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ABSTRACT

Heavy minerals found in the beach sands of Bangladesh are one of the most

important mineral deposits that have, so far, been identified in Bangladesh. Ilmenite

is the most abundant mineral in these deposits and constitutes about 25 per cent of all

the heavy minerals. It has been estimated that about one million tons of ilmenite can

be separated from the beach sands of Bangladesh.

In 1977, a pllot planl was set up at Cox's Bazar by the Bangladesh Atomic Energy

Commission to separate the indlvidual heavy mmerals from these deposits. Unfortunately,

however, the ilmenite produced at Cox's Bazar pilot plant contains less than 40 percent TiD,

together with a large amount of iron in the form of oxides, silica, magnesium and

unaeeept1ble amounts of manganese and chromium. Ilmenite containing less than 55 pereent

titanium di-oxide is not considered suitable for industrial use. As a result, this valuable

mmeral separated from the beach sands of Bangladesh, which is used in Ihe mnnufaeture of

paints, welding electrodes, ceramics, etc. could not find any market in Bangladesh or

elsewhere.

In view of rapid depletion of known reserves of natural rutile (TiD,) efforts are being made

throughoutlhe world to transform ilmenite into rutile through thermo-chemical treatment.

As a result of these investigations, a number of eommereial processes for the produetion of

rutile from ilmenite have been developed. This rutile is known as synthetic rutile. No efforts

arc known 10 have been made to convert Bangladesh ilmenite to synthetic rulile. It was,

therefore, considered necessary to explore the possibility of converting Bangladesh ilmenite

to synthetic rutile througb thermo--chemical treatment. It is believed that the successful

conversion of Bangladesh llmem1Cinto synthetic rutile will make litis valuable mineral of

Bangladesh useful at home and abroad, enhance the confidence in our ability 10use cur own

natural resources and also the preslige of the nation.

In this dissertation mvestigations were carried out 10charactenze Bangladesh ilmenite in the

process of its up-gradation into synthetic rutile. Raw sand containing the heavy minerals was

collected from the back dune surfuce layers ofhcavy mineral deposits at Teknaf village area

(Lengurbil deposit) from points located 2-3 Km away from the water line and 5-6 meter

above mean sea leveL The area selected fur the study falls between the latitude 20'52'7" to

20'52'21"N and longitude 92'16'10" to 92"15'58"E at Teknaf. lbe heavy mineral proportions

VllJ



of the concentrates were determined to be 89-92% by point counting grams using both

reflected and transmitted light microscopy. Among the minerals found in the Tdmafbeach

sands ilmenite is the most important One It constitutes around 24% percent of heavy

mineral tonnage, the other important constituent minerals of the heavy minerals being rutile

and zircon. Factory grade llmenite was produced at thc Beach Sand Mineral Exploitation

Centre, Cox's Baulr. The techniques of seperation are based on the difference in physical

properties hke density, electrical and magnetic properties, The reduction-leach routc of up

gradation of ilmenite was followed in this investigation. The sample of ilmenite was

analyzed chemically by standard methods of wet chemical analysis in the as received

condition, after oxidation and reduction and also after magnetic and sizc fractionation. X-ray

diffraction analysis was performed to identify the phases present in the various fractious.

Thermo-gravimetric analysis of the magnctic fractions was carried out to detect the presence

of water in the sample. Combined water in ilmenite is an indicator of tile extent of alteration,

The effect of oxidation on the extent of reduction and also on subsequent leaching of

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

oxidation ofllmenite have been followed by chemical analysis, X-ray diffraction and optical

microscopy. A few samples of ilmenite wete also observed under a scanning electron

microscope. The sample of ilmenite both oxidized and as received was reduced with

charcoal in the temperature range of800"C to llOO'C for treatment tlme ofup-to 5 hr, The

magnctic fractions and the size fractions were also reduced under identical conditions. The

extent of reduction was followed by chemical analysis and X-ray diffractlOnanalysis. The

reduced samples werc also observed under optical and scanning electron microscope. The

reduced samples were leached in hydrochloric acid. An attempt has been made to understand

the kincties and mechanisms ofleaching process.

llemenite sample under invcstigallon contained 25.32% FeD, 32.53% Fe,O, and 39.96%

TiO,. From the sieve analysis it was found that more than %%ofthe ilmenite belongs to the

US sieve no, 100, 140and lOO.Thesphericity of all three samples was found he in a narrow

range, 0.822-0,843. However, finer size fractions were found to have a slightly hlgher

sphericity than the coarser one. Magnetic fractionation showed that ahont 96% ofTeknaf

ilmenite belongs to the fractions separated by a current of 0.10 - 0,30 amperes and relativc

sp,gr, range of 4, 1-4.5 in comparison of synthetic rutile sp.gr. 4.7

X-ray diffraction patterns of different magnetic fractionated as received ilmenite shows the

presence of pscudorutile phase and TGA report indicate the presence of bonnd water.

" 1.
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Detailed investigatIon on the X-ray pattern and TGA report led to the conclusion Teknaf

ilmenite is in a partially altered stale bUInol hydrated enough.

Samples of ilmenite have been oxidized in the tcrnp1:rature range of 750-950'C for a period

of up--to 2 he Scanning electron microscopic studies revealed tbe presence of cracks in the

o:<idizoo samples. Chemical analysIs results have shown that the oxidation of the as received

ilmenite in normal furnace atmosphere at 950°C for I hr, converts all but 0.57 percent FeO.

The samples of ilmenite were reduced by charcoal in thetemperaturc lllDge 800"C to 1100"C
for treatment lIme of up-to 5 hr. The optimum conditions for reductions were found to be

l050"C and 4 he.The maximum extent of reduction was found to be 87.61 %. It was also

identified the optimum ilmenite coke ratio for reduction is I: L

Finer feactions ofTeknafilmemte contain higher percentage ofiron oxide. They actually get

reduced at a faster rate and the redueed samples of finer fraction contain a lower amount of

iron in the mode form. So adaptation of separate reduction procedure for each of the size

fractions is not necessary.

Ilmenite fractionated at lower current contains higher percentAge of iron oxide. Fractions

separated at lower currents are reduced to a higher elctent than those separated at higher

currents and the reduced samples separated at lower currents aetually contain lower amount

of iron in the oxide form. Thus adaptation of separate reduction procedure for each of the

fraction will not be helpful to enhance the reduction process.

Reduction with charcoal under optimum condition showed that the maximum metallic iron

content of the sample reduced after oxidation were higher (39.36%) than in the samples

reduced (38.36%) in the as received condition. Reduction of ilmenite m the oxidized

condition was found 10 proceed in two stages. The first stage is the reformation of ilmenite

according to the either or both of the follo"1ng reactions:

The second stage is progressive reduction of ilmenite 10metallic iron and rutile according to

following reaction:



On the other hand, the reduction of as received Bangladesh ilmemte involves (i) conversion

of pseudorutile into rutile and ilmenite and (ii) change of ilmenite into metallic iron and

rutile,

The reduced ilmenite samples were leached m 5 10 15 pereent hydrochloric acid solution in

temperature range of 30 10 85°C for pcnods of up 10 2 hr. Attempts werc madc 10 identify

the effects of oxidation on the extent of leaching. Oxidation prior 10 reduClion of Teknaf

ilmenite w.lS found 10 inerease the rate of leaching. The iron removal from leached ilmenite

after reduction in the oxidized condition is more than from ilmenite leached after reduction

in the as received condition, The kinetic data of leaching of ilmenite reduced after oxidation

was found to foHow ftrst order reaction modcl i.c. G (a) = -In (l-a) up-to an a value of 0.5

(up.to 50 percent reaction) and then ehange to spherical model i.e.,G (a) =[1-{ l-a)tll] = (kit)

t On the other hand, leaching of ilmenite reduced WIthout OXIdIzingwas found to f?llow the

spherical model i.e., G (a) = [1_(I.a)'IlJ = (klr)! .al-through thc leaching process. Oxidation

of ilmenite prior to reduction was also found to have decreased the activatIon energy of

leaching from 23 kJlmol, found for samples leached after reduction in the as received

condItion, WIthout oxidizing, to 16 kJ/moL for sample leached after oxidation and reduction,

The X-ray diffraction pattern of the leached sample did not show the presence of metallic

iron or llmemte, the maximum intensity peak was that of rutile. TiO, content of synthetic

rutile prepared from Teknafilmenite is very much compareab[e with commercially available

s)nthetic rutile. The values for the other constituent of iron oxide are weH comparable, The

variations may be due to the difference in the raw materials used, In general it can be stated

that S)nthelle rutile prepared from Teknaf ilmemte by this oxidation-reduction-leach route is

equally good if not better than the commercially available sample, So synthetic rutile

obtained m these studies contains 91.50 perccnt TiO" which is very much compareable in

chemical constitution with the commercially available synthetic rutile.

\ I
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Chapter 1

INTRODUCTION

1.1 Intmduction

Ilmenite, rutile and leucoxcnc al"\: the only naturally occurring titanium bearing minerals thai

have been sMously considered as sUItable feedstock for either the metal producing or

pigment industrics. This is because only these minerals are found in 1argc enough

commercial concentrations; compared with other naturally occurring minerals containing

tltanium, 10 be suitable for industrial exploitation. The other minerals that contain titanium

are arizonite titamfcrous magnetite, sphene, pcrovskile etc. Major deposits of ilmenite, rutile

and leoucoxene arc located in Australia, BrazIl Canada, Norway, USA, India, Malaysia,

Ceylon, China, South Africa and Russia.

Ilmenite, usually referred to as ferrous Illallate (FeO.TiO,), is abundant in nature and is

regarded as an a!tcrnative Tawmaterial for the production oftitanium di oxide, which can be

used directly as pigment or for the manufacture of titanium, Ilmenite is named for its place of

recovery, at Hmen Lake in the limen Mountains of Russla, llmenite fomlS as a primary

mmeral in mafic igneous rocks and is concentrated into layers by a process called "magmatic

segregation". Ilmenite also oceurs in pegmatites and some metamorphic rocks as well as in
the sedlmentary rocks that are formed from the weathering and erosion of them. It has a

specific gravity of 4.5 to 5 and crystallizes in the rhombohedral class of the hexagonal

system, The colour is usually iron black, but brown and red varieties with a metalhc lustre

are also found. It is opaque and slightly magnetic. The thooretical composition of ilmenite

shows that it contains about 52.6 p<:rccntTiO" 47.35 percent FeO. In otherwords it contains

31.56 p<:rcentTi, 36.81 pcrwm Fe and 31.63 p<:rcentoxygen. However, in most cases the

ferrous iron is partly replaced by ferric lron. The individual grains of ilmenite may also

contain submicroscopic inclusions of rutile, essentially pure Tl0, with very small quantities

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

with partial leaching and oxidation of the iron This can increase the TiO, content of ilmenite

to 60 p<:rcent or more, Pseudoruliie and lencoxcne arc the alteration products of ilmenite

containing higher Iltanium and are usually limited in beach sands. The grains that have been

highly a1terooand consist of almost entirely oflcucoxene may contain as high as 80 per cent

TiD,. Small quantities oflcucoxene are marketed as an acceptable substitute for rutile. Rutile

is essentially naturally occunng TiO, and depOSlts are relatively rare. As a result of
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increasing consumption, particularly in the paint industries, the deposits are fast depleting

and demands outstrip supplies. This shortage of natural rutile has forced technologists

throughout the world to develop a number of processes to increase the titania content of

ilmenites for use as a substitute for sca'"e natural rutile. The enriched ilmenite is known as

synthetic rutile.

1.2 Commercial Uses Of Ilmenite

Ilmenite is used in the manufacturing of titanium dioxide pigment due to the unique

properties of high refractive mdex, low specific gravity, chemical stability, high hlding

power, light fastness, non-toKic nature and compatibility and has now replaced all other

white pigments like zinc oxide, white lead and zinc sulfide. lnfact the largest percentage

(upto g5%) of world usc for titanium oxide is £orthc production ofthis white pigment.

Ilmenite is a source of titanium metal. Due to extreme resistant to corrosion, high strength to

weight ratio and high fatigue resistance at high temperature titanium is used as a structural

metal, For example, titanium is used in supersonic transports, in desalination systems, and in

chemical process industries, as a material for reaction vessels, pipes, pumps, heat

exchangers, etc,

Rutile, leucoxene, and ilmenite arc used for coating welding rods, Natural rutile ISpreferred

to ilmenite for thls purpose but synthetic rutile is an acceptable substitute. Ilmenite is used

in the preparation of bigh gloss finishes in ceramic industries, It is used in the

manufacture of electrical insulators, brilliant white pigment, in the production of

white rubber, and as a fiiler for paper.

Ilmenite is used to produce titania rich slag, which is an ideal feed material in the

titanium dioxide plants. The attractive feature of this process is that pig iron is also

produced along with the slag, This ensures the full utilization of the:valuable

constituents of ilmenite.

The important uscs [Krishnan and Roy, 1942J of ilmenite as weli as its products are

surruneriscd as follows:

Titanium Metal:

Bcrz.cliusfirst prepared titanium by reducing potassium fiuo-tiUllate with sodium. In a very
finely crystalline or amorphous condition it is a grey-powder. At ordinary temperatures the

metal is rather brittle but can be forged and drawn into wire at red heat. It IStwice as heavy
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as magnesium and only slightly heavier than aluminium. The metal has a high proportional

limit, which gives a measure of its elasticity, which is mnch hIgher than thai of cold-worked

stainless steeL Hence titanium, when fabricated, can offer lightweight sections, which can

bear high stresses. It has been suggested for use in the very highly stressed parts of aircraft

and also for diaphragms in radiMelevisioli industry, for spools, spindles etc. in textile

machinery and so on.

The metal is resistant 10 the corrosive action of seawater, nitric acid, boiling chlorides, wet
chlorine gas, strong alkalies and organic acids. It is attacked by dry chianne, sulphuric and

hydrochloric acids and boiling nitric acid. Titaruum and a few of its alloys arc used now

instead of stainless steel in some aircraft parts and military equipment Titanium is claimed

to give the same or better protection as high-class annour steel against prQjcctiles for the

same thickness of metal. Titanium can be surface-hardened for use as pistons because of its

lightness, strength and resistance to frictional wear, but some other metals are better in

regard to heat COnduetlvlty.

Titanium dioxide:

Titanium dioxide is at present the most important manufactured compound of titanium in

commercial usc, It has been produced from ilmenite and rutile and is well known as pai.nt

pigment ealled titanium white. The pigment ISused in pamts, enameis and lacquer; and as

filler in paper, rubber, leather, textile, plastic, printing inks etc. The chief properties

contributing to the importance of this pigment are its high opacity and covering power,

Amongst white pigments it has apparently the highest refractive index (2,7). It is also

practically inert and resistant to atmospheric action. The paint wears evenly and without

cracking or pealing. It resists the action of seawater, hydrogen sulphide. sulphuric acid etc.

Titanium dioxide is often mixed with various other pigment matenals and fillers like barium

sulphate, calcium sulphate, zinc oxidcd, lithopone etc. A pigment containing 75 per cent

barium suiphate and 25 percent titanium dioxide is called titanox while the corresponding

calcium sulphate pigment ISalso used. Mixturcs of lithopone and titanium dioxide are also

used as paints.

It has low specific graVIty,Its very fine particle size enables it to be dispersed easily in liquid

media, It IS also non-toxic and can be safely used in various industnes, It is used to give

whiteness and OpacItyto various grades of paper textile etc, In the rayon industry titanium

pigment has been found useful because of its inertness and ability to reduce the lustre of the

fibers i e. acts as a valuable de-lustrnnt
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Titanium dioxide pIgment finds extenslVeusc in cosmetics where its useful properties and

particularly its non-toxic character are prized. It is used in face powders together with certam

other constitute to give the desired adhesiveness and absorbing and covering power. It is also

used in various preparations like cold creams, skin lotions, ointments, polishes, tooth

powders, pastes etc,

TItanium dioxide is widely used in the ceramic Industry. It imparts a yellow colour to

vitrified ware and enamels. Opacifymg enamels have been developed in recent years for

direct application on metal without a prime coat. In intro-eellulose and other lacquers,

titanium dioxide is used in view of the high opacity imparted by it. In the manufacture of

plasllC It is used as the opacifying agent and for givmg different colours. An ivory-white

enamel made from the dioxide is used in making arllficla! teeth.

Titanium Chemkals:

In the dyeing industry the chloride and sulpllate of titanium find applieatiOJl,as they are

effectlve stripping agents, which can be used on silk, cotton and wool. Other titanium salts

such as fluoride, lactate, tartaratc and double salts of alkali and titanium are also employed

for this purpose. Titanium chlonde destroys basic dyestuffs dyed with tannic acid.tartar

emetic mordant. If hard water is used in the process, S<)mehydrochloric acid should be added

to the titanium chloride in order to prevent the precipitation of titanic acid by hydrolysis. In

some cases tilalllum dioxide SCIVCSas an excellent mordant. Alizarine scarlet, dyed on wool

with titanium mordant, is the fastest colour that wool can take, Alizarine yellow also gives

similar results Porassium-titanium-oxa!ate is used as mordant in the dyeing of vegetable

tanned leather with basic colouring matter.

Titanium tetra chloride (TiCI.) is an important chemical of titanium, which has various uses

inc1udmg that of being the raw material for the manufacture of metallic titanium. It is

manufactured as a liquid, which forms dense white fumes on coming into contact with

moisture in the air, This property is extensively used for producing smoke screens and for

skywriting. The addition of a little ammonium to this compound is said to make the fumes

denser,

A compound oflogwood and titanium produces deep black permanent ink, which is indelible

and cannot be washed easily. Titanous chloride ISused for removing iron stains from cloths

in laundries, Titanium dioxide has been used in catalysts for esterfication of acetic acid.

Alkyl titanates formed by the action of TiC~ on alcohols show excellent waterproofing

qualitics and can be applied Oilalltypcs of natural and artificial fibres as well as on metallic

surfaces, Barium titanate has been used in hIgh voltage condensers (e g. television sets)
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because aftheir special electro-mechanical characters in high electric fields (Jaffe, 1950),

Titanium compounds have been used in the manufacture of insulating materials and also in

making thermocouples, resistance heating units, electron discharge tudes etc.

Carbides:

Titanium carbide, boride and silicide arc very hard subsatances, which have found usc as

abrasives. Titanium carbide is already being used as a substitute fur tungsten carbide. A

mixture of titanium and tungsten carbides are sintcrcd and pressed and the mixed carbides

are used as tips for cutting tools, in dies and in abrasive wheels etc.

11111111umIn Alloys:

Titanium is an important alloying element in steeL Tbis is largely due to titanium forming

stable carbides and nitrides and acting as a dc-oxidiser, It acts as a purifier of steel by

formmg slag.

A few types of ferro-alloys of titanium are made and used in the steel industry. In steel-

making, both high-carbon and medium-carbon ferro earbo-titanium are used generally as a

final addition 10steel after manganese and silicon have been put in. In rimming steels (those

with very little or no alloying elements and containing generally less than 0.25 per cent C)

the addition of litanium serves 10 keep blowholes clean and free from oxidation so that on

rolling they disappear completely. The titanium also helps the evolution of gas contained in

the metal before it freezes. II refines the grain size promotes the fonnation of ferric and its

compounded (mainly carbide) become distributed evenly in the steel.

Titanium added to stainless steels, prevents or inhibits intergranular corrosion, which is

particularly useful in welds Its use in high chromium heat resistant steels is increasing as it
causes a refinement of grain. In certain manganese steels, titanium has been used to replace

nickel and vanadium satIsfactorily bccnusc titanium is able to impart a hard chilled surface

layer to iron and steel. Such steel has been used for making axles rollers, wheels etc.

Certain alloys containing cobalt, molybdenum and iron \\1th titanium and beryllium show

excellcnt resistance to several acids, alkalis and other corrosives substances. Titanium alloys

with nickel, cobalt and iron arc sald to have yielded a very suitable material for the

manufacture of permanent magnets, which can retain their magnetism over a large range of

temperature, A typical composition is said to be 45 percent Fe, 16 percent Ni, 28 percent Co

and 11 percent Ti bul the litanium content may be higher in some compositions.
,
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Tlulnlum dioxide gems:

During the last few years titanium dioxide has been melted in an electrie arc and crystalised

to form transparent gemstones. These can be produced in different colours. They have a high

refractive index and brilliance and are claimed to be better than artificial corundum as

synthetic gemstones. Titanium dioxide is also used in pyrotechnics 10 produce brilliant light.

The various products of commercial importance indicated above give a broad idea of the

attractive avenucs open for the utilization of ilmenite.

1.3 Methods of Upgrading

Ilmenite contains tiWlia (fiO,) and iron oxide (FeO). It may also contain other oxides such

as Fe;,O" Sio, and trace clements (AI, Mo, Cr etc). The teehniques of upgradation of

ilmenite involve preferential removal of iron. Some of these techniques are DOWbeing

exploited on a commercial scale and a few are undergoing trial in pilot plants. Most methods

are, however, still confined to the laboratory. The existing techniques of upgradation arc

based on follOWIng five principles [Ganzu and Mazumdar, 1970 and Jena et aI., 1973].

1.3.1 Smelting

This is a pyrometa1lurgical technique where in ilmenite is heated with a reducing agent and

fluxes in an electric arc furnace at high temperature (>1500"C) to get molten iron and titania

rich slag contalDing most of the gangue material. This slag layer is given to further treatment.

The process can be represented as follows:

Ilmenite + coal + flux -4 pig iron + titania rich slag + carbon monoxide.

Synthetic rutile is also produced by smelting a mixture of ilmenite pellets, coke and lime in

an electric arc furnace [Elgcr and Rhoads, 1916]' The slag obtained is tapped at 1600'C and

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

ruule and phosphate glass. The treated slag is then ground and leached with H,SO. to

dissolve phosphate glass and to obtain r••tile crystal.

1.3,2 Reduction followed by removal of iron

Most of the successful process for the production ofsynthetie rutile may be elassified in this

category. In these processes, the iron oxide present in ilmenite, either in ferrous or in ferric

form are converted to lower oxide or to metal so that they can he separated by leaching with ) .

a suitable leaching solution. Coal, hydrogen, charcoal, coconut pith etc. has been used as
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reducins agents. Reduction temperatures in the range of 1000' -IIOO"C arc usually employed.

1rOll is then removed from the reduced mass by leaching, rusting or magnetic separation

[Samanta ct ai, 1%8 and Ganzu and Mazumdar, 1970]

Leaching: Hydrochloric acid and FeCh solutions are commonly used to leach out iron

from reduced ilmenite. Lc:aching is usually carried out at atmospheric pressure, higher

pressures have also been used. These methods produce synthetic rutile containing 85-95 per

cent TiD,.

Rusting: Oxidative removal of iron from reduced ilmenite is carried OUI by rusting in a

vessel agitated by blowing air at C<)lllrollcdrates. The following reaction takes place [R.G.

Beacher et al, 1965 and Samanta et aI, 1968]

Fe "",,,, => Fe ++ •• + 2e

O,+2H,O+4e=:-40H

Ferrous hydroxide is formed by the reaction between the ferrous and hydroxyl jOlllland by

further oxidation rust is formed. Using some ammonium chloride (0.5%) and acidifying pulp

with sulphuric acid to a pH of 4 assist rusting. It is a cheap process and yields a high-grade

product (containing over 90 percent TiD" which can be upgraded further to 94 percent by

simple acid leaching) that can be readily processed to pigment-grade titania by the chloride

~"
Mllgndlc Sepermion: In these process [Walsh et ai, 1968 and Pollard et al, 1978] reduction

of ilmenite is carried out in the presence of suitable flux (e.g, NaCI, Na,CO",CaF"Na,Sio,

etc,), As a result, a product resembling sponge iron is obtained. The reduced ilmenite is

crushed and wet ground and the mass is subsequently sepereted into two slurries containing

iron and titania by means ofrnagnetic seperntor.

1.3.3 Direct acid leacbing

In the direct leaching of ilmenite sulfuric acid and hydrochloric acids are commonly used.

Digestlon with cone. sulfuric acid is not selective and brings both the iron and titanium

oxides in solution but subsequent processing of leach liquor yields pigment grade titania. On

the other hand digestion with hydrocbJoric aeid is essentially selective and only irOn oxide is

brought to solution. The product obtamed is synthetic rutile which requires further

processing to get pigment grade titania,

Leaching of ilmenite in hydrochloric acids has a\s() been attempted at higher pressures. It has

been found that leaching at atmospheric pressure is less effieient and the product is of
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inferiQr quality. High pressure leaching [Schra et aI, 1966J under suitable conditions can

produce a prOOuct canraming more than 98% TiC),.

1.3.4 Convenion of Iron Oxide lind/or TiO, in Dmenite to Leachable Product

Conversion to Titanate:

llmemte is treated with Na,CO, at c1evated temperatul'CS (9000.1100"C) to obtain sodium

titanate [Khairy ct ai, 1968] according 10the following reaction:

Fe TiD, +Na,CO,-+ Na,TiO, + FeD + Co,.

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

93% TiO,.

CottVerswn to Sulfate:

Both iron and titanium in ilmenite can be converted totheir respective sulfates [Viswanathan

Nayar, 1952] by treating with (NH.) 2 504 at 300-500'C or NaHS04 at 400-800"C. Aboul

90% Fe and 95% Ti of ilmenite can be recovered by leaching with 7N H,SO •. TiD, is

separated from leach liquor by controlled hydrolysis.

CoftVersion to Sulfule:

Treatrnen! of ilmenite with some sulfur bearing materials (pyrite, ZnS, NaoSO.<+C) cr, sulfur'

vapors leads to the preferential sulphadisaticn £If iron in lhncnite [Sharova and Fotiyev,

1959, and Gaskin and Ringwood, 1959]. For example £In heating £If a mixture £If ilmenite,

Na,SO. and carbon at elevated ternpemture (1000-1300"C) results in the fQrmation of FeS'

according te the follewing reactiQn.

FeTiO, +Na,S04 + 2C ----Jo FeS +Na,TiO.1 + 2CO,.

The reactien product is treated with beiling H,SO. te yield a titania rich product. Synthetic

rutile is also prepared by heating ilmenite at 500.IOOO"C in suifur vapor in absence £If

oxygen, The product is cooled in absence £Ifexygen and leached with water and oxygen at

20.100 psi. 1be product is rutile aggregate, soluble sulfur and ferric hydrexide sludge.

Ilmenite can also be beneficiated by treating at lOOO"C \vith any gaseeus sulphidising

medium like HoS, CSo H,,5+CS, mixture for 2 to 3 hours fQllQwed by leaching with dilute

HCI acid fQr LI, hour resulting in a tilania rich product [Jain and Jena, 1970 and Jain and

lena, 1973].
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1.3.5 Halogenation

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

ilmenite with a suitable halogenating agents such as ell, Hel gas, Ch+HCl CI,+H"

H,+HC1, CO+CI, C+Cl, NH,Cl, Sr, etc. The residue left after treatment is synthetic Mile.

Chlorinating with Cf,:

Ilmenite mixed with a carbonaceous reducing agent ISchlorinated at 850-950"C to produce

iron chloride and titanium tetrachloride. Titanium dioxide is obtained from titanium
tetrachloride by hydrolysis.

Preferential chlorinating of iron oxide in ilmenite has been investigated by some

investlgators [patel and Jere, 1960 and Dunn, 1960], Ilmenite is brequetted with charcoal

(6%) and FeCI, binder and then treated with chlorine at 500<'C-6000C.This process results in

a product containing about 90% TiO,_ Titanium dioxide has also been prepared by the

selective chlorinating ofilmenite with gaseous mirturc ofNa and Cl, in a chlorinator with a

certain amount of air or oxygen [Jocddcn ct al, 1983and Kwangtung, 1978].

Ch/orillating with HCl Gas:

A product containing 97% of TiO, has been obtained [Sankaran and Bhatnagar, 1968) by

selective chlorination of ilmenite by HCI gas at 1000.C fur 3 hr in the laboratory.

Prooxidised ilmenite requires higher temperatures for effective removal of iron. No solid

FeCI" which causes experimental difficulties in conducting chlorinating, is found when

prooxidised samples arc used fur chlorination.

Increasing the percentage of Hz in the gas mixture of HCI and H, the pereentage of iron

chlorinated is decreased and the condensate mainly consists of FeCI,.

A product containing 90% Tio,. and 6.6% Fe,O, can be obtained by selective chlorination

[Britisb patent, 1954) of ilmenite with a mixture ofT1CL,and CI, at a temperature of 1050.C.

Treatment of ilmenite with NH, and HCI at 600"C removes about 92% of iron. At

temperature 800°C all the irons are removed [lvashentsev, 1962 and Ivashentsev, 1964].

1.4 Ilmenite Deposits in Bangladesh

Heavy mineral deposits along the coastal belt of Bangladesh constitute a potential national

asset [Beach sand minerals report'1983). The exploration, exploitaion, development and

uses of these resources are essential for upliftmcnt of national economy. Beach Sand

Minerals Exploitation Centre iocated at Kalata1i in Cox' Bazar explored 17 deposits at the
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entire southeastern and southern coasts along with their adjacent islands have. Among these

deposits 6 deposits are located along the Cox's Bazar -Teknafcoast (Badarmokam, Sabrang,

Teknaf, ShilkhaJi, lnani and Cox'hazar), 7 deposits on MolK::shkhaliIsland (Foreshore

deposit, Kutubjum, Fakirghona, Fakirhata, Baroghoria Para, Panirchara and hoanak), 1

deposit on Matarbari Island and I deposit on Kutubdia Island. Fig 1.\ shows the map of this

area. Only two depOSItshave been found in the southern coast of the country: 1 in Nijhum

Dwip of Hatia and 1 in Kuakata of Patuakhali district. Most of these deposits 0CQIr at a

distance of about 1-2 miles inland from the present shoreline. The distribution of valuable

minerals in these deposits is shown in Tablc-I.l [Bari Biswas.1993j. Table- 1.1 shows that a

total of 2,04,96,9S1 IOns of crude sands contain!g 43,54,501 tons of heavy minerals are

available in the deposits in which Ilmenite constitute 10,25,558 tons.

1.5 Beach Sand Minerals Exploitation Center

Beach sands containing valuable heavy minerals were first discovered in 1961 during

a geological survey for radioactive minerals in Cox'bazar beach area by the geologist

of erstwhile Geological Survey of Pakistan [Schmidt and Asad, 1962]. The

exploration drilling began in 1968 at Co;.:'sbazar and Teknaf under the joint

supervision of Mr. Noakes and Mr. Macdonald who also trained geologist and other

para staff of the commission in the techniques of drilling and sampling. A bulk

sample of sand ITom Cox'sbazar was sent to Mineral Deposits Limited (MDL),

Australia, for testing and in 1970 initial plans for a pilot plant were drawn up on the

basis of MDL flow sheets and recommendations. In 1973, Bangladesh Atomic

Energy Commission requested the Government of Australia to build a pilot plant at

Cox'sbazar. Installation of the plant began in May 1975 and was completed in

October 1977. The center is mainly engaged exploration and exploitation of valuable

heavy minerals like zircon, rutile, ilmenite, leuxene, monazite, garnet etc, The

activities of the center continued in full swing till 1987. After then the Government

decided to sell out the center to private sector. But due to some difficulties this

decision could not be materialized and the activities of the center were kept pending

till 1991. In late 1991 the Government took decision to continue the activities of the

center and the activities of the center started again in late 1992. The plant has

separated hundreds of tons ilmenite with some other heavy minerals.
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1.6 Prospects of Bangladesh Ilmenite

Heavy minerals found in the beach sands of Banglad<lShare one ofilia most important mincral
depOSlts!hllt hllvc, so far, been Identified in Bangladesh. llmonite is the mcst abundant mineral
in these deposits and constitutes aboul 25 per cent of all the heavy minerals [Report, J 985].

In 1977, a pilot plant WIISset up at Cox's Bazar by the Bangladesh Atomic Energy Commission

to separate the individual hea,y minerals from these deposlts. Unfortunately, however, the
ilmenite produced al Cox's Bazar pilot plant contains less than 40 percent TiQ, together with a

large amount of iron in the form of oxides, silica, magnesium and other trace elements such as

manganese chromium etc. Different consutucnts of Bangladesh ilmenite are shown in the Tablt-
1.2. This table shows the minimum and maximum pcrcent.1ge of of the constituents as complied
from data found in dl1Tcrcnl referenccs, [Information booklet, 1994. Ahmed et aI., 1992 and .

Haseebetal,I9971

Table 1,2 Constituents of Bangladesh ilmenite.

Constituents Constituents

riOl 39.00-45.37

F"'" 25.62-33,00

FoO 24.019-29.75

Sio, 1.20

MoO 117- 1.30

c,p, 0.02 --{I.57

P,O, 0.D3

Ilmenite containing less than 55 pereent titanium di-oxide is not comidered Suitable for
Illdustrial use. As a result, this valuable mineral separated from the beach sands of Bangladesh,
could nOl find any market in Bangladesh or elsewhere.

In view of rapid depletion of known reserves of natural rutile (TiD,) efforts are being made

throughout the world to transform ilmenite into rutile through thenno-chemicaltreatment. As a
result of these investigations, a numb<::rof commercial processes for the production of rutile



15

from ilmenite have been developed. This rutile is known as synthetic rutile. It was therefore,
CDnsidered necessary to take up this systematic study to assess the possibility of converting

Bllllgladcsh ilmenite to synthetic rutile throogh thertno-<:hemical treatmenL It is believed that the
successful conversion of Bangladesh ilmenne into synthetic rutile will make this valuable

mineral of Bangladesh useful at home and abroad, enhance the confidence in our ability to usc

our own natural resources and also the prestige of the nation.

1.7 Scope of the Present Work

The Pilot Plant established al Cox's B= separate the valuable heavy minerals including

ilmenite from hetttogeneous sand mixtures. The techniques of seperntion used at BSMEC Cox's
Bazar are based on the physical properties only of the minerals,

Chemical analysis performed at the laboratories of the Department ofMeWlurgical Engine<:ring

at BUET, Dhaka and also elsewhere has shown that the ilmenite separated at the pilot plant at

Cox's hazar cootains about 40 percent titanium-di-oxide [ASW Kumy, 1998] and is, therefore,

not suitable for industrial use. The ilmeni~e separated from the beach sands of Bangladesh has to

be processed further to remove the chemically combined useless minerals, particularly iron,
before it can find some use.

Bangladesh is very poor in mineral resources. The best possible usc of the hca,y minerals

separated from the beach sands of Bangladesh is, therefore, very important for the economy of
the c:ountty. Mridha and Islam [1985J attcmpcted to separllle tiD, from the Bangladesh ilmenite

by the wet chemical routc, Their process mvolved dissclution of ilmenite in a mixture of hot
concentrated nitric and sulphuric acid subsequent scpcration of titaniwn lIS metanitric acid,

wruch on healing at 75.80"( yielded Tio,. Earlier investigations at the Department of Materials

and Metllllurgiclli Engineering lit the RU.E.T., Dhaka on the production of synthetic rutile
through the reduction-leach route yielded cncouraging results and the Tio, content of

Bangladesh ilmenitc could be raised. to about 92 per rem [Haseeb and Kumy, 1998 and Sarka!:
and Kuroy, 1998]. Early studies [Kuroy, 1998] indicated that Ti02 content of ibnCllltc separated

from thc beach sands of Bangladcshh could be enhanced by thermochemical trcalmen1ll.

Detailed charactenzation of Bangladesh ibnenite concentrate has therefore been undertaken.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

Ilmenite and rutile life the commercially mosl important minerals that contain titanium. There

are several other minerals that conl3in appreciable quantitics of titanimn. Of this ilmenite,

arizonite, titaniferous magnetite is of commercial importance. Table 2.1 shows the composition,

specific gravity and titanium percent of chieftitaniurn minerals [Krlshnan and Roy, 1942].

Table 2.1 ChiefTitanium Minerals

Mineral Composition Sp"cific Gravity Titanium per cent
R_ ria, 4,25 59.95

Iill=i. FeriO, 4.5 _ 5.00 31.6

Arizonitc FClOl3TiOl ... ... ... 36.6

Titanifcrous Fe,O. with Ti 5.0 .5.5 Upto20
Magnetite

Sphene CaTlSiO, 3.54 245

Pcrovskite Callo. 4.0 353

Ilmenite (FeriO,) is the most common mineral of titanium. II occurs in most igneous rocks

(particularly in basic ones) and in some schistose rocks. Generally it occurs in the form of

disseminated grains. Lenses and venis of ilmenite and titaniferous magnetite arc also found It is
bll\Ck in eolour with a sub-melaUic lusu:e. lis ~ecific gTa\lly is 4.5 to 5 and hardness S' to 6. 11

contains 31.6 percent titanium (52.7 perrent ria,) and 37,2 percent iron.

Titanlfenms Magneflle is practically as common lIS ilmenite. Many magnetite of magmtllic

origin contain a certain amount of ilmenite which originally must have been in solid solulion in

the magnetite slrucluro but 5ep!U"lltedout later as lamel~ along the octahednll plllllCs. The
percenillge oftitaniurn is w;ually low, buIlt may rise occasionally 10 15 to 20 percent
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AT/zen/If is a mineral found in vel)' small quantity in Arizona. It has the funnula F~OJ.JTiO"
which gives 60 percent Tio" According 10 Gillson [1949) as it is similar in 8ppClll"ance to

ilmenite, it is surmised to be prescnt in the beach sands giving a higher titanium content than
ilmenite.

Sphene (CaTiSiO,) is also called titanite. It has a yellow-brown colour with hardness 5.5 and

specific gravity 3.54, It occurs as an accessory mineral in various l)pes of igneous rocks,

particularly in granite, syenite and diorite and also in certain amph.ibole-schists., chlorite_schists,
cpcdiolilcs etc. It contains 24.5 percent titanium. Sphene is often llSSociatOOwith rare earths and

may clIll'y quantities ofyttriwn cartIts, oolmnbium, tantalum, cerium etc,

Peravs!a'e (CaTiO,) IS a yellow 10 orange or grey min<:l'IIlwith a hllfdness of 5.5 and specific

gravity of 4. It is fowld gcncmlly in alkaline rocks (especially in those ora basic character like
melilite basalts) and also sometimes in melllmorphic rock!. The mineral does not occur in large
enough quantitic:!lto be used commercially. It contains 3S.J percent titanium.

llmen/le and tllalliferous magnerile are fairly frequently associated with an alteration product

called leuooxene, an opaque brown or grey substance. Its presence increases the percentage of

titanium, as it appears to be largely composed of the dioxide. There are a few titanium silicates

(some of them carrying rare earths) llIld tiumates, but none of thesc merits consideration as a
commercial source of titanium,

Rutile and ilmenite arc the most ablIlldant minerals containing titanium. Titanium content richer

in rutile but is relatively scarcc. Even though the supplies of rutile have increased in the recent
years the deposits arc fast depleting and the demand outstrips supplies. The shortage of natural

rutile has forced the technologists to dc,'clop processes for the production of titanium rich
materials to be used as a substitute of the scarce nalural rutile.

Various processes for the bencfieiatiOll of Ilmenite have been developed and some of these

methods are now being exploited on a oommereilll scale. Most of the bcncfieilltiOll techniques
involve oxidation, reduction and leaching. Extent of alternation also influences the production
techniques. The study on oxidation, reduction, alternation of ilmenite and leaching behavior of

oxidized and oxidized reduced ilmenite is therefore of technical importance. In this literature

review results of studies on oxidation, reduction, leaching and alternation of ilmenite have been
smnmarized,
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2.2 lliidation of Ilmenite
It is generally agreed thaI the purpose of oxidation of ilmenite is to (i) convert iron in ilmenite

from felIOUSto ferric state ""nich overcomes different ferrous to ferric iron ratios in ilmenite (ii)

al!cr equilibrium condition and the rate of reduction from. ferrous to fcnic state (iii) introduee
defects in ilmenite grains to enhance the rate of subsequent reduction.

A numlx:r of researchers [Rmndohr ct aI., 1941 and Overhault et al., 1950] wood from X-ray
diffraction p!llterans that Ilmenite when heated in air at 900. C yielded pseudobrookite and rutile.

D.G Jones (1973) found thaI oxidation of ilmenite at temperature over gOODe yielded ferric

pseudobrookite and rutile. According to data given by Wcbstar and Bright (1961) ferric

pseudobrookitc in commercially oxidized Western Titanium ilmenite conlains approx. 4% Fe~'.

Klilkhanawala and Mommin (1939) studied the oxidation of ilmenite and concluded that:

I. The Products of oxidation of ilmenite is weekly paramagnetic and for products heated for

equal periods the magnetic suscptibility decreases with increasing temperature.

2. The products of oxidation at Bround 850° C contains mixture of hematite, pseudobrooJale and
rutile in an approximate molar ratio of I :5:7 respectively.

3. Thermogravimetril: analysis showed there are three distinct regions of oxidation 100"- 450"C,

540-800"C and 800"-900'C. The oxidation rate over the first region is very slow.

lnvestgations [reufer and Temple, 1966, Temple, 1966, Grey and reid, 1972 and Larrett and
Spancer, !97I] indicate the formation ofFc,oJ,3Tio, as an alteration product and when natural

ilmenite was oxidized between 600"C-800'C. Larret and Spencer, (1971) also maintain thai the
compound Fe,OJ,TiO, is fonned onJy when a synthetic ilmenite powder is oxidized. In some
cases the natural ilmenite when oxidized in the slate of fine powders gave this compound.

Rcsulls regftCding the produc~ of oxidation of iLrncnile up to 800"c are conflicting. Various
results obtained by different investigators are given below:

L Rutile and hcmatile 2Fe Tio. + '1,0, ~ Fe;,O,+ 2Tio, [Strizhov et a~ 1%5; Curnow lIIld
Pany, 1954; Karkhanawala and Mommin, 1939]

2. Hematile and pseudorutile 3FeTiQ,-t 'f.0, ~FCzTi.JO.+ y, Fe;O, [Teufer and Tample, 1966;
Greyet ai, !9n;]

3. Rutile and pseuOObrookile 2FeTiO,+ 'h 0, ~ Fe,TiO,; +Tio, [Overhault et aI., 1950; Fetisov et
aI., 1968 and Ramdohret aI., 1941]
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4, A mixture of hematite, pseudobrookite and rutile 12FcTiO, + 30, = Fo,O, + 5Fc,TiO, +
7TiQ, [Karkbanawalla ela! 1939]

But reaction 4 could 0CCIlI"only under metastable condition, Ran and &gaud [1974J calculated

the free energy changes for the above reactions. They found thai the standard free energies over
a specified temperature range is favourable for both fCllCtionS(1) and (3). Thus either or both

reacllons may take pillce UP!o the decomposi1lOn of FClD, or Fe,TiO,. TIle free energy change
for the formation ofpscudobrookite from its oxides,

Fe,O, + TiD, ~ Fe,TiO,

is also favourable and one would expect reaction (3) to take place in prefcrcnre to reaction (I)
and (4). The plotoffree energy change versus temperature is shown in Fig, 2.1.

Akimnto et ai, [1957] found that higher temperalurc and longer time is requiml for the

fonnallon of pseodubl'OOkitc from their oxides and the lower temperature limit for the formation

of pseodubrookitc is explained by the fact !hal diffusion rate during formation of oxidfltion at
lower temperature is slow which might prevent the formation of pseodubrookite.

Rao and Rigaud (\974) also performed thermogravimetric llllalysis of ibnenite prepared by

mixing fclO" Fe and Ti01 in the required r8tio. The gencml observations of the
thermogravimetric analysis in both oxygen atmosphere and air are lISfollows:

(a) An abrupt weight gain is obSCl'\'edwhen particle size is less then 200 meshes and it is diffcult

to observe a break in the thermogram, In ease of very fine partice having a large SUlface llR:a
the reaction rate is \'Cl)' high and major pan of reaction is complete before temperatu.re
&00"(; reached.

(b) An infleetion of thermogram could be noticed at around 770°C when particles of 100 mesh
size or more were used and a heating rate JOomin-tWlIsemployed.

(el Up to 1J OOOC, the reaetion products were identified as pseudobrookite and rutile. Any olhcr
product fonned at lower 1CIIlpCrlIturee.g. hematite and rutile react to fonn pseudobrookite above
900"C.

In the gas solid reaction a dense film ofreaction product is usually formed on the SUlfnce of the
solid and the rate is detennincd by the migration of ions or electrons through thc product layer.

One might expect thai the relICtionproduct may be unifonn but investigations provide evidence



'"
'"

"

20

,~". ". ,~
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of discontinuous formation of prodlJl':l especially at early Slftgeof reaction. Fischm<:ister [1960}

reviewed and discussed the subject; he !lise considered the influence of product growth

morphology on the reaction kinetics. Discontinuous product growth results due to the formation
of product as island, whiskers and lamellar or columnar growth of CJystal. The morphology of

the product of ilmenite is important and influences the subsequent leaching of the oxidized
ilmenite.

Rao and Rigaud (1974) studied the morphology of oxidized ilmenite by scanning electron
micmscopy at throe different temperatures 7OO"C,SODO(and lOOO"Ccorresponding to reactions

0), (2) and (3). Scanning electron micrograh obtained by them al the above temperatures lire

shown in FIg. 2.2 and Fig,2.3. They found the morphology of Fe,O, formed in the beginning

stage at 700'C to be similar !() that reported by Gulbransen and Copan [1965]. They could not

locate Tio, and concluded thai it might DOlhave neucleatcd at surfuce.

The growth morphology of products ellD also influence significantly the kinetics of gM solid

reaction. The whisker growth only affects [Fischmcistcr, 1960J the kinetics in the early stages

and before the product reaches appreciable thickness. The kinetic data of the oxidation of
ilmenite reported elsewhere [Bhogcswara, 1974J is also in agreemenl with this hypothesis.

Rao and Rigaud [1974] found Iogarthimic rate law of oxidation in initial stase and suggest that it

is due to penetration of oxygen through short circuit path. Oxidation is otherwise parabolic, They

found one break in Arhenius plot corresponding to reaction (1) and (3) and could not distinguish

the range ofrcaction (2) They suggcsted that this may be due to short range ofrC4Clion or due

morphological effect of the reaction (2) and (3) might be controlled by the same or similar
mechanism. Actual mechanism for the fonnation of produ>:lSof different textures is not known

and the data related to the diffusion rate and conductivity of reactants and the products arc also
not available. Wort and Jones [1980] studied the alteration of ilmenite and suggested that it takes
place in two different stages.

Stage I: 3Fc+'TiO, + 2W+ Y,0, ~ Fe;'Tilo.+Fc+'+ H,D
Stage 2: Fe,Ti,o.,+4H'-3Ti(ht 2Fc+++2H,(}I-'t, 0,

Tcufer and Temple (1996) established a disorder structure-transition phase between rutile and
ilmenite and formulated the alternation of ilmenite as a topochcmical reaction in which mnnbcr
of oxygen atom in ilmenite is essentially preserved in pseudorutile and rutile,

3Fe TiO,=FC)Tijo.,+'jzFe,oJ
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Fig. 2.2 M0'l'hologyofTiO, fonnedon the surface at WOO' C (a) X 1200 (b) X 2400
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Fig.2,3 &:8llIlillgElecrtoo Micrographs of the product fonned dunng oxidation of ilmenite crystals
(a) Morphology of tile f011Tlnl.ionofhcmatite wlnsk= dunng the inilinl sIllge. of oxidation at 700'

C,X650
(b) (b) Morphology of the fOffilation ofhorn.t;le ond FclT 1309 upoo oxldalioo of Ilmenite at 850' C

x 251\

(e) Hemalite ",,!he grain OO\lJldanesX 1200

Cd)PS<.'IIoobrookiten formed at lOOO"XlO(X)
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By heatil'lg pseudorutile above Soo"C pscudobrookitc is formed.
Fe,T;,QrFe,TiO,+ 2T,O,

.Roo and Rigaud (1974) upon their exteJlsive study on the oxidation mechanism and product

morphology provided some tentative conclusion upon the general reaction mechanism

During oxidation at temperatures below 770'C, FeP. is fonned on the surface and when the

surface ofilmcnite is covered by fe,O, oxygen diffuse through the product layer [PfeIl, 1929]
and further reaction takes place at FcTiQ,- FezO, interface and the diffusion I'lItcof 0, in FeD

and FeTia, is low.

They fuWld Fc,Ti,O, to be stable at temperatures from noOC to 990"C where iron will diffuse

through it to the grain boundaries. This suggested that iron is mobile lhrough pseudorutile.

Pseudorut~c has the highest titanium oxide content and there is possibility for the fconation of

solid solution with Fe,O, leading to the formation of Fc,Tl0, allowing iron to diffuse. Since a

lower temperature limltexists for the fonn-:ion ofFC:!TiO,.Fc,o, is precipitated. At ~
greater Ibnn 900°C Tio, is formed on the surface. When the sample is heat treated above 950°C

the initial whiskers of Fe,O, fonned on surface of the samples at 750"c is transfonned to

pseudobrookite. The movement of titanium is confinned by the fact that when ilmenite is
oxidised with markeI:s at 950"c, thc formation of TiD, was observed abovc the markers. The

markers wcre covered with rutilc at particular locations of !he crystal. This is assumed due to
rapid dlffusion of titanium through ccnain prcferred orientation of ilmenite. But the orientation

favorable for diffusion of ilmenite was not confinned due to its polycl)'stallinc nature. The

mobIle titalllum "iU leavc some excess 0" which in turn could be uti~LCd in the oxidation step
or escape to the gas stream. They found a central pore in each grain as well as in the centre of
riCh structure. They suspected that oxygen might have escaped from this portion. Their tentative

mcchamsm of oxidation is givCDin Fig. 2.4.
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Fe,O,
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1--"'-",,----;0:;,.--;---1 3Fena, •• Fe,Tl,o" •. Fe" •. 310"
F6>T.,o. Fe'i c"
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b) 770'C ••T ••900' C

feTiO.
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1!0. t

2 FeTiO, ;' Fe, TiC••. Tl'" •. 2,,' •. 0"

T~'+20" :TiO, (inFe,TIO,)

Ti""4e" +202:Tio,

c) T> 900'C

Fig. 2.4 Schematic representatieD of proposed mechanism fllr the oJ.idatioD.



2.3 Reduction ofllmenite

Reduction ofiron OXIdeSin ilmenite 10metallic iron is eamed out by using reductant From the
Ellinghum diagram it is apparent that the stability of titanium di-oxide is much higher than that

of the oxides of iron and cannOI bc reduced by carbon at temperature around 11000 C. Thus

when ilmenite is heated by mixing it with carbonaceous fuel III temperature range 950"(;.
lIOO"C, iron oxide is reduced to metallic state but the titanium dl-oxide remains unchanged

Thus iron oxide can be throretically reduced to metallic form without changing the titanium
oxide. Since both the oxides of iron and titanium are more stable than corresponding m<:taIs,

mtta1lic iron can easily be dissolved in hydrochloric ftcid and l!tcrcfore the titania conent can be

increased.

Several workers using difT=nt reducing substance studied reduction of ihnenite. Guindy and

Davenport [1970J studIed the m<:chanism of reduction of ilmentic using graphite as reductant.

They observed that solid.state reduction initiates near 860"C at contact point between the
reactants The solid-state reduction is the main reaction mechanism up to 1020°C. Above this

temperature a rnte increase has been observed and the mechanism changed to gaseous reduction

by generation of CO. MIcroscopic examination and electron probe analysis of reduced particlc

showed the segregation of Fe and TiD:. Iron particle as large as 80l-' was obtained by keeping

the reduced sample at l020"C to 107S"C for sevcrnl hours, They poillted out that the reactions

thaI occur during the reduction of ilmenite arc as follow:

(a) Solid state reacion:
C + Fe TiOl- CO + Fe+ TiO::

This reaction initiate at contact point bel",CClI reactants and proceeds as long as there remains

contact point between the reactants.
(b) Gaseous reaction:

CO+ Fc TIO,- CO,+ Fe +TiO::

C+CO::=2CO
The reductiOll involving gaseous reductilllt depends upon !he regeneration of CO in the system.

The sequence of reaction in the reduction of ilmenite by pure CO was studied by D.G. Jones

[1973J andGrcy ct a1,,[1973j by X-ray diffraction analysis in the range of 900°. 1200"C. He
found that reduction of naturally weathered and pcroxidised sample proceeds in two distinct
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stages. First stage is the rapid reformation of ilmenite from Fc><-COlllpCIllDdsin the sftlIlPlc

according 10 the following reactions:
Fe, Ti,O, + CO ~ 2Fc TiD, +TiO, +C~
Fe,.O, + 2TiO, + CO m2Fe rio, +co,

The seeond stage is slower than the first stagc. 1n the second stage the proportioo of ilmenite

progressively dimInishes with corresponding increase in the metallic iron and rutile. Finally

when the reduction has well advllllced the rutile peak diminishes slightly due to reduction of

rutile to lower oxides according to following reaction
FeTiO:,+CO ~Fe +TiD, + CO,

nTiO, + CO-+ T;.O",\ -+CO,

At 890.C to lOOO"cthe reduction of ple-(lXidised ilmenite is cxpresscd as:
Fe,TiO, +TiD, + CO- 2FcTiO) +CO,

Jones [1973] identified rutile and fi:rric p~obiookite as the main constituents of pre-oxidised

ilmenite, Pre-oxidation converts the ilmenite 10 pseudobrookitc (Fe,.TiOs) and rutile (TiO,) at

temperature above 800"C (Ostberg" I%0) according to the following ruction;
2FeTiO, +lnO, - Fe,.TiO,+ TiO,

The single crystals of ilmenite arc converted into a polyerystallinc lII1'lIYof pseudobrookite and a
fine dispertion of rutile. During the reduction process ilmenite is refonned by the following

reaction. The fU'Ststage is the refonnaoon of ilmenite.
Fe, TiD, + TiD, + CO ~ 2FeTiO, + CO,

In this e~ there are subgrllins within the parent ilmenite grains and the iron precipitates at these

subgrain boundancs, In unoxidiscd ilmenite, shells of metallic iron from along the grain

bolUl'brics which impairs the diffusions of reacting species and also results in Ihe sintering of
the product. Both of these effects limit the kinetics (If the reduction of unax.idised ilmenite

particularly at higher temperatureS.

The second stage proceeds by two alternative route depending (In the temperature and the
eoncenwtion of the impurities. At lOOOoCthe overall proce5S is the reduction of ilme:nite to

metalhe iron and rutile,
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Fe TiO, + CO ~ Fe + TiD, + CO,

Prior oxidation transfonns ilmenite (FeTiD.,) to pscudobrookite (FeTiD,), which results in

, substantial cracking and lattice expansion. This cracking and expansion enables the subsequent

reduction to proe«<:l al both an accelerated rate and to a greater extent without much sintering.
This oxidation of ilmenili: prior to reduction has a beneficial effect on the rate ofrcductwn.

RcduCllon of Bangladesh ilmenite by usmS charcoal as reductant was carried out by Hasccb, ct

al [1997J. By x-ray diffraction study and microscopic study they cslablished that the reduction
beha,-;our of Bangladesh ilmenite is similar 10 that of Australian ilmenite, !he reduction

behaviQur of wlull has been described above,

Effect o£Size fraction on reduction of COX'$B<I7N ilmenite was studied by Shannin ct al L1996].

They found thai more thllll 97% of the ilmenite belongs to U.S, sieve No. 100, 140 and 200. The

fmer fraction contains lower percentages of TiD, and higher percentages of tolal iron. Chemical

analysis of this Ilmenite reduced bv charcoal at 105ifC for 4 !US, revealed that filler fraction

contant lower iron oxides, The degree of reduction of iron oxides present in ilmenite was found
to be 71,35%, 75,39% and 78.92% for sizc fraction corresponding to US sieve NO.IOCI,140 and
200 respectively, They a1so'concluded th~l as far lISlhe optimization of reduction parameters of

Cox'bwnr ilmenite is concerned, a separatc rccluctiOll procedure for ell(:h fraction is not

nccessary,

A thennogravimcntic study of the reduction of ilmenite with graphite was carried out by El-
grundy and Davcnpon [1970J with a view 10 fmd out the kmetics and mechanism of the
reduction reactions They observed that up to 1020'C solid-state reoction was the pmmincntone,
which initiated at about 860"C at the ronloct pornls. Above 1020'C the reduction was essentially

gaseous, Rate ronstants were calculated laking CO as the diffusing species. A detailed study of
the mechanism ofreducl1on 'lfEgyptian ilmenite using different gases showed that the reduction
was dependent on factors like tempcrature, timc ctc, H, was f'lund to be more efficient than CO,

While in the case preoxidlSed Ilmenite CO was heUer. Presence of CO, in the stream decreased

the reduetion rate and the mechanism of reduction was found to be more or less the same

[Hussain ct ai, 1972].

The reaction sequences and producta obtained in the reduction of ilmenite using CO gas were

studied by J'lnes (I9T.l) using X-lay diffraction. Thc reducllon of weathered and pre.oxidised
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ilmenite was found to proceed in two steps, the first one being !he formation of ilmenite lIIld in. .
the soxond stage were metallic Fe and titanium oxides were formed. At temperatures above

1150'C, ferrous pseudobrookitc was fonned which got OOlIvertedto M,a, solid solution with

iron and titanium. It was also observed thai below 1150"C, pscudobrooklte and ulvospincl ,"';ere

present in Slllall atT\OllIltSat all temperatures. An X-l'lI)'diffraction study by some other workers
[Grey and Reid, 1973.,Grey and Reid, 1974] revealed that during pre-oxidation of ilmenite lit
l0000C rutile and a solid solution of Fe, riO,.FeTiO, were fonned, while after reduction, the

products obtained were metallic iron, reduced rutile and a solid solution of Fe Ti,O,-Mn Ti,O,..
Ii,O, It was also observed Uut the collCCJltrationso[Mn and Mg affected the qUMtitiCSof these

constituents 10!he reduced product. The effect of various factol'S like ilmenite feed rate, reducing

atmospbere, temperature, and 'addition of Mg from an external source etc. on the reduction was

aloo imesllgated.

In a continuos methods [Reeves, 1967] for the production of synthetic rutile the terrie oxide
present in ilmenite was fll1ltreduced to ferrous oxide at 950"C with coke followed by gaseous

reductions at 950'C-lI00.C with CO and H, where reduction 10metallic iron to about 95% took

place. This was then subjected to acid leaching increasing the TiD, content. The reduction of
Indian ilmenite using different industrial reductions was studied by Gokarn ct aI., [1969]. It was

found that charcoal even when used in excess gave a reduction only upto 73.3% which increased

when 2% Na,cO, was used as a !lux. With oxidized ilmenite the rates of reduction by C wen:

faster, Reduction upto 85.5% was achie\'ed using large excess of city gas and hydrogen. In tbe

continuous moving bed experiments higher reduction pen:entages were obtained using coke. The
reduellon process of synthetically prepared ferrous titanate with CO gas reduction at 800-

IIOO"Cwas investigated by Levitskil cI a!., [1969J and the process was analysed on the basis of

thennodyn:unics, Khalimov and co-workers 11973] studied the reduction of ilmenite with CO.
CO, mixture. They found that bel()\\' 860'C. Fe" was reduced Fe'. while above 860" C metallie
iron was obtained, The rcduclJon wlls found to Ix: dilIuslOn eontrolled and the activation

energies were calculated. Poggi et all., 11976J reported a detailed study of the reduction of

Ilmenite using oolid and gaseous reducing agcnts.' They found that the presence of impurities

affected the reduction process considerably, Presence of MgO had negative effect while Fe10,

had a posll:tve effect on the rate of reduction.
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2.4 Leaching of Ilmenite

Titanium oxide is produced industrially by the sulphuric acid lcaching of its minerals and the
subsequent thermal hydrolysis of of titanium sulphlltc solutions; this is cOlllmonly known /ISthe

sulphate process, It is also produced by the vapour phase oxidallon of liLanium tetrachloride.

Although the manufacture of titanium oxide by this lalter process is gradually increasing, the

fonner is still the most widely used The sulphate process however, has serious disadvantages

because the treatments of crude iron sulphate and of the waste acid solution are difficult. On the
otherhand, hydrochloric acid, whIch is very useful for decomposition of natural ores, allows
comparatively easier recovery of the useful free acid from ilSwaste solution than does sulphuric

acid. In practice, the recovery of free hydrochloric acid from the waste solution of steel

cleansing is now feasible.

Selective leachmg of tile ilmenite by mineral acid removes [Sehara et aI., 1966 and Viswanalhan

Nayer, 1952] iron from ilmenite, In direct acid leaching sulphuric acid lIJIdhydrochloric acid is

used as the leaehant. Digestion with cone, H,SO, is not seleellve and brings both iron and

titanium mude to solution but subsequent processing oflcach liquor yields pigment grade titania.
Digestion of ilmenite with concentrated sulphuric acid [Tong-po Tam et aI., 1957, Kramer, 1948

and British patent 1967] is the conventional method for preparing TiD, pigments. Ilmenite is
digested with hot concentrated H,SO, to fonn a product consisting of FeSO" Fe, (SO,), andTi

(S04), solution, that is then preferentially hydrolysed to form hydrons TiD, in coarse readily
filterable form,

An attemptltas also been made lOdigest ilmenite with d~ute H,SO. (5.20%) to utilize the wasle
acid from pigment production [Tlkkanen ct ai, 1963] without any further concentration and was
found that hlgher tempcrature5 (arowld 200"C) arc csscnsial for this purpose. Several

lO\'csllgalOrs [Sankamn et a~ 1972] reported that leaching with dilulC sulphuric acid (7lO 50%
cone.) under pressure (30 to 260"1:) is very effective in the seloctive dissolution of iron so as to
obtam a mule grade produet, In IndIa at Trivandnun, MIs Travaneorc Titanium products is

manufacturing TiO, pigment from ilmenite :ry the concentrated H,SO, digestion process.

On thc othcr hand digestion ",ith hydrochloric acid is selcctivc [Viswanathan Nayer, 1952] and

iron is brought in to solution, Direct acid leaching is carried out at somewhat higher temperature.

The preferential chiorinating of iron with hydrochlOriC acid gas is represented as

FcO.TiO,+2HCl _ FeCI,+T10,+ HzO
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The standard free energy [Rujeswari et al, 1990] for the reaction as a function of temperature is

represented as

11G"~ - 81420 +0.99 log T + 7.4T (298 -164O"K)"Ie cal mar'

from the lhermoo)namlC data [Sankaran ct aI., 1967J it is seen that the reaction is posSIble even

when more thllJl 99% H,O is present in the mixture. It should be mentioned that the above

reaction 1Scomplex and a side reaction of FeCI, with steam would take place in a gaseous

mixture containing steam and HCl gas.

From the thermodynamic data it is apparent thaI chlorinating of Fe,O, is not possible al the
nonnal cltlonnating temperature. Therefore, the possibility of the following relICtion can be

ignored
--., 2/3 FeCI, + 1/3 TiD, +H,o

Pre-reduced ilmenite on reaction with HCl WIll lead to the fonnaiioo ofless volatile FeCI,. The

reduced iron in the ilmenite is dissolved by d~ule acid even at room temperature but complete

removal of iron may require higher temperatures and p=ures and longer tune. Annie George

and co-workers [1985] reported a process where completely reduced Fe,Q, and FeO to metallic
iron can be leached out wilh dilulc HCI al lower temperature and in a short period [WebsICr,

19611.The leaching reaeliOlI of ilmenile can be expressed lIS
Fe + 2HCI • FeCI, + H,

FeO, if present in ilmenile, can be removed by fol!owingrcaeliOll,

FeO +HCI • FeCI, +H20

The standard free energy ehange for !he preferential chlorinating of iron from ilmenile as a
funellOn of lcmperature is ploUed in Fig. 2.5,

TiD, prescnt in !he Ilmenite may be converted to TiCI. according to following reaction

\/2 TiD, + 2HCI • \/2 TiCl. + H,O

The free energy ehange [Webster llIldBright, 1961J for the reaction is represented as

lIG' ~ -7765 -I,OS logT + IS.ST "K eal mor'

Which shows !hat this reaction in not possible above 523"K,

Rajeshwari el al [1990] studIed leaching of the ilmenite using FeCh solution. They found that
leaching of the complctely reduced ilmenite yields a product with 2.;' Fe and 92,6% TiOz
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Annie George el al [1984] carried out reduction of ilmenite using coconut p!tll as reductanl The
reduced product was leached out and obt1incd a product containing 2% Fe.

In Murso process [hITe and Burtc, 1973] Fe,O, is converted 10 FeD and was leached with 20%
Hel at 108.11O"C to obtalll a product cQn;aining 95-97% TiD,.

Ismail et al [1983] studied the oxldation reduction and leaching kinetics of Sri Lllllkll ilmenite

and found thallhc result is similar 10Murso process and obtained a product containing 90-95 per
cenl TiOl.

Burastero [197S] obtalllCd a product >95% T10, by employing oxidation-reduction leach
techniques in the lnbomtory scale,

Wash Chang Corporation of USA [Chmg-Lung and Mackey, 1%5] has developed sussessfully a

process for producing synthetic rutile (93% TiD,) from ilmemte 011an industrial SCIIleby double
stage pressure leaching (at 30-35 psi) with hydrochloric acid (about 8 N) al 105_110"(:. The

temperawrc lUll!pressure arc maintained by injecting slc4m into the digeslcr.

The Benilite Corporation of America lDavar, 1969] claimed dcvelopment of a process in which.,
ilmenite or any other titanifcrous material is first subjeciW to a certain degree of pre-reduction

by any com'cntional reduction roasting (e,g, with coke at 815-109(l'C) to convert most of the
ferric iron to furrous iron (which is more readily soluble in acid). The pre-reduced ilmenite is

then treated with 20% Hel acid lD a ves.sel (digester lined with acid resisting material), which
rotates slowly during digestion.

Ishihara Sangyokaisa Ltd. of Japan (Kenzo IshIhara, 1970) worked out a process for

manufacturing a,.nthetic rutile. In the Sllld process, ilmenite is fll'St partially reduced to convert
F,0, conlent of Ilmenite to FeO. After the partial reduction, the reduccd llmenill: is leached with

dilute mineral aCid. The condition of leaching is reported to be unique and the company claims
that the process can be easily operated economically on an industrial scale.

Besides thc above important developments many= paper (Sabra et ai, 1966. British patent,
795164,1938) have appeared on hydrochloric acid leaching of ilmenite at atmospheric as well as

higher pressure In 1m:case of leaelling at aunospheric pl'es.surc, the process is less effkient and
thc product ISof lIlferior quality (about 8850% TiD,) compared to the pressUfC leachrng process

which under SUItableconditions yield a high grade product containing more than 98% TiO,.

•



_ ..
33

'"' ""'

"

').f.c\'~\'\P

1Fe,O"Tio,+').HC1 ~~ FeCI, +Tio,+ H,o
~fd)' + ').\,\CI<']
;

l Tio,+ 2HC\ !TiCl. +1-1,0 4\ 0+ Cl,
2;1.Cl+'.0, ', _4._ -- - - -- --------- ------~..

,

~ feO,TiO,+ 2HCl + ~ 02~~ ~oC'}iTiO, + H,O,

_2I-1CI+fcCl,+ TlO,+ H,o
f<O,T'O,~

'"' '"' '"'
Tcmper1llllre, 'c

'"'" ""' ""'



34

2.5 Ateration of Ilmenite

Beach placer ilmenilc con~entralCs of the world show significant variation in the

degree of alteration !hal is independent of provenance. Differential weathering of ilrnenilC afu:r

liS release from the country rock and natural rnixmg of fresh and altered grains during migration

impart complexity to the placer deposit. Various minerals have been ldentifted as weathering

products of Ilmenite, Alteration of ilmenite, in nature undergoes the process of oxidation and

progressive remonl of iron to give a residual product that is essentially TiD,. Alteration is

initiated along grain boundaries and struclUral discontinullies ",thin the grain. Oxidation and

partial removal of iron from ilmenite lattice results in an inte:rrnediatc iron titanate of definite

SlIuCluJe for which the name pscudorutile has been proposed. Another alteration product,

Jeuoo:<cne is found in the ilmenite deposit The alteration product at the stage of romplete

oxidation oflton in ilmenite analy,..:s 65-70% TID, as compared with the 52 % 110, in ilmenite

(George and Mohan Das, 1985]. Complete removal of iron from the pseudorutile lattice results

in a grain composed of eryslaillllls of the mmeral rutile Only these four mineral phases

[Temple, 1966J, ilmenite, pscudorutile, leucoxene and rutile have been identified in the

commercial tItanium mineral concentrates studied. Natural occurrence, in sand deposits,

indicates that in weathering fmal removal of iron from pseudorutile to give the rutile end product

takes place only cllher abol'e or in thc zone of fluctuating water table.

2.5.1 Alteration Product of Ilmenite

Several attempts have been made to eharaelerize the sequence, mechanism, depth and products

of altcratiOfl. The important alteration mdicators [Babn et ai, 1975] changes in Fe2+ IFe3+ and

Fe I Ti ratios: variations in magnetic susceptibility, density, hardness and reflectivity; structural

and morphological ChlUlgcs, increases in impurities like Cr and V and decrease rn Mn, Ni, Zn,

Cu, Mg, Co and Ca [Grey and Reid, 1975, Wort and Jones, 1980 and Anand and Gilks-1984]. A

common ilmenite aitellltion me<:hanism can be e,,-plained as follows:

Fc"TiO, ---'> Fe,"11,O,--+ TiD, +F\:lO,

The diffi:ronce in the degree of ilmemte alteration in various heavy mineral placer deposits

implies differential weathering due to age dllfcrcnce and I or in situ and multistage alteration of

ilmenite lHugo and Corneil, 199I]lUld als() due to different weathering environments. In Dature,

•
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progressive alteration of ilmenite results i.•the fonnation and co-existencc of different phases.

Moreover positive identification of all altered phases is difficult be<::auseof indistinct and similar

structural as weU as physical properties_ Accordingly, degree of alteration may only be perceived
as the degree of rutilization, There is also considerable uncertainty in the lenninology applied ,10
the al1Crationproducts. Lynd and Wood [1983] reviewed the literature on titanium minerals

and pomted out !he importarn:c of kno,",ledge of ilia chemical composition (% TiD" % FeD, %
Fo,O,), and concluded thai the lcnn leucoxcnc should be used as a general name for aitcl'lltion

products containing TiD,. On the Other hand Golding (1961) presented the petrographic, as

opposed to the commercial, viewpoint and pointed out the range of rock typl.\'!where ilmenite

and its aJlcrallOn products occur. I! is thus clear that the initial product is ilmenite and leucoxene

is the end product of the alteration process. According I<) Mucke and Chllndhuri (1991) and
Hugo and Cornell (199) during the transfonnation of ilmenile 10 lcueoxCJ1Cfollowing prodUl:ts

can be identified:

Ilmcnile -+ Hydrated Ilmenite -+ Pseudorutile ...• Leached Pseooorutile ...• Leucoxene

From this analysis we may conclude that three distinct phases ilmemte, pseudorutile and

leucoxene may present in the altered ilmenite. No standard nomenclature exists for the

alteration products of ilmenite, but roughly following eharneteristies are generally found,

Unaltered i1mcmtc IS the domin!lIlt minenl. When ahcred, ilmenite changes dll'CCtlyor though

the intennediale products to lcucoxcnc. Unaltered llmCrutegrains with a composition close to the
theoretical fonnula (FeTiD.,) and a TiD, contenl ranging bClwccn 48-53 percent, No dislinction

is ffilIdcbctwccn fi:man-ilmcnite and ilmenite. Although varying in intensity and plltkm from

gram to gram, the most common alteration is along grain boundaries and fracture, along
crystallographic directions,

Hydrated 1/menire; This is also knmm as Icachcd 1lmenite, which is not completely altered to

pscudorutile. This commonly replaces ilmenite along crystallographic directions, leading to the

formation of microcra~s. Areas of alterauon within thc ilmenite grains, exhibit TiD,' eontents
between 53-60 percent These areas are distinguished microscopically from the ihnenite by their

gray -bluc color and weaker anisotropism. The term "hydrated ilmenite" was fll1lt used by

Dyadchcnko lllld Khatuntesva [1960] and was adopted by Frost et ai" (1983J to indicate the

mixture of i1mcmte and pseudorutile, which contain crystalline water while the term "leached
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ilmenite" was used by Muekc and Chndhuri [1991] and Chemet [1999J to identify ~ distinet

in!crmcdiate leaclllng product between ilmenite and pscudorutilc.

PseudOl.••tile: A dcfonncd [Grey 8nd Watts, 1983] hexagonal, oxyhydrmudc close 10 Fc,Ti,o.

or Fe, ,Ti,O'J (OH) " with an cxlcndcd range of homogeneily due to hydrogen exchange for

iron during hydration. Characteristicftlly it shows rough and porous texture. Compared to

ilmemte, it appears brighter, in conlrast 10 its typical greyish color. Under reflected light

isotropic pseudorutilc ISblue-gray in color "iili a slightly higher reflectance than ilmenite [Hugo

and Cornel, 1991]' Pseurlorutilc is developed along crystallographic orientations, in ordered or

disordered patterns, aIMg boundaries and fral:tures, and is characterized by the development of

microfractures. The mineral is difficultlo identi1}'positively as lhcsc opllCal properties are often

indistinct and its major XRD peaks cxhib1t d-spncings similnr to those of ilmenite, rutile and

hematite.

Leehed Pseudorutile: It is another optically identifiable intermediate phase [Muckc and

chadhur~ 19') I and Chemet, 1999] lying between pseudorutilc and Ieucoxene. This =Its from

leaching of iron from pseudorutk The 8bundanee of mierofraetures is led to the breakdown of

the pseudorutile structure.

Leucoxene: A single grain of secondary rutile or aggregates of fme-grained rutile erystals mixed

with impurities. It is 8n inhomogeneons el)'jltoerystalline, high riO;, product of ilmenite

alteration lGrcy and Reid, 1975]. LeuCQxene displays abundant internal reflections, changes

from brownish to ",hite willi the decrease in iron content. Replacement of ilmenlte and the

intermediate phases by a secondary rutile of defmllc crystal structure is common. Leucoxene is

distingushcd optiCllUy from rutile or antase by its characteristic sugary internal reflections

although it may consist almost entirely of erypto or microcrystalline rutile andlor anatase m the

last stages ofrcflections.

Prinwry Rutile: is easily dIstinguished from the secondary rutile. Primary rutile exhibits

idiomorphic, non-corrodcd crystal foces, and is characterized by a bright grey color, high

reflectivity and cilaraeteristlc twinning.
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2.5.2 Mech.ni$m of Alteration of Ilmenite

Different mechanisms of alteration of ilmenite have been proposed by different investigators

[Temple, 1%6 and Grey and Watts, 1983]. These mechanisms can be classified as follows

TJ'P~I: Gradual weathering of ilmenite to leucoxene via hydrated ilmenite and pseudorutile in

a groundwater environment.

Type II: The Direct weathering of ilmenite 10 lencoxene in sediments above the water table.

Typt III; The alteration of ilmenite 10hematite plus rutile or anatase in source rocks; followed

by the preferred dissolution of the hematite to form ilmenite grains containing a

porous network ofTiO, microcrystals.

Type J Alteration:

Many authors rrempIe, 1%6 and Grey and WatlS, 1983] described this mechanism in their own
way. Acoordmg to this mecharusm !!Iteration begins as irregular patches of hydrated ilmenite

along grain boundaries and weaknesses within the grain (Fig.2.6.a); or in the form of oriented

stringers along the b~sal cleavage planes of ilmenite. The second stage of alteration is marked by

the development of leucoxene, which furms as irregular patehes along gt1Iin boundaries, or
structural wealmess, The development ofleucoxene along grain boundancs is less COtlllllOnthm

expected for the in situ alteration of ilmenite [Hugo and Cornel, 1991j.

In a number of grains the boundaries between !eucoxene and the phases it is replacing

are truncated by the grain surface, showing that the allet'ation occurred in a !aJ:ge grain

(Figure 2,6,b), This type of altetation may be explained by the two-stage model

proposed by Grey and Reid [1975]. The first stage involves the oxidation of all the

ferrous iron and the leachmg of one third of the ferric iron 'from the ilmenite lattice by

electrochemIcal corrosion. The reaction is:

--~.. Fe,J+Ti,o" + Fe" + H,O -------(1)

Ilmenite Pscudorullle Dissolved Iron

This reaction is considered to operate m a mildly acidICgroundwater situation The second stage

of alteration beyond pswdorutile oo:.:eursvia a dissolution-reprecipitation process whereby both
iron and titanium are dissolved, but the utanium ISredeposited whilst the iron is leached from
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the grain. This leads to the formation of rutile in beach sand and anatase in lateritic soils and can

be described by the reaction:

Fc,Ti,O, + 4H' ---._ riO, + Fe" + '/,(), +H,o - ._(2)

PscudorulJ1c Rutile D1SSO!vc'd Iron

The second stage ofaltemtion is thought to occur in the near-surface regions uflbe deposit in an
em ironment, which jg rich in organic acids and inorganic ~cids derived from the upper soil layer

and condensation, creating mildly rcduClIlgand acidic solutions.

l)'pe IJ Al1eratUm:

In this type of alteration ilmenite or slightly altered ilmenite, is obscr\'Cd altering directly to

lcucoxene. The alteration occurs from grain boWldllries or along weaknesses, such /IS fmctures
wilhin the grains, In some instances lcucoxcnc may grow as replacement fronts across grains

(Fig, 2.6.c),

Frost et al,,[19X3) and Frost el aI., [1986} and Hartm.an [1953] studying iron-titanium oxides

during bau.xilization, found thai ilmenite may alter directly to leucoxenc or optically identifiable

anatase. Frost etal., [19S3 J noted relatively unallcred ilmenite cores surrounded by leucoxenc in

a eonccntralc lUId concluded !hat !hese assemblages represent a single step dissolution re-
p.eeipitallon p.occso withoul the fonnallon of pseudoruule. This style of alteration of ilmenite

le\>COxene,rutile, or anatase may be expressed by the equation

FeTiO, + 2H' • TiO, + Fe" +H,O --------{3)

lhncnilc Rutile Dissolved Iron

Sigmfieanlcly altered ilmenite (Leueoxene) is shown in the Fig. 2.6(d).

Type ill Alteration:

In thiS type of alteration two distinct intergrowths are noted, The first type of intetgrowth is

eharaetcri:r,cd by the replacement of Ilmenite by prismatic TIO, microcrystaL According 10 this
mcchamsm the alteration does not occur along grain boundaries, but rather as patches within

grains, The second type of intergrowth is eharalCrised by the development of anhedral, often-

vcnnifonn rutile microcrystals in patches within the ilmenite grains. In a few instances
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mlcrocrystals of hematite are found in rutile intergrowth of some ilmenite deposit [Hugo and

Cornell, 1973]' Subsequent dissolution of hematite results in gralltS consisting of only ilmenite

and microcrystalline rutile.

2~.3 The effect ofalteration on ilmenite quality

It has been shown that the magnetic susceptibility of ilmenite decreases with increasing

alteration. Hugo [1938] cSllmatcd the magncllc beha,'ior of ilmenite and altered ilmCllite in the
Rechards Bay deposlls by dctennimng lhcir mass proportions in different magnetic fractioos

from II.heavy mmcral concentrate.

These results show that
1.lImenite-hydrated ilmenite_pseudorutile grains are slightly less magnetic than unaltered

ilmemte grams, bul most ofthesc grains will report to ilmenite COIlccnlrllle.

2, Altered 11mcrutegrams contaimng lcucoxcnc have a large range of magnetic susceptibility and

such grains may report to ilmenite concentrate or magnetic middlings frllctions; and

3, Lcucoxene grains too have a large range of magoetic susceptibility extending from that of

ilmenite to that of nonmagnetic rutile, and that most leucoxeoe will report to ,magnetic

middlings or rutile concentrate,

It is clear from the results of Hugo [19B8] that the degree and type of alteration will affect the
rCCQverabilityof altered ilmemte grains.

Frost et aL [1983J have shown lhIJt there is a marked increase in the SiO, and AhO, contents of
ihnenite a!leratiOll phases contamlng more than 60 percent TiO, in Western Australian deposits.
The increase 10 these impurities has been ascribed 10 the co-precipitation with, or adsorption on

to, alteration products [Frost et aL, 1983J or the formation of clay minerals within pore spaces
between alteration phases. IL IS, therefore, eVIdent that altered ihnenite grains contammg

leucoxenc. and leueoxene grains themsc1,es, are undesirable as they are often nonrecoverable

and they contribute to impurity levels in cor,centrates,
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Fig: 2.6 Scanning ele<.:tron micrographs of partially altered and highly altered ilmenite
glllJnS.
(a) Patchy altemtion ofilmente to hydrated ilmemle
(b) Co-existence of unaltered and al ilmiente.
(el Hydrate ilmenite gmin Altering to Jeucoxene
(d) Highly altered ilmenite gmin showing a porous surfa(;e.
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2.5.4 Tbe Importance orStudy on the Extent of Alteration

Altered ilmenite constitutes more than Oll~third of the world production of titanium mineral

categorized by the U. S. Bureau of Mines as "ilmcnite" and totaling 22 million tons in 1963
[Icmplc, 1966]. By virtue of its being a product of varying composition, altered ilmenitehas in

the past presented problems both in ore dressing and in the sulfuric acid digestion melhod of
pigment manufacture, a process that consumesmore than 90 pen::entof the ilmenite and altered

ilmeniteproduced. More =OUy, a better understanding oCtileIlllturalalteration of ilmenitehas
become important in view of work directed at upgrading ilmenite and altered ilmenite

OOllccntralcsto productsmuchhigher in TiOJ.

There has been appreciable work on the alteration of ilmenite. Most of the workers

[Bailey et ai, 1956 and Filmer, 1959} have agreed that the mineral ilmenite undergoes

oxidation and leaching whereby iron ISremoved from the structure resulting in a relative

enrichment in TiO,. There has been much discussion [Karkhanawala, 1959] on tile

naNre of the alteration product and generally it has been agreed that in nature no

secondary iron titanium compounds are involved in the alteration although the very fine

grain size of the alteration product has made positive identification extremely difficullt

Temple 11966] explained how iron gets out of the ilmenite structure. According to him,

iron is removed along structural discontinuities. It is postulated that removal of iron

from the grain is caused by a migration gradient initiated at the structural interfaces and

facilated by the slight reduction in the size of the Fe atom due to oxidation from the

ferrous to the ferric state. Since this process takes place at low pressure and temperature

condItion reaction kinetics are slow, thousands of years may be required to take this

process in nature. Ti02 content increases with increasing age. Due to this sloWl:r rate

disequilibrium assemblages should be common in natural ilmenite deposit The

difference in the degree of ilmenite alteration in various heavy mienral placer deposits

implies differential weathering due to age differences and I or multistage alterahon of

ilmenite.

The role of water in the alteration of ilmenite has been discussed by Gevor~ and

Tananayev (1982) who reported a close connection between the iron and water contents
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in altered ilmenite and concluded that the iron oxide is hydrated during alteration

process and that iron is removed as a mobile hydroxide.

From the abo,'c discussion il is clear that the alteration of ilmenite takes place near the surface

and requires presence of wa1.Cl", a temperature of 50°C [J'yIuckeand Chadhuri, 1991J not

cxcccdmg. This favorable environment is also common for our beach sands as the beach Slllld

minerals arc exposed to a temperature around 3540°C. So there is a possibility to obtain altered

ilmenite grains in the ilmenite separated from the coastal black sand of Bangladesh. In this
respect it can be mentioned that there are many examples of alteration of ilmemte in placer
deposit like Eneabba, Western Australia; Trail Ridge, Florida; which contain mostly alterd

ilmenite and yield corn:cnlralcscontairungbetween 54-66 percent TiD, while Folkson, GCOlgia

ilmenite assay 76.1 pcrc.cntTio, Attempts to produce synthetic rutile from Bangladesh ilmenite

have yielded encouraging results. However no detailed study on the exlcnt of alteration of

ilmenite in the deposits of Bangladesh has so far been reported. So the study of alteration may
be a promising fieldof study for the c.xplorationof beach sand mmcraIs in Bangladesh.

2.6 A review of important process for rutile substitutes

A detailed analysis of the developments III this area shows that a number of research

workers have tried to solve the problem from different angles utilising various properties

oflbe material Enormous studies have been undertaken for the production of synthetic

Mile, some of which are purely of academic interest. In this review for making mtile

substitute a brief summary of the most impottant processes developed and studies

reponed by vanous workers is given, These processes may be discussed under the

following headings.

\. Processesemploying caustic or alkali melllisalts.

2. Processesemploying liquid -liquid extraction.
3, Processesemploying ferric salt lcaching.

4. Processesemploying sulfur, sulfides or sulfates.

5, Processesemploying sulfuric acid,

6. Processesemployinghydrogen chloride gas.
7. Processesemployinghydrochloric acid.

8. Process employingthe solld-state reduction of iron to metaL

(
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9. Processes employing the reduction of iron to metal under slagging conditions.

IO.Proccsscs employing chlorinnting techniques.

Processn ~mployingcaustic or alkoli _al salis:

When a mixtu«: of ilmenite and solid sodium hydroxide is heated above 350. C, the sodium

hydroxide melts and relICts with the ferrous titanate. The relICtion product consists of II.solid

phase containing iron oxides and a liquid phase containing most of the titaniwn dioxide Olinby
separating the two phases, iron and titanium dioxide be recovered scplll'lltely.

In a process employing this principle [British pat, 1960J ilmenite and solid caustic soda arc

mixed in a'ratio of about 1 part ilmenite to 9 parts of caustic, and the mixture is heated to about

750" C. Upon completion of the reaction between the caustic and ferrous titanate, the

temperature is lowered to about 500OC.The solid phase is then allowed to settle from the liquid.
The liquid phase is separated from the solid by decantation and is filtered to remove suspended

solids.

Upon cooling, the fillcfoo liquid is solidified and the solid leached with boiling water to dissolve
sodium hydroxide and leave II.residue containing titnnium dioxide.

Schechter and [eddy [1962] patented a process in which a mixture Ilmenite and sodium

hydroxide is healed al aboul 400.C for 3 10 8 hours. Air or oxygen is added during !he reaction

period, after whK:h!he entire reaction product is allowed to cool and so~dify. II is !hen crushed

and leached with W3lcr 10 dissolve sodium hydroxide. Aficr fillCring to l'Clt\OVe!he sodium
hydrOXIde solution, the residue is leached with hydrochlonc aCId to dissolve !he iron. The
residue from the hydrochloric acid leach, after solid-liquid separation, contains about 90 percent

TiO, and as little as 0.5 percent Fe,O,

In a process developed by Safiullin and Belyaev [1968] a product containing over 92 percent
TiO 2, less than 2 percent Fe,O" and 0.1 to 0,6 percent C.,O, was obtained from itmemte orcs

containing from 2.0 10 12.9 percent Cr,Q;. In this process !he lUgh-chrome ore is mixed with
sodIum carbonate and 5inlcred at 900' C for 3 104 hours, The sinter is leached first with water at

60°\0 85" C and then with 20 percent HCl alIOS' 10 108° C 10yield !he fmalproduCi.

,
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~t:$ ~mp/tJylngliquid -liquid obaCtkm:
Titanium can be recovered from solu1lons containing both iron and IiWlium by liquid Iiquid-

extraction.. To recover titanium from a titaniferous ore using this technique, the ore is fll'St

leached with an acid to obtain a solution containing the iron and titanium. The solution is then

contacted with an organic elctl'lletant, and the liquid phase containing the titanium is treated to
recover titanium dioxide. The extractant is recovered for reuse and the iron is usually left in lin

aqueous solution.

A process p8lCntcd by Long, Olson and Suds [1960J uses concentrated sulfuric acid to react with

ilmenite, fonning a solid mass containing water soluble titanyl sulfate and ferric and ferrous

sulfates. Approximately 90 percent sulfuric acid is reacted with the ilmenite for one-half hour 10

3 hours, using antimony oxide (SbP,) or antimony sulfide (Sb, S,) as a promoter. The reaction

product is heated 10 250" C for about 1 hour and is II1cn leached with water, maintaining the

temperature at about 60" C. Temperatures of SO" C and higher are undesireable lIScolloidal.

hydrated titanium oxide is formed, and the presence of the colloid during the liquid extraction

steps causes the formation of hard-lO-break emulsions. Following the water leach, the waste

solids are removed and the solution containing both iron sulfates and tilany 1 sulfate is contacted
with a mono _or dialky 1 substituted orthophosphoric acid in a solvent, such as kerosine. After
about 30 minutes of contact, the organic and aqueous phases are separated and the organic phase

containing the utaruwn and ferric iron is scrubbed WIth 5 molar hydrochloric acid to removc thc
iron in the acidic, aqueous phase. The organic phase, still contaming the titanium is first

separated from the aqueous pltasc and th.:n contracted with a saturated solution of /UlIll"IOnium
carbonate to cxlract the titaniwn. The ammonium carbonate solution, containing the titanium is

separated from the organic phase and is evaporated by gentle heating caus~ the titanium to

precipitate as hydrated utanium dioxide. The precipitate is separated from solution and is
calcified at about 9(}O0C for 4 hours to obtain a titanium dioxide product

Another method ofreeo,cnng titanium from the organic phase following the removal of iron is
by adding an ammonium bifluoride solution instead of ammonium carbonate. In this ease the

utaninm IS precipitated from the aqneous ph!lSC as ammonium hexafluorotitanate

[(NH.),TiF.]when the solntion is cvaporated The ammonium hexafluorotitanate is added to a

solution of aqueous alllffi(lnia forming hydrated titaninm dioxldc that is removed from solution

and calciflCd to recover the rutile substitute product
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A somewhat diffi:rcnt process ISchaefer and zimglbl 1966] using a solution oonsisling of3 parts
of hCMCnc and I part of dccyl alcohols to extract titanium from leach solutions. Titanium

tetrachloride is then recovered from the organic extrllCtant by scrubbing with watee

Pf'/X(!5.~e5employing ferric sailiellching:

In the processes using ferric salts titaniferous ore IS roasted under reducing conditions to convert
the !fon 10metal. The reduced ore is leached with a solution containing rerric iron to exlrac! the

metallic iron converting it to the ferrous state. 1bc reaction may be shown as:
Fe"+ 2Fe+' ~3Fc+'

The resultant solution, containing fr:rrous iron is separated from the TiO, resIdue. The solution is

then processed 10 regenerate ferric iron for leaching addltional orc and w recover the iron as a

byproduct

A processc IShiah, 1966 and U.S. Pal, 1%6] patented by C. D. Shalh, uses a solution containing

bolh ferrous and fwic chloride. In this process !he ore is fll'st wasted in an oxidizing atmosphere
at about 1050' C for 2 hours 10 convert the iron to the ferric state. The oxidized ore is then

roasted at about 900" C for about 2 hour;; under reducing conditions to convert the oxidized iron

to metallic ItOn. In this ease hydrogen gas is used as the reduct.1rl1.Thc reduced ore is cooled in

an inert atmosphere to aVOIdreoxidation of the iron ami is leached at 80" C in a chloridc solution
containing 70_gpl ferrous irons and 50.gpl fcrric irons, After the reaction the ferrous chloride

solution, which still cOntains a small quantity of ferric iron is dec/lflted from the residue.
2FeCl, + Fe ~ 3FCl,

To regcnerate ferric chloride, air is bubbled through the ferrous chloride solution, oxidizing

portion of the iron as sho"ll in thc followmg cquation:

l2FcCh +30l ~ 2FCl 0) + 8 FeCl;

Ferric oxide precipilales 8S a hydrate and is recovered by fillralion. II is then washed and

calcined to produce high purit)' FclO,. The solution from which the hydrated fcrric oxide is

rcco\'crcd contains both ferric and ferrous chlondcs and after discarding as much as 5 percent of

thc solution to avoid impurity build up, it is recycled 10 !he leaching step. In his German patent
[Shiah, 1966J substitutes and electrolytic ItOnrecovcry system for the aeration scheme.
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The titanium dioxide residue that remains lifter leaching is recovered by washing first with II.
weak acid solution !llId then with water. After drying II. rutile substitute containing over 90

percent TiD, is recovered.

Nakazawa and Tcrunuma [19581 developed II. similar process in whIch Ilmenite is oxidized,

reduced and then leached with a solution containing either hydrochloric acid and feme chloride

or sulfuric acid and ferric sulfate. After reduction, the metallic iron in the ore is dissolved by a
reaction similar 10 the one in the preceding process, and the iron is recovered from the leach

solution by electrolysis.

Ilmenite was subjected to solid-stale reduction and the metllilic iron obtained was oxidized to II.

soluble Fe (II) complex, which was then separated as solid FezO, by oxidation [James W.

Reeves, 1966]. A concentrate containing more than 90% TiD, was obtained from ilmenite by

roasting in air at 800- 1200"C followed by reduction with II.mixture of CO and H, gas at 750-

1250"C and leaching with FeCh to dissolve Fe as FeC]" which was then regcncnllcd [0cenic
process Corp., 1965].

Processes employing sulfur, suljides or sulfaus:

In thc following group of processes sulfur, or a salt conlaining sulfur as a sulfide or sulfate is

, reacted with a titaniferous ore at 8 temperature in the range of 400" C to lOOO'C. The reaction

product contains the iron and titanium in forms that ean be separated by leaching and liquid solid

separation techniques to produce a rutile substitute and in somc cases an iron oxide by product

Gaskin and Ringwood [1960] developed a process in which ilmenite ore is reached with sulfur

vapor to produce ferrous sulfide, which is removed from the rutlle product by pressure digestion.
The ilmenite ore is added to a furnace with coke and pyrite, The coke is used to maintain a

reducing aunospherc in the furnace, and the pyrite serves as the sourec of sulfur. The furnace
with an ore retentlon lime of I to 4 hours is operated at about 700"C. The products from the
reaction llfCferrous sulfide, titanium dioxide, and earbon monoxide as shown in the following

reaction:
FeTiO, + S+ C B FeS +TiO, +CO

After oompletion of the reaction, the furnace produet is cooled in the absence of air before it is

screened to remove excess ooke, which is rccyled to the furnace. The cooled furnace product,
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after coke removal, is leached in a vessel with walet at a temperature of llO"C to 200'C, while

air or oxygen is admitted at a pressure of 20 to 100 psig. The reaction product from pressure

digestion contains titanium dioxide, iron sulphate, iron oxides, and sulfur. FoUov.ing solid-liquid
sepcration, the sulphur and iron oxide flIlCSarc removed by screening. The rutile IS recovered

separatlyand IS leached with 20 percent sulfuric acid to remove adhering iron, leaving a rutile
product conlaming some insoluble impurities,

A processes similar to the one developed by Sarova and Fotiyev, was p8tcntcd by Takimoto,

Tanaka and Hattori [1959]. In the process ilmenite, sodium sulfate and coke are mixed in the

ratio 1:1.07:0.24. The mixed solids are roasted at II}So"C followed by a water leach to recovCf
sodium sulfide and sodium hydroxide. A dried residue from water leaching contained 51.5

percent TiO, and 27,] percent Na,Q, and after treating the residue under pressure with 10
percent sulfuric acid, a final product contained 92,6 percent TiO" 0.9 percent FeD, 1.05 percent

Na,O, and 0.07 percent SiO,.

~ss~s ~mplilying sulfuric acid:

There arc many processes employing sulfuric acid to treat tilllnifcrous orcs. Most of the

processes are deSIgned 10produce a litania pigment and are not applicable to the present review

of processes for making rutile substitules. In these processes a mixture of titaniferous ore,

sulfune acid and a reductant is reacted in an autoclave at elevated temperature and pressure. The
iron is dissolved from the ore as ferrous sulfalc, and the titanium dioxide remain in the residue.

A substantially iron free tilamum diOXIdeproduct is obtained after solid liquid separation of the

slurry leaving the autoclave.

ProU •.W!Semploying hydrogen chlorid~ gas:

When hydrogen chloride gas ISpassed over a titaniferous ore al elevated temperatures (600" to

1600. C) the iron presenl in the are reacts with the gas to from a volallie chloride, which leaves

the furnace in the exit gas stream. The iron chloride is removed from the gas stream to recover
the chlorine for regeneration of hydrogen chloride gas and the solids remaining after

ebloridization arc recovered llJld.used as a rutile suhstitute.

In a process developed by Weil (1960) ore having a low gangue content musl be used because
only iron is removed leavmg other impurities in the product. In the process the arc is crushed,

mixed with enough flllcly divided carbon to completely reduce all the iron oxides 10 metallic
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iron and roasted at about 1275° C for 6 hour:s. The eMboD requirement is not critical but enough

should be used to totally reduce the iron to metal However, the addition of too much carbon is

to be avoided so that !illinium carbide, which will chloridizc with the iron, will not forni.

The oro does nOI fuse at the temperature of reduction and the furnace product is a highly porous,

coherent mass. This material is cooled while maintaining a rcduclllg atmosphere to prevent

reoxidation of the iron and is crushed. The crushed reduced ore is nexl chloridized with
anhydrous hydrogen chloride gas

Fc+2HCI~FeCi,+H,

The chloridization reaclloo occurs during the 5-hours retention of the ore in the chloridizing

furnace whicb is mallltained at about lOOO°C.In several examples where the quantity of carbon

used dunng reduction was varied and the reduced ore ch!oridized the resulting chloridization
reSIdue contained at lCil.'It98 percent TiD, and less than 0.25 percent iron.

In the different approach [Robinson et aI., 1960) to producing a rutile substitute, ilmenite ore is
roasted in an oxidizing atmosphere at 160" C to convert all the iron to feme oxide. The oxidized

ore is chloridized with hydrogen gas to form ferric chloride according to the following reaction:

fe"O, + 6HCI ~2FeCI) +3H,0

The reaction is earned out in a fluidized bed at a temperature of about 600"C, and the S)1lthctic

rutile product contains over 90 percent TiO, with aboot 1.6 percent total iron as Fe,O,. Howcver
no ferrie chloride recovery system,s proposed and a circulating load of 600,000 ft' of hydrogen
chloride gas per ton of product is required.

Processes using hydrochloric acid to upgrade titaniferous orcs involves leaehing the ore to
dissol\'e the iron as a chloride. The residue containing most of the titanium present in the ore is
filtered from the iron containing solution and is removed !ISa rutile substitute.

In one process [British pat, 1955] titaniferous ore ground to minus 200 mesh is charged to an

aulocla,'c. Sufficient 36 percent hydrocWorie acid is added to provide about 300 percent excess

of thc stoichiometric quantity to react with the contained iron and lhc autoclave is heated to
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175'C, At this temperature the initial internal pressure in the autoclave is about 40 a~ospheres.
The autoclave is maintained at the reaction temperature for about 12 hours after which it is

cooled llDdthe reaction products are removed. The solid and liquid are separated and the residue

is washed with water. The resultant residue contains over 99 pereent of the titanium originally in
the ore and only about 4 pcroent of the iron product

In a process [Sehra et aI., 1%6] developed for treatmg an ilmenite containing 60 percent TiO"

10.5 percent FeO, 25.4 percent Fc,O" 0.17 percent V,O, and. 0.13 percent Crlo" a product
contaming 97 to 98 percent Tio, is obtained, Minus 60 mesh ilmeDlte is mixed with 5.25 H

hydrochloric acid so that 50 peroent excess HC! over that required to dissolve the ferrous and
ferric oxide is present The acid ilmenilc mIxture is charged to a reactor and heated at about

250'C for 24 hours. Agitation of the reactants is necessary and the resulting residue, after

removal of the solution, contains about 9&percent TiOl, 0.5 percent Fe,O" and less than 0.02

percent each ofV,O, llIld Cr,O,. Approximately 90 peroent of the hydrochloric acid is recovered

from the solution following solid liquid SCPllflltionof the reaction products.

A process [Australian Upgrading Process, 1%9] developed in Australia is exped:ed to produi:t a

synthetic rutile containing 96 to 97 percent TiO" on a commercial scale, This process employs a

hydrochloric acid leach of reduced ihncnilC ore to remove the iron as fclTOUS chJoride leaving a
residue of synthetic rutile. The ilmenite ore is first roasted in an oxidizing atmosphere for 1 hour,

using a fluid- bed technique. It is then roasted in another fluid bed for one half hour this time
using hydrogen gas to partially reduce the oxidized ilmenite. The partially reduced ore is then

leached with hydrochloric acid at a temperature of about 105°C for a period of 4 hours. After
1caching, the spent acid solution containing ferrous chloride is separated. Magnetic separation

removes chromitc from thc product leaving a synthetie rutile containing 96 percent to 97 percellt
TiO,.

Sinha and co-workers [1967] had reviewed the various methods available fur the preparation of

titanimn concentrates from ilmenite. They proposed an improved method in which ilmenite was
subjected to oxidation roast before partial reduction md Ie8ching with 2~1oHCI. The product
contained 95-97 % TiO,.

In another process {Oster, 1968] fmcly powdered ore was refluxed with HCI to dissolve the iron

and the residue was washed and calcined to give a product containing 92.2% TiO, By leaching
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ilmenite in two steps with different ooncro1llltions afHCI at 105-11O"Cat high pressures Ching-

Lung and Mackay (1965) could remove more than 95 % of iron from it Aravamuthan and

Raghavan (1969), and Aravamuthan and sundram (968) prepared rio, with 75% purity from
ilmenite by reduction at 600"C with fuel oil followed by HeI leaching which was repeated for

two or three: limes, They observed that the acid consumption would be reduced to 600/. when the

leaching was done in closed pans and by grinding the ilmenite before leaching. Sehra and lena
[1966] upgraded Quilon ilmenite to a product containing 97.28% TiD, by a single stage Hel

leaching at about 250'C for 48 hours without stirring or for 24 hours with stirring, A process for

recovering the HeI was developed.

Synthetic rutile containing about 95% TiO, was prepared from ilmenite by reduction in a

fluidized bed enDowed by leaching with dilute He! at about lOSer: 10 remove iron [Komarov ct

aI, 1973]. In a study reported by KUJala et al (1974) the iron oxide present in ilmenite was
reduced to ferrous form using H, which was leached oul with 20% HeI at lOS' C giving a

product with 96,2% TiD, and 0.6% iron EiThct of various factors, concentration of acid,
presences of coagulents and flow velocity OIlleaching have been studied.

In the Murso process [Sinha, 1973] which is one of the important routes for the production of

synthetic rutilc. Crushed ilmcnite after giving an oxidative roasting at 900-950OCwas subjected
10 reduction with H, or mixtures of hydrogen, CO, Co, and steam at around 85ll-900"C. The

ferrous iron fanned was leached with dilute hydrochloric acid at about IIO'C. HCI was

re~erated from the product

Mars1ulll and co-workcrs [1972] prepared TiD, (80.7"10)from powdered ilmenite by leaehing
with HCI in the presence ofSnCl1.

Included in this section are processes in whieh the iron contained in thc ore is reduced 10 the

metallic state without melting !he furnace charge. After reduction the ore is either leached or is
subjected 10a physical scparahon process such as magnetic separation 10 remove the iron from

the titanium dioxide product

In a process developed by Beeher (1963) and Beacher et aJ (1965) ilmenite ore is mixed with

minus 8_plus 20.mesh coal char and is roasted at a temperature of 1000' to 1150"C. A ratio of3
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pans clw: to 10 pans ilmenite is sufficient if the reduced ilmenite is cooled in the absence of

oxygen 8nd carbon dioxide. Oxidallon ofthc ore prior to reduction is beneficial in that the ore is

more easily reduced.

After reduction the ore is screened and magnetically sepctated to remove the unburned char for

recycling to the furnace. The char free reduced ore is then added to a vessel and mixed with

water in the ratio of 1 part reduced ilmenite to 6 to g parts of water, The temperature of the

slurry is maintained III 60" to 80" C and air is passed into the vessel for a period of 6 to 8 hours
causing the metallic iron to rust from the reduced ilmenite. The iron rust formed by the oxidation
of the metallic iron remains suspended in the solution as a fine precipilalc and is separated from

the heavier titanium dioxide residue by decantation. The usc of a catalyst, such as ammonium

chloride and a trace of hydrochloric acid accelerates the rate of oxidation and helps to maintain

the solution pH ncar 4.

After separation from the titanium dioxide residue the fine iron oxide is filtered and then

calcined at temperatures of 400. to 900°C to produce different grades of iron oxide pigment. The

titanium dioxide product, which remains after the iron is removed, is a rutile substib.lte
eontaining about 90 p=t TiO, and about 5 percent total iron.

In a process developed by O'Brien and Marshall [1984] magnetic separation of the reduced ore

is employed to produce a product containing about 80 percent TiC>,. Dmenite concentrate 99

percent minus 200 mesh, is mixed with coal char about 80 percent minus 48 mesh in equal parts.
To these mixtures of ilmenite and coal char is added minus 100 mesh iron byproduct that is

rccydcd from thc fmal magnetic ooperation step. The mixture is added to a furnace where the
temperature is slowly raised to 1200'C at which temperature the charge is held for 4 hours, The
furnace product is cooled to 700"C over a perioo of about 18 hours while e:u:luding air. This
maurrial is then cooled to room temperature in the presencc of air.

After lightly mulling the furnace product the wtburncd char is fClllOVedby magnetic separation.

The magnetic, llCIllChar fraction of the furnace product is ground in a ball null and the fine

material is subjected to wet magnetie separation. The nomnagnetie ftaction is titanium dioxide
produet eontaining aboot 78 percent TiO, and 8 percent iron on a earoon free basis.

•
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ProasselJ employing uuMhletwn of iron to metal undo s1lJggingrolld/tUms:

When iton is reduced under slagging conditions, titaniferous ore is charged to a furnace usually

with a solid rcduclanlllDd a flux llUlteriailllld is smelted. The iron is reduced to molten metal,

which forms a liquid layer separated from the lighter slag cootaining the titanium dioxide.

Separation of the two liquid layers results in a high-grade titanium dioxide slag and a pig iron

byproduct Varying conditions during the smelting of the ore results in different metal and slag
compositions and ditTerent grade of the products.

Swindell and Jones [1978] carried out the smelting of ilmenite in an arc furnace to give metallic

Fe and a tiattniferous slag. They found that there was no difficulty in producing slags with Ti~

concentration upto 95 % from weslcm Auslralia beach sand ilmenite but the reduction kinetics

suggested that itwould be uneconomical to prooo;s beyond 85% titanium oxide concentration.

Elger et al [1976] carried oul a pilot pl!lllt scale study of!he reduction smelting of ilmenite with

coke and lime in an electric arc furnace at I(;(1(1"(.The slag after proper trentment and l=hing

with dilute sulphuric acid gave a rutile with 88% Tio,. An evaluation oflha economics of the
process had also been carried ouL

The Osaka Titanium Croporation developed a process [NOOaToshio, 1968] to produce a high_

grade titanium dioxide slag from ilmenite. The slag is of such quality that it can be used in place

of rutile for the production of titanium sponge. Thc process utilizes ilmenite containing about 54

pertenl Tio" which is mixed with petroleum coke in the ratio of I part coke per 6.5 parts
ilmenite. The ilmenite coke mixture is charged to an ekctrie arc furnace where the iron is

reduced. to molten metal and the titanium relMins in a separate slag phase. To obtain a higll-
grade titanium dioxide slag a high degree of reduction is required. This reduction results m !he
fonnation of lllanium sesquiexide which cause an increase in slag viscosity wi!h increasing
titanium sesquioxide content. The slag viscosity is maintained at a desired level by leaching the

slag with oxygen during the melting step to retard the reduction of titanium dioxide to the

sesquioxide. The high-grade titanium dioxide slag produced by the process has an equivalent
TiO, content of97 percent.

GrclIe Andre [1959J developed a process that utili~es a solid reduction of iron followed by
fusion of the reduced IIlIlSS.llmenite ore is crushed to minus 40 mesh and mixed with minus 80

mesh coke. The ratio of ore coke is 10 to I and the mixture is hearted to 1200" C for about I
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hout 10 reduce the iron to metaL After reduction the reaction products are transferred directly 10

another furnace where they arc healed to 1,650" C causing the reduced ore to melt. The two

liquid phases formed when the ore melts arc separated to yield two products, The one product
pi!: iron contains about 2 percent C, 0,2 percent Si !races of Ii and the balance metallic iron. The

slag phase is II high tilania product rontaining about 9S percent TiD, and less then 4 peroonl
F<O

ProusSt!lJ emp/byiJtg dJlormllli.nG techniques:

Til<::chlorination processes for trcallng Iltaniferous materials are basically of two types. One type

of process employs the chlorination of both the iron and titanium in the ore forming volatile

chlorides each of which are collected separately. This process will not be considered here

because the titanimn product is either titanium tctrachloride or a pigment grade titanium dioxide.



Chapter 3

MATERIALS AND EXPERIMENTAL METHODS

In this chapter the properties of the raw materials and the experimental procedures/works used

for this investigation have been briefly described.

3.1 Materials

lf~fliu: Raw sand containing the heavy minerals was collected from the backdune slJlface
lay<:rsofhcavy mineral deposits at Teknafvillage area (Lengurbil deposit) from points located
2-3 Km away from the water line and 5-6 meter above mean sea level. The area selected for the
study falls between the latitude 20"52'7" to 20"52'21"N and longitude 92' 16'10" to 92°15'58''E at

Teknaf. This placer deposit forrru;one of the major heavy mineral concentrations of Bangladesh.
The heavy mineral proponions of thc concentrates werc dctermined to be 89-92% by point

counting grains using both reflected and transmitted light microscopy. The Teknafbeach placer

deposi~ consisting of ilmenite, rutile, zircon and quanz mixed ilmenite. ilmenite cOMtitures
around twenty seven percent of heavy mineral tonnage. The heavy minerals show the grnins of
different colours in the Fig. 3.1. During this study foxy red grains of rutile, black grains of

ilmenite and glassy grains of quartz or zircon could be identified. At the same time qUBI1zmixed
ilmenite particles were also observed.

The sample was dried and screened (-8 mesh) to remove shell and other trash. FactoI)' grade

ilmenite was produced by the flow sheet developed at the Beach Sand Minerals Exploitation

Centre, Cox's BazM and the details can be found elscwhere [Infonnation booklct.t994]. The

techniques of seperation are based On the difference in physical properties like density, electrical

and magnetic properties_ Thc ilmenite seperated from Teknaf beach sands is a black shiny

powder material having rartic1es of various sizes_ The major constituents of ilmenite arc oxides

of iron and titanium. The results of wet chemical analysis are shown in Table 3.1. The

chemical analysis of the as-received Teknaf ilmenite contains a substantial amount of

iron in the form of ferrous and ferric state. The ferrollS iron content is 25.32%, ferric

iron conrent is 32.53% and thc amount of Ti02 is 39.96%. The atomic absorption

analysis indicate that the sample also contains traces element i.e., chromium, coper,

magnesium, manganese, zinc nickel etc. The results of chemicalllJllllysis are given in Table

3.1. It is clem-that tho as received Teknafilmenite did nO!contain any metallic iron.
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Fig, 3, 1Mineralogy of as received heavy mlnoral sarnple:'(a} Ilmenite, (b) Rutile, (c) Zircon,
(d) Quartz mixed IImcnlie, and (c) Gamet
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Table 3.1 Chemical analysis of as received ilmenite.
Component % in ilmenite

25.32
32.53
42.43

39.96

CharconJ: The ~lICing agent used for the studies was charcoal. The charcoal was collected

from local marcket. The charcoal was dried and ground. The ground charcoal was sieved and
only +30 mesh size charcoal powder was selected as a reductant. It was then dried at llO'C for
4-6 Ms, cooled and stored for use;n the experiments. The chemical analysis ofrhe charcoal is

given below.
Table: 3.2 Specification of charcoal used as a reductant (mesh size +30).

Comoonenl %
Fixedcarbon 57.35
Ashconlent 6.80
Volatilematter 26.20
Phosphorus 0.30

3.2 Experimental methods
To characterize the ilmenite, the following investigations were carried out.

o L Chemical analysis
02. X-ray diffiaction pattemanalysis
03. Magnetic separation

04. Sieve analysis
05. Oxidation

06. Reduction
07. Leaching
08. Thermogravimetric analysis
09. Optical microscopy
10. Scanning electron microscopy

3.2.1 Chemical analysis

Wet chemical analysis was performed to delennine the contents of as received ilmenite. The
detailed procedure for chemical analysis has been given as Appendix A. - Appendix. F.
Chemical analysis was done by the standard wet chemical methods namely aluminilITnreduction

methods for TiO,. dichromlUe titration for iron and atomic absorption methods for trace element
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contents. The prime interest was to determine percentage of ferrous oxide (FeO), ferric oxide
(Fe,O,), and titanium dioxide (TiO,) in the ilmenite sample used in these investigations.

Chemical analysis was also carried oul in the different stages as mentioned below:
(al For all the size fractions and magnetic fractions to delennine lhe concentration offelTOuS
oxide (FeO), ferric oxide (FczO,) and titaniwn oxide (fiO,) to investigate the difference, ifany,
after separation into different size fractions and magnetic fractions.
(b) Oxidized ilmenite sample to determine the extent of oxidation of ferrous oxide (FeD) 10

ferricoxide(F~Ol)'
(e) After reduction, 10 determine the C(ln!en!s of metallic iron (Fe",), total iron (Fe,.) and
titanium oxide (TiD,) and thus 10 determine the extent of reduction Reagent grade chemicals
were used for analysis.
(d) Leached sample ofHmcnite to determine the concentration afTio, and metallic iron.

3.2.2 X- Ray diffraction pattern analysis

X-ray diffraction analysis was conducted to identify the different phases present in the ilmenite.
'The x-ray diffraction patterns were recorded by a leol DX"GE-2PX-raydiffractometer. Before
nxording the patterns, the samples were finely ground in an agate mortar. The diffraction

depends 00 the crystal stucture and on the wavelenh'lh. By comparing the diffraction angle (d-
value) with JCPDS (Joint Committee of Powder Diffraction Standard) standard data we can
know the composed phases of the sample. lf a sample has a preferred orientation, strong
diffraction line from the oriented plane can be observed. The d-value are calculated by using

Bragg law: 2dsin9 =nA.
The pattern was recorded with the following setting of the x-ray diffratometer.

Targ~: Mo{Zr)

Current:: 20 rnA

Voltage: 30 kV

Angle of Diffraction: 8-38"
"

Scanning Speed: II2"permin

Chart Speed: 05 mm per mio

Full scale intensity: 2 ><10-'cps

X-ray difTraction patterns of the different size and magnetic fractions oxidized, reduced and
leached sample were also recorded to identify the different phases present in the different

fractions.
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3.2.3 Magnetic separation of as-~eivcd ilmenite
Frantz isod)'Tillmic separator was used to separate the different magnetic fractions present in the
ilmenite sample. Frantz isodynamic magnetic separator is an effective tool for the separation of

different minerals, which have low but different specific magnetic susceptibilities. The Frantz
isodynamic separator, ,-"ed in this swdy, consisted of a vibrating chlJle mounted centrally

between the pole pieces ofan electromagnet as shown in the Fig 3.2

Fig 3.2 The Frantz isadynamic magnetic separator

Mineral separalions arc normally made by arbitrary adjustment of the current At any such

adjustment the separator divides a sample into two fractions. The more magnetic fraction
consists of particles each having a specific susceptibility above a value determined by the

settings. The less magnetic fraction consists of particles of susceptibility bel"w this value. The
sample of ilmenite was separated into five different magnetic tractions (at a current of 1).10-0.30

amp.) with a chute angle 15' and feed rate ahout 50 gmIhr. The magnelic rn.ctions were recycled

through thc separator 10 ensure a clean sep.:ralion.

3.2.4 Sieve analysis

Sieve analysis of the as received sample was performed in a standard US Sieve shaker. At fir>t
the sieves of differenl mesh sizes were ammged in such a way that the sieve of US sieve no 60
remained al the top most position while the pan remained at lhe hottom. The other sieves were
placed from top to bottom according to their increasing sieve number. Then 50 gm (If t1S-
received ilmcnte was placed in the t(lP most sieve and the power was turned on f(lr a shaking
period (If 15 minutes. Then the sample. retained on different sieves were collected and

measured.

•
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3.2.5 Spedfic gravity mesurement

Specific gravity of different fractionated ilmenite was determined using 50ml size specific
gravity measurement bottle and waler as a medium. Specific gravivty were measured by using
the following formula:

&= Wt.ofsarnplc _ W,-W,
VaLof sample 50-(W,-W,)

Where, W, =Wt. ofamptybottle
W, =WI.ofsarnplc and boule
W, =WI.ofsarnple, bottle and water
W, - W, =WI. of sample
W, - W,=Wt. ofwater(vol. ofWll1er)
50= Volumeof the sp.gr.measuring bottle
50-(W, - W,) =Vol. of sample

3.2.6 Oxidation ofas-realived sample

Oxidation of ilmenite samples was carried 0'" in temperature controlled furnace. 20 gm of dry
as-received ilmenite was taken on a porcelain lid. The sample was spread on the lid as a thin
layer and was oxidized in a muffle electric furnace. The temperature of ilie furnace was
controlled by an on-off controller to :!:SaC. After oxidation the sample was taken out from !he
furnace and cooled to roomtemperature.

3.2.7 Reduction of lIS received and pre-oIidised ilmenite

Reduction was carried oul in small stainless steel crucibles 25 mm in diameter and 125
mm in length. In each case 9 gm of ilmenite and equal amounts of charcoal was taken.
The sample and charcoal were placcd in the crucible layer by layer. A layer of eharcoal
was placed at the bottom of the crucible then a layer of ilmenite was placed on the
charcoal. The topmost layer was charcoal to resist oxidation. A metallic lid made of
same material of the crucible covered the crucible. This arrangement is shown in the
Fig; 3.3-. A number of such crucibles were placed in an electric muffie furnace and set
at a desired temperature.

The temperature of the furnacewas controlled to:!: SoCby an off- on controller. After reduction
crucibles were taken out one by Oneat different time intervals and allowed to cool to room
temperature. After cooling the reduced mass was separated from charcoal. Separation was

•
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carried out in two stages. At first the bigger particles of charcoal were separated by sieving. In
the second stage particles of reduced ilmenite were separated from the final particle of ehID'Coal
by a small hand magnet.

__ +f,erucible

125mm

25mm

c:::J Ilmenite
_ Coal

Fig. 3.3 Arrangement of Reduction

The extent of reduction Was followed by the chemical analysis of the reduced mass for the

CDntent of metanic iron. X-ray diffraction analysis and optical metallography of the reduced
mass were carried out to complement the results of wet chemical analysis. From the
experimental result, degree of reduction was calculated by using the fonnula [Shams, 2000].

% of reduction = %of metallic iron in the sample
% of total iron in the sample

3.2.8 Leaching of reduced ilmenite

Samples ofTeknaf ilmenite was used for this investigation. Samples of ilmenite reduced both in
the as received and pre-<Jxidised conditions were wed to study the effects of prior oxidation on
the extent of suooequent leaching of the reduced mass. Leaching was performed In me
temperature range of 30'C to !lO'C for period's upto 2 Ms. in acid solutioru; containing 5-15

percent HCI. A mrce-necked flask equipped wim a reflux condcru;er, a mermometer and a
magnetic stirrer was used as the reaction vessel for leaching. 'The arrangement for lcachlng is
shown in Flg.3.4.
During leaching 2 gm of ilmenite samples were taken in 200 ml HCI solution. The leaching
solution was stirred by a magnetic stirrer. Care was taken to maintain similar stirring speed in all

,
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cases. Temperature of the letlChingsolution was controlled to lhe specified value and was
continuously monitored by a thermometer. During leaching 5 ml of solution was taken after
certain intef'Vlllof time and was analysed to determine iron content in the solution. This was

(

~I
~

.._-_ .._--/-,
Omo

Wmcr

Water

Thermometer

Leaching Solution

Magnclic Stirrer

Fi~. .'.4 Expcl'imcntal set,lIp f(lf IcachinJ.{.
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used to determine the amount Olf iron removed from the experimental samples. The proce~
far determination Olf the amount Olf iron in leaching solution is given in Appendix:-D. These

results were then plotted fOlr obtaining the leaching kinetic curves. The iron and TiO, contents of
the leached samples were determined by we! chemical analysis. The effect ofoxidatioo on the

quality of the synthetic rutile produced was identified by comparison of the contents of iron and
TiO, of the samples reduced in the as received and in the oxidised conditions. The variables
considered were acid concentration, time and temperature of the leaching solution. Attempts
have also been made to identiry the reaction mechanism and to determine the activation energy

for the reaction.

3.2.9 Thermo-gravimetric Analysis for the Different Magnetic Fractions

Thermogravimetry is ~A method Olf measuring the masS of a substance as a function of
temperature or time by varying the temperature of the substance according to a controlled

program, usually perfonned by measuring the change in the mass of the test piece as a function
tempellltureM(llS). The change of mass indicates thermal decomposition, dehydration,
combustion, oxidation, reduction, sublimation, evaportiofl, and so OILThe change of the mass of

a sample is measured by the use of !he thennobalance. The thermobalance is a device, l'Ih.ich
continuously weighes a sample when it is being heated or cooled. Thennogrdvimetric analysis
was perfonned in a SHIMADZU TGA-50 Machine [Fig.3.5 and Fig. 3.6J. It has a TGA

chamber, the main healing !Uti!,a conlrol unit thaI is used 10 set different parameters, an inert
gas set_up, and some electrical wiring.

A TGA chamber is a small induction furnace, made up of steel body with proper high
temperature insulation in the inner s<Jrfuce. It conlains a small plaIinum crucible hang by a
tungsten wire to contain charge or sample, and a smallthcnno-couple 10measure temperature.
There is a small inlet in the chamber to intr..xluce the inert gas.

The platinum crucible was cleaned properly and then sample was placed on it.
(a) Initial weight was taken.

(b) The crucible was inserted in the TGA chamber slowly and when completely in the TGA
chamber it was closed.

(c) Inert gas was introduced to the chamber to provide inert atmosphere.
(d) The heating rate was set ata value of 20°1m in and the heater was l\lllled on.
(e) When temperature rose up to IOOOoCthe machine was turned off and the chamber was

allowed to cool.

(I) The machine produced the report as a graph.
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Fig. 3.5 External view of TGA Machine.

\>urge gas pipe
Sample suspension wi",
Sample Pan

Therm<rcouple

Insulation
Steel Body

(')

Fig. 3.6 The cross-sectional view ofthe furnace unit of the TGA machine.
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3.2.10 Optieal Microscopy

MicroSlruC1Wll of all the size and magnetic fractions were examined under an optical
micrQScope before and after reduction. Particles aftlle samples were moun!l:d in a cold setting

resin and prepared for the obseJvation by using standard techniques. Photographs of the
significant areas of the &ampleswere also rocorded

3.2.11 Scanning electron microscopy (SEM)

The SEM images vividly display the three-dimensional characteristic of the object surface,
under examination and the high fe,Julian images are u.sallyproduced by the secondary electrons.

In order to observe specimen surface, as it actually exists, special care must be taken.
Jon spattering device were used for specimen preperntion. The metal used to coat the specimen
is placed On the cathode plate. Ions generated by glow discharge hllthe plate and eject the metal
aloms ITom it. These ejected metal atoms deposit on the surface of the specimen, which has been
placed on the anode plate.

When scanning a specimen surface with a finely focused eiec!Ton beam, informatioo will be

emitted from each point of the scanning. The emmited information is converted into an electric

signal, amplified, and !hen fed into an observation on CRT (cathode ray lube). On the CRT, the

infonnation is used 10 control the brightness of the corresponding spot. Thus the information

Ctnitled from the specmen surface is displayed on the CRT as an image. 1bc magnification of

lhe displayed image is tbe ratio of the size of the image on the CRT to the size of lhe electron

beam scanning on the specimen surface. 1bc type of information obtained can be changed by

switching the signal. rn this way, a specific characteristic of the specimen surface can be seen on

the CRT in a magnified scale.

Characleristics x-rays are emitted from a specimen when an electron beam irradiales it. By
detecting and analyzing the characteristic x-rays, the elemenlJi contained in the specimen

(qualilative analysis) can be determine. Electron beams are very finely focused. Therefore, by
using the s[XIImode an elemental analysis of vel)l small area on a specimen surface can be
determined-
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Chapter 4

RESULTS AND DISCUSSIONS

4.1 Introduction

1111'objcctive "fthe study was to "Characterise Bangladesh ilmenite in the process of its up

gradation into synthetic rutile". It was decided to follow the reduction-leaching route of up

gradation. The samples were analy""d by standard methods of wet che'nical analysis in the

as mccived condition, and also aftI" reduction and on the various magnetic end size

fIacl;"n,. X-ray diffraction analyses of all (he fractions were performed to identify the

phases present. Thenno-gmvimetric analyses of the magnetic fractions were eanied oul to

delect the presence of combined water in the sample. The efrects of time and temperature on

the oxidation of ilmenite have been followed by wet chemical analysis, X-ray diffracti"n

analy~is and optical microscopy. A few samples of ilmenite were observed under a scanning

electron microscope. The sample of ilmenite both oxidized and as received was reduced with

charcoal in the temperature range of800"C to IOSO'Cfor treatment time up-to 5 hrs. All the

magnetic and the size fractions were reduced under otherwise identical conditions. The

extent of reduction waS followed by wet chemical analysis and X-ray diffraction analysis.

llmenite samples of as received, oxidized, reduced and leached conditions were also

observed under optical and scanning electron microscope. The reduced samples were

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

analysis. The results of these investigations are presented and discussed as in the following
subheading.

(a) Characterisation of as receiv~ ilmenite.

(b) Oxidation ofas received ilmenite.

(e) Reduction ofas received and oxidized ilmenite.

(d) Reduction behavior study.

(e) Leachingofilmenite.

(I) identification of reaction mechanism.

(g) Comparison of the products.

4.2 Characterisation of as-received ilmenite sample

To characterize as received ilmenite, the >amplewere analyzed by standard methods of wei

chemical analysis and by atomic absorption method. Sieve analysis of the as received
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ilmenite was perfonned in a standard us sieve shaker. The sphericity of different sieved

fractions was also measured. Franz isodynarnic separator was us"'! to separate the different

magnetic fractions present in the ilmenite sample. Thermo gravimetric analysis of the

magt1etic fractions was carried out to detect the presence of water in the various magnetic

fractions of the sample. The phases pre5eIlt were identified by x-ray diffraction analysis.

Few samples were observed under scanning electron microscope and optical microscope.

4.2.1 Chemical analysis of as-received sample

The results of wet chemical analysis and atomic absorption analysis of the as received

ilmenite are shown in the Table 4.1 II can be inferred from the chemical analysis of the as-

received sample that Tekoaf ilmenite conlains a substantial ll/II{lunt of iron in the form of

ferrous and ferric form. The ferrous imn oontent is 25.32%, ferric Iron content is 32.53% and

the amount of rutile (fio,) is 39.96%. It is also inferred from the atomic absorption analysis

(only dissolved in extrnctant) that the sample also contains of !J<Ices element!; like

chromium, copper, magnesium, manganese, zinc nickel etc.

A comparison of the chemical constituents of as received ilmenite collected from Teknaf

deposit with those commercially available from other sources as compiled from data found

in different references [Samsuddin et aI., 1992 and Vija)1l Nayar, 1991] is given in the Table

4.I(a) Tcknaf ilmenite contains only about 39.96 % TiOl. Whik: commercial grade of

ilmenite contains a minimum of 55% Tio,. Thus the Teknaf ilmenite has to be processed

further to remove the chemically combined unwanted minerals.

Table; 4, l(a) Comparison of the chemical composition ofilmenites of different origin.

Consli~ USA "'""'" Brazil Srila N~ A.m K=1 Cox'Bazar

"' rum ., ".. •
TiO;, 44.30 42.50 40.30 53.61 43.90 54.20 55.89 39.12-42.85

'oO 35.90 31.10 32.40 20.67 36.00 24.00 0.33 29.8332.02

Fe,O, 13.80 20.70 16.60 21).95 1.11 18.00 40.37 23.70-28.04

AhO, 1.21 1.05 0.30 1).54 0.85 0.85 1.14 -
SiO, 2.0 0.88 1.30 0.38 3.28 0,51) 1.20 -
C.O - - - 0.05 - 0.01 0.19 -
M,o 1).07 2.0 0.10 0.92 3.69 0.16 0.18 0.04-0.27

V,O, 0.16 0.36 0.06 - 0.20 0.15 0.26 -
""0, 0,52 0.04 0.6<) 1),95 0.33 1.60 0.28 1.04-1.30

Coo, 0.27 0.15 0.50 0.05 0.03 0-03 0.32 0.03-0.08
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_.,.
Table 4.1 Chemical composition of as received Tcknfilmenite concentrate

Substance % Substance ppm Substance ppm

'00 25.32 C, 1.499 z" 0.8836

Fe,O, 32.53 C, 0.0225 M, 6.81,~ 42.43 Me 7.955 N; 0.242

Tio, 39,96 Co <MDL

4.2.2 X- Ray diffraction analysis of as-received sample

X-ray diffraction pattern of as received ilmenite is shown in Fig.4.1. Analysis of the pattern

shows that ilmenite is !he main phase while of dilfraclion lines belonging to hematite,

ferrous oxide, rutile and pseudorutile could also be detected. This nature is somewhat same

as the Cox'sOOzar ilmenite. K. Z. Sarker ct al (1999) detected hematite (Fe,O,) along with

ilmenite in Cox'shazar deposit. A small amount of hematite,ru!ile and pseudorutilc was also

detected in the Tcknaf ilmenite. The pattern analysis was strictly confined to qualitative

analysis. Slight shifts in the locations of the diffraction lines were also noted. This

can be explained as the placer deposit are not the chemically slllndard substance; it is

a heterogeneous compound as well as some other impurities which may affect the

lattice parameter values.

i

'" '"

I.~
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-
4.2..3 Scanning electron microscopy of as received ilmenite

As received ilmenite was observed under scanning electron mIcroscope. The

observed surface (Fig.4.2) was more or less uniform in appearance, having either

pores or only micropores. Anand and Gilks [1984] have noted that SEM of slightly

altered grains show massive irregular surfaces due to formation of pseudo rutile while

highly altered grains have very \Xlrous surfaces. The spot analysis also shows the

presence of aluminum, silicon, magnesium and titanium.

4.2.4 Sieve analysis

Size fractionation of as received sample was perfonncd with a standard Taylor sieve shaker.

50 gIn. sample was placed on the top most sieve and power was turned on for 15 minules.

The samples on the different sieves were weighed and the results are presented in Table 4.2.

It was found that almost % percent sample was retained on three sieves; US sieve no.l00,

140 and 200, the individual amount belonging to cacll of these sieves being 5.094%,

47.057% and 44.51% respectively. Only 4% was retained on the olller sieves, wllich were

not sufficicnt for subsequent investigations, and thcrefore subsequent investigations were

conducted only on lllcse three main size fractions.

Table 4.2 Sieve analysis of as received ilmenite.

70 0.053

';

•
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Fig. 4.2 ~1:M of a, received ilmenite sample (natural ilmenite)
(a) Magnification X 100
(b) Magnificat;on X 500

69
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4.2.4.1 Chemical analysis of different size (sieve) frru:tions

The major fractions were analyzed chemically by standard techniques 10 find out the

amounts of lllanium oxide, felTOus o"idc, ferric oxide and total iron and the results are

presented in Fig. 4.3. It can be seen that the finer fractions contain a lower percentBge of

TiD), higher percentage of total iron and lower percentage of ferrous oxide. Similar variation

in the composition of finer and coarse size fractions of ilmenite has also been reported by

Ahmed et at (1992).

1~ 200

:1 •0 ~ ~,
~"> ~0• ""0 "00 "• "•,

'00

•• ••

USS"'a No
Fg .• .J. 11o'cen12g8<:oflC8f\1r.oo"" of different c""1'O"ition illl1e hnm

as " functIOn of dlferent size frac!Dn {b&f~ reduet>::lnJ

Althcugh finer fraclions of Teknaf ilmenite contain a higher percentage of total iJ'OIl,the

percentage of ferrous oxide was actually found to be slightly lower in finer fractions. This

also in good agreement with the findings of the earlier studies, Ahmed et al. [1992]. The

ferric oxide content of the finer fractions is obviously higher.

4.1.4.1 Sphericity of differel'l ,ill! (sie",,) fraetions

In the present study, the shape characteristic, of ilmenite particles have been expressed in in

terms of sphericity. Sphericity means that the particle has the shape of a sphere and hence

the lowest surface area to volume ratio. Particies wilh iowe,t sphericity will be elongated in

shape and hence have larger surface area. The sphericity of different size fractions dfTeknaf

ilmenite was ealcnlated by nsing the formula given by Grade and Rauga Raju [1985] and is

explained below.

Sphericity = d" I a

Where d" = nominal diameter ofthe panicic
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The nominal diameter is calculated as d" '" (a+b+l;)13

Where a '" length of its major axis,

b = length at 90"(; to length of its major axis, a and

e = length at 45'C to length of its major axis, a

For measuring sphericity ilmctlite sample of different size fractions were photographed

under a microscope.

Sphericity of at least forty grains of each size fractions was measured and the average value

was taken as the sphericity of that particular fraction and the data are tabulated in the Table

4.3.

Table 4.3 Sphericity of ilmenite particles of different size fractions

'1lS~1':b![<m>.'f~,- ~
100 0.822

"'!!""\W-~".~;<,=.~~1a.
200 0,843

The sphericity of all the three fractions ofTeknafilmenite is found to be in a narrow range,

0,822-0.843. Sphericity of Mohcsbkhali ilmenite [N.N. Shams, 2000] also lies in narrow

range 0,713 to 0.845. From the sphericity value it was fo\1lldthat finer siz.e fractions are

found 10have a higher sphericity while the coarser ones has the lower value of sphericity.

This is possibly linked with the fact that finer fractions may have longer history of

weathering, erosion etc. during transportatIOn,

4.1.4.3 X-I'lly diffraction Q1Il1lyslsof different site frm:thms
X-ray diffraction patterns of different size fractions of ilmenite are shown in the Fig. 4.4. A

lal!:Cnumber of diffi:aetion lines observed in the samples of as received different size

fractionated ilmenite. Moreover some of the more intense diffi-actionlines of the different

phases expeeted to be present may overlap. From the figure it is evident that ilmenite is the

main phase in all the size fractiOllS.Diffraction lines characteristic of a few other compounds

including rntile, pseudorutile, and hematite can also be dctccted. The presence of hematite in

Bangladesh ilmenite has also been reported by Ahmed et al.,[1992]. The presence of

hematite in ilmenite -hematite solid solution can shift the ilmenite peaks to higher angles

and the observation of such a shift in relation to the standard powdered diffraction data in

present casc suggests that some hematite also exists in solution in ilmenite.

•
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4.2.5 Magnetic fractionation of as received ilmenite

Magnetic fractionations were carried out using by an isodynamic separator. Table 4.4 shows

the relative amounts (wt. percent) of the different magnetic fractions. It can be seen that

about 96% of Teknaf ilmenite belong to the fractions scparatoo by a current of 0.10-0.30

amperes. The amounts in the other fractions were not of sufficient quantity for further

investigation. Further investigations were therefore confined to the major magnetic fractions

only. Specific gravity of different magnetic fraction of ilmenite was detennined using

specific gravity measurement bollie and water as a medium. It shows 1hat bulk of ti,;';

ilmenite has specific gravity range of 4.1-4.5 in comparison to synthetic rutile specific

gravity 4.7.

Table 4.4 Percentage of different magnetic fractions and the relative specific gravity.

:::..rr:~t of fractionation

0.10
0.15
0.20
0.25
0.30
0.35

Percentage

1733
31.63
20.46
19.46
7.34
3,68

-Ppc~:~c
""4.11

4.48
4.20
4.51
4.51
4.47

4.1.5.1 Chemical analysis of tile different magnetic fractions

The magnetic fractions separotcd at different current, were analyzed chemically. Fig. 4.5

,hows the composition of different magnetic fractions. It is evident from the analysis that

with increasing current of separation the content of F",-O, and FeO decreases. 1lle figure alw

shows that Teknnf ilmenite contain higher amount of ferrous oxide than ferric oxide. Tio,

conlent was also found to decrease with increasing current of separation_ From the materials

bahnce (fig 4.6) it is also found that in the samples which w<m':separated at higher currents,

the total amount of FeO+ Fc,O, + TiO, decreases gradually thai is more impurities are

present in the magnetic fractions separnted at higher currents. It is also inferred from the

atomic absorption analysis that all the magnetic fmelions contains of Imee clements, like Cr,

Cu, Mn, Ca, Zn, Mg, Ni etc. The concentration of trace elements, which are shown in Table

4.4(a), is the amount dissol~ed in the extractant only. The total amonnt of trace elements is

not here. The presented result only indicates tile presence of trace clements in Ihe samples.

,
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Table: 4.4(8) Chemical analysis of trace elements In the magnetic fractions (amount
dissolved in extractant only).

Fractionated C, Cu I Mn F, C. Z, Mg N;
=. m. . m. m. m. m. m.
D.l(} 0.0943 OJ}] 9.21 '04 <MDL 0.%82 11.52 0.1897
0.15 4.0830 0.04 10.6\ '" <MOL 0.7864 5.54 0.4060
0.20 0.5322 0.01 8.02 456 <MOL 0.8545 6.73 0.1973
0.25 1.2868 0.03 3.98 234 <MDL 0.9256 3.45 0.1758
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4.2.5.2 X-roy diffrru:tion analysis of differ"", magnetic jrac1ionaled ilmenite

The diffraction pattern of the magnetic fractions is shown in Fig 4.6 (a). There axe

many diffraction lines in the pattern, the most prominent being those of ilmenite.

Diffraction lines characteristic of a few other compounds including rutile,

pscudomtile,ferrous oxide and hematite can also be detected. The pattern analysis

was strictly confined to qualitative analysis. Slight shifts ofthc diffraction lines were

also noted. This may be explained as the placer deposit are not the chemically

standard substance it is a heterogeneous compound as well as some impurities which

may affect the lattice parameter value.

4.2.5.3 1'hum&gflll'imetrk analysis (TGA) of flu Iii/lenni mngndic Jraclio1l$

TGA experiment has beon carried out for the samples fractionated at different

magnetic fractions (0.10- 0.30 amp) to observe any changes in weight. During

heating inert atmosphere was maintained by the supply of nitrogen. TGA pattern in

the Fig. 4.7 to Fig.4.10 (a) shows that the weight loss occurs for all the fractions after

certain temperature. The m.loss due to the presence of bound water.

Under investigations lhe five magnetic fractionalion samples are 0.10, 0.15, 0.20, 0.25 and

0_30 amp. having FeO content of 31.96,31.35,30_89,28.01 and 26.410% respectively.

Fig.4.7 and Fig.4.8 show that, initially wt. 105' occurs ~ut after certain temperature an

effective weight gain have been noticed. ThIs could be due to the OXIdationof substantial

amount of FeO present in those samples_ The change in weight gainlloss in different

magnetic frlIcllons is shown in Table. 4.4(b).

A !lumber of researcher [Suresh fiahu, 1993 and Ramakrishnan et aI., 1997] studied the

alleration of Indian ilmenite of Chavara, Manavalakurichi, Orissa deposits. During their
study, they identified weight loss at a temperature near around 600.C. This decrea;,e in

weight indicates the presence of bound water. Naturally bound water (H,O) increases as the

degree of alteration increases, on the olhef hand pseudorutlle Sll1lctureactually contain

hydroxyl ions (FeOOH-Ti01). Ram Krishnan et al., 1997 found that the release of

hygroscopic froc water (-50.C) and structurally bound waler (-300"C) causes loss in weight

as in the case of every sample. The ,truetural water (hydroxyl) represents the major weight

loss. He also found that an effective wt. gain has been noticed in two samples (1.88% and

1.49%) due to the presence of substantial amounl ofFeO, which could be oxidation at high

temperature more than 800ne.
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It is generally recognized thaI in natural deposits ilmenite undergoes al!em!;on due to

weathering. This alteration is a complex process, but it can be summarized by two llliIjor,

sequential reactions (Dirnenche and Bartholome, 1976].

Stage (1): 3Fe'. TiO, +21 1++ 1120, ~ Fc,"TilOo + fe" + H,o
Stage (2): 3FclTi10, +2H+ ~ 31'iO, + 2Fe2+ + 2H10 + :IzO:l

(1)

("

In stage (l) ilmenite is converted into pseudorutile by the loss of one third of the total iron and

oxidation of the remaining iron to the ferric Stille. In stage (2) removal of the remaining iron and

loss of some oxygen take place to yield rutile. The extent of alleratlon of ilmenite depends on the

geological history of the deposit, and the degree of alteration of different deposits in the world is

quite v.,;cd- those of Zululand (South Africa), Orissa (India) lIlld Brazil being altered rclativ<:1y

linle bu~ those of Australia and Florida (USA) showing extensive alteration. [Hugo and Cornel~

1991J. A partially altered deposit shows the coexistence of different phases i.e, ilmenite,

hematite, rutile and pseudorutile. But complete alteration will lead to a predominantly rutile

phase. X_ray diffraction patt~"ffi(If Teknaf ilmenite showed the cn-existence of different phase

and the TGA analysis of this present study show weight loss. It is condudoo that the Teknaf

ilmenite is in a partially altered slate b'lt not hydrated enough.

On the other hand weight gain implying that the presence of SIIbstantial amounts of Fe 2+.

Which may be due to some extent of oxidation of FeO during TGA. So it is assumed that

TGA atmosphere was not 100% inert. Thus any possible compensation oflhe loss in weight

due to the removal ofany oo'mbined water by the weight-gain due to oxidation can be ruled

out. This implies that significant quantity of bound water (1110+) was not present in the

grains of ilmenite.

Table: 4.4(b) TOA report for magnetic fractions at different current.

Poi O.lOam 0.15 am 0.20 am 0.25 am 0.30 am

"" C we c w,. C WI. % C Wt.% c w,.
%. % %.- 23 100 30.7 99.98 31 99.99 " 100 21 100

2 450 99.78 443 99.80 407 99.78 388 99.78 419 99.77

3 523 99.44 611 99.50 518 99.49 '" 99.13 '" 99.03
4 '"' 99.52 on 99.60 710 99.42 "0 98,48 7" 99.21
5 '" 99.42 850 100.3 880 99.44 865 98.48 850 99.69, 881 100.5 989 98.08 991 95.19 910 98.36 975 94.75
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4.2.5.4 Optical metallography of/he different nwgntlic fractions

Samples belonging to different magnetic fractions were mounted in cold set resin and were

polished to gel scratch free surface. Then the samples were observed under the microscope

and photographs were taken. Typical microphotographs are presented in the FigA.l1.

Optical microscopy mainly showed white and gray structure of ilmenite and hematite

respe<:tivcly. Microstructures of all the samples are almost of similar in appearance. No

significant difference could be identified from this microphotographs.

4.1.5.5 Scanning electron microscopy

Samples of ilmenite belonging 10 different magnetic fractions were observed under a

scanning electron microscope. The observed surfaces in the Fig. 4.12 (a) to Fig. 4.12(d) were

more of less uniform in appearance. Anand and Giles [1984] have noted thai SEM of

slightly altered grains show massive irregular surfaces due to formation of pscudorutilc

while highly altered grains have very porous surfaces. The spot analysls showed the

prcocncc ofT!, Cr, Cu, Ni and iron.

The difference in the degree of ilmenite alteration in various heavy mineral placer deposits

implies differential weathering due to age difference and I or in situ and multistage alteration

of ilmenite j Hugo and Cornell, 1991] and also due to different weathering environments. In

nature, progressive alteration of ilmenite results in the fonnation and co-existence of

different phases. Moreover positive identification of all altered phases is difficult because

of indisllnet and similar structuml as well as physical properties. Accordingly, degree of

altemtion may only be perceivcxl as the degree of rutiiization. There is also considerable

uncertainty in the tenninology applied to the alteration products.

A partially altered ilmenite shows the coexistence of different phases i.e., ilmenite, hematite,

rutile and pseudorutile[Hugo and Cornell, 1991]. But complete alteration will lead to a

predominantly rutile phase. X-ray diffraction pattern of Teknaf ilmenite showed the c0-

existence of different phaoe including pscudorutile phase and the TGA results indicate

weight loss. So it can be concluded that the Teknaf ilmenite is in a partially altered state but

nOl hydrated enough.

•
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(a)

('l

(b)

(d)

Figure 4.! I Micmgaphs of ilmcnit sample fractionated at different current
(a) fractionated at 0.10 amp_
(b) fractionated at 0_15 amp.
(cl fractionated at 0.20 amp
(d) fractionated at 0.25 amp ..
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Fig 4.12 (a) sro~ ofTck"af ilmenite fractionaled at 0.10 amp_ curren!.

Fig .. 1 12 (h) SEM of Tc~n" r ilmen lIe fmctionated at ,,_15 amp_ ""rren!.
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hg. 4. 1~ (c) SEM of Tdn"f ilmcn itc fractiorWlcd at 0.20 amp. current.. .

Fig. 4, 12 (d) SEM ofTcknaf JlmcnilC fi-aclilmalc~ at 0,25 amp. current.
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4.3 Oxidation of as-received sample
Initial studies were taken up to optimize the various parameters that affect and ~ontrol the

oxidation reaction. The main factors studied were time and temperature of oxidation.

4.3.1 Optimization of oxidation parameter

Oxidation of ilmenite in the temperature range of 750"-950"C has been performed. The

extent of conversion of ferrous iron to ferric ion was determined by chemical analysis of the

oxidized samples. X-ray diffi'action patterns of the samples oxidized for various times at

different temperatures were recorded for the identification of the phases formed during

oxidation. The oxidized samples were observed under an scanning eleetIDn microscope and

also under optical microscope.

Chemi<:alanalysis:

Fig.4.13. indicates the am(}unts of ferrous oxide left in the sample after oxidation for

different limes at differenl temperature. At all temperatures under investigation the rate of

oxidation WlI5 found to be very rnpid at the inilial stage and the rate diminishes with time. At

lower temperatures, a longer time was required for the attainment of the equilibrium

condition. At higher temperatures (950'q, on the other hand, the equilibrium was attained

in approximately thirty minutes. The results of chemical analysis also show that, during

oxidation under the conditions investigated, all the ferrous iron present in ilmenite was not

oxidized to the ferric state, i.e., some felTOus iron was always present in the oxidized sampk:

(e.g. at 950"C for 2 hI'S.ferrous iron is 0.359).

The presence of some ferrous iron can be explained by the fact that the attainment of

complete oxidation would mean that the value of the equilibrium constant is infinite.

This is practically impossible. At the initial stage of oxidation at 950GC was very

rapid and rate diminished with time. After 0.5 hr. the oxidation rate was very slow,

and getting stabilized. However after 1 hr. the effect of time was found to be

negligible on oxidation and after that time did not have any major influence on

oxidation. From these results, it was concluded that the optimum time and

temperature for oxidation of ilmenite could be taken as 1 hour at 950°C.
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The experimental condition for oxidation Wd.S thus chosen as 1 hour at 9500 C.

Results of wet chemical analysis have shovm (Table 4.5) that the ferrous iron cornent

of the oxidized ilmenite, was only 0.5747 % while the rest of the iron was in the

ferric state.

Table. 4.5 Chemica! analysis of oxidized ilmenite at 950"C fur 1 hr.

FoO 0.5747 %

I'he higher initial rale of oxidation during the initial stages can be ""plained by the fad that

the >urface area available for reaction is higher at the initial stage of oxidation and with time

of oxidation the reaction product covers the surface of oolid ilmenite in the form of a dense

film. The film thickens with time and migrulion of ions or electrons be\oomes the rate-

determining step.

•
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Opliwl microscopy:

Particles of ilmenite both in the as received and in the oxidized conditions were mounted in

cold setting resin. Stal'ldard techniques were used to prepare the specimens for observation

unde,. the optical microscope. Difficulties were encountered during mounting and polishing

due to loss of loosely held particles. It was, however, possible to obtain a satisfactory

polished surface composed of scattered particles. Oplical micrographs of ilmenite oxidized

for I hour at 75O"C, 85O"C and 950"C have been shown in Fig.4.14 These figures show that

the structure of ilmenite at 750°C is different from thal: of ilmenite structure oxidized above

85O"C. The structure of ilmenite oxidized at &5O"C is similar to thaI of ilmenite oxidized at

950"C. No significant difference could be identified from this micrographs.

Scanning electron microscopy:

fig. 4.15 shows the scanning electron micrograph of ilmenite oxidized at 750'C, 8SO"C

950'C fm 60 minules. An important observation from !he figures is !hat oxidation at higher

temperature and longer time produces fine cracks in the grains of ilmenite. This may be due

to the fa<;t that oxidation converts the single crystal of il~itc to polycrystalline array of

pseudobrookite and rutile. The formation of cracks increases the surface area of the product.

X-ray diffraction study:

X-ray diffraction patterns of Teknaf ilmcnite oxidized at different temperatures in the range

of 75O"C to 95O"C are given in Figs.4.16- 4.18. Fig.4.16 shows the diffraction patterns of

ilmenite oxidized at 751l"C. Oxidation for 0.50 hr. the FeO ph"""s have been diminishes and

a new phase of pseudobrookite have been appeared. Diffraction lines of ilmenite, if present

gradually, cOlUcide with the diffraction lines of the new phases. No significant ehange in the

relative intensity of the diffi'action lines was observed with an increase in time of oxidation

at the temperature. With the increase of oxidation time pseudobrookite phase appeared and

this frequency of appearing inerease with the timc. Rutile phase also increasc with time.

fig.4.17 shows the X-ray diffraction pattern ofilmenile oxidized at 850"C. A new phase was

found to have fonned and has been identified as pseudobrookite and the intensity of

diffraction lines belonging to pseudobrookite was found to increase with time while the

intensity of diffmction lines
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Fig. 4.14 Microstructure of oxidiscd jjmenite

(a) oxidi~ed 750"C for 1 hr
(b) oxidiscd 8S0"C for 1 hr
(c) oxidiseJ 950°C for 1 hr

90



Fig. 4.15 Scanning electron micrograph of oxidi .•..ed ilmenite (oxidi .•..cd for I hr.)
(a) O"idbed"at 750"C - .
(b) Oxidised al 850"C
(c) Oxidised at 950°C

91
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belonging to pseudorutilc dimnishcd. Fig. 4.18 shows the X-ray diffraction pattern of

Ilmenlic oxidiscd at 950'C- From the patterns it can be seen that pseuciobro"kile and rulile

phase increases with time and tempcratuc where as the intensity ofpseudorutile phase have

been disappeared at this temperature and ilmenite phase completely diminishes after one

hOUT.

The results of nfX-ray diffraction pallems analysis may be summarized as follows:

a) The x_ray diflTaction pattern of ilmenite oxidized at 750"C for 0.50 hr. and I hr. i~similar

to as received ilmenite. Some of (he diffraction lines belonging to pseudorutile coincide with

those ofrulile-Chemical analysis of ilmc:nilc oxidise<! at 750"<: for 0.50 hr. 102 hr. showed

the presence of small amounl of ferrous iron and maximum ferric iron at this temperature.

Therefore it can be c'JlIduded that at lower temperature the oxidised sample contains ferric

pseudorutile, rutile and hematite. Small amount of ilmenite may also be present Since

diffraction lines belonging to ilmenite and hematite coincide, definite identification of the

phase could not be made. Some unidentified phases were also found to be present. The

probable reaction may be as follow:

2FeTiO, + y, 01 • Fe10, + 2Ti01 and

3FeTiOJ ~ FelTh~+V,Fe2 OJ

b) With increasing temperature the p"""dorutile phase disappeared and percentage of

ilmenite phase (if present) decreases

c) At temperature above 850'C diffraction lines belonging to ilmenite phase diminish with

time and x-ray diffraction pattern ,haws the characteristic lines of pseudobroookite phase.

The proportion of pseudobrookite phase increases with time for upto I hoUTthen remains

more or less constant.

The appearnnce of pseudo brookite can be expressed by the reaction:

3FeTiO, ---. Fe,Ti,o.+ Y,Fe10,

2FeTiOJ + '/.O2 • FezOJ + 2Ti~

By heating pscudorutile above 850"C pscudobrookite is formed.

Fe,Ti,o. • Fe1TiO,+ 2Ti02

The existeuce Df lower temperature level for the formation of pseudobrookite may be due to

the fuct that diffusion rate at lower temperature i, slow which may prevent the formation of

pseud"brookile [K.Z.Sarker, 1999]. Decrease in the relative intensity of hematite shows that

pseudobrookite may also be fonned by the reaction.

Fe,O, + TiO, • fe, riO,
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4.4 Reduction of as received ilmenite

As received ilmenite which was used for the experiments contained mainly Fe,O" FeO and

TiO,. As it is difficult to remove Fe,O, from ilmenite by direct leaching, a reduction step is

neces5IU)'. Reduction of iron oxides in ilmenite to metallic iron was carried out by using

charcoal as a reductant. From the El1inghum diagram it is apparent that the ~tabHity of

titanium di-oxide is much higher than that of the oxides of iron and cannot be reduced by

carbon at temperature around llOO'C. Thus when ilmenite is healed by mixing it with

charcoal at a temperature range of9S0"C- 1100"C, iron oxide is reduced to melallic state but

the titanium di-oxide remains unchanged. TIIUSiron oxide can be theoretically reduced to

metallic fonn with<mt changing the tilanium oxide. Since both the oxides of iron and

titanium are more stable than corresponding metals, metallic iron can easily be dissolved

into hydrochloric acid and therefore, the titania content can be increased.

To examine the feasibility of reduction of Teknaf ilmenite, reduction conditions were

selected with a maximum temperature of I05O"C for 5 hours in presence of excess charcoal

(reductant), which were found from literature to be sufficient for the reduction of ilmenite

using various reductants.

For reduction 9 gm of ilmenite and 9 gm of charcoal of mesh size +30 was taken. A bed of

charcoal was first charge in vertical stainle>s ~ccl tube. Small amounts of ilmenite and

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

wa.> then ;.caled to minimise entrance of air in il The tube was cooled to the room

temperature; the reduced ilmenite was takcn out and ""parated using by a hand magnet. The

results of chemical analysis are given in Table 4.6.

Table 4.6 Chemical analysis of as received reduced Ilmenite (reduction at 10500 C)

Component %;n ilmenite

TiO, 42.32

F•• 44.67

F,_ 39.20

% Degree of reduction 87.77
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Hmen;!e, the starting material, contained no metallic iron, while the ferrous and ferric iron

conlent were 25.32% and 32.53 % respectively_ The Table 00.4.6 shows that ilmenite had

undergone reduction during heating with the fonnation of 39.20% metallic iron and the

degree of reduction is 87.75%. The extent or degree of reduction of an oxide sample can be

defined as the function of oxygen removed during the reduction process and is given by

0'-0'
DOR~ 2 'X100

0',
Where DOR ~ degree of reduction,

0,; ~ imtial oxygen content of the :;.ample.

0,' ~oxygen content of the ,educed sample.

(1)

Degree of reduction based on different forms of reduction. Equation (1) has been used for

imu ores [R. Haque ct aI., 1991). In the case of ilmenite, oxides "fboth iron and titanium are

present. Although TiO;, is more stable than oxides of iron, it is possible that some ofTiO:, is

reduced to lower oxides. However earlier study [Huq et aJ., 1994} on Bangladesh ilmenite

has shown that for 4 hrs of reduction at 1050'C, TiC, is not reduced. In the present case it

can thus assumed that loss of oxygen of ilmenite stlIIlple during reduction was due to the

reduction ofimn oxides only. Using this argument the degree of reduction of iron oxides in

the ilmenite sample can now be defined 11.>;

O,iFe-01'Fe
DOR" ~ _ X 100

O;Fe

Where DOR,o, = degree of reduction ofimn oxides in ilmenite.

0,' Fe = oxygen content orimn oxides in as received ilmenite.

0,' Fe= oxygen conlent orimn oxides in reduced ilmenite

While calculating 0,'", it was assumed that iron, other than in metallic form, is present in the

reduced llmcnjte as FeO only_ This is a valid a;;umption supported by an earlier study on

Bangladesh ilmenite [Huq et ai., 1994}. A study on iron ore [Darn Gonzales and Ieffes,

1987] has also sho"Tl that if the degree of reduction is more than 40 % (which is true in the

present case as will be seen earlier), then no metallic iron is produced before all higher

oxide, arc reduced to FeO.
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X-ray diffraction analysis of reduced ilmenite show the diffraction lines belonging to

metallic iron and rotile phase only (Fig.4.20), Hematite and ilmenite which were found in

the as received sample, had disappeared. This meanS that oxides of iron in jlmenite reduced

\0 metallic iron. Scanning electron micmgmph (Fig. 4.21) shows the rough surface, which is

in contrast to the smooth plane srnface of the unreduced sample. After reduction larger pores

were observed. 'The pores were fonned due to the removal of oxygen from the oxides of iron

during reduction .100 spot analysis of SEM shows the presence of metallic iron at the

sumce of the sample and no oxides oriron. Ferric and rermus oxide present in ilmenite was

reduced 10metallic iron, The reduction-taking place is Fe20, --> FcP. ---'> FeD, --> Fe.

It can be concluded that it was possible to reduce the ferrous and rerric iron present In

ilmenite to metallic iron by using chan:oal as a reclucing agent.

The main overnJl reactions taking place in the reduction may be written as

Fe,O,. TiOI + 3 C • 2 Fc + TiO, + 3 CO and,

Fe,O). TiO, + 3 CO ~ 2 Fe +TiO, + 3 CO,

i
f

15 20 25 30

Diffra<tion anglo 20 ~
Fig. 4.20 X-rny dilJn<tion pal!crn' ofTclrntfilJt>:,nite 'aIuccd at I05O"C for S hr



Fig. 4.21 SEMofthe sample reduced at I050"C for 5 hrs.

4.4.1 Optimization of various par:amelers for reduction of ilmenite

Afu:r c.~amintng the feasibility of reduction of ilmenite by charcoal, fu!thcr studies were

taken up to optimize the various parameters affecting and controlling the roouction reaction_

The main factors studied were ilmenite to charcoal ratio, time and temperature of reduction.

While optimizing one factor, all the other parameters ",:n, kept constant during the•••

experiment,.

4.4.J.J lfmenite to coke ratio
Reduction experiments were carried out using ilmenite and chan:oal with weight ratios lWi

1:0.25,1:0.5, 1:1, 1:2, 1:3 and i:4 keeping time and temperature con.tan!. J1menite and

charcoal in the required ratio, were taken in the sample case and heated in the furnace al
105!l"Cfor 4 hours as in the previou, case. n'e products after cooling were separated and

analyzed, the resulls of which are given in the fig. 4.22. Fig. 4.22 shows that rate and also

the extent of reduction of imn oxid to metallic iron of as received ilmenite reduced at

iOSO'Cfor 4 hrs as a funclion of ilmenite to coke ratio. It .hows that uplo 1:I ratio reduction

pereentage of imn oxide to metallic iron increa,ed after which it got more or less stabilized.

In other v.ords, after I: I ratio the increase in reduction was vel)' nominal. Hence it is

concilLdedthaI the optimum ilmcnne to charcoal ralio for reduction is 1,1 at 105O"Cand 4

h,,"r,.



100

- .•..."'.
'"""
";0
60

, 50

60
JO
20

'""

1
___ Red.%

• • • • •

1:.25 1:,5 1:.75 1:01 1:02 1:03 1:04

IImenile:coke
Fig.4.22 Extent of reduction of as receiwd ilmenite reduced at

1050C for 4 hIS. as a function ofilmenrte to coke ratio

4.4.1.2 Optimization of temperature

For optimization of temperature reduction experiments were carried out for time period cry,

hr, 1 hr, 2hr and 4 hours in the temperature interval 800-1100"C. lImenitc ami charcoal in

1:1 (w/w) ratio was heated at 80O"C for each of tho time periods 112hr, 1 hr, 2 hr and 4 hr.

TIle reduced mass was then cooled and analyzed. Another experiment with fresh charcoal

and ilmenite was carried oul at 900"C for the above time' periods. In other words, each

experiment was carried out with fresh row materials and was not a continuation from the

preVlOU5 one.

Fig 4.23 and Fig. 4.24 give a plot of percentage of metallic iron and percent ofreduotion as

a function of time. II is clear from the figures that for any specified time the percent of

reduction and percent of metallic iron increased with an i= in temperature. Between

800 and llOO"C, at any temperature metallic iron content was lesser after reduction for 3

hours than after reduction for 4 hours. Up to about I050"C extent of reduction increases

sharply. After that there is no considernble effect of temperature on reduction. At about

105O"C,the rednction got stabilized, after that the increase in metallic iron content is

nomina!. At II OI}"Cthe extent of reduction curve merges with the extent of curve at lOSI}"C,

the reduction got stabilized, after that the increase in metallic iron content is nominal.

•
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Mer!<and Pickles [1988J investigated reduction of ilmenite with CO and noted that above

IOOO"C,the degree of reduction remains essentially constant due to the fonnation of metallic

shell of iron that segregates to ilmenite grain boundaries and inhibit CO diffusion.

The Fig.4.24 showed that the optimum temperature required for the reduction of ilmenite

was around 1050"C, after that the percentage of reduction increase was nominaL The Fig.

4.24 also showed that at any specified time in bolh the temperature the % of reduction was

more or less same. l1lc percentage of reduction was 87.39"/0 and 87.47% for 4 hrs. at

temperature of 1050"C and 1100~C respectively. For a better understanding of the

optimization of temperature the following were carried out.

Scanning d«Jro" mkroscopic studies:

Ilmenite samples reduced at different temperature level (800"C-llOO"C) for 4 hrs. were

subjected to scanning electron microscopic observation in order to understand the effect of

temperature on the surface of the particles. The results are given in Fig. 4.25. The trend was

more Or less same as seen in the case of reduction time (Fig. 4.30). It may be noted that the

surface of the unreduced ilmenite particle was relatively smooth nonporous surface

(Fig.4.2).lu Fig 4.25(a), which is after reduction of 4 hr at gOO.C,the appearance of slightly

porous surfa"" is an indication that some reduction has taken place. As the reduction

temperature illCreaseS,the sizc and number of pores increases i.e. the porosity increases with

temperature. Which is evident from the Figs. 4.25(b), 4.25(c) and 4.25(d).

Optical micrl1scoPY:

Particles of reduced ilmenite were mounted in cold-senlng resin and observed under an

optical microscope. Microstructures of ilmenite reduced /It different temperature (goo"e-

II00.C) for 4 hrs. are shown In Fig. 4.26. The progress of reduction can be observed in the

microstructllres oflbe reduced mass. In these microstructures metallic iron is clearly visible

as a height phase, the rest of the phases are grayish, voids and fissures being dark in

appearnnce. Microstru<:turcsof as received ilmenite particles reduced at lower temperature

show this bright phase (metallic iron). With increasing of temperature Iron begins to

coalesce into large globules and tend to segregate Inwards the peripheries of the grains.
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fig. 4.25 SEM of reduced ilmenite (reduced for 4 hr.) at
(a) 800"C, (h) 900°C,
(e) I050"C (d) 11OO"C.
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J-ig. 4.26 Microstructure of as received reduced ilmenite
(al Reduced at 800"C for 4 hr
(b) Reduced at 900QC for 4 he
(e) Redllced at 1050"C for 4 hr
(d) Reduced al 1100"C for 4 hr
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X-ray diiJrMtion S/udie,-:

X-my diffraction analysis of ilmenite reduced at different temperatures for 4 hours were

carried out. Typical x-my diffraction patterns of ilmenite reduced at llOO"C,900'C, I050.C

and 1100"Clor 4 hrs. are given in Fig. 4.27. During the reduction of ilmenite by charcoal the

proportions of tl1cphase'. change and a new phase, metallic iron appears and increases in

proportion with the extent of reduction. These changes in the reduced mass can be followed

via the x-ray diffral:tion pallem. Sample reduced at 80O"Cgave a peak of the new phase,

metallic iron lIl1dpscudobrook.ite phase appear. This figure also ,haws that with the

increasing temperulure at 9{){J"Cthe intensity of lhe diffraction lines belonging to

pseudobrookite phase and at the same time, the intensity of the diffraction lines belonging to

metallic iron and nrtile increase;,wilh indicating thaI the amount of metallic iron and rutile

in the reduced sample increases witll temperature. With the increase of temperature

reduction preceded, the intensity of ilmer>itepeak slowly diminislled ""d disappeared at

I050"C showing the complete decomposition of ilmenite to TiO, and metallic iron. At

1050"C !he peak for metallic iron become reaching maximum. The presen<Xof Fe:,O, and

pseudohrookite was detected in tile sample reduced at 800"C after which it was absent

indicating the disappearance of ferric iron through reduction at higher temperature.

Chemical analysis values also .,howed the presence of ferric iron only upto 800"C
confirming the above observation.

From the above observation it is clear that ilmenite phase slowly diminished with the

increase of temperature and reaching zero at 1050'C. The intensity of metallic iron phase up

to 800.C was less, after which the intensity increases up to I050.C. Chemical analysis also

shoWl::<!the presence of maximum mctallic iron at this temperature. After I050'C the

intensity of mctalllc iron phase for lIOO.C is more or less same. The change in tile height of

the rutile peak is shown as a function of reduction temperature. At all temperatures except

1100.C it increases progressively_ At IIOO'C, in contrast, the height of the rutile peak

actually decreases, implying a decrease in the amount of rutile. This decrease in the peak

height of rutile was accompanied by the appearance of weak. overlapping peaks in the

neighborhood of the rutile peak; these new peaks flanking the rutile peak [Grey and Reid,

1974]' Thus from the above observation of chemical analysis, optical microscopy, SEM and

x-ray diffraclion studies the optimum temperature for reduction is 1050'C.
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4.4.1.3 Optimization of time

From the experiments described earlier, it was observed that optimum reduction took place

at 105O"C at an ilmenite to coke ratio of 1,1. Hence Ihese conditions were kept constant

during the experiments for optimizati(}fl of time. Ilmenite and charcoal were taken in the

reaction tube in J:J ratio by weight and heated at 1050"C for various time intervals like 0.50,

1.00,2.00, 3.00, 4.00 and 5.00 hours. The first sample was heated for 0.5 hours, after which

it was taken out and analyzed. Another sample was heated for 1.00 hours. In other words,

fresh samples "ere used for studying reduction at each time interval. After the reaction the

product was analyzed as before.

Fig. 4.28 gives a plot ofpcrccntagc reduction and percentage of metallic iron as a function

oftimc. Ilmenite, which was the starting material, contained no metallic iron, while ferrous

iron content w"'" 25.32% with thc balancc of32.53% in the ferric fonn. It is clear from the

figure that as time increased reduction of ferric and fcrrous iron to metallic iron gone on

increasing. Up to about 4 hours the increase "",s ,harp, after which it slowed down. The

reduction rale increases at the initial stage and after 4 hour the Curvc becomcs allOOStflat. At

this stage chemical analysis shows that more than 87.61% of iron WlI5 in the metallic state,

and the balance is oxide of iron. At 4 hourn, the reduction gDt stabilized, after which at 5 hrs.

the increase in metallic iron was nominal (87.75)_ Reduction became highest at 4 hours, after

which time did oot have any significant effect. In other wDTds, the optimum time ''''Iuired

fm the reductiDn Df ferrDu, iron and ferric imn present in ilmenite 00metallic irDnWlI5 abDut

4 hours.
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Following instrumental obserllation were also clIITied out for understanding the optimization

phenomenon.

Optical microscopk sludies:

The microstructure of the unreduced and reduced samples in the Fig. 4.29 shows the internal

structure of the polished particles. The progress of reduction can he observe in the

microstructure, of the reduction mass. In a sample reduced for 0.5 hr. (Fig.4.29.b) sman

bright spots due to metallic iron were observed. Dark gray or black areas seen in the particle

were voids .. The pores were fonned due to the removal of oxygen from the ferric oxide

during reduction. Metlllic iron spots were seen only in some particles while in many olhers

reduction had not proceeded to the metallic stale, whiCh is also evident from the low metallic

iron percentage obtained in chemical analysis. After reduction for 1 hour (Fig. 4.29.b), more

shining white metallic dots were observed with an increase in the size and number of voids.

The small metallic iron particles combined together to form bigger particles as reduction

proceeded, which is evident from Fig.4.29 (d). In SDmeof the reduced ilmenite grains, these

globules started diffusing from the interior to the periphery and got concentrated !here. In the

3 hr reduced sample these metallic iron particles combined together. Wllile in others they

were still distributed. This trend became clearer in the 4 hr reduced sample in Fig.4.29. (t).

The particle was having more voids and pores due to reduction.

Jones [1974] had observed that during reduction Anstiaiian ilmenite above 1000"C the

metallic iron formed coalesced together forming larger glo~ules. These globules diffused to

!he periphery of the particles and got concentrated there. He also observed that at 110O"C,

almost all the grains were completely enveloped by shells of metallic iron of 5-10 ).1m

thickness.

&anning electron microscopic studies (SEM):

The SEM studies of the nmoonced and reduced ihnenite samples were carried out to study

the changes taking place on !he surface of the particles during reduction. Results are showo

in Fig.4,JO. The unreduced ilmenite (Fig 4.2) has got a smooth plane surface having either

no pores or only micro pores. After one hr. of reduction, uneYen surface developed, which

indicated the beginiog of reduction. In the three hour reduced sample, the surface showed

the formation of cracks and more uneven surface. Larger pores of a few micron sizes with

interconnections were observed. The pores were formed due to the removal of oxygen from

the feme oxide during reduction. The surface of the four hour reduced sample became

completely uneven and more perous giving an appearance ofa honeycomb structure.
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Fig. 429 Microstructure or unreduced and reduced ilmenite sample
(a) As received ilmenite
(b) Reduced at J050°C for.SOhr.
(c) Reduced at 1050"C for 1 hr_
(d) Reduced at I050"C for 2 hr .
(c) Reduced at 10S0"C for 3 hr.
(f) Reduced at IOSO°C for 4 hr.
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Fig. 4.30 SEM of reduced sampk (reduced at I050°C)
(a) For 2 hr. (b) For 3 hr. (c) For 4hr.
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X_ray wffrodirm studio":

X-ray diffraction paHem, of as received ilmenite reduced with charC<lal for diflercnt periods

of time at I05O"C arc shown in Fig.4.31. X-ray diffraction analyses of the reduced ilmenite

>ample, were carried out for understanding the changes taking place to various constituents

during reduction.

The patterns recorded after half an hour of reduction show the diffraction lines belonging to

ilmenile, metallic iron, rutile and pseudorutile pha"".

In the unreduced ilmenite sample, the rl1lIximum inten,ity peak was that of ilmenite, willie

the", w~no peak for metallic iron, which was alsc confinned by chemical analysis. After

reduction for 0.5 hours, the maximum intensity peak was tbat for metallic iron. As reduction

proceeded, the intensity of ilmenite peak slowly diminished and disappeared after 3 hours

showing the complete decomposition of ilmenite 10Tio, and metallic iron, while the peak

for metallic iron became slowly prominent with increase of time. it was also noted that the

pseudorutile phase disappeared completely after l"hour reduction. But chemical analysis

indicated the presence of ferrous iron in all the samples.

Raw ilmentie showed a peak fDr ilmentie. Intensity of ilmenite diffTaetion lines deereasing

with the time of reduction and the reaching the zero at 2 hours, while with the increase of

time the diffraction line for metailic iron also increases up to 4 hrs. After 4 hours, it

decreased which can be due to the following reason. For longer time reduction the rutile

reduc~d to Ti,o. and Ti.Oll, which can affect the overall.absorption of the specimen and

hence can cause a drop in the metallic iron content. However, chemical anaiysis showed the

presence of more Or less the same quantity of metallic iron in the 4 and 5 hour reduced

samples. Hence this drop of value in x-ray after 4 hours cannot be taken as a decrease in

metallic iron COnk'll\. Wouterlood [1979J in the case of Australian ilmenite has oOOervedthe

same phenDmenon. From the above invc>tigation of chemical analysis, optical microscopy,

;canning electron microscopy and X"ffiYdiffraction analysis it is evident that the optimum

time for reduction of ilmenite 4 hr. at 105(l"C. Hence it is concluded that 4 hours is required

for the optimum reduction of ilmenite at l05O"C. All further reduction studies were carried

out for 4 houn. to ensure that complete reduction of oxides of iron in thc ilmenite sample can

take placee.
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4.5 Reduction Behavior study
Teknafilrnenile was reduced to study the

(a) Eff"". of time and temperature on the C)<tentof reduction of as received ilmenite.

(b) Effecl of particle size on the extent of reduction.

(c) Redoction behavior oftlle different magnetic fractions.

(d) Effect of prior oxidation on the extent of reduction.

4.5.1 Effect of time and temperature on tbe edent O)f reduction of as received

ilmenite

The effect oftirne and temperature On lhe extent of reduction of ilmenite in the as received

condition were studied. In all cases the ratio of ilmenite and charcoall1ltio was kept constant

at 1:1. The result of isothermal reduction experiment is presented in the fOJ1Dof percent

metallic iron and percent ofreducti[ln in the reduced mass ofilmenilc. The chemical analysis

results plot in the previous Fig. 4.24 indicate that the extent of reduction for a specified

period increases with an increase in the reduction temperature and also with an increase in

time ror a specificd tempernturc.

Alter certain period at all temperaturcs, the rate of reduction was found to decrease with

time of reduction. The decrease in the rate of reduction at a later stage may be attributed to

be difficulty encountered by the gaseous species (CO and CO,) to diffuse through the porous

product layer consisting of iron and tiranium-di oxide or to the decrease in the surface area

available for reduction. The extent of reduction in the as received ilmenite increases

signiricantlyas thc reduction temperature irn;reases. The higher extent of reduction may be

attributed to the fact that at higher tempcraturcs carbon monoxide produced by the

gasification of carbon or the charcoal bcromes the maIO reducing agent while at lower

temperatures solid carbon acts as the main reducing agent.

Hasseb et al. [1997] investigated reduction of ilmenite with charcoal and suggestlXl that at

lower tcmperature (9S0-IOOO'C) thc n:duction of ilmcnite proceeds via the solid-stale

reaction between caroon present in charcoal and ilmenite. They identified this model of

reaction to be responsible for the slower rate of reduction at lower temperatures, at

temperatures higher than HlOO'C,the reduction mechanism changcs and is caused by CO in

accordance with the Boudouard reaction. Thi~ change in mechanism increases the extent of

reduction. On the other hand, the Boudouard reaction (eqn. 1) proceeds, at a significant rate

at temperatures higher thlUJ1000'C.

CO,+C;;;.2CO (I)
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Thus at reduction temperatures of I050'C and [IOOOe, carbon monoxide acls as the main

reducing agent. The rate of this gas-solid reaction is higher than that of the solid-solid

reaction. At the initial .slHgeof reduction, pseudorotile is rn.pidly converted into ilmenite and

rutile as follows.

Fc,o,3TiOl+ cleo= FeO.TiO, +1'iO, + co/co, (2)
(pscudorutile)

This reaction involves conversion of femc into ferrous state, which Is generally fast.
Ilmenite is then reduced to rutile:

FeO.TiO,+ cleo=TiO, +Fe + CO/COl (3)
This reaction is basically the reduction of iron from the ferrous state into the metallic state

and is a slow process. Upon reduction at high temperature i.e., lIOO"C rutile is fllIther

reduced to lower oxides with the loss of oxygen. Hasceb et aI., (1997) has observed that the

general reduction mechanism of Bangladesh ilmenite by charcoal is very similar to that of

Australian Capel ilmenite by carbon monoxide as proposed by Jones (1974). Jones found

that Australian ilmenite also undergoes reduction in two major stages; conversion of

pseudorutile int" ilmenite, and reduction of ilmenite into metallic iron and titanium oxide.

O<;curance of lower oxide of titanium also reported by Jones [1974J also reported at

roouetion temperatures as low as 1000'C.

4.5.2 Effects of pllrtide size on tbe extent of reduction:

Graphical presentation of degree of reduction and pcr<:ent of FCm.tof dif'furent size fractions

of as reeeivoo redueed ilmenite is shown in Fig.4.32 and Table 4.6{a) shows the initial and

final values of oxygen wnrents of iron oxide in different size fractionated ilmenite.

Table: 4.6 (a) Initial and final oxygen content of iron oxide of

ilmenite and degree of reduction.

lImenite size % of total 0, % of total 0, Degree of

fractions combined with Fe combined with Fe rednction

before reduction after reduction

U.S, Sieve No. 100 15.34 1.96 87.22

U.S. Sieve No. 140 15.72 1.68 89.31

U.S. Sieve No. 200 16.07 1.47 90.85

~ .
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The degree of reduction for the 1m"" ,im fmction, is presented in the forth column ofT able:

4.6 (a). It is seen from the figure 4.32 that percentage of metallic iron and degree of

reduction increase with the increase ofthe fineness of the particles.

Fig 4.33 shows that the percentages of total iron in the reduced samples are higher as

compared with the corresponding values in the raw samples. This is due to the removal of

oxygen during reduction. After reduction the finer fractions are found !() contain higher

amount of 10011iron as before. From the Fig.4.32 it is evident that the COnlcn!of metallic

iron as well as degree ofreduc\;()n increases wilh the increase of fineness of the particles. It

is clear from the table that although finer ilmenite grains contain a higher amount of oxygen

associated with iron, these fractions actually conlain a lower amount of oxygen in the

reduced mass. As a result ~ reduced samples of finer fraction contain a lower amonnt of

iron in the oxide form. Consequently the degree of reduction is seen to be higher in the finer

fraction, (Fig.4.32). In other words, under the reduction conditions used, the finer fractions

of ilmenite get reduced at a faster rate. Thus from the viewpoint of optimization of reduction

process, adaptation of separate reduction procedure for each of the size fractions is not

necessary.

X-ray diffraction patterns of the different SIze fractions of ilmenite after red,uction is

presented in Fig.4.35. The phases identified in the x-ray patterns, ,,~re metallic iron and

rutile. There were no diffraction lines in the x-ray pattcrn representing any of iron oxide,

ilmenite or pseudorutile, which distinguish these patterns from the patterns of size fractions

prior to reduction. Due 10reduction, iron oxide was reduced to metallic iron. Thus the x-ray

patterns of all reduced size fractions ,how diffraction lines belonging to metallic iron.

Before reduction diffi-actionJines belonging to TiO, was detected in the x-ray pattern of only

one size fraction "hich was separated at US sicveNo. 100But after reduction more than one

intense peak for TiO, were identified for all the three fl"llCt;ons.Fig.436 Shows the
micrographs of different size fractions of reduced ilmenite. These microph(}togrnphsare

similar to eac!> othcr and it is difficult to gct any useful infonnation from these

microph(}togrnphs. However reduced samples contain whiter phase than as-received sample

due to presence of iron.
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4.5.3 Effect of different magnetic fractions on the exteot of reduction
The eXlen! of reduction was followed by the chemical analysis of lhe reduced mass for the

content of metallic iron. X-ray diffraction analysis and optical metallography of the reduced

mass were also carried out

Chemical analyses results of the different reduced magnetic fractionated samples are plotted

in the Fig 4.36. This figure shows that the contents of metallic iron as well as Fe.,. decrease

with !Ill increase in the separation currenl.

The calculated pcrcen13.ge reduction is pl"tted in the Fig. 4.36 and the degree of reduction

was calculated by using the fonnnIa,

"' (_... % of metalliciron in the reduced sample,00 ",,,uctlon= -------------~~
% of total iron in the reduced sample

From the Fig.4.36 il is evident that magnetic fractions separated at [ower current (0.10-0.25)

are reduced to a higher extent than those separated at higher currents, it may be due to higher

ferrous oxide contents in those four fractions which are sepanl.ted at higher currents. So it is

beneficial to reduction for the first four fractious. But these four major fractions contain

about 89% of the ilmenite sample. So it may not economical to develop a separate reduction

techniques for the rest two.

X-ray diffraction analysis of the different magnetic fractions after reduction is presented in

the Fig.4.37. Two phases were identified in the x-ray pattern, are metallic iron, and TiO,.

There were no diffraction lines in the x-ray pattern representing any of ilmenite, pseudorutlle

and iron oxide phase, which distinguish these patterns from the patterns of magnetic

fi-actions prior to reduction. Due to reduction, iron oxide was reduced to metanic iron. Thus

the x-ray patterns of all reduced magnetic fractions show diffraction lines belonging to

mctallic iron. Before reduction diffraction lines belonging to riO, was dctected in the x-ray

pattern with less intense diffraction lines. But after reduction intense peak for nOl were

identified.

Fig.4.38 shows the micrographs of reduced magnetic fractions. These microphotographs are

similar to each other and it is difficult to get any useful information from these photographs.

However reduced samples contain whiter phase than as-received samples due to presence of

iron.
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Fig.4.3S Microstl\K:IUre of diffcrenl si:lt fractionated m1uccd ilmenit (Dt 1050" C. 4 hr)
(a) Ilmenite "f 100 U.S. sieve size.
(b) IImenile of 140 U,S. sieve Sil.e.
(c) Ilmenite of2oo U.S. sieve size.
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Fig. 4.36 Extant of reduction of as received reduced magnetic
fractionated ilmenttc.

4.5.4 Effects of Prior O:iidation OD the Extent of Red net ion

Chemical analysis of the samples of Teknafilmcnitc, oxidise<! in the temperature range 750

- 950"C, indicated that the content of ferrous iron decreases rapidly with an increase in lime

and temperature of oxidation. The rate of change of the ferrous iron to ferric iron decreased

rather rnpidly and then remained morc Of less unchanged. Diffracti,," patterns of oxidised

samples, contained diffraction lines belonging to pscudobrookite, rutile, and hematile. X-ray

diffraction studies by Jones [1974] also showed that ilminate when heated at IOOOoCyielded

pseudobrookite and a small amount of rutile.

Scanning electron micrographs of oxidised ilmenite showed in the previous Fig.4.l5(c) the

presence of cracks in the oxidised panicles of ilmenite.

Fig.4.39 snows a comparison of the extents of reduction of as received and pre-oxidised

ilmenite reduced at J050'CJt can be Seen tnat at any time tne extent ofreduclion is nigher in

the case ofpre-oxidised samples tnan in the case of as received ilmenite.

As oxidation of Teknaf ilmenite converts almost all the fcrrous iron content in ilmenite to

ferric iron, this alters the reduction mecnanism. Moreover the generation of cracks in the

oxidized sample prevents sintering, increases the surface area of the oxidized particles and

hence enhances the rate of subsequent reductions.

o
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Figure 4.38 OpliCll! microgrnphs of diffc:rc:rll masrn;tic fractionated reduced ilmenit
(reduced at 10SO"C for hr.)

(ll) Fraetior\llied oIO.IOnmp.
(b) Fractionated ntO.ISomp.
(e) Fractionated nt 0.20 amp.
(d) FrlIctionllted al 0.25 wnp.

o



123

'"
00

0

~ 00,,
",
'"
0

rd v -=" __ As """,M>d I
•• _____ p",_ oxidised

--

RedlJCtion tm" {hr )

Ftg. 4 39 Eodent of roduOllOn of •• r~ .nd pre-o>:id""d ,,"ouoo<l
"'enite (redoceO at 105GoC)

X-ray diffraction patterns of samples nxhlC<,.'(!(in the o"idi~d ~ondilion) at 1050' C fur

different periods of time are shown in Fig 4.40, The diffraction partern of the sample

reduced for O.S-hourshow the presence of diffraction lines belonging to ilmenile, melallic

iron and n'lile. [t may be recalled thaI the main c(}nstituentsof the pre-{)xidi<edihnenitc was

rutile, hematite and pscudobrookite. The presence of diffraction lines belonging to

pseudohrookite, rutile and hematite phases could not be detected in this pattern. FigA.40 (b)

shows that the intensily of dilTraclion lines l>elongingto ilmenite diminishes with an increase

in time of reduction and completely di;appears aller 2hr. reduction. On the otJ,er hand, the

intensity of diffraction lines belonging to metallic iron increases with increasing time of

reduction. This mean, thal the amount of metallic iron increa,es with time of reduction. It
may therefore be concluded that the n:duction of TeknaCilmenite in the oxidized condition

procceds in two ,tages. The first stage is the refol111ationof ilmenite according to the either

or both of the following reactions:

Fe)TiOl+TiO)+CO-->2 FeTiO, + CO)

Fe,O, + 2 TiO) + CO --> 2 FeTiO, + CO,

The disappearance of hematite and pscudobrookite pha,e, and the appearance of ilmenite in

the x-my dilTra~tion pattern of the sample rooucW aller oxidation gives credence to the

above ,ugge,tion. Jones (197J) suggested that ilmenite can refol111through the above

reaction,. ["hesecond stage i. progressive reducti"n of ilmenite to metallic iron and rutile

according to following reaction.

Fe,TiO, + CO --> Fe+Tio. + CO,
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Thus the mochanism of reduction of naturally weathered and pre--oxidiscd sample ofTelmaf

ilmenite appear to be slightly different. The frrs! step in the reduction of oxidised ilmenite is

the l'lIpid refonnation of ilmenite either from p""udobrookite, rutile and carbon monoxide or

from hematite, rutile and carbon monoxide Or from bOlh these reactions. The sec<lud stage is

the reduction of refonned ilmenite to metallic iron and rutile. Reduction of as-received

Teknafilmenite by charcoal, on the other hand, involves: (i) conversion of pseudo rutile into

rutile and ilmenite and (ii) change of ilmenite in the metallic iron and rutile.

Thus oxidation ofTeknaf ilmenite converts almost all the ferrous iron content in ilmenite to

ferric iron. This alters the mechanism of reduction. Moreover the generation of cracks in the

oxidis.ed samples prevents sintering, increases the sUlface area of tile oxidesed particles and

ll(:Tlce enhances the rote of subsequent rcdoctions. Fig 4.42 shows that for all the size

fractions the extent of reduction in as received and pre-oxidized reduction condition is more

than as received reduction. Fig 4.43 shows a comparison of the extent of reduction in as

received and pre-oxidized magcnctically lractionated reduced ilmenite. It can be seen that

the e:dent of reduction for all the magnetic fractions is higher in the case of pre-oxidized

reduction than in the case of as received ilmenite.

Particles of ilmenite reduced both iu the as received and in the oxidized conditions were

mounted in cold-setting resiu and observed under an optical microscope. In both cases bright

spot due to metallic iron were observed. Dark gray Or black areas seen in the particles were

voids. They were formed due to the difference in densities of ilmenite and metallic iron,

whic1l was deposited due to reduction. Fig. 4.44 shows the comparison of the

microstructures of ilmenite reduced in the as received and pre-oxidised condition for similar

reduction conditiOlls. From the figure it is evident that the volwne fraction of lJWtalJic iron

formed on reduction in the case of oxidized sample is much more compared (0 that of as

received condition. On oxidation single crystal ilmenite converts 10 polycrystalline array of

pseudobrookite and rutile. The presence of cracks in the oxidized ilmenite increases the rate

and extent of reduction of ilmenite.

Fig. 4.45 sho"'''' the scanning electron micrograph of as received and prc-oxidiscd reduced

sample. The SEM pictures in both cases show the rough surface, which is in contrast 10 the

smooth plane surface of the unreduced sample. After reduction pores were observed. The

PO"''' were fonned due to the removal of oxygen from the oxides of iron dUl"iugreduction.

The srnface of the oxidized and then reduced sample becomes completely uneven and more

porous than the sample reduced in the as-received condition.
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(eJ

(b)

Figur~. 4.44 Microstructure of rt:Juced ilmenite (redLlced at 1050uC for 4 hr.)
(a) <IS n:ccivcd reduced ilmenite
(b) pre- oxidised reduced ilmenite
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(b)

Fig. 4.45 SEM OrredllCcd ilmenite (reduced al 1050"C for 4 hrs.)
(a) As received reduced
(b) rr~-oxidiscd reduced
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4.6 Leaching

4.6.1 Introduction

Teknaf ilmenite reduced both in the as ree<>ivcdand in the oxidized conditions were leached

in dilute Hel solutions. Samples reduced in the as received condition containing about 38.36

percent mclalllc iron (43.78% lotal iron) and samples reduced after oxidation containing

39.47 percent metallic iron (44.16% total iron) were used for the leaching experiments. The

variables were a<:idconcentration, time of leaching and temperature of the leaching solution.

Attempts have also been made to identify the reaction mechanism and to determine the

activation energy [", the reaction.

4.6.2 Leaching of Reduced ilmenite

Jlmenite oontains oxides of iron, silica and trace element, like copper, zinc, nickel,

aluminum, calcium, manganese, magnesium, chromium etc. The techniques of upgradation

involve preferential removal of iron. From the reduction studies it was evident that on

reduction lffidcroptimum condition most of the ferrous and ferric oxides of the ilmenite

wcre reduccd to metallic iron. This reduced ilmenite was leach"" with HCI to remove

metallic iron, which is one of the most widely used methods for the production of synthetic

rutilc. The lcaching behavior of the ilmenite at various conditions has been studied. The

results of these investigations are presented and discussed below.

Leaching was perfonned at 75'C for a period 2 Irrs. in an acid solutions containing 15
pen:ent HC!. A three-necked flask equipped with a refl..x condenser, a thennometer and a
magIletic stirrer was used as the reaction vessel for leaching. The ammgemcnt for leaching is
shown in Fig.3.4.

During leaching 2 gm of ilmenite samples wcre taken in 200 ml 15% HCI solution. Thc
leaching solution was stirred by a magnetic stirrer. Care was taken to maintain similar

stirring speed in all cases. Temperature of thc leaching solutioo was controlled to the

specified value and was continuously monitored by a thennometer. During leaching 5 ml of

solution was taken after 2 hrs leached and was analyzed to determine iron content in the

solution. This was used to detennine the percentage of iron removed from the experimental

samples. Method used for the detennination of total iron from leached solution has been

given in appendix-D and the mcthod for the dctennination of total iron from the leached

sample has been given in the appendix-C. After leaching for 2 hollJ"Sthe solution was cooled

and filtered. The leached ilmenite was washed several times with water, dried in an oven at
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11O"C for 2 hrs and analY7.cd. The leached ",mpl~ gave a product with 2.57% iron and

percentage of iron removal is 96.61%, The mam reaction,; taking place during leaching are

Fe + 2HCI---.. FeCI, + Ii,
FeO + 2HC I ---..I-eel, +1[,0

I.e. iron pre,;cnt in the reduced ilmenite as metalbc and ferrou, form ,hould get dissolved in
lhe acid with the ionnation of chloride.

Fig. 4.46 Scanning electron mi~rogJ1lph ofrcdu~ed IcachC<lilmenite

(Leached at 75"C, 2hr. at 15% acid solution)

The SEM picture of 'ynthetie rullie i,e. the product obtained after leaching the rcdueC<l

ilmenite fnr 2 hr at 75"C is given in Fig. 4.46. The particle is completely porous throughout

the body with the appearance ofa beehive. The globular structures scen on the srnface of the

reduced ilmenite had disappeared during leaching. As the soluble material in the particle was

iron, it may be an indication that most of these structures consisted of iron. SEM spot

analysis study of the leached particle showed the absence of iron on the surface while there

was a high concentration of iron on the surface of the reduced particle beforo leaching. This

means lhat during leaching all the iron on lhe surface was dissolved out. The e.,pcriment

shows that n is po,;~il>[eto leach the metallic iron prosen.• in the Teknaf reduced ilmenite

wnh hydrochloric acid,



13l

- - -4.6.3 Optimum reduction condition for maximum leaching "firon

After examining the feasibility of leaching of reduced ilmenite in hydrochloric acid solution

first senes of leaching experiments was carried out by using ilmenite that was reduced at

different temperature for different time.

The quantities of metallic iron and ferrous iron were different in the samples reduced for

different periods of lime at various temperatures. These samples were subjected to lea>:hing

to check whether complete reduction was required for the preparation of synthetic rutile with

minimum iron content

First series of leaching experiments were carried out with a sample reduced at I050'C for

different period aftime. In each case leaching experiments were carried at 75°C in 15% Hel

soln. for Ihr. The percentage of iron removal is plotted as a function of time of reduction in

Fig. 4.47. Percentage r~'11lovalof iron was calculated by the following relation,hips [Geo;ge,

1987].

% Iron removal = 1m" removed x I 00

Total iron content before leaching

•

The iron content of the as-received limenite before leaching was 42.43% and after leaching

gave a product "ith 39.20% iron, which meanS that only about 7.61% of 1ron could be

removed by directly leaching with acid under this condition.

The sample reduced for lhr before leaching gave a product with 20.48 % iron after leaching

against an iron content of 42.77% before leaching. With the increase of reduction time iron

removal on leaching was enhanced. From the cxperimental results it was cvicicnt that"

reduction aflhe sample before leaching enhanced iron removal. It was also cvident fi"omthc

experimental results that complete reduction of iron favored the maximum removal of irou

On leaching.

Fig. 4.47 shows the removal of iron from the sample reduced for different periods. On

leaching removal was about 52% for the sample reduccd for 1 hr,afier which it sharply rose

up to 78% for 2 hr:>. reduced samplc,88% for 3 hr:>.reduced sample 95.97% for 4 Ilrs.

reduced sample and 96.07% for 5 hr:>_reduccd samplc_ Between 4 and 5 hr< reduced sample

the removal was marginal, which showed that thcre was a stabilization of iron removal at

this region. Which indicate that reduction time mOre than 4 hrs did no! have any major

influence on leaching. •
.i
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Hence it was concluded that 4 hrs of reduction at I050"C when most of the iron (87.39%)

reduced 10metallic slate was the most favorable condition for the maximum removal of iron

on leaching.

Next series of leaching experiments were carried Dill using ilmenite samples reduced at

differenllcmpcratures for 2 hrs and 4 hm. Fig.4.48 is a plot of percentage removals of iron

vs. redl!ction temperature. Sample reduced al 800"e and9lJO"C for 2 hrs after leaching the

percentage of Iron removal was 12.12% and 46.84% respectively

,~• '00
0, 00,
0 00
.g ~.,,~

0
0 , , , •

R<>dLlCliontime {M,.)

F\l ~ ~ 7 P<>reotago ",,,,,,,,,,I (1/ Iren ••••,oductJon ••.•.•• (leoorono 15%
hjo:l,ochlorlo."" sclo,,!or lhr. at 75 C).

As the reduction temperature increased, the percentage of iron removal from the sample with

a value of 87.54% at 1050.C and 87.73% at J JOO'e for the sample reduced for 2 hrs. In the

case of sample reduced for 4 hr the percentage of iron removal was 18.65% at 800.e,

67.85% at 900"C, 95.97% a( 1050"C and 96.01% at IIOO"C. From the Fig. 4.48 it was

evident that the iron removal of 4 hIs reduced and leached sample at any temperature was

higher than the samples leached after 2 hr reduction. From 800-900.C, the iron removal was

limited, after which there was a sharp rise up to 1050"C; getting slowly sl.abilized afl.crwards

in the ease of 4 hrs reduced samples. In the case of samples reduced for 21"s at temperatures

up to 900"C the iron removal was very slow. There was a fast increase for thc sample

reduced at 1050"C after which the effect of temperature wa, negligible. Complete

stabilization was observed at about 1050"C. From thc previous experiments (Fig 4-47) it wa~

also observed that maximum removal of iron took place in (he case of 4 hIs reduced sample

at 1050'C. Hence all the leaching experiments were carried out with a SlIIllple reduced at

lOSO.C for 4 hrs.
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4.6.4 Optimization ofleaching Condition

From the previous experiment (Fig. 4.47) it was evident that it is possible to leach out iron

from the reduced Teknafilmenite. Next series of experiments were taken up 10optimize the

leaching conditions. The sample used for this purpose was reduced at 1050"C for 4 hr.The

major factors that affected leaching arc time of leaching, temperature of leaching lIJId

concentrntions of acid in the leaching solution._To optimize one parameter the other lwo

Wefe kepI constant during the experiment,;,

Optimization of leaching time:

It was observed (Fig. 4.47) that about 96% of iron could be removed from reduced ilmenite

on leading for I he at 7S"C in a leaching ""Iution in which the =tration of Hel was

15%. For optimizatiDn of the leaching lime, lhe temperature was kept constlnt at 75'C and

the acid concentration wa; maintained at 15% and time was varied from 10 min to 2.5lm<.

Experiments were carried out for each time interval ",;lh fresh s.arnplcand fresh acid and

were not a continuation from the previous one. After leaching for specified time the

percentage of iron in s"lution was calculated. The percentage removal of iron was plotted

against time of leaching (Fig 4.49). The redoced ilmenite before leaching had an iron conlent

of 43.78%. The iron removal percentage is 93.39% after leaching for 10 minutes. The

dissolution was slow after 31)minutes. After that there was no major effect of lime on

leaching. The curves becomes flat after about 30 minutes.
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Fig. 4,49 Pe<oontage ",mOl/al oIlr01l". """"irlg trno(leactung at 75 C in 15%
HClaad_ ..

The reaction th<:n becomes slow, as most of the iron had been removed in the first ]0

minutes itself. The faster dissolution of iron in the initial period oould be due to the removal

of iron rich surface and fonnation of pores in large numbers. The percentage of iron removal

95.39% for 30 minutes and it increase, slowly up to 96.61% for 2 hr5. leaching. After that

the percentage of iron £cmoval was marginal. From the figure 4.49 it was evident that the

percentage of iron removal curve after 2 hl'S. leaching is flattened. So it can be concluded

that removal of iron got stabilized after 2 hl'S. leaching after which the effect of time on

leaching in terms of iron removal was negligible of practically nil. The scanning electron

micrograph of leached ilmenite is shown in Fig.4.50. The Fig. shows that the particles are

completely porous throughout the body with the appearance of beehive. It is also evident

from the figure that the porousness of the leached sample increases with thc Increase of

lcaehing timc. From these cxperimental results it is evident that a leaching time of2 hrs was

favourable for maximum removal ofiroo.
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Fig. 4,50 SEM of as received reduced leached ilmenite (leached at 7j"C in 15% acid sol1\.)
(a) Leached for ,50 hr.
(b) Leached for 1 hr.
(el Leached for 2 he.
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OplimiZJJtion of leaching rem~r<l1l1re:

To optimize leaching temperature experiments were carried out keeping the acid

concentration and time of leaching constant at 150/0 (liN) and 2 llrs respectively and varying

the leaching tempernlure with an accuracy of:t zOe from 30 to 8S"C. Fresh reduced samples

and acid ",ere used at every temperature.

The percentage removals of iron as a function of temperature are plotted in Fig 4.51. Tbe

percentage removal of iron at 30.C is 93.12% while at 600e it increases 10 95.97"/0. It

reached a value of96.61% at 75°C after which the value remained more or less constant up

to 8S°C. The scanning electron micrograph (Fig. 4.S2) shows that the leached particles arc

completely porous throughout the body with the appearance of beehive. It is also evident

from the figure that with the increase of leaching temperature the porommess of the surfaces

oflhe leached sample increases .

.-
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Fill. 4.51 Percentage removal of iron vs, leaching ternp.
(leaohing 15% Hd soln, 2h",)

]1 is also estahlished fact that long time leaching with dilute acid even at room temperature

was sufficienl for removing mosl of the iron present in ilmenite. However studies were not

carried ont at temperatures below 30'C as this would !lOthe having any practical application.

from the flat portion of the graph after 75'C it could be concluded that removal of iron got

stahili7-OOat 75"C after which the elTect of tempernture on leaching in telmS of iron removal

was negligible or practically niL However tbe lemperalures of 75-80.C waS taken as

optimum at leaching time of2 hrs with 15% HCLsolution,
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(a)

'")

(0)

Fig 4.52 SEM of as received reduced kaehed ilmenite (leached for 2 hrs. in 15%
acid soln.)

(a) Leached at 30"C
(b) Leached at 50"C
(el Leached at 7S"C
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Optimization of acid conCI.'"rration,

Studies for the optimization of acid concentration were carried out keeping the time and

temperature constant at 7S"C and 21lrs respectively. Reduced ilmenite >ampJes were leached

Wilh hydrochloric acid of differenl concentrations between I to 30% (VN). Leaching with.

1%Hel about 17.31% iron removed from the sample but with 5% Hel most oflhe iron was

removed giving an iron content of 2,67% in the leached sample. With an increase of acid

concenlmlion the rate of iron removal increased sJowly reaching a value of96.61% for 15%

after which the effect was very marginal. However it should be noted that even with very

dilute hydrochloric acid ""Iulion major portion ofima eould be removed in 2 hrs time. From

the Fig 4.53 (which shows the perrenrnge removal of iron versus concentration of acid). it is

clear that about 97% of iron could be removed using 15% acid solution. The scanning

electron micrograph of the sample leached at different acid conccntrations are shown in Fig.

4.54. The figure shows that the leached particles arc completely porous with the appearance

of beehive. It is also evident from the figure that with the increase of acid concentration the

porous ness ofthc surfaces of the leached sample increases.

The percentage removal ofimn from the reduced mass increased slowly as the concentration

of acid increased from 5 to 15 percent and after 15% the increase is marginal, which means

that under these condition an increase of acid concentration from 15-30% did not have any

major advantage. Hence it could be conclud<>dthat the optimum concentration of Hel that

should be used to leached reduced ilmenite should be 15% (VN) at 75"C and 2 hr,.

'".! '00,~• ~,
> ••,,"0 , , " " , , ,

C""""ntratiO" of acicl %

Fig.4,5~ Porcen'.go ,"",,,,,.1 of ,ron lIS.aCId <o"cenhtior>(L8acl>ed at 75 C lor
2 Kr.).
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(e)

Fig. 4.54 SEM of as rt:eeived reduced leached ilmenite (leached at 75°C for 2 hr.)
(a) Leached in 5% HCI acid solution.
(b) Leached io 10% Hel acid solutioll.
(c) Leached in 15% Hel acid solution.
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4.6.5 Leaching bebavior study
To study the leaching behav;m of prior oxidized reduced ilmenite containing 44.16% total

iron and lISreceived reduced ilmenite containing 43.78% total !ron in the sample _r<: U5ed.

The sample used fur this pUrp<Jsewa~ reduced at l050'C for 4 hr. in both cases. The major

facto", thai affected leaching behavior were lime of leaching, temperature of leaching and

concentration of acid, for studying one parameter the other two were kept constant.

Effect of lime 0" leuclling:
Effects of lime on the rate ofIeaching of ilmenite in 10% acid concentration, reduced in the

as received am:!in lhe oxidiscd conditions al'e shown in Figs. 4.55 and Fig. 4.56 respectively.

It can be seen from these figures that, al all temperatures investigated, the rnte of leaching is

very fast at the initial stages of leaching. It can also be seen that the rate ofJeaching is faster

at higher temperatures. This is to be expected. The rate of leaching decreases rather rapidly

.md the curve becomes almost flat in a short period of leaching, after which the rate of

removal of iron from the sample is negligible. Fig.4.57 also shows that in all cases leaching

is faslCTin the samples reduced after oxidation and also more iron is removed from l1menlte

leeched after reduction in the oxidized condition than from ilmenite leached after reduction

in ~ as-received oondition. This is because of the fact that the oxidation of samples

produces mIcro cracks [Rao and Rigaud, 1974] at the surface of the particles as a result

contact surface area increase. Thus, the leaching of sample reduced in the as received

conditIon progressed at a slower pace than the sample reduced after oxidation.
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EfJ~ctofTemputllun:

The effect of temperature on the rate of leaching of ilmenite reduced in the as received and

in the oxidized conditiOllS are shown in Fig.4.57.Jt can be seen from the figure that removal

rate (total iron in solution) (If iron increases v.rilh an increase in temperature. The rate (If

leaching gradually decreases with time. The figure also shows thllt the mle of leaching is

(total iron in solution) enhanced by oxidation prior to reduction.

Effect of acid concentration:

The effect of acid concentration on the rate of leaching of ilmenite reduced in the as received

and in the pre-<Jxidized conditions arc shown in Figs. 4.58 and 4.59 The figures show that in

the both cases the rate of removal of iron !Tom the reduced ilmenite increases with an

increase in the concentration of the acid. Fig.4.60 shows that at all con<:eJItralions of the

acid, the sample reduced in the oxidise<! condition has less iron than that reduced in the as-

received condition

".,
~ .••12, .-.,

Time, min

'00 '"

Fig, .••.58 Effectof concentration ofHCI an the _I of <li"",lutian of iron from
$Omple re<:lueeclIn1M •• receive<!coooilJon <lu,;~ reaching at 75 C

••
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4.7 Identification of reaction mechanism:

Kinetic studics are aimed to determine the influence of various process parameters on a-
reaction and also to explain the reaction mechanism. When a kinetic law is established and
the variation of the rate constant with temperature is studied then it becomes JXlssible 10
obtain a value of activation energy, which indicate the reaction mochanism. This, however,
requires some mathematical procedures.

To identi/)' the mechanism of leaching reaction the so-called reduced time plots were used.

The identification of the kinetic model constitutes an important step in the analysis of many

metallurgical reactions. In many cases a preliminary identification is possible by using the

so-called reduood time plots. The kinetic relationships are fmt expressed in terms of the

degree of reduction a., which may be defined as:

Weight of iron in solution

Weight of lotaliron in sample

It can be seen that tIuee commonly suggested models such as first order, merieal reaction
and Ginstling- Brounshtein reaction for iron dissolution in acid solution. The equations of
the above- models are as follows.

I. First order reaction:
F,~g (a)= -In (I-a)= kt

2. Kinetics controlled by chemical reaction (spherical reaction)
R,=g (a)= [l-{l- n )'11]=(kIr,)t

3. Kinetics limited by diffusion tIuough the product Jayer (Ginstling- Brounshtein
reaction):

D,=g (a)= 1-213 a- (1-a) liJ = kt

Fig. 4.58 and Fig.4.57 show the plots of a versos leaching time lit temperatures 30"C, 50"c

and 75'C for oxidized reduced and then leached and reduced as received and then leached

ilmenite respectively. From these plots, the time taken for a 50 percent reduction, indicated

by t O,J, at different leaching temperatures were obtained. Then rednced time plots, i.e. a

versus t!fo.•, wen: plotted, Fig.4.61 and 4.62.

It can be seen in Fig.4.61 th3t among the three suggested models, the kinetics of leaching

after reduction in the oxidized state fits the first order reaction up to a value ofa ofO.S only.
o.

•
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This implies that during the initial period of leaching the reaction occurs randomly. Such a

situation prevails when (il the solid is so porous that the fluid can penetrate freely within the

wlid and there is no resiSlalll:e to diffusion, (ii) the reaction is not restricted to a corelproducl

interface and (iii) the reaction occur:;; randomly and the rnte is proportional to the unreacted

=,
This situation is supported by the fact that oxidation produces a large number of micro-

cracks in the grains of oxidized ilmenite. After thai the reaction mechanism changes and the

kinetics appear to be limited by diffusion through the less iron rich surface layer. When 50

per cent of the reaction is completed, the reaction mechanism changes and the reaction

follows spherical modeL In this case, leaching ofimn becomes slow, as most of the iron had

been removed and tlw kinetics appears to be limited by diffusion through the less iron rich

sumoo layer.

The plots of (l versus tit O~for sample, leached after reduction of as received ilmenite is

shown in Fig. 4.62. It shows that the reaction follows spherical modeL The diffusion

controlled spheril:al reaction model seems to be the most appropriate one to fit the result.

The sample in this case did not contain any cranks SOleaching progressed slowly and the

kinetics appears to be limited by diffusion through the product layer.

4.8 Evaluation of activation eilergy
Both lhe conventional integral approach and differential approach were nonsidered to

evaluate the activation energy (E) of the leaching reaction.

Int~ Approoch:

During isothermal kinetic studies the progress of a reaction is genen!lly measnred in tenns of

degree of conversion on dissolution, which is expressed as, a and the value of 0:.varies from

zero to unity. Values of 0:. are ploued againsl time (I) for the given temperalures.

Subsequemly these data are fitted into an appropriate form of integrated kinetic equation. III

the illtegral expression ofkinetic equations an appropriate function of 0:.,G( 0:.), is shown to

be proportional 10 time (t). In this method, the reaction rate constant k of various temperature

were obtained from the linearsed plolS of G(0.) versus lime (t).

The reaction rate C(trlstanlS,k, at various lemperatures for oxidized and reduced samplcs obtained

from the lillean.ed plots, Fig. 4.63

•

•
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The ratc constant was then plotted against temperature according to Arrehenius type equations.

[Fig. 4.65. Hence a plot of Ink against Iff should give a straight line. The slope of this straight

line equals, EIR, where E is !he activation r;ncrgy and R is !he ideal gas constant. The apparent

values of activation energy for leaching of oxidized and reduced ilmenite was estimated to be 16

kllm"t Similar plots for reduced ilmenite withoul o:<.idation= given in Fig.4.64 and Fig. 4.66

and the activation energy was estimated as 23 kJ/mn!.

DifJ"nn1UJJ Approach:

In the differential approach, 1", the time required for a given value of 0: was calculated first and

then plots of In •••agairu;t temperature (liT) is a straight line whose slope is --EJR. Plots of In t

versus Iff have been plotted for oxidized reduced leached sample and as-received reduced and

leached samples. These plots arc shown in Figs_4.67 and 4.68 respectively. As before, the slopes

of these curves equal -FiR .. For oxidized and reduced samples, the activation energy of leaching

was estimate<! in the ranges of 13 to 17 kJl mol. for Cl.values of 0.11)to 1).50.On the other hand,

for non-oxidise<! and reduced samples, the activation energies were estimated in the range of 17

to 2J 1<11 mot for", values of 1).10 tll 0.50. 111u5the activation energy valucs obtained by the tw<>

approach.s are nearly identical. This result al;o explains why the eXlraction of iron is larger in

the case of oxidized ilmenite samples. This may 00 taken as evidence to Sl.lpport the kinetic

mechanisms identifiod for the two gelS of samples. Besides, a markod increase in the values of

activation energy beyond Cl."'0.5 is clearly noticeable in Fig.4.67. This is also indicative of a

change in the reaction mechanism at thaI point from first order to spherical for oxidized and

reducod samples.

•

•
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4.9 Comparison of the leached Products

From the earlier investigation it was concllKled !hat the sample reduced at 1050"C for 4 hr is

the ,nimble for maximum removal of iron on leaching. It was also observed thai the

optimum time, lempernture and acid concentrution for maximum removal of iron from the

reduced sample is 2 hour at 75'C in 15% acid solution.

A lcached sample was prepared followed by the above conditions. The leached sample was

subjected to wet chemical analysis to check the purity of the materials. The leached sample

contained most of the impurities present in the raw material in small quantities. Iron content

2.57% for as received reduced and 2.18 for oxidized reduced leached sample and TiOl
content 90.45 % for as received redtmed leached and 91.50% for oxidized reduced leached

sample. In general, it can be stated that Teknaf lcached products prepared by this oxidation-

reduction-leach route is equally good ifnot better than the commercially available synthetic

rutile sample. A sample reduced at 1100'C for 4 hr. also leached in 15% acid solution at

75"C for 2 hr. followed by chemical analysis. The analysis shows that the Tio, content of

the sample was 89.78%. The presence of less Tio, in the sample reduced at 1l00"C

probably due to the fact that during reduction at higher temperatures a small amount ofTia.

is also reduced to lower oxides of titanium. Similar results were also obtained hy Grey and

Reid [1974]

Table 4.7 Comparison of the reduced leached products.

Component Reduction Without oxidised Pre-<lxidised

temperature

Fe% 1050'C 2.57 2.189

TiOl % 1050'C 90.45 91.5(1

Fig.4.69 shows comparison oflbe x-ray diffraction pattern of as received reduced and pre-

oxidised reduced leached ilmenite. These patterns show the presence of rutile phase only and

some unknown phases. These unknown phases may be complex. phases of Fe, Mn, Al and

Si02.1t did not show Ibe presence of metallic iron or ilmenite.

The scanning electron micrograph of a synthetic rutile sample prepared at optimum

conditions of oxidation-reduction. leaching condition is given in Fig: 4.70. The particle was

highly porous with a pore size of a few microns. However, the particle sizes decreased

during leaching which could be due to crumbling oflbe rednced ilmenite particles.
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Fig. 4.70 EM of prc-oxidiscd reduced leached ilmenite (leached at 75 'c for 200n
15% Hel acid solution)

(a) SEM magnification X 350
(b) SEM magnification X 2000
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Chapter 5

SUMMARY AND CONCLUSIONS

5.1 Introduction

Investigations wert carried out to characterize Teknaf ilmenite in the process of its up

gradation into synthetie rutile. Bangladesh ilmenite produeed at Cox's Bazar pilot plant

contains about 40 percent rio, together with a large amount of iron in the form of oxides,

silica and trace element like calcium, zinc, nickel, manganese, chromium, magnesium,

topper etc, As a rcsult this valuable mineral, separated from the beach sands of Bangladesh

could not find any marl<0!in Bangladesh or else where. To make this mineral commercially

significant, the Tio, content must be increased. From the different techniques available for

the up gradation of low grade ilmenites, oxidation-reduction leach route was selected, as it is

simple l\Ild easy to manipulate when compared with other techniques available for up

gradation. As a part of Ibis programme it was decided to study the oxidation-reduction and

leaching of ilmenite, the product Morphology, and the mechanism of each process. The

results obtained were compared with those obtained during reduction of Teknaf ihnenite in

the reduced leached in the as received condition

An attempt has also been made to understand the kinetics and mechanism of the leaching

process. The following methodology was followed.

a) Characterization of raw ilmenite.

b) Optimization of oxidation parameter.

c) Optimization ofreduetion par.uneter.

d) Rrouction behavior study.

e) OptinIization of leaching condition in dilute hydrochlorie acid.

5.2 Characterization of as rec:eived ilmenite

Chemical analysis of Teknaf ilmenite revealed that it contains a large amount of iron in !he

ferrous and ferric state.The content of as received ilmenite is ferrous iron 25.32%, ferric iron

32.53% and TiD, is 39.96%. It is also ioferred from the atomic absoI'ption analysis that it

contains trace element i.e. Cr, Ca, en, Mg, Mn, Zn, Ni etc. X-ray diffraction pattern shows

that ilmenite is the main phase; other phases of rutile, pseudorutile, ferrous oxide and

hematite could be detected. SEM of as received sample surface was more or less unifonn in
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appearance, having either pores or only micro pores. Anand and Gilks (1984) have noted that

SEM of altered grains show massive irregular surfuces due to formation of pseudonrtile

while highly altered grains have very poTOUSsurface. More than % percent of Teknaf

ilmenite was retained on US sieve no. 100, 140and 200, individual amounts belongs to each

sieve being 5.0940/0, 41.05% and 44.31% respectively.

Finer fractions of Tcknaf ilmenite were found to contain lower percentage of Tio, and

higher amounts of total iron. From the sphericity value, finer size fractions were found to

have a higher sphericity. X-ray diffraction analysis of all the size fractions showed that,

ilmenite was the main phase and together with rutile, pseudonltile and hematite.

The bulk of the (more than 96%) Teknafilmenite belongs to magnetic fractions separated at

separation currents ofO.1O--{l.30amperes.

The content of ferrous oxide and ferric OXIde was found to decrease with increasing current

of separation. With increasing current of separation titanium ollide content was fuund to

decrease. From the matenal balance il was found that more impurities are present in the

magnetic fractions separated at higher currents.

TGA!?;mPhof different magnetic fraction showed a weight loss, Babu et aI (1993) identified

weight loss at a tempernture ncar around 6OO'C in the case of ahered ilmenite. ThiS d~

in weight loss indicates the presence of bound water. Natutally bound water increases as the

degree of alteration increases, on the other hand pseud<lrurilestructure actually contain

hydroxyl iollS. A partially altered deposit shows the coexistence of dlffcrcnt phastl!, but

COIl1pletealteration will lead to a predominantly rutile phase. The x_ray diffraction pattern of

different magnetic fraction of Teknaf ilmenite also showed the presence of hematite, rutile

and pseudorutile phase. That is Teknaf ihnnite have the ClHKistellce of different phases.

TGA reports of different magnetic fractions of Teknaf ilmenite indicate the prc$Cnce of

bound water. So it could be conc:ludedthat !he Teknafilmenite is in a partially altered state

hut not hydrated enough.

5.3 Oxida lion
Oxidation of ilmenite in the temperature range of 750'C-950'C has been performed. The

extent of conversion of ferrous iron to ferric Ironwas determined by chemical analysis of the

oxidized samples. The rate of oxidation was found to be very rapid at the initial stage and the __

rate diminisbed with time.
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Optical micrographs ofilmenilc o"idizoo at 7'50°C for lhr is different from that of ilmenite

oxidized above 850'C. The structure of ilrrn:nitc oxidized at 850'C j,; silIlllar to that of

ilmenite oxidized tit 950"C. No significant difference could be identified from this

micrograph.

From SEM of oxidized ilmentite it was observed thaI al higher temperature and longer time

oxidation produces fine cracks were found in the grains of i1memte. This is due to the fact

that oxidation converts the single crystal of ilmemte to polycl)'St3l array ofpseudobrookite

and rutile. X-ray diffraction studles showed that the product of oxidation at 750"C is

pscudoruli!e, hematite and rutile and some unidentified phases. At 750"C pseudobrookite

also formed with the increase of time, Pseudobrookite was found to have formed during

oxidation at temperatures above 850'C. The proportion of pseudobrookite was found to

increases with time for up 10 1.5 hr and then remain more or less constant. The appearance of

pseudobrookrtc can be expressed by the reaction.

3 Fe TID, ~ Fe, Ti, 0, +'/, FezOJ
On heating above 850'C pseudorutile transforms to pseudobrookite.

Fe, Ti,Oo -----I> Fe, TlO,-t2TiO,

The non-e"iSlence of pseudobrooklte at lower tcmpcralure has been attributed to the fael that

the rate of diffusion is slow at lower temperature, which prevents the formation of

pseudobrookite. The decrease in the relative intensity of hematite suggests that

pscudobrookite might also be formed by the reaction.

Fe,OJ+TiO, _ FezTiO,

From the investigation of chemical analysls optical microcopy, scanning electron

microscopy and ".ray diffraction analysis it can be mferred that the optimum time and

tempcrature for oxidation of ilmenite is lhr, at 950'C. The content of oxidized ilmenite at

optimum condition is 0.5741"10 ferrous ion, 57.56% ferric iron and40.71% total iron,

5.4 Reduction

To examine the feaslbility of reduCllon of as received ilmenite with charcoal, reduction

conditions selected were a temperature of 1050'C and a reduction time 5 hrs in presence of

sufficient amount of charcoal. lhnenite which was the Starling material eontained no metallic

iron, while ferrous iron content was 25.32% with the balance of 32.53% in the ferric form

undergone reduction during heating with the formation of 39,20% metallic !fOn. X-ray

diffraction studies, SEM sttucture, and spot analysis ofSEM showed that ilmenite could be

reduced with charcoal.
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The main parameters such as reduction time, temperature and ilmenite to coke ratio

optimized.

Equal weights of ilmenite and coke were found to be necessary for maximum reduction of

iron oxide m the ilmenite or in other words the optimum ilmenite to coke rallOwas I:1.

From the investigation of chemical analysis, optical microscopy, scanning electron

microscopy and x-ray diffraction studles the optimum time and temperature for reductIon is

4hr at 1050°C.

5.5 Reduction behavior study

100 prime concern of these cl<perimentswas to identify the most suitable condition for

reduction. The optimum ilmenite to coke ralio and optimum time and temperature was used

for all the reduction experiments. Reduction behavior study was carried out on the following

dIfferent oondmons.

Effi!d of time and umpoature on the aunt of reductionof as ~ived If_ite:

The extent of reduction for a specified penod was found to increase with an increase in the

reduction temperature and also with an increase in time for a specified temperature. At all

temperatures, the rate of reductIOn was found to slower after certalll period with time of

reduction. The deereasc in the rate of reduction at a later stage may be attributed to be

difficulty encountered by the gaseous species (CO and CO,) to diffuse through the porous

product layer consisting of iron and titanium di-oxide or to the decrease in the surface area

available for reduction. The extent of reductlOllin as recelved ilmenitc was found to increase

significantly as !he reduction temperature increases.

The hlghcr extent of reduction at hIgher temperatures may be attributed to the fact tha! at

higher temperatures carbon monoxide produced by the gasification of carbon of the charcoal

becomes the main reducing agent while at lower temperatures solid caroon acts as the main

reducing ag~t. Hasseb et ai, r 1997] investigated the reduction of Bangladesh ilmenite with

charcoal and suggested that at lower temperatures 9~0-1000oC the reduction of ilmenite

proceeds via the solid-state reaction between carbon present in charcoaJ and ihnenite. They

identified this model of reaction to be responsible for the slower rates of reduction allower

temperatures. At temperatures hlgher than 1000"C, the reduction mechanism changes and is

caused by CO in accordance with the Bcudoured reaction. This change in mechanism

incnases the extent of reduction.
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The particle sIze plays an important role in the kinetics of reactlon. Reaction rare increases

with reduced size as the finer particle proVIde more oontaet area to begin the reaction.

Keeping tills in mind effect of size of the particles of ilmenite on reduction was studied. The

finer fractions contained Iughcr percentage of iron oxide in ferric st3te, which may also

locrease the extent of reduction. On the other hand reduced samples of finer fractions cantain

higher amount ofmetallic iron. i,e. lower amount iron remained as oxide form, So from the

point of view, optimization of reduction process, adaptation of separate reduction procedure

for each of the size fractions may nOl be useful.

Extent of mud/on of the nwgndk /ro.dkm .•:
On reductIon magnetic fractions separated at lower ClIrrent were reduced to a higher extent

than those separated at higher currents, It may be due to the higher ferric oxide content in

four fractions, so it may be beneficial to reduction. But these four major fractions contain

about &9% of the ilmenite sample. So it will not economical to develop a separate reduction

techniques for the rest two. Moreover the acrnaI extent of roouc:tion of the different magnctie

fractions did not show any significant difference. So the magnetic fractionation will not help

to enhance the reduc:tion process.

Effut. of prior oxidation on th~extent of rtduetkm:

The extent of reduc:tion of ilmenite in the as received and in the oxidized conditions have

been studied. It can be seen that the rate and also the extent of reduc:tion of iron oxide to

metallic iron is higher in samples reduced in the oxidized condition than in the samples

reduced m the as receivcd condition, The oxidation of Teknaf ilmenite converts almost all

the ferrous iron in ilmenite to ferric iron, This alters the mechanism of reduction. Moreover

the generation of cracks III the oxidized sample;<; helpenhances the rate of subsequent

rcdnc:tions.

5.6 Leaching

Leaching of reduced Teknaf ilmenite was found to be a very rapid process and about 50

percent ofle:aching was completed within the first 5 to 10 minutes ofleaching. The extent of

removal of iron was fuund to increase with time, temperature and concentration of acid in

leaching solution,
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Hydrochloric acid concentration of 15% was found to be optimum for leaching out iron from

the sample. At 15 percent hydrochloric acid concentration the optimum time and temperature

for leaching out iron is 2 hrs and 7S"C respectively. The sample lcachro after reduction in

the oxidized conditions contains less residual Iron. On the other hand the Tio, conlcnt in the

leached product was found to increase in the oxidized condition.

The leaching of ilmenite was enhanced by the presence of cracks formed dllnng oxidation

and the leaching mechanism was found to follow the first order reaction up to an a value of

0.5'10, after thai the mechanism was changed to spherical reaction. On the other hand,

leaching of ilmenite reduced without prior oxidation was found to be slower and the

mechamsm followed the Spherical modeL The apparent activation energy for leaching was

found 10 be about 16 kllmal for sample reduced after oxidation fur a values upto 0.5 and 23

kJ/mol for samples reduced without priOroxidatiOIl.

SEM sludies of the rutile sample showed a highly porous non- continuous surfucc, and spot

analysis showed !he absence of iron on the surface, X-ray analysis indicated that the sample

contained only rutile peaks and peaks for metallic iron and ilmenite "'~ absent. A

comparison of the chemical constituents of synthetic rutile prepared in these studies from

Teknaf ilmenite with that of a commercially available synthetic rutile sample [Bracanin et

aI., 1980] is given 1!l the Table 4.8. TiO, content of synthellc rutile prepared from Teknaf

sample is slightly lower than the commercial sample. TIle values for the other constituents

are well compareab1e. In general It can be stated that symhetie rutile prepared from Teknar

ilmenite by this oxidation-rel!uetion-leach route is equally good as those prepared from

ilmcnites of other origin.

Table 4.8 Comparison of the chemical constituents of synthetic rutile samples.

Constituents C{)IllIrn:rcially avallablc S}mhetic rutile Teknaf synthetic rutile

Australian Kcrala

Ti(), 92.80 93,50 91.50

Residual iron 2.10 1.30 2.18
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5.7 Conclusions
I) Tcknaf ilmemte contains a larger amount of iron. Teknaf ilmenite contains around 40%

Ti02, 25,32% FeD and 32.53% Fc.,O,

2) X-ray diffraction patterns ofas received ilmenite show that ilmenite IS the main phase.

3) SEM of as received ilmenite shows uniform appearance. Spot analysis shows that it

contains titanium, iron, oxygen, silicon and Illobium.

4) More than 96 percent ofTeknafilmenite was retained on US sieve no. 100, 140and 200.

S) Finer fractions of Bangladesh ilmenite contain lower percentage of Tio, and higher

amount!;oftota! iron.

6) From the sphericity value, finer sizc fractions are found to have a higher sphericity.

7) X-ray diffraction analysis of all the size fractions, ilmenite is tile main phase and other

phases like hematite, ferrous oxide, rutile and pseudorullle also present.

8} The bulk (more than 96% )ofTeknafilmenite consists of magnetic fractions separaled at

separation currents of 0,10 -0.30 amperes.

9) The content of titanium oxide, ferrous oxide and ferric oxide decreases with

increasing current of separation ..

10) Te1rnafilmenite is in a partially altered state and not hydrated enough.

ll) Finer frnctions ofTeknafilmenite have higher extent o£reduction.

12)The opumum time and temperature for oxidation of ilmenite is I hr at 9Sd'C.
13)The optimum condition of reduction ofTeknafilmenite by charcoal is 4 hr at 1050°C.

14) Oxidation prior to reduction of Teknaf limcnite enhances the rate of subsequent

reduction.

15) Adoptions of separate reduction procedure for the different size fractions and magnetie

fractions ofT eknaf ilmenite are not necessary

16) The metallic iron content of the reduced ilmente is higher in case of sample reduced in

the oxidized condillOD.

17) Oxidation prior to reduction ofTcknaf i1mcniteincreases the extent of reduction and

also increases the extent of leaching of iron.

18) It is possible to produce synthetic rutile from Teknaf ilmenite through oxidatioo-

reduetion leach techniques.

19) Synthetic rutile obtained in these studies contains 91.50 percent Tio., which is very

much comparable in chemIcal constitution WIththose prepared from ilmenite of other

origins.
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Appeodix.A

Estimation oHerron! iron:

Keep all the solutions ready before :malysis.

• Take 0.5 gm offinely ground sample in a 500 mI flask

• Add

a) 40 mI of distilled water

b) 25 mJ conc. H2S04

• Heat gently to boiling, boll for one minute.

• Add 10 ml ofHF, boil fur 10 minutes.

• Remove fonn hot plate and immediately add

a) 100 mlof 4 pel. boric acid (4gm boric acid in IOOcc water)

b) 15 ml ofH,PO ••H2S04mixture.

c) 100 mI of distilled water,

d) Cool in running water.

• Add 1ml of Barium diphenyl amine sulphonate indicator.

• Titrate with O. IN potassium dichromate solution to a violet-blue

end point.

Calculation:

%Fe++'"
ml ofk2Cr,O,~Nx0.5584xl00

wt, of sample

,



Estim.tion or metallic iron:

• Add 4-6 gm ofHgCI. to 100. 150cc of distilled water.

• Add O.5 gm ofFINEL Y GROUND sample.

• Boil for 20 minutes

• FilleTand wash (6 times) with hot water.

Test the residue for iron C9D!enl

a) Add one drop ofpotassium fenicyanide solution.

b) Green color will indicate presence of iron

c) Boil pptwith IOOccdistilled water and filter

(d) Test again for Fe content

e) Repeat, ifnecessary.

• Add

a) 10 ml oflW'0 ••HlSO. mixture,

b) 10 mI of Zimmerman solutIOn

c) 5 drops of Barium diphenylamine sulphoollle indicator,

• Titrate with standard potllSsium dichromate solution

• Appearance of'viQIet color is the END POINT.

Calculation:

%Metallic iron =Vol of k,crlO,xFaetQfofKlCr,()zxlOxlOO
Weight of sample

factor KlCri>7= 5 5.84xNormality ofK, Crl 0,

1000

Appendix -8
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Append", .C

Estimation or Total Iron:

• Melt 10- 15 gm ofpotassium-hyw-ogen sulphate (in a silica crucible) to get a clear

solution.

• Allow the melt to solidifY.

• Weigh out 0.5 gin of FINELY GROUND sample.

• Spread the weighed sample evenly over solidified potassium bi-sulphate.

• Heat gently to melt

• Swirl the contents of the crucible carefully.

• Increase the temperarure to the maximum (900"C)

• Heat (at WO"C for 30 minutes).

• Allow soliditY.

• Place the crucible (and the lid) inside a beaker containing 20 pet H,S04

• Heat till dissolution is complete.

• :Make upto 250m!.

Use this solution for the determination ofTi02-also

• Pipette out 25 ml of the solution in a conical flask

• Add 5m! conc. HCL Heat to80"C.

• Reduce the iron solution by adding drop wise freshJy prepared SnCh.

Solution, (Add till the color disappears, add one-drop excess)

• Cool immediately in ICE (to 20"C)

• Dilute to about 100 mi.

•



• Add 10 ml ofSlIturated HgCI2 solutiOll (rapidly, at a time) and mix; thoroughly.

• Silky white precipitate will be obtained allow to stand for 5 minutes.

• Add 5m1of conc., H2SO. and 10 drops of n-phenylanthralinic acid indicator.

• Titrate with std. Potassium dichromate solution to pink oolor. This oolor change is

not vet)' prominent, has to be noticed carefully.

Calculation

% Total iron~
vol. of k,Cr,O,xfacror ofk,Cr,O, ~1O~100

Wtofsample

5 5.84~Norma\ity of I(, CT, Q-,
Factor of ~JO.,= -------------

1000

Femc ion Cllll be estimated from the difference between total iTon and ferrous iron

%Fe+-'-= % total iron - %Fe++



Appendi:r -D
Detenninlltion ofToUI Iron from Luched Solution

• Takeout5mlofsoL

• Dilutcto50ml,

• Add COne. HCL (5mJ)

• Heat to 60-80' C (just to boiling)

• bmnediately reduce ",~th SuC1, (Keep cool in lCC,)

• Excess SnCI, to be neutralized by HgCl, (to oold roin.) (should not be too excess)

• Shake well to get a silky wlntc ppt. ofHgC1,

• Add:

10m! of ZilIlIlll:rman soln

10m! of acid mixture.

5 drops of sodiumlBariwn dJphenyl amine indicator,

Titrate with std. Potassium dichromate go get the amount oftotai iron.

Calculation:

% of total iron is calculated from the following relationship:

I Liter I N K,Cr,o., = 55.84 gm of iron

o
•
~
M'



AppendiJ; -E

Estimation orTlOl

• Tile apparatus consists ora 500 ml Erlenmeyer flask with a 2-bole rubber stopper. A

pointOOglass rod nearly touching the flask is placed in one bole or the stopper and

tile short end orthe delivery tube ISplaced into a 400ml. beaker containing saturated

sodium bicarbonate solution. The aluminum foil is attached to the glass rod fixed

with the stopper.

• Take 25m1 or solution (prepared for estimation of total iron) in a 500-mI Erlenmeyer

flask.

• Add 30 mI ofRCI (cone.)

• Boil the solution,

• Attaeh 2gm of high purity aluminum foil to the end of tile glass rod of the redactor,

Remove the flask fonn the heating mantle,

• ImrncdiatcJ.y inscn the rubber stopper carrying the glass rod with aluminum and the

dchvcry tube to the flask.

• Place the other end of the delivery tube below tllc Ic:vcl of the saturated sodium

bicarlJcnate solution taken in the 400 ml beaker,

• The reaction l>etween tile aluminum foil and the solution is rapid.

• Towards the end of the reaction swirl the flask to ensure complete mixing and

reducti<m.

• When all the aluminum appears to be dissolved gently boil the solution for 3-5

minutes kecputg the delivery tube still innnersed in the sodium bicarbonate solution.

• Ensure that the rubber stopper is rightly fitted,

• Cool the flask (in ice) to less than 60"C.



• As the sample (in the Erlenmeyer flask) cools, the sodium bicarbonate solution is

drawn into the Erlenmeyer flask and carbon dioxide evolved gives necessary

protective atmosphere,

• When the solution is cool remove the stopper and rillSe the glass rod and the delivery

tube with distilled water.

• Add 2 mI of24 pet arrunoruum thiocyanate indicators,

• Titrate with standard ferric ammonium sulphate indicator.

Calculation;

%Ti(h "
ml of titrant " factor " 1000

Wt (in gm) of the sample

Factor"
Wt ofStd,TiO, ,,% in Sid TiD,

ml of titrant xl OOD



m

AppendiJ: .F

Preparation of Solutions

I Ammonium Thiocyanate indicator

Dissolve 24.5 gms of an\monium thiocyanate in 80m! ofbot distilled water. Filter through

two Whatman 42 filter paper using vacuum. Cool, dilute to 100 mI and store in a dark oolored

""'do.
2. Standardization "fFemc Alum:

Dissolve 30.16gru of ferric ammonium sulphate in 800ml distilled water and 15m! Cone.

H2S04. add Hzl), 10 ensure complete oxidation of the iron. Boil the solution to fCffiOve excess

H,o, and dllule to 1 litre. Standardize the solution against standard Ti02 reduted in the same

way as described for the sample.

3. PreparationofSnCl,:

Cone, Solution ofSnCl, is prepared by dissolving )2 of pure tin or 3Og:msof AR crystalline

SnCl2 (SnCI" 2H,O) in 100m! of cone, Hel and dilute to 200m! with distilled water.

4.Phosphoric acid Sulphuric acid M1xture

150m! of cone. H,S04 and 150 mI 150 ml of H,PO. in 700m! distilled water. Total volume

will be IOOOml,

5.Zimmcrman Solution

50gms MnS04 in 250m! H,Q+100ml cone. H,SO.+300ml distiUed water+ 100m! H)PO •. Total

volume win be 750m!.

6, Diphcnyl anunc sulphonate Indicator

Dissolve I gm of the diphenylamine salt in I OOm!ofcone. H)SO.

7 Barium diphenylamine sulphonate Indicator

O.2gm ofharium diphenylamine salt in 100m! distilled water.

"•



""
8.N-phenylanthralinic acid indicator

0, I gin phcnylanthralinic acid in 100ml of 0.005 molar sol" ofNaOH.

9, 20% HeI Solution

Cone: He} contains 35%HCL take IOOcc Hel and add distilled water to make uplO 165cc.

lll. K2Cr~, Solution

4.9033 gm !litre (0. IN Solulion)

11,0.005 molar NaOH Som.

o 02gm NaOH crystal in 100 ml H,O

12. 4% Bone acid:

4 gin boric acid in I OOml water

13. Potassium ferricyanide solution:

O.02gm potassium fcrricyarude in I OOmlwater.

14. 20%H,S04

80m! H2O,+2OmI H,SO.
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CHEMICAL ANALYSIS RESULTS OF TEKNAF ILMENITE

Table I: Chemical analysIs ofas received Teknafilmenite(4.1)

C rn' % In ilmenite
FoO 25.32
FezO, 32.53
Fe (tot.) 42.43

TiO:,. 39.96

TabJe.2: Sieve analysis ofTelmafilmcnite(4.2)_

US Sieve No. Mrnh Av, size fraction %

" '" 0,053

<0' '49 5.094

'" <05 47.057
200 " 44.510

>200 53 2.99

Tabid: Chemical analysis of different size fractions ofTeknaf ilmenite
before reduction (4.3)

us Sieve No. % TiD, % Fe total %FeO % Fc>O,
'00 39.15 42.71 26.04 32.13

'" 3850 43.27 2550 3353
200 38.00 43.83 24.60 35,37

Table 4 : Chemical analysis of magnetically fractIOnated ilmenite(element only dissolved in
exbactant 4.4)

F_ C,WID C. Mo F,WID C'WID Znppm
~ !:";m _m

0.10 1).0943 0.01 9.21 4'4 <MOL 0.9682 11.52 0.1891
'<5 4.0830 0.04 10.61 5<' <MDL 0.7864 5.54 OA()6{)
0,20 0.5322 0.01 8.02 456 <MDL 0.8545 6.73 0.1913
0.25 1.2868 0.03 3.98 '" <MDL 0.9256 3.45 0,1758,,"W 1.499 0.022 1.955 "3 <MDL 0.8836 6.81 0.2422



"0

Table. 5: Chemical analysis of magiletically fractionated ilmenite (4.5).

Fractionated Ti{}z %Fe,.. F,- F,O Fe+++- Fe,O, Sp.Or. %0£

"'" % mLxl1.168 -, %= F~- """5.58 Fe++", F,- o/<r'Fc++'-x material
4 1.2865 1.4298

0.10 39.64 41.94 24.8 31.96 17.11 24,44 4,JI 96.04
0.15 38.03 39.20 24.3 31.35 14.83 21.20 4.88 90.58,
0.20 36.99 3855 24.0 30.89 14.54 20.78 4.20 88.67,
0.25 34.64 35.19 21.7 28.01 13.42 19.18 451 81.83,
0,30 33.06 33.42 20.5 26.40 12.90 18.44 4.51 77.90,

Table 6. Vanation offClTOlls iron in the oxidized sample ",ith time and temperature (4.13).

Te:mpOC Ferrous iron (%)

Time (hr.) 750"C 850'C 950.C

as received 25,32 25.32 25.32
0' 4.10 2.37 l.867
LO 2.48 L4<J 0.5747
L5 1.90 0.969 0.538
'.0 1.50 0.6465 03591

Table 7 Extent of reduction of ibncnitc with different proportion of reductant
(Reduction:l050"Cfor4hr 4.22).

IImalitc:cokc o/oFe.. o/oFe_ o/oOfreduction
1:25 43.45 34.40 79.16
1:50 43.54 35.79 82.19
1:75 43.61 37.68 86.40
l:l 43.78 38.10 87.02
1:2 43,85 38.25 87,25
1:3 43,83 38.21 87.30
1:4 43,90 38.35 87.35

Table 8 Extent of reduction of ilmenite as a function oftirne and temperature (4.23).

Temp. C Metallic iron %
Time (hr) 800°C 900 C 1050 C liOO C ,

0.5 2.2 9.24 27.64 28.00

LO 4.52 13.79 30.23 30.80
2.0 6,45 19.82 33.39 33.90

3.0 7,80 22,79 35.54 3600
4.0 8.90 28.19 38.26 38,40



Table 9 Extent of reduction of as received i1rncnias a functiOll oftirne (4 ..24) .

ReductiOll %
Time (hr. 800"C 900 C 1050 C 1100 C
0.5 5.185 21.72 64.79 64.90
10 10.62 32.19 70.68 71.10
2.0 15.00 45.80 77.16 77.00

3.0 18.13 52.63 81.93 82.43
'.0 20.56 64.73 87.39 87.47

Table.IO Extent of reduction of ilmenite (4.28).

Tomp C Time (hr.) Fe (mct) Reduction %
%

1050 .5 27.64 64,79
1050 1 30,23 70.68
1050 2 33.39 77.16
1050 3 3540 8U9
1050 , 38.36 87.61
1050 5 39.20 87.75

Table II Extent of reduction of as received ilmenite as a
function of size fraction (Reduction: 1050"C for 4 hr. 4.32)

US FoO Fe_% Ocgrcc of reduction
Sieve %
No.
10<1 8.80 38,69 87.22
1'" 7.56 39.03 89.31
20<1 6.62 41.20 90.85

Table 12 Variation of total iron ofas received ilmenite
and reduced size fractionated ilmenite (4.33)

US. Sieve % of total iron in as % of total iron in reduced
No. received ilmemte -..,
10<1 42,71 44.34
1'" 43,27 44,70
20<1 4383 45,37

•



Table 13 Chemical analysis offractionated reduced sample (Reduced at 1050'C for 4 hr.
4.36)

Fractionated Ti02% Fe (tot) % Fe (mot) % %of
~. reduction
0.10 45.53 48,02 42.80 89.12
0.15 44.73 40.64 42,04 90.09
0.20 41.51 45.50 41.50 91.20
0.25 40.44 43.83 39.45 90,00
0.30 38.83 43.08 38.30 88.90
0.35 32.80 42.71 37.30 87,30

Table 14 Extent of reduction (%of reduction) of as received and
pre-<.1Xidizedreduced ilmenite (Reduction: 1050"C,4.39)

Tune (hr.) %Of:u~on % Ofrcdu:~
As=i P~idized

0.50 64.79 66.48
10 70.68 72 62
2.0 77.16 86.76
20 81.93 87.93

4.0 87.61 89.38

Table 15Extent ofreduction ('YoofreductlOn) ofas received and pl'MXidized
reducedofdiffcrcnt size fractionated ilmenite (Reduction: 1050"C,4.42)

us sieve No. % Ofreduetion (as % Of reduction
received\ oxidized\

100 87.25 88.00
1<0 89.30 90,2()
200 90.80 91.20

Tablo.16 Extent of reduction of pre-oXldized and as received fractionated
Ilmenite (Reduction: 1050 C for 4 hr. 4.43)

Fractionated amp. % Of reduction % Of reduction (pre-
As received' oxidized\

0,10 89.12 89.66
0.15 90,09 91.25
0.20 91.20 91.45
0.25 9{).00 90,50
030 88.90 89.00
0.35 8730 87,70

,
••



Table: 17 Chemical analysis of reduced ilmenite (Reduction
for 050,1,2,3,4 and 5 hrs.)

Temp"C Time (hr.) Fe (tot.) % Fe (met) Reduction %
%

1050 .5 4266 27.64 64,79
1050 1 42.77 30.23 70,68

2 43.27 33.39 77.16
1050 3 43.60 35.40 81.19
1050 4 43.78 38.36 87.61
1050 5 44.67 39.20 87.75

Table: 18: Chemical ana1ysis ofpre-oxidlzed reduced ilmenite.

Tcmp"C Time (hr.) Fe (tot) % Fc (met) Reduction
% %

1050 .5 42,82 2&.47 66.48
1050 1 42.99 31.22 72,62
1050 2 43.77 37.97 86.76
1050 4 44.16 39.47 89.38

Table 19: Extent of reduction of pre--<lxidizeddifferent size fractions
(Reduction:1050"C 4hr).

us sieve Fe tot.% FCm<l% Reduction %
No.
iUw 43.78 38.26 87.61
100 44.88 39.50 88.00
140 44.75 40.50 90.20
200 46.27 42.20 91.20

Table: 20: Extent of reduction (Fe- %) ofpre-oxlllized reduced. ilmenite as a
function of time and temp,

~c
Metallic iron (%)

Time (hr) 800"C 900"C 1050 C

0.5 5.10 10.94 28,47
10 8,30 17.70 31.22
2.0 10,80 26.13 37.97

3.0 11.20 30.80 38.50

4.0 13.70 34.80 39.47



Table:21 :Extent ofreduttion (rOOuction%) of pre-oxidizW
reduced ilmenite as a function oftime and temp ..

~

Metallic iron (%)

Time (hr) 800 DC 900°C I0500C

0.5 11.98 25.62 66.48
1.0 19.39 41.16 72.62
2.0 25.20 60.50 86.16

3.0 26.10 11.13 87.93

4.0 31.86 80.14 89.38

Table: 22 Chemical analysis ofreduccd i1mcnite as
a function of time iuld temperMure.

Tcmp"C Timchr. Fe (Tot.) % Fe (Met.) Reduction
% %

.00 , 42.43 2.20 5.185

.00 I. 42.54 4.52 10.62

.00 2 42.9<1 6.45 15.00

.00 3 43.00 1.80 18.13

.00 4 43.21 '.90 20.56
900 .5 42.54 9.24 21.72
900 I 42.83 13.79 32.19
900 2 . 43.27 19.82 45.80
900 3 43.30 22.79 52.63
900 4 43.55 28.19 64.13
1050 .5 42.66 21.64 64.19
1050 I. 4217 30.23 10.17
1050 2 43.27 33.39 17.16
1050 3 43.50 35.64 81.93
1050 4 43.18 38.36 81.39
1100 .5 43.14 28.00 64.90
1100 I 43.33 30.80 11.10
1100 2 44.00 33.90 17.00
1100 3 43.61 36.00 82.43
1100 4 43.90 38.40 81.47

,.



, Table: 23 Chemical analysis of pre-oxidized reduoo:l ilmenite
as a function of time and temperature.

Temp"C Timehr. Fe (Tot.) % Fe (Met.) ROOuction
% %

800 , 42.54 5.10 11,98
800 1 42.80 8.30 19.39
800 2 42.85 ](l.BO 25,20

800 3 42.90 H.20 26,10
800 4 43.00 13.70 31.86
900 , 42.70 10.90 25.62
900 1 43.00 IUD 41.16
900 2 43.18 26.13 60.50
900 3 43.30 30.80 7Ll3
900 4 43.42 34.80 80.14
1050 , 42,82 28,47 66.48
1050 1 42.99 31.22 72.62
1050 2 43.16 31.97 86.76
1050 3 43.7& 38.50 87.93
1050 4 44.15 39,47 89.38

Table: 24: Chemical analysis offractionatcd pre-oxidized reduced ilmc:nitc
(reduced at loso"e for 4 hrs.)

Fractlonated amp Ti02% Fe (tot.) % Fe (met.) % %of
reduction

0,10 46.60 48.69 43.61 89.66
0.15 45.26 47.74 42.80 91.25
0,20 42.58 46.06 41.87 91.45
0.25 41.55 45.50 41.20 90.50
0.30 40.55 44.39 39.54 89.00
0.35 33.75 42.71 37.46 87.70

able: 25: Chemical analysis of as m.:cived reduced ilmenite
(reduced at 1050'C for different period).

'"

""",,,00 Concentrate in reduced ilrnenite % %ofoxygen D<s=
time (hr-) F", F_ FoO %oftotal combined with of

""'~ Febefore reductio
reduction "3 43.50 35.64 12.4 2.8 15.379 81.79

4 43,78 3836 8.55 1.9<1 15.379 87.64
5 44.67 39.20 "" 1.88 15.379 87.75



Table: 26 Caktulati<.>n Qldegree ofredUC1ion for flllctionated reduced sample.

'"

c,nm, % prr;sent in as r=ived ilmenite FeOin o,m D<g=

"'" """"" - 0<
F<O o,m F,,<, ~in ;~"ilmenite ilmenite reductio

F<O F 0 o " 0
0.10 31.96 7.1022 24.44 7.332 14.434 1.570 89.12
0.15 31.35 6.9665 21.20 6,36 13.326 1,320 90.09
0.20 30.89 6.864 20,78 6.234- 13.098 1.15 91.20,." 28.01 6.224- 19,18 5.754- 11.918 1.1978 "'.00
0.30 26.40 <."'" 18.44 5.532 11.398 1.265 88,90

LEACHING
Table 27 Percentage tcmOVII1fJf iron \'S. reduction time of ilmenite sample (Sample redIx:ed at
lOWe, 4-hr. leaching tim,,, 1 hr. at 15% HQ soln and at 7;/'C, : 4.47 )

Reduction time F~, Fe in leached sol,,- % % of iron ",mavaI
(hr.) In reduced sample, 42.43 3.23 7.61, 42.77 22,29 52.53, 43.77 33,38 78.29, 43,60 3821 lrI.63, 43.78 42.02 95.97, 44,67 44.91 96.07

Table: 28 Percentage retIIOVlI1of iron 'IS. reduction temperature of ilmenite sampk
(Ieacltcd in 15% Hel suln At 75"C for 1 hr. 4.48)

T,"", % Fe.... in the case fur 2 hr reduced % Fe.. in the case fur 4-hr reduced sample
.C -"fu '" ,..•.. %ofFe "'- In leached % ofFc I'CJIU)Vll1

""""" solntiOll """"'" -" solution

-"
"'" 42.90 5.20 12.12 43.12 .m 18.65

'"'" 43.27 20.27 "'.M 43.55 29.55 67.85

'"" 43.27 37.88 87.54 43.78 42.02 95.97
1100 43.44 38.09 87.73 43.90 42.14 96.01

Table: 29 P=ntIge n:nKMl1 of iron vs. leaching time (leached: 15% HCI at
75"C, Sample reduced at 1050'C for 4 hr. Fe... 43.780/.,4.49)

Leaching time (min) Fe... in n:duced Iron present in 0/. of iron mnoval

"
leached soln %

00.00 43.78 0000 00.00
10 43.78 40.89 93.39
10 43.78 41.41 94.58

" 43.71\ 41.76 95.39

'" 43.78 42,02 95.97

'W 4378 42,30 96.61

'" 43.78 42,33 96.68

'" 43.78 42.36 96.75



Table: 30 Percentage lClIIOVlIlofimn \'5. leaching tempcmturc (leached: 15% HC for 2
hrs. As =ived sample reduced at 1050.C fOf4 hr. Fe.. 43.78%4.51)

Temperature .C Iron present in leached solution % of iron rcmoval
%

" ",.n 93.12

'" 41.38 94.51

" 41.% 95.M

"' 42.02 95.9-9

" 42.28 %.57
n 42.30 %.61
W 42.33 ".'"" 42.33 "'"

Table:31 Percentage removal of iron \'5. HCI acid concentration (lea<;hed at 75"C for 2 hr.
in diffemll HCI <:oncentration. Reduced sample: Fe.. -43.78, 4.53)

ConcenlIation of acid % IronP=tin Iron pn:sent in % of iron removal--" leached solntion
% %, 43,78 7.58 17-31

; 43,78 33.28 76.01, 43,78 41.11 93.90

'" 43-78 42.02 95,97

" 43.78 42.30 96.61

'" 43.78 42.33 "."" 43.78 42.38 "W
" 43,78 42.38 "W

Table 32 Comparison of c:<tcnt of dissolution of iron from pre--oxidizecl reduced sample and as
received reduced &anl]lIeleached. with 10"/0HCI at specified temperature (4.55, 4.56 and 457).

Time (Min) % of iron in solution
30'C C nc

'" """"" "'- As received. "'" Asreceived "'"- oxidised - oxidiscd """'" oxidised.

"""'" """'" -, 8.75 11.76 15.76 17.66 20.57 23.411
; 14.88 19.42 27,14 30.02 33.71 36.92, 21.32 24.72 2977 32.67 35.89 39.05• 23.20 28,70 3U2 34.63 36.77 40.03, ""' 29.58 32.M 35,94- 37.65 40.68

'" 3UO 32.02 36,93 38.88 39.20 41.82

'" 34.98 35.94 38.22 40.19 39.78 41,93

" 36.90 38.S6 38,87 40.84 4ll.36 42.17

"' 39.27 39,27 41.07 41.19 41.55 42.50

''" 39.97 40.92 41.80 42.03 41.59 42.67



Table 33 Comparison of extent of dissolution of iron from pre-oxidiud reduced sample and
as rw:ived reduced Mn'lple leached ",ith HCl of different CO~tlOll at 75"Q458, 4.59
and 4.60).

Time % Of iron in solution
(min.) 5%HCl IOO/oRCI l'lo/oHCI

'" p~ '" ,.- '" -""'''''' oxidized received """"'" """"" oxidized

""''''' ""''''' """"" reduced """'" ""'''''5 36.91 39.34 37.65 40.68 40.23 41.20
10 37.87 40.29 39.20 4182 40.89 42.00
20 39.10 40.75 39.78 41.93 41.41 42.09
30 39.97 40.84 40.36 42.17 41.77 42.34
60 40.78 41.11 41.55 42.50 42.02 42.67
120 41.11 41.40 41.59 42.67 42.30 42.95

Table 34 Chemica.l analysis data for kinetic curve of isothennalleaching of
oxidized and reduced ilmenite leached with 10 percent hydrochloric acid at

«I- re (Fc...=44.16'Y<4.56\
Time (min) 30'0 50C 75C

%in sol' " % in sol" " % in sol" "1 11.76 .266 17.66 '0 23.40 54
2 19.43 A4 30.02 .68 36.92 .S<
3 24.72 .56 32.67 .74 39.05 .88
4 28.70 .65 34.63 .78 40.03 .91
5 29.58 .67 35.94 .• 1 40.68 .92
10 32.Q2 .725 38.88 .88 41.82 ."
20 35.94 .8138 40.19 .91 41.93 ."
30 38.56 .8731 40.84 .92 42-17 .95

Table: 35 Chemical analysis data for kinetic curve ofisothennalleaching of redtn:ed
ilmenite without oxidizing leached WIth 10 percem:hydrochJoric acid at specified teIlIpmture
(Fl:rot=43.78'%,4.57)

Time (min) 30"C 50'C 75"C ,

%in sol" cr % in sol' " % in sol' "1 8.75 .20 15.76 .36 20.57 ,7
2 14.88 ..34 27.14 .67 33.71 .n
3 22.32 ,43.51 29.77 .68 35.89 .82
4 23.20 .50.53 31.52 .n 36.77 .S<
5 24.09 .56.55 32.84 .75 37.65 .86
10 31.10 .71 36.93 .84 39.20 .89
20 34.98 .• 0 38.22 .87 39.78 _91
30 36.90 .S< 38.87 ." 40.36 ,92

-
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Table: 36 Data for leaching time plot for iSO!hermal kinetic curve shown in
_Oxidized-reduced and leached ilmenite ""mnl<'l4,6!.,

'"PM 30°C 50°C 75'C
Time t = >ftO.5 Time t = >ftO.5 Time I = tflO.5

0' " .1448 B ,1625 >0 .178
0.2 43 .296 29.5 .3678 20.5 .366
03 " .482 42 .525 " .553
0.' >04 .7172 60 .75 4> .737
0.5 '" , 80 , 56 ,
0.6 200 1.379 98 1.22 " 1.25

Table: 37 Data for isothermal kinetic plots according to first order reaction during
leacl1;n<> for oxidized and reduced ilmenit'"'4.63 _

Alpha T; """""" G(a) - -Ln (1-0:)
30"C SO°C 75°C

0.' " .35 B .216 >0 .166 0.105
0.2 43 .716 29.5 .4916 20.5 .341 0,223

03 70 1.l6 42 .70 " .5166 0,37
0.4 >04 1.73 "' , 42 70 0,5\
0.5 '" 2,01 80 1.33 56 .9333 069
0.6 200 2,55 98 1.63 70 1.166 0.91

TempT
30
50
75

Table 38 Arhenius tvne nlOI for kinetlc data (4,63).
T"K Iff k=tan9
303 ,0033 349
323 ,00309 .5497
348 ,00287 .7793

Lcl<
-1.052
-,5983
-,2494

Table 39 Data for apperent activation energy calculation ofleaching, Using differential, fur oxidized reduced leached with 10% Hel acid 4,671.
1< ur a-<U "~2 0:=0.3 a-=O.4 0:=0.5

Timet U>r Time,t U>r Timc,1 Lm T~,U>r Timet U>r
303 .0033 .35 -1.04 .716 ".334 L16 .148 1.73 548 2.41 .879

0 6
323 ,0030 .216 -1.532 .4916 -.71 .70 -,3566 , 0 1.33 ,285

9 ,
34' .0028 .166 -1,795 .35 -1.04 .5166 -.66 .70 -.356 .9166 -.087

7
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leached ilmenite sam•.•l~ 4,62\ '
Alpm. 30.C 50'C 7SoC

Time sec tJtO.5 Time sec "".5 Ti= ~ "".5
0.10 30 .171 18 .20 12 .18
0.20 6<I .343 31 .34 23 .35
0.30 100 576 50 .55 38 .58
0.40 140 .80 '" .77 50 .76
050 17S I 90 I 65 I

, Table 40 Datil for Ieaehing time plot for isotbcmnaI kinetic cuM:( As received reduced and

Table 41 Data for iSOlhennal kinetic plots aooordin8" to Spherical reaction
IDo<!<:I during leaching for as reaooved reduced ilmenite (4.65).

Alpha 30"C 50'C 7SoC R" "'[1- (1-
Tm. Ti= Ti= a)'''l
500 MID 500 MID So< MID

0.10 30 .50 I' .30 12 .20 ,0345
0,20 6<I 1.0 31 5166 23 .3. .07168
0.30 100 1.66 50 .833 38 .633 .11209
0.40 150 2.50 70 L166 50 .833 .1565
0.50 210 3.50 90 1.50 65 1.08 .2062

Table 42 Arhenius type plot for kinetic data (4.66).

Table 43 Data for apparent activation energy calculation ofleaclting, Using differential
approaeh for as received reduced leached with 10% HcI acid (4.68).

1fT oK " 0.10 a--o.20 a - 0.30 a-0.40 CI. =0,50, Lm , Lm , Lm , Lm , Lm
,00330 .50 ".693 I 0 1.6 .5068 2.50 .9162 3.5 1.252

6 0
,00309 .30 ".1.20 .516 -.660 .83 -,182 Ll6 .1535 15 .4054

6 3 6 0
.00348 .20 -1.609 .380 -,967 .63 -.457 .833 -.182 10 ,0769

3
- ,<i1C$1"I"D>r ~
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