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ABSTRACT o

[lmenite and rutile are natural scurces of TiC: and titanium metal. Rutile, naturally
oeeurng pure 110 is preferved to ilmenite as a raw material. Due to rapid decrease
in supply of rutile, the necessity of alternale sources of mutile cannot be
overemphasized. As a result, investigations are being carried out throughout the
warld on the upgradation of low-grade ilmenite to rutile. Consequently, it has
become necessary to identify the best possible route for the upgradation of ilmenite

to what is known as synthetic rutile.

lmenite may contain main minctals like homatite, magnetite etc in its sucture,
MNatural weathering of dmenite results in the increase in the 110; content of ilmenite
with increasing time of weathering, So detailed investigation inte the extent of
weathering of ilmenite of a particular placer deposit is cssential not only for the
qualitative assessinent of the deposit but also to improve the techmique of production

of synthetic rutile.

Samples of ilmenite conmining 24.4 per cent FeQ, 33.0 par cont FepOq and 39.5 per

cent Ti0z were collected from the Deach Sand Exploitation Center, Kalatli, Cox’s

Bazar. The samples were then subjected fo magnetic and size tractionation. The
phases present in the ditferent fractions (hoth magnetic and size) were identified by
X-ray diffractions analysis. The chemical compositions of the different magnetic and
size fractions were determined by wet chemical analysis. The fractions were reduced
for 4 hour at 1050°C by gyual amounts of charcoal. The extent of reduction was
followed by chemical analysis of the reduced mass for metallic iron. The results

ohtained were supplemented by X-ray diftraction analysis and optical microscopy.

Samples of the different magnetic fractions and size fractions were oxidized for two
hour at 900°C and were reduced under otherwise identical conditions. The effects of
the oxidation on the extent of reduction were followed by the determination of

metatite won content of the reduced samples. The cffect of addition of 10 per cent

. VI



NapCO3 on the extent of reduction of the different fractions (both before and after

oxidation) under otherwise identical conditions were also tnvestigaied.

From the chemical analysis, it was found that Cox's Bazar ilmenite is
characteristically similar 10 Moheskhali ilmenite. Presence of alteration products of
ilmenite, particularly psendorutile, could not be detected in the X-ray diffraction
paticms of any of the six magnetic fractions of Lhis deposit. Attempts were also made
1o detect the presence of waler and hence the presence of pseudorutile by
thermogravimetric analysis. Thermogravimetric analysis did not show any significant
change of weight near about 600°C for any magneiic fraction. Mineralogical study
has also been carried out. The results of these investigations led to the conclusion

that Cox’s Razar ilmenite has not undergone alteration Lo any significant extent,

This study also concentrated upon the reduction behavior of the different magnetic
fractions as well as upon reduction behavior of different size fractions. It has been
concluded that separate reduction procedurss for the different fractions (cither

MAZNELIC or 5i72) is not necessary.

Yill
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1.1 Introduction

Titanium is the 9" most abundant element in the earth’s crust and account for about
0.93 per cent of all the element found in nature. The chief minermlogical occurrences
of titanium are as oxides, tlanates and silicotitanates. The titanales, highest in iron
and towest in acid forming oxides vield iron tilanates like ilmenite and arizonite. The
most imporiant commercial titanium bearing minerals are ilmenite and rutile. The
alterauon products of ilmenite, known as leucoxene and arizomitc, are widely
distributed in nature, Major deposits of ilmemite and rutile are located in Australia,

Canada, Norway, USA, India, Malaysia, and Ceylon,

Ilmenite is & heavy mineral with a metallic luster and is usually referred to as ferrous
litanate, it has a specific gravity of 4.5 to 5 and crysiallizes in the rhombohedral class
of the hexagonal system. The color is usually iron black. Brown and red varieties are
also known. [t is opaque and slightly magnetic. The composition of ilmenite
theoretically correspends to FeQ1i0: or an cquivalent of 32.6 per cent TiCh
ITowever, in most cases the ferrous iron is partly replaced by ferric iron. The
individuaf grains of 1lmenite may contain submicroscopic inclusions of rotile, a
mineral when pure consisting essentially of TiOz with very small quantities of iron.
{thers grains may also be altered, resulting in the breakdown of ilmenite structure
wilh the partial leaching and oxidation of the iron. This can increase the alteration
products of ilmenite to 60 per cent or more. Leucoxene is the name applied to Lhe
TiO- content of ilmenite high in titanium and is abways present to some extent in
beach sands. The grains (that have been highly altered and consist of almost entircly
of leucoxene may contain as high as 80 per cent TiCk, Small quantitics of lencoxene

may contain a3 an acceprable substitute [or rutile.

Rutile is essentially naturally occurring Ti0a and deposits are relatively rare. Even
though the supplies of rutile have increased, the deposits are fast depleting and

demands outsirip supplies. This shorlage ol maturce nutile has forced technologisis




e

throughout the world o develop processes Lo enhance the titanmum content of
ilmenite for use as a substifute for scarce natural rutile. The entiched 1lmenite is

known as synlhelic rutile,

1.2 Commercial Uses of [lmenite

Thuenile is used in the manufacre of titanium dioxide pigment. 1102 has unwue
properties of high refractive index, low specilic gravity, chemical stability, high
hiding power, light fastness, non-loxic nature and compatibility and has now

replaced all other white pigments like zinc oxide, white lead and zinc sulfide.

lmenite s a source of titanium metal, Due to its cXreme resislance to comosion,
high strength to weizhi ratio and high fatigue resistance at high temperature titanium
is used s @ struciutal metal, For example titanium is used in supersonic transports, in
desalination systems, and in chemical process indusiries, as a material for reaction

vessels, pipes, pumps, heat exchangers, ete.

Rutile, leucoxene, and ilmenite are used tor coating welding rods. Natral rutile is
preferred to ilmenite [or tis purpose but synthetic rutile is an acceplable substitute.
Ollmenite is used in the preparation of high gloss finishes in ceramic industrics. It 18
also used in the manufacture of electrical insulators, brilliant white pigment, in Lhe
production of white rubber, and as filler for paper.

Imenite 15 also used to produce titania dch slag, which is an ideal feed matenal in
the existing titanium dioxide plants, The atrractive feature of Lhis process is that pig
iron is also produced along with the slag. "this ensures Lhe full wiilization of the
valuable constifuents of ilmenite. The imporant uses of ifmenite as well as ils

products are summarized as follow:

Ingredient Uses

Tilaninm Dioxide: Paints, plastics, printing inks, paper, leather cosmetics, vitreous

cnamels, synthetic gems, cle.

Titanium Tetrachloride: Waicr proofing paints, adhesive promater, polymerization

catalyst, titanium metal. elg.



Titanium Metal: Corrosion resistant alloys, chemical process industries, spacecrafi,
heat exchangers, shipbuilding, srructural metal, etc. L
Synthetic Rutile: Welding rods, raw material for chloride route of tilanium

cxtraclion, titanium dioxide cxtraction, ete.

The producls of commercial impodance give a broad idea of the allractive avenues
open for the wtilization of ilmenite. There is a wide and growing gap belween
demand and supplies of tlania rich raw matcrials in the world. The shortage of
namral rutite has forced technologists to develop processes o produce titania-rich

tnaterials to be used in place of namral rutile.

1.3 Methods of Upgrading

lmenijtz containg titanium oxide {Ti(h) and iron oxide {Fe(O). It may also contain
other oxides such as Fey(r, 510, and trace elements {Al, Mn, Cr eic). The techniques
of uperadation of Wlmenite involve preferential remwoval of iron. Some of these
techniques are now being expluiled on a commercial scale and a few are undergoing

Irial in pilot plants. Most methods are, however, still confined to the laberatory. The

; . . . . - 14
exisling lechniques of upgradation are based on the follewing live principles .

Smeliing

A pyrometallurgical technigue mvolves heating with metatlurgical or pewrolewn coke
and Mux, at high wemperatre (> 1500°C) 10 get mollen iron and titania rich slag
containing most of the gangue material. This siag layer is to pive further wreatment.

The process can be represented as follows:
IImenite + Coal + Flux—® Pigiron + Titania rich slag + Carbon monoxide,

Smeling a mixture of ilmenite pellets, coke and lime in an electric are furnace also
produces synlhetic rutile. The slag obtained is tapped at 1600°C and treated with Oy
and phosphate glass. The treated slag is then ground and leached with [1;504 to

distnlve the phosphate glass and 1o obtain rutile crystal.



Reduction Followed by Removal of Iron

In these processes, the tron oxide present in ilmenite, cither in ferrous or in forric
form are converted 1o lower oxide or to metal so thal they can be separated by
lcaching with a suitable leaching solution. Coal, hydrogen, charcoal, coconut pith
cte. have been used as reducing agents. Reduction lemperatures in the range of

1000°- 1100°C arc usually employed. from is then removed from the reduced mass by

. P , . 1.
leaching, rusting or mapgnctic separation %

HCJ acid and Eel l; soluttons are commenly used to leach out iron from reduced
lmenite lLeaching is usually carried out at atmospheric pressure, higher pressures
have also been used. These methods produce synthetic rutile containing 83-93 per

cent T,

Direct Acid Leaching

In the direct leaching of ilmenite sulluric acid and hydrochloric acid is commonly
used. Digestion with conc. sulfuric acid s not selective and brings both the iren and
tilanium exules in solution but subsequent processing of leach liquor yiclds pigment
arade Titania. On the other hand digestion with hydrochloric acid is essentially
selective and only iten oxide is brought to solution. The product obtained is synthatic

rutile which requires [urther processing to get pigment grade titania.

lLeaching ol ilmenite in hydrochloric acids has also been attempted at higher
pressures. 1t has been found that leaching at atmospheric pressure is less efficient and
the product is of inferor quality. High-pressure leachinga under suitable conditions

can produce a product containing mone than 98% Ti0:.
Conversion of Iron and/or TiQ); in [Imenite to Leachahfe Froduct

Conversion to Titanale

Ilmenite is treated with Nay;CO5 at clevated temperatures (900%1100°C) to obtain

sodium tilanate according to the following reaction:

FeTiQ; + Nax (0 — NagTiOy+ FeQ + COs



The sodium titanate is leached out with water and subsequently with dilute acid

resulting in a produet containing 93% TiO: '

Conversion (o Sulface

Both fren and tanivm in ilmenite can be converted o their respective sulfates by
treating with (NH 0280 at 300-500°C or NaH$O, at 400-800°C. About 90% Fe and
95% Ti of iImenite can be recovered by leaching with 7N Hz80,. Titanium oxide

(Ti2;) is separated from leach liquor by controlled hydrolysis.

Conversion to Sulfide

The preferential sulphidisation of iron in ilmenilc is possible in presence of some
sullur beartng matenial such as £r%, NagS0:+C, and sulfur vapor. Heating of a
mixture of ilmenite, Waa80, and carbon at 1000°-1300°C results in (he formnation of

FcS.

I Titdy + Nap50: +2C —»  Fe§ + Nu; TiO; + 2C0..

The reaction product is treated with boiling 11,804 to yield a titania rich produet.
Synthetic tutile is also prepared by healing the ilmenite at 500-1000°C in sulfur
vapor in absence of oxygen. The pmdhct is cooled in absence of oxygen and leached
with waler and oxygen at 20-100 psi. The product is rutile aggregate, soluble suifur
and fermic hydroxide sludge. llmenite can also be benefliciated by treating at 100°C
with any pascous sulphidising medium like HyS, C8; HpS +CS; mixmre for 2 to 3
hours followed by leaching wilh dilute HCT acid for half hour resulting in a litania

rich product.

Halogenatinns

These processes are based on the selective conversion of iron o iron halides by
rreatment of ilmenite with a suitable halogenating agents such as Cl, HCT gas,
CioHICL, Clo+Hs, HoHICL, COA+Cly, CHCIL, NHYCI, Brs, ete. The residue left after

treatment is synthetic mitile.



a) Chlorinating With Clz

lmenite is mixed with a carbonaccous reducing agent and chlorimated at 850-950°C
to produce iron chloride and titanuin tetrschloride. Titanium dioxide is obtained

[rom titanium tetrachtoride by hydrolysis,

Selective chiotnation of Umenite has also been carried out in two steps at [wo
different temperatures ta elfect the separation of both iron and titanium chloride. In
this process. the ore is mixed wilh coal or charcoal and heated in the absence of air at
800%C and then cooled in reducing atmosphere to 350"C. Al the same time dry
chlofine gas is passed through the reducing mass. In this stage only iron is attacked
and the ferric chloride vapor is condensed in a coeling chamber. The direction of
flow of chlering vapor 1s then reversed and temperanure is maintained at 550°-600"C.
In this stage titamium compounds arc artacked and resulting titanium tetrachlonide
vapor is condensed in the cooling tower. Some investigators T have investigated
prelcrential chlorinaling of iron oxide in ilmenie. llmenite with charcoal (6%) and
FeCly binder and then treated with chlorine at 500%-600°C. This processes resulls in a
product contatning about 0% TiOz. The rate of chlorinating is reported to be faster
in presence of some catalysts like CuQ. PhO, M4 Ca0, CeO and Cas(Pos)- Ce()
is found 1o be the best catalyst among them. Chlorination wilh CO+CIl; has been
carried out 1n fluidized bed at 900" 1000"C and a product containmg 93-98 per cent
1505 has been obtained™ . Tianum dioxide has also been prepared by Lhe sclective
chlorination of ilmenite with gaseous mixture of Na and Cly m a chlorinator with a

. \ St 3
certain amount of air or oxygen™ >

) Chlorinating With HCI Gas

In a laboralery scale production a product containing 7% of TiD: has been
obtained™ by selective chlormating of 1lmenite at 1000°C for 3 hours, Preoxidized
ilmcnite was lound Lo require higher temperatures for effective removal of irom,
However, no solid FeCly, which causcs experimental difficulties in conducting

chlorinating, was found when peroxide samples were used for chiorinaling, When the



percentage of Ha in the gas mixture of MCI and H; s increased, the pereentage of
iront chlerinated is decreased and the condensate mainly consists of 'FeCly In
oresence of air FeCls 13 obtained and the total iron chioride is decreased. Partial

chlorinating of ilmenite is a Muidived bed reactor by Ha and Cly mixture results in

high grade Ti0); {80-93% TiO,) product™,

A product containing with 90% TiO, and 6.6% Fey(Os has been obtained™ by
selective chlorinating of ilmenite with a mixture of TiCls and Cls at a temperature of

1050"C. Treatment of ilmenite wilh NH; and HCI at 600°C removes about 92% of

dﬂ.".ﬁl

iron. Al a temperature of 800°C all the iron is remove . A preduct conlaining

about 96% Ti0; has been obtained by treating a mixture of ilmenite and powdered
coke (1%} in a Kiln at $00°-900"C with a gas mixture of Br; and N; or Brs, N; and
(0,7 The FeBr; fomed is cooled and passed into a cyclone where FeBr; separales

as powder

1.4 limenite Deposits in Bangladesh

Heavy minetral deposits along the coastal belt of Dangladesh constitute a potential
national assct. The exploration, eaploitation, development and uses of these
resources are essential for wplifiment of national economy. Beach Sand Cxploration
Center explored 17 deposits along the entire southeastern and southern coasts of
Bangladesh and the adjacent islands. Among these deposits 6 deposits are located
along the Cox’s Bazar and Teknaf coasts (Badramokaun, Sabrang, Teknaf, Shikhali,
Inam and Cox’s Barar), 7 deposits on Mohcshkhali Island (Foreshore deposit,
Kutubyum, Fakirghona, Fakirhata, Baroghoria Para, Panichara and hoanak), 1 deposit
on Malarbari 1sland and | deposits on Kutubdia Island, Fig 1.1 shows the map of
these areas. Only two deposits have been found in the soulhern coast of the country, I
in Nyhutn Dwip of [latia and [ in Kuakala of Patuakhali district. Most of these
deposits ocour as low lincar ridges and dunes standing just above the clay-rich paddy
ficlds at 2 distance of abouwt 1-2 miles infand from the present shoreline. A total of 2,
04, 96, 981 tons of crude sands containing 43, 54, 501 tons of heavy minerals are

available in the deposits in which ilmenite content is 14, 25, 558 tons (Table-1.1).



Table -1.1 : Summary of heavy mineral reserves in the deposits along the coastal bell of Buangladesh.

SL | Deposit Sand Heawvy Rescive of valuable nunerals (m ton}
Mo Tonnage Mineral | Ziicon | Rutile | Hmenite | Leucoxene | Kyvanile | Monazise | Mapgnetite | Garnet
Tannuge
M Coust,
| Balarmeokam LTREDA0 | 411004 1 4932 | 3284 94.54] 15,002 - 4032 10,275 -
2 Sabiang 147,558 et 1 d4.lsd [.372 DRI 1470 727 20Ut i {1y 3018
3 Teknaf 1939580 | 442291 | 28304 | (2230 163170 200124 14.71F 3045 7,204 27 424
4 Silkhali 27560,828 [ 489714 | 33,3040 10774 [ §73.300 0,970 4,407 ER- AR 3033 39,422
3 lnam TAOARG | 175476 | 10,880 | 4036 53,170 439 1.4i4 Bh3 5.545 (2510
& Cox’s Bazar 5,119.000 | 920,000 | 23000 | 644G ) 160,000 10,488 -" 2024 33212 50600
7 | Kuakata 2872486 ] 831668 | 9.647] 3911 | 76,015 9,647 | 16.800 33.2 4325 52229
Moheshkhal Islar .
B Fore-shore 276,560 | 119483 | T.14% | 3,788 54,961 2,591 Trace £31 524 -*
heach
o Kutubjum 577080 | 106240 | 4568 | 2,104 36.440 L1358 2,035 202 i, 169 -+




SL | Dreposit Sand Tleavwy lieserve of valuable mineals fin lon)
1
MNa {enmage Wineral | Zweon | Rutle | Umenite | Leucosese | Kyaaite | Monazie | Magnetite | Ournel
Tanaupe

1D | Fakiraghona 273940 03 460 1.513 {45n 15,7465 052 5 0 55 ZES 4,653
i Fakirahata 031210 Qa.7ab | 5,515 3.5970 22,157 3677 4579 194 U7 3.008
12 Baraghoniapaia RAE 440 | 1ELF70 L A,0LF 1,744 52,168 H.4L0 13,815 a27 1236 11,815
13 | Pannchara 1,595,410 | 204,390 | 12264 | 6479 | 60,091 5519 16351 53] JERA 12,490
14 Hoanak 92780 7120 [ (¥ 153 1,400 &Y | LD 4 127 -

{Malhila)
15 | Materban 9,030 [5.215 794 285 4,962 374 Trace 20 575 -*
16 | Nijhum Dwip 179337 | 96,348 | 2052 424 12,9734 71 2,592 L2 4.334 -4
17 | Kutubidia 04,656 | V19997 | 3900 | L90¥ | 23,796 2,436 2,592 el 3,384 £, 304

[sland

Total: | 20.496.98 | 4,354 50 | 15811 1 70,274 | 1,025,535 960,709 | 90 740 [7.352.5 80,599 222751
] 1 7 %
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Fig: 1.1: Map Showing Location of Heavy Minerals Deposits
Along the Southern Coast of Bangladesh.



1.5 Beach Sand Exploration Center

Beach sands containing valuable heavy minerals were first detected m 1961 u-:luring a
geological survey for radioactive mincrals in Cox’s Bacar beach area. The
exploration driffing began in 1968 under joini supervision of External Affairs
Ministry of Ausiralian Government and bulk sample from Cox’s Dazar was sent 10
Mincral Depaosits Limited (MDL), Australia, for testing. Tn 1970 initial plans for a
pilet plant were drawn up on the basis of MDL flow shects and recommendatiens. In
1973, Bangladesh requesied the Government of Australia to build a pilot plant at
Cox's Dazar, The plant came 1n operation in 1975, The activities of the plant
remumed suspended frem 1987 to 1991, and the center started functioning again in
1992, The plant has sueccssfully separated several hundred tons of ilmenite with

some other heavy minerals.

Scparaiion of Heavy Minerals in Cex’s Bazar Pilot Plant

The pilot plant separates individual minerals from the heterogeneous mixture. The
techniques of scparation are based on the difference in physical propertics like
density, specilic gravity, electrical and magnetic properties. Heavy minerals in
ariginal samples arc plotted to show the lateral and verlical variations in heavy
mincrals contents and provide demarcaton of the rich sands from the poor one.
Cox’s 13azar Pilot plant has two seclions for tﬁe separation. Ponmary separation is
donic by a wet method and then a dry method 15 applied for the Lnal separation.
Slurry of raw coastal deposils and water is pumped into a gravity spiral 1o separate
the heavy mineral from the light one. Scparated heavy sand is then passed through
dewatering cone to remove water, o atritional to clean the surtace and then passed
over 4 drum magnel 1o scparate magnetite. These magnetite free heavy minerals are
then shaken it the Willley Table from where the dense minerals are collceted as

table concentrates and sent to the dry section.

In the dry section the mincral 1s first fed into a high-tension electrostatic separator. It
produces the conductor and nenconductor fractions. The conductor fractions are
passed through cross belt magnetic separator where ilmenite and rotile are separated.

The detailed Mow sheet of the pilol plant is shown Fig 1.2 and Fig
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Fig 1.2 The Pilot Plant Flow Sheet {Dry Section)
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Fig 1.3 The Pilot Plant Flow Sheet (YWet Section)



1.6 Advantapges and Disadvantages of the Processed Developed

The velative merits and demerits of the processes that have been developed so far are

shown below

Praocess

Advantages

Disadvantages

Halogenadions:

. Rutile of high puricy can

be oblained.
Selective chlorination s
cheap.

. Chiorine is  highly
COIrOSive,

2. Special reactive vessel
lining is required.

3. High temperature is
required.

4, Reaclion conditions
are not [exible and

henes must be pregise.

Reducing and Leaching

£

LIt ocan be

cxploited
commercially,

. Feductante 15 coal or

charcoal,  which  are
cheap and temperature
required i3 generated by
the reductant itself.

. Feduction can be carried

out on large scale using
rotury kiln.

. The process ix flexible

and can be made
CONLINUOLUS,

. Spent acid and Fey (s can

be recovered.
Rutile with munimum Fc
content can be preparcd.

. Recovery of Ti0; is

possible,

Only limitation is it is
multistage process.




Process

Advantages

Disadvantagces

Fusion Method

Ferrous material
converled to pig ron
as bi-product,

It also produces less
COrTosive wastc
material,

ke

Lh

Mol exploited on a
commercial scalc

. High temperature is

required for fusion.
Alkali used are
COrTosive

Encrgy input is high.
Fusicon in large
quantity is ditficult.
High cost of chemicals
Recovery is not
satisfactory.
Mulfistage process is
involved.

Dvirect Leaching

1. Single stage process
Can be operated at
low temperatare.

3. Reapent  costs  are
compatratively low,

1. Leachants are
highly cormosive.
2. Special matenials

are required for
construetion ol
vessels,

3. Long leaching
time is required,

4. In many cases
gutent of
henefaction is low.

1.7. Trospects of Bangladesh Ilmenite

Due to lack of other mineral resources the best utilization of the heavy minerals

found in the coastal belt is very imporiant for the economy of Banglaidesh. A1 prosent

Hangladesh imporis titania for paper mills, paint industries, and for other industries

like welding clectrodes, plastics, rubber, textiles, S}'nl.]'lefic fibers, etc. Under these

circumslances a process for the cxlraction of titanium dioxide from Bangladesh

ilmenite, will o a long way to fulfil the necds of the domestic industries. The

excess. if any, mav find some suitable market outside (he country.




1.7.1. Scope of the Present Work

At the Pilot plant at Cox's Bazar (he heavy minerals are separated on the basis of
their physical propertics such as the specific wravily, clecuwical conductivity,
magnetic properties, ete. These methods allow the separation of heavy mincrals from
the beach sands but they are not suilable {or the separation of impurnities, which arc

intimalely mixed or chemically combined with the individual minerals.

Chemical analysis performed at the laboratories of the Deparniment of Materials and
Metallursical Engincering at BUET, Dhaka and also al the Regional Research
Labaratory. ‘[rivandrum, Tndia has shown that the ilmenite separated al the pilot
plant at Cex's Bazar contains only about 40 percent iitanium-di-oxide. Ilmenite
containing less than 55 percent tilantum-di-oxide is not considercd suilable for
industrial use. Thus the ikmenite separated from the beach sands of Bangladesh has to
be processed further to remove the chemicully combined useless minerals before it
can be sold in the market. Unforunately the pilot plant at Cox’s Bazar is not

eyuipped with such facilities.

This project is a part of the work now in progress at the Department of Materials and
Metallurgical Engineering al BUET, Dhaka, which aims at the development of a
technique for the upgradation of ilmenile separated from the beach sands of
Bangladesh, The work done in the depadment so far has yielded encouraging resulls
and the Ti0O; content of Bangladesh ilmenite could be raised to aboul 92 per cent.
Reduction of ilmenite in the as-reccived eondition followed by leaching was used for

the production of synlhetic nutile,

The present work involved the characterization of ilmenite of Cox’s Bazar deposits.
Detuiled characterization of Cox's Bazar ilmenite concentrate has been studied.

Reduction behavior at different size and magncetic fractions has also been studied.

Ihe ceonomic benefits expected from this project are by-fold. First, the
characterization will help comparison of this ilmenite wilh the warld-class depasits
and the second, it will help to find out the optimum process parameiers for the

production of synthetic rutile from the deposits of ilmenite in Bangladesh.
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CHAPTER-2 LITERATURE REVIEW

2. Introduction:

lmenite and rutile are the most abundant mincrals containing titanium. Coneentrated
ilmenite oblains titanium rich product. Various processes for the bencficiation of
ilmemte have been developed and some of the methods are now being exploited on a
commarcial scale. The literature. on the work that has heen perfermed (hrough out
the world may be divided into four pars that is magnelic fractionations study,

reduction study, oxidation study and the study on ihe alteration techniques.

2.1 Magnetic Fractionation

Mineral separations by magnetic fractionation are normally made by arbitrary
adjustment of the current of the electromagmnet and the wransverse slope of the chule
of the isodynamic separator until the most suitable splitting is obtained. At any such
setting the separator divides a sample into two fractions determined by the seftings.
I'he less magnetic fraction consists of particles of susceptibility below this value.
Wil suitable calibration Frantz lsodynamic separator will accordingly provide

ahsolute measurcments of the specific susceptibility of mineral grains.

1 heory of Magactic Neparation

The melination of the chute is measured by the transverse slope 8° set by the left —
tight axis on the separator, and the longitudinal slope 1", which is sel on the tront —
to — back axis and is measured 1n the plane of the mapnet face inclined at 6% to the

vertical as shown Fig.2.1
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Fig: 2.1: The Forces That Act on a Particle to Move It

Down the Chute of the Frantz Isodynamic Separator.,

The forces in the planc of the chute, which act on a grain to meve it down the chule,
are shown in Fig 2.1, A force F, down the direction of maximum slope is due Lo

gravity, and a magnetic foree Fr, acts at right angles to the length of Lhe chule.

The magnetic [orce Fr, on particular grain sliding without change in orientation 1is
constant for any onc cleclromagnet current, regardless of the position of the particle
on the chute, On a paramagnetic parlicle of mass m gram and specific susceptibility
Qrem.u, per gram in the direction across the chute the force due to the magnetic field
is
Fn ©Om % dVNES - memmr e - {13

as given m standard texts', where 14 oersted is the magnetic field strength at a
distance x cm across the chute. A conslant value of Fm at any current for all

ositions across the chute requires 452 bein constant, a condition determined b
P g dx




the appropriaie shape of the pole pieces. Increase of {leﬁ with increasing current

produses an increase in Fe,

The component I, across the chute of the gravitational force is

F,=mgsnTdynes === {(2)

Where g is the gravilationa) constant, and is of magnitude 980 cm per sec’,

When Fi 15 greater than Fm the grain slides toward the lower side of the chute, and
for Fg less than Fmn the grain is pulled to the upper side of the chute. The critical
combination at which Fg equals Fm, and the resultant force I on the particle is

parallel to the length of the chute.

At this seiting, by cquating cquations {1} and (2)

sipT |, dH? - -
sigl [ 4 @

and the grain moves dircctly down the chute without being pulled toward either side.

The action of the scparator on a single particie, by this relationship, is determined
- solely by the specilic susceptibility of the particle in the direction of mansverse slope,
and 15 independent of both the mass and density of the parlicle. In actual operation,
however, cleancr separations are obtained from sized products, in which the
mitcraction botween grains and their speed of movement down the chute is more

uniforn, The magnitude of the term é,‘jd—l'}l:-is for any one instrument determined by

the current in the clectromagnet. 1t is readily cvaluated for various values of current,
as E{},!—, by determining critical combinations of transverse slope and eurrent for

materials of known susceptibilily, Measurcment of ihe magnetic field sirength across

the chulte is not required.

I'we relationship of magnetic ficid soength to the current i5 predictable from the
characteristics of this type of magnetic circuit. When the electromagnet is operaled
ot too close to saturation of the core, the magnetic field strength at any position on

the chute wilk increase with current at about Lhe same rate, At higher currents the rate
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of increase {icld strength will decrease relauve to the rate of current increase as the

. - F] . .
core approaches saturation. Theretore %.Mma}r he empirically expressed as k.i”,
=3

dx
whete n is a conslant close to 2 and k has a constant valuc at low currents, and one or

both decrcase slightly at higher currents,

The retalionship {3} above thus becomues

e - (4}

The most sensitive magnetic separation is obtained by using the highest practicable

current and transverse slope, and lowest practicable longitudinal slope.

Calibration of the Machine

Three inorganic compounds, ferrous amumonium sufphate, Fe(NHaj(S04)2.6H20,
nickel sulphawe,N1504.6-TH20), and cupric sulphate, CuS(4.5 Hz0, are selected for
the calibralion. These substances have the specific susceptibilities, which enable
much of the range of the electromagnet curreni to be used, and they show ne
appreciable range of susceptibility on the separator. Magnetic susceptibility of these

standard materials is given in table2.l. The value used here are recommended and

supporred by Dodd, Robinson, Jacksaon et-al."?

Table: 2.1 Magnctic Susceptibility of Standard Substances:

3
Suhstance Magnetic Susceptibitity | Temperaturc (°C}) Criticai
{(Chemical Formula) | (X 10" &.m.u.per gm) Current {Amp}
Fe (NH4) 324 20 ~0.45
A5 ).6H:O
NiS0,.6-TH,O 15.8 20 ~0.66
Cus0)4.5 H;O 5.88 20 ~1.09

Experimentally it was [ound that all materials were magnetically separaled at their
respeciive current value, So we may conclude that the calibration was correct. Then
using the following condition ilmenite samples were separated out for different

current value, ranging from 0.13 to {4 amps.




Experimental conditions are shown below,

Condition of separation:

Transverse anple = 15%¢
Longitudinal angle = 25°C

Vibration {max} =10 unit

Feed = 100 gm

2.2 Oxidation of llmenite

It is generally agreed that the purposc of oxidation roasting is to 1) convert iron in
ilmenite from [crrous to ferric stale which overcomes different ferrous to ferric iron
ratio i) Aller cquilibrium condition and the rate of reduction from ferric to ferrous
slate and 111} introduce of defects in ilmenite grains to enhance the rate of subsequent
reduction. Ramdolr ** and Overhault et al ® found from X-ray diffraction patterns
lhat ilmenite when heated in air at 900"C yielded pseudobrookite and rutile. D.G.
Jones® found that oxidation product of ilmenite over 800°C yiclded ferric
pseudobrookite and rutile and according to data given by Webstar and Bright'? ferric

pseudobrookite in commercially oxidized Western Titanium ilmenite contains

i+
appron. 4%, Fe'.

Cumow and Pary™ studied the oxidation of itmenite from beach sand of Australia
bv magnetic susceptibility angd X-ray diffractometry and concluded that i) heating of
ilmenite to 600°C cnhances magnetic susceptibilily and X-ray patiern gives lines
similar 1o menite and rutile. i) Prolonged heating at 800°C results in the formation
of weakly ferromagnetic material and Debye Scherrer X-ray phoetograph of this
mailcrial gives lines due to rutile and indicate the formation of new product with

tetragonal lattice symmetr.

Karklianawala and Momin® studicd the oxidation of ilmenite and concluded that:

£ The products of oxidation of ilmenite is weakly paramagnetic and for

products heated [or equal periods the magnetic susceplibility decreases with

increasing temperature.
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£ The products of oxidation at around 650°C contain mixture of hematite, rutile
and an unidentified phase. At 850°C the oxidation products contain a mixture
ol hematite, psendobrookite and rutile in an approximate ratio of 1:5:7
Tespractively.

£ There are three distinct regions of oxidation: 100 — 450°C, 540°-800°C, and

8030"-900"C. The oxidation over first region is very slow.

Later investipations 475 indicated the formation of Fe;Oy as an alteration product
when Umenite is oxidized al temperature between 600°C to 800°C. Results regarding
the products of oxidation of ilmenite up to 800°C are conflicting. Various results

obtained by different invesligators arc given belaw:

1. 2le Tith 1 2 Oz = FeaOs + 2Ti0;

2. 3Fe TiD; + % 07 = Fey TihOq + ¥ Fea;

3. 2Fe Tiy + % 02 = Fea0s + 2TI0;

4. 12Fc TiQs + 302 = FeaO5 +5FeTiOs + TTiO:

But reaction 4 could occur anly under, metastable candition,

Rao and Rigaud® caleulated the free energy changes for the above reactions. They
[ound that the standard free energics over a specified temperature range is favorable
for both reacuon (1) and (3). Thus either or both reactions may lake place up to the
decomposition of Fe;Osz or FerTi0; or FepTiOs. The free energy change for the
formation of pscudobrookite from its oxides is also favorable and reaction (3} takes

place in prefercnee to reaction (1) and {4}

Akimaoto et En]'ﬁl5 found that higher temperature and longer time is required for the

formation of pseudobrookite from their oxides and the lower ltemperature limit for
the formation of oxides at lower temperature is slow which might prevent the

formation of pseudobrookite,

.
Ruo und Rigalld6'3150 performed thermogravimetric and differential thermal analysis

of ilmenile prepared by mixing Fe;O3, Fe and TiOQ; in the required ratio. Their
seneral observations of Lhe Lhennogravetric analysis in both oxygen atmosphere and

air are a5 lollows:



An abrupt weight gain is obscrved when particle size is less than 200 meshes

S

and 1t 15 difficult to observe a break in the thermogram. In case of very line
particle reaction is complete before temperature 800°C is reached.
£ An inflection in thermogram could be noticed al around 770°C when particles

afl 100 mesh size or more were used and a heating raw 10°min™ was
cmployed.

£ Up to 100°C, the reaction products were identificd as pseudobrookite and
rutile. Any other product formed at low temperature e.g. hematite and rutile

and rutile react to from pseudobrookite above 500°C,

They summarized the differenoal thermal analysis results as follows:

The firsl stage of oxidation starts at 100"C is exothermic and ended around
T70°C.

Je

E  “lhe slage is endothermic and ended arcund 890°C. Because of the larger peak
it is difficult to assess ending of reaction but definitely this step continues up
to 870"C,

£ A third exothermic reaction sets in al around 900"C.

Diflerential thermogravimetric curves showed that weight gain is not a linear
function of time and decreases with (ime at any given temperature. The rate of
reaction of time and decreases wilh ime at any given temperature is, to some exitenl,
commpuensated by corresponding decrease due to lapse of time. As a result DTG curves
stopes very little. Around 500°C this transition may be due 1o a temperature gradient
created as cxothermic reaction changes to endothermic meaction. A change  of

reaction profile may also lead to such distribution.

Froduct Maorphology

In the gas solid reaction a dense [ilm of reaction product is usvally formed on the
surface of the solid and the rate is determined by the migration of ions or elecrons
threugh the product layer. One mght cxpeet that the reaction product may be

uniform bul recetit investigations provided evidence of discontinuous formation of



produet espeeially at carly stage of reaction. Fischemeister ® reviewed and discussed
the subject; he also considered the influence of produet growih of crystal. The
momhology of the poduct of ilmenite is Impornant and influences the subsequent
leaching of the oxidized 1lmenite. The mechanism of growth of whiskers is not well
established. Hardy™ suggested that screw distocation in metals causes the oxide to
grow as whiskers This concepl assumes that the continuation of dislocation in the
mietal nte the oxide lavers serves as nucleation site for growth of oxides. However it
has also been proved® that in a system in which more than onc oxide is stable the
whiskers grows from the lower oxides” ™ Nabrro-Herring mechanism suggests that
the grain boundaries under stress might supply the ncecssary current of reactant

storms requived for the [ormation of whiskers.

This 1s particularly true at high temperature where chemueal potential variations
between ditterent spot on the surface arc small. At high temperature and at enough
oxyaen pressure, the product particle grows randomly. Conditions faverable for the
formation volatile sub-oxides may also lead o the formation of whiskers'*
although thermodynamic calculation indicates is oxidized at 850°C Fe,05 segregates
at grain boundaries 1w the shape of a columnar crystal aggregaies surrounding

pascudorutile phase,

The growth morphology of products can also influence signilicantly the kinetics ol
gas solid reaction. The whisker growth only affects™. The kinetic in the early stages

and before the product reaches appreciable thickness. The kinetic data of the
oxidation of ilmenite reported elsewhere™ is also in agreement with this hypothesis.
Rao and Rigaud®™ found kogarithmic rate las of oxidation in initial stage and suggest
that it is due o penetration of oxygen through short cirewnt path. Oxidation is
otherwise parabofic. They found one break in Arhenius plot corresponding to
rcaction {13 and (3) and could not distinguish the range of reaction {2). They
suggested thal this may be due to short range of range of reaction (2) or due
moerphological cffect of the reaction {2} and (3) might be controlled by the same or

similar mechanism,
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Mechanism of Reactions

Actual mechanism [or the formation of products of different textures is not known
and the duta relaed to the diffusion rate and conductivity of reactants and the
products ar¢ also not available. Worl and jones ® studicd the alteration of ilmenite

and suggested that it takes place in two different stages.

Stage 1. 3FeTi Ti0 2H"+1/2 0;—®  Fey'TisOs + Fe 24 H,O
Stage 2. Fe:TizQy +2117 —® 3TiO2+2F T 2HO0H1/2 Oy

Teufer and Temple ¥ established & disorder structure — mansition phase berween
rutile and ilmenite and formulated the altemation of ilmenite as chemical reaction in
which number of oxygen atom in ilmenite essentially preserved in pseudorutile and
rutile.

IFcTiy —»  FeTiye +112 Fea0;

By heating pscudorutile ahove 200°C pscudobrookite is formed.

Fe-Tis0s ——m Fe T10s + 2T10;.

Rao and Rigaud™ upon their extensive study on the oxidalion mechanism and
product morphology provided some tentalive upon the general reaction mechanism.
During oxidation at temperatures below 770°C Fe;O formed on the surface and
when the surface of ilmenite is covered by Fe;O3 oxygen diffuse through the produc
laver ¥ and further reaction tekes place at Fe;TiOs — FeaOs interface and the

dilTuston rate of (3 in Feo{d: and Fe;Ti0: is low,

They found FeTiz0s to be stable at temperaiures from 770° (0 900°C where iron wili
dilfuse through it 1o the grain boundaries. This suggested that iron is mobile through
pscudorutile, Pseudorutile has the highest titanium oxide content and therc 1s
possibitity for the formation of solid solution with FeoOs leading to the formation of
Fe,[i0, allowing irun to diffuse. Since a showed lemperature limit exists for the
fomnation of FesT10;, Fe:03 is precipitated. At temperanure greater than 900°C, TiO:
s forined on the surface and mobility of titanium increases. When the sample i5 heat
(reated sbove 950"C the intial whiskers of Fe;Oa formed on surface of the samples at

2508C is transformed 1o pseudobrookite. The moveruent of titanium is confirmed by
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the fact Lhat when ilmenile 18 oxidized with markers ar 950°C, TiQ; was formed
above markers, The markers were covered with rutile at particular locations of the
erystal. This is assumed doe to rapid diffusion o Ti through ccoriain preferred
orientation of ilmenite. But the orientation [avorable for diffusion of ilmenite was not
confirmed due te its polyerystatling nature, The mobile Ti will leave some cxcess Os,
which in turn could be utilized in the oxidation step or escape to the gas stream. They
found a central pore i cach prain as well as in the center of 'Ti0; structure. They
suspested  that oxyzen -might have escaped from this porion. Their tentalive

mechanism of oxidation is given in Fig. 2.2,
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Fig 2.2 Schematic Representation of Proposed Mechanisms of Oxidation.
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2.3 Reduction Behaviar

Among the different methods of upgradation the solid-state reduction of oxides of
iron in the ilmenite invelving a suitable reducing agent and subsequent leaching in
acid solid solotion of iron present 1n the reduced mass of ilmenite is the most
impartant, The processes consist of the following stages.

Slage- |: Beduction.

Stage-2: Removal of melallic iron.

Stage-1: Reduction

This slage mvolves the reduction of oxides {both ferrous and ferric) of iren fo
metallic iron. From the Ellingham diagram, it is apparent that the slability of titanium
axide 1s much higher than that of the oxides of iron and cannot be reduced by carbon
at temperatures around 1100°C. ‘Thus when itmenile is heated by mixing it with
catbenaceous fuel (charcoal) at temperalurcs a 956°C-1150"C, iron oxide is reduced
Lo metallic siale, but the titanium oxide remains unchanged. Thus iron oxide can be

theotetically reduced to melallic form without changing the titanium oxide.

Suee both oxides of iron and titanium are more stable than their comresponding
matals, metallic iron can casily be dissolved into hyvdrochloric acid and thercfore the

titania content can be increascd.

The reduction occurs in two stages At the initial stage of reduction pscudorutile is

raptdly converted 1o ilmenite and rtile,

Fe:04.xTi(3, + C/CO *  xFel).Ti0; + CO/CO..

This rcaction involves the conversion of ferrie iren to ferrous iron. At the later stage

the iron oxide is reduced to metatlic iron.
*Fer. 100, + C/CO ’ xFe TiQ; + COMCO,.
A number of workers® have smudied the reduction of ilmenite using different

rechucing substances. These studies have shown that carbon or graphite is more
. 5 . , . . . . .
effcctive as a reducing agent . Reduction behavior of Cox's Barar ilmenite studied

by Tlaseeh, et al’ using charcoal as reductant has also shown that solid carbonaceous



substance is the suitable reducing element. Reduction is contrelled by the diffusion
process and 15 accelerated as the temperalure inercases. They observed that solid
state roduction 1nitiate at temperatures near $60°C at contact points between the
reactants. The solid-state reduction is the mam reaction mechanism at temperatures
of up to 1020'C. Above this temperature a rate increase has been observed and the
mechanism was found to have changed to reduction by gascous CO generated by the
reaction between carbon of charcoal and oxygen. The reactions that oceur during the

reduction ol 1lmenite by charcoal summarized as {follows.
Solid-State Reaction
C - Fe'liCh ——# O+ Fo+ Ti0s.

This reaction iiliale al & temperature near about 850°C at point of contact between

reactants and procecds as long as their remains contact point between the reaclants.

Craseous Reaction

CO+FeTiO; ————» CO; +Fe + TiOs.
C+C0Oy ———» CO

The overall thing is governed by the availability of gaseous reductant, CO that is
produced by the Boudouard reaction. The reaclivity of the solid reactant is very
important because it affects both the reduction rate as well as the operating

temperature.

According to D.GL Joncs® the reduction of naturally weathered and pre-oxidized

sample proceeds in two district stages. First stage is the rapid re-formation of

ilmenite Fe™ compounds in the sample according to the reactions mentioned below:

FelTidy + O e 2TeTil): + Ti0; + CO;
Fedh + 271 IDZ +00 ——» 2FBIID3 + CD;-,

In the second stage the proportion of ilmenite progressively diminishes with

corresponding increase in the metallic iron and rutile

FeTiOy + CO —#  Fe+Ti0; + CO;
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In case of sotid carbonaceous reductant there are a number of ways to increase the
reduction rate. Prior oxidation transforms tlmenite {FeTi(s} to pscudobrookite
{FeTi0:), which results in substantial cracking and latrice exp:msicmg. This cracking
and cxpansion enables the subsequent reduction 1o procced at both an accelerated
rate and to a greater extent without much sintering. Thus, oxidation of ilmenite prior
to reduction has o benciicial eficet on the rate of reduction. Another elfective way is
to usc « suitable carbonate'”. The carbenate ensures an adequate supply of CO pas, it
enhances the rate of reduction reaction. Size fractions also play an imponant role
during reduction. N was previeusly found that finer size fraction of Cox’s Hazar
deposit conlaing lower percentage of TiO: and 1t showed the maximom degree of

reduction'".
Stage-I: Removal of [ron

Selective leaching ol ilmemte by mineral aeid removes " iron from ilmenile. In
dircet acid leaching both sulfuric and hydrochlonc acid have been used as leachant.
L¥igestion with conc. H-S0Oy is not seleetive and brings both iron and tilanium oxide
1o solution but subsequent processing of leach liguor yields pipment grade titania. On
the other hand digestion wilh hydrochloric actd is selective”'? and only iron is
brought to solution. Dircet acid lcaching 15 carried out at somewhat higher
temperature. The preferential chlorinating of iron with hydrochloric acid gas is
represented as

FeO.TiO:+2HCT ——»  FeCly +Fi0; + H:O

The standard frec uncrg}'” for lhe reaction as a function of lemperature 15 shown
below

5FY=-81420 + 0.99 T logT + 7.4T (298 - 1640°K)

From the thermodynamic data'® it may be seen that the reaction is possible even
when maore than 99% H-0 13 present in the mixture. [t should be mentioned that the
above reaction is complex and a side reaction of Fell; with steam would take place
I @ gaseous mixture containing steam and HC1 gas, It is also apparent form this

thermodynamic data' that chlornating of Fey(s is not possible at the nermal



chlorinating temperature. Therefore the possibility of the following reaction can be
ignored

'y Feals IO, + 2HCI ——® %3 FeCly + ' TIO; + HyO
Pre reduced ilmenite reaction with WO witl lead to the formation of less volatile
FeCla, Lran in reduced ilmenite is dissolved by dilule acid even at room temperature
but complete removal of won may require higher temperatores and pressures and
longer time. Fez(; and FeO to metallic iron can be leached out with dilute HCL at

lower temperature and in a shod period™. The leaching reaction of ilmenite can be

expressed @%

Fe+2H{] ——» Feli; +H-

Fe(), il present, in ilmenils can b removed by following reaction.

FeO + HC] ——»  [FeCl; + H:0.
TiO; present in the ilmenite may be converted to TiClsy according io following
reaciion .

ls Ti(); + 2HCI . £ TICLs + H,0.

The free eneray change' for this reaction s represented as

3FY=-7765 - 1L.O8 TlogT+ I8.8 T

Which shows that this reaclion in nol possible above 523K

Ditferent investigators worked on this selective leaching and got almost similar
results. Mohan Das et al'? studicd leaching of the ilmenite using FeCly solution and
they found a product of 2% Fo and 92.6% T10;. Annie et al” also found leached
product containing 2% Fe while in Murso process'® reduced ilmenite, leaching with

2084 HCT at 108-110°C, produced 95-87% TiOs.

2.4 Alteration of Ilmenite

Beach placer ilmenite concenrrates of the world show significant variation in the
degree of alleration that 15 independent of provenance. Differential weathering of

ilmenite afler its rclease from the country rock and natural mixing of [resh and
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altered grains during migration impart complexity to the placer deposit. Various
minerals have been identified as weathenng products of ilmenite. Alteration of
imentte, FeQ). Ti(¥ in nature undergoes the process of oxidation and progressive
temaval of iron to give a residual product that 15 essentially Tid:. Alteration is

mitiated alang grain boundaries and structural discontinuitics within the grain,

Oxidation and partial removal of iron from ilmenite lattice results in an intermediate
irom titanare of detinite structure for which the name pseudorutile has been proposed.
Another akteration product, leucoxene 15 found in the ilmenite deposit. The alteration
product at the stage of complete oxidation of iron in ilmenite analyzes 65-70% Ti0:
as compared with the 52% TiQj 1n ilmenite'’. Complete removal of iron from the
pseudorutile lattice results in a grain composed of crystallites of the mineral rutile.
Ouly four mineral phases'® ilmenite, pseudorutile, leucoxene and rutile have l;lﬂﬂn
identified in the commercial titanium mincral concentrates studies. Natural
occurrence, in sand deposits, indicates that in weathering final removal of ion from

pseudorulile to give the rutile end product takes place only cither above or in the

zone of fluctuating water table.

2.4.1 Alteration Products of llmenite

Several attempts have been made to characterize the sequence, mechanism, depth
and products of afleration. The imporant alteration indicators™ arc changes in Fe™ |
Fe'* and Fe/Tl ratios, variations in magnetic suscepiibility, density, hardness and
reflectivity, strucural and morphological changes, increases in impurities like Cr and
V and deercases in Mn, Ni, Zn, Cu, Mg, Co and Ca*™*, The difference in (he degree
of ilmenite alteralion 1n various heavy mineral placer depesits implies diflerential
wealhering due to age difference #nd / or in situ and mulistage alteration of
ilmenite**and also due to different weathering environments. In nature, progressive

alteration of ilmenite results in the formation and co-existence of ditferent phases.

Morcover positive identification of all altered phases is dilficult because of indistinet
and similar structural as well as physical properlies. There is also considerable
uncerainly in their individeal respect. Lynd®™ reviewed the literature on titanium

minerals and pointed out the importance of knowledge of the chemical compoesition



(% TiOs. % FeQ, % FexOy), and concluded that the term leucoxene should be used as
a general nume for alteration products containing Ti0,. On the other hand Golding®
presented the petrogeaphy, 85 apposed to the commereial, viewpoint and pointed out
the range of rock types where ilmenite and its alteration products occur. So analyzing
these diffcrent opinions 1t is clear that the initial product is ilmenite and leucoxene is

12{:

the end preduct of the alteration process. According to Mucke et. al™. During the

iransformation of ilmenite o leucoxenc following products can be identificd:

llmenite —™ Hydrated IImenite —® Pseudoritile —® Leached Pseudorutile —»

Leucoxene

From this analysis it may be concluded that three disunet phases ilmenite,
pseudorutile and leucoxene may be present in Lthe altered ilmenite. No standard
nomenclature exists for the alteration products of ilmemite, but roughly following

characteristics are penerally tound™

Nmenite

Unaltered ilmenite is the dominant mineral. When altered, ilmermte has changed
directly or though Lhe intermediate products Lo leucoxene, Unallered ilmenite grains
with a compasition close to the theoretical formula (FeTiOs) end a TiD: content
ranging between 48-53 percent, Although varying in intensity and pattern from yrain
to grain, the most common alteration grains boundarics and fracure, crystallographic

directions.

Hydrated [lmenite

This 15 also known as leached ilmenite that is not completely altered to pseudorutile.
This commonly replaces ilmenite along crystallographic directions, leading to the
formuation of micro cracks Areas of alteration within the ilmenite grains, exhibit
TiO- contents between 53-60 percent. These areas are distinpuished microscopically
from the ilmenite by their gray-blue color and weaker amsotropism. The term
“hydrated ilmenite” was first used by Dyadchenko & Khatuntesva®™ and was adopted

by Frost et. al* to indicate the mixture of ilmenite and pseudorutile which contain



erystalline water whilke the term “leached ilmenite™ was used by Mucke et. al™ and
Chernet™ to identily a distinet intermediate leaching product berween ilmenite and

pacudorutile,

Pseudorutile

A deformed™ hexagonal, oxvhydroxide closc to FeTiaOq or Feq sTi307 5 (OH), 5 with
an extended runge of homogeneity due o hydrogen exchange for iron during
hydration”’. Characleristically it shows rough and porous texture. Compared to
ilmenite, it appears brighter, in contrast o its typical grayish color. Under reflecled
fight isotropic pseudorutile is blue-gray in color wilh a slightly higher reflectance
than ilmenite. Iseudorulilc 1s developed along crystallogeaphic orientations, in
ordered or disordered patlerns, along boundaries and fraciurcs, and is characterized
by the development of micro fractures. The mineral is dilficult 1o identify positively
as these ophical properties are indistinet and its rogjor XRD peaks exhibit d spacing

similur to those of Hmenite, rutile and hematite.

l.cached Pseudorutile

it is anothet optically identifiable intermediate phase™ lying between pseudorutile
and leucoxene. This results from leaching of wron from pseudorutile. It is difficult to
distinguish lcached pseudorutile form iron poor members of pseudorutile merely by
color impression and reflectance. The abundance of micro fractures led to the

oreakdown of the pseudorutile structure,
Leucoxene

A single grain of secondary rutile or aggregates of fine-grained rutile crystals mixed
with impuritics. 1t is an inhomogencous cryptocrystalline, high TiG; product of
iimenite alteration®”. Leucoxene displays abundant intemal reflections, changes from
hrowiish (o white with the decrease in iron content, Replacement of ilmenite and the
intermediate phases by secondary rutile of definile crystal smucture is common.
Leucoxene (s distinguished optically from rutile or anatase by its charactoristic
sugary intermal reflections although il may consist almost entircly of crypt or

microcrystalline rutile and/or anatase in the last stages of rellections™.
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Primary Ruiile

M is casily distinguished from the sccondary rutile. Primary rutile cxhibits
idiomoerphic, non-corroded orystal faces, and is characterized by a bright gray color,

high reflectivity and characteristic twinning.

2.4.2 Main Schematic Textures of Ilmenite

The main texture of alleration (Fig 2.3} of the ilmenite thmough ihe grain is given

below,

4] Alleration of ilmenite along grain boundaries and fracture lines, b) pseudorutile,
with dense pattern of finc otiented leached holes, which was originally hemo-
ilmenute, ¢) dense and oriented patlery 1n leached ilmenite showing the removal of
iron 1n a regular way, d) progressive oxidation and leaching of grains resulted in the
formation of oriented pseudorutile, ¢) development of micro cracks with the
[ormativn of pseudorutile phases, ) Intense aliernation of ilmenite along grain
boundaries and fractures, g) aggregatcs of fine rutile crystals hosted by leached
ilmenite, h) ilmenite grains rimmed by leucoxene, and a leucoxene grain at the lower

right comer.

2.4.3 Mechanism of Alicration of Ilmenite

Different mechanisms of alteration of ilmenite have been proposed by different

Th-A1

investigaiors These mechanisms can be classified as (ollows:

Type-1: Gradual weathering of ilmenite o leucoxene via hydrated ilmenite and

pscwdorutile in o groundwater environment.

Type- 2. The direct weathering of ilmenite to leucoxene in sediments above the water

tahle.

Type- 3:The alteration of {lmenile to hematite plus rutile or anatase in source rocks,
followed by the preferred dissolution of the hematite to form ilmenite grains

containing a porous network of Ti(y: microcrystal.
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Type —1 Alteration

Many authors™™ described this mechanism in their own way. According to this
mechanism alteration begins as immegular patches of hydrated ilmenite along grain
boundarics and weaknesses within the grain, ot in the from of oriented siringers
along the basal cleavage plancs of the ilmenite. The second stage of alteration i
marked by the development of leucoxene, which forms as wregular paiches along
vrain boundarics, or siructural weakness. The develepment of leucoxene along grain
boundaries 15 fcss common than expected for (he in situ alleration of ilmenite™. ‘I his
type of alleration may be explained by the two-stage model proposed by Grey &
Reid™. ‘The first stage involves the oxidation of all the ferrous fron and the leaching
of one third of the terric iron from the ilmenite lattice by ¢lectrochemical corrosion.

The reaction is:

3FTION + 2HY = 150y ——— W Fer"Ti;(s +Fe™ + HzO eemmmmveeeees (1}

Nlmenite Pseudorutile  Diwolved [ron

This reaction is considered to operate in a mildly acidic groundwaler situation. The
second  stuge  of  alteration hevond  pseudoruslile occurs via a  dissolution-
reprecipitation process whereby both iron and titanium are dissolved, but the
titanium s redoposit whilst the iron is leached from the grain. This leads to the

tormation of rutile in beach sand and anatase in lateritic soils and can be described by

the reaclion:
Fe.Tis0p +4HY —® 1102+ Fed' + 0 T S = Pl E— (2)
Pseudorutile Rutile  Dissolved Iron

(ot Anatase)

The secand stage of alteration is thought to occur in the near-surface regions of the
depasit in an environment that is rich in organic acids and inorganic acids derived
lrom the upper soil layer and condensation, creating mildly reducing and acidic

sojutions



Fig. 2.3 : Alteration of Ilmenite
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Type 2 Alteration

In this type of altcration, ilmenite, or slightly altered iimenite, is observed altering
directly to leucoaene. The alteration occurs [omm grain boundaries Fig2.3(A), or
along weaknesses, such as fractures Fig 2.3(B & C) within the grains. In some
mstances leucoxene may grow as replacement fronts across grains Fig 2.3(D) or may
mimic the original crystallographic dircctions of ilmenile gramns Fig 2.3(E). The
houndary belween the ilmenile and Jeucoxcne may consist of a porous arca of
cellular or microcrystalline leucoxene, indication that is volurncbne replacement has
vccurred. SEM analyses indicate that the porcs in these areas bave silica and

aluminum contenls well in excess of 10 per cent,



Fuiz 2.4(A): Back Scattered Flectron Image of Leucoxene Replacing Ilmenite from
the Surface of the Grain. Despite the Fairly Advanced State of Alteration of the

Grain, the Imenite Relicts are Unaltercd 25

Fir 2.4(B}: Back Scattered lmage of Leucoxene Replacing llmenite From the Girain

Surface and Along Fracture Operating at this Surface™?!,

i



Fig 2.4{C) Displaying the Replacement of [lmenite by Leucoxrene Along a Crack

Within the Grain ~> ",

Fig 2.4{D}: Altcration of [Imenite to leucoxenc @3
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Bevond this zone the leucoxene is usually less porous as shown in Figure 2B,

howcever, significant quantities of $i0- and Al:Os may still be present.

This styie of alteration is similar o that observed by Hartman™, Frost ef af 2"

Hartman ™ studying iron-titanium oxides during bauxitization, found that ilmenite
may alter directly to levcoxene or optically identifiable anatase. Frost et af “noted
relatively unaliered ilmenite cores surrounded by feucoxene in a concentrate from the
Capel |50 1 strand line, and concluded that these assemblages represent a single slep
dissolution reprecipitation process without the fonnation of pseudorutile. This style
ol alterabon of menite (o leucoxene, rutile or anatase may be expressed by (he

giuation:

FeTiQ; +2H —» Ti0; +  Fe™™ + 110

[mente rutile < dissolved hemaltite

Type 3 Alteration

According to this mechanism the alteration does not occur zlong grain boundaries,
but rather as patches within grains, The second type of intergrowth is characlerized
by the development of anhidral, eften-uniform rulile micro crystals in patches within
thie ilmenite grains. Tn a few imstances micro erystals of hematite are somelimes
found in nutile intergrowth of some ilmenile deposit™, Subsequent dissolution of

hematite has results in grains consisting of only ilmenite and microcrystalline rutile.

2.4.4 The ElTect of Altcratiom on llmenite Quality

IL has been shown'® that the magnetic susceptibility of ilmenite decreases with
inereasing alteration. Hugo estimated™ the magnetic behavior of ilmenile and altered
tlmenite in the Rechards Bay deposits by determining their mass proportions in
diffcrent magnetic fractions from a heavy mineral concentrate. These results show
that

£ lmenite-hydrated 1kmenite-pseudorutile grains are slightly less magnetic

than unaltered ilmenite grains, but most of these grains will repor to ilmenite

conecentrate.
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Alterad ilmenile grains containg lewcoxene or TiQ; pseudomorphs have a

g

large range of magnetic susceptibility and such grains may repor to ilmenile

concentrate or magnetic middling fractions.

iRy

| eucoxene grains o have a large range of magnetic susceptibility extending
from Lhat of ilmenite to that of nonmagnetic rulile, and that most leucoxene

will report 1o magnetie middling or rutile concentrate.

It is clear from the results of Hugo™ that the degres and type of alteration will affect

the recoverahility of altered ilmenite grains.

Frosl el al.?® have shown that there is a marked increase in the SiQs and AhQs;
comients of ilmenite alleration phases containing more than 63 percent Ti0; in
Western Australian deposils. The ingrease in these impuritics has been ascribed to
the co-precipitation with, or adsorption on to, alteration products®® or the formation
of clay minerals Iwithin pore spaces between alteration phases. It is therefore evident
that altered ilmenite grains containing leucoxene, and leucoxene grains themselves,
ar¢ undesitable as they are ofien non-recoverable and they contribute 1o impurity

lewvels 1n concentrates.

2.4.5 Progressive Alteriion of llmenite to Leucaxene

Alteration of ilmenite advances from leached ilmenite, through pseudorutile and
leached pseudorutile o leucoxene, Leached ilmenite and leached pseudorutile are
transitional metastable phases, and are formed during continuous leaching of ilmenite
and pseudorutile, respectively. Leached pscudorutile decomposes into leucoxenc

consisting of aggrepates of very fine-grained rutile crystals.

HMugo™ and Muck & Chaudhuri™ also discussed the continuous transformation of
ilmenite Lo leucoxene, The alteration starts with the continnous removal of soiuble
Fe{l1). and the clectrostatic charge is halanced by oxidizing ihe remainder to Fe {III)
and ‘or by adding H'. Fetrous iron is totally oxidized at the formation of
pseuderutile. Further removal of ferric iron is compensated for by the addition of
OH’ to the mineral lattice. At later stages, the OH 1y released due to the breakdown
of the pseudorutile strucrure mto rutile and water. Many researchers™ ™" have

deseribed the relationship between water content and the leaching of iron, and the
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effect of waler on the alieration of ilmenite. As alteration advances, the water content
increases until the pscudorutile phase breaks down. The breakdown of the
pscudorutile structure appeared at a composition of about 77-79% Ti(); and 9-12%
Fi:05. Leucoxene is 2 product of the incomplete breakdown of pseudonutile, and

consists principally of finc-grained, usually acicular, erystalline rutile.

The transtormation of ilmenite 1o fcucoxene is associated with a decrease i volume
and subsequent stress on the crystal lattice and rvesults microcracking. Grey and
Reid*' discussed the smuctural relationship between ilmenite and its alteration
product, pseudorutile. 'Ihe frequent development of fractures and pores in the
altleration products implies reduction in cell volume. Fracturing and the formation of

[rores generally increasc with a decrease in 1ron content.

2.4.6 Paragenesis of Ilmenite Alteration

It is important to determing the paragenesis of the ilmenite alleration, because the site
of alteration wilt afTect the distobution and proportions of difTerent types of altered
erains in the deposits. If the alteration occurred before final deposition then a fairly
random distribution of altered grains is expected. It is widely believed that ilmenite

alteration occurs in situ in beach and dunc deposits for the following reasons:

At

Aleration of the margins of well-rounded grains is fairly common, suggestimg
that alteration occurred after rounding of the grains, that is during the late stages

of transportation, or after deposition®

O

Some beach deposits display & vertical variation in the composition of ilmenite
concentrates, particularly about the water table™. In these deposits the leucoxene
contents of ilmenite concentrates are significantly higher above the water tahle or
near the surface, suggesting Lhat these arcas of higher acidity enhance the
alteration of iimenite. This sugzesls that the alteration of ilmenite is due to
wedlhering, and Lhat this for the most part has taken place in situ in the sand

deposit™®
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£ It also notes that older deposits generally contain the most altered ilmenite,
and  eies values from Western Australian raised beaches of different

elevations (and conscquently different ages) as an example; and

Mucke ef @ ™ note that the alteration displayed by ilmenite in littoral zones
play ¥

O

is not observed in the source rocks and is rarely found in alluvial ilmenite

grains.
2.4.7 The Importance of Study on the Extent of Alteration

The imporiance of altered ilmenite in the fact that it consiitutes more than one third
of the world production of titanium mincral categorized by the U.S. Bureau of Mincs
as ilmenite and totaling 2.2 million tons in 1963."* By virue of its being an alteration
product of varying composition. altered ilmenite has in the past prescated problems
both in are dressing and in the sulturic acid digestion mcthod of pigment
manufacture, a process that consumes more than 90 percent of the ilmenile and
alicred ilmenite produced. More recently, a better understanding of lhe natural
alteration of ilmenite has become important in view of work directed at upgrading

ilmenite and altered 1lmenite concentrates to products much higher in TiOs.

There has been appreciable work on the alteration of ilmenite. Most of the workers
 agrees thal Lhe mineral ilmenite undergoes oxidation and leaching whereby iron is
remweved from the structure resulting in a relative enrichment in TiOz. There has been
much discussion *° on the nature of the alteration product and generally it has been
apreed that in nature no secondary iron tilanium compounds are invelved in the
afteration although the very fine grain size of the alteration product has maile positive
identification extremely difficult. Temple ' explained how iron gets out of the
ilmenite structure. Accerding 1o him, iron is removed along structural discontinuities.
It is postulated that removal of wron from the grain is caused by a migration gradient
initiated at the structural nterfaces and facilitated by the slight reduction in the size
ot the Fe atom due 1o oxidation from the ferrous to the ferric state. Sinec Lthis process
takes place at low pressure and temperature conditions reaction kinetics are slow and
thousands of vears by be required for this process to occur in nature. TiO, content

increases with increasing age. Due to these slower rate disequilibria assemblages
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should be common in naral ilmenite deposit. The difference in the degree of
ilmenite alleration 11 various heavy mineral placer deposits implies differential

weathering duc to age differences andfor multistage alleration of ilmenite.

Crevorkyan and Tatmnaym'”, who reported a close conncetion berween the iron and
watel contents in allered ilmemte and concluded that the iron oxide is hydrated
during akeration process and that iron is removed as a mobile hydroxide, have
discussed the role of water in the alteration of ilmenite. From the above discussion it
is clear that lhe alteration of ilmenite takes place ncar the surface and requires
presence of walter, a temperaure of 50"C* not exceeded. This favorable environment
is also common for our beach sands as the beach sand minerals are exposed to a
remperature around 35-40°C. So there is higher possibitity to obtain altered ilmenite

grains in the ilmenite separated from the coaslal black sand of Bangladesh.

In lhis respect it can be mentioned that there are many cxamples of alleration of
ilmenite i placer deposit like Encabba, Weslern Australia, Trail Ridge, Florida,
which contain mostly allered ilmenite and yield concentrates contaiming berween 54-
66 percent 1i0; while Folkson, Georgia contains an ilmenite assaying of 76.1
percenl, Ti(); Atternpts to produce synthetic rutile from Bangladesh ilmenite have
vielded encouraging resulis. lowever no study on the cxtent of alteration of ilmenite
int the depusils of Bangladesh has so far been reported. So sudy of alleration may be

a promizing field for the eaplorstion of beach sand.
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CHAPTER 3: EXPERIMENTAL

3.1 Introduction

"The ohjective of this study was to characterize Cox's Bazar ilmenite and to study the
weathering eftect, if any. Ibe beach sand minerals were collected from the Cox’s
Rarar deposit of heavy minerals and ilmenite was separated at the Beach Sand
Explottation Centre, Kalatoli. The as-received sample was magnetically fractionated
to different magnetic fractions and also lo different size fractions. These fractions
wete then characterized in terms of phase content, chemical analysis and reduction
behavior. The phases present in the as reecived sample were identified by X-ray
diffraction analysis thermogravimetric analysis was performed on the different
ragnetic fractions (o detect the presence of water, if any. In this chapter the

enperimental procedures used for the present investigation has been discussed,

.11 Magnetic Sceparaiion of As-received Sample

Franlz isodynamic magnetic separalor was used to obtain the magnetic fractions.
Frantz 1sodynamic magnetic separator is morc practicable for the magnstic
separation between minerals, which have low bul dillerent specitic susceptibilities.
The Frantz isedynamic separator, used in this study, consists of a vibrating chute
mounted centrally between the pole pieces of an cleclromagnet as shown in the Fig
3.1 1t relates the current in the electromagnet and the transverse slope of the chute to
the specific susceptibility at which the separation is being cilecied. This unit may be
inctined in any dircetion by the universal mounting, and the clectromagnet eurrent is
continuously adjuslable from 0 o 1.5 amperes. Mineral separations are normally
madc by arbitrary adjustment of the current of the electromagnet and the transverse
slope of the chute until the most suitable splitting is ohtained. At any such sefling the
separator divides a sample into two {ractions determined by the settings. With
suituble calibration Frantz isodynamic separator will accordingly provide absolute

measurements of the specific susceptibility of mineral grains,
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Fig: 3.1 The Frantz Badynamic Magnetic Separator

3.1.2 Chemical Analysis of As-received Sample

Wet chemical analysis was performed to determiine the contents of Cox’s Bazar
ilmenite. The detail procedure for chemical analysis has been given as Appendix 1.
The prime intergst was to know the material contents specially, the percenlage
content of fermous oxide (FeQ), ferric oxide (Fe:0;3), and titanium oxide (TiOy) in as-
recerved sample, Percentage of lereous iron. total iron and titanium oxide were found
by actual wet chemical analysis and the FexOy content was calculated by ditference.
Duing caleulation it was assumed that iron is bound with oxides as a chemically
standard compound. Besides the chemical analysis of as-received sample, chemical

aialysi~ was also canvied oul in the different stages as mentioned below:

As-received sample was oxidised and then analyzed chemically to determine

gt

e entant of oxidation of [ereous to ferric oxide,

Chemical amalysis was carried out for all thesc size and magnetic fractions te

an

determine the concentration af ferrous oxide, ferrie oxide and titanium onide
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to mvestigate the dilference il any amoeng the ditferent size and magnetic
fractions.

The reduced masses wore also analyzed to detenmine the content of metallic
iton, total iron, and Gtanium oxide and thus te determine the extent of

reduction.

3.1.3 X- Ray Analysis of As-received Sample

X-ray diffraction analysis was condueted to find out different phases present in the

Cox’s Bazar ilmenite. The X-ray diffraction patterns were recorded by a Jeol DX-

GE-2P X-ray diffractometer. Before recording the X-ray patteris, the samples of

ilmenite were preparcd by using the following procedures,

£
g

ar

S

1-1.5 gram ilmenite sample was finely ground in an agate morar.

This fine powder was placed on the XED slide and loaded in the XRD
machine.

The pattern was recorded with the following seting of the X-ray
diffractometer.

The diffraction lines were identified by using the powdered dilfraction file of

JCPDS - Intemational Center for Diffraction 12ata.

Target: Molybdenum (Zr)
Current 20 mA
Vinltage e NAY
{ Scanning Range 8-37"
' Scanning Speed 0.5” per min
Chart Speed {¥3 mm per min II~
Full scale intensity 20107 cps

¥-ray diffraction pauems of all the different size and magnetic fractions were also

recorded 1o ideniify the different phases present in the different fractions. The same

selling was used for all the samples.
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3.1.4 Reduction Dehavior of the Different Magneiic Fractions

‘Lo study the cifects of prier oxidation on the reduction of the different magnetic and
size fractions, some samples of ilmenite were oxidized for 2 hour al 950°C in a
muffle type electric furnace. Aler oxidation the ferrous iron content of the ilmemte
determined by chemical anakysis. All the magnetic fractions and size fractions were
reduced at 1050°C for 4 hours. Reduction was carried out in small stainless steel
cructhles, 25 mm in diameter and 125 mm i length, In each case 9 gm of tlmenite
way mincd willl equat amounls of charcoal of 30-mesh size. Samples and charcoal
were placed in the crucible layer by layer. A layer of charcoal was placed at the
bottow of the crucible and then a layer of ilmenite was placed on the charcoal. In this
manner. alternate layers of imenite and charcoal were placed in the crucible. The
topmost layer was charcoal to resist the oxidation. A metallic lid made of same
material of the crucible covered the crucible. This arrangement is shown in the Fig
3.2 A number of such crucibles were placed in a muffle glectric furnace set at
temperature of 1050°C, The temperature of the furnace was controlled to + 5°C by

an of-on controller,

Afler 4 hours, the crucibles were taken out one by one and allowed to cool to room
temperature.  Afler cooling, the reduced mass was separated from charcoal.
Scparation was carried oul 1n two stages. At {irsl sicving separated the bigger
particlcs of charcoal. In the sceond stage particles of iimenile were separated from
the final particle of charcoal by a small hand magnet.  The exlent of reduction was
tollowed by the chenical analysis ol (he reduced mass for the content of metallic

irom.
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Fig 3.2: Arrangement for Reduction

Xoray DilTraction Analysis and Optical Metallography of the reduced mass were
carried out to identify diftcrent phases presenl. The degree of reduction was

calculated by using the formula,

8 0f Metallic fron
wo 3f Tenal fron

Ve Of Reduction =

3.1.5 Thermaogravimctric Analysis for the Different Magnetic Fractions

A Shimadzu TGA = 50 Machine, performed thermogravimetric analysis. [t has a
TGA chamber the main healing unit, a control unit thal 18 used to set different
pacameters and incet gus set-up, A TGA chamber is a small induction furnace, mude

up ot steel body wilh proper high temperature insulation in the inner surfuce. It
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containy a small plaunum crucibie hang by a lungsten wire to contain charge or
sample, and a small thermo-couple to measure lemperature. Thete is a small inlet in

the chamber to ntroduce the inert gas, The platinum crucible was cleaned properly

and Lhen charge was placed on it

1}y Initiab weight was taken.

2} The crueible was inserted in the TGA chamber slowly and when it is completely
in lhe ['GA chamber was closed.

33 He pas was introcduced into the chamber to provide protective almosphere,

4} "The heating ralc was sct at 20°/min and the machine was mrned on,

5) The machine was turned off at 980°C and the chamber was allowed to cool
within protective incrt gas almosphere.

&) Finally the machine produced the vepom as a Graph.

= Rulance Mechanism

Furiace Llnal

Corrbread Panel

Fiz 3.3: The Cross-sectivnul View of the Furnace Unit of TGA Machine
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The chamber was allowed to cool and the machine preduced the report as a graph.
To support the Thermogravimetric dala some samples were sent o the Regional

Besearch Laboratory, Thiruvanthapuram, India for TGA analysis.

3.2 Sieve Analysis

Sieve analvsiy of the as received sample was performed in a standard sieve shaker.
AL iirst the sieves of different mesh sizes were arranged in such a way that the lowest
sieve remained al the top most position while the highest remained al he bottom.
Then 200 gm sample was placed in the wp most sieve and the power was turned on
for a shaking period of 15 minutes. Then the samples retained on different sieve
were collected, Mast of the ibmenite was relained on US Sieve Number 70, 100, and

144, The subscquent investigations were conducled on these three size fractions only.

3.3 Optical Metallography of the Different Fractions

Microstructure of all the size fractions was examined under an optical microscope
afler reduction to study the cxtent of reduction.  Parlicles of the corresponding
samples were prepared for the observation as before and the photographs of the
significant areas of the sumple were taken, Difficulties were eneountered during
meunting and polishing due to loss of looscly held particles. Tt was howcever possible
to obtained a satisfactory surface composed of scattered particles in plain but the

areas between particles were out of focus.
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CHAPTER-4 RESULTS AND DISCUSSION

4.1 Introduction

(One of the objectives of this study was to find the extent of weathering, i any, in the
Cox's DBazar llmenite. The sample was chemically analyzed in the as reccived
condiion. alier magnetic fractionation and also after size fractionation. X-ray
diffraction technique was used to identify the phases present in all these tractions.
Sample of both magnetic fraction and size fractions were also teduced by charcoal
under identical condilion. The cxtent of the reduction was followed by chemical
analysis, qualitative X-ray diffraction analysis and optical micrescopy. X-tay pattemn
were also used to detect the presence. if any, of pseudo-tutile, one of the probable
alteration products. Thermegravimetric analysis of the magnetic fractions was
carricd out to detect the presence of water in the sample. The result of this
mvestization are presented and discussed in this chapter. Tables containing acmal

experimenlal data arc presented in the Appendix-2,
4.2 Magnetic Scparation of As Received Sample:

Magnetic Iractionation of lhe as-received samples showed that almost 90% ilmenite
of the sample was separated al currenls up to 0.3A, which contains [our major
fractions. Other (wo fractions separated at comparatively higher currents were

approximatcly 10% only Fig 4.1 shows the results of magnetic fractionation.
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Fig 4.1 Results of Magnetic Fractionation

4.3 Chemical Analysis of Different Magnetic Fractions:

Magnetic fractions scparaled at different currents were analyzed chemically.
Percentage of total iron and ferrous iton were determined by wet chemical analysis
and the perceniage of the ferric oxide was determined by dilTerence. Fig 4.2 shows
the results of the chemical analysis. It can be seen (hat the amount of ferrous oxide
and total iron, as determined by wet chemical analysis, decrease gradually in the
fractions separated at higher separation currents. This is to be expected because the
fractions correspond to increasing scparation currents. However the amount total iron
was found to be maximum for the fraction separated at separation current of
0.25A.This 13 ap interesting observation and needs further investigation. The amount
of ferric oxide varied in a similar manner showing a maximum for the fraction

separaled at a separation currend of 0.25A.

Moheskhali ilmenite was found to contain a higher amount of ferrous oxide than
ferric oxide™. Ancther imporant obscrvation was that titanium oxide content
docrcases with increasing current of separation. Thus it appears that a higher amount
of impurities are present in the magnetic fractions scparaled at higher separation

Ccurrent.
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Fig 4.1: Pcr cent of Ferrous Iron, Ferric Iron and Total Iron (Fe)

of As-received Sample

4.4 X-ray Diffraction Analysis of Magnetic Fractions

Fig 4.3 shows X-ray diftfraction pattern recorded on the samples of different
magnetic fractions of the as received ilmenitc. All these pattern show diffraction
lines mainly ilmenile present with rutile, pseudobrookite and hematitc. It may be
noted that an earlicr study® with Cox’s Bazar ilmenite showed the presence of
diffraction lines belonging to pseudorutile. Slight shifting of the diffraction lines of
lmenite could be noted in all paucms recorded and this is not unusual in the
naturally accurring minerals. The pattern analysis was strictly confined to qualitative
analysis The shilting of Lhe diffraction angle in different mapnetic [factions for the
same plane could have happened due to the slight distortion in the Ilmenite. From the

data the lattice parameter can be caleulaled by using the following formula.

1 h2+hk +k2 {2
= =

o2 al c2

Now using the above formula we can calculate the tattice volume for different
magnetic [actions. To find out the volume of unit cell following formula may be

used.

' (4]
Volume=axasin 60°x C



= =

The calculated valucs of lattice volumes were [ound 1o be difterent from the volume
calculate [or the slandard iimenite using the standard diffraction file (316.0068). The
placer deposit s not a chemically standard substance; it i3 a heterogeneous
compound containing bolh FeO and FeyOy within the ilmenite grain as well as some

impurities, which may aftect the lattice parametor value.
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Fig 4.3: X-ray Diffraciion Pattcrns of the Different Magnctic Fractions (as-
received) {I-ilmenite, H- heamatite, PB- Pseudobrookite, R- rutile}
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4.5 Extent of Reduction of the Dillerent Magnetic Fractions

The extent of reducnon of the different magnetic fractions was studied by the
chemical analysis of the reduced mass (both in the as rceeived and oxidized
conditions) tor the content of the metallic won. X-ray diffraction analysis and eptical
medablography of the reduced mass were alse camried out to supplement results of

chemical analysis,

4.5.1 Oxidation of the }iflerent Magnetic Fractions

Oxidation was done to transform the fomous oxide to ferric oxide. IL has been

3-44

shown™ ™ that oxidation subsequently helps reductien duc to the following reasons.

1. Conversion of iron in ilmenite from ferrous o lerric stale, which eliminates
the clement of uncerainly in the relative amount of ferric and ferrous irons in

the as-recerved ilimenite,

2. Alteration of equilibrium condition and consequently an increase of the rate

of reduction of iron rom the terric stale as compared 1o thal of forrous state.

3. Introduction of defects in ilmenilc grains that enhances rate of subsequont
reduction.

An earlier investigation® showed that the optimum time and temperature for the

oxidation of ilmenite was 1 hour at 950°C. Results of wet chemical analysis has

shown that Lhe ferrous iren content of the oxidized ilmenile was only 1.4% while Lhe

rest of the iron was in the ferric state. This means that oxidation could be considered

complete. These oxidized samples were reduced for 4 hours at 1050°C.

4.5.2 Reduction Behaviors of DilTerent Magnetic Fractions

The results of chemical analysis of the reduced magnetic fractions clearly showed
that 1he content of the metallic tron as well as that of total iron {except the separated

at .25A) decreases with increase of applicd current for separation (Fig 4.4)

W OF Metcdtic Irow in the Re duced Maxy
Yo O Fertad Iron in the Reduced Sample

0 Re duction =
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Results oblained indicale that magnetic fractions separsted al lower current are
reduced to a higher exient than those separated at higher currents. It may be due to
ihe higher ferric oxide content in these fractions. But the actual extent of reduction of
the different magnetic [ractions did not show any significant difference. So from the
point of view of optimization of Lhe reduction process, adaptation of separatc

reduction procedure [or cach of the magnetic fractionation may not be necessary.

60 1
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i

Porcent of Malallic: Iran
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Separation Currgnt{A]
—a-Fat —— Fem

Fig 4.4: Perceniage of Metallic (IFe,,) and Total Iren (Fe;) in the Different

Magnctic Fractions after Reduction in the As-received Condition

Cox's Burar timenitc was reduced in 1) as received condition 2} afer oxidation 3)

Using carbonate in the reduction mixure.

The extent of reduction 1n the as received condition {indicated by the amount of
metallic iron in the reduced mass) was found to be the highest for the fraction
separated al a separation current of 0.23A, 1i has alrcady been mentioned that the
results of chemical analysis have shown that this fraction contans the highest
amount of ferric oxide. The extent of reduction of iron oxide in each of these
fractions in the oxidized conditions was found (o be higher than the comresponding
fraction in the as-received condition (Fig: 4.5). At the same time the fractuon
scparated at 4 separation current of 0.25A did not show any higher reduction. This is

10 be expected. All the frachions were oxidized at 950°C for a period of two hours,
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This converted almost all the ferrous oxide in all these fractions to fermic oxide. As a
result no fraction showed any difference in ihe reduction behavior. Studies® have
shown that oxidation of Hmentte prior to reduction (a) introduces defects {Crack,
grain boundarics eic) (b) converts all the ferrous iren to ferric iron which overcome
the problem of different ferrous to fermic ratios in ilmenite from differcnt Jocalities
and (¢} alters the equilibrium conditions and the rate of reduction from ferric to
ferrous state. Tt is therclore to be expecied that the extent of reduction is higher in the

samples reduced after oxidation.

A comparison (Fig 4.5} of the reduction behaviors of the different magnetic fractions
reduced (a) in the as received condition, (b) alter oxidation and (c} afler oxidation
and addition of 10% sodium carbonate in the reduction mixture shows that the extent
of reduction of each the fractions is the lowest in the as received condition, except
for the [Taction scparated at a separation current of 0.25A. Oxidation prior to
reduction gives a higher extent of reduction while the extent of reduction was found
to be highest for the saruples reduced in a mixre containing 10% sodium carbonate.
Earlier studies ®7 have shown that addition of sodium carbonate cnhances the extent
of reduction of ilmenite. The enhancement in the rate of reduction in the presence of
a carbonate has been atiributed to an carly onset of the gasification reaction in the
section two. Carbonate plays an imporiant role in the second stage of the gasification
reaction. Because carbonate releases CO at higher temperature at amut{d 1006%C. In

the present study sodium carbonate suffered following reaction.

Na:COy ——— . N, 0+C 0

)

C+C0y —» 2C0

This (0 increases the supply of CO as well as enhances the generation of CO from
charcoal. N.N.Shams'® also observed the similar cffect on the Moheskhali ilmenite.
So reduction rate for Cox's Bazar ilmenite increases. The chemical analysis of the
study of N.N.Shatns™ showed that Moheskhali sample has similar composition like

Con's Bazar sampde,
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4.5.3 X-ray Diffraction Analysis of the Reduced Magnetic Fractions

X-ray diffraction patterns of the redueed magnetic fractions are presented in the Fig
4.6. Two phases, iron and titanium oxide, were identified In these X-ray patterns.
There were no difftaction lines belonging to iron oxide, which distinguishes X-ray
patterns of reduced samples from the padems of unreduced samples. Due to
reduction iron onide transforms 1o metallic iron. Thus the X-ray pattemms of all
reduced magnetic fractions show diffraction lines belonging te metallic iron. The
more intense peak of titanium oxide and melallic iron in the fractions separated at

(254 indicates higher reduclion of this fraction in the as received condition.
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4.5.4 Thermogravimetric Analysis of the Magnetic Fractions

Thermogravimetric analysis (Fig 4.7 o Fig. 4.11) was camied out 10 observe any
changes in weight during heating. During this heating inerl amosphere was
mantained by the supply of He. These data did not show any significant weight loss.
DSS Babu etal swdied the alieration of Indian ilmenite of Chavar,
Manvalakurichi, Orissa deposils. Duning Lheir study, they identilied weight loss at a
temperature near around 600°C. This deerease indicates the presence of bound water.
Naturally bound water increases as the degree ol afteration increases. This is because
pseudorutile structure may contain hydroxyl ions. Thus the conlents of bound water
iv related 1o the prescence of the pseudorutile phase. This siudy did not show any
significant welght loss at above-mentioned temperature. Thermogravimerric analysis

therefore indicates that there is no alteration product in the Cox’s Bazar ilmenite.
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4.5.5 Optical Metallography of the Different Magnetic Fractions

Ilmenite was mounted by cold seiting resin and was polished properly to get scratch
free surface. Then the sample was placed under microscepe and photographs were
laken the diflerent grains of ilmenite. Typicat microphotograph in optical microscopy
15 proscnted below Fig 4 (12-18)

Microphotograph of all samples were almost similar 1n appearance. There were no
stemificant changes that could be noticed {rom these microphotographs. Reduced
sample contained more while phases {metallic tron) than the samples i the

unredueced condition,

4.5.6 Mincralogy of the Diflerent Magnetic Fractions

The mineralogical microscopic sudy of fractioned sample showed (Fig.4.19) grains
of diffcrent colors. During this study, foxy red grains of rutile, black prains of
ikmenite and glassy grains of quarlz or zircon could be identified. At the same ume
quartz mixed ilmenite particles were also observed. However all the graims of
tlmenite were smooth in appearance indicating that no alteration has taken place in

these graims,

4.5.7 Scanning Electron Micrograph

Samples of reduced ilmenite belonging to the highly magmetic fractions (separated at
tow separation currents) were observed under a scanning clecron micrograph. The
surfaces of sample reduced for 4 hours reduction (Fig. 4.21} were more porous in
appearance than the samples reduced for half an hour (Fig. 4.22). In the as-received
sample (Fig: 4.20) no crack or porosity could be seen. Some crack could be seen in
the oxidized sample {Fig 4.23). Ananda and Gilkes™ have noted that scanning
¢leciron micrographs of slightly altered grains show massive iregular surfaces due to
formation of pseuderutile while highly altered grains have very porous swfaces. It
can thus be concluded that the major magnetic fraciions (~ 90 per cent} of Cox's

Bazar ilmenite are not allered to any sighificant extent.
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Fig 4.13 Micrephotograph of the Magnetic Fraction Separated at (.15 A
(After Reduction, Mag. 400 X)
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Fig 4.14 Microphotograph of the Reduced Magnetic Fraction Scparated at 2
Current of .20 A (Mag. 400 X)

Fig 4.15 Microphotograph of the Heduced Magnetic Fraction Separated at a
Current of 0,25 (Mag. 400 X}
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Fig 4.16 Micrephotograph of the Reduced Magoetic Fraction Separated at a
Current of (.30 (Mag. 400 X}

Fig 4.17 Microphotograph of the Reduced Magnetic Fractiom Separated at a
Current of .35 (Mag. 400 X)



Fig 4.18 Microphotograph of the Reduced Magnetic Fraction Separuted ata
Current nf 0.404 (Mag. 400 X))
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(A-limenite) (B-Rutile)

(C-Zircon} (D-Quartz mixed limenite)

Fig 4.19: Mineralegy of the Cox's Bazar [lmenite (As Reecived)
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Fig 4.20 Scanning Electron Micrograph of As Reccived Sample { Mag, X 330)
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Fig 4.21a Scanning Electron Micrograph of iamples
{After Reduction for 4.0 hour, Mag. X 350)

Fig 4.21b Seanning Electron Micragraph of Samples

{After Reduction for 4.0 hour, Mag. X 200)
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Fig 4.22a Scanning Elcctron Micrograph of Samples
{After reduction for 0.5 hour, Mag. X 350}
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Fig 4,22b Scanning Electron Micrograph of Sample
(After reduction for 0.5 hour Mag. X 200}
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Fiz 4,23a Scanning Electron Micrograph of Oxidized Sample{ Mag. X 350)
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Fig 4.23b Scanning Electron Micrograph of Oxidized Sample ( Mag. X 200)
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4.6 Sieve Analysis of As Received Sample

A sicve shaker was used to perform size fractionation. The sieves were arranged in
the usual way, sample was placed in the top most sieve and power was turned on for
I5 minutes. The sample retained on different sieves were collected and weighed. It
was found that 94.5% (shown Fig 4.24) of the tolal sample was retaimed on the Us
sicve number 70, 100, 140. While only 3.5% was retaincd on the other sieves.

Subsequent imvestigation was conducted on the major fractions only.

70 -
6 -
7R
50 iy
3 it
£ 40 &
E ap - !
& h
i ‘5‘{
o
Py i
70 100
US sisva No

Fig 4.24: Results of Sieve Analysis

4.6.1 Chemical Analysis of these Dillerent Size Fractions

Among these four [ractions particles retained on US sieve no 200 are the finest one.
Chemical analysis {before and after reduction) of the different size fractions were
performed. From the wet chemical analysis data, it was found that wilh increasing
sieve number, percentage of ferrous oxide and total iron increases. (Fig 4.25. Fig
4.26) show that the extent of reduction is maximum for the US sieve na 200, while
minimum for sample retained on US sieve no 70. On the other hand chemical
analysis of reduced samples showed that the finer fractions contain higher ferric

axide which leads to enhanced reduction. .It was concluded ihat size fractionation



will nat be helpful to increase the extent of reduction. This behavior of the Cox's

Razar Hlmenite was also found to be similar 1o ihat Moheskhali Hmenite 3L
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Fig 4.25: Chemical Analysis of Dilferent Size Fractinns
{FeO-Ferrous Oxide, Fe;05-Ferrie Oxide, TiO:-Rutile, Fe,-Total [ron)
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Fig 4.26:Chemical Analysis of the Different Size Fractions
{Atter reduction)
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4.6.2 X-ray Dilfraction Analysis of Dilferent Size Fractions:

Fig, 4.27 shows the X-ray pademns ol the different size fractions. Diflraction lines
belongng o lmenite, pseudobrookite, rutile, and iron titanium oxide could be
identificd in these patterns. Diffraction lines belonging o pseudorutile could not be
detected in any of these fractions. X-ray analysis of reduced ifractions (Fig 4.28)
showed that won and rutile phases are present in all the diffraction patierns. The
amounts of the ditferent phases present in these patterns were however not

calculated. "1 hie result is therefore only qualitative in nature.
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Fig 4.27: X-ray Diffraction Patterns of the Different Size Fractions (I-ilmenite,

1TO —iron titanium oxide, PB-Psudobrokite, R- rutile)
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4.0.3 Sphericiiy of Different $ize Fractions
Sphericity, a geometrical factor, of the three-ilmenite fractions was determined. For
this purpose, the raw ilmenile sample of different size fractions were photographed
under & stereoscope. Sphericity of a particle was then calculated from the following
formula.

Sphericiny =d,/a

Where d,, = nominal dia of Lhe parlicle
d,={a+b+tc) ; 3

a=length of major axiy

Sphericity of al least twenty grains of each size [ractions was measured (Fig 4.29)
and average value was taken as sphericily of the particular fraction and data are

Labuluted.

The sphericily of the three samples is found and lies in & narrow range, 0.820 to
.839, Sphericity of NN Shams™ showed that Moheskhali ilmenite also lics in
narrow range 0.773 to (L8453, However [imcr size fractions are found to have a
slightly higher Sphericity than the courser ones. So finer fractions have longer

history of weathering, crosion ete during transportation.
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3,E4 il

0 835
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0,828

.52 b
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Fig 4.29 Sphericity of Different Size Fractions
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CHAPTER-5 SUMMARY AND CONCLUSION

Introduoction

Analysis of the as-rcceived sample has shown that Cox's Bazar ilmenile contains
around 40 % Ti(:. This percentage of titanium di oxide in this deposit of ilmenite is
below the minimum that 15 required for commercial applicalion. From the dilferent
techniques of upgradation, reduction followed by Jeaching was selected. This process
iy simple and is easy 1o manipulate when compared with other techniques available
for upgradation. Reduction characteristics of ilmenite depends upon numercus
[actors inciuding size and shape characteristics of the ilmenite paricles, compesilion,
prescnce of the different phases and their morphologies, presence of defects like

voids, cracks cic 1

5.1 Study of Reduction Behavior

FEcduction was carricd out in the as received condition, in presence of carbonate,
afier axidanon and afler magnetic and size fractionation. The prime concem of these
experiments was to identify the most suitable roule for reduction. The effects of time
and temperaturc on the extent of reduction were not, however, studied. Since
charactetistically, Cox' s Bazar ilmenite was found to be similar to Moheskhali
ilmenite in the as received condition, optimum time and temperature established

earlier wis used for alt these reduction experimenty.

5.2. Effect of Oxidation

Higher extent of reduction in oxidized condition has been attributed to the
introduction of defects {cracks, grain boundaries eic.), comversion of almost al
ferrpus iron 1o ferric state and alteration of equilibdum conditions and rate reduction
from lerric to ferrous state ”. Experimental data of oxidation indicates the conversion

of ferrous oxide (o 1ts higher oxides Feo(h that Icads the increase of reduction rate.
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5.3. Effeet of Carbonate

From a previous ' study, it was found that addition 10% carbonaie to the reduction
mixture gives the most satisfactory result. That is why 10% Nay,CO; was used in this
experiment and the resulls show an incrcase of percentage in reduction compared to
the wicatalyzed condition. At a lower temperature the reduction proceeds via the
solid-state reaction between carbon present in charcoal and the oxides of iron present
in ilmenite. At temperature above 10007C, the rteaction mechanism changes and
carbon monoxide, generated through the reaclion berween carbon dioxide and carbon
of charcoal, acts as the main reducing agent. In other words, the overall reduchion
rate s greaily enhanced by the availability of the reducing gas that is produced by the
gasification of carbon in accordance with the Boudouard reaction. The presence of
catbonate in reduction mixture enhances this gasification by supplying carbon

dioxide produced from the breaking of carbonates at high temperature.

5.4, Effect of Size Fractions

Farticle size plays an important role in the kinctics of reaction. Reaction rate
incrcases with reduced size as the finer particle provide moere contact area (o begin
the reaction. Keeping this 1n mind, effect of size of {he particles of ilmenite on

reduction was studied.

[ncreasing sieve number in sicve analysis indicates the increase of fincness of the
padicle. With increasing fineness the active surface area for the reduction also
increases. The reduction reaction slars at the contact pouls of ilmenite and the
reducing agent. So the extent of reduction was higher for the finer particles. The
present study has shown that although [iner fractions of Bangladesh ilmenite contain
higher percentage of iron oxides, they actually get reduced al a fasier rate. As a result
the reduced sample of Mner [action contain a lower amount of iron in the oxide
form. Thus [rom the viewpoint of eptimization of reduction process, adaplation of

separale reduction procedure for each fraction is not necessary.
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5.5. Reduction Behavior of Magnetic Fractions

Alteration of ilmenite makes it a heterogeneous substance as i produccs varicty of
products within the ilmenite grains containing different concentration of iren.
Ditferent magnetic fractions were reduced. Results obtained have shown that

reduction of three major rachons were relatively higher than higher fraction.

5.6. Study of Alteration

Alteration is a complex process but the simplest alteration mechanism can be

explained as follows '8,20,22.28. 26

Ilmenilc ——— ™ Pscudorutile ———® Ratile  + Hematile

Fei'TiQ) —w Fey 'TiDy ———» TiD: 4+ Feyls

Tiiz 15 the lwo-stape simplest altcration mechanism. In the first stage of the
alleration ol ilmenite one third ol the iotal jron 18 lost from ilmenite and the
remaining ivon is converted to ferric state forming pseudorutile. The second stage
involves the removal of remaining iron and Joss of some oxygen 1o form rtile. A
gencral feature of altered ilmenite grain is that the altered product includes materials
that zive a pseudorutile diffraction pattern. The presence of pseudorutile has been
detected in the altered grains of ilmenite from South and West Australia *', South

Africa =, Indonesia, Braal ¥ and Quilon “ {South India).

These aleration slages can be deduced qualitatively from the changes in minera
proportions rovealed by the diffraction spectra of magnetic fractions of altered
ilmenite grains. Alteration can be indicated by the changes in Fe**/F e** and Fe/Ti
ralicon, as well as varlalions in magnetic susceptibility, density, hardness and
reflectivity, structural and morphological changes “I_ In narure, progressive alteration
of ilmenite results in the formation and co-existence of different phases. X-ray

difTruction has been used (o ideatity the products of weathering,

The presence of any altered preduct like pseudorutile could nol be detected in the X-
ray patterns of the different magnetic fractions. So it can be inferred that there is no
alteration in this present deposit. However positive identification of all allered phases

is difficult because of indistinct and simiilar siructural as well as physical properlics.

&7
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Besides this in X-ray padem, siight shilting of peaks related to nearcr 2T angles also

might influcnce the diagnosis. I'o overcome the above problem (hermogravimerric

analysis {TGA} was carried cut It has been suggcstcd'g that altered ilmenite suflers a

weight loss at around 600°C due to loss of bound water. The resulls of

thermogravimentric investigation could not detect the presence of bound water in the

grains of ilmenite,

5.7 Conclusions

2

Cuws Bazar ilmenite contains about 40%Ti10; and from the point of view

chemical analysis it 1s similar to Moheskhali deposit.

The bulk of ilmenite of the Cox"s Bazar deposit belongs o magnetic fractions
separated at cwrents of equal 10 or less than 0.3A, kxcept for the fraction
scparated at & separation current of 0.254A, the contents of total ron and
ferrous iron in the different fractions gradually decrease with an increase in

the separation current,

Oxidation prior to reduction and addition of carbonates in the reduction
mixture mcreasce the extent of reduction under all the conditions investigaied
The extent of reduction, after oxidation, of the different magnetic fractions
does not show any significance difference. Thus, so far the extent of
reduction 15 concemed separate teduction procedures for the individual

magmetic fraction may not be necessary.

TGA studics did not indicate the presence of combined water. X-ray patterns
did not show the presence of pseudorutile. 1t was concluded that ilmenite of

Cux’s Bazar deposit has not been altcred to any significant extent.

Finer fracuons of Cox’s Barar ilmemtc contain higher amounts of iron and
have a higher degree of reduction. Higher reduction rate of finer fractions of
ilmenite is helieved to be principally due to shorter diffusion lenglh in these
particles. It is concluded that as far as the optimization of reduction
parameters of DBangladesh ibmenite is concerned, a separate reduction

procedure for each [raction is not necessary.

53



5.8. Suggestions for Future Work

5

Tl

In this experiments reduction behavior was studied. But no rcaciion
mechanism or kinetics was studied. Kinetics of the reduction reaction might

lcad 1o new conclusion.

Leaching behavior of the reduced size and mapgnetic fractions may be
investigated to find out 1t they show any dilference in their leaching

characteristics.
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APPENDIX-1

ESTIMATION OF FERROUS IRON:

All the salutions be kept ready before analvsis

£ Take 0.5 gm ol linely ground sample in a 500 mt {lask
£ Add

a) 40 ml of distilled water
b} 25 ml cone. Hz50,4

Heat genthy to boiling, boil for one minule.
Add 10 ml of HF, boil for 10 minutes.

Remove form hot plate and immediately add

al 100 ml of 4 pet. boric acid {(4gm boric acid in 10ce water)
b) 15 ml of H3POu-11,50% mixture.
¢} 100 ml of distilled waler.

dy Cool in running water.

of B

Add 1 m] of Barium diphenylaming sulphonate indicator.

Titrate with O. 1N potassium dichromate solution o a violer-blue and point.

s

Caleulation

mi of k,Cr,0; 0N 0055840100

witof sanple

% Fe' ™ =

20



ESTIMATTON OF METALLIC TRON:

Add 4-6 gm of HeCl; to 100-150cc of distilled watcr,
£ Add 0.5 gm of FINELY GROUND sample.

s

£ Boil for 20 minutes
£ Filter und wash (6 times) with hot waler.
£ Test the remduc for iron content

1) Add one drop of potassium ferricyanide solution.
by Green color will indicate presence of iron

<] Buoil ppt with 100cc distilled water and filter

d) Test agam for Fe content

¢) Repeat, if necessary.

£ Add

a) 10 mlof H3P00-HaS0y mixture,
by 10 ml of Zimmerman solution

¢) 5 drops of Banium diphenylamine sulphonate indicalor.

St

Titrate with standard polassium dichromate solution

Appearance ol violet color is the ENLD POINT.

Calculalion:

mi of k,CryO0, 0N LD.35840100

wi of sample

%% Metaltic iron =

55.84u Normalivof K,Cn 0,

Factor KCril; =
100
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ESTIMATION OF TOTAL IRON;

Nele 10-15 gm of potassium-hydrogen sulphate (in silica crucible) to get a clear
solution.
Allow the melt 1o solidify.

Weigh out 0.5 gm of TINELY GROUND sample.

Spread the weiphed sample evenly over solidified potassium br-sulphate.
Heat pently to melt

Swirl the contents ol the crucible carefully.

L Increasc the temperature to the maximum (QGDD)

£ Hoal { a1 900°¢) for 30 minutes.

£ Allow solidifying.

E Place the crucible (and the lid) inside a beaker containing 20 pet Hz80,.

£ Makeupto 250ml.

N.B. Use this solution tor the determination ol Ti(); also

£ Pipette oul 25 ml of the sojution in a conical {lask

£ Add 5ml conc. HCI, Heat to 80°C.

£ Reduce the iron solution by adding (DROPWISE) FRESHLY PREPARED SnCl;
E  Solution [Add il the color disappears, add one drip excess]

£ Cool immediately n ICE (to 20°C)

£ Dilute to about 100 ml.

¥ Add 10ml] of Saturated 11g(l; solulion {rapidly, at a time) and mix (horeughly.

g

TR

Silky white precipilate will be ebtained Allow to stand for 5 minutes.
Add 5m) of cane., H25Q4 and 10 drops of n-phenylanthralinic acid indicator.
Titrate with std. Potassium dichromate solution to pink color, This color change

is not very prominent, has (o be noticed carefully.

o2



Calculation ;

miof K,Cr, 0, 0 N u 05584010

wt of sample

0 Total tron =

55.84u Normality of K ,Cr,0;

Factor of KoCra (0 =
108

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

veFe'!! = o total trom - LA
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ESTIMATION OF T10,

The apparatus consists of a 300 ml Erlenmeyer tlask with a 2-hole rubber
stopper. A pointed glass rod nearly touching the flask is placed in one hole of the
stopper and the short end of the delivery tube is placed into a 400ml. Beaker
containing saturatcd sodium bicarbonate solutivn. The alumimum foil is attached
10 the glass rod lxed with the stopper.

Take 25ml of solution {(prepared for estimation of total iron) in a 500-ml
Ertenmever flask.

Add 30 m] of Tlel {conc.)

Boil the solution

Attach 2gm of high purity alumitum foil to the end of the glass rod of the
redactor,

Remove the Mask {onn lhe heating mantle.

Immediately inserl the rubber siopper carrying the glass rod wilh aluminum and
the delivery tube 1o the Qask.

Place the olher end of the delivery tube helow the level of the saturated sodiutn
hicarbonate solution taken in the 400 ml beaker.

The reaction between the aluminum foil and the solutien is rapid.

Towards the end of the reaction swirl the flask {o cnsure complete mixing and
reduction.

When all the aluminum appears to be dissolved gently boil the solution for 3-5
minutes keeping the delivery tube still immersed in the sodium bicarbonate
solution.

Ensure that the rubber is nghtly fined.

Coal the flask (in ice) to less than 60°C.

As the sample (in the Erlenmeyer flask) cools, the sodium bicarbonate solution is
drawn into the Erlenmeyer flask and carbon dioxide evolved gives necessary
proteetive atmosphere,

When the solution is cool remove the stopper and rinsc the glass rod and the

delivery tube with distilled water.
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Add 2 ml of 24 pet ammoenium thiocyanale indicators.

5
£ Titrate with standard ferric ammonium sulphate indicator.

{alculation :

mi of titrant v factor w1000

% TiO, =

Hit {mem) of thesample
. We of Std 11O, vV Std i),
Factor = =

med af titeoes o 1000
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PREPARATION OF SOLUTIONS

1. Ammoniom Thicovanate indicator
Dussolve 24.5 gms of ammonium thiocyanate in 80ml of hot distilled water. Filter
through two What Man 42 filter paper using vacoum, Cool, dilule 1o 100ml and store

in a dark colored baltle,

2, Standurdization of Ferric Alum;

Dissolve 30.16gm of ferric ammonium soleplate in 800ml distilied waler and 15ml
cone, Hz504. Add H:CGq 10 ensure complete oxidation of the iron. Boil the solution to
remove excess HoO: and dilule to § litre. Standardize the solution against standard

Ti(Y; reduced in the same way as described for the sample.

3. Preparation of SnCls:
Cone. Solution of SnCl; is prepared by dissolving 12 of pure tin or 30gms of AR
crysialline $aCl; (SnCly, 2H;0) in 100ml of cone. Hel and dilute o 200ml with

distilled water.

4, Phosphoric acid-Sulphuric scid Mixture
L50m] of cone. HaQs 130Tml of H3PO, in 700ml distilled water. Total volume will
be 1000ml.

5. Zimmerman Salution

Stlams MnS0y m 250m] H:0+100mi cone. HzSO4+300ml distilled water+100m|
HyPe 3k, Total volume will be 750ml.

. Diphenyl amine sulphonate Indicator

1¥ssoive | gm of the diphenylamine salt in 100mi of cone. Had04

7. Barium diphenylamioe sulphonate Indicator

0.2gm of barium diphenylamine salt in 100m] distilled water.

el



8.

0.1gm phenylanthralinic acid in 100ml of 0.005 molar sob™ ¢f NaOH.

9.

{onc. HOL contains 35% HCL Take 100ce HCI and add distilled water 10 make upto

Thace

1n.

12,

13,

fd.

N-phenylanthralinie acid indicator

20% HCI Solution

K2y Solution

1.9033 gm 1 litre {0. 1N Solution)
49.033 for 1 litre

(.005 molar NaOll Sol™.

0.0Zgm NaOH erystal in 100 mi F0
4% Boric acid:

4 gm boric acid in 100m] water.

Potassium ferrieyanide solution:

0.02zm potassium ferricyanide in 100ml water.

20% H;80,
HUE‘I’I] HQD + 20 HzSU;}
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APPENDIX -2

Table-A 1: Data for Magnetic Fractionation of Ilmenite Sample

Separation Current (A) Percentage
0.15 283
0.2 28.9
.25 21.6
0.3 11.6
0.35 5.55
0.4 2.85%

TableA2: Chemical Analysis of Difllcrent Magnetic Fractions

Current

Fett Fo+++ Fet
(A)
0.1 13.9 33117 46.6
0z 12.44 32.53 45.5
0.25 11.49 EHI 50
(.3 10.402 308 41,32
0.35 g4 31.15 41.32
0.4 B.B55 31.13 40.2

Table A3: Chemical Analysis of As Received, Oxidized And

Catalyzed Fractioned Sample

Current Fey Fen as Fc,, Cat &
(&) Oncielived receved axidized
0.15 43 47 425
0.2 4275 45.5 40.5
0.25 42 43 48
0.3 41 42.5 38




Table Ad: Chemical Analysis of the Reduced As Received Sample

Current {A) Fet Femn
.13 4% 42 5

0.2 46.52 40.5

.23 A0.25 48

03 43.32 3%

Tuble AS; TGA Analysis of Diflerent Magneftic Fractions
0.15A (123.9 gm sample)

Paints Temp'C Wi loss | %W loss
| 10014 046 021
2 406 119 096
3 558.16 509 Atl
4 651.58 L85 553
5 H85.83 J93 553
6 943,51 1.121 905
7 ¥48.649 1.006 Bl2
02A{117.6 o satnple)
Points | Temp'C | Wi loss %Wt loss
1 103.43 051 043
2 51129 208 177
3 014.41 A22 359
4 B7E.H 026 022
5 048 1.2 1.4
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Z25A0108.9 &#m sample)

Points | Temp ("C) | Witloss (mg) | %Wt loss
] 30.94 023 021
3 | 44262 161 148
3 | 65774 658 605
7 | 86624 180 165
5| 94602 1953 1.794
& | 948.92 2.02 1.855

3 A (112 gm sample)

Pownts | Temp ('C) | Wit toss (mg) | %Wt loss
| 45 80 .009 008
2 263.7 097 86
3 560.19 33 298
4 61772 492 439
5 635.15 1596 532
5 786.52 584 521
7 343.2 510 456
8 939.6 2.949 2.634
9 947 2.99 2.67
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035A(134.5 gm sample)

Pounts | Temp ('C) | Wiloss (mg} | %W1loss
1 115.45 043 03z
2 448.68 194 144
3 486.54 A58 25
4 651.35 H23 463
5 BTG O35 H95
& 247,97 2,847 2117
7 948 74 2,850 2119
0.4A(106 gm sample)
Points | Temp ("C) | Wt loss (mg) | %Wt loss
1 83.81 NR1 R
2 41744 2db | 228
3 498,89 Al6 384
4 55931 513 AZa
5 640,949 847 B9a
| b 921,17 1.456 1.380
7 1 94783 L.od7 1.561
TableAt: Sieve Analysis
Us Sieve No | Mesh opening "aRetained sieve
71 210 1.87
100 149 58.47
140 115 35.9
200 T4 229
pan - 04
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Table A7: Chemical Analysis of Diflerent Size Fractions

Us Sieve No | Fe~ | FeO | Fe'™ | FeyOq [ Fe Total | TiO;
70 12841 165 |27.18| 38.82 39 41.73
100 11.84 | 15.625 | 28.45 | 40.64 | 41.132 | 40.14
140 12281 1578 | 3067 | 43.65 | 4335 39.26
200 13.84 | 17.22 | 309 {4414 | 4435 39.26

Table AY: Chemical analysis of Different Size Fractions (After

Reduclion)
Us Sieve no Fem Fet
TO 3986 50
100 41} 52.5
140 43.5 53.36
260 44.1 54.47

Table A9: Sphericity of Ilmenite of Different Size Fractions:

LIS Sieve No Sphericity
70 0.820
100 0.828
140) 0.839
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