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ABSTRACT

Sample of alow gradeilmenite (40 percent TiO,) wasdivided into different size fractions by sieving and the reduction
behaviour of the different size fractions was investigated. Sieve analysis showed that more than 95% of the ilmenite
sample under investigation belongsto U. S. Sieve Nos. 100, 140 and 200. Chemical analysis results showed that the
finer fractions contained alower percentage of TiO, and ahigher percentage of total iron. Finer fractions of theilmenite
sample were al so observed to have adlightly higher sphericity. The three main size fractions of ilmenite were reduced
with charcoal at 1050°C for 4 hours. Chemical analysis of the reduced samples revealed that finer fractions contain a
lower amount of iron oxide although their pre-reduction iron oxides content was higher. The degree of reduction of iron
oxides present in the ilmenite wasfound to be 79.36. 81.44 and 83.63% for the size fractions corresponding to U.S. sieve
No. 100, 140 and 200 respectively. It was concluded that for the optimization of reduction parameters of ilmenite, a
separate reduction procedure for each of the different size fractions is not necessary.
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INTRODUCTION

[Imenite and rutileareimportant mineral sthat con-
taintitanium. Rutileisessentidly naturaly occurring ti-
tanium-dioxideand isrd atively scarce. liImenite, onthe
other hand, isamixed oxide of titaniumandiron. De-
pending on therel ative amounts of the different oxides
of iron, thetitanium content of ilmenitecan beaslow as
30 per cent. [Imenites containing less than about 55
percent titanium dioxideare not cons dered suitablefor
industrid use.

Bothrutileand ilmenitefind widegpplicationsinthe
manufacture of welding el ectrodes, ceramics, paints,
white rubber and paper. Duetoincreasing demand, the
knownworld depositsof rutilearefast depleting. This
hasforced scientistsand technol ogiststhroughout the
world to work on the devel opment of processes” of

enhancing thetitanium dioxide content of thelow grade
ilmenites. In one of the processesfor the enhancement
of TiO, content of low gradeilmeniteiron oxidesinthe
ilmeniteissdectively reduced to metaliciron and sub-
sequently meta liciron contained inthereduced ilmenite
isleachedinasuitableacid. Thisupgradedilmeniteis
known assynthetic rutile and isan acceptabl e substi-
tuteof naturd rutileand high gradeilmenite.
Consderableeffortshavegoneintotheoptimisaion
of process parametersfor reduction of iron oxidesto
enhancethe TiO, content asmuch aspossible. Effects
of timeand temperature of reduction, ilmenite—reduc-
ing agent ratio, prior oxidation, effectsof catalysts, etc
ontheextent of reduction of iron oxidesintheilmenites
have beeninvestigated. Thiswork concentrated onthe
reduction behaviour of the different sizefractionsof a
low gradeilmenite collected from Kutubdia(anidand
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in the Bay of Bengal) heavy mineral deposit in
Bangladesh to seeif separate reduction treatments of
thedifferent sizefractions could enhancethe overall
extent of reduction. To the best of our knowledge, no
such work has so far been reported. Asaresult this
study on the reduction behaviour of different sizefrac-
tionsof alow gradeilmenite could be considered im-
portant for the commercia exploitation of low grade
ilmenites.

EXPERIMENTAL

Thesampleof ilmenitewas separated from theheavy
mineral sby physical meansof separation. Seveanaly-
siswas performed in astandard sieve shaker using 50
g sampleand ashaking period of 15 minutes?. Since
most of ilmenite wasretained on US sieve No. 100,
140 and 200, subsequent i nvestigati onswere conducted
onthesethreefractions.

All thethreefractionswereanaysed chemicaly by
standard techni ques® to determinethe percentages of
TiO,, totd ironand ferrousiron. Sphericity, ageometri-
cd factor, of thethreeilmenite sizefractionswas deter-
mined. For thispurpose, theraw ilmenite sampleswere
photographed under an stereoscope.

Sphericity of aparticlewasthen calculated from
thefollowingformula

Sphericity = d?” @

where, d = nominal diameter of theparticleand a=
length of itsmgjor axis.

Sphericity of at least seventy five grains of each
sizefractionswas measured and theaveragevauewas
taken asthe sphericity of that particular fraction.

Theilmenitefractionswerereduced in afixed bed
reactor by charcoal. Each charge for reduction con-
sisted of 50g of ilmenite mixed with an equal amount
of charcoa of USsieve No. 30. Reduction was car-
ried out at 1050°C for 4 hours. Details of the reduc-
tion setup can befound el sewhere. After reduction,
ilmenite was separated from charcoal. The reduced
ilmenitewasthen anaysed chemicaly for metdliciron
andtotd iron. Optica microscopy of thereduced mass
was a so carried out to study the morphology of the
iron precipitates.
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RESULTSAND DISCUSSION

Theresult of Seveandysisisgivenin TABLE 1. It
isfound that the sampleof ilmeniteisdistributed over
anumber of grains sizes. More than 95% of theil-
meniteis seen to beretained on US sieve No. 100,
140, and 200; individua amount bel onging to each of
these sievesbeing 22.21%, 34.73% and 38.72% re-
spectively. Only 4.68% was retained on the other
seves, whichwerenot sufficient for further investiga-
tion. Investigationsweretherefore, conducted only on
thesethreemain sizefractions.

TABLE 1: Sieveanalysisof theilmenitesample

US Sieve M esh Opening, % Retained
No. pm on Sieve
70 210 4.32
100 149 2221
140 105 34.73
200 74 38.72
270 53 0.36

TABLE 2 showsthechemicd andysisof different
sizefractions of theilmenite sample. It may befound
that finer fractions contain alower percentage of TiO,.
The percentageof totd iron, ontheother hand, ishigher
infiner fractions. Similar variationinthecompaosition of
finer and coarser sizefractionsof ilmenitehasal so been
reported by Ahmed et al®. Although finer fractions of
theilmenitesample contain ahigher percentage of tota
iron, percentage of ferrous oxidewasactualy found to
bedightly lower infiner ilmenitesizefractions. Thefer-
ric oxidecontent of thefiner fractionsisobvioudy higher.

TABLE 2 : Chemical analysis of different size fractions
beforereduction

IImenite Size % % % %
Fraction TiO, TotaFe FeO Fe0;
U.S. Sieve 100 42.36 36.86 23.23 26.83
U.S. Sieve 140 41.38 37.98 2285 2891
U.S. Sieve 200 41.08 39.10 2141 32.10

Thesphericity of ilmeniteof threedifferent Szefrac-
tionsaregivenin TABLE 3. The sphericity of dl three
samplesisfoundtolieinanarrow range, 0.829—0.849.
However, finer sizefractionsarefound to haveadightly
higher sphericity than the coarser ones. Thisispossibly
linked to thefact that finer fractionsmay havealonger
history of weathering, erosion etc. during transport.
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TABLE 3: Sphericity of ilmenite particlesof different size
fractions.

IImenite Size Fractions Sphericity
U.S. Sieve 100 0.829
U.S. Sieve 140 0.841
U.S. Sieve 200 0.849

Chemica andysisof thereduced samples(TABLE
4) showsthat the percentage of metallicironis29.05,
32.05, 35.19for ilmenitesizefractionsbelonging to U.
S. Sieve No. 100, 140 and 200 respectively. Com-
parison of TABLES 2 and 4 shows that the percent-
agesof total ironin the reduced samplesare higher as
compared withthetota iron contentintheas-received
sample. Thisisdueto theremoval of oxygen during
reduction. Thefiner fractionsafter reduction arefound
to contain higher amount of total iron asbefore.

TABLE 4: Chemical analysisafter reduction. (Reduction
Temp: 1050°C, Time: 4 hour)

IImenite Size % Metallic % of Total
Fractions Iron Iron
U.S. Sieve 100 29.05 41.33
U.S. Sieve 140 32.05 43.57
U.S. Sieve 200 35.19 45.79

Theextent or degree of reduction of anoxidesample
can be defined asthefraction of oxygen removed dur-
ing thereduction processand isgiven by
DOR = Mx 100

o' 2

2
where, DOR = degreeof reduction; 0, =initia oxygen
content of the sample; o}, = oxygen content of there-
duced sample.

Degree of reduction based on different forms of
equation (2) hasbeen used for iron ores®. Inthe case
of ilmenite, oxidesof bothiron andtitanium are present.
Although TiO, ismorestablethan oxidesof iron, itis
possible, depending upon reduction temperature, time
and atmosphere, that someof TiO, isreducedto lower
oxides. However an earlier study™ on reduction of il-
menite has shownthat TiO, isnot reduced during re-
ductionfor 4 hoursat 1050°C. In the present casere-
duction of ilmenitewascarried out for 4 hoursat 1050°C
and it can be assumed that |oss of oxygen of ilmenite
sampleduring reductionisdueto thereduction of iron
oxidesonly. Using thisargument the degree of reduc-
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tion of iron oxidesin theilmenite sample can now be
defined as

DOR,, =@x100 3

2Fe

where, DOR_, = degree of reduction of iron oxidesin
ilmenite; O, = oxygen content of ironoxidesininitial
ilmenite; O}, = oxygen content of iron oxideinthere-
duced sample.

Whilecalculating 0%, itisassumed that iron, other
thaninmetallicform, ispresentinthereducedilmenite
asFeO only. Study oniron oré” hasd so shownthat if
degree of reductionismorethan 40% (whichistruein
the present caseaswill beseenlater), then nometallic
ironisproduced beforeall higher oxidesarereduced
to FeO. TABLE 5 showstheinitial and final valuesof
oxygen contentsof iron oxide(s) indifferent szefrac-
tions of ilmenite. The degree of reduction (DOR_)
based on equation (3) for thethreesizefractionsispre-
sented intheforth column of TABLEDS. Itisclear from
thetablethat although finer ilmenitegrainscontain a
higher amount of oxygen associated withiron, these
fractionsactually contain alower amount of oxygenin
the reduced mass. Consequently the degree of reduc-
tionisseento behigher inthefiner fractions. In other
words, under the reduction conditions used, thefiner

fractionsof ilmenite getsreduced at afaster rate.

TABLES5: Initial and final oxygen content of iron oxideand
degreeof reduction

% of Total % of Total
[Imenite Size 0O, (_Zomblned 0O, (_Somblned Degree
Fractions with Iron with Iron of
before after reduction
reduction reduction
U.S. seve No. 100 13.21 2.73 79.33
U.S. seve No. 140 13.74 2.55 81.44
U.S. sieve No. 200 14.38 2.35 83.66

Optical micrographson cross-sectionsof reduced
ilmeniteof different SzefractionsaregiveninFigure 1.
Metallicironisclearly visbleasthebright phase, the
rest of the phasesaregrayish, void and fissuresbeing
dark in appearance. In genera, metdliciron appeared
asparalle platelets (Figure1). Thisisbecause of the
origina laminar morphol ogy of ilmeniteand hematite
phasesinilmenitegrains. Butinfiner fractionsof ilmenite,
iron particleswere coarser than thosein coarser frac-
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tions. Inasubstantial number of grainsinfiner ilmenite
fraction, especialy thosewith void and fissures, iron
particles coal esced and took up aglobular morphol -
ogy. Thisreatively thicker morphology of iron particles
infiner fractionsisduetothefact that finer particlesget
reduced at afaster rate and thus allow moretimefor
theiron atomsto diffuseand coalesce.

Figure 1 : Micrographs of the ilmenite particles after
reduction for 4 hoursat 1050°C. (a) U. S. sieveN0.100, (b) U.
S. sieve No. 200.

Reduction characteristic of ilmenite can depend
upon numerousfactorsincluding sizeand shape char-
acteristicsof ilmeniteparticles, composition, presence
of different phasesand their morphol ogies, presence of
defects like voids, cracks etc. Asfor the size of the
ilmenitepartides, itwill sgnificantly affect thereduction
rateif thereactionisdiffusion controlled. It hasbeen
shown®9 that reduction of ilmeniteat higher tempera-
ture, asisused inthe present study, iscontrolled by the
diffusion of reductant through the product layer. Itis
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thereforeexpected that finer ilmenitepartid eswith shorter
diffusionlengthwill have higher rateof reduction.

Particdleswithamilar averagevolumewill havedif-
ferent thicknessor diffuson length depending uponther
shape characteristics. In the present study, the shape
characteristic of ilmeniteparticleshasbeen expressed
intermsof sphericity. Sphericity of aparticleisexpected
to affect theoveradll rate of reduction. A sphericity of
one meansthat the particle has the shape of asphere
and hencethelowest surfaceareatovolumeratio. This
particlewill obviously have lower flux of reductant
throughit. Particleswith lower sphericity will beelon-
gated in shgpeand hencehave higher surfacearea. This
will lead to higher diffusionratein particleswith lower
sphericity. It has been already seen (TABLE 3) that
ilmeniteof lower szefractionshasdightly higher sphe-
ricity. Therefore, shapecharacterigticsof finer ilmenite
particlesarenot favourablefor higher rate of reduction.

Merk and Pickles® and Jones® have shown that
the presence of manganese oxide and magnes um ox-
idereducestherate of reduction of ilmenite. Ahmed et
a haveshownthat finer fractionsof ilmenite collected
from anearby source contain dightly higher percentage
of both MnO and MgO®. Thusthedifferenceinthe
Impurity content can not contribute either to the higher
reduction rate of finer fractionsfound in the present
study. Infact both shape characteristicsand MnO and
MgO content of finer ilmenite particlesare expected to
haveanegative effect onther reduction rate.

It can thusbe said that the higher degree of reduc-
tion of finer ilmenitefractionsobservedin the present
study ismainly dueto shorter diffusionlengthinfiner
particles. Theeffect of faster diffusoninfiner particles
on thereduction rate more than offsetsthe negative ef-
fect of their higher sphericity and higher MnO and MgO
contents. It may be mentioned that optical microscopy
could not reveal any detectabledifferenceintypeand
extent of defectsamong thedifferent ilmenitesizefrac-
tionswhich could be attributed to their differencein
reduction behaviour.

The present study has shown that although finer
fractionsof thislow gradeilmenite contain higher per-
centage of iron oxides, they actually get reduced at a
faster rate. Asaresult the reduced samplesof finer frac-
tion contain alower amount of ironintheoxideform.
Thusfrom theview point of optimization of reduction
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process, adaptation of separate reduction procedure
for each of thesizefractionsisnot necessary. However
theleaching behaviour of each of thethreemgor frac-
tionsmay beinvestigated to find out if they show any
differenceinleaching characteristicsrelaedtoironre-
movdl.

CONCLUSIONS

1- Finer sizefractionsof theilmenite sample contained
lower percentageof TiO, and higher total amount of
oxidesof iron.

2- Finer fractionshaveahigher degreeof reductionwith
the consequencethat finer fractionsactudly contain
lower amount of iron oxide after reduction. Itiscon-
cluded that asfar asthe optimization of reduction
parametersof thegiven sampleisconcerned, asepa
ratereduction procedurefor each of thefractionsis
not necessary.

Higher reduction rate of finer sizefractionsof il-
menitesampleisbdieved to beprincipdly dueto shorter
diffusonlengthinthesefiner particles.
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