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SYNOPSIS

Red mud which is separated from bauxite as clayey waste
material from the Bayer process of alumina production furnishes
appreciably high quantitative figure of its generation as is
evident from the fact that 2.5 tonnes of red mud is generated for
every tonne of aluminium metal produced. With the sharply growing
demand of aluminium metal, the expected world production estimate
aof 60 million tonnes per year of alumina upto 2000 AD, is
sufficient to prove the futgre nuiscence regafding the disposal
of extremely huge quantities of this solid waste. as a
consequence, problems are that of land cost and storage, and
pollution in the sense that despite using best available design
and operating techniques, the mill water flowing along with it
carries polluting substances. Extensive studies hfve besn carried
out but no work has been said to be successful regarding {ts
disposal. With this view, in the present investigation, it has
been considered that converting it to some useful product by
taking the benefit of its mineralogy, will not only solve its
disposal problem but will also enable conservation of rapidly
depleting mineral respurces.

Red muds have been reported to consist éf Fe203, TiD2
as major constituents along with several minor and trare
quantities of oxides of numerous elements. Indian red muds are

known for dominant presence of Fe 0, and an appreciable amount of

2

TiD7 (18-22%). Extraction of titanium alone is difficult due to

its highly reactive nature. However 1its extraction can be
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possible in the presence of solveat iron. Titanium forms solid
solution with iron thus lowering its own activity. This solid
solution can be defined in terms of ferrotitanium. In the present
investigation, the same feature has been utilized. The idea is
that, the red mud when treated aluminothermically, Fezoz and TiD2
both are reduced along with the several ather trace constituents
and form 2 fervroalloy which is basically ferrotitanium.
Thermodynamic aspects and heat effects of the reduction reaction
have been described to be‘promising for an efficient slag-metal
separation.

Reactaors of different shapes and sizes bhave been
reported to be wused by wvarious investigators. However, no
systaematic study has been veported about the effect of reactor
geometry on the yield or recovery of the alloy. In the present
study, this aspect has also been included which may be considered

applicable to all aluminothermic reduction processes.

The present sty thervefore, been made on the
possibility of the produ ferroalloy which i1s basically
ferrotitanium by the opes ermic reduction of red mud.

The entire thesis has been divided into following seven chaptars. -

Chapter 1 deals with the basic information about the
generation af red mud in Bayer Pracess and its wmineralogy. The
problems regarding its disposal and resulting environmental
hazards have been briefly taken up followed by brief intraduction

of the worked up topic.

Chapter 2 deals with a critical review of the work

carried out by various investigators and some basic principles
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and information, as given in text books relevant to the topic.
Starting from the mode and chemistry of red mud generation in
Bayer process, discussions have been made about red mud disposal
and associated problems, physicochemical and mineralogical
details, possible applications etc. To. emphasize the
T aluminothermic application of red mud, the related theory has
Eeen discussed with a bit elaboration.

How the selected information from literature led to the
present investigation, is the matter of discussion of the chapter
3. Red mud, due to presence of épprecia?le amounts aof FeEO3 and
TiDz, may be considered equivalent +to 1lean illmenite ore and
hence 1t is possible to produce ferrotitanium | by the
aluminothermic reduction of red mud by creating favourable
thermodynamic conditions and heat effects. The basic plan of the
study includes the effects of following parameters to be
investigated in appropriate couples an the recovery values and
composition of the alloy 3§ (i) 6Amount of aluminium powder
(reductant), (ii) Particle size of aluminium powder, (iii}
Particle size of red.mud, (iv}) Scale of production, (v) Flux
additions {(Lime,Fluorspar and HMagnesia), (vi} Booster addition
(KCID3 and KNDE), (vii) Preheating of the charge (temperature),
(viii) Preheating of the charge (time), (ix} Reactor geometry
(Defined in terms of h/d ratiol

Chapter 4 deals with the methodology adopted for

experimentation as wall as basic calculations.

In chapter 53 findings of investigation in respect of

recovery and compositinon of the alloy produced, have been



discussed based on basic principles of aluminothermy, established
facts_and/cr some other possible ways.

Chapter ¢ presents the conclusions of this
investigation. The present study has shown uyp the feasibility of
production of a metallic button consisting chiefly of Fe,Ti,51,
and Al by the aluminothermic reduction of red mud. The process,
suffered inadequate in gsitu heat 1liberation which could be
caompensated partly by preheating and booster additions to the
charge and parily by proper fluxiﬁg. Excess aluminium powder over
stoichiometric amount is necessary which in  turn, affects the
yield or recovery of the alloy in increasing fashion to a certain
maximum value but carviss more retained aluminiuwm in the alloy.
Good resulis have been found out when red oud particles are
bigger than aluminium particles the difference being not bevaond a
maximum level,

It is also concluded that for a given reactor geometry,
the yield of the alloy increases to a maximum level with the
increase in the scale of production; In order to go beyvond this
maximum level of production maintaining the yield or recovery of
alloy, the geometry of the reactor must be changed.

Chapter 7 includes a few suggestions about the more

work, that seems could be done as an extension to this work.
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CHAPTER - 1
INTRODUTION

Red mud is an alkaline fine clayish waste residue of
the Bayer process of alumina production. The burpose of the Bayer
process is to separate the A1293 content of bauxite from the
accompanying contaminants. It consists essentially in digesting
the crushed and powdered bauxite with strong caustic soda
solution at a temperature upto 240°C. The reaction is performed
in autoclaves undér a pressure of 5 to 25 atmospheres. Such an
autoclave boiling .of bauxite dissolves alumina yielding
aluminate liquor and an insoluble residue called .‘Rea Mud °
consisting of iron oxides, silica, and titania along with some
insoluble alumina,as major constituenté. The red mud is separated
from the liquor by precipitation and filteration.

Before disposing of the red mud waste, it is usually
treated in a counter¥current decantation circuit to recover
valuable caustic soda and alumina. The red mud is finally
discarded by pumpiﬁg the under flow of the last mud washer
decanter or as a pulped filter cake to an impounded disposal
site. Experiences héve shown that it is very impossible to have a
perfect separation of red mud from the liquor despite uSing best

avajilable design and operating techniques. Consequently, the mill

water flowing along with the red mud contains polluting

substances.

The red mud contains raustic of the order of 8 to 10

gms per litre and even after subjecting it to hydrothermal



treatment with lime to recover caustic, appreciable amount of
caustic remains in the red mud. At present, in Indian aluminium
industry, the normal practice done with red mud dispogal ig
impoundment in mud lakes near the plant sites which can pose
serious threat to the environment. The caustic of the red mud
gets leached by rain water and pollute ground water reservairs.
Moreover, the ‘as spread around’ red mud is aesthetically
unpleasant and possibilities of skin diseases due to dust
emission from the disposal sites, can also not be ignored. Some
countries, however, followed the practice of dumping this solid
pollutant into sea, which has also not been considered advisable
keeping in view the marine pollution and damage to marine life.

The red mud as a waste product furnishes an appreciably

tigh gquantitative figure of its generation.100 tonnes of bauxite
produces nearly 45 tonnes of red mud and nearly 2.5 tonnes of
red mud is generated for every tonne of aluminium produced.
Obviously the rate of generation of red mud will run parallel 2.5
times to the rate of production of aluminium metal. Due to a
sharp increase in the demand the tofal world prodﬁction of
aluminium metal has grown from less than a million tonne in 1940
'to over 16 million tonnes per year now, and it is estimated that
it will reach a level of 60 million tonnes per year by 2000 AD,
which indicates that extremely huge quantities of red mud have to
be disposed of in the future. In India also, with the praojected,
expansion of alumina production, it has been estimated that over
1.5 million tonnes of red mud has to be disposed of aﬁnually in

the running decade as compared to 0.5 million tonne per year in



the last decade. In other words, the quantities of red mud
generated will keep on increasing in future and will present a
tough and challenging task to the environmentalists.

| Although the problem of red mud is as old as Bayer
process itself, it has been the pin point of R and D activities
for the last 2-3 decades to find out its possible applications.
In India also this idea was appreciated but in late seventies and
now many environﬁental bodies and aluminium companies are showing
interest and looking for its promising results.

A good solution could be the utilization of this solid
waste pollutant directly or by converting it to some useful
product. Such aﬁ ehdeévuur would not only solve its disposal
problem but also enable conservation of rapidly depleting
mineral resources.

Out of’the numerous efforts made in this direction, the
extraction of iron from the red mud, has received wide
appreciation in the countries which have big élumina refineries
but no steel industry to seék of. It is well known that red ouds
contain a significant amount of iron oxides; hence possibilities
of solid state reduction of red muds by carbon or gaseous
reducing agenté and reduction smelting in blast/electric/low
shaft furnace, meré established. The former  approach, in which
after reduction treatment, the iron is separated from the gangue
generally by magnetic separation, was not very successful.

Smelting technology appeared to have been standardised on a bench

to pilot plant scale in several countries including the

U.5.A.,USER, Bermany,'Yugoslavia, and Hungary. The major break



through in the reduction smelting approach was achieved by
McDowell-Wellman Engineering Company (Ohio, USA}, who developed
the process fﬁr the production of steel from red mud, on a
semi—industrial scale. The process comprised pelletising fhe red
mud with coal and flux, sintering cum prereduction of pellets in
a modified Dwight—-Lloyd Sealed Circular Machine,smelting in a
submerged arc furnace and finally oxygen blowing of the resulting
pig iron in L.D. converter. The steel made in this way was found
to be suitable for structural purposes and did not present any
rolling problem. The technical and economic aspects of the
process have been described to be extremely encouraginQ to those
countries which are poor in iron resources.

Indian red muds are known for the presence of an
appreciable amount (15—22%) of titania which presents a promising
attraction in the field of the production of ferrotitanium. As is
well known that recovery of titanium alone from red mud (titania
content) does not bear significant economic as well as commercial
viability. The reason is two fold; firstly the red mud is not as
rich with respect to titania as it should be, for the easy and
economic separation of titania from other _conatituents of red
mud, secondly the production of titanium metal from titania
itself is very costly operation due its very high affinity for
oxygen, high temperature requirements and‘ a strict device for
controlling the reactor atmosphere. An outstanding property of
titanium is that it forms solid solution with iron, thus,

lowering its activity. This solid solution, in the form of

ferro-titanium may be used as a carrier of titanium to steel



melts for deoxidation as well as quality steel making.

In the present work, the above mentioned feature of the
titanium has beén utilized. Red mud when treated
aluminuthermical}y, Fe203 and Ti02 both are reduced along with
some trace constituents and form a ferro-alloy which is basically
ferro-titanium. Thermodynamically and kinetically the reaction is
promising and by creating better fhermal effects it is possible
to pfoduce a largé amount of heat necessary for slag-metal
separation.

Conducting open aluminothermic reduction of red mud,
possibilities have been searched out to produce a ferro alloy
which may be basically ferrotitanium by studying those factors
which directly or indirectly, may influence the thermodynamics,
kinetics, physical chemistry as well as thermochemistry of the
process. The major factors which have been studied in this regard
include particle size of. charge constituents,‘ scale of
production, amount of reductant, flux addition, extraneousg
heating factors etc. Moreover, the role of reactor geometry which
signifies design aspect of the reactor has also been taken up and
results obtained in this direction are expected to be equally
valid for ofher alﬁmihothermic reduction processes.

i1t is hoped that the results would provide useful

information and add some more steps not only in the area of red
mud utilization but in all the cases pertaining to aluminothermal

preparation of metals and alloys.



CHAPTER - 2
LITERATURE REVIEW

2.1 BAYER PROCESS

‘ Bayer process is the source process of red mud
generation. Virtuélly all of the commercial productién of alumina
taoday is still ﬁarried out by this procesé, although it has been
modified over the years for the freatment of sgpecific types of
bauxite [11. The process is based on the fact that the
solubility of aluminium hydrate in caustic goda solution varies
with temperature and concentration. The process involves
digestion of ground and powdered bauxi&e in caustic soda solution
(150-350 gm/litre Nazp) in the temperature range 150-220%C  under
a pressure of 5-25 atmosphere. This treatment dissolves most of

the alumina. For the trihydrate bauxite the whole process can be

represented by the following chemical reaction :

A1203.3H20+ i@purities + 2NaOH——e2NaA102 + 4H20 + “red  mud"

Solution of monohydrate of European bauxites follow the

reaction j

Alzq7.HzD + impurities + ZNaOH-—— 2N39102+ 2H02+ "red mud"

The liquor from the Bayer process cooled a little below
100°C €21 and completely depressurised, is next taken to the
settling and clarification section where red mud is deposited in

settling tanks and is removed. Any remaining red mud in the



liguar is eliminated by a series of washers where it is
confronted with a counter—current flow of hot water. In the final
stage of clarification, the liguor is filtered through a series
of filters. The filterate obtained is a clear solution of sodium
aluminate. Residue left behind after filteration consists mainly
of ferric hydroxide, silica and alumina.

A lower limit of temperature has been suggested [2]1 at
which the digestion and subsequent processing can be carried out.
At the temperature below this limit, aluminium hydroxide may
precipitate during clarification leading to a 1loss of alumina.
Far gfficient operation, the water is maintained at a temperature
as close to the boiling point as possible.

In order to precipitate the pure alumina hydrate, the
clarified liquor or filterate is cooled below the critical
temperature required for precipifabion {21. Very fine fraeshly
prepared aluminium hydroxide is added to the liquor to make
available puclei in order to accelerate the precipitation of

Al (OH) This mixture is stirred for 30-40 hours (1] to allow the

<"
hydrate crystals to grow. Caustic soda meanwhile is regenerated

accarding to the reactions.

2NaAlD, + 4H 0 — Al 0, .3H_0 + 2NaO0OH
2 2 2 2

3

LN&QIDZ + 2H20 — AIZDS. HZD + 2Na0H

These reactions are reverse of those reactions which caused the

solution of impure alumina trihfdrate or monohydrate in digestion

stage. This process causes about 50-60 % (11 of the alumina



hydrate to dissociate from the soda and precipitate out as
crystals. The precipitate is separated from the liquor in a
series of thickeners. The product 91293;3H29 is finally calcined
in a rotary kiln at about 1200°¢C to produce anhydrous AIZOS'

A simplified flow sheet of the Bayer prccess as carried
out commercially is given in Fig.2.1.

The bauxite used in Bayer process usuwally contains
4G6-60 % AIEDZ' Thé quality of bauxite is evaluated in terms of
A1203 content and its mineralogical form, gibbsitic bauxite
being preferred;' Tab.2.1 gives an idea about the chemical
compositions and mineralogical forms of 91293 present in some
important world bauxites. Besides, account is taken of silicon
module or the ratio of 91203 and SiO2 percentage which should be
as high as possible. Depending upon the type aﬁd origin, bauxite

TiO and a large number of

often contains iron oxides, SiO?, -
P < P

impurities in smaller amounts frequently made of oxides of a
number of elements like Vanadium, Gallium, Phosphorous etc and
organic as well as inorganic compounds. A large part of these
undesirable.impurities are removed as "red mud" while another

part of the impurities goes into solution in digestion process.

2.2 FORMATION OF RED MUD

The insoluble residue of the Bayer process forms “red

mud’ so called due to its reddish brown colour which it owes to

the dominant presence of iron oxides . Iron oxides fail to react

with alkali and remain in the red mud. Geothite (FeO(OH)),

however, has been described [1] to be least desirable iron
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Table.2.1 Chemical composition and mineralogical forms of Al_O

of some some world bauxite deposits 111}. e3

Country and %4 % %4 % % Mineral form
Ltocation of | Al O, ESNJ,2 ?9207 Ti0, LOI of A1 0.
Deposit - - - =
Australia Gibbsite (minor
(a) Cape 52-60 2-10 5-13 2.1-3.1 21-29 jboehmite)

York
{b) Gove 48 I-4 17 I-4 26
{c} Darling} 30-48 - - - -

Ranges
(d} Kimber—-| 47-30 |2.5-3.5 - - -

ley.
Brazil Gibbsite
{a) Tromhe-| 47.1 7.1 B.2 1.3 2.7.9

tas No-

dular
{b) Trombe—] 4%.9 4.8 2.3 1.4 2.8.6

tas Ma—

ssive
(c) Minas 95-59 |1.6-5.6(6.7-9.6 |1.1-2.0 25-30

Garais

China 50-70 9-15 1-13 - Diaspore/boehmite

2
France 553-70 I-16 4-23 2-3.5 - Boehmite (some
gibbsite and
diaspore)

Ghana : Gibbsite
(2) Awaso 48-61 10.4-2.4 4-22 0.6-2.1 26—-3%
(b} Kibi I2-60 |0.3-2.9 4—45 2.0-6.2 13-30
(c) Nyinah—| 41-63 [0.3-3.1|1.2-30.911.5-3.3 2029

in
Buyana 51-61 4-& i-8 2-3 25-32 |Gibbsite
Buinea Gibbsite
{(a) Fria 48 - 2.5 21 2.2 25
(b) Sanga- 60-61 10.3~0.7 2-4 3-5 30

redi
Hungary 50—-460 i-8 15-20 -3 13-20 |Baehmite/Gibhs—-

ite/diaspore

India 45-60 1-5 3-20 5-10 22-27 |Gibbsite
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mineral in favour of Bayer process because of possible loss of
aluminium oxide embedded in its lattice.

The silica in bauxite has been described 1,31 to
exist in two forms; reactive silica thch OCCUrs in combination
with silicate minerals ( usually clay minerals) and non-reactive
silica which is crystalline quartz. The non-reactive silica joins
the red mud as such without the losses of alumina and caustic [11]
in the course of digestion process. The reactive silica is
removed by the formation of inspluble sodium aluminium silicate

(desilication} according  to the following chemical reactions

5(A1,0,.25i0,.2H,0) + QIZUT.EHHD + 12 NaOH—oo
23X 2 2 3 z2
- .
2(uN320~3A1203-58102.5H20) + WHEO
S(QIHDT.ZB)'.D,‘.ZH,‘D) + Al _O0_.H O + 1Z2MaOH———
23 z 2 23 2

2(3Na,0.3A1,0,.5510,.5H,0) + 7H,0

The silica thus passes out in  the red ‘mud causing losses of
alumina and caustic. Perfarmance calculations tend to indicate
that treatment by Bayer ﬁrocess of bauxites with a silicon module
less than 8, much alumina énd caustic are lost with the red mud
[Z3.

Bauxites often carry calcium and magnesium carbonates
£3]1 which give soda when treated in autoclave -
+ 2 +
CaCD3 2Na0H —— Ca(DH)z Na2003

Mg (CO }+ 2NaOH-—— Mg (DH),, + Na_CO_



12

Soda may build up in liquor from the reaction between - alkali and
atmospheric carbon dioxide. When the liquors are vaporised, soda
settles out as mOﬁohydrate crystals which are separated, then
turned to alkali by heating together with lime water

{(causticizing ) the alkali is recycled.

NazCD3 + Ca(OH)2 — ZNa0H + C8803

Titanium oxide content of bauxite is not attacked
by caustic Suda; However, owing to addition of lime, titanium
chiefly remains as calcium metatitanate CazTiDE.nHzD £31. In some
recent investigations, titanium minérals have been found to
effect the Bayer process depending on their mineralogical form.
A ‘brief description.in this regard shall be taken up in the
later sections. | |

The impurities like VEDS’ PEQS’ Cal etc present in
bauxite in small quantities, are partially distributed between

the solution of sodium aluminate and red mud.

c.3 DISPOSAL OF RED MUD AND ASSOCIATED PROBLEMS
The main problem in the refining of bauxite to alumina
is the disposal of the red mud which is a product of refining

process. It is separated from the alumina rich caustic liquor,

after filteration and washing operation, subsequently reslurried

with water and pumped to a disposal site from which the over flow

Joins a natural stream. The mill water flowing along with red mud

carries polluting substances despite using best available design
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and operating technigques [4,51.

Recycling of decanted and clarified mill water for
reuse in Bayer process, faises capital investment of impoundment
and operating costs especially when red mud settles slowly and
large volumes must be held in storage.The environmental problems
of the classical decanting mudlakes are well knownj; such impacts
are, dike safety, sludge stability, ground water pollution,
dusting, reclamation and aesthetic compatibility with the
environment.

The quantity of red mud generated by a specific
refinery will depend on the tonnage of aluminium produced and
grade and composition of bauxite ore. Mc Leod has estimated that
in Western Australia the ratio of red mud to alumina produced can
be as high as 3I.5:1 although 2:1 is typical [1]1 and 2.5 tonnes of
red mud is generated for every tonne of aluminium produced [61.
The annual generation rate of this solid waste in Iﬁdia has
nearly craossed fhe level of 1.5 million tonnes compared to 0.5
million tonnes as reported in 1979 [6,7]; The mud material is
finely divided so that even after years of confinement in a
disposal site, the solids will vary from 35 to 63 ([8Bl1. Such a
material has wvery little bearing streﬁgth. The liquid

accompanying the solids, even after effective washing, has pH of
12 or higher and therefaore cannot be-falluwed to enter  ground

+ +
water. DSP in red mud will exchange Na for H in contact with
water; thus no reasonable amount of' washing will make the
material inert.

Although some plants dispose of the red muds by dumping
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them into sea, pumbing of slurry to nearby storage area is more
common. The storage a;eas consist of ponds which are either
natural or man made impoundments. Typically a pond is a large
basin formed by daming a natural depression and. building earth
dykes around it. If possible, the ponds aré located in areas
where the soil has a low natural pérmeability f11.

The area of the land needed for the red mud ponds is
one of the most eﬁvironmental issues in the siting of alumina
refineries since Ehey are considered aesthetically unpleasant and
can result in high dust emissions. The land pfoblem becomes
aggravated when the quantity of red mud producted ié high. The
alumina plant at Burntisland built in 1917 with a capacity of
3060 tonnes per annum, adopted the practice of dumping the waste
residue to a lagoon adjacent to the factory. With the steady
expansion of the plant, the area was exhausted by 1941 (91. In
each specific case the area used will depend on the vyears of
storage desired, the quantity of red mud generated and the depth
of the ponds. :At Wagerup (Western Australia), the initial
disposal pond was planned to cover 25 hectares for the residue
depth of 9 to 10 meters and was planned to last for approximately
3 years,with the initial annual production rate of 500,000 tonnes
of alumina [1]. At Worsley, where planned initial annual
production level wéﬁ 1 million tonnes (as reported in 1983) of
alumina increasing eventually to 2 million tonnes, two ponds were
planned which would caver 521 hectares. and 439 hectares
respectively; the first pond was planned for a life of 31 vyears

while the second one to last for 30 years, giving a potential
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filtered mud storage capacity for the production of 126 million
tonnes of alumina.

Once in the ponds the solids settle out of the slurry
and form a matrix that traps part of the 1liquid, the remaining
liquid is then recycled and raw materials are recovered. When
the storage capacity of one pond is reached, a new pond is

brought on stream.

2.3.1 Soil Mechanics of Disposal
Keeping in view the basic principles of soil mechanics
for the construction and operation of red mud disposal sites, it
is shown that environmentally compatible and cost saving
disposal is feasible if proper attention is given to [101.
(a}) the physical properties of red mud,
(b) conditioning of the red mud for transport and
disposal, and
(c) 1local site conditions and sites
operation. |
Discussed below some basic principles applicable to the

proper disposal of red mud.

2.3.1.1 Water Content of Red Mud
Over a period of time, the water content of red mud in

a storage site decreases as the mud consolidates. The change in
water content is accompanied by changes in consistency of the mud
from liquid to plastic to semi-solid. The condition of mud as it

changes from one consistency tao another can be defined
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gquantitatively by using Atterberg limits. These are arbitrarily
assigned indices which can be used to establish the water content
of mud at its liquid, plastic limits {11].

In soil science, the water content w is defined as  the
ratio, expressed as percentage, of water weight (ww) to dry

weight of solids (ws);

The aluminium industry wusually indicates the water
content (w’) as the ratio expressed as a percentage, of water

weight (ww) to the total weight of the wet sample (wt).

w' (%) =—2_ % 100
“
Thus the relation between w’' and w is

W =106 * 199
2.3.1.2. Behaviour of Red Mud During Pipeline Transport

The water soluble alkali content of red mud is
significantly reduced by filteration prior to transport of the

mud from alumina plant to the disposal site. The water content of
the red mud f;lter cake is wusually in the region of W
=80%(w " =45%) ,corresponding to a solids "concentratiqn of
approximately B70 9}1 £101. In this condition the red mud, as

reported can be pumped up to 2 km. without liquifying additives.
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However, mud viscosity must be reduced if it is to be pumped over
longer distance. Mud viscosity can be lowered either by adding
liquifiers (11,121 or water, the later being more cost ' saving.
Pump efficiency and mud pumpability increases as mud viscosity
decreases. The addition of 10% of transport water to filter cake
virtually halves the yield value for viscous mud flow (the
reference value for describing the viscosity behaviour of rad
muq). The correlation between yield value and water content, as
investigated for a typical Australian red mud, is given in Tab.

3]

Table.2.2 Effect of water content on red mud
yield value [10].

Water added ' Red Mud
to red mud
cake
% Water content(W’) % Yield value N/m2 -
(3] . 45 171
10 50 80
20 ' v 54 &8
0 Sé ' 51
40 61 . 44

- 50 63 - 40

These relationships are useful in determining the
water content of the red mud slurry to be pumped to =& known

distance of disposal site.
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2.3.1.3. Dewatering and Consolidation Behaviour of Red Mud
At Disposal Site

Thobough dewatering and compaction of red mud are the
most important factors, since the cost of disposing of red mud is
much dependent on the water content 6f the mud which in turn
affects the storage area requirements. Dewatering is carried out
in the following fractions [10].

(a) Recavery of surplus transpart water and rain water at
the disposal site.

(b) Consolidation of red mud under its own weight.

{(c} Air-drying of the mud over a prolonged period.

The relationship between total unit weigh Y aof a red
mud mixture and its water content [10] is given iﬁ Fig. 2.2
assuming that a red mud suspension of relatively high water
content w = 165-170%, is fed to the disposal site. This water
content corresponds of a solids concentration of approximately
490 g/1, so that mud can be satisfactorily  pumped over a
distance of several kilométers.

The figure shows removal of surplus water taking place
during transportation of red mud, accounts for a considerable
reduction in the mud vplume. At the disposal site also,
dewatering of red mud continues as it consolidates under its own
weight, thereby increasing total wunit weight of red mud and
decreasing its wvolume. Such a consolidation accounts for a

further reduction in water content of the red wmud, irreagpective

of the transport water content as it arrives at the gsite. At a

water content of 70% the mud remains above its liquid 1limit
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(LL38%). Provided a dam is of adequate stability, a shear
resistance value almost zero for the mud is not necessarily a
disadvantage [101.

Use of dfainage towers, and filter beds below the dam
base, raising the height of the disposal site in conjunction with
air drying of exposed surface of the mud, have been found to be
helpful in accelerating the dewatering and consolidation of red
mud, the later being due to the accompanying increasg in
consolidation stress.

With the application of dewatering principles, VAW [10]
were surcessful in keeping down the water content of the red mud
to a value of approximately 40% from a level of 80Y% (as pumped
from the plant) approaching the plastic limit of réd mud. The
volume in the storage reduced by almost I5% the total unit weight
increasing from 146 to 19 l{N/m2 respectively.

Final consolidation stage accounts for a value close to
the shrinkage limit which is achieved by the further removal of
residual maoisture. This stage is characterised by further
reduction in volume. This stage,however, is reached after

decades.

2.3.1.4 Geo-Technical Behaviour of Red Mud {10,13)

Red mud can be considered as a highly cohessive sail

of silt/clay which it owes to its particle size distribution and
defined by a water content ‘w’” at its plastic limit between

20-40% and a plasticity index PI = 10-19. As a result of high

degree of cohessiveness, red muds posses low permeability which
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enables it to be used as a suitable soil sealant material. Use of
permeability coefficient 'k’ in Darcy’'s law has besen suggested to
characterise the red muds on the basis of permeability. ‘k’ may

be determined by the following expression of Darcy’s low

A= K.i.A (mz/s)'
where @ = Rate of flow

It = Coefficient of pefmeability

i = Hydraulic gradient i = Ah/L

Ah = Pressure head

L = Length of the sample

A = Cross sectional area of sample

Lower values of 'k’ can be obtained by reducing the
water content of the red mud slurry. Thus, consplidated red mud
can be used direcﬁly as a so0il sealant provided ‘'k° lies within
the acceptable range of soil sealants.

In‘addition to this, red mud starts gaining material
strength on further dewatering to lower side. Practically this
behaviour has been shown by the red mud, whose water content has
been sufficiently reduced by consolidation and/or air drying.
These effects, however, can also be achieved by minor lime
additions.

The strength of a s0il material is best represented by
its shear strength which is given by the friction angle ¢ and by
ﬂgohession C. The shear strength increase gsteeply with the
decrease in water content. Cohession C€C of the red mud also

increases sharply with the lowering of the water content as given
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Fig.2.3 : Relationship between cohesioﬁ 'C' and

water content of red mud [10]
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in Fig. 2.3.

2.3.2 Disposal Techniques

Although the problem of disposal of red mud is as old
as Bayer process itself, it received far 1less attention than
other type of polluting emissions, in aluminium industries. With
a steady and sharp growth in the aluminiQm production capacity
all over the world, the praoblem was realised worldwide ;nd now
many aluminium companies and government agencies are looking
worried to search out an economic and envirnnmentally compatible
solution‘fnr the disposal of large quantities of this solid
pollutant. It is only in last 2-3 decades that efforts have been
made in this direction and there has been a significant gpurt in
such R and D activities. Investigations {101 have shown that the
acceptability of red mud disposal methods to environmentalists
should be evaluated independently of the water content of the red
mud disposal. Important factor is the rate of dewateﬁing and
consolidation of muds bath of which should be as rapid as
possible. In other words, the most appropfiate disposal technique
varies according to local conditidns and site ogperation.

The general way to treat red mud has been to dewater it
to the possible extqnt which generally meant .35—50% solids
depending upon the bauxité;concerned and pump it to a pond near
the plant. After settliﬁg and consolidation, the supernatant

liquid could be returned to the plant or possibly, giving

correct climatic conditions, lost by evaporation. In a number of

cases like Alcan in Jamaica, after the capacity of the pond was
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exhausted, top soil was added and vegetation was grown. For the
red muds with as high as &60% solid content, Guiliﬁi £1]1 developed
a “filtered mud’ process for its Ludwigshafen plant in BGermany
and also used by Martin Marietta in its Virgin Island plant and
at the San Ciprian refinery in Spain. The weight of solids is
reduceq only to 20-40%. The wmain advantage stated with ’thé
filtered mud process is that the mud soiidifies and compacts
quickly so that within a few days it can be walked on and in a
few weeks will bear the weight of heavy earth works equipments.
Moreover, with the process the resulting residue has a relatively
high resistance to chemical le;ching. It can be deposited in
small discrete contained areas. The process has heen said ta be
successful in reducing the mud storage requirements compared with
the conventiunalvdisposal systems.

In the areas where the land was not appropriate,
disposal at sea practiced. The British Aluminium‘company Limited
adopted the same practice for its smelter on the Bristol channel
at Newport in Wales [14,15]. In this case a ship ‘was loaded at
high tide from holding tanks or ponds at p}ant. The ship then
moved downstream with the ebb +tide, to a dredged cut, and

discharged the slurry. Pechiney {141 are discharging

approximately one million tonnes of this sediment per year into

the Mediterranean sea. The dischargé was into a submarine canyon
named cussidaigne (near Marseilles). They investigated that the
red mud spread into the deeper part of the canyon and no

intoxication of the marine biots was found.
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Discussed below some disposal techniques and posaible
remedies which have been suggested time to time by wvarious

investigators working on this issue.

2.3.2.1 | Bottom Sealing and Daming the Red Mud Ponds

Use of synthetic membrane layers of compacted clayey
s0il, or installation of positive cut—-off diaphragm w;lls to
bedrack levels, have been suggested to #void any seépage
[1,4,5,101, Most wmodern systems also include &2 series of
underdrains to collect any seepage and ta recycle liquid for
reclaimation of raw materials; An observation system of bores may
be included to allow for the monitoring of chemical compusigion
of ground water and to check ground water levels.

The physical properties of red mud like particle size
distribution, high degree of cohesaivity, enable it to be used,
under certain conditions, as storage site building material. To
prevent alkali contamination of ground water, red mud due to its
high clay fraction can also be used as a suitable material for
bottom sealing in place of conventional materials like clay and
bentonite. To ascertain a desired level of permeability in red
mud as suitable for a soil sealant material, the water content of

the slurry is reduced to a 1limit of proper consolidation.

Consolidated red mud may directly be used as a sealent provided

it possesses the desired level of permeability. Freshly pumped

mud, however, has a higher water content and must be gtabilised

before it can be used as bottom sealing material. VAW and same

soil laboratories [10]1 report to have developed a method in
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which small additions of lime (CaQ or Ca (DH)z) accounted for the
rapid solidification of tﬁe mud and an increase in its cohession.
They investigated that when red mud from the plant was deposited
on the Iime-stabiljsed mud layer, self sealing took place as the
mud consolidated. Tﬁer achievable permeability coefficient for
lime stabilized red mud, has been said to be at least 50 times
lawer than the limits stipulgted by the authorities for natural
soil sealing materials. A compression load of 75 (N/m2 obtained
in their laboratory tests corresponded in practice to 2 red mud
layer approximately 5 meter thick, the water content of test
samples ‘w’ being 35—40%. Due to inexpensive lime additions, the
construction costs were significantly 1955  than the other
sealants.

The use Qf red mud for daminé the disposal ponds has
also been reported by VA¥. Land requirement is reduced
significantly and cost is saved as no other material would b!
neaded. They have estimated that, for a disposal site of 10 meter
height with a working volume of 10 million ms, more than 10Y% of
external building material could be saved by the application of a
dam construction system, they developed. The salient features of
their dam construction system were, stage by stage building of

dam as they are filled, use of consolidated air dried mud from

within the site and construction of filter beds at the bottom of
all dams. The author, however, suggests that local conditions
allow for the better choice of building material but mnormally
choice is made from consolidated Pedvmud, lime stabilised red mud

and/or waste material from coal mines.
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The above mentioned system for the formation of
embankment from the red mud itself could, however, not find
success at the Burntisland Alumina plant (now a part of British
Alcan Aluminium company) as it suffered from extensive errosion
due to damage of storm water. As a remedy, they [?]1 investigated,
that the use of a natural depression in the topography and the
utilization of burnt 0il shale to form retaining embankments
together with a2 controlled dumping p;ocedure could be possible
solution from the technical and economic point of view. Such a
system has been reported quite suitable for the local conditions
pértaining at Burntisland. The plant adopted the same system and
all new embankments, as reported, were constructed of spent oil
shale with a2 I meter blanket of sand 1laid across the face of
shale which was in contact with the mud. The embankments were
some & meter high to the west and 14 meter high to the east.

In Germany some residue impoundments‘with portions of
dikes made permeable, thus allowing the residue to drain and the
drainage is channelled to water treatment facilities before
discharge to the surroundings [Bl. An American design [B] lines
the impoundment with clay and sometimes with a polymeric
membrane, then place drainage tile in a sand bed on top of the
lining. Most of tﬁe dilute splution used to suspend the residue
for pumping is decanted, but a significant fraction drains

through deposit,. The sand bed is so permeable that there is

virtually no hydraulic head on the pond bottom; hence chance of

leakage is slight. Drainage also compacts the residue so that

more can be deposited on the same pond volume.
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In Germany from its Martinswerke plant, Alusuigse ig
pumping the red mud slurry into a mined out brown coal mine for

land reclaimation [141.

2.3.2.2 " Dry Stacking” of Red Mud [4,5, 8]

The ’'Dry SBtacking” of ‘Dry Disposal’ which bhas now
become a competing technology in the area of  red waud digposal,
has been adopted by six alumina plants in West Germany, since its
conception in Ludwigshafen, West Germany.

The dry Disposal system can be successfully appliéd
when the red mud waste has thixzotropic properties and.
econamically acceptable filteration rata. In certain Bayer
alumina plants where the red mud is deposited as dewatered filter
cake, filteration rate of red mud may wvary from a low of 80
kg/mz/hr to a high of about 200 kg/mzlhr. The drum or disc filter
is placed at the end of the existing chain of mud-decanter
washers which results in a greater pulp washing efficiency,
hence, valuable thémicals can be recovered to a greater aextent.
Filteration concentrates the residue to perhaps S0% solid, thus
“imparting it thixotropic characteristics.

ThixotEOpic filter cake is made free flowiﬁg by heavy

vibrations and agitations in a reactor. Minor additions of
chemicals may be desirable depending on the characteristics of

red mud. The aim of this operation is to transform the filter
cake into pumpable sludge. The reactor treatment offers a very
high drop in apparent viscosity. Generally the ved mud has an

initial  apparent viscosity between 200,000 and 90,000
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Water in 1) Precipitation ~ Water out 4) Evaporation
2) Surface run off 5) Percolation
3) Ground water 6) Seepage
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Fig.2.4 : Water balance for a dry waste disposal site.

Run-off Rainwater
l‘ —
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1st Phase \

------

/Filter Base
Fig.2.5 ¢ A typical method of removal of precipitation
from a dry waste disposal site.
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centipoises. The agitation reduces the viscosity by the two
orders of magnitude. When the filter reached a desired viscosity,
it can be pumped to a disposal site in the agitated state.

Since drum filters are used, no decantation will take
place at the disposal site and possibility of percolation 6f
chemicals is largely eliminated. Under these conditions the water
balance given in the Fig.2.4 for a dry waste disposal site,
shows that only uncontrolled precipitation causes ground water
pollution. Use of catchall ditches have been suggested, if the
surface run—-off is significant. Hence assuming, the lacation of
dry waste disposal site has been properly selected, only
uncontrolled rain water can cause the ground water pollution.

Due to extremely low permeability of red mud to water,
the treated red mud has ideal soil sealant characteristics, hence
pre;ipitétion will not penetrate orrepulp the deposited sludge
layer and will Eemain on top free flowing to the lowest area of
the impoundment.

(uick removal of rain water is suggested from the
surfacé of the deposited sludge, durin§ heavy and long existing
rains to minimise the possibility of any diffusion of cheﬁicalq
from the surface of dePO9Sited gludge into the supernatant rain
water.Appropriate rain water removal also promotes deposited
sludge to dry out and harden in a relatively short period of
time. |

In order to remove precipitation from the dry waste

disposal site, dike is constructed in parts of permeable material

which are not subject to saturation or shear. The Fig.2.5 shows a
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typical method of removal of precipitation. The author claims
that the seepage of rain water through the permeable dikes does
-nat contain any contaminants uﬁder the normal European weather
conditions. The ground water samples taken from the immediate
vicinity of the existing disposal sites were all non-turbid,
colourless and showed a3 pH value of the ground water taken at
some distance from the dry waste disposal site.

As has already been said that heavy and 1long existing
rains may extract, to limited degree, caustic soda from the
surface of the deposited sludge. Such a ground water pollution
due to surface run—-off can be prevented by prompt removal of rain
water and using filter base for dam construction, having cation
absorption propertiess. In the regions where heavy tropical rains
occur and also when sludge retaining dike is small in relation to
a large disposal area, rain-water interceptional ditchés' bhave
been suggested.

Heavy precipitation +Ffrom the disposal site can be
removed by the use of vertical flood contral towers located in
the lowest area of the disposal site. The collected rain water if
required, may be piped back to the plant C.C.D. circuit.

To keep the dusting under control, the author suggests
subdivision of waste impgundment in smaller areas. The mini dikes
built for this purpose méy consist of dried mud. This alsc offers

stability to the disposal site. By altérnatively feeding the

smaller impoundment areas, the deposited filter cake sluge dries

out and harden in relaftively short period of time. For a typical

Bayer process red mud, the author reports that the stability of



32

the dry waste increased markedly after about 30 days and after

4-5 month it became worthwhile for the passage of heavy vehicles

without danger.The Tab.2.3 below furnishes some operating data as

observed by author'for several Bayers dry waste disposal systms.

The main advantages as cited by the author [4] are listed as

follows —

(i} The minimum quantities of chemicals will be discarded with
the washed and filterred mud cake.

(ii} Minimum contact exists between red mud and supporting soil.

(iii) As the treated red mud filter cake has wusually excellent
s0il sealing characteristic, seepage of chemicals into
ground water can practically be eliminated.

{iv} The chemicals diffused into supernatant rain water, can be
trapped by specific dam design features or where required,
by flood control %owers, permitting excess rgin water to be
collected and returned to plant site.

Table.2.3 Typical Operating Data for Several Waste Disposal
Systems [4) ;

Process data

Solid content of filter feed 20-40% (by wt.)}

Filter feed tempr 55-45°C

Percent solid in filter cake 55-65% (by wt.)

Waste discarded in -tgnnes/day - 500-1000 tons (dry basis)
Filter capacity kg/m” /hr 80-200

Chemical remnanti in filter cake 0.8% N;zﬂ {(dry basis)

Discharge pressure of disposal )
pump ' max. 100 Bar.

Angle of repose of filter cake

material . 2-8 degress
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2.3.2.3 Red Mud Neutralization

One more way reported [16] to minimize the intensity of
pollution of this solid e%fluent, is to meet the environmental
regulation 1limit of pH as stipulated by the environmental
authorities. Such a limit generally lies between 4.5 tq 8.5. The
investigation showed that it was technically feasible to bring
doun the pH of red mud slurry from a level of 12 (as pumped) to
the limit of environmental regulations by neutralizing red mud
slurry with flue gases. Neutralization with 0il fired boiler flue
gases was tested. The principle is based on the fact that 002
makes up 14% af its volume and there is also some 802 present. In
the course of neutralization the following reactions have been

outlined to take place.

2 NaOH + CO,—— NasCO; + H,0

Na, CO. + CO. + HZU ——» 2NaHCOo

3 X

2NaH + 802 — N32803 + HZD

MNaOH + 802 e NaHSD3

The neutralization was ctonducted on a pilot plant using
a bubbler and a floatation cell. Excerpts from thevauthor's study
indicated that neutralization was possible both ways. However,
decision to use a bubbler or a floatation cell would be based on
the gas availability. If gas‘ generation exceeds the amount

required, the bubbler would be preferred. On the other hand use

of floatation cell has been suggested if the gas generation rate

is close to the requirements for neutralization. In his study on
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the Saramenha alumina plant red mud, the author interpreted on
the basis of post neutralization pH variation of red mud slurry,
that a red mud of pH 12, if neutralized to a pH of 7.5 by this
manner, would maintain.its pH value within the range 6.5 to 8.5

after disposal to the pond.

2.3.2.4 Rehabilitation of the Disposal Areas

Rehabilitation programmes which are meant to release‘
the land from the useless occupation of mud 1lakes, haye now
become an important part of refinery operations parallel %o a
‘search out’ for an improved disposal technique. The success of

vegetation, however, is the subject of considerable contraoversy .

Alcoa tried to justify this concept in 1947 with restoration work
of one pond, and now as reparted [11, the area 1is able ¢to
support pastures, Qheep have been grazed and a variety of
cereal crops have been established; an older residue site is now
ugéd to grow a variety of vegetables. The study was intensified
in 1973 at Alcoa’s Kwinana refinery and a detailed geptechnical
programme [1713 was undertaken to investigate the engineering
aspects for a long term vrehabilitation in the background
engineering properties of red mud with respect to strength,

permeability, grading and consolidation characteristics.

Followings were the major points of study.

(i} allowable bearing pressures for building foundations,
(ii) total and differential settlements beneath structures, road
pavements, atc.

(iii) remuval of the caustic liquor retained in the lakes.
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(iv) earthworks for contouring the site.

The investigations established that the basic
engineering parameters of the residue were quite consistent with
those accepted for naturally occuring soils. Conventional
techniques might be used to determine the in—-situ characteristics
of red mud, 1like soil type, shear strength, consolidation
characteristics and permeability. Once these parameters
established, might be used to provide a preliminary appraisal of
the development potential of mud 1lakes, taking into account
foundation bearing pressures, total and differential settlement
and the requirement remaoving caustic liquors stored within the
lakes. This wqu established the feasibility of developing the
mud lakes for industrial wuse without wmajor constraints being

placed on development due to‘the properties of the red mud.
Though numerous methods are being developed in this
direction, the success still lies under a Aquestion mark.
Solymar [18] accepts that the up-to-date storing and complex
processing of red mud is still a challenging task. Despite going
through an extensive literature on this problem, McGeer [141 has

to say "we know that 21l work has been unsuccessful®.

2.4 PHYSICAL AND PHYSICOCHEMICAL PROPERTIES OF RED MUD

c.4.1 Particle Size

.Red muds have been described [1,6,12]1 as fine dispersed

systems which are distinctly alkaline with pH varying from 11.5

to 12.5 and composed of a fine fraction (mud) and a relatively

coarse fraction (sand). The percentage of these fractions,
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Table.2.4 Typical compositions of Australian and Guinean
Red Muds (10]}.

S0il Classification mm. % by wt.of red mud
Average variation
Fine Sand 0.06-0.2 4 3.5
Silt 0.002-0.04 42 J6—-48
Clay Less than
0.002 54 47-60

Table.2.5 Particle size distribution of a Red Mud
obtained from Jamaican bauxites (20,21).

Mesh Size wt.% Size Micron Wt.%
+28 : Nil -35 +23 1.0
_28 + 48 0.1 —23 +12 | a9
-48 + 100 0.4 -12 + b6 13.1
-100 + 200 1.2 -& + 3 39.5
200 + 270 0.6 -3 +1.5 32.?
=270 + 325 0.4 -1.5 +0.9 5.8
~325 + I5um | 0.8 - - -
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however, depends on the mineralogy of the processed bauxite.
Bauxites with nonreactive silica (quartz) content account for the
sandy fraction of red mud. To some extent this also depends on
the crushing and grinding operations carried out on processd
bauxite. Monohydrate ores, especially with significant amount of
diaspore are more difficult to crush and grind because of their
high hardness values (diaspore, 6.5 — 7 wmhos). The monohydrate
bauxites (boehmite and diaspore) have also been abserved to
posses higher percentage of nonreactive silica than trihydrate
bauxites which is indicated in Tab.2.1 On the other hand, the
clay content of the red mud depends, to a significant extent, on
the mineralogy of iron-oxides and presence of clay minerals (like
kaolinite) in the concerned bauxite. Tab.Z2.4 shows a typical
compoasition of .Australian (Wiepa) and Guinean (Boke) red wmuds
with respect to sand and clay fractions, as reported by Lotze
£101.

Alcoa’s Kwinana Works £171 produces the red mud which
is half fine mud (clayey silt) and half sand size matériél which
is indicated on the grading curve given in Fig.2.6, Tab.2.5
presents the particle size distribution (20,211 of red mud
obtained from Jamaican b;uxites.

The Indian red muds have been found (6,71 to be very

fine sized material, bulk of particles being of - 325 mesh

size ( i.e less than 44 micron size) and a high proportion of
these are in colloidal range. Prasad . et al.{7] have determined
the particle size distribution of HINDALCO  red mud

(uncausticised) which is presented in Fig. 2.7.
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2.4;2 Texture

Solymar ({221 studied the texture of Soviet and
Hungarian red mu&s using scanning electron microscope. The
micrographs helped in | recagnising the texture of sodium
aluminium silicates. However, the effect of -mineralogical-
composition, surface area, crystallinity, goethite and hematite
respectively, could not directly be 6beerved although great
differences exis;ed from case to case from the technological view
point. Author’'s study revealed that morpholaogy of different
sodium aluminium silicates differed at least in part. It has been
pointed out that the practical utility of the. results may be
expected only by“means of systematic scanning electron microscope

studies.

2.4.3 Specific Surface Area

The knowledge of specifi; surface area is important in
the gense that it leads to helpful conclusions concerning
diéestibility and suitable particle size to be obtained in
grinding, since a relatively high specific surface area that is
fairly independent of particle size indicates [22]1 that grinding
finness does not affect or slightly affects the digestibility.

Solymar [221] on his investigation on Soviet and
Hungarian bauxites observed that the specific surface area aof the
red mud formed depended on the temperature of digestion of

bauxite, and a decrease in the specific surface area of the red
mud was reported with increase in the temperature of digestion.

He found &the maximum specific surface of area of red muds from
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Hungarian bauxites at a digestion temperature of 21o°ti

The specific gravity of red muds have been reported to
vary between 2.6 to 3.2 depending on composition. Most of the
Indian red muds have been characterised ([4,5,6,%1 to be wvery
fine sized with poor settling characteristics,‘ thixotropic and
crack on drying. Prasad and Shavrma [71 carried out extensive
studies to determine the physical and gentechical properties of
HINDALCO red mud. The results of this investigation are
summarised on Tab.2.6. Properfies of some American red wmuds
{20,211 are shown in Tab.2.7.

Red muds are distinctly alkaline with pH wvarying from
11.5 ¢to 12.5. Walﬁer et al. L1713 carried ouf in—-situ
determination of alkalinity of Alcoa’s Kwinana refinery mud. The
results showed that total alkalinity varied between 10 and 30 g/1
over a depth of 16 meters. Since the total alkalinity of the mud
at the time of deposition falled in the same range, theé authors
concluded that no change in concentfation or alkalinity occured
with time. |

On the basis of consolidation behaviour,red muds can be
characterised by Qsing Atterberg Limits.-Lotze £101 reported the
characterisation of Australian and Guinean red muds using
Atterberg Limits which is showﬁ in Tab.2.8.1In the same
investigation, the author observed that the permeability' of the

red mud slurry which can be expressed by the permeability

cofficient 'k’ in the Darcy’s law, depended on the water content

and lower values were obtainable by reducing water content. The

study revealed +that 1lime addition prompts lowering af the
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Table.2.6 Soll characteristics and geotechnical
properties of HINDALCO Red Mud ([7}.

Property/Test
1. Specific Gravity (G) 2.88
2. pH 10.60

3. Atterberg’s Limits

(a) Liguid limit % 3I3.70
{b} Plastic limit % : 27.20
{(c) Shrinkage limit % 27 .70
(d) Plasticity index (P.1.) 5.80
4. Grain Size Distribution (%)
(a) Clay sizes (<{Z2um) 7.10
(b) Silt sizes (2-40pum} 85.10
(c) Sand sizes (>&0pum} - 9.10
8. Compaction And Consolidation Tests
(a}) Optimum Moisture 25.60
Content (4 OMC)
(b} Max, Dry 1.62
Density (gm/cc) -
(c) Permeability (K} X 10 .22
cm/sec
(d) Void Ratio (e} at OMC 1.78
{e) Compression .33
index (C )
c
(f) Swelling 2.10

t~a

index (C } X 10
=1

6. Unconfined Compression Test
(a) Unconfined Compressive ' 1.95

-~
Strength (kg/cm™)

r,,J

{b) Shear Strength (Kg/cm™) 0.98
{c) Consistency v Stiff
7. Triaxial Shear Test
(a) Cohesion, C(Kq/cm™) 0.80
(b) Angle of internal ' 25.44
friction, ¢(degree)
8. California Bearing 4.30

Ratio Test (soaked)
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Table.2.7 Physical characteristics of some American Red Muds
{20,211,

Specific gravity 2.6 - 3.1
pH Value | 11.7 - 12.2
Pulp density, gms/cc 1.1 - 1.3
Initial percent solids in mud slurry 7.8 - 35.%
Settling rate cm/hr. 0.05 - 2.96
Parcent solids after 24 hrs,settling 25.46 — 55.5

Table.2.8 Characterisation of Red Mud using Atterberg

Limit [101].
State depending Atterberg |[Sym-— Water Contemt ‘w'of red
on water content | Limits bol mud at Atterberg Limit
%
Decre~| Liguid Liguid LL 58 + 8
asing Limit
water | oiastic | Plastic PL 37+ 7
can= Limit -
tent
Semi— Shrinkage SL 29 + 2
solid Limit
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permeability due to rapid solidification of the mud and an
increase in its cohesion. By this wmethod it was poasible to
obtain a permeability cofficient as low as ?-10X 10--10 m/s. The

dependence of the cohesion of red mud on water content, as

studied by the author, is indicated in Fig.2.3.

2.4.4 Surface Properties

The stability of red muds suspensions and methods of
its upsetting, basically depends en such characteristics as
specific surface area dispersion and hydroﬁhilic
character.Zavaritskaya et al. [19] studied those characteristics
for red muds obtained by degestion of bauxites of different
mineralogical and chemical compositions. Since red muds are fine
dispersed systems, an electron microscope was used. Degree of
polydispersion was found to be differené, the ‘gibbsitic bauxite
red mud being less polydispersed compared to others.The bulk of
red muds obtained from diasporic and boehmitic bauxites,
consisted of fine particles of indefinite shape, at-the same time
there were distinct separate crystals having the shape of regular
and irregular quadrangle, and particles of sodium alumino
silicate of a relatively egquiaxial shape. For crystals of red mud
of gibbisitic bauxite, thé equiaxial shape of 'particles was

characteristic which corresponded to the shape of sodium alumino

silicate crystals formed in alkali-aluminate liquor.

The abave investigators also conducted microscopic
study of red muds in process of decantation as a function of time

to define their structure and ability to aggregate. Red mud of
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diasporic bauxite, was wmore dense and consisted of = big
aggregates and for the boehmitic bauxite the red mud particle
size did not exceed 1 to 1.5 microns and was less dense. For
gibbsitic bauxite red muds, presence of separate group of
particles was found to be characteristic, as well as chains of
different length formed by the particles.

It is known that red mud ubtained. after treatment of
bauxite forms a solvatised rather stable structured system with
the dispersion media (aluminate liquor). The fact that the
dispersion substance is strong eiectrolyte as well as lyophilic
character of red mud particles and their interaction bring forth
different difficulties in the process of. thickening. Stability of
this system depends on many factors oné ‘of which is the
hydrophilic character. The measure of the hydrophilic character
of the solid matter is the gquantity of bonded water.

Zavaritskava and co-workers [19] determined the hydrophilic

character of washed red mud in terms of bonded water. The data
obtained allowed to some extént to characterise a relation of red
mud to water in aluminate liquors. To determine the gquantity of
‘bonded water in red muds the refractometric method was used and

10% sacchorose solution was given as indicator.

‘2e4.85 Washing Characteristics
Red mud washing is necessary to recover the part of

caustic which remains adhering with the red mud. In practice

counter—current flow system is used for washing of red mud in the

settler tank unit. Counter—current flow system is advantageous as
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compared, to the multistage unidirectional washing system (231.
Washing characteristics of red moud depends on the
composition of bau%ite and digestion conditions under which the
- red mud is forméd. Difficulties have been observed with red mud
obtained from the Indian bauxites in separatipn and washing.
Zambo and Kovacs [24]1 examined the washability of red mud
obtained ffom Indian bauxites. They encountered difficulties in
washing which was attributed to the presence of TiDz;HED gelly.
They proposed the formation of NaHTiD3 during the digestion.
This compound was reported to be in the form of gelly. This
gelatincué precipitate goes into red mud and creates
difficulties in separation. In DM rich or OH ion active solution,
NaHTiDz is quite stable but with decrease in OH ion concentratien

during washing, itbhydrolyses as follows :

NaHTiD3 f HZD — Ti02°H20 + NaoH

This end praoduct of hydrolysis TiOZ'HZO is also surface
active gelly like precipitate and so can absorb large amount of
aluminate solution which indicates use of large amount of watar
for washing.

Kovacs £25] studied the effect of diggstion ‘conditions
on the washability of red mud obtained from Indian bauxite. The
rad mud fromvlower temperature of digestion was found to fix more
Nazﬂ during washing. It Bas been attributed to the fact that in
digestion at IBODC'with molar ratio of about 2 whereas for higher

temperature 210°C digestion molar ratio was 1.8 and extent of
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digestion of anataie was proportional not only to the digestion
temperature but also to the free caustic concentration or the end
molar ratio. They concluded that with repeated washing,Nazp
cantent of red mud can be decreased appreciably.

Solymar et al. [24] investigated the Dorr type washing
of red mud from an Indian bauxite. Washing was done in six steps
with sodium aluminate solution having' composition similar to
those existing in actual Dorr type washing pra;fice in alumina’
plants. Fig.2.8 shows the NaEO/TiD2 molar ratio plotted against
TiD2 contants of bauxite for the red muds obtained by digestibn
at 180°C and 24900 respectively and washing with hot water and
also separate waéﬁing by the Door type sodium aluminate solution.

They observed that the red mud obtained by digestion at 240°C

after Dorr type washing, NaED/TiO2 molar ratio was 0.13-0.16
whereas in case of washing with hot water this ratio was
0.08~-G.09. ;t can also be seen. that with increase in temperature
of digestion the sodium fixed in sodalite also inéreases.

Mariassy et al. [271] examined the use of dilute
liquors for bauxite digestion and concluded that with fhe use of
dilute liquor for digestion, water requirement for washing of red
mud is considerably reduced. Solymar et al (281 have proposed a
mechanism of washing of red mud and sodalites. They observed
that in first stage ‘washing, adhering liquor is removed and
hydrolysis takes ﬁlaces partly,and in second stage unchanged
sodalite starts dissolving.

Prakash and Horvath [291 conducted studies on washing

of red mud with alcohol, 2% N320 solution and distilled water at
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90°C. The washing was ert continued till the pH of wash water
was less than B. They observed increase in specific surface area
of red mud with increase in TiO2 (anataze farm) content of
bauxite. It was concluded that with increase in TiOz, TiD2
content larger amounts of sodium aluminate liquor would adhere on
the surface of red mud which necessitated reguirements of larger

amounts of wash water.

2+.4.6 Settling Characteristics

In the Bayer process, settling has been said to be one
of the most important steps in the separation of liquor and red
mud. The selecting of the method of separation depends on the
quantity of red mud in the slurry. In case of large red mud
content of slurry, settlers are used before filteratiqn to
decrease the load on filteration unit.

Settling of the red mud is governed by factors like
[301 (i) origin, geological age and chemical and mineralaogical
composition of bauxite (ii) method of ore dressing  (iii)
digestion conditions (iv) conditions after digestioﬁ. Recent
studies [22]1 indicated that the specific surfacé area of red
muds was inversely proportional to the settling properties. It
has therefore, been proposed_ that settling and washing

praoperties may be estimated directly from specific surface area

of red mud which can be measured with the BET method.

Bauxites contain lot of impurities namely silica, iron

sulfide, hematite, magnetite, minerals of titanium like anataze,

rutile, brookifte and illmenite. 'As a rule [311 it is not
% . 246557
e ke bl A
AN
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possible to predict exactly how muds will be settled by material
composition of bauxite. However, a preliminary opinion about the
character of mud settling ability can often be prepared by
material composition of bauxite. In the following paragraphs, the
role of various factors affecting the settling ability of

produced red mud,has been briefly discussed.

2.4.6.1 Role of Titanium Minerals

Titanium minerals are found to occur in all the
bauxites in varying amount from negligible in Brazilian bauxites
to above 17% in Indian b;uxites. Titanium minerals have been
aobserved to affect the settling characteristics of red woud.
Zambo and Kovacs [24] examined the settling characteristics of
red mud from Indian bﬁuxiteﬁ. As a result of their study they
concluded that settling rate and compaction was unsatisfactory.
They also ttied to find out the effect of addition of Cal during
digestion and concluded that settling rate of red mud was
improved when percentage of Ca0 was more than the percentage of
TiD2 whereas lesser amount of Ca0 led to decrease in settling
rate. Schepers (321 has also found that addition of 2% Ca0 in
digestion charge improved the settling rate which vis attributed
to the formation of calcium titanates or calcium silico titanates
etc. thereby binding TiD2 content and avoiding its effect on the
settling rate.

The advefse effect of TiDz has been reported to be due

to formation of NaHTiO, gelatinous precipitate which passes into

red mud and creates difficulties in separation. Kovacs (23] in
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the detailed study on a pilot plant scale on settling
characteristics of Indian bauxites red mud observed that settling
rate of red mud from Indian bauxite was lower as compared to red
mud obtained under similar~digestion conditions from Hungarian
bauxite. Poaf settling ability was attributed to High TiD2
content of bauxite which is in anataze form and transforms during
digestion into amorphous gelly like precipitate which makes
separation of red mud difficult.

Prakash and Horvath [301 arrived at the same
conclﬁsion on the basis of gpecific surface area measurements of
red muds, obtained by digestion of bauxites with 12¥ and 18% TiU2
in anataze form. The increase in specific surface area was
attributed to the formation of higher amount of amorphdus sodium
titanates and dispersed TiD2 as observéd from X-ray

diffractometry of red muds.

2.4.6.2. Role of Iron Minerals

Settling properties of red muds are affected by the
form of iron minerals present in the system. The tﬁo forms of
iron minerals generally found in bauxites are aluminous goethite,
o= (Fe, Al}), OOH and hematite, o —Fezp3. A general observation
£31,331 is that in cése iron is present as hydrates of oxides
(goethite etc), the settling of mud becomes worse. On the
contrary, the availability of oxide forms of ferrous minerals
{hematite etc) promotes the settling ability. Basu {341

undertook a detailed investigation in this regard and confirmed

the relation of settling rate tao the type of iron mineral. Model
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systems comprising of systhetic goethite and hematite in pure
sodium aluminate ' solutions were used to study reactions
representative of those occuring in Bayer process by the study of
relative settling rates as function of particle size and surface
area. For goethite and hematite, the author observed that for a
given particle size and surface area,hematite exhibited
considerably faster settling rates than goethite. He interpreted
that the agglomeration tendency of the oFelOH particles was much
lower than that of hematite due to difference in their surface
properties. The surface properties of goethite has been rveported
to be such that they do not allaow for thersfrong particle—
particle interaction necessary for flocculation;

Leitenzen et al. (31,351 have shown that if a
considerable part of iron oxide is bound to siderite, the process
of settling of low quality bauxites of gibbsite type becomes
considerably worse. In so doing it was determinéd that siderite
by itself does not effect the settling ability of red aud,
bacause it completely decomposes with reaction. of magnetic
ferrous oxide during digestion. But if a considerable part of
iron oxide, present in bauxite is bound to éiderite, the ratio of
hemitite to siliconfoxide therewith is -sharply reduced which
according to author s opinion, represents the main reason of
deterioration of mud settling ability.

Degree of dispersion of iron oxides has also been

stated [36] to be responsible for settling characteristics of

red mud. Geothite type of bauxites generally result in a red mud

found %o have higher dispersion which @ adversely affects the
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settling rate. In case of Ghanian bauxite having crystallised
goethite, rate of settling is higher as compared to Jamaican

bauxite having highly dispersed hematite.

2.4.6.3. Role of Silica Minerals

The presence of SiD2 minerals adversely affect the
settling rate. Silica in quartz farm during settling behaves in
two ways; the solution may set to a gely or the particles have
such a size that they settle slowly in solution forming 2 cake or
an aggregated mass on the bottom of the container. The later
tends to occur if the size of the individual particle exceeds 150

to 200 microns. It has been reported that the rate of formation

of gel increases with concentration of Si0.. Silica however, in
kaolinite form has been considered [37,38]1 to have mast

unfavourable effects on settling behaviour of red mud.

2.4.6.4. Role of Other Inpurities

Effecté of other impurities present in bauxite on
settling rate of red mud has also been established. Presence of
sﬁlfide minerals (pyrites and marcasite) adversely affect the
settling of red mud because if the sulfur content [3%2]1 is more

than 2% then colloidal iron—-sulfide particles are formed.

Presence of magnesium and calcium carbonates in slightly

higher amounts may produce some problems in washing line and
red mud separation [40]1. Higher amounts of calcium and magnesium
carbonates may entail loss of caustic. There way be high solid

containing foam which may float and accumulafe on the surface
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thereby leading to break down in settling and washing line. Role
of phosphorous bhas also been investigated and it has been

reported [41] that PO

5 concentration of 10 gm/1 or less has no

negative effect on the technological index. Now it has also been
.well ectablished that the availability of kaolinite, pyrite,
limonite, dﬁlumite:and some minerals can essentially deteriorate
the settling ability of red muds [42].

The content of organic material, expressed as carbon,
may vary from 0.05% to 0.4% which partly goes into thethe
digestion liquor while the non-dissolved part is removed frqm
the process with the red mud. Pohland and Tielens {431 have
revealed that organic material present in bauxite also‘hamper the
process of settling of red mud by making the process liquaor more
viscous. They pointed out sodium oxalate and éodium humate as
mast harmful organic compounds which are fbrmed during the
digestion process. 0On @ studying the Ludwigshafen refinery
(Germany?, they obéerved that when the concentration of sodium
humate compounds increased above a critical levél,' red mud
settling rate was decreased drastically resulting in muddy
overflows. Authors have suggested an improved method to avoid

difficulties caused by organic impurities.

274.6.5 Role of Settling Agents

Settling agents are organic or synthetic materials
added to digested.liquor to improve properties of red mud by way
of coagulating ané‘flocculating the fine particles of red wmud

thereby making the settling fast. Kovacs ‘and Solymar ([44]
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investigated the use of ryeflour and riceflour on red mud
obtained from an Indian bauxite. They reported that the rate of
settling was not found to improve with increase in amount of
rice—flour added. They also observed that red mud obtained by
digestion af 24G6°C had better settling characteristics as

20%% .

B

compared to red mud obtained at a lower temperature of
This has been attributed ¢to incomplete digestion of bauxite.
ficcaording to them, use of gettling agents 1is not necessary in
case of Indian bauxites considering the speed with which red aud
and aluminate liquor move in the industrial Dorr-settlers.
Generally it has been found that the small addition of
settling agent enhances the settling rate to great extent. It has
been shown {451 that the mode of preparation of solution and
water used for making solution of settling agents affects the
settling rate. For efficient settling a flour solution containing
8 to 10 g/1 of distilled water should be made and before its
addition to settling tank, it should be boiled. Plant water has
not been suggested for the preparatiﬁn of flour solution as it
contains materials which may affect the settling rate adversely.
Use of synthetic flocculaqts which are polyelectrolytes
having sufficiently high molecular weight, have also been
suggested to improve the settling charactristics of red mud.
Flocculation has been considered to occur due to bridging of

suspended particles by the long chains of these polymers. Synfloc
flocculating agents bhave been reported (461 being used in recent

practices.
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2.4.6.6 Role of Process Parameters

The relationship between the digestion temperature of
bauxite and sedimentation behaviour of red mud was studied by
various researchers [25,32,47,481 in detail and it was found that
settling charactefistics of red mud improved with increase in
digestion temperature. Dunay [47] established‘ that in general
digestion at temperaturgs above 250 improved the sedimentation
of red wmud. Basu ({34] investigéted that the hydrothermal
transformation of goethite into hematite during digestion led to
an a;teration of the FeDOH surface properties and resulted in
considerable increase in settling rate. Such a transformation
gets accelerated with the increase in temperature of digestion.
Hydrothermal tranéformation, can also be achieved by prior‘
calcination of bauxite. However, this does not always imprave the
sedimeﬁtation behaviour [37]. Some times it may even be harmful
because of resulting disintegration.

In a tube digestion system suggested by Lanyi {471,
red mud contained magnetite and settled satisfactorily.

Digestion of bauxite carried out with the use of
catalysing additives [501 prompts hydrothermal transformation of
goethite to hematite and hence improvement in sedimentation of
red mud. The method, said to have been patented world-wide, gives

gsafe transformation of goethite to hematite even for bauxites
(e.g from Guina) containing extremely stable goethite.

The conditions of aud preparation also influence the

settling ability of the mud [311. It has been demonstrated that

factors like digestion temperature, period of holding before and
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after digestion, method of pulp cooling influence considerably
the speed of settling in the zone of free falling and period of

solution clarification.

2.5 CHEMICAL AND MINERALOGICAL CONSTITUTION OF RED MUD

The chemical composition of red mud depends on the
chemical and wmineralogical characteristics of the bauxite
treated and Bayer process variables. Tab.2.9 gives an idea about
the chemical composition‘of red muds produced in the alumina
refineries of different countries. This iﬂdicates'that the major
constituents present in red muds are Fezp3 and Alzos whereas
TiDz, Nazﬂ, SiDz, and Ca0 are present in minor quantities.
Besides, the trace quantities of several other elements such as
the oxides of [61 V¥, Ca, Cr, Zr, V, th, Sc, La, Y, Sr, Ba, Hf, K,
Pb, Mn, Mg, Ca, Ni, ZIn, Bi, Co, Li etc ;Pe also present.

Although the exact chemical composition of red muds
varies over a wide range depending on the actual bauxite source
from which it has originated, major mineral phases identified
{(Tab.2.10} include hematite a—FeZDS, boehmite (0—9120

gibbsite, (a—AIZOT.EHZD), goethite (o:—Fe,:.O3

(CaC0,)and the sodalites group of wminerals. Based on X-ray

£-H00,

.HZD),‘ calcite

diffraction, Infra Red and Derivatogrhphic studies, Prasad and
Sharma [7]1 identified 15 mineral phases in an Indian red mud

from HINDALCO which is shown in (Tab.2.11}.

The chemical and phase composition of red mud depend

to a great extent on digestion temperature of bauxite. GSolymar

and Kovacs (511 on examining the red muds formed at 180 and
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Table.2.9 Chemical composition of red muds (6,18]

Constituent %

Country
Feao3 AlaO3 Ti()2 SiO2 Naao Ca0 LOI.
Jamaica 51-52 14-15 &-7 2-3 1-3 5-7 F-11
Surinam 25-28 19-29 12-13 11-12 - 1-9 4-4 13
usa ,
(a)YaALCOA, 30-40 16-20 10-11 11-14 &8 5-& 11
HMobile
Plant
(b)Revnolds .
Arkanas 5540 12-15 4-5 4-5 2 5-10 5-10
Plant
(c)Reynolds ’ .
Sherwin 5G~-34 11-13 trace -6 2-5 7-% 10-13
Plant
Hungary 3341 14-19 4-7 11-14 3-10 1-22| 10-14
Yugoslavia
(3)Skokal] 43 37 7 4 - - i
(red)
(b)Krupa 21 51 Z 14 - - 9
(red)
India
(a)YHINDALCO
Renukoot 35-28 18-20 19-20 7-8 S5-& . i-2 10-11
(b)INDAL,
Muri i? Iz 24 7 4 2 11
(c)INDAL,
Belgaum 18-21 30~40 17-1% 6-8 4-3 1-3 10-12
(d)BALCO, ,
Korba 24-26 22-25 16—-19 7-9 5-7. I-6 11-12
{(e)ALUCOIN,
J.K.Nagar 24 27 20 8 8 - 12
(fIMALLCQa,
Methur Dam 54 . i6 3 8 1 - 3
(g)NALCO,
Damanjodi [60-468 13-12.8 3-3.8 5-6.95 |3.95-4.89 - -
Buinea 57.7 i5.8 7.1 7.1 5.3 0.2
Australia 41.3 i8.2 7.9 14.9 11.3 0.3 S.6
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Table. 2.10 Mineral phases in red muds [6]

Gibbsite
Boshmite

Diaspore

Chamosite

Sodalites

Hematite
Boethite

Maghmemite

Calcium aluminate

Calciuvm aluminosilicate

Quartz
Anataze

Rutile

Calcium titanate

Cancrinites

Table.2.11

Mineral phases in uncausticised HINDALCO Ked

Mud (7]
Ma jor Minor Very Minor
Hematite Boehmite GQuartz
Goethite Diaspare Sodium titanate
Gibbsite Rutile Kaolinite
Sodélites Calcium titanate

Cancrinite

Anataze

Calcite

Calcium alumino silicate
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240°C found that red‘mud obtained at a digestion temperature of
180°C contained sodium aluminium silicate predominantly in the
form of sodalite while at a temperature of 240°C only cancrinite
could equivocally be identified. It was also found that increase
of the cancrinite‘phase of red mud affected the Nazp kcontent of
the mud and hence reduction in consticizability. Authors’
observations. on the chemical and phase compdsition of the muds on
this investigation are shown in (Tab.2.12).

Transférmation of goethite intov ~hematite with
increasing temperature of digestion has also been well
established. Basu [34]1 on studying the kinetics and mechanism of
this tranformation revealed that tranformation 4broceeded via a
dissolution, reprecipitation mechanism. Faétorsvfound to affect
this tranformation' reaction included temperature, liquor
composition and presence of hematite seed.

Solymar and Kovacs (511 on their studies on phase
transformation taking place during digestion, revealed the
following information regarding the interaction of Ti02
modifications and liquor.

(i) Reactivity of anataze with respect to the Qiggsting liquor
is significantly bhigher than that of rutile.

{ii) NaZD binding, that is the degree of conversioﬁ of anataze
and rutile increases with the increasg in digestion

temperature until the equillibrium state is achieved.

(iii) The conversion rate is determined by the activity of OH
ion of the digesting liquor and also by the reaction

temperature.



61

(iv) The maximum possible degree of conversion depends on the
free caustic content of the liquor i.e. on ‘the difference
between the actual and equillibrium molor ratio TiO2 in
practice does not react with a liquor of a composition
correspoﬁding to equillibrium molar ratio.

{v) The sodium—containing titanium compound formed during
digestion does naot hydrolyse completely in practice; after
washing with hnt. water,the NaZD remaining in red mud
corresponds to 2 molar ratio of Nazﬂ= Ti02= 1.5.

The results of authors experiments aoan digestion of a

giBbsitic bauxite are given in Tab.2.13.
The composition of mineral phases present in red mud, has
also been reported to be influenced by the addition of €a0 and
using additives [181 like Iron-hydrogarnet during the digestion

of bauxite.

2.6 QUANTITATIVE EVALUATION OF RED MUD
2.6.1 Determination of Composition

X~ray diffractometry was thought to be the fundamental
method in the determination mineralogical composition of bauxites
and red wmuds until the development of 1C0P-AES techniques.
Systematic methodological research continued for several vyears,
allowed to select among phase analysis methods described in
literature, the procedure that best suited for bauxite studies.
-This was then modified and improved with regard to mineralogical
particularities of bauxites. The method was described in journal

"Kohaszati Lapok" in 1966 and in Soviet journal ‘Litologiya’
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Table.2.12 Chemical and phase composition of
red muds of digestign temperature
of 180°C and 240°C 1511

Percentage ‘at
Components Ai

180°¢ 240°c
Ignition loss 6.4 5.3
AIZD3 14.3 i2.0
FEZDS ' 50.3 52.3
SiO2 11.2 i2.2
TiDZ 5.0 5.4
Na 0 9.2 : - 10.1
Others v .5 2.7
sodalite 30.4 Traces
Cancrinite &.0 8.9
Hematite 41.8 43.4
Boethite 3.3 2.8
Anataze 4.3 4.6
Rutile 0.7 | 0.8
Boehm{te 3.6 Traces
Others 3.9 2.9
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Table.2.13 Chemical and phase
compositions of Red Muds
at  140°C and 160°% 151)

Percentage at
Combonents

140%¢| 160°C
Ignition Lossas 12.0 12.2
91203 11.5 11.2
FEEOS 17.6 13.2
5i0, 1.6 1.8
TiD2 53.2 47.0
Na20 1.7 12.3
Others 3.4 1.3
Hematite 13.0 2.2
Goethite 5.1 4.4
Gibbsite 13.2 11.3
Sodalite 5.7 5.1
Anataze 43.7 20.0
Rutile 7.5 9.0
Amorphous Nazﬂ
—bearing‘titanium
Compound Traces 34.0
Dthers .4 &.0
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Polesnye Iskopayemye’ {521 énd-gpt world—-wide appreciation. The
technique was again refined with the application of an AMR
Norelco graphite crystal monochromator, allowing to filter all
diffuse radiation and thus the use of a copper gnticathade.Later
modification was the introduction of 1500 W copper anticathodse
x—ray tubes which lowered the limit of detection of individual -
minerals. Also the method was suggested to rgmb#é'the so called
'mineralogical error; said to be the main source of error.

R. Tertian [53,541 Vhas suggested  x—ray floutscence'
spectrometry astqﬁick analytical method for industrial analysig
of bauxites.which'c#h be carried out on the spot or in the mining
area for the convenient evaluation of the quality and approximaté
composition of baﬁxite. 1t was shown on theoretical and practical
background that accurate analyses appropriate to widely different
materials (bauxités of diverse origins and compoéitions, red
muds etc) cauld only be carried 6ut by fusién» methods using a
mixture of B4D7Lié and Li203 as fluxing wmaterial. Bryan and
Wright [551 have carried out the analysis of Jamaican bauxites
and red muds using x-ray fluorscence spectrometry and applied a
method fér the calculation of influence coefficients for matrix
correction. They compared the results obtained for aluminium,
silica, phosphorus, titanium and iron to those _obtained by wet
method.

To prombte automation of alumina production by Bayer
process, Farkas and co-workers [541] reporte& the instrumented
determination of the chemical composition of aluminate liquors.

To develop the suitable method, they gstudied cbnductivity and
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specific gravity as a function of composition. It was found that

besides conductivity and specific gravity, a third parameter
kﬁa% was also felt to be measured at constant temperature. The

concept of Kmax -represented the value of maximum conduction
measured in the solution to be tested during isothetmal dilution
at a constant molar ratio. This value was found to be dependent
only on the molar ratio and varied proportionately with the
reciprocal value of this parameter in the investigated region.
The latest development authors claim, to have determined the
camposition of synthetic liquors by conductivity measurement with
a precision similar to that of chemical analysis. They designed a
high frequency conductivity measuring instrument with inductive
measuring cell. Based on the same princiﬁle, Klug and Tajnafoi
[571 determined the solid content of red mud slurries by
oscillometer and studied the application of a ﬁeasuring
instrument for the A12D3 industry to measure the composition of
wash water. An oscillometer type cond—-meter OK-~1053 has been
reported ¢to 'be used for the analysis of synthetic sodium
alﬁminate solutions.

Kwat [581 developed and applied ICP-AES techniques for
the analysis of raw materials including bauxites, red muds and
finished products in the aluminium industry. After suitable

dissolution, the samples were analysed for the wmajor and minor

elements using ta and Y as their respective internal standards in

matrix matched calibration solutions prepared from synthetic
standard solutions or from dissolution of a standard reference

material. The technique has been said to be capable of achieving



66

sensitivity and accuracy as good as obtained by the conventional
methods. Bitto and . co—warkers [5%1 have used AAS system for
serial determination of aluminium, iron, silica, titanium,
calcium and magnesium and flame emission spectrometry for the
sodium in bauxite and red mud. The data were evéluated by using a
computer programme. Ajlec and Stupar [40] employed AAS for the
rapid and routine énalysis of aluminium and iron in red mud from
the alumina production blant. The suspensioﬁ_ was prepaEed by
mixing 0.5 gm of sample with 10 ml. hydrochloric acid for 10
minutes, diluted.to 100 ml. and then iron and aluminium uefe
measured in an air-N_0O-C_H, flame at 3IB6 nm. and a NED—CZHZ

2 22

flame at 392.2 nm. respectively.

c.6.2. Phase Analysis

Three methods are in prevalent use for phase analysis,
namely, x-ray diffraction, derivatography and IR—-spectroscopy.
All three methods are separately suitable for determining the
phase composition of red mud. However, if only one single method.
was ta be applied, X-ray diffraction is undoubtedly the one that
vields most information [461] since it allo@s the detection of
largest number of constituents at Hhighest speed and with the
exception of one or two phases, the limit of detection is lowest.

The absalute values of limits of detection can best be determined

by this method, so that it is suitable for determining the causes

of undigested losées resulting under differing technological

conditions . Such absolute values are less defined in case of

IR-spectroscopy [&611, firstly because the extinction greatly
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depends on the degree of crystallinity of the constituent in
question and secondly the percentage and nature of fgreign ions
incorporated by isomorphous substitution substantially affect
extinction. However, for the very reason that band width depends
on crystallinity to a larger extent, IR-spectroscopy, though less
gsuited for exact quanéitative determination, yields highly
valuable information in case when red muds obtained in the vsame
technological process for bauxites of different origins are being
campared. IR-Spectroscopy yields reliable quantitative
information only when applied together with x—ray diffractometry
Latl. -

Orban et al. (4611 successfully determined the phase
composition of Saviet and Hungarian red muds applying x-ray
diffractometry, devivatiography and IR—spectrophotometry.
According to this study the method was found to be well suited
for the determination gibbsite present even in traces. The
authors were successful in identifying boehmite by means of both
OH-Valency vibrations (3100-3300 cm~1$. Both sodalite and
cancrinite could readily be determined by IR-spectrophotometer.
For guantitative determination of the crystalline phase , they
used peak heights or peak areas of 100-intensity (relative)

reflections. In case of coincidences, the effect of interfering

phases was accounted for, on the basis of their relative
intensities. They developed a method and suggeséed formula for
the quantitative determination pf iron minerals based on the
proportions of peak heights or peak areas. This method has  been

said to be applicable for red muds obtained under any digestion
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conditions and provéd satisfactory in practice. Gadeo and Orban
[&21 carried out automated quantitative wmineralogical phase
analysis of bauxites and red muds by X-ray diffraction, X-ray
fluorescence and Atomic Absorption spectrometer.

Kontopouloé et al.[463]1 studied physical, chemical and
mineralogical characteristics of Grecian red mud containing A1203

23 2 2
Nazp 2.07% . The majar phase including hematite, magnetite,

15.26% ,Fe 0O I 11% , Si0_ &.05% ,Ti0O_, S.22% ,Ca0 18.72% and

calcite, diaspore, SiOz, Ca—Al compounds, complex compounds of
Si—-Na-Mg-Ca-Al were identified using X-ray diffraction, DTA, TGA,
IR, electron probe' and optical microscopic studies.

Bertoti et al. [641by transmission and Fourier
transform IR—spectroécopy carried out studies on acid treated red
mud. Red mud was léached with sulfuric acid and hydrochloric acid
and adjusted to different pH values. IR-studies showed the phase

transitions occuring. Brachey and coworkers (651 determined the

different forms of sulfur in sodium hydroaluminosilicates.

2.7 UTILIZATION OF RED MUD

As a reéult of continuous efforts the posaible
applications searcﬁed out [46,7,20]1 are enlisted in (Tab.2.14).
As the present work is concerned with the recovery of titaninm
"value in form of a ferro—alloy via aluminothermic route,the
aluminothermy and aluminothermic production of fefro—alon as
studied by various investigators shall be discussed below with a

bit elaboration.
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Table.2.14 Possible applications for red mud (61

Category of application

Il1lustrative list

Recovery of major
constituents

Recovery of minor
constituents

Direct uses for Production
of building materials
and ceramics

Miscellaneous direct
applications

Production of iron and steel

Recovery of alumina

Recovery of alkali

Production of titania (from

such red muds where Ti0_ is
. . 2

32 major constituent) _

Recovery of V and Ga
Recovery of Zr,U,Th,Nb,etc.

Bricks or constructional blocks
Low density (foamed) bhricks and
other shapes special tiles
Fireproof insulation

Light weight aggregates

Special cements or additive to
cement Prefab structures
Highway road bed stabiliser
Special ceramics and glasses
Pottery and sanitary ware

Plastic,rubber and resin filler
Pigment ‘
Corrosion inhibitive primer
Catalyst

Insecticide/pesticide

Production of special fertilisers
Waste gas adsorbent

Flocculating agent

Cation exchanger

Sewage treatment

Cleansing of industrial waste waters
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2.7.1 Aluminothermic Ferro-Titanium Production
2.7.1.1 Principles

Aluminothermic reduction reactions come under the
catagory of metallothermic reduction processes where a metal is
used to reduce ‘the oxide of another metal.This unit operation is
concerned with the preparation of metals and alloys by reduction-
of their oxides or halides with metals. These reactions can be

expressed in general, by the following equation.

AX + B —— A + BX
where X 1is oxygen, chlorine or flourine and A and B are two
metals. ‘

Metallothermic reductions are batch processes [4661in
which both the reactants are solids and cﬁaracterised by the
facts that (i)the reducing metal is converted to a solid or
liquid product and:not to gas as in other reduction processes and
(ii) as associated with high negative free energy change, these
reactions are ‘highly exothermic thereby permitting
self-sustaining rgaction .In fact this method is wused when
reduction by carbon or hydrogen or by electrowinning from aquous
solutiunE is. not hossible due to either high thermodynamic
stability of oxides or halides or too reactive nature of reduced
metal to permit isolation in pureform. The most coﬁmon example of
metallothermic Pedﬁction is the wuse of aluminium as reducing

metal in thermit welding of rails and repair of steel casting.

The application of this process has now become most prevalent in
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the extraction of many technologically important metals and
alloys particularly from the class of less common metals and
considerable interest has been shown in developing extraction
flowsheets of some Pare.and refractory metals and alloys based on
aluminothermic process. It has been possible to produce [67,681
niobium, tantalum vanadium, mo lybdenum and tungsten in
adequately pure form by the aluminothermic reduction of their
oxides, followed by one or a combiﬁation of purification
processes namely vacuum arc melting, electron beam melting,

pyravacuum treatment, and fused salt electrowinning.

2.7.1.1.1 Choice of Reducer Metals

The most commonly used reducing metals afe Al, Ca, Si ¢
in the form Fe-5i}, ¥Mg etc. and accordingly these reduction
reactions are named as aluminothermic, calciothermic, silico
thermic or magnesioﬁhermic reductions. Our main emphasis,
however, shall be on aluminothermic reduction reactions for
aoxides for further discussinn. The choice of a reducing agent for
a metallothermic reduction reactinn is governed by the following

considerationss

CidThermodynamic Consideration

The reduction reactions are characterised first of all
by ¢the stability of oxides} at high temperatures. . Fbr a
comparative characterization of the stability of various oxides,

standard values of free energy of oxide formation as a function

of temperature are shown in Fig.2.9. It follows from these
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diagrams that the lower oxides are more stable than the higher
ones and are therefore more difficult to reduce. Theoretically,
any element forming a more stable oxide may be used as reducing
agent for a less stable axide but for the practical realization
of a reduction reaction, it is necessary that the differance
between the values of the snergy of the oxides of the element to
be reduced and that of reducing agent should be of a considerable
magnitude. If this difference is‘small, the reduction reaction-
does not proceed completely, and the alloy oﬁtained hés an

increased concentration of reducing element [&91. In practice, if

the reaction has a small value AED, favourahle conditions for
its realization in the desired direction should be créated
£62,701.

(11> Heat of Reaction

The heat of reaction should be sufficient to form fluid
products in order to facilitate the separation of slag and metal.
If heat of reaction is very high sao as to give higher
temperature than requirgd y some caolant (usually thg iron scrap
) is incorporated in the change. In case, fhe heat of reaction is

not sufficient &to give molten products the charge may be
preheated before igniting. Some chargiser or booster is usually

added to increase the heat of reaction e.g. some higher oxides

such as Cr'DT or some Dz~rich salts. Flux is included to lower

down the melting point of slag.
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(iii)d Availability and Cost :

The reducing aqgent of desired purity should be

available in adequate guantities at economic rate.

(ivD> Alloying Tendency 3

In order to achieve highest reduction efficiency, the
reducing ﬁetal should posses minimum tendency to form alloy with |
metal/alloy. The resulting metal/alloy should not get
contaminated by the reducing metal beyond the degsired
limit,especiaily by way of formation of intermetallic compounds

with the metal produced [461].

(v> Other factors »

In addition ¢to the above mentioned factors, the
reductant selected should posses low vapour pressure (high B.P.)
at the reaction temperature so that there is less vaporization
loss of reductant'and less pressure build up. As far as
possible, the slag produced by the reductant should be easily
melting. Despite all these factors, the handling of  reductant
enevitably incorpofates its importance. Sodium metal has not
been used as a reaucing agent to any great extent due to
difficulties encountered in handling [711. The similar thing is

also with calcium though its cost factor also being important.
In the preparation of IV ‘group metals (Titanium,

Zirconium, Hafnium etc.), use af carbon and silicon are

discounted as they lead to the formation of stable carbides and

silicides. Despite being the strongest reducing agent, calcium
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and magnesium can not be used due to their low boiling points and
their use in the preparation of these metals from their oxides
requires air tight reactors if the products are to be separated
as liquid phase. The high melting points of their oxides i.e.
ZSBODC for Ca0 and 2800 far MgD require that the reaction
products should be raised above these temperatures to achieve the
efficient slag—matal separation.These reductants.are costly also.
Aluminium on the other hand has a number of desirable properties
like low wmelting point (66008) and high bailing point
(246700),high heat of formation (-400 Kcal/mole) and low melting

point of its oxide (204S°C). The ather advantages are low cost,

ease of handling, availability in high purity and lower
equivalent weight for reduction as compared to calcium or
magnesium. These attributes make aluminium a very use ful

reductant for a variety of metal oxides.

2.7.1.1.2 Thermodynamics, Kinetics and Equillibrium Aspeqts:

For a reaction proceeding at constant temperature and
pressure, the motive force behind is characterised by change in
free energy-—

M= M- TAS
Where M is the change in enthalpy and . AS is the change of
entropy. The direct reaction is only possible when A has a

negative value and state of equillibrium is established when AS

= 0.

At low temperatures or when change in entropy AS is:

negligible, the chemical affinity between substances may be



76

characterised approximately by the heat effect of the reaction at
the considered temperature [621. This occurs mainly in condensed
systems in which substances interact in solid or liquid state and
in which the gaseous phase is absent. The alumino and
silico—~thermal processes of reduction of oxides of manganese,
chromium, malybdenum, zirconium, vanadium, boron and columbium
are the examples. For réaction in which gaseous phase
pérticipates (carbon—-reduction}, free ensrgy shqﬁld be used since
the heat effect may differ considerably from it.

The reatﬁion of a metallothermic reduction

M + M —— M°X + M
proceeds from left to right on condition (721 that ABM'X > AEMX'
and hence AG = AEM'X - Aq“x iss ﬁegafive, Now two conditions may
arise-—

(i) If the reaction takes pléce in a.solid or liquid phase
without the formation of a solid or liquid solution,
the réaction proceeds in the forwagd or reverse
directioﬁ {(depending on the sign of  thermodynamic
potential) until one of the reactaqtsldisappears, since
in this case both the equation terms and the total
thermodynamic potential, incur no change in the course

of reaction.

(ii) 1f the reaction takes place in melt with the formation

of solutions (e.g.metal and slag) , the concentrations

or activifies of the metals and oxides in melt, the

thermodynamic potential of the reaction, all change in

the course of reaction. In this case the reaction is
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not completed as an equillibium sets in as soon as A3
for the reaction becomes equal to zera.
MXY + M 1— (M°X) + [M]

Y

The equillibrium constant is written as
"M x.
Mx oM

K =

For the initial state

where ‘a’ denotes the activities of respective components
AG = RT In K’ - RT 1n K |
For success of the reaction K° < K
The value of equillibirgm constant can be determined

with the aid of the equation -

ASD

RT

in K = -

Where AG” is the standard free energy change

' o o
The wvalues of ABM,X and ABMK can be roughly

calculated from the Aﬁhx Vs. temperature diagrams. It is obvious
that, the value of the equillibrium constant K sﬁould‘ bea very
large and that of 467 should be big negative, in order to cause
the reaction.
When the standard affinity M’ for X is less than that
(a]

of M far X or a has a small value of AG in favourable

direction, the reaction between MX and M’ still may occur undew
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the following conditions [721].

(i)

{(a)

(b}

{c)

(d)

If M dissolves M35 The particular feature of the
production of ferro—alloys is that the reduction of
oxides is realised in the persense of solvent iron or

its oxides, which faciliates to Aa large extent the

" reduction processes. This is explained by the following

reasons [&691.

Iron.oxides are reduced considerably.easier than most
other oxides and as a result' of this fact mare

favourable energy conditions are created in the system
{the total value of (A8") decfeases).

By diséolving the reduced elements iron lowers their
activities, which in accoédaﬁce with the equllibrium
constant of the reactions, is fqllowed by the

displacement of quillibrium in tﬁe direction of
reduction. Sometimes the process is accompanied by a

considerable decrease in free energy_(Fe—Si, etc) and
therefore the reduction of oxides is facilituted even

to a greater extent.

By dissolving the reduced element, iron removes it from
the reaction site facilitating the reaction in forward

direction and impending the developmeﬁt of secondary
reactions (oxidations) as well as volatilisation of

element.

As a rule, iron lowers the melting temperature aof metal

phase and permits the smelting process to be conducted

at lower temperature.
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Considering the metallothermic reduction of an oxide -
(MO) + tIM"1— (M°0) + [M]
At equillibrium, the standard free energy of reaction is

related to the activities of the reactants and products as

follows —
a . P: 3

6% = T 1p QL0 00

. (MO) . (M’
Where

K = qameon. o

Moy "M

and a

a", exp (A /RT)

M o’ Mo

This expression decides about the contamination of
the reduced metal M by the reducing metal M’. By manipulating
different activities, it is possible to obtain either a high
metal purity or a high recovery or a compromise between the two.
In general an excess of reducer is invariably uged for
obtaining. high reduction yields, but an axCess over an

experimentally established value would result in an increased
residual concentration of the reducing agent in the metal or

alloy [67,681. Also an increase in M°/M ratio wmight mean
lowering its density and increasing its chances aof entrapment in
the slag.This point has wide significance in aluminothermics of

low dengity refractory metals.
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In addition to free energy considerations, the
following two parameters are equally important in order to
reduce the contamination, (701.

(a} the temperature is as low as possible, subject to the
metal and slag being sufficiently fluid and separate
efficiently

(b) The ratio aMo/aM'o is large. The lésses of oxide MO
in slag are allowable because they increase its
‘activity and decrease the activity of M°0.

The Fig.2.10 illustrates the relationship between the
activity ratios of oxides and metals

In practice, however, it is an advantage to add to the
slag an oxide that forms stable <compounds with ™M'0. In the
praoduction of pure bmanganese by metallothermic reduction,
aluminium must be used in place of sgsilicon [701] and it is
necessary to operate at the lowest possible températufe, to z2llow
for some losses of mangnese oxide in the slag and to decrease the
activity of aluminium oxide formed by slagging with Cz20. In this
way, aluminium is at a very low residual lavel inbthe metal.

(ii) When M or M'X or both in vapour state -

The equillibrium constants in these are given by [7Z2].

. Purx = Pu :
1 fx . -
M- x 'PMe

< ™Mx " W
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_ Pu-x = 3
‘3 ax * M-

The reaction proceeds in the forward direction, until
the equillibrium pressurses of M and M’X vapours are atiained.
When vapours are removed, the reaction may proceed sufficiently
completely.

As the feaction proceeds, the equillibrium vapour
pressures PM ’PM'X or the product FM 'PM'X remain constant,
provided MX and M’ form no solutions [721.

In case, no saturated solutions are formed , the above

equillibrium vapour pressures are given by —

_ K BMX - am,
M ™ X

P Puex ¥ ax - 3w

which are the function of concentrations. In this case,
therefore, the equillibrium vapour pressures, decrease in the
course of reaction, since tge activities of the substances on the
left of reaction eqﬁation also decrease.

The order of reactivity of oxides can be changed by
applay vacuum..Under vacuum silicon can reduce MgO and aluminium

can reduce Ca0, although the reverse is expected under standard

conditions. The chemical potential of MgQO is reduced by 17.3



83

Kcal/mole at 1000°C by operating at about 0.001 atm and at the
same temperature and pressure the free energy change for the

reduction of Mgl by silicon is reduced negativel2,721.

2.7.1.1.3 Factors Influencing Kinetics of Reaction [ 681

Aluminothermic reduction reactioﬁs are accompanied with
high reaction rates. The reaction rate is contrulied by following
factaors,

(i} Particle sizes of the reactants involved.
(ii) Degree of mixing of all above constituents in the
reactor assembly.

A charge consisting of coarse particles will have
slower reaction thaa the charge consisting of fine particles.
Fine particles of reducer metal (e.g.Aluminium) produce a high
peak temperature which disappears within a short period of time.
For coarse particles tﬁe reaction is slow and it is difficult to
attzin a high temperature. A good compromise however, can be made
with medium particle size range, betwegn the peak tempgrature and

time of its existence.

2.7.1.1.4 Thermochemistry
A metallothermic reduction is usually accompained by

the evolution of heat = @ Q where §

M X MX M X

respectively the heats of formation of M°X and MX, from the

and QHX are

elementé. The heat of reactions of some important reduction

processes are given in (Tab.2.15) and (Tab.2.16).Although the

thermodynamic potential of a metallothermic reaction at low
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oxide

8k

2.15 Heat of Reactions for some
systems {1171

aluminothermic reactions of

. o )
getai¥otherm1c ‘AH29B AHQQB Remarks
eaction Kecal./ Kcal./kg.
mole of of react-—
oxygen ants
1. 22n0+4/3ﬁ1=2/391201+22n 1300.0 304.8 Reaction heat is
- adequate
2. Snl+4/3 A1=2/3A1103+Sn 128.0 4&86.0 Reaction heat is
= = adequate .
Z. 2MgD+4/3A1=4/3A1203+2Mg -19.4 -1467.5 Endothermic reaction
4. 2/3Feqﬂs+4/391=2/39120, 134.0 ?53.3 Excess heat
= +4/3Fe © 7
5. 2/5V705+4/3ﬁ1=‘2/3ﬁ1207 117.7 1083.8 Excess heat
- +4/5 v© 7
6. 1/2Mn 0, +4/3A1L=2/3A1.,0 101.0 &71.4 Reaction heat is
T4 .1
+35/2Mn adequate
7. 1/3Mn207+4/3A1=2/3A1 0. 114.2 808.46 Excess heat
- +4/IMn
8. Mn02+4/3A1=¢/391707+Mn 142.4 1158.3 Excess heat
?. 2/3Cr0,+4/3A1=2/3A1_0, 84.6 &£31.2 Reaction heat is
- +4/3Cr° © : adequate
i0. Si07+4/3ﬁl=4/3A1201+8i 49.7 517.0 Reaction heat is
- = adequate
1t. 2Cuﬂ+4/3ﬁl=2/3ﬁ1707+2Cu 192.4 2846.7 Excess heat
12. 2Cu 0+4/3A122/3A1,0_+4Cu| 186.5 579.5  |Reaction heat is
¥ adequate
13. Ti0,+4/3A1=2/3A1_0_+Ti 44 .13 380.5  |Reaction heat is not
“ =~ adequate
14. MoO_+4/3A1=2/3A01,0_+Mo 155.9 F50.46 Excess heat
15. 2/3Mo0,+4/3A1=2/3A1,0, 146.5 1110.0 Excess heat
+22/3Mo
16. 2/3WDS+4/3A1=2/3A1207 133.0 6&27.9 Reaction heat is

+2/34W

adeguate




Table.2.16 Heat of reactions of some heat boosters (78]
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Reactants AH;;BV Kcal/mole of Metal
Al KE10, 204.97
al } 72.80
L,
Al Cl,. 163.80
ra
Al BaD2 170.79
Ca KC10., 155.32
Ca 12 128.49
Ca Cl., 120.&60
Ca BaDz 132.20
Ca S 114.30
Mg KC].D3 147.96
Mg 12 846.80
Mg Cl, 155.22
Mg Ba0 124.34
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Fig.2.11 : Curve illustrating rise of temperature
in metallothermic reduction [70]
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temperature is negative, and therefore, the reaction can take
place, the process is very slow and the liberated heat dissipates
without raising the temperature of the systemg heﬁce a certain
minimum temperature is necessary for the reaction to proceed
vigoréusly, the reaction rate and amount of heat evolving in a
unit time then becoming sufficiently large to ensure an
appreciable rise in temperature of the system [721 as shown in
Fig.2.11.

The reactants are heated by the heat of reaction,
chiefly, through the agency of vapour or liquid products and then
by the gas medium which fills the pores of the metallothermic
compounds £721. The maximum temperature attained in the course of
reduction process is cailed ‘reaction temperature’. The reaction
temperature can be distingﬁished from theoretical temperature
where the reaction is conducted under adiabatic condition. The
theoretical temperature can be determined by calculation of heat

balance being struck for the temperature under consideration.

2.7.1.1.4.1 Heat Losses

Practically tﬁe-reaction temperature is determined by
the heat blosses accompanying the reaction. In heating the
reactor, radiation into surrounding medium, heat removed by the
discharged gases and vaﬁgurs, are the wmain vfactcrs rasponsible

for heat losses. Therefore, heat losses depend on the design of

reactor, the reaction rate and ather factors. Larger the heat

(i.e. hatch of material melted ) the lesser both the specific

volume of the burden and volume of the reactor. For high reaction
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rate, the heat losses are less and actual temperature is found

closer to theoretical temperature.

2¢7.1.1.4.2 Thermal Boosters

When the heat effect of the reaction is low, thermit
additions are used to provide extra heat. These additions are
composed of substances which interact with the evolution of larqge
amount of heat. A frequent practice is to cumpoée these thermit
additions either of a reducer metal and a compound which reacts
with reducer metal with the liberation of heat or of high valency
compound of metalito be reduced. Table 2.16 gives an idea about

the heat of reaction of some boosters.

2.7.1.1.4.3 Coolents

If metallothermic reaction liberates excessively large
amount of heat and proceeds vigorously, the reaction products are
superheated, volatile matter vaporises in considerable amounts
and both the burden and reaction products are projected out of
the reaction vessel. In this case use is made of some cooling
agents which are composed aof remelted slag of fluges, commonly
salts which do not react with the reducer but form eésy melting
and less vigorous melt, with the slag. Use of iron scrap has

also been suggested in this direction [737.

2

2.7.1.1. 4.4 Parameters Controlling Heat Effects

Following parameters control *fhe heat effects of

-

metazllothermic reduction process.
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(i) Coefficient of Thermicity [721

Various parémeters have been suggested about the
sufficiency of heat effects of a wmetallothermic reduction
process. One of these is ‘coefficient of thermicity which is
axpressed as the quantity of heat liberated per gram of the
burden or per gram of the reaction products.
(ii) Choice of Reducer Metal

This takes into account -

{a) The difference in heat values and free energies of
formation of compounds of the reducer and the metal to
be reducéd; This difference should be sufficiently high
to ensure the possibility of greater reduction of metal
and its efficient separation from the slag. Rigorous
thermochemical calculations have to be carried out for
this purpose. Nevertheless, certain generalisationsg may
be made with regpect to the thermal effects of these
reactions. Perfect (741 specified that for reactions
releasing less than about 2510 joules per gm. of‘ total
charge, the heat of reaction is insufficient far
melting and separation of the slag and metzl and
external heat supply is required. Reactions releasing
heat above 4600 joules per gm, the reaction is violent
or even may be explosive in extreme cases and the use
af inert material or coolent in the charge is
necessary. Reaction proceeds in a confrolled manner
without any additions when heat releaséd is between

2510 joules and 44600 joules per gm. The heat generated
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Table. 2.17 Standard free energy of formation of some
oxides at 298K {751

Oxides Standard free energy
of formation at 208 K
(kJ/mole of oxygen)

FeD —-4B&.46
Fe 0, -493.2
w03 ] -508.%9
VZDS | -571.5
SrDE -578.2
Cr203 -704.1
Nb .0, -707.8
MnD -725.8
Ta:D5 -7&64.1
8i0, -B823.4

. , _ -
T102 889.3
Zrd,, -1036.6

=

91203 -154.6
MgO -1138.7
Ca0 -1208.3
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per unit mass of the charge is some times called the
specific heat or specific enthalpy of the charge
mixture.
(b} The solubility of reducer metal in the reduced metal
under the reduction conditioﬁs.
(c} The fusibility of the slag obtained j the slag i?ould
| have low melting point and wat but slightiy the reduced
metal.

Thermodynamically, aluminium is the best commércial
reduyctant. 1t has been extensively used as a reductant for the
production of carbon free ferro-alloys [731 such as
ferro—-chrome, ferro-vanadium, ferro-tungsten and ferro-titanium,
metals such as chromium and manganese ,alloys such as
alﬁminium—chromium, aluminium— titanium etc, refractﬁry metals
such as molybdenum, tungsten,vanadium etc, and rare metals
like tantalum and niocbium. In all these cases the free energy of
formation of the metal oxides involved have a big difference from
that of alumina, as shown in (Tab.2.17). Zirconia (Zrﬂz) and
Titania (TiDz) are, however, very close to alumina. The driving
force for reduction in these cases is therefaore iou and these
reduction reactions can only be possible by providing extra
driving force by way of decreasing the activity of the products
formed [751. Calcium on the other hand has been used for the

reduction of zirconia (ZrQ,) due to the larger difference
betweenthefree energy of formation of zirconia and CaO. The use
of calcium and magnesium however, has been restricted to a few

cases due to high costs, low boiling points and formation of
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oxides of high melting temperature €71,751. Aluminium, though,
thermodynamically less suitable than both calcium and magnesium,
does not have these difficulties and is therefore, commercially

more acceptable,

2.7.1.1.5 Solubility and Chemical Affihity

The solubility and chemical affinity aof the metals and
compounds involved in a metallothermic reductionr with other
metals and compounds have significant effect on the reduction
reaction. When reductant and the reduced metgls have.high mutual
solubility or chemical affinity,the production of the pure
reduced metal will not be possible as it will be contaminated ‘by
the reductant [70,71,75]. This is the case with most of the
metallothermic reductions when aluminium, silicon, calcium or
magnesium etc are used as reductants.

The chemical affinity and solubility aspect between the
reductant and reduced metal may sometimes be used to decrease the
‘thermodynamic activif; of the reduced metal £751 in such a way
as to provide extra driving force for reaction in fhe forward
direction. This is what happens in the case. of reduction of
titanium dioxide (Tiﬂz) by aluminium.

A reaction betuween the compound to be reducéd and the
compound formed in reduction reaction will affect fhe reduction.
itself in an adverse way due to undesirable interaction between

the_two compounds [751.

The presence of a compound which will react with the

product compound in reduction reaction, will facilitate tha
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reaction in the forward direction by decreasing activity of the

praoduct compound.

2.7.1.1.6 Distribution of Impurities Between Metal and Slag (72])
The reduced metal, in particularly when liquid,
dissolves to a greater or lesser degree the many metal impurities
contained in the initial substances or reducer. If the metal
impurities posses a lesser affinity for the metalloid than the
base metal, these contaminants are almost entirely reduced in
process and pass over to the base metal. When the contaminating
metals have a greater affinity for the metalloid than the base
metal, these are partly reduced and reverted to the base metal.fs
a result, an equillibrium sets in with the metal impurities being
distributed between metal and slag in accordance with the

eqguation -

(M) (M°) M")
m - m - m
K (MX)S hl(M X)S K2 (M X)S

= etc.

2e7.1.1.7 Slag Metal Sepafation
2.7.1.1.7.13 Factors Influencing Slag-Metal Separation

The success of reduction process requires a proper

slag—metal separation which can be achieved when taking into

account the following.

(i} Sufficient heat of reaction for melting and consolidation
of the metal and slag.

(ii) Wide difference between the densities of the metal and slag
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£75,761.

(iii) Use of thermal boosters such as sulfur and iodine to
improve slag—-metal separation [77].

(iv) Sulfur has also been employed in aluminothermic reduction
to yield a luwer melting slag phase and thus facilitate the
slag—metal separafion £771. |

(v) The sebaration of metal and slag phases éan also be
promoted by lowering the solidification temperature of

metal phase through the farmation of a selected alloy.

2.7.1.1.7.2 Role of Fluxes
The fluxes that are used in any pyrometallurgical
operation may serve one or more of the following functions by way
of changing composition of the existing slag with. the formation
of low melting phases or compounds to keep the slag in molten and
well fluid condition for adequate time.
(i) decreasing the melting point of the slag thus wmaking the
whole mass molten at low temperature.
(ii} increasing the fluidity by weakening the interionic bonds
and reducing the ionic sizes.
(iii) decreasing the activity of constituents of slag which will,

therefore, favour the forward reaction to proceed.

Lime (Ca0), Magnesia (Mg0) and Fluorspar (CaF & are the

£

fluxgs which are frequently used in a metallothermic especially,
aluminothermic reduction process. Most of the aluminates are not
only high melting but very viscous when liquid. However, many

aluminates such as calcium oxide aluminate bhave a very low
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viscaosity. Cal forms four chemical compounds with AlzD3 L7213
3CaD.A1203 (decomposes at 153503), 5030.3&1203 (melting point
14556b), CaD.Alz:D3 (melting point 1boo°t), 3830.591203 (melting
point 17150c), forming a number of eutectics, the most low
melting ones having the melting points 1395°C (49.8% Alzﬂz),' and
1400°C (53% AIEQS)' Therefore, lime is added to decrease the
melting point of alumina slag and keep it molten for a longer
time which helps in settling of metal droplets. Addition of; lime
also shows beneficial effects when added to Alzﬂz-SiOZ system
of slag forming low melting eutectics ranging from 1165 ta
1280°C. Besides, the addition of Cal0 will decrease the activity

of Al £68,70,781 and hence equillibrium is shifted to

203
favourable direction.

Addition of magneésia in the presence of 1lime, though
does not decrease the melting point to an appreciable extent, it
certainly helps in increasing the fluidity of the melt [78].

Effect of floursper addition, as studied by Behera and
Mohanty £781, in an inveétigation on aluminothermic production
of ferro + titanium, showed remarkable results with regard to
alloy yield and titanium recovery. This was attributed partly due

to high increase of fluidity and partly due to the fact that

fluorspar like 1lime decreases the activity of alumina thus

releasing Ti0, for further reduction and formation of titanium.

2.7.1.2 Applications
Many elements 1like silicon, manganese, chromium,

calcium,magnesium, titanium, molybdenum, vanadium, zirconium,
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boron, columbium etc alloyed with iron go under the general name
Ferro Alloys and are used in the production of carbon steel;
alloy, tool and stainless steels. The 'natural soufce of these:
alements is in the.form of oxides from which they are reduced to
their metallic state. The heats of formation qf these oxides are
generally very high and hence their reduction to metals normally
calls for very high energy requirements. Aluminium has beén
determined to 'Be the most suitable. reducing agent . for the
successful reducfion of these oxides to pruduﬁe carbon—-free ferro
alloys.

In practice, aluminothermic reductions are génerally
performed [&7,6B]1 in refractory lined reactdrs which may be

either close bomb type or open type. In some cases, the
reactions are cérried out in presence of electric arc to meet
additional heat requirement. The reduction reaction is triggered
either by local primiﬁg with an electric fuse or magnesium ribbon
or by externally heating the reactor in a furnace. On completion
of reaction, the reéctcr is allowed to cool sufficiently prior to
separation of reaction products. Simple physical or mechanical
methods are generally applicable for separation of the
consolidated metal from slag.

The production of chromium metal has now been
established in commercial scale by gdopting Boldsmiths process.
In the process, chromium oxide and aluminium powder turnings are
put in a refractory lined vessel and the reaction initiated by

placing a small amount of the mixture of barium peroxide powdeﬁ

and magnesium in the charge and the charge is preheated before
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initiating the reaction. In this process, chromium metal of

about 27-99% purity is possible to be obtained.

In the last few years, a large number of R & D work in

India and abroad on the thermit process for extracting some rare
and refractory metals have been carried out [47,791. As early as
1907 Von Bolton (BO]J and later Mondolfo have prepared aiobium
metal by aluminothermic reduction of its pentoxide . Later
Wilheim et al. (811 have been able to get massive niobium metal
by aluminium reduction of its pehtuxide by externally heating
around 1000°C putting the charge contained in a sealed bomb. The
yield was more than ?0% and the metal contained around 2.2%
aluminium. Jena and Gupta (821 obtained a similar Pesqlt by
detonating the reaction at a relatively lower temperature of
450°C by using 3 mixture of calcium and sulfur for triggering the
reaction. Processes have also besen developed [83,841 far the
production of massive tantalum from its pentoxide by reduction
with aluminium. Use of calcium oxide (lime) and sulfur has been
proved to be beneficial in producing low melting 5139 and as high
as 0% yield of metal. Jena and Bose {851 aobtained massive

vanadium metal with an yield avound 21% on 200 gm. scale of the
oxide and wusing stoichiomtric amount of aluminium with the
incorporation of sulfur in the charge to facilitate formation of
low melting slag. Gupta and others [864] produced vanadium by
open reduction of vanadium pentoxide on 200 gm V20 scale using

3

0% excess of aluminium and some lime to form lawer melting

eutectic of Cal and AlZDT. Jena and others [87]1 have been able
~d
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to make molybdenum metal by aluminothermic reduction of

molybdenite concentrate in a vacuum induction furnace.

The production of low carbon and extra low carbon
ferroalloys by aluminothermic process has got wide acceptance in
the last few decades. Extensive work has been carried out in this
direction and now the production of some ferro~alluys has become
possible on commercially viable scale.Khodoroveosky and Riss (881
established the method of successful production of carbon  free
ferro—chrome. Ferro—niobium has been produced by HMehra and
co—~workers [8%,901 both from Indiaﬁ calumbite-tantalite ore and
" niobium oxide concentrate (obtained as byproduct from tantalum
separatian) using clnsed bomb and open reactor techniques. In the
closed bomb test the scale of production was kept to be 1 kg with
the incorporation of chemical triggers like Ca—S;. Al—BaO2 and
MQ—KCIBS. The reaction was initiated by external heating to a
temperature of about 900°C. The open aluminothermic reduction was
tested upto 10 kg scale using Mg—8302 without the supply of
external heat. In both the casss the alloys have been reported
with high yields (over B85% ), well consolidated and with clear
separation from slag.

Aluminothermic ferrotitanium production has élso been
reparted in literature. The technique was first introduced in
Germany 5y Dautzenberg and Gissen [781 in which they confined the
work to beach sand illmenite. In India the pioneering work in

this field has been done in WNational Metallurgical Laboratory

{911 where the investigators have produced ferrotitanium from
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Kerala beach sand illmenite and obtained a maximum yield of 60%
of alloy. Paretkar et al.established the effect aof excess
aluminium on the distribution coefficient and recovery of
titanium. Behera and co-workers [92]1 made an attempt to produce
ferrotitanium from massive illmenite rocks using lime as fluxing
material and mixture of 8302 + KCID3 as booster. In this regard
they studied a few parameters such as preheat temperature of
charge mixture, amount of aluminium as percentage of theoretical,
particle size of aluminium and concentrate. The authors observed
83% yield with I6 mesh B.S.S. concentrate. They also
studied the effect of fluxes on the yield of the allaoy.
Possibilities have been searched out to recover the
Ti02 value of red mud in the form of ferrotifanium. Prasad and
co-—workers Lh,201 have established that aluminothermic
reduction of red mud is possible by raising the thermal potential
of the charge to compensate‘ for the inadequate insitu heat

liberation.

2.7. & Recovery of Major Constituents
As noted earlier, since iron axide, alumina and
titania are present in red muds from high to moderate amounts,

these muds have been considered as a source for recovery of these

constituents.

2.7.2.1 Recovery of Iron
Due to dominant presence of FGHQS in several red muds,
A

recovery af iron from these muds has been the point of attraction
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of several investigators who considered it as a possible source
material for the broduﬁtion of iron and steel for the countries
having big alumina refineries but lacking in iron resources.‘ATwo
main approaches investigated include solid state reduction of red
mud by carbon ér ggseous reducing agents and reduction smelting
in a blast/electric/low shaft furnace to produce pig iron.
McDowell-wellman Engg. Company (Ohio,U.S.A.)' {231 have been
successful in échieving a major break through in reduction
smelting approa;h for the production of steel frdm red mud on a
semi-industrial scale. The process comprises pelletising the Ped
mud with coal and flux, sintering cum prereduction of pellets in
a modified Dmighbleoyd sealed circular machine, smelting of the
prereduced pellets in a submerged arc electric furnace and
finally oxygen blowing of the resulting pig iron in L.D.converter
to produce steel. A method fof briquetting of red mud in order to
make it more suitable for smelting was warked oué‘at the Research
Institute far Non—-ferrous Metals, Hungary (941 .involving the
addition af quick lime and Vhomogenization. Optimum smelting
conditions were obtained with a moisture content 6f 15-25% ana a
Ca0 content 10-20% .A method of thermal processing of red mud has
" also been reported [éS] which is based on the recbgniticn of the

facts that dried alkaline red mud treated at a2 temperature af

400-700°C and leached with dilute alkali may be converted into
"secondary mud" whiéh is considerably poorer in AIEPZ ana Nazp
and can be easily filtered and washed. By smelting such a
secondary mud in an electric furnace or low shaft kiln, slag

containing pig iron and 18-20% of titanium oxide can be obtained
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without additivies.

Dobos has reported [9461that pilot plant investigations
at Almasfuzito proved the possibility of the continuous
processing of red mud by the Krupp agglomeration process.
Commerical scale experiments proved the possibility of abtaining
" from red mud a Krupp-slag similar to acid slags. The reducibility
of Krupp process agglomerated red mud has been described to be
extremely favourable with low dust losses. In the last stage of
the experiment, an iron recovery of B1.5-B3.0% was obtained with
an average Fe conteﬁt of 77-81% in the agglomerates.

tontopoulos et al. (971 treated the Brecian red .mud
containing 32.11% F92Q3 with prereduction, roasting and
smelting for the recovery of iron. It has been shown that
recovery of iron by magnetic separation was not feasible; Pellets
prereduced at IEOOQC were compact, strong and highly metallized
which could be smelted to produce a pig iron with almost 95% iron
recovery. Farkas and_co—wurkers {281 removed iron frém red mud

and prepared Fe(CO)_ by treating in an autoclave with hydrogen or

5
hydrogen containing gases at 0.1-100 bar and 150—8000t. After

removing Fe(COl. from the autoclave, the residue contained 24.3%

5

AIED, and the iron removal was 72.8%

2.7.2.2 Recovery of Alumina and Alkali :

Numerous attempts have been made to recover alumina
from red mud with the simultaneous recovery of alkali. The
approaches followed inclgde [96,991 recovery of 91203 and Nazﬂ

directly from the red mud, from the slag produced in the



102

reduction smelting for red mud and from the nonmagnetic portion

left behind after removal of iron powder from reduced red mud.

Soda ash sintering and lime sintering followed by hot
water leach have been among the favoured methods‘for recovery of
alumina and alkali [61. The recovery of alkali alone has been
possible bf treatment with 1lime under suitable conditions.
Fursman and coworkers {61 devised an approach for the
simultaneous recovery of not only alumina and .alkali but also
iron applying carbon-soda-lime sintering process. The process
consisted of pelletising.red mud with adequate quantities of
carbon, soda ash,and limestone, sintering of these pellets in a

shaft furnace, wet grinding of the reduced mass and its hot water

leaching to produce sodium aluminate liquor which may be recycled
to Bayer process circuit fo; alumina and caustic recovery.
Subsequent wet magnetic separation of the leach residue results
in an iron rich p;uduct which on melting vields pig iron.
'Ziegenbalg and coworkers [1001 attained the compléte
recavery of alkali metals from red amud by reduction smelting in
an electric furnace with the addition of coke, lime and SiD2 for
the formation of pig iron and a slag.containing not less than 20%
2CaD.SiDE.‘The Nazﬂ was sublimed during smelting and recovered as
flue dust which was leachgd with alkali for the recovery of
B5-95% of Nazﬂ. The self disintegrating slag was leached with
alkali for the recavery of 78-82% of AIZQS and recovery of pig

iron was 99.46% . Recoveries of iron and aluminium were carried

out by Yoshii Ishimura {1011 from red mud after removing NaZO.
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The metallic iron has been produced by heating the leached red
mud at 1450°C under reducing conditions. A12Q3 was recovered as
NaA102 by sintering the slag with Cal and Ca504 and leaching.

Ejima and cowarkers [1021 reparted more than 80¥%
recovery of aluminium from red mud using a pH control process.
Aluminium was removed along with iron as NH4 AI(SO4)2. The
leached solutions were freed from iron by control of pH.

Extensive and noteworthy investiqations ‘in this area
have been carried out in Hungary by the Hungarian Aluminium

corporation and Non Ferrous Metals Research Institute at

Budapest.

2.7.2.3 Recovery of Titania

Titania is a major constituent of Indian and Surinam
muds. Mumerous investiqgations have been carried out to recover
titania directly from the red auds, from the TiOz—rich slag
produced by the reduction smelting of red muds and nan magnetic
tailing of reduced red muds made by solid state reduction
methods. The approachss include gravity cqncentration £1031,
chlorination [104],‘ sulphuric #cid digestion {1051 and
SDErtreatment [106]1. Sulphuric acid digestion has been dgscribed

to be most successful which results in the dissolution of not

only Ti0, but alse Fezg Alzﬂz, NaZD and some trance elements to

2 3? v
form their respective sulphates. From leach solution, after

reduction of ferric ion to ferrous state, hydrated ¢titania is

seledtively precipitated out and recovered.
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2.7.3 Recovery of Trace Constituents
\ ‘Most of the trace elements like V,Ga,Zr,U, Th,Nb etc.

present in bauxite get accumulated in the red mud thereby making
;t a raw material for the production af these elements. Logomerac
£107,1081 developed an approach consisting of reduction smelting
of red mud followed by sulphuric acid leaching of resultant slag.
Individual metals and trace elements are then recovered. From the
leach salution by selective DZEHPA solvent extraction -and
stripping at controlled pH values. The process has been said to
be of special interest fto Yugoslavia. Cegledi £10%1 revealed the
possibilities of recovery of rare metals from bauxite containing
an average VEPS 0.4%, rare metal oxides Q.12%, 83203 O.OO?%,TiD2
2.9%, Mogﬂ3 0.003%, szpz 0.003% and Sczﬂ3 0.002%. |

Thakur and coworkers [110] reported the recovery of
vanadium as sodium vanadate. Red mud roasted with sodium chloride
and sodium carbonéte at BSOOC, was quenched in water thereby
obtaining vanadium in the form of alkaline solution containing
NaUDz, NaAlD2 and NaCr02 free of titanium and iron.
2.7.4 Direct Applications of Red Mud

The presence of alkali and iron oxide in red mud lowers
its fusion point.and Ma.,0 may confer bonding properties to it

2

[6]. With this view, possibilities have been searched out of

producing self bonded bricks,building blocks and light weight

aggregates. Such applications, however, have been described

economically viable for the transportation radius not exceeding a

few hundred kilometers.



105

Bricks may be made with the red mud aloné or red mud
with varying amounts of clay and proprietary binder. Such bricks
have been reported (201 to posses sufficient strength, 100-500
kg/cm2 depending upon the nature and quality aof additives and
firing temperature. Although the compression strength of such
bricks have been experienced to be lower than those of fire clay
bricks fired at same temperature, these are acceptable for
building trade which generally regquires the crushing strength
not exceeding over 150 kg/cmz. In India, the Central Building
Research Institute, Roorkee has developed the technology for the
production of constructional bricks [111,112] cantaining 50% red

mud and 50% clay, but no commercial use has been reported. Prasad

{1133 has besn successful in improving the spil mechanical

properties of red mud by diluting the red mud with fly/ ash or
lime. The modified red mud with fly ash additive has been said to
have a definite potential for wuse in brick production and
construction of dams, pavaments etc. As a2 result of ﬁis bench
scale invegtigation, the another reveals that good quality bricks
can be produced from the red mud diluted with 10-25% ifly ash.
Such bricks have been claimed superior to A-grade constructional
clay bricks.

Red mud in admixture with shales or nonploating clays

would bloat on heating to yield light weight aggregates. 0One of

the wmost prominent studies in this regard concerns the

production of light weight structural products by very small

additions of proprietary foaming agents, mud deflocculants and

foam stabilisers. Nakamura et al {1131 have demonstrated the
e



106

production of light weight building materials with densities
ranging from 30 éo 70 1b5/f£2 and compressive strengths from 150
roof checking and floor slabs, interior partition, wall and
ceiling tiles, fire-proof insulation materials, building blocks
etc.

Red mud, due to its alkaline character with good cation
exchange properties and a large surface area, may be used as a
coagulant or flocculating agent for cléanging municipal
industrial waste waters containing even poisonous species {[1141.
Red mud can be an effective absoarbent for waste gases like HZS
and 502. It has been tested as an effecﬁive scrubber for the
removal of 5, HZS and 502 from town/household gases [115].

Red mud has been shown to be a good raw material for
making pigment far some applidations. Efforts have been made by
Satapathy and co—~workers (1161 to utilise thé NALCO red mud for
making red oxide pigment ;nd paint of IS5 : 4446 shade. The process
includes hot water leaching of red mud to lower the élkalinity
followed by filteration and drying at 3I78 K. The paint was
prepared by treating this product with linseed oil, mineral
turpentine oil and required amount of cobalt nickel napthanate in
tumbler containing ceramic pebbles for a period of 48 hours.
Formation of red oxide paint and pigmenf, however, is paossible

from the red muds with high-amounts of iron oxides.
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the order of 400 KCal/kg. Although the heat is not sufficient to
-provide the thermal effects as established by perfect (74} for
the proper running of the reaction and efficient slag-metal
separation, it may be compensated by a combination aof the hooster
addition and preheating the charge.

As the yield or recovery of the alloy is governed by the
thermodynamic, kinetic, and'physicochemical conditions of the
melt, the factors directly or indirectly influencing those
aspects may be undertaken for investigation.

In the reactor, radiation into éurrounding medium, heat
removed by the discharged gases and vapours are the main factors
responsible for heat losses. Therefore, heat losses depend on the
design of reactor, reaction rate and other factors (72). Reactors
of different shapes and sizes have been reported to be wused by
various investigators. However, no systematic study has been
reported about the effect of reactor geometry (signifying the
design aspect) on the yiela or the recovery of the alloy. In the
present work, this aspect is also included which may be
considered applicable to all the oprocesses pertaining to
aluminothermic preparation of alloys and metals.

The effects of the following parameters waere
investigated on the recovery values {overall Recovery,
Ti—Recovery and Si-Recovery) and compasition of the alloy
produced by open aluminothermic reduction of Red Mud.

(i) Amount of reductant (Al, powder)

(ii) Scale of production {(amount of Red Mud)

(iii) Particle size of reductant (Al, powder)
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(iv) Particle size of Red Mud
(v) Geometry of Reactor
(vi) Flux Addition (Lime, Magnesia and Fluorspar)

(vii) Thermal'Booster Addition (KC10_, KNDS)
(viii} Preheating temparature
(ix) Preheating time.

Most of these parameters were studied in couples in
order have an idea about the better compromise ‘between thg
coupled factors in groducing improved recovery values . 'The:
following combinations have been undertaken for the present
invesfigation with the expectation that their mutual influeﬁce on
the thermodynamic, kinetic and physicochemical canditions of the
melt, would provide useful information about the recovery of
metallic values into the alloy.

(i} Amount and Particle 8Size of Reductant

(ii} Scale of Pro&uction and Reactor Geometry
(iii) Particle Size of Reductant and Red Mud

(iv} Booster Addition and Preheating Temperature

(v Preheating Temperature and Time

(vi} Flux Addition (Amount and Type of flux)



; CHAPTER - 4

EXPERIMENTAL

4.1 MATERIALS

The Red Mud was received from Hindustan Aluminium
Company (HINDALCO), Renukoot (Dist. ﬂihzapur), India. The
Materials used in this investigation along with their grade and

make are listed in Tab. 4.1 below.

Table 4.1 List of Materials used.

Materials ‘ Grade and make.
(i} Red mud Received from HINDALCO, India.

(ii) Aluminium Powder 7.76% Al, as analyéed (make not known)
(iiidLime (Ca0} 87.40Y% Ca0 as analysed, Burgoyne
Urbidges & Co.

(iv}) Fluorspar (CaF_} Extrapure 99¥%, CDH.
(v} Magnesia (MgD} Q0.65% Mg0 as analysed, Fine Chem. India
(vi) Potassium Chlo- ?%.5% (AR), CDH.
rata (KCIDS) '
{(vii)Potassium Nitrate % (AR}, Samir Tech.
(KNDS)

4.2 DETERMINATION OF CHEMICAL COMPOSITION OF RED MUD
The red mud was chemically analysed for FeZO?, 510,
AI2D3’ TiDz, NazD and Loss of Ignition, by the gravimetric/

volumetric methods £119,1201. Discussed below the basic
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principles.

4.2.1 Loss of Ignition

Bauxite wmineral components transform to stable
modifications at 1100°C. The decrease in weight on ignition after

deduction of adhering moisture gives loss af ignition.

4.2.2 Determination of S:l()a Content

The red mud is dissolved in mixture of hydrochloric
acid, nitric acid and sulfuric acid. The material left after acid
digestion is in the form of silica gelly which is fumigated in
presence of H2504 with ‘hydrugen fluoride and left overs are

ignited. The loss in weight is equal to Si02 content.

4.2.3 Determination of Feao3
The powdered red mud sample is digested with potassium
hydroxide and acidified with sulfuric acid and then oxidised with
potassium permanganate. The permanganate excess is decomposed by
. . 3+ 2+ .
hydrochloric acid. Fe~  is reduced to Fe by SnClq. The iron is

determined by chromatometric titration in presence of H9812 and

phosphoric acid.

4.2.4 Determination of Ala()3 Content.
The solution obtained from acid digestion of red mud is

treated with 10 N MaOH tao separate aluminium oxide in the farm of

sodium aluminate. Aluminium is determined by complexometric

me thod.
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4.2.5 Determination of.TiOa Content
The TiO, in the acid solution leads to the formation of
yellow coloured perexo—complexes with H2Q2° The colour intensity

of the solution is proportional of concentration af TiO Colour

2"
intensity is measured by spectrophotometer. The evaluation of

TiO? concentration is done with use of calibration curves.

4.2.6 Determination of NaaO Content

The N320 content of the red mud is dessolved in nitric
acid in presence of ammonium nitrate. The R203 group ions are
removed by ammonium hydroxide and calcium is separated by
ammonium carbonate and NazD content of the filterate is measured
by the flame photometer. The evaluation of Nazﬂ content is done
by the use of calibration curves.

Table 4.2 gives out the results of chemical analysis of

the considered red mud.

Table 4.2 Chemical composition of Red Mud

FEZDS T102 '.‘ 8102 Alzﬂz' Na20 ' » .LDI
3B8.80% 18.80% ?.64% 17.28% &6.86% 7.34%

4.3 PHASES PRESENT IN RED MUD
The mineral phases present in red mud as identified by'
X-Ray Diffractometry described in (1211, are listed below in

Table 4.3.
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Table 4.3 Mineral phases present in Red Mud

Hematite Maghemite Quartz

Alumochematite Pseudo—-rutile (Fe_, Ti_, 0_)]| Kaolinite
2 X 9

Anataze

Boehmite Calcium Titanate

Gibbsite Calcium alumine silicate

4.4 CHEMICAL ANALYSIS OF ALLOY BUTTON
4.4.1 Determination of Iron

1.0 gm powdered sample of reduced button was taken in a
beaker and dissolved in conc HNDS and evaparated tﬁ dryness. Now

5 ml of H S0, was added covered with watch glass and  heated to

4
white fumes. Now beakef was cooled and 15ml of conc HCl was added
and boiled, then dilutedbwith water and filtered: The residue of
filter paper was washed four or five times with hot water until
free from iron. The filterate was taken in a measuring flask of
250 m1 and made upto the.mark with distilled water. Then 25ml. of
the above solution was taken into a conical flask and heated to
boiling. Then stannous chloride was added drop by drop till the

red colour in ferric iron was completely discharged. A few drops

of more SnCl, were added and cooled quickly to room temperature

by putting the flask under running tap water. Then four drops of

HgC1l, solution were added to the above reduced soluﬁion, which is

2

followed by the addition of 2 drops of indicator. This solution

is then titrated with standard K?CP207 solution. When indicator
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s
gave a violet colour the oxidation of Fe'' to Fe is completed;
Reading corresponding to this end point was noted down from

buratte; percentage of iron is calculated by

0.56 % volume of soln. prepared X Burette Reading

“ Fe = vol. of solution taken for titration

4. 4.2 Determination of Silicon

The filter paper used for the filteration of the above
solution was'transfer;ed tc a silica crucible alongwifh the
residue in it. The-silica crucible with the residue was ignited
in a muffle furnace to 900°C and then cooled and weighed. the
percentage of siiicon is given by - |

% 81 = Weight of ignited mass X 46.7

4,4.3 Deternd;ation of Titanium
4.4.3.1 Preparation of sample solution

1.0 gm‘qf powdered sample of metal (alloy) mas taken in
a beaker and dissolved in conc. H2504 and then filtered. Filtered
solution was made upto 250 ml. by adding water. 20 ml of this
solution was taken‘iﬁ a flask and about 20 ml of‘HEPD4 Qas added

to the flask to remove iron followed by the addition of H O,

solution to get yellow colour.

4.4.3.2 Preparation of standard solution

0.82 gm of potassium titanium oxalate, 2 gm of ammonium

sulfate and 25 c.c. of conc H,_;SO4 were mixed upto dissolution.
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Then it was made 250 cc by adding water. 20 ml of this solution
was taken and added to it some H3P04 and HZO? as added in sample

solution.

4.4.3.3 Preparation of reference solution

2 gm of (NH,)_S0, is dissolved in 25 cc of conc. H S0

4

and made 250 ccy After preparation of all three solution firstly

4 a

reference solution was taken in cubette tube which was then put
in the rvequired space in spectronic-20 colorimeter, so that scale
was adjusted to 100 and O respectively.Then standard solution maé
taken in the tube and sténdardised the apparatus. Re#dings are
noted for different concentrations. Then for 1:10 coqc.‘of sample
solution all readings were taken. The abovevreadings are plotted
together in the graph. Then Ti is calculated as follows-—
Since lcc = 0.5 mg of Ti. Reading of vertical line
which cut the x-axis at differeﬁt concentration -
 Eon€entration ¥ 0.5 « 100

4“ Ti = 1600 = Concentration x Q.05

4AADaWMMUmomemmm
The Al content of the alloy was determined by applving

principle of precipitation by cupferron from a cold formic acid

solution [1191.

4.5 DRESSING OF RED MUD
The as received red mud was in the form of solid lumpy

masses. The dressing operation was done in the following steps.
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(i) Ball Mill Grinding

(ii) Sizing

4,.5.1 Grinding in Ball Mill
To make the red mud in powder form it was ground in
Ball Mill. 10 kg of red mud was ground at a2 time using 25 balls

of different sizes. The Ball mill was operated for 5 hrs.

4.5.2 Sizing of Red Mud

The red mud powder from Ball mill was subsequently
divided into three sizes namelyj; —425+300, -300+212 and -150+125
microns in a Rotap Sieve Bhaker. The sieves were kept in the
following order of sizes from top to bottoms 423, 300 212, 150
and 129 microns. At one time nearly 200 gms of red mud was taken
for sizing by operating the shaker nearly for 10 minutes. The

size distribution of red mud is shown in Fig. 4.1.

4.6 Sizing of Aluminium Powder

The aluminium powder was also sized in the same mannef
as red mud. It was divided into the following sizes; -425+300,
~300+212, -300+150, -130+125 , —106+43, -—-4&3+533 and —~53+45
microns. The setting of the sieves was carried out according

particle size requirements.

4.7 PROCESS SET UP FOR ALUMINOTHERMIC REDUCTION OF RED MUD
The reduction reaction was conducted in graphite

crucible (Reactors). The crucibles were not lined with the view
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(i) Ball Mill Grinding

(ii) Sizing

4.5.1 Grinding in Ball Mill

To make the red mud in powder form it was ground in
Ball Mill. 10 kg of red mud was ground at a time using 235 balls

of different sizes. The Ball mill was operated for 5 hrs.

4,5.2 Sizing of Red Mud

The red mud powder froq Ball mill was subsequently
divided into three sizes namely; —425+300, -300+217 and —-1350+125
microns in a Rotap Sieve Shaker. The sieves were kept in the
following order of sizes from topv to bottom; 425, 300 212, 150
and 125 microns. At one time nearly 200 gms of red mud was taken
for sizing by operating the shaker nearly for 10 minutes. The

size distribution of red mud is shown in Fig. 4.1.

4.6 Sizing of Aluminium Powder

The aluminium powder was also sized in the same manner
as red mud. It was divided into the following sizes; -425+300,
-300+212, -300+150, —150+125 » 106463, -—-63+53 and -53+45
microns. The setiting of the sieves was carried out according

particle size requirvements.

4.7 PROCESS SET UP FOR ALUMINOTHERMIC REDUCTION OF RED MUD

The reduction reaction was conducted in graphite

crucible (Reactors}). The crucibles were not lined with the view
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that carbon pick up would not interfere with the recovery values
of the reduced metallics into the alloy. Five crucibles namely
A,B,C,D and E of different shapes and sizes (sbeéifications given
in Table 4.4) were used according to our experimental
requirements. Crucibles A,B and C belong to same shape (bucket
shape) but differ in sizes in the order A < B((l €. Reactor ‘D’-
was formed by adjoining the open ends of the two "A° crucibles
with the fire clay paste at the joint. The jqint is more éecured
by tightening a steel ring around it. To create the open end of
this reactor, the bottom of the upper crucible was removed by

cutting it at an appropriate height. Reactor 'E’ belongs to the

Tablc 4,4 Details of Reactory specifications

Reactor Height | Inner diameter |Thickness
H (ca) {(cm) of wall
{cm) H{inner)
R=b =15, ]
jInner |Jouter| Bottom Top 2 i
D D
1 2
A 14.50]16.50] 7.50 11.30 1.50 J.81646
‘B’ 18.50 20.50 P.00 13.00 1.50 4.625
i 20.50]|22.50|11.00 15.00 1.50 5.125
. l
i 26.00128B.00] 7.50 2.00 1.50 A-A Assembly,
Refer Fig.4.4
and Fig.4.5
‘E’ 18.50{20.50|12.30 : 12.50 1.50 : .

cylindrical shape which was prepared by hollowing a graphite

electrode. Fig. 4.2, Fig. 4.3 and Fig 4.4 illustrate the
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sectional views of these reactors whereas Fig. 4.5 shows their
graphical representations in terms of height and diameter.

The Reactors can also be represented by a geometrical

factor 'R’ given as

H
R =
DZ Dl
where H = Height of the reactor
D2 = Inner diameter of the open end (top).
D1 = Inner diameter of bottom

In case of Reactor 'D° it can be represented graphically as shown

in Fig. 4.5.

4,8 SEQUENCE OF PROCEDURES
4.8.1 Charge Preparatibn

Weighed amOUﬁts of Red Hud, Aluminium Po@der,r Thermal
Booster (KCID3 ar KNDE) and Flux (Limé or Magnesia and Fluorspar)
were transferred to a harizontally rotating ceramic mixer
containing ceramic balls. The mixing was carried out by adding
the ingradients in two stages. In the first stage Red Mud, Al,
powder and thermél booster are added to the mixer. Flux is added
in the second stage after 15 minutes of wmixing the above
ingradients. This was done to ensure the maximum” possible

interfacial contacts between the reductant and the reducibles.

The mixer was operated for another 5 minutes after flux addition.

The prepared charge was now transferred to graphite reactors

(crucibles?) for preheating and subsequent operations.
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4.8.2 Preheating of the Charge

The charge filled reactor was placed in a Resistance
Pit Furnace for preheating. The time of preheating was counted
after the indicator started <chowing the applied preheating

temperature,

4.8.3 Ignition of the Charge
The crucible was taken out of the furnace to the open
space where the reactioﬁ was triggered by touching a burning

sparkler on the surface of the charge.

4.8.4 Separation of Alloy Button

éfter sufficient air cooling of the reaction products,
the alloy button was separated from the slag by simple mechanical
operations.

Fig. 4.6 presents a simplified Flow Sheet of the

procedures followed in conducting the aluminothermic reduction.

4.9 CHARGE CALCULATION

The stoichiometric amount of aluminium (reductant) was
determined with the presumption that Fe703’ Ti07 and Siﬂz are

completely reduced in the course of reduction process. The

reactions can be expressed by the following chemical equations.

Fe203 + 241 ——s 2 Fe + (-\1203
3 Ti02 + 44] — 3 Ti + 2 (-\l,.',O3

3 8i0_ + 4A1 — 3 Gi + 2 Al 0,
L

L
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Red Mud (Received from HINDALCO) Aluminium Powder

l

Grinding in Ball mill

l

Sieve Sizing

Sieve Sizin Baaster :
9 (KC10_ or KNO_)
3 3
| Mixining |
[——————*—-Flux
Mixing
Preheating in Resi-
stence Pit Furnace
Sparkler 1 l ‘
Ignition
For chemical+—Alloy Button slag
Analysis (Fe—-Ti-Si-Al)

Fig.4.6 Flow Sheet of Aluminothermic Reduction of Red Mud
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For the reduction of 100 gms of Red Mud , the

stoichiometric requirement of Al was calculated as follows.

(i) Amount of Al to reduce Fezqs,

=—%§6-x38.80 = 13.095 gms
(ii) Amount of Al to reduce TiOz,
=—%gg-x18.90 = B8.46 qms
(iiiYAmount of Al tu,reQuce SiDz,
=—%§§-x9.64 = 5.784 qms

The total amount of Al,

=1F.095 + B8.46 + 5.784 = 27.34 gms

4,10 Thermicity of the Charge

The heat librated in reaction was computed on the basis
of the data presented in Table 2.15 which furnishes following
amounts of heat produced by the reduction of reducible

components—

Fe O + 24l —— 2 Fe + AIED

0 30 AH2980k= =204 Kecal
3 Ti(]2 + 44] ~— I Ti + 2 AIEDZ'ﬁH29BOk= ~132.40 Kcal
3 5102 + 44— T Si + 2 Q1203’6H2980k= -14%.10 Kcal

Heat liberated by the reduction of 100 gms of Red Mud -

204 132.40 149.10 _ .
= 160 % 38.80 +~—-ﬁ6— x 18.80 + -—-—-i-éo—— X 9.64 =67.80 Kcal

Thermicity of the charge (Kcal/kg) was calculated by
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the following expression

Thermicity (Kcal/kgq)

Heat liberated by the charge durxng
_ reaction
Total weight of the charge (kg)

The chaﬁge represents the total of the amounts of Red

Mud, Al powder, Flux and Thermal Booster.

4.11 CALCULATION OF RECOVERY VALUES OF THE ALLOY

(a)

Overall Recovery (OR)

The GOverall Recovery was calculated with the
consideration that the alloy contained only Fe,Ti,S5i
and Al. It can be defined as percentage of total amount
of reducible metallics (Fe+S5i+Ti) of red mud which
passed into the alloy. The following expression was

used to calculate the Overall Recovery;

v - w PAI
A 100
oR (%) = W x 100
RM
where
W ; Weight of alloy button

total amount of Fe+Ti+Si in the considered

-8

am
" lot of Red mud.

Pnl 5 Percentage of Al in the alloy
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(b)) Individual Recovery of Constituents of the Alloy
The recovery of the constituent metal was

calculated as follows.

Nﬁ.m .
% Recovery of constituent metal = m
whersa
WA 3 weight of the alloy
m 5 percentage of the considered metal in the

alloy
M 5 amount of the same metal value in the Red

Mud.



CHAPTER - 5
RESULTS AND DISCUSSION

5.1 EFFECT OF AMOUNT AND PARTICLE SIZE OF REDUCTANT

The effect of amount of reductant (Al, powder) was
investigated in terms of the percentage excess over
stoichiometric amount. The amount of reductantlwés varied as O,
20, 40, 60, B0 and 1004 excess ovef stoichiometric requirement.
The study was made for three different sizes of.reductant namelys
=63+53, —-106+63 and -3I00+150 microns (sieve size). The charge
ﬁake up is given in Table 5.1 whereas Table 5.5 presents the

charge balance of heat taken for this investigation.

5.1.1 Effect of Amount of Reductant C(Al) of Particle Size,
-63453 Microns. ’

‘The results pertaining to the recovery values and
compositions of ffﬁe alloys are reported in Table 5.2 and
respectively plotted in relation to the amount of reductant in
Fig. 5.1 and Fig. 5.2.

Fig. 5.1 indicates that the overall récovery increased
sharply for upto 40% excess amount of reductant. Beyond this mark

the increase in overall recovery slowed down and tended to

‘assume a constant value. It can also be observed that wupto Q0%

sxcess reductant, the overall recovery was dominantly contributed
by the recovery of Fe.
The reco#ery of Ti which was marginal for upto 20%

excess reductant, increased significantly beyond it upto the mark
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Table 5.1 Details of charge composition and parameters of

the process.
reductant)

Camount and particle

size of

(a) Constant Parameters-

i)

(ii)d

(iii)

{iv)

{v)

{vi?}

{vii)

(viiid

(ix)

{x)

Amount of Red mud
{scale of produc-
tion?}

-Amount of Cal

Amount of fluorspar

(Can)

Amount of heat boas—
ter (KC10,},

Particle size of red
mud .

Particle size of lime
{(Cal).

Particle size of
fluorspar.
Temperature of
preheating.

time of preheating.

Geometrical para-
meters of reactor

(b) Variables-

(i)

(ii)

Amount of Reduc-—
tant (Al).

Particle size of
reductant (Al).

500 gms.

50% of AQl-powder (reduc—
tant)

1i0% of Cald

154 by wt. of (R.M.+ Al
powder + Ca0 + Can )*

=-Z00 + 212 microns.
-63 microns.

-&3 microns.

400

2 hrs.

Reactar’B’ (as specified
in sectiun_4.7)

0,20,40,80, and 100 per-
cent excass aver staichi-
ometric amount.

~463+53, —106+63 and -300
+150 microns.

# described as total charge.
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representing BO% excess reductant (Fig. 5.1). Qbove- BOY% excess
| reductant, however, the magnitude of increase(in recovery of Ti
narrowed down. The recovery profile of 5i also éhowed the similar
trend but with appreciably lower recovery values. Fe was
recovered to the ﬁaximum extent with same treqd as exhibited by
Ti and Si. Regarding the CQmpnsitign of the alloy,.which can be
observed from thé.Fig. 5.2, the Ti and 8i content of the alloy
increased with the increase in the amount of redﬁ:tant (i.e. Al
powdér) almost proportionately to their recovery values. The Al
content aof the .alluy first decreased for upto 40¥% excess

reductant and then started increasing significantly beyond it.

S.1.2 Effect of Amount of Reductant of Particle Size,
~-106463 Microns.

Recovery figures and compositions vof the 2alloys are
given in Table5.3 and plotted in relation to amoqnt of reductant
in Fig. 5.2 and Fig. 5.4 respectively. In this case also, the
amount of reductant affected the recovery valﬁes as well as their
reduced metallic content in the same way as experienced with the
reductant of particle size, -463+53 microns. Compabing with the
previous case thfs“is noteworthy in this case that while the
recovery levels Sf‘Ti increased, a significant drop was noticed
in respect of Si recovery. The makimum Ti recovery 45.00% (for
100Y% excess reductant) was obtaiﬁed as against 45.92% in the

preceding case. Maximum 14.43% Si was recovered in this tcase

which was 24.78% (for 100% excess reductant) in the previous

‘case. Besides this, the alloys obtained for the amount of



131

reductant beyond &60% excess, possesed higher Ti content than the
‘last case. The trend of variation of Al content also remained
unaffected but the alloys contained higher percentage of Al (Fig.

5.4).

5.1.3 Effect of Amount of Reductant of Particle Size,
-3004150 Microns

Results are reported in Table 5.4. Figq. 3.5 and Figqg.
5.6 indicate that recovery values of the reduced. metallic
constituents as well as their contents in the alloy followed the
similar trend of variation by increasing the amount of reductant.
No significant variatiqn was observed on the recovery values of

Ti and Si as well as their content in the alloy compared to

previous case.

Fig. 5.6'indicates that the Al content of the alloy
showed an increasing frend with increasing amount of reductant.
Upto 60% excess reducer the increase remained marginal and rather

sharp beyond it.

S5.1.4 A General Observation and Discussion of Results
This investigation which led to the formation of an
alloy containing as high as 146.26% Ti revealed the following

facts =
(i} The metal can only be recovered by using excess amount of

reductant (A1) over stoichiometric requirement.

(ii) Recovery values as well as the reduced metallic content can

be significantly improved by increasing the amount of
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reductant upto BOY% excess over stoichiometric amount beyond
which the magnitude of increase in recovery values starts
diminishing.

(iii) An increase in the particle size of reduc#ant (A1) though
does not disturb the relationship of its amount with
recovery valqes of the alloy, the numerical magnitudes of
recovery values may vary. According to observations, the
recovery levels ‘shifted towards higher side for the
reductant of particle size -—-106+63 microns beyond which
they tended to assume almost constanf vélues.

(iv) A decreasing tendency upto 40% excess reductant followed by
an increasing tendency beyond it has been exhibited by the
Al content of the alloy fDr‘the reductant particle sizes
-63+53 microns, '—106+63 microns. However,  with the
reductant of particle size, -300+150 wmicrons, the Al
content of the alloy has shown an increasing tendency by
increasing the amount of reductant.

This study makes an hint that an alloy with lower Si
and Al content is possible to produce by using the reductanf
amounting 40)% excess over stoichiometric amount, pro&ided a heavy
sacrifice has to be made in respect of Ti content of the alloy.
In order to get higher Ti recovery and hence its content in the
alloy, the passage of Si and Al into the alloy is unavoidable. It

follows from the examination of the equilibrium constant of the

reaction of reduction of TiDzvby aluminium, Ti02+4/3 Al —Ti+ 2/3

91203 that increasing the concentration of Al in  the alloy
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a a2/3
Ti.“Al,0,
Fam |

a7%
2a1

K o=

*1i0,.
displaces the equilibrium towards the faormation of titanium i.e
increase in its recovery in thg alloy U[A%1. The equilibrium
constants of Fezﬂz, and Si02 are also shifted towards the
formation of respective elements. This increased recovery of Ti
is obtained with the simultaneous increase in the Al content of
the charge. Increasing the Al content of the charge beyond a
certain maximum level may not result in any material increase in
the titanium yield because the excess Al which passes into the
additional loss of alloy in the form of metal droplets entrapped
additional loss of alloy in the form of metal droplets entrapped
in the slag. The amount of heat liberated in the process (Table
9.1 for charge composition) has been calculated to be around
?46.38 ‘kcal/kg (discussed in section 5.5) out df which
384.84 kcal/kg is contributed by the eﬁothormicity of reducible
components of red mud. Therefore, the presence of excess _amount
of reductant in the charge, not only provides better
thermodynamic conditions for the smooth running of reduction but
also ensures the availability of the in-situ heat liberation thué

maintaining the heat effects of the process during the course of

reduction (discussed in section 5.4 and 5.5).

Considering Fézpz, Ti0, and Si0, as fully reducible

components in red mud, the constitution of red mud in other way,

may be presented as containing 67.24% reducibles (Table 4.2) and
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rest I2.76% non—reducibles. When practicing the stoichiometric
amount of Al (i.e O% excess), which was made on the basis of
reducible components, it may nat be possible to have
stoichiometric coﬁcéntration available at the sites of reducibles
in the bulk of charge because of its dilution by the non
reducible fraction (I2.76%). This may account.for the reaction to
proceed sluggishly without any metal being recovered.-

The particle size of reductant may influence the
reduction process in two ways 3 firstly by changing the number of
reaction interfaces and secondly by affecting the kinetics.
Though very fine particles of Al may provide increased number of
reaction interfaces, they disappear quickly froﬁ the sites of
reduction reaction and hence the peak témperature is not
maintained for the time adequate for the proper slag~mgtal
separation [&81. On the contrary too coarse particles not only
reduce the number of reaction interfaces but also lower the peak
temparature. In oth;r.words, a proper selection of particle size
of reductant is very necessary. .

The charge being in the solid form, it may not always
bg necessary, thab»the amount of reductant with view point of
stoichiometry provides the sound thermodynémic.conditinn at the
sites Df.reduﬁibles. The finer the reductant, the better will be
the chances of getting desired concentration of reductant at the

sites of reducibles. Therefore, besides the stoichiometric

consideration, it hay also be important to take into account the

aspect of reaction interfaces in the sense that the amount and

particle size of reductant should be such that it may provide the
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maximum possible number of reaction interfaces. The maximum
number of reaction interfaces to be created, however, will depend
upon the amount and particle size of reducibles provided the
degree of mixing is ideally maximum. Our observation regarding a
sudden drop in Al content of the alloy at 40% excess _reducer
(Fig. 5.2 and Fig 35.4) may be attributed due to this reason. At
this mark, the concentration of Al in the red mud was calculated
to be 54.68B gms/100 gms of red mud which is more than the
stoichiometric concentration (45 gmsk#OO gms 'Qf red mud). In
addition to this, the maximum availability of reacfion interfaces
ensuring the reduction of a higher fraction of reducibles, may be
the reason behind the higher consumption of Al in actual

reduction process and hence lower Al content in the alloy.

5.2 EFFECT OF SCALE OF PRODUCTION CAMOUNT OF: RED MuUD> AND
REACTOR GEOMETRY

The effect of scale of pfoduction i.e. amount of Red
Mud was investigated by varying it as 100,200,300, 400,500 and
600 gms (depending on the capacity of the reactor). Five reactor
namely A,B,C,D ;nd E (specified in section 4.7) were selected to
conduct this investigation. QOut of these reactors, A,B, and C aEe
similar in geometry (shape) but differ in sizes whereas reactors
D and E differ in ggometry also. The composition of the charge

prepared is given in Table S.4. The Table 5.12 presents the

charge balance of heats associated with this study.
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metryd.

of
geo~

(a) Constant Parameters-

(i)

(ii)

(iii}

(iv}

(v)

(vi)

{vii)

(viii?

(ix}

{3

Amount of reduct-—-
tant (Al).

Amount of Ca0
Amount of fluorsparc
(Can)
Amount of heat boos-—
ter (KC10.).

3
Particle size of red
mad .

Particle size of red-
uctant (Al)}

Particie size of
lime (Caf).
Particle size of

fluorspar (Can).

Temperature of pre-
heating.

Time of preheating.

(b)) Variables-

(i)

(ii)

Scale of produc—
tion (amount of
red mud )

Reactor geometry.

BOY% excess over stoichi-
ometric amount

50% of reductant (Al)
10% of CaQ

154 by wt. of (R.M. + Al,
powder + Ca) + CaF_, ).

=300 + 212 microns.
—106+463 aicrons.

-&3 microns.

~-63 microns.
a00°c.

2 hrs.

100,200,300,400,500 and
600 gms. v

-Reactors 4,B,C,D, and E
as specified in section
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S.2.1 Effect of Scale of Production in Reactors A,B,and C

- The data regarding the recovery values and
.compositional details of the alloys produced in these reactors,
which differ in size (capacity) in the order A{B<C, are given in
Table 5.7, Table 5.8 and Table 5.9 for reactors A,B, and C
respectively. These Tables.also include fhe geometrical details
rgceived by the charge column in the associated reactor.

The observed relationships of recovery value as well as
the composition of the alloy with the scale of production are
shown respectively in Fig.5.7 and ¥ig.5.8 (fcr Reactor 'A°),
Fig.5.9 and Fig.5.10 (for Reaﬁtor ‘B’) and Fig.5.11 and Fig.5.12
{(for Reactor 'C’}). It is evident that overall recovery increased

significantly by increasing the scale of production to a certain

maximum level.Reactor 'O° observed the increase in overall

recovery for the scale of production upto 300 gms beyond which is
started droping. For reactors 'B° and 'C’ the increase in overall
recavery could be Dbserﬁed on going upto 500 gms although the
alloy could not be recovered for 100 gms production scale. This
can also be noted that the overall recovery was dominantly
contributed by Fe recovery for upto 200 gms production leQels.
The recovery of Ti increased with the similar trend in

the all the reactors (A,B,C) by increasing scale of production.
Making a comparison among the reactors A,B and € in respect to Ti

recovery values obtained for upto 400 gms production levels, it
can be observed that by fncbeasing the size of rveactor, the Ti
recovery first increased on going from reactar "Q° to reactor 'B’

.and then decreased on going to reactor 'C°. The recovery of Ti
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i.e. 31.57% as obtained in reactor ‘A’ at 400 gms scale of
production was enhanced substantially to the level of 41.3% in
~reactor "B’ and it droped to 29.33% in reactor °‘C’. Now on
comparing reactor "B and °'C’, for above 400 gms scale of
production reactor 'C’ can be observed to furnish higher recovery
of Ti than reactor 'B’.

The Si recovery also increased with the increase in
scale of production as well as the size of the reactor. The trend
of increase remained almost same in reactor ‘A’ ;nd reactor 'B’.
However, reactor ‘C° showed an increasing trend-for ubto 300 gms
scale of production and a decreasing trend leading to constant
recovery level, beyond 300 gms (Fig.5.11).

The Ti and §i contents of the alloy varied almost
proportionately to their respective recovery values (Fig;S.B,
Fig.5.10, Fig.5.12). The maximum Ti content of the alloy as
received in reactors A,B énd C are 13.19%, 16.12% . and 16.81%
respectively. The Al content of the alloy decreased by increasing
srale of production. A bit sharp decrease, however, was observed
upto a certain liﬁit”bf scale of production. This limit, however,
was observed to be shifting towards higher sidé of scale of
production by increasing the size of reactor. It can be seen that
reactor A gives out appreciable decrease in Al content for wupto
200 gms production level, whereas 300 gms and 400 gms represent .
such limit for reactors ‘B’ and ‘C’ respectively. This 1is also
noteworthy that while thé Al content of the alloy was not much
affected by the size of reactor towards the higher side of scale

of production (300-600 gms), alloys received at lower production
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levels, were found to have increased Al content with the
increésing reactor size. This can be noted at 200 gms scale of
production at which the Al content of the alloys produced in

reactors A,,B and C are 9.62%,9.74%, and 11.21% respectively.

5.2.2 Effect of Scale of Production in Reactor ‘D’

The reactor "D’ was formed by adjoining the open ends
{(mouths) of two "A’ reactors with the view of achieving a new
shape (geometry). The geoﬁetrical details have beén described in
section 4.7. The data about the recovery values and compositions
of the alloys and geometrical details received by the charge
céiumn, are reported in Table 5.10. The observed relationsﬁips of
recovery values and compositions of the alloys with scale éf
production are shown in Fig.5.13 and Fig.5.14 respectively.

. As this reactor was formed by & composition of a&-A
reactors, a comparison of its results with the results of reactor
‘A’ may provide useful infarmation.

An important observation in this regard is that this
reactor furnished better results than reactor 'A° in respect of
overall recovery of the alloy as well as tﬁe individual recovery
of its constituent metals. The trend of variation aof recovery
values and composition of alloy with increasing scale of

production remained almost same as experienced in previous cases.

It can be seen that for the scales of production upto
400 gms, the recovery of Ti slightly went up compared to reactor
"A’. However, for higher scale of production, the extent of Ti

recavered could be as high as realised with reactor °“B°. The
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maximum recovery 46.36% noticed in this reactor was obtained at
500 gms scale of production. In addition to this, the recovery
values of Si weré'also increased as compared to reactor "A°.

This is also nateworthy (Figs.5.8,5.10,5.12,5.14) that.
despite the recovéry values being quite comparable to reactors
A,B And €, the Ti content of the alloy decreased in this reactor
{i.e.D) being appreciable for production scales above 300 gm$
(i.2.400,500 and &00 gms) which is due to the higher amount of Si
recovered as wel} as an increasing trend of Al content of the
alloy in this region. Fig.5.14 indicates a decreasing trend of Al
content for upto 400 gms scale of production and increasing trend
beyond it. However, ‘it can also be obsarved thgt a decreased Al

content of the alloy resulted for upto 400 gms scale of

production as cqmpared to reactors A,B and C, whersas an
increased Al content resulted for the alloys produced for above

400 gms scale of production.

5.2.3 Effect of Scale of Production in Reactor ‘E’

Reactor "E° is cylindrical in shape its dimension being
described is section 4.7. The results regarding the recovery
values and compositional details of the alloys along with the

dimensions of the charge column, are reported in  Table 5.11.

Recovery values and compositions of the alloys are plotted as a .

function of scale of production in Fig. O5.13. The figure
indicates that Fe was recovered to the maximum extent in thisg
reactor throughout the range studied. Not much variation was

observed in overall  recovery with scale of production. The
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overall ﬁecovery, due to dominant contribution of Fe, varied
almost in the same way as Fe recovery.

The trend of variation of Ti and 6i retovery with
increasing scale of production adopted ﬁhe same profile as in the
previously studied cases. However, the magnitude of their
recovery values and contents (Fig. 5.146}) in the alloy were faund
to have decreased in this réactor compared fo ‘B° 'C” and D,
Fig. 5.16 also indicates that Al content of  the ‘alloy remained
almosf unaffected (at an average B.50¥%) by increasing scale aof
production upto 500 gms. Beyond this, it decreased to 7.334%. This‘

is just a reverse phenomenon of what observed with vreactor "D,

5.2.4 A General Observation and Discussion ofVResults
This investigation, which established the possibility
of production of an alioy with as high as 16.81% Ti content
recovered with a considerably high recovery margins (45 to 50%)
along with appreciably iower Al contents, revealed the importance
of the design aspects of tHe reactor in the form of its shape and
size factor. The results obtained can be outlined in the
following sentences.
(i} As the recovery of the alloy in respects of its valuable
metailics (i.e Ti} depended not only on the scale of

production but also on the size factor of the reactor, the

selection of reactor should be made on the basis of the
size of the charge (scale of production). Small batch of
charge practiced in large reactors (and vice-versa) will not

furnish  good results regarvding the recovery values.

A
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Moreover, with a particular reactor, the increése in
recovery of metallics can be realised upto a certain max.
level of scale of production.

_In_ order to practice still more production size,
reactor of higher capacity (size}) must be preferred to achieve
the improved recovery of metallics in the alloy. Reviewing the
results in reference of Ti recovery it is clear that while the
Areactor ‘A’ could produce the alloy for 100gms batch, reactor "B’
gave out improved Eecovery (41.951%) at 400gms production level.
On the other hand, reactor 'L’ produced poor recovery value at
400 gms whereas for higher scales, this reactor generated higher
recovery values than reactor ‘B’.-

(ii)} Higher recovery of Ti can also be achieved by changing the
shape (geometry) of reactor. Considering the capacity of
reactor ‘B’ and ‘D’ (made of A-A Assembly) almost same, the
recovery 1e§gls achieved in both reactors were quite
comparable. Hﬁmever, the superiority of reactor 'B° Dveﬁ
reactor "D’ can be proved with the fact that reactor 'D’ not
only produced tﬁe alloys with lower Ti content but with
higher passage undesirable Si in it. Therefore, the
application of a pear shaped reactor cannot be sﬁggested for
the aluminothermic reduction of red mud. The cylindrical

reactor (CE°) which too is almost similar in capacity as "B’
(section 4.7), although produced a bit lower recovery of Ti

and consequently a bit lower Ti content of ¢the alloy, the

quality of aliOy, especially for higher scale of production,

impraoved appreciably due to lower Si and Al contents. Listed
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below some typical fgatures of this investigation.

(a) Maximum recovery of Ti j; 50.460% (Reactor 'C°, 500gms
production levél).

(b) Maximum Ti confent of the alloy 3 14.B1Y% (Reactor °'C’,
600gms production levall.

(c) H™Minimum Al content of the alloy ;3 7.33% (Reactor ‘EC,
600gms production level}.

(d) ﬂaximum Tiz8i ratio of the alloy ;5 15.42/1.42 (Reactor
‘DT, 600gms production levell.
The combined effect of scale of production and reactor

dimensions aon the yield (recovery) of alloy, leads to the fact

that the geometrical dimensions of the charge column (in the

reactor) may also influence the physicochemical parameters, heat

effects and hence the extent of either reduction to metal or
separation of metal from the slag phase. The reactor imparts its
own geometrical details (inner) to the charge column kept inside.
The geometrical influence of the charge column (and hence the
reactor) can be represented by h/d ratio where h is the height of
the charge coluﬁn in the reactor and d is thg top diameter (open
to environment?}. Figqg. 5;17 indicates the variation of h/d ratio
with the scale of .production for studied reactors. Now
considering the scale of-production as a function h/d ratio of
the charge column, it can be set forth that by increasing the h/d
vatio, the recovery of Ti (and othérs) increased. Moreovér, by

locating the points of maximum extraction of Ti (from A,B,C and

E) in the Fig. 5.17, it may also be possible to find out an h/d

ratio which gives out maximum passible recovery. These points are
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400gms (Reactor 'A’), 500gm (reactor 'B’) 500gms (reactor'C’) and
500gms (reactor ‘E’); From the Fig.5.17 it can be noted that
these points correépond to an h/d ratio between ©0.70-0.80. This
means that a certain combination aof height and diameter of
reactor (or the cﬁavge column) provides the best possible
conditions for the reduction reaction to proceed.

Bur results showing increasing trend of Ti recovery
into the alloy with increasing scale of production are well
supported by the findings of Elyutin 691 regarding the
extraction of Fe-Ti from the illmenite concentrate.

Since the success of an aluminothermic reduction not

only depended on the extent of reduction of the concentrate but

also on the physical state of the reaction products, the
magnitude of maximum temperature attained in the process as well
as the provision made to sustain it for the maximum possible
duration, are equa;ly important to consider in order to achieve
the favourable conaitions in the melt.

Practically, the reaction temperature is determined by
the heat losses accompanying the reaction, i.e in heating the
reactor, radiation into surrounding medium, heat. remqval by
discharged gases and therefore, depends on design of the reactor,

the reaction rate eftc. It is clear that larger the size af heat

(batch of material), the less both the specific volume of the

burden and the volume of the reactor and greater the reaction
rate, the relatively less are the heat losses. With the lower

scales of production, there are extended possibilities of quick

dissipation of heat to the environment and reactor walls.
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Hot only this, due to aluminothermic reactions being
vigarous in nature, lower volume of wmelt may undergo severe
splashing, and violent movement lending to'still further exposure
to the environment. Table 5.12 (charge balance) indicates that
higher losses of charge were resulted for lower production
scales. To some extent, slag layer formed also protects the welt
from the environment. The thigkness of slag layer, however, will
depend'on the volume of the melt as well as the area of its
exposed surface, which, in turn, will depend on .the size of the
charge and the geometry of the reactor. By increasing the amount
of charge, the heat losses caused by violent movement 6f the melt
are significantly reduced. On the other hand, by increasing the
scale of production the height of the charge column also
increases which beyond é certain extent may create the difficulty
in the propagation of reaction fﬁont from top to bottom or in
other words, the generation of total heat can not be realised

simultaneously,

5.2 EFPECT OF PARTICLE SIZE OF REDUCTANT CAl) AND RED MUD
The.particle size of reductant (Al) was varied as
—-33+45, —106+63, —150+125, -3I00+212 and -425+300 microns. This
study was carried oﬁt on the red mud with three different
particle sizes namely; —150+125, -300+212, -425+300 microns. The

charge make up and process parameters of this investigation are

reported in Table 35.13 whereas Table 5.17 presents the charge

balance of heats included.



Table 5.13 Details of charge composition and parameters of
the process.(Particle size of reductant and red

mud) .

Ca) Constant Parameters-

(i)

(ii}

(iii?

(iv)

(v)

{vi?}

(vii)

(viii)

(i)

(x)

Amount of red wmud
(Scale of production.

Amount of reductant
{Al-powder)

Amount of Cal0
fumount of fluorspar
(CaFT_?

Amount of heat boos-—

ter (KC}DS)

Particle size of lime
(Cald}

Particle size of
fluorspar.

Tamperature of
preheating.

Time of preheating

Feometrical parameters

of reactor.

(b)> Variables-

(i}

(ii}

Particle size of
reductant (Al}

Particle size of
red mud

500 gms

246 gms (BOY% excess over
stoichiometric amount)
123 gms (50% of the Al)

12.30 gms (10% of Cal).

15% of total charge.

-43 microns.
-63 microns.

400%%C.

2 hrs.

Reactor "B’ (as speci-
fied in section 4.7

—33+45, -104+63,-150+125,
-300+212 and ~425+300
microns.

—130+125, -300+212 and
~-425+300 microns.
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5.3.1 Effect of Particle Size of Reductant Al, (Ked Mud
Particle Size, —-150+4125 Microns)

The recovery values and compasitions of the alloys are
given in Table 5.14. Fig. 5.18 and  Fig. 35.19 illustrate the
observed relationships of recovery values and composition with
particle size of reductant.

Fig. 5.1B indicates that by increasing the particle
size of reductant, the‘recovery of the reduced metallic values
(Ti and S5i) decreased slowly with similar trend resu}ting in a
consequent decrease in the overall recovery of the alloy.
However, recovery of Ti, observed a relatively sharp drop by
increasing the reductant particle size above -1350+125 microns.
This can also be seen form Fig. 5.18 that recovery values/ were
least affected wiéhin the particle size range -106+43 microns to
=130+125 micvons. The maximum recovery values of metallics which
were received.fnr redﬁctant particle size, -53+45 microns include
; Ti, 4B.74%; Si, 16.13%.and Fe BZ.B1%.

The Ti and Si contents of the alloy (Fig. 5.19}
exhibited the same trend as their respective recovery values the
maximum Ti and Si contents being 16.51% and .2.18%; (for -53+45
microns). A steep drop in Ti content of the alloy from 16.12% to
?.64% was aobserved by increasing the reductant particle size from
-150+125 microns to —425+300 microns. The Al content of the alloy

increased by increasing the particle size of reductant as shown

in Fig. 5.19, the minimum being received for ~-33+435 wmicron

particle size of reductant and maximum for —4254300 microns.



148

§.3.2 Effect of Particle Size of Reductant Al, (Red Mud
Particle Size, —-300+212 Microns)

The details of the alloys produced, are given in Table
5.15. Recovery values and composition of the alloys‘ as plotted
against the particle size of reductant, are shown respectively in
Fig. 5.20 and Fig. 5.21.

In this case; the recovery of Ti first> increased by
increasing particle_size of reductant upto —-106+463 microns beyond
which it started decreasing slowly. The recovery of 851 increased
for upto -300+212 &icrons particle size of reductant and then
droped beyond it.ADifferentiating this case with the previous
one, the maximum recovery of Ti (45.16%) could be obtained in

this case for —-106+63 micron particle size but with a decreased

magnitude. Si recovery also increased ‘frnm 10.44Y% to 15.05¥% by
increasing reductant particle size upto -300+212 microns beyond
which a decrease was observed. Upto -106+63 particle size of.
reductant,_the Ti content of the alloy was found to be maximum
(16.12%) and remained almost unaffected. Hom;ver,’ beyond this
mark a decrease was observed (Fig. 5.21). 8Si content varied
almost proportionately to its recovery values, the maximqm
(2.2B%) being obtained for —300+212.micr0ns. The A1l confent of

the alloy showed a very similar behaviour as in the previous
case. It can also been seen "that there was not significant

variation in the Al content of the alloy compared to the previous

case.
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5.3.3 Effect of Particle Size of Reductant Al, (Red Mud
Particle Size, —425+300 Microns)

Recovery values and compositions of the alloys, are
reported in Table 5.16. The observed relationship of recovery
values and compositions of the alloy are illustrated respectively
in Fig. 5.22 and Fig. 5.23.

As"can be seen from Fig. 5.22 that the trend of
variation of recovery values remained same as in previous cases.
The maximum recovery peak (40.56%) of Ti, not oniy shifted
tomafds the larger particle size of reductant (i.e -—-150+1325
microns), but also lowered in magnitude as compared to the
previously studied case. This is notable that the lowest recovery
of Ti (26.64%) was observed for —-53+45 microns particle size of
reductant whereas in Ehe earlier cases it was obéerved for
-425+300 microns. The same thing was also observed with Gi
recovery which attains its wmaximum level (12.72%) for the
reductant particle size, —150+125 microns.

Fig. 5.23 indicates that the Ti as well as the 8i
content of the alloy varied almost ‘proportionately  to their
respective recovery values. The maximum Ti content 15.83% and
max imum Si content 1.98% were observed for the reductant particle
size,—-150+125 microns. The Al cantent of the alloy, however, did
not show significant variation with increasing particle <ize
of reductant. In comparisun to the preceding case, the Al content

shifted towards lower magnitude.
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5.3.4 A General Observation and Discussion of Results.

In this investigation, an alloy with ¢the maximum Ti
content 156.51% was possible to produce with the maximum~ recovery
of 48.74% (for reductant particle size, —53+45 micron and red mud
particie size, -150+135 microns). The - following are the
broadlines :

(i} The recovery values of the wmetzilics as well as their
respective content in the alloy firstly increased to a
maximum level and then started decreasing, on . increasing
the particle size of reductant. Increased particle size of
red mud also resulted in a decreidse in the recovery
values.

{ii} Increased particle size of red mud, not only resulted lower
recovery of Ti, but also shifted the max imum recovery peak
towards higher particle size of reductant. It can be
observad from the Fig. 5.18, Fig. 5.20 and Fipg.5.22 that
tha2 magnitude of.steepness of the decreasing profile of Ti
'recaveéy.(wifh'.iﬁcbeasing pafti&lé ‘size aof réductanti,
lowered dowﬁ by increasing the #arti:le size of red aud.
These facts lsad to the following (iii).observation.

{iii) Recovery of Ti, {(and tc some extent Si also} depended on
the particle size difference between red mud and reductant.

In Fig. 5.24, the recovery of Ti iz plotted in relation to

the particle size difference of mud and reductant. This

Figure reveals a few more important information as .

described below.



151

{iv) 1%t can be seen form the Fig. 5.24 that thigher recovery
values were obtained near the zero difference line whereas
the points far from this line indicate poor recovery
values. This can also be observed that negative particle
siza difference (reductant particles being coarser than red
mud) also resulted poor recovery of Ti. On the basis of
these facts, it can be said that in order to achieve the
impraoved recovery of Ti, the reductant particle size should
be less than the particle size of red mud,qthe difference
not exceeding beyond a certain optimum limit.

{(v) This is also noteworthy from Fig. 5.24 that the maximum
recovery peaks were exhibited by the reducfant af particle
sizes -53+45 microns followed by -—1064463 micfons and
-150+129 microns. Therefore, an important inference which
can be drawn is that by using the finer range of particle
sizes of reductant and red mud, better recovery of Ti |is
possible. At the maximum recovery point iFig. 5.248), the
reductant (Al) particle size has been calculated to be 65Y%
less than the red mud particle size.

The obtained results are also well compromised with the
established fact (68} that 2 charge consisting of coarse
particles will have a slower reaction compared with another
composed of fine particles.A Particular difference between the
particle sizes of reductant and red mud may provide a sound
conditions for their mutual packing in the charge which, in turn,

provides esxtended number of interfacial contacts between them.
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5.4 EFFECT OF FLUX ADDITION

Effect of Lime, Magnesia and Fluorspar were
investigated in terms of their respective a0, MgO and CaF2
Eontents (Table 4.1). The details ﬁf charge make up and process
parameters are given in Table 5.18. The charge balénce of the
heats taken is indicated in Table 5.20 for Lime and Magnesia

addition and in Table 5.23 for Fluorspar addition.

5.4.1 Effect of Lime (Ca0) Addition

The amount of-CaD taken‘in terms percentage by. wt. of
(Red mud + Al, powder}, was varied as 0,10,20,30 and 40 percent.
The details ragarding the recovery values of the alloys 6btained
and their respective compositions, are reported in fable 3.19.
The Pecovéry values and the composition of alloy as plotted in
relation to the amount of CaD are shown in Fig. 5.25 and Fig.
5.24 respectively,

Figf 5525 indicates that recovery of the alloy, though
domgnantly cdntriﬁuted by the.irnn, was éos5ib1e even without the
addition of Cal or Fflux. It can also be seen that on - increaging
the amount of Cal in the charge upto 20% produced a marked
increase in the recovery of titanium, achieving a2 maximum Ievel
of 47.69%. Silicon recavery suffered an appreciable drop from a
level of 12.33% to a ievel of 14.96% while iron recovery

increased significantly after going through a slight decrease

for up to 10% Ca0 addition. As can be noted from the Fig. 35.26

that in this region (i.e up to 20% CaQ), while the Ti content of

the alloy received: a sharp increase from a level of 2.25% to a
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process (Flux Additiond.

and parameters of the

cad

(i)

(ii)

(iii)

(iv)

{(v)

{vi)

(vii)

(viii

(i:x)

Cb)

(i}

(i}

(ii)

Constant Parameters-

Amount of red mud (Scale of
production.

Amount of reductant (Al-powder}

Amount of heat buoster(KClDS)

Particle size.of red mud.

Particle size of reductant (Al)
Particle size of flux.
Taperature of preheating.
) Time of preheating.

Geometrical parameters of
reactor.

Yariables-
a0 Additiong

Amount of Cald.

MgO additiong

(a)
(b}

Constant parameters
Variabless
(i} Amount of gl

CaF,_, additionj

(a} Constant parameters.
Amount of Cal

Amount of booster(KClDS)

{(h) Variables

Amount of CaF7

500 gms
246 gms (BO% excess aver
stoichiometric amount)

15% by wt.of [R.M.+Aljpowder+
Flux 1

-I00+212 microns.
-10&6+63 miﬁrons.
—-63 microns.
300°C.

2 hrs.

Reactor'B’
section 4.7

as specified in

0,10,20,30,and 40% by wt.of

1(R.M + Al ,powder).

Same as above.

5,10,20 and 3I0¥% by wt.of
(R.M.+Al ,powder)

74.60 gms. {10% by wt of
{R.iM.+Al ,powder}.
13% by wt.of (R.M.+Al,powder+
Cal + CaF.)

2
rest parameters are same as
above.
5,10,15,20 and 25% of
Calb(by wt.}
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level of 16.30%, the silicon content of the alloy wés
significantly decreased. Above 20% Ca0 addition, homevé;, was not -
pro#ed to be heneficial in the sense that recovery of titanium as
well as iron started decreasing slowly. This is important to note
that silicon recovery variation exhibited the opposite ¢trend to
that observed with titanium and iron.
The Al content of the alloy, as can be seen from the
Fig. 5.26, was observed to be décreasing with the increase in the
amount of Cad in the chérge.
| The marked“effect.of“ lime addition on the recovery
values are certainly due to its interaction with the produced
slag resulting in substantial alteration in thermodynamic as well
as physicochemical parameters of the procsss. Though our
concentration was not on the slags which are complex systems
L6937y aluminothermic reduction of red mud is expacted to
produce a slag with high amount of alumina with some unreduced
amount of titanium oxide (may be in the form of TiO

o TiO,

Ti 83), iron oxides (possibly in the.form of FeQOs, silic; (5102?
and little calcium oxide which enter ﬁhe siag from red mud, such
a slag with high alumina content will have a2 melting point around
1966°C to 1950°¢C {781. The heat evélved during the process may
nbt ba sufficient to ke2ep this high melting slag molten for an
optimum period of separation of suspended alloy particles from
slag. Lime addition aftfacts the process of reduction, separation

as well as consolidation of metallic value from the slag in the

following ways —
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(i) Melting point of the slag is decreased which not only
improvés the heat saffects of the process but also the
physicochemical characteristics of the wmelt (fluidity is
increased) resulting in better settling and consolidation of
metal droplets. Four eutectics reported [72] to have existed
in the system CaUQAIEDE—SiD2 have the melting points,
1165°C (CaO, 23.25%, 91203, 14.75Y%, and Sioz, 62.0%), 1265°¢C
(Ca0d, 3BY%, Alzos, 20%, and Sioz, 2.0%3, 1310°C (Ca0,47.8Y%,
A12D3
38.5%, and SiDz, I2.0%7

, 11%, and 8i0,,41.2%), and 1380% (Cao, 29.5,A1.0,

{ii) 1%t has been well established by Elyutin (691 ‘that TiD2
during its reduction by Al may form lower oxides, Ti203 and
Ti0 which are difficult to reduce. In this case the final
results of the process will be determined byv the stability
of the lowest oxide i.e TiO. The reduction of Ti02 to Ti is
characterised by the following free energy equations in‘high
temperature range :2-—

T102 + Al ————— TiO + AIZDS. 5% = - 89640 + 3.41 T

(2]

Ti0 + Al —— Ti + Al,0.. A8

0= s - 7720 + 2.59 T

The plots (691 showing the numerical magnitude of free energy,
indicate that reduction of Ti0 by Al develop well and equilibrium
is established when there is a high concentration of Al in the
alloy and of TiO in tﬁe slag. TiO being rather a strong base
may combine with alumina making the reduction of Ti from Ti0 even
more difficult. The €Cal0 being a stronger base thanl Ti0, weakens
the TiD-A1203 bonds and improves the conditions of reduction. In

addition, by diluting the slag, Ca0 promotes the precipitation of
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metal reguli and consequently increases the recovery of Ti into
the alloy. Lime addition also impraves effectiveness of the
reduction process by lowering the activity of 9170,, as described
in Filippov enequality £122]1. A decreasing tren; ;f Al content
of the alloy (Fig. 5.26) supports this fact implying more

utilisation of Al in the reduction process.

The above stated facts might have been responsible for
the rise in recovery values of Ti and Fe for wupto 204 lime
addition. Silica on the other hand being acidic in nature, may
partly join Cal and is lost in the slag. Our results regarding
more than 20% lime addition are also in agreement with the Facts
as stated by Elyutin [46F1 that introduction of mofe Ca0 increases
freguency of slag formation and for this .reason despite low
concentration of oxides of principal element, the ;bsoluté losses
of extracted element may become considerable. Apart from this,
lime addition more than Z0% may adversely influence the heat
effects of the process in the following ways -

(i} Fusion of added flux raquires additional amount of heat.

{(iiy As the heat gffects qf.thg reaction of interaction between
silica (alumina) and Cad related to 1 mole of Cal
decreases with the increase in Cal0 content in the slag
{471 , the specific heat effect of the process of solution

of Cal in §i0, (A1703) is decreased by increasing the
quantity of flux resulting in a higher amount of heat to

be supplied for smelting the flux.
(iii)} Higher Ca0 addition may impair the fluidity of the melt\by

increasing the its viscosity [1221.
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The anomalous drop in Fe recovery from ©0-10X Ca0
addition (Fig. 5.25) may either be due to a comparatively 1ow
content of Fezn3 in that particular bulk of red mud or to the
possibility of formation of iron calcium silicates (721 causing
loss of some FeO into the slag system. The increasing trend of Si
recovery beyond 20% lime addition though remained unexplained, a
rigorous examination of the slag compositions associated with
different temperatures may reveal the possible facts.

The results are also supported by the data presented in
Table 5.20 vevealing pronounced losses of the charge and .hence

some fraction of metallic values beyond 204 lime addition.

5.4.2 Effect of Magnesia (MgO) Addition

The amount of MgO was varied as 5,10,20 and 304 by wt.
of (RM + Al, powder). The results about the recovery values and
compoéitions of the alloys are presented in Table 5.21. In Fig.
5.27 and Fig. 5.28 the recovery values and composition of the
alloy are respectively plotted against the amount of MgO. The
charge balance of the heats téken is presented in Table 5.20.

Fig. 5.27 shows that upto 10% MgD aadition, recovery aof
Fe as well as Ti increased. The trend of Ti-recovery yariation as
well as the magnitudes qf recovery levels achieved were almost
Simjlar to that observed with the equivalent amount of lime
addition (Fig. 5.25). The recovery of 8i, however, remained
unaffected. The Ti content of the alloy increased but to a lesser
extent than that observed with lime (Fig. 35.28). Mg0O addition

above 10%, resulted in a decrease in the recovery values of all
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the metallic constituents of the alloy (Fig. 5.27). A significant
decrease in the Ti content of the alloy, however, Qas observed
above 20% Mg0 addition. |

It is nﬁticeable from the Fig. 5.28 that throughout the
range studied, while the 5i content of the alloy displayed a
decreasing trend, Al content of the alloy increased with the
increase in amount of MqgO.

The most simple slag systems which can be studied 1in

this regard could be MgD—SiDZ and MgD-Alzp,rSiD Such slag have

>
been reported to posses high’ befrécfu;jness. MQdeiDz system
forms two chemical compounds [721 ZMQD.SiOfoorsterite (melting
point 18%90) and MgD.SiDz-clinoestatite which décomposes at 1557°C
(below its melting point). The most low melting eutectic found in
the system contains 3I4% ‘MgO and melts at ‘154300. The
refractoriness of the MQD—AIZDE—SiD2 systam increases with the
inﬁrease in the amount of MgD‘C69]. These facts lead to the idea
that the pronounced recovery levels, achievable in case of lime
addition, cannot become possible with ﬁgO addition, in the sense
that physicochemical characteristics (fluidity)} and ﬁeat effects
of and process as desired for the ‘favourable reduction and
consolidation of metal, are adversely affected. The existence of
the viscous melt due to MgO addition may aléo be ccnfifﬁed to
some axtent from the charge balance of heat taken for WMgO
addition (Table. 5.20} shd@ing reduced losses of the charge. The
increasing level of Al content of the alloy (Fig. 5.28} along

with the reduced recovery values also indicates that the

reduction reaction did not progress well.
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5. 4.3 Fluorspar (CaFa) Addition 3

The Fluorspar'(Can) was taken in terms of percentage
by wt. of Cal added. The amount of CaF2 was varied as $5,10,15,20
and 25% by wt. of Cal added to the charge. The recévery values as
well as the compositions of the alloys obtained are presented in
Table 5.22. Tahle 5.23 gives an account of the charge balance of
the heats taken. The results were studied by plotting the
recovery values and compositions of the alloys obtained in
relation to the amount of fluorspar as shown in Fig. 35.29 and
Fig. 5.30.

As can be seen from Fig. 5.2%9 that Fluorspar addition
upto 19%, increased the overall recovery from a level of 55.2% to
60.06%, whereas above 15% Fluorspar addition resulted in slowly
decreasing trend of the same. |

It is also apparent from the #ig. 5.29 that upto 15¥%
Fluorspar, increased the recovery of Ti, however, the wmajor
increase was observed ébove 10¥% whereas below 10% the recovery of
Ti remained almost unaffected. Above 15% Fluorspar addition, no
marked effect was observed on the recovery of Ti. Thg recovery of
Fe increased sfeadily with the addition of Fluorspar amounting
upt6 15%. Further increase, however, resulted in a drop. Similar
results were observed with the recovery of 8i also.

No major variations were observed in respect of the

content of the metallics in the alloy as shown in Fig. 5.30.

As the lime (Ca0) incorporated in the charge during

this investigation was 10% by wt. of (RM + Al, powder} i.e. 74.60
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gms. (Table 5.18), the improvement in recovery values can well be
assessed by comparing the results to that obtained by 10% lime
{(Cal) addition only (Fig. 5.25). It can be inferred that the Ti
recovery lavel of 22.35%135 achieved by adding 10% Ca0 only, was
further improved appreciably to a level of 36.18% by the addition
of Fluorspar amounting 15% of £a0. Si&ilar results were also
observea with Fe and 5i.

The positive effects of Fluorspar addition on the
recovery values may be attributed partly due teo high increase in
'iuidity éf thé.slag £123,1241 and partly due to the fact (781
that Fluorspar like lime decreases the activity of alumina thus

releasing TiDT for further reduction. The higher losses of charge

noted for 15% Fluorspar addition (Table 5.23) indicates the

existence of highly fluid slag at this mark providing best
conditions in favour of reduction as well as the consolidation of

the alloy.

5.5 EFFECT OF THERMAL BOOSTER' ADDITION,_ AND PREHEATING
 TEMPERATURE | | | |
Thermal boosters afe meant to supply additional heat to
the charge to compensate for inadequate insitu heat liberation.
The boosters studied are Potassium Chlorate (KC10;) and Potassium
Nitrate (KNDE). To rationalise a proper combination of extraneous
heating factors, effect of preheating was also studied together

swith that of booster addition. The amount of booster was taken as
the percentage by weight of (RM + Al, powder + Ca0 + Can) which

has been termed as total charge. The composi&ian of the charge
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prepared and parameters of the brocess are reported in Table
5.24. The thermcity of this charge (without booster and
preheating} was calculated to be 384.84 Kcal/kg of charge. Table
5.30 presents the charge balance af all the heats involved in

this investigation.

5.5.1 Effect of Potassium Chlorate (KClOé)

The effect of KCID3 addition was studied at preheating
temperatures 1000, 2000’and zo0°C by varying the amount of KCIO3
as 0,3,10,19 and 20%.

5.5.1.1 KC1O, Addition at 100°C preheating :

3

Table 5.25 presents the recovery values and the
compositional details of the alloys produced. The recavery values
of the alloy as studied in relation to the amount qf KCID3 is
given in Fig. 5.31 while Fig. 5.32 indicates the observed
variations in the contents by the alloy.

It can be inferred from the Fig. 5.31 that the alloy
céuld not be recovered without KCID3 {(bouster) addition. The
avarall recovery increased sharply on increasing the amount of
KCIQE. The recovery values of all the metallic constituents of
the alloy increased with similar trend. Upto 10% KClG3 addition,
the overall recovery was mostly contributed by Fe recovery,

because Ti and 5i recovery values remained marginal upto this
level. Major increase in the recovery values of the metallic
constituents of alloy was obtained for above 10% KC10, in the

charge. Ti recavery was enhanced from 4.88% (for 104 KC10_ ) to
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Table 5.24 Details of charge composition and parameters
of the process.(Boostor addition and preheating
temperatured.

- (a) Constant Parameters-

(i) Amount of red mud SGC gqms
{(Scale of production. ‘

(i1} Amount of reductant 246 gms (BO% excess over
(Al-powder} stoichiometric amount}

(iii} Amount of Cal 123 gms (S5G% of Al}

(iv?y Amount of fluorspar 12.30 gms (10% of Cald).
(CafF, 1}

{v: Particle size of red =300 + 212 microns.

mud

{vi} Particle size of red- -1046 + 63 microns.

uctant (Al}

(vii; Particle size of -63 microns.
lime.
(viii} Particle size of =462 microns.
fluorspar.
(ix!? Time of preheating 2 hrs.

{x} Deometrical parameters Reactor 'B’ (as speci-
of reactor. fied in section 4.7}

(b> VYariables-

(i) Type of booster KC10_ and KNO,

(ii; AQmount of booster KCIDE;O,S,IO,ls‘aﬁd 20%
by wt. of (R.M.+Al,powder+

Ca0+CaF_, ).
i

KND.30,5,10,15 and 20%

by wt. of (R.M.+Al,powder+

CaB+CuF2).

"(iii) Preheating Tempr. KC105 100°,200° and 200°%C
KNG, 300°C

T3
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IL.76% (2Q% KCIOE). Moreover, the Ti content of the alloy, as
shown in Fig. 5.32 was also increased sharply from 3.88% (10%
KCIDE) to 12.44% (20% KClDz).

The Al content of the alloy (Fig. 5.32) decreased with
increasing KCID3 amount in the charge. However, the Al content aof
the alloys obtained by KC103 addition up#o 15%, remained quite
highér than the Ti content indicating higher Al:Ti ratio (more
than 1) of such alloys. The Ti cuntenf of the alloy and could
dominate the Al content of the alloy only for more than 15¥% K(L‘ll‘.l:5

addition.

5.5.1.2 KClO3 Addition at 200°C Preheating.

The data about the recovery values and composition of
the alloys are repdrted in Table 5.26 and plotted graphically as
a function of the amount of KCID3 in Fig. 5.33.. The Fiqure
indicates that recovery values of the alloy increased by
increasing the ammunt of KCIDS though small recoveries of
metallics were ohserved to be pussible» without KC!D3 {for any
booster) addition. The trend of variation of recovery values
remained almost same aé in the previous'case b&t towards higher
recovery levels.

This is important to note that a marked increase in the
recovery of Ti which was observed beyond 10¥% K’CIU3 in the

previous case (Fig. 5.31) has now been attained above 5% KCIO3

addition .

Fig. 5.34 indicates that by increasing KC10., content of

the charge, the Ti and Si contents of the alloy increased.
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Comparing with the previous case, the alloys produced in this
case were richer in respect of their Ti and Si contents. The Al
content of the alloy did not show any significant vgfiation.
However, the alloys produced were observed to have received
appreciably lower Al content than the previous case, and hence
#he alloy with Ai : Ti ratio less than 1 might be produced for
KEIQS addition above 10Q%.
5.5.1.3 KC10, Addition at 3oq°;: preheating :

| | RecéQeEy:QaiQes éﬁd éoﬁpnsifions of the alioys prgduted
are reported in Table 5.27. Fig 3.35 and Fig. S5.3é ﬁespecfively
indicate the vari;tion in recovery values and composition of the
allaoy as a function of the amount of KCIOE.

It is apparent from Fig. 5.35 that overall recovery of
the alloy increased almost linearly (proportionateiy’, the
absolute magnitude being still towards higher side than the
preéiously studied cases. Recoveries of. all the metallics in fhe
alloy increased by increasing the amount of .KCIDS. Fe-recavery
increased linearly upto 15% Kcmz'whereas Ti and Si recoveries
tended to become linear in respect of the amount of KCIDE added.
It can also bz seen that the magnitude of recoveries of Fe and Ti
raised considerably comparsd to previous cases. The maximum Ti

recavery 41.07% achieved in this case was quite higher than the

previously studied case (32.46%).

The Ti content of the alloy also tended to have a

linear relationship with the amount of KCl0_, whereas the
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countable increase in Si content was observed above 3% KCIO3
addition (Fig. 35.36). Al content increased slightly by CCIDz
addition up to 10% and then started decreasing reasonably beyond
it.
5.5.2 Effect of Potassium Nitrate (KNOS)

The effect of KND3 addition was studied only at 300°C
preheating by varying its amount as 0,5,10,15 and 20% by weight

). Recovery values and

af (RM + Al, powder + Cald + CaF?

compasitions of the alloys produced are reported in Table 5.28
whereas‘Fig. 5.37 and Fig. 5.38 show their relationship with
respect to the amount to K&DE.

As can be noted from the Fig. 35.37 that overzall
recovery increased with the increase in the amount ‘of KNO3 the
trend being similar to that observed with KCIOE addition at
z00°C. However, the recovery levels (Overall Recovery)remained
towards higher side mhich» was. apparently due to the higher
recovery values of Fe. Recovery of Ti also increased but to a
lesser extent than that experienced with KCIDK. The maximum Ti
recovary J2.63% (far 20% KNU3) was achieved in this case as
against 41.07% observed far 20% KC103 addition. Si recovery,
though, exhibited the Same trend of variation as with KC105 (at
EOOOC), the recovery levels were not much affected.

Fig. 35.38 reveals thaﬁ 8i content . of the alloy
increased by increasing the amount of KNQS. It is noticeable that
Ti-and Al content of bhe'alloy showed just opposite trend of

variation below 10% KNO, addition whereas they varied in similar
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manner above this mark. However, within our sxperimental
confines, the Al : Ti ratio 1less than 1 was found bx KNO3
addition abaove 15%. The abnormal behaviour of Ti  content
variation (Fig. 5.38B) is certainly due to the mutual quantitative
influence of other ingredients of the alloy> because of their

pronounced recovery levels and almost unchanged recovery levels

of Ti in that particular range (e.g.0-5% KNO_}.

5.5.3 A General Observation and Discussion of Results

| This sﬁudy ré?éaled-thg folldwing facts :

(i) Booster additioﬁ increased.the recovery of all the metallic
ingredients (Fe, Ti and Si}) of ¢the alloy and hence the
overall reﬁovery.No recovery, however was possible _uithout
booster at lower temperatures of praheating which is 106°C
in our case.

(ii) Preheating alone upto 360°C could not produce  any marked
effact on the recovery of the alloy. However, if coupled
with boostar addition,.»recavery levels wers pronouncéd
considerably.

(iii)KClO3 furnished far better results than KNO3 in respect of
Ti and Si recoveries as well as their percentage in the
alloy. KCIO# addition studied in association with prehsating
temperature; revealed that by increasing preheating
tamperature, the numerical magnitude of recovery wvalues as
achieved by KC10, addition, shifted towards higher sidé,
consequently higher recovery was possible even at lower

amount of KC10. addition practiced at higher temperature of
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preheating. Apart from this, KCID3 addition Vs Recovery
relationship tended fto become | linear by increasing
preheating temperature.

{iv) The Al content of the alloy decreased with the increase in
the amount of KCID3 and temperature of ‘preheating. The
magnitude of decrease, however, narrowed down on proceeding
towards higher KClD3 amount and preheating temperatures.

(v} fAs a con;equence of increase in Ti content and decrease in
Al content, (by increasing KCID3 addition and preheating
temperature). the_Al : Ti ratio of the alloy lowered douwn.

This investigation confirms fhat selection 2’ proper
booster méterial and an optimum preheating temperature is very
necessary in order to get improved recovery of metallics in the
alloy. These two parameters invariably influence the
thermodynamic, kinetic and physicochemcial conditions of the

process by mdunting their own thermal effects. Table 5.29

furnishes the details about the thermicity levels of the charge

for the investigated range of KC10_ and preheating temperature.

Table S5.29 Thermicity levels of théﬂcharge by KCIO3 addition at

different preheating temperatures.

Preheat Amount of booster, % of (RM+Al,+Ca0+CaF )
TemprDC ’ '

O 3 io ia 20
100 414.84 962.02 709%.20 8546.38 1005 .56
200 444 .84 | 592.02 739.20 884.38 1033.56
300 474 .84 622.02 769.20 2146.38 1063.50

The thermicity (specific heat of the charge) was

calculated on the basis of Table 2.15 and Table 2.146 and the fact
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£681 that for every 100°C preheat the amount of heat released by

the charge is 30 Kcal/kg. Thermicity levels presented in Table

5.29 indicate that our results are in agreement . with  the

Perfect’'s [741 criteria which establish the range of thermicity

between 600 to 1200 Kcal/kg for the successful running of a

metallothermic reaction. Discussed below are more reasons which

might have contributed to the results of this investigation -

(i)  Lower thermicity (due to lower amount KC10; and ‘preheat
_temperature results in slow and yincompléte Areduction. of
.the“ redﬁcible components in tge chargé because the
temperature attained by the charge in ﬁot adeguate for

keeping the melt in sufficiently fluid condition as desired
for proper slag—metal separation. As the product is not
removed from reaction site, progress of the reaction is
hampered. Due to partial reduction, the Al content of the
reduced alloy becomes high beacuse of low éonsumption.
Apart from the partial reduction, lime is naot activated to
the extent of joining the slag phase to produce its ouwn
affects. FeZDS’ however, can be reduced to some extent
because‘of-its thermodynamic simplicity. At this stage the
racovery of Ti and Si may remain feeble on account of the

fact that it requires a simultaneous influences of heat
effects and lime addition to provide proper thermodynamic

and physicochemical canditions.
(ii) Preheating may play supporting role with booster addition

in two ways. Better initiation as well as propagation of

reaction front (i.e. rate of reaction)’ and hence
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achievement of high temperature and secondly prolonging the
period of persistence of high temperature. Higher charge
losses for  higher booster addition and preheating
temperature (Table 5.30) confirms to some extent the

increased rate of reaction.

(iii) KNO, possibly due its less oxidizing power [123] than KC10,

~

.t

cannot produce better results.

5.6 EFFECT OF PREHEATING TEMFERATURE AND TIME
The preheating temperature was varied as 1000,2000,

z00°

’ 460° and 500°C. The atudy was conducted for the preheating
time 1,2 and 3 hrs. Table 5.31 gives the details of chargé
composition and process parameters. The results regarding
recovery values and compositional details of the alloys are
‘presented in Table 5.32 (for 1 hr. preheating), Table 5.33 (for 2
hrs. preheating) and Table 3.34 (for 3 hrs. preheafing). Table
5.35 presents the charge balance of heats taken.

Recovery values and compositions of the alloys are
respectively platted in relation to preheating temperature in
Fig. 5.39 and Fig. 5.40 (far 1 hr. preheating time), Fig 5.41 and
Fig. 5.42 (for 2 hrs.} and Fig. 5.43 and Fig 5.44 (for I hrsi. It
can be seen that recovery values of the alloy increased with the
increase in preheating temperature. By increasing the duration of
preheating, the recovery values increased but the trend of
preheating temperature—recovery relationship remained almost

unaffected.
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Table 5.31 Details of charge composition and process
parameters (Preheating Temperature and time). .

Cad
(i)

(ii}
(iii)
{iv}

(v}

‘vi)
(vii}
(viii?
(ix?

(x3

b
(i}

(iis

Constant Parameters-

Amount of red mud
(Scale of production?

Amount of reductant
{Al-powder)

Amount of Caf

Amount of fluorspar
(Caf. )

Amount of booster
(KC10.,.)

Particle size of red-
mud

Particle size of
reductant (Al}

Particle size of
lime (Ca)

Particle gize of
fluospar (Can)
HSeometrical parametsers
of reactor.

Yariables~

Preheating tempr.

Preheating Time.

S00 gms

246 gms (BOY% excess over
stoichiometric amount?
123 gms (50% of Cad}
12.30 gms (10% of Cal).
15% by wt. of (R.M.+4l,
powder+CaO+CaF2).‘

=300 + 212 microns.
—10& + 63 microns.

-63 microns.

~-&3 microns.

Reactor "B’ (as speci-

fied in gsection 4.7}

Mo preheating, 106°,260°,
200°,400° and 500°C.

1,2 and 3 hrs.
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It can also be observed that the magnitude of increase
in recovery narrowed down as the preheating §emperature increased
and it may be expected that after a.certain limit of preheating
temperature (it may be beyond our experimental confines) there
may not be any further increase in recovery value. As can be
noted that the preheating temperature upto a00"c gives out a
significant increase in the recovery of Ti and Si. The
unpredictable decrease of 8i recovery at a00°Cc  (for 2 hrs.
preheating duration) may be due to inhomogeinity of that
particular lot of red mud carrying less amount of Siﬂz. The
preheating time affected the recovery values in a similar way.
Taking the example‘of Ti recovery, the maximum reco#ery of IB.05%
tat 500°C) obtained fDril hr. duration was raised to 44.45¥% forv2
hrs. duration of preheating. Further increase‘ in preheating
duration, (i.e. 3T hrs. }, however, enhanced the maximum recovery
of Ti only to 45.74% with the expectation that further increase
in preheating time may not cause any reasonable increase in
recovery values.

The Ti content of the alloy increased proportionately
to its recovery wvalue (Fig.5.4¢, Fig.5.42, Fig.5.44) by
increasing the preheating temperature that is, a sharp increase
upto 4007C. The preheating duration also affected the Ti content
in similar manner exﬁibiting significant increase for the

preheating duration upto 2 hrs and marginal beyond it. Raising

the preheating duration from 1 hrs. to 2 hrs. improved the

maximum Ti content (at 50000) from 14.60% to 16.44% whereas a

‘

further increase in time duration to 3 hrs, resulted 16.38% Ti
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content in the alloy pointing out that further prolonging of the
duration of preheating would not result in any material increase
in the Ti content of the alloy. The Si content of fhe_‘élloy
observed higher values at highér preheating temperature and time,
almost parallel to its recovery values.

A general trend of the Al content of the alloy is that
it decreased with the increase in temperature and time of
preheating. Prolonging the preheating duration, not only resulted
in lowering tse Al content of the alloy but also in a rather

sharp drop in its content on "increasing the temperature of

1’.\;

preheating (Fig. 5.44).

5.6.1 A General Observation and Discussion of "Résults

This investigation established the.necessity of proper
selection of preheating temperature and its duration because an
increase in these parametérs uptao a ceftain' limit led to a
signif;cant increase in the recovery values as‘ weli as the
reduced metallic contents of the alloy along with a marked
decrease in ifs Al content. A preheating of 400°C for 2 thrs may
be considered reasonable in our case.

The influenciye role of preheating can be explained on
the basis of the fact that it contributes to_rthe total heat
effact of the process in the sense that every 100 preheating
increases the heat.content of the charge by a margin of 30
kcal/kg [6B1, Effect of preheating on thermodynamic, kinetic and

physicochemical factors of the process has already been

discussad in section 35.95.4. 0Our results are alsao ¢to the
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satisfaction of the fact [4691 that excessive increase in
temperature may not inhance the recovery of the alloy due to
undesirable losses caused by volatilization and splashing as
well, Table 5.35 alsb gives an indication of increased iosses af
charge at higher temperature. Apart from this, the preheating
temperature at which the recovery values get saturated, may
rebresent that limift where the melt attains its maximum possible
fluidility to drive the kinetic and thermodynamic fofceé» towards
the maximum possible extraction. On having a look on all the
previously studied cases it seems that around 55 fo &0% should
" mark the maximum possible limit of titanium extraction for the
cons;dered lot of red mud and within our experimental confines.

The necessity of a proper preheating duration is realised in the

sense that the charge requires a certain period of time to pickup
the applied preheating temperature and get homogenised with
respect to it. This enevitably will depend on the factors like

time, temperature, thickness of the charge column and its

conductivity.



CHAPTER - 6
CONCLUSTONS

The present investigation has established thé
feasibility of production of an alloy consisting of Fe, Ti, Si
and Al by open aluminothermic reduction of red mud conducted
under favourable thermodynamic conditions and heat effects. Since
the factors like amount of reductant, amount of red mud, particle
sizes of reductant and red mud, amount and type of flux,
preheating temperathe, praheating time, amount and kind of
thermal booster and reactor geometry all found to affect the
recovery of Ti into.the alloy, a proper cn—ordinatiun among all
these factors is qute necessary in order to achieve the improved
recovery of Ti. The increase in Ti recovery, however, is realised
with a simultaneous and unavoidable increase in the recovery of
Si in the alloy. The following conclusions wmay be drawn as a
result of this investigation.

(i) The alloy c;n only be récovered by using excess amount of
reductant (Ai, powder} over stoichiometric requirement.

(ii) A significant increase in the recovery bf Ti can be
observed by increasing the amount of reductant upto the
mark represénting BOY excess over stoichidmetric amount
and also by increasing the particle size of reductant upto
-1046+63 microns. The Si-recaovery, however, was found to be
decreasing by increasing the particle size gf reductant

within our experimental confines.
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(iv)
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The Al content of the alloy produced with the reductant
(Al) of finer particle size (-43+533 and —-106+43 wmicrons},

has shown a decreasing tendency by incveasiag the amount
of reductant upto 40% excess and increasing tendency

beyond it whereas for larger particle size (-300+150
microns) of reductant almost an increasing tendency has

been observed throughout the studied range of amount of
reductant. |

The recovery of the alloy in respect of its ‘valuable
metallic constituent (i.e Ti) ‘depends not only on the
scale of production but also on the size and geometry of
the reactors. Small batchiof charge practiced in large
reactors would not furnish good results regarding recovery
values., In a particular reactor the increase in the
recovery of the alloy (recovery of Ti}) can be realised
upto a certain maximum level of scale of production. For
practising‘stilll higher scale of production, improved
recovery values can be achieved either by increasing the-
size of reactor or by making some favourable changes in
the geometry of the reactor. The geametry of reactor
should be such as to provide a suitable combination of the

height of the charge column and the diameter of its

'exposed surface. The h/d ratio (signifying this aSpéct)

betwesn 0.70~0.80 has heen found suitable for getting

imporved recovery of Ti.



(v}

{vi)

{vii)}

{viii)

(ix)
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Recovery of Ti has also heen found to be dependent on the
difference of particle sizes between the red mud and
reductant. Improved recovery can be achieved with the
conditionsy (a) reductant particles are émaller than the
red mud (b) the difference between them not exceeding
beyond a certain extent which is around 65% in our case
and (c) red mud and reductant belong to finer particle
size range.

Recovery of_Ti can also be increased by Lime addition
amounting 'ubto 20% of (Red Mud + Al, powder i.e.
reductantf. The beneficial effect of Lime.can furthér be
improved by the addition Fluorspar amcuntiﬁg upto 15% of
the Cal contgnt of Lime. Use of the Magnesia (MgD),
however, cannot be suggested as fluxing agent -because it
aoes not create any marked effects in improving the
recaovery values.

It is not possible to recover the alloy without providing
external thermal effects to the process. i.e. Thermal
Boogster Addition and preheating the c“arge. |

Preheating alone uptd 300°C cannot produce any significant
influence on the recovery of the alloy. However, if
coupled with thermal booster addition, recovery levels of

all the reduced constituents of the alloy, are pronounced

considerably.

KC10, has been proved to be beneficial in comparison to

KNQ_ . However, the major inhancement in the recovery of Ti
3
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is experienced when the KCID3 addition amounts to more
than 10% of total charge i.e (Red Mud + Al, powder + Ca0 +
Can).

The duration of preheating is also important to consider
for achieving the maximum possible beneficial seffects of
preheating temperature. Proper selection of preheating
temperature and duration of preheating is necessary
because an increase in these parameters upto a certain
limit leads to significant increase in tﬁe recavery values
as well as the reduced metallic contents of the alloy
along with a wmarked decrease in its Al content.

In order to get higher Ti recovery and hence its content

in the alloy, the passage of Al and Si into the alloy is

unavoidable.



CHAPTER-7
SUGGESTIONS FOR FUTURE WORK

Study can be made on the assessment of the utility of the
alloy as complex deoxidiser to steel melts.

Taking into account all the variables investigated in this

.work, a2 modelling study of the process can be carried out in

order to predict an optimised condition for achieving
improved recovery levels.

To minimise the passage of Si into the alloy as well as to
reduce the volume of the slag formed, trials can be made to

remove S5i0, and Al1.0., fraction of Red Mud before treating it

2 273
metallothermically.
Economic aspect of the process can be examiﬁed to find out

its feasibility on the industrial scale. Pilot plant sudies

are also advisable.
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PARTICLE SIZE OF Al,(-63+53,) M
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e RECOVERY OF Fe
& RECOVERY OF Ti
100 A RECOVERY OF Si
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0] I ] 1
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AMOUNT OF AL ,
(as % excess over stolchiometric amount)

Fig.5.1 : Effect of amount of reductant (Al), on
recovery values of the alloy (particle
- size of Al, -63+53 microns).
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PARTICLE SIZE OF AL, {-63 +53 ) u
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Fig.5.2 : Effect of amount of reductant (Al), on the
composition of the alloy (particle size
of Al, -63+53 microns).
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Fig.5.3 : Effect of amount of reductant (Al), on

recovery values of the alloy (particle size of
Al, ;106¢63 microns).
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Fig.5.4 : Effect of amouht of reductant on composition

of the alloy (particle size of Al, -106+63
microns). '
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Fig.5.5 ¢ Effect of

amount of reductant (Al),

on

recovery values of the alloy (particle size of
Al, -300+150 microns).
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- Fig.5.6 : Effect of amount of reductant on the

composition of the alloy (particle size of Al,
-300+150 microns).




223

REACTOR ‘A’

o OVERALL RECOVERY
® RECOVERY OF Fe

A RECOVERY OF Ti
A

RECOVERY OF Si
1001

RECOVERY

60

%o

4O

20

] . 1 ] | ] 1
0 - 100 200 300 400 500
‘SCALE OF PRODUCTION (gms)

Fig.5.7 : Effect. of scale of production on recovery
values of the alloy in reactor 'A'.
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Fig.5.8 : Effect of scale of production on composition
of the alloy in reactor 'A'.
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Fig.5.9 : Effect of scale of production on recovery
values of the alloy in reactor 'B',
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Fig.5.10 : Effect of scale of production on composition
of the alloy in reactor 'B!'. _
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REACTOR ‘C’
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Fig. 5.11 : Effect of scale of production on recovery

values of the alloy in reactor 'C'.
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Fig.5.12 : Effect of scale of production on composition
of the alloy in reactor 'C!'.
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Fig.5.13 : Effect of scale of production on recovery
values of the alloy in reactor 'D'.
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Fig.5.14 : Effect of scale of production on composition
of the alloy in reactor 'D'.
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Fig.5.15 : Effect of scale of productlon on recovery
values of the alloy in reactor 'E'.
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Fig.5.16 : Effect of scale of production on composition
of the alloy in reactor 'E',
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Fig.5.17 -t Scale of production as a function of h/d
ratio of the charge column in reactors.
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RED MUD PARTICLE SIZE, (-150+125 ) u
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Fig.5.18 : Relationship between particle size of

reductant (Al) and recovery values of the
alloy for the red mud of particle size,
-150+125 microns.
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PARTICLE SIZE OF RED MUD, (-300+212 )
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Fig.5.20 : Relationship between particle size of

reductant (Al) and recovery values of the

alloy for the red mud of particle size,
~300+212 microns.
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Fig.21 : Relationship between particle size of reductant
(Al) and composition of the alloy for the red
mud of particle size, -300+212 microns.
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¢ Relationship between particle size of

reductant (Al) and recovery values of the
alloy for the red mud of partlcle size,
—425+3OO microns.
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% COMPOSITION OF ALLOY
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Fig.5.23 : Relationship between particle size of

reductant (Al) and composition of the alloy
for the red mud of particle size, -425+300
microns.
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Fig.5.24 : Tifanium recovery @as a function of particle

size difference of red mud and Al, power i.e.
(PS)RM - (PS)Al'
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Fig.5.25 : Effect of Lime (Ca0) addition on recovery
values of the alloy.
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Fig.5.26 : Effect of Lime (Ca0) addition on composition
of the alloy. ‘
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Fig.5.27 : Effect of Magnesia (MgO) addition on recovery
values of the alloy.
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Fig.5.28 : Effect of Magnesia (Mg0) addition on
composition of the alloy.
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Fig.5.29 : Effect of Fluorspar (Can) addition on
recovery values of the alloy.
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: Recovery values of the alloy as affected by

K0103 addition at 100°C preheating.
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Fig.5.32 : Composition of the alloy as affected by
KC10, addition at 100°C preheating.



2lig

TEMP. OF PREHEATING, 200 °C

O OVERALL RECOVERY
® RECOVERY OF Fe

' A RECOVERY OF Ti
100 A RECOVERY OF Si

w
o
|

%% RECOVERY
o)
o
T

~
o

20

! | 1 ! I
0 5 10 15 20 25

AMOUNT OF KCLO3 (as % of total charge

Fig.5.33 : Recovery values of the alloy as affected by
KClO3 addition at 200°C preheating.
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TEMP. OF PREHEATING, 300 °C
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Fig.5.35 : Recovery values of the alloy as affected by

KC10, addition at 300°C preheating.
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Fig.5.36 : Composition of the alloy as affected by
KC10; addition at 300°C preheating.
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Fig.5.37 : Effect of KNO3 addition on recovery values of
the alloy at 3OOOC preheating.
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Fig.5.38 : Effect of KNO3 addition on composition of the

alloy at 30000 preheating.
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Fig.5.39 : Effect of preheating temperature on recovery
values of the alloy (preheating time, 1 hr.).
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Fig.5.40 : Effect  of preheating temperature on
composition of the alloy (preheating time,
1 hr.).
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‘Fig.5.41 : Effect of preheating temperature on recovery
values of the alloy (preheating time, 2 hr.).
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Fig. 5.42 : Effect of preheating temperature on

composition of the alloy (preheating time,
2 hr.).
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Fig.5.43 : Effect of preheating tempefature on recovery
values of the alloy (preheating time, 3 hr.).
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Fig.5.44 : Effect of  preheating temperature on

composition of the alloy (preheating time,
3 hr.).
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