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ABSTRACT iiid

The presgsent study was undertaken with a view to study the
kinetics of reduction of mill scale by coal and to study the
possibilities of producing iren powder from the reduced masses.
Another alm was te estimate the activation energy of reacticon mfter
evaluating the reaction mechanism. Mill gcele from Chittagong Steel
Mills Ltd.{CS5M),Bangladesh and coal from India were used in the
present study. Mill Scale and Coal were placed by two ways within the
crucible. Firstly, a central column of mill scale was surrounded by
c¢oal and secendly, an uniform layer {(disc) of scale was sandwiched by
a bottom and a covering layer of coal. The mixtures were reduced

igothermally at four different temperature levels from 1173 ta 1323K.

Nearly complete reduction of the mill scale was obtained in
about 120 - 150 minutes at 1050°C for a particle size of -165 to + 200
micron and a ceal ! oxide ratioc of 0,5, Higher temperature increases,
the reducticn rate and a decrease in the particle size shows negative
effect on the reduction rate, whereas an increase in coal : oxide
ratio hes little effect on the rete, The kinetic data of reduction
fits the spherical i.e, chemigally controlled reaction medel for beth

arrangements {column and disc!).
G{a) = 1-{i-a}¥

Between the two arrandements, column is better fitted
because of itg lower activation energy (40 kJ/mol} in compare to disc
{55 kJ/mel}. For the same temperature and time the degree of reduction
was alweys higher in a centrel column of mill scale gurrounded by coal

than that of a central disc of mill scale sandwiched by coal.

Higher reduction temperature end time produce better

sintering of the reduded masses,



CHAPTER ONE

INTRODUCTION

POWDER METALLURGY has been defined as the art and science
of producing fine metal powders and objects finished or semi finished
shaped from individuals, mixed, or alloyed metal powders with cor
without the inclusion of non-metalliec conztituents.It is that branch
of metal working processes, which in its eimpiest form, consists of
preparing and mixing of metal powders, compacting and simultaneous or
subzequent heating { or sintering } at slevated temperature in a
furnace under a protective atmosphere with or without fusion of 2 low
melting point constituent only so as to develop metallic or metal like
bodies with satisfactory strength, density, and without losing the

1

essential shape imparted during compaction .

Powder Metallurgy is an art which has been part of human

E. Powder Metallurey industry has enjoyed

gstory from the earliest times
an above average growth rate for the past four decades - derives from
its ability to mass-produce complex structural parts with savings in
labour, material, and/er energy. In recent wyears, an entirely new
dimension has been added with the achievement of full density and

improved control of purity and microstructure. This has resulted in

the fabrication of high performance materials, permitting extending



service life or more efficient use. Examples of commercial uses
include aerospace super-alleoy, low-alloy steels=, dispersion -
strengthened mlloys and tocol steels. These developments have added
congiderable diversification to the conventieonal press-and-sinter
technique and are opening up new markets beyond the traditional ocnes
af the autoemcetive, farm, lawn and ¢earden and office equipment
industriesa. The importance of powder Metallurgy in the development
of modern technology is so much that the powder Metallurgy part is

said to be "ubiquituus"hy

Powder must posses the required physical sand chemical
characteristice for use in the various powder Metallurgy consolidation
process and applications. Generally, Powders in current uses are
cleaner randes. Improved and more complete powder characterization i=s

certain to become more important.

The primary characteristics of s metal powder are :-

(i) Chemical cuhpusiticn and purity,
(ii) Particle size and it distribution,
{1ii) Particle shape,

{iv) Particle porosity, and

{v) Farticle microstructure.



Specific surface, apparent density, tap density, flow rate
a8 well as its compacting and sintering characteristics are the other
characterietics which are dependent entirely or to & large extant on
the above primary properties of metal powders. Primary properties such
as the particle size distribution and the important secondary
properties such as apparent density and flow rate are most widely used
in specification and control Troutine, The success of a powder
Metallurdy processing technigue depends to a great extend on
understanding and evaluating the physical and chemical properties of
metal powder both as individual particles and in bulk form.
Relatiocnships between these powder properties and their behavicour
during preocessing {(for example, compressibility, dimensional change

during sintering),in most cases are qualitative in nature.

There are various methods of manufacturing metal powders and
consequently there is a wide range in their charscteristics. A choice
regarding the suitability of manufacturing techniques of metal powders
can be made only after considering the required finished product for

a specific jJab.

Because of its increasing use in structural parts during
world war IT, iron powder hes become the single most importaut powder
iu the powder Hetallurgy industry. High compressibility is of prime
importance feor the productiou of structural parts by pressing and

zintering. This constitutes the majoer use of iron powders. Other



advantages of iron powder for which it leads in commercial powder

6 are (i) it is inexpensive to produce {ii} it

Metallurgy application
has a favourable strength-to-weight-cost ratio [iii) It alloys readily
{iv} it possesses superior properties and (v) it is available in

sufficient gquantity.

Upto 1965, moet of the iron powders used were made by
reduction of oxides or ore. Due to significant advances in atomization
technology in the 1%50's and 1960’s, most iron powder is currently
produced by atomization techniques. Atomized iron powders have enjoyed
increased usages because they offer excellent compressibility and high
purity. Before 1965, electrolytic iren powder was used widely because
of its unsurpassed compressibility. Water atomized low-carbon iron
provides 2 less expensive substitute of almost egqual compreszsibility.
With the development of techriques such as powder forging that achieve
full denzity, powder purity has become equally important for the

achievement of maximum dynamic propertie=s.

The development of mechanical alloeying and the demand for
finer powders in recent years have led tc the use of high energy
milling. Full-dense sintering of high - alloy steels and injection
moulding processes have led to the use of much finer powders conferred
to conventional powder Metallurgy processes. Powder producers who
gsupply metsel powders to the Powder Metallurgy Industry also supply

metal powders for manufacturing paints, inks catalysets, peripheries,

N



explosives food additives, and welding electrodes and for use in
plasma and flame spraying. Hanufacturing process for these powders are

gimilar to those used for producing powder for structural parts.

A major break-through is the manufacture of powder directly
from ore. It is now possible to prepare larger and higher strength
mzterials from new powdere possessing the superior propertiea. Iron
powder has alsc been produced from cxide ore, pure axides or & cheap
initial product such as mill scale by reducing with carbon, hydreogeu

or natural gast

Productiou of iron powder by the reduction of iron oxide,
and in particular the reduction of iron ore by carbou, is the oldest
method of producing iron powder. The Swedish sponge iron process,
which was developed in Higands, Sweden in the early 18900's, was
originally intended t¢ produce metallic iron in sponge form as the raw
material for steel making . A modified version of the process is still
one of the important industrial methods of producing iron powder and
is practiced in Sweden and in the United State. A asimilar adaptation
also is used in Soviet Uninnﬂ. The Swedizh sponge iron process is ane
of many developed for the direct reduction of iron ore to metallic
irou at temperatures below the melting point of iron. However,
metallic iron produced by most of the direct reduction proce=ss are not

guitable for use as iron powder in the production of powder metallurgy

iron and steel products, because they coutain tco high a percentage

(I



of impuritie=s.

In Bangladesh, there is ne¢ reserve of iron ore but large
quantitiez of mill scale are produced in the re-relling mills every
¥ear. Only in Chittagong steel Mills Ltd, 3600 tons of mill scale are

9_ HMost of these scales are wasted. Since the mill

rraduced every year
8cale is a high grade iron oxide, there is a great scope to develaop
a process by which spenge iron can be produced from these mill
scale.The final sponge iron, of very high purity, can be used in
powder metaliurgy. Coal dust can be used as a reducing agent which is

produced during transportation and storage. These fines are usually

wasted.

The present study is undertaken with a view to study the
kinetic of reduction of mill scale by coal and to study the
possibilities of producing iron powder from the reduced masses.Another
aim was to estimate the activation energy of reaction after evaluating

the reaction mechaniam.

The reduction of iron oxide by carbonaceocus materisals is not
only of great industrial significance for the production of pig iron

and sponge irou but is alse of considerable theoretical ianterest.



CHAPTER TWO

LITEBATURE REVIEW

2.1 POWDER MANUFACTURE PROCESS :

Metal powder production heg always been influenced greatly
by cost and guality requirements of powder consoclidation techmiques
and applications. This interreletion ship has led to the development
of many powder - producing processes. Manufacturing methods must be
cost effective; powderzs must possesz the required phyeical and
chemical characteristics for use in the various powder Metalluregy

cansolidation processes and applications.

The powder manufacture procegg 1is a very broad topic and the
commonly employed commercial methods for making metal powders are
milling, atomization, thermal decompesiticn, reduction of oxides,
gasecus reduction of scluticns, electrolysis. Practically any material
can be made intc & powder by using one or more of these methods. The
particular method chosen depends upoen the types of raw materials

10

readily available’. However , newer production techniques especially ‘t_'

applicable to highly alloyved system have beeu developed in recent
¥ears, powder manpufacture procegses can be divided into following two

headingsn:



Mechanical procezses: powder production by mechanical
disintegration is widely employed in Powder Metallurgy. Mechanical
process include ! a. Machining, L. Crushing, ¢. Milling, c.Shotting,
d.Graining, and e. Atomizaticn. These are time taking processes

rendering low yields.,

Physico-Chemical processes: include (a) Condensation, (b)
Thermal decomposition, {c} Reduction, ({(d} Electredepogition, {e)
Precipitation from agqueocus sclution, (f) Precipitation from fused
salt, (g) Hydrometallurgical or gaseous reduction, (h! Intergranular

corrosion, and 1.0xidation and decarburization methods.

2.2 Mechanical Processes :

Machining : This method is employed to produce fillings,
turning, scratchings, chips, ete, which are subsequently pulverized
by crushing and milling. Relatively ccarse and bulky powders entirely

free from fine particles are obtained by this me thod!l,

Crushing: This metihod is mogtly used for the disintegratian
of coxides (subseguently reduced to metal powders) and brittle
materials. Any type of crushing equipment such as stamps, hammers, jaw
crushers or gyratory crughez may employed for crushing brittle

material”.



Miliing: Milling of materials, whether hard and brittle ar
goft and ductile, iz of prime interest and of economic importance io

”. Milling or Mechanical Comminuticn is the

Fouwder Hetallurgy industry
nost widely used method of powder production for hard metals and ocxide
powder=s. In wmest cases, the objective of milling is particle size
reduction. During milling , Four types of force= act on particular
material; impact, attrition,shear, and compressicn. The milling action
is carried out by the use of a wide variety of equipments such as ball
mill,rod mill, impact mill, disc mill, eddy mili, vortex mill etc. The
main disadvantage=s of milling are work hardening, excessive axidation

of the final powder, particle welding and agglomeratinnu.

Shottind : This method consists essentially in pouring a
fine stream of molten metzl through a vibrating screen in to air or
neutral atmosphere. In this way, molten metsl stream is disintegrated
into a large number of droplets which solidify as spherical particles

during its free fall. All metal and alloys can be shotted“.

Graiming : Graining involves the same procedure as the
shotting the only difference being that the solidification is allowed
to take place in water ., In'similar manner, other pulverization method

are used for the production of very fine puwders“.

Atomization : Atcmization may be defined as the break up

of a ligquid into a fine droplets, typically smaller than 150 micron.



For large particles this process 1is referred as "shooting".
Consequently , any material available as a liguid can be atomized. The
break up of a liquid stream brought about by the impingement of high
pressure Jjets of water or #as is referred toc as "water" or "gas"
atoemization respectively. The use of a centrifugal force to break up
of & liquid gtream ig khown ag !centrifugal atomization". Atomization
into a vacuum is known as “vacuum" or "soluble gas atomization". The
use of ultrasonic energy to effect break up is referred to as

"ultrasonic atomization".

Atomization technology has grown steadily and has become
more sophisticated since large scale production of atomized iren
poewder first began during World War I1. High gquality powders from
aluminum, brass, and iron powders to 2tainless steel, tool steel, and
superalloy powders - in combination with new consolidation technigques,
have lead to many new applications and to properties that are

sometimes superier to wrought cnunterpartsls‘lﬁ.

Cold stream procegg : Cold steem process relies upon the

brittleness of certain metals and alloys at low temperaturez. The
starting material is coarse particles. This is convevyed in a high
velocity, high pressure air stream through a vertical noszle and
=2=trikes on a target in an evacuated blast chamber. At the nozgle
pressures drop occcurs at once and this results in a very quick

temperature drep to the zerc. The brittle raw material shatters

14¢



against the target into an irregular shaped powder having very little
surface contamination and excellent pressing characteristics. The

resulting powder is separated into suitable =size using a classifier”.

.2.3 Physico—chemical processen :

Condensation : Thiz process in fact marvy be considered as
a moedification of the usual distillation process employed for refining
zinc. Zinc dust, at least 97X pure, is produced very large tonnage in

this Wayw.

Thermal decompgsition ( or gasecus pyrolysis method) : The

thermal decompositiorn of wvapour produces metal powders which has
achieved industrial importance particularly in the manufacture af
ferrous and nickel powder by the decompesition of their carbonyl.
Other metals such as Zn, Mg, Co, W, Mo, and Cr can alsc form
respective carbonyl which at certain temperature and pressure can

decompose to give a gas and a metal”;

Carbonyl are volatile liquidsa. They are produced by allowing
carbon monoxide to pass over spongy or powdered metal at suitable
temperature and pressure. At reduced pressaure and elevated temperature
all of those carbenyl decompose to reform both metal and the carhbon
monoxide. The latter being recycled aud reemploved again to produce

more carbonyl liquid and continue to PFDGESSM-

11
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Electrodeposition  : Metal powder can be produced by
electrodeposition from aqueous solution and fused salts. This method
is reversed adaptation of electroplating. As mauy as thirty metals
have been prepared as powder by electrolysis of sgueous solutions
accompanying simultaneocus refining, hbut this techmigque is mainly
empleyed for the commercial production of metal powders such as
copper, beryllium, iron, =zire, tin, nickel, c¢admium, santimony, =ilver

and lead. The wrocess has a great number of advantagesﬂ.

Precipitation from aquecus sclution : The principie of

precipitating a metal from its aquecus saolution by the addition of a
less noble metal which ig higher in the electromotive series has been
applied in numercus metallurgical process. This process permitzs the
rroduction of very fine metal powders of low apparent density which

are occazfionally used for sintering purpﬂse“.

Precipitation from fused salts ; Powders, particularly of

reactive metals are alsc prepared by precipitatiou from fused salts.
Seversal intermetallic compounds have been prepared in powder form by

reacting two amalgams“.

Hydrometallurgical or #asecus reductjon process : Metal

powders are precipitated on commercial scale by hydrometallurgical
method by the reduction of agquecus solution or slurries of salis of

metals with hydrogen when subjected to the correct combination of high

12



pressure and temperature. A distinct virtue of the process is that it

can be coperated on the low grade ﬂresﬁ.

Intergranular Corrogion @ This precess is baged an the fact
that the grain boundaries of the heat treated alloys are more
susceptiblie to chemical attack, then the drains, thus freeing
particles of bulk material. The powder particles possess angular shape
and the final particle size ia determined by the g#rain size of the

aenslitized materialm+

Oxidation and [ecarburization : This metheod has been

developed for the production of pure reactive metal powders by react
metal carbide with metal oxide vacuum at elevated temperature so that

hoth oxygen and carbon are removed as GD”.

Reduction Process : Ite great importance is understood by

the fact that the production of the largest gquantities of metal powder
ig undertaken by the Powder Metallurgy industry“; This is a
convenient, economical and extremely flexible method for controlling
the properties of the product regarding size, rhape and porasity over
the wide range. it is extensively employed for the manufacture of Fe,
Cu, Ni, W, Mo and Ce, though Tz, Th, Zr, Ti and even Al and Cr are
algo being produced. This process yields extremely fine powders with

irregularity zhaped particles and considerable porosity. Gases such
il

as hydrogen, dissociated NH3, CO Coal gas, enriched blast furnace gas,

13



natural gas, partially combusted hydrocarbons or alkali, metal
vapours, Carbon and metals are used as reducing agent; but the choice
of reducing agent is made from the view point of convenience and

economy of operatiou.

Carbon ie the cheapest reducing agent, but with its u=se
difficulties have been experienced is closely controlling the carbon
content of the final powder. Hydroeen, dissociated ammonia and ather
atmospheres rich in hydrogen are used cﬁnveniently but they are
expensive., Metallic reducing agents are also used for reduction of
varicus metallic oxides invelving exothermic thermit reaction as
carbon and other reducing gases are unable to reduce them

ECOHDmiG&llFHrqum

By varying (i} the degree of purity, (ii) particle size, and
shape of the raw materjal (vi} temperature and time of reduction (iv)
the type of reducineg agent, and (v} in case of gasecus reduction the
pressure and flow rate of the gas, <¢lose control over the purity;
particle size and shape, apparent density and related properties of
the deposited metal powder and completene=s of reducticon can be
obtained. Since oxides are generally brittle and easily comminuted to
the desired degree of fineness, it is possible to obtain very fine
metnl powders. Decreazing the reduction temperature also results in
the production of very fine powders. When the reduction process are

carried out at higher temperatures the final metal powder particles

14

A



ginter together into a "sponde’ that is easily crushed and committed

to powder for use in Powder Metallurgy.

Production of iron powder by the reduction of ipon axide,
and in particular the reduction of iron ore by carbon, is the oldest
method of producing iron powder. The Higanas prccessaﬂ UEes pure
magnetite Fegh gre found in northern Sweden, which has an iron
content of approximately 71.5X. The impurities present in amall
amounte are not in =so0lid soluticon in the oxide, but exizst as discrete
phasea. The ore is of consistent gquality and is available in
sufficient guantities for continuwed usages. Coke bresze or another
carbon source that provides the reducing agent is required to produce
spongde jiren powder. Additicnelly lime stone is used to react with the
sulfur contained in the coke. The vre and the coke-limestone mixer are
then charged into ceramic tubes. A pair of concentric steel charging
tubes is lowered to the bottom of the ceramic tubes. The ore is fed
betweeu the steel tubes. The coke - limestone mixture is fed within
the inner of the two concentric charging tubes and between the outer
chargiug tube and the inner wall of the ceramic tube. The charging
tubes are then withdrawn from the ceramic tube, leaving the ore and

the reduction mixture in contact with one anether, but not intermixed.

Within the hot zone of the tunnel kiln to a temperature of
1200 C, several chemical reactions occcur. Decomposition of limestone

generates carbon di oxide, which oxidises the carbon in the coke to

15



form carbon monoxide. carbon monoxide reacts wiith magnetite to form
additional carbon di oxide and ferrous oxide. The ferrous oxide i=m
further-reduced by the carbon monoxide to metallic iron. Metallic iven

particles are sintered together to form sponge iron cake.

The thermodynamicz and the kinetiecs of the process by which
iron oxide iz reduced to metallic iron have been studied repeatedly.
IL has been found that %96% of the oxide has been reduced to iron and
the iron contains 0.3%X C. For powder metmllurgy purposes §5% of the

powder should passes through a -100 mesh is generally required.

Production of iron powder by the Pyron 1:‘1‘4::-43155'.5?'.5| provides an
alternative for the producticn of iron powders by the reducition of
oxides, Instead of usindgd fround iron ore as the raw material for
reduced iren powders, the Pyron Process ucages mill scale taken from
steel mills that produce plain carbon steel products, such s sheet,
rod, wire, plate, and pipe. Mill scales containing alloving elements
other than mauganese are not used. Mill scale is grounded to -100 mesh
in a continuous ball milling operation. Careful control of this
operation ensures desired particle gize distributicn. Hydrogen

reduction is done in electric furnace.

1§
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CHAPTER THREE

EXPEETMENTAL :

The oxides and reductant were placed in the erucible by two
wavs. Firstlv, a central column of mill scale was surrounded by coal
and secondly, an uniform layer (disc) of scale was sandwiched bv a
bottom and a covering laver of coal. The arrangements of mill scale

and cosxl within Lthe crucibles are shown in Fig.3.1.

© <

coaL | & .
E a ] :
g x| 0| OXIDE | %
© al|lx 8 °
© TD ColaL
r
I
j-l.:!_'l ﬂa-ﬂ_ur_ﬂ._
| & 58 mm I

A. OXIDE PLACED AS A CENTRAL COLUMN. 8. OXIDE PLAGED AS & CENTRAL DISC.
FIG.-3 1. DIFFERENT ARRANGEMENTS IN REDUCTION SYSTEM,

3.1 RAW MATERTAL USED :

Hill scale from Chittagong Steel Mills Itd. ,Bangladesh and
coual fron India were used in the gtudy. The analv¥sis of mill scale and

coal are diven in tables 1 and 2 respectively.

17
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Table - 1

Chemical Analy¥sis of mill Scale uszed

Mill Scale
wt,
Fey o 72.56%
Fe,0, 52.60%
Fel 44,36%
SiDE 2.42%
Mn( D.54%
5&P 0.08%

1
Material and anzlysis supplied by CSM Ltd.Chittagcong,
Regdional Research Laboratory, Bhubanessar,

India )
Table

Bangladesh &
respectively.
- 2
Proximate analysis of coal used
Conl
wt.
Moisture 3.57%
Fixed Carbaon 0Z.60%
J Yolatile 34,.08%
Material
Azh 9,76% |

3.2 REDUCTICN FPROCEDURE

-
-

Reduction experiments

were carried out in mild steel
crucible of diameter 38mm and haight 53,5mm.

Mill scale and coal of
gsame particle sizes were used in the experiments,

were not mixed

18



thoroughly but kewt separate. No load was applied for compaction, only
mild tapping were applied in each case. The crucibles containing the
reduction mixture were heated in an electrically heated muffle
furnace. A reducing atmosphere wes maintained by placing some extra

crucibles full of coal in the furnace.

After predetermined times the samplez were taken out {from
the furnace and gquenched in a water tray plecing in such a-way that
they were half immersed. To prevent re-oxidation the top of the
crucibles were covered with mild steel sheets, After cooling, the
reduced magges were separated from the char. The mags was then crushed
to -150 micron gize and then analyzed chemically to estimate the

percentage of total iromn using stendard volumetric method®?+il,

3.3 ESTIMATICN OF TOTAL TRCN :

Tatal iron was estimated by volumetric methad uszing

potassium dichromat as titrating agent.
Solution required

1. 0.1N =tandard Kﬁh}ﬂqsoluticn
2. SnClE soeluticn : 50 ml Snclz was diesolved in 200 ml
concentric HC]1 and then made upte ! litre by adding water.

3. A satursted solution of HgGlE in water at room

19



temperature.
4. Diphenvlamine indicator: 1 #m in 100 ml concentric H,80, .

6. Acid mixture : H,SO; + H,PO, + H,0 {15:15:70)

At first (.5 gm sample was weighed out and dissolved in 25
ml {(i:1} HCl. After one hour digestion the solution was coocled and
diluted to a volume of 250 ml. 25 ml of the solution was taken cut in
a conical flask, heated to boiling and few drops of HCL were added.
Then stannoug chloride sclution was added drop by drop with constant
shaking till the yellow colour chandes to almest colourless.The flask
was then cocled quickly to avoid oxidation. 20 ml of HEClI soclution
was added. A silky white precipitate was formed. 20 ml of acid mixture
was added follewed by 2 to 3 drops of diphenhvlamine indicator and the
solution was titrated with 0.1N Kﬂhﬁﬂw solution. The end point was
indicated by the appearance of deep blue colour.

The reactions which take place during the determinetion are
as follows:

2Feﬂla + SnClE = EFEClE + SnCll

SnClE + 2ch1z Snﬂll + nglE:l3

EFeClE + KECrﬂ” +14HC1 = EFECla + ZKGCLI + Griﬂlﬁ + ?HEO

iml of 1N Kﬁh@07= 0.05583 gm of Fe

-4 Fet = 11.17 % ¥Yol. of O.1N RﬁCrgﬁ solution consumed.

20



ESTIMATION OF THE DEGREE OF REDUCTION :

Degree of reduction is the ratic of weight of oxygden removed
te that eof +the initial total ox¥gen present in the oxide in
combination with iron. For the estimation of degree of reduction,a,
it is necessary to estimate the exact percentage of different wvalance
states of irom in the reduced mass. Although standard volumetric
methods for these analysis are available, estimation of a using these
methods are lengthy and associated with uncertainties. To avoid these
difficultieg the degree of reduction, a, was calculated from the total
iron analysis only using the fermula suggested by Chernyshev et al”.
The formula is written as

*Fe, "-YFet
Y %100
%Pe, "xtFe, !

a=K({

Where K = ratic of weight of iron to that of cxygen in

initial iron oxide.

% Fe# Percentade of total iron in initial oxide.

1

x Fef Fercentaee of total iron in reduced mass.
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The formulaz suggested by Chernyshey et. aaLl12 is based on the
assumpticon that loss of weight for the oxide mass iz caused by oxyeEen
removal from the iron oxides only. This formule is also supported by
Gongeles et alﬂ who proposed a similar formula for the estimation of

2. This eguetion was successfully used by other workers“Js.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 PRELIMINARY SELECTION OF PROCESS YARIABLES :

The process wvariables of the present experiments were thse

following

f1} temperature
iii} mill scale and coal particle size and

fiii) coml/mill scale ratio

It has been mentioned earlier that scale and reductant were not
mixed but kept in separate lavers in two ways {a) the rTeductant
surrounding a central column of scale and {b} the reductant

gandwitching a central disc of scale.

The experimental ranges were selected after some preliminary
studies. As shown in fig.4.1{a) and 4.1(b), the rate of reduction
increases with increasging particle size but decreases after certain
size., Maximum reductiou can be observed for -160 to +200 microu size
particles both at 1273°K and 1323°K. Fid.4.2 shows that an increage

in mill scalefcoal ratic increases the rete of reduction but beyand
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g value of 0.9 it has a little effect on degree of reduction. From the
ebove studies finally an average particle sgize of -160 to + 200 micron
and scale/coal ratio of 0.9 were selected for the kinetic studies.
This is because, a reasonable degree of reduction has been achieved
after reducing the scale under given parameters at 1273° K for ¢
hours. For both arrangements of scale aud reductant, an appreciable
change in the degree of reduction has been observed. S0 in the both
cases kinetiec studies were carried ocut separately for the evaluaticn

of activatiou energies.

Kinetic studies are aimed to determine the influence of
varjous process parameters on a reection and alsoc to explain the
reaction mechanism. When a kinetiec law is established and the
variatiou of rate constant with temperature is studied then it become
possible to obtain a wvalue of activation energdy which is said to
indicate the reaction mechanism. So the main aim of the study was to
establish a kinetic law and calculate the activation enerdy of the

reaction.

4.2 ETNETIC STUDY FOR CENTRAL COLUMN OF SCALE SURROUNDED BY COAL:

To establish the reaction mechanism, isothermal! kinetic stndies
were carried out st four temperatnre levels namely 11793, 1223, 1273,
and 1323 K. The results are shown in Fig.4.3. It shows plots of the

degree of reduction (a) of the mill scale against time (t).
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It was observed that the reaction mass took zbout 10 te 25
minutes to reach the reaction temperatures. Although the temperature
profile is not truly isothermal in the initial stage of reactien, the
kinetic plots geem to he guite smooth passing through the origin. This
ig due to the reagon that from about 500°C to onwards the coal begins
to liberate volatile matter. It is well known that volatile matter
cantributes to the reduction of iron oxides to some extent even at low

it

temperatures”™., Due te this compensating effect the plots are guite

smooth.

In order to get an initial idea about the kinetic law, reduced
time plots were wused which is shown in Fig. 4.4 FPreliminary
identification of the reaction mechanism is possible using the reduced

.38 Although such plots heve widely been used in the

time plots
analv¥sis of s0lid state reaction but their application in the chemical
metallurgy has been limitedﬂ. This methed can be used to ascertain

the reasction mechaniem and hence the apprepriate function Gial.

Iu reduced time plot=, the kinetic relationships are
rewritteu in terms of dimensionless time using the following
prccedurew.

We have : Glal = kt i1}

Now, 1if tmﬁ is the time required to obtain 0.5 fraction reacted i.e.a
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Dividing equetion{l) by (2} one obtains a modified form.

Gi{a}

n

O tftu.& {3}

Gla) B {tftm51 (4)

where B is a constant which depends on the forom of the
function Gi{al. Eq. [4) is dependent on kinetic rate constant and is
dimensionless. Thuzs for e perticular reaction mechanism, & s5ingle
equation of +the +type of Eq.{3] represents all kinetic data
irrespective of the nature of the system, temperature or other factors
which affect the reaction. Thus each mechanism has a unique reduced

i have desgcribed the method of using

time plot., Keettech end Dollimore
the reduced time plots ernd heve given the wvalues of tftm5 for

different values for some of the reesction mechaniam.

The method initially involved tebuletion of the functional
values Gla) for various reaction mechanisme for different a values.
These Gla) values are uged to calculaete the t/t;, values. Later plots
of the wvaricus reacticn mechenisms are obtained by plotting the a
values adainst the calculated values of tftmﬁ. REeduced time plots of
experimental data are superimposed on these master plaots and the
mechanigm ig identified by ebserving which one of the theoreticel

expression fits the experimental data,

The reduction of a lumnp oxide involves gas -zo0lid reaction

at A sharp interface between the unreacted core and product layver. The

26
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reaction kinetics is generally determined by the diffusion of the
reducing gases through the product layer or chemical reaction st the
core-product layer interface.It should be noted that gaseous diffusion
is invelved even when the reductant is seolid. Solid-molid reaction
between oxide and carbon plays only a minor role and reducticon is

”. In the case of oxide coal

mostly achieved via gaseous intermediates
mixtures, there can be ne sharp reaction interface, the resction
proceeds throughout the bulk simultaneousgly. The reaction which is
known to follow Firat order kinetics, may be called the tetal internal

H_

reduction However the kinetic equation is written asg

-1ln {l-a)=kt. {51

where kK is the rate constant and t is the time. Again in
some systems where oxide and coal are placed separately, the
chemically controlled reactions or the diffusion contrelled reactions
may be the probable mechanism, The probable chemically controlled
reaction mechanism is spherical and that of diffusiocn contrelled
reaction is Ginstling-Brounsthein model whose equations are given

below respectivelry.

1
1-(1-a) ? =kt {6)

P
1-L§a}—{1+u}3 =kt (7)
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From Fig.4.4 it can be seen that ocut of three commeonly
guggested medels =such as Spherical, First order reaction and
Ginstling-Brounsthein for iron oxide reduction, the Spherical equation
seems to be the appropriate cne to fit the data obtained in these

gtudies,

Based on the findings from the reduced time plots, the data

of Fig.4.4 were plotted according to the Spherical equation,

1
Gla)=1-{1-&) =kt (8)

The plots are shown in Fig.4.5.

4.3 EVALUATION OF ACTIVATION ENFRGY (E) VALUE _{column):

During a reaction all the particles in the system do not
underge transformation et one and the seme time. Reactants and
pPraducts coexist throughout the transformation and at any instant only
a small fraction of the available particles can be in the process of
transformation for the simple reason that only s fraction of the
particles have free energy in excess of the mean and, therefore,
energeticelly suitzbie for transformation. Those with ingufficient
free energy must wait until they receive the necesgary eactivetion
energy from thermeal fluctuations. So it can be said that activation

energy ig that energy which isg required to initieste a chemical
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”, Kinetic data can be analyzed in two wayvs

reaction or transfermation
for the evaluation of the activation energy (E} i.e integral approcach

and differential approach.

Integral approach : At first this approach was used to
eztimate the wvalue of E. During isothermal kinetic studies the
progress of a reaction is generally measured in termz of degree of
reduction {a).Degree of reduction mean= the ratio of oxygen removed
from the feed to the total oxvygen combined with iron in the feed. It
varies from zero to unity. Values of o were plotted against time (t)
for the given temperatures. Subsequently these data were fitted into
an appropriate form of integral kinetic equation i.e Gi{a)=1-{1-
ajln=kt, which is shown in Fig.4.5. Integral expression of kinetic
equations for some reaction mechanisms are well knuwnu. In these
expressions an appropriate function of a, which iz known as G{al is

proportional to time (t). From the slope of G{a)-t the reaction rate

constant k can be obtained for various temperatures.

Generally reaction retes increases exponentially with
inerease in temperature.If the temperature range i=s not too wide, the
temperature dependence of the rates of moat reactions obey the
Arrhenious type exponential »au;[uatt_i~::|n“"!5 which is as follows

k= A exp MR i{9)

Activation energy is said to depend on the reaction mechaunism, Pre-

exponential factor A dependa on many factors . R is the gas constant
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and T is the temperature in degree kelvin. Eqn (9) is often appliceble
to both homogeneous and heterogeneous equation. The temperature
dependence of the rate constant can be expressed as

lnk=1lnA - E/RT {101
Hence, a plot of "lnk” against 1/T should Hive a siraight line whose
siope will be E/R. The slope of this linear plot gives the value of
activation energy. The pre-exponential facter 1s obtained from the

intercept. This approach is called integral approach.,

For the present study, Lhe reaction rate constants (slope
of the 1ines) of varicus temperatures (1323,1273,1223 and 1173 K) were
obtained from the linearised plots of Fig.4.5 and then plotted

according to the Arrhenicus type equation shown in Fig.4.6.

The apparent activation energy of the process estimated

from Fig.4.6 (slepe = - E/R} i= found to be about 40 ki/mole.

Differentiml approach :

The apparent activation energies at different levels of
reaction were also estimated using a differential approach where prior
knowledge of the kinetic equation is not essential. At any time the
reaction rate is a function of tempereture { T } and a .Therefore, the

differential form of the refe expressicn is:

da/dt=k{T} .f{ea} {11)
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where Kit) is the temperature dependent rate conztant and
fl{al is an appropriate function of ao. Substituting the wvalue of kiT)

from equation {10) we get:

da ~8/ 8T
T A, exXp .Ila) {12}

Hence

1n:%} =-E/RT+1nA+1nf{a) {13)

Thus it can be seen from eq. (13} that a plot of 1n {(da/dt)
egrinst 1/T should give a straight line with & slope of - E/R provided
o is fixed st a g2iven value and f({a) is kept constent. In this method,
the wvalue da/dt is obtained from the a-t plots of for wvarious

temperatures at fixed value of a,

The E value thus can he estimated without the necessity of
finding a kinetic model. The major disadvantage of this approach is
that one has to calculate ({(do/dt) wvalues from a-t plots, and
calculation of these values often involve uncertainties., This problem
can be sclved by using second differential approach. Eq. 12 can be

rewritten as

fduff{u}=kfdt=ﬂfexp*‘f”dt (14)
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For any given level of a ,the left hand side integral,with
limits of 0 and a , has a constant value .The right hand side integral
hes the value t 1i.e time required to obtain the given value of o at

the given temperature.Thus it can be written as

t, = canstant!expﬁm? {151

1n t, =conetant +E/RT {181}

S50 plots of 1ln ta versus 1/T should be linear and the slope
should yield the value of E which is shown in Fig 4,7, The values of
tﬂi.e time required for various degree of reductien were calculated

from Fig.4.3,

The values of the apparent activation enerdies were in the
range of 34 to 43 kJ/mole for a velues in the rande of 0.2 to 0.8. it
je thus found that apparent activation enerdy obtained by the
different approaches are nearly identical . This is an evidence to
support the kinetic law identified . It is also found that variation
of E values with g is minor . This is due te the fact that the
reaction mechanism Temaing prectically unaltered as the reacticn

proceed.
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4.4 KINETIC STUDY FOR DISC OF SCALE SANDWICHED BY COAL:

To esgtablish the reaction mechanism far this raduction
system, 1i1sothermal kinetic studies were «carried ocut at four
temperature levels 1like the previous system i.e. column of sgcale
surrgounded by coml,. Plots of the degree af reduction {(a) in the mill

scale-coal mixture against time (t) is shown in Fig. 4.8,

In order to cbtain an initial idea about the kinetic law,
rednced time plots were used which is shown in Fig.4.9., It can be seen
that like the previous system spherical {chemical controllied reacticnl)
model seems to be the appropriate one to fit the data obtained in

these studies.

Bazed on the findings from the reduced time plota, the data

of Fig.4.8 were plotted according to spherical equation:

1
Gla)=1-(1-a) =kt

The plots are shown in Fig.4.10.
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4.5 EVALUATION OF ACTIVATION ENERGY (E} VALUE {DISC):

Here alse kinetic data were analyzed in two wavys for the
evaluation of activation energy (E). At first, the integral approach
wag used to estimate the value of E . In this method , the reaction
rate conetants of various temperatures were obtmined from the
linearizsed plots of Fig.4.10 and then plotted according to the
Arrhenicus type equation. This is shown in Fig.4.11, The apparent
activation erergy of the process is thus estimated from the Arrhenious

t¥pe plot {slope = - E/R } as 55 kJ/mole.

Secondly , the apparent ectivation energies at different
levels of reaction were estimated using differential approach. For
this purpose t, values at different levels of a weare estimated from
the plots of Fig.4.8. Then the a versus 1/T plots were plotted, which
are shown in Fig.4.12., The values of the apparent activation energies
were in the range of 55 to 59 kJ/mol for o values in the rande of 0.2
to 0.8. Here it is also found that apparent activation energy obtained
by the different approaches are nearly identical. This can be teken

as an evidence to support the kinetic iaw identified.

Activation energy required for the reduction of ireom ore,
which is mainly higher oxide of iron [Feﬂ%}, by coal is generally in
the range of 120-150 kamanJﬁ. However, in this study, lower wvalue

may be due to the reason that mill scale does not contain any Fef%.
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It contains considerable amcunt of lower oxides, such as Fe,0, and
Fe. Lower activation energy for the reduction of lower oxides of iron

was alsoc reported by other wnrkers“if.

4.6 PHOTOGRAPHY

Photography of the reduced masses both for column and disc
are shown in Fig.4.13. It shows the effect of time and temperature an
its sintering. Better sintering of the reduced masses observed with

higher reduction temperature and time.
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Chapter 5

Conclusions

Nearly complete reduction of the mill scale can be achieved in
about 120-150 minutes at 1323°K for a particle size of =165 to

+200 micron and caal : oxide ratic of 0.9,

Higher temperature will increase the reduction rate, a decrease
in the particle size has negative effect on the reductien rate
whereas an increase in coal : oxide ratio has little effect on

the rate.

For the same temperature and time the degree of reducticn is
alwayz higher in a central column of mill scale surrounded by
coal than that of a central disc of mill scales sandwitched by

coal.

The kinetic data of reduction of mill scale by coal fits the
spherical i.e, chemically controlled reection model for both

arrangements {column end disc).

Glal=1-(1-a}i!

36



The apparent activation energy for the reduction of a central
column mill scale by coal ig about 40 kJ/mol whereas that of a

central disc of mill =cale hy coal is about 55 kJ/mel.

Higher reduction temperature and time produce better sintering

af the reduced masses.
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9.1 SUGGESTIONS FOR FUTURE WORK

For complete reduction i.e. for 100% Pure iron producticon
furnaces with contralled atmosphere cen be used instead of muffle

furnaces. Flux or additives can be used toc reduce the activation

energy of the reaction.

ik
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