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ABSTRACT

Heavy minerals found in the beach sands of Bangladesh are one of the most
imporiant mineral deposits that have, so far, been identified in Bangladesh. Ilmenite
is the most abundant mineral in these deposits and constitutes about 25 per cem 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 pilot plant was so1 up at Cox’s Bazar by the Bangladesh Atomic Enetpy
Commission to scparale the individual heavy minerals from these deposits. Unfortunazely,
however, the ilmenite produced at Cox’s Dazar pilot plant contains less (han 40 pereent TiO;
togcther with a Jarge amoumt of iron in the form of ¢xides, silica, mapnesiom and
unacceptable amounts of mangancse and chromium. IImenile contaiming less than 55 percent
titanium di-oxide is not considered suitable for industrial nge. As a resull, this valuable
muneral separated from the beach sands of Bangladesh, which is used in the manufacture of
paints, welding electrodes, ceramics, etc. could not find any market in Bangladesh or

elsewhere.

n view of rapid depletion of known reserves of natural rutile {TiO.) efforts are being made
throughont the world to transform Himenite into rutile through thermo-chemical treatment.
As a reselt of these investigations, a number of commercial processes for the production of
rutile from ilmenite have been developed. This rutile is known a4 symthetic rutile. No effons
are known to have been made to convent Bangladesh ilmenile to synthotic rutile. It was,
thetefore, considered necessary to explore the possibility of converting Banpladesh ilmenite
to symhetic rutile through thermo-chemical mearment. It is belisved that the successful
conversion of Bangladesh ilmenile inlo synthetic rutle will make this valuable mincral of
Hangladesh useful at home amd abroad, cithanee the confidence m our ability to use our own

nmatural resources and also the prestige of (he nation,

In this dissenauon investigations were camed out to characterize Bangladesh ilmenite i the
process of ts up-gradation mio synthetie rutile, Raw sand containing the heavy minerals was
collected from the back dunc surface layers of heavy mincral deposils at Teknaf village arca
(Lengurbil deposit) from poims located 2-3 Xm away from the wamwer line and 5-6 meter
above mean sca level. The arca sclected for the study falls between the labtude 20°52'7" 1o
20°52'21"N and longitude 92°16'10" to 92°15'58"E ai Teknaf. The keavy mineral proportions
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of the concentrates were determined to be 89-92% by poimt counting grains using both
reflected and transmitted light microscopy. Among the minerals found in the Teknaf beach
sands ilmenite is the most important one It constituics around 24% percent of heavy
mineral tonnage, the other important constiruent mincrals of (ke heavy minerals being rutile
and zircon. Factory grade ilmenite was produced at the Beach Sand Mineral Exploitation
Centre, Cox's Bazar, The techniques of seperation are based on the difference in physical
propertes like density, elecirical and magnesic properties. The reduction-leach route 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 roceived
condition, after oxidation and reduction and also after magnetic and size frachonation. X-ray
diffraction analvsis was performed to identify the phases present in the various fractions.
Thermo-gravimetric analysis of the magnetic fractions was carried out to detect the presence
of water in the sample. Combined water m ilmenile s an indicaror of the extent of alicration.
The effect of oxidalion on the extent of reduction and alse on subsequent leaching of
Bangladesh ilmemte has been investigated. The effects of ume and temperalurc on the
oxidation of timenile have been fellowed by chemical analysis, X-ray diffraction and optical
microscopy. A few samples of ilmenite were also obscrved under a scanning glectron
microscope. The sample of ilmenite both oxidized and as received was reduced with
chareoal in the wemperture range of $00°C to 1100°C for rearment time of up-to 5 hr. The
magnetic fractions and the size fractions were also reduced under identical conditions. The
extent of redaction was followed by chemical analysis and X-ray diffraction analysis. The
reduced samples were also observed under optical and scanning glectron microscope. The
reduced samples were leached in hyvdrochione acid. An attempt has been made to understand
the kinctics and mechanisms of leaching process.

llemenite sample under mvestigation contained 25.32% FeQ, 32.53% Fer0Os and 39.96%
TiQ;. From the sieve analysis it was found that more than $6% of the Umenite belongs to the
US sieve ng, 100, 140 and 200 The sphericity of all three samples was found lic in a narrow
range, 0.822-0.8343. However, fingr sire fractions wete found 1o have a slightdy higher
sphericity than the coarser one. Magnetic fracttonation showed hat about 96% of Teknaf
ilmenite belongs to the fractions separated by a current of 0.10 - 0.30 ampercs and relative
sp.gr. mnge of 4.1-4.5 in companson of synthetic rutile sp.gr. 4.7

X-ray diffraction paderns of different magnetic fracticnated as received ilmemte shows the
presence of pscudorutilc phase and TGA report indicale the presence of bound water,

%
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Detailed investigation on the X-ray pattern and TGA report led to the conclusion Teknaf
ilmenite is in a partially aitered state but not hydrated enough.

Samples of ilmenite have besn oxidized in the temperature range of 750-950°C for a period
of upo 2 kr. Scaming clectron microscopic studics revealed the presence of cracks in the
oxidized samples. Chemical analys:s resulls have shown thart the oxidation of the as received
iimenits in normal farnace atmosphere at 950°C for 1 hr. converts all but 0.57 percent FeO.

The samples of ilmenite were reduced by charcoal in the tamperature rangs 800°C 10 1100°C
for meatment time of up-to 5 hr, The optimum conditions for reductions were fournd to be
1050°C and 4 hr.The maximum extent of reduction was found to be 87.61%. It was also

identified the optimum ilmenite coke ratio for reduction is 111,

Finer feactions of Teknaf ilmenite contain higher percentage of iron oxide. They actually get
reduced at a faster rate and the reduced samples of finer fraction contain a fower amount of
iron in the oxade form. So adapration of scparate reduction procedure for each of the size
fractions 15 not necessary.

llmenite factionated at lower curremt conlaing higher percemage of iron owade. Fractions
separaled at lower curremts are reduced to a lugher extent than those separated at higher
currents and the redeced samples separeled at lower currenls actually contain lowar amount
of iron m the oxide form. Thus adaplation of separate reduction procedure for cach of the
fraction wiil not be helpful to cnhance the eduction process.

Reduction with charenal under oprimum condition showed that the maximum metallic iron
comem of the sample reduced afler oxidation were higher (39.36%) than in Lhe samples
reduced (38.36%) in the as received condition. Reduction of ilmenite m the oxidized
condition was found to proceed in two stages. The first stage is the reformation of ilmenite
according to the either or both of the following reactions:

Fe;Th0s + Ti; + CO — 2FeTi0s +C0O;
Feq0a + 2Ti0; + CO — 2FeTiOy H0O:

The sccond stage is progressive reducton of ilmenite to metallic iron and rutile according to

following reaclion:

Fe;Ti0s + CO — Fe +Ti0, +CO;



On the other hand, the reduction of as received Bangladesh ilmemte involves (1) conversion
of pseudorutile imto rutile and ilmenite and (i} change of ilmenite into metallic iron and

runle,

The reduced ilmenite samples were leached m 53 to 15 percemt hydrochlonic acid selunon 1n
emperature range of 30 to 83°C for pertods of up 10 2 hr. Antempts were made Lo identify
the effeers of oxidation on the extem of leaching. Oxidation prior m reduction of Teknaf
ilmenite was found 1o increase the rate of leaching The iron removal from leached ilmenite
after redoction 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 Lo Follow first arder reaction model ic. G {a) =-In (1-a} up-to an a value of 0.3
(up-to 30 percem reaction) and then change to spherical model 1.e.G (o) =[1<1-a)"*] = (k/r}
t On the other hand, feaching of ilmenile reduced without oxrdizing was found to i:[:':llaw the
spherical model i.c., G (&) = [1-(1-a}'*] = (k/c)t .al-through the lcaching process. Oxidation
of ilmenile prior o reduction was also found to have decreased the acrivation cacrgy of
leaching from 23 k/mol, found for samples leached after reduction in the as received
condition, without oxidizing, 1o 16 ki/mol. for sample lecached afler oxidation and reduction.

The X-ray diffraction pattern of the leached sample did not show the presence of metallic
iron or 1lmenite, the maximuom intensity peak was that of rutile. TiQ; comett of synthetic
rutilc prepared from Teknaf ilmenite is very much compareable with commercially availahle
synthetic rutile. The values for the other constituent of iron oxide are well comparable. The
varations may be due Lo the difference in the raw materials used. In general it can be stared
that synthetic rotile prepared from Tekmaf ilmenite by this oxidation-reduction-leach route is
equally good if not beticr than Lhe commercially available sample. So synthetic rutile
oblained in these studies comaing 91.50 percent TiO,, which is very much compareabie 1n
chemical constitution with the commercially available synthetic rutile,

xi



Chapter 1
INTRODUCTION

1.1 Introduction

[tmenite, rutile and leucoxene are the only naturally oceurring tilanium bearing minerals that
have been seriously considered as sumable feedstock for cither the metal produsing or
pigment industnes. This is because only thesc mincrals are found in large cnough
commercial concentrations; compared with other naturally occurring mineralsrconta.ining
tianiom, 10 be suilable for industrial exploitation. The other minerals that conlain titanium
are arizonite tianuferous magnerite, sphene, perovskite e1c. Major deposits of ilmenite, rurile
and leoucoxene arc located in Australia, Brazil Canada, Norway, USA, India, Malaysia,
Ceylon, China, South Africa and Russia.

llmenite, usually referred to as ferrous twanate {(FeQ.Ti0y), is abundant in nawre and is
regarded as an altermative raw material for the production of titanium di exide, which can be
used directly as pigment ot for the manufacture of Utanium, Ilmenite is named for its place of
recovery, at limen Lake in the Ilmen Mountains of Russia. Imenite formis as a primary
mineral in mafic igneous rocks and is concentrated into layers by a process called “magmatic
segregation”. Ilmenite also occurs in pegmarites and some metamenphic rocks as well as in
the scdimentary 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 usualiy iron black, but brown and red varietics with a mewllic lustrs
are alse found. It is opaque and sliphtly magnetic. The theeretical composition of ilmenite
shows Lhat it contains about 52.6 percent TiQy, 47.35 percent FeQ. In otherwords it containg
31.56 percent Ti, 36.81 percem Fe and 31.63 percent oxygen. However, i most cases the
ferrous iron is parily replaced by ferric iron. The individual grains of ilmenite may also
contain submicroscopic inclusions of rutile, essentially pure Ti0, with very small quantities
of iron. Onher prains may also be altered, resulting in the breakdown of the ilmenite structure
with partial leaching and exidation of the iron This ean incrcase the TiO; coment of ilmenite
to 50 per cent or more. Pscudorutile and lencoxene are the alteration products of ilmenite
containing higher tianium and are usually limited in beach sands. The grains that have been
highly altered and consist of almast entirely of leucoxene may contain as high as 80 per cemt
TiQ. Small quantilics of leucoxene are markeied as an acceprable substitute for rutile. Rutile
is essentially naturally occunng TiO; and deposits are relatively rare. As a result of



increasing consumption, pamicularly in the paint indusiries, the deposils are fast depleting
and demands outstrip supplies. This shortage of narural mitile has forced technologists
throughout the world 1o develop a number of processes (o mcrease the titamia content of
ilmcnites for use as a substrute for scarce natural nutile. The cnriched ilmenite 1s known as

gymthetic rotile.

1.2 Commercial Uses Of llmenite

Nmenite is used in the manufacmring of titanjum dioxide pigment duc Lo the unique
properties of high refractive index, low specific gravity, chemical stability, high hiding
power, light fasmess, non-toxi¢ nature and compatibility and has now replaced all other
white pigments like zinc oxide, white lead and zin¢ sulfide. infact the larpest percentage
{upio 95%) of world use for tilanium oxide is For the production of this white pigment.

Iimenite is 2 source of titanium metal. Due to extreme resistant to corrosion, high strength to
weight ratio and high fatiguc resistance at high temperature Hranum is used as a swuctural
metal, For cxampie, titanium is used in supersonic Lransports, in desalination syslems, and in
chemical process indusirics, as a material for reaction veasels, pipes, pumps, heat
gxchangers, elc,

Rutile, leucoxene, and ilmenite are used for coating welding rods. Namral naile 1s preferred
1o ilmenite for this purposc but synthetic rutile is an acceplable subsutuee. [lmenite is used
in the preparation of high 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 filler for paper.

Tmenite is used to produce lilania rich slag, which is an ideal feed material in the
tilanium dioxide plants. The attractive feature of this process is Lhat pig iron is also
produced along with the slag. This ensures the Rull utilization of the:valuable

constituents of ilmenite.

The imporiant uscs [Krishnan and Roy, 1942] of ilmemite as well as its products are

summerised as Pbllows;
Titanium Metal;

Berzelivs first prepared titaninm by reducing potassium fluo-ntanaic with sodium, In a very
finely crystalline or amorphous condition it 13 a grey-powder. At ordinary temperamres the
mewl is rather brirtls but can be forged and drawn inte wire at red heat. It 18 twice as heavy



as magnesium and only slightly heavier than aluminium. The metal has a high proportional
Limit, which gives a measure of its elasticity, which is much higher than that of cold-worked
stainless stecl. Henee titanium, when {abricated, can offer lightweight sections, which can
bear bigh stresses. It has been suggested for use in the very highly stressed parnts of arcraf
and also for diaphragms in radiotelevision industry, for spools, spindles ac. in textile

machincry and a0 on.

The metal is resistant to the corrasive action of seawater, nitrie acid, boiling chlorides, wet
chlorine gas, swong alkalies and organic acids. It is anacked by dry chlonng, sulphuric and
hvdrochlone acids and boilmg mitde acid. Titanwum and a fow of its alloys arc used now
instead of stainless steel in some aircraft parts and military equipment Titamum is claimed
to pive the same or betier protection as high-class amour stecl against projectiles for the
same thickness of metal. Titanium can be surface-hardened for use as pistons because of ns
lightness, strength and resistance 1o frictional wear, but some other metals are better in
repard to heat conductivity.

Titanium diodde:

Titanium dioxide is at present the maost important manufctored compound of titanium in
commercial use. It has been produced from ilmenile end rutile and is well known as paim
pigment calied dtaninm white. The pigment 15 used in paints, enamels and lacquer; and as
filler in paper, rubber, leather, textile, plasic, printing inks etc. The chief properiics
contributing to the importance of this pigment are its high opaciry and covering power,
Amongst white pigments it has apparently the highest refractive index {2.7). 1t is also
practically iner and resistam to atmosphenc action. The paint wears evenly and without

cracking or pealing, It mesists the action of seawater, hydrogen sulphide, suiphune acid etc.

Titanium dioxide is often mixed with various other pigment matenals and fllers like barnm
sulphate, calcium sulphate, zinc oxided, lithopone ete. A pipment containing 75 per cent
banum sulphale and 25 percent titanium dioxide is called titanox while the corresponding
calcium sulphate pigment 15 also uscd. Mixtores of lithopone and titanium dioxide are also

trsed as paints.

It has low spocific gravity, Its very fine paTicle size enables it 1o be dispersed casily in Liquid
media, Tt is alse non-loxic and can be safoly used m vanous industrics. It a5 used 0 give
whiteness and opacity to varous grades of paper textile cte, In the rayon industry tilanium
pigment has been found useful because of its inertness and ability to reduce the lustre of the
fibers 1 2. acts as a valuable de-lusirant



Titaninm dioxide pigment finds extensive use i cosmetics where its uscful properlies and
particularly its non-loxic character are prized, It is wsed in face powders together with certaun
other constitule to give the desired adhesivencss and absorbing and covering power. It is also
used in varigus preparations like cold crcams, skan lotions, cintments, polishes, tooth
powders, pasies elc.

Tianium dioxide is widely vsed in the ceramic industry. It imparts a yellow colour to
vitified ware and enamcls. Opacifymg cramels have been developed in recemt years for
direct application on metal without 2 prime coal. In intro-celiulose and other lacquers,
titanium dioxide is used in view of the high opacity imparted by it. In the manufacture of
plastic 1t is used as the opacifying agem and for giving different colours. An ivory-white
enamed made from Lhe dioxide is used in making artficial teeth.

Tiranism Chemicals:

In the dyeing industry the chioride and sulphaie of titanium find epplication, as they are
cHccuve sinpping agents, which can be used on silk, cotton and wool. Other Ltanium salts
such as flvcride, lactate, lartarate and double salts of alkali and titamum are also employed
for this purpose. Titammm chlonde deswroys basic dvestuffs dyed with tannic acid-lartar
emetic mordant, If hard water is used in the pmcess, some hydrochlonc acid should be added
Lo the Umnium chlorde in order to prevent the precipitation of titanic acid by hydrolysis. In
some cascs titantum dioxide serves as an excellent mordant, Alizarine acarler, dyed on wouol
with titaniam mordant, is the fastcst colour that wool can take, Alizarine yellow also pives
similar results Potassiom-titanium-oxalace is wsed as mordam i the dycing of vepetable

tanned leather with basic colouring mamer.

Titanium teira chloride {TiCl,) is an important chemical of titanium, which has various uses
including that of being the raw material for the manufacture of metallic titapinm, It is
manufactured as a liguid, which forms dense white fumes on coming intc contact with
moisture in the air. This property is extansively used for producing smoke screens and for
skywriing. The addition of a litde ammonium to this compound is said to make the fumes

denser,

A compound of logwood and titanium produces decp black permancnt ink, which is indelible
and cannot be washed casily. Titanous chlonde 15 wsed for removing iron stains Fom cloths
in lumdres, Titanium dioxide has been vsed in catalyses o esterficarion of acenie acid.
Alkyl titanates formed by the action of TiCl, on aleohols show excellent waterproofing
qualities and can be applied on alt types of natural and artificial fibres as well as on metallic
surfaccs. Barium titanale has been used in lugh voltage condensers (e g. television sets)



because of 1heir special electro-mechanical characters in high electric fields (Jaffe, 1950),
Titanium compounds have been used in the manufacture of insulating matenals and also in
making thermocouples, resistance healing wnits, electron discharge tudes ctc.

Curbides:

Titanium carbide, boride and silicidc arc very hard subsatinces, which have found usc as
abrasives. Titanimm carbide is already being uscd as a substits for ngsten carbide. A
mixture of tilaninm and tungsten carbides are simercd and pressed and the mixed carbides
are uscd as tips for cutling 10ols, in dies and in ghrasive wheels ete.

TlUamium In Alioys:

Tilanium is an important alloying elewnent in steel. This is largely dee Lo Litanium ferming
stable carbides and nimides and acting as a de-oxidiser. It acts as a purifier of steel by
forming slag.

A few types of ferro-alloys of tilanium are made and used in the steel indusiry. In steel
making, beth high-carbon and medium-carbon ferro carbo-titanium are used generally as a
final addmian to steel afier manganesc and silicon have been put in. In imming steels (those
wilth very little or ne alloying elements and comaiumg penerally less than 0.25 per cent C)
the addmtion of tianium serves to keep blowholes clean and free from oxadation so that on
rolling they disappear complezely. The tilanium also helps Lhe evolution of gas contained in
the metal before 1t freezes. It refines the grain size promotes the formation of forric and s
compounded (mainly carbide} become distributed evenly in the steel.

Titaninm added to stainless steels, prevenrs or inhibita intergranular cormosion, which is
particularly useful in welds Its use in high chromium heat resistant sleels is increasing as it
canses a refinement of grain. In cerain mangancsc steels, Uanium has been used 1o replace
nickel and vanadium satisfactorily beecausc tilanium is able Lo impart a hard chilled surface
layer to iron and sweel. Such stzel has been used for making axles rollers, whecls ete.

Cerain alloys comaining cobalt, molybdenum and iron with utanium and beryllium show
excellemt resistance Lo several acids, alkalis and other tormosives substances. Tianium alloys
with ruckel, cobalt and iron arc sad 1o have viclded a vory svilebls material for the
manufacture of parmanent magnets, which can retain their magnetism over a large range of
lemperature. A typical composition i5 sad to be 45 percent Fe, 16 percant Ni, 28 percent Co
and 11 percem Ti but the tiraninm contem may be higher in some composilions.



Tianium dlaxide gems:

During the last few vears titanium dioxide has beent melted in an ¢lectric arc and erystalised
1o form transparent gemstones. These can be produced in different colours. They have a high
refractive index and brilliance and are ¢laimed to be betier than arnficial 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

artractive avenucs open for the utilization of ilmenile.

1.3 Methods of Upgrading

Hmenite comains titania {Ti0:) and iren oxide (Fe0). It may also conlaim other oxides such
as Fe;0., Si0: and trace clements (Al, Mn, Cr etc). The tochniques of upgradarion of
ilmenite involve preferential removal of iron. Some of these techniques are now being
exploited on a commercial scale and a few are wadergoing trial in pilot plants. Most methods
are, however, still confined to the laboratory. The existing technigues of upgradation are
based on following five principles [Ganzu and Mazumdar, 1970 and Jena et al., 1973] .

1.3.1 Smelting

This is a pyrometallurgical technique where in ilmemte i3 heated with a reducing agent and
firxes in an electric are furnace at high lemperature (>15300°C) w get molten iroe and titania
rich slag containing most of the ganpue material. This slag layer is given to farther Ureatment.
The process can be represented as follows:

lmenite + coal + flux — pig iron + titama rich slag + carbon monoxide.

Symhetic rurle is alse produced by smelting a mixture of ilmenite pellicts, coke and lime in
an elactnic arc furnace [Elger and Rhoads, 1976). The slag obrained is tapped ar 1600°C and
Leated with O; and titaninm pyrophosphate, which converts tilanium oxide to crystalling
rutlc and phosphate plass. The treated slag is then ground and leached with H;S80, to
dissolve phosphatc glass and 1o oblain rutile crystal.

1.3.2 Reduction followed by removal of iron

Most of the succesaful pracess for the production of synthetic netile may he classified in this
category. In these processes, Lhe iron axide present in dimenite, either in ferrous or in fernic
form are converted to lower oxide or 1o metal so that they can be separated by leaching with
a suitable leaching solution. Coal, hydrogen, charcoal, coconut pith erc. has been used as



reducing agems. Reduction iemperatures in the range of 1000°-1 100°C arc nsually empioyed.
Iron is then removed from the reduced mass by leaching, rusung or magnetic separation
[Samania ct al, 1968 and Ganzu and Mazumdar, 1970}

Leaching: Bydrochloric acid and FeCl; sohaions are commonly used to leach out iron
from reduced ilmenite. Leaching is usually carried out at atmospheric pressure, higher
pressures have also been used. These methods produce synthetic rutile containing §3-95 per
cent Ti0s.

Rusting: Oxidative removal of iron from reduced ilmenite ts carried out by rusting in a
vessel agitated by blowing air at controlicd rates. The following reaction lakes place [R.G.
Beacher el al, 1965 and Samanta et al, 1568 |

Fe twnee = Fe ™ g+ 20
0, +2H, 0+4e =>4 0H

Ferrous hydroxide is formed by the reaction between the ferrous and hydroxyl ions and by
further oxidation rust is formed. Using some ammonium chloride (0.5%) and acidifymg pulp
with sulphuric acid to a pH of 4 assist rusting. It is & cheap process and yvields a high-grade
product (containing over 90 pereent Ti0;, which can be upgraded further to 94 percent by
simple acid leaching) that can be readily proccssed lo pigmem-grade titania by the chlaride

Toule,

Magnetic Seperatlon: In these prociss [Walsh et al, 1968 and Pollard e al, 1978 ] reduction
of ilmesite is carnied out in the presence of suilable flux (e.g. NaCl, Na;CO,,CaF2 NaaSi(k
clc.). As a result, & product resembling sponge iron is obtained. The reduced ilmenite is
crushed and wet ground and the mass is subscquently sepereted imto two slurries containing
iron and tilania by means of magnetic seperator.

1.3.3 Direct acid leaching

In the direct leaching of ilmenite sulfuric acid and bydrochloric acids are commonly used
Digestion with conc. sulfuric acid is not selective and brings both the iron and titanium
axides in solution but subsequent processing of leach liquor yields pigment grade Ltania. On
the other hand digestion with hydrochlonc acid is essentially selective and omly iron oxide is
brought w solution. The product abiuned is synthefic rutile which requires further
processing o get pigment grade titania,

Leaching of ilmenite in hydrochloric acids has also been artempred at higher pressures. It has
been found that leaching at atmosphenc pressurce is less efficignt and the prodoet is of



inferior quality. High pressure leaching [Schra ef al, 1966] under sumable conditians can
produce a product containing more than 98% Ti0..

1.3.4 Conversion of Iron Oxide and/or Ti(); in Imenile to Leachable Product
Conversion to Tianate:

IImenite is treated with Na,CO; at clevated temperatures (900°-1100°C) 10 obtain sodium
titanate [Khary ct al, 1968] according to the following reaction:

Fe TiOs + NaxCOy—» Na; 110, + FeO + Cly

The sodium titanate is leached out with water or dilute acid resuliing a product containing
93% Ti0,.

Comversion 1o Sulfate:

Boih iros and tilanium in ilmcnite can be convened to thoir respoctive sulfales [Viswanathan
Nayar, 1952] by treating with (NHy) 2 SO; at 300-500°C or NaHSO; at 400-3800°C. Ahout
90% Fe and 95% Ti of ilmenilc can be recovered by leaching with TN H-80,. Ti0; is
separated from leach liquor by controlled hydrmlysis.

Comversion to Sulfide;

Trearment of ilmenite with some sulfur bearing materials (pyrite, Zn5, Na;SO.+ C) or, sulfor
vapors {cads Lo the preforential sulphadisation of iron in ilmenite  [Sharova and Fotivev,
1959, and Gaskin and Ringwood, 1959). For example on heating of & mixture of ilmenite,
NazS0, and carbon at elevated temperature (1000-1300°C) results in the formarion of Fe§
according to the following reaction.

FeTi0y + Naz80, + 2C — Fe§ + Na;Ti0; + 2C0,.

The reaction product is treated with heiling H:50, to yield a titania rich product. Synthetic
rurile is also prepared by hearing ilmenite at 500-1000°C in sulfur vapor in absence of
axygen, The product is cocled tn absenee of oxygen and leached with water and oxygen at
20-100 psi. The product is rutile_aggregalc, soluble sulfur and ferric hydroxide sludge.

I'menite can also be bencficiated by trealing at 1000°C with any gascous sulphidising
medium like H;S, C8; H5+CS: mixture for 2 o 3 hours followed by teaching with dilute
HCI acid for '/, hour resulting in a titania rich product [Jain and Jena, 1970 and Jain and
Icna, 1973].



1.3.5 Halogenation

These processes are based on the selective conversion of iron to iron halides by trcatment of
ilmenite with a suitable halogenaring agems such as Cl;, HCl gas, CL+HCL CLHH,,
H:+HCI, CO+Cly C+Cl, NH,CI, Br, ctc. The residuc Ieft afler treatment is synthetic nutile.

Chiorinating with Cly:

Imenite mixed with a carbonaccous reducing agent 1s chlorinated at 850-950°C w produce
iron chloride and rilanium teirachloride. Titanium dioxide is obtained from titanium
tetrachloride by hydrolysis.

Preferential chioripaling of iron oade in ilmenie has been inmvesligaled by some
investgarors [Patel and Jere, 1960 and Dunn, 1960]. Imenite is brequetted with charcoal
{6%) and FeCl, binder and then rreared with chlorine at S00°C-600°C. This process results in
a product conlaining about 90% Ti0;. Titanium dioxide has also been preparcd by the
sclective chiorinating of ilmenite with paseous mixture of Na and Cl, in a chlorinator with a
certain amount of air or oxygen [Jocdden et al, 1983 and Kwangrung, 1978].

Chiorinating with HC! (Gas:

A product conlaining 97% of Ti0: has been obtained [Sankaran and Bhatnagar, 1968] by
selective chlonnation of ilmenne by HCI gas a1 1000°C for 3 hr in the laboratory.
Pregxidised ilmenite requires higher mmperamres for effective removal of iron. No solid
FeCl;, which causcs cxperimental difficulties in conducting chlerinating, is found when
preoxidised samples arc used for chlionnarion,

Incrcasing the percemtage of H; in the gas mixturc of HCI and H; the percemiage of iron

chlorinated is decreased and the condensale mainly consists of FeCl,,

A product containing 90% Ti0y and 6.6% Fe,Q; ¢an be ohtained by selective chlorination
[British paient, 1954] of ilmenite with a mixture of TiCLy and Cl; at a temperature of 1050°C.
Treatment of ilmenite with NHy and HC! at 600°C removes about 92% of iron. Al
temperature 300°C all the irons are removed [Ivashemtsey, 1962 and Ivashenisey, 1964].

1.4 Ilmenite Deposits in Bangladesh

Hecavy mineral deposits along the coastal beit of Bangladesh conslitute a potential national
asset [Beach sand mincrals report’1983]. The exploration, :xploitaibn, developmemt and
usced of these resources are essential for uplifimem of national economy, Beach Sand
Minerals Exploitation Centre Jocated at Kalatali in Cox® Bazar explorod 17 deposits at the



13

entire southeastern and southarn coasts along with their adjacent islands have. Among these
depasils 6 deposils are located elong the Cox’s Barar —Teknaf coast (Radarmokam, Sabrang,
Teknaf, Shilkhali, Inani and Cox'bazar), 7 deposits on Moheshkhali Island (Foreshors
depoait, Kutubjum, Falirghona Fakithata, Baroghoriz Para, Panirchara and hoanak), 1
deposit ou Matarban Island and 1 deposit on Kutubdia island. Fig 1.1 shows the map of this
arca. Only two deposits have been found in the southern coast of the country: 1 in Nijhum
Drwip of Haria and 1 in Kuakam of Pamekhali districr.  Most of these deposils occur al a
distance of about 1-2 miles inland from the present shoreling. The distobution of valuable
mincrals in these deposits is shown in Table-1.1 [Bari Biswas.1993]. Table-1.1 shn;nfs thar a
total of 2,04,96,981 tons of crudc sands containig 43,54,50]1 ttms of heavy minerals are
availabie in the deposit in which [lmenite constitute 10,25,558 oms.

1.5 Beach Sand Minerals Exploifation Center

Beach sands containing valuable heavy minerals were first discovered in 1951 during
a geclogical 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 Cox’sbazar and Teknaf under the joint
supervision of Mr. Neakes and Mr, Macdonald who also trained peologist and other
para staff of the commission in the techniques of drilling and sampling. A bulk
sample of sand from Cox’sbazar wes 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 Aromic
Energy Commission requested the Governmemt of Australia to build a pilot plant at
Cox'sbazar. Instaliation of the plant began in May 1975 and was completed in
October 1977, The center 1s mainly engaged cxploration and exploitation of valuable
heavy minerals like zircon, rutile, ilmenile, leuxene, monazite, garnet etc. The
gctivities of the center continued in full swing till 1987, After then the Government
decided to sell out the center to private sector. But due lo some difficulties this
decision could not be materialized and the activities of the center were kept pending
till 1991. In late 1991 the Government toak decision to continue the activities of the
center and the activities of the center slarted agein in late 1992, The plant has

separated hundreds of tons ilmenite with some other heavy minerals.
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Table -1.1 Summary of heavy mireral reserves in the deposits along the cm:l.n] belt of Bangladesh,
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1.6 Prospects of Bangladesh Ilmenite

Heavy mincrals found in the beach sands of Bangladesh are one of the mast imporiam mineral
depasils that have, so far, been identified in Bangladash. [lngnite is the most abundant mineral
in thase depasits and consututes about 25 per cent of all the heavy mincrals [Report, 1935]

In 1977, a pilot plant was s¢t up at Cox’s Bazar by the Bangladesh Aiomic Energy Commission
10 scparate the individual heavy minerals fom these deposis. Unflormunately, however, the
imenite produced at Cox’s Bazar pilot plant contains less than 40 percent TiO, topether with a
targe amount of iron in the form of oxides, silica, magmesium and other trace elemenis such as
mangancsc chromivm ¢lc. Different consutucnts of Bangladesh ilmzmate are shown in the Table-
1.2, This tahle shows the minimom and maxiomin peresntage of of the constteens as camplied
rom dala found m duTeranl relerences. finformation oooklel, 1994, Ahmed ot al., 1992 and -
Hasesh et al., 1997]

Table 1.2 Constituenis of Bangladesh ilmenite.

Constiments Constituems
Ti0, 39.00-45.37
Fez0Os 25.62-33.00
FeO 24.019-29.75
Si0; 1.20

MnO 117-1.30
CraOy Q.02 057
P40 0.03

Imenite comaining less than 55 percent dlanium di-oxide 8 not considered svimble for
industrial use. As a result, this valvable mineral separaied fiom the beach sands of Banpladesh,
could ned find amy market 1n Bangladesh or elsewhere.

In vicw of rapid depleticn of known reserves of natural rutile (TiQy) efforts are being made
throughout the world w wansfirm ilmenite into rutile theough thermo-chemical reatment. As 4

result of these investigations, a number of commercial proccsses for the producton of rutile



15

from ilmemic have been developed. This rutile is koown as synthetic nutile. It was therefors,
considered necessary to take up Lhis systematic study to assess the possibility of converting
Bangladesh ilmeanite Lo synthetic rutile through thermo-chemical oeatmend It 19 belicved that the
successful conversion of Bangladesh ilmemite into synthetic rutile will make Lhin veluable
mingral of Banpladish useful st home and abroad, enhance the confidence in car ability 1o use
our own naturel resources and also the prestige of the nabon,

1.7 Scope of the Present Work

The Pilot Plant established at Cox’s Bazar geparate the waluable heavy minerals including
iUmenite from heterogencous sand muctures. The tachniques af seperatiom nsed gt BSMEC Cox’s
Bazar are based ¢n the phyvsical properties only of the minerals.

Chemical analysis performed at Lhe laboratories of the Department of Metallurgieal Enginsering
at BUET, Dhaka and also clsewhere has shown that the ilmenite separated at the pilot plant at
Cax’s bazar containg about 40 percent tilenium-di-onade [ASW Kurny, 1998] and is, therefore,
nol suitable for industriel use The tlmemie separated from the beach sands of Bangladesh has to
be processed furiher (o remove the chemically combined useless minerals, partisularly iron,
before it can {ind some use,

Bangladesh is very poor in mineral resources. The best possible use of the heavy minerals
separated from Lhe beach sands of Bangladesh is, Lherefore, very impeartant fire the econamy of
the country. Mridha and I[slam [1985] attempceted (o separate TiO, from (he Bangladesh ilmenite
b the wet chemiczl route. Thewr process imvolved dissalution of ilmenite in a2 mixture of hot
concemirated nitnie and sulphuwric acid subsequenl scperauosn of tilamum As metanitric acid,
which on healing at 75-80°C yiglded TiQ,. Earlier investigations at the Department of Maierials
and Metelurpical Engingering at the B ULET., Dhaka on the produclion of synthetic rutile
through the reduction-lesch roule yiclded encouraging results and he TiQy comleml of
Bangledesh ilmenile could be raiscd 1o about 92 per cent [Haseeb 2nd Kumny, 1998 and Sarkar
and Kurmy, 1998]. Early studies [Kurmny, 19%8] indicated that TiO2 content of ilmenute separated
from Lhe beach sands of Banpladeshh could be enhanced by thermochsmical Lreatmemts.
Dicrailed charecterizanon of Bangladesh ilmenile concentrate has (herefore been undertaken.
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Chapter 2
LITERATURE REVIEW

2.1 Introdoction

Hmenite and rutile ere the commercially most imporiant minerals that contain Gtanium. There
arc eeveral other minerals Lhat contain eppreciable quantitics of Glanivm Of Lhis dmenite,
anzonite, Utaniferous magnente is of commercial importance. Table 2.1 shows the compasilion,
specific gravity and titanium percemt of chief tilanium minerals {Krishnan and Roy, 1542].

Table 2.1 Chief Titanmm Minzrals

Mineral Composition | Specific Gravity Titanium per cent
Rutile TiC, 425 3995

Hmemite FeTi0s 45 -500 316

Arizonite Fe:04 3TIO, 366

Titaniferous Fe;:Q,withTi: | 5.0 -55 Upto 20

Magneute

Sphene CaTi5ily 354 245

Prrovskite CaTi0s 4.0 353

Nmenite (FeTi0s) is the most comman mincral of Ulanium. It occum in moat igoeons rocks
(particularly in basic oncs) and in some schistose rocks. Generally it oteurs in the form of
disseminaled grains. Lenses and venis of imenile and titaniferous magnetite are also found. It is
black in colour with & sub-metallic lustre. Its gpecific gravity is 4.5 o 5 and hariness 5 (o 6. 1t
conlains 31.6 percent ttanium (52.7 percent. Ti()2) and 37,2 pervent iron. |

Fitaniferons Magnerife is praclically as common es ilmenite. Many magnetile of mapmatic
ofigin contain a certain amonnt of ilmenite which onginally must have been in solid solution in
the magnetile structore but separated out later as lamellae along the octahedral planes. The
pereentlage of Glamum is usually low, but 1t may nse occasionally to 15 o 20 percent.
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Arizonfie is a minetal found in very small quantity in Arizona, It has the formula Fey03.3TiO;,
which gives 60 percent TiO;. According to Gillson [1949) as it is similar in appearance 1o
menite, i is surmised (0 be present in the beach sands giving a higher titanivm content then

ilmeniies,

Sphene {CaTiSi0s} is also callad titanite. It has a yellow-hrown colour with hardness 5.5 and
specific gravity 354, It occurs as an accessory mungral in vanibus Lypes of igneous rocks,
particularly in granite, syenilc and diarite and also in certain amphibole-schista, chiorite-schists,
cpedionies efc. &t containg 24.5 percent tilanium, Sphene is often associatzd with rare earths and
mxy carry quantities of ytirium earths, columbiom, lantatum, carium ete.,

Peravsiare (CaTiO,) 1s a yellow to arange or grey mincral with a hardness of 5.5 and specific
gravity of 4. 1t is fbund generally in alkaling rocks {¢specially in those of a basic character like
melilile basalts) and also sometimes in metamiorphic rocks. The mineral does not oceur in large
enough quantitics to be used commearcially. Tt contains 35.3 percent titanium,

Himenite and tiraniferous magnetite are fairly frequenily associated with an altération product
called leucoxene, an opaque hrown or grey substance. lts presence increases the pencentage of
titanium, as it appears to be largely composed of the dioxide. There are 2 [ew Litanium siticates
{some of them camying rarc carths) and titamates, but none of these merits consideration as a

comumercial source af titanium.

Rutile and iimenite are the most abundany minerals comaining ttanfum. Tilaniom conlent ficher
1 rutile but is relatively scerce. Even though the supplies of rutile have increassd in the recent
years (he deposils are fast depleting and the demand outstrips supplies, The shorlage of natural
rutile has foreed the technologisis to develop processes for the production of titanium rich
malenials w be used as a substitule of Lhe scerce natural rutile,

Varous processes for the beneficiation of Umenite have been developed and some of these
methods are now heing exploiled on a commercial scale. Most of the beneficiation 1achniques
involve oxidation, reduction and lcaching. Extent of alternation also influcnees the production
lechnigues. The skedy on oxidation, reduction, allemation of ilmenile 2nd leaching behavior of
oxidized and cadized reduced ilmenite is therefore of technical importance. In this literature
review results of studies on oxidanon, reduction, leaching and alternation of ilmenite have been

summanzed,
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2.2 Onidation of Umenite ’

It 15 penerally agresd that the purpose of oxidation of ilmenite is o (1) conver! Toa in ilmenite
[ram Gemous o Erric stale which overcomes diffzrent [erous to ferric iran ratios in Smenite (i}
aiter cqulibrm ¢ondition and the raw of reduction from ferrous o fomic state (i) introduce
defects in ilmenin graing (o enhance the rate of subsequent reduction.

A number of researchers [Ramdohr ct al, 1941 and Overhault et al., 1950] fund from X-ray
diffraction patterans that iimenite when heated in air at 500° C yielded psendobrookite and rutile.
D.G Jones (1973) found that ceudatian of ilmenite at (cmperature over 800°C yielded ferric
pseudobrookite and rutiie. According 1o dala given by Websiar and Bright (1961) femic
pscudobrookite in commercially oxidized Westem Titanium ilmenile conlaing apprex., 4% Fe ™,

Karkhanawala and Mommin {1939) studied the oxidation of ilmenile and concluded that:
1. The Products of oxidation of ilmenite is weekly paramagnetic and for products heated for
equal periods the magnctic suscptibilily decreases with increasing wemperature.
2. The products of axidation at around B50" C cenlains mixture of hematite, pseudobrookiie and
rule in an appreximale molar ratio of 1:5:7 respectively.
3. Thermogravimetric analysis showed there arc three distinet regions of oxidation 100% 450°C,
540-800°C and 800°-900°C. The oxidation rete over the first region is very slow.

Invesigations [Teofer and Temple, 1966, Temple, 1966, Grey and reid, 1972 and Lamett and

Spancer, 1971] indicatc the formation of Fez0:.3Ti0; as an alttration produet and when natural

iimenie was oxidized berween 600°C-800°C. Larret and Spencer, {1971) also maintain (hat the

compound Fe:05.TiQ; is formed only when a synthetic ilmenile powder is oxidized, In some

cascs the natural ilmenile when oxidized in the stale of fine powders pave this compound.

Results regarding the products of oxidation of ilmenile up Lo 800°C are conflicting. Various

results obtained by different invesligatlors are piven below:

1. Rutile and hematite 2Fe Ti0y + '40; = Fe,O4+ 2Ti0; [Strizhov et al, 1965; Curnow and
Party, 1954; Karkhanawala and Mommin, 1939]

2. Hematile and pseudorutile 3FeTiOr % O; =Fe;Ti;05 + ¥ Fe:O; [Teufer and Tample, 1966,
Grey et al |, 1972;]

3. Rutile and psendobrookite 2FeTiOy+ ¥ Oy = Fe; T10s +TiOg {Overhaull et al., 1950; Fetisov et
al,, 1963 and Ramdohr et al , 1941]



12

4, A mixture of hematile, pseudobrockile and rutike [2FeTi0; + 30y = FeyOs + 5Fe,TIO; +
TiCy [Karkhanawala oL al 1939]

But reaction 4 could occur only under metastable conditon, Rao and Rigaud [1974] calculated

the free energy changes for the above reactions, They found Lhet the standard free energies over

a specificd wmpemmre range is favoursble for both reactans {1) and (3). Thus cther ar both

reactions may take place upto Lhe decomposition of FeOs or Fe,Ti(ky. The frec cnergy change

for Lhe formation of pscudobrookite from ils axides,

Fea0; + Tl = FeaTil)y
13 also [avourable and one would capect reaction (3) o Lake place in preference to reaction (1)
and (4}. The plot of fee encrgy chanpe versus temperature is showa in Fig, 2.1,

Akimoto &1 al, {1957] found that higher temperature and lomper Hme i5 required for the
fermation of pseodubrookite from Lheir oxides and the lower (emperature limit for the formation
of pseodubrookile is cxplained by the facl that dilTusion rawe during formation of oxidetion at
lower temperature is slow which might prevent the formation of psendubroakile.

Reo and Rigand (1974) ailso performed thermogravimetric analysis of ilmenile prepared by
mixing Fe;05 Fe and TiOy in the roguired ratio. The genem! observations of (he
thermogravimetric analysis in both cxygen almosphere and air are as follows: .

(4} An abrupt weight gain is observed when particle size is less then 200 meshes and it 1s diffcult
1o observe a break in (he thermogram. In cese of very fine partics having a larpe surface arca
the reaction rale is very high and major pan of reaction is complete before temperature
800°C reached.

(b} An inflection of thermogram could be noticed at around 770°C when partieles of 100 mesh
size of more werg nséd and a healing rate 10%min™ was emploved.

{¢) Up to 1100°C, the reaction products were identified as pseudobrookite and rutile. Any other

product formed at lower lemperature . g, hematitc and rutile react o form pseudobrookite above
900°C.

In the gas solid reaction 2 dense film of reaction product is usually formed on the surfoce of the
solid and the rate is determined by (he migration of ions or electrons through the product Layer.
One might expect (hat the reaction product may be uniform but investigations provide evidence
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AT Keal mole!

Fely + TR, = T, TR,
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Tomeraure, "X

Fip .1 Free cncrgy changes ¥s remperacure for var ous reactions,
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of disconlinuous formabion of product especially at carly siage of reaction. Fischmeister [1960}
revicwed and discossed the subject; he also considered the influcnce of product growth
morphology on the reactiom kinetics. Disconlinuous product growth results due (o the formation
of product as island, whiskers and lameller or columnar growih of crystal. The morphology of
the product of ilmenile is important and influences the subsequemt leaching of the axidized
ilmenite,

Reo and Rigand (1574) studicd the morphology of oxidized ilmenite by scanning electron
mieroscopy at three dilferent temperatures 700%C, 8000C and 1000°C comesponding 1o reactions
(1), (2) and (3). Scanning clectron micrograh obtained by them at the above lemperatures ere
shown in Fig. 2.2 and Fig.2.3. They found the morphology of FeyO firmed in the begiming
stage st 700°C o be similar 10 that reporied by Gulbransen and Copan [1965]. They could not
tocale TiQ; and concluded that it might not have neuclealed at surface.

The growth morphology of products can also influence significantly the kinetics of gas solid
regction. The whisker growth only affects [Fischmeisler, 19607 the kinetics in the eady stapes
and before the product reaches approciable thickness, The kinctic data of the oxidation of
itmenile reported elsewhere [Bhogeswara, 1974 is also in agreement with this hypothesis.

Rao and Rigaud [1974] found logarthimic mle Jaw of oxidation m initial stege and sugpest that it
is dus to penciration of oxygen through short eircuit path. Oxidation is otherwise parabolic, They
found one break in Arhenius plot corresponding Lo reaction (1) and (3) and could not distmguish
the range of reaction (2) They suggeaed that this may be due to short range of reaction or due
morphological efiect of the reaction (2) and (3) might be controlied by the same or similar
mechanism. Actual mechanism for he formation of products of different 1extures is not known
and the data related 1o the diffusion rate and conductivity of reactants and the producls ars also
not available. Wort and Jones [1980] studied the allcration of ilmenite and suggested that it takes
place in two different stages.

Stage 1: 3Fc™Ti0; + 2H"+ 14 O, = Fe; *Ti;0p+Fe ™+ H,0

Stape 21 Fe,Ti;OtH'=3Ti0x+ 2Fe* +2H,0+Y, O

Tenfer and Temple {1996) established & disorder structure-ransition phase between mitile and
ilmenile and formulated the allemation of ilmenite as a pochemicel reaction in which aumber
of oxygen atom in ilmemite is essentially preserved in pseudorutile and rotile,

3Fe Ti0=Fe; TiaOpt YaFer),
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Fig. 2.2 Morphology of TiO; fomed oa the surface at 1000° C {2) X 1200 (b) X 2400
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Fig.2.3 Scanmng Elecrton Micropgraphs of the product formed dunng oxddation of ilmenile aystals

X 650
{b) (b)Momphology of (he formation of hematite and Fe2T13 09 upon oxudalion of 1lmenite at 830° C

{a) Morpbology of the formation of hematite whiskers dunng the initial slages of oxidation at 700°

C

xaiso
(e Hematite on the pran boundanes X 1200

(d) Pseudobrookiten formed al 10067 200%}
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By healing psendorutile above $00°C pscudebrookile is formed.
Fe.Tiy(x=FeT1+ 2T,

Rao and Rigaud (1974) vpon their extensive study on the oxidation mechamsm and product
maorphology provided some tentative conclusion vpon the general reaction mechanism.

During oxidation at lemperatures below 770°C, Fe0; is formed on the surface and when the
surface of ilmenite is covered by Fe;0; oxygen diffuse through the product laver [Pfail, 1529]
and further reactiom takes place at FeTi0Os- FeyO, interfece end the dilfusion rate of O; in FeO
and FeTilh is low,

They found Fe;Ti;Os Lo be stable at temperatures from 770°C o 990°C where iron will diffuse
through it o the grain boundarigs. This suggasted that iron 15 mobile through pseundarunle.
Pseudorulile has the hoghest Litenium oxide conlent amnd Lthers is possibility for the formation of
sohd mlut'nlzm with Fe;(; leading to the formation of Fe,Ti0; allowing iran to diffuse. Since a
lower temperature limit exists for the form - tion of Fo; Ti0s.Fe 05 is precipitated. At iemperatur:
greater than 900°C TiQ; is farmed on the surface. When Lhe sample is heat treated above 950°C
the initial whiskers of Fe;0; formed on surface of the samples at 750°C is mansformed
psendobrookite. The mewament of titanium is conhrmed by the fact that when ilmenite is
oxidisad with markers at 950°C, the formation of TiO, was observed above the markers. The
markers were covered with runle at particular lecabons of the erystal This is assumed due to
rapid diffusion of Litanium through cerain prefemed orientation of ilmenite. But the oricnlalion
favorable for dilfumon of ilmenite was not confirmed due w s polyerysalline namre. The
mobile tranium will leave some excess O, whick io twn could be wiilized an (he oxidation sxep
or escape to the gas stream. They found a central pore 1n each grain as well as in the cenhe of
TiOx structure, They suspecled that oxygen might have ¢scaped from this portion. Their Lentebiye

mechanism of oxidaton 13 given Im Fig. 2.4
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FaTiO, Fe**, a°
Fe®* = Fa¥ + o
<4 2 Fe™'+ 30% = Fo 04
Fri0, +D:"
g T=<7710°C
FET*I'D_-,
. e 3FRTIO; = Fe;TOp + Fe™'+ 3¢
Foy Ty Fa"l o’ '
Fe:0; jor 2Fe™ +30% = Fe 05

by TID"C<T=5800"C

Fﬁ“o;
4" 2FeTiO; = Fe TiOs + T¥* + 22"+ OF
FesTiOs T oy 4-|— T+ 20 =TiO, (in FerTiOs)
1_[02 + d— T +4e +20% = Tif),

¢y T=>900°C

Fig. 2.4 Schematic representation of proposed mechanism for the oxidation,
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23 Reduction of IImenite

Reduction of inm oxides in iimenile to metallic iron 13 camed out by using reductant. From the
Ellinghum diagram i is apparent thay the stebility of titanium di-oxide is much higher Lhan that
of the oxides of iran and cannot be reduced by carbon at temperature around 1100° C. Thus
when iimenite is heated by mixing it with carbonacsous fuel # temperature range 950°C-
1100°C, iron oxide is reduced Lo metalliz state but the tianium di-oxide remains unchanged
Thus irom oxide car be (heoretically reduted to metathe form without changing the 1ftanivm
oxide. Since both the axides of iron and lilenium are more slable than corespanding metals,

metallic iron can casily be dissobved in lydrochloric scid and therefore the tilania conent ¢an be

mereased.

Several workers using difTerent reducing substance studied reduction of ilmenile. Guindy and
Davenpart [1970] swdied the mechanism of reduction of ilmentie using graphilc as reductent,
They observed that solid-state reduction initistes near 860°C at conlact point between the
reactants The solid-state reduction is the main reaction mechanism vp to 1020°C. Above this
temperabure 4 role increass has been observed and the mechemsm changed (o gaseous reductiom
by generation of CO. Microscopic cxamination and ¢lsctron probe analysis of reduced parhele
showed (he segregation of Fe and TiQ,, Iron particle as large as 80u was oblained by keeping
the reduced sample at 1020°C o 1075°C for several hours, They pointed out [hat the reactions
that oceur during the reductian of ilmenite are as follow:
{a) Solid slate reacion:

C +Fe Ti0Q; = CO + Fe+ Tidx
This reaction initiate at contact point belweon reactants and proceeds as long as there remains
conlact point between e reactants,
{b} Gaseous reaction

O+ Fe TuDy= CO+ Fe 4Tk

C+CC=2C0

The reduction involving gaseous reductant depends upon the regeneration of CO in the system.
The scquenee of reaction in the reduction of ilmenile by pure CO was studied by D.G. Jones
[1973] andGrey et al [1973] by X-ray dilfraction snalysis in lhe range of 900" 1200°C. He
found that reduction of naturally weathered and peroxidised sample proceeds in two distinet
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stages, First stage is the rapid reformation of ilmenite from F&™ caompounds in Lhe sample
according Lo Lhe following reactions: |
. Fep TihOy + CO = 2Fe Ti0; + TiO, + CO,
Feg0)y + 2Ti(), + CO = 2F¢ Tilh + Clx

The second stage is slower than the [irst stage. In the sccond stage Lhe proportion of ilmenite
progressively dimnishes with comresponding increase in he metallic iron and rulile. Finally
when Lhe reduction has well advanced the rutile peak diminishes slightly due Lo reductiom of
cutile to lower oxides according to following reaction.
FeTi(h + CO =F¢ + Ti0:+ CO:
nTi0; + CO— Ti.0z, H202

At 890°C o 1000°C the reduction of pre-oxidised ilmenile is expressed as!
Fe, TiOs + TiO, + CO= 2FeTiO; + CO,

Jones |1973] identificd rutite and feric pscudobrookite as the main constitucn(s of pre-cxidised
iimenile. Pre-oxidation converts the ilmenile to pseudobrookite (Fe;TiOs) and rutle {TiO;) at
{emperaturc above 300°C {Ostberg,, 1960) according Lo the following reaction;

2FETIO; +1/20; = Fe;TiOs + Ti0s

The single crystals of iimenite are converied inlo a polyerystalline array of pscudobrookite and a
fine dispertion of rutile. During the reduchon process ilmenile ts reformed by the following
reaction. The first stage is the reformation of ilmenite.

Fes TiOs + Ti0; + CO = 2FeTi0y + CO,

In this case thers are subgrains within the parent ilmenite grains and the iron precipilales at these
subgrain boundarcs. In unoxidised iimenite, shells of metallic iron Fom along the gmin
boundaries which impairs the diffusians of reacting specics and also results in the simering of '
the product. Both of thesc cffects limit the kinetics of the reduction of unoxidissd ilmenite
particularly al higher icmperalures.

The sccond stage proceeds by two alicrmalive route depending on the lemperature and Lhe
concentralion of the impuritics. At 1000°C the overall process is the reduction of jhmenite 10

metallic iron and rtile.
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Fe TID;;I +C0=Fe+ TID;I, + CO:

Prior oxidation transforms ilmenite (FeTi()y) o pstudobrookite (FeliOs), whicl:i resulls iln
" substantial cracking and latice expansion. This cracking and expansion enables the subseguent
reductian to procesd al both an acceleraled rate and to a greater extent without much simering.
This oxxdation of ilmenile prior Lo reduction has a beneficial efTect an the rate of reduction,

Reduclion of Banpladesh ilmenite by using charcoal as reductant was carried out by Haseeb, ct
al [1997]. By x-ray dil'[rnptiun study and microscopic study they csiablished that the reduction
behaviour of Bangladesh ilmenile is similar io thal of Australian ilmenite, the reduction
behaviour of what has been described above,

Effect of size fractian on reduction of Cox’s Bazar ilmenite was studied by Sharmin i al | 1996].
They found that more Lthan 97% of Lhe ilmenite belongs (o LS. sieve No. 100, 140 and 200. The
finer fraction contains lower percentages of Ti0; and higher percentages of lal iron. Chemical
anabysis of this dmerile reduced by charcoal at 1050°C for 4 hrs. revealed Lhat finer fraction
contam lower iron axides, The depres of wduction of iron oxides present in ilmenite was found
1o be 71.35%, 75.39% and 78.92% for size [raction comesponding to US sieve No.100, 140 and
200 respectively, They alsoconcluded that as [ar es the optimization of reduction parameters of
Cox’bazar ilmenile is cancerned, a separale reduction procedure for each fraction is not
NECCSSAry.

A thermogravimentic study of the reduction of ilmenile with praphile was camried oul by El-
emndy and Davenport [1970] with a view to find ont the Junetics and mechanism of the
reduction reactions They obscrved thal up Lo 1020°C solid-stale reaction was the praminent oae,
which initialad at about $60°C at the contact pounts. Above 1020°C the reduction was essentialty
gaseous. Rale conslants were ¢aloulated taking CO as the dilTusing species. A detailed smdy of
the mechanism of reduction of Egyptian ilmenite using different pascs showed that Lhe reduction
was dependent on factors like temperalore, time ete. H; was found o be more efMicient than CO.,
While in the ¢case preoxidised 1lmenile CO was better. Presence of CO in the stream decrcascd
the reduction ratc and the mechanism of reduction was found 10 be more or less the same
[Hussam el al, 19721,

The reaction sequences and products ablained in the reduction of ilmenite using CO gas were
studied by Jones {1971) using x-ray diffraction. The reduction of weathered and pre-oxdised
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ilmenite was found W proceed in two sieps, the first onc being the formation of itmenile and in
the sccond stage were metallic Fe and titanium oxides were formed. At h:mp-cra;mes above
1150°C, ferrous pseudobrookite was formed which got coaverted to M;05 solid solution with
iron and titanium, Tt was also observed that below 1150°C, pscudobroak:te and ulvospinel were
present in small amounts al all temperatures, An x—ray diffraction study by some other workers
[Grey and Reid, 1973.,Grey and Reid, 1974)] revealed that during pre-oxidation of ilmenile at
1000°C rutile and a solid solution of chT'iDS-FcTiﬁs were formed, while afier mduction, the
products oblained were metallic iron, redoced rutils and a solid solubion of Fe T1;0s-Mn TizOs-
T1,0; It was also observed that the concenirations of Mn and Mg affected the quantities of thesc
constituents 1n the reduced product. The ¢fMect of various factors like ilmenite feed rate, reducing
atmosphere, lemperature, and addition of Mg from an exlernal source eic. on the mduction was

also mvestgaled.

In a continugs methods [Recves, 1967] for the productian of synihetic rulile the femic oxide
present in ilmenile was first reduced to ferrous oxide at 950°C with coke followed by pascous
reductions at 950°C-1100°C with CO and H; where reduction to metallic iroa to about 95% ook
placa. This was then subjected 1o acid leaching inemeasing the Ti(, contemt. The reduction of
Indian ilmenite usmg dilferent industrial reductions was studicd by Gokern o1 al., [1969]. It was
found that charcoal even when vsed in excess pave a reduction anly uplo 72.3% which increased
when 2% Nal0, was usad as a flux. With oxidized ilmenile the rates of reduction by C were
faster. Reduction upto 85.5% was achicved using large excess of city gas and hydrogen. In the
conlinuous moving bed experiments higher reduction percenlages were oblained usiné coke. The
reduciion process of syniheticaily prepared [errous titanate with CO gas reduction at 300-
H100%C was investipated by Levilskil et al., [1969] and Lthe process was analysed on the basis of
thermedynami¢s, Khalimov and co-workers |1973] studied the reduction of ilmenite with CO-
CO; mixture. They found that below 360°C. Fe * was reduced Fe** while above 860° C metallic
iron was obwaincd. The rcducton was [ound 1o be diffusion controlled and Lhe activation
energies were calculated. Poggi et all., [1976] reporied a dewiled stody of the reduction of
ilmenite using solid and gascous reducing agents. They found that the presenee of impuritics
alfecied the reduction process considerably. Presenes of MgO had negative effect while Fe0;
had a positve effect on the rale of reduction.
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2.4 Leaching of Ilmenite

Tilaniom oxide is produced indusirally by the sulphune acid leaching of ils mincrals and the
subsequent theymal hydrolysis of of titanium sulphale sclutions; this 3 commonty known a5 the
sulphate process, It is also produced by the vapour phase axidation of lilanium (etrachloride.
Although the marufacture of titanium oxide by (s later process is gradually increasing, the
former is still the most widely used The suiphate process however, has scrious disadvantages
because the treatments of crude iron sulphate and of the wasle acid solution are difficull. On the
otherhand, lydrochloric acid, which is very useful for descomposition of nalral ores, allows
comparatively casicr recovery of the usclul free acid from its wasle solution than doss sulphuri¢
acid, In pragtice, the recovery of free hydrochloric acid from the waste solnoon of sieel
cleansing is now feasible.

Selective leaching of the ilmemte by mineral acid removes [Schara et al., 1966 and Viswanathan
Nayar, 1952] iron from ilmenile. In direet acid leaching sulphuric acid end kydrachlonic acid is
used as the leachant. Digestion with conc. H:50, is not sclectve and brings bolh iron and
titanium oxide 1o solutian but suhscquent processing of leach liquor yields pigment grade tilania,
Digestion of ilmenile with concentrated sulphuric acid [Tong-po Tam et al., 1957, Kramer, 1943
and Bridsh paient 1967] 18 the comventional methad for preparing Ti0. pigments. [Imenite is
digested with hot concentrated H,S0y to form a product consisting of FeSQ0,, Fes (S0,) s andTi
(504) ; solution, that is then preferentially nvdrolysed o form hysdrons TiO; in coarse readily
Lilterable form.

An anempt has also been made Lo digest iimenite with dilute H,850, (5-20%) to uhilize the waste
gcid from pigment production [Tikkancn ct al, 1963] without any further concentration and was
[ound that higher temperalures (around 200°C) are casensial for this purpose. Several
invesligalors [Sankaran et al, 1972] reporied that leaching with dilule sulphuric actd {7 o 50%
cond.) under pressure (30 to 260°C) is very effective in the selective dissolution of irom 50 a5 to
oblain a ruttlc prade product. In Indsa at Trivandrum, M/s Travancare Titanium products is
manufacturing TiQ): pigment from ilmenite by he concentrated Ho 50, digestion process,

{n the other hand digestion with hydmochloric acid i3 selective [Viswanathan Naver, 1952] and

iron is brought in to solution. Direct acid lcaching is carmicd out at somewhat higher iemperature.

Tha preferential chlorinating of iron with hydrochloric acid gas is represenled as
FeO.Ti0+2HCE —— FeCl+ T1O; + HAD
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The standard [ree energy [Rojeswari ¢t at, 1990] for the reaction as a funclion of Emperature is
represented as

AG=-81420+0.99 log T+ 7.4T (298 — 1640°K) °K cal mol’
From the thermodyname data [Sankaran et al,, 1967] it is scen that the reachon is passible even
when more than 99% H-0 is present in the mixture, It should be mentioned that the above
reaction 15 complex and a side reaction of FeCl, with steam would take place 1n a gascous

mixture containing sieam and HCI gas. -

From the thermodynamic data it is apparent Lhat chiornating of Fe;0n is not possible at the
normal chlorinating lemperature,  Therefare, the possibility of the following reaction can be
ignared
1D Fe 03 TiO+2HCL  ——— 23 FeCly+ 173 TiO; + HXO
Pre-reduced ilmenite on reaction with HCL will lead 1o the formation of leas volalile FeCl;. The
reduced iron in the ilmenite is dissolved by dilute acid even at room lempemuuﬁ but complete
removal of iron may require higher temperatures and pressures and longer ume. Annie George
and co-workers {1985] reporied a process where completely reduced Fex0; and Fed o metallic
iron ¢an be lcached out with diluie HC a1 lower lemperature and i a shorl period [Webaler, '
1961]. The leaching rezction of imenile can be expresssd as
Fe+2HC! — & FeClL+H;

Fe0, if present in ilmenile, can be emoved by following reaction.

FcQ + HCl — FeCl, + H,0

The swandard (ree cncrgy change far the preferental chlonnatmg of fron from ilmenite as a
lwction of icmperature is plotled in Fig. 2.5,

TiD; present in the Limenile may be convered 1o TiCly according ta following resction
'2Ti0;+2HCI —  VaTiCl+ H,0
The [rce encrpy change [Webster and Brght, 1961] for the reaclion is represemied as

AG" = -7765— 1.08 logT + 18.8T K cal mol’
Which shows that this reaction in not possibie above 523K,

Rajeshwan et al [1990] studied leaching of the ilmenite using FeCl; solutign. They found that
leaching of the completely reduced ilmenitz yields a product with 2% Fe and 92.6% TiOy
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Annie George ¢1 al [1984] carried out reduction of ilmenite using coconut pith as reduciant. The
reduced pmduct was leached out and obtained a product containing 2% Fe.

In Murso proceas [JalTe and Burle, 1973] FesO is converted w FoO and was leached with 20%
HCl at 108-110°C (0 obuain a product containing $5-97% Ti0..

Ismail ct al [1983] studied the oxsdation reduction and leaching kinetics of Sri Lanka ilmenite
and found thal (he result is similar to Murso process and obtained a product comaining 90-95 per
cent Ti0,.

Burastero [1978] obuined a product >95% TiO: by employing oxidation-reduction leach
technigues in the laboratory scale.

Wash Chang Corporalion of USA [Ching-Lung and Mackey, 1965] has developed sussessfully a
process for praducing synthetic rulile (93% TiQ;) fram ilmenite on an industrial scale by double
slage pressure leaching {at 30-353 psi) with hydrochloric acid (about 8 N) at 105-110°C. The
lemperature and pressure ere maintained by injecting sleam intp the digester.

The Bemhite Corporation of America |Davar, 1969] claimed development of a process in which,
ilmenite or any other tilaniferous material is first subjected 1o a certain degree of pre-reduction
by any conventional reduction rasting (e.g. with coke at B15-1090°C) to converl mnst of (he
ferric iron 10 fmous iron {which is more readily solubke in acid). The pre-reduced ilmenite is
Lthen treated with 20% HCI acid in a vessel {dipester lined with acid resisting material), which
rolates siowly during digestion.

Ishubara Sangyokaisa Lid. of Jepan (Kenzo lshihara, 1970 worked out a process for
manufacturing synthetic rutile. In the said process, ilmenile is frst partially reduced to convert
F.0; content of ikmenite 10 FeQ. Afer the pantial reduction, the reduced ilmeniw is leached with
dilulc mineral acid. The candition of leaching is reported w be unique and the company ¢laims
that the process can be easily operated economically on an industrial scale.

Besides the above imporiant developments many maore paper (Sehra et al, 1966, British patenl,
733164.1958) have appeared on hydrochloric acid leaching of ilmenite at aunospheric as well as
higher pressure In the case of leaching at atmespheric pressure, the process is Icss efficient and
the product 15 of inferior quality (about 88.50% TiOy) compared (o the pressure leaching process
which under suttable conditions yield a high grade product containing moee than 98% Ti0-,
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Fig. 2.5 Free eneryy changes involved during chlorinution of ilmenite.
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2.5 Ateration of Jlmenite

Beach placer ilmenile concentrates of the world show sienificant vanation in the
degree of alleralion that is independent of provenance. Differential weathering of ilmenite aficr
its release from the country mek and natral mixing of fresh and altered grains during migration
impart complexity Lo the placer deposit. Various mincrals have been identified as weathering
products of ilmenite. Altcration of ilmenste, in nature undergocs Lhe process of oxidation and
progressive removal of iron w give a residual product (hat is cssentially TiO;. Alleration is
iniialed along grain boundarics and structural disconlinuities within the grain. Onadation and
partial removal of iron from itmenite lattice results in an intermediste irom Gtanate of definite
structure for which the name pscudorutile has been propesed.  Another alteration product,
leucoxene is found in the ilmenite deposit. The alleration product at the stage of complete
oxidation of iron in ilmenite analyzes 65-70% Ti0; as compared with the 52 % TiO; m ilmenite
[George and Mohan Das, 1985]. Complete remaval of iran from the pseudorutile lattice resulls
m a grain composed of crystalliles of the mineral rutile Only these four mineral phases
[Temple, 1966], ilmenite, psewdorutile, leucoxene and rutile have been identified in Lhe
commercial ttanium mineral concentrales studied. Natural occurence, in sand deposits,
indicates thal in weathering final removal of iron from psevdorutile to give the rutile end product
takes place only cither above ar in the zone of fluctating water table.

2.5.1 Alteration Product of limenite

Scveral aticmpts have been made to characierize the sequence, mechanism, deplh and products
of alicration. The important alteration indicators [Babu ct al, 1975] changes in Fe2+/Fed+ and
Fe / Ti ratios. varialions in magnetic susceptibility, density, hardncss and reflectivity; structural
end morphological chenges, increases in impurities like Cr and V and decrease in Mn, Mi, Zn,
Cu, Mg, Co and Ca [Grey and Reid, 1975, Won and Jones, 1980 and Anand and Gilks-1984), A
common ilmenite alieration mechanism can be explained as follows:

Fe"Ti0; = Fe TiQs TiO; +Fenl,

The diflerence in the degree of ilmenute alteration in various heavy mineral placer deposils
implies difTerential weathering duc w age difference and / or in site and multistape alleratiom of
ilmenite {Hugo and Comnell, 1991] and also due Lo diflerent weathering environments. In nature,
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progressive alleration of ilmenile results i the formation and co-existence of dillerent phases.
Morcover positive identilication of all aliered phases is dillicult becauss of indistinet and similar
structural as well as physical properties. Accordinply, degree of alieration may only be perceived
as the degree of rutilization, There is also considerable uncertainty in the lerminology applied 1o
the alicradon producls. Lynd and Lifond [1983) reviewed Use lisratwe on tilaninm minerals
and pointed out the impantance of knowledge of the chemical composituon (% Ti0;, % Fe(, %
Fe;0;), and concluded that the lem leucoxene should be used as a general name for allcration
products containing TiD; On the Other hand Golding (1961} prescnled the pelrographic, as
ap;;mf:d W the commergial, viewpoint and pointcd oot the range of rock types where ilmenile
and its alterabon products occur. It is thus clear that the initial product is ilmenite and leveoxene
15 the end product of the alleration process. According 1o Mucks and Chandhur {1991) and
Hupo and Comell (199} during the ransformation of ilmenite 10 loucoxene lollowing products
can be identified:

[lmeniiz = Hydraled Imenile — Psendomutile = Leached Pseudarotile — Lencoxene

From this analysis we may conciude that three disunct phases 1lmenite, pseudorutile and
leucoxene may present in the allered ilmenite. No standard nomenclature exists for rthe

alteration products of ilmenite, but roughly followang chamctenstics are generally found.

Unaltered ilmenite 1s he dommant mineral. When altered, ilmenile changes durectly or though
the intermediale products o leucoacnc. Unahered ilmenule grains with a composition close Lo U
theoretical formula (FaTi0,) and & TiO; conlent ranging between 48-53 percent. No distinelion
is made between Eman-ilmenile and ilmenile.  Although varying in intensity and patiern from
grain o gramn, s most common alteration is a2long grain boundanes and fracture, along

crystallographic directions.

Hydrated Hmenire; This is also known as lcached imenile, which is nol campletely aliered to
pscudorutile. This commonly replaces ilmenite along crysiallographic directions, leading (o the
formation of microcracks. Arcas of alicrauon within the {lmenile grains, exhibit Ti0; contenls
between 53-60 percent. These areas are distmguished microscopically from (he ilmenile by their
gray —bluc color and weaker anisotopism. The term “hydrated ilmenite™ was [irst used by
Dyadchenko and Khatuniesva [1560] and was adopted by Frost et al, [1983] w indicate the
mixture of ilmenie and psendorunhle, which contam ¢rystalling water while (he term “leached
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ilmeniic™ was used by Mucke and Chadhuri [3991] and Chemet [1999] to idenlify & dislingt
iniermediate leaching product between iimenite and pseudorutile.

Preudorutile; A deformed [Grey and Watts, 1983] hexagonal, oxyhydroxde close 1o Fe:TisOp
or FeysTis0rs (OH};; wilh an cxlended mange of homogeneity due 1o hydrogen exchange for
iron during hydration. Characleristicelly it shows rough and porous iexture. Comparcd w
ilmenite, it appears brighter, in conlrast to ils typical greyish color. Under reflected light
isotropic pscudorutile 15 blue-gray in color with a slightly higher reflectance han ilmenite [Hugo
and Comel, 1991]. Pseudorulile iz developed along crystallographic otientalions, in ordered or
disordered patierns, along boundarics and [ractures, and is characlerized by the development of
microfractures. The mincral is difficult to identify positively as these oplical properties are ofien
indistinet and ils major XRD peaks cxhibit d-spacings similar 1o those of ikmenile, rutile and
hematile.

Leched Pseudoratile: 1t i3 another oplcally identifiable intermediate phase [Mucke and
chadhuri, 1991 and Chemet, 1999] lying between pscudorutile and leucoxene. This resulls from
keachung of rom from psendorutile. The abundance of microfractures is led to the breakdown of
the pseudorutile stroclure.

Leucoxene: A single grain of secondary rutile or aggregales of ﬁlm-grainf:d rutile crystals mixed
with impuritics. It is an inhamogencous cryptocrysiatling, high TiQ; product of ilmenite
alteration |Grey and Reid, 1975]. Leucoxene displays abundant internal reflections, changes
fram brownish o while with the deerease in iron conleal. Replacement of ilmenile and the
inlermediate phases by a secondary rutile of definle crysial stmeture is common. Leucoxene is
distingushed optically from rulils or antesc by is characteristic sugary intcmal refleclions
although it may consist aimost entirely of coyplo or microcrysialline rutile and/or anatase mn the

last stapes of reflections.

Primary Rutile: is casily distinguished from Lhe secondary rutile.  Primary rutile cxhibits
idiomorphic, noncorroded crvstal faces, and is charscterized by a bright grey color, high

reflectivity and characleristic twinning.
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252 Mechanism of Alteration of Ilmenite

DilTerent mechanisms of alteration of ilmenile have been proposed by different investigalors
| Temple, 1966 and Grey and Watts, 1943). These mechanisms ¢an be ¢lassified as follows
Type I:  Gradual weathering of ilmenile to leucoxeng via hydrated ilmenite and pseudoruhle in

a proundwalsr envirofment.
Tppe I1:  The Direct weathering of ilmenile to lengoxens in sediments above the waler able,

Type IfI: The alleration of ilmenile 10 hematile plus rutile or anatase in source rocks; followed
by the preferred dissohution of the hemalile o form ilmenite grains conlaining &
porous network of TiD; microcrysials.

Tppe ] Alteration:

Mamy authors [Temple, 1966 and Grey and Watts, 1933] described this mechanism in dheir own

way. Accordmg to Lhus mechanism alteration bepins as imegular patches of hydrated ilmenile

along grain boundanes and weaknesses within the grain (Fig.2.6.a), or in the form of criemed
stingers along Lhe basal clsavage planes of ilmenite. The second stape of alteration is marked by
the devclopment of leucoxene, which {orms as regular patches alemg pram boundaries, or
stroctural weakniess, The development of leucoxene along prain boundarics is less common Lhan

expecled for the in sil alteration of ilmenile [Hugo and Comel, 1991].

In a number of grains the boundaries between leucoxene and the phases it is replacing
are truncated by the prain surface, showing that Lthe alleration occurred in a large grain
{Fipure 2.6.b). This type of alteration may be explained by the two-stage model
proposed by Grey and Reid [1975) The frst stage involves the oxidation of all the
ferrous 1ron and the leaching of one third of the ferric iron from the ilmenite latice by

electrochemical corrosion. The reaclion is:
IFeTi0; +2H' +% 03 ——  Fe:"TisOy +Fo™ + H0 v (1)

[lmenie Pecudorutle Dhssolved Iron

This reaction is considercd Lo operate in a mildly acidic groundwater situation  The second stage
of alteration beyond pseudorntile ocours via a dissolution-reprecipilation process whereby bath

iron and titanium are dissolved, but the utanium 15 redeposited whilst (he irom is leached from
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the grain. This leads Lo the formabon of rutile in beach sand and analase in lateritic soils and can
be described by Lhe maction:

Fe:TinDs +4H' —— 3 TiQs +Fe™ +% 0y + HD —rmmemmm {2}

Pscudorutide Rutile Dissolved Ion

The secomd siage of alieraton is thought to occur in the near-surface regions of the deposit 1n an
¢ttvironment, which is rich in organic acids and norganic acids derived from the upper soil layer

and condensation, creating nuldly reducing and acidic solutms.

Type I Alteration:

fn this type of alicration ilmenite or slightly aliered ilmenite, is obscrved allering dircetly to
lencoxene, The alletation occurs fom prain boundaries or along wealmesses, such as fmctures
within the grains. In some nstances leucoxene may grow as replacement fronls across prains
(Fig. 2.6.c).

Frosu et al | 1983} and Frost et al, [1986] and Hartman [1953] studying iron-titanium oxides
during bauxilizatian, found Lhat iimeaile may allcr direetly to leucoxene or optrcally identifiable
anatase, Frost ct.al., [1983] noted relanvely unallered ilmenite cores surmoundsd by leucoxene in
a concentrale and concluded that these assemblapes represent a single step dissolution re-
precipitation process wilhoul the formation of pscudorutile. This style of aleration of ilmenite

leucoxene, rutile, or anatase may be expressed by Lhe cquation

FeTiQ; +2H — » Ti); +Feg' +H0 e e{3)
Imenile Rutile Dissolved Ion

signilicanicly altered dmenile (Leucoxens) is shown in the Fig. 2.6(d).

Type HT Alteration:

In this type of alicration two distinet intergrowths are noled, The first type of imergrowth is
characlerized by the replacement of shmenile by prismatic TiO; microerystal, According Lo this
mechamsm the allcration does not oecur along grain boundaries, but rather as paiches within
grains. The sccond type of intergrowth is charaterised by the development of anhedral, often-
vermiform rutile microcrystals in patches within the ilmenile grains. o a few instances
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microcrystals of hematile are found it rutile ntergrowth of some ilmenitc depesit [Hugo and
Corncll, 1973]. Subsequent dissolution of hematile resulls in grains consisting of only ilmenite

and microcrystalling nutile.

253 The clfect of alteration on ilmenite qualicy

It has been shown that the mapnetic susceptibility of ilmenite decreases with increasing
adlicration. Hugo [1988] estimated the magnetic behavior of ilmenite and altered itmenitc in the
Rechards Bay deposis by determining their mass proportions in different magnetic fractions

[ronn & heavy mmneral coticentrale.

These results show Lthat: .
1.lImenite-hydrated itmenite-pseudorutile prains are slightly less magnetic than unaltered

ilmentte rrans, but most of theae grains will report to ilmenite concenlrale,

2. Altered 1lmenute grains comaining leucoxenc have a larpe range of magnetic susceptibihty and

such graing may report o ilmenite concentrate or magnetic middlings fractions, and

3. Leucoxene grains oo have a large range of magnetic susceptibility extending from (hat of
ilmenile to that of nonmagnetic rutils, and that mosl leucoxens will reporl W .magnetic

middlings or rutile concentrate.

W is clear from the resulis of Hugo [1988] that the degree and type of alleration will allect the

recoverabilily of altered ilmenite grains.

Frost et al. [1983] have shown that therc is a marked inerecase in Lhe 5i0» and AlO; conlents of
ilmenite alicration phases conlaming more than 60 percent Ti0y m Western Australian deposts.
The increase in these impuritics has bozn ascribed o the co-precipilation with, or adsorption on
1o, alteration products [Frost ot al., 1983] or Lhe formation of clay minerals within pate spaces
between alleration phases. Il is, thercfore, evident (hat alered ilmenitc prains contmnmg
leucoxenc. and leucoxene grains themsclves, are undesirable as they are ofien naarccoverable

and Lhey contribute to impurity levels in concentrales.
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Fig: 2.6 Scanning electron micrographs of partially altered and highly altered ilmenite
grains.

(a) Patchy alteration of ilmente lo hydrated ilmaniie

(b} Co-exustence of unaltered end al ilmiente.

(c) Hydrate ilmenite grain Altening to leucoxens

{d) Highly altered ilmenite gram showing a porous surface.
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25.4 The Importance of Study on the Extent of Alteration

Altered ilmenile constitules more than one third of the world production of tilanium mingral
caleparized by the U. S. Burcau of Mincs as “ilmeniic™ and totalbing 22 millien tons in 1963
[Temple, 1966]. By virue of its being & product of varying composition, alisred ilmenits has in
the past presented problems both in ore dressing and in the sulfuric acid digestion method af
pigment manufaciure, a process (hat consumes more Lhan 90 percent of the ilmenils and ahered
ilmenite produced. Mare recenly, a better understanding of (he natuml alleration of ilmenite has
become imporant in view of work directed at wpprading ilmenite end allered ilmenils
conecntratcs 1o products much higher in TiCk.

There has been appreciable wotk on the alieration of ilmenite. Most of thle workers
[Bailey et al, 1956 and Flimer, 1959] have apreed that the mineral ilmenite undergoes
oxidation and leaching whereby 1on 15 reinoved from the stucture resulung in a relative
enrichment in TiQ; Therg has been much discussion [Karkhanawala, 1959] on the
nature of the alteration producr and generally it has been agreed that in namre no
secondary iron titanium compounds are involved in the alteration although the very fine
grain size of the altemtion product has made pesitive identification extremely difficulit.
Temple [1966] explained how iron gets out of the ilmenite structure. According 10 him,
iron is removed along structurel discontinuities. It is postulated that removal of iron
from the grin 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 w the ferric state. Since this process takes place at low pressure and temperature
condition reacticn kinetics are slow, thousands of years may be required 1o take this
process in nature, TiO: content increases with increasing age. Due to this slower rate
disequilibrium assemblages should be common in natrel ilmenite deposit. The
difference in the degree of ilmenile alleration in various heavy mienma! placer deposits
implies differential weathering due 1o age differences and / or multstage alteration of

ilmeniie.

The role of watar in the alteration of ilmenite has been discussed by Gevnfky;an and
Tananayer (1982) who reported a close connecton between the iron and waler contents
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in altered ilmenie and concluded that the iron omide is hydrated during alteration

process and that iren is removed as a mobile hydroxide,

From the above discussion it is clear that the alweration of ilmenile takes place near the surface
and requires presence of waler, a lemperature of 30°C [Muocke and Chadburi, 1991] not
cxcecding. This favorable environment is also common for our beach sands as (he beach sand
mincrals are exposed to a lemperitare around 35-40°C. So there is a possibility to obtain altered
ilmenile grains in the ilmenitc scparaled from the coastal black sand of Bangladesh, In this
respeet it can be mentioned that there are many examples of alteration of ilmeile in placer
deposit like Eneabba, Westem Awstralia; Tras! Ridge, Florida; which contain mosily alterd
ilmenitc and yield concenlrates cantainung between 54-66 percent Ti0, while Folkson, Georgia
ilmenitc assay 76.1 percent TiO; Alempls to produce synthetic rutile from Bangladesh ilmenite
have yielded encouraging resulis. However no delailed study on the exteat of alicration of
ilmenile in the deposits of Bangladesh has so far becn reparied. 8o the study of alteration may
be a promising field of study for the exploration of beach sand minerals in Bangladesh.

1,6 A review of important process for rutile substifutes

A demiled analysis of the developments in this area shows that a number of research
workers have tried to solve the problem from different angles utilising various propertics
of the material Enormous studies have been undertaken for the production of synthetic
rutile, some of which are purely of academic interest In this review for making rutile
substimte a brief summary of (he most impomant processes developed and studies
reporied by vanous workers is given. These processes may be discussed under the
following headings.

1. Processes employing cavslic or alkali metal salls.
Processes employing liquid -liquid extraction.
Processes employing ferric salt leaching,
Processes employing sulfur, sulfides or sulfates.
Processes employing sulfuri acid.
Processes cmploying hydrogen chloride gas.
Processes employwug hydrochloric acid.

R

Process employing the solid-state reduction of iron to metal,
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9. Processes employing Lthe reduction of iron Lo metal under slagging conditions.
10 Processcs cmploying chlorinating lechmques.

Processes employing caustic or alkali metal salts:

When & mixture of ilmanite and solid sodium hydroxide is heated above 350° C, the sodium
hydroxide melts and reacts with (he ferrous tilanate. The reaction product consists of a solid
phase containing iran oxides and a liquid phase containing most of the titanium dioxide can by
separaling the two phases, iron and titanium dioxide be recovered scparalely.

In a procass employing Lhis principle [British pal, 1960 ilmenile and solid caustic soda are
mixed jn 2 ratio of about 1 part ilmenile to 9 pans of caustic, and the mixture is heatzd o zbout
750" C. Upon campletion of the meaction between the caustic and ferrous titanate, the
temperature is lowered 10 about 500°C. The solid phase is then allowed Lo setile from Lhe liquid.
The liquid phase is separated from the solid by decantation and is filtered to remove suspended
solida,

Upon cooling, the fillered liquid is solidified and the solid leached with beiling waler to dissolve
sodium hydroxide and leave a readuc conlaining tilanium dioxide.

Schechter and leddy [1962] patsnted a process in which 2 mixture ilmenile and sodium
hvdroxide is healed a1 about 400°C for 3 1o & hours. Air or oxygen i added during the reaction
period, afler which Lhe entire reaction product is allowed Lo cool and solidify. 1t is then crushed
and leached with waler Lo dissolve sodium hydroxide. Afler Glicnng Lo remove the sodium
hydroxude sohution, the residuc is leached with hydrochlarie acid Lo dissolve the iron. The
residue from the hydmehloric acid leach, alter solid-liquid separstion, conlaing about 90 percent
Ti(); and as litlle as 0.5 percent Fe:04

In a process developed by Safiullin and Belyaev [1968] a product containing over 92 pereent
Ti0 ., less than 2 percent Fe-0y, and 0.1 0 0.6 percent Cr:0: was oblained Fom ilmenite orcs
conlaimng from 2.0 to 12.9 percent Crz04, In this process he high-chrome ore is mixed with
sodium carbonals and sintered at 900° € far 3 16 4 hours. The sinter is leached first with water at
60° 1o 85° C and then with 20 percent HCI at 105° 1o 108° C 10 yield the final product.
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Processes employing liguid -liguid exdractlon:

Titanium can be recovered fram solulions conlainintg both ircn and Lilaniom by Liquid liguid-
extraction. To retover lilanium from a titaniferons ore using this technique, the ore is first
leached with an acid 1w obtain 2 solution conlaining the iron and titanium. The solution is Lhen
comtacled with an orpanic extractant, and the liquid phese conlaining the tilanium is Lreated Lo
recover lilaninm dioxide. The extraciant is recovered for reuse and Lhe iron is usually iefi in an
aqueons solution.

A process patcnled by Long, Olson and Surls [1960] uses concentrated sulfuric acid o react with
ilmenile, forming a solid mass containing waler soluble titany! sullale and [erric and ferrous
sulfates. Appraximelely 90 percent sulfuric acid is reacied wilh the ilmenite for one-half hour 1o
3 hours, using anlimony exide (Sb0:) ar antimony sulfide (S, S1) a5 a promoter. The reactian
sroduct is healed 1w 250° C for about 1 hour and is then leached with water, maintaining the
temperature at about 60° C. Temperatures of 80° C ard higher are undesireable a3 colloidal
hydraled Glanivm oxide is formed, and the presence of the colloid during the liquid extrattion
sleps causes the farmation of hard-lo-hreak emulsions, Following the water leach, the waste
solids are removed and the solution conlaining both iron sulfates and tiamy} sulfats is contacted
with a mono - or dialkyl substituted arthophosphoric acid in a solvent, such as kerosine. Afer
about 30 minutes of contact, the organic and aqucous phases arc separated and the orgame phase
containing the Utanium and feeric iron is scrubbed with 5 molar hydrochlonc acid Lo remerve the
irom in the acidic, aqueous phasc. The organic phase, still contaming the titanium is first
separated fram the aqueous phase and [hen contracied with a saturaled solution of ammonium
carbonals 1o extract the Llanium, The ammemium carbonale solution, containing the tlanivm is
separated from the organic phesc ard i cvaporated by gentle heating causing the titaniym (o
precipitate as hydrated wlanivm dioxide. The precipitate is scparaled from solution and is
calgified at about 90" C for 4 hours (o oblain a litanium dioxide product.

Another method of recovering titanivm from the organic phase following the removal of iron Is
by adding an ammomium bifluoride solution insicad of ammonium carbonsie. In this case the
btaniom s precipitated from  the aqueous phase as ammenium  hexafluprotitanale
{(NH):TiFslwhen the solution is evaporaled. The ammonium hexalluorotitanale is added 1o a
sohniem of aqueous ammonia forming hvdrated titanium dioxide that is removed fram solution
and caleificd Lo recover the rutile substite product.
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A somewhat different process [Schaefer and zirngibl 1966] using a solation consising of 3 parts
of beneene and 1 part of decyl alcohols Lo extract titanum from leach solutions. Titanium
(etrachloride is Lhen recovered from Lhe organic extractant by scrubbing wilh watar.

Processes employing ferric salt leaching:
In the processes using [erric salts tilaniferous ore 18 roasted under redoging canditions Lo convert
the 1ron Lo metal, The reduced ore is leached with a solution containing ferrie iron o extract the
metallic irom converling it to the ferrous state. The reaction may be shown as:

Fe' +2Fe” = 3Fc™
The resvlilant solution, containing ferous iron is separated fram the TiO: residue. The solution i3
then processed 1o regenerate farric iron for leaching additional ore and o recover Lhe iron as a
byproduct.

A protesse |Shiah, 1966 and U.S. Pat, 1966] patented by C. D. Shath, uses a solution ¢cantaining
both [ermous and femc chlorde, In this proczss the ore is first roasted in an gxidizing atmosphere
at about 1050 C for 2 hours Lo convert the iron to the fermic stale. The oxidized ore is then
roasted at about 900° C for about 2 hours under reducing conditions Lo convert the oxidized iron
to metallic won. In Lhis case hyvdrogen gas is used as the reductant. The reduced ore 5 cooled in
an inent atmosphere to avoid reoxidation of the iron and is leached at 30° C in a chioride solution
conlaining 70-gpl fermous irons and 50-gpl ferric irons. Aller Lhe reaction Lhe ferrous chloride
solution, which still conlaing a small quantity of ferric iron is decanted fom the residue.
2FeCly + Fe = 3FCl;

To repenerate formic chloride, air is bubbled through the ferrous chlonde solution, oxidizing

portion of the iron as shown i the [ollowing equation:
12FeCl; + 303 = 2Fe; Oy + 8 FeCls

Fermc oxide precipitates as a hydmle and is mcoversd by flraton It is then washed and
calcined to produce high purity Fe:0s. The solulion from which the hydrated femic oxide is
recovered containg both ferric and ferrous chlondes and afler discarding as much as 5 percent of
Lhe solution 10 avoid impurity build up, it 1s recyeled Lo he keachuing siep. In his CGerman patent
[Shiah, 1966] substitutes and eleetrolytc won recovery sysiem for the aeration scheme.
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The tianium dioxide residuc that remains afler leaching is recovered by washing first with a
weak acid solution and then with water. Afier drying a rutile substitule containing over 50

percent Ti0; is recovered.

Nakazawa amd Terunuma [1958} developed a simiar process in which lmenile is oxidized,
reduced and then leached with a solution conlaining either bydrochloric acid and ferric chloride
or sulfuric acid and ferric sulfate, Afier reduction, the metallic iron in the ore 13 dissolved by a
reaction similar 1o the ong in the preceding process, and the iron is recovered from the leach
solution by electrolysis,

IHmenile was subjected w solid-siaie reduction and the metailic iron obtlained was oxidized 1 a
sohible Fe (I} complex, which was Lhen separated as solid Fe;0; by adation [James W.
Rezves, 1966]. A concentrate conlaining more than %0% Ti0; was obtained from ilmenie: hy
roasting in air at 800- 1200°C foliowed by reduction with a mixture of CO and H; gas at 750-
1250°C and leaching with FeCls b dissolve Fe as FeCl:, which was then regeneraled [Ocenic
process Corp., 1965).

Processes employlng sulfur, sulfides or sulfates:

In the following group of processes sulfur, or a salt containing sulfur as a sulfide ar sulfate is
‘reacied with a titaiferous ore at a Lemperature in the range of 400° C 1o 1000° C. The reaclion
product conlains the iron and titanium in forms that can be separated by leaching and liquid solid
separation techniques (o produce & natile substibne and in some cases an inon axide by produect.

Gaskin and Ringwood {1960] developed a process in which ilmenite are 15 reached with sulfur
vapor to produce ferrous sulfide, which is mmoved from the ruble product by pressure digestion,
The ilmenite ore is added to a furnace with coke and pyrile, The coke is used 1o mamnlain a
redueing aimosphere in e fumace, and the pyTile serves as the source of sulfur. The fumace
with an ore retenbon time of | w 4 howrs |s operated at about 700°C. The producis from the
reaction are ferrous sulfide, titenium dioxide, and carban monoxide as shown in the following
reaction:
FeTi(, + 5+ C = Fe5 + Ti0. +C0

Afer completion of the reaction, the fumnace product is cooled in the absence of air before it is
screened (o remove excass coke, which is recyled w the formace, The cooled [umace product,
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alter coke removal, is leached in a vessel with waler at a (emperamre of 116°C lo 200°C, whils
air or oxygen is admitied at a preasurc of 20 1o 100 psig. The reaclion product from pressure
digestion contains tilanium dioxide, iron sulphate, iron oxides, and sulfur, Following solid-liquid
seperation, the sulphur and iran oxide fincs are removed by screening. The rutile i8 recovered
separatly and s Jeached with 20 percent sulfuric acid w remove adhenng iron, leaving a rutile

product conlaming some insoluble impunties.

A processcs similar to the one developed by Serova and Fotivev, was paienied by Takimoto,
Tanaka and Harttori [1959]. In the process ilmenite, sodium sulfate and coke are mixed in the
catio 1:1.07:0.24. The mixed solids are roasted at 1050° C followed by a water Jeach o recover
sodium sulfide and sodium hydroxide. A dried residue rom water leaching contained 51.5
percent TiO; and 271 percemt Na,0, and aller trealing the residue under pressure with 10
percent sulfuric acid, a final product contained 92.6 percent TiQ;, 0.9 percent FeD, 1.05 pereent
MNa,(, and 6.07 pereent 5i0;.

Processes employing sulfuric acid:

There arc many processes emploving sulfuric acid Lo treat titamiferous orcs. Most of the
processes are designed to produce a tilania pigment and are nol apphicable Lo Lhe present review
of processes for making rulile substilules. In these processes a mixure of titaniferons arc,
sulfuric gcid and a reduciant is reacied in an autoclave at elevated wemperature and pressure. The
iron is dissolved fom Lhe ore as ferrous sulfale, and the Ltpninm diexide remain in he residue.
" A substantially iron free titanium dicsude product is obtained afer solid liguid separation of the
slurry leaving the autoclave.

Processes emplaying hydrogen chioride gas: !

When hydrogen chloride gas 1s passed over a tilaniferous ore at elevated emperatures {600° to
1600° C} the ron present in the ore reagts with the gas to from a volatile chloride, which leaves
the furnace in the &xit gas stream. The iron chlonide is removed from Lhe gas stream to reeover
the chlorine for regeneration of hydropen chloride gas and Lhe sohds remainmg afler

chlorigization are recoversd and used as a mtile substitule,

In a process developed by Weil (1960} are having a low ganguc conicnt must be used becavse
only iron is removed leaving other tmpuritics in the product. In the process Lhe ore is crushed,
mixed with enough fincly divided carbon o completely reduce all the iron oxides to metalhe
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iron and roasicd at about 1275° C for 6 hours. The carbon requirement is not eritical but enough
should be used 1o ttally reduce the iren o metal However, the addition of o much carbon is
to be avoided so (hat tilanium carbide, which will chloridize with the iron, will not formi,

The ore does not fuse at the temperature of reduction and the furnace product is a highly porous,
coberent mass, This material is cooled while maintaining a reducing ammosphere 10 prevent
reoxidgation of the irm and is crushed The crushed reduced ore is next chloridized with
anhydrous hydrogen chioride pas

Fe+2ZHCI=FeCl:+H,

The chioridization rcackion oceurs during the 5-hours rewention of the ore in the cbloridizing
furnaee which is mawntainad at abowm 1000°C, In several Exmﬁplﬁ where the quantity of carbon
used dunng reduction was varicd and the reduced ore chlonidized the resulting chlordization
restdue contained at least 98 percent TiD; and less than 0.25 percent iron.

In the differcnt approach [Robinson ¢t al., 1960] o producing a rutile substiwte, ilmenite ore is

roasted In an oxidizing atmosphere a1 760° C to convert all the iron (o ferne oxide, The oxidized

ore it chloridized with bydrogen gas to form formic chloride according Lo the fallowing reacLion:
FeyOs + 6HCI =2FeCl; +3H,0

The reaction is camed out in a fluidized bed at a emperature of about GﬂﬂdC, and the synthetic
rutile product contains over 90 percent TiO; with about 1.6 pn:l:c-:nt Lotal ron as Fex{d;. However
no [errie chioride recovery system is proposed and a circulating Yoad of 600,000 0°* of hydrogen
chioride gas per tan of product is required.

" Processes empioying hydrockloric acid:

Processes using hydrochlaric acid to upgrade titaniferous ores involves leaching the are (o
dissolve the irom as 2 chloride. The residue conlaining most of the titanium preseat in the ore is
filltred from the iron containing solutiom and is removed as a rutile subslitute.

In one proceas [British pat, 1958] titaniferous ore ground w minus 200 mesh is charped o an
autoclave. Sufficient 36 percent hydrochloric acid is 2dded 1o provide about 300 percent excoss
of the stoichiametric guantily w react with (he contzined iron and the autoclave is heated (o
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§75°C. At this wemperature the initial inlernal pressure in the autoclave is about 40 auemsplmes.
The avtoclave is maintained at the reaction temperalere for about 12 hours afler which it is
cooled and the reaction produces are removed. The solid and liquid are separated and the residuc
is washed with water. The resullant residne containg over 99 percent of the Lilenium originally in
the ore and only about 4 percent of the iron product.

In a process [Sehra et al, 1966] developed for resing an ilmemte containing 60 percent Ti0s,
105 percent  FeO, 25 4 percent Fe;Os, 0.17 pereent V705 and 0,13 percent Cri(y, a produst
contaming 97 to 98 percent TiO; i5 oblained. Minus 60 mesh ilmenite is mixed with 525 N
hydrochiaric acid so that 50 percent excess HCI over Lhat required 1o dissolve the ferrous and
ferric oxide is present. The acid iimenile mixture is charged to a reactor and heated at about
250°C for 24 hours. Agitation of the reactants is ncccssary and the resulling residue, afler
removal of the solution, contains about 98 perent TiO;, 0.5 pereent Fe,0y, and less than 0,02
percent cach of Y105 end Cr;05. Appraximalely 90 percent of Lthe hydrochloric acid is recovered
from the solution following solid liquid scparation of the reaction producis.

A process [Australinn Upprading Process, 1969] developed in Australia is expected to produce a
synlhetic rutile conlaining 96 10 97 percent TiO;, on 2 ecommercial scale. This process employs a
hydrothloric acid leach of reduced ilmenite ore 1o remove the iron as fermous chloride leaving a
residue of synthetic rutile. The ilmenite are is first roasted in en oxidizing atmosphere for 1 hour,
using & Muid- bed technique. It is then roaswed in another Auid bed for one hall hour this time
using hydrogen gas to partially reduce the oxidized ilmenile. The partially reduced ére is then
leached with hydrochloric acid at a tempearature of about 105°C for a period of 4 hours. Alter
leaching, the spent acid sclution conlaining fermous chlonide is separated. Mapnetic separabion
removes chromle from the product leaving a symthetic rutile containing 96 percent to 97 percent
TiO-.

Sinha and co-warkers [1967] had reviewed the various methods available for the preparation of
titanium concentrates from ilmenite. They proposed an improved method in which ilmenite was
subjecied Lo oxidation roast before partial reduction and leaching with 20% HCI. The product
comtamed 95-97 % Ti0,.

In another process {Oster, 1968] fmely powdered ore was refluxed with HCI wo dissolve the iron
and the residue was washed end calcined to give a product containing 92.2% TiQ, By leaching
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ilmenite in two sieps with different concentrations of HCI et 105-110°C at high pressures Ching-
Lung and Maclkay (1965) conld remove more than 95 % of won from it. Aravamuthan and
Raghavan (1969), and Aravamuthan and sundram (368} prepared Ti(:, with 75% purity from
ilmenite by reduction at 600°C with fuel oil followed by HCI leaching which was repeated for
two or three Limes. They observed that the acid consumption would be reduced to 60% when the
leaching was dome in closed pans and by prinding the ilmenite before leaching. Sehra and Jena
{1965] upgraded Chilon ilmenile 1o & product containing 97.28% Ti0; by a single stage HCI
feaching at about 250°C for 48 hours without sturing or for 24 bours with stiming, A process for
recovering the HCT was developed.

synthetic rotile containing about 95% TiO; was prepared from ilmenite by redustion in a
Nuidized bed followed by leaching with dilute HCI at about 105°C 1o remove iron [Kaemarov &f
al, 1973]. In a study reported by Kurata et al (1974) the ron oxide present in ilmenile was
mduced to ferrous form using H: which was leached out with 20% HCI at 105° € giving a
product with 96.2% TiGy and 0.6% iron. Effiect of vanous faclora, cancentration of acid
presences of coagulents and flow velocily on leaching have been studied.

In the Murso process [Sinha, 1573] which is one of the important routes far the production of
gynthetic mtile. Crushed ilmenile afler giving an cxidative roasting at 900-550°C was subjected
to reduction with H, or mixtures of hydrogen, CO, CO; and stcam at around 850-900°C. The
ferrous iron formed was leached with dilute Bydrochloric acid at about 110°C. HCI was
repenerated from the product

Marshell and co-workers [1972] prepared TiO; (80.7%) from powdered ilmenile by leaching
wilh HCI in the presence of SnCl,.

Process employing the solid-state reduction of iror to metal:

Included 1n this seclion are processes in which the iron contained in the ore is reduced Lo the
metallic state without melting the furnace charge. Afier reductiom the ore is either leached or is
subjected Lo a physical separetion process such as magnetic separation Lo remove the ron fiom
the hmium dioxide product.

In a process déve]nped by Becher (1963) and Beacher et al (1965) iimenile ore is mixed with
minus 8- plus 20-mesh coal char and is moasted at a temperature of 1000° 10 1150°C. A ratio of 3
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pans char o 10 parts ilmenite 8 sullicient if the reduced ilmenite 15 cooled in the abscnee of
oxygen and carbon diowide. Oxddadon of the ore poor 1o reducton 15 benchcial in that the ore is

more casily reduced,

Afler rduction the ore is screemed and magnetically seperaied 1o mmaove the unbumed char for
recycling o the furmace. The char free reduced ore is then added 1o a4 vessel and mixed with
water in the ratio of 1 part mduced ilmenile 1o 6 o B parts of waler. The temperature of Lhe
slurry is maintained at 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 (he reduced ilmenile. The iron rust formed by the oxidalion
of the metallic iron remains suspended in the solubion as a [ine precapitnle and is scparated fram
the heavier titanium dioxids residue by decantation. The use of & calalyst, such as ammonium
chlonde and a trace of hydrochloric acid aceelerates the rate of oxidation and kelps W maintain

the solution pH ncar 4.

Afier s¢paration from the tilanium dioxide residue the [ine iron oxide is Glicred end then
caleined at temperatures of 400° o 900°C 1o produce different grades of iron oxide pigment. The
Gtanium dioxkle product, which remains afler the iron is removed, is a4 nutile substitute
tonlaining about 9 pereent Ti0); and eboul 5 percent total iran.

In a process developed by O'Brien and Marshall [1984] mogneta separation of the reduced ore
is employed 0 produce a product containing abeut 80 perceat TiOs, Imenile concentrale 99
percent minus 200 mesh, is moeed with coal char about BD percent minug 48 mesh in equal parts.
To these moxtures of ilmenite and coal char s added minus 100 mesh iron byproduct (hat is
mecyeled Fram the fnal magnetic seperation step. The mivture i5 added o a8 furmnace where the
temperature is slowly raised 1o 1200°C at which temperature the charge is held far 4 hours. The
furnece product is cooled 10 700°C over 4 period of about 18 hours while excluding air. This

material is then cooled 10 room (emperature in the presence of air.

ARer liphtly mullmg the furnace product the unbumed char is removed by magnetie separation.
The magnetic, nomchar fraction of the furnace product is ground in a ball mul and the fine
matzrial is subjecled o wel magnclic separation. The normagnetic fraction is titanium diexide
product comtaining about 78 percem Ti0. and 8 percent iron on a carbon fec basis.
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Processes employing the reduction of iron to metal wnder slapging conditions:

When iron is reduced under slagging conditions, Gtaniferous  ore is charged 10 a furnace usually
with a solid reductant and a fux material and jis smelted. The iron is reduced to molten metal,
which forms 2 Jipnd layer separated from the lighter slag conlaining the titanium dioxide.
Scparation of the two liguid layers resulls in a high-grade titanium dicxide slag and a pig iron
byproduct. Varying conditions during the smelting of the are resulls in different metal and slag
compositions and difTerent grade of the products,

Swingden and Jones [1978] camied out the smelting of ilmenile in an arc fimnate o give metallic
Fe and a tiztaniferous slag. They found thar thers was no dilficulty in producing slags with TiQ,
cancentrabon upto 95 % from western Aunstralia beach sand ilmenite but the reduction kinetics
suggesied Lhat it would be uneconomical o process beyond 85% titamium oxide concentration.

Elger et al [1976] carried out 2 pilot plant scals study of the reduction smelting of ilmenile with
coke and lime in an electrie are famace at 1600°C. The slag afler proper treatment and leaching
with dilute sulphunc acid gave a rutile with 88% TiCh. An cvaluatiom of the economics of the
process had also been carried oul.

The Osaka Titarium Croporation developed a process [Noda Toshio, 1968] to produce a high-
grade tilanium 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. The process utilizes ilmenite containing about 54
pereent TiQy, which is mixed with petraleum coke in the ratio of 1 part coke per 6.3 parts
imenite. The ilmenile coke mixmre is charged (o an ckectric are farnace where the iron is
reduced lo mollen metal and the titanium remains in a scparale siag phase. To obtain & high-
crade titanium dioxide slag a hugh degree of reduction is required. This reduction resulls in the
formation of Wiamum sesquioxide which causc an increase in slag viscosity with increasing
titanium sesquioxide content. The slag viscosity is maintained at a desired level by leaching the
slag with oxygen during the melting sicp to retard the reduction of titanium dioxide 1o the
sesquioxide. The high-prade titanfum dioxide slag produced by the process has an equivalent
Ti0Q; coment of 97 percent.

Greffc Andre [1959] developed a process that utilizes a solid reduction of iron followed by

fusion of (he reduced mass. Ilmenile ore is crushed o minus 40 mesh and mixed with minus 80
mesh ¢oke. The ralio of ore coke 13 10 io 1 and the mixture is hearted to 1200° C for about 1
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hour 1o reduce the iron to metal. After redvetion Lhe reaction products are transferred directly Lo
another furnace where they arc heated to 1,650° C causing Lhe reduced ore to melt. The two
liquid phases formed when the ore ﬁlu are separated 1o yisld two priducts. The one product
pig iron contams about 2 percent C, 0.2 percent Si races of Ti and the balance metallic iron, The
slag phase is a high tilania product conlaining about 95 percent Ti0; and less then 4 persent
FeQ

Processes employlng chilorinating technigues:

The chlarinaion processes (or treating titanilerous materials are basically of two types. One type
of process employs the chlorination of both the irom and titgnium in the ore forming volatile
chlorides cach of which are gollected separalely. This process will not be considered here
becausc Lhe titanium product is either titanium letrachloride ar a pigment grade titanium dioxide.
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Chapter 3

MATERIALS AND EXPERIMENTAL METHODS

In this chapler the properties of the mw materials and the experimental proceduresfworks used
for this investigation have been briefly described.

3.1 Materials

Hmenite: Paw sand containing the heavy minerals was collected from the backdune surface
layers of heavy mineral deposits at Teknaf villape area {Lengurbil deposit) from points located
2-3 Km away [rom the warter 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°1610" tn 92°) 5'S8"E at
Teknat. This placer deposit forms one of the major heavy mineral concentrations of Bangladesh
The heavy mincral proponiions of the concentralcs were determined 1o be 89-92% by point
counting grains using both reflected end transmitted light microscopy, The Tekmaf beach placer
depaosit, consisting of ilmenite, rtile, zircom and quanz mixed ilmenite. Ilmenite constitutes
arpund twenty seven percent of heavy mineral tormage. The heavy minerals show the grains of
different ¢olours in the Fig 3.1. During this study foxy red grains of niile, black grains of
ilmenite and glassy grains of quariz or zircon could be identified. At Lhe same time quariz mixed
ilmenite perticles were also chserved.

The sample was dried and screened (~8 mesh) to remove shell and other trash. Factory prade
ilrenile was produced by the Now sheel developed at the Beach Sand Minerals Exploitation
Centre, Cox's Bazar and he details can be found elsewhere [[nformation booklet,1994], The
techmigues of seperation are based on the difference in physical properties like density, electncal
and magmetic properties. The ilmenite seperated from Teknaf beach sands is a black shiny
powder material having particles of various sizes. The major constituents of ilmeniwe are 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 ilmenile contains a substantial amount of
iron in the formn of fermous and femmic state. The fermous iron content is 25,32%, fernic
iron content is 32.53% and lhe amount of Ti0, is 39.96%. The atomic absorption
analysis indicale that the sampie also conlains traces element i.e., chromium, coper,

magnesium, manganese, zing nickel etc. The resuls of chemical analysis are given in Table

3.1. It t5 clear that the as received Tekmaf ilmenite did not comain any metallic Tron.
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Fig. 3.1 Mincralogy of as received heavy nuncral sample:(a} lmenite , (b} Rutile, (c) Zircon,
{d} Quanz mixed llmentie, and {c¢) Garnet
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Table 3.1 Chemicat analysis of as received 1lmenite.

Component %4 in ilmenile
Fed 25.32
Fey(0y 32,53
Fe.. 4243
TiOy 39.96

Charcoal: The mducing apem used for the studies was chercoal. The charcoal was collectad
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 mductant. 1t was then dried at 110°C for
4-6 hrs, cooled and stored for use in the experimenis. The chemical analysis of the charcoal is
given below.

Table: 3.2 Specification of charcoal used as a mductant (mesh size +30).

Component %
Fixed carbon 57.35
Ash eontent 6.80
Yolatle matier 26.24
Phosphonis 0.30

3.2 Experimental methods
To characterize the ilmenite, the following investigations were carried out.
0l. Chemical analysis
(2. X-ray diffraction pattern analysis
(3. Magnetic separation
04. Sieve analysis

05. Onidaton
05, Reduction
07. Leaching

08. Thermopravimetric analysis
0%.  (ptical microscopy
10, Scanning glectron microscopy

3.2.1 Chemical annlysis

Wel chemical analysis was performed to determine the conlents of es received ilmenie, The
detailed procedure for chemical analysis has been piven as Appendix A. — Appendix F.
Chemical analysis was done by the standard wet chemical methods namely aluminium reduction
methods for TiQ,, dichromate titetion for iton and atomic absorption methods for race element
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contems. The prime interest was to determine percentage of ferrous oxide (Fe(), ferric oxide
{Fex04), and Umnium di oxide (Ti0;) in the iimenile sample used in thess investigations.

Chemical analysis was also carried oul in the dilTerent siages as mentioned below:

fa) For all the size fractions and magnetic fractions to determine the concentration of ferrous
oxide (FeO), ferric oxide (Fex(y) and titanium oxide (TiO;) to Investigete the difference, if any,
sfler separation into different size {ractions and magnetic fractions.

(b) Onidized ilmenite sample to determine the cxtent of oxidation of ferrous oxide {FeO) 1o
ferric oxide (Fep04).

{c} Afler reduction, to dewerming the contems of metallic  iran {Fey), toal iron (Fer} and
titanium oxide {Ti0D;) and thus to determine the extent of reduction. RKeagent grade chemicals
were used for analysis.

{d) Leached sample of ilmenite [o determine the concentration of Ti0y and metallic iron.

3.2.2 X- Ray dilffraction pattern analysis

X-ray diffrection analysis was conducted to identify the different phases present in the ilmenite.
The x-ray diffraction patterns were recorded by a Jeol DX-GE-2P X-may diffractometer. Before
recording the patterns, the samples were finely greund in an agate moriar. The diffraction
depends on the crystal stucture and on the wavelenpth. By comparing the diffraction angle (d-
value) with JCPDS (Joinz Committee of Powder Dilfmction Standard) standard data we can
know the composed phases of the sample. 1f a sample has a preferred oriemtation, strong
diffraction ling from the oriented plane can be otserved. The d-valus are calculated by using
Bragp law: 2dsind =ni.
The patiern was recorded with the following setling of Lthe x-ray di firatometer.

Targst: Ma {Zr)

Currenr: 20mA

Yohage: kY

Angle of Diffraction: §-38° ,
Scarming Speed: 1/2° per min )
Chart Speed: 05 mm per min -
Full scale intensity: 2% 107 cps

X-ray dilfraction patterns of the different size and mapnetic factions oxidized, reduced angd
leached sample were also recorded to identify the different phases presem in the differem
fractions.
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3.2.3 Magnetic separation of as-received ilmenite

Frantz isodynamic separalor was used to separate the different magnetic (ractions present in the
ilmenite sample. Franz isodynamic magnetic scparator is an effective twol for the separation of
dilferent minerals, which have fow but different specific magnetic susceptibilitics. The Framz
isodynamic scparator, used in this study, consisted of a vibrating chute mounted centrally
between the pole pieces of an electromagnet as shown in the Fig 3.2

Fig 3.2 The Franlz isodynamic magnetic separator

Mineral separations arc normally made by arbitrary adjustment of the cwTent. At any sich
adjustment the separalor divides a sample into two fractions. The more magnetic fraction
consists of particics cach having a specific susceptibility above a value deiermined by the
settines. The less magnetic fraction consists of particles of susceptibility below this value. The
sample of imenite was separated into five different magnetic fractions {al a current of 6.10-0.30
amp.) with a chute angle 15° and feed rale about 50 gm/hr. The magnetic fractions were recycled
through the separator to ensure 4 clean seperation.

3.2.4 Sieve analysis

Sieve analysis of the as received sample was performed in a standard US Sieve shaker. At first
the sicves of different mesh sizes were armanged in such a way (hat the sieve of US sieve ao &0
remained al the wp most position while the pan remained at the botom. The other sieves were
placed from top Lo bottom according to their increasing sicve number. Then 50 gm of as-
received iimente was placed in the top most sieve and the power was turned on for a shaking
period of 15 minutes. Then the samples retained on different sieves were collecled and

measured.

Il



59

3.2.5 Specific pravity mesurement

Specific gravity of different fractionaled ilmenite was determined using 50ml size specific
pravity measuremaen batile and water a5 a medium, Specific graviviy were measured by using
the following formula:

Wt. of sample _ Wai—W
Yol.of sample 50— (W:1—W1)

Where, W, = Wt of empty botlle
W= Wi of sample and boule
W, = Wt of sample, bottle and water
We- W, =W of sample
Wi - Wy = Wt of water {vol. of waler)
50 = Yolume of the sp.gr. measuring bottle
50— (W, — W,} = ¥ol. of sample

3.2.6 Oxidation of as-received sample

Creidation of iimenite samples was carried ot in temperabure controlled furnace. 20 gm of dry
as-rcceived ilmenite was taken on 2 porcelain lid. The sample was spread on the 1id as a thin
layer and was oxidized in a muflle electric furnace. The temperature of the fumace was
controlled by an on-off controller to + 5°C. ARer oxidation the sample was mken out from the

furmace and cooled to room temperature.
3.2.7 Reduction of as received and pre-oxidised ilmenite

Reduction was carmed oul in small stainless steel crucibles 25 mm in diameter and 125
mm in length. In each cese 9 pm of ilmenite and equal amounts of charcoa! was taken,
The sample and charcoal were placed in the crucible layer by layer. A layer of charcoal
was placed at he bottom of Lhe crucible then a layer of ilmenite was placed on the
charcoal. The topmost layer was charcoal to resist oxidation. A meiallic lid made of
same material of the crucibie covered the crucible. This armmangement is shown in the
Fig: 3.3-. A number of such crucibles were placed in an electric mulfle fumace and set
at a desired temperature.

The temperature of the furnace was controlied to + 5°C by an off- on controtler. ARer redoction
crucibles were aken out one by one at different tirhe intervals and allowed to coel t© om
temperature. Afler cooling the reduced mass was separated from charcoal, Separation was
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carried out in twa stages. At first the bigger particles of charcoal were separared by sieving. In
the second stage paricles of reduced {lmenile were separsted from the fnal panicle of charcoal
by a small hand magnet.

- Crucible
125 mm

N

25 mm

- :| [imenite

B Coal

Fig. 3.3 Amangement of Reduction

The extent of reduction was fellowed by the chemical analysis of the reduced mass for the
coment of metallic iren. X-ray diffraction analysis and optical metallography of the reducad
mass were camied out to complement the results of wet chemical analysis. From the
experimettal result, degree of reduction was calculated by using the formula [Shams, 2000].

% of metalliciron in the sample
o of total iron in the sample

% of reduction =

32.8 Leaching of reduced ilmenite

Samples of Teknaf ilmerute was used for this investigation. Samples of iimenite reduced both in
the as received and pre-oxidised conditions were wsed to study Lhe etfects of prior oxidation on
the extent of subsequent leaching of the reduced mass. Leaching was performed in the
temperture range of 30°C to 86°C for period’s upto 2 hrs. in acid solutions containing 5-15
percent HCL A three-necked flask equipped with a reflux condenser, a thermometer and a
magneti¢ stirrer was used as the reaction vessel for leaching. The arrangement for leaching is
shown in Fig.3.4.

During teaching 2 em of flmenite samples were Laken in 200 ml HC! solution. The leaching
solution was stirred by a magmetic stirrer. Care was taken to maintain similar stimring speed in all
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cases. Temperature of the leaching solution was controlled to the specified value and was
cominuously monitored by a thermometer. During leaching 5 ml of solution was laken afier

certain interval of time and wes analysed to determine iron content in the soluticn. This wes

Thermameter

Leaching Solotion

-’
(O O G ~F—~———— Magnetic Stirrer

Fig. 3.4 Experimental setup for teaching.
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used 1o determine the amount of iron removed from the experimentat samples. The procedurs
for determination of the amount of iron in leaching solution s given in Appendix-D. Thess
resuhts were then plotied for obtaining Lhe leaching kinetic curves. The iron and TiO; coments of
the leached samples were determined by wet chemical analysis. The elfect of oxidation on the
quality of the synthetic rutile produced was identificd by comparisan of the contents of iron and
TiO; of the samples reduced in Lhe as received and in the oxidised conditions. The variables
. considered were acid concentration, time and temperature of the leaching sclution. AHempis
have also been made to identify the reaction mechanism and to determine the activation energy
for the reaction. '

32.9 Thermo-gravimetric Analysis for the Different Magnetic Fractions

Thermogravimety is “A method of measunng the mass of a substance as a fimction of
temperature or time by varying the wmperaure of the subsuance according to a comrolled
program, usually pecformed by measuring the change in the mass of the tesi piece as a function
emperature™(JIS). The change of mass dicates thermal decomposition, dehydration,
combustion, oxidation, reduction, sublimation, evaporion, and 50 on. The change of the mass of
a sample is measured by the use of the thermobalance. The thermebalance is a device, which
continucusly weighes a sample when it is being heated or cooled. Thermopravimetric analysis
was performed in a SHIMADZL TGA-50 Machine [Fig.3.5 and Fig. 3.6]. It has a TGA
chamber, the main heating unit, # conurol unit that is used to set different parameters, an iner
pas set-up, and some electricel wiring.

A TGA chamber is 2 small induction fumace, made up of steel body with proper high
emperature insulation in the inner surface. 1t contmins a smatl platinum crucible hang by a
tungsten wire to contain charge or sample, and a small T.hcnno:couple 10 MEsUre Temperature.
There is a small inlgt in the chamber to imroduce the iner gas.

The platinum crucible was cleaned properly and then semple was placed o it.

{a) Imtial weight was mken.

(b) The crucible was insened in the TGA chamber slowly and when completely in the TGA
chamber it was closed.

{(c) Inerl gas was introduced to the chamber to provide inert atmosphere,

(d) The heating rate was set at a value of 20%min and the heater was trned on

(¢) When temperature rose up to 1000°C the machine was tumed ofT and the chamber was
ailopwed w cool,

{f} The machine produced the report as a graph.
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3.2.10 Optical Microscopy

Microstructure of all the size and magnetic factions were examined under an oplical
microscope before and afier rednction.  Panticles of the samples were mounted in a cold setting
resin and preparcd for the observation by using standard techniques. Photographs of the
significant areas of (he samples were also recorded

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 reslution images are usally produced by the secondary electrons.
In order to observe specimen swrface, as it actually exists, special care must be raken.

lon spatiering device were used for specimen preperation. The metal used to coar the specimen
is placed on the cathode plate. [ons generated by glow discharge hit the plate and eject the metal
atoms from it. These gjected meta] 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 eleciron beam, information will be
emited from each point of the scanning. The emmited information is converted into an electric
signal, amplificd, and then fed into an observation on CRT (cathods ray tube). On the CRT, the
information is used to control the brightness of the comesponding spot. Thus the informalion
¢mitted from the specmen surface is displayed on the CRT as an image. The magnification of
the displayed image is the mtio of the size of the image on the CRT to the size of the electran
beam scanning on the specimen surface. The type of information obuined can be changed by

switching the signal. In this way, a specific characteristic of the specimen surface can be seen on
the CRT in a magnified scale.

Characleristics x-rays are emitled from a specimen when an electron beam irradiates it. By
detecting and analyzing the characteristic x-rays, the elements contained in the specimen
{qualilmtive analysis) can be determine. Electron beams are very linely focused. Therefore, by
uging Lhe spol mode an elemental analysis of very small area on a specimen surface can be
delermined
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Chapter 4
RESULTS AND DISCUSSIONS

4.1 Introduection

The objective of the study was to "Characterise Bangladesh ilmenite in the process of its up
gradation imto synthetic rutile”. it was decided to follow the reduction-lcaching route of up
gradation. The samples were analyzed by standard methods of wet chemical analysis in the
as teceived condition, and also after reduction and on the various magnetic and size
fractions. X-ray diffraction analyses of all ke [mactions were performed to identify the
phases present. Thermo-gravimetric analyses of the magnetic fractions were carried out w0
deteci the presence of combined water in the sample. The efiects of time and temperature on
the oxidation of ilmenite have been followed by wet chemical analysis, X-ray diffraction
analysis 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
charcoa! in the temperature range of 800°C to 1050°C for treatment time up-io 5 hrs. All the
magnetic and the size fractions were reduced onder otherwise identical conditions. The
extent of redection was followed by wet chemica! analysis and X-ray Jiffraciion analysis.
Himenite samples of as received, oxidized, reduced and lcached conditions were also
observed wnder opticai and scanning electron microscope. The reduced samples were
leached in Iydrochloric acid. The kinetics of leaching was followed by wet chemical
analysis. The resuits of these investigations are presented and discussed as in the [ollowing
subheading.

{8) Charscterisation of as received ilmenite,

{b) Oxidation of as received ilmenite.

{e) Reduction of as received and oxidized ilmenite.

{d} Reduction behavior study.

{e) Leaching of ilmenite.

{f) Identificaticn of reaction mechanism.

{2} Comparison of the products.

4.2 Characterisation of as-received ilmenite sample

To charactenize as received ilmenile, the sample were analyzed by standard methods of wet

chemical analysis and by atomic absorption method. Sieve analysis of the as received



imenile was performed in a standard US sieve shaker. The sphericity of different sieved
fractions was also measured. Franz isodynamic separator wag used to separare the different
magnetic fractions present in the ilmenite sample. Thermo gravimetric analysis of the
magnetic fractions was carmried out to detect Lhe presence of water in the various magnetic
fractions of the sample. The phases present were identified by x-ray diflraction 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 11 can be inferred from the chemical analysis of the as-
received sample that Teknal ilmenite conlains a substantial amount of iron in the form of
ferrous and fereie form. The ferrous iron content is 25.32%, Terric iron content is 32.53% and
the amount of rutile {TiG;) is 39.96%. It is also inferred from the atomic absorption analysis
(only dissolved in extractant) that the sample also contains of btraces elements like

chromium, copper, magnesium, manganese, zing nickel etc.

A comparison of the chemical constituenis of as received ilmenite collected from Teknal
deposit with those commercially available from other sources as compiled from dala found
in different references {Samsuddin et al., 1992 and Vijayn Nayar, 1991] is given in the Table
4.1¢(a) Teknaf ilmenite conlains only zbout 39.96 % TiO; While commercial grade of
ilmenite conlzins a minimum of 55% TiO;. Thus the Teknaf ilmenite llms to be processed

further to remove the chemically combined unwanted mingrals.

Table; 4.1{a) Comparison of the chemical composition of ilmenites of different origin.
Consttuze | USA | Canada | Brazil Srila | Norw | Ausir | Keral | Cox’Barar

nt nka ay alia a
TiCy 4430 | 4250 | 4030 [ 53.61 | 43.90 { 54.20 | 55.89 | 39.12-42.85
FeQ 3590 | 3110 {3240 2067|3600 2400|033 | 29833202

Fey 0y 13.80 | 20.79 1660 20,95 | 1.11 | 18.00 | 4037 | 23.70-28.04
Al 1.21 | 105 0.30 054 |085 |035 | 1.14 -
510, 2.0 .88 1.3¢ 038 |3.28 (0350 |1.20 -

CaQ - - - 0.05 - .01 | G619 -
MgO 607 |20 .10 092 | 369 (016 |08 |0.04-027
Va0, 0.16 |0.36 0.06 - 020 | 015 1026 -

MnO, 052 | 0.4 0.60 095 1023 (160 | 028 | 104130
Cr-0y 0.27  0.15 0.50 005 (003 [003 | 032 |0.03-0.08
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Table 4.1 Chemical composition of as received Teknf ilmenite concentrate

Substance | % Substance | ppm Substance | ppm
Fel 25.32 Cr 1.49% Zn 0.8836
Fe; 05 32.53 Cu 0.0225 Mg 6.81
Fey 42.43 Mn 7.955 Ni 0.242
TiO; 3996 Ca <MDL

4.2.2 X- Ray diffraction analysis of as-reccived sample
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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 dillraction lines belonging to hematitc,

ferrous oxide, rutile and pseudorutile could also be deteeted. This nature is somewhat same

as the Cox sbazar Hmenite. . Z. Sarker et al (1999} detected hematite {Fe;0;) along with

ilmenite in Cox"sbazar deposit. A small amount of hematile, rutile and pseuderutile was also

detected in (he Teknaf ilmenite. The pattern analysis was strictly confined to qualitative

analysis. Slight shifis in the locations of the diffraclion lines were also noted. This
can be explained as (he placer deposit are not the chemically standard substance; it 18

a heterngeneous compound as well as some other impurities which may affect the

latlice parameter values.
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i

4.23 Scanning ¢lectron 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 duc to formation of pscudorutile while
highly aitered grains have very porous surfaces. The spot analysis also shows the

presence of aluminum, silicon, magnesium and tilanium.

4.2.4 Sieve analysis

Size fractionation of as received sample was performed with a standard Taylor sieve shaker.
50 gm. sample was placed on the top most sieve and power was tumed on for 15 minutes.
The samples on the different sicves were weighed and the results are presented in Tabie 4.2
It was found that almost 9% percent sample was retained on three sieves; US sieve no.100,
140 and 200, the individual amount helonging to cach of these sieves being 5.094%,
471.057% and 44.51% respectively. Only 4% was retined on the olher sieves, which were
aot suflicicnt for subsequent investigations, and therefore subsequent investigations were

conducted only on these three main size fractions,

Table 4.2 Sieve analysis of as received ilmenite,

ot : g & :
Sive NG Ve

T :;rf,r -,t'-..-r: i

A TERGEE F AT {5100
ﬂo:.f'&w::!"-?;l:-n ‘iﬁ" e ?ﬂ- &,‘.J E mt‘ﬁ. '-.E.r’“—..&!?-‘@ﬁ%
140 IUS 47.057

Fz_ﬁ'u;% Eﬁw’“‘j e L B ks

L-'Ilfi" . _:": fass ===IL1-'-'-.ME:5- PR ;LLJ__I__.;E"..{

=200 33 259




et w
Y 5E Fes

Aii C o Magn et WO P———] 4pm
DRV LN SE T04 MME R

.

! -

(b)
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4.2.4.1 Chemical analysis af different sixe (sieve) fractions

The major fractions were analyzed chemically by standard technigoes to find out the
amounts of tilanium oxide, ferrous oxide, fertic oxide and total iron and the results are
presented in Fig. 4.3. It can be seen that the finer fractions conlain a lower percentage of
Ti0,, higher percentage of tolal iron and lower perceniage of ferrous oxide. Similar variation
in Lthe composition of finer and coarse size fractions of ilmenite has also been reported by
Ahmed et al (1992).

—— T2
50 —m— % Fa{tol)
45 —a—— —a—— %R0
c 40 = Y ™y
-% 35 —— e —a— %Fe2003
=
c R
o 25 —i= — i
S 20
Q15
® 10
B 4
a T T
100 140 200
L5 Smva Mo
Fig. 4.3. Parcantaga concentrations of differant compositon » the imenis
&3 a funcuon of different size frachon {befors meduction)

Although finer fractions of Teknaf ilmenile conlain a higi]er percentage of total iron, 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 &l al. [1992]. The

ferric oxide content of the finer fractions is obviously higher.

4.2.4.2 Sphericity of differemt site {sieve) fractions

[n the present study, the shape charactenstics of ilmenite particles havs been expressed in in
termns ol sphericity. Sphericity means Lhat the particle has the shape of a sphere and hence
the lowest surface area to volume ratio. Particles with lowest sphericity will be elongated in
shape and hence have larger surface ares. The sphericity of different size fractions of Teknaf
ilmenite was calculated by using the formula given by Grade and Ranga Raju [1985] and is
explained below.

Sphericity =d, / a

Where d, = nominal diameter of the paricle
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The nominat diamerer is calculated as d, = (atbtc)3
Wherc a = length of its major axis,
b = length at 90°C o tength of its major axis, a and
¢ = length at 45°C to length of its major axis, a
For measuring sphencity ilmenite sample of different size fractions were photogmpbed

under a microacope.

Sphericity of at least forty grains of cach size fractions was measured and the average value
was taken a3 the sphericity of that particular fraction and the dara are tabulated in the Table
43

The spherieny of aif the three fractions of Teknaf ilmenite is found 1o be n a nammow range,
0,822-0,843, Sphericity of Mohcshkhali ilmenite [N.N. Shams, 2000] also lies in narnow
range 0.773 to 0.845, From the sphericity value it was found that finer size fractions are
found to have a higher sphericity while the coarser ongs has the lower value of sphericity.
This is possihly linked with the fact that finer fl'BEIiD‘l:IS may have longer history of

weathering, ¢rosion o, during transporialion,

4 243 Xray dffraction analysls of different slze froctions

X-ray diffracrion patterns of different size fractions of ilmenite are showm in the Fig. 4.4. A
larpe number of diffmction lings obsarved in the samples of as received differcnr size
Fracriomated ilmenite. Morcover some of the more imtense diffracnion lines of the different
phasas expeeted to be present may overlap. Fram the figure it is evident that ilmenite is the
mair phase in all the size fractions. Diffraction lines characteristic of a few other compounds
including rutile, psendorurile, and hematite can also be detected. The presence of hematite in
Bangladesh ilmenme has also been repomed by Ahmed ef al ,[1992] The presemce of
hematite in ilmenitc —hematite solid solution can shift the ilmenite peaks to higher angles
and the observation of such a shift in relation o the standard powdered diffraction data in
presem case sugpests thar some hemarite also exiss in salotion in lmenite.
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4.2.5 Magnetic fractionation of as received ilmenite

Magnetic fractionations were carricd out using by an isodynamic scparator. Table 4.4 shows
the relative amounts {wi. percent) of the different magnetic fractions. It can be scen that
about 96% of Teknaf ilmenite belong Lo the fractions separated 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 [ractions
only. Specific gravity of different magnetic fraction of ilmenite was determined using
specific gravity measurement botile and water as a medium. It shows that bulk of this
{lmenite has specific gravity range of 4.1-4.5 in comparison o synthetic rutile specific

gravity 4.7.

Table 4.4 Percenlage of different magnetic fractions and the relative specific gravity.

Current of fractionation | Percentage Specific
(amp.) gravity
0.10 1733 4.11
0.15 31.63 4.48
0.20 20.46 4.20
0.25 19.46 4.51
.30 7.34 4.51
0.35 3.68 447

4.2.5.1 Chemical analysis of the different magnetic fractions

The magnetic fractions separated at different currents were analyzed chemically. Fig. 4.3
shows the composition of different magnetic fractions. It is evident from the analysis that
with increasing current of separation the content of Fe;0yand FeO decreases, The figure also
shows that Teknal ilmenite coniain higher amount of ferrous oxide than ferric oxide. TiC:
content was also found to decrease with increasing current of separation. From the materials
balance (Fig 4.6) it is also found that in the samples which were separated at higher currents,
the wital amount of FeO+ FeyOy + TiQ; decreases gradually that is more impurilies are
present in the magnetic fractions separated a1 higher currents. It is also inferred from the
atomic absorption analysis that ail the magnetic fractions conlains of trace clements, tike Cr,
Cu, Mn, Ca, Zn, Mg, Ni ete. The concentration of Lrace elements, which are shown in Table
4. 4(a}, is the amount dissolved in the extractani enly. The tolal amount of trace elements is

not here. The presented result only indicates (he presence of trace elements in the samples.
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Table: 4.4a) Chemical analysis of trace elemenis in Lhe magnetic fractons (amouni
dissolved in extraciant only).

Fractionated Cr Cu Mn Fe Ca Zn Mg Ni
amp. ppm. | ppm. | ppm. { ppm. | ppm. | opm. | ppm. | pm.
0.10 00943 | 0.61 | 921 | apd | <MDL | 09682 | 11.52 | 0.189
0.15 40830 | 004 [ 1061 | 519 | <MDL | 0.7864 | 5.54 | 0.4060
0.20 05322 0.01 | 8.02 | 456 | <MDL | G.8545 | 6.73 | 0.1%73
0.25 1.2868 | 0.03 | 398 | 234 | <MDL | 0.9256 | 345 | 0.1758
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4.2,5.2 X-ray diffracrion analysis of different magnetic fractionated iimenite

The diffraction pattemn of (he magnetic fractions is shown in Fig 4.6 {a). There are
many diffraction lines in the patermn, the most prominent being those of ilmenite.
Dilfraclion lines characteristic of a few other compounds including rulile,
pseudonutile,ferrous oxide and hematile can also be detected. The patiern analysis
was striclly confined to qualitative analysis. Slight shifts of the diffraction lines were
also noted. This mey be explained as the placer deposit are not the chemically
standard substance it is a heterogencous compound as wcli as some impurities which

may affect the latlice parameler value.

4.2.5.3 Thermogravimetric analysis (TGA) of the different magnetic fractions

TGA experiment has been carried out for the samples Fractionated at different
magnetic fractions (0.10- 0.30 amp)} to observe any changes in weight. During
heating inerl atmosphere was maintined by the supply of nirogen. TGA patiem in
the Fig. 4.7 w Fig.4.10 {a) shows thal Lhe weight loss occurs for all Lhe fraclions after
cerain terpperature. The wi. loss due to the presence of bound waler.

Under investigations the five magnetic fractionation samples are 0.10, 0.15, 0.20, 1.25 and
0.30 amp. having FeQ content of 31.96, 31.35, 30.89, 28.01 and 26.410% respectively.
Fig.4.7 and Fig.4.8 show thai, initially wi. Joss occurs but after certain temperature an
effective weight gain have been noticed. This could be due to the oxidation of substantial
amount of FeQ present in those semples. The change in weight gainfloss in difTerent

magnetic fractions is shown in Table. 4.4{b).

A number of researcher [Svresh Dabu, 1993 snd Remakrishnan et al., 1997] studied (he
alteration of Indian ilmenitc of Chavara, Manavalakurichi, Orissa deposits. During Lheir
study, they identified weight loss at a temperamre near amund 600°C. This decrease in
weight indicates the prescnee of bound water. Naturally bound water {H,0") increases as the
degree of alieralion increases, on the oiher hand psendorutile structure actually contain
hydroxyl ions {FeQOH-TiO;). Ram Krishnan et al, 1997 found Lhat the release of
hygroscopic frec water {-50°C) and structurally bound wact {-BGD”C} causes loss in weight
as in the case of every sample. The structural water (hydroxyl) represents the major weight
Joss. 1ie also {found that an effective wi. gain has been noticed in two samples (1.38% and
1.49%) due to the presence of substantial amount of FeO, which could be oxidation el high

temperahire more thin 860°C.
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It is generally recognized thal in natural deposits ilmenite undergoes alteration due to
weathering. This alteration is a complex process, but it can be summarized by two major,

sequential reactions [Dimenche and Bartholome, 1976].

Stage ( 1): 3Fe® Ti0; +211"+ 1/20; = Fe;"Ti;0y + P& + H7O {H
Stage (2): 3Fe;Ti,0q +2H' = 3TiO; +2Fe™ + 2H,0+ %4 Oy {2)

in stage {1) ilmenite is convened inw pseudorutile by he loss of one third of the (ol iron anxd
oxidation of the remaining iron to the ferric stete, In stage (2) removal of the rematning iron and
loss of some eaygen lake place to yield rutile. The extent of alteration of ilmenite depends on the
geotogical history of the deposit, and the degree of alteration of different depesils m the world is
quite varicd- these of Zululand (South Africa), Orissa (India} and Brazil being altered relatively
fittle but, those of Australia and Florida (USA) showing cxicnsive alteration. [Huge and Comell,
1991} A parially altered deposil shows Lhe coexistence of different phases Le, Hmenite,
hematite, rutile and pseudorutife. But complete alteration will lead o a predominantly rutile
phase X-ray diffraclion paltern of Teknal ilmenile showed the co-existence of different phase
and the TGA analysis of this present study show weight loss. | is concluded that the Tekmal
ilmenite is in a partially altered state but not hydraled enough.

O the other hand weight gain implying that the presence of substantisl amounts of Fe .
Which may be due to some extent of oxidation of FeQ dl:lﬁng TGA. So it is assumed that
TGA atmosphere was not 100% incrt. Thus any pessible compensation of the toss in weight
due to the removal of any combined water by the weight-gain due to oxidation ¢an be ruled
ocut. This implies that significant auantity of bound water (150") was not present in the

grains of ilmenite.

Table: 4.4{b) TGA report for magnetic fractions at different current,

Poi | 0.10 amp 0.15 amp 0.20 amp 0.25 amp 0.30 amp
nts [°C | WL |°C | Wt |°C [WtL% |°C [Wt% ['C ~|Wt
%o, % o

1 23 100 | 307 | 99.98 |31 0099 | 66 100 21 1%

2 450 [ 99.78 (443 9980 | 407 {9978 [388 | 9978 419 |9%.77
3 523 [ 9944|611 19950 | 518 9949 [471 199.13 |67 19903
4 B2 0552 | 727 99.60 | 710 99 .42 T60 98 4% 760 99.21
5 704 | 9942 [ 850 | 1003 [ RRO [ 99.44 [ R65 | 9848 | BSO | 99.69
& 831 100.5 | 989 [98.08}[991 |95.12 |910 {9836 [975 |94.73
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4.2.5.4 Optical metaliography of the different mapnetic fractions

Samples belontging to dilferent magnetic fractions were mounted in cold set resin and were
palished to get scratch free surface. Then the samples were observed under the microscope
and pholographs were taken. Typical micropholographs are presented in the Figd.ll,
Optical microscopy mainly showed white and gray stucture of ilmenite and hematile
respectively. Microstructures of all the samples are almost of similar in appearance. No

significant difference could be identified [rom this microphotographs.

4.2.5.5 Scanning electron microscopy

Samples of ilmenite belonging 10 dilferent magnetic factions wers obseryed under a
scanming eleetron microscope. The observed surfaces iz the Fig. 4.12 (a) to Fig. 4.12(d)} were
more of less uniform in appearance. Anand and Giles [1984] have nowcd that SEM of
slightly altered grains show massive imegular surfaces due to formation of pscudorutile
while highly almred grains have very porous surfaces. The spot analysis showed Lhe

presenee of Ti, Cr, Cu, Ni and iron.

The difference in the degres of ilmenite alteration in various heavy mineral placer deposits
implics differential weathenng due to age difTerence and / or in situ and multistage allerativn
of ilmenite [Hugo and Comell, 1991] and also duc 1o different weathering environments, In
nature, progressive alieration of ilmenite resulis in Lhe formation and co-exisience of
diflerent phases. Moreover positive identificarion of ali allered phases is difficult because
of indisunct and similar structural as well as physical properics. Accordingly, degree of
alteration may only be percetved as the degree of rutilization. There is also considerable
uncertainty in the terminology applied to the alteration producis.

A partially altered ilmenite shows the coexistence of diferent phases i.e., ilmeniie, hematite,
rutilc and psendorutile[Hugo and Comell, 1991]. But compicte alteration will Iced to a
predominantly rutile phase. X-ray diffraction pattemn of Tekmaf ilmenitec showed the co-
existence of different phase including pscudorutile phase and the TGA results indicae
weight loss. S0 it can be concluded that the Teknaf ilmenite is in a pamially altercd stare but
not hydrated enough. :
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{(d) fractionated at 0.25 amp..
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4.3 Oxidation of as-received sample

Initial studies were Laken up to optimize the various parameters that affect and centrol the

oxidation reaction. The main factors studicd were time and temperature of oxidation.

43.1 Optimization of oxidation parameter

Oxidation of ilmenie in the temperzture range of 750%930°C has been performed. The
exient of conversion of ferrous iron to ferric ton was determined by chemical analysis of the
oxidized samples. X-ray diffraction patterns of the samples oxidized for various times at
difTerent temperatures were reconded for the identification of the pheses formed during
oxidation, The oxidized samples were observed under an scanning electron microscope and

also under optical micoscope.

Chemical analysis:

Fig.4.13. indicates the amounts of ferrous oxide lefi in the sample after oxidation for
different times at different termperature. At all temperatures under investigation the mte of
oxidation was found to be very rapid at the initial stnge and Lhe rate diminishes with Bme. At
lower temperatures, a longer time was required for the attainment of Lthe eguilibrium
condition. At higher wmperatures (950°C), on the other hand, the equilibdum wes attained
in approximately thirty minutes. The resulis of chemical analysis also show that, duning
oxidation under the conditions investigated, all the femous iron present in ilmenite was not
oxidized to the ferric state, i.e., some ferrous iron was al'wa}:s present in the oxidized sample

{e.g. at 950%C for 2 hrs. ferrous iron is 0.359).

The presence of somes ferrous iron can be explained by the fact that the attainment of
complete oxidalion would mean thal the value of the equilibrium constant is infinite,
This is practically impossible. At the initial stage of oxidation at 950°C was very
rapid and rale diminished with time. Afier 0.5 hr. the oxidation rate was very slow,
and getting stabilized. However after 1 br. the effect of time was found to be
negligible on oxidation and afier that time did not have any major influence on
oxidation. From these resulls, it was concluded that the oplimum time and

lemperature [or oxidation of 1lmepite could be taken as 1 hour at 930°C,
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Fig 413 Exbent of oxdation of ferreus oxide in the kmends at different
temperature.

The experimental condilion for oxidation was thus chosen as 1 hour at 950° C
Results of wet chemical analysis have shown {Table 4.5) that Lhe ferrous iron content
of (he oxidized ilmcnite, was only 0.5747 % while the rest of the iron was in the

ferric state.
Table. 4.5 Chemical analysis of oxidized ilmenite at 950°C for 1 hr.

% :". gl

EEE“@#’“ "

(:':' 'ﬂﬁ % _%g
zﬁﬁn&gm@@ B
Fe™ Tron 0.4467 %

Fel 0.3747 %
e R ""’%ﬁ”‘"“ﬁi‘%ﬁ

L, g r-lﬁ' 7 Eﬂ: Eﬂ‘i“—m’:‘l} 'm ‘5‘““'1- s e

Total Iron 40.71

I'he higher initial rate of oxidation during Lhe initial stages can be explained by the fact that
the surface area available for reaction is higher at the initial stage of oxidation and with time
of oxidation the reaction product covers the surface of solid ilmenite in the form of a dense

filra. The fflm thickens with time and migraton of ions or electrons becomes the rate-

determining step.
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Optical micrascopy:

Particles of ilmenite both in the as received and in the oxidized conditions were mounled in
cold setting resin.  Standard technigues were used to prepare Lhe specimens for observation
under the optical microscope. Difliculties were encountered duning mounting end pelishing
due w0 loss of loosely held particles, Tt was, however, possible to obtain a satisfaclory
polished surface composed of scattered particles. Opuical micrographs of ilmemite oxidized
for t hour at 750°C, 850°C and 950°C have been shown in Fig.4. 14 These figores show that
the structure of ilmenite at 756°C is different from that of ilmenile structure oxidized above
B50°C. The structure of ilmenite oxidized at BS0°C is similar to Lhat of ilmenite oxidized at
950°C. Mo significant difference could be identified from this micrographs.

Scamring eleciran micrascogy:

Fig. 4.15 shows the scanning electron micrograph of ilmenite oxidized at 750°C, 850°C
950°C for 60 minules, An Important observation from the fipures is Lhat oxidation at higher
temperature end longer time produces fine cracks in the grains of ilmenite. This may be due
to the fact that oxidarion converis the single crystal of ilmenite w polyerysalling armsy of
pseudobrookite and rutile. The formation of cracks increases the surface area of the product.

X-ray diffraction stwdy:

X-ray diffraclion patterns of Teknaf ilmenite oxidized at different temperatures in the range
of 750°C o 950°C are given in Figs4.16- 4.18. Fig 4.16 shows the diffraction pattemns of
ilmenite oxidized at 750°C. Oxidation for 0.50 br. the FeO phases have been diminishes end
a new phase of pseudobrookite have been appearsd. Diffraction lines of ilmenite, if present
gradually, comcide with the diffraction lines of the new phases. No signilicant change in the
relatve intensity of the difftaction lines was obscrved with an incrcase in Gme of oxidation
at the temperature. With Lhe increase of oxidation time pseudobrookite phase appeared and
this frequency of appeanng increase with the time. Rulile phase also increase wid time.
Fig.4.17 shows the X-may diffraction patiern of ilmenite oxidized at 850°C. A new phase was
found to have formed and has been idenfilied as pscwdobrookie and the intensity of
diffraction lines belonging to pseudobrookite was found to increase with time while the
intensity of difraction lines
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belonging to pseudorutile dimnished. Fig. 4.18 shows the X-ray diffraction pattern of
ilmentic oxidised at 950°C. From the pattems it can be seen that pseudobrockite and rutile
phase increases with lime and temperatuc where as the intensity of psevdorutile phase have
been disappeared at this temperature and ilmenite phase completely diminishes afler one
hour.

The results of of X-ray diffraction patlerns analysis may be summarized as follows:

a) The x-ray diffraction pattern of ilmenite oxidized at 750°C for .50 hr. and 1 hz. is similar
to as received ilmenite. Some of the diffraction lines belonging to pseudonutiie coincide with
thosc of rutile.Chemical analysis of tmenile oxidised at 750°C for 0.50 hr. 50 2 hr. showed
the presence of smzl! amount of ferrous iron and maximum ferme iron at this temperalure,
Therefore it can be concluded that at lower temperature the oxidised sample conlains fermc
pseudorutile, rutile and hematite. Small amount of ilmenite may alse be present. Since
difirection lincs belonging 10 limenile and hematite caincide, delinie identification of the
phase could not be made. Some unidentified phases were also found o be present. The
probable reaclion may be as follow:
2FeTiO; + 14 O — Fe; 05 + 2Ti0; and

3FETiD‘3 —> FEzTia.Og + !ﬂ"zFEz D].

b} With increasing temperature the pseudorutile phase disappearsd and percentape of
ilmenite phase (if present) decncascs
c) At temperature above 850°C diffraction lines belonging to ilmenite phase diminish with
time and x-ray diffraction pattern shows the characteristic lines of pseudobroookite phase.
The proportion of pseudobrookite phase increases with time for apto 1 hour then remaing
mare or less congtant.
The zppearance of pseudobrookite can be expressed by the reaction:
3FeTiO, —_— FepTi30q + V¥ Fer0n
2FeTiOy + 320, EE— FeyOs 4+ 2T0,
By heating pscudorutile above 850°C pscudobrookite is formed.
Fe;Ti;Oy ———»  FeTiOs+ 2TiD;
The existence of lower temperature level for the farmation of pseudobrookite may be duc to
the fact that diffusion rate at lower temperature is slow which may prevent the formation of
pseudobrookile [K.Z. Sarker, 1999}, Decrease in the relative intensity of hemalite shows that
pseudobrookite may also be formed by Lhe reaction.

F¢103 + TlOg —_— .FE2 l‘iOg
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4.4 Reduction of as received ilmenite

As received ilmenite which was used for the experiments contained mainly FexOn, FeO and
110,. As it is difficult to remove FepDy from itmenite by direct leaching, a reduction step is
necessary. Reduction of iron oxides in ilmenile to metallic iron was carried out by using
charcoal as a reductant. From the Ellinghum diagram it is apparent that the stability of
titaninm di-oxide is much higher than that of the oxides of iron and cannol be reduced by
carbon at temperture around 1100°C. Thus when ilmenite is heated by mixing it with
charcoal ar a temperature range of $30°C- 1100°C, iron oxide is reduced to metallic state but
the (itanjum di-oxide remains unchanged. Thus iron oxide can be theoretically reduced to
metallic form without charging the titanium oxide. Since both the oxides of iron and
titanium are more stable than corresponding metals, metallic iron can easily be dissolved

into hydrochlone acid and therefore, the titania conlent can be increased.

Te examine the feasibility of reduction of Teknaf ilmenite, reduction conditions were
setected with 2 maximum temperatore of 1050°C for 5 hours in prescnce of excess charcoal
{reductant), which were found from literature to be sufficient for the reduction of ilmenite

using various reductants.

For reduction % gm of ilmenite and 9 gm of charcoal of mesh size +30 was laken. A bed of
charcoal was first charge in vertical stainless siccl fube. Small amounts of ilmenite and
charcoal were then charged as altemate layers. The top layer was made of charcoal. The tube
was then scaled lo minimise entrance of air in it. The whe was cooled to the room
temperature; the reduced ilmenite was laken out and separated using by a hand magnet. The

resulls of chemical analysis are given in Table 4.6.

Table 4.6 Chemical analysis of as received reduced Nmenile {reduction at 1050° ¢

Component %% in ilmenite
TiO, 4232
Fewe 44,67
Fega 39.20
s Dregree of reduction L ¥R




llmeniEe, the starting material, conlained no metallie iren, while the ferrous and ferric iron
content were 25.32% and 32.53 % respectively. The Table no.4.6 shows that ilmenite had
undergone reduction during heating with the formation of 39.20% metallic iron and the
degree of reduction is §7.75%. The extent or degree ol reduction of an oxide sample can be

defined as the function of oxygen removed during the reduction process and is given by

D0R=9%X 100 ')

z
Where DOR = degree of reduction,
0,' = imtial uxygen content of the sample.

4" = oxygen conlent of the reduced sample.

Degree of reduction based on different forms of reduction. Equation (1) has been used for
iron ores [R. Hague et al., 1991} In the case of ilmenite, oxides of both iron and titanium are
present. Although TiO; is more stable than oxides of iron, it is possible that some of Ti0; is
reduced to lower oxides. However earlicr sudy [Hug et al., 1994] on Bangladesh ilmenite
has shown that for 4 hrs of reduction at 1050°C, TiQy is not reduced. In Lhe present case it
can thus assumed that loss of oxygen of ilmenite sumple during reduction was due o the
reduction of iron oxides only. Using this argument the degree of reduction of iron oxides in

the ilmenite sample can now be defined as;

0, Fe- 0, Fe
0, Fe

DORy, = X 100

Where DOR;, = degree of reduction of iron oxides in ilmenite.

{J;Fe = oxygen conlent of iron oxides in as received ilmenite.

()," Fe = oxygen content of iron oxides in reduced 1lmenite

While calculating Oy'r, it was assumed that won, other than in metallic form, is present iz the
reduced ilmenite as FeQ) only. This is a valid assumption supported by an earfier study on
Bangladesh ilmenite [Hug et al., 1994]. A siudy or iron ore [[am Gonzales and JelFes,
1987) has also shown that if 1he degree of reduction is more than 48 % (which is true in the
present case as will be scen earlier), then no metallic iron is produced befors all higher

oxides are reduced 1o FeO.
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X-ray diffraction analysis of reduced iimenne show the diffraction lines belonging to
metallic iron and rutile phase only (Fig.4.20). Hematile and ilmenite which were found in
the as received sample, had dizappeared. This means that oxides of iren in ilmenite reduced
1o metallic iron. Scanning electron micrograph (Fig. 4.21) shows the rough surface, which is
in conlrast {0 the smooth plane surface of the unreducod sample. Afier reduction larger pores
were observed. The pores were formed due Lo the remova! of oxypgen from the oxides of iron
during reduction .The spot analysis of SEM shows the presence of metallic iron at the
surface of the sample and no oxides of iron. Ferric and ferrous oxide present in ilmenite was

reduced to metallic iron, The reduction-taking place is Fe;0; — Fey04 — FeQ, — Fe.

It can be concluded that it was possible to reduce the fermous and ferric iron present in

ilmenite to metallic iron by using charcoal as a reducing agent.

The main overail mactions 1aking place in the reduction may be written as
Fe;0;. TiO; +3C — 2 Fe¢ +TiO; +3 CO and,
FeO,. TIO, +3CC __ ,  2Fe +TiG; +3 CO,
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Fig. 4.21 SEM of the sample reduced at 1050°C for 5 hrs.

4.4.1 Optimization of various parameters for reduction of itmenite

Alter cxamining the feasibility of reduction of ilmenite by charcoal, further studics wers
laken up to optimize the various paramcters affecting and controlling the reduction reaction.
The muin factors studied were ilmenite to charcoal mitio, time and temperature of reduction.
While optimizing one [actor, all the other parameters wene kept conslant during these

experiments.

4.4.1. I Hmenite to coke ratio

Reduction experiments were carried out using itmenite and charcoal with weight ratios as
1:0.25,1:0.5, 1:1, 122, 1:3 and 1:4 keeping time and temperature constant. Ilmenite and
charcoal in the required ratios were taken in the sample case and heated in the furnace at
1050°C for 4 howrs as in the previous case. The products after cooling were scparated anl
analyzed, the csulis of which are given in the Fig. 4.22. Fig 4.22 shows thal i and also
the cxtent of reduction of iron oxid 1o meiallic iron of as received ilmenile meduced at
1050°C for 4 hrs as & function of {lmenite to coke ratio, It shows that upto 1:1 ratio reduction

percentage of iron oxide to metallic iron increased after which it got more or less stabilized.

In other words, afler !:1 ratio the increase in reduction was very nominal. Hence it is
concluded that the optimum ilmentte to charcoal ratio for reduction is 1:1 at 1050°C and 4

hors,
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4.4.1.2 Optimization of termperature

For optimization of temperature reduction experiments were carried out for time period of 14
hr, 1 hr, 2hr and 4 hours in the temperature interval 800-1100°C. ilmenite and charcoal in
1:1 (w/w)} ratic was heated at 300°C for each of the time periods 172 hr, ! hr, 2 hr and 4 fir.
The reduced mass was then cooled and analyzed. Another expeniment with fresh charcoal
and ilmenite was carmed out at 900°C for the above time perteds. In other words, each
experniment was camied out with [resh raw materials and was not & continvation from the

previous one.

Fig 4.23 and Fig_ 424 give a plot of percentlage of metallic iron and percent of reduction as
a function of time. [t is clear from ihe figures that for any specified time the percent of
reduction and percent of metallic iron increased with an increase in femperature. Between
200 and 1100°C, at any temperature metallic iron content was lesser after reduction for 3
bours than afice reduction for 4 hours. Up to about 1056°C exicnt of reduction increases
sharply. Alter that there is no considerable effect of temperature on reductiom. At about
1050°C, the reduction got slabilized, afler that the increase in metnllic iron contem is
nominal. At 1100°C the extent of reduction curve merpes with the extent of curve at 1050°C,

the reduction got stabilized, afler that the increase in metaltic iron content is nominal.
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Merk and Pickles [1988] investigaled reduction of iimenite with CO and noted that above
1000°C, the degres of reduction remains essentially constant due to the formation 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, afier that the perccntege of reduction increase was nominal. The Fig.
4.24 also showed that at any specified time in both the temperature the % of reduction was
more or less same. The percentage of reduction was $7.39% and 37.47% for 4 hrs. at
temperature of 1050°C and 1100°C respectively. For a better understanding of the

optimization of temperamre the following were carried out.

Scanning eleciron microscopic studies:

Imenite samples reduced at different temperature level (300°C-1100°C) for 4 hrs. were
subjected to scanning electron microscopic obscrvation in order to understand the effect of
temperature on the surface of the pariicles. The results are given in Fig. 4.25. The trend was
more or less same as seen in the case of reduction sime (Fig. 4.30). It may be noted that the
surface of the unreduced ilmenite particle was relatively smooth nonporous surface
{Fig.4.2). In Fig 4.25(a), which is after reduction of 4 hr at 800°C, the appearance of slightly
porous surface is an indication that some reduction has taken place. As the reduction
temperature increases, the size and number of pores increascs i.e. the porosity increases with
temperature. Which is evident from the Figs. 4.25(b}, 4.25(c) and 4.25(d).

Optical microscapy:

Particles of reduced ilmenite were mounted in cold-serting resin and observed under en
opical micrescope. Microstructores of ilmenite reduced a1 different temperamre (800°C-
1100°C) for 4 hry. are shown in Fig. 4.26. The progress of reduction can be observed in the
microstructures of e reduccd mess. In these microstructures metallic iron is clearly visible
as a bright phase, the rest of the phases are grayish, voids and fissures being dark in
appearance. Microstructures of as received ilmenite particles reduced at lower temperature
show this bright phase {metallic iron). With increasing of wmemperature iron begins to

coalesce into large globules and rend to segrogate mwards the peripheries of the grains,
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{d)

Fig. 4.25 SEM of reduccd ilmenite {reduced for 4 hr.) at
{a) 800°C, (b) 900°C,
{c} 1056°C (d) 1100°C.
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I-ig. 4.26 Microstructure ol as received reduccd ilmenite
{(a) Reduced at 800"C for 4 hr
(b) Reduced at 900°C for 4 hr
{¢) Reduced at 1050"C for 4 hr
{d} Reduced at 1100°C for 4 hr
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X-ray diffraction Studies:

X-ray diffraction analysis of ilmenite reduced at different temperatures for 4 hours were
carned out. Typical x-ray diffraction paticrns of ilmenite reduced at 800°C, 930°C, 1050°C
and 1100°C for 4 hrs. are given in Fig. 4.27. During the reduction of ilmenite by charccal the
proportions of the phase’s 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 diffraction patiern. Sample reduced at 800°C gave a peak of the new phase,
metallic iron and pscudobrookite phase appear. This figure also shows that with the
increesing lemperature at 900°C the intcnsity of the diffraction lines belonging to
pseudobrookile phase and at the same time, the intensity of the diffraction lines belonging to
metallic iron and ntile inercases with indicating that the amound of metallic iron and rutile
in the reduced sample increases with iemperature. With the increase of temperature
reduction preceded, Lhe intensity of ilmenite peak slowly diminished and disappeared al
1050°C showing the complete decomposition of ilmenite to TiO, and metallic iron. At
1050°C the peak for melallic iron become reaching maximum. The presence of Fe;Oy and
pseudobrookite was detected in the sample reduced at 800°C after which it was absent
indicaling the disappearance of ferric iron through reduction at higher Empersture.
Chemical analysis values also showed the presence of ferric iron only upte 800°C

canfimming the above ohscrvation.

From the above observation it is clear that iimenite phase slowly diminished with the
increase of temperature and reaching zoro at 1050°C. The intensity of metsllic iron phase up
10 BOOC was less, afier which the intensity increases up to 1050°C, Chemical analysis also
showed the presence of maximum metallic iron at this temperature. After 1050°C the
mtensity of megallic iron phase for 1100°C is more or less same. The change in the height of
the rutile peak is shown as a funclion of reduction temperature. As all temperatures except
1100°C it increases progressively. At [100°C, in contrast, the height of the rutile peak
aclually decreases, implying a decrease in the amount of rutile. This decrcase in the peak
height of mutile 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 he above observation of chemicat analysis, optical microscopy, SEM and

x-rey difraction studies the optimum temperature for reduction is 1050°C.
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£.4.1.3 Optimization of time

From the experiments described earlier, it was observed that optimum reduction took place
at 1050°C at an ilmenite to coke mtio of 1:1. Hence these conditions were kept constamt
during the experiments for optimization of time. IImenite and charcoal were taken in the
reaction tube in 1:]1 ralio by weight and heated at 1050°C for various wime 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, altér which
it was @mken out and analyzed. Another samplc was heated for 100 hours. In other words,
fresh samples were used for srudying reduction at each time interval. After the reaction the

product was analyzed as before.

Fig. 428 gives a plol of percentage reduction and percentage of metallic iron as a function
of time. Hmenite, which was the starting material, comtained no metallic iron, while ferrous
iron contentl was 25.32% wilh the balance of 32.53% in the ferric form. It is clear from Lhe
figure that as time increased reduction of ferric and ferrous iron o metallic iron gone on
increasing. Up to about 4 hours the increase was sharp, afler which it slowed down. The
reduction rate increases at Lhe initial stage and afier 4 hour the curve becomes almost [lat. At
this stage chemical analysis shows that mor: than 87.61% of iron was in the metallic state,
and the balance is oxide of iron. At 4 hours, Lhe reduction got slabilized, alter which at 5 hrs.
the increase in metallic iron was nominal (87.75). Reduction became highest at 4 hours, afler
which time did pot have any significant eflect. In olher words, the optimum time required
for the reduction of ferrous iron and [ermic ron present in ilmenite w metallic ron was about

4 howrs.
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Following instrumental observation were also carried out for understanding the optimization

phenomenon.
Optical microscopic studies:

The microstructure of the unreduced and reduced samples in the Fig. 4.29 shows the internal
structur: of he polished particles. The progress of reduction can be observe in the
microstructures of the reduction mass. In a sample reduced for 6.5 hr. {Fig.4.29.b) small
bright spots due @ metallic iron were observed. Dark gray or black areas seen in the particle
were voids. . The pores were formed duc to the removal of oxygen from the ferric oxide
during reduction. Metallic iron spols were seen oaly in some particles while in many others
reduction had not proceeded to the metallic state, which is also evident from Lhe low metallic
iron percentage obtained n chemical analysis. After reduction for 1 hour (Fig. 4.29.b), more
shining white metallic dow were obscrved with an increase in the size and number of voids.
The smail metallic iron parlicles combined 1ogether o form bigger perticles as reduction
proceeded, which is evident from Fig.4.29 {(d). In some of the reduced ilmenite grains, these
globuics started diffusing from the interior to the periphery and got concentrated there. In the
3 ir reduced sample these metallic iron particles combined together. While in others they
were still distributed. This trend became clearer in the 4 br redoced sample in Fig.4.29. ().

The pariicle was having more voids and pores dus to reduction.

Jones [1974] had observed that during reduction Australian ilmenite above 1000°C the
mewllic iron formed coalesced logether forming larger globules. These globules diffused to
the periphery of the particles and got concentraied there. He also observed that at 1100°C,
almost all the grains were completely enveloped by shells of memllic iron of 5-10 pm
thickness.

Scanning electron microscopic stadies (SEM):

The SEM studies of the unreduced and reduced ilmenire samples were carried cut 1o study
the changes taking place on the surface of the particles during reduction. Results are shown
in Fig.4.30. The unreduced ilmenite {Fig 4.2} has got a smooth plane surface having either
no pores or only micro porcs. After one hr. of reduction, uneven surface developed, which
indicated ihe begining 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 o the removal of oxygen from
the fermc oxide during reduction. The surface of the four hour reduced sample became

compietely uneven and more porous giving an appearance of a honeycomb structure.
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Fig. 4.29 Microstructure of unreduced and reduced lmenile sample
(2} As recefved flmenile
(b) Reduced at 1050°C for 50 hr,
{c) Reduced at 1050°C for 1 hr.
{d) Reduced at 1050°C for2 hr.
{e) Reduced at 1050°C for 3 hr.
() Reduced at 1650°C for4 hr.
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X-ray diffraction studics:

X-ray diffraction patterns of as received ilmenite reduced with charcoal for different periods
of time at 1050°C arc showa in Fig.4.31, X-rey dillrection analyses of the redveed ilmenite
samples werc carried out for understanding the changes taking place to various constituents

during reduction.

The patterns recorded afler half an hour of reduction show the dillfraction lines belonging to

ilmenite, metallic iron, rutilc and pseudorntiie phase.

In the unreduced ilmenite sample, the maximum intensity peak was that of ilmenite, while
there was no peak for metallic iron, which was alse confirmed by chemical analysis. Afler
reduction for (1.5 hours, the maximum intensity peak was that for metallic iron. As reduction
proceeded, the intensity of ilmenite peak slowly diminished and disappeared after 3 hours
showing the complete decomposition of ilmenite (o TiC; and metallic iron, while the peak
tor metallic iron became slowly prominent with incrcase of time. it was also noted that the
pseudorutite phase disappeared completely afler 1-hour reduction. But chemical analysis

indicated the prescace of ferrous iron in 2ll the samples.

Raw ilmentie showed a peak for ilmentie. Intensity of ilmenite diffraction lines decreasing
with the time of reduction and the reaching the zero at 2 hours, while with the increase of
time the diffraction line for metallic ron also increeses up to 4 hrs. After 4 hours, it
decreased which can be duc to the following reason. For longer time reduction the rutile
reduced to TisOy and TigO;;, which can affect the overall absorption of the specimen and
hence can cause a drop in the metallic iron conteat. However, chemical analysis showed the
presence of more or less the same quantity of metallic iron in the 4 and 3 hour reduced
samples. Hence this drop of value in x-ray after 4 hours cannot be taken as a decrease in
metallic iron content. Wouterlood [1979] in the case of Australian ilmenite has observed the
same phenomenon. From the above investigation of chemical analysis, optical microscopy,
scanning electron microscopy and x-ray diffraction analysis it is evident that ihe optimum
time for reduction of ilmenite 4 hr. at 1050°C. Hence it is concluded that 4 hours is required
for the optimum reduction of ilmenite at 1050°PC. All further reduction studies were carried
out for 4 hours to ensure that compiete reduction of oxides of iron in the ilmenite samiple can
take placee.
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i hn
4.5 Reduction Behavior study
Teknaf ilmenile was reduced 1o study the
(a} Effect of time and wemperature on (he extent of reduction of as received ilmenite.
(b} Effect of particle size on the extent of reduction.
{c) Reduction behavior of the different magnetic fractions.

{d) Effect of proior oxidation on the extent of reduction.

4.5.1 Effect of time and temperature on the extent of reduction of as received

ilmenite

The effect of time and temperature on the exient of reduction of ilmenite in the as received
condition were studied. In all cases the ratio of ilmenite and charcoal retic was kept constant
at 1:1. The mesult of isothermal reduction experiment is presented in the form of percent
metallic iron and percent of reduction in the reduced mass of ilmenite. The chemical analysis
results plot in the previous Fig. 4.24 indicate that the exient of reduction for a specified
period increases with an increase in the reduction temperature and alse with an increase in

time lor a specilicd Wemperature,

Alter ¢ertain period at all temperatures, the rate of reduction was found to decrease with
time of reduction. The decrcase in the rate of reduction at a later slage may be altrnibuted to
he difficulty encountered by the gaseous species (CO and CO,) Lo difTuse through the porous
product layer consisting of iron and titanium-di oxide or to the decrease in (he surface area
available for reduction. The extent of reduction in the as received Umemite increascs
signifcantly as the reduction lemperature increases. The higher extent of reduction may be
attributed to the fact that at higher temperatures carbon monoxide produced by the
gasification of carbon of the charcoal beecomes the main reducing sgent while at lower

temperatures solid carbon acts as the main reducing agent.

Hasseb et al. [1997] investigated reduction of ilmenilc with charcoal and suggested thaf at
lower temperature {$50-1000°C) the reduction of ilmenite procesds via the solid-sae
reaction between carbon present in charcoal and ilmenite. They identified this modci of
reaction to be responsible for the slower rate of reduction at lower remperatures, at
temperatures higher than 1000°C,the reduction mechanism changes and is cansed by CO in
accordance with the Boudouard reaction. This change in mechanism increases the extent of
reduction. On the other hand, the Boudouard reaction (egn.1) proceeds, at a significant rate
at temperatures higher than 1000°C.
CO+C=2C0 (1
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Thus at reduction lemperatures of 1050°C and 1100°C, carbon monoxide acls as the main
reducing agent. The rate of this gas-solid reaction is higher than that of the solid-solid
reactions. At the initial stage of reduction, pseudomtile is rapidly converted into itmenitc and
rutile as follows.
Fe:0,3TiOs 4 CICO = FeQ.TiO, +TiO, + COCO, (2
{pscudorutile}

This reaclion invelves conversion of ferric inlo ferrous siate, which is genemlly fasl.
Hmenite is then reduced to rutile:

Fel.T1i0; + CICO = TiDy +Fe + CO/LC0, (3)

This reaction is basically the reduction of iron from the ferrous state into the melallic state
and is a slow process. Upon reduction at high tcmperaiure ie., 1100°C rutile is further
reduced to lower oxides with the loas of oxygen. Haseeb et al., {1997} has observed that the
genera! reduction mechanism of Bangladesh ilmenite by charcoal is very similar (o that of
Australian Capel ilmenite by carbon monoxide as proposed by Jones (1974). Jones found
thalt Australian iimenite also undergocs reduction in two major slages; conversion of
pseudorutite into ilmenite, and redoction of ilmenite into metallic iron and titaniom oxide.
Occurance of lower oxide of tilanivm aiso reported by Jones [1974] also reported at

reduction femperatures as low as 1000°C.
4.5.2 Effects of particle size on the cxrent of redaction:

Graphical presentation of degree of reduction and percent of Fepy of different size fractions
of as received reduced iimenile is shown in Fig.4.32 and Tabic 4.6{a) shows the initial and

final valucs of oxygen contents 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.

IImenite size % of total O %% of total O, Degree of
fractions combined with Fe | combined with Fe | reduction

before reduction afier reduction
U.S. Sieve No. 100 | {5.34 1.96 87.22
U.S. Sieve No. 140 | 15.72 1.68 89.31
U.S. Sieve No. 200 | 16.07 1.47 90.35
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The degree of reduction for Lhe three size fraclions is presented in the forth column of Table:
4.4 (a). It is seen from the figure 4.32 ‘that percentage of metallic iron and degree of

reduction increase with the increase of the fineness of the particles.

Fig 4.33 shows that the percentages of tota! iron in the reduced samples are higher as
compared with the comesponding values in the raw sampies. This is due to the removal of
oxygen during reduction. Alter reduction the finer fractions are found to contain higher
amwouit of tolal iroa as before. From the Fig.4.32 it is evident that the content of metallic
iron as well as degree of reduction increases with the increase of fineness of the particles. It
is clear from the Lable that although finer iimenile grains contain a higher amount of oxygen
associalcd with iron, these fractions actually contain a lower amount of oxygen in the
reduced mass. As a result Lthe reduced samples of Niner fraction contain a lower amount of
iron in the oxide form. Consequently the degree of reduction is seen to be higher in the finer
fractions (Fig.4.32Y. In olher words, under the reduction conditions used, the finer fractions
of ilmenite gel 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 diflraction parterns of the different size fractions of ilmenite after reduction is
presented in Fig.4.35. The phases identified in the x-ray patlerns, were metallic iron and
rutile. There were no diffraction lines in the x-ray pattcrn represcnting any of iron oxide,
ilmenite or pseudandtile, which distinguish these patterns from the patterns of size fractions
prior to reduction. Due 1o reduction, iron oxide was roduced (o melallic ironr. Thus the x-ray
patterns of al! reduced size fractions show diffraction lines belonging to melailic iron.
Before reduction diffrection lines belonging to TiO; was detected in the x-ray pattern of only
one size fraction which was separated a1 US sicve No. 100 But afier reduction more than one
inicnse peak for TiQ; were identified for all the three fractions. Fig.4.36 Shows Lhe
micrographs of different size fractions of reduced ilmenite. These microphotographs are
similar to cach other and it is difTicult 1o get any wseful information from these
microphotographs. However reduced samples contain whilcr phase than as-received sample

due to presence of iron.
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4.5.3 Effect of dilferent magnetic fraclions on the catent of reduction
The extent of reduction was followed by the chemical analysis of the reduced mass for Lthe
content of metallic iron. X-ray diffraction snalysis and optical metallogrephy of the reduced

mass werc also caied out,

Chemical analyscs resuls of Lhe different reduced magnetic fractionated samples are plotsed
in the Fig 4.36. This figure shows that the contents of metallic iron as well as Fe,, decrease
with an increase in the separation current.

The calculaied percentage reduction is plotted in the Fig. 4.36 and the degree of reduction

wis calculated by using the formula,

% of metalliciron in the reduced sample
% of iolal iron in Lhe reduced sample

%% of reduction =

From the Fig.4.36 it is evident Lhat magnetic Mactions scparated at lower cumrent (0.10-0.25)
are reduced to a higher extent than those separated at higher currents, it may be due to higher
fermous oxide contents in those four fractions which are separated at higher currents. So it is
beneficial to reduction for the first four fractions. But these four major fractions contain
about 89% of the iimenite sample. So it may not economical to develop a separate reduction

techniques for Lhe rest two,

N-ray dilfraction analysis of the dillerent magnetic fractions afler reduction is presented in
the Fig.4.37. Two phases were identified in the x-ray patiern, are metallic iron, and TiO;.
There were no diffraction lines in the x-ray pattern representing any of ilmenite, pseudorutile
end iron oxide phase, which distingnish these patterns from the patterns of magnetic
fractions prior to reduction, Duc to reduction, iron oxide was reduced o metellic iron, Thus
the x-r2y patrerns of all reduced magnetic fractions show diffraction lines belonging 1o
melallic iron. Before reduction diffmaction lines belonging o Ti0, was delocted in the x-ray
pawern with less intense diffraction lines. But aller reduction intense peak for Ti0; were
idenbified.

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 Lhese photographs.
However reduced samples contain whiter phase than as-received sampies due to presence of

iron.
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(€)

Fig.4.35 Microsiructure of different size fractionnied reduced itmenit (at E050° C, 4 hr)
{n) llmenite of 100 U.S. sicve size.
{b) imenite of 140 .5, sieve size.
(¢} lmenite of 200 11.S. sicve size,
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Fig. 426 Extant of reduction ¢f as received reduced magnetic
fractionated iimenita.

4.5.4 Effects of Pror Oxidation en the Extent of Reduction

Chemical analysis of the samples of Teknaf iimenite, oxidised in the temperature range 750
- 950°C, indicated that the content of ferrous iron decreases rapidly with an increase in time
and lemperature of oxidation. The rate of change of the ferrous iron to ferric iron decreased
rather rapidly and then remained more or less unchanged. Diffraction patterns of oxidised
samples, conlained diffraction lines belonging 1o pscudobrookite, rutile, and hematile. X-ray
diffraction studies by Jones [1974] also showed that ilminate when heated at 1600°C yielded

pseudobrookite and a smail amount of miile,

Scanning electron micrographs of oxidised ilmenite showed in the previous Fig.4.15(c) the

presence of eracks in the oxidised pacicles of ilmenite,

Fig.4.39 shows a comparison of the exients of reduction of as received and pre-oxidised
itmenite reduced ar 1050°C.It can be seen that at any time the extent of reduction is higher in

the case of pre-oxidised samples than in the case of as received itmenite.

As oxidation of Teknaf ilmenite converts almost ali the ferrous iron content in ilmenite o
ferric iron, this alters the reduction mechanism. Moreover the generation of cracks in the
oxidized sample prevents sinlering, increases the surface area of the oxidized particles and
hence enhances the rte of subsequent reductions.

LT
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(c)

Figure 4.38 Optical micropmphs of different magnetic frectionated reduced ilmenit
(reduced at 1050°C for hr.)

(a) Frastionoted ot 0.10 emep.

(b} Fractionatled ot 0.15 omp.

(¢) Fractionated at 0.20 emp.

{d) Fractionated at 0.25 amp.
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X-ray diffraction patiems of samples reduced (in the oxidised comdition) at 1050° C for
different periods of time are shown in Fig 4.40. The diffraction parem -of the sample
reduced for 0.5-hour show the presence of diffraction lines belonging Lo ilmemite, metallic
iron and rutile. [t may be recalled that the main constituents of the pre-oxidised ilmenite was
rutile, hematite and pscudobrookite. The presence of diffraction lines belonging to
pseudobrankite, rutile and hematite phases could not be detected in this patiern. Fig.4.40 (b)
shows that the intensity of difTfraction lines belonging to iimenite diminishes with an increase
in time of reduction and completely disappears alter 2hr. reduction. On the other hand, the
intensity of diffraction lines belonging to metzllic iron increases with increasing time of
reduction, This means that the amount of metatlic iron increases with time of reduction. It
may therefore be concluded that the reduction of Teknal ilmenite in the oxidized condition
proceeds in two stages. The first stage is the reformation of ilmenite acconding (o the either
or bath of the following reactions:
Fey TiOg+Ti0;HCO— 2 FeTiOy + CO;,
Fe;0y + 2 TiD; + CO — 2 FeTis + COy

The disappearance of hematite and pseudobroukite phases and the appearance of ilmenite in
the x-ray diffraction pattem of the sampie reduced afier oxidation gives credence to the
above sugpestion. Jones (1973} supgested that imenite can reform through he above
reactions. [he second stage is progressive reduction of ilmenite to metallic iron and rutile
according to following reaction.

FesTi, + CO — Fe + Tiy + CO,



Intenalty

a r
a - rrer
a
- vy
iz - ey Tt hrd - Bl r
AIETarEts
Tl Akt d Tl k- rodr v rky vk el
— - e rrh
v B
a --
r (-
“E - ] e
- -
v “ErAtr —rr - “Ey- d-d hrhr rlTy rrrT
el -
-

i

F iar TaT
ini
e e HebE e e hrrear
I rar
-
Trrr = i
et e e T
AyvaTal
TTirriia Tiv -+
M
- i :
TTEa 5
prtn .
T : S TRTAIaITATIET
fn
e arrrTY H v
: L el
T ay E e -
TRk T+
TR ETETATIY EAA I T ETTroATriIey
Thiva
TaiTd
thTae
A TTe TeITATEY
prEH
=
i

H
R TA Rt raTa aaT
H s
HH (TN
H o
i
:

"ql}

Mt Frac i we=le 31

Fiz. 4,40 M-ray dlMraction

|2} Kedwerd Tor 03 br. a1 1M

R
R

tterns of pre-stidised fedocnd Tmenlic,

C,

ib} Hedored For | hr, st 1080,
(x) Redwoed Ior X hr. wt L0,
(d} Heduxcod Mord hr. mt IP‘.'-II'I'.‘.

[

124



125

Thus the mechanism of reduction of naturally weathered and pre-oxidiscd sample of Teknaf
ilmenite appear to be slightly different. The first step in the reduction of oxidised ilmenite is
the rapid reformation of ilmenite ¢ither from pseudobrookite, rutile and carbon monoxide or
from hematite, rutile and carbon monoxide or from both these reactions. The second stage is
the reduction of reformed ilmenite to metallic iron and rutile. Reduction of as-received
Teknaf ilmenite by charcoal, on the other hand, involves: (i} conversion of pseudorutile into

rutile and ilmenite and (i) change of ilmenite in the metallic iron and rutile.

Thus oxidation of Teknaf ilmenite converts almost all the ferrous iron content in iinmenite to
ferric iron. This alters the mechanism of reduction. Moreover the generaticn of cracks in the
oxidised samples prevents sintering, increases the surface area of the oxidesed particles and
hence enhances the rate of subsequent reductions. 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 & comparison of the extent of reduction in as
received and pre-oxidized magenctically fractionated reduced ilmenite. It can be seen that
the exient of reduction for all the magnetic fractions is higher in the case of pre-oxidized

reduction than in the case of as received ilmeniie.

Particles of ilmenite redoced both in the as received and in the oxidized conditions wem
mounted in cold-setting resin 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 duoe to the difference in densities of ilmenite and metallic ron,
which was deposited due to reduction. Fig. 4.44 shows the comparison of lhe
microstructures of ilmenite reduced in the as received and pre-oxidised condition for similar
reduction conditions. From (he figure it is evident that the volume fraction of metallic iron
formed on reduction in the case of oxidized sample is much mere compared to that of as
received condition. On oxidation single crystal ilmenite converts to polycrysialline 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 shows the scanning electron micrograph of as received and pre-cxidised reduced
sample. The SEM pictures in both cascs show the rough surface, which is in contrast to the
smooth plane surface of the unreduced sample. After reduction pores were observed. The
pores were formed due o b removal of oxygen {rom the oxides of iron during reduction.
The surface 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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Figure. 4.44 Microstruciure of reduced ilmenite (reduced at 1050°C for 4 hr.)
(1) as received reduced imeniie
(b) pre- oxidised reduced ilmenite

-l
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ig. 4.45 SEM ol reduced itmenite (reduced al 1050°C for 4 hrs.)
{a) As received reduced
(b) Pre-oxidised reduced
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4.6 Leaching
4.6.1 Introduclion

Teknaf ilmenite reduced both ir the as received and in the oxidized conditions were leached
in dilute HCI soluticns. Samples reduced in the as received condition containing about 38.36
percent metallic iron (43.78% total iron) and samples reduced afier oxidation contaimng
39.47 percent metallic iron (44.16% total iron) were used for the leaching experiments. The
variables were acid concentration, time of leaching and tcmperature of the leaching solution.
Attempts have also been made to identify the reaction mechanism and to determine the

activation enerpy for the reaction.

4,62 Leaching of Reducesd ilmeniic

lmenite contains oxides of irom, silica and wace elements like copper, zln:::, nickel,
aluminum, calcium, manpanese, magnesium, chromium etc. The techniques of upgradation
involye preferential removal of iron. From the reduction studies it was evident that on
reduction under optimum condition most of the femous and kemic oxides of the ilmenite
were reduced o metallic iron. This reduced ilmenite was leached with HCl to remove
metallic iron, which is one of the most widely used methods for the production of synthetic
rutile. The leaching behavior of the ilmenite at various conditions has been studied. The

results of these investigations are presented and discussed below,

Leaching was performed al 75°C for a period 2 ks, in an acid solulicns comlaining 15
percent HCI. A three-necked flask equipped wath a ellux condenser, a thermometer and a
magnetic stimer was used as the reactiom vessel] for leaching, The armgenient for leaching is
shown in Fig.3.4.

During leaching 2 pm of iimenite samples were taken m 200 ml 15% HC1 solution. The
leaching solution was stired by a magnetic stirrer. Care was taken to maintain similar
stirring speed in all cases. Temperawre of the Jeaching solution was controled to the
specified value and was continuously monitered by a thermometer. During feaching 5 ml of
solution was laken after 2 hrs leached and was analyzed to determine iron content in the
solution. This was vsed o determine the percentage of iron removed from he experimental
samples. Method used for the determination of total iron from leached solution has been
given in appendix-D and the method for the derermination of tolal iron from the leached
sample has been given in the appendix-C. Afier leaching for 2 hours the solubon was cooled

and filtered. The leached imenite was washed seversl times wilth water, dried in an oven ot



110°C for 2 hrs and analyzed. The leached sample gave a product with 2.57% iron and
percentige of iron removal is 96.61%. The main reactions aking place durimg leaching are

Fe + 2HC] — FeCl; + H,
FeO+2HC 1 — leCl H1LO
1.¢. iron present in the reduced iimenite as metallic and ferrous form should get dissolved in
the acid with the formation of chloride.

Fig. 4.46 Scanning electron micrograph of reduced cached ilmenite -
(Leached at 75°C, 2hr. at 15% acid selution) S

The SEM picture of synthetic rutile 1.¢. the product oblained afier leaching the reducd
ilmenite for 2 hr at 75°C is given in Fig. 4.46. The particle is completely porous throughout
the body with the appearance of a beehive. The globular strectures scen on the surface of the
reduced ilmenite had disappeared duting leaching. As the soluble material in the particle was
jron, it may be an indication that most of these struclures consisted of iron. SEM spot
analysis study of the leached particle showed the absence of iron on the surface white thepe
was a high concentration of iron on the surface of the reduced particle before Jeachng, This
means that during leaching ali the iron on the surface was dissolved out. The experiment
shows that 1t is possible to leach the metallic iron present in the Teknaf reduced ilmenite

* with hydrochioric acid.

-
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] S il
4.6.3 Optimnm reduction condition for maximum leachiog of iron

Aler examining the feasibility of leaching of reduced ilmenite in hydrechloric acid solution
first series of leaching experiments was carned out by using ilmenite that was reduced at

different temperature for different time.

The quantities of melallic iron and ferrous iron were different in the samples redueed for
different periods of time at varicus temperatures. These samples were subjecied w leaching
to check whether complete reduction was required for the preparation of synthetic mitile with

mirimum iron content.

First series of leaching experiments werc carried out with a sample reduced at 1050°C for
different period of time. In each case leaching experiments were carried at 75°C in 15% HC1
soln, for 1hr. The percentage of iron removal is plotted as a function of time of reduction in
Fig. 4.47. Percentage removal of iron was calculated by the following relationships [George,
1987].

ron removed x 100

% lron removal =
Tetal iron content before [eaching

The iron content of the as-received limenite before leaching was 42.43% and after lcaching
gave a product with 39.20% iron, which means that only abowt 7.61% of won could be

removed by directly leaching with aeid under this condition.

The sample reduced for Lhr before leaching gave a produvct with 26.48 % iron afier leaching
against an iren content of 42.77% before leaching. With the increase of reduction tims iron
removal  on leaching was enhanccd, From the experimental resulls it was evident chal
reduction of the sample before leaching enhanced rom removal. | was also evident from the
experimental resulis that complete reduction of iron favored the maximum removal of iron

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 reduced for 1 hr,afier which it sharply rose
up to 78% for 2 hrs. meduced sample 28% for 3 hrs. reduced sample 95.97%% for 4 hrs.
reduced sample and 96.07% for 5§ hrs. reduced sample. Between 4 and 5 hrs reduced sample
the removal was marginal, which showed that there was a stabilization of iron removal at
this region. Which indicate that reduction time more than 4 hrs did not have any major

miluence on leaching.
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Hence it was concluded Lhat 4 hrs of reduction el 1050°C when most of the iron (87.39%)
reducad to metallic siale was the most favorable condition for the maximum removal of iron

on leaching.

Mext series of leaching experiments were camied ont using ilmenite samples reduced o
different temperatures for 2 hrs and 4 hrs. Fig.4.48 is a plot of percentage removals of iron
vs. reduction temperature. Sample reduced i 800°C and900°C for 2 brs afier leaching the

percentage of 1ron removal was 12.12% and 46.84% respectively

1

_'._____*___..-'——-—'

% of iron ramovat

o¥88888

1) 1 2 ] 4 5 3]
Redudtion lime {hrs_}

Fig 4 47 Percmage samoval of kon ws reduction tirms (eachn:T5%
Idrochione acid saln, for thr, et 75 Ch.

As the reduction temperature increased, the percentage of iron removal [om the sample with
a value of 87.54% ar 1050°C and 87.73% at 1100°C for the sample reduced for 2 hrs. In the
case of sample reduced for 4 br the percentage of iron removal was 18.65% at 800°C,
67.85% at 900°C, 95.97% at 1050°C and 96.01% et !100°C. From the Fig. 4.48 it was
evident that the iron remeoval of 4 hrs 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 stabilized aficrwards
in the case of 4 hrs reduced samples. In the case of samples reduced for 2 hrs at temperatures
up o %00°C the iron removal was very slow. There was a fast increase for the sample
reduced at 1050°C afer which the effect of temperature was negligible. Complete
stabilization was obseryed at about 1050°C. From the previous experiments (Fig 4.47) it was
also observed that maximum removal of tron toek place in the case of 4 hrs reduced sample
at 1050°C. Hence all the leaching experimemts were carried out with s sample reduced at
1050"C for 4 hrs,
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4.6.4 Optimization of leaching Condition

From the previous expenment (Fig, 4.47) it was evident that it is pussible 1o leach out iron
from the reduced Teknaf ilmenite. Next series of experiments were taken up to optimiz 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 and
concentrations of acid in the lcaching sotution.. To optimize one parameter the other iwo

were kept constant during the experiments.

Optimizaiion of leaching time:

Tt was observed (Fig. 4.47) that about 96% of iron could be removed from reduced ilmenite
on leaching for } hr at 75°C in a leaching solution in which the concentradon of HC! was
15%. For optimization of the leaching time, the temperature was kept constant at 75°C and
the acid concentration was maintained at 15% and time was varied from 10 min to 2.5 hrs.
Experiments were carried out for each time interval with fresh sample and fresh acid and
were not a continuation from the previous one. After leaching for specified time Lhe
percentage of iron in solution was calculated. The percentage removal of iron was plotted
agamst ime of leaching (Fig 4.49), The reduced ilmenite before leaching had an iron content
of 43.78%. The iron mmoval percentage is 93.39% after leaching for 10 mmutes. The
dissolotion was slow afier 30 minules. Afier that there was no major effect of time on

leaching. The curves becomes flat after about 30 minutes.
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The reaction then becomes slow, as most of the iron had been removed in the first 10
minutes itself. The faster dissolution of iron in the initial period could be due to the removal
of iron nich suwrface and formation of porss in large naumbers. The percentage of iron removal
95,39% for 30 minutes and it increases slowly up to 96.61% for 2 hrs. leaching. After that
the percentage of iron removal was marginal, From the figare 4.49 it was evident that the
percentage of iron removal curve after 2 hrs. leaching is flattened. So it can be concluded
that removal of iron got slabilized after 2 hrs. Teaching afler which the effect of time on
leaching in terms of iron remowval was negligible or prectically nil, The scanning elecoron
micrograph of lcached ilmenite is shown in Fig 4.50. The Fig. shows that the particles are
completely porous throughout the body with the appearance of beshive, Tt is also evident
from the fAgure that the porousness of the leached sample mereases with the increase of
leaching time. From these experimental resuits it is evident that a leaching time of 2 hrs was

favourable for maximum memoval of fron.
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Fig. 4.50 SEM of as received reduced leached ilmenite (}eached at 75°C in 15% acid soln.)
{a) Leached for .50 hr.
(b} Leached for i hr,
¢} Leached for 2 hr
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Optimization of leaching temperature;

To optimize leaching temperature experiments were camried out keeping lhe acid
concenlration and time of leaching constant at 15% (¥/V) and 2 krs respectively and varying
the leaching temperature with an accuracy of £ 2°C from 30 10 85°C. Fresh reduced samples

and acid were used at every temperature.

The percentare removals of iron as a function of temperzture are plotted in Fig 4.51. The
percentage removal of iron al 30°C is 93.12% while at G0°C it increases to 95.97%. It
reached & value of 96.61% at 75°C after which the value remained more or 1ess constant up
to 85°C. The scanning elecoon micrograph (Fig. 4.52) shows ihat the leached pariicles are
completely porous thoughout the body with the appearance of bechive. It 15 alse evident
from the [igure that wilh ihe increase of leaching lemperzture the porousness of the surfaces

of the leached sample increases.
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1t is also established fact that long time leaching with dilute acid even at room temperature
was sullizient for removing most of the iron present in ilmenite. However studies were not
carried ont at temperatares below 30°C as this would not be having any practical application.
From the Mat portion of the graph after 75°C it could be concluded that removal of iron got
stabilized ai 75°C afice which the efTect of temperature on leaching in terms of iron removal
was negligible or practically nil. However the temperatures of 75-80°C was taken as

optimum at leaching time of 2 hrs with 15% HClsolution,
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{e)

Fig 4.52 SEM of as received reduced Jeached ilmenite {leached for 2 hrs. in 15%
acid soln.}

{a) Leached at 30°C

(b) Lcached at 50°C

{c) Leached at 75°C
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Optimization of acid concentration:

Studies for the optimization of acid concentration were carried out keeping the time and
temperature constant at 75°C and 2hrs respoctively. Reduced ilmenite samples were leached
wilh hydrochleric acid of different concentrations between 1 to 30% (V/V). Leaching with
1% HCI about 17.31% iron removed from the sample but with 5% HCI most of the iron was
removed giving an iron content of 2.67% in the leached sample. With an increase of acid
concentration the rate of iron removal increased siowly rzaching a value of 96.61% for 15%
after which the effect was very marginal. However it should be noted that even with very
dilute hydrochloric acid solution major portion of iron could be removed in 2 hrs time, From
the Fig 4.53 (which shows the percentage 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 (he sample leached at difTerent acid concentrations are shown in Fig.
4.54. The ligare shows that the leached particles are completely porous wilh the appearance
of beehive. It is also evident from the figure that with the increase of acid concentration the

porous ness of the surfaces of the leached sample increases,

The percentage removal of iron from the reduced mass increased slowly as the conceniration
of acid increased from 5 to 15 percent and after 15% Ihe 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 concluded that the optimum conceniration of HCI that
shouid be used to leached reduced ilmenite should be 15% (V/V) at 75°C and 2 hrs.
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Fig.4.53 Parcentage removal of iron ve. ackd concentration{Leachsd at 75 C for
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Fig. 4.54 SEM of as received reduced leached ilmenite (leached at 75°C for 2 hr,)
{a)} Leached in 5% HCI acid solution.
{t} Leached in 10% HCI acid solution.
{c} Leached in 15% HCI acid solution.



140

4.6.5 Leaching behavior study

To study the leaching behavior of prior oxidized reduced {lmenite containing 44.16% total
iron and as received reduced ilmenite containing 43.78% wial iron in the sample were used.
The sample used for this purpose was reduced at 1850°C for 4 hr. in both cases. The major
factors that afected leaching behavior were time of leaching, temperature of eaching and

concentration of acid, for studying one parameter the other two were Kept conslant.

Effect of time on leaching:

EfTects of time on the rate of leaching of ilmenite in 10% acid concentration, reduced in the
as received and in the oxidiscd condilions are shown in Figs. 4.55 and Fig. 4.56 respectivcly.
It can be seen from these fgures that, at all temperatures investigated, the rate of leaching is
very Tast at the initial stages of leaching It can also be seen that the rate of leaching is faster
at higher temperatures. This is to be expected. The rate of leaching decreases rather rapidly
and the curve becomes almost [lat in a short period of leaching, after which the rale of
removal of iron from the sample is negligible. Fig.4.57 also shows that in all cases leaching
is faster in the sampies reduced after oxidation and zlso more iron is removed from iimenite
leeched afler reduction in the oxidized condition than from jlmenite leached after reduction
in the as-received condition, This is because of the fact that the oxidation of samples
produces micro cracks [Reo and Rigaud, 1974] at the surface of the parlicles as a resvlt
contact surface area increase. Thus, lhe leaching of sample reduced in the as received

condition progressed at a slower pace than the sample reduced afer oxidation.
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Effect of Temperature:

The effect of temperature on the rate of leaching of ilmenile reduced in the as received and
in the oxidized conditions are shown in Fig.4.57.it can be seen from the figure that removal
rate (toal iron in solution) of iron increases with an increase in temperarure. The rate of
feaching gradually decreascs with time. The figure also shows that the rate of leaching is

{total irom in solution} enhanced by oxidation prior to reduction.

Effect of acid concentration:

The effect of acid concentration on the rate of leaching of iimenite reduced in the as received
and in the pre-oxidized conditions arc shown in Figs. 4.58 and 4.59 The figures show that in
the bolh cases the rate of removal of fron from the reduced ilmenite increases with an
increase m the concentration of the acid. Fig.4.60 shows that at all concentrations of the
acid, the sample reduced in the oxidised condition has less iron than that reduced in the es-

received condition
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4.7 Identification of reaction mechanism:

Kinetic studics are aimed to determine the influence of various process parameters on &
reaction and also to explain the reaction mechanism. When a kinetic law is established and
the variation of the raie constent with temperature is studied then it becomes possible 1o
obtain a value of activation encrgy, which indicate the reaction mechanism. This, however,
requires some mathematical procedures.

To identify the mechanism of leaching reaction the so-calied reduced time plols were used.
The identification of the kinetic model constitutes an important step in the analysis of many
metaliurgical reactions. In many cases a preliminary identification is possible by using the
so~called reduced time plots. The kinetic relationships are first expressed In terms of the
depree of reduction o, which may be defined as:

_ _ Weight of iron in solution
Weight of total iron in sample

It can be seen that three commenly suggested models such as first order, shercal reaction
and Ginstling- Brounshtein reaction for iron dissolution in acid solution. The equations of
the above- models are as iollows.

I. First order reaction:
Fi=g (o= -In{l-c—=kl

2. Kmetics controlled by chemical reaction {spherical rezciion)
Ri=g (@)= [1(1-a)""]= (it

3. Kinetics limited by diffusion through the product layer (Ginstling- Brounshtein
reaction):
Dy=g ()= 1236 (I-a)P =kt

Fig. 4.58 and Fig.4.57 show the plois of o versus leaching time at 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 o5, at different leaching temperatures were obtained, Then reduced time plows, ie. o

versus Ll s, were plotted, Fig.4.61 and 4.62.

It can be seen in Fig.4.61 that among the three suggested models, the kinedics of leaching

after reduction in the oxidized state fits the first order reaction up to a value of « of 1.5 only.
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This implies that during the mitial period of lcaching Lhe reaction oceurs randomly, Such a
situation prevails when (i) the solid is so porous that the fluid can penetrate freely within the
solid and there is no resistance 1o diffusion, (ii) the reaction is not restricted (o a core/product
interface and (iii) the reaction occurs randomly and the rate is proportional to the unreacted

TNASE.

This situation is supporied by the fact that oxidation produces a large number of micro-
cracks in the grains of oxidized ikmenite. Aller that the reaction mechanism changes and the
kinetics appear to be limited by diffusion through the less iron rich surface Iayer. When 50
per cent of the reaction is completed, the reaction mechanism changes and the reaction
follows spherical model. In this case, leaching of iron becomes slow, as most of the iron had
been removed and the kinetics appears o be limited by diffusion through the less iron rich

suriace layer.

The plots of a versus Vi ¢5 for samples leached afler reduction of as receved ilmenite is
shown in Fig. 4.62. It shows that the reaction follows spherical model. The diffusion
controlicd spherical neaction model seems to be the most eppropnate one to fit the result.
The sample in this case did not contmin any cracks so teaching progressed slowly and the

kinetics appears to be limited by diffusion through the product layer.

4.8 Evaluation of activation eaergy

Both the conventional integral approach and differential approach were considered to
evaluate the activation energy (E) of the leaching reaction.

Antegral Approach:

During isotherma! kinetic studies the progress of a reaction is generally measured in terms of
degree of conversion on dissolution, which I3 expressad as, a and the value of o varies from
2ero W unity. Walues of a are plotted against time {(} for the given temperatures.
Subsequently Lhess data are fitted into an appropriate form of integrated kinetic equoation. In
the integral expression of kinehic equations an appropriate function of @, G{a), is shown o
be proportional to time (). In this method, the reaction rate constant k of various temperature

were obtained from the linearsed plots of Gia) versus time {1).

The reaction rate constanls, X, al vanows emperaturcs for oxidized and roduced samples obleined
from Lhe linearised plots, Fig. 4.63
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The rate constant wes Lthen plotizd against temperature acconding w0 Arrcheniuvs type equations.
[Fig. 4.65. Hence a plot of Ink against /T should give a straight line. The slope of this siraight
line equals, ER, where E 15 the activation encrpy and R is the ideat gas constam. The apparent
values of activation energy for leaching of oxidized and reduced ilmenitc was estimated to be 16
kdimel. Similar plots for reduced ilmenite withoul oxidalion are given in Fig 4.64 and Fig. 4.66

and the activalion energy was estimated as 23 kJ/mol.

Differential Approach:

In the dilferential approach, i, the time required for a given value of o was calculated first and
then plots of In ; against temperature (/773 is a straipht line whose slope is —E/R. Plos of In t
versus 1/T have been plotted for oxidized reduced leached sample and as-received reduced and
keached samples. These plots arc shown in Figs. 4.67 and 4.68 respectively. As before, the slopes
of these curves equal —~E/R. .For oxidized and reduced samples, the activation energy of leaching
was eslimated in the rmnges of 13 10 17 K/ mol. for 2 values of 9.1 10 .50, Onthe other hand,
for non-oxidised and reduced sampies, the activation encrgies were estimated in the range of 17
te 23 kIY mol for o values of 0.10 1o 0.50. Thus the activation energy valoes obirined by the two
approaches are nearly identical. This result also explains why the extraction of irpn is larger in
the case of oxidized ilmenite samples. This mzy be taken as evidence 10 supporl the kinefic
mechanisms identified for the two sels of samples. Besides, a marked increase in the values of
ectivation energy beyond o =0.5 is clearly noticeable in Fig.4.67. This is alw indicative of &
change in the reaction mechanism at that point from first order (o spherical for exidized and
reduced samples.
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4.9 Comparison of the leached Products

From Lhe carher investigation it wes conclded that the sample reduced at 1050°C for 4 br is
the suitsble for maximum removal of iron on leaching. It was also observed that the
optimum time, temperature and acid concentration for maximum removal of iron from the

reduced sample is 2 hour at 75°C in 15% acid solution.

A leached sample was prepared followed by the above condilions. The leached sample was
subjected to wet chemical analysis to check the purity of the materials. The leached sample
conleined most of the impuritics present in the raw material in small quastities. Iron content
2.57% for as received reduced and 2.18 for oxidized reduced leached samp]e_and TiO,
content 90.45 % for as received reduced leached and 91.50% for oxidized reduced leached
sample. In general, it can be stated that Teknaf lcachied products preparcd by Lhis oxidation-
reduction-leach route is equally good if not better than the commerciaily availabie synihetic
rutile sample. A sample reduced at 1100°C for 4 hr. alse leached in 15% acid solution at
75°C for 2 hr. followed by chemical analysis. The analysis shows that the TiQ, conteat of
the sample was 89.78%. The presence of less TiCk in the sample reduced at 1100°C
probably duc to the fact that during reduction at higher temperatures a small amount of TiC,
13 also reduced to lower oxides of titanium. Similar results were also obtained by Grey and
Reid [1974]
Table 4.7 Comparison of the reduced leached produets,

Component | Reduction Without oxidised | Pre-oxidised
temperaizre

Fel% 1050°C 2.57 2,159

Ti0, % 1650°C 90.45 91.58

F1g.4.69 shows comparison of the x-ray diffraction patiemn of as received redvced and pre-
oxidised reduced leached ilmenite. These patterns show the presence of rutile phase only and
some unimown phascs. These uaknown phases may be complex phases of Fe, Mn, Al and

310, 1t did not show the presence of metallic iron or ilmenite,

The scanning elecror micrograph of a synthetic rutile sample preparcd at optimum,
conditions of oxidation-reduction-leaching condition is given in Fig: 4.76. The particle was
highly porous with a pore size of a few microns. However, the pariicle sizes decreased

during ieaching which could be due to crumbling of the reduced ilmenite particles.
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Chapter §

SUMMARY AND CONCLUSIONS

4.1 Introducton

Investigations were carmied out to charactenize Tekmaf ilmenite in the process of its up
gradation into synthetic mutile, Bangladesh ilmenite produced at Cox’s Bazar pilot plans
comains abont 40 percent TiQ; together with 2 large amount of iron in the form of oxides,
silica and trace element tike caleium, zinc, nickel, manganese, chrominm, magnesium,
capper etc. As a result this valuable mineral, separated from the beach sands of Bangladesh
could not find any market in Bangladesh ar else where. To make this mingral commercially
significant, the Ti0y content must be increased. From Lhe different techniques available for
the up gradation of low grade ilmenites, axidazion-reduction leach routs was selected, as it is
simple and easy (0 manipularr when compared with other techmiques availahle for vp
gradation. As a part of this programme it was decided 1o study the oxidation-reduction and
leaching of ilmenite, the product Momphology, and the mechanism of each process. The
resuhs obtained were compared with those obrained during reduction of Teknaf jlmenite in
the reduccd lcached in the as received condition

An anempt has also been made to understand the kinetics and mechanism of the Jeaching
process. The following methodology was followed.

3) Charaderizarion of raw ilmenits.

b) Optimizaton of oxidation parametcr.

¢) Optimizanon of reduction parameter.

d) Reduction behavior study.

¢) Optimization of leaching condition in dilute hydrochloric acid.

£.2 Characterization of as received ilmenite

Chemical analysis of Teknaf ilmenite revealed thar it conmins & Jarge amouny of iroz in the
forrous and fermc state The comtem of as received ilmenite is ferrons ron 25.32%, femic iron
32.53% and Ti0; is 39.96%. It is also inferred fram the alomic absorption analysis thar it
comtains trace element L.e. Cr, Ca, Cu, Mg, Mn, Zn, Ni etc. X-ray diffraction patiern shows
that ilmenite is the main phase; other phases of mtile, psevdonuule, ferrous oxide and
hematite could be detected. SEM of as received sample surface was more or less uniform 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 surfaces dne o formation of pseudonmtile
while highly altered prains have very porous surfaice. More than 56 percent of Teknaf
ilmenite was retained on US sieve no. 100, 140 and 200, individual amounts belongs [0 ¢ach
sicve being 5.094%, 47.05% and 44.51% respesctively.

Finer fracrions of Tcknaf ilmenite were found 10 coniain lower percentage of TiO; and
highar amounts of total iron. From the sphericity value, finer size fractions were found to
have a higher sphencity. X-ray diffraction analysis of all the size fracrions showed that,
ilmenite was the main phase and together with rutile, pseudonumle and hematite.

The bulk of the (mors than 96%) Teknaf ilmenite belongs 1o magnetic fractions separated at
separation currents of 0. 10 —0.30 amperes,

The content of ferrous oxide and ferric oxide was found to decrease with increasing current
of separation. With increasing cwrrent of separation fitaninm oxide content was found to
decrease. Froum the marerial balance it was found that mare impurities are present in the
magnetic fractions separated at higher curmcnts.

TGA praph of thiferent magnetic fraction showed a weight loss. Babu et al {1993} idenhfied
weight Joss at a wmperature near around 600°C in the case of altered itmenite. This decrease
in weight loss indicates che presence of bound water. Naturally bound water increases as the
degree of alteration increases, on the other hand psendorutile soructure actually comtain
hydroxyl ions. A partially altered deposit shows the coexistence of differcnt phases, but
complete glteration will lead 1o a prodominantly rulile phase. The x-ray diffraction padern of
differsnt magnene fracuon of Teknaf ilmenite also showed the presence of hemalile, nuile
and pseudorutile phase. That is Teknaf ilmnire have the co-existence of different phases.
TGA mports of different magnetic fractions of Teknaf ilmenite indicate the presence of
bound water. So it could be contluded that the Tebmaf ilmenite is in a partially altered state
but not hydrated enough.

5.3 Oxidation

Oxidaton of ilmenite in the temperature range of 75 0°C-950°C has been performed. The
extemt of canversion of ferrous iron to ferric wron was détermined by chemical amalysis of the
oxidized samples. The rate of oxidation was fiound w be very rapid st the inilial slage and the
raic diminished with e,
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Optical micrographs of itmenite oxidized at 750°C for 1hr is different from that of ilmemite
oxidized above 850°C. The structure of ilmenite oxidized at 850°C is simular to thar of
imenite ouidized al 950°C. No significamt differcnce could be identified from this
micrograph. '

From SEM of oxidized ilmentite 1t was observed that at higher temperature and lomger time
oxidation produces fine cracks were found in (he grains of ilmente. This is due to the fact
that oxidation converts the single crystal of ilmenuc to polycrystal amay of psendobrookite
and rutile, X-ray diffraction studics showed that the product of owidation at 750°C is
pseudorutile, hemaltite and rutile and some unidentified phases. At 750°C pseudobrookice
also formed with Lhe increase of time, Psendobrookile was found 1o have formed during
oxidation ar emperamres above 850°C. The proportien of pseudobrookite was found Lo
increases wilh tme for up to 1.5 hr and ther remain more or less constant, The appearance af
pseudobrookite can be expressed by the reaction,
3 Fe T10; = Fe, Tis O +4; Fe0s

On heating above 830°C pseudorutile transforms to pseudobrookite.

Fe: TisDe —p  Fey TiIO42TIO;

The non-existence of psendobrookite at lower whperature has been amrituted to the fact that
the rate of diffusion is slow at lower lemperature, which prevents the formapan of
psevdobrookite, The deerease in the rclanve inlensity of hematite sugpests thar
pscudobrookite might also be formed by the reaction.

Fe;04Ti0; —» FeTiO:

From the investigation of chemucal analysis optical microcopy, scanming electron
microscopy and x-ray diffraction amalysis it can be inferred thar the oplimum time and
temperature for oxidation of ilmenite is 1hr, ar $50°C. The coment of exidized ilmenite ac
optimum condition is 0.5747% ferrous ion, 57.56% ferric iron and 40.71% 1otal iron,

5.4 Reduction

To cxamine the feasibility of reduction of as received ilmenite with charegal, reduenon
conditions sclected were a temperatre of 1050°C and a reduction time $ hrs in presence of
sufficient amount of ¢harcoal. imenite which was the starting material contained no metallic
mon, while ferrous mon content was 25.32% with the balance of 32.53% in the farmic form
underpone reduction during beating with the formarion of 39.20% metallic ron. X-ray
diffraction studics, SEM structure, and spot analysis of SEM showed (hat ilmesite could be
reduced wiath charcoal.
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The main parameiers such as reductuon time, lemperature and ilmenite 0 coke ramdo

optinized.

Equal weights of ilmenite and coke were found to be necessary for maximum reduction of

o oxide 111 the ilmenits or in sther words the optimum ilmcnite 1o coke rabo was 1:1.

Fram the investigation of chemical analysis, optical microscopy, scamning elesiron
microscopy and x-ray diffraction studies the optimum time and temperamure for reduction 18
4hr a1 1050°C.

5.5 Reduction behavior study

The prime comcern of these experimems was to identify the most suitable condrtion for
reduction. The optimum ilmenitc o cake ratio and optimum tme and temperatute was used
for all the reduction experiments, Reduction behavior study was carried out on the following

different condmons.
Effect of time and temperature on the exdent of reduction of as received Himenlie:

The extent of reductnon for a specified penod was fund to increase wilh an increase in the
reduction temperature and alse with an increase in ime for a specified wmperamre. At all
remperatures, the awe of reduction was found o slower after cenam period with time of
reduction. The deemcase in the rate of reduction al & later stage may be atinbuled Lo be
difficulty encoumtered by the gaseons species {CO and CO.) to diffuse throngh the porous
product layer consisting of ron and ntanium di-eade or to the decrpase in Lhe surface area
avalable for reduction. The extent of reductian in as received ilmenitc was found to increase

significantly as the reduction temperatire increases.

The higher extent of reduction at tugher remperatures may be attnbuted to the faet that at
higher temperatures carbon menoxide produced by the gasificanon of carbon af the charcoal
bicomes the main redacing agent while al lower temperateres solid carbon acts as ths main
raducing agent. Hasseb ot al, [1997] investigated the reduction of Bangladesh ilmenile with
charcoal and suggested that at lower temperatures 950-1000°C the reduction of ilmenite
procesds viz the solid-state reaction betwesn carban preserr i charcoal and ilmenite. They
idennfied this mode! of reacuon to be respomsible for the slower rates of reduction at lower
[emperaturcs. At temperatures hipgher dan 1000°C, the roduction mechanism changes and is
cansed by CO in accordance with the Beudoursd reaction. This chanpe in mechaniam
ingreases the extent of reduction.
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Effects of parilcle size an the exaent of reduction: " .

The particle size plays an important role in the kinetics of reaction. Reaction rate increases
with reduced size as the finer pamicle provide more comlact area o begin rthe reactian.
Keeping tus in mind effect of size of the particles of ilmenite on redection was siudied. The
finer fracrions camtained highcr percentage of iron oxide in ferric stare, which may also
inerease the extent of reduction. On the other hand reduced samples of finer fractions contain
higher amounr of metallic iron. 1.6, fower amoust iron remained as oxide form. So from the
point of view, optimization of reduction process, adaptalion of separale reduction procedure
for cach of the size fractions may not be useful.

Fxtent of reduction af the magnetic fractions:

On reduction magnctic fractions separated a1 lower current were reduced 10 a higher oxdent
than those separated at higher currcnts. It may be due to the higher ferric oxide comtent in
four fractions, so it may be beneficial o reducnan, But these four major fractions contain
about 89% of the ilmenite sample. So it will not economical to develop a separate reduction
techniques for the rest two. Moreover the actual extent of reduction of the different magnetic
fractioms did not show any significamt difference. So the magnetic fractionation will not help

b

1 ¢nhance the reduction process.

Effect of prior axidation on the extent of reduction:

The exend of reduction of ilmenite in the as received and in the oxidized conditions have
been studied. Tt can be seen that the raie and also the extent of reduction of iron oxide to
metallic fron is higher in samples reduced in the oxidized condition than in the samples
reduced m the as reccived condition. The oxidation of Teknaf ilmenite converts aimost atl
the ferrous iron in imenite to ferric ron. This aliers the mechanism of reduction. Moreover
the gencraton of cracks m the oxidized samples helpenhances the mte of subsequent

roductions.
5.6 Leaching

Leaching of reduced Teknaf ilmenite was found to be a very rapid process and about 50
percent of leaching was completed within the first 5 to 10 minutes of leaching, The extent of
removal of iron was found 10 increase with time, emperature and concentration of acid in
leaching solution,



159

Hydrochlorc asid concentration of 15% was found Lo be optimum for leaching out irem from
the sample. Az 15 percent hydrochloric acid concentration the optimum time and iemperatire
for leaching out iron is 2 hrs and 75°C respectively. The samplc leached afier reduction m
the axidized conditions comains less residuzl wron. On the other hand the TiO; content in the
leached product was found to increass in the oxidized condiiian.

The leaching of ilmenite was enhanced by the presence of cracks formed dunng oxidation
and the feaching mechanism was found o follow the first order reactiot up 1 an @ value of
0.5%, afler that the mechanism was changed w spherical reacton. On Lhe other hand,
leaching of ilmenite reduced withowt prior oxidabon was found to be slower and the
mechanism followed the Spherical modcl. The apparent activanon energy for leaching was
found to be about 16 klfmoal for sample reduced after oxidation for @ values up 10 0.5 2nd 23
kJ/mo} for samples reduced without prioroxidation.

SEM studies of the mtile sample showed a highly porous non- continuous surface, and spor
analysis showed the absence of iron on the surface, X-ray analysis indicated that the sample
comtained only rutile peaks and peaks for metallic iron and ilmemite were absent. A
comparison of the chemical ¢onstiruents of synthetic rutile prepared in these studics from
Teknaf ilmenite with that of 2 commercially available synthetic rurile sampie [Bracamn &
al, 1980] is given in the Table 4.8, Ti0; content of synthetle rulle prepared from Tekmaf
sample is stightly lower than the commercial sampls. The values for the other constitments
are well compareable. In gencral # can be stated that synthetic ntile prepared from Teknaf
ilmenite by this oxidaton-reductioz-leach route is equally good as those prepared from

ilmeniles of other origin,

Table 4§ Comparison of the chemical constituents of synthetic nutile samples.

Constituents | Commercially avaslable synthetic retile Teknaf synthetic rutile
Australian Kerala

Ti0, 92.30 93.50 91.50

Residual iron | 2.10 1.30 2,18
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5.7 Conclusions
1) Teknaf ilmenite conlains a larger amount of iron. Teknaf ilmentic conlains arcund 40%
T2, 25 32% Fe( and 32 53% Fe, (O,
2) X-ray diffraction panemns of as received iimenite show that iimenite 15 the main phase.
3) SEM of as received ilmenite shows uniform appearance. Spot analysis shows that it
cOMmains titaninm, iron, oxygen, sihcon and nichium.
4) More than 96 percent of Teknaf ilmenite was retained on US sieve no. 100, 140 and 2040,
5) Finer fractions of Bangladesh ilmenite comtam lower percemtage of TiO; and higher
amounts of total fron. ]
) From the spherieity value, Aner size fractions are found (o have a higher sphericity.
7) X-may diffraction analysis of all the size fractions, ilmenite is the ma2in phase and other
phases like hematite, ferrous oxide, matile and psenderunle also prescat.
8} The bulk {more than 96% Jof Teknaf ilmenite consists of magneric fractions separared at
separation currents of 0.10 —0.30 amperes.
9) The content of titenium oxide, ferrous oxide and ferric oxide decreases wilh

increasing current of separation..

10} Teknaf ilmenite 1s in a parnally altered state and not hydrated encugh.
11} Finer fracuons of Teknaf ilmenite have hgher catent of reduction.
12} The optisaumn time and temperature for oxadation of ilmenite is 1 hrat 950°C.
13} The optimum condition of reduction of Teknaf itmenite by charecal is 4 hr at 1056°C,
14} Omadation prior o0 reduction of Teknaf dimenilc cnhances the rale of subsequent
reduction.
15) Adopmions of separate reduction procedure for the different siz¢ fractions and magnetic
fractions of Teknal ilmenite are not nacessary
16Y The metallic iron content of the reduced ilmente is higher in case of sample reduced in
the oxidized condition,
17y Onadation prior to roduction of Teknaf ilmenite increases Lhe eent of reduction and
also increases the extent of leaching of iron.
18} It is possihle to produce symhetic rudile from Teknaf ilmenite through oxidation-
reduction leach techniques,
19) Symhetic rutile obtained s thess studiss conlaing 91.30 percemt TiQs, which is very
much comparable in chemical constitution with those prepared from ilmenite of other
oTigins.
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Appendix-A
Estimation of ferrous iron;

Keep all the solutions ready before analysis.

» Take 0.5 gm of finely ground sample in a 500 ml flask
e Add
ay 40 ml of distilled water
b) 25 ml conc. Ha50,
Heat gently to boiling, boi for one minute.
Add 10 ml of HE, botl for 10 munutes.
Remove form hot plare and immedistely add
&) 100 ml of 4 pct. boric acid (4gm benic acid in 100cc water)
b) 15 ml of H:PO,-H;S0, muxture.
¢} 100 ml of distilled water.

d) Cool in running water.

Add 1ml of Barium dipheryl amine sulphonate indicator.

Titrare with 0. IN polassium dichromate solution o a violet-blue

end point.

Calenlation:

ml of k:CryOpxN=0.5584x 100

YaFe™ =
wt. of sample



Appenidix -B

Fatimgation of metallic iron:

Add 4-6 gm of HgClz to 100- 150cc of distilled water.
Add 0.5 gm of FINELY GROUND sample.

Boil for 20 minutes

Filter and wash (6 times) with hot water.,

Test the regidue for ir enit

a) Add one drop of potassium ferricyanide solution.
b} Green color will mdicate presence of irom

¢) Boal ppt with 100¢c distilled water and filter

{d) Test again for Fe content

&) Repest, if necessary.

Add

a) 10 ml of HPQ-H;80, mixture.

b) 10 ml of Zimmerman soluton

" ¢) 5 drops of Barium diphenrylamine sulphonete indicator,

Titrate with standard potessium dichromate solurion
Appearance of "wioler color is the END POINT,

Calculaton:
%» Metallic iron = Vol of kCroOpxFactor of K-CraQex 10x100

Weight of sample

Factor K;Cr70+= 5 5.84xNommality of X; Cr; O,

1000
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Appendix -C

Estimation of Total Iron;:

5o thi

Melt 10- 15 gm of polassium-hydrogen sulphate (in a silica crucible} to get a clear

soluton,
Allow the melt to sohdify.
Weigh out 0.5 gm of FINELY GROUND sample.

Spread the weiphed sample evenly over solidified potassium bi-sulphate.
Heat gently to melt

Swarl the contents of the crucible carefully.

Increase the temperature fo the maximum (900°C)

Heat (at %00°C for 30 minutes).

Allow solidify.

Place the crucible (and the lid) inside a beaker comaining 20 per H; S0,
Heat il dissolution is eampleze.

Make upto 250ml.

olution for etermination of TiO;-al

Pipette out 25 ml of the solution in a conical flask

Add 5ml conc. HCE, Heal 080°C.

Reduce the iron solution by adding drop wise freshly prepared SnClz,
Solution. {Add till the color disappears, add ane-drop excess)

Cool immediately in ICE (to 20°C)

Dilute o about 100 ml.
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* Add 10 ml of Saturated HgCr; solution {rap:dly, at a ime) angd mix thorgughtly.

¢  Silky white precipitare will be obiained allow to stand for 5 minutes.

» Add 5ml of conc., H:$O; and 10 drops of n-phenylanthralinic acid indicator.

« Titratg with std. Potassium dichromate sclution io pmk color. This color change is
not very prominent, has to be noticed carefulty.

Calculation
vol, of kiCryQyxfactor of kaCraOy x« 10«00
% Tolal iron=
Wit of sample
5 5 84xNomality of K; Cr, O
Factor of KACrO—= 1y C
1000

Fernc ion can be estimated from the difference between total iron and ferrous iron

o%Fe = % totaliron - %Fet++
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Appendix -D

Determinaton of Total Iron from Leached Solution

Take cut 5 mt of sol.

Ditute 1o 50 m}.

Add conc. HCL {Sml)

Heat to 60-80° C ust 10 boiling)

Immediately reduwee with SnCl; (Keep cool in 1ec.)

Excess SnCl; to be neutratized by HgCl: (10 cald soln.) {should not be 100 exicess)
Shake well to pet 4 silky whute ppt. of HgCl;

Adil:

10ml of Zimmerman soln

10ml of acid mixture.

5 drops of sodium/Barium dipherry] amine indicator,

Titrate with s1d. Potasstum dichromate g0 pet the amount of motal sron.

Calculation:
%o of total inom is caleulaled from Lhe following relationship:

I Liter 1 N K;Cr;04 = 55,84 gm of iron



175

Appendix -E

Estmation of T10,

»

Tile apparatus consists of a 300 ml Erlenmeyer flask with a 2-hole rubber stopper, A
poimed glass rod rearly touching the flask is placed in one hole of the sopper and
the shemt end of the delivery tobe 18 placed into a 4ﬂﬂru]__bea.lcer contamng saturated
sodium hicarbonale zotution. The aluminum ol is amached 1o the glass mod fixed

with the stopper.

Take 25ml of solutiom {prepared for estimation of otal iron) in a 500-ml Erlemnéyer
Rask,

Add 30 ml of HCI {conc.)

Boil the solution.

Amach 2gm of high punty aluminum foil to the cnd of the glass rod of the redactor,
Remove the flask form the heating mantle,

Immedialely nser Lhe rubber stopper carrying the glass rod with aluminum and the
delivery tube 1o the fask.

Place the other end of the delivery mube below e level of the sarurated sodiom
bicarbomate solution taken in the 400 ml beaker, -

The reacoon between the aluminnm foil and the solution is rapid.

Towards the end of the eaction swirl the flask to ensure complele mixing and
reduction.

When all the aluminum appears to be dissolved gemtly boil the solution for 3-5
murmites koeoing the delivery tobe stll immersed in the sodium bicarbonate solution,
Ensure that the rubber stopper is rightly fitled,

Cool the flask {in ice) w less than 60°C.
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» Ag the sample it the Erlemmeysr flask) cools, the sodinm bicarbonate solurion is
dravm imo the Erlenmewer lask and carbon dioxide evolved pives necessary

protective aimosphere,
«  When the solution is ¢ool remove the stopper and rinse the plass rod and the delivery
twbe with distilled waler,

v Add 2 ml of 24 per ammonium thiocyanate indicators.

s  Tirare with standard ferric ammonium sulphate indicator.

Calculafign:
ml of ltram » factor = 1000
2Ty, = -
Wt {in gm} of the sample
Wi of S1d. TiDs x% tn Std Ti0y
Factor =

ml of atrart <1000
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Appendis -F

Preparation of Solutions

1 Ammmonium Thiocyanate mmdicator
Dissobve 245 pms of ammonium thiocyanatc in 80m! of hot disrilled water, Filer through
two Whatman 42 filter paper using vacnum, Cool, dilute to 100 mi and slore in 2 dark eolored
bottle.

2. Standardhzmion of Fermic Alum;
Disgsolve 30.16gru of ferne ammonium sulphate in 800m! disulled water and 15mi Canc.
H:50.. add Hz0; to ensure camplete oxidaton of the iron. Boil the selution to remove excess
H;(; and dilute o 1 litre, Standardize the sclution aganst standard Ti02 reduced in the same
way as descnbed for the sample.

3. Preparation of SnC1,:
Caone. Solution of SaC1; is prepared by dissolving 12 of pure tin or 30gms of AR crystalline
SnC12 (SnC1;, 2H:0) in 100ml of cone. HCI and dilute to 200m! with distilled water.

4 Phosphoric acid Solphunc acid Mixture
150mi of cane. HS0, and 150 mi 150 ml of H;PO, in 700m! dislilied waler. Total volume
will be 1000mi,

5.Zimmerman Solution

50gms MnS0, in 250ml H0+100ml cone. H;SO,+300ml distilled warer+100ml H;PO.. Total
volume will be 750ml.

6. Diphcnyl amune sulphonate Indicator

Dissolve | gm of the diphenylamine salt in I 00m! of come. H;S0.

7 Barium diphemylamineg suiphonate Indicartor

0.2gm of bariom diphemyiamine salt in 100ml distilled water.
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8 K-phenylanthralinic acid indicator
0. 1 gm phenylanthralinie acid in 100ml of 8.005% molar sol” of NaOH.
9. 20% HCI Solurion
Conc, HCT comtzins 35% HCL take 100ce HCI and adg distilled waiet to make upto 165¢c,
18, K:CryO; Solutian
45033 pm Hitre (0. IN Solution}

11.0.605 molar NaOH Soln.
0 02gm NallH crystal in 100 mi H;0
12. 4% Bone acid:
4 pin boric acid in ¥ H0ml water
13, Porassium fermicyrnide solutian:
0.02gm potassium ferricyanide im I 00mlwater.
14, 20% H.S0,
$0ml H20.+20mi H,;50,

L)
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CHEMICAL ANALYSIS RESULTS OF TEKI‘iAF ILMENITE

Table 1: Chemical analysis of as received Teknaf ilmenite(4.1)

Cotrponent % In ilmenite
Fel 2532
Fe0; 3253
Fe (tmt.) 42 43

Tily 3056

Table.2: Sieve analysis of Teknaf ilmenite(4.2)

LS Sieve No. Mesh openmge (um) Av, stze fractiom %
70 210 0.053
104 149 5.004
140 105 47.057
200 74 44510
=200 53 254
Table.3: Chemical analysis of differemt size fractions of Teknaf iimeniic
before reduction {4.3)

US Sieve No. % TiOy % Fe (tolal) % FeO % Fea 0
100 3515 42.71 26.04 3213
140 3830 43.27 2550 3353
200 38.00 43.83 24 .60 35.37

Table 4:: Chemical analysis of magnetically fracuonaled ilmenite(element only dissolved in

extractant 4.4)

Fractiomated | Crppm | Cu Mo | Feppm | Cappm | Znppm | Mg Ni
amp. ppm | ppm ppm ppm
0.10 0.0943 | 0.0] 92] 404 <MDL | 09682 | 11.52 0.1897
015 40830 | 0.04 1461 519 <MDL | §.7864 5.54 04050
0,20 05322 | 001 802 456 <MDL | 0.83545 673 0.1973
025 1.2868 | 003 398 234 <MDL | D9256 345 01758
Raw 1499 | 0.022 | 7555 403 <MDL | 0.3836 6.81 02422
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Table. 5: Chemical analysis of magnetically fragtionated ilmenite {4.5).

Fractionated | TiQ: | %Few—= Fe™ FeQ | F¢™'= | Fe:0)y | Sp.Gr. | %of
amp. % | mlx11.163 | =mlx Y= Few- toral
5.58 Fe"x | F&& | %Fc™x matenial
4 1.2863 14298 -
0,10 3064 4194 24 8 31.96 17.11 24,44 4,11 a5 .04
.15 38.03 3220 243 3135 14.53 21.20 428 90,58
T
0.20 3699 3855 24.0 30.80 14 54 20.78 4.20 33.67
1
025 34 3519 21.7 23.01 1342 i%.18 451 21.83
7
0.36 3306 3342 20.5 26.40 12.90 18.44 451 7790
2

Table 6. Vanadan of forrous iron in the oxidized  sample with ume and temperature {4.13).

Temp'C Ferrous iron (%)
Time (hr) FA0°C B50°C 950°C
as received 2532 2532 25.32
05 4.10 2.37 1.867
1.9 248 140 0.5747
1.5 1.90 0,969 {1,538
2.0 1.50 0.6465 00,3591
Table 7 Extent of reduction of ilmegile with thiferemt proportion of reductant
(Reduction: 1050° C for 4hr 4.22).
Dmenite:coke FoF e YoFe e Yoof reduction
1:25 43 45 34 40 7916
1:50 43.54 35.79 82,19
1:75 43 &1 37.68 86.40
1:1 43.78 38.10 87.02
1:2 43 35 38.25 B7.25
1:3 43 83 38,27 87.30
i:4 4390 38.35 87.35

Tabl: 8 Extent of raduction of ilmenite as a function of tme and temperature (4.23}.

Temp."C Metallic iron (%)
Time {ht) &00"C AC 1050°C 1100°C
0.5 22 0 24 27.64 28.00
1.0 452 12.79 30.23 30.80
2.0 .45 19.82 33.39 33.90
. 3D 780 22.79 35.64 36 00
4.0 §.90 28.19 18.26 1%.40

| ‘ﬂ
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Table 9 Extent of reduction of as received ilmeni as a function of tme (4.24) .

Reduction %
Time {hr, 800°C 900%¢C" 1050°C 1100°C
0.5 5.185 21.72 64.79 64.90
1.0 10.62 32.19 70.68 71.10
2.0 15.00 45.80 77.16 77.00
3.0 18.13 52.63 21.93 8743
40 20,56 64,73 27.39 §7.47

Table. 19 Extent of reducnen of ilmenite (4.28).

Temp“C Tirng {hr. ) Fe {met} Reduction %o
%%
1050 5 2764 64,79
1050 1 3023 T0.68
1050 2 3339 T1.16
1050 3 35 40 8119
1050 4 3838 B7.61
1050 ) 39.H) B7.75

Table 11 Exoent of reduction of as recarved ilmende as a
function of size fraction (Reduction: 1050°C for 4 hr. 4.32)

US. Fz0 Fe ma % Degree of reduction
Sicve %

Wo.

41,1 2.80 38.69 37.22

4} 7.56 39.03 8931

2040 6.62 41.20 0085

Table 12 Varation of total iron of as recerved iimenite
and reduced size fractionated ilmenite (4.33)

US. Sieve 8% of otal irn inas | %0 of Lokl iron in reduced

No, received imemue lmenic
100 42.71 44.34
140 43 27 44,70

200 43 83 4537




Table 13 Chemical analysis of Fractionated reduced sample (Reduced ar 1050°C for 4 hr.

4 36)
Fractonated Ti02% Fe (tot) % Fe {met) % o5 of
amg. reduction
0.10 45.53 48,02 42 &0 39.12
a.13 4473 44,64 42 04 90,05
0.20 41 51 45.50 41.50 91,20
0.25 40 44 43 .83 39.45 50,00
.30 38.83 43.08 38.30 £8.90
(.35 32.80 4271 37.30 87.30
Table 14 Extenr of reduction {2e0f reduction) of as reeeived and
pre-oxidized reduced ilmenite (Reduction: 1050°C,4.39)
Tine (hr.) % Of reduction % Of roduction
{As received) {Pre-oxidized)
0.50 64,719 66.48
1.0 70.68 7262
20 77.1a §6.76
3.0 £E1.93 8793
4.0 87,61 §9.35

Table 15Exent of reduction (Yoof reducuon) of as receved and pre-cxidized
reduced of different size fractionated iimenite (Reduction: 1050°C,4.42)

US sieve No. % Of meduction {as % Of reduction
received) {oxidired)

100 8725 £8.00

140 4930 0,20

200 90,80 9120

Table.16 Extent of reduction of pre-oxidized and as received fractionated

imenitc (Reduction: 1050 C for 4 hr. 4.43)

Fracticnated amp. % O reduction % Of reduction (pre-
{As received) oxidized)
0.10 go.12 £9.66
Q.15 50,09 91.25
.20 91.20 91 45
025 0000 90,50
030 88.90 89.00
0.35 87 30 27,70

Ll
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Table: 17 Chemical analysis of reduced ilmenite (Reduction
for 0.50,1,2,3,4 and 5 hrs )

Temp“C | Time (hr.} Fe (tot.) % Fe (met) | Reduction %
%

1050 5 42 65 27.64 64.79
1050 1 4271 3023 70.68

2 4327 33.39 77.16
1050 3 43 60 35.40 81.19
1050 4 43.7% 38.36 §7.61
1056 5 44 .67 39.20 8775

Table: 18: Chemical analysis of pre-oxdized redueed ilmenile.

Temp’C | Time (hr. ) Fe (tot ) % Fe (met} | Reduction
% %
1050 3 42 82 25.47 66,48
1054 1 42,99 31.22 72.62
10540 2 4377 3797 86,76
1050 4 4416 3947 59,38

Table 19: Extent of reduction of pre-oxidized differemr size fractiome
{Reduction: 1050°C 4hr).

US sieve Fi x. % | Feduction %
No,

Raw 43.78 38.26 B7.61

100 44 X8 39,50 BE 00

140 44,75 40 50 Q0.20

200 4627 422G 91.26

Table: 20; Extent of reductian (Fa o %) of pre-cadized reduced  ilmenile a3 a
function of time and temyp.

Temp."C Metallic iron (%)

Time {kr) 800 °C 900°C 1056°C
035 5.10 10,94 28.47
1.0 3.30 17.70 3122
2.0 10.80 26.13 3797
3.0 11.20 3080 38.50

4.0 13.70 34.80 3947




Table:21 :Extent of reduction {reduction %) of pre-oxiduzed
reduced ilmenile as a functiom of time and temp. .

Temp.’C Metallic iron (%o}
Time {hr) 800 °C 900°C 1050°C
0.5 11.98 25.62 66.48
1.5 19.39 41.16 7262
2.0 25.20 60.50 86.76
3.0 26.10 71.13 §7.93
4.0 31.86 80.14 89.38

Table: 22 Chemical analysis of reduced ilmenite as
a function of nme and mEmperatnre.

Temp'C | Timehr. Fe (Tot.) % Fe (Meat) Reduction
% %h
800 5 4243 220 5.1%5
800 1 42.54 4.52 10.62
30} 2 42 9 G645 15,00
200 3 43 (X} 1.80 18,13
200 4 43.27 890 236
Q00 5 42.54 24 21.72
QG 1 42 83 13.75 32.19
Q00 2 - 4327 19.82 45 80
Q00 3 43.30 22719 52.63
Q00 4 43.55 2819 6472
1050 5 42 66 2764 &1.79
1050 1 42 77 3023 FJOTTF
1050 2 43.27 33.39 77.16
1050 3 43510 354 2192
1050 4 4378 38.36 £7.59
11040 5 4314 2800 &4 90
1304 1 4333 30,80 71.10
11040 2 4400 33580 T7.80
1104 3 43 .67 36.00 8243
1100 4 43,90 38.40 B747

184



. Table: 23 Chemeal analysis of pre-axidized reduced ilmenie

as a function of time and (emperature,
Temp’C Time hr, | Fe (Tot.} % Fe (Met.) Reduction
% %
200 ) 42.54 5.10 11.9%
200 1 42 80 8.30 19.39
200 2 42 85 10,80 2520
200 3 4290 11.20 2610
300 4 43.00 13.70 31.86
904 5 42.70 10.50 25.62
0 1 43.00 1770 41.16
oG 2 43,18 26.13 60.50
o0 3 43.30 30.80 71.13
90 4 43 42 34.80 30.14
1050 5 42,82 28.47 &6 48
1050 1 42 .99 3122 7262
1050 2 4376 3797 8676
1050 3 43.78 38.50 87.03
1450 4 4415 35.47 89.38

Table: 24: Chomical analysis of fractionaled pre-oxidized redueced ilmenile
(reduced at 1050°C for 4 hrs.)

185

Fractionared amp Ti02 % Fe (tot.} % | Fe{mer)} % % of
reduction
0.10 46.60 438.69 43.61 80.66
0.15 45.26 47.74 42.80 91.25
.20 42.58 46.%%6 41.87 91.45
0.25 41.55 45.50 41.20 9050
0.30 40 55 44 39 3% 54 8900
{35 3375 42 71 3746 8770
able: 25: Chemical analysis of as reccived reducod ilmesite
(reduced at 1050°C for different period).
Reduction Concentrate in reduced ilmenite %o % of oxygen Degree
time (hr.) Feo | Fomet | FeD | % of tatal combined with of
XYEED Fe befors reducdo
reduction n
3 43.54 3564 | 124 2.3 15379 81.79
4 4378 3836 | 8.55 1.%4) 1537 87.64
5 4467 | 3920 | 346 1. 8% 15.379 3775
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Table: 26 Cakoulalion of degree of reduction. for freclionated rednced sampie.

Cyrrent | % present in as recaived ilmenite FeOin {O:in Degree
anp. redocd | reduced | of
FeO O in Fess Oqgin Total ilmenite | ilmenile | redoctio
Fel) Fe: ) GXYZEN n
0.10 31.9% 7.1022 24,44 7.332 14.4534 1.570 8912
0.15 31.35 6.9665 21.20 6.36 13326 1.320 .09
0,20 30.25 6864 20.78 65,234 13058 1.15 91.20
.23 28.01 6.224 19.18 5754 11.97% 1.1978 20.00
0.30 2640 5 866 18 44 5.532 11.398 1.265 88.90
LEACHING

Tahle 27 Percznlage removel of iron vs. rednction ime of ilmenile sample (Sample reduced at
1050°C, 4 br. ‘caching time: 1 br. at 15% HCl soln and aL 75°C, : 4.47 )

Redaction time Feuuss Fe in icached soln. % | 9% of iron remaval
(hr.) In reduced sample

0 42.43 3.23 1461

1 4277 22.29 5253

2 4317 33318 T829

3 43,60 3521 2763

4 43,78 42 02 9597

5 44,57 44 91 96 .07

Table: 28 Percemage removal of imn v, reductiom temperature of ilmenile sample
(leachad in 15% HCE soln. Ad 75°C for 1 hr. 4.48)

Temp % Fiy, in the case for 2 hr reduced % Feyy in the case for 4 hr reduced sample
°C sample
in In leached 200 fFe In reduced | Inleached | % of Fe removal
reduced solution removal sample salulion -
sample
B0 #2.90 5.20 12,12 43.12 8.07 18.65
pLLH 4327 20.27 46,34 43.55 29.55 67.85
1050 43.27 37.88 B7.54 43.78 42 062 95.97
1100 43 44 38.08 87.73 43,90 42 14 06.01
Tabls: 29 Percentage remenval of iron vi. leaching time (leached: 15% HCl al
75°C, Sample reduced at 1050°C for 4 hr. Fe, 43.78%,4.49)
Leaching tiroe (i) Fe.. in reduced Iron presést in %% of iran removal
sampls leached soin %%
00.00 43,78 000G [LEELY]
10 43.78 40,89 93.39
20 4373 41.41 9458
30 4378 41.76 25.3%
&0 43.78 12,02 05.97
120 43 78 42.30 956.61
135 43.78 42,33 06.68
150 43.78 42,36 86.75
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Tahle: 3¢ Perceniage removal of imn vs. lcaching lemperatan: (leached: 15% HC for 2
hrs. As received sample reduced at 1050°C for 4 hr, Foyy 43.78% 4,51}

Temperaiurs °C Iron present in leached solution | %% of iron removal
%o
30 40,77 9312
40 41.38 94.51
50 41.96 05.84
&0 42.02 9559
70 42128 06,57
75 4230 96.61
B0 42.33 96.68
35 42.33 96 68

Table:31 Percentage remmwrval of inom vs. HC acid concentration {lezched at 75°C for 2 b,
in different HCI comeeniration. Rectuced sample: Fep, =43.78, 4.53)

Concentration of acid % Iron present in | Iron present in | %6 of iron remeoval
rednced samphbe | leached solnbom
% %
1 431,78 7.58 1751
3 43,78 33.28 76.01
5 43,78 41.11 93.%)
19 4378 4202 95,97
15 43,78 42.30 56.61
20 43,78 42.33 9666
5 4378 4238 96,80
30 4378 1238 96.80

Table 32 Comparison of extent of dissolution of iron from pre-teadized reduced sample and as
rexeived reduced sample leached wilh 10246 HCI al specifisd wemperaire (4,55, 4 56 and 4.57).

Time (Min) 2%, of iron in solation
30°C 50°C 75°C
As received | Pre- As received | Pre- As received | Pre-
rednced axidised redoced oxidised reduced oxidised
reduced reduced reduced
1 875 1176 15.76 17.66 20.57 23.40
y) 14,38 19.42 2714 30.02 33.71 36.92
3 2232 24.72 2677 32,67 35,89 35.05
4 23 20 28,70 31,52 34.63 36.77 40.03
5 2406 79.58 3284 35.94 37.65 40.68
10 31,10 32.02 36.93 33.58 39.20 41.82
20 34,98 35.94 38232 4019 39,78 41,93
30 36.590 18.56 48,87 4034 40.36 42.17
60 3927 1927 41.07 41.19 41.55 42.50
120 39.97 46.92 41.80 42.03 41.59 42.67




133

Table 33 Comparison of extent of dissolution af ien from pre-oxidized reduced sample and
as received redoced sample leached with HC! of different concentratiens ar 75°C(4.58, 4.59
and 4.60).

Timeg % Of 1ron in solutioa
{min.}) 39 HCI 1051 ' 15%HC]
As Pre- As Pre- Asg Pre-
recctyed oadired received axidized recervexd oxidized
reduced reduced reduced reduoed reduced ¢ | reduced
5 36.91 39.34 37.65 40 68 4023 41.20
18] 3757 4029 39.20 41 82 40 80 42.00
20 32.10 4875 3978 4193 41.41 42.09
30 3997 40 %4 40.38 4217 41.77 42.34
o 40,78 41.11 41.55 42 50 4202 42 &7
120 41.11 4i 40 41.59 42.67 4230 42 95

Tabie 34 Chemical analysis dain for kinetic curve of isothermal leaching of
oxidized and reduced ilmenite leached with 10 percent hydrochlorie acid at
specified temperaturs (Fep—344.16%.4.56)

Time (min) 30°C 50°C 75°C
%% in sol” o % in sol” o % insol® | @

1 11.76 266 17.66 40 23.40 54
2 19.43 44 3002 68 3692 .84
3 24.72 36 32.67 T4 3005 .88
4 2870 b5 34.63 78 4003 81
5 29.58 &7 35.94 .81 40,68 82
10 32.02 725 3288 83 41.82 95
20 3594 RI38 40,19 a1 41 593 95
30 38.56 £731 40 84 52 4217 B85

Table : 35 Chemical analysis data for kinetic curve of isothermal leaching of reduced

Imenre sithoir oxidinng leached wirh 10 percemt hydrochkoric acid at specified temperaitre
(Foa=13.78%,4.57)

Time (min) [ 30°C 50°C 75°C
% in 508 o %5 in sol” o Sinsol® |«

1 .75 .20 1576 36 2057 47
2 14 33 .34 27.14 62 33,71 77
3 22,32 43.51 29.77 63 35.80 82
4 23,20 50,53 31.52 T2 36.77 84
5 24.09 56.55 32.84 75 37.65 86
10 31.10 71 36.93 84 39.20 89
20 34,98 80 18.22 37 39,78 01
30 36.90 .84 38.87 £9 40,36 92

.‘-‘



Table: 26 Data for kaching time plot for isothermal kinetic corve shown in

Oxidized-reduced and leached ilmente sample{d.61).

189

30°C

Alpha 50°C 75°C

Time (1), sec | 140.5 | Time (1), sec | t40.5 | Time{1), scc | t10.5
0.1 20 1448 |13 1625 |10 178
0.2 43 296 295 3678 | 205 36
0.3 70 482 42 525 | 31 553
04 104 7172 |60 75 41 757
0.5 145 1 80 1 56 1
0.6 200 1379 |98 | 122 |70 1.25

Table: 37 Data for isothermal kinetic piots according to first order ceaction during
leaching for oxidized and reduced ilmenite(4.63).

Alpha | Time.(scc/min} G{a) = -Ln {l-<a)
30°C 50°C 75°C
0.1 21 35 i3 216 10 166 0.105
0.2 43 JIe | 295 4916 20.5 341 0223
0.3 T0 1.16 |42 70 3l S166 1037
0.4 104 1.73 | 60 1 42 70 .51
0.5 145 201 | & 1.33 56 9333 | 068
0.6 200 255 |98 1.63 70 1.166 | 0,91
Table 38 Arhentus type plot for kineuc data {4.63).
Temp®C TK T k=tan® Lok
30 303 0033 349 -1.052
H} 323 309 3497 - 3883
75 343 (0287 793 -.2494

Table 3% Data for apperent activation energy caleulation of leaching, Using di ferential
approach for oxidized reduced leached with 10% HCI acid (4.67).

K | /T a=01 a=02 =03 a =04 o =035
Tmmet | Lot Timet | Lot Time,t | Lot Timet | Lot Timet | Int

303 | 0033 | .35 -1.04 7la -334 1116 143 1.73 S48 241 879
{ &

323 | 0030 |.216 -1.532 | 4916 =71 i) -3566 |1 0 1.33 285
Q9 1

348 | 0028 | 166 -1.795 | .35 -1.04 | 5166 | -66 0 =356 | 2160 | -087
7
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* Table 40 Data for leaching time plol for isothermal kinetic curve{ As received reduced and

lcached ilmenite sample, 4,623
Alpha 30°C 50°C 75°C
Time {sec) | t40.5 Time (sec) | t40.5 Time (sec) | 0.5
0n.1% 30 71 13 20 12 J8
0.20 &0 343 31 34 23 33
0.30 100 576 50 53 38 58
.40 140 80 ri] N 50 76
0.50 175 1 O i L) 1
Table 41 Data for isothermal kinetic plots according to Spherical reaction
maode! dyring Jeaching for as reaceved reduced ilmenite (4.65),
Alpha 30°C 50°C 15°C R;=[1- (}-
Time Time Tane o'’
Sec Mmn Sec Min Sec Min
0.14 30 S50 13 .30 12 20 0345
0,20 60 1.0 3l 5166 23 33 07168
0.30 100 1.66 30 233 38 633 11209
0.40 150 2.50 0 1.166 50 833 1565
0.50 210 3.50 9 1.50 a3 1.08 2062
Table 42 Arbenios type plot for kinetic data { 4.66),
Temnp.°C Temp °K 1/T K K (Slope) LK
30 303 0330 2735 -1.2949%
50 323 00309 5457 - 3983
3 343 00287 193 -, 2454

Table 43 Data for apparent activatiom cnergy calcularion of leaching, Using differemial
approach for as received reduced leached with 10% Hel acid {(4.68).

I/T oK

o=4.10 e =020 a =030 =040 o ={).54)
t Lt t int t Lnt t Lmi t Lt
00330 S0 -603 1 0 1.6 | 5068 1250 | 9162 | 3.5 [ 1252
4] 1]
L0309 S04-120 | 516 | -660 | 83 | -182 1.16 | 1535 | 1.5 | 4054
(i) 3
00348 20 1-1809 | 380 | -967 | .63 |-457
3
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