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ABSTRACT

EmbeddingdirectreductionfollowedbymagneticseparationwasconductedtofullyrecoverironandtitaniＧ
umseparatelyfrombeachtitanomagnetite(TTM)．Theinfluencesofreductionconditions,suchasmolar
ratioofCtoFe,reductiontime,andreductiontemperature, werestudied．Theresultsshowedthatthe
TTMconcentratewasreducedtoironandironＧtitaniumoxides,dependingonthereductiontime,andthe
reductionsequenceat１２００°Cwassuggestedasfollows: Fe２􀆰７５Ti０􀆰２５O４→Fe２TiO４→FeTiO３→FeTi２O５．
ThereductiontemperatureplayedaconsiderableroleinthereductionofTTMconcentrates．Increasing
temperaturefrom１１００to１２００°Cwasbeneficialtorecoveringtitaniumandiron, whereastheresultsdeＧ
terioratedastemperatureincreasedfurther．TheresultsofXＧraydiffractionandscanningelectronmicrosＧ
copyanalysesshowedthatlowtemperature(≤１１００°C) wasunfavorableforthegasificationofreductant,
resultingininsufficientreducingatmosphereinthereductionprocess．Themoltenphasewasformedat
hightemperaturesof１２５０－１３００°C, whichacceleratedthemigrationrateofmetallicparticlesandsupＧ
pressedthediffusionofreductiongas,resultinginpoorreduction．Theoptimumconditionsforreducing
TTMconcentrateareasfollows: molarratioofCtoFeof１􀆰６８,reductiontimeof１５０min,andreduction
temperatureof１２００°C．Undertheseconditions, directreductionironpowder, assaying９０􀆰２８ mass％
TFeand１􀆰７３ mass％ TiO２ withironrecoveryof９０􀆰８５％, andtitaniumconcentrate, assaying４６􀆰２４
mass％ TiO２withTiO２recoveryof９１􀆰１５％, wereobtained．

１．Introduction
　Beachtitanomagnetite(TTM) oreofIndonesia,the
secondlargestreserveofbeachmetalmineralresources
(approximately８２４ milliontonsintheworld),isa
complexironoreconsistingofironandtitanium．Given
itshighFecontent(３８－６０mass％),thebeachTTM
oreiscurrentlyusedasthemainmaterialfortheblast
furnaceprocessinsomecountries[１,２] ．MostofthetitaＧ
niumcomponentsintheoreareseparatedfromiron
andconcentratedintotheslagintheblastfurnace
process,formingthetitaniumslag, whichcontains
２２－２５mass％ TiO２and２－６mass％ metalliciron．
Sofar,thereisnoappropriateandeconomicmethod
toutilizesuchslag[３Ｇ５] ,andtheseslagsalsoresulted
intitaniumwasteandenvironmentalpollution[４] ．
　StudiesfromthepastdecadesfocusedondeveloＧ
pinganalternativerouteforrecoveringironandtiＧ
tanium from the TTM ore; oneofthepotential
choicesisthecoalＧbaseddirectreductionprocess[５,６] ．In
coalＧbaseddirectreductionmethod,theTTMoremixed

withcoalandadditivesispressedintocompositebriＧ
quettes,andthenthecompositebriquettesarereＧ
ducedathightemperature;finally,thereducedbriＧ
quettesaregroundandseparatedbymagneticsepaＧ
ration．ThemagneticproductiscalleddirectreducＧ
tionironpowder(DRIP)andusedastherawmateＧ
rialforelectricarcfurnace (EAF)[４Ｇ８] ．ThenonＧmagＧ
neticproductsareknownastitanium products．AlＧ
thoughtheprocessisefficient,coalashandmostadＧ
ditivescouldfallintothenonＧmagneticproductafter
directreductionand magneticseparation, thereby
leadingtolowTiO２gradeofnonＧmagneticproducts
(approximately２０mass％)[３Ｇ５] ,andtheTiO２conＧ
tentisevenlowerthanthatintheblastfurnace
slag;thenonＧmagneticproductsneedtobefurther
refinedbychemistrymethod,includinghydrometalＧ
lurgicalprocessingroute, directacidleaching, or
selectivechlorination[９Ｇ１２] ．Thesechemicalmethods
maycauseseriousenvironmentalpollutionbecause
ofpoisonousgasesandwastewaterproduced．
　 Compared with coalＧbased directreduction of
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compositebriquette,embeddingdirectＧreduction[１３]

ofpelletsis morefavorable．Inthisprocess, the
beachTTMconcentratesarepressedintopelletsand
thenarecompletelyembeddedintothecoaltoavoid
theimpactofcoalashandadditives．Thereduced
pelletsareseparatedbymagneticseparationtoobＧ
taintheDRIPandnonＧmagneticproduct．Without
theeffectofcoalashandadditives,thehighTiO２

contentofnonＧmagneticproductmaybeobtainedin
theory, whichcouldbeusedasarawmaterialfortiＧ
taniumＧrichmaterial．
　Apreviousstudy[１３]focusedonlyontheeffectsof
Na２SO４additionandignoredotherfactors．Themain
objectiveofthecurrentpaperistoinvestigatethe
effectsofembeddingdirectreductionfollowedby
magneticseparationonrecoveringtitaniumandiron．
Theinfluencesofreductionconditions,suchasmoＧ
larratioofCtoFe,reductiontemperature,andtime,
onthereductionofTTMconcentratewerestudied．

２．MaterialsandMethods

２􀆰１．Rawmaterial

　RawbeachTTMorewasobtainedfromIndonesia
andgroundto９０wt􀆰％passing０􀆰０７４mm．TheTTM
concentrateusedinthisstudy wasobtainedfrom
raw beach TTM byusinglowintensity magnetic
separationatamagneticfieldintensityof８０kA/m．
TheTTMconcentrateassayed５７􀆰２９mass％ TFe,
１１􀆰４２mass％ TiO２,３􀆰０１mass％ SiO２,２􀆰９０mass％
Al２O３,２􀆰７０mass％ MgO,and０􀆰３７mass％ MnO．
Thephosphorus, sulfur, and vanadium contents
wereverylow．The detailedinformation ofthe
TTMorehasbeendescribedinapreviouspaper[１３] ．
Bituminouscoal, withproximateanalysisresultsof
５４􀆰８３％fixedcarbon,１３􀆰９７％ ash, ３１􀆰２１％ volaＧ
tilematter,and１３％ moisturecontent, wasusedas
areductant．Thesizesofbituminouscoalusedwere
lessthan２mm．

２􀆰２．Pelletformation,reduction,andseparation

　TheTTMconcentratewaspressedtoformpellets
beforesubjectingtoreductionroastingbythefolＧ
lowingprocedures:１５gTTMconcentrateandwater
(５wt􀆰％) weremixedtogether;themixturewasthen
pressedtoformapelletusingadiewithdiameterof
２８mm withtheaidofahydraulicequipment．The
pelletisaflatspherewiththeheightof８mm．Two
pelletswereembeddedinthebituminouscoalplaced
inacruciblewithacover．Finally,thecruciblewas
placedintoamufflefurnaceatasettingtemperature
foracertaintime．Afterreduction,thereducedpelＧ
letswerecooledtoroomtemperatureinthecruciＧ
ble,crushedto－２mm,andthenseparatedbytwoＧ
stagegrindingandwetmagneticseparation．GrindＧ
ingwasconductedinarod mill (RK/BMＧ１􀆰０L)．

Thereducedorewasgroundtoabout７５􀆰００wt􀆰％
passing０􀆰０７４ mm atthefirstgrindingstageand
then wasgroundtoabout６０􀆰００ wt􀆰％ passing
０􀆰０４３mmatthesecondgrindingstageinarodmill．
AnXCGSＧ７３ magnetictubewitha magneticfield
intensityof１５１kA/m wasusedtorecovermetallic
iron．Itisnotedthatthemagneticfieldintensitywas
alsoanimportantfactorfortherecoveryofironand
titaniuminthe magneticseparationprocess．The
effectsofmagneticfieldintensityonrecoveringiron
andtitanium werestudiedin previousstudy[１４] ．
Therefore,theoptimalmagneticfieldintensityof
１５１kA/mwasusedinpresentstudy．Themagnetic
andnonＧmagneticproductsweredesignated DRIP
andtitanium concentrate, respectively．Thetest
flowsheetusedreferredtoapreviousstudy[１３] ．
　TheFegrade, Ferecovery,andTiO２contentof
theDRIP,aswellastheTiO２gradeandrecoveryof
thetitanium concentrate wereusedtoassessthe
effectofembeddingdirectreductionfollowed by
magneticseparation．TheFeandTiO２recoverieswere
calculatedbyEqs􀆰(１)and(２),givenasfollows:

　　　Fr＝
mD􀅰FD

mT􀅰FT
×１００％ (１)

　　　Tr＝
mt􀅰Tt

mT􀅰TT
×１００％ (２)

where,FrandTraretheFeandTiO２recoveryrates;
mD,mTandmtarethemassofDRIP, TTMconcenＧ
trateandtitaniumconcentrate,respectively;FDand
FTareironcontentofDRIPandTTMconcentrate,
respectively;TtandTTareTiO２contentoftitaniＧ
umconcentrateandTTMconcentrate,respectively．
　ThemolarratioofCtoFewascalculatedby:

　　　MR＝
(m１􀅰C１)/１２
(m２􀅰C２)/５６

(３)

where,MRisthemolarratioofCtoFe;m１andm２

arethemassofbituminouscoalandTTMconcenＧ
trate,respectively;C１andC２arethefixedcarbon
contentinbituminousandtheironcontentinTTM
concentrate,respectively;１２and５６arethemolecuＧ
larmassofcarbonandiron,respectively．

２􀆰３．Analysisandcharacterization

　XＧraydiffraction (XRD) patternswererecorded
usingadiffractometer (Rigaku D/Max２５００, Japan)
underthefollowingconditions: CuKαradiation,tube
currentof１５０mAandvoltageof４０kV,scanning
rangeof１０°to１００°,stepsizeof０􀆰０２°,andscanＧ
ningspeedof５(°)/min．PolishedsectionswerepreＧ
paredtoobservethemorphologicalchangesandto
analyzetheelementcontentoftheroastedpellets
usingascanningelectronmicroscope(SEM,CarlZeiss
EVO１８, Germany)equippedwithanenergydisperＧ
siveXＧrayspectroscopy (EDS) detector (Bruke
XFlash Detector５０１０, Germany)．SEM images
wererecordedinbackscatterelectronmodesoperatＧ
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