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Abstract

Bangladesh ilmenite containing 24,2% FeD, 33.0% Fe2D3 and 39.45 % TiD2
has been oxidised in the temperature range of 700'C _ 950'C for a period of

upto 4 hours. X-ray diffraction and chemical analysIs have shown that

oxidation in normal furnace atmosphere for a period of 1 hour at 950'C

converts all but 0.5% ferrous iron to ferric state, Oxidation at 700"C resulted

in the formation of pseudorutile, hematite, rutile and some unidentified

phases, where as pseudobrookite was found to have formed at temperature

above. SOO'C. Optical microscope and scanning electron microscope

revealed the presence of cracks in the oxidised samples,

Reduction by charcoal in the temperature range of 950'C to 1050DC for

treatment times of upto 6 hour showed that the maximum metallic iron

content of the samples reduced after oxidation were higher ( 42,1 percent)

than in the samples reduced (37.S percent) in the as- received condition.

Reduction of ilmenite in the oxidised conditIOn was found to proceed in two

stages, the first stage is the reformation of ilmenite and the second stage is

the progressive reduction of ilmenite to metallic iron and rutile. On the other

hand, the reduction of as received Bangladesh ilmenite invoives: (i)

conversion of pseudorutile into rutile and ilmenite and (ii) change of ilmenite

into metallic iron and rutile

The rate of removal of metallic iron during leaching of reduced ilmenite in 5-

15 percent HCI at temperatures upto 75"C was found to increase with an

increase in temperature and also in the concentration of acid in the leaching

solution. The activation energy of leaching of preoxidised, reduced and

leached sample was found to be 30.4 kJlmole whereas activation energy of

leaching of as received and reduced sample was found to be 42.97 kJ/mole.

Total iron content after leaching was estimated at 2.45 percent in the

oxidised reduced leached sample whiie the total iron content of the leached

sample reduced in the as received condition was estimated at 5,2 percent



Contenb>

Certificate

Acknowledgement

Abstract

Contents

List of Figures

list of Tables

CHAPTER-1 INTRODUCTION

III

IV

V

IX

IX

XIV

1.1 Introduction 1

1.2 Methods of Upgrading 3
1.2.1 Smelling 3
1.2.2 Reduction Followed by CI,emical Treatment 4

a) Leaching of the reduced ilmenite 4
b) Rusting of Ihe reduced ilmenite 4
c} Magnetic separation. 4

1.2.3 Direct Acid LO<lciling 5
1.2.4 Conversion of Iron Oxide and I or TiD, in IImenile

To LeaChableProduci 5
a) Conversion to titanate 5
b) Conversion 10 sulphate 5
c) Conversion 10 sulfide 5

1.2.5 Halogination 6
a) Chlorinating with Cil 6
b) Chlorinating with HCI gas 7

1.3 Advantageand Disadvantageof the ProcessesDeveloped 8

1.4 IlmeniteDeposits in Bangladesh 8

1.5 Principlesof Seperationof HeavyMinerais 9
1.5.1 Separation Techniques Used in Cox's Bazar Pilot Plant 11

1.6 Scope of the PresentWork 11

CHAPTER.2 REVIEW OF LITERATURE

2.1 Introduction

2.2 Oxidationof Ilmenite

VI

•

16

17



2,3 ReductIOnof Ilmenite
2,3.1 Microscopic Examlnalion and EPA of Reduced

IImenile

2,4 Leaching of Ilmenite

2,5 Characterisation of Bangladesh Ilmenite

2.6 Morphology of Ilmenite of Cox's Bazar Beach Sand

2,2,1
2,2,2

Product Morphology

Mechanism of Roaclions
20
25

26

31

32

35

36

CHAPTER-3 EXPERIMENTAL

3.1 Introduction

3.2 Oxidation of Ilmenite

3,3 Reduction of Ilmenite

3,4 Leaching of Ilmenite

CHAPTER-4 RESULT AND DISCUSSION

37

38

39

41

4.1 Introduction 43
4.2 Oxidation

4,2,1 Opticai Microscopy

4,2,2 X-Ray Diffraclion SIudy

4.3 Result of Reduction
'4 3.1 Effect of Temperature
4,32 Effecls at Time •

4 3 3 X Ray Diffraction Siudy of/he Reduced ilmenite,
4,3.4 Microscopic Examination

4.4 Results of Leaching
4,4,1 tdentificalion of Reaction Mechanism
4,4,2 Evaluation of Activation Energy

a) tn/egral approach
b) Differential approach

4.4.3 Effect of Time on Leeching
4.4.4 Effect of Temperature,
44,5 Effect 01Acid Concenlralion

VII

,

43
45
50

59
59
61
62
68

68
72
76
76
86
80
80
83



4.5 Comparison of the Products 83

CHAPTER-5 SUMMARY AND CONCLUSION 85

CHAPTER-6 LIMITATIONS OF THE PRESENT WORK AND

SUGGESTIONS FOR FUTUREWORK 88

6.1 Limitations of the Present Work

6.2 Suggestion For Future Work

REFERENCES

88

88

APPENDIX
Appendix-A

Appendix-B

Appen"dix-C

Appendix-D

Appendix-E

Appendix-F

Appendix-G

Appendix-H

Appendix-l

Estimation of Ferrous Iron

Estimation of Metallic Iron

Estimation of Total Iron

Determination of Total Iron From Leaching Solutuion

Estimation of TiD,

Preparation of Solutions

Result of Chemical Analysis of Oxidised Sample

Result of Chemical Analysis of Reduced Sample

Result of Chemical Analysis of Leached Sample

VIII

"
iii

,i

VIII

,i

xii

•



12

19

13

List of Figures:

Fig. 1.1 The pilot planl flow sheet (wet section)

Fig.1.2 The pilot plant flow sheet (dry section)

Fig. 2.1 Free energychangesvs temperaturefor varIOusreactions

Fig,2.2 Thermogravimatric curves for lhe oXidation of Ilmenite
Particle size., oxidiz.in.~atmosphereand heati~gr~teswer~:.1l Massive
crystal, in air, Somin ; () -200 + 325 mesh, In air, 10' mm ; 0.150 +
200mesh , in air 6" min"; • -150 + 200 mesh, in dry oxygen, 6° min"
; A +100mesh. in air, 10. min.'; •. +100mesh,Norwegian(Storgangen)
ilmenite are, in air, 10°mm" 19

Fig.2.3 Differential thermal analysis (DTA) and d1fferentlal
thermogravimetricAnaiysis (DTG) tracings for the oxidation of ilmenite
powders (-150 +200 mesh size fraction ). Heating rate was 6° per min
and aluminawas used as a reference material. DTA (1) and DTG (1)
indicate the oxidation was carried out in air and DTA(2) and DTG{2}
representoxidation in dry oxygen. 22

Fig. 2.4 Morphology of TiO, formed on the surface at 1000" C.(a)x
1,200; (b) x 2,400. 22

Fig, 2,5 Scanning ElectronMicrographsof the product formed during
oxidation of ilmenite crystals. {a} Morphology of the formation of
hematitewhiskers during the initlai slages of oxidationat 700'C, X 650.
(b) Morphology of the formation of hematite and Fe,Ti,O, upon
oxidaHon of ilmenite at SSO.C,X 250. (c) Hematite on the grain
boundaries, X 1200. (d) Pseudobrookiteformed at 1000"C,X 2000 23

Fig. 2.6 Relative intensities of iron and titanium in the reaction
products. X-ray energy for K radiation of iron and titanium are 6,4and
4.54 keV , respectively. (a) For Fe,O, ; (b) Fe,Ti,O" (e) Fe,TiO, and
the areas Which they correspond to Figs, 2,5a, 2.5b and 2.5d
respectively, 24

Fig.2.7 Schematic representation of proposed mechanism for the
oxidation 27

Fig.2,8 Distribution of phases during reduction of Western Titanium
'N. L ilmeniteat1000.C 30

Fig. 2.9 Distribution of phases during reduction of Western Titanium
N,L.ilmeniteat1100.C 30

IX



Fig. 2.10 Distribution of phases during reduction of Western Titanium
N.lo ilmenite at 1200'C 30

Fig. 2.11 Free energy changes Involvedduring chlorination of ilmenite

Fig, 3,1 Arrangement for reduction 40

Fig, 3,1 Arrangement for leaching 42

Fig. 4.1 Amount of ferrous iron present in the oxidised sample as a
function of time at different temperature, 44

Fig 4.2 Microstructure of raw ilmenite. (x 400) 46

Fig, 4,3 Microstructure of oxidised ilmenite 47

(a) Microstructure of ilmenite oxidised at 700.C for 1 hour
(X400)

(b) Microstructure of ilmenite oxidised at800'C for 1
hour (X 400)

(0) Microstructure of ilmenite oxidised at 950'C for 1
hour (X 400)

Fig. 4.4
(,)
(b)

Fig. 4,5
(,)
(b)

Fig. 4.6
sand

Fig. 4,7
(,)
(b)

Fig. 4.8
(,)
(b)
(e)

Scanning electron micrographs of oxidised ilmenite.
Oxidised 'at 950'C for 15 minute. (X 800)
Oxidlsed at 950'C for 60 minute. (X 600)

Scanning electron micrographs of oxidlsed ilmenite.
Oxidised at 950'C for 15 minute, (X 2500)
Oxidised at 950'C for 60 minute, (X 2000)

X-ray diffraction paUem of raw ilmenite of Cox's Bazar beach

X-ray diffraction paUernsof Ilmenite oxidised at700'C.
Oxidised at 700"C for 0.5 hour.
Oxidised at 700°C for 2 hour.

X-ray diffraction patterns of ilmenite oxidised at800.C,
Oxidised at800'C for 15 minute
Oxidised at 800'C for 30 minutes,
Oxidised at BOO'Cfor 1 hour.

48

49

".
53

54

Fig.4.9 X-ray diffraction paUernsof ilmenite oxidised at 900'C.
(a) . Oxidised at900'C for 30 minute
(b) Oxidised at 900'C for 1 hour.
(c) Oxidised at900'C for 2 hour,

55

Fig. 4.10
(,)
(b)
(e)

X-ray diffraction patterns of ilmenite oxidised at 950'C,
Oxidised at 950.C for 15 minute
Oxidised at 950'C for 30 minutes
Oxidised at 950'C for 1 hour.

x

56



Fig.4.11
('J
(bJ
(oJ
(dJ

X-ray diffraction pattern of ilmenite oxidised at different
Oxidised at 700'C for 1 hour,
Oxidised at 800'C for 1 hour.
Oxidised at 900.C for 1 hour.
Oxidised at 9500.C for 1 hOur.

58

Fig. 4.12 Extent of reduction of oxidised ilmenite as a function of time
at specified temperatures. 60

Fig. 4.13 Extent of reduction of as received ilmenite as a function of
time at specified temperature. 60

Fig. 4.14 Comparison of extent of reduction of pre oxides and as
received ilmenite as a function of time at specified temperature. 63

Fig, 4,15 Extent of reduction of pre oxidised ilmenite as a function of
temperature at specified period of time. 63

Fig. 4.16 Extent of reduction of as received Ilmenite as a function of
temperature at specified penod of time. 64

Fig.4.17 Comparison of extent of reduction of pre oxidised ilmel"lite
and as received ilmenite for specified time of reduction at different
temperature 64

Fig. 4.18
('J
(bJ
(oj

Fig.4.19
('I
(bJ

X-ray diffraction pattern of pre oxidised ilmenite
Reduced at1 050'C for 0.5 hour,
Reduced at1050'C for 1 hour,
Reduced at1050°C for 4 hour,

X-ray diffraction pattem of reduced ilmenite
Pre oxidised sample reduced at 1050"C for 4 hour.
As received sample reduced at1050'C for 4 hour

65

67

Fig. 4.20 Optical micrograph of as received
ilmel"lite(X400).(a} Reduced at 1050'C for 4 hour, (b)
1050.C for 4 hour.

and reduced
Reduced at

69

Fig. 4,21 Optical micrograph of reduced ilmenite (a) Oxidised and
reduced at 950'C for 4 hour. (b) Oxidised and reduced at 1000'C for 4
hour. (c) Oxidised and reduced at 1050"C for 4 hour, 70

Fig. 4.22
('I
(bl

Scanning Electron Micrographs of reduced ilmenite
Pre oxidised and reduced ilmenite. (X600)
As received and reduced ilmenite. (X600)

71

Fig.4.23 Kinetic curve of isothermal leachil"lg of preoxidised and
reduced ilmenite ieached with 10% HCI at specified temperature. 74

Fig. 4.24 Kinetic curve of isothermal leaching of as received and
reduced ilmel"llteleached with 10% HCI at specified temperature, 74

XI



Fig,4.25 Leachingtime plot for Isothermalkinetic data shown in Fig,
4,23. 75

Fig,4.26 Leachingtime plot for isothermal kinetic data shown 111Fig
4.24. 75

Fig,4,27 Plots of isothermal kinetic data according to first order
reactionfor pre oxidisedreducedand leachedsample. 77

Fig.4,28 Plots of isothermal kinetic data according to Ginstling-
Brounshteinreactionfor reducedand leachedsample. 77

Fig.4:29 Amenius type plot for kineticdata of Fig.4.27

Fig.4,30 Amenius type piot for kineticdataof Fig,4 28.

78

78

Fig.4.31 Plots for calculation of apparent acllvation energy of
leaching using differential approach for pre oxidlsed reduced and
leachedsample leachedwith 10%Hel 79

Fig.4.32 Plots for calculation of apparent activation energy of
leaching using differential approach for as received reduced and
leachedsample leachedwith 10%HCI, 79

Fig.4.33 Comparisonof extent of dissolutionof iron from pre oxidised
sample leachedwith 10%HCIat specifiedtemperalure. 81

Fig,4.34 Extent of dissolution of iron from as received reduced
.i1meniteleachedwith hydrochloncacidof differentcone.at 75°C, 81

Fig.4.35 Extent of dissolutionof Iron from pre oxidisedand reduced
ilmenite leachedwith hydrochloricacidof different conc at 75'C, 82

Fig.4,36 Comparisonof extent of diSSOlutionof iron from pre oXldlsed
reduced sample and as received reduced sampie leached with
hydrochloricacidof different cone,at 75°C, 82

Fig.4.37
(o)
(b)

X-ray dlffraclogramof leachedilmenite,
Pre oxidisedand reducedsampleieachedwith 15%
HCIat 75'C
As receivedand reducedsample leachedWith15%
HCIat 75°C,

XII

84

•



List of Tables:

Table 1.1 Merrits and dements of the processed deveioped 9
Table 1.2 Summary of heavy mineral reserves in the deposits along

the coastai belt of Bangladesh
10

Table 3.1 Typical size fraction of as-received Bangladesh ilmenlle 37
Table 3,2 Chemical composition of as.received Ilmenite 37
Table 3,3 Specification of the charcoal used

39
Table 4.1 X-ray diffraction lines for identification of the phases.

Target MoK-
50

Table 4,2 Comparison of end products
63

XII)

•



CHAPTER .1 INTRODUCTION

1,1 Introduction

Titanium IS the 9'" most abundant element in the earth's crust and accounts for

about 0.93 per cent of all the elements found In nature. The chief mineralogical

occurrences are as oxides, titanates and sllicotitanates. The titanates, highest in

iron and lowest in acid forming oxides yield iron titanates like ilmenite and arizonite,

The most important commercial titanium bearing minerals are ilmenite and rutile.'

The alteration products of Ilmenite, known as leucoxene and arizonite. are widely

distributed in nature, Major deposits of ilmenite and rutile are located in Australia,
Canada, Norway, USA, India, Malaysia, and Ceylon,

Ilmenite is a heavy minerai with a metallic lustre and is usually referred to as

ferrous titanate, It has a specific gravity of 4.5 to 5 and crystallises in the

rhombohedral class of the hexagonal system, The colour is usually iron black.

Brown and red varieties are also known, It is opaque and slightly magnetic The

COmpos!tionof ilmenite theoretically corresponds to FeO Ti02 or an equivalent of

52.6 per cent TiO,. However, in most cases the ferrous iron is partly replaced by

ferric iron. The individual grains of ilmenite may contain submicroscopic inclusions

of rutile, a mineral when pure consisting essentially of Ti02 with very small

quantities of iron. Other grains may also be altered, resulting in the breakdown of

the ilmenite structure With partial leaching and oxidation of the iron, This can

increase the Ti02 content of ilmenite 10 60 per cent or more. leucoxene is the name

applied to the alteration products of ilmenrte high in titanium and is always present

to some extent in beach sands. The grains that have been highly altered and

consist of almost entirely of leucoxene may contain as high as 80 per cent TiO,.

Small quantities of ieucoxene are marketed as an acceptable substitute for rutile

Rutile is essentially naturally occurring TIO, and deposits are relatively rare. Even

though the supplies of rutile have increased, the deposits are fast depleting and

demands outstrip supplies This shortage of natural rutile has forced technologists

throughout the world to develop processes to enhance the tltania content of

i1menitesfor use as a substitute for scarce naturai rutile. The enriched ilmenite is
known as synthetic rutile,
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The most important commercial use of ilmenite is for the manufacture of titanium

dioxide pigment. Titanium dioxide pigments, due to the unique properties of high

refractive index, low specific gravity, chemical stability, high hiding power, light

fastness, non-toxic nature and compatibility has now replaced all other while

pigments like zinc oxide, wtltte lead and zinc sulfide. Rulile, leucoxene, ilmenite and

l in some cases titanium dioxide are used for coaling welding rods. Natural rutile is

preferred to ilmen~e for this purpose but synthetiC rutile is an acceptable substitute.

Titanium dioxide ISan Important and indispensable Ingredient in the manufacture of

electrical insulators, high gl05s finishes m ceramic industries, brilliant white pigment

which is used for the production of white rubber, and as a fiiler for paper.

Anolher attractive utilisatIOn of ilmenite IS in the production of tltania rich slag, This

slag is an ideal matenal to feed in the existing IItanium diOXide plant as a substitute

of ilmenite. The attractive feature of this process 15that pig iron is also produced as

a by product along with the slag (metallurgical process), ThiS ensures the full

utilisation of the value constituents of Ilmenite,

Titanium that comes from iimenite and other sources is used as a structurai metal.

It's extreme resistant to COrrOSion,high strength to weight ratio and high fatigue

resistance at high temperature made ItS use Imperative 111supersonic transports. in

desalination system, and in chemical process industries as a matenal for reaction

vessels, pipes, pumps, heat exchangers, etc.

The important uses of ilmenite as well as its products are summarised as follow:

Ingredient
nanium dioxide

Titanium tetrachloride.

Titanium metal

Synthellc rutile

Uses

Paints, plastics, printing inks, paper, leather

cosmetics. vitreous enamels, synthetic gems, etc.

Water proofing paints, adhesive promoter,

polymerisation cataiyst, titanium metal. etc'.

Corrosion resistant alioys, chemical process

industries, space craft, heat exchangers, ship

building. structural metal, etc,

Welding rods, raw material for chlOride route of

titanium extraction, titanium dioxide extraction, etc.
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The various products of commercial Importance give a broad idea of the attractive

avenues open for the utilisation of ilmenite, There IS a wide arld growing gap

between demand and supplies of titania rich raw materials in the world. The

shortage of natural rutile has forced technologists 10 develop processes to produce

titania-rich materials to be used In place of scarce natural rutile,

1.2 Methods of Upgrading

Ilmenite (FeO.TiO,) contains titan;a and iron oxide bound in spinal form. In addition,

il may contain other oxides such as Fe10,. Thus most beneficiation techniques are

based on the preferential chemical reaction with iron to remove it, Over the years

extensive research work has been directed towards the development of suitable

techniques for removal of iron from Ilmenite, As a result of these Investigations, a

number of techniques have been developed for upgrading ilmenite, Some of these

methods are now being exploited on a commercial scale and a few are undergoing

trial in pilot plants. Most methods are, however, still confined to the laboratories.

The existing techniques for benificiation'of ilmenite are based on following five

principles.

1.2.1 Smelting

This is a pyro metallurgical technique In which ilmenite, mixed with metailurgical or

petroleum coke and flux, is heated at a high temperature (>1500°C) to get molten

iron and titania nch slag containing most of the gangue material, This slag layer is

given to further treatment. The process can be represented as follows:

ilmenite + Coal + flux -, pig iron + t,tania rich slag + Carbon monoxide.

Synthetic rutiie is also produced by smelting a mixture of ilmenite pellets, coke and

lime in an electric arc furnace' The slag obtamed is tapped at 1600°C and treated

with 0, and titanium pyrophosphate, which converts titanium oxide to crystalline

rutile and phosphate glass The treated slag IS then ground and leached with H,S04

to dissolve phosphate glass and to obtam rutile crystal.

The main merit of this process is that iron contained in ilmenite is obtained as a

byproduct. However the process requires higher temperature resulting in higher
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consumption of energy and specialised knowledge. Moreover, the slag produced

has to be processed further,

1.2.2 Reduction Followed by Chemical Treatment:

Most of the more successful processes for the production of synthetic rutile may be

classified in this category, Iron present In ilmenite is either In ferrous or in feme

form. In these processes, the iron oxides preserlt in ilmenite are reduced to lower

oxide or to metallic iron. Various reducing agents like coal, hydrogen" charcoal,

coconut pith, etc, have been used as reducing agents Reduction temperatures in

the range af 10000-1100"C are usually employed. Iron IS then removed from the

reduced mass by leaching, rusting or magnetic separation.

a) Leaching of the Red(Jced /lmende: HCI acid and FeCI, solutions are commonly

used to leach out iron from reduced ilmenite. Leaching is usually carried out at

atmospheric pressure, higher pressures have also been used, Synthetic rutile

containing 85.95 per cent TIO, has been produced by these methods.

b) Rusting of the Reduced Ilmenite: OXidative removal of Iron from reduced

ilmenite is carried out by nJsting in a vessel agitated by blowing air at controlled

rates. The following reaction lakes place" ';

Fe l""leo -+ Fe" "" + 2e

Ferrous hydroxide IS formed and on further OXidatIOnrust is formed.

Rusting is assisted by using some ammonium chloride and acidifYing pulp with

H2SO. to a pH of 4. It IS a cheap process and the yield is gO per cent Ti02 that can

be increased to 94 per cent by acid leaching.

(eJ Magne/ic Separation:In these processes',." reduction of ilmenite is carried

out in the presence of suitable flux ( e,g" NaCl, Na,CO, CaF, Na,SiO, boric acid or

apatite), Ai a result, a product resembling sponge iron is obtained, The reduced

ilmenite is crushed and wet ground and the mass is subsequently separated into

two slurries containing iron and litania by means of a magnetic separator.
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1.2.3 Direct Acid Leaching

Sulfuric acid and hydrochloric acids are commonly used for direcl leaching of

ilmenite. Digestion with cone, sulfuric acid IS not selective and brings both Ihe iron

ahd titanium oxides In solution but subsequent processing of leach liquor yields

pigmenl grade titania. On the other hand digestion with hydrochloric aCid is

essentially selective and only iron OXide is brought to solution. The product obtained

is synthetic rutile which requires further processing to gel pigment grade titania

(>98% TiO,)

Leaching of ilmenite in hydrochloric acids has also been attempted at higher

pressures. II has been found that leaching at atmospheric pressure IS less efficient

and the product is of inferior quality. High pressure leaching" under suitable

conditions can produce a product containing more than 98% TiO"

1.2.4 Conversion of Iron Oxide and/or TiD, in Ilmenite to Leachable Product

a) Conversion /0 Titanare' In this process Ilmenite.is treated With Na,CO, at

elevated temperatures (900°.1100QC) to obtain sodium titanate" according to the

following reaction:

The sodium titanate is leached out with water or dilute acid resuiling a product

containing 93% TiO"

b) Conversion 10Sulphale: Both iron and hlanium in ,Imenlte can be converted to

their respective sulphates ", If Ilmenite IS treated With (NH.h SO. at 300-S00"C or

NaHSO. at 400-800"C, About 90% Fe and 95% Tr of ilmenite can be recovered by

leaching with 7N H,SO._ TiO, is separated from leach liquor by coni rolled

hydrolysis_

c) Conversion to Sutflde: Treatment of ilmenite with some sulfur bearing malerial

such as ZnS, Na2SO.+ C or, sulfur vapor leads to the preferenlial sulphrdlsation of
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Iron in ilmenite'!.'!." Heating of a mixture of Ilmenite, Na,SO, and carbon at 1000-

13000C results in the formation of FeS,

FeTiO, + Na,S04'" 2C -> FeS + Na,TiO, + 2CO,.

The reaclion product is treated with boiling H2S04 to yield a titania rich product,

Synthetic rutile is also prepared by heating the ilmer'li!e al 500-1000'C in sulfur

vapor'. in absence of oxygen The product IS cooled in absence of oxygen and

leached with water and oxygen at 20-100 psi. The product is rutile aggregate,

soluble sulfur and ferric hydroxide sludge.

limenite can also be beneficiated by treating at 1000"C With any gaseous

sulphidising medium like H,8, CS, H,S+CS, mixture for 2 to 3 hours followed by

leaching with dilute Hel aCidfor "2 hour 17," resulting in a titania rich product.

1.2.5 Halogenation

These processes are based on the selective conversion of iron to iron halides by

treatment of ilmenite with a SUitable halogenating agents such as CI, HCI gas,

CI,+HCI, CI,+H" H,+HCI, CO+CI, C+CI, NH,CI, Sr, etc. The residue left after
treatment is synthetic rutile

B) ChlorinatingWith CI, : Ilmenite ISmixed with a carbonaceous reducing agent

and chlorinated at 850_950°C to produce iron chloride and titanium tetrachlOride,

Titanium dioxide is obtained from titanium tetrachloride by hydrolysis.

Selective chlorination of ilmeMe has also been carried out in two steps at two

different temperature 10effect the separation of both iron and titanium chloride. In

this process, the ore is mixed with coal or charcoal and heated in the absence of air

at 800.C and then cooled in reducing atmosphere to 350°C. At the same time dry

chlorine gas is passed through the reducing mass, In this stage only iron is attacked

and the ferric chloride vapor is condensed in a cooling chamber. The direction of

flow of chlorine is then reversed and temperature ISmaintained al 550°_600°C. In

thiS stage titanium compounds are attacked and resultirlg titanium tetrachloride
vapor is condensed In the cooling tower.
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Preferential chlorinating of iron oxide in ilmenite has been Investigated by some

ilwestigators'9, 2~_Ilmenite is bnqueUed with charcoal (6%) and FeCI, binder and

then treated with chlorine at 500°. 600°C, This processes results in a product

containing about 90% TiD,. The rate of chlorinating is reported to be faster In

presence of some catalysts like CuD, PbO, MnO" CaD, CeO and Ca,{PO.h. CeO

is found to be the besl catalyst amol1g them. Chlorination With CO+CI, has been

carried out in fluidised bed at 900"-1000"C and a product containing 95-98 per cent

TID. has been obtained 21,22

Titanium dioxide has also been prepared by the selective chlorinatiOIl of ilmenite

with gaseous mixture of Na and Cb in a chlOrinatorwith a certain amount of air or

oxygen ",",

b) ChlorinatingWith 'HCI Gas: Irl a laboratory scale productiorl a product

containing 97% of TiOl has been obtained" by selective chlorir'lation of ilmenite at

1000"C for 3 hours. Preoxidised ilmer'litewas four'ld to require higher temperatures

for effective removal of iron, However, no solid FeCI" which causes experimental

difficuRies in conducting chlorinatior'l, was found when preoxidised samples are

used for chlorinating,

When the percentage of H, In the gas mixture of HCI and H, is increased. the

percent<lge of iron chlorinated is decreased and the condensate mainly consists of

FeCI,.

In presence of air FeCI, is obtained and the total Iron chloride is decreased, Partial

chlorination of ilmenite in a fluidised bed reactor by H, ar'ld CI, mixture results in

high grade TiO, (80-95% TiO,) product '".

A product containing 90% TiO, and 6.6% Fe,O, has been obtair'led by selective

chlorination of ilmenite with a mixture of TICI, ar'ldCI,'7 at a temperature of 10S0°C.

Treatment of ilmer'litewith NH, and HCI at 600°C removes about 92% of rron, At a

temperature of BOODCall the iron IS removed" ". A product containing about 96%

Ti02 has been obtained by treating a mixture of ilmenite ar'ldpowdered coke (1%) in

a kiln at BOOo-900°C with a gas mixture of Br, and N, or Br2, N, and CO2,3D The

FeBr, formed is cooled and passed Into a cyclone where FeBr, separates as
powder.
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1.3 Advantage and Disadvantage ofthe Processes Developed:

The relative merits and demerits of the processes that has been developed so far

areshowr'1lnTable-l,1,

1.4 Ilmenite Deposits in Bangladesh

The existence of natural concentrates of titanium bearing minerals such as Ilmenite,

rulile ar:d leucoxene along with other potentially valuable minerai concentrates was

detected in the beach sands of Bangladesh in 1960 The Pakistan Atomic Energy

Commission took interest in the area In 1965 and carried out preliminary survey

work till 1967. Laboratory investigations, particularly heavy mineral separation and

determination of their percentages were carried out to have estimates of ore-

reser.'es of the promising deposits. Exploration work to determine the quality and

the quantity of the reserves began In 1968. Up to 1985 the presence of these

minerals were detected in 17 places In the 550 km lang coastal area (Table 1.2). It

can be seen from this table that ilmenite constitutes the most significant portion of

the heavy minerals

A pilot plant with the assistance of the Australian government was established in

1975 and commenced operation under the guidance of Australian consultant who

commissioned the plant and supervised the test work on the bulk samples of sands

from MOheshkhali and 8adarmokam, The activities 01 the pilot plant continued in

full swing up to 1987 and about 227 tans of ilmenite were separated. The activity of

the plant was then kept suspended lor some time The operation 01 the plant

resumed in 1992 and the cenler is now pursuing all out efforts for commercialisation
of the mineral sands.

1.5 Principles of Separation of Heavy Minerals

Since the mineralogy and the gram size of the minerais in all deposit occurring

along the same stretch of coastline are not the same, the pilot plant studies are

essentially carried out lor each and every deposit. The study involves the

concentration and separation of valuable heavy minerals from heterogeneous sand

mixtures and subsequent removal of the contaminants, The properties that affect'

the primary concentration are grain size. shape, texture, and density, Final

separations of the particles are done by utilising the differenc'es in speCifiCgraviity,



Table-1.1 Merits and demerits of the Processes Developed:

"

Process Merits Demerits
Halogenation: I) Rutile of high purity can be obtained i) Chlorine is highly corrosive

ii} Selective cl1lorination is cheap. ii) Special reaction vessel lining is required,.
iii) High temperature is required
iv) Reaction condf!lons are not flexible and
hence must b~-";;eCise.

Reduction and I) It can be exploited commercially • Only limitation is it is multistage process .
leaching: ii) Reductants are coal or charcoal which are cheep and temp.

required is generated by the reductants Itself.
iii) Reduction can be carried out on large scale using rotary kiln
iv) The process is flexible and can be made continuous
,) Spent acid and Fe20, can be recovered~:I,Rutile with minimum Fe content can be prepared
vii Recoverv of TiO is nossible

Fusion Not exploited on a commercial scale
methods: I) High temperature is required for fusion

Ii) Alkali used are corrosive
Iii) Energy Input IS high
iv) Fusion in large quantity ISdifficult
,) High cost of chemicals
vil Recovery is not satisfactory~ii\Multist;'~~~n~ocess is involved

Direct I) Single stage process I) Leachanls are highly corrosive
leaching: ii) Can be operated at low temperature, ii) Special materials are required for

iii) Reagent costs are comparatively low construction of vessels.
iii) Long leaching lime is required
iv) In many cases extent of benefaction is low
,) Excess quantity of leachants are to be

used. w



Table-1.2 Summary of heavy mineral reserves in the deposits along the coastal belt of Bangladesh',

SL Deposit Sand Heavy Reserve of valuable minerals (in ton)
No Tonnage Mineral Zircon Rutile Ilmenite Leuco- Kyanite Monazite Magna- Gamel

Tonnage xene tlte
Main Coast:, Badarmokam 1,765,000 411,000 4,932 3,288 94,530 18,002 • 4,932 10,275 -•-

2 Sabrang 34,7,558 68,582 4,184 1,372 19,614 3,470 727 206 1,001 3,018, Tcknaf 1,939,580 442,291 28,306 13,230 163,170 20,124 14,728 3,045 7,209 22,424, Silkhali 2,756,828 489,714 33,300 10,774 173,360 10,970 4,407 3,918 3,085 39,422
5 Inani 729,286 175,476 10,880 4,036 53,170 '" 1,404 965 5,545 12,810
6 Cox's Bazar 5,119,000 920,000 23,000 6,440 161,000 10,488 -• 2,024 33,212 50,600, Kuakata 2,872,486 831,668 9,647 3,911 76,015 9,647 16,800 832 4,325 52,229
Moheshkhali Island, Fore.shore 276,560 119,480 7,145 3,788 54,961 2,891 Trace '" '" -•

beach
8 Kutubjum 577,980 106,240 4,568 2,104 36,440 1,158 2,635 202 1,169 -•
W Fakiraghona 273,940 68,460 1,513 1,458 15,746 852 5,006 55 288 4,655

" Fakirahata 409,120 96,750 5,515 3,970 22,157 3,677 9,579 '9' 97 5998

" Baraghoriapara 888,440 181,770 6,017 6,744 52,168 6,416 13,815 827 1,236 11,815

" Panirchara 1,595,410 204,390 12,264 6,479 60,091 5,519 16,351 53' 3,863 13,490

" Hoanak(Nalbila) 92,780 7,120 WO '" 1,400 69 "0 , m -•

" Materban 69,030 15,215 79' 295 4,962 37' Trace 20 5,5 -•

" Nijhum Owip 379,337 96,348 2,052 '" 12,978 n 2,592 19,3 4,384 -•
" Kutubdia Island 404,656 119,997 3,900 1,908 23,796 2,436 2,592 96 3,384 6,300

Total: I 20,496,9811 4,354,501 I 158,117 70,274 I 1,025,558 I 96,709 I 90.7461 17,352,5 I 80,599 1 222,751 ~
o
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electrical and magnetic properties of the minerals. But this plant cannot separate

the chemically bonded unwanted ingredients from the valuable constituents.

1.5.1 Separation Techniques Used in Cox's Bazar Pilot Plant:

Raw sands are collected from heavy mirteral depOSits and a slurry of sand and

waler is pumped into a gravity spiral, where heavy mmerals are separated from the

Iighl minerals The heavy sands are passed through a dewatering cone to attritor to

clean the surface coatmgs. Then it is passed over a drum magnet where magnetite

is separated from the sand mixture, This magnetite free material is shaken in the

Wilfley Table where heavy minerals are separated from light minerals. The dense

heavies are collecled as table concentrates and prepared as the feed material for

the dry section.

In the dry section minerals are first fed into a rotary drum dryer and subsquentiy

they are carried up by bucket elevator and fed Into a high tension electrostatic

separator where they are separated into the conductor and non conductor fractions.

The non-conductor fraction contains zircon, garnet, and monazite. The conductor

fraction contains iimenite, and rutile, The conductor part is passed through cross

belt magnetic separator Magnetite is separated here. Then it is passed into a high

intensity roll magnetic separator where ilmenite and rutile are separated.

Similarly non magnetic fraction is passed through a roll magnet where they are

separated again as magnetic (garnet and monazite) and non-magnetic (zircon)

fraction. The material containing garnet and monazite is passed on a vibro-screen

separator where garnet is separated as over size and monazite as under size. The

zircon product is refined using air table, The flow sheet of the pilot plant is shown in

the Fig. 1.1 and Fig.12

1.6 Scope of the PresentWork:

At the Pilot plant at Cox's Bazar the heavy minerals are separated on the baSIS of

their physical properties such as the speCific gravity, electrical conducti1,tlty,

magnetic properties, etc. These methods allow the separation of heavy minerals

from the beach sands but they are no! SUitable for the separation of impurities,

which are intimately or chemically mixed with the Individual minerals.
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Chemical analysis performed at the laboratones of the Department of Materials and

Metallurgical Engineering at SUET, Dhaka and also at the Regional Research

Laboratory, Trivandrum, India has shown Ihat the ilmenite separated at the pilot

planl at Cox's Bazar contains about 40 percenl tltanium-dl-oxide. Ilmenite containing

less than 55 percent tltanium-di-oxide is not considered suitable for industrial use,

Thus (he ilmenite separated from the beach sands of Bal1gladesh has to be

processed further 10 remove the chemically combined useless minerals before it

can be sold in Ihe market. Unfortunately the pilot planl at Cox's Bazar is not

equipped with such facilities,

Bangladesh is very poor in mil"leral resources, The best possible use of the heavy

minerals separated from the beach sands of Bangladesh is therefore very important

for the economy of the country, This project is a part of the work now In progress at

the Department of Materials and Metallurgical Engineering at BUET, Dhaka, Which

aimed at the development of a technique for the upgradation of ilmenite separated

from the beach sands of Bangladesh, The work done so far has yielded

encouraging results and the TID, content of Bangladesh Ilmenite could be raised to

about 92 per cent. Reduction of Ilmenite in the as-received condition followed by

leaching was used for the production of synthetic rutile

Studies".J2 have shown that OXidation of ilmenite prior to reduction has the following

beneficial functions:

1) introducing defects (cracks, grain boundaries etc) In the ilmenite grain, which

enhances the rate of subsequent reductions,

2) converting all the ferrous Iron to ferric iron which overcomes the problem of

different ferrous to ferric ratios in ilmenite from different localities and

3) Altering the equilibrium conditions and the rate of reduction from ferric to ferrous
slate.

The rale of leacJ1ing ha$ been found to be dependent upon the nature of ilmenite

grains, and If the oxidation step IS omitted the rate of leaching becomes slow. This

also affects the quality of the end product.
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No work on the effects of prior oxidation on the kinetics of reduction of Bangladesh

ilmenite and the subsequent leaching of Ihe reduced ilmenite has so far been

reported. The hea~y minerals separated from the beach sands of Bangladesh contain

about 25 per cBnt ilmenrte In a country so poor in mineral JBSOUrceSthe need to

upgrade the ilmenlle cannot be over-emphasised. It was expected that a clear

understanding of Ihe effects of prior healing/oxidation on the kinetiCS of subsequent

reduction and leaching would help establish the best possible route for the

production of synthetic rutile from Bangladesh ilmenite, It has already beer!

mentioned that the TiO, content of as-received Bangladesh ilmenite is below the

minimum amount of TiO, content that is required by it 10be suitable for industrial

use. Under such circumstances it was considered desirable to under-take this
study_
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CHAPTER -2 REVIEW OF LITERATURE

2.1 Introduction

Rutile and ilmenite are the most abundant minerals containing titanium, Rutile IS

richer in titanium conlent but is relatively scarCB. Even though the supplies of rutile

have increased in the recent years, the deposits are last depleting and the demand

outstrips supplies. The shortage of natural rutile has forced the technologists to

develop processes for _the production of titanium rich materials to be used as a

substitute of the scarce natural rutile

Various processes for the beneficiation of ilmenite has been developed and some 01

these methods are now being explOited on a commercial scale. Reduction of

ilmenite with a suitable reducing agerlt followed by leaching or rusting ISone of the

commercially successful methods that have so far been developed. The material

thus produced closely resemble natural rutile and is known as synthetic rutile.

Fetisov et al". have studied the rates of reduction of oxidised and unoxidised

ilmenite using hydrogen as a reducing agent. They found that the reducibility of .

oxidised ilmenite is higher than the unoxidlsed The difference in the rates

decreased w~h increasing temperature but remained considerable. They concluded

that, oxidative roasting of ilmenite prior to reduction has a beneflclat effecl on the
rate of reduction,

The primary reduction of iron-oxide in the litaniferous minerals must be carried out

at temperatures which ensure maximum reduction of iron oxide to its lower oxides.,
Any method, therefore, which promotes the rate of reduction of iron oxides in

ilmenite concentrates is of industrial value. A detailed study on the process of

oxidation of ilmenite, identification of the oxidation products, kinetics of reduction of

oxidised and unoxldised ilmenite ISof technical importance. As a result the oxidation

products of ilmenite, the product morphology and the mechanism of oxidation of
iimenite has been studied", quite extensively.



2.2 Oxidation of Ilmenite

It is generally agreed that the purpose of oxidation roasting is to i) convert iron in

ilmenite from ferrous to ferne state which overcomes different ferrous to ferric iron

ratio in ilmenite obtained ii} alter equilibrium condition and the rate of reduction

from ferrous to ferric state and iii) Introduce defects in ilmenite grains to enhance

the rate of subsequent reduction,

Ramdohr :13 snd Overhault et all' found from X-ray diffraction patterns that ilmenite

when heated in air at 900°C yielded pseudobrookite and rulile. O,G. Jones" found

that oxidation product of ilmenite over 800°C yielded ferric pseudobrookite and rutile

and according to data given by Webstar and Bright'" ferric pseudobrookite In

commercially oxidised Western Titanium ilmenite contains approx 4%. Fe'<.

Curnow and Parry" studied the oxidation of ilmenite from beach sand of Australia

by magnetic susceptibility and X-ray diffractometry and concluded that I) heating of

ilmenite to 600"C enhances magnetic susceptibility and X-ray paltern gives lines

similar to ilmenite and rutile. ii} prolonged heating at 8000e results in the formation

of weakly ferromagnetic material and Debye Scherrer X-ray photograph of this

material gives lines due to rutile and indicate the formation of new product with
tetragonal lattice symmetry.

Karkhanawala and Momin" studied the OXidationof ilmenite and concluded that:

1) The produels of oxidation of ilmenite is weakiy paramagnetic and for products

heated for equal periods the magnetic susceptibility decreases with increasing
temperature.

2) The products of oxidalion at around 650"C contains mixture of hematite, rutile

and an unidentified phase, At 850°C the oxidation produels contain a mixture of

.hematite, pseudobrookite and rutile In an approximate ratio of 1:5:7 respectively.

3) There are three distinct regions of oxidation, 100°. 450°C, 540°_800°C, and

SOO"-900.C.The oxidation over first region is very slow.

Later investigations"'" indicated the formation of Fe,O, as an alteration product

when Hmenite is oxidised at temperature between 600"C to aoooc. Results
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regarding the product of oxidalion of ilmenite up to 800°C are cOr'lflictlng, Various

resu~s obtained by different investigators are given below'

1. 2FeTiO. + 'I, 0, " Fe,O. + 2TIO, [37, 38, 43]

2. 3FeTiO. + '1,0," Fe,Ti,O, + 'I, Fe,O, [39,40,41]

3. 2FeTiO,+ 'I,D, = Fe,TIO,'" TiD, [32-34)

4. 12FeTiO, + 30," Fe"O, + 5Fe"TiO,+ 7TIO, (38)

But reaction 4 could occur only under metastable condilion ,

RaO and Rigaudl1 calculated the free allergy changes for the above reactions,

They found that the standard free energies over a specified temperature range is

favourable for both reaction (1) and (3) Thus either or both reactions may take

place up to the decomposition of Fe,D, or Fe,TiO$_ The free energy change for the

formation of pseudobrookite from its oxides is also favourable and reaction (3) takes

place in preference to reaction (1) and (4). The plot of free energy change versus

temperature is shown in Fig. 2.1.

Akimoto et al •• found that higher temperature and longer time is required for the

formation of pseudobrookite from their oxides and the lower temperature limit for

the formation of pseudobrookite IS explained by the fact that diffusion rate during

formation of oxides at lower temperature is slow which might prevent the formation

of pseudobrookite.

RaO and Rigaud" also performed thermogravimatric and differential thermal

analysis of ilmenite prepared by mixing Fe20,. Fe and T102in the required ratio. The

curves obtained by them are shown in Figs. 2.2 and 2.3 respectively. Their general

observations of the thermogravetric analySISin both oxygen atmosphere and air are
as follows:

1) An abrupt weight gain is observed when particle size is less than 200 mesh

and ~ is difficult to observe a break in the thermogram. In case of very fine particle

having a large surface area the reaction rate was very high and major part of

reaction is complete before temperature 800"C is reached.

2} An Inflection in thermogram could be noticed at around no"c when particles
of 100 mesh size or more were used and a heating rate 10"min.' was employed.
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3} Up to 1100"C, the reaction products were identified as pseudobrookite al"ld

rutile Any other product formed at low temperature e g. hematite and rutile react to

form pseudobrookile above 900'C

They summarised the dlfferentiallhermal analysis results as follows:

1) The first stage of oxidation starts at 1QO"Carid is exothermic arld ended

around 770"C.

2) The slage is endothermic and ended around 890"C, because of the larger

peak it is difficult to asses ending of reaction but definitely this step contmues up to

870"C,

3) A third exothermic reaction sels in at around 900"C

Differential thermogravimetnc curves showed thaI weight gain is not a linear

function of time and decreases With time at any given temperature, The rate of

increase In weight with respect to temperature is, to some extent, compensated by

corresponding decrease due 10 lapse of lime. As a result OTG curves slopes very

Iitlle. Around Boa"e the curves appear to show a transition from rate of weight

increase to rate of weight decrease. They returned to show weight increases at

around B50oe, This transition may be due to a temperature gradient created as

exothermic reaction changes to endothermiC reaction. A change of reaction profile

may also lead to such distribution,

2.2.1 Product Morphology:

In the gas solid reaction a dense fiim of reactIon product is usually formed on the

surface of the solid and the rate is determined by the migration of ions or electrons

through the product layer One might expect that the reaction product may be

uniform but recent investigatIOnsprovided evidence of discontinuous formation of

. product especiaily at early stage of reaction Fischmeister" reviewed and discussed

the subject, he also considered the influence of product growth morphology on the

reaction kinetics, Discontinuous product growth results due to the formation of

product. as island, whiskers, and lamellar or columnar growth of crystal The

morphology of the product of ilmenite are important and influence the subsequent
leaching of the oxidised ilmenite.



"RaG and Rigaud" studied the morphology of oxidised ilmenite by scanning electron

microscopy at three different temperatures 700"C. 800"C and 1000"C

corresponding to reactions (1), (2) and (3). Scanrling Electron Micrograph obtained

by them at the above temperatures are shown In Figs. 2.4 and 2 5 They found, the

morphologies of Fe,O, formed in the beginning stage at 7QO'C 10 be similar to the

that reported by Gulbransen and Copan"-". They could not locale TiO, and

concluded thai it might nol have nucleated at surface.

X-ray energy spectrometric result reveals thai the whisker structures contained

primarily Fe and negligible amount of TI [Fig. 26(a)]

The mechanism of growth of whiskers are not well established. Hardy" suggested

that screw dislocation in metals causes the oxide to grow as whiskers, This concept

assumes that the continuation of dislocation in the metal into the oxide layers

serves as nucleation site for growth of oxides. However it has also been proved41

that in a system in which more than one oxide is stable the whiskers always formed

of higher oxides, RaO and Rigaud observed that whiskers grows from the lower

oxides. The formation of higher oxides impose considerable stress on lower

oxides,",!1 , Nabarro-Herring mechanism suggests that the grain boundaries under

stress might supply the necessary current of reactant atoms required for the
formation of whiskers.

This is partlcularty true at high temperature where chemical potential variations

between different spots on the surface are small. At high temperature and at

enough oxygen pressure the product particle grows randomiy Conditions

favourable for the formation volatile suboxides may also lead to the formation of

whiskers"', !l, although thermodynamic calculation Indicates that no such species Is

present at the system at this temperature. When ilmenite is oxldlsed at 850°C FezO,

segregates at grain boundaries in the shape of a columnar crystal aggregates

surrounding pseudorutile phase.

The type of growth was suggested to be formed between two screw dislocations or.

from edge dislocation parallel to the base", The surface morphology of an ilmenite

crystal oxidised at 1000°C shows the morphology of pseudobrookite . Some blade

like structures mainly TiOl also grew on the surface at preferred sites Relative

irltensities of Fe and Ti is shown in Fig 2.6(c). The intenSities of band c of Fig 2.6
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Fig. 2.4 Morphology of Tial formed on the surface at 1000' C. (a) x 1,200; (b) x 2,400.



Fig. 2.5 Scanning Electron Micrographs of the product formed during oxidation of
ilmenite ClYSlsls.(s) Morphology of the formation of hematite whiskers during the in~ial stages
of oxldatlon j!l1700'C, X 650. (b) Morphology of the formation of hematite and Fe,TI,O. upon
oxidation of ilmenite at 8SO'C, x 250. (c) Hemat~e on the grain boundaries, X 1200. (d)
Pseudobrookite formed at 1000'C, X 2000
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Fig. 2.6 Relative intensities of Iron and titanium in the reaction products. X-ray
energy for K radiation of Iron and titanium are 6 4and 4,54 keV , respectively. (a) For
Fe,O,: (b) Fe,Ti,O., (c) Fe,TiO, and the areas Which they correspond to Figs. 2.5a,
2,5b and 2.5d respectively.

26
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are comparable due to solid solubility of TiO~ and Fe,TiO,_ The morphology of TiD,

is blade like with central pore. It was predicted" that this type of growth 15due to the

hollow type of dislocations,

The growth morphology of products can also influence significantly the kinetics of

gas solid reaction, The Whisker growth only affects" the kinetics in the early stages

and before the product reaches appreciable thiCkness The kinetic data of the

oxidation of ilmenite reported elsewhere" ISalso in agreement with thiS hypothesis.

RaO and Rigaud" found logarithmic rale law of oxidation in Initial stage and

suggest that it is due to penetration of oxygen through short circuit path, Oxidation

is olhelWise parabolic. They found one break in Arhenius plot corresponding to

reaction (1) and (3) and could not distingUish the range of reaction (2). They

suggested that this may be due to short range of reaction (2) or due morphological

effect or the reaction (2) and (3) might be controlled by the same or similar

mechanism,

2.2.2 Mechanism Of Reactions:

Actual mechanism for the formation of products of different textures are not known

and the data related to the diffusion rate and conductivity of reactants and the

products are also not available, Wort and Jones" studied the alteration of Ilmenite

and suggested that it takes place in two different stages.

Stage 1.

Stage 2.

3" q TO 2 H' "0 ,. T. F",-e , 1,+ +, ,-)Fe, . 1,09+ e +H,O

Fe,Ti,O. + 4H' --t 3TiO, + 2Fe" + 2H,O + '/,02,

Teufer and Temple" established a disorder structure_ transition phase between

rutile and ilmenite and formulated the alternation of ilmenite as a topochemical

macUon in whiCh number of oxygen atom in ilmenite is essentially preserved in
pseudorutile and rutile.

3Fe TiO,--tFe,Ti,O, + ", Fe,O"

By heating pseudorutile above 800°C pseudobrookite is formed,
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Rao and Rigaud" upon their extensive study on the oxidation mechanism and

product morphology provided some tentative conclusion upon the general reaction

mechanism:

During oXidation at temperatures below 770"C FetO, is formed on the surface and

when the surface of ilmerllte IS covered by Fe,O, oxygen diffuse through the

product layer" and further reaction lakes place at FeTiO,-Fe,O, interface and the

diffusion rate of O2 in FeO and FeTiO, is low.

They found Fe2TilO. to be stable a\ temperatures from 770° to 900°C where iron will

diffuse through il to the grain boundaries. This suggested that iron is mobile through

pseudorutile. Pseudorutile has the highest titanium oxide content and there is

possibility for the formation of solid solution with Fe,O, leading to the formation of

Fe2TiO. allowing iron to diffuse. Since a iower temperature limit exists for the

formation of Fe,TiO" Fe,O) is precrpetated, At temperature greater than 900°C,

TiO, is formed on the surface and mobility of Titanium increases, When the sample

is heat treated above 950"C the initial whiskers of Fe,O, formed on surface of the

samptes at 750"C is transformed to pseudobrookite, The movement of titanium is

confirmed by the fael that when ilmenite is oxrdlsed with markers at 950", TiO, was

formed above markers, The markers were covered with rutile at particular tocations

of the crystat, This is assumed due to rapid diffusion of Trthrough certain preferred

orientation of iimen~e. But the arrentation favourabie for diffusion of itmenite was not

confirmed due to its polycrystalline nature. The mobile TI will leave some excess 0,

.which in turn could be utilized in the oxidation step or escape to the gas stream.

They found a central pore in each grain as well as in the centre of TIO, struelure,

They suspeeled that oxygen might have escaped from this portion, Their tentative

mechanism of oxidation is given in Fig.2 7

2.3 Reduction Of Ilmenite

Reduction of itmenlte was studied by several workers usmg dffferent reducing

substances Guindy and Davenport" studied the mechanism of reduction of itmenite

using graphite as reduelant. They observed that sotid state reduction initiates near

860°C at contact point between the reactants. The solid state reduction is the main

reaction mechanism up to 1020'C, Above thiS temperature a rate increase has been

observed and the mechanism changed to gaseous reduelion by generation of CO.



FeTiO, Fe"

27

~=======~=====+ Fe" ~ Fe" + e-t ----.---2Fe"+3o,.~Fe,O,
Fe,O, to'-

a) T<770.C

FeTiO,

...-3FeTrO,
Fe,Ti,O. Fe"'l e-

Fe,O, 10' 2 Fe" +30'- ~ Fe,O,

b) 770'C " T < 900' C

FeTiO,

Fe,TiO.

TiO,

Ti" .e'
t

2 FeTiO,~ Fe,TiO,+ Tr" +2e-+ 0'-

T," + 20'- ~ TiO, (in Fe,T,O, )

Ti"+4e- +20'~T,O,

Fig. 2.7

cJ T> 900'c

Schematic representation of proposed mechanism for the oxidation



28
Microscopic examination and Electrort Probe Analysis of reduced particle showed

the segregation of Fe and TiO, Iron particle as large as 80~ was obtained by

keeping the reduced sample Oil 1020°C to 107SoC for several hours. They pointed

out that the reactions that occur during the reductIOn of ilmenite are as follow:

1) Solid state reaction:

C + Fe Ti03-~ CO + Fe + TiOt_

This reaction initiate at contact point between reactants and proceeds as long as

- there remains contact pOln! between the reactants

2) Gaseous reaction'

.CO + FeTiD, ---> CO, + Fe + Ti02•

c + CO2 --> CO

The reduction involving gaseous reduction depends upon the regeneration of CO of

the system. The sequence of reaction in the reduction of ilmenite by pure CO was

studied by D,G Jones'\ by x-ray diffraction analysis In the range of 900" _ 1200°C.

He found that reductIOn of naturally weathered and preoxidised sample proceeds in

two distinct stages. First stage is the rapid reformation of Ilmenite from Fe"

compounds in the sample according to the following react,ons,

Fe,T"O, + co --> 2FeTiO, + TIO, + CO,

Fe20, + 2TiO, + CO --> 2FeTiO, + CO2_

The second stage is slower than first stage. In this stage the proportion of ilmenite

progressively diminishes with corresponding increase in the metalliC iron and rutile,

Finally when the reduction has well advanced the rutile peak diminishes slightly due

to reduction of rutile to lower oxides according to follOWing reaction,

FeTiO, + CO --> Fe + Ti02 + CO2

nTiO, + CO --> Ti,O'0_1+ CO,_

At900'C to 1000.C the reduction of pre-oxldised ilmenite is expressed as
•

Fe,TiO\ + TiO, + CO --> 2FeTiO, + CO,.

'.
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Jones's Identified rutile and fernc pseudobrookile as the main constituents of pre"

oxidised ilmenite and concluded that reduction proceeded in two stages. The first

stage is the reformation of Ilmenite

Fe! TiD, + TiD, + CO --* 2FeTiO, + CO,

The second stage proceeds by two alternative route depending on the temperature

and the concentration of the impurities At 1000"C the overall process is the

reduction of ilmenite to metallic Iron and rutile,

At the later stage rutile is reduced to lower oxides.

Fe TiO,+CO -. Fe + TID, + CO,

nTIO, + CO -> TI,O"" + CO,

Al 1200°C the ilmenite is first reduced to metallic iron and ferrous pseudobrookile.

On further reduction metallic iron IS precipitated from ferrous pseudobrookite 10

yield M,Gs which progressively becomes richer in ThO,. Any Mn or Mg present is

also incorporated in it J5,'0, A signrflcant amount of rutile is present as third phase

At 1100°C M,O, is stabilised by small amount of Mn and Mg'"'BO But it still consists

of a three-phase mixture, But M,O, present is less than at 1200°C, The distribution

of phases during reducllon of Western titanium ilmenite" al different temperature is

shown in Fig. 2.8 to Fig. 2.10

Reduction of Bangladesh ilmenite by using charcoal as reductant was carried out by

Haseeb, et ale,. By X-ray diffraction study and microscopic study they established

that the reduction behaviour of Bangladesh ilmenite is similar to that of Australian

ilmenite, the reduction behaviour of what has been described above.

Effect of Si~e on reduction of Bangladesh i1menile was studied by Sharmin et ale"~

They found that more than 97% of Bangiadesh ilmenite belongs to U.S. Sieve No.

100, 140, 200. Finer fraction contains lower percentages of TiO, 'and higher

percentages of total iron. Chemical analysis of ilmenite reduced by charcoal at

1050"C for 4 hour revealed that finer fraction contains lower iron oxides"2. The

degree of reductiorl of iron oxides present in ilmenite was found to be 71.35%,

75.39%, 78.91% for si~e fraction corresponding to U, S. Sieve No. 100, 140, 200

respectively, They concluded that as far as the optimisation of reduction parameters
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of Bangladesh ilmenite is concerned, a separate reduction procedure for each

fraction is not necessary,

2.3.1 MIcroscopic Examination And EPA Of Reduced Ilmenite:

M.I EL-Guindy and Davenport'. examined the segregation of the product of ilmel"lite

reduced by graphite and observed lightly sintered porous masses. The phases
identified were:

1) A segregated iron phase present in oval-like forms which lend to migrate and

coalesce. In some cases iron was observed 10move to particle boundary area arid

to join together adjacent particle, He assumed the coalescence to be the apparel'll

cause of sinlering

2) TiO, phase IS present near the boundary of the particle and in a vein like

arrangement within the particle.

3} There are the area of vanable composition within the phase.

4} Small unreClucedarea near the centre of the large particle,

D.G. JoneslS studied the morphology of the Point Richard ilmenite reduced by CO
•

and obselVed that the metallic iron ISdispersed in a matrix of TiO" The morphology

of metallic iron is Influenced by the reduction temperature. At1000°C, for example,

much of iron occurs as plates up to 5 I'm having a preferred orientation resembling

that of altered region in the natural unreduced Ilmenite, The remainder occurs as

finely divided sphencal particles, Voids are resulted from a change in the density as

Fe (sp.gr,-7) is precipitated from ilmenite (sp,gr.- 4,5), Above 1000°C iron begins to

coalesce in large globules which tend to segregate towards the periphery of the

grains .At 1100°C nearly all the grains are completely enveloped by shells of

melallic iron. These shells causes the grains to sinter together. Reduction of the

, ilmenite begins at the periphery of each of the grains and proceeds more or less

symmetrically towards the centre At any instance during reduction there is an

unreacled core surrounded by a shell of reaction product, This unreaeted core is

present.even in some grains of the final product when the reduction has been taken

to its maximum possible extent. EPMA has shown that the unreacted core comains

unusually high concentration of Mn and lor Mg. This high concentration of Mn or Mg
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reduces the activity of Fe" making its reductio" progressively more difficult. This

effect becomes less noticeable with increasing temperature At temperature beyond

1000"C the MnlMg diffuses more rapidly and is able to concentrate more towards

the centre of the ilmenite grains, However at higher temperature another

troublesome phenomenon the formatIOn of closed shell of metallic iron at the

periphery of the grains is observed This impairs the rate of diffusion of the reacting

species and leads to large-scale sinterlng of the product Pre-oxidation of the

i1menrte can overcome the sintering problem. Pre-oxidation at above 800ce converts

lImenrte to pseudobrookite and rutile and converts the single crystal of Ilmenite into

polycrystallina array of pseudo brookite containing a fine dispersion of rutile.

2.4 Leaching Of Ilmenite

Selective leaching of the ilmenite by minerai acid removes iron from ilmenite, In

direct acid leaching sulphuric acid and hydrochloric acid IS used as the leachant.

Digestion with conc,H2SO. is not selective and brings both iron and titanium oxide to

solution' but subsequent processing of leach liquor yields pigment grade titania, On

the other hand digestion with hydrochloric acid is selective and iron is brought to

solution. Direct acid leaching is carried out at somewhat higher temperature. The

preferential chlorinating of iron with hydrochloric acid gas is represented as

FeO.TiO, + 2HCI_~ FeCI, + TiO, + H,O

The standard free energl' for the reaction as a function Of temperature is

represented as

i\FO" -81420 + 0,99 T log T + 7,4T (298 - 1640" K)

From the thermodynamiC data"' it IS seen that the reaction is possible even when

more than 99% H20 is present in the mixture. It should be mentioned here that the

above reaction is complex and a side reaction of FeCI, With steam would take place

in a gaseous mixture containing steam and HCI gas

From the thermodynamiC data"' It IS apparent that chlorinating of Fe,O, is not

possible at the normal chlorinating temperature, Therefore the pOSSibility of the

following reaction can be Ignored
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Pre reduced ilmenite on reaction with Hel will lead 10 the formation of less volatile

FeCI2 The reduced iron in the Ilmenite IS dissolved by dilute acid even at room

temperature but complete removal of Iron may require higher temperatures and

pressures and IOrlger time, Annie George and co_worker'o reported a process

where completely reduced Fa,O, and FeO to metallic iron can be leached out with

dilute Hel at lower temperature and in a short period The leaching reaction of

ilmenite can be expressed as

Fe + 2HCI-~ FeCl1+ H,o

FeO, if presenlm Ilmenite, can be removed by following reaction.

FeO + HCI--> FeCI, + H20

The standard free energy change for the preferential chlorinating of iron from

ilmenite as a function of temperature is plotted in Fig 2.11,

TiO, present in the ilmenite may be converted to TiCI. according to following

reaction

If,TiO," 2HCI-.ry 'I,TiCI•.• H20

The free energy change" for the reaction is represented as

toP =-7765-1,08 T Log T .• 18,8 T

which shows that this reaction in not possibie above 523QK,

Mohan Das et at" studied leaching of the ilmenite using FeCI, solution. They found

that leaching of the completely reduced ilmenite yields a product With 2% Fe and

92.6% TiO,.

Annie et al" carried out reduction of ilmenite using coconut pith as reductant. The

reduced product was leached out and obtained a product containing 2% Fe.

In Murso process'" Fe,O, is converted to FeD and was leached With 20% HCI at

108_110°C and obtained a product containing 95-97% TiD"

Ismail et al"' studied the oxidation reduction and leaching kinetics of Srilanka

ilmenite and found that the result is similar to Murso process and obtained a product

containing 90-95 per cent TIO"



Temper()ture, oK

'00-, 1100, 1300 I~OO'-----,

-+20 -

""•"5
~

S
D
0•
•"~

-60 -

-aD .

FeO. TiOI + 211CV-

-100
'00 ,----,

800 1000
,

1200 1400
Temperature, .C

Fig. 2.11 Free energy changes Illvolved dUrlrlg chlorinaholl 01Ilmenite

~--,



35
Buraslero"" obtained a product >95% TiD, by employing oxidation reduction leach

techniques in the laboratory scale,

2.5 Characterisation of Bangladesh Ilmenite:

II is well recognised that Ilmenile occurring in nature undergoes alteration due to

weathering. Alleratiorl is a complex process but it can be simplified into two major

reactions that occur sequentially"',

Stage -1

Slage-2

3Fe" TID, + 2H • + 'I,0, -, Fe," TI,OS + Fe" + H20

<.

In the first slage of the alteration of ilmenite arm third of total iron 15 lost from

ilmenite and the remaining iron is converted to ferric slate forming pseudo rutile In

the second stage iron is removed from pseudorulile and yield rutile. Alteration of

ilmenite depands on the geological history of the deposit. In the partially altered

deposit different phases are co-existed and in the completely altered deposit the

predominant phase is rutile and was concluded that as-received Bangladesh

Ilmenite is in partially altered state and contains rutile, pseudorutile and hematite,

The presence of hematite in Bangladesh ilmenite has also been reported by other

investigators" that clearly showed the presence of Fe" sextet belonging to

hematite in the Mossbauer spectrum, Hematite present in ilmenite-hematite solid

solution can shift the ilmenite peak to higher angles'". Similar shift of ilmenite peak

with respect to standard data was also observed in the present study suggesting

that some hematite also exists in ilmenite solid solution. Ahmed et aloo identified six

types of texture in the Bangladesh ilmenite and found that the main texture is

seriate type where ilmenite and hematite eXists side by Side in a layered

morphology.

2.6 Morphology of Ilmenite of Cox's Bazar Beach Sand.

Miqoscopic study of ilmenite of Cox's Bazar beach sand reveals Wide variety of

exsolution, features with the exsolved phases making up to 52% of grains'". These

hemo-i1menlte and ilmeno-hematite's are ferrimagnetic and vary in composition

between IIm.s Hem,! and IImuiHem2, Mitra and Ahmed"1 distinguished five different

types of intergrowth namely as I) ilmenite-hematite Ii} magnetite-ilmen~e iii)

Hematite-rutile iv) hematite-ilmenite-rutile and v) ilmenite-rutile, The most common
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of these are exsolution of ilmenite and hematite. The ilmenite or hematite lamellae

thickness in hematite or ilmenite matrix shows conspicuously a bimodal distribution.

The coarser and first generation of lamellae were formed by diffusion process at

530"-600"C, the fmer second generation lamellae were formed by slow diffusion

process in 450o-S00"C"".

Enrich ilmenite( ;> 85% ilmenite solid solution ) exsloves continuously where as

ilmenite with higher Fe,O, exsolves discontinuously The latter type of high f02 arld

other less defined conditions may produce bimodality of exsolved ilmenite. Such

high fO, environment of crystallization of Fe,Oj rich ilmenite phases is distinctly

different from that of exsolved continuously in a less oxygenating environment

The exsolution of Ilmenite hematite shows various textural patterns sucl1 as

emulsion, granular, quadrangular. Subgraphic and veined texture Of these seriate

texture is more common. Where coarse iimenite or hematite exsolution bodies

contains rows of small bodies of hematite or. ilmenite the lamellae occasionally

shows curved boundaries whiCh suggest the exsolution under stressed condition.

The irreguiar shapes of the ilmenite in hematite host in some seriate texture

possibly have formed by in insitu growth by drawing in or exsolved FeTiO,

molecules from the adjacent mixed phase with Ilmenite in solid solution. Mitra and

Ahmed'2 suggested that thiS growth has led to the coalescence of adjacent

exsolution bodies and thus produces aggregates of ilmenite iamellae of multiple

generation, and the first generation of ilmenite was exsolved in hematite host. At a

later stage when fracturing occur the second generation of Ilmenite were exsolved

along those fractures and finally the third generation exsolution takes place in

between fractures. The second and third generation ilmenite phases derived

titanium from the immediate neighbourhood by solid state diffusion.

•
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CHAPTER - 3 EXPERIMENTAL

3.1 Introduction

The aim of this investigation was to study of the effect of prior oXidation on the

reduction and leaching of ilmenite separated from beach sands of 8al"lgladesh, In

this chapter, the oxidation, reduction and leaching of ilmenite are described. The

different experimentallechniques used to follow the effects are also described.

Typical size fraction of the sample is given in Table - 3.1. Approximate composilior'l
of this ilmenite is given in Table. 3 2,

"

Table-3.1

Table -3.2

Typical size fraction of as-received Bangladesh ilmenite

US Sieve No % retained on Sieve
70 2,25
100 34,24

140 52.77

200 10.41

270 0.44

Chemical composition of as-received ilmenite.

Componen/ Composifion

(%)

Total iron 41.89

Fe,O, 33
F,O 24,19
TiO, 39.45
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3.2 Oxidation of Ilmenite

5 to 10 gm of dryas-received Ilmemte was taken on a porcelain lid and was spread

as a thin layer and was oxidised in a muffle electric furnace In Ihe temperature

range of 700"C to 950"C for up to four hours, The temperature of the furnace was

controlled by an On- Off controller to :!: SoC A chromel-alumel thermocouple was

used to measure the temperature of the furnace. The effecl of time and

temperature on the oxidation of Bangladesh ilmenite was followed by chemical

analysis of the oxidised samples, optical microscopy and for a limited number of

samples by scanning electron microscopy. The changes in phases were idelltified
by X-ray diffraction techniques.

The extent of oxidation as a function of lime and temperature was determined by

chemica'i analysis for ferrous iron in the oXldised ilmenite, For this purpose ilmenite

was finely ground in an agate mortar and pestle and was analySed. The details of

the procedure for chemical analYSISare given in Appendix-A.

Oxidised ilmenite was finely ground in an agate mortar and pestle, X-ray diffraction

palterns were recorded on a X-ray diffractometer using Mo as turget. All the

samples were investigated by X-ray dfffraction using MoK" radiation in a JEOL OX-

GE-2P X-ray diffractometer, X-ray diffraction pattern was recorded with the

following settings: voltage - 30 kV, current - 20 mA, scanl1il1gspeed _ 'f, Ofminute,

chart speed - OSmmlminute. Scal1ningwas il1itially done ill the range of S to 3S"

and it was found that almost all the diffraction lines lie in the range of 8° to 31",

From the recorded x-ray patterns the 'd' spacings were calculated and the presence
of various phases were identified,

Morphology of the oxidised ilmenite was studied by optical microscopy, For optical

microscopic study, a few grains of ilmenite were bonded with cold setting resin and

were prepared by using the standard techniques The mounted samples were then

examined under all optical microscope A few samples were observed under a
scanning electron microscope,
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'3.3 Reduetion of Ilmenite

Reduction of both oxidised and as received Ilmenite was carried out In a vertical

tube furnace. The experimentai arrangement IS shown In Fig 3.1. For reduction

charcoal of mesh size + 30 was used. AnalYSISof charcoal used for reduction is

given in Table- 3.3

Table 3,3, Specification of the charcoal used,

Component percentage of weigh/

Moisture content 94
Ash content 68

Volalile matter 26.2
Fixed carbon 57,35

For reduction 50 gm of Ilmenite and 50 gm of charcoal was taken. A bed of charcoal

was first charged in a vertical tube furnace. Small amounts of ilmel1ite and charcoal

were then charged as alternate layers. The top layer was made of charcoal. The

tube was then sealed to prevent entrance of air in it, Reduction was carried oLJtat

three different temperatures ( 950.C, 1000°C and 1050"C), Higher temperatures

were not used because previous investigations showed that at temperatures above

1050.C, some TiO, is also reduced"', Reduction was carried out for different

periods of time such as ", hr, 1hr, 2 hr, 4 hr, and 6 hr. After reduction the reduced
sample was separated from charcoal by screening, During charging care was taken
to maintain identical charging conditions for all samples,

The extent of reduction was followed by the detection of metallic Iron content of the

reduced ilmenite by chemical analysis. The detail procedure for chemical analysis

used is given in Appendix-B. The metallic iron content of ilmenite al different

temperature was plotted as function of time. The best condition for reduction was

found t? be 4-6 hours at 1050°C for both oxidised and as received samples of

ilmenite. The total iron values of both types of sampies were determined as per

procedure given in appendix C. Reduced sampies were then taken for leaching in
hydrochloric acJd.
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Fig: 3.1 Arrangement for reduction



4'3.4 Leaching

Samples of reduced Ilmenite were leached in 5 - 15 per cent hydrochloric acid

solution at temperatures ranging from room temperature to 7S"C and for periods of

up 10 3 hr. The arrangement for leaChing is shown in Fig. 3,2, DUring leaching 2 gm

of sample was taken in 200 ml of solution, The leaching sOlullon was stirred by a

magnetic stirrer. Care was lakel1 to maintain similar stirring speed In all cases,

Temperature of the leaching solution was controlled to the speCified value and was

continuously monitored by a thermometer, During leaching 5 ml of solution was

taken after certain interval of time and was analysed to determine iron content in the

solution, This was used 10 delermir'le the amount of iron removed from the

experimental samples. The procedure for determination of the amount of iron in

leaching solution is given In Appendix - D, These results were than plotted for

obtaining the leaChing kinetic curves,

The iron and TiO, contents of the leached samples were determined by chemical

analysis. The effect of oxidation on the quality of the synthetic rutile produced was

identified by comparison of the contents of iron and TiD, of the samples reduced in

the as-received and in the oxidised conditions
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CHAPTER.4 RESUL T5 AND DISCUSSION

4.1 Introduction

The effect of oXidation on reduction and subsequent leaching of Bangladesh

ilmenite has been investigated, The effects of time and temperature on the

oxidation of ilmenite has been followed by chemical analysis, X-ray diffractometry

and optical microscopy. A few samples were also observed under a scanning

electron microscope. The sample of Ilmerlite both axidlsed and as received were

reduced With charcoal in the temperature range of 9S0'C 10 1050'C for treatment

time of up to 6 hours. The extent of reduclion was followed by chemical analysis, X-

ray dlffrac!ometry. The reduced samples were also observed under the optical (and

a lew samples scanning electron) microscope. The reduced samples were leached

in hydrochloric acid. The kinetics of leaching was followed by chemical analysis.

The result of these investigation are presented and discussed beiow:

4.2 Oxidation

Oxidation of ilmenite in the temperature range of 700. _ 9S0"C has been performed

in a mufle-type electric furnace. The temperature of the furnace was controlled to :t

SoCby an ON-OFF controller, The extent of conversion of ferrous iron to ferric ion

was determined by chemical analysis of ferrous iron In the oxidlsed sample, X-ray

diffraction patterns of the samples oxidised for various times at different

temperatures were recorded for the identification of the phases formed during

oxidation. The oxidised samples were observed under an optical microscope A few
samples were observed under an electron microscope,

The results of chemical analysis of ferrous iron In tr,e oxidised samples has been

shown in Fig 4,1, From this figure it is clear that at ali temperatures under

investigation, the rate of oxidation is very rapid at the initial stage and the rate

diminishes with time, At lower temperatures, a longer time is required for the

attainment of the equilibrium condition, At higher temperatures, on the other hand,

the equillibrium was attained in approximately thirty minutes. The results of chemical

analysis also show that, during oxidation under the conditions investigated, all the

ferrous iron present in ilmenite is not oxidised to the ferne state, i,e" some ferrous
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iron is always prasent in the oxidised sample. The presence of some ferrous iron

can be explained by the facl that the attainment of complete oxidation would mean

that the value of equilibrium constant is Infinite ThiS is practically impossible. From

these results (Fig.4.1), it was concluded thai the optimum time and temperature for

oxidation of Ilmenite is 1 hour at 950°C,

The higher initial rate of oxidation dUring the initial stages can be explained by the

fact thai the reaction product covers the surface of solid ilmenite in the form of a

dense film. The film thiCkens with lime and migration of ions or electrons is the rale
determining step.

4.2.1 Optical Microscopy

Particles of i1men~e both In the as received and in the oxidised condilions were

mounted in cold setting resin, Standard techniques were used to prepare the

specimens for obsef\lation under the optical microscope, Difficulties were

encountered during mounting and polishing due to loss of loosely held particles. It

was, however, possible to obtain a satisfactory polished surface composed of

scattered particles in a plain while the areas in ?etween the particles were out of

focus, A few samples were obsef\led under a scanning electron microscope.

Fig. 4.2 shows the optical micrograph of as received ilmenite. Optical micrographs

of ilmenite oxidised 1 hour at 700'C, BOO'C,and 950"C have been shown in Fig 4.3

These f.igures shows that structure of Ilmenite at 700'C IS different from that of

ilmenite structure oxidlsed above BOO.C The structure of ilmenite oxidised at

BOO'C is similar to that of ilmenite oxidised at 950'C indicating that above BOO.Cno

significant phase change has occured, Fig. 4.4 and 4.5 show the scanning electron

micrograph of ilmenite oxidised at 950'C for 15 and 60 minutes. An important

observation from the figures is that oxidation produces fine cracks in the grains of

ilmenite, This may be due to the fact that oxidation converts the singie crystal of

ilmenite to polycrystalline array of pseudo brookite and rutile. The formation of

cracks increases the surface area of the product.
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Fig. 4.2 Microstructure of raw ilmenite. (x 400 )



Fig. 4.3
for 1 hour,
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Microstructure of oxidlsed ilmenite (X400). (a) Oxidised al 700.C
(b) Oxldised a1800.C for 1 hour, (c)oxidised aI9'SO.C for 1 tiour
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(a) Oxidised at 950'C for 15 minute. (X 800)

__ c _

(b) Oxidised at 950.C for 60 minute. (X 800)

Fig. 4.4 Scanning Electron micrographs of oxidised ilmenite.
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(b) OXldisedat 9S0.C for 60 minute. (X 2000)

Fig. 4,5 Scanning Electron micrographs of oxidised ilmenite.
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4.2.2 X-Ray Diffraction Study

The phases formed during oxidation of ilmenite were Identified by x-ray diffraction,

The ~-ray diffraction patterns were recorded at a scanning speed of 0.250 per

minute and a chart speed of 05 mm per minute and Mo was used as target. Fig,

4.6 shows the diffraction pattern of as received Ilmenite Samples of natural ilmenite

contain various impUrities and the diffractIOn patterns may, therefore, show slightly

different lattice parameters A large number of diffraction lines can be observed in

samples of natural ilmenite which are In a partially altered stale, Moreover some

intense diffraction lines of the different phases expected to be present in as

recei~ed and oXldised Ilmenite overlap The presence of large number of peaks in

the X-ray diffraction pattern and also the overlapping of the diffraction lines of the

different phases often make the identification of phases troublesome and at limes

uncertain, Even then a satisfactory match could be obtained and the phases

identified. X-ray diffraction Imes seiected for quantilative measurement are shown

in Table4, 1

Table 4,1

Target Mo Ko:

X Ray Diffraction Lines Selected for Identification of the Phases,

Mineral species iinedA" 20 Intensity ratio III,

Ilmenite 3737 10.9 30
2.754 14,83 100
2544 1606 70
1868 21.93 "1 726 2378 35---- .•._- ---------- ._-----

hemalite-1 2,69 15 18 V.S.
2.522 16.2 V.8,

1,698 '" S
1 485 27,7 S

------- ..- ----_. -- - ------Hematite-2 271 15.1 100
1.66 24.7 34
1 416 29,1 '4



Mineral species linedA" 2" IntelJs/ly ratio III,

Rutile 3245 12,5 100
2487 1642 "1 687 24.3 60rc-------- ------ --- --- ,._._--- - - ---- .._- .__ ..,

Pseudorutile-1 3.82 1067 40
2.48 165 60
1.688 24.3 100--

Pseudorutlle-2 35 11 65 100
2,66 1535 90
2,51 163 80
1.687 24.3 70

-, k ------- -
Pseudobroo lie 4.88 8.4 M

"9 117 V,S,

276 14.8 V.S
2455 16,64 S
2,515 1692 S
1 972 2076 S
1.864 21.98 S
1,686 24,33 M
1638 25 M
1 545 26,6 • S

Iron 2,03 2" 100
1.43 ' 2883 30
1.17 35.4 20
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X ray diffraction patterns of Bangladesh Ilmenite oxidised 011differenllemperatures

in the range of 700.C to 950°C are given in Fig. 4.7 to 4,10. Fig 4,7 shows the

diffraction palterns of ilmenite oxidised at 700"C and Indicate the appearence of

new phases These phases have been identified as rutile and pseudorutile.

Diffraction lines from Ilmenite, if presenl, coinCide with the diffraction lines of

pseudorutile and hematite, No significant change in the relative intenslly of lhe

diffraction lines were observed with an increase in lime of oxidation at the
temperature
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(a) Oxidised alBOO"C for 15 minute

! !, ,

(b) Oxidisedat 800'C for 30 minutes

I:,
, ,

" I " !i
i ! ' -

,
',"

i
! i

~~

- . I,',"
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Fig: 4.8

Oxidised at 800'C for 1 hour.

X-ray diffraction patterns of Ilmenite oxidised at 800'C
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Ie) Oxidised at 900'C for 2 11Our,

X-ray diffraction patterns of ilmenite oxidised at 900T
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(a) Oxidised at 950"C for 15 minute

(b) OxidlSed at 9S0°C for 30 minutes

,,
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J I I I
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(c) Oxidised at 950°C for 1 hour

Ph ~ P'"LlcloBro,,~it"
1', - Psoudorutile
II ~ Hem'lite
R b Rulile

I

I i

I.>-i .,.., ",,"'1 ~.,
, .

Fig: 4.10 X-ray diffraction patterns of ilmenite oxidised at 950"C
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Fig. 4,8 shows the X-ray pattern of ilmenite oxidlsed at BOO°C. A new phase was

found 10 have formed and has been identified as pseudobrookite and the intensity

of diffraction lines belonging to pseudobrookile was found to Increase with time

while the intensity of diffraction lines belongmg 10 pseudorutilelilmenile decreased.

Flg.4.9 arld 4.10 show the X-ray diffraction pattern of Ilmenite oxidised at 900.C 811d

950'C respectively. No significant change was observed In the diffraction patterns

even after prolonged heating. Fig. 4.11 shows the pattern of ilmenite oxidised for 1

hour at different temperatures, From the patterns It can be seen that

pseudobrookite forms al higher temperatures and the relative intensity of

pseudobrookite increases with temperature where as the intensity of pseudorutile

was found to decrease,

The results of cmalysis of X.ray diffraction patterns may be summarised as follows:

1) Some of the diffraction lines belonging to pseudorutile coincides with those

from rutile The x-ray diffraction pattern of ilmenite oxidised at 700'C is similar to as

received ilmenite but chemical analysis showed the presence of small amount of

ferrous iron at this temperature. Therefore It can be concluded that at lower

temperature the oxidlsed sample contains ferric pseudorutile, rutiie and hematite.

Small amount of ilmenite may also be present. Since diffraction iines beionging to

ilmenite and hematite coincide definite identification of the phases could not be

made. The probable reaction may be as follow:

Some unidentified phases were also found to be present

2) With increasing temperature the percentage of pseudorutile and Ilmenite (if
present) decreases,

3) At temperature above 800'C diffraction lines belonging to the unidentified

phases diminish with temperature and x-ray diffraction pattern shows the

characteristic lines of phase pseudobrookite. The proportion of pseudobrookite

increases with time for upto 0,5 hour then remains more or iess constant
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The appearance of pseudobrookite can be expressed by the reaction:

3Fe TiO, ---> Fe,TI,O, + 'I, Fe,O,.

2Fe TiO, + '1,0, -. Fe,O, + 2TIO,

by heating pseudorutile above 800'C pseudobrookite is formed

The existance of lower temperature level for the formation of pseudobrookite may

be due to the fact that diffusion rate at lower temperature is slow whiChmay prevent

the formation of pseudobrookite". Decrease in the relative intenSity of hematite

shows that pseudobrookite may also be formed by the reaction.

Fe,O,+ TiD, -. Fe,TiO,

The free energy change for thiS reaction is also favourable.

4.3 Results of Reduction

Ilmenite both in the as received and In the oxidlsed conditions were reduced by

using charcoal as reductant. During reducliorl of ilmenite ratio of ilmenite to

charcoal was kept as 1.1. This amount of charcoal is irl excess of the theoretical

requirement. Moharl Das et al'" studied reduction of ilmerlite with lignite as a

reducing agent and found that metallic iron content of reduced ilmerlite increases

with arl irlcrease in the Ilmenite:iignite ratio and maximum iron conterlt in the

ilmenite is found when quantity of reductant is 50 per cent of the totai weight. A

higher ratio of ilmenite:charcoal was used in these experiments to ensure maximum

reduction of ilmenite. The size of the charcoal used was 30 mesh size. For

optimising one factor affecting reduction, all others were kept cOrlstant and all
experiments were carried out under Identical conditions,

4.3.1 Effectsof Temperature

For optimising temperature, reduction was GaITIedout at different temperatures in

the range 9S0'C to 10S0'C. The results of reduction of ilmenite both if} the as

received arid in the preoxldised conditions are plotted irl Figs, 4.12 and 4,13. These

figures show that the rate of reduction is low at lower temperatures and. with an

increase in the temperature, there is a sharp increase in the metalliC iron COrltentof

the reduced ilmenite. Although maximum reduction of iron oxide was obtained at
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higher temperatures, the rate of increase In the metallic iron conlent shows a

decreasing trend, This is because. as has been noled", at very high temperatures

there is a possibility of reduction of TiOl to lower oxide.

The comparison of the rates of reduction of Ilmenite In the oxidlsed and in the as"

received conditions are given In the Fig 4.14 It can be seen that, under all!he

cond~ions investigated, the reduction of iron OXideto the metallic state is more in

the case of the preoxidised samples than in the case of the samples reduced in the

as received condition These results are in good agreement with the results

obtained by other investigators The higher rate of reductIOn of oXldlsed ilmenite

may be attributed to (i) the introductIOnof defects (cracks, grain.bourndaries etc.) in

the ilmenite grains which enhances the rate of subsequent reduction and (ii) the

alteration of equilibrium conditions and the rate of reduction from the ferric to
ferrous state.

As can be seen from above, the rate of reduction of ilmenite both In the as received

and in the oxidised conditions is low at lower temperatures and increases with an

increase in temperature, Haseeb et al01 investigated the reduction of Bangladesh

ilmenite with charcoal and suggested that at lower temperatures (950'C _ 1000'C)

the reduction of ilmenite with charcoal proceeds via the solid state reaction between

carbon present in charcoal and ilmenite, They identified this mode of reaction to be

responsible for the slower rate of reduction at lower temperatures. At a temperature

higher than 1000.C the reduction mechanism changes and is caused by CO formed

in ae<::ordanceWIthBoudouard reactIOn!'.

CO,+ C --l'2CO

As a result an increase in the rate of reduction is observed

4.3.2 Effects of Time

The effects of time on the reduction of iimenite at various temperatures are shown

in Figs. 4,12 to 4.14, These figures show that at ail temperatures the rate of

reduction is fast at the initial stages of reduction. The rates slow down after about 2

hour of reduction, These figures also show that the rate of reduction increases with

an increase in reduction temperature, however at higher temperatures the rate of
increase in the reduction is not as much as at iower temperatures, When the

reduction temperature is 1050'C there is a sharp increase in the reduction rate at
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the initial stage and after 1 hour this rale of increase is not as prominent and the

curve becomes almost flat. Mark and Pickles" Investigated reduction of Ilmenite

with CO arid noted that above 1QOO°C, the degree of reduction remains essentially

constant due to the formation of metalliC shell 01 iron thaI segregates to ilmenite

grain boundaries and inhibit CO diffusion.

Figs. 4.15 and 4,16 show the extent of reduction of ilmenite ir'l the as-received and

in Ihe oxidised condilions, Fig 4.17 shows the comparison of Ihe extents of

reduction of the as-received and the oxidised samples for reduction for specified

period of time at variOus temperatures. These figures show that the extent of

reduction of ilmenite in the oXldised COnditions IS always higher than the extent of

reduction in the as-recBi~ed condition, The reasons for the faster rate of reduction

of oxidised ilmenite has already been discussed.

4.3.3 J(Ray Diffraction Study of the Reduced Ilmenite:

X-ray diffraction patterns of ilmenite oxidised at 950"C for I hour and then reduced

with charcoal for different periods of time at1050.C is shown in Fig. 4,18. The X-ray

patterns of the reduced rlmente do not show the diffraction lines belonging to

pseudobrookite It may be recalled that the main constituents of the pre-oxidisd

ilmenite was rutile and pseudobrookite, Instead the patterns recorded after a short

period of reduction show the diffraction lines belonging to ilmenite. A carefui

analysis of the diffractions patterns show that the d-values of the reformed ilmenite

is ciose to the stoichIOmetric (FeTiO,) compound

This figure also shows that With increasing lime of reduction at this temperature, the

intensity of the diffraction lines belonging to Ilmenite diminishes and, at the same

time, the intensity of the diffraction lines belonging to metailic Iron and rutile

increase indicating that the that amount of metallic iron and rutile in the reduced

sample increases with time These observations (disappearance of the diffraction

. iines belonging 10 rutile and pseudobrookile and reappearance of the diffraction

lines belonging to ilmenite, at the early stages of reduction of oXldlsed ilmenite, in

the x-ray diffraction patterns) suggest that the reduction of oxidised Ilmenite

(containing rutile and psedobrookite) proceeds in two stages.
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The first stage is the reformation of stoichiometric ilmenite according to the following

reaction:

Fe,TiO,+TiO,'" CO -, 2 FeTiO, + CO,

Absence of rutile and hematite in the pattern indicates that ilmenite may also be

formed from them. The overall process may be described as :

The second stage is the reduction of ilmenite to metallic iror! and rutile according to

the following reaction:

FeTiDl + CO --> Fe + TiO, + CO,

During thiS second stage of reduction, the proportion 01 ilmenite progressively

diminishes with corresponding increase in the contents of metallic iron and rutile

Fig. 4.18 shows slight decrease In the height of the diffraction lines belonging to the

rutile phase occurs when the reactions ha~e well ad~anced. This indicates a

reduction In the amount of Ti01 phase. Results of chemical analysis also indicated a

lower Ti01 content in the sample than the expected value This decrease in the Ti01
content in the later stages of reduction may be due to reduction of rutile to lower

oxides. Similar results during reduction of preoxidlsed ilmenite" were obtained by

other workers also and the reaction in the second stage has been expressed as:

Fe TIO, + CO ~~ Fe + TiOI + CO,

n TiO, + CO ....•TinO 2n.' + CO,

Reduction mechanism for the as received ilmenite is slightly different from

preoxldlsed ilmenite. Previous work on the reduction study of the as received

ilmenite showed that this process takes places through the following route:

pseudorutile ....• ilmenite_~ metallic Iron.

Fig 4.19 shows the x-ray diffraction pattern of preoxidised ilmenite and as received

reduced ilmenite. This diffractogram contain the characterstic lines of iron and rutile

and some unidentifide phases indicating that rutile and iron is the end products.

These unidenlifled phases may be compounds of iron, manganease, silicon,

aluminium etc.

,
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4.3.4 Microscopic Examination:

Particles of ilmenite reduced both in the as-received and ,n the oxidised cond,\Ions

were mounted in cold-setting resin and observed under an optical microscope.

Microstructures of ilmenite reduced for different periods of time at specified

temperatures are shown In Figs. 4.20 - 4,22 In these microstructures, metallic iron

is clearly visible as a bright phase, the rest of the phases are grayish, voids and

fissures being dark in appearance.

Microstructures of as-received ilmenite particles reduced for a shorter period of lime

shows this bright phase (metallic iron) as parallel plates Fig. 4.20 (a), This is

because of the original lamellar morphology of ilmenite and hematite phases in the

ilmenite grains. With Increasing treatment times iron begins to coalesce into large

globules and tend to segregate towards the peripheries of the grains to form close

shells of metallic iron The formation of closed shell of metallic iron impairs the rate

of diffusion of the reacting species and leads to large scale sintenng of the product.

Oxidation of the ilmenite prior to reduclion can overcome thiS problem, OXidatIOn

converts single cryslal of ilmenile 10 polycrystalline array of pseudobrookite and

rutile" and which on reduction causes metallic iron to be precipitated along the sub-

grain boundanes within the parent grain. Thus shells of metallic iron occurs at sub-

grain boundaries and not at the periphery of the parent grain. As a consequence,

the grains show no tendency to sinter together The presence of cracks in oxidised

ilmenite increases the surface area and thus increases the rate and extent of

reduction of ilmenite, Fig 4.22 shows an scanning electron micrograph of ilmenite

reduced afler oxidation, In these figures the cracks in Ihese grains of ilmenite are
readily visible

4.4 Results of Leaching

,Ilmenite reduced both in the as received and in the oxidised conditions were

leached in He!. As received and reduced sample containing about 38 percent

metallic iron (49.46% total iron) and preoxidised and-reduced sample containing 42

percent metallic iron (50,23% total iron) were used for the leaching experiments.

The variables were acid concentration, time and temperature of the leaching

solution Attempts have also been made to Identify the reaction mechanism and to
determin.ethe activalion energy for the reaction.
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Fig, 4.20 Optical micrograph of as received and reduced ilmenite
(X 400). (a) Reduced at l050.C for 0,5 hour (b) Reduced at 1050'C
for 4 hour.
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Fig. 4.21 Optical micrograph of preOXldised and reduced ilmenite (X400)
(a) Oxidised and reduced at 950.C for 4 hour. (b) Oxidised and reduced at
1OOO.C for 4 hour. (c) oxidised and reduced at1 050'e for 4 hour.
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Fig: 4.22

Pre oxidised and reduced ilmenite. (X600)

As received and reduced ilmenite. (X600)

Scanning Electron Micrographs of reduced ilmenite

71
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4.4.1 Identification of Reaction Mechanism

The identification of the kinetic model constitutes an important step in the

analysis of high temperature kinetic data on many metallurgical reactions. In

many cases a preliminary identification is possible by using the so called

reduced time plots. In reduced time plols the kinetic relationships are first

expressed in terms of a factor a. which may be defined as:

weight "I iron in ",1"lion
Weight oj lo/al or"n m ,'oml,!e

And the kinetic relationships are first expressed in the form

g(a) =kt

where k is a rnte constant and I the time, If los be the lime required to 0,5

fraction reacted (0:=0.5) then one obtains the above reaction in the form

g(o:) = A (tit ",J

where A is calculated constant dependent on the form of the function g(a). This

expression is dependent on kinetic rate constants and is dimensionless. For a

given reaction mechanism a single equation represents all kinetic data

irrespective of the nature of the system, temperature or any other factor that

influence the reaction rate, Every mechanism has a unique dimensionless

reduced time plol that is universally true for all reactions following this

mechanism. These equations, therefore, offer useful approach to rapid selection

of the appropriate rate equation.

In analysis of data one first finds out t 0.5 in the a - t plot lor a given temperature,

The plot is then redrawn, for the same given temperature, by plotting a versus

titO,5,All isothermal a - t plots merge into a single a versus tit 0.5 if the kinetic data

are truly isothermal and isokmelic. The a versus tit 0,5 plot is matched against

standard plots for different kinetic models.
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The following rate equations were fitted to study the reaction mechanism:

1. first order reaction:

g(<<)O'-ln(l-a}=kt

2. kinetics controlled by chemical reaction'

g(a) = [ 1 -( 1 - a)'" t.(k/rl}t
3. kinetics limited by diffusion through the product layer:

g(a) = 1 - 2/3 a _ (1- «JIll = kt

Figs. 4.23 and 4.24 show the plots of a versus time for samples reduced in the

oxidised and in the as-received conditions respectively Fig. 4,25 shows the plot

of g{a) versus Vta 5 for ilmenite reduced after oxidation. It can be seen that

among the three suggested models, the kinetics of leaching after reduction in

the oxidised state fits the firsl order reaction up to a value of 0.5. After that the

reaction mechanism changes and the kinetics appear to be limited by diffusion

through the product layer. This implies that during the initial period of leaching

the reaction occurs randomly. Such a situation prevails when (i) the solid is so

porous thaI the fluid can penetrate freely within the solid and there is no

resistance to diffusion, (Ii) the reaction is not restricted to a core/product

interface and (iii) the reaction occurs randomly and the rate is proportional to the
unreacted mass,

This situation is supported by the fact that oxidation produces a large number of

micro-cracks in the grains of oxidised ilmenite. When 50 per cent of the reaction

is complete, the reaction mechanism changes and the reaction follows Jander
. equation.

The plot of a versus tit 0, for samples leached after reduction in the as-received

condition is shown in Fig. 4.26. It shows that at the initial period the reaction

takes place at all available sites exposed to leaching solulion. But afterwards the

reaction is controlled by diffusion. The reaction follows Ginstling-Brounshtein

reaction.
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4.4.2 Evaluation of Activation Energy

80lh the irltegral arid differerliial approach were cOrlsidered 10 evaluate the
activation erlergy_

a) in/egral Approach

)f the integral form of the klrletic law g(rt) '" kl is knOWrl,orle can plot differerll

isothermal values of g(a} against time. Since k '" exp (-EIRT), the pial of In k

versus lfr is a straight lirle and the slope represents the value of (-E/R)_ For the

sample reduced in the oxidised condition, the plots of g{<t) versus time and In k

versus 1fr are shown in Figs, 4,27 and 4.29 respectively. The apparent vaiues of

activatiorl energy for the samples reduced after oxidatiOrl was calculated as 30.4

kJ/mole, The plots for the sample reduced In the as-received conditlorl are

showrl irl Figs. 4,28 and 4.30, and the apparenl value for the activation energy is
42.97 kJlmole.

b) DifferentialApproach

In the differerltial approach prior knowledge of arlY kinelic law is not necessary,

The activation emgy can be knOWrlwithout any prior krlowledge of the form of

g(a} and the reactiOrl carl be expressed as

Considering fixed value of "

<lrr _ F'0- = in A + In j(a)- ----
<I, 'NT

Since f(a) has fixed value for fixed n, it follows that the plo! of In " versus

time is straight line whose slope is -EIR.

Another differential approach can be written as

1 u ,

------I<la" I'"Acxp(-EIRT)" "

/0 = consl. exp (-EIRT)
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Thus a plot of Inla against 1fT IS a slraighlline whose slope is - E/R. Plots of

Int versus 11T have been plotted for oxidiesd-reduced-Ieached sample and

as-received-reduced-Ieached samples. These plots are shown in Figs. 4.31

and 4.32 respectively.

It was found thai the value of the activation energy of leaching ranges from

27,4 to 39 kJ/mole for the sample reduced after oxidation and 40.38 to 44.6

kJ/mole for the sample reduced in the as-received condition

4.4.3 Effect of Time on Leaching:

Effects of time on the rate of leaching of ilmenite, reduced in the as-received

and in !he oxidised conditions are shown in Figs. 4.23 and 4.24. It can be

seen from these figures that, at all temperatures investigated, the rate of

leaching is very fast at the initial stages of leaching. It can also be seen that

the rate of leaching is faster at higher temperatures, This is to be expected,

The rate of leaching decreases rather rapidly and the curve becomes almost

flat in a short time of leaching, after which the rate of removal of iron from the

sample is negligible.

Fig. 4.33 shows that in all cases leaching is faster in the sampies reduced

after oxidation and also more iron is removed from ilmenite leached after

reduction in the oxidised condition than from ilmenite leached after reduction

in the as-received condition.

4.4.4 Effect of Temperature'

The effect of temperature on leaching is shown In Figs. 4,23 and 4.24. it can

be seen that when leaching time is short, removal of iron increases sharply

with an increase in temperature. The rate of leaching gradually decreases

with time, The effect of prior oxidation on the rale of leaching of the reduced

mass is shown in Fig. 4.33. It can be seen that the rate of leaching is

enhanced by oxiaation prior to reduction,
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specifil;!d temperature,
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Fig: 4.34 Extent of dissolution of iron from as received and reduced sample
leached with Hel of different cone, at 75'C.
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4.4.5 Effect of Acid Concentration:

The effect of acid concentration on the rale of leaching is shown in Figs. 4.34

and 4,35. These figures show thaI the rate of removal of iron from the

reduced ilmenite increases with an increase in the concentration of the acid.

At all concentrations of the acid, it was found thai the sample reduced in the

oxidised condition has less iron than that reduced in the as-received

condition. Fig. 4.36 shows the effects of oxidation on the extents of leaching

of ilmenite at different acid concentrations,

4.5 Comparison of the Products

The comparison of the leached samples are given in Table 4.2 which shows thatlhe

sample leached after reduction in the oxidised condition contains less iron. The

presence of less TiOl in the sample reduced at 1050°C is probably due to the fact

that during reduction at higher temperatures a small amount of TiO, is also reduced

to lower oxides of trtanium

Table 4,2 Comparison of end products

Component As received reduced and Reduced after oxidation and

leached Leached

1000DC 1050°C 1000°C 1050°C

TiD, 82,54 82 90.8 89.9

F, 7.4 5.2 5,57 2.45

Fig. 4.37 shows the x-ray diffraction pattern of leached ilmenite. These

patterns show the presence of metallic iron, rutile and some unknown

phases. These unknown phases may be complex phases of Fe, Mn, AI and
8i02.
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CHAPTER.5 SUMMARY AND CONCLUSION

Effects' of prior oxidation on Ihe reduction and leaching of Bangladesh ilmenite has

been investigated. The results obtained were compared with those obtained during

reduction of .Bangladesh ilmenite in the as-received condition,

The following methodology was followed

a) The extent of oxidation was determined by chemical analysis for ferrous iron.

b) The phases formed upon OXidation were identified by x-ray diffractometry.

oj The morphology of the product and the mechanism 01 OXidation of

Bangladesh ilmenite was Investigated by optical microscopy.

d) Oxidised samples were reduced by charcoal. The extent of reduction was

determined by chemical analysis for metalliC iron in the reduced sample and x-ray
diffraction.

e) Reduced samples were leached in dilute hydrochlOriC acid and the extent of

leaching was followed by Chemical analysis

Almost all ferrous iron was found to have transformed into ferric state wilhin 15 _ 20

minutes of oxidation, X-ray diffraction studies showed that the product of oxidation

at 700.C is pseudorutile. hematite, and rutile and some unidentified phases.

Pseudobrookite was found to have formed dunng oxidation at temperatures above

800"C. The proportion of pseudobrookite was found to increase with time for up to

0.5 hour and then remain more or less constant. The appearance of pseudobrookite

can be expressed by the reaction:

3Fe TiO, -> Fe,Ti,O. + '1, Fe,Oj

On heating above 800.C pseudo rutile transforms to pseudobrookite

The existence of a lower temperature limit for the formation of pseudo brookite has

been attributed to the fact that the rate of diffusion is slow at lower temperature
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which prevents the formation of pseudobrooklte The decrease irl the relative

intensity of hemal~e suggest that pseudobrookite might also be formed by the

reaction.

Fe,O, + TiD, -) Fe, TiD,

The morphology of Ilmenite oXldlsed at 700'e showed a different structure from that

of ilmenite oxidised at temperatures above BOO'C. The microcracks expected to be

present was clearly visible in the Scanning electronic micrographs.

The rate of reduelion of ilmenite was found to be dependent on temperature. At

temperatures below 1DOO'C,reduction was through solid stale reaction with carbon

(of charcoal) arld hence the reduction rate was slow. At higher temperatures (above

1000'C) reduction takes place through reaction With gaseous carbon monoxide,

The rate of reduction was found to be faster in case of samples reduced after

oxidation. The possible route of reduction of oxidised ilmenite has been expressed
as follows:

The first stage is the reformation of ilmenite from OXidationproducts

Fe2TI05+ TiO, + CO -)0 2 FeTIO, + CO,

Fe,OJ+ TiO, + CO -, 2 Fe TiO, + CO,

The second stage is the reduction of ilmenite to metallic iron and rutile according to

the following reaction:

FeTiO, + CO -4 Fe + TiO, + CO,

During second stage of reduction some Ti02 is reduced to lower OXides.The second
stage may be expressed as:

Fe TiO, + CO --4Fe + TI02 + CO2

n Ti02 + CO -4 Tio02n.,+ CO2

Reduction mechanism for the as received ilmenite is slightly different from
preoxidised ilmenite, PrevIous work on the reduction study of the as received

ilmenite showed that this process takes place through the route of

pseudorutile --4ilmenite --4metallic iron.

X-ray diffraction patterns of ilmenite reduced in the as received and also in the

oxidised conditions were found to contain characteristiCdiffraction lines of iron and
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rutile and some umdentifled phases, indicating thai rutile and iron IS the end

products, The unidentified phases may be compounds of iron, Manganese, silicon,

aluminium, etc.

The faster rate and higher extent of reduction in the oxidlsed condition has been

attnbuted to:

1) Introduction of defecls, (cracks, grain boundaries,) in the grains of ilmenite,

wI1ich enhances the rate of subsequent reductiorl,

2) conversion of almost all ferrous Iron to ferric state which overcomes the

problems of ferrous to ferric ratios in the ilmenite from different locations.

3} alteration of equilibnum cOrldilions and rate of reduction from ferric to ferrOliS

state.

Leaching of ilmenite is a very rapid process and II was found thai it is temperature

dependent. The extent of removal of iron increases with an increase in temperature.

Kinetic data of leaching shows that the reaction mechanism of preoxidised ilmenite

follows the first order reaction upto oc.value of 0,5, after that period it changes to

Jander reaction. On the other hand leaching of ilmenite reduced in the as received

condition follows Ginstling - Brounshtein reaction, The apparent activation energy

for leaching was found to be 30.4 kjlmole for oxidised.reduced sample and 40.38

kj/mole for the sample reduced in the as-received condition and then leached.
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CHAPTER - 6 LIMITATIONS OF THE PRESENT EXPERIMENTAL

WORK AND SUGGESTIONS FOR FUTURE WORK

6.1 Limitations of the Present Work

Following were the main limitation of the e~perimental work

1) During OXidation the samples of oxidised Ilmenite were laken out at specified

lime intervals. The temperature in the furnace dropped when the door was opened

to take out samples and some time was required for the temperature to rise to the

specified level

2) Every care was taken to maintain Identical conditions during reduction, Bul

even then some variations might have occurred dUring reduction. The bed of

ilmenite may not have been uniform in all cases. However, it is not expected to

cause much variation in the results.

3) Leaching was done by Hel i'lCld During leaching samples were taken out after

very short intervals of time and some time duration were required for taking out

samples. This might have caused some error in the results particularly for those for

short time leaching.

4) During determination of ferrous Iron by volumetric method, It was sometimes

difficult to identify the end point very precisely. The same type of difficulty was

encountered in the estimation of metallic iron. During determination of TiD! in the

reduced sample low TIOI content may have been found due to reduction of some

TiO~.

6.2 Suggestion for FutureWork

Following studies may be further carried out on the reduction leach processes

1) Oxidation at higher temperatures may be carried out. SEM and OTA may be

done to establish the possible courses of reaction.



89
2) ReductiOI1 may be performed at higher temperatures 10 enhance the reaction

rato. A s;tudy on the effect of depth of irlitial coke bed on the rate of reduction may

also be carried out.

3) Role of catalysis on the rate and extent of reduction may be irwestigated.

4) Leaching may be carned out in acids of higher cOrlcentralions and also at

higher temperatures. Other acids may also be used for leaching.

5) Recovery of metallic Ifon from the leached liquor may be attempted,

6) After leaching the product may be further oXldisedto study the effect of
calcil1atiol1.
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Appendix-A

Estimation of Ferrous Iron

Keep all solutions ready before you start analysing

• Take 0.5 gm of finely ground sample In a 500 ml flask

• Add

a} 40 ml of distilled water

b} 25 ml cone. H,S04

• Heat gently to boiling, bOil for one minute,

• Add 10 ml 01HF, bOil for 10 minules,

• Remove from hot piate and immediately add

a} 100 ml 014 pet bone acid (4gm boric acid In 100cc water)

b) 15 ml of H,PO.-H,SO. mixture

c) 100 ml of distilled water

d} Cool in running water

• Add 1 ml of Barium diphenyl amine sulphonate indicator,

• Titrate with 0, 1N potassium dichromate solution to a violet-blue and point.

Calculation:

%Fe++ '"
ml of K,Cr,O, X N X 0,05584 X 100

------------_ ..•..._----- .._ _ _-_._-- .._ .
wt of sample



Appendix-B

Estimation of Metallic Iron:

• Add 4-6 gm of HgCI, to 100 -150cc of dislilled water,

• Add 0.5 gm of FINELY GROUND sample.

• Boil for 20 minutes

• Filter and wash (6tlmes) with hoi water

Test the residue for iron content

• .)Add one drop of potassium ferricyanide solulion .

• b) Green colour will indicate presence of Iron

• 0) Boil ppt with 100cc distilled water and filler

• d) Tesl again for Fe content

• ,) Repeat, if necessary.

• Add

a} 10 ml of H,PO.-H,SO. mixture,

,b) 10 ml of Zimmerman solullon

c) 5 drops of Barium dlphenyl-amine sulphonate Indicator.

• Titrate with standard polassium dichromate solution

Appearance of viole! colour IS the END POiNT.

Calculation'

% Metailic iron "
Vol, of K,Cr,O, X Factor of K,Cr,O, X 10 Xl00
---------------------------------------------------------------- - -

Weight of sample

Factor of K,Cr,O, "
55.84 X Normality of K,Cr,O,

1000

ii



Appendix-C

E,timation of Total Iron:

• Melt 10-15 gm of potassium-hydrogen sulphate (in a silica crucible) to get a clear

solution,

• Allow the melt to solidify.

• Weigh out 0.5 gm of FINELY GROUND sample

• Spread the weighed sample evenly over solidified potassium sulphate.

• Spread the weighed sample evenly over solidified potassium BI-sulphale.

• Heat gently to melt

• Swirl the contents of the crUCible carefully

• Increase the temperature to the maximum (900")

• Heat (at 900.C) for 30 minutes

• Allow to solidify.

• Place the crucible{and the lid) inSide a beaker containing 20 pcl H,SO •.

• Heat till dissolution is complete.

• Make upto 250 ml.

Use this solution for the determInation of TiO) also

• Pipette out 25 ml of the solution in a conical flask

• Add 5ml conc. HCI, heat 10eo.c,

• Reduce the iron solution by adding (DROPWISE)FRESHl Y PREPARED SnCI~

Solution. [Add till the colour disappears, add one drip excess]

• Cool immediately in ICE (to 20'C)

• Dilute to about 100 ml,

iii



• Add 10 ml of Saturated HgCI, solution (rapidly, at a time) and mix thoroughly.

• Silky while precipitate will be obtained. Allow to stand for 5 minutes.

• Add 5 ml of conc. H,SO, and 10 drops of n-phenylanthralinic acid indicator.

• Titrate with std. potassium dichromate solution to pink coiour, This colour change IS

not very prominent. has to be noticed carefully.

Calculation'

Vol, of K,Cr,O, X Factor of K,Cr,O, X 10 X100
% Total Iron

Weight of sample

55.84 X
Factor of K,Cr,07

1000

%Fe ••' " % total Iron % Fe H



Appendix.O

Determination of Total Iron from leached Solutuion

•

•

•

•

•

•

Take out 5 ml of 501,

Dilute to 50 ml.

Add cone. HCI (5 ml)

Heal 1060-80. C Oust to bOiling).

Immediately reduce with SnCI, ( Keep cool in ice.)

Excess SnCI2 to be neutralised by HgCI, (to cold soln. )( should not be too

excess)

Shake well to get a silky white ppt. of HgCI2

Add:

10 ml of Zimmerman soll'\

10 ml of acid mixture.

S drops of sodium! Barium diphenyl amine Indicator.

Trtrate with std. Potassium dichromate to get the amount of total iron,

Calculation:

% of total iron IScalculated from the following relatiol'\ship'

1 Litre 1 N K2Cr,O, " 55.84 gm of irol'\



Appendix-E

Estlmatlon of TiC,

• The apparatus consists of a 500 ml Erlertmeyer flask with a 2.hole rubber

stopper. A pointed glass rod nearly touching the bottom of the flask is placed in one

hole of the stopper and the shorl end of the delivery tube is placed in the other hole,

The other end of the delivery tube is placed into a 400ml, beaker containing

saturated sodium bicarbonate solution. The aluminium foil ISattached to the glass

rod fixed with the stopper.

• Take 25 ml of solution (prepared for estimation of total Iron) In a 500-ml

Erlenmeyer flask

• Add 30 ml of HcI (cone,)

• Boil the solution,

• Attach 2 gm of high purity aluminium foil to the end of the glass rod of the

reductor.

• Remove the flask from the heating mantle,

• Immediately insert the rubber stopper carrying the glass rod with aluminium and

'h.
delivery tube of the flask.

• Place the other end of the delivery tube below the level of the saturated sodium

bicarbonate solution taken in the 400-ml beaker,

• The reaction between the aluminium fall and the solution is rapid

• Towards the end of the reaction swirl the flask to ensure complete mixing and

reduction.

• When all the aluminium appears to be dissolved gently boillhe solulion for 3-5

minutes keeping the delivery tube still immersed in the sodium bicarbonate solution,

• Ensure that the rubber stopper is rightly fitted,

• Cool the flask ( in ice) to less than 60"C



• As the sample (in the Erlenmeyer flask)cools, the sodium bicarbormte solution IS

drawn into the Erlenmeyer flask and carbon dioxide evolved gives necessary

protective atmosphere,

• When the solution IScool remove the stopper and nnse the glass rod and the

delivery tube with distilled water.

• Add 2 ml of 24 pct ammonium thiocyanate indicator

• Titrate with standard ferric ammonium sulphate Indicator.

mloftLlrant x factor x 1000
% TiO, "

Wt ( in gm ) of the sample

Wt of Std, Ti02 x % in Std Ti02
factor =~

ml of titrant x 1000

."
•,.



Appendix-F

Preparation of Solutions

1. Ammonium Thiocyanate Indicator

Dissolve 24,5 gms of ammonium thiocyanate In 80ml of hot dislilled water, Filter

through two WhalMan 42 filter paper using vacuum. Cool, dilute to 100ml and store

in a dar1<coloured bollle.

2. Standardisation of Femc Alum:

Dissolve 30.16gm of ferric ammonium sulphate In 800ml distilled water and 15ml

cone. H2SO •. Add H202 to ensure complete oXidation of the iron, Boil the solution to

remove excess H202 and dilute to 1litre, Standardise the solution against standard

Ti02 reduced in the same way as descrrbed for the sample

3. Preparation of SnCI2:

Conc. solution of SnCl, is prepared by dissolving 12 gms of pure tin or 30gms of AR

crystalline SnCI2 (SnCI2, 2H,O) in 100 ml of conc, Hcl and dilute to 200 ml with

distilled water,

4. Phosphoric acid-Sulphuric acid MiKlure

150ml of conc. H20. 150ml of H,PO. in 700 ml distilled water,

Total volume will be 1000ml

5. Zimmerman Solution

50 gms MnSO. in 250ml H,O+1 OOmlconc. H1SO.+300ml distilled water+l00ml

H1PO•.Total volume will be 750m!.

6. Diphenyl amine sulphonate Indicator

Dissolve 1 gm of the diphenyl-amine salt in 100ml of conc, H,SO.

7. Barium diphenylamine sulphonate Indicator

0.2gm of barium diphenylamine salt in 100ml dislilled water,

viii



8. N-phenylanlhralinic acid indicator

O.19m phenylanlhralinic acid In 100ml of 0.005 molar sol" of NaOH

9, 20% HCI Sol"

Conc, HCI contains 35% HC!. Take 1OOccHCI and add distilled water to make upto

165cc.



Resolt of Chemical Analysis of Oxidised Sample

Table Amount of ferrous iron present In the oxidised sample

Appendix - G

---
Temp/Time Ferrous iron (% J

(Minute)

700'C 800'C 900'C 950'C

0 18.7 18.7 18.7 18.7

15 385 '.1 1.5 1.05

30 2,67 0,95 0,87 0.67

60 1.76 0.7 0.' 05
120 1.18 0.625 0.54 0.5



Result of Chemical Analysis of Reduced Sample

Appendix-H

Table: Data of reduetiorl ( OXldlsed sample)

Tempi Time Metallic Iron (%)

0.5 hr 1 h, 2 h, 4 h,

950. C 6.8 10.8 19.09 24.5

1000"C 10,94 17.7 26,13 34.8

1050.C 20.6 35.6 39,2 42,1

Table: Data of reduction (As received sample)

Tempi Time Metallic Iron ( % )

0.5 hr 1h, 2h, 4 h,

950' C 5.1 8.3 13.5 17

1000.C 8.2 14.5 27,9 32,16

1050.C 15,5 23,5 32.1 37,8



Appendix -I

Result of Chemical Analysis of leached Sample

Table: Result of leaching Preoxidised and reduced sample leached with 10%

Hel

Time/temp, Tolallron in the leached sample

'%'
30 "C 50'C 75'C

0 0 0 0

1 138 26.5 32.7

2 22,55 30,93 41.6

3 26.49 32.98 42.3

4 28.1 37.3 43.8

5 30,15 40.65 46,01

10 3863 43.71 47.1
20 40.6 45.43 48.2

30 43,54 46.38 48.4

60 4534 47.26 48.47
120 46,99 48.1 4847

Table: Result of leaching As received and reduced sample leached with 10%

HCI •

Time/temp Total iron In the leached solulJon (%)

30-'C 50'C 75'C
0 0 0 0
1 9A 194 27,27
2 17.4 2727 32,69

3 41.25
4 24.9 35.4 43,8
5 27.92 39.31 44.67
10 36.4 43.06 45.52
20 40.6 44.83 46,3
30 43.15 45.5 46.95
60 44,95 46.75 46.99
120 45,65 46.78 47



••

•

Table: Result of leaching As received and reduced sample leached at 75. C.

Time (minute) Tolal iron in the leached solulion (%J

5%HCI 10% HCI 15 % HCI

5 43.3 44.67 45.5

10 44.42 45.52 46.2

20 45.82 46.3 46,82

30 46.58 46.95 47.2

60 46.58 46,99 47.5

Table' Result of leaching Preoxidised and reduced sample leached 75. C

Time (minute), Total Iron In the leached solution ( %)

5%HCI 10% HCI 15 % HCI

5 44.8 46.01 46,89

10 46 47.1 47,89

20 46.4 48,2 48,8

30 46,8 48.4 49.0

60 46.8 48.47 49.1
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