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PRE. sac& 

Nowa-days iron is the measure of Economy and Show-
viw« of sound footing of any country. Thus the successive 
developments in the technology of iron production has 
occurred as 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 costs needed for the iron production in blast 

furnace, the present day research in blast furnace 
technology alms mainly at Increasing productivity and 
decreasing the coke rate. The use of pre- reduced burden 
in blast furnaces is one such significant development 
reported In recent years. Many countries e.g. Japan, Canada, 
U.S.A., etc. have reported highly encouraging results 
on the use of pre-reduced burdens in the blest furnace on 
pilot plants as well as commercial scales. But#  very 

little work has been done, in India towards,  production 
and utilisation of pre reduced agglomerates. 

Indian iron ore reserves are reported to be around 
21,140 million tons. Due to the soft nature of Indian iron 
ores and mechanised mining, huge amounts of iron ore 
fines are produced. The suitable grade coking coal reserves,  
are limited to about 15M million tons out of a total 

of 103,000 million tons of coal. Hence, in order to 
improve the economics of iron ore mining and smelting 
operations, the utilization of iron ore fines and low 



grade fuels are highly desirable. 

In addition to the above facts, the existing 

blast furnaces are not able to cope-up with country's 
requirement$ for iron and steel. These are two ways 

to increase the production of iron# first by errecttng 

new blast furnaces and second, to increase the 

productivity of the existing blast furnaces, Errection 

of new blast furnaces requires huge amount of capital 

,which is a handicap considering the economic situation 

of our country. Therefore, use of pre-'reduced burden is 

highly desirable to improve the existing capacity of 

Indian blast furnaces. This requires to develop a 

suitable process which can produce pre-reduced agglomera-

teet economically, and development of any process 

requires the study of the thermodynamic and kinetic 

factors affecting the process. 

Hence, this investigation hay been undertaken to 

thoroughly investigate the effect of process variables 

e.g. 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 charcoal as redo ct an t s • 

This dissertation has been divided into four 

chapters. Chapter I deals with a short reviEw of the 

literature pertaining to the various factors affecting 

the rote of pre—reduction and describes the kinetic 

studies by various workers in the field of solid state 
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reduction of iron ore by carbon. The advantages 

of carrying out prey- reduction under Indian conditions 

and that of under reduced pressure have also been 

pointed out* 

ChaptorrII deals with the deteiiQ - description of 

the materials with the method of their analysis, the 

experimental set-up and the procedure for conducting 

the experiments for kinetics studies of pre-reduction 

of iron ore briquettes. 

In Chapterriii, the results of the kinetic studies 

on the pre-'reduction of iron oxide in the briquettes 

consisting of iron ore fines and stoichiometric, 37. 
and 5%• excess then stoichiometric amounts of low grade 

coke and wood charcoal under reduced pressure (0.1 mm of 
Hg) have been discussed. It has been found that upto 

about 30% reduction, the reduction reaction is surface 

-controlled and highly sensitive of temperature. After 

30'/ and upto $5'/. reduction, the reduction reaction 

proceeds in accordance with the semilogarithmic relation-

ship r = C log t + X,, where r is the percent reduction, 

t is the time of reduction, C and X are constants. This 
be 

relationship is found toLvalid for both type# of reduc- 

tents (low grade coke and wood charcoal) at all the 
percentages (etoiehiometric, 37. and 57. excess than 

stoichiometric). The activation energy values for 
briquettes reduced with etoichiometric, 3`f. and 5/. 
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excess then.stoichiometric amounts of low grade 

coke and wood charcoals are 50.2 1 2.7, 51.4 1.1, 

t 0.2 1 1.2 0 52.5 ,4 1.19 50.2 + 0.8 and 52,5 	1.4 

Kcal s/gm. mole respectively. Fron the reported values 
of activation energy# the diffusion of iron through 
Fe304 is suggested to be the rate controlling step. 
Beyond 857. reduction# the relationship r r. C log t + X 
has been found to be valid, but within the scope of 
experimental data, exact mechanism could not be 
elucidated* 

Chapter-IV summartses the applications of the pre—
reduced briquettes in iron and steel—making processes. 
tt has also been pointed out that the pre-~reduced 
briquettes should possess sufficient physical strength 
and should not swell when exposed to high tempereltures. 
This ,chapter has been concluded with the remark that 
these pre-reduced briquettes are an excellent feed to 
improve the productivity of. Indian blast furnace. 

Further work on the studies of the kinetics  of 
reduction of iron oxide with wood charcoal and low grade 
coke beyond 85% reduction and preparation of pre—reduced 
briquettes on pilot plant scale have also been suggested. 
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CHAPTER —I 

LTBAPUcT 0.N 

1,01 	Sineo the blast furnace is the only vorsatilo 

unit for preduetton of pig iron, every effort has been 
,ado in recent years to increase its productivity and 

to decrease the coke rote. Factors contributing 102  to 
these i +provoments were, the use of  high top pre sure, 

humidification of blast, fuel injection throuO tuyores, 

oxygen enrtchmont etc. The technology of those improve-

ments have boon very well established and the reported 

roaults on the increase in production and decrease in 

coke rate have exceeded beyond predictions. As a result, 

the production capacity3  of the blest furnace has 

increased to a mark of 6000 tons/day while productivity 

of the bleat furnace has crossed the mark of 2.33 tons/m3,/ 
dt y-Japan has almost tripled her productivity fron 
0.81 tons/M3/day in 1955 to 2.33 tons/n3/day In 196?. 

U.S.A. hoc decreased the requirement of iron ore, coke 

and flux fc n 3 tons ;-,er ton of pig iron in 1957 to 2.5 
ton per ton of pig iron produced in 1966. 

Hoc evopo  the quest for increasing productivity 
and docroaaing coke rate moy beC0PC  up by Improving 

the blast funace burden In the following two woys. 

(i) E proving the burdon size i.e. the oizo of 

Iron ore, coke, flux etc. The trond now o 
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days is to charge blot furnace with ore in the site 
range of 0 to 8 mm instead of 40 to 10 may. 

(ii) catablishing  the quality and composition of raw 
matorials charged through blast furnace. Use of self and 

super—fluuod sinter hoe resulted in remarkoble decrease 

in coke rate. Besides, sintering and" po o,4 n 

briquotting has also been used for utilization of ore 

fines of a aide sizo Tango. The uniform s120 and shape 

of briquettes confer desirable properties, especially 

for melting. Moreover, briquettes have higher green and 

hvt strength as compared to sintor and pellets. Still, 
another approach to improve the quality of burden is to 

partially reduce the iron bearing msteriep prior to 

charging them in blast furnace. The partial reduction of 

iron bearing material i called pre—reduction which is 

recent innovation In the bio t furnace technology. 

Attempts have, been made to ichieve considerable 

reduction during agglomeration of iron ore bearing 
fines by the use of law grade fuels either outornally 

or internally mixed to iron ore. Theoretiol calculations 

by IR SIDS  chow that for every 30% metallization, 

productivity would incvase by7Y,* but above this the 

reward of pro—reduction docroasos due to incufficiont 

hoot utilisation. ?ho 'Ctoel Company of C-1nado4  has 

ochioved o 237 incroac in . productivity and 20/. 

doeroaoe in coko rotu by charging pro-reduced pellets 
(e8.'`/. Fo and 90.6`/. motallization) which comprises of 



3O 1. of the total cho rgg. Bepubi is Steel 9 U' 9►~ ha s 

obtained 4/ increase in production and 1l.3 decrease 
in coke rate by charging metallized briquettes (717. 
Fo and 84"/. metaltteotion) comprising of 14'x/• of the 

total charge. Hegachida Plant # Y'awata4 (Japan) reported 
18.4% Increase in production and 18/..decro3oe in coke 
rate by charging sponge iron (69.4 Fop 58/. metallization) 
comprising of 40'/• of the total charge. The highly 
Aeduced (over 927.) and metal) i2od (over gO7.) iron ore 
briquettes may also be used as a substitute for steel 
scrap in stool making. 

In view of the limited reserves of high grado 
coking coal and limttod capacities of our blest furnaces, 
use of preEroduced burden is highly desirable. 

L..2 FACTORS AFFECT  AFF1CT IIici P1 J ICU . I4,NE 

Sato of pre-  reduction of iron oxido with solid 
fuels is affected by many factors such as type of 
roduct to used$ the temperoturo, particle ai20 etc. The 
offoct of each factor on rate of pro-reduction can be 
oummariood as followo, 

1.2 .1 	OFTHk TYPQRpUcT1 US 

The wood chorcoole lignite coke and low grado 
coke hcvo decreasing offectivonoss in the given order 
in bringing about the reduction of iron ouidc • This 
is because of tho dffforonco in reactivity of carb*n 
of snood charcoals 1!gnito and low grade coke. 
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1 
182.2 EEFFE T  OF TEt1PELATURE 

The roto of iron ore reduction are found to be very y 

much dependent on the reduction temperature. yun7  studied 
on 'direct reduction of ferric' onido by solid carbon 

in vacuum and the results  indicated a marked increase 

in degree of reduction at the temperatures above than 
900°C, as shown in Fig.1.l (A). Vh11e the eitont of reduct" 
ion occuvrod at 700 and 80C was found to be o romely 

small, reaching chly 10 to 20/.evon after 5 hours. As shown 

in Figa 1.1(D) and -Fig. i.1(c ). The mouimum percentage 
reduction obtained was even less than 50/. if the reduction 

tompo nature is below 70C-o  while the percentage reduction 

incroesos rc; ierkobly if the reduction teiperoturos 

employed were re above 98700 when the investigation on 
hhinotics of Iron ore reduction by carbon was carried out 
under nitrogen atmosphere . As shown in Fig,l,,1(D)q  the 

higher fractional weight losses wore observed at 11040  ' 
than those at 9000( for the iron ore pellets reduced even 

with different lignite coke pereentages9. 

1,20z 

The kinetics of pre-reduction of iron orldo with 

solid carbon is largely o$f ected by the particle 9120 

of the rooctonts. It has boen reported that for a constant 

hematite partielo size and a Fo203/C ratio e.g. 1/3, the 

obsorvod time for half complete reduction with coorce, 
medium and ft  no to of carbon particles at 1(''°C is 

34 9  2? and 0 cinutos 4 The results are summortsd in Fig.1.2. 
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1,2,4 EFFECT OF HEt7ATa/CARBUN RATIO 
MI~II~~~i~llO~ilr~rrr~~ rrwr~ri~lw~rr~r+r`.ra~r~~Iw1~1A1p..rrrw` 

The reduction rates of iron otide are also of fected 

by the amount of carbon wood for carrying out the reduc-
tion. This anount of carbon is calculated on the basis 
of complete reduction and termed as stoichiora tric 
rocuirement. By using carbon more than stoicbia~notric 
requirement the reduction rate incroases. Studios carried 
out by Ghosh and Tiwari9 with different percentages of 
lignite coke as reductant in the range from .15 to 35'/. 
as shown in Fig.1.3 (A) ouggest that the higher amount of 
carbon increases the reduction rate. Similar rosults have 
also been reported by Rao where the f0203/C Patio was 

varied between 1/1.5 and 1/9 as shown in Figel,3 (B). 

1,2 5 EFFECT OF NITROGEN G S ATPOSPHERE AN XA2JUM 

BaldL in10 carried his experiments on reduction of 

iron outdo with solid couo under ►ttrogen goo otmosphere 
at difforont nitrogen gas flows. A pronounced effect 
of the variation of the gas flow through the reduction 
bod is obsorvod. With increasing gas flow the rote of 
Aonoval of ouygon doceeoe until o point in roachod whore 
further incroaso has no effect on the rate as sheen in. 
Fig.l.4. 

According to Le-Chctol l ior° s prtnetploQ thn u ce of 

01 
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Vacuum f cvpu r4 the ford roaet ion9  

r o + c 	ti 4 Co 

rihoro ID is any motol oxido. Thus a higher poreen-

Logo of Auction and notalli2otion may be observed 

Then reduction is carried under high vacuu . 

102.6  gFC CY . OF THE ALDI t NS OQD 
! 7j$TIVE AGENTS 

As 	in in Fig.1.5t  the rato of reduction of 

homatite plus carbon mtxture4 is dramatically increasod 

when fi'/« by s eight of 14O (knori'n as promoter for 

solution loss roAction) is added to the minturos and 

C noticeable decreaoe in the rote of roduction occurred 

in mixtures containing 8'/. by right of FoS 

(knottm as Inhibitor for solution lose reaction)6. 

V 
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1.3 K1NETlCS GF PRE-4 'DUCT ION 

The gaseous reduction of iron oxide has been 

studied extensively 11"2' 13 and ample experimental 
data are available for equilibrium conditions as well 
as for the reaction velocity, but comparatively little 

work7'8 has been reported in the field of solid state 
reduction. This is due to the difficulties encountered 
in meitur~.ng solid-solid interaction compared with 
gas-solid interaction* Moreover# the effect of gaseous 
phase during solid state reduction can not be avoided. 
The reaction between iron oxide and carbon may be 
represented by the equation, 

Fe20rg 

 

+ XC 	K 	+ V CO + zs .CO2 	 s .. (1. )  

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 carbon to for' more carbon 
monoxide or carbon monoxide may react with the iron oxide 
to give rise to more carbon dioxide. The step controll-
ing the rate of iron oxide reduction with carbon will, 
mainly depend on the experimental conditions i.e. 

whether the gaseous products of equation (I) are being 
Continuously removed from the reaction site and only the 

solid/solid interaction is taking place , or otherwise 
the gas/solid interaction is also taking place together 
with solid/solid interaction. Thus the two hypotheses'° 
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h avo been proposed to a trpl a in the reduction of iron 

oxide when it is intimatoly mined with solid reductgnts, 

like cohoq charcoal etc. These can be represented as 

fo1iowag" 
Foy(5) C(s) 	Eo3Oy_1(o) + cO(g) 	... (1) 

(diroct reduction) 

ire it0y (s) + CO(g) —++~ FeA 0VV l (s) t 002 (8) •o,( [... () 
CO2(g) + C(s) '-'--~,' 2C0(g)  

whero x = l 20 or 3 
when y = 1,~ 3, or 4 

Thermodynamic considerations cannot assist in 
deciding which reaction Is taking place, as the total 

reaction is tdenticAl in both eases. The view most widely 
held is that the two'stage hypothesisi-) is the iorc~ 

probable14 . However, Tamman and Zvoru ik in'b, Bauk ).oh 

et al16 and Vun suprorted the first hypothesis. 

They clnimod to have overcome the great difficulties 
ossotiatod with thorough degassing of the roacting 
substances and the interaction of the products of 
reduction. The preliminary dissociation of the oxide 
to give oss gon, a ich than combined with the carbons 

woo proposed by Tamman and Zvoruikin15• Lnukloh and 

Qurror17 suggested that diffusion of solid carbon was 

the rate dotormining proc0 ss. 
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.(A) KZi ETXCL STUDIES 91 i}YjECT i#QN O RgRU.CT1C 

In the direct reduction0 carbon is assumod to 

.act directly with iron oxide, producing carbon 

monoxido al cg with o certain amount of carbon dioxide. 

Stoichiametpically the process may be represented by 

equations 

Fo xOy  (S) -a C(S) 	PoV0 y.1(S) + Co(g) 

2Ve1tOy(S)+ C(S) 	2Po,Oyw3(S)+• CO2(g) 

where u and y are assigned the same values as before. 

The direct reduction may be visualized as beginn-

ing at the points of contact between iron oxide and 

carbon particles, and as the oxygen is removed from the 

to1id in the form of CO or 0029 islets of reduced 

Iron appear on the outdo surface and eventually join 

together to form a continuous shell around the still 

unreduced oxide. Further reduction is assumed possible by 

diffusion of carbon atoms, through the reduced iron shell 

to the iron/ouide interface. The interfaciol chemical 

raactton involving oxide and carbon is pros ed to occur 

relatively rapidly as compared to the diffusion process. 

Consistent with these views, ft tiUoh and Dur or and Yun7  

have proposed that diffusion through the product layer, 

i.e. reduced Iron sheli0 is the rate limiting step. 

Direct reduction of iron oxide by carbon is possible only 

when the gasoous producto of reactions, t•o. CO and COB, 

are removed from the reaction system as fort as these are 
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generated. Thus Baukloh of ell'7 A Arkharov of ci and 

Yun7  have conducted dipoet reduction enporinc is in a 

vacuum of 2n10 2  m Hg 4  iu10 3  tin Hg and Sul 	mm Hg 

roopoctively and eta imod to have overcome the problem 

of removing tho gaseous products. 

It has been obror rod by Jandor (cited by Yun7  ) 

that ondothormic reactions in the solid stato follow 

the goneral diffusion laws that are applicable to crysts-

Limns materials. Hence the temper Lure at which a reaction 

begins is closely related to the thermal vibration of the 

atoms or molecules in the crystal lattices. The theo-

retical oquotions for the dependence of intersol 

reactions on time# particle size and temperature wen 

developed by 'ander'99 Gristling and grounshtoin20  and 

Carter 

 

21 by applying the diffusion laws. 

	

-2 	2D Co 
I-(1-f )h"3J 	t K t (Dander) 	... (3) 

r 

f . (iIf )2/3  j= X t 	(Ginstl ing at al) ... (4 ) 

	

Z» i t t Z-1x1 	.  
- • 	 K t (Carter)... (5 ) 

whore D is the (carbon) diffusion coefftctontD Co is the 

initial concentration of diffusing elomenty y is the 

Initial radius of the orldo particle and f is tho fraction 

acted at time t, and Z is the ratio between the volume 

of the final product and that of an equivalent amount 

of the initiol reactant(O.47  fop 2Fe : F 2O ). 
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These three oquotions were derived on the 

common understanding that 

I) the reacting particles remain spherical during 
the course of the reaction, 

if) tho reaction is diffusion-controlled and obeys 

Fick's lave and 
iii) One of the reactants diffuses into the parti-

cles of the other. 

In deriving equations (3) and (() it is further 

assured that the size of the particle remains unchanged 
during the aaction. In addition to theses  Eg0(3) also 
assumes that the diffusion takes place through a plane 
surfeco. Although Eq. (6) derived on a more rigorous basis, 
may seem preferable, nevertheless it has been shown that 
Eqs. (3) and (4) are equally satisfactory in fitting 

the data229 and a plot of [1- (i-f )11'3) Vs 't' most have 
a constant ,tope, if the reduction reaction is carbon 
diffusion controlled. 

In 1'ig. (1.6 ), the direct reduction kinetics 

dotormined by different investigators are shown accord-
Ing to Eq. (3 ). The euporimontal results of Bavkloh and 
Du rpor17  are found to be in good agreement with the 

predicted linear behaviour. Corking especially with a 
a high vacuum of fi zlO min Hg, Yut%7  obtained direct 

t duction rosults ihicho as shown in Fig. 1'6 o doviato-
considorably from the linear rolationship. Thus it has 
been stated that diffusion of iron atoms instead of 
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carbon within the oxide crystal is the to doter- 
r mining process. This stoterent was based on the fact 

that the rate of reduction ' is nearly constont at constant 

composition of the gaseous phase in the course of reduct-
ion of wu st ate to metallic iron. 

The diffusion of iron atoms in the oxide crystal 

• is the rato determining process, could be bettor under-
stocid by kna ng chongo of crystal structure during 
reduction in accordance with the stage of reduction. In 
the roduct ion soquencog 

Fe2tJ3 --~ Fe304 . --, FoQ 	Fo 

the second and third steps are known to be autocatalyttc, 
on completion of first step, a minimum reduction velocity 
is usually observed, after which a distinct increase of 
the reaction velocity occurs. Referring- to F194(117) 
the transfovmtton of ferric oxide, a Fe2O3 	Y FeO, 

tahos place prior to the reduction of oxido botween ^OOO" 
and 4000x0 In this transformation¢ the metastable ferromagnt-

tic spinal (y. Fe2O) is formed from stable u•Fe203. A 
high coneontrotion of Fo a+ the surface layer of this 

spinal is setup as the resuttr of interact ion between the 
carbon and oxygen (from the external oxide layer), produc-
ing ry gradient of Fe-concentr?tion through the spinel 
layer. As iron ions diffuce-inside, a layer of magnetite 
grows from the Y-Fe2O3 with tho advanced doge o of reduct ions, 

4 Fè O3 + Fo 

In this instance ferric oxide is completely converted 
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Volume In the Course of Reduction of Ferric 
Oxide 
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into magnetite at about 117. reduction. In accordance 

with the successive interaction between ferrosoferric 

oxide and graphite,. wusttte will be formed on the 

surface of magnetite, and further reduction (Fe304 	FeO) 

takes place, as a result of continuous transfer of iron 

Sons through the wustite to the interface with magnetite, 
the magnetite will be converted to FeO according to the 

reaction, 

' 	 Fe304  + Fe 	4 FeO 

The lattice orientational resemblance between the Fe304 

and Fe0 lattices facilitates the above transformation. 

After magnetite is transformed completely to wustite, 
Fe'4ons are continuously created on the external surface 
of wustite and they begin to raise the Fe–concentration 

throughout whole wustite layer by diffusing inward, 
filling in the vacancies of iron ion sites of the lattice. 

Upon reaching the maximum concentr - tion of Ee-ions in 

FeO (i.e. filling all Fe–ion vacant sites in wustite), 

there is 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 

80000 because there to no metallic iron reduced from the 

oxide• 
The transformation of, 
Fe304(sp•gr.O.2 c.c./gm) 	FeO(O.19 c.c./gm) 

is considerably easier than. 

FeO(sp,gr.O.i9? c.c./gm) —0- Y Fe(0.123 c.c./gm.) 
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since here the decrease in sp.volume is compprotively 

large than in first case. 

Thus the diffusion of Fe-ion a within the oxide 

d otal is established as the rate determining process 

in the direct reduction of ferric oxide by carbon. 

(c) 

Accopding to this hypothesis of iron oxide 

roduetions carbon posses through the intermediate stage 

of carbon monoxide formation prior to reacting with the 

oxide, furthoro the direct reduction contribution involv-

ing solid/solid interaction is regarded as relatively 

small compared to the magnitude of the gaseous reaction. 

This iron oxide reduction mechanism may be considered 
in trio-stagos viz. tho reduction of hematite to iron by 

carbon monoxide i.e. equation 2(A),  and the solution 

loss reaction i.e. equation 2O). In the first stage 

of reduction process, the slowest stop is the reduction 
of vustito to iron by carton monouido. As postulated 

by i halafelle and co-workers 3, it is suppoosod that CO 

is first adsorbed on the oxide lattice according to 

react ton, 
CO(g) --- 	CO (adsorbed on oxide) 	 ...  (a ) 

which is followed by the reactions according to following 

sahomee 
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C©" (ad) + CO (g) 	C0; (ad) + C (Free carbon atom) 

C Fof (S) 	— )- 00* (ad) + Fe 

CU"-(ad) 	'"..- co(g) 

CO2(ad) + Fe(S) 	FeO(S) * CO*(ed) 

CO2(ad) 	 CO2(g) 

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

was shown to be the slowest and rate-'determtn ing step23. 

In the second stage of the reduction process, it is 

postulated that 002 is first adsorbed on C-particles 

CO2 (g) 	Cod (adsorbed on carbon) 	 .. (g) 

and is followed by the reactions, 

CO2 (ad. on C) 4 C } 2C0*  (ad.on C) 	.. (h) 

C0 (ad* on C) 	CO(g) 	 .. (t) 

The activation energy for the reaction (s), the slowest 

step in the first stages  to found to be in the vicinity of 

50 Keels/mole 3.. For the reaction (h), the so-Galled solution-

loss reaction, Meyer (as cited by R o8 ) determined the 

kinetics and found it to be a zero order reaction with an 

activation energy of 90 K,C, 1./mote Rsoa  concluded that, 

reaction (h) 0 the so"calied solution loss reaction , may be,  
the rate controlling step in the overall reduction process, 

because of the proximity of its activation energy to the 

values determined during his experiments. 
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1.4 iMP UBTANCEOFv~,.:TI..:.TIC~ INRI—AU, .D1T~ 

India is fortunate enough in having large reserves 

of high grade iron ores, the basic raw materiel for 
Iron and steel making# . The reserves are reported24 

to be about 21,140 million tosses with an average iron 
content of 52/. and above: out of which the proved 

reserves are around 5400 million tonnes. Due to the 

mechanised mining and soft nature of Indian iron ores, 
ae high is 40 to 607. fines are produced. This percentage 
is likely to increase when pining is carried out at the 
greater depths. On the contrary, the metallurgical grade 
coking coal reserves are very much limited# about 1500 
million tonnos. Their distribution is localised mainly 

in Bihar and Bengal regions. 'fie non-coking coal and 
lignite coke reserves are about 103,000 million tonnes 
and distributed uniformly all over the country. 

The iron bearing fines and low grade fuel e# as such 

cannot be used as a part of blast furnace chargeduue to 
apparent disadvantages# These iron ore fines can be 

part ially reduced with the help of low grade solid fuel sr 
either externally or internally mixed with them. These 

pre•reduced agglomerate$ can prove an excellent blast 
furnace charge and thus the problem of utilization of 
these fine and low grad• fuels may be reduced to a 
minimum. Therefore, it is advisable to pay sufficient 

attention to find out the possibilities of producing 

pre 'reduced briquettes from low grade fuels which in turn 
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can explore new possibilities in the technology of iron 

and steel production. 

The primary need under Indian conditions is to 

develop an efficient process which can produce pre-reduced 

agglomerates of constant physical and chemical qualities 

economically. It is, therefore, worthwhile to thoroughly 

investigate and develop an economic process of pre- 

reduction. utilising indigeneous low grade raw materials 
like lignite coke, anthracite, wood charcoal etc. 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 35/• lignite coke as reduetant 

in the pellet„ Ghosh and. Tiwart 9  had achieved 907. reduc- 

tion but no metallization has been reported# Koria and 

Jens6  in their work on production of pre-reduced brtauetteca 

from Indian ore fines# intimately mixed with lignite coke 

or wood charcoal, could produce 1©0'/• reduced and more 

then 907. metallized briquettes* 

The problem of association of iron are minerals with 

gangue can be solved by using pre-reduced agglomerates 
after subjecting it to magnetic separation. This sort of 

treatment removes the iron bearing fines from the gangue 

and thus fine iron powders can be produced, which can 

either be Injected through tuYers to the blast furnace 
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or used as a coolant material in the 4teel making 

process. 
In the present investigation, the studies on the 

kinetics of the pre—reduction have been made to 

elucidate the mechanism of reaction for knowing the 

exact influence of the experimental variables, such 

as to achieve maximum possible pre-- reduction and 

metallization of iron ore briquettes reduced with low 
grade coke and wood charcoal. Hence, this investigation 

has been under taken to study the effect of different 

amounts and type of reductants, temperature and time of 

reduction on rate of reduction and percent metallization. 



CHAPTED II 

EXPERT ENTAL 	JLK 

The present chapter deals with a detailed deceript-

ton of the row materials with methods of their 

analysis (chemical and prox .mate)o the method of 

briquettes preparation, the experimental setup and 

procedure ueod for carrying out the reduction with 

different porcontages of low grade coke and wood 

charcoal. 

2.1 HASH MATERIALS 

The raw materials used for the present investigation 

were iron ore fine% in the size range -100 to +150 mesh 

and reductonts, low grade coke and wood charcoal in 

the ea;n et!e range. 

2.1.1 IR0f OI E 

The iron opo fines wore screened and the fractions 

botwoon -100 to 4164 mosh size were stored in dry 

beakers after chemical analysis. 
(o) SIEVE ANALYSIS 

Sieve analysis of the iron ore fines was performed 

in a Denver sieve set having sieves arrengod according 

to Taylor's series. A 400 gn. ore sample was put on 

to the top of 100 mesh soave and o 120 mesh sieve ties 
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placed in between 100 mesh and 150 mesh sieve. This 

assembly wag then transforred to the sieve shaking 

machine and ehakan for 15 minutes. The amount retained 

on each ,siove was weighed. The recults are roported in 

table-I(A), 

(b0 CHEMICAL ANALYSIS OF 1,lot, ORE 5  

MOISTURE DETERMINATION 

5 gas of ore sample was weighed onto a watch glass 

and heated in an oven at IC6°C till constant weight was 

obtained. It was then cooled in a dessicator and weighed. 

From the loss in weight measurement, the moisture percent-

age in the oro fines was calculated. 

LOSS ON IGNITION 

One gm. of ore sample was f rst ignited to 500oC 

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

constant weight is obtitned. From the loss in weight, 

porcontego loss on ignition was calculated. 	_ 

IRON DETERMINATION 

The 1s'on percentage determination in the ore fines 

was done by titer- ting a reduced solution of the ore in 

hydrochloric acid against a standard solution of potassium 

dichromate. 
08 ; o;  of the ore sample was weighed and trane-

forred into a 250 ml. conirsl flock. To this, 10 ml. 

of cone. HC1 was added ash heated gently for 1+x-15 minutes 
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and then rate of hosting was increased to bring to a 

gentle boil. The oolution was evaporated to drynosr, and then 
about 10 ml. of Conc.HCI and 40 ml. of cold water was 
added. The diluted solution was heated to boiling and 

then reduced by adding stannous chloride solution till 
the red colour of ferric iron w s completely disappeared. 
A fow excess drops of SnC12 solution was added and the 
flask was cooled quickly to room temperature by putting 
it under running tap water. To this about 10 mi. of 

mercuric chloride (HgC12) solution was added and the 

solution was diluted to 200 ml. with distilled water. 

The diluted solution was titrated against a standard 

solution of potassium dichromatep stirring all the times 

with a glass rod# Two to three drops of an internal 

indicator consisting of a solution of one gm. dipheny- 

ia nine in 100 ml. cone. H2SO4  was added which gave an 

intense violot»b uo colour at the end paint. From the 
consistent readings of the volume of potassium dichromate 

sample 
consumed, the percentage iron in the oreAvas calculated. 

The chemical analysis of the iron ore fines used 

in this Investigation is given in tbble i-(B). 

2.1.2 SOLID RED1JTAI'!TS (Low grade coke and wood charcoal) 

The colid reducing agents used in this investigation 

were low grade coke and wood charcoal. Those were crushed 
and sieved. Fines in the range of -100 to +150 moth iierre 
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stored in dry beakers covered with watch glass. Sieve 

analysis and pro rim;te analysis were then performed 

on the reductants. 

(a) SIEVE ANALYSIS 

k 	Sieve analysis of low grade coke and wood charcoal 

powdons wore performed to the similar way as described 

in 2. bl (a) and the results are cummarisod in table 11(A). 

25 
(b) PROXDAATE ANALYSIS 

It consisted of hesting coal under standard condi-

tions and determining the amounts of moisture, volatile 

matter and ash* 

MOISTURE DEl iNATION 

1.0 grrc. sample of low grade coke or vmod charcoal 

was weighed in a silica dish and distributed uniformly 

on the dish with the help of nickel wire loop, Sample 

sticking to the wire loop was transferred to the dish with 

the help of camel hair brush. The dish without the lid 

was placed in an oven adjusted to 10500 and h eetod for 

on hour or till the constant weight in obtained. The 

dish was then covered with lid$  cooled In a d-e ssicator 

and weighed. Tho lose In weight expressed as percentage 

of total weight of coke or charcoal sample before hoating4 

gave percent moisture. 

VOLATILE MATTER UETERM INAT ION 

Ono wn. of coke or charcoal sample was weighed and 

taken in a silica crucible provided for the purpose of 
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volatile matter dotermtnttion. The crucihle was then 
heated in an electric furnace to 9~0 t 25°C for 

seven minutes. It was then taken out from the furnace, 
coolod in a dessic-3tor and then woighed. From the 
percent woight loss, the porcentogo of volatile matter 
was obtained by subtracting the amount of percent 
moisture. 

ASH DETEF;M INKTION 

One gm. of coke or charcoal sample was weighed 

in a silica dish and it was then placed in an electric 
muffle furnace at room temprerature. The furnace temperature 
was raised to 4000°45000 and this temperature was maintained 

for 30 minutes. The dish with open lid -,as then trans- 
ferred to another furnace maintained at '77' i° 1 25°CO 

After heating to about an hour0 or till the black particles 

were burnt, the dish was covered with lid, reiroved from 
the furnace and cooled in a dosoicator. From the right 
of the residue, the percentage of ash in the coko or char-
coal sample was calculated. 

FIXED CARBON pETUinINATION 

The fixed carbon percentage In the reductants were 
c~,e~ermsned by subtracting the sum of the porcentaps of 
moisture, volatile matter and ash from 100. 

The proximate analysts of,.as received, low grade 
coke and wood charcoal used in this tnvootigation 

is given in table -It(B). 
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2.1.3 t.IETHUD OF f Ety0V ING VOLATILE. MATTER 
F o VIUQD CHARCOAL 

A preliminary treatment had been given to, wood 

charcoal po der to remove volatile matter. About 300 gms 

of wood charcoal was put in graphite crucible. Tho 
graphite crucible with the open end Closed by the lid 
was heated to 903°*$6°G in an electric muffle furnace 

for about 180 minutes. The cruieible was then tenon 
out and cooled In o desstcator. 

The proximate analysis of this troated wood charcoal 

was done in a similar way as described in 2.1.2(b), The 

re au its are reported in Table I — (B). 

2.2 BRIQUETTES PREPARATION 

For the pr000nt Investigation, the briquettes were 
made on 'Specimen mounting machine'. 

The briquettes were *made with stoiehiometric0  
3% and BY. excess than stoichiometrtc amounts of each 

roductant out of low grade coke and treated wood charcoal. 

The stoichiometrid roquiremont of the reductants vies 

calculated on the basis that reduction product is 1006 

carbon monoxide* The iron oro fines and the reductant 

were taken in dostrod proportion and thoroughly mixed. 

To this mixture, a little amount (about 5 ml. per 100 gms. 

of mixture) of vsator is added. This mixture is filled in 

cylindrical die of 1.3 cm. internal diameter and 7.6 can. 

length and the mixture was pressed with the help of 

plunger on 'Specimen mounting r achine' to a pressure, c4  St 
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h$s./cm2. Tho briquettes were 1.3 cm in die. and 1.0-1.5 

cm. in is ng h. 

2.2.1 DRYING OF BRIQUETTES- 

The briquettes wr3ro first air dried and then in 

an ovon, at about 1200C for a day. This time was found 

to be enough for complete removal of moisture. 

2,3 EXPERIMENTAL SETUP 

The onporimontal Cot-up usod for reduction of 
iron ore briquottos is shown in Fig.2.1. The thole 

cesembly can be divided Into three main units namely#  
(a) Drying unit, (b) Vacuum units  (c) Reduction furnace. 

(a) DRYING UNIT 

It is an oven used for drying the briquettes 

which were kept in different pyror beakers for different 

amounts of different roductants. A significant absorption 

of moisture from at-nosphoro was found and so to eliminate 
this moisture, the briquettes ware dried time to tune, 
and than used for reduction studies. 

(b) VA+CUMI UNIT 

This unit consists of a rotary oil vacuum pump 
and connection tubes. Tho vacuum pump is connected with 
tho reduction tube through a throo rioy cork through 
which tho roduction tube can oithor be connected to 
vacuum pump or to the strvosiphoro for vacuum release. 

Tho evacuation which was achieved with the rotary 
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Fig.2.1. cperimental Set-up. 
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vacuum pump employed for present Investigation rigs 

of the order of 0.1 mm of Hg. 

(e) RE LICT ION FURNACE 

The reduction furnace has the following 

specifications,, 

(f) TYPE 	 Single phase resistance muffle 
tube horizontal furnoce0 

(1.i) DIAMETER OF ALIt INA 3 inches. 
MUFFLE 

(iii) LENGTH OF ALUP9INA 
MUFFLE 

($v) LENGTH OF UNIFORM 
.TEMPEC~AT JRL ZONE 

(v) RESISTANCE OF 
WINULNG 

(vt) POR INPUT 

(vii) MAXIM( OPERATION 
TEMPER, tTU, E 

2.4 tochoso 

about 10 inches from closed end 

35 ohms. 
I * 78b KW 

1250°C 

An energy regulator for temperature control, a 

temperature Indicator for temperature measurement and 

an ammeter were provided on the control board with the 

furnace. An outotransformer for controlled voltage 

supply to the furnace has also been employed. 

The sockets were provided at both the alumina 

muffle ends p to close any one or both of its ends as 

desired. A Pt"P't/137• 'Rh thermocouple was calibrated 

and then used for temperature meosuremonts. 

An alumina tube (0.75 inch in die. and 24 inches 

in length) closed at one end was used as a r000tton tuba. 

Tho open end of reaction tuba was connected to vacuum 

pump through a solid rubber corlt• 
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Somtcylindrtcol stainless steel boat o 15 cm. 

long and 1.6 cm wide was used for keeping the briquettes 

in the reaction tube. 

2.4 PROCEDURE FOR CARRY I Sta OUT PRE«.RELYJCT a4N 
OF ,100:14 ORE BRIQUETTES 

The briquettes made out of compacting the desired 

proportions of iron ore and low grade coke or wood 

charcoal finoo (stoichic etric, 3'/• and 5'/. ercoss 

then stoichiomotric counts of reductants) followed by 

removal of noisturo0 were weighed in a chemida1 balance. 
Si v briquettes each of different amounts and nature of 

roductants at a time were kept in stainless steel 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 proper evacuation 

(0.1 m-r of Hg) the reaction tube containing the briquettes 

was then inserted into the furnace which was adjusted 

to the desired temperature. The furnace temperature was 

kept 50C higher then recu i.red, 89 this was found to he 

temperature difference between the outside and inside the 

reaction tube. The time of introduction of the reaction tube 

was considered to be the starting of reduction reaction. 

After keeping the briquettes at desired temperature and 

period the Pooction tuba was taken out from the furnace 

and cooled in otmosphoro under vacuum. Then the vacuum 

coal was broken and the bviquottos were taken out v:3ighed 

and anetycod for residual carbon content by the method 

of corbon combustion to CO2  and eboorbtng it in potass-ium 

hydrontdo. Xn this way the euperiments wore performed at 

95Q°C, 10000,0  1100°C and 116O0C for different intervals 
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of time (ranging from 5 minutes to 360 minute€) with 

sto ieh iometric, 3/. and b% oxcoss than stoich iomet ric 

omounts of lovi grade coke and wood charcoal. 

2.6 ANALYSIS OF THE REDUCED BRKUETTES 

The reduced briquatt s have boon onalycod for 

determination of carbon percentage by otrohloin apparatus. 

The oxidation of carbon to done at 1100°C in o otroam of 

dry and pure oxygen to yield carbon dioxide. The whole 

volume of carbon dioxide plus excess  oxygen from the 

combustion tube is treated with KLOH solution to absorb C. 

The amount of CO2  absorbed by 1KOH solution is calibrated 

In terms of percentage of carbon on the measuring burette 

provided with the apparatus. 

The carbon percentages left after reduction are 

reported in table V and table VI for the brtquottes 

reduced with stoichtometric, 3/. and 5y. excess than 

stoich iometrie mounts of low grade coke and wood 

charcoal. 



C PTER III 

RESULTS AND DISCUSSIONS 

3.1 RESULTS 

The percentage weight loss obtatnod and porcon-

tage carbon left for briquettes reduced with stoichio-

metricr 3/. excess and 57. ogceas than otoichiomotric 

amounts of low groCo coko and wood charcoal in the 

temperature range (950 to Ll5O°C) For different 
intervals of time (5 minutes to 360 minutes) under reduced 

pressure (0.1 m' of Hg) are given in tobxos t1t to VI. 

From the weight loss measurements and carbon analysis, the 
percentage reduction of iron oxide in the briquettes 

is calculated. The results are given in tables VII and 

VIII and plotted in figures 3.1 to 3.0 at various porcen- 

tages of low grade coke and wood charcoal. From those 

plots, it can bo observed that the initial stage of 
reduction upto about 30/., is highly temporaturo conaitivo 
and also depends on the nature of roductonts. The wood 

charcoal is found to be highly reactive as comport d to 

low grade coke. 

In Figs. 3.? to 3.12 log percentdg- reduction 

is plotted against log time for briquottos reduced with 

different amounts (otoichiometric, 37. and 5. excess 

than stoichiomotric) of lots grade coko and wood charcoal 
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in occordonco with tho rolationshtp r = (( tn , +;!hare r 

is percentage oduetion, t is time of reduction, n 

is slope and K is a can stante If this low would have 

been obeyed than log (r) vs log (t) houtd give a 

straight line, but in the present investigation no 

straight line has been obtained. 

Prom the plots 3.13 to 3.18 0  the following 

rolationship sooi s to hold good in the present 

investigation 

log t + X 
	

(i) 

where C and X Oro constants* In these plots the initial 

percentage reduction values upto about 307. reduction 

have not taken into eon sidoratfon. The Eq. (1) to found 

to be valid for the roductents, low grade coke and 

wood charcoal at all temperatures ranging from 980 to 

1100°C upto 856 reduction as the lines are nearly 

parallel to each other with the slope as shown in table 

IX. Beyond 85%. reduction# the slope of the lines for 

various temperaturos changes for both types of Peduetants 

as shown in the sane table IX. The lines are again 

straight and parallel. The change in slope after 857. 

reduction is perhaps due to change in mechanism of 

iron oxide reduction. 

The activation energy values for briquettoe 

reduced with diffor3nt amounts of lc t grade coke 

and Wood charcoal are calculated in o similar way as 
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ndoptod by Lrio and Jonos in their work on production 
of pre-reduced briquettoo where a similar relationship 
is reported. Dy differentiating with respect to t9 
the equation no. (i), we got 

or df - 4 

Hence according to Arrhonious oquation, at . all 
tomporaturooa,, the reciprocal of time for attaining 
o dofinite adduction r (value), should be proportional 
to 0"E/RT, whore Et R and T are activation energy, 

gas constant and absolute temperature respectively. 
The log) vs ~ old for briquettes reduced with stoich-- 
tomotric, 37. and 5% oncoss than ootoichiometric 
amounts of low grade cote and wood charcoal at the 
dofinite reduction pbrcontag3s (2a)7. , 3u/. q 40% and 
80/. reduction) are plotted in Figures 3.19 to 
Fig. 3.24. The activation onergy values with their 
coon dovinttan have been calculated from the slopes 
of those cusavos and the values thus obtained are given 
in Tablo X. Doyond 857• roductiono' the activation 

onorgy values could not be calculated because of 
in cufc f is tent data. 
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PRESSURE (0.1 mm OF Hg) 



c 90' 

x •'--••  

.4 

ç 	• 'r 

(1 	 - 

1.. 

.J J 
/ 

FIG. 3•5-PLOT OF PERCENTAGE REDUCTION VS TIME FOR BRIQUETTES REDUCED 
WITH 3% EXCESS THAN 5TOICHICMETRIC AMOUNT OF WOOD CHARCOAL 
UNDER REDUCED PRESSURE (0.1 mm OF Hg) 
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- 	 -
IN- 

 - - 
- 	 - 

. 	
-I. 

/ Z 

PLOT OF LOG PFPCENTAGE REDUCTION VS LOG TIME FOR 
BRIO.UETTES REDUCED WITH 5TOICHOMEiRfC AMOUNT OF 
LOW CR/DE COKE. UNDER REDUCED PRESSURE(0l'~nrn OF Hg) 



0 

LL 

{1J 

1..r~ 

I 	5- 

0 	9.L c 
D0 0 v 

. 5 C 

j L_ 	1 	 - -- — 	L.. 	l 	_ 	 . —.... _ ___j 

	

J 	C 	 5C. 	i0G 	 c{iU 

LOG TIME IN MINUTES 

FIG.3.8_ PLOT OF LOG PERCENTAGE REDUCTION VS LOG TIME FOR 
BRIQUETTES REDUCED WITH3% EXCESS THAN STOICHIOMETRIC 
AMOUNT OF LOW GRADE COKE UNDER REDUCED PRESSURE 
(0.1 mm OF Hg) 



50 

i 	 r 

r 	 {/ 

f 	

~ 

.r  

^r' 

r 

T 

V 

r 	 J p. 

L33 	TME 	IN 	1v'IN'JTFS 

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 
(0 7mm OF Hg) 



51  

f 

1 	7 
1 	p .✓J 

th 

lid 

J 

I 

J n 

IL-. 
+~  

/. Y' 
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3.2 DISCUSSIONS OF THE RESULTS 

From the resu 1t sg reported above, it is coon that 
during initial stages of reduction o t~ a reaction rate 
is relatively very high. This may be due to the surface 
reaction between the reactants. After sometime o when 
appreciable reduction (about 3U'A ) due to surface 

roaetion has taken place, the results obey the semi-
logarithmic rate law relationship as given in Eq. (i). 
The validity of somilogarithmic rate equation in the 
present investigation suggests that the chemical 
roactiono at tho interfaces (F0304/Fo2O3, FoO/Pe304 and 

Fo/FoO) do not control the rate of reduction of iron 
orido. Hence, after 30% reduction and below 857. reduct-

ion tho following stops can be considered to .elucidate 

the oszoct mechanism of iron oride reduction. 

(a) Diffusion of carbon through iron to Fo/FO 
interfoCo. 

(b) Diffusion of iron throuc 	' FoO to Foe/Fo304 and 
subsequently through Fo3q 	to 1Fo304/FopO3 interface. 

(c) Diffusion of onygen through iron to Fe/C 
interfoco and subsoquently roacting with carbon. 

If tho Poto of carbon diffusion controls the overall 
reaction volocityp then as suggested by Jandor199 thero 

should bo linear relationship botwoon(1-3 , ~-)2and timo, 1nU 
whore 11 boin porcentago of reduction. However, no 1 inoar 

relationship is obtoincd with both typos of roductants(low 

grade coke and wood charcoal) in the tomporaturo range 
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950 to 1150°C for different omounts of roduetants 

in the present investigation as Chown in figures 

3.25 to 3.30. This Indicates that carbon diffusion 

through iron to Fe/FoO and subsequent diffusion to 

Fed/Fo 4  interfaces does not -.control the rote of 

reduction. 

Now one is left with steps (B) and (c), 

which are likely to control the rate of roduetion. 

It has been shown by Brichonotl26  and co* .corkers 

that diffusion of iron through iron oxida is fost-er 

than that of oxygen in iron. This observation is also 

supported by the larger ionic radius of oxygen 
0 

ions (0 	1.32 A) oo compared with that of Fe 
0 	0 

and F0 ions tons (0.87 A and 0.67 A). Thus it can be. said 

that diffusion of iron through FoQ or F 3Q4 controls 

the rate of reduction. The activation onorgy values 

found in the present investigation for the briquettes 

reduced with stoich L,not ric o 3/. excess and 5'/. excess 

than stoichiometric amounts of low grade coke and wood 

charcoal are given in table X snd found to be in close 

agreement with the re orted value 	(55 Keel/grn mole), 

for diffusion of iron through f'c 3O4 • Henoo0 diffusion 

of iron through Fo304 is, the most probablo rate 

determining stop. 

The semi-1ogortthmz-•ic rate law on chorm 

by Eq. (U) is found to hold good oven above 85% reduction. 

But the elope of the lines considerably changes after 
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83/.  reduction which I s a suggestive of the change 
in mechanism of iron oxide reduction. Due to lack of 

experimental data,the exact mechanism above 857. 

reduction could not be suggested. 
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APPLICi T1Q S of P 	
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T+ ,UVCED rlfyM nFRIULTTES +~+rim.~rirrllni.rrnn~u~Urr..YCw  

The prc--rc ducod briquettes with sufficient 

degree of metallization can provide an attractive subs-' 
t ituto for conventional scrap used in electric are and LID. 

Otaol making converters. They con also provide a ready 

means of increasing hot metal production from blest furnace 

when demand to high. Pro-reduced agglomerates in tho form 

of iron powders after subjecting to crushing and magnetic 

separation trootmont can also: be injected through tuyereo 

in the blast furnaces. This iron ponder can also be used 

as a coolant material in the steal making +process©s. 

(UALITY FEcThBE?NTS.  F P i g-R t i3 ED BfllQUtTE$ 

The blast furnoco is a hind of eountorflow 
rosetor in which the descending burdon reocts- with the 

ascending reducing gososo Thus, the pre-reduced briquottes 

charged in the furnace are under severe conditions of 

pressure and tomporoturod So the pro-reduced agglomerates 
rust possess certain foil ving proportios3 otherwise, 

their disintegration occurs which causes deterioration 

of the furnaco porforranco resulting, consoquentlyo in 

tho docroase of blast furnace efficiency. 

The pre-reduced briquettes should hovo sufficient 
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physical strongth to withstand mechanical handling at the 

time of cherging in the blast furnaca and subsequently 

to withstpnd heavy loadq under which the chargo comprising 

of pro-reduced briquettes is put in the furnaco• oreover, 

boslde having physical strength, briquettes should also 

hovo a proper size diet ibution i.e. neither osrcessive 

amount of fines nor lumps, as they Lower down the smelting 

efficiency Qf the furnace. 

(3) Behaviour cxt high tonporaturo 

pro-roduced agglomerates, when charged int, the 

furnace, are firstly heatod by upstreaming hot gases and 

then reduced by carbons Pielting takes place In the lower 

part of the furnace. In this course of treatment, the 

pro-reduced ogglomeratos should neither swell nor generate 

fines as they impair the smooth operaton(21)  i 	of the 

furnace. 

(C) b .4,LP 	l 
The pro-reduction, whether carried out at mine 

or oteelworke, pre-reducod egglo erates must hove suff'i-

eiont resistance t J rooridation against atmospheric 

ouygon and humidity. 
The presence of alkali elements such ao Zr►, Pb and 

like others ore harmful as they accelerate the wear of the 

lining. Seine of the det imental of o eats ltlko ii  Ni etc. 

can not be separated from iron in blest furnace or in 

stoel making process, pro-reduced materLal n should not 

contain thoso olemonts as far an possible. 
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`ho prosence of clog forming constituents such 
rag StO A203 etc. in pre-reduced agglomerates die not 
dbairoble. Their presence increases thermal load on the 
furnace, olag volume, lime consumption and thus product~- 
ivity is affected. 

(D) lb9roe .' f educe. 
The advantage s of using pro-reduced briquettes 

v1z. docreeaa in coke rate. and increase In production 

dopond largely on degree of reduction 8. This can bo 

bettor reaiizod uhon 	consider that pro -reduction of 

hematite to tr stite, whore degree of reduce ion is only 

, is meaningless as much of tho oxygen is still to 

be re^ov, d* t1orbod Improvement In productivity can only 

be orpocted ten pro reduced materials contain large 

amornt of mnm11tc iron, in other words by achieving high 

degree of eduction. The best results are obtQined with 

I00'/. pyre-poduction. But this much reduction from practical 

point of vio.i, can only be obtoinod at the ouponse of 

strength of pro-reduced briquettes as to aehiove 10O% 

reduction,, o tcess amount of solid feel would be needed 

which would docrease the strength of pre-reduced briquettes. 

Theroforo, tho degree of reduction, generally reached, 

is in between 70 to 90% • 

b ,3 PP XjQiS OF W 	E DUCjU&flfl1 1A, 
STEE11G 

The applications of pre-reduced agglunerater in 

iron and steelmaking tan be classified and discussed 

in tho following trays 
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(A) Proreduc.d agglomerates in iron making, 

(B) Pre-reduced agglomerates In steel making, 

(t) Oxygen eteel making•  

(ii) Electric are steelmaking 
(iii) Continuous steelmaking. 

4.3.1  PRE.- REDUCED AG06HIRATES IN IRON MAKIN N 

Blast furnaces on account of their excellent 
productivity and economics occupy a unique 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 and technologists are actively carrying out 

researches with a view to increase the productivity 

and decrease the coke rates in the blast furnace. Utiltz-

ation of pro-reduced burden is one such step In the way 

of achieving P g  these objectives* 

Pre-reduced materials in the blast furnace 

decrease the coke rate and increase production. Their 

use have been realised in two ways. 

(t) Zn,jection of pre-reduced materials in the form 
of iron powder through tuyeres in an experimental 

blast furnace. 
(ii) charging 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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Steel company of Canada` has achieved 237. increase in 

productivity and 207. decrease in coke rate by charging 
pre'reduced pellets (88,7/. Fe and 90.67. metallization) 

which comprises of 307. of the total charge. At Hegachide 
plants Yawata (Japan), 18.47. increase in production 

and 187. decrease in coke rate have been obtained 4  by 
charging sponge iron (69'/. Fe and 567. metallization) 

comprising of 407. of the total charge. On overage, it can 

be said that each percent of prel-reduction increases 

productivity and decreases coke rate by approximately 1'/• c n,d 
1/27• respectively. The injection of pre"reduced materials 

in the form of iron powder through tuyeree in the blast fur-
nace haue also been reported to beeconomical. 

The most favourable conditions 30  for the applicat-
ion of pre-redueed agglomerates in iron making occur, .when 

U) the existing blast furnaces can not cope up 

with country's requirement for iron and steel. 

(ii) the cost of coke delivered to the blast fur -
nave is high, 

The use of highly metallized burden in the blast 

furnace is still open to question as pointed out by 

Aatier 30  ,, Since,already a higher percentage of oxygen 
is removed during pre'reduction, a high shaft of ex sting 

blast furnace seems more or less useless as now it has to 
perform only molting and refining functions. 

However, use of motai1tzed agglomerates in electric. 

smelting furnace seem to be justified 31  because of the 

following reasons, 



(I) There is no pre-reduction inside the furnace 
(ii) Large decreaoo in eloctrical energy roquireients 

and bu Tiding of high voltage transformers lead 
to oroction of electrical smelting units in 
the range of 1200-2000 metric tons. of hot metal/ 
day. 

4.3„2 PIRE BtD ED AGGIO, ER&TES 1NST EL 

The pro-reducod agglomerates can be used as a 
coolant material or as a substituto for scrap in L.D. 
otoelmaking process. Dut very little work has been reported31 

in the literature as for as the use of metalit2ed materiols 
in LU. converter is concornod. It has been ostablished l 

that the semi-continuous feeding of metallized ore of high 
iron content to L. ©. converter during the fourth and eighth 
minutes of the blowing period produces very satisfactory 
vosuits. 

Tests carried out on 35 ton experimental converter 
with motaili.Eod agglomerates have shown that conversion 

to steel can take place Without ejection and somi-continuous 
charging during the blow can give rise to favourable cool-
Ing. Jopaneso steelmakers have also indicated the favourable 
advantage of using metallized materials in L D, steelmaking. 
Tho following few advantages 
have been mentioned. 

of using metolli.zed materials 

(1) Uniformity in st20 and chemical composition0 Ib I! l - 
(ii) E~se of handling and weigPxing0 	 RQORaEF. 

(iLL) Increaood control over final composition of stool. 
(iv) Rapid lting0 with a consequent roduetion in tap to 
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tap intorval tune. 

(13) Electric Steelmakin 

Before the World "tar II, due to high cost and 

low productiono  electric are furnaces were mainly used 

for tho production of alloys and special steels. In 

the early 1950's 32033  as cost of power and scrap 

reducod, the are furnaces were used also for production 

of mild steel a and flat products. Many oconomntc and 

technological improvements e.g. improved furacn design, 

ultra high power concept0 adaptibtiity to c..ntinuous 

cast4.ng and/or prescuro pouring etc. have brought the 

are furnaces into prc tnont position all over the world. 

Pre-reduced briquettes hwith high degree of metell-

isation have been shot-in to he an excellent feed for 

electric are furnaces. It has boon anticipatod3  that the 

mirtur of prereduced Iron ore and scrap reduces the per 

consumption ' by 10 to 25)'. and heat timings by 12 to 35. 

Rtes of electrode wear and refractory lining are improved 

and the air pollution proHHen is decreased to minimum. 

Makin and his colleegues35  have reported that the heat 

times for molts with sponge iron assuming 5° . acid gangue 

would be considerably less, at any sponge percentage, 'than 

the heat times of all scrap heats. Miller(  ) has commented 

over this and suggested that gangue and unreduced FeO in 

metcilli2ed agglomerates will raise the power consumption 

and malt time* as the metallized ore proportion increases 



• 

beyond &)'/. 4. However# it can be assumed that pre-

reduced ore and scrap 36  are ideal electric furnace 

steelmaking feeds. 

It is worthwhile to mention the results of the 

trials carried out at et•el Company of Canada31  on an 

experimental, scale and at Luken Steel Company  

on commerfiel scale. Steel Company of Canada could achieve 

467. increase in productivity In experimental, electric 

furnaces by employing continuous charging methods. A 

substantial reduct on in the overall heat time and ref rac-' 

tory consumption has been reported?1'w by the virtual 

elimination of the normal refining period associated with 

all scrap heats. commercial scale tests carried out by 

Luken Steel. Company, U.S.A. reported that in the large 

furnace tests$ electric energy and refractory consumption 

is higher than for conventional all scrap melts. These 

tests reveal that metallized agglomerates In electric 

furnace increase the productivity and result In clean 

operation and easy ad3ustment of the final composition of 

steel• 

it to established that the method of continuous 
'charging31'31  of pre-reduced materials in electric furnace 

will further increase the productivity, decrease the thermal 

and electric load and cost of production. The cost savings 

will be due to the elimination of the following bOo-r&1Lons 

i) Material handling, 

ii) Reduced demands on the furnace emission control 
system. 



i t) Reduction in the number of missed heats 
because of better process control. 

. iv) Increased potential of closed loop computer 
control. 

(c) Continuous Steel~m~akfna 

If pre-reduced agglomerates with more, than 
90'!. metal Ligation of constant physical and chemical 

quality be made available, then these can be used ef f-
ectively " in the continuous steelmaking processes. 
In 6ISRA 'Spray ref Lning' end IRSID processes the conti-
nuous feeding of pre-reduced material in the powder 
or granular form may be quite important and better 
operational control could be achieved. British steel 
industry will be using metallized charges as a coolant 

material for 'spray refining' process. 



SU E.i IONS FQ. FURTHER VVjK 

Further work can be suggested for studying the 
following a epect e, 

1, Study of the ktneticx of reduction of iron 
oxido With charcoal and coke beyond 857. reduct- 
ion-, , 

2.6 Pilot plant studies to produce pro—reduced and 
metallized briquettes from charcoal and coke 
from econo-nic point of view. 

r. 
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APPENDIX 'A' 

The percentage reduction has been calculated on 
oxygen basis. Weight loss obtained after reduction is 
due to carbon# oxygen and removable ingredients (volatile 
matter in the reluctant and Ignition loss of iron ore 

fines) re -noved from the btricuette. Thus the oxygen removed 
during reduction is calculated by subtracting the sum of 
weight of carbon removed and removable ingradtents from 
the weight loss data obtained. Then using the following 
formula 

oxygen removed 
t iie t +gal re +ovable oxygen ' 100 -  

the percentage reduction is found cut. 



TABLE 

sic of Iron Ore Fines 
~M ~frtl EMI 	 Mr~+rlw 

(A)  

Weight of Sample = 500 gns 

.tea 	"te 	Size 	Weight retained 	Weight retained 

1.  120 212.50 42.50 

2.  150 288.50 57.50 

(B) ('hemica1 Amiss 

S. No. 	Ingradtents 	T 	Weight 	percent 

1. Moisture 	 0.48 

2. Ignition tort, 	0.78 
3. Total iron 	 59.7 



TAi4LE ~TI 

(wood charcoal and low grade coke) 

(A) Ajr e Analy 

Weight of Sample = 500 gms 

WW GRAD : COKE 	WuuD 
S1. Sieve 	µ *1,?fight   
No. I Size 	" retained 	' ` 	retained 

1 (ams.) 	Iretained (MS retained 

1.  120 186.60 37.32 108.45 21.69 

2.  150 313.40 62.68 391..55 78.31 

(8) Proximate Analysis 

X1.1 	 'roximat 	!Proxim +te Analysis of Wood 
t ea. ingredients 	Analysis of 	Charc©al 

Low grade 	Before Volatile~After Volatile 
coke 	matter removal matter removb1. 

1.  Moisture 0.92 wt. /. 6.45 wt'/. 2.0? wt 7. 
2.  Ash 2 9.4 7 wt 7. 5.53 wt'/. 8.25 wt 7. 
3. Volatile 

Matter 	4.68 wt `/. 	25.67 wt'/. 	6.49 wt 7. 

4. Fixed Carl,©n 	64.:3 wt.'/. 	62.15 wt'/. 	83.19 art 7. 



TABLE ilia Po?ecnto go cod with d if f o rtt 
4anount s of 10,1 	of Mg.). _. 

m 	s i iori o 	2ho i 	S 

TIMO of 
Iron 
Lot 

o 	a ??.0t f. 
grado coko v 22.91'/« 

- 	Iron o ro  
Loa: grade coke 	27.23 

duc 	o 
(minutes) Stoichiootric taunt of (5y. oucoss than stoich iomotrie 

roductont) mount of r 	uetont) 
fto o' 

øoiicoo LTd3 110o i.5 950. 1 105Q I iiooi 1130 

10 - 	.  20. 22.0  
16 - - 16.01 21.22 25. 17. r1 2241 26.42 
30 13.01 16.16 22.0 26.65 29. , p3 18.12.  23.?6. 28.39 81.17 
43 - 25.61 30.29 $34 26.80 31.E 34.18 
80 16.32 20.90 28.10 32,46 35. 18.18 21.89 29.48 33.18 33.89 
90 18.23 23.68 30.42 35.08 37,, 20.02 24.30 31.78 33.81 38.45 
20 19.25 23.00 31.56 36.69 38.  21.11  26,41 I 33.3 37.22 39,29 
'50 33013 37.40 50. 34.46 38.24 39.49 
.80 20.OG 28.01 34.12 37.89 39.  22,?? 28.52 35.68 38.66 39.49 
10 34.80 38.06 390 ► 36.09 38.90 39.33 

21.58 29.61 35.21 38.23 39. 23.98 30.20 36.59 38.96 39.72 
00 21,66 30.73 33.62 38.42 39. 

, 60 
24.38 30.98 36.93 39.01 39.92 

22.44 31.21 25.62 31.65 



TABLE Ills Percentage weight 10 a of iron ore briquettes reduced With different 
amounts of Low Grad@ Coke under reduced proeeure (0;1 a0 of NO 

Time of 
reductio 
(minutia 

Iron ore 77.V9 /. 
Low grade coke z 22.91% 

(Stoichiometric amount of 
reductint) 

rj 
iron ote 5 74.43 
Low grade coke a 28,67 'I. 
(3% Excess than atolch ometrlc, 

mount of reductant) 

Iron ore 	72.171. 
Low grade coke 	27.23/. 
(6 /o excess than stoichiometrie 
amount of reluctant) 

0 1 950 1 1000{105011100 1050 11100 11150 

10 . 	. 20002 • ,. • 21,01 •  w • 22,02 
lA - 	18001 21.22 26,26 18072 22,01 86,01 - . 11041 22;1 28.42 

30 13.01 18+15 22.. 28o85 29.87 13.62 11.86 23#20 28 .00 31.18 14.38 1842 23.6. 28.39 81.17 
45 26,61 30129 33,31 26.10 30.80 33168 28,80 31,0' 34,18 
60 16,58 20,89, 28«10 32,45 35,29 17.41 21.64 58,06 38,84 36,64 18.15 21,89 29,48 3318 35,89 
90 18,23 23,88 30.42 36,08 37,80 19,26 24,13 30,50 35,45 37,89 20#02 24,30 31,78 35,81 38,45 

120 19,25 25.66 31,56 38489 38,74 20.32 28►14 32,90 38,92 38699 21,11 26.41 33,00 37,22 39,29 
150 33.13 37.40 38.99 34.00 37065 39000 34,46 38,24 39,87 
180 20,86 28.0154,12 37,89 39415 21446 28.25 34,70 38,25 39032 22,17 28,82 35,58 38,86 39,49 

210 34,80 38,06 39418 35,78 38,46 39,38 36.09 38,90 39,53 

240 21,58 29,61 35.21 38,23 39.31 23641 28,88 35.96 38.57 39,51 23,9 30,20 36,58 38,98 39,72 

300 21,86 30,73 35.82 38.42 39.45 24,12 30*88 36.31 38,87' 39.82 24.38 30.98 36.93 39.01 39192 

360 22,44 31,21 24,41 31,24 25.82 31,83 
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TABLE •-X 

Value of Activation energies obtained below 85'/. reduct-
ion 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 

(Kcalc/g.-.mole) 
Stoichiometric 3•. excess 	Excess ctoich- 
a~iount 	than stoichio- tometric amount 

metric amount 

Low grade coke 5O.2± 2.? 51.4 1.1 50.2 tl.2 

Wood charcoal 52.5+ 1.1 50.2 0.8 52.5 +1.4 
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