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ABSTRACT

Ilmenite and l1ltile are natural sources of Ti02 and titanium metal. Rutile, naturally

occuring pure Tin, i, prefen-ed to ilmenite as a raw materia!. Due to rapid decrease

;n sup1'l} of rutile, the necessity of alternate sources of rutile cannot be

ov~relllpha,i7ed_ As a l'esult, investigatlOns are bcmg carried out throughout the

world on the lIpgradation of low-gmde ilmenite 10 rutile. C()n.<equently, it has

become necessary to identitY the best possible route for the upgradallon of ilmenite

to what is known as sylllhclic rutile.

Ilmenite m~y contam malll minerals like hematite, magnetite etc In it, structure.

).iaturai weathering of llmcnilc rcsull, in the inL,ea,e in the '] iO, content of ilmenite

with incre •.,ing time of weathering, So detailed investigation into the exlent of

weatberlng of ilmenlle of a parlicular placer deposit is essential nOI only for the

qual itative assessment of tbe deposit but also to Improve the technique of produelion

of ,yntbetie n'tilc.

Samples of ilmenite containing 14.4 per cent FeO, 33.0 per cent Fe20J and 39,5 per

cent Ti01 were collected from the Beach Sand Exploitalion Center, Kalalli, Cox's

lla7.ar. The samples were tben subjected to magnetic and size Iractionation, The

phases present in the dlllerent fractlOns (both magnetle and size) were idenlified by

X-ray diffractions analysi:;, The chemical compositions oftlle dillcrent magnetic and

:;ize fractions were determined by wet chemical analysis. The fractions were reduced

lor 4 hour at I0500C by equal amounls of charma!. The exlent of reduction was

followed by chemical analysis of the reduced mass for metallic iron. The ,results

obtained were <upplemenled hy X-ray difti'action analysis and optical microscopy.

Samples of the different magnelic fractions and ,ize fractions were oxidi7ed for two

hour al 9000C and were reduced under otherwi,e identical conditions. The effects of

the oxidalion on the extent of reduction were followed by tlle determination of

mctalhc Iron content of the reduced samples. The efTeel of addilion of 10 per cenl

• V[I



N,'2CO, on lhe exlent of reduction of the diffcrent fractions (botb before and after

o~idation) under otherwi,e idenlical conditions were also investigaled.

from the chemical analysi.', il was found that Cox's Bazar ilmenite is

characteri"lically "imilar to Moheskh~li ilmenite. l're,ence of aHeration productl; of

ilm~nite, partlcularly pseudorutile, could nul be detected in the X_ray diffra~lion

pallems of any ot the ,ix magnetic fraclion, of this deposit. Attempt, were al;o made /

10 delect the presence of waler and hence the presence of pseudorutilc by

thermogra,imelri~ analysis. Thermogravimelric analy<is did not show any significant

change of weight ncar about 600°C for any magnelie lr~ction. Mineralogical study

has also been carried oul. The results of lhese investigations led to the conclusion

that Cox's I3anr ilmenite ha, not u'ndergunealteration to any signitlcant extent

This study ~Iso concentrated upon the reduetiun behavior of the different magnetic

lhetions ~s well a, UPOllreduelion behavior of dillcrcnt size tractions. II has bem,

concluded that separate reduclion procedures for the differenl fraclions (either

magnetic or size) i, not n~~e"ary.
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CHAPTER-I

INTRODUCTION

1.1 Introduction

Titanium is the 9Lh mo,t abundant element in the earth's crust and account for about

0.93 p~r cent of ~11the element found in n~lUre.The chief mineralogical occurrences

of titamum are os oxides, tltanates and silicotitanates. The titanates, highest in iron

and lowest in aciJ fonlllng oxides yield iron titanates like ilmenite and ariz(mite. The

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

allCralLOnproducts of ilmenite, known as leucoxene and arizonite, are widely

dislributed in nature. Major Jepo,its of ilmemte and rutile are locateJ in Australia,

Canada, Norway, USA, India, Malay,ia, and Ceylon.

Ilmenite is a heavy mineral with ~ metallic luster and is u,u~lly referred to a., ferrous

titan~te, it has a 'pecifie gravity of 4.5 to 5 and crystallizes in the rhomhoheJr~1 class

of the hexagonal system. The color is usually iron black. Brown and red varieties are

ai,,, known. It is op~que and slightly magnetic. The composiuon of ilmenite

theoretically corresponds to l'eO.-liO, or an equivalent of 52.6 per cent Ti01

Ilowe"er, in most cases the ferrous iron is partly replaced by ferric iron. The

indi~iJual ~ains of Ilmenite may contain submicroscopic inclusions of rutile, a

mineral ",hen pure ~onsisting essentially of Ti02 with very small quantities of iron.

Others grain, may also be altered, resulting in the breakdown of ilmenite structure

with the partial leaching and OXIdationof the iron. This can increase the alteration

ptodllCts of ilmenite to 60 per cent or more. Leueoxcne is the name applieJ to the

TiO, content of ilmenite high in titanium and is alway, ptescnt to some extent in

beach sands. The grains lh"t have been highly altered and consist of almost entirely

of lcucox~n~may contain as high "' 80 per cent TiO,. Small quantities of leucoxene

may contain as an ~eccptahle suhstitutc for rutile.

Rutile is essentially n"turally occurring Ti02 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 nature rutile has forced t~~hnologists



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

ilmenite for use as a ,uhslitLLk for scarce natural rutile, The enriched Ilmcnitc is

known a, 'ynthctic rutile.

1.2 Commercial Usesof Ilmenite

IImcllLlcis used in the manufacture of titanium dIOxIdepigment. 1"iO, ha, unique

properties of high refraClive index, low specific gravity, chemical stability, high

hldmg power, light fastnes', non-toxic nature and compatibility and has now

replaced all other white pigments like zme oxide, white lead and zinc slIllide,

Ilmenite is a source of titanium metal. Due to its cxtreme resistance to corrosion,

high strenglh to ,",eight ratio and high fatigue re,istanc~ at high tempcrature titanium

i, used as " ,truelural metal. For example titanium i, us~d in supcrsonic transports, in

desalination ,ystems, and in chemical process industries, as a materia! for reaction

\'essel" pipe" pump', heat cxeh~ngers, etc.

Rutile, leucoxelle, and ilmenite arc uscd for coating welding rods, Naruml rutile i5

preferred to ilmenite for IhlSpurpose but synthetic rulile is an acceptable substitute.

Ollmcnile is used in the preparation of high gloss fimshes in ceramic indu,lries. It IS

alw us~d in lh~ m~nufacture of elewieal insulators, brilliant white pigment, in the

prodLL~lionof whitc rubber, and a, fi lIer for paper,

Ilmemte IS also used to produce titania rich slag, whieh is an ideal feed material in

the exi,ting litanium dioxide plants, The attractive fealure of this process is that pig

iron i, abo produced along with the slag. 'I his en,ureS the flill utilization of the

valuablc constituent' of ilmenite. Thc important uses of ilmenite as well as its

producb arCsLLJllJllanzcdas follow:

Ingredient Uses

Tilani",,, J)ioxide: Paints, plasties, printing ink., paper, le~ther cosmetics, vitreous

enamels. synthetic gem" etc,

Titanium Tetrachloride: Water proofmg paint" adhesive promoter, polymerization

e~mlysl, titanium metal. etc.



Titanium Metal: Corr",ion re,i,tanL alloy" chemical proccss mdustries, spacecraft,

heat exchangers, shipbuilding, structural metal, etc.

S)'nthetic Rutile: Weldmg rods, raw matcrial for chloride route of titaJlium

extraction, titanium dioxidc cxtraction, etc.

Thc producl.l of commercial importance give a broad idea of the aHractivc avcnues

"pen for [he uulizatlon of ilmenite. There is a wide al1d growing gap betwcen

demand and supplies of lilania rich raw matcrials m the world. The shortage of

natural rutile has forced technologists [0 develop proeesscs to producc titania-rich

materials to be used in place of natural rutile.

1.3 Methods of Upgrading

Ilmenite contain, titanium oxide (fiO,) and iron oxide (FeO). II may also contain

other oxides such as FelOJ, SiOl and trace element, (AI, Mn, Cr etc). The lcchniqucs

of lIpgradation of ilmcnite involve preferential removal of irol1. Some of lhe,e

technique~ are now being exploiled on a commercial scalc and a fcw are undergoing

tri"l in pilot planl<. Mo,,1melh",ls are, however, still cont1ned to the laboratory. The

eXlslinglechniqucs of upgradation are based 011the following fi~e principles 1-4.

Smelling

A pyrometallurgical technique imolves healing with mctallurgical or petroleum coke

and flux, al high lcmpcmtur~ (> 1500"q to get molten iron and titania rich slag

containing most of the gangue malerial. This slag laycr is to givc further treatment.

The prnces.' can be represent~d as follows:

llm~llite+ Coal + Flux_ Pig iron + Titania nch slag + Carbon monoxide.

Smcltlng a mixture of ilmenite pellels, coke and lime in an electric arc furnace also

produces synthetic rutile. The ,Iilg obtained is tapped at 1600"C and treated with O2

and phosphate gla's. The trealed ,lag is lh~n ground and leached with IhSO, to

dis,olve the phosphate gla" and 10obtain rulile crystal.



Reduction Fulluwed by Removal of Iron

In the,e pro~e"e" the Iron oxide pre,ent in ilmenite, ellher in ferrou, or in ferric

form are converted to lower oxide or to metal ;0 that they can be separated b)

le~ching with a 5uitable leaching solullon. Coal, hydrogen, ehareoal, coconut pith

cte. have been u.,ed '" rcdue11lgagents. Reduction temperatures in the range of

1000"- 11OOoCare usually employed. Iron i, then removed from the redueed mass by

knehing, rusting or magnctic ,eparation ,., •

HCl acid and 'reCl, ,,,lution, are commonly used to leach out iron from reduced

,lmenite Leaching is lIsually carned out at atmospheric pressure, higher pressures

have also been u,ed. These methods produce synthetic rutile containing 85-95 per

cent T10,.

Direct Acid Leaching

In the direct leaching of ilmenilC ,ul1iJric acid and hydrochloric acid is commonly

",~U, DigestlOnwith conc. sulfuric acid is not selective and brings both the iron and

titanium OX1UeSin solution but subsequent proecssing of leach liquor yields pigment

grade Titania, On the other hand digestion with hydrochloric acid is e"entially

selective and only iron OXIdeis brought to solution. Thc product obtained i, ,ynthetic

rutile which requires further processing to get pigment grade titania.

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

pressure,. It h~s becn found that leaching at ~tlllosphcrjc pressure is less efficient and

the producl is of infcrJor quality. High-pressure leaching' under suitable conditions

can produce a product containing more than 98% TiO,.

Com"ct"SiunofIroJl and/or TiO, in Ilmenite to Leachable Product

Conversion to Tit"nate

IImcnite is treated with l\'a,CO, at elevated temperatures (900o-1I00"C) to "btain

;odium litanatc according to the following reaction:

FeTiO) + Na,CO,



Thc ,od,um titanate I:; leached out with wmer and subsequently with dilute aeid

resulting in a product containing 93% Ti01 '.

Convcnion 10Sulfate

Both iron and l,tanium in ilmenite can be converted to their respective ,ulfates by

treating with (I\'H,),SO. at 300_5000Cor NaHS04 at 400_800°C. About 90% Fe and

95% Ti of ilmenite can he recovcred by leaching with 7N H2SO,. Titanium oxide

(Ti02) I:;:;eparakd from leach liquor by controlled hydroly,is.

C"nversioJl to Sulfide

The prefer~nli"1 sulpllJdisation of iron in ilmenite is possible in presence of some

sulfur bcaring material such as LnS, Na,SO,+C, and sulfur vapor. Heating of a

mixture of ilmenite, Na,S04 "nd carbon at 1000°_1JOOoCresuils in the fonnation of

FeS.

Fe no) + Na,SO, +2C •
The reaction product i, treated wIth boiling I1<SO. to yield a titania rich pn,duct.

Synthetic rutile is also prepared by heating the ilmenite at SOO_WOOGCin sulfur

vapor in absence of oxygen. The product i, cooled in absence of oxygen and leached

with will~"[and oxygen at 20-100 p,i. The product is rutile aggregate, soluble sulfur

and ferric hydroxide sludge. Ilmenite can also be beneficiated by lreating at !OOoC

wllh any gaseous sulphidi.,ing medium likc H,S, CS,. H,S +CS, mixture for 2 to 3

hours followed by leaching with dilute HCI acid for half hour resulting in a litania

rich product.

Halogenations

These processe" are b",ed on thc scleclive conversion of iron to iron halide, by

trcatmcnt of ilmenite with a suitable halogenating agents such as CI,. HCI gas,

CleHICl, Cl,+H" H,+J-lCI, CO+Ctb C+CI, NH,CI, Br" etc. Thc residue left after

treatment is ,ymhetlc rutile.

•



a) Clilorinating With Ch

Ilmenile is mixed with a earbonaccous reducing agcnt and chlorinatcd at 850.950"C

to producc iron chloride ~nd tilanium telmchloride, Titanium dioxide is oblained

[rom tilanium letrachloride by hydroly~is.

Seleclivc ehlorin~tlon of Limenitehas also been carried oul in two steps at two

ddI;;'rent temperatures to effect the .<eparationof both iron and titanium chloride. In

Ihi, proees'. lhe ore i, rntxed with coal or charcoal and beated in tbe absence of air at

800"e and then cooled in reducing atmosphere to 350"C. Al the same time dry

chlorine gas i, passed Lhroughlh~ reducing mass. In this slagc only iron is attacked

and lhe ferric chloride vapor i, eondens~d in a cooling chamber. The diredion of

flow of chlorine vapor ISthen rcver,ed and temperature is maintain~d at 550".600"C.

In thi" 'lage titanium compounds arC attacKed and resulting titanium tetrachloridc

vapor is conden,cd in the cooling lOwer. Some investigators 51.\2have investigated

preJcrcntial ehlorinaLingof iron oxide in ilmemte. Ilmenite with charcoal (6%) and

FcCi) bindcr and lhcll trealed with chlorine al 500"-600"C. This proce>scs results in a

product conlallling about 90% TiD,. The rate of chlorinating is reported to be faster

in prescnce of ,orne catalysts lih CuD. PhD, MnO,. CaD. ceO and CaJ(Po.h CeO

is found 10 be the best ""lalyst among them, Chlorination with CO+CI, h$ been

carried out 111fluidized bed at 900°_ lOOO"Cand a product containing 95-98 per cent

TiD, has becn obtained",'":1 ianlU1TIdioxide has also been prepared by the ,elective

dliorination of ilmenite wilh gaseous mixture of Na and Ch in a chlorinator with a

c~rtain amount of air or oxygen"'"55.

b) ChJorinatin~ With Hel Gas

tn " labmalory ,calc produclion a product containing 97% of TiO, has been

obtained" by seledivc chlormating of Ilmenite at JOOOoCfor 3 hours, Preoxidized

ilmenile wa, Jound LOrequire higher temperatures for cffectivc removal of iron,

llowevcr, no solid Feet., which causes experimental difficuUies in conducting

chlorinaling, wa, found when peroxide samples were used for chlorinating. When the

•



per""nLa~" of H, in the gas mixhJre of HC! and H, is increa,ed, tho p.;rC<.'lltageof

iron chlurinated is decreased and the condensate mainly consists of'FeCi" In

pre,enc" uf air feCi, is obtained ~nd the total irOI1chloride i, decreased. Partial

chlorinaling of ilmenite i, a fluidized bed reactor by H, and Ch mixture re_.uhs in

hig;hgrade TiO, (80-95% TiOl) product".

A product contail1ing with 90% TiD, and 6,6% FC20J has been obtained'" by

,d"di ve chlOrinating of ilmenite with a mixture of TiCI4 and Ch at a temperature of

1050"C. T",alment of ilmenite with NI-l] and HCI at 600°C remO,eS about 92% of

iron, Al a temperature of 800"C all the iron is removed""'.'. A product containing

~bout 96% TiO) hos been obtained by treating a mixture of ilmenite and powdered

coke {l%} in a kiln at 8000_900"Cwith a gas mixture ofBr, and N, OrBr" N, and

CO," _rhe FeBr, fomwd is cooled ~nd passed into a cyclone where FeBr, 'eparal~s

as powder

1.4 Ilmenite Deposits in Bangladesh

Hc~\'y mineral depo.its along thc eoaslal belt of Bangladesh con,titute a potential

national asset. TIle exploration, exploitalion, development and uses of these

resources are e,scnlial for upliflment of national economy. Beach Sand Exploration

Center explored 17 depo,its along the entire southea,tern and southern COilSlSof

B~ngladesh and the adjacent i,lund,. Among lhese deposits 6 deposits are located

along the CO"., Bazal. and Teknaf coa,ls (Badramokam, Sabrang, Teknaf, Shikhali,

IMIll ~nd Cox., Ibzar), 7 deposit; on Moheshkhali Island (foreshore deposit,

KutllbJlIlll,Fakirghana, Fakirhata, l:lawgl1oriaP~ra, Panichara and hoal1ak), I deposil

on Matarbari Island and I dep",it.s on KUlUbdi~Island, Fig 1.1 shows the map of

thcs~ arCaS,Only twa deposits have been found in the southern coast of the country, I

in Nljloum Dwip of IlJtia and I in KlIakata of P~tuakhali district. Most of these

depcl';it..occur '" low linear ridges ~nd dunes standing just above the clay-rich p~ddy

ticlds at a di,tance of about 1-2miles inland from the pre,ent ~horcline. A total of2,

04, 'J6. ,)SI ton, of crude s~nds containing 43, 54, 501 Ions of he~vy minerals are

aV~llahlein the depo,its in which ilmenite content is 10, 25, 558 tons (Table-l.l).

,
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Table -1.1: Summary of heavy mineral reserves in the deposits along the eoal!al helt <1fBangladesh.

SL I Deposit Sand He",,] I ReSClve of valuable milleml, (Ill IOlli
-- -

No TOnll"gc Mineral Zi,con Huulc Ilmenite Lellcoxcnc KyJnilc ~lona?i(c Magnetite Gsmet

Tonnage

.VJaLLl(0'''1. I, R"<i"nllObm 1,765,000 ~4110001 4,932 3.:S~ 94,530 IS,002] • 4.9.\2 10,275 I -I, S"~I",'g 347.558 ('~,5P 4,1~4 1,'172 I~.(,[~ __1.<11{) -,- 21j(, i {)O I 3,018.- .
J TcknJf 1.939,5~0 44:',291 2S,30(, 13.nO 1(,3.170 20 124 1~,72f: 1 3045 7,:'0') 22,424

, SilkhJli 2,756,R2H I 4R9,714 3J,300 10.7..-4 173,3(,0 I0,~70 'lAO! 3,Y I ~ 3.085 39,422

5 I"sni 729,:'861175,476 10,880 4,0361 53, t 70 439 1,404 965 5.545 12,810

, Cox's Bazar 5,119.000 920,000 23.000 6440 161,000 10,488 -• 2,024 33.2121 50.(,Q0

7 Kuakata 2,872,4% 83 I,(,6S 9.647 3,911 76,015 9,647 16.800 83.2 4,3251 52.n~

Mohcshkhah lsi""" _

8 Fore-shore 276,560 119.480 7,145 3,788 54,961 2,S') I Tmce I3 I 8" -'
heoeh

9 Kutubjum 57 I,980 106.240 I 4,568 2. IIJ4 J6.4'1O 1,158 2,635 202 1,1691 ' I



,

SC Deposit I S~"d 1k,,, v I I(c,cn'e oC""lu"bk [ni"cl,lis r,n lOll)
,

,, ,
N, I ()lllW,'C ~lillc",1 Zll'CI)1l I RUHle Ilmenile L~u(I)\c=,e K"mit,. ~1ol\"zil" ,\1.'~llelilC Gamel

-runnel!,"

00 FakiraghoLlH , 213.940 ()~,4(,(J 1,513 I ,45~ 15,7~6 P 5,006 ';5 2S~ 4,655

I
,

" Faklfahata 409.120 96.750 5,515 3-')70 22,157 3,677 ~_579 194 ')7 5.9~~

" Baraghori~pala g8S,440 1~1.770 6,017 6,744 52,l(,g 6,416 13,81S I 927 1,236 1 I ,81 5

03 Parl1l'chJra 1.595,410 204,390 12.264 6.47') (,0,091 5,519 16.35 I 5.' I 3_S('~ 13.490

" Hoanak 92,780 1.120 00, 153 1,400 69 '00 , \27 ~•

15
(Nalbila)

Malerbar; 69,030 I 5.2 1 5 m 295 4.962 374 Trace '" 575 ~.
~

00 N1Jh"m Ow;p 379)37 %,34S 2.052 ~2.1 12,~n 77 2,592 19,3 4.384 ~.
" KU1\JbdLa 404,65(, 119,907 3.900 I 'J(jS 23,796 2,4"16 2,59? " 3,38-'\ (,JOO

Island

Towl: 20,496.98 4,354,50 158,1 I 70,274 1,025,55 96,709 ')0 746 17.352.5 80,5Y9 222,151

I , , 8
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Fig: 1.1: Map Sho,,';ng Location of Hcavy Minerals Deposits

Along the Southern Coast of Bangladc.,h.



1.5 Beach Sand Exploration Center

Beach sands conlaining valuable heavy minerals wcre first detected in 1961 during a

geological ,mvcy for radioactive mincrals in Cox'" Ba£ar beach area. Thc

exploralion drilling began in 1968 under joinl supervision of External Affair.,

Mini,lry of Auslrallan (iovernmenl and bulk sample from Cox's Bazar "Ius sent to

Mineral Deposits Limiled (MDL), Au,lralia, for testing. In 1970 initial plans for a

pilot plant were drawn up on the ba,is of MDL flow ,heels and recommendations. In

1973, l3anglade,h requesled the Governmenl of Australia to build a pilot plant al

Cox's l3azal'. The planl came III operalion in 1975, The activitie, of lhe plant

remamed suspended from 1987101991, and the cenl~r slarted functioning again in

1992. The plant has successfully separaled ,everal hundred tom of ilmenite with

somc other heavy IIIinerals.

Scparution of Heavy Mincruls in Co~'s Bazar "ilot Plant

The pilol plant sep~rale, indi,idual mineral, from the heterogeneous mixlure. The

techniques of sep~r~tion are b~scd on, the difference in physical properties like

densily, specific gravity, electrical and magnetic properties. Heavy minerals in

original sample, arc plotted 10 ,how thc lateral and verlical variations in he~vy

minerals contenlS nnd provide demarenlion of the rich ,~nds from the poor one.

Cox's Hanr Pilot plant has 1"10,,,,,lions for the separation. Primary separation is

uonc by a wet method and then a dry method IS npplied for the final separation.

Slurry of raw coa,lal dcpo,ilS nnd waler i, pomp~d inlo a gravity 'piml to separate

thc heavy mineml Jrom the light one. Sqlarated heavy sand is then pas,ed through

dewalering conC to remOvewater, 10~ltntional to clean lhc surface and then passed

over a drum magncl 10 separate magnelile. These magnetite free hcavy mineral, are

then ,Imken in thc Wilfley Table Irom where the densc minerals are collected as

tahle c()nc~nlratesand ,ent 10lhe dry section.

In lhe dry section lhc ll1iner~l15first fed into a high_tension eleclrostatic separator. It

produces tile conuuelor and nonconduclor fractions. The conductor f,actions are

passed lhrough cross bell magnelic ,ep~mtor where ilmenile and rutile are .,eparated.

The detailed now sheet of the pilol pl~nt is sbown Fig t ,2 ~nd Fig



Table concentrate (from wet SectIO~)

•
Rotary drum dner I

Middlings I Buckel Elevator• I

••Gross belt mag separator

High.tension separator. NO.1

••High inlenfity Roll magl1€tic

Se arator nO.2

• Magnetite

Middling

Non mag. (zircon conc.)J Magnetic

Gamet &

Bucket elevator

~

High intensity roll magnetic

Separatorno.1

IIm"ni\~

Kasson's vibranl.screen 100

1
Bucket etevator no, 2 Middling

J
Under size

Monazite cone,

over size

Gar net conc ..•---
Hlgl1-tension separator NO.1

Rutile. Zircon, garnet monazite (non conductor)

Fig 1.2 The Pilot Plant Flow Shed (Dry Section)



Raw beach sand

118 in trash screen

Surge bin W811Tl€nslurry pump 1.5~-*....-8 Twin reicherl spirals

Tailings

Dewatering cone

Over flow 1

Attntioner (2 cells)

Surge bm Warrnen pump 2 in.

Low intensity drum magnet

Wilfley table

Magnetite -----

Tatlings

Non-magMbc

I

T<:blo concentrate

Fig 1.3Tile Pilot Plant Flow Sheet (Wet Secti(lll)



1.6 Advantages and Disadvantages of thc Proccssed Developed

TIle rcl<lti\'c meril' and demerit, of lhc processes lhat h~ve been developed so far are

shown below'

Process Advantages Disadvantages

Hol,,~enlltions;
1. Rutile of high purity can 1. Chlorine is highly

be oblaincd. corrosive.
2. Scleclive chlorination is 2. Special reactive vessel

cheap. lining is required.
3. High temperature '"required.
4. Reaction conditions

are not flexible and
henee must be nrecise.

Reducing and Lc"chin~ 1. It ean b, exploited Only limitation is it is
commercially, multistage proces,.

2. Reduclant " coal 0;

charcoal, which "CO
cheap "od tempemture
reqUlred is generated by
lhe reductant ltsc1f.

3. Reduction can be carried
out on l~rge scale using
mlary kiln.

4 The proce" IS flexible

"" '''' b, made
continuous,

5. Spent acid and F",-O, can
be recovered.

" Rutile wilh minimum Fe
content eilll be prepared.

2 Recovery of TiD, is
possible.

...~
1. ••



Process Ad~'antages Disadvantages

Fusion Method 1. Fcrrom; material Not exploited on a
converted to pig iron commercial scale
a, bi-product.

1. High temperalure is
2. h also produces less required for fusion.

cormsive wastc 2. Alkal i l1-,edare
material. corrosive

3. Energy input is high.
4. Fusion in large

quantity is difficult.
5. High cost of chemicals
6. Recovery is nOI

satisfactory.
7. Mull1stagc process is

involved.
Direct Leaching

1. Smglc stage process , Leachanls ""2. Can b, operated " highly corrosive.
low temperature. 2 Special material,

3. R"ag~'Tll costs '" "" required fm
~omparativcly low. construction of

vessels.
3. L<:mgleaching

time is required.
4. " many cases

extent of
benefaction is low.

1.7. Prospects ofUllngladesh Ilmenite

OtiC to lack of other mineral reSOUrCes the best utili7.ation of the heavy minerals

found in the co~stal belt is very important for the economy of Bangladesh. At present

Bangladesh imports titania for paper mills, paint industries, and for other industries

like weldin!; eleclrodes, plastics, rubber, textiles, syntheiic tibers, etc. Under these

eiremns(nncc, a process for the extraction of titanium dioxide from Bangladesh

ilmenite, will go ~ long way to fulfil the needs of the domestic induslries. The

excess. ifany, may lind some suitable markel oulside the country.

,



1.7.1. Scope ofthe Present Work

At the Pilot plant at Cox's Bilzilr (he heavy minerals are separated On the basis of

their phy,i~al propertIes such as the specific gmvity, electrical conductivity,

m~gnelic pmpertie" et~. Thesc methods allow the separation of heavy minerals from

tlw beach s~llds but they are l10twitablc for the separation of impurities, which arc

intimalcly mixed or chemically combined with the individual minerals.

Chemical analysis perf"nlled at the laboratories of the Department of Matenals and

I\1elaliurgic~1Engineenng at BUfT, Dhaka and ~1so ~t the Regional Research

LaboratolY. Trivandrum, India has shown that the ilmenite sep~ratetl at the pilot

planl at Cox's B~zar contains only about 40 percent titanium-di-oxide, Ilmenite

containing less thal1 55 percent titamum-di-oxide is not col1,idercd sUltable for

indu,trial me. TllU' tlm ilmenite separated from the beach sands of Bangladesh has to

be processed further to I'emove the chemically combined useless mineral, before it

C"n be sold in the market. Unfortul1ately the pilot plant at Cox's Bazar i, not

e4uipp~d "ilh such facilities.

Thi.' project i, ~ part of tile work now in progress at the Department of Materials and

Metallurgical Engineering at BUET, Dhaka, which aim, at the development of a

technique for the upgradation of ilmenite separated from the beach sands of

Bangl~desh. The work done in the dcpartment so far has yielded encouraging results

and thc TiO, content "f B~ngladesh ilmenite could be rai,ed to about 92 pcr cent.

Reduction of ilmenite ill th~ a,-rcccivcd coodition followed by leaching was used for

the production of s) nthetic rutile.

The present work invohcd the eh~racterization of ilmenite of Cox's Bazar deposit~.

Detailed eh~racteril.ation of Cox's Bazar ilmenite concentrate has been studied.

Reduction behavior at ditferel1t ,ize and magnette t\"actionshas al30 been studted.

rhe ~~()"umie benet't' expected [rom this project are by-fold. First, the

ch~meteri7ation will help comparison of this ilmenite with the world-cia-'s dep",it,

and the second, it "ill help to lind out the optimum process parameters for the

production of syothetic rutile from the deposits of ilmenite in Bangladcoh.



CHAPTER~2 LITERATURE REVIEW

2. Introduction:

lImenile and rutile are lhe mo,t abundant mlllcrals containing litanium. Concentrated

ilmenite obt~ins litanillm rich product. Various processes for the benefiCIation of

ilm~mte have been developed and some of the methods are now being exploited on a

commel'cial .,c~le. The lilerature. on the ,",ork lhal has been performed through out

lhe world may be divided inlo roUl' parts that is magnetic ITaelionations study.

l'eduction slUdy,o};.jd~lionstudy and lhe sludy on the alteration techniques.

2.1Magnetic Fractionation

Minel'al ,eparation, by magnctlc fractionation ~rC normally made by arbitrary

adju,tment or the current of the electromagnet and lhc transverse slope of thc chute

of the isodynamic scpal'ato'. until the mo,l suitable splitting is oblaincd. At any such

selling the separalor divides a sample inlo two tractions determined by the settings.

['he bs magnetic fraction con,i,ts of particles of su'~eptibility below Ihi, value.

Wilh sllitable calibration Frantz lsodynamic ,eparator will accordingly provide

ah,,,lule measurement, of the 'pecifie susceptibility of mineral grams.

'1hcor~' of Magnctic Separation

The mc!ination of the ehule is measured by the lransverse slope eO set by lhc left-
right ax;, on the separator, and lhe longiludinal slope I", which is sel on lhe tront-

to _ back axis and i, mea,urcd m the plane of the magnet face inclined ~t ~"10 the

vertical a, ,hown Fig.2. I



fig: 2•• : The Forces That Act 011a Particle to Move It

nowli the Chute of the Frantz Isod)'lIomic Separator,

The forces;n the plane ofthc chute, \\,hich act on a grain 10move it down the chule,

arc shown in rig 2.1. A Jorcc F" down the direclion of maXlmum slope is due 10

grav!ly, and a magnelic force Fmacts at right angles to the lenglh of the chute,

The magnelic forcc Fm on palticular grain sliding without change in or;enlalion is

comtant for anyone e1ectromagnel currenl, regardless of lhe position of the particle

on the ehutc, On a paramagnetic particle of mass m gram and specific susceptibility

<!>e.ill.U.per ;,'ram in the direction aero,s the chute lhc force due to the magnelic field

dH'F", <!>m ----ax dynes --------------------------------- (1)

as g,ven m ,tandard tcxts', where Ii oersted is the magnetic field strenglh at a

distance x cm acrosS lhc chule. A constant value of Fill at any current for all

po,itions ~cross the chute re4uircs ~~' being constant, a condition dctcrmined by



the appropriate ,hap" of the pole piece'_ Increa~e of d~' with i~creasing current

produccs an incrc~se in Fm,

Thc component Jiga~ross the ~hute of the gravitalional force i,
f" = m,g.smT dynes " .______________(2)

Where g is the gravltational constant, and is of magnitude 980 cm per scc'.

When Fg ISgr"~tcr than I'm lhe grain slides toward the lower side of the chule, and

for Fg kss than Fm the grain is pulled to the upper side of lhe chutc. The critical

comhin~tion at whieh fg eyuals Fm, and the resultant force F on lhc particlc is

parallel 10 lhe length ol"the chUle.

At this selling, by equating equations {I} and (2)

-----------------_.------------- (3)

and the grain mOVe'directly down the chute without being pulled toward either side.

The action of the separator OIla single particle, by this relationship, is detennined

_,olclyby thc specific ,usceptibility of the particle in lhe direction of tranSverse slope,

and lS independent of bolh the mass and density of the particle. In aclual operation,

howevcr, cleaner separalions are obtained from "izcd products, in which the

interaction belween grains and their ,peed of movemenl dOVvl1the chute is more

unifonn, The magfiltud~ of the l~ml t- dd~' is for anyone instrument detennined by

the current in the e1ectromagnel. 11is readily cvaluat~d for various vaJu~, of currenl,

as ~l, by ddcrmining critical combinations of transverse slopc and current for

material, of known susceptibility, Measurement of the magnetic field strength across

the chut~ is nol required,

rhc relationshIp of magnetic field strength to the current is predictable from the

characteristics oj this typc of magnetic circuit. When the electromagnet is operated

not too dose to saturation of the COTe,the magnetic field strength at any position on

th" chutc will increase Wilhcurrent at aboul the same rate, At higher currenl-Sthe rate



of il1~ma,~ !kld strength will decr"~se relallvc to the rate of current inCrc.1Seas the

core approache, ,atuml;on, Therefore *' ddH'may b~ emplricallv expressed a, k.i",• • •

wh~rc n is a c"""tant close to 2 and k has a constant value at low currents, and on~ or

bO[11decrease slightly at higher currenlS,

'I'h~rcblionship {3j ~bovethus bewm~,

.:llfbI= k,i' ______________, , •• (4)

The most scnsnive magnetic ,eparalion is obtained by using the highest practicable

clirrent ~ndtra",ver," sl"pe, and lowest practicahle longitudinal slope.

Calibration "fthe Machine

Three inorganic compounds, ferrous ammonium sulphate, Fe(NH,),(SO,j,.6H,O,

nickel sulph"l~,N1SO,.6-7H,O, and cupri~ sulphate, CUSO•.5 H20, arc selected for

the calibmlion. Th~se substances have the specific susceptibililies, which enable

much of the range of [he e1ectromagnel currenl to be used, and lhey show no

~ppreciahle range 01 susceptibilily on lhe scpatator. M~gnetic ,u,eeplibility of these

\(and~rd materi~15 is given in tabid.!. The value used here are rc<;ommended and

supported by Dodd, Rubinson, Jackson et~aL1.2

Table: 2.1 Magnetic Susceptibility of Standard Substances:

SUb<lanC~ M"gndie Susceptibility Temperalure (OC) Critical

(Chemical FOllTIlLla) (X 10.6 e.m.lL.per gm) Currenl (Amp)

Fe (NH4l 32.4 '" -Q.45

,(S04j,.6H,O

t\'iSO,.6-7H)O I 15.8 20 -0.66

ClLSO•.5 H,O I 5,88 '" -1.09

Experimentally il was fOllnd th~t ~11material, were magnetically separated at their

respecti"e CUITCntvalue. So we may conclude that the calibration was correct. Then

u,ing the folluwing condition ilmenile samples were separated Ollt for different

current vallie, ranging Irom 0.15 10 0.4 amps.



•
cxp"rill1~nlal condition:; are shown below,

Condition ofseparal;on:

2.2 Oxidation of Ilmenite

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

ilmenite from Jcrrous to ferric state whi,h overcome, different ferrous to ferric iron

ratio ill Aller equilibrwm condition and the rate of reduction [rom ferric to ferrous

s!ate a]](1iii) inlro,1ucc of defect, in ilmenite grains to enhance the rate of subsequent

reduclion. Ramclohr ,) and Overhaul! et al (,4fOlind from X-ray diffraction patterns

that ilmenite when heal~d in air at 900"C yielded pseudobrookite and rutile. D.G.

lone,S found that oxidution product of ilmenite over 800"C yielded ferric

p,eudobrookitc and rutile and according to data gi~en by Wcbstar and Bright" ferric

pseudobrookite in commercIally oxidized Western Tilanillm ilmenitc contains
+appro>., 4%, Fc" ,

CUlllOW and PaTT),65 studied the oxidation of ilmenite [wm bcach sand of Australia

by magnetic slisceptibilit) and X-ray dittractometry and concluded that i) heating of

ilmenite to 600"C enhances magnetic sllsceptibility and X-ray pattern gives lines

,imil~r to Ilmenite and rutile. ii) Prolonged hcating at 800°C results in the forrn~lion

of weakly ferromagnetic materi~l and Debye Scherrer X-ray photograph of tllis

malcri~1 gives line, due to rutile and indicatc the formation of new prodllct wilh

tetragonal lattice SJmmetI) ,

Karkhanawala and Momin45sludi~d the oXIdationof iIrnenile aml concluded that:

~ TIle prodliCts of oxidation of ilmenite is weakly paramagnetic and for

products healed for equal periods the magnetic susceplibility decreases with

incrcasing temperature.



I; The producb of oxidation at around 650"e contain mixture of hematite, rutile

and an unidentified phase. At 850"e the oxidalion products eonta;n a mixlure

of hematile, pseudobrookite and rutile in an approximate ratio of 1:5:7

re,peellvc1y,

I; There are three distinct reglOns of oxidation: 100" - 450"C, 540"_8000e, and

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

Laler in\iCsllgalions ",'0,47,6<\ indicated the formation of .FelOJU' an alteralion product

when Ilmenite is oxidized "t temperature bctlveen 600"C to SOO°e.Results regarding

lhe producls of oxidation of ilmenile up to 8000e are eonnicting. Various results

obtained by different invcsti!;alOrS~re given below:

1. 2feTiO)+Y,O,=F",O,+2TiO,

2. 3Fe TiO, + 'I, 0, ~ F~ TbO, + y, F",O,

3. 2feTiO)+Y,O,=Fe,05+2TiO,

4. 12fe TIO, + 30, = fe,O, +5fcTiO, + 7TiO,

!:luir~a~tion4 could occur only under, metaslable condition.

Rao and Rigaud" calculated the free energy change, for the above reaction,. They

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

for both reaellon (I) and (3), Thus either or both reactions may take place up to the

decomposilion of felO) or FelTiO, or re,TiO,. The free energy change [or the

fommli"n "f psclidobrookite from it. oxides is also favorable and reaction (3) takes

place in preference to reaction (I) and (4).

Akimoto et al66 found that higher lemperature and longer time is required for the

formation of p.eudobrookite from their oxides and the lower temperalure limit for

the ji:".,nation of oxides at lower lemperature i, slmv which might prevent the

f"l'lmlion ofp,eudobrookile,

Rao and Rigaud62also performed thermogravimetric and differential thermal analy.•i,

of ilmenite prepared by mixing l'e10), I'e and TiO, in !he required ratio. Their

general observation< of the lhennog.ravetric analy,is in lmth oxygen atmosphere and

air are '" follows:



~ An abrupt weighl gain i, Oh'LoVed when particle size is less than 200 meshes

and 11lS difficult to observe a break in [he lhennogram. In case of very fine

particle reacti"n i~ eomplcle before temperature HOOoe is reached.

1'; An inflcclion in thennogl"am could he noticed al around 7700e when particles

of 100 me,h Size or more were used and a heating ralC lOomin"L was

employed.

/; Up 10 100°C, the reaclion producls were identified as pseudobrookite and

rutile. Any olher produet fonned allow temperature e.g. hematite and rutile

and rutile reaet to from pseudobrookite above 900"C.

They summariL.Cd lh~ difIerclllial thermal analysis results as follow."

S The firsl slag~ of oxidation starts at IOOne is exothermic and ended around

770°C.

S 'I he ,tage is endolhcIDIic and endcd around 890"C. Ilecause oflhe larger peak

it is difticuh to assess ending "freaetion but definitely this step continues up

to 870nC.

S A third exothennic reaction sets in at around 900"C.

DifTcrential thermogravimelric curves ,howed lhal weight gam is not a linear

timction "f time and decrea,e, with time at allY given temperature. The rate of

reaction of time and decr~ases with time at any given temperature is, to s[)me exlent,

compensated by corresponding decrease due to lap:.e of time. As a result DTG CUrves

slopes very little. Around soooe this transition may be due to a temperature gradient

created a, exothermic reaction changes to endothennie reaction. A change of

reaction profile m~) also kad to such distribution,

P,'od"et Moq,hology

III the ga, ,,,lid reaction a dcnse film of reacti[)n product is usually formed on the

surface of lhe solid and the rate is determined by the migralion of ions Ot C1eCtrOIlS

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

unifoml but recent investigations provided evidence of discontinuous fonnation of



produ~l especially at early stage of reaction. Fischemei,ter 6' reviewed and discussed

the subject; he also considered the influence of product growth of crystal. The

morphology of the product of ilmenite is impOltant and influences the subsequent

leaching of the oxidized Ilmenite, The m~hanism of gro'WIh of whiskers is not well

eswblishcd. j-j~rdy" suggested thai ,crew dislocation in metals causes the oxide to

grow as whiskers Thi, concept assumcs that the continuation of dislocation in thc

mctalmlO the o.\lde layers serves as nucleation sile for growth of oxides. However it

I"" "bo been proved" tbat in a syslem in which more than one oxide is stabie the

whi,ker, grows irom the lower oxides"," Nabrro-Herring mechanism suggests that

the grain boundaries under ,lress might supply the necessary current of reactant

8torms required for the formation of whiskers.

This IS pal1icularly tme at high temperalure "here chemIcal potential variations

belween ditferenl 'pot on the surface arc small. At hIgh temperature and al enough

oxygen pres,ure, lhe product particle g:rows randomly. Conditions favorable for the

fonnation volatile sub-oxides may also lead 10 the formation of whiskern76J7

although thermodynamic calculation indicates i, oxidi£cd at 850GC FelO) segregates

at grain houndari~, l!l the shape of a columnar crystal aggregates surrounding

pscudorutile phase,

The gro'WIl1morphology of producls can also inJ1ucnee significantly the kinetic, of

gas ,olid rcaclion, The whisker growth only affect,"'. The kinetic in the early stages

and before the product rcach~s appreciable thickness_ The kinelic dala of !he

oxidation of ilmenite reporled elsewhcrc'" is also in agreement with this hypothesis.

Rao and Rig~ud'" found logarilhmic rale law of oxidation in initial stage and suggcst

that it is due lo pcnctrat10n of oxygen through shorl circuit path. Oxidation is

othelWise paraholie. They found one break in Arhenius plOI corresponding to

reaction (I) and (3) and could not distinguish the range of reaclion (2). They

,ugge,led thal (his may be due to ,hort range of range of reaction (2) or due

morphological ctfecl oflhe reaction (2) and (3) might be controlled by the samC or

similar mechalli"m,



;,\leehalli,m uf Reactions
A~tual lTI~dwnismfor the formation "f products of diffcrent textures is not known

and the data relalcd to the diffusion rate and eonductlvity of reactants and (hc

products me also not available, Worl and jones 81studied the alteration of ilmenile

and suggested that it takes place in ('1'10different stages.

Stage 1, 3FeTi T'TiO, +2H++1/20,- Fe2)'ThO. + Fe +, + H20

Slage2.FclTijl). +211~ ~ 3Ti02+2F++ + 2H,O+112 02

Teufer and Tcmple 47 cstabli,hcd a disorder structure - transition phase between

ruti Ie and ilmenite and formulated the alternation of ilmenite as chemical reaction in

which number of oxygen atom in ilmenite esscntially preserved in pseudorutile and

rutile.

•
By hcatLngpscudorlltilc above SOOaepscudohrookite is formed.

Fe,Ti,O. ~ Fe Tl0l + 2TiO,.

Rao and Rigalld'" IIpon their exten,ivc study on the oxidation mechanism and

producl morphology provided wrne tentative upon the general reaction mechanism.

Dunng oxidation at tempemlllre, below 770~Cl'e,O, formed on the surface and

",hen the surface of ilmenite is covered by l'e,Ol oxygen diffu,e through the product

layer" and further rcaction take., placc at Fe,TiO, - Fe20, interface and the

clilTuSlonratc of02 in Fe20, and Fe,TiO) is low,

They found FClTi,o., to be stable at temperatures from 770Gto 900°C whetc iron will

diffllse through it to the grain boundanes. 'fhis suggestcd that iron is mobile through

p'Clidomti1c, Pselldorutile has the highest tltaniwn oxide COlllent Md therc IS

pO»lbil it}-for the formation of solid solution with Fe,O) leading to the formation of

Fe,TiO, allowing iron to diffusc. Since a showed temperature limit exists for the

fonnatioll of Fe,T,O;, Fe,O) is precipitated. At temperature greater than 900°C, TiO,

is formed on the ,urface and mobility oftitaniulTI increases. When the sample is heat

treated Hbove950°C the initial whiskers of Fe,O, formed on surface of the sample.' at

750"C i, tr:msl<)rlTIedto pseudobrookitc. The movement oftitanillrn is eontirmecl by



the fact LhaL"hen ilmenite IS oxidized with markers at 950"C, TiO;, was fanned

~bove markers. The markers were covered "ith rutile at particular locations of the

eryswl. 111;S;s assumed due to rapid diffusion 10 Ti through eertain preferred

orientation of ilmenite. But Lheorientation favorable for dIffusion of ilmenite was not

contlnned due to its polycrystalline nature. The m"bile Ti will leave some excess 02,

which in tum mule! he utilized in the oxidation step or escape to the gas stream. They

found a central pore 11Ieach grain as well as in the center of TiO, structure. The}

Illspected that oxygen might h~vc escaped from this portion. Their tentative

mechani,m of o,ie!aLioni, given in Fig. 2,2.
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2.3 Reductioll Rehavior

Among the different method, of upgradation the solid-state reduction of oxides of

iron in the ilmenlle involving a suitable reducing agent and subsequent leaching in

acid solid solution of iron present III the reduced n'a,5 of ilmenite is the most

lmportant. The proce5>esconsi,t oflhe following stages.

Slage-I: Rcducllon.

Stagc-l: Removal of metallic iron.

Stage-l: I{educti,,"

This .ILagcinvolves the reduction of oxides (both ferrous and ferric) of iron to

metallic iron. From the Ellingham diagram, it is apparent that the stability of titanium

o"idc i, much higher than that of the oxide, of iron and cannot be reduced by carbon

llt temper~tures around IIOn°c. 'Ihus when ilmenite is heated by mixing it with

carbonaceous fuel (charcoal) aLtempccalUresa 950~C_1150oC,iron oxide is reduced

Lomclallie state, but the titanium oxide remains unchanged. Thus iron oxide can be

thcoretically reduced to metallic form without changing the titanium oxide.

Smcc both oxides of iron and titanium are more stable than their correSp<Jnding

metals, metallic iron can eastly be dissolved into hydrochloric acid and lhercfore the

titania content can be incrcased,

The re,luclion occur< in two stages At tl1e initial stage (}freduction pseudorutile is

rapidly converted to ilmenite and rtllllc.

l'e,O,.xTiO, + ClCO • xl'eO.TiO,+COIC02.

This reaetlOn involves the conver"ion of ferric iron to ferrous iron. At the later stage

the iron oxide is rcduccd 10metallic iron.

xl'eO.TiO, -;-cleo • xFe.TiO, + COICO,.

A number of workers'" have studied the reduction of ilmenite using different

reduemg subSlance.'. These sLudies have shown that carbon (}r graphite i, more

dfccl1ve as ~ reducing agent6. Reduclion b<:haviorof Cox's Bazar ilmenite studied

bv lla,eeh, et al7 using ehalcoal as reductant has also shown that solid carbonaceous

'.



,ubSlancc is the suitable reducing d~mmL Rcduction is controlled by the diffusion

proccss and IS accelerated as the temp~ralu", increases, They observed that ,olid

,tale reduction initiate at temperature, nCar 860"C al contact points between the

rcaClanlS.The solid. slate reduclion i, lhe main rcaclion mechani,m al lemperalures

of up to 1020"C. Abovc this tempel'ature a rdte increa,e has been observed and the

mecimni,m was found 10have changed 10reduction by gascous CO generated by the

rcaclion bctween carbon of churcoal and oxygen. The reactions that occur during lhc

reduclion oj"llmcnllc by charcoal summarized as follows.

Solid.Statc Reaction

C -I-FeTiO,

This reaction inilialc al a lCmpCl'atUl'cnear about 850°C at point oj"contacl between

reactant~ and pri1c~~d,as long as thclr remains contacl poinl between the reactants.

Ga;cous Reaction

CO+ FeTiO.•

C+CO. •
• CO2+ Fe + TiO•.

CO

The Merall thing is governed by the availability of gaseous reductant, CO that is

produced by the l1oudouard reaction. The rcaclivity of the solid reactanl is very

importam becau,c it affecls both the reduc!lon rate as well as the operaling

temperature.

According 10 D.G. Jones8 the reduction of naturally wcathered and pre-oxidized

sample proceeds in two district stages. Fir,l ,lage is the rapid re.fornmtion of

iImenite F~3+~ompounds in tbe sample acconling to the reactions mentioned b~low:

----.- 21'eTiO, + Ti02 + CO2

----.. 2FeTiO, + CO"

Fc,Ti09 + CO

l'e,O, + 2'1 iO, + CO

In lhe sccond swge the proportion of ilmenite progre,siveiy dimini,hes with

corre'ponding increase in lhe melallic iron and rutile

reTiO, + CO •



In ~a,e of solid carbonaceou, reduclant there arc a number of ways to increase the

reduction rate. Prior oXidation transforms ilmenite (FeTiO,) to pseudobrookite

(FeTiO,), ••••.hich results in substantial cracking and lattice expans;on9. This crackmg

and expansion enahle. the .uhsequent r~duclion to procccd at both an accelerated

ralC~nd to a greiltc" extent without much .,inlering. Thus, oxidation of ilmenite prior

10 reduclion has" hcndicial el"1ceton the rate of reduction. Another e!Tecli,e way is

[0 u,c a suilable carbon~telO,The carbonate ensure" an ade'lUate supply otTO gas, it

enhances the rate of reduction reaction. Size fractions also play an important role

during r~duc[ion. It was previously found that fincr sizc fraction of Cox's Bazar

depo.,it contains lower perc"nLag~ of TiO, and it showed the maximum degree of

I'cduction".

St3gc~2:Rcmoval of Iron

Selective I~a~hing of ilmemtc by mmcral acid removcs),]2 iron from ilmenite. In

dirccl acid Ic~ching both sulfuric and hydro~hloric aeid have been used as leachant.

Digestion with ~onG.H,SD, is not selective and brings both iron and titanium oxide

10Solulion but subsequent proces.,ing of leach liquor yields pigmcnt grade titania. On

the other hand dig~,lion w,th hydrochloric acid is selectiveJ,]2 and only iron is

brought to solulion. Dir~d aeid lcaching IS can'ied out at somewhat higher

tempcrature. The preferential chlorinating of iron with hydrochloric acid ga. IS

represented as

F~O.TiO, + 2HCl • FeCI, + TiO, + HoD

The .talldard free ~nerg}"J for thc reaction as a function of lemperaturc is shown

below

3 F" ~ -81420 + 0.99 T logT + 7.4T (298 - 1640'1<)

From lh" [h"nnodynamic data" it may be sem lhat the reaction is po.sible even

whell l11or~thall 99% H,O is present in the mixture. It should be mentioned t11atthe

above reaction i, wmplcx and a side rcaction of FeCl2 Wilh steam would takc place

m a gaseou, mixture containing stcam and flO gas. It is also apparent form this

thennodvn~mic data" lhal chlonnating of Fe20) is not possible at the nonnal



chlorinating temperature, Thewfore lhe po"ibilily of lhe following reaction can be

ignored

• 'i] FeCI, + 'i] TiD, + H20

Pre reducc(l ilmenitc reaction with Hel will lead to the formation of less volaule

feCI), Iron in reduced ilmenite is di%olved by dilule acid even at room temperature

hut complele rern,,,,al of ,ron may rcqmrc higher tcmperatures :md pressures and

longn tlmc. Fe,O, and feD to mclallie iron can be leached out with dilute HCI at

lower temperature and in a short period'4. The leaching reaction of ilmcnite can be

Fe+ 2HCl • FeCI, + H"

FeO, if present in ilm~",il~Canbe removed by following reacuon.

feD + Hel --~.. PeCi) +H.O.

TiD. present in the ilmenite may be convened to TiCl4 according to following

y, TiO, + 2HCl • 'I,TiCl, + H20.

The free energy change 14for lhis reaction is represenled as

.FO=-7765.1.08TlogT+18,8T

Which .how; lhat this reaelion in not posslblc above 5230K

Differelll investigators worked on lhis sclective leaching and got almo,l similar

re.•ult,_ Mohan Da; ~t ai" studied lcachlllg of the ilmenite u.ing FeCI, solution and

they found a product of 2% Fe and 92.6% Tl02. Ann1e et alL5 also found leached

product containing 2% fe ••••.hile in Murso proecsgl6 reduced ilmenite, leaching with

20% HCI at I08-110°C produced 95-97% TiOl.

2.4 Alteration of Ilmenite

Bcaeh placer Ilmenlle concentrate, of the world show significant variation in the

degrce of alleration that 1S independenl of provenance. DifTercntial weathering of

ilmenite aficr it; release trom the country rock and natural mixing of fresh 3nd



altered grain" during migration impart complexity to the placer deposlt. Various

nnncrals have been identified a, wealhcring products of ilmenite. Alteralion of

llmcnlte, reO.TiO, in nalure umlergoes the process of oxidation and progressive

remo\'al of iron to give a re,idual product that IS essentially TiO,. Alteralion "

lmtialed ~Ionggr~in boundaries and structural discontinuities within the grain.

Oxidalioll aml partial removal of iron from ilmenite Jatlice results in an intermedi~te

iron tilanalc of dc!inile structure for which the name pseudorutilc has been proposed.

Another alteration producl, Icucoxene 15found in the ilmenite deposit. The alleration

producl al lhe slage of complete oxidation of iron in ilmenite analyzes 65-70% TiO,

a, compared "ilh lhe 52% TiO! m ilmenite". Complete removal (}firon from lhe

pseudoruti Ie lattice results in a grain composed of crystallites of the mineral rutile.

Only four mineral phases" ilmenite, pseudorutile, leucoxene and rUlilc have been

idenlified in tile commercial tilanium mineral concentrate, studies. Natural

occurrence, in sand depo,i15, indieales that in weathering final removal of iron from

p,eudoruli1c to glVCthe rutile end product takes placc only either above or in the

zone of fluctuoting water table.

2.4.1 Alteration Products of Ilmenite

Se\'eral attempls havc bccn made to characterize lhe ,equcnee, mechanism, depth

and producls of all~Tation.Tilc important alteration indicat(}f' '0 arc changes in fe" I

Fe!> and Fe/TI ratios, varialions in magnetic susceptIbility, density, hardness and

rcflcclivity, structural and morphological changcs, increases in impurities like Cr and

V and decreases in Mn, !'ii, Zn, Cu, Mg, Co and Ca,O.,l. The difference in lhe degrec

of ilmenite alleration In various heavy mineral placer deposits implies differential

weathering duc to age difference and I or in situ and multistage alieration of

ilmenite"and also due to different weathering environments. In naturc, progressive

~lteration of ilm~nitc results In the formation and co-existcnce of different phases.

Moreover positive idenlili~ation of all altered pha,es is difficult because of indistinct

and ,imilar structural as well as physical properties. There is also considerable

uncertainty in lhelr individual respect. Lynd14 reviewed the literature on titanium

minerals and pointed out thc importance of knowledge of the chemical composition



(% Ti02_ % FeO, % l'e,OJ), and concluded that the term leucoxene should be used as

a general nanw lor alteration products containing TiD,. Dn the other hand Goldingll

pre,ent~d lhc petrography, as opposed to the C<lmmcrcial, viewpoint and poinled out

the range ofwck lypes where Ilmenite and ib alleration products o,cur. So analyzing

the,e differeni 0plllions It is clear that the initial product is ilmenite and lellcoxene is

the end product of the alteration process. Ac,ording to Mucke et. al"'. During the

transformation ofilmellite to leucoxene following products can be identified:

j Imcnik ---Joo- Hydrated Ilmenite -+ P,eudo[lltile ---+ Leached Pseudorutile -+
Leucoxenc

From thi, analysis it m~y be concluded lhal three distmct phases ilmenite,

pscudorulik ~I\d leucoxene rna} be prcscnt in the altered ilmenite. No standard

nomenclature exi,ts for the alteration products of ilmenite, bul roughly lollowing

ch~racteri,tics ar~ gellemlly lound'J

Ilmenite

Unaltercd ilmenite is the dominant mineral. When altered, ilmemte has changed

directly or lhollgh thc intcrmediate products iO leucoxene, Unaltered ilmenite grains

witn a composition closc to the theoretical formliia (FcTiD)) and a TiO, contenl

ranging hetween 48-53 perccnt. Although varying in intensity and pattern from grain

to grain, the mosl common atteration grains boundaries and Iracture, crystallographic

direction,_

Hydrated ilmenite

Thi, IS also known as leached ilmemte that is not completely altered to pseudorutiie.

This commonly r~places ilmenite along crystallographic dinxtions, leading to the

rormalion of micro cracks Are", or alteration within the ilmenile grains, exhibit

TiO, contents between 53-60 percent. These areas are distinguished microscopically

rrom the ill11en;te h) th~ir gray-blue color and weaker anisotropism. The term

"hydrated ilmenite" was 11rstused by Dyadchenko & Khatuntesva27 and was ad(}pted

by Frost et_ at" to indicatc the mlXture of ilmenite and pseudonm1e which contain



cryswlline ••••.ater ••••.hl1c the term "leached ilmenite" was used by Mucke et. al'" and

Chernet" to id~nlify a distinct mtermediate leaching product between ilmenite and

pseudorutile.

I'.,eudorutilc

A ddonned:'o hexagonal, oxyhydroxide close to Fe2Ti)O, or Fe] ,Ti,O, 5(OH)L.\with

an extended range of homogeneity due 10 hydrogen exchang~ for iron during

hydration". Characleristically it shows rough and porous texture, Compared 10

ilm"nil~, it appears brighter, in ~onlrast to its typical grayish ~olor, Under reflected

light i'Olropi~ pseudonlllle is blue-gray in color with a slightly higher r~neetanee

than ilmenite". l',elldorulilc IS developed along ~rystallographic orientations, in

ordered or disordered pall~ms, along boundaries and fraclurC1l,and is characterized

by the development of micro fraelures, TIle mineral i, diffi~uh to identify positively

a., lhe,~ optlcal properties are indistinct and its major XRD peaks cxhibit d spacing

,imilar [0 those of ilmenit~, rotilc and hcmatite.

Leached Pseudorutile

It i, another optically identifiable intennediate phase""'" lying between pseudomtile

and l~u~oxcne, This re,ults from leaching of Lronfrom pseudorutile, It is difticult to

distingui,h leached pseudOllltile foml Iron poor members ofp,eudorutile merely by

color impression and reflectance. Thc abundance of micro fractures led to the

brc"kdo••••.n of the p,eudoruti1c ,lruclure,

Leucoxelle

A smgle grain of ,~condary rutile or aggregates of fine-grained rutile crystals mixed

with impunties. It is an inhomogcncous cryptocrystalline, hIgh Ti01 product of

ilmeoite alt~ration'". Lcucoxeoe displays abundant internal reflections, changes from

hl'Owllishlo while Withthe decr"as~ in iron content Replacemenl of ilmenite and the

intcnncdiatc phases by ,econdary rutile of definilc crystal snucture i, common.

Lcllcoxcne is distinguished optically from rutile or anatase by its characteristic

sugary internal rcilcctions although it may consist almost enlircly of crypt or

microcry,talline rutile and/or anata.,e in the last stages of reflections".



Primary Rutile

It i, c"sily distinguished from the ,ccondary rutile. Primary rutilc exhibits

idiomorplnc, non-corroded cry,lal fucc>, and is characterized by a bright gray color,

high refkdivily and characteristic twinning.

2.4.2 Maill Schematic Texture.' of Ilmenite

The main te~ture of allcralion (FIg 2.3) of the ilmenitc through the grai~ lS g"~~

below.

") Ahcration of ilmenite along gmin boundaries and fractl.lre line" b) pseudorutile,

\\.ith deme paltnn of fine oriented leached hol~s, which was originalty heIn(}-

ilmcnlte, e) dense and oriented pallen! In leaehed ilmenile showing the removal of

iron In a regular way, d) progressive OXIdationand leaching of grains resulted in lhe

formalion of oriented pseLLdorulile,c) development of micro cracks with the

formaliun of pseudorulile phases, l) Intcnse alternation of ilm~nitc along grain

bOLLntlancsand fractures, g) aggregates of tine rutile cry'illl, hostcd by leached

ilmenite, h) ilmemte grains rimmed by leucoxenc, and a leucoxene grain at the lower

right comer.

2.4.3 Mechanism of Alteration ofllmenite

Different mechanisms of altemtion of ilmenIte have been propo,~d by dIfferent

investlgalo,'.,""u These mechanisms ean he classitied as follows;

Type-I: Gradual weath~ring of Ilmenite to leucoxene via hydrated ilmenite and

pscLL<iorutiiein 0 ground"atcr cnvironment.

Type- 2:The direct weathering of ilmcnite to leucoxene in sediments above tile water

tablc.

T}l'c. 3:The altel'ation of ilmenile to hematite plus rutile (}f analase in source rocks,

followed by the preferred dissolution of the hematite to form ilmenite grains

containing a porou, network (lfTiO, microcrystal.



Type -1 Alteration

IVlanyauthor,"-!" described this mechanism in their own way. According to this

m~ehanism alteration hegins '" irregular patches of hydrated ilmenite along grain

boundaries and weaknesses within the grain, or in the from of oriented stringers

along the ba"al deavagc planes of the ilmenite. The ,eeond stage of alteration i;

marked by the development 01 leueoxene, which fomls as irregular patches along

grain boundaries, or structural weaklle". The clevelopment of leucoxene along grain

boundaries IS less COmmonthan expected for the in situ alteratlon of ilmenite2J. 'I his

type uf alteration may be explained by the t"u-stage model proposed by Grey &

Reid'"' .[he fir.'l ,tage involves the oxidation of all the ferrollS iron and the leaching

of one third 01'the ferric iron f!'Olllthe iIlllenite lattice by electrochemical corrosion.

The reaction is:

H,O ._ (1)

ilmenite

This maelion is considered to operate in a mildly aCIdic groundwater ,itualion. The

,eeond ,tage of alteration heyond p,eudorutile occurs via a di"olution-

rcprecipitation proce" whereby bolll iron and titanium are dissolved, but the

titanium is ",deposit whilst the 'iron i, leached from the grain. This tead, to the

lormation ofmtile in bcaeh sand and anata,e in lateritic ;oils and can be described by

the r."dion:

'hO, + H20 ----------- (2)

Pseudorutile Rutile Dissolved lwn
(or Allat-".)

Th~ second stage of "lteralion is thought to occur in the ncar-surface regions of the

depo,il in "n environment that i, rich in org:ilnicacids and inorganic acid, derived

rrom the upper soil layer and condensation, creating mildly reducing and acidic

solution,



, fllmenite. ~ . AlteratIOn"fIg. L, .



Type 2 Alteratiun

In rhi, type of allnation, ilmcnlte, 01' slightly alt~",d ilmcnite, is observed altering:

directly l(} IclLeo,,~nc,The al1eration occurs form grain boundaries Fig2.3(A), or

along weaknesses, such as fracture, Fig 2.3(B & C) within the grains, Tn some

instances Icucoxene may gro" as replacement fronts across grains Fig 2.3(D) or may

mimic the original cry'lallographie directions of ilmenite grams Fig 2.3(E). rhe

hOllndary between the ilmenite and l~lltoXcnCmay consist of a porous area of

cellular or microcry,talline IClicoxcnc,indication that is volllmctric replacement has

(}cclLITcd,SEM analyses indicat~ lhat the pores in these areas have siliea and

aluminum contents well in exces,; of 10p~r ccnt.



FLg lA(A]: Back Scattered Electron lm~g~ ofLnLcoxcn~ R~placjng ilmenite from

the Surf~ce of the Grain. De'pitc lh~ Fairly AdvalKed State of A Iteration of the

Grain, the lhnenit,e Relict, are UnaltncJ "~L

Fig 2.4(B): Back Scattered lm~gc ofLcucoxcne Replacing Ilmenite From the Grain

Surface and Along fracture Operating at this Surface'!')'.



rig 2.4(C)' Di'piaying: LheR~plilCClllcntof Ilmenite hy Leuco>.ene Along a Crack

\\/ithin the Grain 'O,H,

rig: 2.4(D}: AII~r~(lon of [Imenite to leu~oxenc li,J I.



Beyond this zone the leucoxenc is u,;ually less porous as ShO"" m Figure 2B;

howevcr, significant quantities of SiO, and AI20, may still be present.

This style of alteralion i~ similar to that observed by Hartman", Frost el al 26,31,

Hartman )'- studying iron-titanium oxides during bauxitization, found thaI ilmcnite

may alter directly (0 leucoxenc or opueally identifiable anatase. Fro,l et al ~3noted

relatively unaltcred ilmenite cores stlrl'Oundedby leucoxene in a eonecntrate Irom the

Capel 150 ft strand line, and concluded !hat these assemblages represent a ,ingle step

dissolution I'eprecipitation proce" wilhout the fonnation of pseudorutile. This style

or altn"l]()n of L1mcnitcto lClicoxcnc, rutilc or anatase may be expressed by !he

equalion:

llmemtc

Type:; Alteration

rutile ,1,di«olved hemalile

According to thi, mechanism the ~lteration does not occur along grain boundaries,

hut ralher as patchcs within grains. The second type of intcrgrowth is characteriled

by (he dcvclopment of ~nhidral, often-uni foml rutile micro crystals in patches within

the ilmenite grain,. In a few instances micro crystals of bematite are sometimes

found in TI,tile intergrowth of some ilmenile deposit"). Subsequent dissolulion of

hemntLtehas resulls in grain, eonsi,ling of only ilmenlte and microcryslalline rutile.

2.4.4 The EtTect of Altcration on Ilmenite Quality

Il !la, been shown" th~t the magnetic susceptibility of ilmenite decreases with

increasing alteration. Hugo estimatedJJ the magnetic behavior of ilmenite and al!cred

ilmenitc in the Rechards Bay deposits by dctcnnining their ma>s proportions in

different magnct'c fractio", from a heavy mineral concentrate. The,e results show

that

Ilmenite-hydrated lImcnllc-pseudorutile grains are slightly less magnetic

than unaltered ilmenile grain" bill mO~1ofthcse grains will "'pon 10ilmenile

conecntrale.



Altered ilmenite gmins containing leucoxene or 1'iO, pseudomorphs have a

large range of m~gnetjc susceptibility and such grains may report to ilmenite

conccntrate or magnetic middling fractions.

Leucoxene grain, too h~vc a large range of magnetic ,u~ccpl1bility extending

from Lhatof ilmenite to th~t of nonmagnetic rutile, and that most leucoxene

'" ill rcport to magnellc middling or rutile concentrate.

It i, cl~ar from the rcsults of Hugo'] that the degr~~ and type of alteration will affect

the recoverability of altered ilmenite grains.

Fro,t d al." have shown that there is a marked increase in the Sia, and AI,O,

content, of ilmenite alteration phases containing mOre than 60 percent TiO) in

We,tem Australi"n depOSIts.The increase in these impurities has been ascribed to

the co-precipitation w11h,or adsorption on to, alteration prodlictSlS or the fonnation

of clay minerals within por~ 'paces belween alteration phases. It is therefore evident

that altered ilmenite grains containing leucoxene, and leueoxcne grains themselves,

arc undesirable as they are often non-recoverable and they contribute to impurity

lewis IIIconcentrate,_

2.4.5 I'rogrc"hc Allenltion ofllmenjte to Lcuenxcne

Alteration of ilmenitc ~dvanees from leached ilmenitc, through pseudorutile and

leached p,~udorUlilc to leucoxene, leached ilmenite and leached pseudorutile arC

transitional mdastab1c pha,es, and are fomled during continuous leaching of ilmenite

and p,~udonl1ile, respectively_ Leached pseudorut11e decompo~es into leucoxene

consi,ting of aggregates of very fine-grained rutile crystals.

Hugo" and Muck & Chaudhuri" also discussed the contmuous transfonnation of

ill11~nitcLOlcucoxene. The alteration st"rts with the continuous removal of soluble

Fe(I1). and the clcctrosmic charge is balanced by oxidIzing the remainder to Fe (Tll)

und lor by adding H'. ferrous iron i< totally oxidized at the fonnation of

pseudorutile_ Further rcmoval of ferric iron is compensated for by the addition of

OH. to the l11iner~1lanice. At later stages, the OH- is released due to the breakdm':rJ

of the p.~eudorutilc strucmre Into rutile and water. M~ny researchers",",4l havc

dcserlbed the relalionship bctween water contenl and thc leaching of iron, and the



effect of w~l"r on lhc alteration of ilmenite. As ~ltemtion advanccs, the water content

increases until the pseudortltile phase breaks down. The breakdown of lhe

pseudortlule slructure appeared al a composition of about 77.79% TiO, and 9-12%

F~,OJ.LClicoxene is a producl of the incompletc breakdown of pseudorutil~, and

CC)nsi,tsprincipally offine-grained, usually acicular, cf)'stalline rutile.

The tmnsformatiol1 of iIm~l1iteto leucoxene is associated with a decrease in volumc

and ;ubseguent strc,g on thc crystal lattice and results microcracklllg. Grey and

l{eid41 discussed lhe structural relationship belween ilmenite and its alteration

product, pseudorutile, 'I he freguent devdopmcnt of fractures and pores in the

allcration products implies reduction in cell ,olllmc, Fracturing and the formation of

pore, generally incfe"sc wilh a decrease in Iron content.

2.4.6 PlU"al:enesisof Ilmenite Alteration

11is impOl1ant10del~mline the paragenesis of the ilmenile allemtion, because the site

of altcmtlOn will affect the dislribution and proportions of different l}peS of altered

grains in the depo"il,. If the altcration occurred before final deposition then a fairly

mnJom distributioll of altered grains is expeelcd. It is widely believed th"l ilmenite

altcration occurs in sitll in be"ch and dune deposits for the follnwing re"som;;

S Altcration of the margins of "ell-roundcd grains is fairly common, suggesting

that aitemlion occurred aftcr rounding of the gmins, that is during the late stages

of transportation, Orafter deposition'"

S Some beach depositg display a vertical variatinn in the composition of ilmenite

concentrate" particularly about the water table", In these deposits the leucoxene

content, of ilmenite eonccntrates are significantly higher abovc the water table nr

HC"' lhc surfacc, sugge,ting that thesc areas of higher acidity enhance lhe

"Iteration of ilmenite. Thi, ,uggests that the alteration of ilmenite is due to

weathering, and that this for the most part has taken place in silu in thc sand

depo,il'.



I; It also notes that older deposit, generally contain the most altered ilmenite,

ami CIles values from Western Australian raised beaches of different

ele~ations (and consequ~ntly ditlcrent ages) as an example; and

I; MlIckc el al. 2(,note that the alteration displayed by ilmenite ill littoral ZOneS

i, nol "bserved in the source rocks and is rarely found in alluvial ilmenite

gram,_

2.4.7 The Importance 01' Study on the Extent 01' Alteration

The importance of altered ilmenite in the fact that it constitutes more than one third

of the world production o[titanium mmeral eategoriled by the U.S. Bureall of Mines

as ilmenite and totaling 2.2 million tons in 1963.'" fly virtue of its being an alteration

product of varying composition. altered ilmenite ha, in the p",t presented problems

both in are drc,sing and in the sulfuric acid dige,tion method of pigment

manufacture. " pro~e" that consumes more than 90 per~ent of the ilmenite and

~ltered ilmenite produced_ More reeenlly, a better understanding of !he natural

alteration of ilmenite h", hecomc important in view of w')Tk directed at upgrading

ilmenite and altered llmcmtc concentrates to products much higher in Ti02.

There 1m,hecn apprcci~bk work on the alteration o[ ilmenite. Most of the workers"-

" agrees tnilLLhemineral ilmenite undergoes oxidation and leaching wnereby iron is

rcmuved from the ,tl1lcture resulting:in a relative enrLehmentill Ti02. There ha~ been

much d,seussioll _1C,on the nature of the alteration product and generally it has been

agreed that in nature no secondary iron titanium compounds arC involved in the

alteration alLholighthe very fine grain si~.eof the alteration product has made p()~itivc

identification extremely diffiellit. Temple " explained how iron gets out of the

ilmenite structure. According 10him, iron is removed along structural discontinuities.

It is postulated that removal of Iron twm the grain is """"ed by a migration gradient

inilialed al the SlrUC1UralInterface, and [a~ilitated by the slight reduction in the size

of the re atom due 10oxidation from the ferrous to the ferric ,lilte. Since this process

takes place al 10" pressure and temperature conditions reaction kinetics are slow and

thousands of year, by bc required for this proce,; to occllr in naturc. Ti02 content

increases ".ith in~rcasmg age. Due to these slower rate disequilibria assemblages



should he commOn In namral ilmenite depo,it. The difference in the degree of

ilmenite all~ration Jll various heavy mineral plae~r deposits implies differential

weathering due to age dllkrences and/or multi,lage alleration of ilmenite.

(ievorkyan and Tananaye\''', who reponed a dose connection between the iron and

willel content' in allered ilmcrIltc and concluded that the iron oxide i~ hydrated

during alterolioll proce" and that iro" is removed as a mobile hydroxide, have

di,cusscd the role of water in the alteration of ilmenite. From the above discussion it

is clear lhat the alteration of ilmenite lakes plaee near the surface and requires

prcscn~e uf waler, a lemper~mre of 50"e'" !lot exceeded. This favorable environment

i, al,o common Jor our beach sands as the beach sand mineral, are exposed 10 a

temperature around 35-40"C. So there is higher possibility to obtain altered ilmelllte

grains ill the ilmellit~separaled Ji:omthe coastal black sand of I:langladesh.

In lhi, r~'p~el il e~n be menlioned that there are many examples of ~Iteration of

ilmenile In placer deposit like Eneabba, Western Australia, Trail Ridge, Florida,

which contain nlQ,tly allered ilmenile and yield eoncentrate~ containing between 54-

66 percent TiD, ".hile Folkson, Georgia eont~illS an ilmenite as3~ying of 76.1

percell!. Ti02 Atlempl, to produce ~ynthetie rutile from ll~ngladesh ilmenite have

yielded enwuraglllg re~ults. Ilowever no 'ludy on the extent of alteration of ilmenite

in lhe depo,its ofBangl~desh has '0 far been reported. So smdy of alter~tion may be

a proml,ing tield for lhe exploration ofbe~eh sand.



CHAPTER3: EXl)El~ENTAL

3.1 Introduction

'I he objective of thi, ,tud)' was to characterize Cox's tlv.ar ilmenite and to ,rudy the

weathering effect, if any, The beach "aml mineral, were collected from tile Cox's

Bvar dep",it of h~avy minerals and ilmenite was separated at the Beach Sand

ExploitatlOn Centre, KaJatoli. The as-received ,ample was magnetically fractionated

to different magnetic fracti'lTIsand also to dIfferent size fractions, These fraction<

were then eharacterl7ed in terms nf phase contenl, chemical analY,ls and reduction

behavior, The phases present in the as recci,cd sample were identified by X-ray

dil'fractlon ~nalysis thelmogravimelric analy,is wa, performed on the different

magnetic fractlOns to detect the pre,ence of water, if any. In this chapter the

e"perimcmal procedures used for the present investigation ha, been di,eu"ed,

3.1.1 Magnclic Scpar:ltion of As-received Sample

Frantz i,odynamic magnelic separator was u,cd to obtain the magnetic fraclions,

Frantz lsodynamic magnetic ,eparalor i, more practicable for the magnetic

separation between minerals, which have low bllt different specilk susceptibilities_

The Franlz i,odyn~mie :;eparator, used in this ,tlldy, consi,!s of a vibrating chute

moumed ecmrally between the pole piece, of an electromagnet ~, shown in tile Fig

3, t_It relutes lh~ current in the electromagnet and the transven;e slope of the chute to

the 'pccirie su,eeptibil1ty at which the separation i, being effected. This unit may be

inclined in any direetlon by the univel'sallllounting, and the electromagnet current is

eontllluollsty adjustable fTOrn0 10 1.5 ~mpercs, Mineral separations are normally

made by al'bitrol'Yadjustment of lh~ eurren! of the electromagnet and the tran5verse

"lope of the ehule until the most suitable spliUingi.<obtained. At any ,ueh setting the

,ep~r~lor divides a ,ample into l"O fraction, determined by the settings, With

,uit"bk ealibmtlon Frantz i,odynamic separator will ~ccordingly provide absolute

measurement, of lhe specifiCsusceptihility of mineral grains,



Fi~: 3.1 The Frantz ""dynamic Magnetic Separator

3.1.2 Chemical Analpi, "r A,-received S"n'plc

Wet ch~l1lieal an"]y>!>was pcrformed to delemlinc lhe contents of Cox', I:hum

Ilmcnite. rhe detail procedure for ehcmieal analy.i, has bem glvcn as Appendix I.

n,e prime Interest wa., to know lhe malcrial contents specially, lhe perccntagc

contcnt of fermu, oxidc (FeO). ferric oxidc (Fe,OJ), and tilamum oxide (TiO,) in a<-

rcee!,"cd,ampk, I'~re~nlagc oi' lcrlOllSiron. total iron and tilanium oxide wcre found

hy aClu"l 'Wetchemical analy,i, and lhe Fe,O) content was calclllal~d by dlffcrcnce.

Dillitl~ caklllaliol\ il was assumed that iron i, bound with oxide.' as a chemically

standard compound. Re.,ide.' the chemic~1analysis of as_received sample, chemical

"""Iy'" w", al." c"'Tied out in the dlffercnt <lage. a, mentioned below:

As-received .amplc ",a>; oxidised and thCllanalyzed chemically to detennine

the c:-..wn!of oxidation of 1crlOllsto ferric oxide,

Chemical ~nalysis was cal'ried out for ~Il these size and magnetic fmct;ons 10

,lclerm;ne the conecntratlOn of ferrous oxide, ferric oxidc and titanium o:-..ide



to invc,tig:ulCthc diIT~Tmecif any among the different si7,e and magnetic

fmctions.

I; The rcdueell masses were also analyzed to detennine the content of metallic

iron, mtal iron, and litanium oxide and thus to dctcnnine the extent of

rcduction.

3.1.3 X- Ray Analysil uf A.-rcceived Sample

X'l'a}"diffraction analy,is wa, conducted to find out ditrerent phases present in the

Cox', BaLar Jlmcnitc. The X-ray diffraction patterns "ere recorded by a Ieol OX-

GI-'-2P X-raj' diffractometer. Before recording the X-my pattems, the samples of

ilmenite werc pteparcd by using the following procedurel.

E; 1-1,5 gram ilmenile sample was finely ground in an agale mortar.

E, ThiS tine powder was placed on the XRD ,lide and loadcd in the XRJ)

machine.

The patlem wa, recordcd with the following setting of the X-ray

dlftl'actometer.

~ TIle diffra~tion lines ••••.ere identiJied by usmg thc powdered diffraction file of

JCPOS - International Center for Diffraction Data.

Target: Molybdenum (Zr)

Currenl 20 mA

Voltage 30kV

Scanning Range 8.37

Scanning Speed 0.5 per min

Chart Speed 05 mm per min

Full scale inteillity 2 OJ I0-4~rs

X-ray d,ffraction p"llems of all the different ,ize and magnelic fraclions were also

recorded to ide"I!!:'-tbe different pha,es pre,ent in the diITetcnt fractions, TIle same

selling was used for all the sample,.



•

3.1.4 Reductioll Ikllllvior of the Dineront M9gnetie Fractions

"I() 'luJ} the clt;;'ct, of prior oxidation on the reducl;on of the different magnetic and

size thclions. S()llll" ,mopics of ilmenik were oxidized for 2 hour at 950°C in J

mum" lype ekctric furnace. Aller oxidation the ferrou, iron content of the ilmemte

determined by chcmicul analysis. All the magnetic fractions and size fractIOns were

reduced at 1050"C for 4 hour;. Rcducllon was carried oul in small stainless sleel

crucihle" 25 m111in di~mcter and 125 mm Ul leng.th. In each en,e 9 gm of Ilmenite

w,,, mixed with equal amounl, of charcoal of 30-mesh size. Samples and charcoal

were placed ill the crucIble l~yer by layer. A layer of charcoal wa:; placed ill the

b0110Lll01th~cl1lcihl"ilnd then a layw of ilmenitewas placed on thc charcoal. In thi,

mann"r. altern~te layer., of ilmenite and eh~rcoal were placed in thc crucible. The

topmosLlaycr was chal'coal to re,i,l thc oxidation. A melallic lid made of same

m~terialof Lhccwublc covered the cwcible. This arrangement i, shown in !he Fig

3.2. A number of such crucihle, were placed in a muffle e1eclric furnace set at

temper~tur~of J050"C. Th~ temperature of thc furn~cewas controlkd to:!: 5~Cby

~noff-on controllel'.

Aller 4 hours, the crucihle, were taken out one by one and allowed to cool to room

tcmperJture. AfLer cooling, the reduced mass wa:; separated from charcoal.

Separation wa, calTied oul In two stoge,. At first sieving separated the biggcr

parlicle, of charcoal. In lh~ ,econd stage particles of ilmenite were separated from

the I"malpal1icle of chm-coalby" small hand magnel. Thc cxtent of reduction wa,

jollm,et! by thc ch~mlcal analy,is of lhc reduced rna" for lh~ content of metallic

'''In.



Iiig 3.2: Arrangement for Reduction

X.ray l)ilTra~tion Analysis and Optic~1 Metallography of the reduced maSS wcre

earri~d out to identify dltIcrent phases present. Thc degree of reduction was

cllkllhtcd by using th~ fomlUla,

"('"'' d' %OfMe/al/icIron10 j ,,~ ""lIOn ~ --------
%O(Towllron

3.1.5 Thermogravimetric Analysis for the Diffcl'cnt Magnetic Fractions

A Shil11adw TOA - 50 Machine, perfollned thermogravimetric aoalysi_,_It h", a

TGA chambcr th~ mal11healing unit, a conlrol unit that is used to sel different

p~r~nJetel's~nd incrl p, sct-\lp. A T(jA chamber is a small induction furnace, made

up 01 steel hody ",ilh proPCI'l1igh tempemlur~ insulation in the inner sllTrac~, !l



contai", a ,mall pblJl\\llll crLJcihlehang by il lungstcn WLeeto contain chargc or

s~mple, and a .<malllhcrmo-couple to mea'LJretempcrature. nlere i5 a ,mall inlct 1ll

(h~ chamber to inlrodlLccthe in~r( gas, The platinum crucible was cleaned properly

and lhm clwrg~ w~s placed on it.

I) Inilial weighl "as taken.

2\ The crucible w~s inserted inth" TGA chamber slowly and when it is completely

in lhc rGA ~h"mbcr wa, clmed,

3) He gas w~s intl'oduced into the chamber (0 provide protective illmosphcrc.

4) The heating rale waSSC(at 20o/mill and the ma"hine was rurnedon.

5) The machine was t1Jrned ofr at 980°C and the chamber was allowed to cool

within protective inert ~as atmo:;phere.

6) l'in~lly the machine producc,l th~ repott a, a Graph.

~.~

, 0

C<>lliIOII',lIlcl

Fig 3.3: The CI"O,,-scctiunul Vic,,' or tile Furnuce Unit or TGA !\laclline

.~,



The chamber was al1o"ed to cool and the machi~e produced the report a, a graph.

To supporl the Thermogravimelric dala >orne samples were sent (0 the Regional

Research L~lloral"'y, Thlruvanthapuram, India for TGA analysis.

3.2 Sieve Analysis

Sieve analysi, of lhe as received sample W~, performed in a standard sieve shaker.

At iirs( the sieves of different mesh sizes were aITa~gedin such a way that the lo"est

sieve remain~d at (he (op most posilion while the highest remained a( the bottom.

Th~n 200 gm sample wa:; placed in the lOpmost sieve and the power was turned on

for a shaking period of 15 mmutes. Then the ,ample:; retained on different sieve

were collected, Most oflhe ilmenite "as retained on US Sieve Number 70, 100, and

140. 'I he ,,,b,equcnt Inve<tigalion, were conducted on tl1e.e three size fractions only,

3.3 Optical Metallograph)" of the Different Fractions

Microstructure of all the size fractions was examined under an optical microscope

aller reduction to study the extent of reduction. Particles of the correspondmg

samples were prepared for the observation as before and the photographs of the

,ignifieant arellS of the sample wCJ:etaken. Difficullies wCJ:eencountered during

mounting and polishing due to 1,,« of looscly held particle•. It was however possible

to oblained a satisfactory ~;urfacecomposed of scattered particle, in plain but the

area, between particles were out of focus,



CHAPTER-4 RESULTS AND DISCUSSION

4.1 Introduction

One of the objectives "fthis study was to find the extent of weathering, if any, in the

('ox's Bazar Ilmenite. The ,ample was chemically analyzed in the as reccivcd

condition. aller magnctic fractionation and also aller sizc tractlOnauon. X-ray

diffraction techniquc was used to identif)' the phases presenl in all thcsc tractions.

Sample of both magnctic traction and size fractions were abo reduccd by charcoal

under identical condilion. The extent of the reduction wa' followed by chemical

anaIY>ls,quahtativc X-ray diffraction anal},i, and optical microscopy. X-ray pattern

were al,o u,ed to detect thc presence. If any, of pseudo-rutile, one of thc probable

atteration product,. TIlcrmogravimctnc analysis of the magnetic fractions was

c~rried out to detect the prcscnee of water in the sample. The result of this

lllvestigatioll al'e presented and cli,cusscd in this chapter. Tables containing actual

experimenlal dala arc presented in the Appendix-2,

4.2 Magnetic Separation of As Received Sample:

Magnetic Ij-actionationof the as-received sanlples showed that almost 90% ilmenite

of [he sample was separated at currcnts up to O,3A, which contain, four major

frdction,. Othcr two fractions separated at comparatively higher currents were

approximately 10% onty Fig 4. t show, the results of magnetic fractionation.
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Fig 4.1 Results of Magnetic Fractionation

4.3 Chemical Analysis of Different Magnetic Fractions:.

Magnetic !Taction, separated at different currents were analyzed chemically.

Percentage of (olal iron and ferrous iron were determined by wet chemical analysis

amllhe percentage of the ferric oxide was determined by difTerencc. Fig 4.2 shows

the results of the chemical analysis. It can be seen that the amount of ferrous oxide

and total iron, as determined by wet chemical analysis, decrease gradually in the

tractions separated at higher separation currents. This is to"be expected because the

fractions conespond to in~-reasingseparation currents. However the amount tot"l iron

Wll' found to be maxImum for the fraclion separated at separation current of

O.25A.This is an interesting observation and needs further investigation. The amount

of fcrric oxide varied in a similar manner showing a maximum for the fraction

,eparalcd al a separation curren! of O.25A.

Moheskhali ilmenite was found to contain a higher amount of ferrous oxide than

fen-ic oxide'". Another important ob'~"TYa!ionwas that titanium oxide eon!ent

dccreas~s with increasing ~urrcnt of separation. Thus il appears that a higher amount

of impuntie, are present in the magnetic fractions separated at higher separation

currenl.
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Fig 4.2: I'cr cent of Ferrous Iron, Ferric Iron and Total Iron (Fe,)

of A,-recci,'oo Sample

4.4 X-ray Ditl"raction Analysis of Ma~netic Fractions

Fig 4.3 ,hows X-ray ditlraclion pattern recorded on thc samples of different

magnetic tractions of the as received ilmenilc. All these pattern show diffraction

lines mainly ilmenile prcscnt with rutile, pseudobrookite and hemalitc. It may be

noted that an earlier Sludl with Cox's Bazar ilmenite showcd the presence of

dil1r~etion lines belonging to pseudortlule, Slight shifting of the diffraclion lines of

,lmcnlte could he noted in illl pallcrns r~orded and this is n()l unusual in thc

n~lUrally()courringmin~mls. The pattern analysis wa$ strictly confined to qu~htative

analy<is The shifting of lhe dim-action angle in different magn~lie fractions for the

same plane Gouldhave happened due to the slight dislmtion in the Ilmenite. From the

d~mthe lattice parameter can be calculated by using the following formula.

I h2+hk-t-k2 120-----+-
d2 a2 c2

Now using the abovc formula we can calculate the lauice volume for different

m"gnctic fraetion<. To lind out the volume of un;l cell following formul" may be

used.

Volumc=axasin 60"x C

•



,.~
The calculakd vHllIesof lattice volumes were found to be difterent from the volume

calculate Jor the standard ilmenite u,ing the standard diffraction file (316.0069). The

pla~~r deposit is not a chemically standal'd substance; it is a heterogeneolls

compound containing bolh f~O and FCiO) witbin tbe ilmenitc grain as well as >OrnC

imp",iti",. wbi~h may al1ect the lattj~eparamctcr value.





4.5 Extent of Reduction of the Different Magnetic Fractions

The exknl of reduellOn of tile different magnetic fraclions was studied by the

chemical an~ly"5 of lhe reduced mass (bolh in lhe as received and oxidi7ed

comJilions) tor the content of tile mewllic iron. X-ray diffraction analysis and optical

ll1dallogr~phy of the ['educed ma" were also camcd out to supplement resulls of

~h~mi~al arl~lysLs,

4.5.1 Oxidation of the I}jfferent Magnetic Fractions

Oxid~tlOn Was done to lran,form lhe ferrous oxide to ferric oxide, It has been

shown '3_<4that oxidation subsequently helps redu~lion due to lhe following reasons.

t _ COllver,ion of iron in ilmenite from ferrous to ferric state, which eliminates

llw ~kmclll of uncerl'ain ty in the relative amount of ferric and felTous irons in

lhc as-rece,,-ed ilmenite.

2, Alteralion of cq llllibrium condition and con,cqucntly an increase of the rate

ofl'eduction of iron from the ferric state as compared to lhal of ferrous slate.

3, Inlroduetion of defect, in ilmenile grains that enhances ,~te or subsequent

r~JlIetlOn.

An earlie, invc'ligalion9 showed thaI lhe optimum time and temperature for the

oxidalion of ilmenite wa, I hour al 950"C. Results of wet chemical analy,is has

shown lhal the ktrous iron content of lhe oxidized ilmenite was only 1.4% while thc

rest of the il'Onwas in lhe ferric state. This means that oxidation could be considered

complcle, These oxidi7ed ,amplcs were reduced for 4 hours at 1050°C.

4.5.2 Reduction Behaviors of Different Magnetic Fractious

Tile re,ulls of ~hemie~1 analysis of the reduced magnetic fractions dearly showed

that the eont~nt of the metallic iron n, well as that of Iota I iron (excepl the separated

at O,25A) decreases wLth increase of applied current for sepamt;on (Fig 4.4)

"J %OfMelalliclmnintireReducedMa,",0;;,0)Re( ucliol1_o--~--------------
%OJ T"/,,llron In IheReduced Sampl~

'.'



Result, oblained indicalc that magnetic fraction, sepamtecl al lower CUl'rentare

reduced tel a high~r extent Ihan those separated at higher ~LLrrenlS,II may be due to

thc hIgher ferric oxide contenl in these fractions. But the actual extent of reducti"n of

the differenl magnetic Ji"aetlonsdid not show any significant differencc. So from the

pomt of view of optimizalion of lhc reduc!ion process, adaptation of 'eparalc

reduclion pro~edure Jor each of the magnetic fractionation may not be nccessary.

60
I
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g < :,.,
"•0• 30

"' ,- 20 ,
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0, I• 10•
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Separation CurrentjA)

...•..• Fe! -.- Fern

Fig 4.4: Percentage of Metallic (Fe,,) and Total Iron (Fe,) ill the Different

Magnetic Fractions after Reduction in the AS-rl'eei,.ed Condition

Cox's Bazar ilmcnitc was redueed in 1) a, received condllion 2) after oxidation 3)

Using carbonate in the redllction mixturc_

The exlenl of rcduc!lon m the lII' received condilion (indicated by the amount of

metaliic iron in the reduced mass) was found to be the highest for !hc fraction

,eparated al a separation current of 0.25A. H has already been mentioned that !he

resull' of chemical analysis havc shown that this rraclion contains the highest

amount of fen-ic oxide. The extent of redllction of iron oxide in each of these

fm~li{)nsin the oxidized condilion, was found to be higher than the corre'ponding

fraction in the as_received condition (Fig: 4.5). At the same time the fmelion

separated at a separation current of O.25Adid not show any higher reduction, ThIs is

to be expected_ All the fradions were oxidi7ed at 9500C for a period of two hours.



Thi, convertcd a~nost all the ferrou~ oxide in all these fractions to ferric oxidc, A, a

resull no fractIOn showed any difference in !he reduction behavior. Sludie,l havc

,hown that oxidation of ilmenite prior to reduelion (a) introduces defecls (Crack,

grain boundarie, etc) (b) converts all thc fcrrou, iron to ferric iron which overcome

the problem of different ferrQus to f~rric ratio, in ilmenite from different localities

and (c) alter, the equilihrium eondltions and the rate (}f reducti(}n from ferric !o

ferrous stale. It is therefore!o be expected that the extent of reduction is higher in the

samples reduced after oxidation,

A comparison (Fig 4.5) of the reduc\;(}nbehaviors of the different magnelic fraClions

",d"eed (a) in the a" received condition, (b) aftcr oxidation and (c) after oxidation

and addillon of 10% s(}diumcarbonalc in !he reduction mixture show, that thc cxtcnt

of reduction of each the fraclion, i, the lowcst in the as received condition, except

for the fraction separated at a 'eparation currcnt of O.25A. Oxidation prior !o

reduclion give~ a highcr extent of reduclion while the cxtcnt of reduction was found

to be highest for the samples reduced in a mixture containing 10% sodium carbonate.

EarlJcr studies 6,7have ,hown that addnion of sodium carbonate cnhances the extent

of reduction of ilmenite. The enhancement in the rate ofreduction in the presence of

a carbonate has heen altribllled to an early onset of the gasification rcaetion in the

scetion two. Carbonate plays an important role in the ,ecoml ,tagc of the gasification

reaclion, Because carbonate releases CO at hlghcr temperature at arou~d 1000~C. In

the pre,enl ,tudy sodium carbonate suffered following rcaction.

C+CO,

----, •. Na,O+CO:

--~._ 2CO

111i,CO increa,", the supply of CO a, well a, enhanecs the ge~eration of CO from

charcoal. N.N.Shamsw also observed the ,imilar cffcct on the Moheskhali ilmenite,

S(}reduction rate for Cox', Buzar ilmcnite increases. 11,e chemical analysIs of the

study of N.N.Shamslo showed thai Mohcskhali sample has similar composition like'
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Fig 4.5: Percentage of Metallic [ron (Fe,,) in the Reduced maglletic Fraction~

(Itcduccd in th~ A~received, Oxidizedand Oxidized+Catalysed Conditions)

4.5.3 X-ray Diffraction Analysis of tbe Reduced Magnetic Fractions

X-ray dllIi:actlOnpatterns of the reduced magnetic fractions are presented in the Fig

4,6. TV,ill phases, iron and titanium oxide, were identified in these X-ray pattern,_

Th~T~were no (l1fti:actionlines belonging to iron ()xide, which distinguishes X-ray

pattern, of r~dlL~eclsamples fi:om the patlems of unredllced ,amplcs. Due to

reduction iron o~ide iransfonns to metallic iron, Thus tile X-ray patterns of all

reduced magnetic fraclion, ,how diffraellon lmes belonging to metallic iron. The

more intense peak of titanium oxide and metallic iron in the fractions separated at

O.25Aindicates higher reduclion of this traction in the as received condilion.
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4.5.4 Thcrmogravimetric Analysis ortbe Magnctic Fractions

Thermogravimetric analy,i, (Fig 4,,7 to FIg. 4.11) was carried Ollt to observe any

eh~nges in weight during heating, During tbis heating inert atmosphere was

maintained by the supply of He. The,e data did not show any significant weight loss,

D,S,S Dabu et.al"J studied the alteration of Indian ilmenite of Cha"ara,

:Vl~nvajak1iriehi,Ori8sa dep()~its,During their study, tbey identified weight In~gat a

temperature near around 600~C.This decrease indicates the presence ofbollnd watcr,

l\'aturally bound watet' inerease8 "Sthe degree of alteration increase8. This i8 because

pswdorutik structure may contain hydroxyl ions. Thu, thc contents of bound water

i, re!ated to the prcscnec of the pseudorutile pha,e. This study did not show any

signifLcantweight lo,s at above-mentioned temperature, Thermogravimetric analysis

therefore intli~at~sthat there is no alteration product in the Cox', Bazar ilmenite.
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4.5.5 0IJtical Metallography of thc Different Magnetic Fractions

lImcnite was mounted by cold selling resin and was polished properly to get scratch

free surface. Then the sample was placed under microscope and photographs were

taken the dlfrerent grains of ilmenite. l)pical microphotograph in optical micro~copy

is presented below Fig 4. (12-18)

Microphotograph of all samples were almost <imilar m appearance. There were nO

"ignili~anl changes that could he noti~ed from thcse microphotographs. Reduced

samplc COnlalned more ••••.hitc phascs (metallic iron) than the ,amplcs in the

unreduced condition,

4.5.6 Mineralogy of the Different Magnetic Fractions
TIlc mineralogical microscopic smdy of fractioned ,ample showed (Fig.4. 19) grain,

of different colors. During thi, ,tully, foxy red grains of rutile, black grains of

ilmenite and glassy grains of quartz or zircon could be identified. At the ,arne time

qUart7 mixed ilmenite particles were also observed. However all the grains of

llmcnite were smooth in appearancc indIcating that no alteration has takcn place in

lh~s~grams,

4.5.7 Scanning Electron Micrograph
Sampks of reduced ilmenite bclonging to the highly magnetic Iractions (separated at

low separation current') wcrc observed under a ,canning clcctron micrograph. The

surtaces of .ample mduced for 4 hour5 reduction (Fig. 4.21) were more porous in

appearance than the samples reduced for half an hour (Fig. 4,22), In the as-received

sample (Fig: 4.20) nOerack or porosity could he ,een. Somc crack could be seen in

the oxidized sample (Fig 4,23). Ananda and Gilkes" ha,e noted that scanning

electron micrograph, of slighlly altered grains show massive irregular surfaces due to

formation of pseudomtilc while highly altered gmins havc very porous surface,_ It

can thus be concluded that the major magnetic fractions (- 90 per cent) of Cox's

Bazar ilmenite are not altered to any significant extent.

•



Fig 4.12 Mkrophutugnph orAs-received Sample (Mag. 400 X)

l'ig 4.13 Microphotograph of thc Magnclic Fraction Sellarated at 0.15 A

(After Reduction, Mag. 400 X)



Fig 4.14 Microphotograph of the Reduced Magnetic Fraction Separated lIt:l

Current of 0.20 A (Mag. 400 X)

Fig 4.15 1\1icrophotograph of the Iteduced Magnetic Fraction Separllted at a

Current of 0.25 (Mag. 400 X)

71



Fig 4.16 :\Iicrophotograph of tile Reduced Magnetic Fraction Separated at a

Current of 0.30 (Mag. 400 X)

Fig 4.17 Microphotograph "f the Reduced Magnetic Fraction Separated at a

Current "fO.J5 (Mag. 400 Xl



Fig 4.18Microphotograph of the Reduced Magoetic Fraction S"pan,ted at a

Currellt of D.411A(Mag. 400 X)

n



(A-Ilmenite)

(C-Zircon)

(B-Rutile)

(O-Quartz mixed Ilmenite)

Fig 4. 19: Mineralogy of the Cox's iJaz"r Ilmellite (A~ Received)



Fig 4.20 Scanning Electron Micrograph of As Received Sample (Mag. X 350)



Fig 4.213 Scanning Electroll Micrograph of :amples

(After Reduction for 4.0 hour, Mag. X .'150)
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~'il:4.21b Seann;n!!:Uectroll Micrograph of Samples

(After Rednction for 4.0 honr, Mag. X 200)



Fig 4.22a Scanning Ell",tron Microgullh ofSamplcs

(After rednction for 0.5 hour, Mag. X 350)

Fig 4.22b Scannin~ HcctwnMicrograph of Sample

(Aftel' I'cdnctiun fur 0.5 honl' l\1a~.X 200)

•
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Fig 4.23u Scanning Electron Micrograph of Oxidized Sample( Mag. X 350)

Fig 4.2Jb Scanning F:lectron Micrograph ofO"idized Sample (Mag. X 200)



4.6 Sieve Analysis of As Received Sample
A sieve shaker wa, used to perform size fractionation. TIle sieves were arranged in

the u,ual way, sample was placed in lhe top most sieve and powcr was turned on for

15 minute,. Thc sample retained on different sieves were collected and weighed. It

was found that 94,5% (shown Fig 4,24) of the tolal s:unple was retained On lhe US

sieve number 70, 100, 140. While only 3.5% was retained on the other sieves.

Suhse4uent investigation was conducted on the major fraction, only,

,,~
60 J

• ;0
0,"•,;0,
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US sisve No

,eo

IElseries11

Fig 4.24: Results of Sieve Analysis

4.6.1 Chemical Analysis of these Different Size Fractions
Among these four fradions particles retained on US sieve no 200 are the tinest one.

Chemical analysis (before and aftcr reduction) of the differenl size fractions werC

performed. From the wei chemical analysis data, it was found thal with increasing

sieve number, percentagc of ferrous oxide and tolal iron increases. (Fig 4,25. Fig

4.2G) ,hu,", that thc exlent ofreduction is maximum I'm the US sieve no 200, while

minimum for samplc tctained on US ,ievc no 70. Oil the other halld chemical

analYSISof reduced samples showell lha! thc finer fractions contain higher ferric

oxide which leads 10 cnh:mced reduction. .It was concluded that size fractionation



will nOI be helpful to incrcasc UlCcxtent of reduction. This behavior of the Cox's

Baz~r Ilmenite wa, "Iw found to be similar [0 [hal Moheskhali Ilrnenj[~>e.

0

"i ~ : :,
>' _FeO•• • •0 • • -'-Fe2030

"• ,
•

j
_Ti02

m• ,G • --B- Fel
0 • • ••,

"••
~ 70 100 140 200

Us Sieve No

Fig 4.25: Chemical Analysis of Different Size Fractions

(feO-Ferrou, O~ide, Fe,O,-Ferric Oxide, TiO,-Rutile, Fe,_Totallron)
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Fig 4.26:Chemieal Analy,i, of the Different Size Fracti"n~

(After reduction)



4.6.2 X-ray mffraction Analysis of Different Size fractions:

Fig, 4.27 shows the X-ray patterns "f the ditTerent size fractions. Diffraction hnes

bdonglJlg to Ilmenite, p,eudobn)(lkile, rutile, and iron titanium oxide could be

iJentifinl in these p~llerns. Diffraction line~ belonging to pseudorutile wuld not be

detected in any of these tractions, X-ray analy,is of reduced tractions (Fig 4.28)

"howed lhal Iron ~nd rutile phases are pre,ent in ~ll the diffraction patterns. The

amounts of the ditlerellt phases present in these patterns were however not

calculated. "I he re"ult i, therefore only qu~[itative in nature.

"'

;
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h D.IT t Size Fractions (I_ilmenite,Fig 4.27:X-ray lliffl'llct;OIlPattern, of tel eren .
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1

------

•

Fig 4.28 X-ray J)jffraction Patterns of the Different Size Fractions

(After Reduction)
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4.6.3 Sphc~icilyofniffe~ellt Sizc Fraction,

Sphericity, a geometrical factor, of the three-ilmenite tractions was detel1llined. For

IhLSpurpose, the raw ilmenile sample of different size [["dcti()n,were photographed

under a stereoscope. SphericilY of a parlicle was !hell calculated from the following

formula.

Sphericity =d,/a

Where d n = llominal d;a of the parlicle

d,,=(a+b+c) / 3

a=lenglh of major axi,

Sphericily of at least twenty grains of each ,ize fradions was measured (Fig 4.29)

and average value wa, taken as sphericity of the particular fraction and data are

tahulaled.

The sphericilY of lhe thrce sample, is found and lics in a narrow range, 0.820 to

0.839, Sphcricily of N.N Shams'o "hm,'ed Ihal Moheskhali ilmenile also lies in

narrow range 0.773 10 0.845. Howe,er finer size fractions are f()Ulldto have a

slightly higher Sphericity Ihan Ihc courser ones. So finer tractions have longer

history of wealhering, erosion ctc during transportation.

US Sieve No

~:0~~1/~ 083
~ a,BZo
~ 0,82 I

0815-
OB, I _~_~ ,_ .." "0

Fig 4.29 Sphericity of Different Si7-eFractions



CHAPTEJ{~5SUMMARY AND CONCLUSION

Introduclion

Analysis of th~ as-received sample has shown that Cox's Bazar ilmenite contains

around 40 % TiO" This perc~nlage of titanium di oxide in this deposit of ilmenite is

hdow the minimum (ha( IS rcquired for commcrcial application, From the different

leehniques of upgradation, reduclion followed by leaching was selected, Thi, process

is >lmplc and i, ea,y to manipulate when compared with ,,(her techniques available

[or upgrndation. R~dllction characteristics of ilmenite d~pends upon numerOllS

!actors incillding size and shape chara~leristics of the ilmeni[~ particles, composition,

pr~"cncc of the diff~rcn( phases and th~ir morphologies, presence of defects likc

void" cracks etc to.

5.1 Study of Reduction 8ehavior

Redllction wa, carried out in the a, received condilion, in presence of carlmnate,

after ()xidallOnand after magnetic and size fraetionation. The prime concern of these

experiments wa, to id~",l1jYthe mo,! suitable route for reduction. The effects oftime

and temperature on the exl~n( of reduction "ere not, however, studied. Since

charaGlcristicaJly, Cox's Bazar ilmenit~ was found t" be similar to Mohe>kJm1i

ilmenite in thc us received condition, optimum llme and temperarnre established

earlier was ",cd 1'01' all thes~ r~duetion experiment><.

5.2. Effect of Q:..idatioll

Higher extent of n;ductlon In oxidi£cd condition ha, been attributed to the

imroduellon of defects (crack>, grain boundaries etc.), ~onversjon of almost al

f"rmu, iron to ferric ,ta(~ Hndalteralion of equilibrium conditions and rate reduction

from [mT'c to ferrou, ,(ate". Experimental data of oxidation indicates the conversion

offe1"rousoxid~ 10lts higher oxides Fe,O, that leads the increase ofrcduction rate.



5.3. Effect of Carbonate

From ~ previou< LUstudy, it was found thaI addition 10% carbonate to the reduction

mixture give, the mosl satlsfactmy re,,,ll. That is why 10%NaICO) was used in this

CXp~1'Iment and lhe results show an in~rease of percentage in reduction compared to

the LLn~alalyz~dcondition. At a lower temperature the r~duction proc~eds via the

sohd-srnte reaclion between carboll pre,ent in charcoal and th~ oxides of iron present

in ilmmite, At temperature above lOOOoC,the reaction mechanism changes and

carbon monoxide, gencrated through the reaction between carbon dioxide and carbon

of charcoal, acts as the main rcducmg agent. 1n other words, tile overall reduction

rate i, greaUyenhanced by the availabilny of the redu~ing gas that is produced by the

gasifi~alion of carbon in accordance with the Iloudouard reaction. n,e presence of

earbonatc in reduction mixtllre enhances this gasitlcatwn by supplying carbon

dioxide produced from the breaking of carbonates at high temperature.

5.4. Effect of Size Fractions

Particle SjZ~plays an important role in the kineliC-'!of reaction. Reaction rate

increases with reduced siL.Cas the liner particle provide more contact area to begm

the re~ction. Keeping this 1ll mind, effect of size of the particles of ilmenite on

reduction was studied.

Increasing sieve number in sieve analysi< indicates tile inerea.,e of fineness of tbe

particle. With increasing t,neness the active surface area for tile reduction also

increa<e,. The reduelion reaetion ,tarts at the eontact pOlllls of ilmenile and the

reducing agent. So thc exlent of redu~lion was higher for the finer particles. The

present study ha, ,hown that although finer traetions of l:langladC-'!hilmenite contain

higher percentage of il'(lnoxides, they aetually get reduced at a faster rate. As a result

lhe reduced sample of finer fraction eontain a lower amount of iron in the ()jade

fonn, 'rhu~ from lhe vie"'poinl of oplimization of reduc(ion pl'(lcess, miaptal10n of

separate redll~lion proeedure for ea~h fraetwn is not ne~essary,

•



5.5. Reduetiou Bebavior of Magnetic Fractions

Alteration of ilmenite makes it a heterogeneous ;ub,lanc~ a, il producc, varicty of

producls wilhin th~ ilmenite grains containing different concentralion of iron,

Different magnetic fraction~ were reduced. Resuhs obtained have shown that

rcduclion of thrcc major fraction, wCrCrelatively higher lhan higher Iraellon.

5.6. Study of Alteration
Ah~ralion i~ a complex process bul th~ ,imple~t alteration m~~hanism can be

explained as f"llo",s IS,2~,ll. 28,26,

IIrncnile ---.- P'ClIdorulile ---".- Rutile +Hematite

Tins I, thc lwo-stage simpiesl alteration mechanism. In the first stage of the

alleralion of ilmenil~ one third of the tOlal iron is lost from ilmcnitc and thc

remaining iron is convened to ferric stat~ fonning ps~udomtile. The ,~~ond ,lag~

involve, the removal of remaining iron and lo~~of some oxygen to form rulile. A

gcneral fc~turc of ~hered ilmenite grain is that the altered product incilldes malerials

that give ~ pscudorutile dittraction paltern. The presence of pseudorutile has been

detected in the alter~d grains of iimenite from South and West Allstralia }l, Soulh

Afri~a ", Indonesia, Bra,,,147~ndQuilon" (South India).

These altenllion stages ean be deduced qualitatively from the changes in mineral

proporlions revealed by the dllfraction spectra of magnetic fractions of altered

ilmenite gmins. Altel'ation can be indicated by the changes in Fe'+!FeJ+ and Ferri

r~Li()" '" wdl a, variations in magnctic susceptibility, density, hardness and

reflectivity, struclll[~1and morphological changes ".In nature, progressive alteration

of ilmenile result, in the formation and co-existence of different phases. X-ray

ditlnLcliOLlha, been u,~d to ideotily (he products of weathering.

The presence of ~ny altered product like pseudomtile eOllldnot be detected in the X-

ray pallems of the ditl:erent magnetic fractions. So it ean be inferred that there i, nO

alteralion in this present depo,it. However positive idcntlfieation of all al1credphases

i., difficult hecallse of indistinct and ,imilar structural as wcll as physical propcrtles,



Be,ide, thIs 1llX-ray partem, slight ,hilling of peak:; related to nearer 2T angles also

might influence the diagnosis. 1'0 ovm"Comcthe above problem thennogravimetric

anal}si, (TGA) was carried out It ha., been wggcsled 19that altered ilmenil~ sllffer, a

weight loss at ~rollnd 600°C due to loss of bound water. The re,ults of

thermogravimentrie inve,tigation could not detect the pr~,enee of bound water in th~

grains of ilmenite,

5.7 Conclusions

I. Co,', Bazar ilmenite contains aboul 40%Tl02 and from the point of view

chemical analy,is it ISsimilar to Moheskhali depo,it.

2 The bulk of ilmenite ofthc Cox', Bazar depo,it belongs to magnetic fractions

sepamted ~t CUlTenl,of equal to or less than O.3A. bcept for the Iraction

,cpamted ~t a separation cllrrent of 0.25A, the contents of total iron and

ferrous iron in the ditferent fraction, gradllally decrease with an incr~a,e m

the separation currcn!.

3. OxidRtion prior to redllction Rnd addition of carbonatcs in the reduction

mixture increase thc extent of reduction lInder all the conditions inv~stigaled

Thc extent of reduction, aftcr oxidRtion, of the differenl magnetic fraction,

doe, not show any significance differenc~, Thus, so far the extent of

rcdudion IS eoncel11ed separate rcdllction procedures for the individual

magnetic Iraction may not bc necessary.

4. TGA studies did not illdical~ the presence of combined water. X-ray patterns

did not show the presence of pseudorutile. It waS concludcd that ilmenite of

Cox', Bazar deposit ha., not b~en altered to any significant ~xtenl.

5. fin~r fra~llons of Cox', Banr ilmenite contain higher amount, of iron and

hm'c a higher degree of reduclion. Higher reduction rate of fin~r Iractions of

ilmenite is helieved to be principally due to shorler diffllsion length in the,~

particl~,. Il is concluded that as far as the optimizalion of reduction

paramcl~r, of Bangladesh ilmenite is concel11ed, a separate reduction

procedure for euch fraction is not necessary.

.,



5.8. Suggestions for Future Work

I; [0 this expcrim""t, reduction behavior was studied, But no reaction

mechanism or kinetics was studied. Kinetics of the reduction reaction might

lead to nc,",conclusion.

L"~ching behavior of the reduced size md magnetic fractions may be

investigated to find out 1t they show any dilTerence in their leaching

characteristics.



APPENDIX-I

ESTIMATION O}' FERROUS IRON:

l).IUI)~solutions be kept ready hefore analv,is

sTake 0,5 !;rTI of 1inelyground sample in a 50(Jml f1a,k

S Add

a) 40 ml of distilled water

Il) 25ml cone. H2S04

S Hc~t gently to boiling, hoil for ()n~minulc.

s Add 10 ml ofHF, boil for 10 minutes,

t; Remove f0I111 hot pla[~ and imll1cdi~[cly~dd

a) lOa ",I of 4 pel. boric a~id (4gm boric acid in 100ce water)

b) j 5 ml of H)PO,-II,S04 mix[ur~.

~) 100 rnl of dIstilled water.

d) Cool in running water.

!; Add 1 rnl of BarillIIIdIphenylamine sulphonal~ indic~tor.

:; Titrate with O. IN potassium dichromate solution to a violet-blue and point.

hniculatioo

< T m! oj k,Cr,O, OJ/I' OJ1I.5584lJ 1 00
% I'e = ------------

w!()fsGmpie

'"

•



ESTIMATION OF METALLIC IRON:

; Add 4-6 gm ofHgCI, to IOO-150cc of distilled water,

[; Add 0.5 gill ofFINEL Y GROUND sample.

[; Boil for 20 minutcs

[; FiIler and wash (6 times) with hot water,

i; Tesllhe re"due for iron content

a) Add onc drop of polassium f~rrjeyanidc solution.

b) Green color will indicate pre,ence of iron

c) Boil ppl with 100ee distilled waler and filter

d) Te8t again for Fe eontcnt

c) Repeal, ifnec""ary.

a) 10 IIII of H.,I'04-H,S04 mixturc.

b) 10 ml of Zimmermall solulion

e) 5 drops of Barium diphenylamine sulphonate indicator.

i; Titrate witb standard pOlassium diebromate solution

Appearance of,iolet color is the F.ND POINT.

% Metallic iron =

Factor K,CrO, =

ml of k,O,o, u"'"uO.55R4u 100

wi of sample

55,84" Nurmaiivo/K ,Cr,O,
100



ESTIMATION OF TOTAL IRON:

/:; :>leIl1O-15 gm ofpota"ium-hydrogen sulphatc (m silica crucihle) to get a clear

solutlOn.

/:; Allowthe melt 10 ,ohdify.

/:; \Veigh out 0.5 gm ofrINEL Y GROmm sample.

/:; Spread lhe weIghed samplc evcnly over solidified pota"ium bi-sulphate,

/:; Heat gmtly 10mell

/:; Swirl the conlenls of the crucible e.1fcfully.

/:; lnere~se the temperature to the max;mum (900°)

1; He~l(al900oc)forJOminute.,.

1; Allow ,oli<h(ying.

~ Place the ~ru~iblc (and the lid) mside a beaker conlaining 20 pel H2S04.

E Make upto 250ml.

:-.I.B. UIC this solulion for the detemlillalion of TiO, also

I'ipdte out 25 ml oflh~ solution in a conical ila,k

S Add 5ml cone. HCI, Hcat to SO"e.

S Reduce lh~ iron solution by adding (DROI'WISE) FRESHLY PREPARED SnCl,

S ~olution [Adcltill the color dIsappears, add on~ drip ~xcegg]

~ Cool ;mrneclialdy mICE (to 20DC)

I:; Dilute to abmll 100 ml.

I:; Ad,1 10mi of Saturated I-IgCI,solulion (rapIdly, at a time) and mix thoroughly,

I:; SIlky white precipitate w;11be obtained Allow to stand for 5 minute.'.

I:; Add 5ml of conc" H2S04 and I0 drops ofn-phenylanthralmic acid indicator.

~ Tilrate with std, Potassium dichromale solutlon to pink color, This "olm change

is not very prominent, ha, to bc noticed carefully.



Calcol"';"n :

% Total iran =
",I of K,Cr,O, 11 N" 0.55840 10

wlo{sample

55.84u NormalityoJ K,Cr,o,
100

ferric ion can be ",limaled li:om the difference between tmal iron and ferrous iron

%Fc'" % tola1 iron

93

.~.



ESTIMATIOI.'I OF TIO]

S The apparatus consists of a 500 ml Erlenmeyer flask with a 2"holc rubber

stopper. A pointed glass rod nearl} t(",ching the tlask is placed in one hole oflhe

'lopper and the short end of lhe delivery tube is placed inlo a 400ml. Beaker

containing ,alumtcd sodmm bicarbonate lolUlion. The alummum foil il altached

to the glass rod fixed "ith the slopper.

/; Take 25mI of solution (prepared for estimation of lotal iron) in a 500-ml

Erlenmeyer J1ask,

i"; Add 30 ml ofllel (conc.)

i"; BOllthc solution

i"; Altach 2gm of high purily aluminum foil to the end of lhe glass rod of the

red~clOr.

I; Remo,e lhe tlask fonn1he heating manlle.

/; lmtnediately insert lhe rubbcr stopper carrying the glass rod with aluminum and

the delivery tube 10lhe Dask.

I; Place lhe olher end of the delivery tube below the level of the saturaled sodium

bicarhonate wlulion laken in the 400 ml beaker,

/; The reaction between the alummum foil and the solution is rapid.

/; Towards the end of the reaction swirl the f1a,k to enSUrecomplete mixing and

reduction.

S When all the aluminum appears to be dissolved gently boil the solution for 3-5

minutes keeping the delivery tube still Immersed in lhe sodIum bicarbonate

.loIUlion.

/; fmurc lhal the rubher is righlly filled,

/; Cool the flask (in ice) lu less th~n 60°C.

i"; As the sample (in the Erknmeyer tlask) eooll, the sodium bicarbonate solution is

drawn into the Erlenmeyer llask and carbon dioxide evolved gives necessary

proleelive atmosphere,

I; Wh~n the solution i, cool remove the stopper and rinse the glass rod and the

delivery tube wilh dIstilled "'ateL



~ Add 2 m1 of24 pct ammonium thiocyanate indicator,_

~ Titrate with standard fen-ic ammonium slilphate indicator.

Calculation:

ml ()f lilranl u jactor UI 000
WI{mgm) ufthcl'Gmpl"

Factor =
WI of Sld,T,O, u%", SldTiO,

mlo} lilranlulOOO



PREPARATlOi'J OF SOLUTIONS

1. Ammonium Thieuyanate indicator

DIssolve 24,5 gm~ of ammonium thiocyanate In gOml of hot distilled water. Filter

through ["0 What Man 42 filler paper using vacuum. Cool, dilulC10 100ml and store

in a dark CQlor~dbolilc.

2. Standardi/.atiun of Ferric Alum;

Ili"olve 30.16gm of ferric ammonium soleplate in 800ml distilled water and 15ml

cone. J-I.~O,. Add H,02 to ensure complete oxidalion of the iron. Boi! the 3O!nli,,"to

rcmove exee" H,O, "nd dilute 10 I litre. Standardize the solution against sland>trd

TiO, reduced in lhc ,arne way a, de,cribed for the sample.

J. I'rcparation uf SnCl);

Conc. Solutiol1 "f SnCI, is prepared hy dissolving 12 of pure till or 30grn' of AR

crystallille :'.nCl, (SnCll, 21:1,0) in 100mi of conc, Hel and dilule 10 200ml with

distillcd water.

4. I'h"sphuric acid-Sulphuric acid Mixture

150ml of wnC, HlO, 1501ml of H,P04 in 700ml distilled "atcr. Total volume will

bc lOOOmL

5. Zimmerman S"lution
50g.m, MllS04 in 250ml H,O+lOOml cone. H,SO,+JOOml distilled water+100ml

I-l,PO., T"tal vol"me will be 750ml.

6. Diphcnyl amine sulphonate J ndicator

l)issol,e I gm of the dipheny!aminc salt in IOOml"f cone, H2S04

7. Barium diphcnylumioe sulph.onate Indicator

0.2gm "fbarium dIphenylamine salt in 100m!distilled w~[cr,



8. N_phcnylanthr:ulinicacid indicator

O.lgm phcnylantllralinic acid in 100mi 01"0.005 molar sol" oI"NaOH.

9. 20% Hel Solution

Cone. Hel wnlmns 35% Hel. Take 1OOc~Hel and add distilled waler to makc upto

765cc

Ill. K,Cr20, Solution

1.9033 gm I lilr~ (O,IN Solution)

49.033 for Ililrc

II. 0.005molar NaOIl Sol".

O.02gm r-:"OH ~[yslal in 100 mll120

12. 4% Horic acid:

4 gm boric acid in lOami "aler.

13. I'otl",ium fcrricyanide solution:

0.02gm polassium felyicyanicic in lOami water.

14. 20% H2SO.

XOml H,O + 20 H,S04



APPENDIX-2

Tahlc-A 1: Data for Ma~lIeticFractionation of Ilmenite Samplc

I Separation Current (Al Percentage

I 0.15 28.3

I 0' 28.9

0.25 21.6
I 0.3 11.6

0,35 5,55
04 2,859

TableA2: Chemical Anal)'sis of Different Magnetic Fractions

Current
Fe++ Fe+++ F"IA)

0.15 13.9 33,117 46.6

02 12.44 32.55 45.5

0,25 11.49 38.5 50

0.3 10.402 30.8 41.32

0,35 " 31.15 41.32

04 8.8,5 31.15 40.2

Table A3: Chemical Analysis of As Received, Oxidized And

Catalyzed Fractioned Sample

Current Fem fem "' Fe", Cat.&

{A{ Oxidized received oxidized

0.15 " 47 42.5

0.2 42.75 45.5 40.5

0.25 42 43 48

0.3 " 42.5 38



Table A4: Chemical Analysis of the Reduced As Received Sample

Curreot (Aj F" F=
0.15 48 42.5

0.2 46.52 40.5

0.25 50.25 48
0.3 43.32 38

Table AS: TGA Analysis of Different Magnetic Fractions
O.l5A (123.9 gm sample)

Points Temp C WI loss %Wlloss

I 100.19 .026 .021

2 406 .119 .096

2 558.16 .509 .411

4 651.58 .685 .553

5 885,83 .093 .553

6 943,51 1.121 .905

7 948,69 1.006 .812

0.2A(117 ,6 gin sample)

Points TempoC WI loss I %\Vtloss

I 103.43 .051 .043

2 5 I 1.29 .208 .177

] 614.41 .422 .359

4 878.71 .026 ,022

8 948 1.2 14



,25A(108,9 gm sample)

Point, Temp ( C) Wt loss (mg) 'YoWlJoss, 80.94 .023 .021

2 442.62 ,161 .148

3 657.74 ,658 .605

4 866.24 I .180 .165

5 946.92 1.953 1.794

6 948.92 2.02 1.855

,3 A (112 gm ,ample)

Pomts Tcmp(C) Wt loss (mg) %WI loss, 45.80 .009 ,008

2 263,7 .097 .86

3 560,19 .33 .298

4 617,72 .492 .439

5 685,15 .596 .532

6 786.52 .584 .521

7 883,2 ,510 I .456

8 939,6 2.949 I 2.634

9 947 2.99 I 2,67



0.35A(l34.5 gm sample)

Pomts Temp ( C) Wt loss (mg) %Wt loss, 115.45 .043 ,032

2 448.68 .194 ,144

3 486.54 .438 .325

4 651.35 .623 .463

5 873.9 .935 .695

6 947.92 2,847 2.117

7 94874 2,850 2.119

0.4A(106 gm sample)

Poinls Temp ( C) Wt 1",; (mg) I%Wl loss, 83.81 .081 1.077
2 417.4H .246 1.228
3 498.89 .406 .384

4 559.31 ,513 .486

5 640.99 ,947 .896

1
6 921.17 1.456 1.380

17 947,63 1.647 1.561

TableA6: Sieve Analysis

U, Sieve No Mesh opening %Reta;ned ~ievc

70 2W 1.87

000 '49 58.47

>40 '"' 35.9

200 74 2,29

pan ~~ .64



Table A7: Chemical Analysis of Different SiLe Fractions

Us Sieve l'\o Fe FeD Fe++- Fe)OJ Fe Total TiO)

70 12.84 16.5 27.18 38.82 39 41.73

100 11.84 15.625 28.45 40.64 41,132 40,14

140 12.28 15.78 30.67 43,65 43.35 39.26

'00 13.84 17.22 30.9 44,14 44.35 39.26

Table A8: Chemical analysis of Different Size Fractions (After

Reduction)

Us Sieve no Fern Fe<
70 3n6 50
100 40 52.5

140 43.5 53.36

,"0 44.1 54.47

Table A9: Sphericity of Ilmenite of Different Size Fractions:

US Sieve No Sphericity

70 0.820

100 0,828

I411 0.839

102
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