the elimination of the following bperatioms
1) Material handling,

11) Reduced demands on the furnace emission control
oy stem.
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111) Reduction in the number of missed heats
because of better process control,
iv) Increased‘potential of closed loop computer

eontrol,

(¢) Continuous Steel masking

1f pre=reduced agéiomerates with more than
80%. metallization of constant physical and chemical
quality be maode available, then these can be used eff-
ectlve1y31 in the continuous steelmaking processes.
In BISRA *Spray refining' and IRSID processes the conti-
nuous feéding-of pre~reduced material in the powder
or granular form may be quite important and better
operational control could be achleved. British steel
tndustry will be using metallized charges as a coolant'

material for 'spray refining' process.



84

SUGGEST I0NS FOR FURTHER WURK

Further work can be suggested for studying the

. following aspectts,

1. Study of the kinetics of reduction of iron
oxide with charcoal and coke beyond 85% reduct-
fon..

2., Pilot plant studies tovproduce pre-reduced and
metsllized briquettes from charcoal and coke

from econonic point of view.
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APPENDIX *A'

The percontage éeduction,hae been calculated on
oxygen basis. Welght loss obtained after reduction is
due to carbon, oxygen and removable ingradients (volatile
matter in the reductant and ignition loss of iron ore
fines) removed from the bricuette. Thus the oxygen removed
during reduction is calculated by subtracting the sum of
weight of éarbon removed and removable ingradients from
the weight loss data obtained. Then using the following

formula

oxygen removed
theoretical removable oxygen *

100

the percentage reduction is found out.



TABLE -]

Aralysie of Iron Ore Fines

(A) Sieve Agélmg
Veight of Sample = 500 gms

SeNos| Sleve Size VJeL?ht retained I{ Weight retained
—{gms.) ,

1. 120 212.50 42,50
2. 150 288,50 57,560

(8) Chemical Analysis

S.No.| Ingradients ] eight percent
1. Molsture 0.48
2, Ignition loss 0.78

3. Total iron 53.37




TABLE ~I1

Analysis of Solid Reductants

(#0d charcoal and low grade coke)

(A) Sicve Analysis
Weight of Sample = 500 gms

| LOW GRalE: COKE | WouD CHAfquhL
Sl. [Sieve  [T3ight . Welght[Welght T Welght
No. |Size ‘refamed t ined retained retsined
I ! (ams. ) retaine (gms )
1. 120 186.60 37.32 108.45 21.69

2, 150 313.40 62.68 - 391.66 78.31

(B) Ppoximate Analysis

S1.1 {Froximate i‘f’roximate Anzlyeis of Wood

lo. |Ingradients Analysis of Charcoal -
Low grade Before Volatile|After Volatile

. _ coke matter removal Imatter removadl _

1. Moisture 0.92 wh.s 6.45 wt’/ 2,07 wt )

2. A¢h 29.47 wt A 5.53 wt'/ B.25 wt

3. Volatile . '
Matter 4.68 wt A 25.87 wtl . 6.49 wt 7.

4. Fixed Carvon 64.93 wt. 62,16 wtY. 83.19 wt 7.




TABLE Ill- Popeontoge theod with differont
Osl mm of Hg) -

|Composition of tho Drpiguetto
Iron ofo o 77, osa'?i.!z ==

omounts of

R

Tino of | L . Iren ore = 72,77/ |

grodo coke = 22,91/ Low grede coke = 27,23/
roduction (syolchiometric count of (6%, oxcoss than stolchiomotrie
(m1““%09: roductont) amount of reductant)

in__9C - | O¢ |

950 | 1000 | 1050 | 1100 T 13556 1 1660 (1050 T 1100 | 1160
10 - - - - 2| o _ - - - 22,0
15 - - 16,00 21.22%. « = 17,61 22041 26,42
30 13.01 16,16 82,04  26.69 29.| 14,38 18.12° 23.76 28,39 81.17
46 - 26,61 30.2033] - 26,80 31.07 34.18
60 16,52 20,99 28,10 52.46 35.| 18,16 21,89 £9.48 33,18 38.89
20 18.23 23.66 30.42 35.08 37.{ 20,02 24,30 31.78 36.81 38,45
20 19,26 26.66 31.56 36,59 38,] 21,11 26.41 33.00 37.22 39.29
60 33,13 37.40 36, | 34,46 38.24 39.47
80 20,06 28,01 34.12 37.89 39.| 22,77 28,62 35.68 38.66 39.49
10 34.80 38,06 39, /36,00 38.90 39.53
Ay 21.58 29.01 35.2%  38.23 30.{ 23,08 50.20 36.69 38,96 30.72
00 21.86 30,73 35,62 38,42 39.{ 24.38 30.98 36.93 39.01 39.92
60 22,46 31.21 26.82 31,63 |

—




TABLE 11l Porcontage welght locs of Lron ore briuettes reduced with different
anounts of Low Grade Coke under reduced pressure (0.1 om of Hg)

Time of

(ninutes

A

[Conposition of the Briguette
Iron ore = 17,08/

Low grade coke = 22,91
reducto (Stoicgiomtric wount of

reductant)

o

Iron ore s ™4 .43%4

Low grade coke » 26,67 ‘(.
(37 Excoss than stolchlometric
anount of reductant)

. = ,
380 1 1000 1 1660 1 1100 | 1160

Iron ore

amount of reduets

',2.?7 []
Low grede coke € 27,03/,
(6% excoss than stolchiometrie

at)

|  Briuetis | Commuition of the

EIE)

|60 | 1000 1 1060 [ 1100 [ 1180 011000 11060 [ 1100 ] 1160

10 I ¥ R S T/ ¥ B L
18 e~ 1600 PLER%686 - - 1692 2200 2801 - - 1741 20l 2642
300 1300 1610200 26,60 2980 1362 17,66 25,0 26,00 LIS W 16,12 23,2 28,39 BLIM
4 - el B2 210 30,60 33,68 2480 307 .18
60 1650 20,928,045 35,20 1741 2154 28,08 36 36,64 1,05 289 2948 3310 36,89
90 1,23 25,68 3042 35,08 380 10,25 .13 30,80 3045 3189 20,2 2,80 3176 36,61 388
190 1025 25,68 5156 3669 8.5 2032 214 32,90 36,92 38,59 LIl 2641 33,00 .22 39.%9
160 B3 0B W00 IG5 5,00 Mus B N4
180 2088 28,0032 3169 30,05 2148 5.2 M.90 38.25 3932 22,77 28,52 36,68 38,66 3949
210 .80 38,06 39,16 - B8 3846 3936 36,00 3890 39,53
0 2050 20,61 35.21 36,23 30,37 2341 20.88 30,96 367 3051 28,98 30,20 36,69 36,96 3972
50 2086 3075 35.80 30423045 .12 3088 3831 3.6 3962 . 0.8 3665 39,00 39,80
AR N 131 Ual Sl

26,82 31,63

eI
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TABLE «X

Value of Activation energies obtained below 85% reduct~

fon for iron ore briquettes reduced with different
amounts of low grade coke and wood charcoal under
reduced pressure (0.1 mm of Hg)

Reductants

Activation energy
(Kcals/gmemote)

pe. Excess Stoich-

anount than stoichio-{ fometrie amount

‘Stolchiometric rs'/. excess

metric amount

Low grade coke

Wood “hareoal

502+ 2.7 514 + 1.1 50.2 11.2
52,6+ 1.1 50.2 ¢ 0.8 52.5 11.4
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