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ABSTRACT

USE OF BORON BASED BINDERS IN PELLETIZATION OF IRON ORES

Sivrikayg Osman
PhD., Department of Mining Engineering
Supevisor: Prof . Drl Al Khsan Aro

June201], 230pages

Bentonite is thenost preferredilicatebasedvinderin iron ore pelletizingHowever,

it is considered as an impurity due to ltigh SiO, and ALO; content.The iron
makingeconomy is adversely affected by the addition of bentonite or other silicate
based binders. In recent years, impufige alternative binders have been tested in
order to replace bentonite or to lower the bentonite doagganc binders yield
good quality green and dry pellets. However, they fail to impart enmegthanical
strergth to the prheeated and fired pellets as a result of insufficient slag bonding.
Thus, they have not found easpreadapplication in the industry.

The addition of boron compounds into pellet mixpiopose asa potential solution
to overcome thensufficient compressive strengths gireheated and fired peléet
produced withorganic bindersDuring the experimentsomeorganic binders and
boron compounds were tested as alternative lsrntdebentoniteeither alone or in
combination for both magnetite and hematite pellefbe performances of the tested
binders onpellet qualities: balling, wet pellet moisture content, drop nungediet
compressive strengthe/€t - dry - preheated fired), dustiness, porositynineralogy,
morphology, chemical contentgducibility and swelling indekave been compared
with theperformances of reference bentonite binder

iv



The results of the tests showed that, the quality of pellets are insufficient when
organic binders or calcined colemanite usadbinderalone. The former failed to
provide sufficient preheated and fired pellet strengths, the latter failed in terms of wet
and dry pellet quality. However, good quality wet, dry, preheated and fired pellets
could be produced with combination of these two binders.

Calcined colemanite additioimto pdlets made with organic bindekgas tested in
different dosags (0.251.00%). Results showed that ith increasingdosage of
calcined colemanitboth strengths opreheated and fired peltahcreased linearly. It
was found thaas low a€0.50% calcined colemanite additiequallyperformed on
magnetite fired magnetieellets at 130 when compared with the performance of
the reference bentonite bindddowever its performance was better on hematite
pelletsin order to inprove the pellet compressive strengths addition stronger
pellets could be produced at lowéirfg temperatures like 1100 with the addition

of calcined colemanitél'he reason of the improved preheated and fired compressive
strengths of pelletsonded withcalcined colemanite was due to the physical melting
of calcined colemanite at theontactpoint of iron oxide grains during thermal

treatment.

It was found that bentonite bonded pellitsd at 1300C were more reducible than
those of produced with calcined colemanite additiSmelling indices of these
pellets were determined in the indisity acceptable limits.The chemical and
mineralogical analyses results showed thatombined binders did not contaminate
the pellet composition since the organic binders bowmtwithout residue and

colemanite does not contain much impurity.

Keywords: Iron ore, magnetite, hematite, pelletizingelletization,agglomeration,

binder, bentoniteorganic binderCMC, boron compounds, colemanite
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Bentonite n - ok t aiikei hhajdédef@akat bent onit, i - €
SiO,ve ALOsd ol ay és éetydhDae ms af gkeredifibme nt oni't veya
sili ka bazl é bajl ayéceél ar én il avesi 1 e
i -ermeyen alternatif bajlayéceélar, bent ol

azal tmak ¢zereOngani ke dbidljndi ayeteeadi lair yak Vv
kalitesine sahip pelet cretilebil difji b
yetersiz curuf bajlanmaséndan dol ayeé yet
sajl amakta bakar éseéz ol dd&h aoé gamislpi b alije

end¢gstride yeterince geni kK uygul ama al an

Organikbaj |l ayeceéel arén kull anéneél mélke viearpkiéeklia
pelet dagomnuaume makpel-etn kar €é K e mé n goténsiyel bi | ek
bir -°z2meol Bmaokmanikbaj | ayeceéel ar ve bor bi

alternati f ol arak ger ek ymdnye#tve hagnatt e k s e
pel etl erinde Deensen eendidlmtiyeercnétpakidremalpeae] |
nem i -eriyeséedicxanmemeadapmanemg® zetirkkk | i | i k,
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Ki kme i dek,simornfionleajail o @ pdeikmy a s all eir-i e r¢izke
performanelranmse bepéohotmbafsl amercieée. kar K

Testsonu-sdhe @€e o0r g a wvayk kaldine jkdlemmgné e € r eninpel et |

yetersizkalitedeo | du k| ar éné g°stermi kKtir. Organi k
pi Kirilmik pelet déasyéazn eanléu rskaejnl,a ya & It saienbea &
kuru pelet kalitesi bakéméndan yetersiz
ile ¢retilen peletlerde yeterl: kal ited:¢
cretilebil mi ktir.

Organi k bajl ayécél ar | a lagla €40251.@0h kalgine|l et | e |
kol emani t il avesi denenmi Kktir. Kl ave or ;
pikirilmik pelet dayanéml ar é°ddajer psd «li rall;
pel et d ay an énsddh kalsing kdletanin dadeai mgetit peletlerinde

ayné oranda bentonit i d Cas/tes.iAndchkekaisma k | a k € |
kolemanit ilavesihematit peletlerinded ay ané m ar t¢ésrtmgand ap ed af hoar m
gosterdiji. bBRBdnund eypameanda, kal siGgbi kol em
d¢kek pikirme sécakl ekl arénda daha dayan
il avesi ile artérélan ©°nésétélmek ve pi
kol emanitin éseél i Kl em seér as éndeuiyerdke mi r o0
fiziksel baj yapmaseéeder.

Referans bentonit bajl ayécése ile ¢retil
pel etl ere nazaran daha fazl a i ndirgendi
indekslerininend ¢ striyel ' i mit ebr al eknyasal&venda o |
mi neral oji k analiz -aléxkxmalareéyla kombin
ve minerol ojisini kirletmedi7Ji belirl enn

yanarak kal éntée bérakmadanl iyorki kotlarradaar £a

i -ermemesidir.

Anahtar Kelimeler: Demir cevheri, manyetit, hematit, peletleme, aglomerasyon,
bajl ayéce, bent o«OMQ,, boorrg aniil ke kb akjllearyi & c &k,o0 |
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CHAPTER 1

INTRODUCTION

1.1 The necessity of plletizing

Iron is one of the most abundant elements comprisigo Sof the earth crust
(Taylor, 19@1). Iron has served mafor centuries andron is the most used metal in
industry. Metal iron is produced from iron containing natural ofBlse main raw
material in ironsteel industry is natural iron acéApproximately 98% of ira ores is
used in steeinaking.Most of the natural iron ores are fouas iron oxidegand iron
hydrous oxidesThere are sixteen iron oxidegth maximum 724% Feand Table
1.1shows theeiron oxides.Sometimesatural iron ores are found earbonate i.e.
siderite (FeCQ) with 43.2% Fe orsulfidesi.e. pyrite (FeS) with 46.6% Feand
pyrrhotite(FeS)with 57-63.5% Fe

Table 1.1 The iron oxidegCornell, 1996)

Oxides Oxide hydroxide and hydroxides

GoethiteU-FeOOH

He ma t-FeOe U Lepidocrociteo-FeOOH

Magnetite FgO4 Akaganeiteh-FeOOH
Schwertmannit€&e, g0:16(OH)y, (SQx),.nH0
Ma g h e nFieDse o +EeOOH
b-Fe0s Feroxyhyteti e OOH
o High pressure FeOOH
UFe0s Ferrihydrite FegHOg.4H,0
Wustite FeO Bernalite Fe(OH)

Fe(OH)




Hematite and magnetite are the main iron oxides used in the metal iron production.
Hematite is the iron ore which occurs most frequeatlg in the greatest quantities.
Hematitehas a theoretical iron content of 70.0PdAematite is also final asation

stage of indurated (fired) pelletsade using other iron oxides

Magnetiteis the second abundant iron containimineral with a theoretical iron

content of 72.4% and ifermulafrequently also designated as FeQ®e

Thesenaturaliron oxide ores can beypically classifiedas high grade (>65% Fe),
medium grade (<6%nd>62% Fe) and low grade §2% Fe) in terms of their Fe
contents High grade massive lumpon oxides(i.e. crushed andsized ore)with
acceptable impuritygenerally silica an@lumina oxides)evel can be used directly
in smelting processe8last furnaces or direct reduction plaate usedor smelting

iron oresto produce metairon.

However, high grade iron ores which can be used directlythese reduction
processes o produce metallic 1T ron are not ab
increasingneed of irorsteel industryThe available reserves of high grade iron ore
appearsgo be inadequate for thiiture development of thsteetmaking industry.
Therefore,expoitation of low grade iron oreafter enrichmenis one method to

obtain blast furnace feed.ow grade iron ores with impurity gangue minerals
containinge.g. Si, Al, Ca, Mg, Na, K, P and ompoundscanbe upgraded to an

acceptablehemical compositiothroughconcentratiofenrichmeny

Enrichmentof naturally low grade iron ores is accomplished by grindamgl
concentration stages. In grinding procels,iron oreis groundinto fine particles so

that the iron minerals can be liberated from unwargedguecomponents In
concentration stage, the iron minerals can be separated from unwanted gangue
minerals commonly silica and alumina oxides. The concentration techniques applied
for enrichment of iron oxides areegerally magnetic separation or flotati
Grinding and liberation process leaves the iron ore in a finely ground (state

100% minus 1060mor gener al | y )&at% naneasilytsnsgorted @ m

readily processed inron-steel making facilities. Thereforg size enlargement
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operation $ necessary to agglomerate the finely ground concentrate into
agglomerate In metallurgy sintering andoelletization(or pelletizing arethe most

applied size enlargement techniques

1.2 A brief description of pelletizing

Originally the pelletizing process was developed in the United States of America to
treat the ultreine mineral dressing products obtained from the upgrading of Mesabi
ore. The pelletizing process has been developed to providast furnace feed
productwith iron contents of about 65 percéBall et al.,1973.

Iron ore concentrates withery fine particle siz&an be converted agglomerates by
applying sinteringor pelletizingtechniquesHowever, sintering cannot be applied
efficiently because ofoo fine partite size of iron ore concentrateSuch materials

can lead to problems such as high fuel consumption and low specific output when
sintering is applied.Therefore, themost commonly employed agglomeration
technique is pelletizingfor such a ihe sizel concentrates The agglomerates

produced byhe pelletizing process are callpellets

Pelletsare balls produced from iron ore concentrates and ndtigfalgraderon ores
of different mineralogical and chemical composition with somenarkable
properties such as;

Uniform size distributhn within a main range of96 mm diameter,

High and even porosity,

High iron content more than 63% Fe,

Practically no loss on ignition or volatiles,

= =4 =4 A -

Uniform mineralogical composition in the form of aasily reducible hematite

or hematitebearing compounds,

E ]

High and uniform mechanical strength,
1 Low tendency to abrasion and good behavior during transportation,
1 Sufficient mechanical strength even at thermal stress under reducing

atmospheréMeyer,1980.



The pelletizing of iron ore process is essentially based on the formation of wet pellets
by rolling a finely ground iron ore or concentrate to which a binder (usually
bentonite) is added together with a critical amount of liquid (usually wates.
newly formed pellets should have strengths high enough to survive transportation. In

iron ore pelletizing, three binders are generally accepted:

1 Bentonite, naturally occurring clay found in deposits of varying qualities
around the world.

1 Hydrated ime producedy the calcination of limestor@ inorganic materials

1 Organic binders, either natural or synthetic, such as #llase based

materials

Pellets can be produced from magnetite concentrates, hematite concentrates, natural
ore fines, artificialimagnetite and pyrite cinderslany pelletizing plants worldwide

use magnetite and hematite as iron oxide sources. The investigations on the use of
pyrite cinderor pyrite ash were conducted by (Mohaneidal, 2003a n d rulet j

al., 2006 and 2007)Use of a binder is necessary to bind the iron ore grains in wet
and dry condition. Binders play an important role in gwecess of pelletizing

process.

Bentonite is the most common binder in iron ore pelletization. Bentonite has proven
to be the most edictive binder owing to its high water adsorption capacity and dry
film strength. It iscommonlyused at addition levelof 05-1.5% by weight of iron

ore.

Bentonite, useful as explained abovewever, because of its acid constitugiSrO,

and ALOg), it is considered as an impurityhese acid oxides are known for their
adverse effects on the ir@teel making economyentonite, while long considered
to be the industryconventionalbinder, has the disadvantage of adding unwanted
silica into the pelletchemistry Some forms of sodium bentonite are known to
contain more than 65% SjCby weight. Besides the adverse effect on pellet
chemistry, his additional silica blocks the porosity of the pellet inhibiting the flow of

reducing gases into the interiggions of the pellet. This lowers the reducibility

4



pellets increasing;
a) the energy requiremenits the steemaking process and

b) the costs for handling and gissal of increased slag levels.

The disadvantages of these unwanted impurities upon usingpniten are
summarized in literaturd=or instance, the addition of 1% bentonite, containing 85%
SiO+AlL03, decreases t heO0.6podde Bazafo89). In another cont e
study, authors found th#tte addition of 1% bentonite decreases the iron content by
about 7 kg/ton of iron oréKater, andSteeghs 1984. An increase in the silica
content of pellet charge by 1% (abs.) leads to an increase in theoshiaf making

the steel by $4 (U.S.)/ton(Chizhikovaet d., 2003. In the case of direct reduced
pellets, every percent of acid gangue addition is associated with an increased energy
consumption of 30 kWh/tor{Heaema et al, 1989. By having lower gangue
concentrations in the pelletsubstantial improvements in energy and flux
consumptions can be realized in iron making processes. Cost savings in energy/flux
for each 10% reduction in silica can reach $2.50 (U.S.)/ton of hot metal making
(Schmitt 20095.

Inorganic materials natontaning silica, like hydrated lime; have a slight advantage
over bentonite when silica levels are the primary concern of steel makers. However
most of them are incapable of controlling water during pelletization, and do little
contributon to the cohesive/dasive forces required to form and maintain green
pellet integrity. This results in poor quality green balls that are fragile and easily
broken, lowering production raté@s iron making facilities. Furthermore, due to the
massive amounts required for bdtsiccontrol and pelletization, some inorganic
materials can contribute to spalling of pellets decreasing the quality of the finished
pellet product. The Inorganic materials tested as binders in iron ore pelletizing have
beendiscussedinder thditle 3.5

Organic binders, on the other hand, offer the perfect alternative toitiventional
bentonitebinder. In recent years, organic binders have besteddsedin order to
eliminate the negative effects of bentonite or otkiecate basedinders. Organic

binders which burnout atrelatively lowtemperatures with virtually no residue are
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the most widely tested binders. However, organic binders have not found widespread
application in the industry. Althougthey gve good results for greeand dry pellets
but they fail to impart enough strength to the preheated pelleesorganic binders

and their usage in iron ore pelletizing will iscussedinder theitle 3.4.

1.3 Objective of the thesis

In view of the adverse affects of bentonite, meggearchers attempted to find viable
alternative binderso bentonite Organic binders have attracted attention as they are
known to have good binding properti@e result§rom the studies conducted on
the use of organic bindeshowed thagood qualitygreen and dry pellets can be
produced withorganic binders. However, thepuld not providesufficient strength

to the preheated and fired pellets as a result of reduced slag bdKditeg and
Steeghs1984, de Souzat al, 1984, Goetzmaet al, 1988, Arolet al, 1989, Arol
1997, Sivrikaya and Arol ZIB, Sivrikaya and Arol 2009, Sivrikaya and Arol 2010,
Sivrikaya and Arol 2011 Slag bondings especially more important in pelletizing of
hematite ores due to lack efrengthening mechanism thgiuoxidation As such,
organic binders have hitherto failed to be an alternative to bentemitept a few
cases of straighgrate pelletizingurnacesystem where there is no dynamic pellet
bed. In recent years efforts have been focused on improviry¢heated and fired

strength of pellets produced with organic binders

The aim of this thesis has been to propose the additianstdgbondindstrength
increasingconstituentinto pellet feedto provide pellet strengthwith the use of
organic bindersAddition of boron compoundsto pellet mixhas been thouglas a
potential solution tamprove the lower preheated and fired compressive strengths
encountered witlthe useorganic bindersin this context, boron compounésown

with lower melting pointdhave been considered as an additive in conjunction with
organic bindersQOrganic binders and boron compounds were tested as binder either

alone or in combination.

In order to determine the performances of testiernativebinders the following

raw materals are usetb produce pellets duringelletizing experiments
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Three iron oxides (two magnetite concentrate and one hematite ore)
Two bentonite samplg®oth sodium bentonites)
Threeorganic binder¢§CMC, dextrin, corn stargh

Three manufacturedrganic based binderpdglymers,

= =4 4 -4 -3

Four different boron compounds (colemantiecal, borax pentahydrate and
boric acid)

1 Fourdifferent @mbinatiors of organic binders and colemanite

The influencesof several dosages of binders and different heatingdeatures on
compressive strength of pellets are comparatively studiednilie interest of this

study is to answer the questions given below.

{1 Canboron compounds be used as binalene for iron ore pelletizing?

1 What is effect of boron compounds addition pellet quality especially on
compressive strength of pellets?

1 Canboron compoundadditionimprove compressive strength of pelleiden
used together witbrganic binders?

1 Can boron compounds and organic binder combination be an alternative to
bentonite binder in point of all pellet quality.

1 Can firing temperature be reduced to get industrially sefitcicompressive
strength with additiolof boron compounds?

1 What is the effect of boron compounds addition phrysi®-chemical pellet
properties sch as porositymineralogy, morphologyeducibility, swelling etc.

1 What is the effect of boron compounds addition on pellet chemistry?

1 What is the bonding mechanism of boron compounds addition into the pellets?

1 What is thedustinesgnechanisnof product glletsby a novel equipmeft



CHAPTER 2

IRON ORE PELLETIZING

2.1 Principle steps for the production ofiron ore pellets

The iron ore pellets are thproperlysized agglomerates which can be converted to
metal iron in any smelting processes. There are a few methods to produce metal iron
in industry. The entire complex iron ore preparation showing alternative routes for

agglomeration and metal iron productiorgigen in Figure 2.1.

| Iron ore prepar
Blllgiade | Highgrade

]
]

oncentrate

| Grinding
Binder: =
Additives %

Direct redu
& Solids
\ D
onge iro

" Blast furnai

ﬂ

Figure 2.1 Alternative routes of complex iron ore preparation for agglomeration and

metal iron productioifredrawn after Meyer, 1980

The pelletizing of iron ore process is essentially based on the formation of wet pellets
by rolling a finely ground iron ore or coentrate to which a binder (usually
8



bentonite) is added together with a critical amount of liquid (usually wakée.

green balls are dried, preated and fired, alunder oxidized conditions, to a
temperature 1250340C. As a result, oxide bridging, gnagrowth, and some slag
bonding occur, and pellet strength is developed. The pellets are then cooled in air and
the sensible heat recovered in the form of hot air used as process air in the previous
heating operations. The following steps are basic tpdtietizing process; each step

is modified to suit both the equipment employed and the ore being pro¢Badest

al., 1973.

1) Raw material preparation (feed preparation),
2) Balling of raw mateals (formation of wet pellets),
3) Induration of pelletgthermal treatment or hardening of pellet by heat)
a) Drying of wetpellets
b) Preheating ofdry pellets
c) Pellet firing
d) Cooling offired pellets.

2.1.1 Raw material preparation : Iron ore concentration plant

The first stage of the pelletizing is tipeeparation of raw materials. Many of the
natural iron ores, secondary raw materials; additives or binders are naturally not
suitable for direct using in pelletizing processing. Therefore, preparation of the raw

materials involved is required. Theraof the material preparation;

1) Mechanical crushing, grinding, screening, classification. These steps are
necessary for both liberation of minerals and gangue and to reach a suitable
fineness required for pelletizing,

2) Increasingof the Fe content of the low gmadaw material (enrichmerar
concentratioj

3) Removal of undesiredanripurities (rejecting of gangue).

A flowsheet for bothron ore concentratioplant and iron ore pelletizing plantis

given in theFigure 2.2 The first part of the figure shows the neeggssteps for
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upgrading of iron oreextractedfrom the mine pit. The second part illustrates the
common operation units an iron ore pelletizing pant. In this example,drum
pelletizer for balling and travelling grate furnaceused for thermal treatment of

pellets.The detail for a pelletizing plam given in the following part.

PRIMARY CRUSHING SECONDARY AND FINE CRUSHING CONCENTRATION THICKENER

transfer unit concentrate
pumping unit

bunkering

ore from |iron ore
the pit maxd = 1200 mm

grinding
) FE 32% R —

concentration
).

..._I R
vod and magnetic separatorsuf

A R T cone crushers
cone crushers

hydrocyclones to sludge
batt mills deslimers pumping unit
PELLETIZING AND ROASTING BUILDING SIZING OPEN PELLET PELLET LOADING
BUILDING STORAGE BUNKER
FACILITIES
filtering and
receiving and pelletizing roasting
prep. of concererate —alil l
concentrate bentonte traveling grate furnace
%
.
N v 10} llé
to customer’s
blast-furnace
production

Figure 2.2 Iron ore concentration and pelletizing plant flowsh&ggure taken from
http://mi.ttu.ee/opikand editedor page orientationast visited on 10/02/2011)

2.1.2 Iron ore pellet production : Pelletizing plant

There are two different types of raw materials in the production ofdreipellets.
One of them is iron containing minerals: iron oxid&ke other is binders and
additives comprise mostly raw materials low in or free frowwn, which is

exclusively used as;

9 Bindersfor facilitating the pellet productioby balling
i Binders and additives for improving the physiocachanical quality,

1 Additives for modifying the metallurgical properties of pellets. Metallurgical

10



change by basic additives decreases the energy consumption of the succeeding

process stages.

In Figure 2.3 a typical pelletizing plantwith general operational uniis shown.
Magnetite concentrate slurry from concentration site is sent to the dewatering units
and the concentratevith suitable moisture content is stored bims. Binder or
sometimes additives are added hs toncentrateand then mixedMix pellet feed
material is sent to thealling units; pelletizing drum or disc.In this illugration,
pelletizing is carriedout with balling drum and thermal treatmerst done with
travelling grate and rotary kiln furnacgystem Balling of the raw mateals is

explained in the following part.

—— Material Flow

—— Retun Magnetite

® o B™ mx 21 A
< |l ‘ \\U': _//- Stoc&allaie
O oo ' o————— [TV

Figure 2.3 Flow scheme for a typical pelletizing plafofsmo, 2007schemeor
the Luossavaar&iirunavaara AB [KAB) Kiruna, Swederpelletizing plant KK3
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2.1.3 Balling of the raw materials

In the secondtep ofpelletizingafter raw material preparatipa mixture of iron ore

or concentrate with adequate size distribution, a wetting liquid, generally water,
balled/rolled in a suitable mechaniaaduipment.Balling, in particubrly iron ore
pelletizing,is definedby Pietsch1991asany agglomeration method producing more
or less spherical pellets lymble or growth agglomeratiodgglomerates can be
formed by two different balling unit® iron ore industryballing/pelletizingdisc or
drum. Industrial scale balling disc and balling drum can be seEigure 24. The
agglomerate formation is similar to sndall growth by layering with the help of
rotation of the disc or drum vessel. These agglomerates daqa are calledreen
balls, green pelletsr wet pelletsDuring this operation, use of binders is common to
improve properties of wet anthen productpellets. Theconventionalbinder is
bentonite clay for iron ore pelletizing industry It is possib¢ also to add additives
at this stage to change the metallurgical properties ofptbduct pellets, e.g.

limestone or dolomite.

Figure 2.4 Industrial scalé\) balling discB) balling drum gttp://www.metso.com
last visited on 10/02/2011)

Wet pellets from the balling equipment are sent to the rolling conveyor and rolling
screens to transport and to reject the undersize mateRalker conveyorwas
develgped to solve the handling problem of wet pellets. It consists of multi rolls

individually driven and carrying wet pellets from balling equipments to the
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subsequent operation. Rolling screen is similar equipment and a part of the roller
conveyor works as Hing screen.Figure 25 shows an industrial size rolling
conveyor and rolling screen. There are gaps between individual rolls adapted to the
undersize particles to be separated. These undersize materials are recycled to the
circuit after crushing togethevith fresh feed. The pellets with desired size generally
9-16 mm in diameter are sent to the drying zone of the thermal treatment unit.

Figure 2.5 Industial size rolling conveyor and rolling scre@vieyer, 1980)

2.1.4 Balling mechanismand green ball strength

The feed material may be dry grains or a wet cake according to its preparation. Most
concentrates are available as filter cdkencentrate with moisture)f dry solid
particles come into contact with water, the ore surface is wetted. The ore particle is
coated with a water film, as is shownFRigure2.6, phase Aln many places, the wet
particles touch each other. Due to the surface tension of thefiatdiquid bridges

are formed, phase B. as a result of the movement of the particles inside balling unit
and of the combination of individual water droplets, each containing one or several
ore grains, the first agglomerates are formed, phase C. int#r@inof the loose
agglomerate, the first liquid bridges appear among a large number of voids still
existing. The liquid bridges hold the particles together as in a network. Loose balls
are formed. With the further supply of water the agglomerate condstwse and

more water is layered in the interior and the agglomerates become denser, phase D.

At this stage of green ball formatiothe capillary forces of the individual liquid

13



bridges are essentially active. The optimum of this-feathation phase ist@ined

when all pores are filled with liquid but the latter does not yet uniformly ¢wat t
whole agglomerate, phase EheTeffect of the capillary forces is clearly shown by
Ti ger schi ©]1950ia Rigure2.1. Gooaave liquid surfaces form on the
outer pores and capillary suction is dialy the ore particles together. The final stage

is exceeded, when the solid particles are fully coated with a water film. Now, the
surface tension of the water droplets containing the solid particles becomes fully

active,Figure 26, phase KMeyer, 1980)

Figure 2.6 Influence of water addition on greeelletformation(Meyer, 1980).

Capillary tensile and compression strength Capillary tensile and compression forces
of green balls between two particles

Figure 2.7 Influence of capillary forces on bondiggT i g e r analimon?, 1980)

Figure2.8 shows the alternative green ball formation in a balling sysferoording
to Sastry and Fuerstene@973the following methods, as shown in Figu2e3
adopted by Meyer1980Q
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a) Layering ofvery fine particles to others and tHesmation of an agglomerate

b) Conglomerating of smaller balls already existing resulting from relative motion
and a certain pressuyre

c) Layering on and incorporation of minor fragments from damage green balls
into existing sounds one

d) Incorporation of finegrained abraded material from weak pell@tso the

surface of stronger pellets.
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A) Layering B) Sticking C) Breakage D) Abrasion

Figure 2.8 Alternatives for green pellet formatigMeyer, 1980after Sastry. and
Fuerstenaul973.

Important bonding factors for thgreenpellet formation andhe properties ofgreen
pellets described by Rumph, 1962 and hédeid into the following groups:

1) Physicalforces such as van der Waal s6, magnet
2) Surfacedependent factorssuch as particle size, particlezes distribution,
particle shape and crystalline structure.
3) Material-dependent factorssuch as wettability, adsorptive capacity due to
porous structure, availability of swelling components, chemical properties in
primary ores or byproducts after previouseatment.
4) Capillary forces and surface tensioduring the addition of liquid binders,

such as water or others

2.1.5 Induration of pellets

The green pellets strength is hardly sufficient and should be increased by applying

heat hardening treatmei@reen pellets then undergo a thertn@atmenin thethird
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step to produce durable product pellets. Thermal treatmemeat hardeningf
pellets, can also be namiediuration of pellets consists of three stdiages;

1) Drying stage(250-400°C),
2) Preheatig stage(400-1200°C) and
3) Firing stage(1200-1350°C).

2.15.1 Induration equipments

Green pelletstrength is increased blyeat hardening processeBhree different

induration furnace systems have been developed for inducdtjeilets

1) Shaft furnace,
2) Straght grate and

3) Travelling graé andRotary kiln processes.

2.15.1.1Shaft furnace

The shaft furnace had been used for several centuries for the smelting of ores and the
burning of lime. Because dfieir high thermal efficiency and ease of operation they
were the first, both in Sweden and USA, to be adopted for iron ore pelletizing
(Pietsch 2005.

Wet pellets odump iron is introduced through the top of the shaft furnace. As the
pellets descend through the furnace by gravity flow, they are heated by hot air. Wet
pellets moves through the all thermal zones towards the bottom of the furnace and
discharged. Shaft fnace has a good thermal efficiency and relativeimpte
operational requirementskigure 29 shows a typical shaft furnace and the
temperature profile of shaft furnacehe hot gases and pellets move concurrently in

the shaft furnace.

In this system pé&ts should be resistant to thermal shock, since the sintering zone is

located about only 50 cm below the top of the pellet bed. The green pellets are
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quickly dried and preheated at preheating zdres system is developed for the
induration of pellets, dwever, used mostly for magnetite pellets. Magnetite pellets
reduce the heat requirements since the oxidation is an exothermic process, so the heat
control of furnace is easy for magnetite pellets. Nevertheless, the shaft furnace has
lost importance. Thedwantages and disadvantages of shaft furnaces for in duration

of iron ore pellets were summarized in Table 2.1 by Pietsch, 2005.

= 25«65m—

Green pellets |

Combustion
chamber

1 (ot gas

~—Timein h
~

Fued « oF

0 20 600 LUy o
Temperore n °C —=

Cocling or = ‘_
pressure
06-0.7 bor

Production 0.5 - 10° 1/ yeor

Fired peliets

Figure 2.9 A schematic view and temperature profile of shaft furrideyer,1980)

Table 2.1 Advantages and disadvages of shaft furnaces foduration of iron ore
pellets(Pietsch 2009

Advantages Disadvantages
Little chance of influencing process stage
Simple design Low flexibility
Small number of moving parts Charge is in constant movement
Refractorylining of entire furnace Pellets must be of highest quality
Intensive heagéxchange Limited production capacity
Feasible for low production capacity High fuel consumption
Best for magnetite pellets Commonlydisrupted flow pattern (lumping)
Inconsistent product quality
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2.1.51.2Straight grate furnace

In this furnace, a stationary bed of pellets are loaded on a straight travelling grate.
Pellets are moved on the grate through the drying zone, preheating zone, firing zone
and cooling zone. Hot gases are sent to the pellet bed to heat in heating zones and
fresh air is sent onto the pellets in last grate to cool them. A schematic diagram of

straight grate pellet induration system can be se€&igure 210.

In this system, the pellets have no critical transfer points to survive or a need for high
preheat sength as they are basically motionless on theepegjtate. The only
pressures being exerted on the pellets come from the upper layers of the pellet bed

itself and from airflows created by the process {@thmitt 2005)

Dravo-Lurgi

Process Gas Flow

Figure 2.10 A schematic diagram of straight grate pellet induration sy¢Banmitt
2005)

2.1.51.3Travelling grate and rotary kiln system

In travelling grate and rotary kiln systeifiFigure 2.11), the wet pellets are
transported on a stationary grate. Drying and preheating is completed in this
stationary grate.Reactions such as removal of chemically bonded water,

decomposition of some mineralgafigues or flux additives like carbongtesoke
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combustion if added and oxidation of magnetite to hematite take place in this zone.
Most of the oxidation takes place in the preheating zone if the magnetite pellets are
used. Preheated pellets are then sent to a rotary kiln for firing by radiation hesat to th

required temperature. Firing in rotary kiln is more homogenous than straight grate
system since the pellegserolledin the kiln evenly.The fired hot pellets move in to

a cooler part, generally an annutaoler in gratekiln system.

Heat Recoup

Drying Preheat

.~ Burners

Finesto
Regrind

Preheat
Fans

Kiln
Burner

Cooler
Vent

Cooler

Figure 2.11 A schematic diagram of travelling grate and rotary kiln system
(http://www.d.umn.edu/scse/feature/davis.htiast visited on 10/02/2011)

Thermally treated pellets in one of induration furnace systems explained above are
calledfired pelletsor hardened pelletsThese pellets after cooling stage are called
product pelletsand afterward they are ready to store and transport tentiedting

facilities (reductiorfurnaces.

2.1.52 Drying of wet pellets

Drying is usually a part of the heat hardening procBsging startson the first
section of the induration furnasehen the hot air and combustion gases flow over

wet pellets. The moisture de wet pellets commences to evaporatengvon the

surface of pellets.
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During this drying phase, the drying velocity is no longer constant but decrease. As
soon as the capillary water evaporates, the drying procedure is terminated. However,
if the wet pellets containhygroscopic or chemicallgombined water, the drying
procedure only continues when the temperature of the drying medium is enough to
dissociate the compounds. The velocity of this third drying phase is again lower. The
drying procedure oflgeh a wet pellet, which also contains hygroscopater, is

given in Figure2.12 (Meyer,1980)

A
Surface moisture Capillary moisture Hygroscopic
hydrated moisture

Drying Velocity kg/nth

v

Figure 2.12 The drying procedure of such a wet pellet, which also contains
hygroscopic watefMeyer, 1980after Krischer and Jaeschke, 1961)

2.15.3 Preheating of pellets

The preheatingone is the thermal link between the drying and dirof pellets. It
directly follows the temperatures of the drying zone. According to the ore type
involved, the temperatureanges from 30@00°C to 1206C by a continal and
controlled heasupply(Meyer, 1980. During preheating decomposition of hydrates,
carbonates or sulfates as well as roasting of sulfide compounds may take place. The
most important reactigrfor iron oxides except hematite the preheating zone is
oxidation; to conversion of magnetite to hemati®xidation is the main
strengtheningmechanism to provide the mechanical strength to the pellets by
recrystallization and crystal growth. In addition, oxidation also plays a isigmif

role on the reducibilitgharacteristic of pellets.
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2.1.54 Firing of pellets

The last thermal process befdmeished pellets are produced is firing of preheated
pellets. Firing just stars after preheating temperatsr@about 1100200C and the
pellets are heated to an optimuemperature for each ore type and temperature is
maintained for a controlled period.hi§ temperature is judbelow the melting
temperature but within the reactivity range of gangue components and additives
(Meyer, 1980. Normally firing tenperatures in the region of 128@50C are
sufficient to produce pellets of the required quality. Higher temperatures are to be
avoided, as they lead to overslaggofghe pellets and also spontenous reversion of

hematite to magnetite ¥ loss in pellet qualityBall, et al.,1973

The reaction®ccurringin preheating zonproceedn the firing stage of pellets

a) Completion of the oxidation of magnetite and grgtiowth,
b) Chemical reactions between the gangue constituents of thetspelhether
present as naturallgccurring constituents or as additives, which may also

involve reaction with the iron constituent.

2.1.6 Strengtheningand bonding mechanism offired pellets

Pellets attain their mechanical strength during thetneatment, namely preheating

and firing cycles The preheating and firingrocessshould be so designed that
various physical and chemical changes take place at the appropriate time to avoid
harmful interactions, or loss of useful heat, and terminate eatotimumfiring

temperature to produce pellets with the required properties.

In severalstudies carried out primarily witinon orepellets from industrial plants, it
was found that twamajor thermal bondingsystemsare key mechanismdor the
strengthand quality of pelletsThe two factors which impart strength to the pellets
aresummarized by Bakt al.,1973and Meyey1980in literature

a) Change of the crystalline structurduring firing either by crystal
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transformation and growth upon oxidation wfagnetite to hematite or by
crystal growth when hematite is used onlyinkfal grain growth, essentially a
physical process in which the smaller particles consolidate into larger ones
with resulting loss in surface energthis process may take place in solid state

or through a liquid melt medium, and

b) The reaction of slafprming constituents which are either present as gangue in
natural ores or concentrates or added beforpdhetizing such as bindeacid
oxides,basic additives such as limestone or dolomite. Basic components react
with acid components and under certain conditions also with iron oxides. Thus,

dlag or crystal bondings achievedas a result of the melt formation

The iron ores or concentrates to fpelletized have a certain amount of gangue or
additives which even at low percentages react with each other by the formfation o
intergranular melting phase#s transport medium, these phases may play an

important part for the growth of iron oxide crystal

The conglomerates, arising during the formation of wet pellets and their drying, are
stabilized by thermal treatment and are further consolidated. The consolidation is
achieved by energy supply during preheating and firing. sitid reacts with ezh
other in conformity with natural laws. The reaction procebd®w the melting
temperature while new solid phases are formed. Such reactions of fine crystalline and
pulverous material develop in dependence on the energy supplied during the

temperature risén various stages;

1 First, an activation occurs in the crystal lattice which can begm®ized in the
interface. A rarrangement of the molecules takes place. The particles draw
closer together with strength beginning to increase.

1 During the furthetemperature rise, the mobility of the ions in lattice increases.
A lattice diffusion occurs which leads to amangements, vacancies are
occupiedand inclusions are eliminated.

1 The dislocations intensify and involve adjacent crystals in the diffusion.
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1 Crystal bridges are formed between the individual ore grains. The bridges lead
to a consolidation of the conglomerate.

1 A rearrangemenbf the crystal lattice and aasystallization occur the bridge
formation changes to a bridge bondindheTreerystallization intensifies the
latter.

1 A further energy supply causes the rounding of grains. The pores between the

ore grains become smaller.
The latest phase would be melting which, however, has to be avoided because, in this

case, individual pellets would no longer be exist. This reaction development is well
known from solid state chemistry and phy@ieyer, 1980)
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CHAPTER 3

USE OFBINDERS IN IRON ORE PELLETIZING

The use of a binder is necessarysometimes compulsotg bind the particlgrains

of the iron ore together during pelletizing processes: balling, drying and before
completion of firing stepNumerous types of materiatgve been considered for use
as bindergduring the development of iron ore pelletizing proceggh an objective

of finding the materiathat would produce the highegtality pellets at the lowest
possible costA comprehensive revievabout bindersn iron ore pelletizing was
published byEisele and Kawatra, 280 They classified theibders that have been
usedin industryor tested in laboratorgs follows

Clays and colloid minerals,
Organic polymers and fibers,
Cement and cementations materials,

Salts and precipitates,

A =2 =4 4 -

Inorganic polymers

3.1 Function of binders

Binders serve to improve propertiesof pellets in wet, dry or induratéded

condition;as listed below:

1 Promoting and facilitating balling of iron ores in pelletizing drum or disc;
1 Theimprovement of green, dry, preated and fired pellet strength;

1 Overcoming the problems associated with balls sensitive to heat in the drying
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stage, i.e. increase in shock temperature of green balls;

1 Enabling the production of good quality pellets te bhttained at lower

temperatures;

1 Improving the properties of the fired pelléBall, et al.,1973.

During the development of the pelletizing process, a great number of organic and
inorganic substances were tested with regard to their suitability dsrbiHowever,

only bentonite, slaked lime, limestone and dolongite used. Binders which are
deleteriousor contaminate the pellet composition or give off pollutants to the waste

gas of pellet plant are no longer taken into consideréhitayer, 1980.

3.2 Binding system of binders

The binding system or mechanism of agglomeration is divided into five major groups
in Table 3.1 by Pietsch 2005. Figure 3.1 describe pictorially th&e binding

mechanisms.

Table 3.1 Binding mechanism of agglomerati@ietsch 2009

1- Sintering -®rying
Solid 2- Partial melting - Recrystallization
| | bridges 3- Chemical reaction (dissolved substances)
caused by 4- Hardening binders - Deposition
5- Recrystallization (colloid particles)

Adhesion and cohesion
forces

1- Highly viscous binders
2- Adsorption layers (<3nm thicksse)

Surface tension and
capillary pressure

1- Liquid bridges
2- Capillary pressure

Attraction forces
between solids

1- Molecular forces
a Vander Waals forces
b- Free chemical bonds
¢- Associations (notvalence); hydrogen bridges
2- Electric forces (electrostatic, electrical double layers,
excess charges)
3- Magnetic forces

V | Interlocking forces
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Sinter bridges €IL)
a Partial Melting (+2)
Crystallization of soluble substancesb(and 16-a)

Chemical reactions3)

Hardening binders {4)

Highly viscous binder§ll-1)

Adsorption layers (<3nm thickneg3)-2)

@ Liquid bridges (l1+1)

Hardening binders {4)
Crystallization of soluble substancess(andl-6-a)
Deposition of suspended particless{b)

Molecular forces (IV1)
Electric forces (I\V2)
Magnetic forces (I¥3)

Interlocking forces (V)

@ Matrix binder (+3, I-4 and k1)

Capillaryforces (conglomerates saturated with
liquid) (111-2)

-

Figure 3.1 Pictorial representation of the binding mechanisms of agglomeration
(Pietsch 2005)

Holley, 1981 studied the binders and binder systems for agglomeration. Author
defined thebinder as any substance that can be used to cause particles to adhere
together into agglomerate. Since binders can accomplish this in a number of different
ways, theycannot all be used in all possible applications. It is therefore useful to
categorize binders in some systematic way. Several different classifications have also
been proposed, with one of the most useful being the division of binders into the

following five groups.

1. Inactive Film: The binder forms a sticky layer on the partickgsich bind them
together. The Im can bind by capillary forces or through adhesional or

cohesional forces. The binding is typically reversible.

2. Chemical Film: The binder forms dilm on the particle surface, which then

undergoes a chemical reaction and hardens. The binding is typically irreversible.
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3. Inactive Matrix: The binder forms a moter-less continuous matrix that particles
are imbedded in. Often the biedis a material such as a tar, pitch, or wax that is
heated or emulsified to make iwuftl and then hardens upon cooling or drying.
Binders of this type often require high compaction forces and high binder dosages.

Binding may be reversible upon heating.

4. Chemical Matrix: The binder forms an approximately continuous matrix, which
undergoes a chemical reaction that causes it to harden. Binding by this mechanism

usually is irreversible.

5. Chemical ReactionThe binder actually undergoes a chemical reactidh tiie
material that it is binding, resulting in aryestrong bond. This is spedfito
particular types of material, and binders of this type have not been developed for

iron ores(Eisele and Kawatra 20D3

It should be noted that sometisa single bider can be classdd indifferent ways,
depending on its dosage and the details of its application; examples of each of these
types of binder are reviewed by Eisele and Kawa&f03. Iron ore pelletization
curemt |y usesl ndaG nlaicn d they ard gerecally eBeetive at low
dosages, bind the particles rapidly without the need to wait for a chemical reaction to
be completed, and typically do not require large compaction pressures in order to

work.

3.3 Bentonite: conventionalbinder

Bentonite, a mixture of clay minerghydrated aluminailicate clay), consists of
montmorillonite (smectite class mineralps the major component and small
quantities of quartz, mica, feldspar and kaolihe theoretical formul@ givenby
(Grim, 1968 for montmorilloniteas (OH).Sis.Al4.020.nH,O, corresponding to a
composition 6 66.7%6 SiO,, 28.3%6 Al,0O; and 5%H,0. The actual composition
varies from this formula because afbstitutionseg. Al for Si+4and Mg for Al

in the lattice (Ball, et al., 1973. Typical chemical analygs of somebentonite

samples argivenin Table 3
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Table 3.2 Thechemical analyseof some bentoniteamples

Sample,% | SiO, | Al,O3 | FeO; | Na,O | KO | CaO | MgO | LOI | Reference

Wyoming | 65.00|( 18.00 | 3.50 | 250 | 043 | 0.94 | 2.06 | 7.40 | Ball, 1973
Rekad| 67.76| 16.86 | 4.17 | 1.38 | 0.73 | 2.19 | 3.62 | 2.93 XRF

Lake
Superior 58.36| 21.14 | 3.96 382 | 058 | 143 | 298 | 6.75 XRF

The basic crystal structure of montmorillonitediwn by Grim 1968 and redrawn

by Eisele andKawatrg 2003 and shownin Figure 3.2 It has a lattice structure
arranged in layers which is capable of absorbing great water quantities between the
individual layers. On such occasions the distances between the lattice layers increase
considerably. The meral swells. This swelling property and the high thixotropic
behavior are the most important characteristics for its bonding capabdyer,

1980.

® Exc_hangeable
@ cations + water

~ 15 Angstroms I

< ‘ 4
when dry. Expands - FO_ L % 22
when wetted il Q/{ \/

'] / \ | r
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Figure 3.2 Structure of the smectite crystal. Each clay platelet consists of three
layers: two layers of silica tetrahedral and an octahedral alumina/magnesia layer
joining them. Platelets are loosely bonded by counterions (typically sodium or
calcium) between thenin the presence of water, the counter ions hydrate, causing

the clay to expan(Eisele andKawatrg 2003
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The most successful and widely used binder is bentdBértonite has found the
widest application in the pelletizing process and has played a majorin the
development of successful balling technig(all, et al.,1973. Bentonite dosages
were givenin literature a$.5 to 1.5% by weight of iron ore concentréBall et al.,
1973,Meyer,1980,Pietsch, 2005)

Bentonite absorbs water and, hencentrols ball growth while imparting some
plasticity to pellets. This property is important for handling of green pellets from a
point to another during process. Upon drying bentonite gives additional strength to
pellets owing to dry film bonding of minargrains.

Ripke and Kawatra 2000 summarized the effect of bentonite clag binderin

pelletizingafterBall, et al.,1973

1 Bentonite absorbs moisture, allowing for higher moisture concentrate feeds to
be pelletized.

1 Clay layers expand and disperséhen added into iron ore concentrafi®m
the hydration of exchangeable interlayer cations, throughout the concentrate
transforming into a matrix that bonds the ore particles together.

1 Bentonite is well dispersed amovidesan evenmoisturedistribution to the
wet pellet as it grows.

1 During drying, bentonite increases the drying rate by providing a pathway for
the moisture to be removed through.

1 It has been reported byall, et al., 1973t h a't bentonite may
bondi ngo t hatngthofifhe fioed gelet. t he st r e

The essential parameters affecting the high barite iron ore concentrate pelletizing
process were studied using normal and activated bentonite as binder materials by
Mohamed et al., 2003. They investigated the properties of gdeied and fired
pellets using chemical and-péy analyses. The average compressive strength of fired
pellets 1.5% normal bentonite and fired 1%ZD0or 25 min exceeded 200 kg/p.
However, they found that lower compressive strength value for pellets m#de wi

addition of activated bentonite. Furthermore, it was reported that the productivity of
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green pellets decreased when activated bentonite was used as binder alone.

The use of bentonitbinderin iron ore pelletizing is useful as explainabove
However, bentonite is considered as an impurity due to its high, @it ALO;
contentysee Table 2). These acid oxides are known for their adverse effects on the

iron-steel making economiderearea few examplecollected from literature:

1 For instance, theaddition of 1% bentonitecontaining 85% Sigx*Al,Os3,
decreasesthe e | | e tobtent0.6% (derSouzaet al,1984).

1 In another study, authors found that the addition of 1% bentonite decreases the
iron content by about 7 kg/ton of iron di¢ater, andSteeghs, 1984

1 An increase in the silica content of pellet charge by 1% (abs.) leads to an
increase in the unitost of making the steel by $4(U.S.)/ton(Chizhikovaet
al., 2003)

1 In the case of direct reduced pellets, every percent of acid gangue addition is
associated with an increased energy consumption of 30 k\W(itenemaet
al., 1989).

The main disadvantage of bentonite and other binders based on silicate minerals is
that they add silica to the finisheproduct pellet. Since the purpose of iron ore
processing igo remove silicate minerals from the ore, adding g#ishack in the

form of binder is counterproductive. This has prompted -temg interest in
developing or dicovering binders that contain no silica. Particular attention has been
devoted to organic binders, which include a variety of catiased polymeric or
fibrous compoundgEisele and Kawatra, 20p3Because of god binding properties
without contaminatinghe product pelletsprganic binders have attracted attention
among researchers. The use of organic bindernson ore pelletizingand some

results are discussed in detailed in the following part.
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3.4 Organic binders and manufactured organic based binders

Organic bindersoffer the perfetalternative toconventionalbentonitebinder since
they donot contaminate thehemical composition of pelleti recent years, organic
binders have beetestedin order to eliminate the negative effects of bentonite or
othersilicate basetinders.

Organic binders are based on the cellulose and carboxymethyl cellulose structures,
which are illustrated ifrigure 3.3 Some of these binders have a substantiausodi
content because of their inclusion of sodium in some of their anionic side groups.
Because sodium can be troublesome in the blast furnace, this is an undesirable
feature that should be kept in mind when using these bindetse Bureau of Mines
study,the physical properties of pellets bonded withO@lcarboxymethyl cellulose
(CMC) were comparable to pellets bonded withO@3entonite. The highest values

for the wet drop test were achieved with the CMC binders with the highest PWAT
values at about 8%ellet moisture. These binders can be added to the concentrate as
either dry powder or awaterslurry while still producing satisfactory pellet quality
(Eisele and Kawatra, 20R3

Organic binders which burmout at relatively low temperatures with viaily no or
little residue are the most widely preferred alternative binders to bentonite. The
advantages of organic binders can be listed as follows;

1 They provide sufficient wet pellet strengths,

1 They are free from impurities,

1 They do not contaminat@ellet composition (high Fe and low impurity
content),

1 Ability to reduce slag level (less flux consumption),

1 They provide a more porous pellet structure,

1 Higher reducibility due to higher porosity.
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A)

B)

C)

Figure 3.3 Idealized chemical structure$ the repeating base units fAj) cellulose,
B) CMC; catboxymethyl cellulose, an@) starch. Differences in characteristics of
various starch and cellulose derivatives are due to changes in the side groups and

chain lengthgEisele and Kawatra, 20P3

The specific bedfits of use of organic binders iron ore pelletizingare repaed by
Shmitt 2005as follows

1 Higher productivity of the pellet plants, a result from more consistent pellet sizing
and superior green pellet properties. Less fines and oversize are rejected from roll
screens immediately before the furnace and airflow through the pellet bed is
improved In some plants, pellet production increases of 1000 Mt/day have been
reported when replacingentonite with organic binders.

1 Reduced spalling because of the more gradual release of water from the pellets in
the drying zones, a particularly troubtene poblem for hydrated ores.

1 The ability to meet stringent pellet silica specifications at a time pellet demand

and prodution is at record high levels.
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1 Higher productivity of the concentrator, because there is no longer any need to
compensate for the additiansilica which is normally adstl to the pellets by
bentonite By softening the silica specifications in the concentrator, less grinding,

lower generation of slimes, and higher overall recoveries

Although organic binders give good results for green agdoédllets but they fail to
impart enough strength to the preheated pellsthmit; 2005 also reported that
organic binders have proven themselves at a number of pellet prodptiius;
acceptance at other facilities has been limited to a large ddeatise of difficulties
that can occur during the processing of iron ore agglomerates and thg gufaited
pellets Although organic binders have some advantages mentioned ahbviee
same timethey can negatively impact thepreheated andired pellet strengths,
particularly tumbles indicebecause of lower slag bondinghe physical quality
problem is more pronounced on gritln systems where pellets must have a
sufficient preheat strength in order to survive the clii@nsferpoint from grate to
kiln. Pellets made with organic binders will typically have only 50%5% of the
strength of a bentonite pellet at the grate to kiln transfer point because of the absence

of low melting bonds created by the bentonite.

Due to reasons explad aboe, aganic binders have not found widespae
application in the industriRipke and Kawatra2000have reportec statistis about
the pellet plard in the USA. Eight of the nine plantstilized bentonite clay as a
binder, while the ninth plant usesh organic binder.

Periduf is an organicbhased manufacturedinder produced by AkzoNobel that
provides pellet makers with a technically advanced alternative to benfdattenly
does Periddr function as a consistent and reliable agglomeration aid, it is non
contaminating to the pelleteaving the iron ore pellets with superior metallurgical
and chemical qualitiesWhen Periddr successfully replaces bentonite in the
manufacture of Blast Fuace or Direct Reduction pellets significant cost benefits
can be achieved in subsequent iron making procdtsgs//www.akzonobel.com
last visited on 12/01/20)1
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the fired pellets.

The production of acid iron ore pellet for DRings an organic binder was studied by

de Suzaet al, 1984 They comparatively tested the bentonite and organic binder
Periduf. It was reported that the pellets produced with Péridiowed to have

more round shape and a specially smooth and shiny surface. The green pellet
properties shown in Tabld.3 and can be considered good for pellet production.
Authors compared the properties of bentonite bonded and Pebiduded pellets
produced in 6 m disc padtizer. These results are shown in Tabld. 3They
concluded that the quality of pellets did not meet the requirerriéat'fdufE could
produce satisfactory wetellets with a small increase in dust productidowever

they suggestedé use of Peridfiras a potential option for the production of pellet

for direct reduction. The authors do not mention the numerical data for strength of

Table 3.3 Green pelletcharacteristic with Peridbiin different amourt (de Suzaet
al., 1984

PeridurE . Compressive

addition level Moisture of Green pellet Strength kg/p
% green pellets | drop number Wet Dry
0.0700 9.4 2.6 0.95 1.68
0.0500 8.7 2.7 1.11 1.42
0.0475 8.6 2.7 1.09 1.34
0.0450 8.7 2.6 1.14 1.14

Table 3.4 Properties of bentonite bonded aPeriduf bondedwet and dry pellets
(de Souzat al., 1984)

Binder _ Compressive

% Wet Dry
Periduf 0.060% 8.3 4.2 1.26 3.2
Bentonite 0.50% 8.6 2.4 0.96 1.3

grade

th magnetite
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Arol et al, 1989comparatively studied the quality of pellets produced with bentonite
and selected organic binders namely PeFiomD(B, Periduf C-10 and technical
CMC wi

drop numbers and wet pellet compressive strength of pellets bonded with organic

concentrates

binders are superior to bentonite bonded ones. The compressive stregid of

f
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pellets at 40%C also found to be satisfactory. However, compressive strength of
pellets produced with organic binders and fired at 3Q0for 120 minutes were
found insufficient (Figure @) as organic binders reduce the slag formation resulted

in lower fired pellet strength.

2 600
500

400

300

200

100 ||
i BN

Bentonite Peridur CX3 Peridur C10 Technical CMC
8 kgit 2 kgt 2 kgt 2 kgt

Binders and dosages

Ccompressive strength, kg/

o

Figure 3.4 Compressive strength of fired pellets (1250120 min) produced with
selected organic binders (Aret al, 1989)

The results of the physical and metallurgical properties of product peltets
summarized in Table 3.9hey have found that the compressive strength, before and
after reduction, and tumbling resistance of product pellets produced with bentonite
were nothly higher than those produced with organic bind@rdy bentonite binder

was found to be satisfactory for industry when these physical properties are
consideredHowever, porosity and swelling of pellets produced with organic binders
was larger than thesof pellets produced with bentonite. As greater porosity is
known to lead to faster reduction, reducibility of pellets with organic binders was
found to be greater than that of the bentonite pelletsaddition, one of the
advantages of organic bindessthat they do not contaminate thelgietomposition

since they burrbut with no orlittle residue during thermal treatment. They also
found that the Fe contents of pellets bonded with organic binders are slightly greater

than those of pellets with bemite as a natural consequence of adding no impurity.
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Table 3.5 Physical and metallurgical properties of product pellets produced with

selected organic bindefarol et al, 1989)

Compressive | Compressive | Tumbling

Binder Strength Strength Test Porosit Reducibility | o in

and (before (after +63 | -05 % y ISO 7215 % 9
Addition level reduction) reduction) mrﬁ mr.n 0 % ’

kg/p ka/p

Bentonite 560 68 945| 53| 15 65 8
8 kg/t

P
Peridur CX3 415 43 88.0 | 10.2| 22 65 8
2 kgft
Periduf C-10 244 19 726|220 26 68 13
2 kglt
Technical CMC 185 8 76.9 | 19.6 34 70 12
2 kgt

(Eisele and Kawatra, 20p3eviewed thecommercialorganic binderswhich are
intentionally synthesized for agglomeration purpose. In general, these binders have
the advantagesbat they ardnighly effective, can be speaiflly designed for binding
particular types of particles, and have highly reproducible characteristics. Their main

disadvantage is their comparatively high cost relative to other binder types.

A broad range obinders are or have been available from various manufacturers,
although they are frequently only identdd by name or number, with no
identification of their structure. Many of these organic binders have been tested by
one of the local iron ore producemmsnd a summary of the results obtained with

several binders is given ifable 36.

Qui et al,. 2003 and 2004 investigated the use of orgémcler; Funa, on balling
behaviors of magnetite concentratdhe functions and molecular structure of
organic binders foiron ore pelletization were examined. In the work, the basic
principles of molecular design, interface chemistry and polymer science as well as

failure model of binding systems were studied.

Two organic binders foriron ore pellets have been developed based on the
investigation. Pelletizing experiments show that both of them are effecinmntore

pelletization. One of them, Funa, prepared from lignite or weathered coal and with
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humates as majoconstitutes, possesses a netty molecular structure and sufficient
carboxylic, hydroxyl and phenolic groups in its molecules. Funa is found less

expensive than other organic binders reported before and has been put into industrial

production ofiron ore pellets in ChinaQui et al, 2003)

Table 3.6 Commercialorganic binders summary revid&isele and Kawatra, 203

Manufacturer

Binders

Results

Nalco

Binder F TX
4712=TX6326

Minipot tests were successful. Binder F isloiager
available.

Akzo (Dreeland
Colloids, Inc.)

Periduf 330

Successful as complete replacement for bentonite.
Slight deterioration in physicalriéd pellet quality,
improved reducibility. No kiln dusting.

Allied Colloids

FE4, FES8, and
combined withsoda
ash

FE4 satisfactory in minipot but poor balling
performance in the plant. FE8 performed well in
balling circuit, but minipot results were poor.

When used as partial bentonite replacement, result

Union Carbide Carbinder 498 ; : i
in poor balling and conant surging.
GPG4 All three binders gave good performance withiéed
Grain Processing pellets as a total bentonite replacetieut poor
GPG46 :
Corp. performance with unfixed pellet feed. GR@6 gave
GPG49 O o
the best minipot sintering results.
American S7241 S-7244 | All fi ve binders gave good minipot results, but ballir
. S7242 S-7245 | characteristics and green ball quality were variable
Cyanamid
S7243 generally poor.
Generally unsuitable becaute binde could not be
Weyerhauser Cellulon . ) i .
produced with a fie enough sizeonsists
Glenn Chemical | Mackquadt 40 unearl}ﬁ)r/ally good fied pellet quality and poor green bg
AQU-D3217B Gave @od bench balling anehiniport firing results as
Aqualon (sodium carboxymethy| a total bentonite replacement. Some green ball
hydroxyethylcellulose) | plasticity occurred at higher binder dosage levels.
DP 3349179 Physical pellet quality was good but ballability was
Sherex (petroleum extracts an{ poor and the green balls had excessive surface

parafynic |

solvent)

moisture.

3.5 Other inorganic materials tested as binder

Inorganic alkalinematerialshave often been tested, but with little succédse

results of pelletizing test using some inorgamiaterials and a specular hematite are
published by Ridrigoret al, 1954 and shown in Tabl&.7. The dry strength and
some fired strength were increased with the addition of such inorganic materials. The

mechanism of these effects has not been completigtydated.The possibility of
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chemical reaction between sodium compounds and the iron ore has been postulated
by some researchers, howevmrt test work to confirm this proved inconclusive
(Ball, et al.,1973.

Table 3.7 The effect of inorganimaterialson pellet strengtiiRidrigonet al, 1954,
Ball, et al., 1973

Inorganic binder Strength kg/p (25 mm in diameter)
Amount, Fired at
Type % Green Dry 1300C
without 0.0 1.00 0.30 678
NaOH 2.0 1.15 5.40 1150
NaoCOs 3.0 1.20 4.60 1350
KoCO3 3.0 0.75 1.50 --
CaCb 3.0 0.80 2.00 910
MgCl, 3.0 1.30 4.00 320
MgSO, 3.0 0.75 2.70 --

FeSQ which is addedat 0.70% to magnetite concentrate et L.K.A.B plant in
Swedenhas been fouhto be effective.Sodium chloride, which is added to the
pellets in which sewvater is used to make thgreen balls, has been testedn

Hamersley plant in Australi@all, et al.,1973.

Fly ash based binde{FBB) weretested Eiseleet al, 1997, Kawatraet al, 1998a,
1998b andRipke andKawatrg 2000)to replacebentoniteor reduce the bentonite
dosage Ripke and Kawatrg 2000 aimed to use fly ashes from fluidizbed
combustor since they have high calcium oxide content from addition of limestone to
the firedcoal to absorb sulfur, and have been shown to be useful as a binder for iron
ore pelets. They producedmagnetite concentratgellets with bentonitefly ashes
addedcalcium hydroxide(CaOH) and calcium chloriddCaCb) as activator and
hardeningacceleréor, respectivelylt was reported that iron ore concentrate pellets
produced with up to 50% of the bentonite replaced byasly exceeded minimum
industrial specifications for dry compressive strength. However, the pellet strengths
decreased proportionalo the amount of replacement. When bentonite was
completely replaced with fhash, the resulting strength was only 20% of the strength
with bentonite.They concluded that bentonite is a physical binder, while FBB is a
pozzolanic binder.
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Ahmed & Mohamed 20® studied the green, dry and indurated iron oxide pellet
properties with bentonite and calcium hydroxide addition. They used binder mixtures
consist of 0.4% bentonite, and varying percentage of calcium hydroxide (ranges from
0.5 to 4%). The partially repte@ment of expensive bentonite with cheap lime hydrate
was aimed in the research for pelletizing of iron oxide. The results show that, on
using binder mixture composed of 0.4% bentonite and 0.5% calcium hydroxide a
deterioration effecbf the physicahemicd properties of the mill scale pellets was
observed. It was reported that increasing percentage of calcium hydroxide in the

binder mixture enhanced the properties of pellets.

T urjil N. et al., 20062007 studied the effects of addition of Ca(@Bid Cadl in

iron ore pelletizingusing pyrite ash as iron sourcehey found that the addition of
1% Ca(OH) and 0.2% CaGlhad increased the effectiveness of-0.5% bentonite.

It was also reported that, the compressive strength of pellets fired atC1200
minutes and containing Ca(OHand CaC] in addition to betonite were better
(1239.3 N/p- 1785.4 N/p)thanthose (232.2 N/p 333.5 N/p obtainedwith only
bentonite binder.However, these values areot acceptable for fired pellet
compressive strength since the minimum required fired pellet compressive sisength
2500 N/p (250kg/p).

deMoraesand Kawatra2010 studied pelletizing of magnetite concentrate with some
inorganic materials; sodium hydroxide, sodium carbonate, sodium metasilicate
sodium tripolyphosphate arah organic binderCMC. They testedstrength ofwet

dry pelletsand pellet strengtlafter thermal shock in a muffle furnace at 3D0
500°C, 700°C, and 90°C for 10 minutes.Results with obtained with different
inorganic materials were comparedthmse obtained withhentonite bonded pellets

It was reported thathe bentonite dosage can be reduced from 0.@60040% with
0.02% NaOH to produce same quality pelletddthough pellets bonded with
bentonite shows cracks at all temperatures, there were no explosions during thermal
shock test of gllets bonded with bentonite and bentonite + Na®ke addition of
1.50% sodium silicate improved the compressive strength of pellbes.pellets
made with 1.50% sodium carbonateowed better results than pellets bonded with

0.66% bentonitehowever,27%of these pelletexploded during thermal shock.
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Inorganic materials do nabntain silica hava slight advantage over bentonite when
silica levels are the primary concerh sieel makers. Howevemost of them are
incapable of controlling wateduring pelletization, and ddittle to contribute to the
cohesive/adhesive forces required to form and maintain green pellet integrity. This
results in poor quality green balls that are fragile and easily broken, lowering
production rates at iron making facilsieFurthermore, due to the massive amounts
required for basicity control and pelletizatiospme inorganic materialgan

contribute to spalling of pellets decreasing thaligy of the finished product.

The results reviewed above showed that organic npi®duce good quality green

and dry pellets. However, they failto provideenough strength to the preated and

fired pellets as a result of reduced slag bonditater and Steeghs, 1984, de Souza

et al, 1984, Goetzman, 1988, arol et al., 1989, Ard@9Y, Sivrikaya and Arol
2008,2009,2010, 2012yhich is especially more important in pelletizing of hematite
ores due to lack of oxide bonding mechanism. As such, organic binders have hitherto
failed to be an alternative to bentonite, except a few casestraightgrate
pelletizing, where there is no dynamic pellet bed. In recent years efforts heve be
focused on improving the preated and fired strength of pellets produced with
organic binders. In this context, boron compounds have been considered as an
additive in conjunction with organic binders to improve preheated and fired pellet

compressive strength in this thesis.

3.6 Use of boron compounds as binder

Even thoughorganic bindershavesomeadvantage®ver bentonite bindefor iron

ore pelletizng, they still fail to satisfy all the requirements especially those related to
themechanicaktrength of preeated andired pellets. In order to use organic binders
successfully, this shortcoming must be overcome. One plausible method is to
introduce a slg forming constituent to the pellet mix so that the strength of the

pellets would be reinstated as a result of slag bfordsed in pellet structure

Boron compoundsnight be the potential additivéo organic binders as they are

known to lower thanelting point of silica glassd#arshall, 200Y. Numerous boron
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compounds of natural or synthetic origin can be used for this purpose. Some of the
boron compoundsan be consideredals binder or additive in iron ore pelletizing are;

colemanite, tincallexite, boraxpentahydrateyoric acidand boron oxide.

The boron compoundssted in iron ore pelletizingy some researchease givenin
the Table 3.8 Importantcharacgristics of boron compounds amgentioned in the
Table 3.8. None of those boron compounds contain signifiGanbunt ofSiO, or
Al, O3 which are unwanted impurities faron pellet chemicalcomposition. Their

melting temperatures are relatively low.

The iron ores or concentrates contains varying amounts of Si©the other hand,

the boron compounds have significant amount of boron in their compositions as seen
in Table 3.8. Their presence in the pellet mix leads to formation of borosilicate glass
bonds. Borosilicate glasses are known for their low melting teatyoer Thus,
formation of borosilicate glasses is expected to take place at lower temperatures. This
occurrence would contribute to the strength of the pellets through slag bonding
(Meyer, 1980). Absence of acidic impurities in boron compounds combinlkdomit
melting temperature, good thermal and mechanical properties of borosilicate glasses
favor the use of boron compounds as slag forming constituents. When used with an
organic binder, while the boron compounds render the required properties to
preheatedand fired pellets, green and dry pellets attain the required quality through
organic binders. Hence, combination of an organic binder and a boron compound can

be used as binder in place of bentonite in iron ore pelletizing.

41



A%

Table 3.8 Some boron compounds used as additives in iron ore pelletizing by researchers

B,O; . e ... | Molecular
Co?norggn ds Description Chemical formula conte Mecl"?l:tg So'\lljvt:tlg n Sfae\fimc weight | Reference
P nt % b TN g/mol
Calciumborate (naturaminera) | 2Ca0.3(BOs).5(H.0)
Colemanite | Dicalcium hexaborate or ~43 986°C (2)5§(1: gl @ 2.40 411.08 ;O%3k ta
pentahydrate Ca Bg 0,1 5(H,0)
Calcium Synthetic calciunrborate ~49 986°C Insoluble 2.40 411.08 schmit,
borate 2005
Sodiumborate (naturaminera) | Na,0O.2(B,0O3) 10(H0) 62°C when Mergen,
Sodium tetraborate decahydrate or heated in 4.7% @ and
Tincal o Y B ~36 20°C; 65.6% | 1.71 381.37 i
Disodium tetraborate decahydre closed @ 100C Tekt ¢
Borax decahydrate NaB,O;. 1 0,Q)H atmosphere 2003
Derivative of tincal 200°C when 3.7% @
Borax Sodiumtetraborate pentahydratg N heated in A Teketa
pentahydrate Disodium tetraborate N2 B.O7. 5(H0) 48 | closed 20AC; 181 291.35 al, 2007
@ 100A
pentahydrate atmosphere
Orthoboric acid H.BO- or i}TZ g/g@()é) 0 WWW.
Boric acid | Boracic acid 37 -3 170.9C 2 / 1.435 |61.83 wikipedia.
Optibor B(OH); 7.53 g/100 org
' m @100
Boron trioxide(the most B,Os3 450 AQ( W
Boron common form_) Pure g[rllgoonal)A 2.|2 g/100 I246(§I) 69 & wikipedia.
oxides Boron mono>_<|de B,O dm iqui org
Boron suboxide BsO (tetrahedral
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The boron compounds have been proposed as slag forming constituents either alone
or i n combination with organi c 190,nder s
Malysheva, 1996, Schmitt, 2005, Sivrikaya and Arol 2008, 2009, 2010, 2011).

Keroj |l u, 1ll@dnédcolemarste abode acdan combination with bentonite as
alternative binder for pelletizing of magnetite concentrate. The magnetite concentrate
had 64.70% Fe and 4.22% $iQhe binder dosages, firing temperature and fineness
of magnetite concentrateene investigated as operation parameters for the quality of
pellets. Bentonite and calcined colemanite dosages were in the range of 0.5, 1.0, 1.5,
2.0% and 1, 2, 3, 4, 5, 6 and 7%, respectively. It was reported that, the calcined
colemanite as a binder ale is insufficient with regard to wet and dry compressive
strength quality, as seen in Figur&.3lt was also reported that, increasing firing
temperature from 126Q to 1350C increases the compressive strength of the pellets
produced with bentonite oralcined colemanite. The test results obtained with
different calcined colemanite dosages showed that increasing addition level of
calcined colemanite from 1% to 7% increases the compressive strength of fired
pellets significantly (Figure 8). The researdar tested the combination of bentonite
and calcined colemanite in order to produce pellets with both sufficient wet, dry and
fired strengths, and meaningful increases in compressive strength of fired pellets
were reported (Figure B.
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16 m'Wet pellet stremt

14 IWet pellet drop numbe - 5
5 H IDry pellet strength
. 4
-3
. l l 2
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No binder 0.5% 1% Calcined 3% Calcined 5% Calcined
Bentonite colemanite colemanite colemanite

Binders andaddition levels
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Jagwnu doig
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Figure 3.5 Compressive strengths of wet and dry pellets and drop numbers of wet
magnetite pellets made witl200 mesh particle siZ& © r g 19BQu
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Figure 3.6 Effect of calcined colemanitgosage®n the compressive strength of
fired magnetite pellets madé@th i 200 mesh particle siZ& © r g 19BQu
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Figure 3.7 Effect ofaddition ofbentonite and@alcined colemaniteombinationon
the compressive strength foed magnetite pellets madeth i 200 mesh particle
size( K°rojlu, 1980)

Ti muet al,n986 investigated the reducibility properties of itabarite ore (99.66%
Fe03) pellets produced with calcined colemanite addition. The particle size of

itabarite ore was 70.90% passing 37 Om
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colemanite were tested and the pellets with 10 mm diameter were heated at a
temperature of 8GC. These pllets then were reduced in a tube furnace af®00
under CO atmosphere and reducibility of pellets was calculated. They reported that
calcined colemanite addition hascatalytic effect on reducibity of colemanite
added pellets. While reducibility of pellets with no binder was only 92% after 4
hours, the reducibility of 0.6% colemanite added pelletsereduced completely in

2 hours, as seen in Figuse3. The maximum catalytic effect of calcinedlemanite

was at 0.6%, the greater addition levels decreaseathéytic effect of colemanite.

90—
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* 0.1% Colemanite
O 0.2% Colemanite
O 0.3% Colemanite
¥ 0.4% Colemanite
A 0.5% Colemanite
A 0.6% Colemanite
& 0.7% Colemanite
¢ 1.0% Colemanite
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Figure 3.8 The effect ofcalcinedcolemanite addition on the reducibility of itabarite
pellets(T i muet al, 1989
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The effect ofcalcinedcolemanite and bentonite combination on the reducibility of
pellets was also investigated in the same study. It was reported that the catalytic
effect of colemanite on reducibility of iron ore pellets was decreased when used

togethemith bentonite Figur&.9.
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Figure 3.9 The effect of calcined colemanite and bentonite addition on the

reducibility of itabarite pelletéT i muet al., 1986

Guangquan1990 studied thehaft furnace pelletizing test of iron ore concentrate
with addition of boron oxide. He investigatdte effect of boron oxide additianto

iron ore pellets on blast furnace operation. It was reported that;

1 Firing temperature of pellets with the additioh1.52.0% of boronic eluted
dust can decrease by-100°C,

1 Quality indices of pellets can be improved obviously: fired pellet compressive
strength 2002200 N/p ISO strength up to 886%,

1 No degradation phenomenon occurred after reduction,

1 Tumblerstrength after reduction increased by 13.8%,

| Results of 100rhblast furnaceperation during 15 months indicated that: blast
furnace productivity has increased from #(t°day) to 1.74/(m’day),

1 Coke rate has decreased from ki) to 630kg/t.
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Malyshevaet. al, 1996 studied the effect of boron on the quality of iron ore pellets.
Experimentsvere designetb clarify the actual mechanism of the effect of boron on
the strengthening of fluxed pellets. Researchers used chemically pure boron oxide
(B2O3) as boron compoundihey reported that boron has beneficial effect at all
stages of metal production and the quality of pellets was increReddts with
bentonite andweight percentage of B3 in the charge (@, 0.3, 0.5, 2.0) were
formed and firedHowever,bentonite dosage was not mentioniedhe report.The
basicity of pellets was CaO/Si€l.2 and firing temperature range was from 600 to
1300C. It was reported that the strength of green pellets markedly increased: from
0.8kg/pto 1.5, 2.0 and 5.Rg/p if boron oxideadditionsamounts to 0.3, 0.5 to 2.0
wt% respectively. Higher strength of green pellets cuts the costs required for

repetitive processing of finesd increases the capacity of plant

The effect of BO3 addition on fired pellet strengihas determined by Malysheea

al., 1996and givenn Figure3.10. They also investigated theéesulfurization process
of pellets andound desulfurizatioprocessn B,Os; containing pellets is more rapid
compared with thepellets without BO3; and takes place at lower temperatures

because of the early formation of m@tgure3.11).

Kg/pelet

Jog

o0

Figure 3.10 Effect of boron oxide on the strength péllets fired at different
temperatures: (1: without,B; and 2, 3, 4 : 0.3, 0.5, 2.0 %,@;, respectively
(Malysheveet. al, 1996
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Figure 3.11 Effect of firing temperature on the residual sulfur content of pellets
differing in B,O3 content: (1: without BO; and 2, 3, 4 : 0.3, 0.5, 2.0 %,@;,
respectively\Malyshevaet. al, 1996

Schmitt 2006 studied the addition of some boron containing compouladshe
organic binder Peridfirto improve physical quality of pelletsle used for different

iron oxides (a magnetiieematite blend concentrate, a specular heeatihcentrate,

two magnetite concentrate with flux and without flux) and tested colemanite, sodium
tetraborate pentahydegt sodium tetraborate decahydrate and synthetic calcium
borate as boron compounds alone or in combination with PEridiie results
obtained with pellets produced with boroompoundadditionwere compared with

the baselines obtained with bentonite oridRef alone. The addition levels were
0.04% or 0.05% for Peridtrand 0.05% to 0.20% for boron compounttswas
reported that boron compounds increase the physical striemdibth preheated and
fired pellets tumble indices, and reduce the sulfur conteriiredl pellets In addition

to desulfurization, the addition of boron containing compounds to iron ore pellets
made from specular hematite has shown the ability to increase reducibility and

metallization ofDR pellets.

It is believed that the mechanism behind the preheat strength generation is the
bonding that occurs when the boron compounds melt and fuse the iron i gra
together at contact point3o demonstrate, bentonité’,eriduF, and Periduf plus
colemanite pellets were sawed in half and photographed under a scanning electron

microscope(SEM). The suréce of the iron ore grains are shofwn bentonitepellets
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(Figure 3.12) and Periduf plus colemanite pelletd=igure 3.13). The surface of the

iron ore graindor those pelletfias taken on a more rippled, wave like appearance as
if there had been some fusion and/or melting of particles onto the irograire
surface. Wile the pellets made with just Periﬁu@Figure 3.14) haveless of this
formation This visual evidence supports the belief that a melt takes places on the
surface of the iron ore grains at temperatures less thafiQ 1&hperature reached in

the preheat firing cycléschmitt 2005.

Figure 3.12 SEMimage of preheated pellat 1122C made with lentonite(Schmitt,
2009

EHT = BOOKW Date :24 Mar 2006
WD= 7mm Signal A =InLens

Figure 3.13 SEM image of preheated pellat 1122C made with Periduf plus
colemanitg Schmitt, 200%
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EHT = BOD KV Oiste :24 Mar 2008
WD= 6mm  Signal A = InLens.

Figure 3.14 SEMimage of preheated pellat 1122C made withPeriduF (Schmitt,
2009

C o K 2006investigated theiseof boron minerals and wastes in iron ore pelletizing

in his M.Sc. thesis. He used colemanite, borax, ulexite and borax tasliadditives

to bentonite in pelleti zinthegstudy.fTheBdditioni J i m
levels were 0.7% and 0.05% to 0.20%for bentonite andboron compounds
respectively It was reported that borominerals had negative effects on pellet
conmpressivestrength when compared to the results obtained with bentonite bonded
pellets. In additionthe pelletstrength decreaseas found to be higher when the
addition level of boromineralswas increased from 0.05% to 0.20%. The reason of
the lower stength was due to direedditionof boronmineralsto the pellet feedif

they are added directly (without calcination) to the pellet feed, they will cause
spalling or even explosion of pellets during thermal treatmEn¢refore, a pre
calcination processust be applied to the boron minerals before adding to the pellet
feed.

The spalling of pellets can be explained by the decrepitation of boron minerals since
they contain considerable amount of chemically bonded water in their structure.
Decrepitation, Brinkage and expansion of boron minerals, namely colemanite,
ulexite and borax under heat treatment were presentdddyn er kEhe®X, and
¥zbayo] Itce letdkA9941998, Arslaret al, 1999 ¥ z b &tyalqg4001u
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Industrial test data are pusiied by Akberdin and Kim2008 regarding the
production (at Sokolovslsarbaisk mining and enrichment enterprise) and -blast
furnace smelting (at Magnitogorsk metallurgical works) of bealbboyed irorore
pellets (500000 t)Authors did not mention aboutdtborate ore, they only gave the
percentage of borate omddition and thecalculatedpercentage of D3 in the
pellets It was reported that, thanks to the presence of boron;

Compressive strength of the fired pellets is increased by 18.5%,
Compressivestrength of pellets after reduction is doubled,
Limestone consumption is reduced by 11%,

Bentonite consumption is halved,

=4 =2 =4 4 -4

Dust content of the gases in the last section of the firing machines is reduced

by 20%,

71 In blast furnace smelting, the yield of lesulfur (<0.02%) hot metal is
increasedrom 65-70% to 85.1% ,

1 Furnace productivity from 2.12.20 to 2.27 t/(rfday),

1 Coke consumption is deiced by 3 kg/t of hot metal,

1 The plasticity and stamping properties of 08I0 anttustry steel are

improved by miroadditions of boron.
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CHAPTER 4

DESIRED PELLET PROPERTIES AND TESTING METHODS

The pellet properties or qualities are dependent on the properties of raw materials
used in pellet production. Therefotgefore pellet propertighe main raw material,

in this case iron ore concentrate, propersiesuld be examined. Iron ore concentrate
properties are discussedbelow. The main propertyof the concentrate for
balling/pelletizing is theballability and defined by Jaroslai988 the ability to
produce balls with satisfactory compressive strength. Ballability is an outcbme
variety of properties, which include particle size distribution with the intrinsic
specific surface area and particle shape, particle wettability andungocontentare

other important properties.

4.1 Iron ore concentrateproperties

Naturally fine size iron ores @roundiron ore concentrates are maaw materials
for pelletizing process. Theshould have some significaptoperties before feeding
to the balling equipmentA material preparation stage is obligatory to obtain

suitable balling feed to produgeod quality pellets.

The material preparation steps;

Particle size reduction Multi-stage cushing and grindingrocessesre applied to
reduce the particle size of iron or€rushing and grinding steps are named also
comminution.Particles are liberated after grinding angund ore isthen sent to

concentration step for separation.
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Concentration : In general iron ores are concentrated to achieve a chemical
composition suitable for smeltin@.oncentration is aimed to upgradee £e content

to a desired level and t@move the undesired impurities below limifs the best
known process, magnetic seption is applied and sometimes, in addition, flotation

is used.

After producing of concentratehea following propertiesare determined before

pelletizing.

1 Particlesize dstribution (screen analysis),
1 Specific surface area masurement (Blaineumbey,
1 Chemical aalysis of iron ore or concentrate,

1 Moisture content of iron ore or concentrate (filter cake moisture),

4.1.1 Particle sizedistribution of iron ore concentrate

In order to produce wet pellets from ground iron ores in any balling equipthent,
feed size should be less than (Z®eshPm,
Therefore, grinding operation should beedted to reach such finenesghree
different typical pellezing feed material size analysare giverby Ball, et al.,1973

in Table 4.1

Table 4.1 Three different typical pelletizing feed material sdistributionanalyses
(Ball, et al., 1973

Cumulative percentage
Pellet feed _ _ = =
>I6 Q >59 (C >37 >20 d >2120 O
Magnetite concentrate 18 28 75 90 97
Hematiteflotation concentrate 2 2 23 50 70
Limonite ore 25 25 32 50 65

The particle size distribution of feed material can be determined by screen analysis.
Determination of size distribution by sievisgould be done by following standard

ISO 4701:2008 Howevert screening/sievingmethod is not effective for finer
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particles. Therefore the portionof the feedlarger than 440m o r 37 Om
determined bydry or wetscreening. The finer part can be determined by other sub
sieving methodsThe subsieve size material amount plays important role in balling
and increasing percentage fofer size increases the wetligg¢ properties(Forsmo,
2007).

Urich and Ban 1962demonstrated that the quality of pellets can also be controlled
by the degree of grindingnd this factor is undoubtedly one of the most important
aspects of feed preparation. A specular hematite was ground to give products with
minus44 Om cont ent s%to W0 and thesé maderials vére then
balled and fired. It was shown the Tdle 42 thatthe green ball strength increased

with the degree of grind.

Table 4.2 The effect of the degree of grind on green ball strefidtich and Ban
1962,Ball, et al., 1973

%<44 Om Green ball strength

feed material Ib kg
45 15 0.7
75 2.9 1.3
100 8.6 3.9

The major part of the particles pélletizingfeed is below than the usual size of test
screen. Nowadays the computerized laser particle sw®alyzersare used to

determine the particle size distribution.

A more appropriatecriterion showsthe pellet feedparticle fineness isspecific
surface area of thiene materias andit is explainedn the following title.

4.1.2 Specific surface area of iron oreeoncentrate

The increasingine material percentagprovides a significantontribution to the
surface area of thpellet feed materialSurface areais the measure of how much

exposed area a solid objebts, expressed in square uniEor pellet feed is
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expressed as dfg and cni/cm® or cmi/kg. A standard(ASTM C 20407) is
avallableand this test met hod covers deter mi
cement, using the Blaine giermeability apparatusA schematic draw of simple

Blaine air permeability apparatus is given in Figure &he general method to
measure the specific surface area is based on the determination of permeability of a
sample bed. Blaine apermeability apparatus is also used toaswge the surface

area of pelletizing feed. By comparison of standard sample the specific surface area

of the unknown material carelzalculated.

Metal cylinder J‘L Powder plug
&

Wire gauze and filcer

L)
Tap <) paper support

“ L\ T
Top

— 0 VOCuumMm pump

{ @—on D

2 3 i
‘ ;A{
|

Figure 4.1 A schematic draw of simple Blaine air permeability apparatus (Ball,
al., 1973)

Blaine air permeability apparatus is a variaptessure permeability tester, and the
measurement of the surface area is based on the ttimequired for a specified
volume of air to be drawn through the sample bed as fluid in the manometer falls

between two fixed levelsiiia and Hinal.

The values found out by measuring the specific surface area are dependent on the
type of iron minerals. The usual values for sperirtan ores are 1660800 cn’/g

and 16002300 cni/g for magnetite concentrates.
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Specific surface area:S—E% Bgéeé. . ééEQL

Where; K : a constant for the apparatus
r : specific gravity of the sample
e: the porosity of the sample bed,

h : the viscosity oftie air under the test condition.

At Luossavaar&iirunavaara AB (LKAB, Sweden) Kiruna pelletizing plant the
specific surface area is measured with a similar permeability method ddshyibe
Svensson. It is called as the K®trface area and the results are given iam.
The KTH-surface area and Blaine values show a linear relationship.-difidce
area values can be converted to Blaine by dividing by particle density (ty@chRy
glcnt for LKAB magnetite concentrategforsmg 2007).

4.1.3 Chemical analysis of iron ore concentrate

Fe grade and amount afanguesof iron ore concentrateare important to produce
pellet witha desiredccomposition Consistent chimerical compdisin of the product
pellets is veryimportant for blast furnace operation as it leads to efficient furnace
operation and uniform metal qualityence, before pelletizing the pellet feed should
meet the minimum requirements decided lbigst furnace operationiron ore
concentrate should contain about 65% Fe with silica and alumina as main gangue
constituents To provide such a desired composition an adequate blending might be

required.

Chemical analysis of iron ore concentrate can be determinétribyetric mehods
accord to related standards ASTM or 1SS0 25971 and2, 2006 in chemistry
laboratories. However, nowadaysa quick method;X-ray fluorescence (XRF)
spectrometers are used to determine the elemental analysis of pellét tbednical
analysisfor the pellet feed must contaifotal Fe, FeO, Sig) Al,03, CaO, MgO,
NaO, K0, S, ROs, and TiO, contents A few examples for typical pellet feed
chemicalcompositions arshown in the Tabld.3.
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Table 4.3 Typical pellet feed chemical analyses

TCFJIal SiO, | Al,O; | CaO | MgO | Na,O | K,0 | S | P,0s| TiO, | Reference
e

69.25| 095 | 1.01 | 0.53| 0.90 | 0.05 | 0.14| 0.48 | <0.1 | <0.01 XRF

65.35| 472 | 033 | 045| 042 | ND ND | 0.008| ND ND Ball, 1973

4.1.4 Moisture content of iron ore concentrate

The pellet feed material preparation steps (grinding and concenjratie generally

wet methods. Hence, the product from kgsération unit always contains some extra
amount of water which needs to be adjusted to an optimum level The wet ground or
concentrateslurry may contain 1520% solid by weight. In thickening the solid ratio

is increasd up to 6065% by weight. The moist naterials after thickenerare
generally sent to filtration unib remove the extra water. A pellet feed from filtration
unit with optimum moistureontentcalled adiler cake for pelletizing.The optimum
moisture content of filter cake should be about®%6 according to the orggde and

particle size fineness.

The moisture content of the material to be balled is particularly important, because
each specific type of materidhas a corresponding moistureprmally given
beforehand, which is needed for the resultant balls to possess the Ipigbsibte

strength. The relationships are given in Tabl(Jaroslay 1988.

Table 4.4 Moisture of various types of raw materials for ball{dgroslay 1988

Raw material Moisture for balling, %
Magnetite (Sweden) 9.5
Syntheticmagnetite 14.5
Hematite 8.0
Limonite 13.0
Siderite 7.5

Moisture content affects the packing of grains formithg wet pellets. If the

moisture is higher than the optimum valtree balling will be affected adversely.
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Moisture content of raw matersatan be determineakccord to ISO 3087:1998 and

calculatedoy;

Moisture content ofaw materiabo =z p mét. éEq.2

Where W,, : weight ofraw materia|

W : weight of dryraw material

4.2 Pellet properties

Pellets properties can be classified as;

1 physical propertiessuch as sizend shapemoisture content, drop number,
mechanical strength (compressive strength, resistance to tumbling and
abrasion) porosity

1 chemical propertiesuch as chemicanalysis, reducibility

1 metallurgical properties(physical properties under reduction conditiguch
as deaeptation, low temperature breakdown under reduction,hot
compressive strengthreducibility, swelling softening, sticking, high

temperature permeability.

4.2.1 Sizeand shapeof pellets

The size distribution of the pellets affects the production rates in the blast furnace.
Closely sized pelletare essential for a high production rate. Pellets were originally
manufactured in the.Q inch (25 mm) range, modern practice is to mpkéetsin
the1/2 inch (12.5 mmYyange, and a normal size requirement at the point of receipt is
90%1 16+9.5 mm(i 5/8 +3/8 inch, with a maximum of 5%5 mm materia(Ball, et

al., 1973.

An example about size distribution of pellets is given by Meyer, 198@ size

distribution of pellets, shown ifrigure 4.2, as an average of three commercial
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samples is remarkabl80-90% of the pellets should have a diameter I +Omm,
the major part of which diameter bf2 +9mm.

el

Distribution of pellets in %

5 v 15 2
Pellet diameter in mm

Figure 4.2 Size distributiorof pellets(Meyer, 1980

Pellets are also classifi@u terms of their sizas basic three groa@nd size of the
pellets can be determined by screening the product pellets with standard size screens

a) small size pelletsvith a diameter of 8+3mm can be used in sinteriog
hydrometallurgical processing,

b) optimum size pellevith a diameter of 16+9 mm which is standard size for
pellets can be sent to blast furnace,

c) large size pelletiith a diameter of 30+20 mmused in steemaking facilities.

Pellet size also influences the compressive strengitebfand dry pellets. A study
conducted by Rumphi9580n pellets made with eastthematiteshowed that small
pellets yielded lower strength than those of grater diameter. These compressive
strengtls can be seen in Tablk.5 Therefore closely sized (approximately same
diameter) pellets should be produced in laboratory investigations to compare the

resultscorrectly.

The spherical/globular shape of the pellets is required since the high permedbility
a pellet bed is possible with spherical shape and closely sized pellets.
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Table 45 The effect of pellet size on compressive strength of wet and dry pellets
made with earthy hemati{f&umph 1958

Pelletdiameter | Wet pellets,| Dry pellets,
mm kg/p kg/p
10 0.82 3.43
12 0.95 3.98
15 1.13 4.14

Pellet size distribution affects permeability of pellet bethminduration equipment.

If pellet permeability is bad due to pellet size distribution, blockages and cold spots
may be created along the grade. The low permeability of pellet bed affects the
oxidation of pellets adverseljurthermore, narrow size distribution of pellets is
importart for good pellet production operation and beneficial for subsequent

reduction process in stemlaking facilities.

Physical, metallurgical and microstructural properties of pellets have a major
influence on their reduction behaviaurthg processingn ablast furnaceThe firing

time, temperature, oxidation time and oxygen partial pressure are decisive for the
structural changes within the pellets; the nature of the changes affects, in turn, the
physical and metallurgical properties of the pellets. Basetthe above conditions in

the induration machine, the fired pellets often have-undform phases and
structures from the core to the shell of the pellet depending upon their size. The outer
part of the pellet differs distinctly from the core. The tim#edence between the
reduction and oxidation of the pellet surface and the pellet core increases with
increasing pellet size. For bigger pellets, a concentric duplex and triplex
microstructure has been observed. Thus, pellet size has a marked effect on the

formation of different phases and microstructWen@deviet al, 2009.

4.2.2 Moisture content of wet pellets

Moisture of the wet pellets is the liqu{dvater)saturated by grains of ore afiting
the voidsof the grains formed wet pellets
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Wet pellet moisture shouldenerallybe in the range 0.5 - 10% by weight of the

iron oxide The moisture content affects packing of grains, shape and strength of the
wet pellets.The shape of pellets with different moisture contents described by
Pietsch 1991 and they are shown in Figut&. If wet pellets formed at an optimum
moisture which is slightly below the critical condition and the seeds are wetted with
water sprays prior to adding new fresh feed, growth occurs in layers. Often such
agglomerategalled onion skin pellets. Below optimum moisture, either no pellets
are formed or the relatively dry agglomerates formed. These pelletsgbdveall

like shape which are brittle and disintegrated during balling. With high moisture, the
wet pellets becom more and more plastic until, at supercritical moisture. They
become mushy and stick to the surface of the balling equipment. These pellets have
raspberrylike shape. At higher than optimal moisture, pieces broken from primary

pellets and stick togethew produce irregularly shapsgcondary agglomerates

A) Onion skin

B) Golf ball C) Raspberry D) Secondary agglomerates

Figure 4.3 Shape of pellets with different moisture contents; A) with optimum
moisture, B) with less moisture, C) with high moisture: raspberry like pellets and D)
secondary agglomeratéBietsch 1991

Approximately100 gor agreed uponepresentativavet pelletsare driedto constant
weight at a temperature of05°C in a drying oven and moistutie determined.
Moisture of wet pelletscan be determined by same method explained in standard
(ISO 3087:1998andis defined according tthe following formula
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Moisture content of wet pellets %=——2zp néé . Eq.3.

Where W, : weight of wet pellets,
Wq : weight of dry pellets.

4.2.3 Drop number of wet pellets

Wet pelletsproducedby balling operation are dropped from one pointatmther
beforesendingthe drying zonef the induration furnacelherefore they should be
strong enough to reach the drying zone without breakiige of the quality

parameter for wet pellets is drop number.

Drop numberor wet knack of wet pellets can belefinedasability measure of wet
pellets to remain intact during transfer pointgailletizingplant. The drop number
indicates how oftemvet pelletscan be dropped from a heightaf 30 cm(12 inch).

or b)46 cm(18 inch)before they show perceptible cracks or crumble.

At least &n green balls are individually dropped on tplatform made withsteel

plate The number of drops is determined for eaott pellets The arithmetical
average values of the crumbling behaviortioé tenwet pelletsyield the drop
number.Meyer, 1980 has given the minimum drop number valué ascording to

the experienceAs a result, a pelldiasto withstand, without any damage, four drops
from a height of 46 cmSatisfactory values according Ball, et al.,1973 15 and 6

drops from heights of 30 cm and 46 cm, respectitadw values are associated with

dry, brittle wet pellets while high values can be considered as a result of plastic pellet
production.

4.2.4 Compressive strength of pellets

A certain minimumcompressive strengt{or crushing strength$ necessary in order
that the pellets can withstand the compression load in the pellet bed on a belt

conveyor, drying grate, induratiagrate, or in aeductionfurnace.
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Test method fordetermination of compressive strength of iron ore pellets is
described in related standar@hSTM E 38207 and ISO 4700:200y. Compressive
strength test of pelletévet, dry, preheated or firedan be carried out by using
manual hydraulic press or mecheali press or computerized compression test
machines in the laboratorie§he average compressive strength of pellets is
controlled by compressing of agreed upon number of pellets between parallel steel
plates up to their breaking poifithe maximum load wpiired to break the pellet can

be recordedn kg/p, Ib/p, N/p or kN/p automatically by test machine§he mean

value of tested pellets gives their compressive strength.

Compressive strength of wet pelletdVet pellets are loaded on a travelling grate
forming a pellet bed. Pellets are subjected to pressure from the upper layer of bed.
Therefore, wet pellets should have a minimum strength to remain intadcheyd
should be irspherical shap®® prevent good ket permeability.

Wet pellet compressive strength can be determined after formation of wet pellets.
Freshly produced wet pellet is located on sptaiformof compression test press and
loadedgraduallywith a constant crodsead speed. The maximum load required to
break thewet pellet is recordedlhe mean value of aagreedupon number of pellets
gives the compressive strengthvadt pellets.Wet pellet compressive strength is the
ability of wet pellets to retain their shape while dropping from balling equipment and
during the dryingorocess in induration furnace.

The compressive strength of wet pellets usually lies between 1.0 akd/g.@2.2
and 4.4 lipelleh (Ball, et al., 1973. Therefore, ndustrially acceptable minimum
compressive strength value for wet pellstould be greater than Kg/p or 2.2
Ib/pellet.

Pellets having a diameter of 10, 12 and 15 mm hgedded the wet pellet

compressive strength 0.81, 0.95 and31kg/p (Meyer, 1980. It is reportedthat

increasing pellet size increases the wet pellet compressive strength.
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Compressive strength of dry pellet3ravelling grate carries theet pellets through
the thermal zonesf induration machinedrying, preheating and firingones During
drying zone of thermal treatment, pellets are subjetctes@quentiazones of updraft

or downdraft dryingDry pelletsin travelling gratefurnace aresubjected to pressure
from hot gaseasirflow created by process fans and the pressure from pelléisbéd
Therefore, dry pellets should have a minimum strength to withskeaseé pressures
and load during induration. Dry pellet compressive strength is the ability of dry

pelletsto survive duringtravellingof the firingprocess in induration furnace.

Dry compressive strengibf pellets can be determined after drying of wet pellets in
laboratory oven at a temperature of 4D%ip to constant weight. Dry pellet is located

on steelplatform of compression test press and loadgddually with a constant
crosshead speed. The maximum load required to break the dry pellet is recorded.
The mean value of aagreedupon number of dry pellets gives the compressive

strength of dry pellets.

Acceptable value for minimum dpelletstrength igyiven byBall, et al.,1973as1.8
to 2.3kg/p (4.0 to 5.0 Iy) ad by Ripkeand Kawatra2000as2.2kg/p (22 N or 5.0
Ib/p).

Pellets having a diameter of 10, 12 and 15 mm have vyielded the dry pellet
compressive strengtl®43 3.98and4.14kg/p, respectively{Meyer, 1980)

Compressive strength of preheated pellespecially, preheated pellets strength is
importantwhen pellets are produced with thmavelling grate & rotary kiln and
cooler technologyAs the preheating zone is the thermal link between the drying and
firing zones pellets are preheated in the travelling grate prior to the firing in the kiln.
The preleated pellets from the grate are discharged by cascading into the kiln.
Therefore, such pellets should be strong enough not to disintegrate during cascading
and tumbling in the rotary kiln. In the case of weak pellets, dust and chips generated
as a resulof disintegration Weak pelletswill cause losses in plant efficiency, in

terms of both productivity and quality.

64



In the preheating zonthe most important reaction, for iron oxides except hematite,

IS oxidation; to conversion of magnetite to hematitexid@ion is the main
mechanism to provide the mechanical strength to the pellets by recrystallization and
crystal growth. In addition, oxidation also plays a significant role on the reducibility
characteristic of pellet8esides oxidation, decompositioh hydrates, carbonates or

sulfates as well as roasting of sulfide compounds found in the ore may take place.

Preheated compressive strength of pellets can be determined in labdrgtory
preheatingf dry pellets in laboratory furnace désired temperatas(400-1000°C).
Preheated pellets after cooling are tested for compressive strength. The maximum
load required to break ¢hpreheated pellet is recorddihe mean value of asgreed

upon number ofpreheatedpellets gives the compressiwrength of prehasted

pellets.

Thereis no specific compressive strength limit for preheated peltawever, they

should havea strength greater thathose ofdry pellets until discharging from
travelling grate on which no dynamic lo&at pellet disintegration. When the pellets

start to cascade from the travelling grate to rotary kiln, they should have a sufficient
strength withstand to break. This strengftitouldbe a valuewhich is equal or greater

than that ofobtained by aonventimal binder without breaking problem. Therefore,

any alternative binder should provide a preheated strength at least equal or greater
than those otonventionabinder performanceBecause of thatomparative tesire

usually carried out by researcherdiiarature

Compressive strength of fired pelletBellets cangain their maximum strength in
firing zone after completion of oxidation, recrystallization and formation of slag
phase. Fired pellets after cooling stage should have a minimum strength to withstand
the load duringstoring,loadingand transportation from the pellghg plant to iron
making facilities.In addition product (fired) pedts should withstand againstessure

in reduction furnaces.

Fired compressive strength of pellets can be determimé&boratoryafter firing of

dry pellets in laboratory furnace at different temperatur260-1350C according to
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experiment parametefFired pelles are cooled andbcated on steeplatform of
compression test press and loadgedduallywith a constant crossead speed. The
maximum load required to break tfieed pellet is recordedThe mean value of an
agreedupon number ofired pellets gives the compressive strengtHiiad pellets.
Pelles consumers demand a minimum strenggtue for product pellets. According
to Meyer 198Q minimum averagevalue of about204 kg/p (2000 N/p is required
Ball, et d., 1973has given the minimuroompressive strengthalue for fired pekts
as 250 kg/p (550 Ib/p. K's d elmon and Steel Companyfurkey demands also
minimum compressive strength 2b@/p from pellet suppliers.

4.2.5 Tumbling and abrasion indices opellets

One of the strength indicator of product pelletairsbling and abrasion indiceEhe
tumbling and abrasion indicesemeasured primarily bg procedure carried out in a
drum with lifters revolving at a certain times with a certain spebis t€stis carried

out in a tumbler apparatus accordstandards ISO, ASTM or JIS.

Tumbler gparatus(ASTM E27397(2005), as shown in Figurel.4, shall be a
circular drum 914 mm (36 inch) in inside diameter and 457 mm (18 inch) in inside
length constructedf steel plate at least 6.3 mr (in€h) in thickness. The drum has
two equally spaced steel angle lifters shall be solidly attached longitudinally inside
the drum.

11.3 kg (25 Ib) pellet sample is utilized for a single test. The drum is rotateditiat 24

rpm for a total of 200 revolutions. Then all of the material is removed from the drum

and hand sieved on 6.3 mm (1u4 inch) and
these materials are weighed and recorded separately. The percenteg8 ofm

(+1/4 inch)material is calledumbler indexor strength indexandthe percentage of

i6 00 1B0megh) material is callebrasion indexor dust index.

In USA16.3 mm (1/4 inch) also known aship index A dust index of 5% and a
chip index 6% are regarded as adequate for the treatment to which pellets are

subjected (Ballet al., 1973). Typical results obtained for good pé#ewith the
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ASTM procedure are +1/4 inch (+6.3 mm) index%®®6 andi 30 meshi60 0 O m)
index 2.55.0%
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Figure 4.4 Tumbler apparatu® determine th@umbler and abrasion indice$
pellets(ASTM E27997:2005

4.26 Dust generationof pellets

Iron ore pellets should have sufficient mechanical strengths against degradation in all
stages of pellet productioBesideshavingthe strength, pellets shouigtneratdess

dust during operation since the process efficiency and the equipments are affected
adversely by dust. Dust is also problem for product pellets since they abrade during
transportation to the reduction furnackoreover, dust is considered as lost and
problem for environment since they are becoming airborne in plant or during
transportation. Thereforengreasing the mechanical strength and decreasing the dust

generatiorof pellets are necessary for better operation and handling of pellets.

Thebre&down of tacoite pellets at iron ore facilities is a primary source of airborne
dust. During breakdown, the pet produce coarse pellet fragments and a very fine
powder. To better understancetproblem of airborne dust abir ore facilities, the
brealdown kineticsvasstudied by Copeland and Kawate®05and Copelaneét al,

2009 The apparatus they useds a sieveshaker with 3 meshieveon top and 35
meshsieveon bottom. 100 to 1000 g dry pellets placed on 3 mesh sieve and the
sieveshaker run fo 15 minutes. The fines generated after test are reported and the

particle size distributioanalysis carried out on fines.
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The kinetics of dust generation is strictly dependent on the nature of tlets,pell
production process and handling conditioD#ferent pelletbreakdown properties
lead to different PNy ( parti cl es 10 Om andhPMg (paticiest e r
2.5 Om in di aguestitiesCopeland asdiKawatrag 2005)

Authors also used a novel dust tower to evaluate how walppressant functioned

in reducing airborne dugtom iron ore. The procedure involved taking the treated
pellets and fines and dropping them through a cotmueent air stream. The air
stream was passed through a filter to remove airborne particleavdigbt of the
particles collected on the filter paper was reported as the amount of airborne dust
generatedPellet breakdown studies revealed that as much as 43% by weight of the
fine particles were 10 Om in diaw®ter
Environmental Protection Agencyfopeland and Kawatra, 2005 and Copelahd

al., 2009. A diagram of dustower used in the researchgiven inFigure 45. This
dusttower is unique in that it simulates material handling while allowing for direct

airborne fine particlemeasurements.
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Figure 45 MTU dust tower setup with Dust Trekmeter. Air was drawn through

the bwer at aconstantate of 9 Is. Diagram is takeXCopeland and Kawaty2005
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4.2.7 Porosity of pellets

Porosity is an important fundamental property of green balls and fired pellets, and
plays an important role in each stage in the pelletizing process. Porosity is governed
by the particle size and distribution of the feed material; however, ftested by

moisture content of green balls and retention time in balling equipment.

Porosity has an important part in the drying mechanism, since the steam produced,
during drying of green balls by means of hot gases, leaves the green balls via pores.
In subsequent firing process, the rate of oxidation and the grain growth are directly

related to the pore size and distribution.

Pellets with high porosity are desirable for the reduction of iron oxide pellets to iron
in the blast furnace to be rapiorosty is defined by Lodge, 2010, a measure of the
open space, or pore volume, within the pellet that is accessible to the reducing gases.
The reduction is a heterogeneous reaction that requires first the adsorption of the
reducing gas, typically carbon mondgj on the solid surface of the iron oxide. The
larger the pellet's porosity the more surface area there is for the initial adsorption

step.

The porosity of pellets (P) is determined by measuring the true specific gravity with
benzene or kerosene in a pgmeter.The apparent specific gravity measured with

mercury according to replacement metiflibyer, 1980.

Total porosity of pelletd) , =9%—2p M.M..ccccveee...... Eqg.4

Where : D : true specific gravityf pellet,
d : apparent specific gravityf pellet.

Typical porosities for green and doglletsfrom high grade material are in the range
31-36%, whilst a porosity of 230% for fired pellets is associated with good
reducibility (Ball, et al.,1973.
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Specific gravitiescanalso be determined by some instrumental mettgodsir or
gas displacement pycnometef$ie instruments like mercury porosimeters are also

available to measure theilk volume ofthe porous substances.

Recentporosity determinationf individual pellet has been done by Lodg610 by
measuringof the skeletal volume and the envelope voluohghe pellet Helium
pycnometer is the method of choice for the measurement of the skeletal volume,
whereas volumetric displacement of dry material is now the preferred method for the

envelope volume

Forsmoand Vuorj 2005reported that at LKAB in Swedemercury poosimeter was
replaced by theseoPyc instrument, in which the sample volume is measured by
packing in silica sandThe green pellets are strengthened by spraying with a fast
drying lacquer before measuremertiey used the absolute density of particlethen
calculation of the green pellet porosity. They conctutlet reproducibility of the
GeoPyc i nstr uume ant easysto u¥d) thdréfordhe problematic

handling of mercury is avoided.

4.2 8 Reducibility of pellets

Reducibility is one of the important characteristic of fired pellets in blast furnace in
which they converted to metal iroReducibility is the ease with which oxygen can
be removedrom the pellet composition ireducing atmospher&educibility data
give idea about the fuel consumption in blast furnace and the optimum sizdaange

the charge material.

The number of statibed reducibility test is manifold but, Linder rotating furnace
procedure which may be regarded as one of the pioneer methals foost widely
used modern tests. The Linder test was designed to determine reduailoilltyeak
down during reduction of 500 sample with 200 g coke. The furnace rotates at 30
rpm for 5 hourg0 - 2 hours @70 and 2- 5 hours @100) by variousreducing
gas compositionswith a flow rate 15 I/min The reducedsample is analyzed for

reducibility and breaklown However this test doesot completelysimulate to blast
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furnace operation, therefoseme modified versions of this test are used to determin
reducibility (Ball, et al.,1973.

Gakushinreducibility testmethod is a static bed type teshown in Figuret.6. Dry
500 gsample is heated to 9 under nitrogenand thenthe reducing gas test is
passedor 3 hoursthrough the sample bed wittHlaw rate 15 I/min.The reduction of
the sample is calculated by loss weight recorded by a sensitive balance. Besides
reducibility data, test is alagsed to measure;

1 the brealown occurring during reduction,

1 volume changingf pelletsafter reductior(swelling),

1 tumbling and abrasiomdicesof pelletsafter reduction.
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Figure 4.6 Gakushin reducibility test apparatias pellet reduction

The Gakushin method has been modified to determine reducibility in which the test

conditions are more or less sambe modified tests are;

1 Chiba reduction test,
T Verein Deutsher Eisenhg¢gttenleute (VDE)
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1 Centre National de Recherches Metallurgiques (CNRM) method,

M Non-isothermal test: Aufheizverfahren method.

The typical reducibility test results by reviewedsll, et al.,1973for fired pellets;

9 Linder test index: about 50%eduction

9 Gakushin test : about 60% reduction

1 Chiba test : redudbility index of 2.53.0 mmhour
1 VDE test : rate of reduction of 0-44..0%/minute when the pellet is
60% oxidized

The internationalstandard test fodetermination of the reducibility by the rate of
reduction indexreducibility, (R40) (ISO 4695:200) and determination of the
reducibility by the final degree of reduction ind€i5O 7215:200) (relative
reducibility) are published by ISO.

The degree of reducibility can be calculated by the weighhge of the pellets as
shown in EQ.5. Or the degree of reducibility can be calculated by the change of

oxygen percentage of the pellets before and after tieduc

Reduciblityof pellets, R % = ZP TLI.coeeeeeeinnnnnns Eq.5

Where Mo : weight of pellet sample prior to reduction test,
M, : weight of pellet sample after reduction test,
O : amount of the oxygen associated with the iron in the pi
sample before reduction.

From the above equations, percent reduction was calculated as a function lof time
A k K 2004 Researcher obtainedRat the end of 3 hours, whick & measure of
reducibility for different samples, aggvenin Table 46. Reducibility curvedor the

experimental Erdemir samples are presented graphically in Figure 4.
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Table 4.6 Reducibilities of some iron ore/sinter/pellet samples at the end of three
hour s, 20084k ki t

Reduction,%

Sample Major Iron Minerals (3 hours)
Erdemir Lump Ore Hematite 43.4
Erdemir Pellet A Hematite 66.6
Erdemir Pellet B Hematite 78.7
Erdemir Sinter Hematite & Magnetite 77.6
Kesi kk©pr ¢ | Magnetite 40.0
Di vriJi C o | Magnetite 49.0
Di v r(Dupnluca) Hematite &Magnetite 56.0
Di v r-K&afai B Hematite &Magnetite 63.0
DivrijJi P | Hematite 72.5
Akdaj Hematite 74.0
Attepe Hematite & Goethite 92.2
Koruyeri Goethite &Hematite 92.5
Hekimhan Limonite 91.5
Kardemir Sinter Hematite & Magnetite 69.6
CVRD Hematite 67.4
ISCOR Hematite 43.2
# Erdemir
Sinter
O Erdemir
Pellet A
;\8 A Erdemur
= Pellet B
i)
g Erdemir
8 Lump Ore
nd
210
Time, (minute)
Figure 4.7 Reducibility of ironoresintep el | et and | ump
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4.29 Swellingindex of pellets

Swellingis the volume changef pellets under reducing conditioRuring reduction,
pellets swell throughout conversion of hematite to magnetitd roughly swelling
increases up to 30%, corresponding tovthe s formiatmn stagéBall, et al.,1973.
Pelletswith a tendency to swed#ixcessively become soft and spongy and sometimes
disintegrated into powdean blast furnace The blast furnace operators recognized
that high swelling cause problems in operatiGge decrease iproduction rate and
efficiency. Therefore, the swelling of pellets should not be greater than an optimum
value.According to experience in industrynaaximum 20%swelling is considered

optimum br problen-free blast furnace operation.

Different test methods haveen proposed to determine swelliGgnerally swelling
of pellets can be determined by a dilatometer technique. The other mettmd is
measue the apparent volume of the pellets before and after reduction test. The

apparent volume of the pellets can beedmined by mercury pycnometer.

Determination of the freswelling index for fired pelletis explained in ISO
4698:2007 The swelling can be calculated by the volume change of the pafilets

reducibility testas follows;

Swelling of pellets, S% = ZP TLIeeieeeenienniinnns Eq.6

Where Vo : apparent volume of pellet sample prioréduction test,

V. : apparent volume of pellet sample after reduction test.

The swelling index p to 20% has been acceptedrasmal swellingwhereas the
higher values arealledabnormal swellingor evencatastrophic swellindSharmaet
al.,1990; Nasret al, 1996). The iron ore plelts exhibit increase in volumduring
heating due to thermal expansion and redugtaspresentedn Figure 4.8 (Gupta
2007).
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Figure 4.8 Schematic diagram of swelling behavior of iron ore pellets during

reduction(Gupta, 2007)
4210 Chemical analysis offired (product) pellets

The iron content and the percentage of impurities are important for the indurated
productpellets in terms of an economic iron production inréduction facilities A
chemical analysis gbroductpellets is carried out antiotal Fe SiO,, Al,O3, CaO,

MgO, NaO, K0, S, P,Os and TiQ contents are reported.

4.211 Desired ellet specificationsby pellet buyers
The product pellets should have specificatianglained aboveo be usel in

reductionfacilities (blast or DRI furnace) efficientlyDesired pellet specificatiaby

K S D E MIKifRey(Iskenderun Iron and Steel Company) are givehable4.7.
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Table 4.7 The acidic and basicpellet specificationsapplied by KS DE MK R
(http://www.isdemir.com.trlast visited on 15/05/2011)

Chemical specification (weigh % dry basis)

Fe 65.50 min S 0.01 max
SiO, 6.00 max As 0.005 max
Al,O3 1.00 max Cr 0.05 max
CaO (acidic) | 2.50 max Ni 0.01 max
CaO (basic) | 3.00 max Zn 0.01 max
MgO 1.50 max Pb 0.01 max
Na,O 0.05 max Cu 0.01 max
K,0 0.05 max Sn 0.005 max
TiO» 0.50 max Mo 0.005 max
Mn 3.00 max \Y 0.02 max
P 0.06 max Moisture 3.0% max
Basicity 0.25 (acidic pellets) 0.60-1.00 (basic pellets)

Physical specification

+16 mm 7% max
Sizedistribution -16 mm +12.5 mm 40% max
(ASTM E 389-93) -12.5 mm +9.52 mm 45 % max
-9.52 mm 8% max
Tumbler test +6.35mm  95.0% min
(ASTM E 279-92) -0.5 mm 5.0% max
Compressive strength 250 kg/p
Density (ASTM C 373-88) 5.10 g/cm
Low temperature breakdown test | +6.35 mm  84.0% min
(ISO 4696) -0.5 mm 3.0% max

Metallurgical specification

, 0.75 %/min (acidic pellet
Reduction under load (R40) 1.20 //?nin (tfasic pepllets)

(AS PER ISO DP 7992 DP 15.0 mm WG max
Swelling index test (ISO DP 4698) | 20% max
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CHAPTER 5

EXPERIMENTAL STUDY

Experimental studies were carried out in woversitylaboratories:

1) Middle East Technical University Miningngineering Departmertaboratory
(METUMEL)

2) Michigan Technological University Chemical Engering Departmert
Laboratory (MTUCEL)

The materialsand their characteristics, methods and equipments for material
characterization and for the pelletizing experiments are explaméuk following

sections
5.1 Material s, methods and equipments

After the physical, chemical and mineralogichhracterization of the materigthey
were subjected topelletizing experimentsDuring the pelletizing experimenfs/e

different raw materials are used;

1) Iron oxide samplestfvo magnetiteconcentrateanda hematiteore),

2) Bentonitesamplest{vo different sodiunbentonite),

3) Natural aganic binderCMC, dextrin anctorn starch)

4) Manufactured organic based bindel®PEP®-0007 polymer, SperﬂocfE
A150-LMW and Superflo€ A150-HMW flocculants,

5) Boron compoundgécolemanite, tincal, bax pentahydrate and boric agid
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Informationand characteristics tfiese raw materials agivenbelow.

5.1.1 Magnetite concentratesamples

Two magnetite concentrate samples were used as iron sxioslee One of them is
f r o m DronvOrei Mineand Concentrator Plarbivas, Turkeyandthe other one

is fromapelletizing planiocated athe Lake Superior districMichigan, USA.

5111 Divriji magnetite concentrate

The frst magnetite concentrate samplas obtained r om Er demi r Di vri]
Concentrator and Pelletizing Plant, Sivas, Turkey. This sample was taken as moist
filter cake from the filtration unit of the concentration plant. The original sample was
received on 2/D6/2005 andbrought to the METUMEL irfive big plastic bags and

weighed about 250 kg in totédeight of original sample with filter cake moisture)

The originalD i virmagnetite concentrate was washed repeatedly water in
order toensure no impurities mixed by mistake. Afterward sample was filtdrezt|
first atroom temperature and then in a laboratmvgnat a temperature df05°C for
24 hour Dry sample wasblended and was divideohto four partsby cone &
quarteringsamplingmethod. One part is divided again by cone & quarteand
riffle sampling methos into representative samples. Sampling was carriednout
accord withthe internationalstandard for sampling of iron ore¢ASTM E 87703
and ISO 3082:2009 Representative samplesach about 100Qy were put in
individual laboratoryplastic bags to usin pelletizing experimentsThis magnetite

sampl e was named as ADivriji magnetiteo

Particle size distribution was determined on representative samjietbyscreening

with standard laboratory sieves and lager diffraction method with particle size
analyzer;Microtrac SRAshown inFigure 5.1(Leeds and Northrup Instruments)
Particle size distributiorresultis given in Figures.2 and the amount of the material
finer than 44 Om (325 mesh) is 63.68%.

78



Figure 5.1 Microtrac SRA patrticle size analyzer (MTUCEL)
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Specific surface areaf originalD i v mMiaghneétite concentrate was fouhds 1 7 N2 4
cn’/g. Specific surface aregBlaine number)determination test was done with a
Blaine air permeability apparatus shownkigure 5.3 in accord with the standard
(ASTM C 20407). The Blaine air permeability apparatus consist essentially of a
means of drawing a definite quantity of air through a areg bed of sample of
definite porosity. The number and size of the pores in a prepared bed of definite
porosity is a function of the size of the particles and determines the rate of airflow
through the bed (see alttle 4.2.7).

79



Figure 5.3 Blaine air permeability apparatus determine specific surface area of
powder materiag{ METUMEL)

Specific gavity (spgr.) of Divrigi magnetite concentrate was found &.by
pychometer sp.gr. determination meth@diring spgr. testboth distilled water and

acetonavere useds liquid media.

Elemental analysis of Divrigi magnetite concentrate was performed with Spectro 1Q
X-ray fluorescence (XRF) spectrometer (Figird). The resuls of the chemical

analysisof Divrigi magretite concentratarepresentedn theTable 51.

Figure 5.4 Spectro 1Q Xray fluorescence (XRF) spectrometer (METUMEL)
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Table 5.1 Chemicalcompositionof Divrigi magnetite concentrate

5.1.12 Lake Superior district magnetite concentrate

The second magnetite concentrased in the pelletizing experiment was a magnetite
concentrate sample obtained fraammine located athe Lake Superior district,
Michigan USA. Concentrate was received on 28/07/20@th mine and brought to
MTUCEL. Sx containers weighing approximatel@@ kg in total (weight of original

sample with filter cake moisture). The original sample was blended and then divided

Component, weight %dry basis

Total Fe

SiO,

Al 203

CaO

MgO

Na,O

K20

P>0s

TiO,

69.25

0.95

1.01

0.53

0.90

0.05

0.14

0.48

<0.1

<0.01

into 77 representative samples of 2500 g each by cone & quartering and riffling

sampling method6ASTM E 87703) and sealed iseparatelastic bags. Figurg.5
shows the representative sample preparation proceduremdiséure content oés
receivedmagnetite concentrate wds51%. This magnetite sample was named as
AnLake

Figure 5.5 Representative sample preparatwacedured) Cone & quarterindd)
Riffling samplingmethod<C) representative samples labeled and storseparate
plastic baggMTUCEL)

The particle size distributioof Lake Superiormagnetite concentrateas determined
by SRA Microtracanalyzer It hada particle size of 96.53% passing @ (Figure

5.6).

Superior

magnetiteo
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Specific surface area measurement carried out by Blaine apparatus and was found

2212

Superiomagnetite concentrate was fouh@4.

Elemental analysi®f Lake Superiormagnetite concentrateampledetermined by

XRF method and resultgeshown inTable 5.2

/g ®r LakenSuperiomagnetite concentrate. Specific gravity lafke

Table 5.2 Chemicalcompositionof Lake Superiomagnetite concentrate

Component, weight % dry basis

Total Fe S|02 Al 03 | CaO MgO Na,O | K,O S P,Os5 T|02
65.52 | 4.87 | 0.09 | 0.44 | 0.37 | <0.01| 0.02| 0.03| 0.05 | 0.01

5.1.2 Hematite sample: Brazilian hematite ore
A Brazilian hematiteore imported bhyK s k ender un | r on

was obtained from the companMematite sample weighing5 kg in total was

St ee

brought to METUMEL The entire hematite sample was blended and divided into
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representative samples of about 1 kg by c&neuartering and riffle sampling
methods(ASTM E 87703). Then each representative batch sample labeled and
stored in plastic bags separatebgreen analysis was carried out with representative
hematite sample and it had a particle size of 80% minusrB60n order to obtain a
suitable particle sizedistribution and specific surface areéor pelletizing,
represetative hematite batch samplabout 1 kg were crushed in roll crusher then
groundin a laboratory scale rod mitbr different time(see title 6.1 This ground

hematite sample was named as fABrazilian |

Particle size distribution was determiniey laser diffraction method witMicrotrac
SRA for ground hematite sample used in the pelletizing experimBatsicle size
distributionresultis given in Figures.7 and the amount of the material finer than 44
Om (325 6n®6.h) i s

100 /—.—.—.—.—
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80 /
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60 <440 m 61.07%
50
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20

10 //
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1 10 100 1000
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Cumulative percentage finer than

Figure 5.7 Particle size distribution @razilian hematite orgP105248.900m an d
P 76. 95 Om)

Blaine specific surface area thfe original size (aseceived) sample was found 392
cn¥/g. After grindingfor an optimum time, it was increased 108 9 1 cri¥l/g ®r
the ground hematite sampl8pecific gravity ofBrazilian hematiteore was found
4.0 by pycnometer method with distiled watand acetoneas liquid media
Hematite ore chemical analysis wearried out withXRF instrument andesults of

chemical compositionf hematite samplaregiven in Tables.3.
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Table 5.3 Chemicalcompositionof Brazilian kematiteore sample

Component, weight % dry basis

Total Fe S|02 Al 203 CaO MgO Na,O K,0 S P205 TiO 2

66.62 | 5.71 | 3.05 | 0.048| 0.017| <0.11 | <0.006| 0.005| 0.16 | 0.054

5.1.3 Bentonite samples

Two differentsodiumbentonite samplewereused in the pelletizop experiment as
conventionalbinderto seta baseline value to compare the performances of tested
binders One of the bentonites is from Rexkad
bentoniteis from a pelletizing plantin the Lake Superiodistrict in Michigan, USA.

The former bentonite sample was named as

ALake Superior bentoniteo throughout the

51.3. Tokat Rekadiye bentonite

First sodiumbentonies a mpl e was t ak egon bfifokap Tukkeyk adi y e
produced by dadinderkorapelietizidg. ok iron oresDry bentonite

sample was kept in a plastic containetaboratoryto use in pelletizing experiment.

The patrticle size distribution analysis was carried out antethétis given inFigure

58 The particle amount abfoumeoabed7.88%mThe4 4 Om

chemical anal ysis of Rieed avithiXiRfemethoglantd oni t e

resuls aregiven in the Table 5.4.

Table54Chemi cal composition of Rekadiye ben

Component, weight % dry basis

SiO; | Al,03 | Fe03 Na,O K20 CaO MgO LOI

67.76 | 16.86 | 4.17 1.38 0.73 2.19 3.62 2.93
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5.1.3.2 Lake Superior district bentonite

Second bentonite sampleas takenfrom a pelletizing plantlocated atthe Lake

Superiordistrict in Michigan USA. This bentonite is being currently used this

plant for magnetite concentragelletizing The particle size distribution curve is

given inFigure5.9,

and

shows that the minus 44

The chemical analysis of this bentonite sample was determined withmé@®fkod

and result aregiven in the Table 5.

Table 5.5 Chemical composition of Lake Superior bentonite

Component, weight % dry basis

SiO,

Al 203

Fe,03

Na,O

K50 CaO MgO LOI

58.36

21.14

3.96

3.82

0.58 1.43 2.98 6.75
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5.1.4 Organic binders : CMC, corn starch and dextrin

Three different natural organic materials were testedas alternative binderso

conventionabentonite

1) Technical grade CMC
2) Food gradearn starch
3) Dextrin,

Technical grade CMC CMC (carboxymethyl cellulose} a well known binder for
many industries including iron ore pelletizingMC is acellulosederivative with
carboxymethyl groups-CH,-COOH) bound to some of tHeydroxyl groups of the
glucopyranosemonomersthat make up the cellulodeackbone The structure of
CMC is given in therigure3.3. A few commercialorganichinders manufacturedy

somechemicalcompaniesfor iron ore pelletizingare CMC based binders.

Technical grad&eCMC was purchased from the local chemical market tastedas

organic binder. It waadded to the ironxide concentrate at different additidoevels
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either powder or as solution with distilled water. The characteristand screen
analysisof CMC used in thepelletizingexperimentds given in the Tabl®.6. The
residue ofCMC after burning at 100€C for 30 minutes is only 0.19%.

Table 5.6 Characteristic and screen analysissafinicalgradeCMC

Characteristic of technicalgrade CMC

Moisture % 10 DS 0.75
Max.
Color White | pH (1%) 9.8
Starch Non Viscosity %2-25 C 180cP
Brookfield
Appearance Dust Active material ratio % 63

Screenanalysis of echnicalgrade CMC

+710mm_ | -710mm+355mm | -355mm+150mm | -150mm+75mm -75mMn

0-1% 0-5% 10-25% 15-25% 7544%

Corn starch: Starch and cellulose are isomers and as such can be expected to have
generally similar but not identical propertieStarch derivatives are presented in
Figure 3.3.Starches generally are less expensive than cellulose derivathayscadn

be wused eit hei(cookkd yn waier). Staghed aree gdrd@duced from
vegetable matter, such as corn, potatoes, or wheat, and their properties vary
somewhat, depending on the soufeesele and Kawatra, 2003

In this study 6od grade corn starch was also tested as organiersintl was bought
from the local marketlt wasused as geafter a cookng process Predetermined
amount of corn starch was put in sufficient amount of distilled water, and boiled in a
pressurized autoclave at £@for 30 minutes. After dissolution obm starch, this
gelledsolution was stirred in a mixer to geuaiform mix. The required amount of
starch solution was mixed wittiry iron oxide The corn starch ha3.04%residue
(almost zeropfterthermal treatmerat 1000C.

Dextrin : Dextrinsare a group of low molecular weigbarbohydrateproduced by
the hydrolysisof starchor glycogen Dextrins are mixtures giolymersof D-glucose

units. Dextrins are white, yellow or brown powders that are partially or fully water
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soluble, yieldingoptically activesolutions of lowviscosity Yellow dextrins are used
as watessoluble glues White dextrins are mostly used in food industry andaas
thickening and binding agent inpharmaceuticals and paper coatings
(http://en.wikipedia.org/wiki/Dextrinlast visited on 20/05/20).1The dextrinis also
mentioned in some patentescribing ironore agglomeratiofUSA Patent No:
6071325).

A yellow color dextrin sample was purchased fratime local market and sted &
organic binderThe residue of dextrin after burning at 180Gor 30 minutes is only
0.19%.

5.1.5 Manufactured organic based binders polymer and flocculants

Three different gnthetic manufactured organibased materials are tested as

alternative binders;

1) DPEP060007 polymer,
2) Superflo{E A150-LMW flocculantand,
3) Superfloc';E A150-HMW flocculant

Ciba® DPEP060007 polymeris an anionic copolymer blend artitytecSuperflocfE
A150LMW (low molecular weight) andCytec Superfloc,E A150HMW (high
molecular weight)are anionic polyacrylamide flocculantsThese manufactured
organic based binderwere tested aslternative binders They are intentionally
synthesized for agglomeration and flocculation purpo3ée former was
manufactured and supplied by Ciba Specialty Chemicals Holding Inca as
commercialagglomeration aicchemical. The latter two ar#occulants wheh are
manufactured and supplied by Cytec Industries Tine@ manufactured organibased
binders are identi&d by codesvith no identifcation of their structurélhe chemical
name ofCibd® DPEP060007 polymeris described as 255% sodium carbonate in
its material and safety data sheet. However, no informatmut chemical contents

was giverfor CytecSuperroE in their material and safety data sheets.
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Synthetic organic based commercial binders manufactured by some confpanies
iron ore pelletizing argenerallyCMC based binderd hese binders can be used as
either dry powder or as water sIur@ibaE DPEPO060007 polymer was added to iron
oxide directly as powdesince the particle size was suitabl€ytec SuperflocfE
flocculantswere used as water slurry after dissolution in distilled wartee they are

particulate material

The residuginorganicnoncombustible partdf Cibd DPEP060007 polymerafter
thermal treatment at 108D is 27.646. The residugof CytecSquerroc,E were found
to be 1536 and B.65% for low molecular weightand high molecular weight

respectively.
5.1.6 Boron compounds

Four differentboron compoundgtwo natural andiwo derivatives) were tested as
binder alone ottogether with arorganiémanufactured organibindersmentioned

above. The boron compounds selected for the study;

1) Colemanite,

2) Tincal,

3) Boraxpentahydrate and
4) Boric acid.

5.1.61 Colemanite

Colemanite or calciunborate salt is a naturddorate mineral found in evaporate
depositsof alkalinelacustrineenvironments. It is a secondary mineral that forms by
alteration of borax and ulexite Colemanite has a chemical formula
2CaQ3B,03.5H,0 or [CaBeO11l: 5 {0 andmelting point of 986C (T e k,2G03.

A colemaniteconcentratesample sized 125+25 mm(15 kg was takenfrom Eti
Mine B i g aGwncentration PlanfThe typical chemicatompositionof colemanite

samples given in the Tablé.7.
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Table 5.7 A typical chemicalcompositionof colemaniteconcentrate

B,O3 SiO, CaO SO, As,O3
% % % % ppm
41-43 | <650 | 2628 | 0.50 <50

Preliminary studies carried oat the beginning opelletizing experimentsshowed

that the addition of 0.50.00% boron minerals such as colemanite or tincal into

pellet feed caused the pellet spalling after thermal treatment. The spalling of pellets

can be explained by the decrepitation of boron minerals since they contain

consderable amount of chemically bonded water in their structure. Decrepitation,

shrinkage and expansion of boron minerals, namely colemanite, ulexite and borax

underthermaltreatment were presented kye n e r
¢ e letak,19941998, Arslaretal.,1 9 9 9 ,

1991,

kener

¥ etlala2p@l] | Getkala2010
studied the effect of boron minerals on pelletizing of iron ore concentrate. They used

and

colemanite, ulexite and borax in the range of 0.05% to 0.20% together with 0.70%

bentonite. They @ncluded that the addition of these boron minerals decdetse

fired pellet compressive strengthis believedthat the low fired pellet compressive

strength is due to decrepitation of boron compounds during thermal treatment.

Therefore, the use dboron compounds in iron ore pellet feed requires a pre

calcination proces® avoid pellespalling andreakage

The asreceivedsize colemanite concentrate sample was washed, and dried. Dry

sampl e was

crushed

n

a

r ol

IscreenThesnhle r

behavior of colemanite and calcined colemanite (afGpvere examined with a

thermogravimetric analyzefhe calcination curvesbtained fromL e ¢ @&A701

thermogravimetric malyzeris shown in Figure 5@ TG curves of colemanite and

an

cakined colemanite were obtained using normal atmosphere with a heating rate of

3°C/min from room temperature to maximum 1800The calcination curvesf

colemaniteand calcined colemanitample can be seen in Figurel.1

9(
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Figure 5.11 Calcination curve of colemaniteand calcined colemanitsample
obtained using normal atmosphere and a heating raf€ohsh.

Calcination (removal of chemically bonded watenf colemanite was carried out
with a crushedand drysample However curves show weight loss due teesidual
moistureat about 10011°C. Theweight loss ¢alcinatior) starts gradually at about
200°C and speeds up at 3@andthe biggest part of the calcinatiompleted at
about550-600°C. After this temperaturesecondweight loss was detecteahd &

chemically bonded water wasmoved from the body at about0?Q. The reason for
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calcination of colemanite before addimgo pellet feed ido preventpellet spalling
and breakagduringthermal treatmergteps of pelletizing.

Calcined colemanite wasaind up to a suitable fineness in a centrifuge ball mill.

The particle size distribution curve gfoundcalcined colemanite is given Figure

5.12, and shows that t h e mateiiahisi 3.5%. Groubdn ( 32 5
calcined colemanite with appropriate size distribution was added to iron oxide
directly as powderThe specific gravity of thecalcined colemaniteample measured

with pycnometer using acetoas liquid mediavas found 1.95.
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Figure 5.12 Particle size distribution ajroundcalcined colemanitéPioz 17600 O m
and Ry 54.670 m)

5.16.2 Tincal

Tincal or sodium borate is a natural boron mineral known as borax decahydrate and a
chemical formula NgD.2B,03.10H,O or [N&BsO;.10H,0]. A typical tincal
concentrate contain86.47% B,Os; and 16.24% N&O. Melting point of borax
decahydrate is 62 when heated in closed atmosph@ergen andr e k,t2G0%)

A tincal mncentratesample (10 kgyvas obtainedrom Eti Mine K & r Gorcentration

Plant The asreceivedsize tncal concentrate sample was crushed in a roll crusher

92



and ground up to a suitable fineness in a centrifuge ball@ntlund tincal was used

either as powder or a solution.

5.16.3 Borax pentahydrate

Borax pentahydrate (NB40;.5H,0) is a boron derivative witabout 47.0848.00/%
B.Oz and 21.2% Na&O. It has a melting point of 268 when heated in closed
atmospheréT e k etalk2007). Borax pentahydrateveighing 5 kgwas taken from
Eti Mi ne Keér ka Conc dghstsangle cootainth® miaimumB,@sn d
content is47.76%.

5.1.64 Boric acid

Boric acid has thehemical formulaH3;BOs, alternatively written B(OH) Boric acid

is soluble in bol i ng water. When heated above
metaboric acid HB@ Metaboric acid is a white, cubic crystalline solid and is only
slightly solubl e in wat eRure bdBoacidnowdec i d
form manufactured by Mek&E Chemicals Companwas usedo see the effect of

impurity-free boron compound addition

5.1.7 Thermal stability of testedbinders : TGA Analyses

TGA (thermogravimetric analysi$y usedgenerallyto determinghermal stability of
materials The most widely used TGAtechnique is based on continuous
measurement of weight on a sensitive balarfdteermobalance as sample
temperature is increased in air or in an inert atmosphere. Tdatlesdnonisothermal
TGA method Data are recorded as aetimogram of weightgainsttemperature.
Anothermethod is to record weight loagainsttime at a constant tempeuat alled
isothermal TGAmethod.Isothermal TGAs less commonly used than nonisothermal
TGA. Weight loss may arise from evaporation rekidual moisture or at higher

temperatures it results from decompositddmaterials
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Besides providing information on thermal stability, TGA may be used to characterize
materials through loss of a known entityModern TGA instruments allow

thermogramgo be recorded on micgoam quantities of material.

Thermal stability of bindersis important for their weight lossduring thermal
treatment of pelletizingtherefore TGA of testedbinderswere carried out In order
to compareTG curves ofalternativebindersto bentonite binderTG curveswere
obtainedwith a thermogravimetricanalyzer(Le co E TGA701 t her mog|

analyzey shown inFigure 5.10

TG curvesof binderswere obtainedindernormal atmosphereith a heating ratef
1-3°C/min from room temperature tmaximum 1008C and TG curvesaregiven in
Figure 5.B.

Binders are used in TG analyses as they are used in pelletizing experiments (taken
from their plastic container and weighed). Therefore binders have more or less
residualmoisture, and TG curves represent their natural residual moisture (at about
100°C). Besides residual moisture, loss on ignition and the residue of binders are
shown graphically in Figure 5.1&ince the pellets can get their strength during
thermal hardemg treatment through binders, residues of binders at high

temperatures are responsible for binding during thermal treatment.

TG curves show residualaisture, loss on ignition and residue of tested binders as
original basis (with natural residual moistuhering test). TG curves showed that the
natural residual moistures of tested binder&esidual mistureshad been drawn
away about 10 and were found between 0.29% and 10.50¥he residual

moisture depends on the condition in which binder is kept.

Losson ignitions and residues are depend on the substances type; either organic or
inorganic. Organic binders or organic based manufactured binders have high LOI
with fewer residues. Inorganic binders (borax pentahydrate, calcined colemanite and

bentonite) hae low LOI with high residues.
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Corn starch andechnical CMC which are natural organic substances had sharp
weight loss at about 300 showing their burning at this temperature. Typical natural
organic binders arburntout at relatively low temperature. Corn starch completed
burning at 478C with 0.04% residue. Technical CMC showed another weight loss
between 60 and 708C and completed burning beyond this temperature with
9.91% residue. This is the reason of low preheated and fired compressive strength of
pellets made using organic binders sincey thierrt out with relatively low residue.
Hence, preheated and fired pellet compressive strengths always insufficient with use
or organic binders. These results were confirmed many times in previous studies and

one more time in the present study.

Organic lased manufactured binderSuperro@ A150-LMW, Superflo@ A150-
HMW and DPEPO®07 Polymer had sharp weight laatssimilarly about 30T but
not sharp as in corn starch and technical CMC. We&ht loss showe@ slow
decreaseburning of these materialstarting at 30 ending at about 56600°C.
They showed a constant weight up to about’85énd a gradually weight loss after
85(°C up to 1008C. The residue of Superflo€ A150-LMW, Superflo€ A150-
HMW and DPEPO&07 Polymer ar&5.36%, 15.65% and 27.64%espectively.

Bentonite samples from Rekadiye and Lake
loss duringTG analysesTheyhadvery smalland slowweight loss up to 100G.
Their residues are determintbe86.23%6 and92.90%, respectively.

On the other hand, boron compounds have higher residue cowhié borax
pentahydrate has 67.89% residube thighest residue; 97.31%, was foufut

calcined colemanite.

As a result, the residues were found in a large interval ranging from 0.04% to
97.31%. While, lower residuegith higher LOlas found fororganic based binders,
the higher residuesvith lower LOI were found for bentonite and calcined

colemanite.

These reslts show that during and after thermal treatment of pellets, organic binders
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will burn out withoutor with little residue Manufactured organibasedinders will
burn however they still leave small amount of residue. Boron compounds and
bentonite will l&ve the highest residue which will make dtegpding.

In order to observe the physical changingelting, glass transitions, crystallization
etc) of binders,R e Kk a thantprgte, calcined colemanite, borpgntahydrate and
combination of caloed colemanite with pure quartz (SiPpowderwithout iron

oxides wereput in separatgorcelain crucibleandheated afl000, 1100, 1200 and

1300C for 20 minutesin muffle furnace The photos of the binders and mix

materials are shown in Figure 5.15

Figure 5.15. Thephotos of the binders and mix matesiafter heating at different
temperatures1000:110612001300C for 20 minutes.l]) Rek adi ye ,Yent oni
Calcined colemanite3) Pure SiO, powder 4) Borax pentahydrateés) Calcined
colemanite plusiO; (ratio:1:2)6) Calcined colemanite plus SiQratio:1:10)
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Since the boron from colemanite and silica from iron ores are expected to form some
glassy formation during/after thermal process, the mix of these minerals were
prepared synthetically. The ratio of calcinsmlemanite to pure quartz sand was 1:2

(for low silica iron oxides) and 1:10 (for high silica iron oxides).

It was observed thateRk a d éntpréte did not melt up to 119D, it started to melt
1200C and completely melt at 138D. Therefore, bentonite is expectedinorease
compressive strength through slag forminig physical meltingamong iron oxide

grainsat suchhigher temperatures.

Calcined colemanite started to melt at lower temperathioeit 1008C since it has a
melting pant of 986°C and completely melted at 11W This means calcined
colemanite can contribute physical slag forming at lower temperatiter than

bentonitedoes.

Borax pentahydrate melted completely at even 00€ince its melting point is

200°C whenheated in closed atmosphere

Pure SiQ powder did not melt at even 13@since it has a melting point of 1600
1725C. If one unit calcined colemanite is synthetically added to ten unit SiO
(ratio:1:10) the partial physical melting can be seen at “20dowever, if one unit
calcined colemanite is added to two unit Siatio:1:2) the physical melting is
started at about 1100. This means if boron compounds and S#&pe found within
pellet feed, the slag forming is achieved with lowemperatures tugh partial

melting on tle surface of iron oxide grains.

5.2 Pelletizing experiments

Pelletizing experiments were carried out METUMEL and MTUCEL. In
METUMEL,Di v r i J i ma g n endBrazdian hematiteeore,tinf M UGEL
Lake Superiormagietite concentrate weraitilized as iron oxidesources Two
sodium bentonite samples, differematural and synthetiorganic binders and
different boron compounds were tested alone or in combinakios.procedure for

production of wet pellets in both laborasiis explainetelow.
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5.2.1 Laboratory p elletizing procedure

The procedure used producethe wet pelletsvas a mall scaleiron orepelletizing
in laboratory The laboratory pelletizing experiments were carried out to closely

reproduce the conditions that exist in fsdlalepelletizingplant.

In METUMEL, about 1000 gdry iron oxides( Di v r i J i magnetite ¢
Brazilian hematite ore) and @edetermind amount of drybinderwere mixedin a

mechanical mixerFigure 5.16A) for 5 minutes Then 8% of distilled water by

weight of the dry mixwas addednto this mixture during additional mixing. The

binder additiordosagesverecalculatedas percent by weight of the dirgn oxides

In MTUCEL, approximately 2500 gnoist Lake Superiomagnetite concentrate and

a predetermined amount of dry binder were mixed kme@ademmixer (Figure 516

B) at 350 rpm with a 150 rpm orbital motidar 5 minutes. The binder addition

dosages were calculatad percent by weight of the moist magnetite concentrate.

Figure 5.16 A) Mixerused INMETUMEL B) kneademixerused inMTUCEL to

mix raw materials

Mix material was taken from the mixer and delumped througl®& mm (10 mesh)
or 2.40 mm (8 mesh) screen befotmlling. A small amount ofscreenedmoist
material was put into thigalling discor drumto form pellet seedsA laboratory scale
balling disc shownFigure5.17A), with 390 mm diameterl00 mm deptinotating in

counterclock wise direction at1 rpm in METUMEL, and a laboratory scale balling

10C



drum, shownFigure 5.17 B), with overall diameter406 mm, mouth diameter 254
mm and depth 178 mm rotatig in counterclock wise direction a25 rpm in

MTUCEL were used to form wet pellets.

Figure 5.17 A) Balling disc used in METUMEIB) Balling drum used in MTUCEL

to form wet pellets

After formation of pelletseeds, additional material was fed into disc or drum to
enlarge the pellet seeds. During the balling operation, a water mist was applied onto
seeds to facilitate the agglomeration of particles and to stabilize the moisture content
of wet pellets. Enlargedvet pellets were periodically removed from the disc and
drum to control the pellet size and screens shown in Table 5.8 are used for this
purpose. Too small or too big agglomerates were crushed and delumped again
through 10 or 8 mesh screens and addedeghffeed. This operation was continued

until all fresh feed material was converted to properly size wet pellets.

The size of the finished pellets is important since size affects the various reactions
within pellets during thermal treatment. With incregsisize, the induration
intensity, thermechemical properties and formation of different phases vary across
cross section of pellets. Therefore, the size of the pellets is directly proportional to
the time required for reactions. The industrial pelletizplgnts produce finished
pellets in the size range of 9 to 16 mm. Hence, the pellets were produced in certain

size during experiments.
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Table 5.8 Laboratory sievessed to control pellet size

mesh |  mm inch Laboratory sieves
14 | 1.168 | 0.046 Y
8 2.362 | 0.093
6 3.327 | 0.131
4 4.699 | 0.185
3 6.680 | 0.263
9.423 | 0.371
11.200 | 0.441
12.700 | 0.500

The size ofwet pellets was controlled by screening the pellets with 12 mm and
10mm specialsieves(Figure 5.18 in METUMEL. Therefore, the size ddi v r i J i

magnetite and Brazilian hematjelletswere-12+10 mm in diameter.

Figure 5.18 A) 12.0 mm and 1 mm special screens to control the pellet size and
B) wet pelletsproduced ilMETUMEL

The size of the finished wet pellets was controlled by screemgtgellets with 12.7
mm (0.500 inch) and 11.2 mm0(441 inch standardsieves (Figure 5.19) in
MTUCEL. Therefore, thesize of Lake Superior magnetite pellets svel2.7+11.2

mm in diameter.



Figure 5.19A) 12.7 mm (0.80inch) and 11.2 mm (0.441 inch) standaieiesto
control the pellet size arg) wet pelletgproduced irMTUCEL

5.2.2 Moisture content of wet pellets

After producing wet pellets balling disc or druma certain number of wet pellets

(20 inMETUMEL and40in MTUCEL) were randomly selected immediately. The

weight of theremaining pellets were recorded and then put in a laboratory oven to

dry them at 105°C until constant weightLaboratory ovenused for drying in

METUMEL is a direct heating oven with&at i ng chamber di mensi on
( WI DI width, depth, height shown in Figure5.20 A. The other oven used in
MTUCEL is an indirect heating ovewith aleat ng chamber di nbensi on
cm ( WI,Dshdwh inFigure 5.20B. These ovensvere used to determine the

moisture content of wet pellets anddbtaindry pellets. The moisture content was
calculated bywet and dry weightlifference Dry pellets were storeth aluminum

tray or plastic bags and labeleduse in subsequent tests.

Figure 5.20 Laboratory ovens used to dry pellésdirect heating chamber used in
METUMEL B) indirect heating chamber used in MTUCEL
10z



5.23 Drop number of wet pellets

10 or20 wetpellets were used to determine the wet pellet drop number by dropping
a single wet pellet repeatedly from a height of 46 cm (18 inch) onto a steel plate
(Figureb.21). The drop test for a single wet pellet was continued until a crack was

occurred on the pellet and the last value recordedniéan value was calculatég

using all recordedvaluesfor each batch experiment amdportedwith the 95%

confidence interval (P® in the result sectian

Figure 5.21 Steel plates used to determine drop nunfiteen 46 cmof wet pellets

5.24 Compressive strength of pellets

Compressive strengths of pellets were determiiredaccord with the method
describedin the related standardASTM E 38207). A compression test machine
consisting of a load cell and a digital controllerdnia s been constructe
This compression test machiweas used in METUMEL shown inFigure 5.22t0

determine thecompressivestrength of pelletslt has 5000 kg N 0%) Gnaximum

load capacity and0 mm/mincrosshead speetdhe other ompression test machine

used in MTUCEL,was a product of MARKLO Companyshown inFigure 5.3. It

hasone digital controller unit antivo different load cells; maximum 50 Ib (25 kg)

and maximum 500 Ib (250 kg) witla crosshead speed of 40 mmvi. The
measurementerror for the load cells iggi v en MOcalidratidm chartby

manufacturer
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Figure 5.22 Compression test machiaad partgo determine the pelleompressive
strengthn METUMEL

Figure 523 MARK-10 compression test machiaad partdo determine the pellet

compressivastrengthn MTUCEL

Wet compressive strengtivas determined od0 or 20 wet pellets. Individual wet
pellets were compressed usingampressionest machineThe peak load required to
break the wet pellet was recordethe mean value waseportedwith the 95%

confidence interval (P95 the result sectian

Dry compressive strengtheere determined in accord withe standard after drying
of wet pellets at a temperature I95°C until constant weightLO or 20 wet pellets
used to determine the dry strergtindividual dry pellets were compressed using a
compression test machine. The peak load required to break thpeley was
recorded.The mean value wagportedwith the 95% confidence interval (P9)

the result sectian
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Dry pellets werepreheated and fire@t different temperatures to see effect of
temperature and performancete$tedbinders on the strength of pellets. Preheating
and firingof dry pellets was carried out in laboratory size muffle furnace, shown in
Figure5.24 A, in METUMEL. The maximum heating capacity of muffle furnace is
1400C with aheating chambedimensionof 300 551 15 ¢ H). Thé\Hedding
elements othis muffle furnacearesilicon carbide (SiC)The heating rate of muffle

furnace isabout 8C/min.

In initial experimentsvith Di v r i | i conaegtratefellets were preheated at
200, 400, 600, 800 and 10@and fired at 130. In subsequengxperimentswith
Di vri i magnetite and Br 400iahdilaC were mat i t o

preferredas preheating temperature and ’80@as selecteds firing temperature

In MTUCEL dry pelletsshown in Figures.24 C were preheated &00°C, 1000°C

and 1106C and fired at 120% and 1308C. A laboratory size box furnace, shown in
Figure 5.24 B, was used to preheand fire the pellets.The maximum heating
capacity of box furnace is 138D with a heating chamber dimension®0 1 351 2 0
cm (WI DIH). The h shoxfumagearenhoybdenunt deicidef t h
(MoSi). The heating rate of box furnace is abb0tC/min.

Figure 5.24 Furnaces used to preheat and fire the peMetsuffle furnaceused in
METUMEL, B) box furnaceaused inMTUCEL andC) dry pellets before firing

Dry pellets wergreneatedand fired in one layer in plate type crucibldsgure5.25.
Preheating and firing of pets were carriedut at different temperatures imormal
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atmospherdy following thestepsas explained below

Dry pelletsin crucibleswere put in the furnace at room temperature
Temperature waset upto desiredpoint, furnace was turned on,

After reachingheset point, pllets were hold at the set temperature for 20 or
30 minutes

After that furnacetemperature wasetup to room temperature,

Pellets were cooled in the furnameernight.

Figure 5.25 Dry pellets in one layerjn platetype cruciblesbeforepreheang or

firing in furnace

Compressive strengths of preheated and fired peligése determinedby using a
compression test machine aimdaccord withthe standardnentioned previouslyl0

or 20 thermally hardenedpfeheated or firédpellets were used to determine the
compressivestrengths. Individual pellets were compressed using a compression test
machine. The peak load required to break the pellet wasded.The mean value

was reportedvith the 95% confidence interval (P95) in the result section.

5.2.5 Dust generation of pellets

The dust tower used by Copelagidal, 2009 to evaluate the suppression of airborne
particulates in iron ore processing facilities is shown in Figure A&thors studied

the dust suppression of different suppressant on synthetically prepared iron ore
pellets and fines from tumbling testhis equpment consists of 11 inclined steel

platforms through which pellets drop and knock. One of the dust generation
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mechanisms is due to the pelfege-fall drop during operation and transportation
The pellet drop in dust toweran simulate this type afustgeneration. Therefore,

dust tower can be used for the determination of dust gemerati

Dust Tower Equipment

Sampleinlet

Cover of column

Column cover plates ﬂ

rit\\ :

‘M

V\yl

rA‘ "

Dusttower column

Suction Head tube

Vacuum tube
(Dust collection path)

Ladder

Filter paper drawer
(Save dust for analysis)

Vacuum connection part

Dropped pellets drawer
(Sample out)

Dropped pellets
(Save pellets for analysis)

Figure 5.26 Dust tower used to determine dustiness of fired pellets in MTUCEL

Dust tower wasglirectly used to compare the dggneration of different fired pellets
in the scope of this study. Certain amount of pellets {5Q000g) produced with
different binders were dropped from the top of the dust tower equipmeet an

certain vacuum condition.

The procedure involved weigig the fired pellets in 500 to 1000 g and dropping
them through a counteurrent air stream through 11 inclined steel platforms. The
air stream was passed through a filter to remove airborne particles. The weight of the
particles collected on the filteraper shown inFigure 5.27 was reported as the
amount of airborne dust generated. The particle size distribution of the airborne dust
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collected on filter paper was determined with Microtrac SRA particle size analyzer.

After dropping the pellets, dropped pellets were taken from the bottom pan of the
dust tower equipment and screened fidm 35 mm ( 3 mes h) and !
screens to determine the quantities of fines. +6.354®m,35 mm +580 Om a

Om f r awvere riepmned.

Figure 5.27 Airborne dust of fired pellets collected on filter paper while fired pellets

dropping from dust tower

5.26 Microstructure of pellets: SEM Analyses

In order to understand tlieasorfor compressive strengihcreaseof pellets contain
calcined colemanite, the microstructure of pellets were examined under scanning
electron microscope (SEMFigure 5.28 The bonding mechanism of combined
bindersadded tomagnetite and hematite pelletsas tried to be explained bthe
physical changes (crystal change and crystal growth) in mineral grains of piéets

thermalprocess.

JEOL JSM6400 scanning electron microscopy (SEMas used to obtain micro
imagesof fired (at 1306C) Di v r i J i magnetite palatgin Br azi
Metallurgical Department at METU to ascertain the crystal structure chebges

brand scanning electron microscopgs used fot.ake Superior magnetite pellets in

Applied Chemical and Morphological Anyals Laboratory at MTUor pellets heated

at 80-100011001200 and 130 to see the effect of heating temperature on

crystal changes.
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Figure 5.28 JEOL JSM6400 scanning electron microscopy (SEM) used to take

micro imageof pellet samples

5.2.7 Porosity of pellets

Porosity of thedry and thermally treategkllets was determined according to method
which is based on the measurement of the real/true specific grdvjtyar{d
apparent/bullspecific gravity ¢) of thepellets.

True specific gravity (D) of pellets :

In order to determine the true specific gravity, pycnometer was used with distilled
water and acetone as |iquid media. The p

mesh) in a centrifuge ball mill or a mextical mortar.

Pycnometer procedure

The empty pycnometer bottle weighedwith lid (P1). Dry pellet samplas put in
pycnometer bottleand weigled (P2). A little distilled wateris addedinto the
pycnometerbottle and shakenwell to ensure the all sample is wekhen the
pycnometer bottle i§ill ed up with distilled water and weigl (P3). After that the
pycnhometer bottlés emptiedand waskd. The pycnometer bottle is th8thed with
only distilled water and weigtd (P4).
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The equation to calculate the trsgecific gravity of pellets igiven below

////////

True specific gravity of pellet® = eééeéeééee. . ekqr.

Where :  P1: Weight of pycnometer bottle alonegn
P2 : Weight of pycnometer bottle + dry powder pellet samiplej,
P3: Weight of ycnometer bottle + dry powder pellet sample + distil
water ing,

P4 : Weight of ycnometer bottle + distilled water g.

Apparent/bulk density (d) of pellets :

In order to determine thapparent/bulldensity(d) of the pellets, thepparent/bulk
volume of the pellets must be known. To determine the apparent/bulk volume of the
pellets two methods were employed. In one method a mercury pycnometer dias use
In the second method bulk volume of pellets was found by immersion of pellets in
distilled water after coating with wax paraffin according to ASTM COB4

Apparent / Bulk volume of pellets :

A) Mercury pycnometer procedure

Bulk volume of pellets wasletermined according to the mercury displacement
methodby using a mercury pycnometérhe procedure involved theeighing of
pellets driedat 105C (W) and put them into the cell of the mercury pycnometer.

The bulk volume of dry pelletd/f) is determmedwith mercury pycnometer.

rrrrrrrrr

Bulk/apparentlensity of pelletd=—¢é é ¢ é é é ééé. . . é é é. .EQ.8

Where : Wp : Weight of dry pellets im,
Vp : Volume of the dry pellets ig.
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B) Wax immersion procedure

Envelope/apparentolume of pellets was determined according to ASTM G994

The bulk volume of the pellets was found after coating the pellets with wax paraffin
and immersing imistilled water.The procedure to measure the volume of the pellets
involved the weighing ofy pellet in air, coating with wax and weighing again in air

and weighing of cated pellet suspended in wafErgure 5.29)

Figure 5.29 Archimedes principleetupto determine thenvelope/apparenblume
of pellets according tthe procedure of ASTM C91d9

The following equations (E¢-92) were utilized to calculate the requireelume and
densityand then Eqg.13 was used to calculatepimsityof pellets.

Total volumeof the pellet, Vr =Pi S ééeéeée. . éeq9 .
Wax volume of the pelletyyy =(P1 W)/Ké é é é . .Eq.10.
Envelope/aparent volume of the pellet, Ve =Vri VW€ é é é é . . Eqg.11

Apparentdensity of the pellet, d =—éeé . . . é é é é Egl2

Where W : Weight of dry pelletin air,
P : Weight of the drywax cated pelletin air,
S: Weigh of thewax coated pellet suspended in water,
K : Specific gravityof paraffin.
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By using the true specific gravitp] andapparentensity(d) the totalporosity
( U, obfpellets was calculated as follows

Total porosity of pellets, 0, =%—zpmnéié . . . éé éé éé . Eql8

5.28 Reducibility and swellingindex of pellets

The fred pellets with sufficient mechanical strengthvere subjected to the
reducibility testusing a vertical split furnacein METU Metallurgical Engineering
Department.The reducibility apparatusconsisting ofa vertical split furnace a
sensitive balancanda control unit was used in threducibility experimeis. The

reducibility apparatus angharts areschematicallyshownin Figure5.30.

The reducibility of pellets produced with the addition of calcined colemanite was
tested and compared with bentonite bonded pellets. The test was carrigd out
accord withthe method described in the related standd®® 7215:200y which is

also known asGakushin method in industry. The test conditiaaording to
Gakushin methadin which pelles are subjected to reducibilishown in the Table

5.9. Table also shows tHaboratory test conditions. Instead of nitrogen, argon gas
was used as inert gaBhe reducibility furnace was heated to 8@@nder argon gas
atmosphere and then reducibility gas mixture was passed through test sample for 180
minutes periodThe reducibity curves of pellets were drawn as percent reducibility
versus timeRelative reducibilities of pellets were calculated by weight differences

of pellets before and at any time of reduction test.

Table 5.9 Gakushin and laboratory test conditions for reducibility test

Sample Test gases Test | Gas flow Test Test tube
Method weight | coO N, time rate temperature | diameter
(9) %) | (%) | (min) | (V/min) (°C) (mm)
Gakushin 500 30 70 180 15 900 60
Laboratory | 3.25avr | 30 | 70 (Ar) 180 0.325 900 50
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1 : Splitfurnace
2 : Weighing unit
(sensitive balance)
3 : Control unit
. Gasmixing station

4
5 : Argontube
6 : COtube
_ 7 : Fired ellet
9 "8'"(")“’013:15155112 8 : Crucibleto keep pellet
10 - T 9 : Ceranic furnacetube
1

0: Gas off

Figure 5. 30 Vertical split furnace and parts for reducibility test fired pellets

according tdGakushin method

Percent swelling of fired pellets was calculateztording to Eq.@s volume change

of pellets before and after redudityi test. Pellets used in swelling determination
were obtained at the end of 180 minutes Gakushin reducibility methedapparent
volumes of the pellets were determined after coating the pellets with wax paraffin

and immersing in distilled water.

5.29 Mineralogical (XRD) and chemical(XRF) analyses of pellets

X-ray diffraction studies (XRD) oDi vr i J i magnetite concen
hematite ore and fired pelleggoduced with these iron oxides with different binder
additionwere done using a Riga UltimaVI X-ray diffractometeto investigate the

possible new compounds formation after binder addition.

Elemental analyses &i v r i J i magnetite concentrate a
fired pellets produced with these iron oxides with differemder additionwere
performed with a Spectro 1Q-Ky fluorescence (XRF) spectrometerexaminetie

chemical composition changetpellets produed with addition of tested binders.
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CHAPTER 6

RESULTS AND DISCUSSION

6.1 Specific surface area of iron oxide samples

The particle size distribution of @eceived Brazilian hematite sample was not

suitable since it had a patrticle size distribution of 80% minusrBd1(20 mesh).

Therefore, in order to get a suitable particleesdistribution for hematiteample,

size reduction processes were applied. Batch of representative hematite samples
about 1000 g were crushed in roll crusher then ground in a laboratory scale rod mill

for different times (35, 40, 50 and 60 minutes). Besscd hemat i t e, Di vri’
concentrate was also ground for different times (5, 10, 20 40 and 60) to compare the
Blaine surface areas of these two iron oxides. Blaine surface areas of theigyound
oxidessamples were determined in accord with thaddad(ASTM C 20407). The

results are given in the Figure 6.1.

Blaine surface areas of both iron oxide samples were increased with increasing
grinding time. However, the Blaine surfeé
magnetite concentrate since-raseived sample already has a sufficient fineness.

Blaine surface area of the-ase cei ved Di vri i magnetite
found t o be Y61 7ThKR2 4Bl @amn e surface ar e
concentrate was increased from 1617/gnto 2328cn’/g after 60 minutes grinding

in ball mill.
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Figure 6.1 Blainespecifics ur f ace ar eas of ntlieBraziligni magn e
hematite orend Lake Superior magnetite concentagtermined with Blaine air

permeability apparatus

On the other hand, the-asceived Brazilian hematite ore sample had only a Blaine
surface area 392 &h. The Blaine surface area of hematite ore was increased
shaply after grinding since the coarse particles produced new surfaces. The Blaine
surface area of original size Brazilian hematite ore sample was increased from 392
cn¥/g to 2770 crfig after 60minutes grinding in ball mill.

The optimum grinding time for Bzilian hematite ore was determined as 35 minutes

since this grinding time provides a Blaine surface area which almost equal to Blaine
surface area of DivrijJi magnetite concen
ore ground for 35 minutes was meeed to bel 8 9 1 cnf/§. 5

The surface areas ofiDv r i ] i ma g n e Braziliam hematite orand Lake t e

Superior magnetite concentrateed in the pelletizing experimentere 1 6 1 24 N
cnf/g,1 89 1 cn¥3g6 and 2 Agrezpedizely. c m
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6.2.1 Effect of heating time on compressive strength of pellets
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Dry pellets are preheated and then firech&mden them. In ordeptdetermine an

optimum preheating and firing time for pellet hardening in laboratory conditions by

thermal treatment, effects of heating time on compressive strengiélletswere
investigated. Pellets were produced dyding 0.10% CMC, 0.50% tincal, 0.50%
calcined cotmanite, 0.50% e K a Hentgnée and 1.00% e k a Hentgnéde with
concent rGandekthen grdheatedd

DivrijJi

magnetite

at 1000C and fired at 130T for 10, 20 and 30 minutes. Compressive strengths of

thermally treated pedts were determined. The compressive strengths of these pellets

are presenteth Table 6.1. Table also shows the moisture contedtdiop numbers

of wet pellets.

Table 6.1 Effect of heating time on compressive strengtpeailfets produced with
different binders and preheated at 1WDand fired at 130 for 10, 20 and 30

minutes
sinderl Binder and Moisture S— Mean compressive strength
codesg| dosages cop/zent number Heating at 1000C for Heating at 1300C for
10minutes | 20minutes | 30minutes | 10 minutes | 20minutes | 30minutes
1 0.10% CMC | 8.07 |2. 90 | 70.20R8.85 | 80.3K5.05 | 79.90K6.31 |410.80RR7.0§424.30RR5.26492.70M\44.21
2 0.50% Tincal | 7.55 |2. 00 | 77.90N7.76 | 88.20R8.53 | 90.50R6.64 [337.90N36.16358.30\24.96377.80R38.33
3 |0.50% Cal. Col| 7.46 (2. 10 |129.80N10.30151.90N11.84161.70K10.81413.80N33.73484.00R40.46554.20K63.99
4 |0.50% Bentonit{ 8.50 |3 . 0 0 |146.80N12.73 150.10K7.08| 158.7086.19|396.30N81.24494.40M43.66569.50885.45
5 |1.00% Bentonit{ 9.00 [4 . 50 |193.50N15.26196.40N10.29 202.90N7.95|580.80N34.8( 604.20R40.98697.20K30.51]

Theresults ofcompressive strengths are shown graphically in Figure 6.2 for pellets
preheated at00FC and in Figure 6.3 for pellets fired at 18G0for 10, 20 and 30

minutes.



Compressive strengths of pellets produced with any of the binders and preheated at
1000°C increased witlncreasing heating time. The maximum compressive strength
belong to tle bentonite bonded pellets with 0.50% and 1.00% addition levels. CMC
and tincal addition resulted in lower compressive strength when compared to
bentonite addition. However, 0.50% calcined colemanite addition also provided
almost equal compressive strergto the pellets produced with bentonite which is
used in same addition level. The compressive strengths of these pellets were found to
be 150.10 kg/p and 151.90 kg/p for 0.50% bentonite and 0.50% calcined colemanite
added pellets, respectivelior 20 mirutes preheating. 30 minutes preheating time

did not increase these strengths significantly, therefore 20 mimgtasng was
accepted as optimum preheating time for pellets will be produced in the further

experiments.

400

1- 0.10% CMC

350 2. @0.50% Tincal
300 - 3- @0.50% Calcined colemanite
4- @ 0.50% Bentonite
250 | 5- 11.00% Bentonite

200

T

I I -

150

100 -

Compressive strength, kg/p

a
o
1

10 20 30
Heating time, minutes

Figure 6.2 Effect of heating time on compressive strength of pellets produced with
different binders and preheated at 1WD@r 10, 20 an@0 minutes. The error bars
show the 95% confidence level (P95)
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Figure 6.3 Effect of heating time on compressive strength of pellets produced with
different binders and fired at 13Wfor 10, 20 and 30 minutes. The error bars show
the 95% confidence level (P95)

The compressive strengths of firedlges were increased with the increasing heating
time. In the industry, acceptable minimum compressive strength for fired pellets is
250 kg/p. All pellets had a greater compressive strength thaaminimum \alue

after firing for 10, 20 and 30 minutedue to the relatively high firing temperature
(1300°C). At this temperature magnetite pellets could get sufficient strength through
oxidation and recrystallization. However, as the 20 minutes was accepted optimum
preheating time, the optimum firing time halso been selectes20 minutes for the

future firing duration.

6.2.2 Effect of different binders on compressive strength of pellets

6.2.2.1 Effect of bentonite dosage on compressive strength of pellets

To compare the performance of the alternative organic binders and boron compounds
added organic binders to bentonite binders, the pelletization experiments were started
with 0.00%, 0.50% and 1.00% e k a bentgnie additions, to set up baseline values

with - bentonite binder. I n these pelletizin

11¢



concentrate, predetermined amount of distilled water bentonite binder are used.

Wet pellets were first dried at 105, then were thermally treated at 400, 600, 800,
1000 and 1308C for 20 minutes in muffle furnace in the laboratory. The
compressive strengths of thermally treated pellets were determined and the results
are given in the Table 6.2. Table also shows the moisture content and drop numbers

of wet pellets.

Table6. 2 Effect of bentonite binder dosage on compressive strength of pellets

thermally treated at different temperatures for 20 minutes

: Moisture Mean compressive strength$ k g/ p  wi t h N
Binder Binder and content Wet drop
. dosages % number | Dry @ Dry @ | Preheat @| Preheat @ | Preheat @ Fired @
105C 400°C 600°C 800°C 1000C 1300C
1 Without binder| 830 (1. 90 7.50 |44.30|46.00 (53.601(303.00

2 |0.50% Bentonit{ 850 (3. 00 2.20(28.10(71.60|108. 00]150.10K7.08|494.40\43.66
1.00% Bentonit{ 9.00 |4 . 50 [4.30(31.60|{76. 70(143. 60 |196.40N0.23604.20R40.98

It can be seen from the Table 6.2, moisture content and drop numbkeased with
increasing bentonite dosage. The pellets produced without binder has only 8.3%
moisture content and 1.9 drop numbers. However, these values increased to 8.50%
and 9.00% moisture content and 3.0 and 4.50 drop numbers with 0.50% and 1.00%

benbnite addition, respectively.

Because of bentonite water adsorption capacity pellet moisture content was found
greater for high bentonite dosage than ones with less bentonite dosage. Bentonite
also provides mechanical strength and high drop numbers tovgheellets. This
phenomenon is explained in literature due to high moisture content by means high
bentonite dosage or capillary, adhesional and cohesional bonding properties of
bentonte.

The compressive strengths results are shown graphically in Fegdiréor pellets

produced with bentonite and thermally treated at 400, 600, 800, 1000 arf€ 800

20 minutes.
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Figure 6.4 Effect of bentonite binder dosage on compressive strength of pellets
thermally treated at differenémperatures for 20 minutes. The error bars show the
95% confidence level (P95)

It is a well known fact that the increasing bentonite dosage can increase pellet quality
in wet, dry and fired conditiarHere, this fact has been shown one more time; the
pdlets with 1.00% bentonite has higher compressive strength than those produced
with 0.50% bentoite for all temperatures at whicpellets were heated. 0.50%
bentonite addition level was det@ned as sufficient and thaluesfor thesepellets

were acceptitasbaseline against alternative binders.

From the Figure 6.4it can be seen agaicompressive strengths of all pellets
increased with increasing temperature. “@QaL00GC and 1308C were selected as
heating temperatuseand pellets were heated at taegemperatures for the following

experiments.

6.2.2.2 Effect of organic binders on compressive strength of pellets

Since the organic binders are most appropriate alternative binders to bentonite
binder, some organic binders tested in this study. Technical grade CMC (Carboxy

methyl cellulose), food grade corn starch, dextrin, an organic hmgcher coded
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DPEPO060007 ly Ciba Company, two organic based flocculants coﬁmﬂerflo{E
A-150LMW (low molecular weight) ant.‘];uperfIO(';E A-150HMW (high molecular

weight) manufactured by Cytec company were tested as organic binders.

Organic binders wer e a ekt eahceritrate at diflerent r y
addition levels which are industrially acceptable dosages. Some of the organic
binders were used as powder and others were used after dissolving in distilled water,

according to their physical and chemical properties.

The peformances of these organic binders on pellet quality were determined and
compared to the baselines with bentonite binder. The results are given in the

following subtitles, respectively.
6.2.2.21Effect of CMC dosage on compressive strength of pellets

CMC is one of the important organic bindeised as agglomeration aid material in
many industries including iron ore pelletizing. Hence, first organic binder tested in
this study was technical grade CMC. In order to see the performance of CMC as
organic bhder on compressive strength of pellets, four different addition levels
rangingfrom 0.05% to 0.20% CM@eretested.

Wet pellets were first dried at 185, then were thermally treated at 400, 1000 and
1300C for 20 minutes in muffle furnace in thiaboratory. The compressive
strengths of thermally treated pellets were determined and the results are given in the
Table 6.3. The results of compressive strength for these pellets were compared with
the baseline obtained with bentonite binder. Table sitgws the moisture content

and drop numbers of wet pellets.

Organic binders are known for their ability to give good wet and dry quality to the
pellets. The moisture contents of the pellets with CMC binders were found to be
lower than the bentonite bondeeéllets. The drop number of the bentonite bonded
pellets was found 3.00 which was accepted as drop number baseline. Although the

moisture contents of CMC bonded pellets are lower than the baseline, they were

122



found to have almost same drop numbers as h#atbonded wet pellets.

Table 6.3 Effect of CMC binder dosage on compressive strength of pellets thermally

treated at different temperatures for 20 minutes

. _ MOiStureWetdrOp Mean compressive stre

%ﬁ; Binder and dosages mwmnmmr[m@ by @ Preheat @ Fired @
105C 400°C 1000C 1300C

1 0.50% Bentonite (Baseline] 850 [3. 00 |2. 20N28. 10|150.10|494. 40

2 0.05% Technical CMC 793 (2. 50 - 12.30| 77.70 419.60

3 0.10% Technical CMC 8.07 (2. 90 -—- 16. 00| 80. 30 424.30

4 0.15% Technical CMC 775 (3. 00 16.50|83.10 [517.10

5 0.20% Technical CMC 805 (4. 10 -—- 23.30|105.80(528.10

The compressive strengths results are shown graphically in Figure 6.5 for pellets
produced with CMC binder and thermally treated at 400, 1000 ancd®@ 3660 20

minutes.
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Figure 6.5 Effect of CMC binder dosagen compressive strength of pellets
thermally treated at different temperatures for 20 minutes. The error bars show the
95% confidence level (P95)
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The compressive strengths of pellets dried af@Qfre slightly lower; 16.0@3.30
kg/p, than thebent oni t e bonded pell etso basel.i
temperature CMC completed its burning, so the effective binding features of CMC

decreased at relatively higher temperatures.

At 1000°C, compressive strengths for CMC bonded pellets are significlower;

80.30 Kkg/p, about 50% less than the bentonite baselines (150.10 kg/p). The
significant reduction of preheated pellet strength is most likely fronbaneingout

of CMC binders at this temperature. Therefore, the use of organic binders such as
CMC causedow preheated pellet strength in pelletizing industry.

However, fired pellet compressive strengths with CMC were found between 419.60
528.10kg/p which are almost equal to that, 494 K@'p, obtained with bentonite.

The reasons of the sufficie fired compressive strengths at 13DOare the
mechanical strength created by oxidation of magnetite to hematite, recrystallization
and crystal growth of ore grains in the structdneerefore, the most important role

for an additive to organic bindershauld be to recover the low preheated

compressive strengths of magnetite pellets produced with organic binders alone.

6.2.2.22Effect of corn starch dosage on compressive strength of pellets

The second organic binder tested in the thesis was food gpagstarch, since it is

also used in some industrial applications as binders. In order to see the performance
of corn starch on compressive strength of pellets, four different addition levels
ranging from 0.10% to 0.40% corn starch by weight of the dryne@ie concentrate

were tested.

Predetermined amount of corn starch was put in sufficient amount of distilled water,
and boiled in a pressurized autoclave at°C4fbr 30 minutes. After dissolution of
corn starch, this solution was stirred in a mit@get uniform slurry The required
amount of starch solution was mixed wdty magnetite concentrate and wet pellets

were formed.
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Drying and therral treatment were carried out the samewvay and test conditions
explained for CMC. The compressive strengths of thermally treated pellets were
determined and the results are given in the Table 6.4. The results of compressive
strength for these pellets were compared with the baseline obtainedenttimite

binder. Table also shows the moisture contedtd@op numbers of wet pellets.

Moisture contents of pellets are almost equal to each other with all addition levels of

corn starch and range from 8.48% to 8.80% which are very near to 8.50% moisture
content of baseline pellets with bentonite. Drop numbers of pellets were found to be

increased by increasing amount of corn starch additions from 2.80 tdr3{30The

drop numbers are also about same the baseline drop number value which is 3.00 with
bentonite. Therefore corn starch can be considesedtable binder to provide

sufficient drop number to the wet pellets.

Table 6.4 Effect of corn starch dosage on compressive strength of pellets thermally

treated at different temperatures for 20 minutes

Moisture Mean compressive stre
Binderl  Binder and dosages | content| /&t 4P :
codes| % number | Dry @ Dry @ Preheat @ Fired @
105C 400°C 1000C 1300C
1 0.50% Bentonite (Baseline] 850 (3. 00 |2. 20 (28.10(150.10(494. 40
2 0.10% Corn starch 848 |12.80 (1.70 [(13.90| 80.80 455.00
3 0.20% Corn starch 8.56 |3.00N0./3.30 |16.70| 78.40 451. 30
4 0.30% Corn starch 873 |13.10 (6.60 [17.90| 81.70 430.10
5 0.40% Corn starch 880 |3.301(8.20 (19.70| 77.20 524.50

Corn starch yieldedufficient dry compressive strengths to pellets ranging from 1.70
kg/p to 8.20 kg/p with 0.10% and 0.40% corn starch addition level, respectively. The
value of 1.70 is slightly lower than the baseline, 2.20 kg/p with bentonite, and the
others are greatehan baseline value and greater than the industrially required
minimum value of 2 kg/p. Hence, corn starch may be a good option to get both

sufficient wet and dry pellet qualities.

The results ofcompressive strengths are shown in Figure 6.6 for pelletduped
with corn starch and thermally treated at 400, 1000 and®°C300 20 minutes.
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Figure 6.6 Effect of corn starch dosage on compressive strength of pellets thermally
treated at different temperatures for 20 minutes.érha bars show the 95%

confidence level (P95)

The compressive strengthstb&sepellets preheated at 4@ are lower; 13.919.70
kg/p, than the bentonite baseline; 28Kdlp. At this temperature corn starch is not
effective binder due to burning wiht residueSincethe TGA analyseshowed that

a big portion oftorn starctburntat 300°C and completelpurntout at about 508C.

Similarly, compressive strengths of pellets preheated at°CO@@re found to be
significantly lower than the baselivalue with bentonite; the compressive strengths
are about only 50% ofhe baseline valueThese lower preheated compressive
strengths are as a result of burning out of corn starch like CMC binders 4€1000
temperature. So, corn starch is also not capablgivihg sufficient compressive

strength to the preheated pellets.

On the other hand, fired pellet compressive strengths with different addition levels of
corn starch were found to be almost equal to one obtained with benfbimétse

result showed thaffter burning out of organic bindefs this case corn stargthey

do not have any adverse effect on the strengthening mechanism by oxidation,
recrystallization and crydtgrowth forfired magnetite pellets.
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6.2.2.23Effect of dextrin dosage orcompressive strength of pellets

Dextrin was also testeds organic binder fobDi v r i J i magneiwot e cor
different dosages, namely 0.50% and 1.00% were testidasopowder and after
dissolvingin distilled water, as the dextrin is a water sodubtganic substance. No
difference was olesved between the usage of as powatedissolved dextrin; both

additionsyielded virtually the same resultsterms of balling and pellet quality.

Pelletizing and testing of pellet qualities were carriedusirig the same methods as
explained before for other experiments. The compressive strengths of thermally
treated pellets were determined and the results are given in the Table 6.5. The results
of compressive strength for these pellets were compared withatigdirie obtained

with bentonite binder. Table also shows the moisture content and drop numbers of

wet pellets.

Table 6.5 Effect of dextrin on compressive strength of pellets thermally treated at

different temperatures for 2@inutes

Moisture Mean compressive stre
Binder,  Binder and dosages | content Wet drop -
S % number | Dry @ Dry @ Preheat @ Fired @
105C 400°C 1000C 1300C
1 0.50% Bentonite (Baseline] 850 (3. 00 |2.20 |28.10(150.10{494.40
2 0.50% Dextrin 781 (2. 00N2.30 |23.40| 70.50 439.70
3 1.00% Dextrin 777 |12. 00N4.00 |15.90| 46. 40 270. 30

Moisture contents of pellets were measures about 7.81% and 7.77% which are almost
identical as the previous two organic binders; CMC and corn starch. However,
dextrin did not yield sufficient drop numbers for wet pellets. Drop numbers of wet
pellets produed with dextrin were found to be only 2.00 for boltsagesand off

coursdower thanthebaseline 3.00 obiraed with bentonite.

Theresults ofcompressive strengths are shown graphically in Figure 6.7 for pellets
produced with dextrin and thermatigated at 400, 1000 and 13G0for 20 minutes.
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Figure 6.7 Effect of corn starch dosage on compressive strength of pellets thermally
treated at different temperatures for 20 minutes. The error bars show the 95%
confidencdevel (P95)

Dextrin also yielded sufficient dry compressive strengthdriopellets, which are
2.30 kg/p and 4.00 kghpith 0.50% and 1.00% dextrin addition, respectively. These
values are considered to be sufficient since they are greater than theebaskie

by bentonite anthdustrial minimum requiremenDextrin also can be a good option

for producingsufficientdry pellet qualities.

The compressive strengths of pellets preheated aC4@@re measured to be 23.40
and15.90kg/p for 0.50% and 1.0% dextrin addition, respectively. These values are
lower than the bentonite baseline; 28Ktflp; however, the former is comparable to
the baseline. It should be noted that, increasing dextrin dosageaked the pellet
strengthheated at this temperatyus® the dosage should be around 0.50% to provide

strength to th pellets at this temperatures.

On the othethand the compressive strengths of pellets preheated at’@0@6re
found to be significantly lower than the baseline with bentonite. While addition level
of dextrin is increased the preheated compressive strength is decreased. The

compressive strength decrease is about 53.0% for pellets produced with 0.50%
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dextrinand 69.1% for pells produced with 1.00% dextrin.

While compressive strength of fired pellets with 0.50% dextrin was found to be
439.70kg/p which is slightly lower than bentonite baseline; 494.40 kg/ pellet. The
dextrin addition of 1.00% decreased thhed compressive strength significantly from
494.40kg/pto 270.30kg/p.

The dextrin pellets resulted in with much lower compressive strength for preheated
and fired pellets. Moreover, these strengths are not only lower than the baselines with
bentonite lat also lower than the values obtahwith pellets without binder.

6.2.2.2.&£ffect of DPEP060007 polymer dosage on compressive strength of

pellets

A polymer @ded DPEPO®007 by manufacture€iba Specialty Chemicals was
used as organic based polymer binder. Four different dosages, ranging from 0.05% to
0.20% were tested after dissolving in distilled water, as the original powder size of

polymer is not suitable to direct use.

Pelletizing and testg of pellet qualities were carried ausingthe same methods as
explained for previous experiments. The compressive strengths of thermally treated
pellets were determined and the results are given in the Table 6.6. The results of
compressive strengthrfthese pellets were compared with the baseline obtained with
bentonite binder. Table also shows the moisture content and drop numbers of wet

pellets.

Moisture contents of pellets were measured between 7.94% and 8.89% which are
slightly higher than thadf bentonite bonded pellets. Results showed that increasing
polymer dosage resulted in progressively higher drop numbers; ranging from 2.20 to

5.30 which are sufficient.



Table 6.6 Effect of DPEP0B007 polymen compressive strength of pellets
thermally treated at different temperatures for 20 minutes

y . MOiStureWetdrop Mean compressive stre
Clgggg Binder and dosages cog}zent number | Dry @ by @ Preheat @ Fired @
105°C 400C 1000C 1300C
1 | 0.50% Bentonite (Baseline] 850 (3. 00 [2.20N28.10[150.10(494. 40
2 |0.05% DPEPO®007 Polyme| 7.94 |2. 20 13.40|89.40 |[506.20
3 |0.10% DPEPO®007 Polyme| 8.32 |2. 7 0 142081 .| 88. 40 | 483.30
4 |0.15% DPEPO®007 Polyme| 8.89 |3. 60 14.00|80.20 |[475.90
5 |0.20% DPEPO®007 Polyme| 8.83 |5. 30 15.00| 78.90 |[416. 40

The balling/agglomeration of the wet pellets with 0.05% and 0.10% DREGUDG6
polymerwas normal. Moreover, smother surface of wet pellets were observed after
wet pellet formation with use of these addition levels. However, balling for the
pellets with hidner additionlevel than 0.10% was not easy; the formation of seeds
and wet pellets was difficult and took more time to complete the balling. It was
difficult to get properly sized wet pellets with use of those high addition levels.
Therefore, the additiotevel of this polymer should be lower than 0.10% addition
level. Otherwise, it is possible to have problem in balling equipment of plant; such as

too small or too big pelletize or agglomeratesith irregular shapes

The compressive strengths results sihewn graphically in Figure 6.8 for pellets
produced with DPEPGB007 polymer and thermally treated at 400, 1000 and
1300°C for 20 minutes.

The compressive strengths of pellets preheated &iC4Q@&re determined to be
13.4615.00 kg/p which are about 5086 the baseline value with bentonite; 28.10
kg/p. At 400C the compressive strengths with DPEROB7 polymer additions are
not comparable to pellets made with bentonite binder.

Similarly, the compressive strengths of pellets preheated af@0@€re detrmined

to be about 50% of the baseline value with bentonite. Moreover, the decrease in
compressive strengths is increasing with the increasing addition level of DPEP06

0007 polymer. It is most likely due to burning out of this organic based chemical at
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relatively higher temperatures and it cannot contribute any strength to the preheated

pellets.
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Figure 6.8 Effect of DPEP0OB)007 polymer dosage on compressive strength of

pellets thermally treated at different temggeres for20 minutes The error bars
show the 95% confidence level (P95)

In contrast,

fired pellet compressive strengths with different addition levels of

DPEP060007 polymer were found to be roughly equal to one obtained with

bentonite. The same reslivere obseved in compressive strength decrease;

decrease of compressive strength is increasing with the increasing addition level.

This polymer also does not have a pronounced adverse effect on the strengthening

mechanisnof the fired pellets through oxidatia@f magnetite pellets.

6.2.2.2.Fffect of SuperflocE A-150LMW and HMW dosages on compressive

strength of pellets

Two flocculants codecSuperflog A-150LMW and $|perfloc,E A-150HMW (low

and high molecular weight, respectiveby marufactured b)ﬁytec,E Industries Inc.

were used as organic based binder. In view of molecular weights of flocculants, two

different dosages fdooth flocculants were tested. Addition levels were 0.0&84
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0.10% for LMW flocculant and were 0.005% ar@010% for HMW flocculant.
Since the original powder size of these flocculants is not suitable to direct use as

binder, they were useas water slurrafter dissolving in distilled water.

The ame methods were applied for pelletizing and testing of pellet qualities as
explained forprevious experiments. The compressive strengths of thermally treated
pellets were determined and the results are given in the Table 6.7. The results of
compressive strength for these pellets were compared with the baseline obtained with
bentonite binderTable also shows the moisture content and drop numbers of wet

pellets.

Table 6.7 Effect ofSuperﬂoc',‘E A-150LMW andSuperro@ A-150HMW on
compressive strength of pellets thermally treated at different temperatures for 20

minutes

3 . MOiStureWetdrOp Mean compressive stre
clgg:; Binder and dosages co‘r)m/(t)ent number | Dry @ Dry @ Preheat @ Fired @
105°C 400C 1000C 1300C
1 0.50% Bentonite (Baseline] 850 3. 00 |2. 20 |28. 10| 1501087 .| 494. 40
2 | 0.05% Superfloc AAS0LMW | 8.86 (3. 4 0 N 11.30| 62.40 471.20
3 | 0.10% Superfloc AAS0LMW | 8.71 (5. 0 0 N 9.00 61.10 405. 30
4 10.005% Superfloc A50HMW| 8.47 |2 . 2 0 N 11.90| 5080KN6.¢369.80
5 (0.010% Superfloc A50HMW| 8.00 (2. 0 0 N 7.40 56. 30 352. 40

Moisture contents of pellets were measured between 8.00% and 8.86% which are
almost equal to moisture content 8.50% of bentonite bonded pellets. Results showed
that increasing flocculant dosage resulted in progressively higher drop numbers for
pellets madavith LMW flocculant. Drop numbers were found to be 3.40 and 5.00
for those pellets made with 0.05% and 0.1G})ciaperfloé;E A-150LMW addition,
respectively.

On the contrary, the drop numbers of pellets with HMW flocculant were found only
2.00 and 2.20 whichre insufficient when compared with the drop number baseline
of 3.00 of wet pellets with bentonite. It is thought that these addition levels of HMW
flocculant are not appropriate level; it should be used higher addition level than those
levels to produceusficient wet drop numbers.
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The balling/agglomeration of the wet pellets with the addition levels preferred for the
flocculants were normal, no difficulty were faced during seed and wet pellet
formation. Besides, smother surface of wet pellets were oltsefter wet pellt

production withtheuse of these flocculamas binder.

The compressive strengths results are shown graphically in Figure 6.9 for pellets
produced WithSuperfIO(‘;E A-150LMW andSuperfIO{E A-150HMW and thermally
treated at 400, 1000 andQBC for 20 minutes.

The compressive strengths of pellets preheated dC4@@re determined between
7.40 and 11.90kg/p which are drastically lower than the baseline value with
bentonite; 28.10 kg/p. The reduction of strength is more pronounced withsimge
addition level of flocculants for both LMW and HMW. Therefore, compressive
strengths of pellets preheated at 4DGre not comparable to pellets made with

bentonite binder.
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Figure 6.9 Effect ofSuperrog A-150LMW andSuperroc’;E A-150HMW dosage on
compressive strength of pellets thermally treated at different temperatures for 20

minutes. The error bars show the 95% confidence level (P95)
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The compressive strengths of pellets preheated at’°CO@@re determined to be
about average values of 8&@/p and 53kg/p for LMW and HMW flocculants,
respectively. These strengths cannot be compared to the baseline valueyib0f1l
bentonite bonded pellessnce they are too lowt can be said that theflecculants

are not suitable binder to provide sufficient preheated pellet strength.

Fired pellet compressive strengths with LMW flocculants were found to be a little
lower than that of obtained with bentonite. Decrease of compressive strength is
increagng with the increasing addition levels of flocculants. It was decreased from a
baseline level of 494.40 to 471.20 and further 40&@#p when additionlevel was
increased. Furthermore, the compressive strength decrease is markedly low for
HMW flocculants They were found to be 369.8@/p and 352.4kg/p when HMW
flocculant was used. That means adverse effects of these flocculants on strengthening
mechanism of magnetite pellets are becoming important when the adieMseare

increased.

6.2.2.3 Effect of boron compounds on compressive strength of pellets

Organic binders and organic based chemisadse found to give sufficient wet and

dry pellet properties, however they failed to provide sufficient preheated compressive
strength to the pellets. Therefore, in order to get comparable or improved preheated
pellet strength, some boron compounds were testdoinder or strength improving
additives for DivrifjJi m Bgrax eéntaltydratechmncc e nt r

acid, tincal and colemanite were usedboron containing compounds.

Boron compounds were added to the dry Di
addition levelsto determinethe most appropriate dosage. Boron compounds were

used after grinding in mill or mortar to get suitable particle size distribution for
balling. Cdemanite was used aft@alcination in order to avoid decrepitation of

colemanite during thermal treatment

The performances of these boron compounds on pellet quality were determined and
compared to the baselines with bentonite binder. The results wee @ the

following subtitles
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6.2.2.31 Effect of colemanite, tincal, borax pentahydrate and boric acid

addition on compressive strength

Calcined colemanite, tincal, borax pentahydrate and boric acid tested as
strength improving additivesn this study. To see the effect of these boron
compounds as binder on pellet strength they were used alone and trial dduglon
like 0.50% at first.Calcined colemanite, tincal, and boric acid were used at 0.50%
and borax pentahydrate was tesfed two different addition levels; 0.50% and
1.00% by weightofdrpi vr i Jji magnetite concentrat
Wet pellets were first dried at 105, then were thermally treated at 400, 1000 and
1300C for 20 minutes in muffle furnace in the laboratory. The compressive
strengths of thermally treated pellets were determined and the results are given in the
Table 6.8. The results of compressive strength for these pellets were compared with
the baseline obtained with bentonite binder. Table also shows the moisture content

and drop numbers of wet pellets.

Table 6.8 Effect of calcined colemanite, tincal, borax pentahydrate and boric acid
addition on compressive strength of pellets thermally treated at different

temperatures for 20 minutes

e .

Moisture Mean compressive stre
Binderl  Binder and dosages | content| "Wet droP
o % number | Dry @ Dry @ Preheat @ Fired @
105°C 400°C 1000°C 1300°C
1 | 0.50% Bentonite (Baseline] 850 3. 00N2. 20RN28. 10|150. 10| 4944084 3.
2 0.50% Calcined colemanit§ 7.46 (2. 1 0 K 12.40|151.90(554.20
3 0.50% Boric acid 815 |2. 80K 19.30RR.15| 121.70R8.81 | 515.20N 3 3 .
4 0.50% Tincal 786 2. 00K 21.20RR.24| 88.20K3.53 | 358.30N24.96
5 0.50% Borax pentahydrate 8.15 |2 . 0 0 N 12.60N1.44| 81.40K8.98 | 375.90KB8.69
6 1.00% Borax pentahydrate] 8.00 {2 . 0 0 N 10.40N1.99| 76.70R6.81 | 400.20R28.75

The moisture content tests of the pellets produced with any boron compound resulted
in lower moisture content thathe bentonite bonded pelle®ll pellets produced
with any boron compounds had about 2.00 drop numbers whidbwisr than

baseline value of 3.00 with bentonite. Aftéwe second dropall wet pelletsmade
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with calcined colmanite, tincal or borax pentahydrate additiwere cracked. Only
wet pellets made with boric acid addition had 2.80 drop number which is slightly

lower than 3.00, and may be considered comparable.
The compressive strengths results are shown graphically in Figure 6.10 for pellets

produced withcalcined colemanite, tincal, borax pentahydrate and boric acid
additionand thermally treated at 400, 1000 and £80f@r 20 minutes.
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Figure 6.10 Effect of calcined colemanite, tincal, borax pentahydrate and boric acid
additionon compressive strength of pellets thermally treated at different

temperatures for 20 minutes. The error bars show the 95% confidence I&)el (P9

The compressive strengths of pellets preheated aiC4Q@re determined to be
various; ranging betweeh0.40 and 21.2&g/p which are lower than baseline of
bentonite bonded pellet; 28.1y/p. Compressive strength of pellets made with
0.50% tincal addion was 21.20 kg/p which are higher than those of obtained by
using other boron compounds. This is most likely due to lower melting point of tincal
mineral, since tincal has the lowest melting point among all boron compounds. It is
expected that after rtimg of any additive, here it is tincal, it spreads over the
magnetite grains and bind them together. However, if the melting point of additive is

higher than the heating temperature, it will moelt and not bind the particle
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together;as a result no carnbutions on strength increase can be observed. For
instance,the low compressive strengths were found for pellets produced with
colemanite addition and. heated at a temperature lower than colemanite melting
point. The compressive strength of pellets waand to beonly 12.40 kg/p with

0.50% calcined colemanite addition. Calcined colematitiondid not contribute

to the strength increase at 4Wheating temperatunghich is lower than thenelting

point (986C) of colemanite

The contribution ofcalcined colemanite addition on strength increase for pellets
preheated at 1000 was found more pronounced. Since this temperature is slightly
over than its melting point. Compressive strength of pellets contain 0.50% calcined
colemanite was found to bé&1.90kg/p which is almost equal to baseline value of
150.10kg/p with 0.50% bentonite binder. Boric acid also provided a reasonable
strength increasevhich is 121.7&kg/p; however it is lower than baseline. The other
boron compounds borax pentahydratel d@imcal were found to be incapable to
increase strength, since pellets contain those compounds had only an average

strength of 8&g/p which is not comparable to baseline.

Fired pellet compressive strengths with addition of calcined colemanite and boric
acid were found to be 554.20 abtl5.20kg/p respectivelya little higher than that of
obtained with baseline with bentonite, 494 K@'p. The other boron compounds
borax pentahydrate and tincal were found to decrease the strength. For example it
was deceased from 494.4Kg/p to 358.30kg/p and 375.9kg/p when 0.50%borax

pentahydrate and.50%tincal were used respectively.

As the calcined colemanite provided sufficient strength for both preheated and fired
pellets, effect of calcined colemanite dosagecompressive strength of pellets were

investigated in detail and the results are given following.

6.2.2.32Effect of calcined colemanite dosage on compressive strength of pellets

In view of the fact that better results in respect to preheated and fired pellet

compressive strengths were obtained by addition of calcined colemanite, further
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experiments were done to determine an optimum calcined colemanite dosage. The
second reason tprefer to use colemanitss because of availabilityf natural
colemanitein Turkey. Four addition dosages ranging from 0.25% to 1.00% were

tested as binder to see the effect of dosage on compressive strength of pellets.

Pelletizing and pellet quality tesswere carried out with the methods as explained for
previous experiments. The compressive strengths of thermally treated pellets were
determined and the results are given in the Table 6.9. The results of compressive
strength for these pellets were congzhmith the baseline obtained with bentonite

binder. Table also shows the moisture content and drop numbers of wet pellets.

Table 6.9 Effect of calcined colemaniten compressive strength of pellets thermally

treated atlifferent temperatures for 20 minutes

Moisture Mean compressive stre
Binderl  Binder and dosages | content| /&t droP
codes o | Number | Dry @ Dry @ Preheat @ Fired @
105C 400°C 1000C 1300C
1 | 0.50% Bentonite (Baseline] 8.50 |3.00N0./[2. 20N28.10|150.10|494. 40N
2 0.25% Calcined colemanit 7.33 (2. 10 13.10(|123.60|446.60
3 0.50% Calcined colemanitg 7.46 (2. 10 12.40(|151.90(|554.20
4 0.75% Calcined¢olemanite | 752 (2. 30 9.80 181.00|542.80
5 1.00% Calcined colemanitd 7.73 |2 . 20 9.20 183.60| 653.80

Moisture contents of pellets were measured between 7.33% and 7.73% which are
markedly lower thathe moisture content 8.50% of bentonite bonded pellets. Results
showed that increasing calcined colemanite dosage does not have positive effect on
wet pellet drop number, since all pellets with different dosage resulted in with only a
drop number about 202 Drop number test results showed that calcined colemanite is

not suiable to be used as binder alone.
The compressive strengths results are shown graphically in Figure 6.11 for pellets

produced with different dosagesaiicined colemanitand thermallytreated at 400,
1000 and 130 for 20 minutes.
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The compressive strengths of pellets preheated aC4@@re determined between

9.20 and 13.10kg/p which are lower than the baseline value with bentonite; 28.10
kg/p. The reduction of strength is more pronounced with increasing adbitieh

from 0.25% to 1.00% of calcined colemanite. Therefore, compresti®@rgths of

pellets preheated at 4D are not comparable with the pellets made with bentonite
binder. However, these compressive strengths can be considered sufficient since the
pellets, at this temperature, are not subjected to dynamic force. Theyohamby
withstand the static load from pellet bed mass on the travelling grate and from air
pressure created by drying/preheating fans. Therefore the important preheating
compressive strength should be reinstated when the preheated pellets are cascading

from travelling grate to the firing kiln.

700

600 —1- ®0.50% Bentonite

2- 1 0.25% Calcined colemanite

500 +— ) .
3- W 0.50% Calcined colemanite

400 +—4- m0.75% Calcined colemanite

300 |2 @1.00% Calcined colemanite

Compressive strength, kg/p
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0 __E‘—_— .
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Figure 6.11 Effect of calcined colemanitdosage on compressive strength of pellets
thermally treated at different temperatures for 20 minutes. The error bars show the
95% confidencéevel (P95)

Results presented in Figure 6.11 indicated that increasatgjned colemanite
addition levels increased the compressive strengths pellets of preheated &t 1000
The compressive strengths of preheated pellets ranged from K2@p60ith 0.25%
calcined colemaniteo 183.60kg/p with 1.00%calcined colemanitadditions. These
values are substantially higher than the ones obtained with organic binders alone and
equal or better than the baseline, 15&adp, with 0.50% bentonite.
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The ompressive strengths of pellets fired at 1°8DGvere determined between
446.60 - 653.80 kg/p with 0.25% and 1.00% calcined colemanite addition,
respectively. Gradually increase of compressive strength of pellets is valid for fired
pellet, as well. Only copressive strength of pellets made with O@®%alcined
colemaniteaddition has lower fired strength than the baseline by bentonite bonded
pellets. All the compressive strengths of fired pellets, produced with 0.50% or higher
additionlevel of calcined coleranite, were notably higher than that of baseline with

bentonite.

As the compressive strengths of preheated pellets produced with 0.50% bentonite
and 0.50%calcined colemanitevere nearly equal, 150.1@/p for the former and
151.9kg/p for the latter, andhe compressive strength of fired pellets of 0.50% CC
were higher than baseline, it was decided that the addition levelaloined
colemaniteat 0.5% would be sufficient.

6.2.2.4 Effect of calcined colemaniteadded organic binders on compressive

strength of pellets

In the light of the results given above, neither organic binders nor calcined
colemanite can be used alone as binders
concentrate. While calcined colemanite falls short of the wet pellet quaigsnic

binders fail to meet the preheated pellet strengths. Therefore, the combination of
organic binders and calcined colemanite; CMC plus calcined colemanite, corn starch

plus calcined colemanite and DPERZ@E)7 polymer plus calcined colemanite were

tested for the production of pellets with sufficient wet, preheated and fired pellet
quality. The addition levels of CMC, corn starch and DPEGW®/ polymer were

kept constant at 0.10% for the former two and 0.05% for the latter. Calcined

colemanite additio levels to organic binders were ranged from 0.25% to 1.00%.
The performances of these organic binders together with calcined colemattiee on

pellet quality were determined and companeith the baselines with bentonite

binder. The results arevgn inthe following subtitles
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6.2.2.4.FEffect of CMC plus calcined colemanite on compressive strength of

pellets

CMC and calcined colemanite were used together as combined binder to get
sufficient wet, dry and preheated pellet strengths. While the addi#wah of CMC

was constant at 0.10%, four different calcined colemanite addition levels ranging
from 0.25% to 1.00% were tested.

Pelletizing experiments were carried ontthe same ways explained before for
previous experiments. The compressive strengths of thermally treated pellets were
determined and the results are given in the Table 6.10. The results of compressive
strength for these pellets were compared with the baseline obtaitrethentonite

binder. Table also shows the moisture content and drop numbers of wet pellets.

Table 6.10 Effect of CMC plus calcined colemanite addition compressive
strength of pellets thermally treated at different terajees for 20 minutes

isfistue Mean compressive stre
Binder  Binder and dosages | content| Vet drop :
codes % number | Dry @ Dry @ Preheat @ Fired @
105°C 400°C 1000°C 1300C
1 0.50% Bentonite (Baseline] 850 (3. 00 |2. 20 (28.10|{150.10(494. 40
2 |0.10% CMC +0.25% Cal.cof 852 [2. 70N - 6. 70N| 91.70 |464. 40
3 |0.10% CMC + 0.50% Cal.col 8.63 [2. 90K 9.10N[121.50|465.00
4 |0.10% CMC +0.75% Cal.co 8.72 |2 . 906  --- 5.90N[132.90(507.30
5 |0.10% CMC + 1.00% Cal.col 891 [3. 00 K 6.10N[144.50(|510. 40

Moisture contents of pellets were measured between 8.52% and 8.91% which are
slightly greater than the moistucentent of baseline which is 8.50% with bentonite.

All combined binders yielded drop numbers near to 3.00 which are considered to be
sufficient drop numbers for wet pellets in this study. The addition of CMC improved

the low drop numbers obtaitevith onlycalcined colemanite.

The compressive strengths results are shown graphically in Figure 6.12 for pellets
produced withCMC plus calcined colemanite additiand thermally treated at 400,
1000 and 130 for 20 minutes.

141



The compressive strengths péllets preheated at 4% were found to be much
lower (5.909.10 kg/p) than the bentonite baseline; 28.10 kg/p. Moreover, these
strengths are also lower than the strengths obtained by only CMC or calcined
colemanite addition alone. However these strengtrs be considered sufficient,

since they are higher than the acceptable minimum dry compressive strength (2.2
ka/p).
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600 - 1- m0.50% Bentonite
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Figure 6.12 Effect of CMC plus calcined colemanite addition compressive
strength of pellets thermaltyeated at different temperatures for 20 minutes. The
error bars show the 95% confidence level (P95)

It can be seen in Figure 6.12 that increastaicined colemaniteaddition levels
increased the compressive strengths of pellets preheated 8C1T0@compressive
strengths of preheated pellets ranged from 91k@gp with 0.25% calcined
colemaniteto 144.50kg/p with 1.00%calcined colemanitadditions. These values
are slightly lower than the ones obtained by only same addéii of calcined
colemairite. However, they are substantially higher than the ones obtained with CMC
alone and near to the baseline value which is 15Rdlp obtainedwith 0.50%

bentonite.

The compressive strengths of pellets fired at 180Qere determined between
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464.40510.40 kg/p with 0.25% and 1.00%
respectively. All these fired pellet compressive strengths are near to the baseline
value, 494.4&g/p.

calcined colemanite addition,

These results showed that CMC and calcined colemaoitebination provided
sufficient strengthto the pellet at all conditionsvet, dry, preheated and fired.

6.2.2.4.2 Effect of corn starch plus calcined colemanite on compressive

strength of pellets

Corn starch and calcined colemanite were used together as combined binder to get
sufficient wet dry and preheated pellet strengths. While the addition level of corn
starch was constant at 0.10%, four different calcined colemanite addition levels

ranging from 0.25% to 1.00% were tested.

Pelletizing experiments were carried ontthe sameway as exlained before for
previous experiments. The compressive strengths of thermally treated pellets were
determined and the results are given in the Table 6.11. The results of compressive
strength for these pellets were compared with the baseline obtainetenitnite

binder. Table also shows the moisture content and drop numbers of wet pellets.

Table 6.11 Effect of corn starch plus calcined colemanite addiboncompressive

strength of pellets thermally treated at differmhperatures for 20 minwge

Moisture Mean compressive stre
Binder|  Binder and dosages | content G GITeD) .
codes % number | Dry @ Dry @ Preheat @ Fired @
105C 400°C 1000C 1300C
1 0.50% Bentonite (Baseline] 8.50 |3 . 00 |220N0.{28. 10|150.10|494. 40
2 10.10% Corn S.+0.25% Cal.cf 834 |2. 90 (2.10 (11.60|104.20(450.00
3 |0.10% Corn S+0.50% Cal.cc 846 (3. 00 |(2.10 |12.50(141.70|521.80
4 10.10%Corn S+0.75% Cal.cq 859 (3. 10 |2. 00 5.90 154.40|544.00
5 (0.10% Corn S+ 1.00% Cal.cc 860 (3. 20 (2. 00 9.30 178.60|581.60

Moisture contents of pellets were measured between 8.34% and 8.60% which are
slightly greater than the moisture content of baseline which is 8.50%. The drop
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numbers obtained with all addition levels differ from 2.90 to 3.20 which are about
same baseline dp number. Corn starch recovered the lower drop numbers obtained

around 2.00 with onl calcined colemanite addition.

The compressive strengths results are shown graphically in Figure 6.13 for pellets
produced with corn stargblus calcined colemanite adion and thermally treated at
400, 1000 and 136G for 20 minutes.
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Figure 6.13 Effect of corn starciplus calcined colemanite additiom compressive
strength of pellets thermally treated at different temperatures forra@tesi The

error bars show the 95% confidence level (P95)

Corn starch yielded sufficient compressive strengths to pellets dried ¥.Th6
values are 2.00 and 2.1@/p which are almost same to the baseline value of 2.20
kg/p. Corn starch seems to b@aod option to get both sufficient wet and dry pellet

strengths.

The compressive strengths of pellets dried af@08ere found to be much lower
(5.90- 12.50kg/p) than the bentonite bonded pellet baseline; 28df. However
these strengths can be cmlesed sufficient, since they are higher than the acceptable

minimum industrial dry compressive strength which iskgy.
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It can be seen in Figure 6.13 that increastairined colemanit@ddition levels
increased the compressive strengths of peliethgated at 100Q. The compressive
strengths of preheated pellets ranged from 104.R§® with 0.25% calcined
colemaniteto 178.60kg/p with 1.00%calcined colemanitadditions. These values

are slightly lower than the ones obtained by only same addewi of calcined
colemanite. However, they are significantly higher than the ones obtained with CMC
alone and near to the baseline value which is 15RdIp obtainedwith 0.50%

bentonite.

The compressive strengths of pellets fired at 130Were deterimed between
450.00 - 581.60 kg/p with 0.25% and 1.00% calcined colemanite addition,
respectively. All these fired pellet compressive strengths are near to the baseline
value, 494.4&g/p.

These results showed that when corn starch and calcined colensedtiogether as
binder, they camprovide sufficient strength to the pellet at all conditipmget, dry,

preheated and fired.

6.2.2.4.3Effect of DPEP060007 polymer plus calcined colemanite on

compressive strength of pellets

DPEPO60007 polymerand calcined colemanite were used together as combined
binder to get sufficient wet, dry and preheated pellet strengths. While the addition
level of DPEP0O60007 polymerwas constant at 0.05%, four different calcined

colemanite addition levels ranging frd25% to 1.00% were tested.

Pelletizing experiments were carried ogingthe same methods as explained before

for previous experiments. The compressive strengths of thermally treated pellets
were determined and the results are given in the Table 642. r@sults of
compressive strength for these pellets were compared with the baseline obtained with
bentonite binder. Table also shows the moisture contahtdeop numbers of wet

pellets.
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Table 6.12 Effect of DPEP060007 polymer plus calcined colemanite additon
compressive strength of pellets thermally treated at different temperatures for 20

minutes

3 _ MOiStureWetdrop Mean compressive sR9%)e
C'Sgg; Binder and dosages Co(r,zem number | Dry @ Dry @ Preheat @ Fired @
105C 400C 1000C 1300C
1 | 0.50% Bentonite (Baseline] 850 (3. 00 [2.20 |28.10(150.10|494.40
2 |0.05% DPEP +0.25% Cal.c{ 9.00 (3. 10 5.20 | 70.90 |[381.80
3 |0.05% DPEP +0.50% Cal.c{ 9.02 (3. 30 5.20 | 85.20 |[398.70
4 |0.05% DPEP +0.75% Cal.c¢ 9.21 |2. 50 7.40 |122.60(492.50
5 |0.05% DPEP +1.00% Cal.c{ 9.22 |2. 60 8.50 |[168.80] 562208409 .

Moisture contents of pellets were measured between 9.00% and 9.22% which are a
little greater than the moisture content of baseline pellets which is 8.50%. The drop
numbers obtained with all addition levels differ from 2.50 to 3.30 which can be
considered acceptable drop numbers. When the calcined colemanite additions are
0.25/ and 0.50%, the drop numbers were found to be 3.10 and 3.30 which are greater

than the baseline drop number of bentonite bonded pellets.

The compressive strengths reswdte shown graphically in Figure @.Ior pellets
produced with DPEPO60007 polymer plus calcined colemanite additiand
thermally treated at 400, 1000 and 1%D@or 20 minutes.

The compressive strengths of pellets dried af@0@ere found between 5.2@.50
ka/p, they are lower than 28.10 kg/p which is baseline value belongslitts
bonded with bentonitddowever these strengtlase considered sufficient, since they

are higher than theinimumacceptable dry compressiveestgth (2.2 kg/p).

When the strength of pellets preheated at 3008 examined, the strength increase
can be seen with increasing calcined colemanite addition. The first two preheated
strengths were found to be much lower than baseline preheated stvahggh
However it is increased to a comparable level by addition of 0.75% calcined
colemanite. Moreover, when the addition level of calcined colemanite is increased to

1.00%, the strength became 168.80 kg/p which is greater than baseline strength.
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Figure 6.14 Effect of DPEP060007 polymer plus calcined colemanite additoon

compressive strength of pellets thermally treated at different temperatures for 20

minutes. The error bars show the 95% confidence level (P95)

The compressive strengths of pellets fired at P80@vere determined between

381.80562.20 kg/p with 0.25% and 1.00% calcined colemanite addition,

respectively. The first two fired pellet compressive strengths are lower than baseline

value but they are stillcaeptable since they are greater than the minimum required

the latter two values are near to and greater than the baseline valuekg¢@d.40

These results showed that WHBREP060007 polymerand calcined colemanite are

used together as binder, they garoduce sufficient strength to the pellet at all

conditions; wet, dry, preheated and fired. However this combination is not as good as

the CMC plus calcined colemanite or corn starch plafimed colemanite

combination.

6.2.2.5 Effect of lower firing temperature and reduced bentonite plus calcined

colemanite binder dosage on compressive strength of pellets

I n the |Iight of the results

obt ai

ned

for

lower firing temperature may be tested, since the fired pellet compressive strengths
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were found much higher than the industrially required minimum strength limibwhic

Is 250kg/p for fired pellet. Therefore, lower firing temperatures; 1000, 1100, 1200
and 1300C were testedn the pellets addeooric acid and calcined colemanite. In
these pelletizing experiments, besides lower firing temperature, the combinations of
bentonite and calcined colemanite were tested. However, bentonite and calcined
colemanite additiotevelswere reduced at this time to see also the effect of reduced

dosages odbinders.

Boric acid was tested at 0.50% alone and two reduced adtkirefs of bentonite
plus calcined colemanite; namely 0.15% bentonite plus 0.15% calcined colemanite,

and 0.25% bentonite plus 0.25% calcined colemanite were tested.

The compressive strengths of thermally treated pellets at lower firing temperatures
were determing@ and the results are given in the Table 6.13. The results of
compressive strength for these pellets were compared with the baselines obtained
with bentonite binder. Besides bentonite baselines, experiments results previously
acquired with the lowest addih levelsof calcined colemanite also were given in the
table to compare the new performances. Table also shows the moisture content and

drop numbers of wet pellets so produced.

Table 6.13 Effect of lower firing temperaturesxaompressive strength of pellets
thermally treated at 1000, 1100, 1200 and £@0d0r 20 minutes. Boric acid and

reduced rate of bentonite plus calcined colemanite were used as binder

Moisture Mean compressive stret
Binder,  Binder and dosages | content el
codes % number | Heated @ Heated @ Heated @ Heated @
1000C 1100C 1200C 1300C
1 0.50% Bentonite (Baseline] 850 |3. 00 [150. 10 494. 40
2 0.25% Calcined colemanitdg 733 |2. 10 [123. 60 446.60
3 0.50% Boric acid 815 [2. 80 N121.70\8.81|215. 20 408 . 205152083 3 |
4 10.15%Ben.+0.15% Cal.cq 831 (2. 60 |118.80{156.90(342.20(468.20
5 0.25% Ben. + 0.25% Cal.cq 8.39 |[2.80N0 .[122.20|/191.401(351.30(489. 40

The moisture contents of wet pellets are low for pellets produced with only calcined
colemanite addition. However they are almost same to that of bentonite bonded
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baseline pellets when only.15% or 0.25% bentonite is used together with same

amount of calcined colemanite.

The addition of such amount of bentonites improved the insufficient drop numbers
obtained when only calcined colemanite is used. Drop numbers of combined binders
are practally reached to the baseline drop numbers with bentonite. This result
shows that the reduced amount of bentonite may recover the inadequate wet pellet

drop numbers of only calcined colemanite containing pellets.

The compressive strengths results are shgvaphically in Figure 6.15 for pellets
produced withreduced rate of bentonite plus calcined colemanite adddimh
thermally treated at 1000, 1100, 1200 and 2Gd0r 20 minutes.

1- ®0.50% Bentonite
2- 10.25% Calcined colemanite
500 +—3- ®0.50% Boric acid

Compressive strength, kg/p

S
o 3
1 1

1000 1100 1200 1300
Heating temperature °C

Figure 6.15 Effect of lower firing temperatures on compressive strength of pellets
thermally treated at 1000, 1100, 1200 and 2@0for 20 minutes. Boric acid and
reduced rate of bentonite plus calcined colemanite were used as Qihdeerror
bars show the 95% confidence |e¢295). Dashed line shows 2&@/p which is the

industrially required minimum strength limit for fired pellet compressive strength

The compressive strengths of pellets heated at different temperatures can be seen in

Figure 6.15. They progressively incsea when the heating temperature or addition
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level of binders are increased. The pellets produced with 0.50% boric acid has
121.70 kg/p and pellets withlower addition levels of bentonite and calcined
colemanite have 118.80 and 122I&fJp which are slighHy lower than 150.1&g/p
belongs to bentonite bonded baseline pellets at “@0@owever, they are much

higher than the strengths obtained without binder or organic binders alone.

When the temperature was increased to i@ 08trengths of boric acid caining
pellets were increased to 215§p and the others to 156.90 and 191kgfp which
are insufficientconsidering therequired limit which is 25kg/p. A dashed line
indicating that limit was drawn in Figure 6.15 to compheeresults easily.

Onthe other hand, when the temperature was increased t6CL2fengths became
408.20 for boric acid containing pellets and 342.20 and 33440for the others,
respectively. Now these pellets are strong enough since they meet the minimum
strength limit. These results indicate that the low temperature i.e. °@2@an be
employed to get sufficient fired pellet strength. Moreover, it can be concluded that
the minimum temperature to provide the minimum required strength limit for fired
pellet is somewhere beeen 1108C and 1208C. This results are so significant

because lowering of firing unit of pelletizing plant will lead to energy saving.

The compressive strengths of all pellets fired 200C and1300C are higher than
the limit and almost same valutesthe baseline pellets.

6.3 Pelletizing experiments with Brazilian hematite ore

The asreceived size Brazilian hematite ore was ground in a ball mill for optimum
grinding time to get a suitable size distribution. Ground hematite ore used in
pelletizing experiments had a Blaine surface ared & 9 1 cni¥f/g. FParticle size
distribution of this sample is given irigure 5.7shows that Ro 248. 90 Om,
76.95 Om and 61.07% of the particles is

15C
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6.3.1 Effect of different organic binders on compressive strength of pellets

Organic binders tested for Divrifji maghne:
hematite ore. In the view of the results for use of organic binders obtained with using
DivrijJi ma g n ethheimbse aprapnate addition laviel®f, organic binders

were used for hematite ore.

Technical grade CMCGQarboxylmethyl cellulose), food grade corn starch, dextrin,
an organic basegolymer coded DPEPOB007 by Ciba Company, two organic
based flocculantscoded Supen‘loc’.‘E A-150LMW (low molecular weight) and
Superflo{E A-150HMW (high molecular weight) manufactured by Cytec company

were tested as organic binders.

Organic binders were added to the dry Brazilian hematite ore at suitable addition
levels which were founduitabledosages. Some of the organic binders were used as
powder and others were used after dissolving in distilled water, according to their

physicd and chemical properties.

The performances of these organic binders on pellet quality were determined and
compared to the baselines with bentonite binder. For the hematite ore, preheated
pellet compressive strength is so important due to lack of thag#tening
mechanism by oxidation as in the case of magnetite pellets. The other strengthening
mechanism through recrystallization takes place at relatively high temperature such
as 1200C-1350°C for hematite pellets according to genesis of ore used ietpell
production(Meyer, 1980. Therefore, the low strength of hematite pellets in industry
would be a problem especially when the travelling grate and rotary kiln furnace
system is used. Hence, the focus of this study is on the preheated and fried
compressie strength of hematite pellets. The results are given in the following

subtitles, respectively.
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6.3.1.1 Effect of CMC, corn starch and dextrin addition on compressive
strength of pellets

CMC, corn starch and dextrin organic binders were tested at several different
dosages for Di vr i jlnorderdogseedhe parf@maocesnottleeret r a t
organic binders on a hematite orentatite pellets were also produced using these
organic binderat additionlevelsof 0.10%, 0.20% and 0.50%, respectively.

Wet pellets were first dried at 15, then were thermally treated at 400, 1000 and
1300C for 20 minutes in muffle furnace in the laboratory. The compressive
strengths of thermally treated el were determined and the results are given in the
Table 6.8. The results of compressive strength for these pellets were compared with
the baseline obtained with bentonite binder. Table also shows the moisture content
and drop numbers of wet pellets.

The moisture content of wet pellets was found to be 7.50% using bentonite binder.
CMC and corn starch bonded pellets were found to have higher moisture contents
than 8.00%. However, only dextrin bonded pellets resulted in a lower moisture

content that is 30%.

Table 6.14 Effect ofaddition of CMC, corn starch and dest organic bindersn
compressive strength of pellets thermally treated at different temperatures for 20

minutes

Moisture Mean compressive stre
Binder|  Binder and dosages | content LIl :

codes % number | Dry @ Dry @ Preheat @ Fired @
105°C 400C 1000C 1300C

1 0.50% Bentonite (Baseline] 750 |3. 40 |2. 80®6( 2. 70B0| 49 . 663 | 381 .42.05

2 0.10% CMC 844 |4 70m0 - 19. 2108 | 330.9022.8W

3 0.20% CMC 873 |o . ool 3-20R0.26| 3.00R0.29 | 35.00f0.48 | 378.50R09.37

4 0.20% Corn starch 8.00 (4 . 00041 14.00R0.83 | 280.10R27.05

5 0.50% Dextrin 7.30 (2 . 00000 11.90KL.19 | 189.30R26.55

The baseline drop number of pellets produced with bentonite was found to be 3.40.
Higher drop numbers were obtained by using CMC and corn starch; these drop
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numbers are 4.00 for 0.20% corn starch added pellets, and 4.70 and 9.00 for 0.10%
and 0.20% ®IC adced pellets, respectively.

The compressive strengths results are shown graphically in FigugdoB.pellets
produced with CMC binder and preheated at?G0énd 1308C for 20 minutes.

700

600 -——1- ®0.50% Bentonite
2- 10.10% CMC

| 3- 0.20% CMC

400 T—4- m0.20% Corn starch

1 5- ®m0.50% Dextrin

500 -

300

200

Compressive strength, kg/p

100

1000 1300
Heating temperature °C

Figure 6.16 Effect ofaddition of CMC, corn starch and dextrin organic binders
compressive strength of pellets preheated atDaad fired at 130T for 20
minutes. The error bars show the 95% confidence level (P95)

The compressive strength of pellets produced with bentonite bindgrraheated at
1000C was found 49.60 kg/p and accepted as baseline value. The compressive
strengths of pellets produced with organic binders are significantly lower than the
baseline value of bentonite bonded pellfikey were determined between 11.90
35.00 kg/p which are not comparable to baseline compressive strength. These
organic binders were found to not contribute to the preheated strength of hematite
pellets. Therefore, the use of these organic bindautsesmuch lower preheated
pellet strengthri hematite ore pelletizing.

When the fired compressive strengths of pellets observed, it can be seen that the

baseline strength of fired pellets with bentonite addition is 381.10 kg/p and the others
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produced with organic binders are between 189318.9 kg/p. Only CMC bonded

pellets resulted in with comparable strengths (330.898.50 kg/p) to the baseline

v al

ue.

Corn

starch

and

dextri

n

wer e

significantly. Moreover, the pellets contain 0.50% dextrin has m&r@&®30 kg/p

which is alsolower than the industrially required fired pellet strength which is 250

ka/p.

6.3.1.2 Effect of DPEP060007 ponmer,Superroc‘E A-150LMW and HMW

addition on compressive strength of pellets

DPEP060007 ponmer,Superroé‘E A-150LMW and HMWorganic based chemicals

were tested as agglomeration aid binders for hematite ore using at atiliétsof

0.10%, 0.05% and 0.005%, respectivdly.order to see the performances of these

chemicals as binder on quality of hematite fs]l®aseline values were set up with

bentonite binder on hematite pellets. The pelletizing and test methods to form and to

determine the quality of pellets are same as explained previously.

The results obtained by using the organic based chemicals wapa with the

baselines obtained with bentonite binder. The compressive strengths of thermally

treated pellets are given in the Table56.Table also shows the moisture conterd a

drop numbers of wet pellets.

Table 6.15 Effect ofaddition of DPEP060007 ponmerSuperroﬂiE A-150LMW

and HMWorganic binderen compressive strength of pellets thermally treated at

different temperatures for 20 minutes

3 . MOiStureWetdrOp Meanc ompr essi ve streng
Clgggg Binder and dosages cog/zent number | Dry @ by @ Preheat @ Fired @
105°C 400C 1000C 1300C
1 0.50% Bentonite (Baseline] 7.50 |3. 40 (2. 80®6| 2. 70B0| 49 . 663 | 381 .42.85
2 |0.10% DPEPO®O007 Polyme| 9.61 |1 0. @33 2050N2. 1287.50
3 | 0.05% Superfloc AAS0LMW | 9.43 (3 . 00000 5.90 N191.30
4 0.005% Superfloc A50HMW| 7.40 (2 . 00000 13.30 210.50
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The moisture contents of wet pellets were found to be 9.61% and 9.43% by DPEPO06
0007 polymer andSuperro{E A-150LMW, respectively. The wet pellets had only
7.40% moisture Whelf‘ouperﬂo{E A-150HMW was used. The former two addition
levels are considered sfigient when the moisture contents compared with the
moisture content of bentonite bonded pellets. On the other hand, the latter can be said
insufficient and the additiolevel should be increased tacrease moisture content

Sufficient drop number wasbtained by using DPEPE®B07 polymer. This drop
number was found to be 10.00 which is about triple the baseline drop number which
is 3.40. However, botlﬁ?uperflo{E additions did not yield enough drop number with
these additionevels In order to get a sfi€ient drop numberthe additionlevel of

these bindershould be increased.
The compressive strengths results are shown graphically in FigutdoB.pellets

produced with DPEPGB007 ponmer,SuperroE;E A-150LMW and HMW binders
and preheated at 10and 1300C for 20 minutes.

700

600 -——1-80.50% Bentonite

2-10.10% DPEP06-0007 Polymer
 3-m0.05% Superfloc A-150LMW
400 +—4-m0.005% Superfloc A-150HMW

500 -

300

200

Compressive strength, kg/p

100

1000 1300
Heating temperature °C

Figure 6.17 Effect ofaddition of DPEP060007 ponmerSuperroéE A-150LMW
and HMW organicbinderson compressive strength of pellets preheated at°0000
and fired at 130U for 20 minutes. Therror bars show the 95% confidence level
(P95)
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The compressive strengths of pellets produced witfanic based chemicalgere

found to be drastically | ower than the Db
were determined between 5:90.50 kg/p which are not comparable to baseline
compressive strength which is 49.80/p. Theseorganic based chemicaisere

found to decrease the preheated strength of hematite pellets. Therefore, in the case of
using these organic based chemicals will be harmfidspect to preheated strength.

As seen from the Figure &.1the fired compressive strengths of pellets produced
with organic based chemicals are much lower than the fired baseline strength. Only
DPEPO60007 polymer bonded pellets resulted in with 28k&@ which is lower

than the baseline, however it is about the industrially required valueg2p0The

other two strength$191.30 and 210.58g/p) cannot be compareid the baseline

valueand much lower than the indust fired compressive strength.

6.3.2 Effect of boron compounds on compressive strength of pellets

Organic binders; CMC, corn starch and organic based polymer; DRERU6are
found to give sufficient drop number to wet pellets, however they failed to provide
sufficient compressive stngth to the preheated and fired pellets. Therefore, in order
to get adequate or improved preheated and fired pellet stretigghsame boron
compoundgboric acid, borax pentahydrate and colemargejluding tincal tested
for DivrijJi ma gereeaso tested @&@s dindereon gtrength improving
additives in hematite ore pelletizingincal is eliminated since it did not perform as

good as other boron compounds.

Boron compounds were added to the dry Brazilian hematite ore at proper addition
levekwhi ch are found to be the most appro
concentrate. Boron compounds were used after a grinding process in mill or mortar

to get suitable particle size distribution for balling. Colemanite mineral was used

after a processf calcination in order tgreventfrom decrepitation of colemanite

during thermal treatment, since it has chemically bonded waterstiutsure.
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The performances of these boron compounds on pellet quality were determined and
compared to the baselinebtained with bentonite binder. The results avemgyin the

following subtitles.

6.3.2.1 Effect of boric acid, borax pentahydrate and calcined colemanite

addition on compressive strength of pellets

Boric acid, borax pentahydrate and calcined colemanite temted asstrength
improving additivesin hematite ore pellets. To see the effect of these boron
compounds astrength improving additivesn pellet strength they were used alone

at additionlevel of 0.50% which is found suitablosagefor magnetite pellets. The
pelletizing and test methods to form and to determine the quality of pellets are same

as explained previously.

The results obtained by using the boron compounds were compared with the
baslines obtained with bentonite binder. A pelletizing experiment was also carried
out without binder to show the effect of bentonite binder and boron compounds on
pellet quality. The compressive strengths of thermally treated pellets are given in the

Table6.16 Table also shows the moisture contamt drop numbers of wet pellets.

Table 6.16 Effect ofboric acid, borax pentahydrate and calcined colemadiion
on compressive strength of pellets thermally treated at diffegsieratures for 20

minutes

Moisture Mean compressive stre
Binder|  Binder and dosages | content LIl :
codes % number | Dry @ Dry @ Preheat @ Fired @
105C 400°C 1000C 1300C
1 Without binder 690 |2. 20 19. @7 | 253.35.01
2 0.50% Bentonit¢Baseline) | 750 |3 . 40 |2. 80®6| 2. 70B80| 49. 663 | 381 .42.05
3 0.50% Boric acid 800 (2. 60 113.70[460.90
4 0.50% Borax pentahydratey 7.22 |2. 50 |2. 00 [2.00 119.40N13.18| 5 3 6 . 56.27
5 0.50% Calcined colemanitg 7.34 [2.50N 0 . 116 .5170| 6 0 2 .58.80

The moisture contents of pellets with borax pentahydrate and calcined colemanite
addition are 7.22% and 7.34% which are between the moisture content 6.90% of
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pellets without binder and moisture content of 7.50 with bentonite binder. Only boric
acid contaiig pellets have a little higher moisture content that is 8.00%.

However, none of the boron compounds addition can yield sufficient drop humber to
the wet pellets. All pellets produced with any boron compounds had about 2.50 drop
numbers which ighan tle baseline valuefd.40 with bentonite.

Theresultsof compressive strengtlese shown graphically in Figure &.1or pellets
produced withboric acid, borax pentahydrate and calcined colemaaitition and
preheated at106G and 130€C for 20 minutes.

700

600 +———1- ®Without binder = {
2- ®0.50% Bentonite

500 +—

3- m0.50% Boric acid
400 —4- @ 0.50% Borax pentahydrate T
300 | 5- m0.50% Calcined colemanite

Compressive strength, kg/p

200
1 2 3 4 5
100 - L =
0 A
1000 1300

Heating temperature °C

Figure 6.18 Effect ofboric acid, borax pentahydrate and calcined colemanite
additionon compressive strength of pellets preheated at’00a0d fired at 130T
for 20 minutes. The error bars show the 95% confidence [E9&)(

The compressive strengths of preheated pellets at’@Od®duced without binder

was merely 19.00 kg/p, showing that hematite pellets cannot become strong enough
without a good binder. On the other hand, bentonite binder can increase the
preheated aopressive strength to 49.60 kg/p. Furthermore, this strength was
improved by the addition of boron compounds. Preheated compressive strengths
were found to be 113.70, 119.40 and16.10 kg/p with the addition of 0.50% boric
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acid, borax pentahydrate and daéd colemanite, respectively. They are
significantly higher than 49.60 kg/p of baseline strength for bentonite bonded pellet.
It is believed tht boron compounds make the Ipeatedpellets stronger through

physical melting and binding the iron oxide gsaat the surface.

The fired pellet strength was found to be 253.50 kg/p without binder and 381.10 kg/p
with 0.50% bentonite added pellets. The contributions of boron compounds addition
on strength increase for fired pellets at 18@ere found more pronmced. Since

the strengths were increased to 460.90, 536.50 and 602.00 kg/p with the addition of
0.50% boric acid, borax pentahydrate and calcined colemanite, respectively. They are
notably higher than that of 381.10 kg/p which is accepted as baselinbesiibnite
addition. The higher compressive strengths of fires pellets at°@36@ntain any

boron compounds are due to complete melting of the boron compounds at this
elevated firing temperature. Since the boron compounds melted completely, they

could bird the iron oxide grains well (see title 6.5.3 for micro image of fired pellets)

6.3.2.2 Effect of calcined colemanite dosage on compressive strength of pellets

Although all boron compounds provided sufficient and improved strength for both
preheated anfired hematite pellets, colemanite was selected for further pelletizing
experiments, since it is a natural and abundant mineral in Turkey. The effects of
calcined colemanite dosage on compressive strength of pellets were investigated in

detail and the rests are given below.

Since the remarkable preheated and fired pellet compressive strength increase was
obtained with addition of boron compounds, an optimum addiggal should be
determined. As all boron compounds were found to give about same Istrengt
increase to hematite pellets, it is advantageous to use a natural mineral than other
processed compounds. Therefore, colemanite was selected to specify an optimum
dosage since it is a natural mineral and moreover it is abundant in Turkey. Further
experinents were carried out to determine an optimum calcined colemanite dosage.
Four additionlevelsranging from 0.25% to 1.00% were tested to see the effect of

dosage on compressive strength of pellets.
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Pelletizing and pellet quality tests were carried oubwhe methods as explained for
previous experiments. The compressive strengths of thermally treated pellets were
determined and the results are given in the Tablé. G.hie results of compressive
strength for these pellets were compared with the basdtitaéned with bentonite

binder. Table also shows the moisture content and drop numbers of wet pellets.

Table 6.17 Effect of calcined colemanite dosaga compressive strength of pellets

thermally treated at different temperatifer 20 minute

. _ Moisturel o 410 Mean compressive stre
Iilggsg Binder and dosages co;t)ent number | Dry @ by @ Preheat @ Fired @
105C 400°C 1000C 1300C

1 0.50% Bentonite (Baseline) 750 |3 . 40 |2. 80®6| 2. 70B80| 49. 663 | 381 .42.05

2 | 0.25% Calcined colemanit§ 7.24 |2.30N0 . 83.90N 478. 90K

3 | 0.50% Calcined colemanitq 7.34 |2.50N0 . 116.10/602. 00K

4 | 0.75% Calcined colemanitq 7.39 |2.50N0 . 151.40|772.00HK

5 1.00% Calcined colemanitg 7.74 |2.50N0 . 219.30|893. 60K

Moisture contents of pellets were measured between 7.24% and 7.74% which three
of them a little lower than the moisture content 7.50% otdrete bonded baseline

pellets.

However, results showed that increasing calcined colemanite dosage does not have
positive effect on wet pellet drop number, since all pellets with increasing dosage
resulted in with only a drop number about 2.50. This test results shows ttiaedal
colemanite is not suitable to be used as binder alone due to insufficient drop number

Theresults ofcompressive strengths are shown graphically in Figui@féripellets
produced with different dosages o&lcined colemaniteaddition and preheated
at1000C and 1308C for 20 minutes.

The compressive strengths of pellets preheated at’C0@6re determined between
83.90 and 219.30kg/p which are markedly higher than the baseline value with
bentonite; 49.60 kg/p. Furthermore, these values are also substantially higher than
the ones obtained with organic binders alone. The strength increaserés
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pronounced with increasing additidevel of calcined colemanite from 0.25% to
1.00%. Therefore, compressive strengths of pellets preheated dC1680 be
improved with addition of calcined colemanite. Since the 83.90 kg/p preheating
strength isnat high enough, 0.50% or higher dosage would be optimum rate for
calcined colemanite additianto hematite pellets to produce sufficient strength.

1 1- m0.50% Bentonite

800 | 2- m0.25% Calcined colemanite

7 — . ;
00 3- ®0.50% Calcined colemanite

600 +—

500 4- m0.75% Calcined colemanite

5- ®1.00% Calcined colemanite

Compressive strength, kg/p

1000 1300
Heating temperature °C

Figure 6.19 Effect of calcined colemanite dosaga compressive strength péllets
preheated at 1000 and fired at 130 for 20 minutes. The error bars show the
95% confidence level (P95).

The compressive strengths of pellets fired at 1G0Qere determined between
478.90 - 893.60 kg/p with 0.25% and 1.00% calcined colemanite addition,
respectively. All the compressive strengths of fired pellets, produced with 0.50% or
higher additionlevel of calcined colemanite, were notably higher than that of
baseline with bentonite which is 381.k§/p. At this temperature gradually strength
increase observed for preheated pellets gives place to a sharply strength increase for
fired pellets. Such that, these fired pellets strengths are unnecessarily higher than the
industrially minimum required stngth which is 250kg/p. Therefore, it can be
suggested either to lower the dosage of calcined colemanite or to lower the firing
temperature of hematite pellets to get reasonable high fired pellet strength. The first

offer is not plausible; since the lowealcined colemanite dosage would not increase
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the preheating strength to a sufficient value. So the second offer is the only way to
implement the target. Lower firing temperatuan also decrease energy

consumption of firing unit of pelletizing plant.

6.3.3 Effect of calcined colemanite added organic binders on compressive
strength of pellets

The findings showed that neither organic binders nor calcined colemanite can be
used alone as binders in the pelletizing of Brazilian hematite ore. Whilst calcined
colemanite falls short of the wet pellet quality, organic binders fail to meet the
preheated and fired pellet strengths. Therefore, combination of an organic binder and
calcined colemanite; CMC plus calcined colemanite, corn starch plus calcined
colemaniteand DPEPO®007 polymer plus calcined colemanite were tested to
produce pellets with sufficient wet, preheated and fired pellet strength. The addition
levelsof CMC, corn starch and DPERPO®07 polymer were kept constant at 0.10%

by weight of dry hematitere. Calcined colemanite addition levels mixed to organic

binders were ranged from 0.25% to 1.00% by weight of dry hematite ore.

The performances of these organic binders together with calcined colemanite on
pellet quality were determined and comparedhwthe baselines with bentonite

binder. The results are given in the following subtitles, respectively.

6.3.3.1 Effect of CMC plus calcined colemanite on compressive strength of

pellets

CMC and calcined colemanite were used together as combined bindgat to
sufficient wet, preheated and fired hematite pellet strengths. While the addition level
of CMC was constant at 0.10%, four different calcined colemanite addition levels

ranging from 0.25% to 1.00% were tested.

Pelletizing experiments were carried out the sameway as explained before for
previous experiments. The compressive strengths of thermally treated pellets were

determined and the results are given in the Tabl8. Ghe results of compressive
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strength for these pellets were compared withitaseline obtained with bentonite

binder. Table also shows the moisture contedtd@op numbers of wet pellets.

Table 6.18 Effect of CMC plus calcined colemanitaldition on compressive

strength of pellets thermally treatedd#terent temperatures for 20 minutes

Moisture Mean compressive stre
Binderl  Binder and dosages | content| /&t droP

codes o | Number | Dry @ Dry @ Preheat @ Fired @
105°C 400°C 1000°C 1300C

1 0.50% Bentonite 750 |3. 40 |2. 806l 2. 7030 49. 6.63 | 381 .42.p5

2 [0.10% CMC + 0.25% Cal.co 857 |4. 20 81.60M4.56 | 448.80N37.49

3 |0.10% CMC + 0.50% Cal.co 853 [4. 00 121.00810.37| 535.10\48.68

4 |0.10% CMC + 0.75% Cal.co 8.78 [4. 10 156.20\14.27| 664.70K62.84

5 [0.10% CMC + 1.00% Cal.co 8.66 |4 . 00 199.80RR1.27| 841.10K77.10

Moisture contents of pellets were measured between 8.53% and 8.78% which are

almost 1.00% greater than the moisture content of bagmifets which is 7.50%.

All combined binders yielded drop numbers about 4.00 which are higher than the
3.40 and they are surely considered to be sufficient drop numbers for wet hematite
pellets in this study. The CMC addition recovered the low drop nisr(bety 2.50)

with addition of calcined colemanite alone.

Theresults ofcompressive strengths are shown graphically in Figure 6.20 for pellets
produced with 0.10% CMC plus different dosage<altined colemanitaddition
and preheated at10® and 1308C for 20 minutes.

When the preheated pellet strengths are examined, the contribution of calcined
colemanite addition on compressive strength increase can easily be seen from the
Figure 6.20. The presence of calcined colemanite seems definitely to impart strength
to the hemtite pellet by developing slag bonds. The preheated pellet strengths were
steadily increased from 81.&@/p to 199.80kg/p by addition of calcined colemanite

of 0.25% and 1.00%, respectively. These strengths are higher than the baseline
preheating strengt and almost same to those of obtained with only calcined
colemanite addition. Therefore, it can be said that the addition of CMC together with
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calcined colemanite does not have an adverse effect on preheating strength of
hematite pellets which improved bglcined colemanite addition.

1- ®0.50% Bentonite
E» 800 | 2- 10.10% CMC + 0.25% Calcined colemanite
%; 700 - 3- #0.10% CMC + 0.50% Calcined colemanite
E 600 -4~ ®0.10% CMC + 0.75% Calcined colemanite
@ 0.10% CMC + 1.00% Calcined colemani

1000 1300
Heating temperature°C

Figure 6.20 Effect of CMC plus calcined colemanite addition compressive
strength of pellets preheated at 18D@nd fired at 130 for 20 minutes. The error
bars show the 95% confidenlexel (P95)

The same sharp increase in fired pellet compressive strength is valid for also CMC
and calcined colemanite combination. The compressive strengths of pellets fired at
1300°C were ranged between 448.8841.10kg/p with 0.25% and 1.00% calcined

colemanite addition, respectively. All these fired pellet compressive strengths are

much greater than the baseline fired strength value; 3&f/{b0

These results showed that CMC and calcined colemanite provide sufficient strength
to the pellet at altonditions; wet, preheated and fired. Moreover, quite high fired

pellet strengths encourage testing lower firing temfoee for hematite pelletizing.

6.3.3.2 Effect of corn starch plus calcined colemanite on compressive strength

of pellets

Corn starch ad calcined colemanite were used together as combined binder to get
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sufficient wet, preheated and fired hematite pellet strengths. While the addition level
of corn starch was constant at 0.10%, four different calcined colemanite addition

levels ranging fron 0.25% to 1.00% were tested.

Pelletizing experiments were carried ontthe sameway as explained before for
previous experiments. The compressive strengths of thermally treated pellets were
determined and the results are given in the Tabl@. @.he results of compressive
strength for these pellets were compared with the baseline obtained with bentonite

binder. Table also shows the moisture contedt@op numbers of wet pellets.

Table 6.19 Effect of corn starch plus calwed colemanit@ddition on compressive

strength of pellets thermally treated at different temperatures for 20 minutes

s Mean compressive stre
Binder|  Binder and dosages | content Wet drop :

codes| % number | Dry @ Dry @ Preheat @ Fired @
105°C 400°C 1000°C 1300°C

1 0.50% Bentonite (Baseline] 750 |3 . 40 |2. 80®6| 2. 70B80| 49. 663 | 381 .42.05

2 ]0.10% Corn S.+ 0.25% Cal.c/ 8.86 |3. 60 92.30M6.21 | 446.30\43.98

3 |0.10% Corn S.+ 0.50% Cal.c] 8.64 [3. 20 118.2016.61 | 512.20K68.03

4 ]0.10% Corn S.+ 0.75% Cal.c[ 8.88 [3. 80 150.20\12.67| 611.80K69.74

5 ]0.10% Corn S +0.50% Cal.c/ 878 |4. 00 217.80N16.71| 736.90K86.57

Moisture contents of pellets werseasured between 8.64% and 8.88% which are
more than 1.00% higher than the 7.50% moisture content of baseline pellets

produced with bentonite binder.

In the presence of corn starch the relatively low drop numbers previously obtained
with wet pellets prodeed with only calcined colemanite addition was improved.
Corn starch and calcined colemanite combination yielded drop numbersthbout
same or greater than the 3.40 and they are sufficient when compared with this
baseline drop number value. Corn starcdi@ah improved the drop numbers this
why the wet bonding properties of corn starch. Hence, it can be said that the use of
corn starch together with calcined colemanite is possible to increase wet pellet drop

numbers.
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Theresults ofcompressive strengtlase shown graphically in Figure 6.21 for pellets
produced with 0.10% corn starch plus different dosagesatifined colemanite
addition and preheated at10@0and 1308C for 20 minutes.

| 1- m0.50% Bentonite
| 2-10.10% Corn starch + 0.25% Cal. col.
700 | 3-®0.10% Corn starch + 0.50% Cal. col.
600 _-4-®0.10% Corn starch + 0.75% Cal. col.
| 5- @0.10% Corn starch + 1.00% Cal.

1000 1300
Heating temperatureC

Figure 6.21 Effect of corn starch pls calcined colemanite additiom compressive
strength of pellets preheated at 18D@nd fired at 130 for 20 minutes. The error

bars show the 95% confidence level (P95)

A similar progressively strength increase for preheated pellets can be seen from the
Figure 6.21 The strength was increased from 49k@@0p to 92.30kg/p with 0.25%
calcined colemanite addition and reached to 21k&p with 1.00% calcined
colemanite adtion. No adverse effect of corn starch addition was detected on

improved preheating pellet strength with addition of calcined colemanite.

When the pellets are fired at 1300the compressive strengths of pellets produced
with corn starch and calcined eohanite combination became significantly high.
They were measured between 44&8d@f and 736.9Kg/p which are greater than the

baseline value with bentonite bonded pellets.

These results showed that corn starch can be used together with calcined ¢t®elemani

to provide sufficient strength to the wet pelléffie results of pheated and fired

16€



pellets strengthsdicated that the addition of corn starch does not have undesirable
effect on strength increase.

6.3.3.3 Effect of DPEP060007 polymer plus calcind colemanite on
compressive strength of pellets

The last combination binder tested to get sufficient wet, preheated and fired hematite
pellet strengths iI®PEP060007 polymerand calcined colemanite. SinBEPEP06

0007 polymer yielded significantly highap numbers to wet hematite pellets when
used at 0.10% by weight of the dry hematite dileis additionlevel of DPEPO6

0007 polymerwas kept constant at 0.10% and four différealcined colemanite

additionsranging from 0.25% to 1.00% were addegbtepare combined binder.

Pelletizing experiments were carried ogingthe same methods as explained before
for previoustests The compressive strengths of thermally treated pellets were
determined and the results are given in the Tal#16. @.heresults of compressive
strength for these pellets were compared with the baseline obtained with bentonite
binder. Table also shows the moisture contedt@op numbers of wet pellets.

Table 6.20 Effect of DPEP060007 polymer fus calcined colemaniteddition on
compressive strength of pellets thermally treated at different temperatures for 20

minutes

Moisture Mean compressive stre
Binder|  Binder and dosages | content wet drop .

codes % number | Dry @ Dry @ Preheat @ Fired @
105°C 400°C 1000°C 1300°C

1 | 0.50% Bentonite (Baseline] 7.50 |3. 40 |2 . 80®6| 2. 7080| 49 . 6.63 | 381 .42.p5

2 |0.10% DPEP + 0.25% Cal.c{ 8.47 |8 . 00 85.7086.90 | 414.80M40.55

3 |0.10% DPEP + 0.50% Cal.c{ 886 [8. 50 | 127.50N11.98| 457.70861.86

4 |0.10% DPEP + 0.75% Cal.c{ 9.10 |8 . 2 0§ 144.70N12.95| 652.40865.46

5 |0.10% DPEP + 0.50% Cal.c{ 9.47 |9 . 00 173.80\14.25| 789.70K86.88

Moisture contents of pellets were measubetiveen 8.47% and 9.10% which are

considerably greater than the moisture content of baseline which is 7.50% of

bentonite bonded pellets.




All combined binders yielded drop numbers aboud8wbich are more than double
the baseline drop number and they & ltighest drop numbers obtained with using

combination binders for wet hematite pellets in this study.

The compressive strengthso results are
produced with 0.10%DPEPO060007 polymerplus different dosages afalcined
colemaniteaddition and preheated at16a0and 1308C for 20 minutes.

| 1- m0.50% Bentonite
| 2- 0.10% DPEP06-0007 + 0.25% Cal. col.
700 | 3- ®0.10% DPEP06-0007 + 0.50% Cal. col.
600 -4~ 80.10% DPEP06-0007 + 0.75% Cal. col.
| 5- 0.10% DPEP06-0007 + 1.00% Cal._col

1000 1300
Heating temperatureC

Figure 6.22 Effect of DPEP0B0007 polymer plus calcined colemanite additoon
compressive strength of pellets preheated atDaad fired al300°C for 20

minutes. The error bars show the 95% confidence level (P95).

Figure 6.22 shows that the contribution of calcined colemanite addition on preheated
pellet strength is increasing when the additievel is increased. The presence of
calcined ctemanite seems definitely to impart strength to the hematite pellet by
developing slag bonds. Since the preheating compressive strength was only 49.60
kg/p for bentonite bonded pellet, however this is increased to 127.50 and 173.80 kg/p
with addition of 050% and 1.00% calcined colemanite addition, respectively. These
strengths are not only higher than the baseline preheating strength but also almost
same to those of obtained with only calcined colemanite addition and much greater

than the strengths obtah¢hrough only organic binders addition. Hence, it obvious
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that the addition oDPEP060007 polymer to recover the wet pellet properties does
not decreaspreheating strength of hematite peltetsen usedogether with calcined

colemanite.

When the firecpellet strengths are examined for this combined binder, it can be seen
that the sharp increase on fired pellets strength is similar to those obtained for the
former combined binders. The compressive strengths of pellets fired dC1a@0e
ranged betwee14.80789.70 kg/p with 0.25% and 1.00% calcined colemanite
addition, respectively. All these fired pellet compressive strengths are much greater
than the baseline fired strength value; 38ka/p.

These results showed tHAaPEP060007 polymerplus calcined colemanite provide
sufficient strength to the pellet at all conditions; wet, preheated and fired. Moreover,
quite high fired pellet strengths encourage testing lower firing teatyer for

hematite pelletizing.

6.3.4 Effect of lower firing temperature and reduced bentonite plus calcined

colemanite binder dosage on compressive strength of pellets

In the light of the results obtained for pelletizing of Brazilian hematite ore, the lower
firing temperature may be tested, since the fired pellet casipee strengths were

found much higher than the industrially required minimum strength limit which is
250kg/pfor fired pellet. Especially the fired pellet strengths were found to reach 900

kg/p with additionof calcined colemanite.

Therefore, lower fimg temperatures; 1000, 1100, 1200 and iG0@ere tested by
using boric acid addition and calcined colemanite addition on fired pellet
compressive strength increase. In these pelletizing experiments, besides lower firing
temperature, the combinations ofnbenite and calcined colemanite were tested.
However, bentonite additidevelswere reduced at this time to see also the effect of
reduced bentonite additiotevels Boric acid was tested at 0.50% alone and
combinations of bentonite and calcined coleneniere tested; 0.25% bentonite was

mixed with 0.50% and 1.00% calcined colemas#parately
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The compressive strengths of thermally treated pellets at lower firing temperatures
were determined and the results are given in the Tablgé. @Re results of
compressive strength for these pellets were compared with the baselines obtained
with bentonite binder. Besides bentonite baselim@syious experiments results
acquired with the lowest additidavelsof calcined colemanitarealsogiven in the

table forcomparison Table also shows the moisture content and drop numbers of

wet pellets so produced.

The moisture content of wet pellets is low for pellets produced with only calcined
colemanite addition. However the moisture contents of others are almogt thighe
that of bentonite bonded baseline pellets when only 0.25% bentonite is used together

with 0.50% or 1.00% calcined colemanite.

Table 6.21 Effect of lower firing temperatures on compressive strength of pellets
thermallytreated at 1000, 1100, 1200 and 1%8Déor 20 minutes. Boric acid and

reduced rate of bentonite plus calcined colemanite were used as binder

Moisture Mean compressive strel
Binderl  Binder and dosages | content| W&t droP
codes % number | Heated @ Heated @ Heated @ Heated @
1000C 1100C 1200C 1300C
1 0.50% Bentonite (Baseline) 750 |3. 40 |49. 6.63 --- 381 .42.95
2 0.25% Calcined colemanitdg 7.24 |2.30N0.[ 83 . 90 - 478.90
3 0.50% Boric acid 8.00 [260N0./113.70/207.60(330.90(460.90
4 |0.25%Ben.+0.50% Cal.cq 858 |3. 50 (141.40(234.501(420.00(589.00
5 |0.25% Ben.+1.00% Cal.cq 818 (3. 40 (179.40(240.401(445.50(634.380

The drop numbers of pellets produced with calcined colemanite or boric acid alone
are insufficient. The addition of 0.25% bentonite improved the drop numbers
obtainedwith only calcined colemanite additioBrop numbers of combined binders

are exactlhthe sameasthe baseline drop numbers with bentonite. This result shows
that the reduced amount of bentonite may recover the inadequate wet pellet drop

numbers of only calcined colemanite containing pellets.
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1- ®0.50% Bentonite
| 2- 40.25% Calcined colemanite
500 +—3- m 0.50% Boric acid
| 4-m0.25% Bentonite + 0.50% Cal. col.
5- 1 0.25% Bentonite + 1.00% Cal. co

Compressive strength, kg/p

S
o 3
1 1

1000 1100 1200 1300
Heating temperatureC

Figure 6.23 Effect of lower firing temperatures on compressive strength of pellets
thermally treated at 1000, 1100, 1200 and £@0d0r 20 minutes. Boric acid and
reduced rate of bentonite plus calcined colemanite were used as bimelerror

bars show the 95% confidence level (P95). Dashed line showg&b@hich is the

industrially required minimunsompressive strength limit for fired pellets

The compressivestrengths of pellets heated at different temperatures lower than
1300°C can be seen in Figure 8.2They progressively increased when the heating
temperature or additiolevel of binders are increased. The pellets heated at®C000
and produced with 0.50%o0lic acid has 113.7G&g/p and pellets with lessened
addition levels of bentonite and calcined colemanite have 141.40 and 14@/$0
which are significantly higher than 49.&0/p belongs to bentonite bonded baseline
pellets at 100TC. These strengths af course much higher than the strengths
obtained without binder or organic binders alone.

When the temperature was increased to d@06trengths of boric acid containing
pellets were increased to 207 l6§/p and the others to 234.50 and 240kgfp which
are almost sufficient in point of industrially required limit which is 2&fp. A
dashed line indicating that limit was drawn in Figure36&@ comparethe results

easily.
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On the other hand, when the temperature was increased t%C]20@ngths becagn
330.90 for boric acid containing pellets and 420.00 and 44&fDfor the others,
respectively. Now these pellets are unquestionably strong enough since they meet the
minimum strength limit. These results indicate that the low temperature i.€6C1200
can be employed to get sufficient fired hematite pellet strength. Moreover, it can be
concluded that the minimum temperature to provide the minimum required strength
limit for fired pellet is at somewhere a little over 1300 This results are so
significant because lowering of firing unit of pelletizing plant will lead to energy

saving.

The compressive strengths of all hematite pellets fired at’C3@@ without doubt

higher than the limit and much greater than the strength value of the baseline pellets

6.4 Pelletizing experiment withLake Superior District magnetite concentrate

This part of the experimental study of the thesis was carried out in the Michigan
Technological University Chemical Engineering department Laboratories
(MTUCEL).

The original sizanagnetite concentrate frompelletizingplant located athe Lake
Superior district, Michigan, USAvas used in pelletizing experimeniBhe Blaine
surface area of thisron oxide wa 2 2 1 28 ci¥@ and specific gravitywas
determined tdoe 4.64 Particle size distribution of this sample is given in Figbu@
shows that B 62.230m,s R 7. 6 0 8% o thedparticles is smaller than
44 Om (325 mesh).

All pelletizing experiments were carried agparatelyat least three times to ensure
reproducibility of experimend. In each pellet batch, 20 randomly selected pellets
were tested to determine pellet quality, indicated by the mean value and calculated
95% confidence interval (P95). Results of the pelletigrgeriment tests (moisture
contents and drop numbers of wet pellets, dry and thermally treated pellet

compressive strengths) are given in the following sestion
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6.4.1 Effect of different binders on moisture contents and drop numbers of wet
pellet

To conpare the performance of the alternative organic binders and boron compounds
added organic binders to bentonite binders, the pelletization expésimere started
without binder, with0.668% Lake Superior bentonitgrom apelletizing plantocated

at LakeSuperior districcand 0. 6 6 % R e kadditiong, €0 sdi gprbaselinei t e
values with bentonite binder. lthese pelletizing experiments about 25p@noist

Lake Superiomagnetite concentrateas used@s iron oxide

Calcined colemanite 0.66%echnical gradeCMC 0.10%, DPEPG®007 Polymer
0.10% andSuperron';E A150-LMW 0.10% were tested alone as alternative binder.
These organic binders, 0.108¢ldition level, were also tested together with 0.66%

calcined colemanite to see tbembined effect obinderson pellet quality.

Wet pelletsare produced in pelletizing drum atitendried at 105C to determine
moisture content and to get dry p#dléNVet pellet drop numberand compressive

strengthsvere determinetlefore wet pellet moisture contedgtermination.

Wet pellet moisture content (WPMC) values obtained with alternative binders
alone and in combinatioare shown in Tablé.22 and graphically presented in
Figure6.24. The tested binders are coded in the first column of Te@2and these

codesareusedto refer the binder names and dosageakefollowing Figures26-27.

WPMCs varied from 8.38 to 10.22%. The smallest WPMC was found to be 8.38%
for the pellets produced without bind@ode 1) The WPMCs of pellets made with
benbnite samplesare 8.53% and 8.44%odes 2 and 3)The WPMC produced with
only calcined colemanite is ® (code 4)-about the same as bentonite bonded
pellets However the WPMCs are greater for the pellets contain organic binders
(codes 510). The valuancreased up to 10.22% for the pellets produced with CMC
plus calcined colemanite additiohfhe water absorption capacity of the organic
based binders can be showmbe thereason of relatively high WPMCsbtained

with organic binder use.
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Table 6.22 Results of the pelletizing experiments with Lake Superior district magnetite concentrate

Moisture| Wet Drop Meanc ompr essi ve strengths (kg/p

%ggz; Biimeler Nerme @il [Dessges Co(;’)[ent fr(l)\lntirzgecrm Wet Dry @ Heated @ | Heated @ Heated @ Heated @ Heated @

105C 800°C 1000°C 1100C 1200C 1300°C

1 |No binder 838 |3. 17 .92 |1.35 |30.08|48.28 |77.45 [402.60|643.25

2 |Lake Superior bentonite, 0.669 853 | 4. 40 .36 |[5.51 |[40.61|72.94 |109.65/468.45(842. 25

3 Rekadiye bento 844 |4.27 .52 |6.37 |55.05|98.77 |138.94[558.00[854.65

4 [calcined colemanite, 0.66% | 852 | 3. 21 .92 |1.90 |23.84(123.89|280.80699.00[1072.10

5 [Technical CMC, 0.10% 1006 |27 .25|1.87 |5.94 |18.48|29.88 | 49. 40 |301.60820|670. 45

DPEP060007 polymer, 0.10%| 878 |10. 53 (2. 29 |3.38 |31.30|47.45 |80.24 [402.55|741.50

7 |Superfloc AL56LMW, 0.10% | 9.43 |18. 88 (2. 20 [4.51 [30.24|43.50 |69.10 |368.40[770.55

i 0,

g [Technical CMC, 0.10% + 1022 (22.33|1.89 (2.89 |16.90|94.95 |254. 40[440.50/903. 15
Calcined colemanite, 0.66%
0,

g [PPEPOG0007 Polymer, 0.10%) o 10 |15 53|2. 26 [2.53 |22.02|125.24/278.85[561.30[968. 40
Calcined colemanitd).66%

0, ~
10 [2uperfloc AISALMW, 0.10% +1 101, 113 1811, 74 (1. 99 |20.49|119.82(275. 00/525.15N23|958. 25

Calcined colemanite, 0.66%
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Figure 6.24 Wet pellet moisture content (WPMC) and wet pellet drop numbers (WPDN) obtained with different Bihdezsor bars

show the 95% confidence level (P95). Dashed line shomtsieh is the industrially accepted minimum drop number limit for wet pellets



Wet pellet drop numbers (WPDN) of the pellets can be seen in Tabl€2 and
graphically drawn in Figuré.24. According to experience, the industrially required
minimum value should be at leas{Meyer, 1980 from a height of 45 cm (18 in

The WPDNs obtained by using reference bentonite binders was found to be 4.27 and
4.40, which are slightly over the limit so they are sufficient. However, WPDN values
for pellets made with no binder and with only calcined colemanite addition were
determned to be 3.17 and 3.21, respectively, which are a little lower than the
required value. Therefore, they can be considered insufficient and the production of
pellets without binder or only with calcined colemaratilitionseems impossible in
terms of suficient WPDN. The WPDNSs produced with organic binders were found

to be much greater (>10.00). It was concluded that these organic binders and tested
dosage haveincreased the degree of plasticity of wet peNgth such a fine particle
size(96.53% is smlal e r t hai magredeCconcentrat@he wet pellets with

high degree of plasticity are shown in Figure56.Phese pellets were not fragile as
much as other pellets produced with other binders since they were smashed after

drop number test and wetropressive strength measurement.

If the plasticity of wet pellets is higher than normal range, the permeability of pellet
bedin drying zoneon travelling gratewill be affected adversely. If they are not
plastic enough, thewill become fragile orwill not have sufficient wet pellet
strength to survive on travelling grate. Therefopemum wet strength and plasticity

is important anatan be controlled bghanging the additiodosage of binder during
wet pellet formationHence, lower additiotevelsof theseorganic binders should be
tested for this type of finely ground magnetite concentrates.

ey

Figure 6.25 Wet pellets with high degree of plasticity after drop number test and wet

compressive strength measurement
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6.4.2 Effect of different binders on wet and dry pellet compressive strengths

Wet and dry pellet compressive strengths of the pellets produced with different

binder additions were determined.

Wet pellet compressive strengths (WPCS)alues obtained with alternative organic
binders alone and in combination with calcined colemaariéegiven in Table 6.22
and graphically shown in Figure 6.2The compressive strength of wet pellets
produced in industry usually lies between 1.0 and 8.2 and 4.4 Ibf)Rall, et
al., 1973. Therefore, WPCS should be greater thakgl or 2.2 Ibf to meet this
specification. AIIWPCSof pelletswere found to be greater than this required limit
value. The sufficient WPCSis due to controlling of the wettrength mainly by the

viscous forces of moisture/liquid.

Dry pellet compressive strengths (DPCSare given in Tabl&.22and graphically
shown inFigure 6.5 as well.In the induration procesa minimum dry strength of
2.2kg or 5.01bf is essential in the critical phase of drying when the weight of bed of
pellets is supported by thest dry pelletgBall, et al.,1973. Hence, DPCS should

be, at minimum, 2.Rg/p or 5.0 Ibfto withstand weight of the pellet bethe DPCSs

were found vay from 1.35 kg/p to 6.37 kg/p. The lowest value, determined as
insufficient was for the pellets made with no binder (code 1). The second lawest,
insufficient, value was 1.90 kg/p for pellets bonded with only calcined colemanite
(code 4). These resultegether with the insufficient WPDN of these pellets show
that the production of pellets with sufficient wet and dry quality is impossible
without binder or with only calcined colemanite addition. However, the DPCSs of
pellets bonded with bentonite weruhd to be 5.51 kg/p and 6.37 kg/p (code 2 and
3). On the other hand, the DPCSs of pellets by organic binders found to be lower
than those obtained by bentonite pellet but they are still greater than the minimum
required limit. The DPCSs of pellets proddagith combination binders (codes 8, 9
and 10) were found to be sufficient as well. However, the calcined colemanite
addition decreased the DPCSs of these pellets when compared to values obtained

using organic binders alone (codes 5, 6 and 7).
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Figure 6.26 Wet pellet compressive strengths (WPCS) and dry pellet compressive strengths (DPCS) obtained with differefthginders.
error bars show the 95% confidence level (PB@)shed lines show 1 kg/p and 2.2 kg/p which are industrially required minimum

compressive strength limit for wet and dry pellets, respectively.



6.4.3 Effect of different binders on preheated and fired pellet compressive
strengths

Thermally treategbellet compressive strength can be divided in two parts: preheated
and fired pellet strengths, since firing is accomplished by two stages: preheating and
firing of pellets. Preheated pellet strength is particularly important for the thermal
treatment of pets with the travelling grate and rotary kiln induration system. The
pellets must have a sufficient strength while cascading from the travelling grate to
the rotary kiln. If the strength is insufficient, pellet chip and dust will form and both
pellet quéity and operation efficiency will be affected adversely. To show the effect
of the different binders on the thermally treated pellet strength, dry pellets were
heated at different temperatures namely,-800011061200 and 130 for 30
minutes in a boturnace.The compressive strengths of thermally treated pellets were

determined.

The compressive strengtvalues obtained with alternative binders alone and in
combination are tabulatad Table 6.22 and graphically shown in Figure 6.27. The

compressivetsengths of pellets are increasing with the increasing temperatures.

When the compressive strength of pellets heated &C8&@ examined we can see

that the compressive strengths of pellets made without binder is 30.08 kg/p (code 1)
and with organic binders 18.48, 31.30 and 30.24 kg/p (codes 5, 6 and 7,
respectively). They are lower than the 40.61 and 55.05 kg/p obtainedefétence
pellets with bentonite binders (codes 2 and 3, respectively). The reason of the lower
compressive strength of pellets produced with organic binders is the burning out of
organic binders virtually without any dittle residue (see part 5.1.7) atich
temperatures. The compressive strength of pellets heated @@ 80t calcined
colemanite is 23.84 kg/p (code 4) or combination of an organic binder and calcined
colemanite are 16.90 22.02 and 20.49 kg/p (codes 8, 9 and 10, respectively). They
are @so lesser than those obtained with bentonite bonded pellets (codes 2 and 3). The
reason of the lower strength of these pellets with calcined colemanite addition is the
relatively low heating temperature (8@) since the colemanite has a melting point

of 986°C. At 800°C colemanite did not start to melt and did not effectively bind the

magnetite ore grains (see title 6.5.3).
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Figure 6.27 Compressive strengths of pellets produced with different binders and thermally treat€tCal800°C, 1106C, 1206C and
1300°C for 30 minutesThe error bars show the 95% confidence level (P95). Dashed line shows 250 kg/p which is the industrially required
minimum compressive strength limit for fired pellets



However, when the temperature increased to AD0the compressive strengths of
pellets made with only calcined colemanite (code 4), or combination of calcined
colemanite and an organic binder (codes 8, 9 and 10), were found greater than the
reference vales obtained with bentonites (codes 2 and 3). Since this temperature
(1000°C) is about the melting point (988) of colemanite andolemanitestarted to

melt and bondhe magnetite grains together.

When the temperature is increased to 2COGhe compressive strengths are
increased for all pellets. Compressive strengths were determined to bé&g/p.#s
pellets without bindelcode 1)and 109.65 and 138.9g/p (codes 2 and 3) for
pellets bonded with two bentonite binders. Since these valgesmaller than the
required limit they are not sufficient for product pellet compressive strengtican
be concludd that, at 1108C thecompressivestrength increase by benttnaddition

is not sufficient.

However,the effect of colemanite additioon the pellet strength increase is more
pronouncedat this temperatureThe strengths of pellets with calcined colemanite
addition (codes 4, 8, 9 and 10) are significantly greater than the bentonite bonded
reference pellets (codes 2 and 3). These values were determine@86.8ekg/p

for pellets produced with only calcidecolemanite additioand 254.40278.40 and
275.00kg/p for pellets produced with calcined colemanite amdorganic binder
combination. All hese values argreater than thealues obtained by petebonded

with referencebentonte bindersThese strentys are without doubt considered to be
sufficient since the minimum industrially required strength for product pell@50s

kg/p (550 Ibf) (Ball, et al., 197R Firing temperature of iron oxides is generally
12501350°C depending on the genesis of irorides. The industrially sufficient
compressive strength was obtained for the pellets hardened aiC140th the
addition of 0.66% calcirte colemanite. This result showisat in the presence of
calcined colemanite in pellet feed, the lower firing tempeeats enough to get
industrially sufficientcompressivestrength. This meang calcined colemanite is
added during iron ore pellet production, the energy consumption can be lowered by

lowering firing temperature.
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On the othehand the compressivstrength of peéits produced with organic based
binders (codes 56 and 7) are much smaller than ba#ference pelletawith
bentoniteand than industriallyrequired limit These values were determined to be
only 49.40, 80.24 and 69.XKy/p for pellets wih adition of organic based binders

(codes 56 and 7) respectively.

The compressive strengtlof pellets fired at 120 were determined to be much

increasedy heat increastor all pellets. A value jump was observed in compressive
strengtls of all pellets fired at 120C. The reason for this sudden increase is
believed due to the completion of oxidation and commences of recrystallizdition

magnetite grainat this temperature

The compressive strength of pellets without binder was 40&y68(code 1) and
were 468.45 and 558.0@)/p (code 2 and 3) for bentonite bonded reference pellets.
However, the presence of 0.66% calcined colemanite in pelletimoirased the
strength significantly and the strength reached 699.00 kg/p (code 4). The
compressive strength gfelletsproduced with organic based binders (codes 5, 6 and
7) were resulted in Bttle lower; 301.60, 402.55 and 368.40/p, respectively, than
bentonite bonded pelletBut these values are still sufficient enough to meet required
strength limit.When calcined colemanite was added to pellet mix together with an
organic based bindefsodes 8, 9 and 10)he compressive strengths were fouad
be440.50, 561.30 and 525.k§/p, respectively.

The compressive strengths of pelletsdisg 1300C were also determined and found

to be much higher for all pelletfhe compressive strengtlh pellets without binder
wasdetermined to bé43.25kg/p (code 1) The referencéentonite bondeg e | | et s 6
compressive strengthvgerefound to be842.25 and 854.6kg/p (code 2 and 3)The

addition of 0.66% calcined colemanite in pellet mix increased the strength
extensivelyand the strength reached aanaximumyvalue; 1072.10kg/p (code 4).

The compressive strength of pellets produced with ordzased binders (codes 5, 6

and 7) weredetermined to belower; 67045 and 74150 and 770.55 kg/p,
respectively, thaneferenceellets bonded withentonite. When calcined colemanite

was added to pellet mix together with an organic based binders (codesn@®,19),
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the compressive strengths were found to 99815, 968.40 and 958.25 kg/p,

respectively.

The compressive strengtbf all pelletsproduced without binder or with any binder
and fired at a temperature higher than £208&re strong enough evemuch higher
than the required limi(250 kg/p). This results showthat the strengtlincreasedy
binderis secondary at higher temperatures than 4200hereforethe strengthening
mechanismof pelletsat 1200C and 1308C is most probably due to mainlyvo

reasons:

a) the oxidation of magnetite to hematite,

b) thecrystal growth andecrystallization of magnetite grains

The strengths of pelletmmadewith bentonite or calcined colemaniéad firedover
1200°C are higher than those of obtained by without binder or with only organic
binders. The reason of higher strength by addition of bentonite or calcined
colemanite is due to meltingf thesebinders and bonding the particle grains
together The partial meltingand grain growth of the pellets contain either material

are shown on SEM micro images under the following title.

6.5 Bonding mechanisms of colemanite SEM studiesof pellets

Pellets attain their mechanical strength during thermal treatment, namely preheating
and firing cycles.Strengthening and bonding mechanismpoéheated andired

pellets are discussed under title of 2.1.5.

Two major thermal bonding systemshich impart strength to the pellets are

summarized byall, et al.,1973andMeyer, 1980n literature

a) Change of the crystalline structure during firing either by crystal
transformation and growth upon oxidation of magnetite to hematite or by
crystal gpwth when hematite is used iron oxideonly. Mineral grain growth,

essentially a physical process in which the smaller particles consolidate into
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larger ones with resulting loss in surface enertlyis process may take place
in solid state or ttough aliquid melt medium, and

b) The reaction of slafprming constituents which are either present as gangue in
natural ores or concentrates or added before the pelletizing, such as binder, acid
oxides, basic additives such as limestone or dolomite. Basiponents react
with acid components and under certain conditions also with iron oxides. Thus,

slag or crystal bonding is achieved as a result of the melt formation.

In order to understand the reason fampressive strength increase a#lcined
colemanie addedpellets, themorphologyand microstructure othesepellets were
examined under scanning electron microscope (SEM). stiength increase and
bonding mechanism o€alcined colemanite addition tmagnetite and hematite
pellets was tried to be exjt@d by the physical changes grains The physical
changes carbe partial melting of grain suaice, grain shape changjngrystal
structurechangingand crystal growth ofmineral graindorming pellets The effecs
of bentonite andalcined colemanitevere visually observed on the péfiehermaly
treated at differertemperatures.

JEOL JSM6400 scanning electron microscopy (SEM) was usddkiemicro photo

of fred (at1306C) Di vriji magnetite and Brazilia
and MderialsDepartment at METU to ascamh the crystal structure changirf§ame

equipment was used fdrake Superior magnetite pellets in Applied Chemical and
Morphological Analysis Laboratory at MTU for pellets heated @® 80001100

1200 and 130 to seethe effect of heatip temperature on crystal structure

changing

6.5.1SEMstudiesofDi vr i Ji peletgnetit e

JEOL JSM6400 scanning electron microscopy (SEM) was used to take mmexge
of Divrifji ma g n et i°C fer 2p mihutesa see tifeieffeetddf at 1
binders on microstructure (grain/crystal change)e half pellets broken during

compression strength tests were used in the 8&afyetaking. The broken pellets
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with practically even surface were selected and coated with Go&microimages

of fired DivrijJi ma g nAg 0.50%0ebentoretdB) 050% pr o d
calcined colemaniteC) 0.10% CMC plus 0.50% calcined colemani@ 0.10%
DPEP060007 polymer plus 0.50% calcined colemartie0.10% corn starch plus

0.50% calcined colemér were taken at X500 magnificatidevel with 20 kV beam
energyand given in Figure 6.28 Since thecompressive strengths of pellets are
affected by microstructuref pelletsand bonding mechanism dinders average

compressive strength of pellets af®wn on micro images.

During heating under oxidizing atmosphere, the magnetite mineral grains oxidize to
hematite with simultaneous conversion of the cubic magnetite into the hexagonal
hematite lattice. According to the genesis of magnetitepxisation starts at about
300-600°C and is to be terminated at a temperature of AL0G begins on the
crystal and grain surfaces (Mey&©80). This is confirmed on tH2i v magnatite
pellets (see title 6.7.1 for mineralogy of these pellets) fired at®C30@®duced with

0.50% bentonite, 0.50% calcined colemanite and with combined binders.

The grain growth is a little larger in bentonite bonded magnetite pEltpire 6.28

A) than colemanite bonded magnetite pelleiggre 6.28B). The grain size is
roughly 405 0 O rhentbnite bonded pellets, @00 Om in <cal cined
bonded pellets. Although, the micro image views (grain size) of these two pellets are

a little different than each other, there is no more difference in their compressive
strengths (4940 and 554.20 kg/p, respectively). The other latter three micro image
views of pellets produced with combination of calcined colemanite and an organic
binder EFigure 6.28C, D and E are more or less similar to each other and that of
bonded with calcinecolemanite aloneRjgure 6.28B). The presence of organic
binders did not adversely affect the grain growth and compressive strength of pellets

fired at this temperature.
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Figure 6.28 SEM microimageso f f i red Divriji °Gfarghetite
minutes. Pelletsvereproduced withA) 0.50% bentonit®) 0.50% calcined

colemaniteC) 0.10% CMC plus 0.50% calcined colemariXe0.10% DPEPO®007

polymer plus 0.50% calcined colemariie0.10% corn starch plus 0.50% calcined

colemanite Micro imageswere taken at xX500 magnification level
18¢



6.5.2 SEM studies of Brazilian hematite pellets

JEOL JSM6400 scanning electron microscopy (SEM) was used to take mmage
of Brazilian hematitepellets fired at 130 for 20 minutesto see the effect of
binders on microstructure (grain/crystal changi®)e half pellets broken during
compression strength tests were used in the 8&dfetaking. The broken pellets
with practically even surface were selected and coated with Go&microimages
of fired Brazilian hematite pellets produced wif) 0.50% batonite B) 0.50%
calcined colemaniteC) 0.10% CMC plus 0.50% calcined colemani®@ 0.10%
DPEPO60007 polymer plus 0.50% calcined colemarkde0.10% corn starch plus
0.50% calcined colemanite were taken at X500 magnificéial with 20 kV beam
energyand given inFigure 6.29 Average compressive strengthf pellets are shown

on micro images.

The grain growth is better in hematite pellets produced with calcined colemanite
(Figure 6.29B) than those of hematite pellets bonded with bentofiigufe 6.2-

A). While the grain size isroughly 200 Om in bentoni-Z® Gronde:
in calcined colemanite bonded pellets. The greater grain size is responsible for
greater compressive strength of hematite pellets obtained upon calcined colemanite
addition, as larger crystals or grains are formed as a result of a liquid melt medium of
added calcined colemanite and lead to stronger pellets. Therefore, the compressive
strength of pellets was found to be grea
calcined colemanite thaB81.10N42.25kg/p for pellets contained bentonite.

Schmitt, 2005 have also explained this strength increase by the bonding mechanism
that occurs when the boron compounds melt and fuse the iron ore grains together at
contact points. Tése findings can explain the greater strength of hematite pellets
obtained with calcined colemanite addition. Boron in colemanitelancbnstituents

found in iron ore formed larger crystal complexes.



B
72 BKY

'3 |l _} SN oy | p@jj‘ v 3 W 5§
g\ E&A O ot “—-\ L8Pm. o 1 AL F LA G
. CMEQH s aeku "o\ wSeel et CIR ) [inggl pok WSt ¥oe

- y - *

i Yigi o
Py N2 UL

Figure 6.29 SEM microimagesof fired Brazilian hematite pellets at 13¥or 20
minutes. Pellets wergroduced withA) 0.50% bentonit®) 0.50% calcined
colemaniteC) 0.10% CMC plus 0.50% calcined colemariiXe0.10% DPEPO®007
polymer plus 0.50% calcined colemariie0.10% corn starch plus 0.50% calcined

colemanite Micro imageswere taken at X500 magditiation level
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The other pelletsHigure 6.3-C, D and E)produced with combination of calcined
colemanite and an organic binder also have lagg&n size as that of pellets made
with only calcined colemanitaddition This result shows the presence of organic
binder did not decrease the positive effect of calcined colemanitgaimgrowth.
Thecompressive strengilof these pellets were determtheanged fromd57.70kg/p

to 535.10kg /p, which are greater than thatt pelletsbonded withbentonite and a

little lower than pelletbonded withonly calcined colemanite.

The appearance of surfaces and edges of hematite grain of pellets contain calcined
colemanite looks like semmelted and roundegFigure 6.®-B). This @an be seen on
pellets contain bentonitéFigure 6.®-A); however, it is more obvious in calcined
colemanite containing pellets. This is most probably due to formation of melted slag

complexes since boron and S#de expected to medind bond hematitgrains

6.5.3 SEM studies of Lake Superior magnetite pellets

JEOL JSM6400 scanning electron microscopy (SEM) was used to take mmage
of Lake Superior magnetite pellets heated#: 800011001200 and 130T for 30
minutesto see the effect diieatirg temperature omicrostructure ¢rystal change
depending on the binders useéthe microimagesof pellets producewittD.66%
Rekadi ye b 6.6620ocaldinedecolaananiterere taken The half pellets
broken duringcompression strength tests weised in the SEMmages The broken
pellets with practically even surface were selected and coated with caridaero
imageswere taken a& working distance of 3&m and withtwo magnification levels

namely X500 and x370&t 20 KVbeam energy

The first scanning electron microscopmagesare shown in Figur®.30 taken at
x500 magnification leveto examinea bigger portion of the surface of pelleti
order to compare the effects of same additewel of both bentonite and calcined
colemanite micro imagesof pelletsare given togethein the same rowlin the left
column of theFigure 630, micro imagesof bentonite bonded pellets, the right
column micro imagesof calcined colemanite bonded pellets can be seen. The
temperaturesvhich pellets wereheated for 30 minuteare shown onboth micro
images
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In these scanning electron microscopy images, relatively a bigger portion of cross
section of pellets can be seen. Therefore, some relief can be seen since-the self
broken pellets with as smooth as gibe surface were selected to prepare sample for

scanning electron microscopy.

During takingthe micro images, the whole cross section was scanned and different
images were taken from outer shell or from inner core of the pellets. However, no
duplex or tiplex microstructure has been observed between outer shell and inner
core of the pellets. These findings showed that the pellets with pretty same size
(12.7-11.5 mm in diameter) were indurated uniformly during thermal treatment.
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Figure 6.30 SEM micro images of Lake Superior District magnetite pellets
produced wi t h 0.66% Rekadiye bentonite
colemanite (right column). The temperatures which pellets were heated for 30
minutes were lown on the micro images. Micro images were taken at x500
magnification level
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