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ABSTRACT

AtechniquecomprisingcoalＧbaseddirectreductionfollowedbymagneticseparationwaspresentedto
recoverironandcopperfromcopperslagflotationtailings．Optimalprocessparameters,suchasreＧ
ductantandadditiveratios,reductiontemperature,andreductiontime, wereexperimentallydeterＧ
minedandfoundtobeasfollows:alimestoneratioof２５％,abitumiteratioof３０％,andreduction
roastingat１４７３Kfor９０min．Undertheseconditions,copperＧbearingironpowders(CIP) withan
ironcontentof９０􀆰１１％ andcoppercontentof０􀆰８６％, indicatingironandcopperrecoveriesof
８７􀆰２５％and８３􀆰４４％respectively, wereeffectivelyobtained．ScanningelectronmicroscopyandenerＧ
gydispersivespectroscopyoftheCIPrevealedthatsometinycopperparticleswereembeddedinmetal
ironandsomecopperformedalloywithiron, whichwasdifficulttoachievetheseparationofthese
twometals．Thus,thecopperwentintomagneticproductsbymagneticseparation．AddingcopperinＧ
tothesteelcanproduceweatheringsteel．Therefore,theCIPcanbeusedasaninexpensiverawmateＧ
rialforweatheringsteel．

１．Introduction
　Copperisanimportantraw materialineconomic
development,andincreasingdemandsforthemetal
bothinChinaandabroadhavecausedthecopperinＧ
dustrytoexpandsignificantlyinrecentyears．China
isoneofthemostimportantcopperproducersand
consumersthroughouttheworld;thecountryproＧ
ducesatonofrefinedcopperforeverynearly２－３
tonsofcopperslagdischarged．Thus, over１５milＧ
liontonsofconvertercopperslagsareproducedeach
year[１] ．Thecopperintheseslagsispreferentially
recoveredbyflotationwithachemicalagent．HowＧ
ever,theresidualsolidwasteswhicharecalledcopＧ
pertailingsinthispaperarestilldiscardedaswaste
inlargequantities．Thesecoppertailingsrequire
largeareasoflandtostoreandreducetheareaof
usablefarmland[２Ｇ４] ．Theconstructionand mainteＧ
nanceofcoppertailingdisposalsiteshasalsoinＧ
creasedtheproductioncostofsteelmakingplants．
Evenmoreproblematicforenvironmentalreasonsis
thereleaseofchemicalreagents, suchasxanthate
andalkalineoxides,fromthesestoragesites, which

couldcauseseriouspollutionofthesoilandwater[５,６] ．
　Althoughthetotalironcontentincoppertailings
isrelativelyhigh,itsrecoveryhasnotbeendevelＧ
oped because tailings contain large amounts of
chemicalreagentsandarecomposedofacomplex
mixtureof minerals．Theparticlesizeofferrous
mineralsincoppertailingsisusuallysmall, and
theircompositionsarealsocomplicated[７Ｇ９] ．ObtaiＧ
ninghighＧgradeironconcentratedirectlyisdifficult
toachieveusingtraditionalmineralprocessingtechＧ
niques[１０,１１] ．CoalＧbaseddirectreductionfollowedby
magneticseparationhasbeendemonstratedtobean
effective method for iron recovery from solid
wastes．Severalresearchershaveinvestigatedthe
productionofdirectreductionironpowder(DRIP)
fromred mud[１２] , ironoretailings[１３] , vanadium
tailings[１４] ,cyanidetailings[１５] ,oilyhotrollingmill
sludge[１６] , nickelmetallurgicalslag[１７] , blastfurＧ
nacegasash[１８] andsoonbyusingcoalＧbaseddirect
reductionfollowedby magneticseparation．Inthis
process, solidwastesmixedwithareductantand
additivesarereducedtometalliciron, afterwhich
theroastedoresaregroundandseparatedbymagＧ
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neticseparationtoproduceDRIP．TheDRIPprodＧ
uctobtainedfrom thisprocessgenerallycontains
morethan９０wt􀆰％FeandmaybeusedasasubstiＧ
tuteforsteelscrapinelectricarcfurnacesforsteelＧ
making[１９] ．
　Addingcoppertosteelcanproduceweathering
steelwithimprovedcorrosionresistance,strength,
fatigueresistance, weldability,andtoughness[２０,２１] ．
ThecontentofcopperinweatheringsteelisgeneralＧ
lylessthan０􀆰６wt􀆰％[２２] ．BecauseofitsgoodresistＧ
ancetoatmosphericcorrosion, weatheringsteelis
widelyusedinships, bridges, railways, pipeline,
andotherimportantareas[２２,２３] ．Thepresentwork
thusaimstorecoverironandcoppersimultaneously
fromcoppertailingsbyusingthecoalＧbaseddirect
reductionＧmagnetic separation technique． Here,
copperandironmineralsarereduced．Aftergrinding
andmagneticseparation,copperＧbearingironpowＧ
ders(CIP)areobtained．ThisCIPcouldbeusedas
aninexpensiverawmaterialforsmeltingweathering
steels．Inthisstudy,theeffectsofreductioncondiＧ
tions,suchasadditiveandreductantratio,reducＧ
tiontime,andreductiontemperature,onthequaliＧ
tyoftheCIPproducedwereinvestigated．

２．Experimental

２􀆰１．Materials

　Thecoppertailingsusedinthestudywereresidual
slagsobtainedaftercopperrecoveryfromcopperslagby
flotation．MultiＧelementanalysisresultsofthecopＧ
pertailingsareshownin Table１．Thetotaliron
contentoftheslagwasapproximately４２􀆰２０％,and
thetailingsincludedabout０􀆰３９％ Cu．Thecopper
tailingsintheexperimentsweregroundto８０wt􀆰％
passing０􀆰０７４mm．Theindexofbasicity,R＝(wCaO＋
wMgO)/(wSiO２＋wAl２O３), was０􀆰２９, whichindicated
thatthecoppertailingscouldbeconsideredasacidslag．

Table１
MultiＧelementanalysisofcoppertailings(mass％)

TFe Cu SiO２ Al２O３ CaO MgO K２O Na２O

４２􀆰２０ ０􀆰３９ ３２􀆰６６ ３􀆰２０ ４􀆰４６ ５􀆰９３ ０􀆰４７ ０􀆰３３

MnO TiO２ Pb Zn Co P S As

０􀆰０７１ ０􀆰２２ ０􀆰２２ １􀆰５５ ０􀆰０１１ ０􀆰０７４ ０􀆰３９ ０􀆰０７

　TheXＧraydiffraction (XRD) patternofthecopＧ
pertailingsisshowninFig􀆰１．ThemainironminerＧ
alsintheslagincludefayalite (Fe２SiO４)andmagＧ
netite(Fe３O４)．PeaksofcoppermineralsarenotdeＧ
tectedinthetailings, likelybecauseoftheirlow
coppercontent．Theganguemineralishedenbergite．
Scanningelectronmicroscopy (SEM) andenergydisＧ
persivespectroscopy(EDS)imagesofthecoppertailＧ

Fig􀆰１．　XRDpatternofflotationtailings．

ingsareillustratedinFig􀆰２．Fig􀆰２(a)showstheSEM
imageofthecoppertailingsandFig􀆰２(b－e)provides
detailedEDSanalysesofpoints１－４inFig􀆰２(a)．The
maincoppermineraliscoppermatte (Fig􀆰２(b)),
mostofwhichisdispersedinthefayalite(Fig􀆰２(c)),
magnetite(Fig􀆰２(d)),andhedenbergite (Fig􀆰２(e))
assmallbeads．Theseresultsillustratethedifficulty
ofrecoveringcopperandironthroughtraditional
separationprocesses．
　Bituminouscoalwasusedasthereductant．The
industrialanalysisresultsofthebitumiteshowconＧ
tentsof５６􀆰４１％fixedcarbon,３０􀆰１２％ash,１１􀆰６２％
volatilematter,and１􀆰８５％ moisture．Thebitumite
wascrushedintoparticlesunder２ mm, andlimeＧ
stone,asanadditive, wascrushedintoparticlesunder
０􀆰５mm．Thecompositionanalysisofthelimestone
isshowninTable２．

２􀆰２．Principles

　Forcoppertailings,thepurposeofcoalＧbaseddiＧ
rectreductionistoreduceferrousmineralsandcopＧ
permattestometallicironandmetalliccopper,reＧ
spectively．Thereactionmechanismisexpressedvia
thefollowingequations[２４,２５] :
　C(s)＋CO２(g)＝２CO(g) (１)
　Fe３O４＋CO(g)＝３FeO＋CO２(g) (２)
　FeO＋CO(g)＝Fe＋CO２(g) (３)
　Fe２SiO４＋CaCO３＋CO(g)＝２Fe＋
　　　CaSiO４＋２CO２(g) (４)
　Fe２SiO４＋２CO(g)＝２Fe＋SiO２＋２CO２(g) (５)
　CuS＋CO(g)＋CaCO３＝Cu＋CaS＋２CO２(g) (６)
　ThecalculatedthermodynamicresultsforEqs􀆰(１)－
(６)areshowninFig􀆰３torevealtherelationshipbeＧ
tweenΔGθandtemperature．Theoverallreduction
rateforcoalＧbaseddirectreductionwasrevealedto
be mainlycontrolled bythegasificationreaction
rate,i􀆰e．, theBoudouardreaction (Eq􀆰 (１))[２６] ．
TakingEq􀆰(２)asanexample,therelationshipbeＧ
tweenreductionrateandotherpertinentparameters
isshowninEq􀆰(７)[２５] :

　　tR＝
R′

Aexp(－E０/RT)K×Mc
＋
r０ρ０

３De
[１/２－

　　　　１/３R′－１/２(１－R′)２/３] (７)
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