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CarbothermicReductionMechanismofVanadiumＧtitanium Magnetite
ShuangＧyinCHEN,　XiaoＧjiaoFU,　ManＧshengCHU,　XiＧzheLI,　ZhengＧgenLIU,　JueTANG

(SchoolofMetallurgy,NortheasternUniversity,Shenyang１１０８１９,Liaoning,China)

Abstract:ToachievethehighＧefficiencyutilizationofvanadiumＧtitanium magnetite(VTM),reductionexperiments
wereconductedtodeterminethecarbothermicreductionmechanismofVTM．Effectsofvolatilematter,temperaＧ
ture,time,andcarbonratio(molarratiooffixedcarbonincoaltooxygeninironoxidesofVTM)onreductiondeＧ
greewereinvestigated．Resultsshowthatreductiondegreeincreaseswithincreasingvolatilematterincoal,temperaＧ
ture,time,andcarbonratio．Phasetransformation,microstructure,andreductionpathwereanalyzedbyXＧraydifＧ
fraction,scanningelectronmicroscopy,energyＧdispersiveXＧrayspectroscopy,andFactSage６􀆰０．ThethermoravimＧ
etryＧdifferentialscanningcalorimetryＧquadrupolemassspectrometermethodwasusedforkineticanalysisofthemain
reductionprocess．Resultsindicatethatthekineticmechanismfollowstheprincipleofrandomnucleationandgrowth
(n＝４),andtheactivationenergyvaluesat６００－９００and９００－１３５０℃are８８􀆰７and２９５􀆰５kJ/mol,respectively．
Keywords:vanadiumＧtitanium magnetite;carbothermicreduction;mechanism;phasetransformation;kinetics

　　VanadiumＧtitaniummagnetite(VTM)isanimporＧ
tantandabundantmineralinChina．Itsreservesreach
upto１０billiontonsinthePanxiregionofSichuan
Province,China．WiththecontinualdepletionofhighＧ
gradeironoresandtitaniumＧcontainingores,thedevelＧ
opmentandutilizationofVTMishighlysignificant[１Ｇ４]．
　　Overthepastseveraldecades,manystudiesonthe
reductionofilmeniteandVTM havebeenconducted．
Scholars[５Ｇ７]haveinvestigatedthereductionmechaＧ
nismandkineticsofilmenite withcarbonatlow
temperatures．In Wouterlood′sexperiments[５],reＧ
sultsshowthatilmeniteisreducedat９００－１２００℃,
andthereductionconsistsofafastfirststage(Fe３＋

toFe２＋ )andaslowersecondstage(Fe２＋toFe)．In
ElＧGuindyandDavebport′sexperiments[６],reaction
isobservedtostartataround９５０℃,andgasdiffuＧ
sionistherateＧcontrollingstepat１０７５－１１４０ ℃．
Meanwhile,manyresearchgroups[８Ｇ１５]investigated
thereduction mechanism andkineticsofilmenite
andVTM withagaseousreducingagent(CO,H２)．
ResultsshowthatilmeniteandVTMarereducedto
metallicironandtitaniumsubＧoxides,andthattitaＧ
niumexertsastronginfluenceonthe mechanism
andreductionrateofiron．However,informationon

thereductionofVTM withcoalisinsufficient[１６Ｇ１８]．
Inparticular,thereductionmechanismandreaction
kineticsathightemperatureshavenotbeenstudied
thoroughly．ConsideringthatthecoalＧbaseddirect
reductionisanimportantmethodofutilizingVTM,
thereductionmechanismaswellaskineticsofVTM
andcoalathighertemperaturearenecessarytoclariＧ
fyforfurtherapplication．
　　Inthecurrentstudy,theeffectsofvolatilematＧ
ters,temperature,time,andcarbonratio (molar
ratiooffixedcarbonincoaltooxygeninironoxides
ofVTM)onthereductiondegreeofVTMandcoalat
１２５０－１３５０℃ werepresented．ThereductionmechaＧ
nismincludingphasetransformation,morphology,
andreduction path wasalso discussed．Reaction
thermodynamicsandkineticsduringreductionwere
analyzedaswell．

１　Experimental
１􀆰１　Rawmaterials
　　ThechemicalcompositionsofVTMandreducＧ
tioncoalarepresentedinTable１．Theparticlesizes
ofVTMandreductioncoalaresievedtoasizelessthan
０􀆰０７４mm．HighＧpurityargongas(９９􀆰９９vol􀆰％)was



　　　　　Table１　ChemicalcompositionsofVTMandindustrialanalysisofcoal　　　　　　mass％

VTM Coal

TFe FeO V２O５ TiO２ CaO SiO２ MgO Al２O３ Aad Vdaf Mad Std FC

５３􀆰９１ ３１􀆰１３ ０􀆰５２ １３􀆰０３ ０􀆰６８ ３􀆰２０ ２􀆰７１ ３􀆰８２ １４􀆰００ ３３􀆰７０ １􀆰３６ ０􀆰０２ ５０􀆰９４

　　　　　　Note:FC—Fixedcarbon;Mad—Moisture．

usedasaprotectiveatmosphere．Pulverizedcoal
wasusedasareductantinexperiments．Asshown
inTable１,itishighinvolatiles(Vdaf)butlowin
ash(Aad)andtotalsulfur(Std)．
　　TheXＧraydiffraction(XRD)patternofVTMisshown
inFig􀆰１．ThemainmineralcompositionsaremagneＧ
tite((Fe,Mg)Fe２O４),titanomagnetite(FexTi３－xO４),
ilmenite(FeTiO３)andvanadiumspinel(FeV２O４)．

Fig􀆰１　XRDpatternoftheVTM

１􀆰２　Experimentalprocedure
　　TheexperimentsincludenonＧisothermalandisoＧ
thermalreduction．Thesampleisproducedfrom VTM
concentrateandreductioncoal,andthecarbonratio
is１􀆰０．Theschematicoftheexperimentalapparatus
isshowninFig􀆰２．
　　TheequipmentconsistsofaverticaltubefurＧ
nace,acomputermonitoringsystem,andathermoＧ
couple．AfterheatingthefurnacetoarequiredtemＧ
peratureinargonatmosphere,asampleofVTMand
coalmixturewasplacedinthereactor,whichwasthen

Fig􀆰２　Schematicdiagramofexperimentalapparatus

movedtothehotzoneofthefurnace．WhentheexＧ
perimentswerefinished,thesamplewaswithdrawn
fromthefurnaceandcooled;masslosswasmeasured,
andreductiondegreewascalculatedasamassfracＧ
tionofoxygenremovedfrom metallicoxides．Phase
transformationduringreduction wasanalyzedusing
XRD,andthemorphologyofreductionsamplewasobＧ
servedbyscanningelectronmicroscopy(SEM)andenＧ
ergyＧdispersiveXＧrayspectroscopy (EDS)．Reduction
kineticswasdeterminedbymassＧlossmeasurements．

１􀆰３　ReactionsbetweenVTMandreductioncoal
　　ThemajorreactionsbetweenVTMandreducＧ
tioncoalarevolatilization,carbonＧsolutionloss,carbonＧ
streamreactions,metalＧoxidereduction,andcarbuＧ
rization．Thechemicalformulasrepresentingthese
possiblemainreactionsareasfollows．
　　Coal→(CO,CO２,H２,H２O,CaHb) (１)
　　C＋CO２(H２O)→CO＋CO(H２) (２)
　　Fe３O４＋４CO(H２)→３Fe＋４CO２(H２O) (３)
　　Fe＋２CO→(Fe－C)＋CO２ (４)
　　(V２O３)a􀅰(TiO２)b􀅰(FeO)c＋cCO(H２)→
　　　　aV２O３＋bTiO２＋cFe＋cCO２(H２O) (５)
　　(V,Ti)nO２n－１＋(２n－１)CO→
　　　　n(V,Ti)＋(２n－１)CO２ (６)

１􀆰４　Reductiondegreedefinition
　　The masslossofsampleduringreductionis
mainlyattributedtothemasslossofoxygen,fixed
carbon,and volatiles．Thegasresultants mainly
consistofCOintheory,andthereductiondegreeR
ofVTM withcoaliscalculatedbyEq􀆰(７)．
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where,Ototalisthetotalmassofremovableoxygenin
metallic(Fe,V,andTi)oxides;Oremoveisthemass
ofremovedoxygen;WVＧOisthemassofoxygenreＧ
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