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Abstract 

ARSTR:\CT 

DI..,Solutlon, le'l! potentlal. LydIe H)ltalllll1ctry .tlltl I.'ont.lct .1Ilglc \tlldll'\ Il.1\ l' llel'Il 

condllcteù on the con'ponent~ nt INCO matte, chalcocltl' (Cu,S) .md hc,ulewuodlll' (NilS,), III 

water anù colkctor ..,olllt!on'i. 

Dls~olllt\On of NI l'rom he.1lle\\oodttc wa~ ob"crvl'd .11 pH <- 10 \vhll'h dl'l'fl\l\ed 10 Il'Il) 

at pH 12; Cu dl~~ollltJOn from ch,tlcoclte \\'.\" l111h:h Ie\\ \lgllltÏl'allt l'Ill' NI dl\\llllltwll 

mechal11l)m wa\ -.tllclIcd by perfOfl11ln~ dl..,~ollltJt)n expcnllll'Ilh .11 pH l' 111 ,Ill \.\tur.ltcd. Il\Vgl'1l 

~atllratèd and I1Itrogen-~atlJr,iltxl 'Iolutlon..,: Il \Va\ found that dl\<;olullOll W,I\ \lIghtly hlgher 111 

oxygen-'Iaturated than 111 .. tir alld mtrogen-'Iatllrated ·,ollltlOn .... Il W.II) ,tho tOlIllO that 111 tlll' 

presence of EDTA there wa.., slgnltÏcant addl'Ional dl\\olutlon nf NI 

Rest potentlal mcaSlireIllent~ were conducted over pH range 4 tn 12 Hl the prc",cllCl' ,Inti 

absence of 2x 10 1 M ~OdlllIll ethyl xanthate (NaEX) and merc,lptohen/otl1l.t10!c (MBT) Rt'..,t 

potentlal Ill('a~llrell1enb In water slIgge~ted that there couIc! be g,t1v,IIlIC InteracllOIl hetwl'cll 

chalcoclte (cathode) and heazlewoO(htc (anode) at low pH v,lluc\ wlllch WéI\ \UPpIC" ... C{! wllh 

tncreaslI1g pH and becamc Lero at pH 12. Rest potentlal mCd..,uremcnt.., 111 the prc..,cncl' 01 N,ILX 

and MBT showed that the effect of collcdors on chalcocltc wa ... more \Igllltïcanl th,w 011 

heazlewoodlte; It was also noted that th~ rc~t potentlal value.., of the Illlllcrah were qUlte \lIll1lar 

in the presence of elther NaEX or MgT. 

Cychc voltammetry expenment~ were carried out on chalcoclte and heallew()odlte .lt pH 

10 and 12; the mmcralli ~howed a 'ilglllfÏcant dlfTerence lr1 thclr re"'p0!1"'c Ifl thc pre\cnce and 

absence of collcctor'i The voltammograms ~ugge~ted that both N.tI:X and MBT Interact wIth the 
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-------------------------------------------
IIllflt:r,lh Irl ,\ <.,lllllltH manncr, the Interactl(,n bemg more )lgnIllcanl ln the case of chalcoctte than 

heti/kw()odlte t\ notable rl'actlon Wd'> that oj NaEX and MB 1 III )uppres)mg (pa'>'ilvatmg) the 

OXI<J.ltIO/l 01 cll,t1tOCItc dt potenual,> > 0 2S V. A reactlon l'Of MBT on chalcoclte at -0.06 V, 

not rl'portee prl'vloll,>1 y, wa,> propo'lcd 

('ont,ILI ,wgle Illc.-!.<,urclllcnh wcrc pcrformed wlth cha1coclte and heazle\l'oodlle in the 

prl'<,cllcl' (lj ~x 1 () 1 M NaLX OVl'f ,1 range of potcnllal and pH values. A slgl1lficant dlfference 

III con!act angle hetwccn Chàlcoclte and heazlewoodltc wali observed. There was general 

,lglCel1lCnt hetwccn cycltc voltarnmograrn ... and contact angle rneasurements: For exarnple. the 

contact angle on CUJS ln the prc,>ence of NaEX mcreased slgnificantly al the potential range 

corrc"'pondlng to paS'ilvatlon. No bubble contact was observed in the presence of 2x 10-3 M MBT . 

Il 
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Ut1ltsant des composante ... de là l11.ltte d'IIlCt), l.l Ch.lkoclte (Cu,S) l't l'hl\ll k\\ Olldlte (Nil 

S2)' on a f<llt J'étude de dl,,~olutlOn. de potl'nlld ,lU repo." de \ olt.llllelfll' CydlqUl' l'! d',lllgk" 

de contact en utilIsant de l'eau ct de ... \olutlon' contenant dl''' col1l'l'tl'ur" 

On note une dl .. "olutlon de 111d.c1 du I11tnCf,ll dïlL'Mk'woodlll' J pH <,10, dl\\nlllIIOIl qUI 

décroît pour attemdre zéro à pH 12 LI dt"..,ollltwn dl' 1.\ l'h.\lroL'ltl' l,,,t hl'<lUl'Ollp llHllll'i 

Importante le mécal1lsme de dlS'îolutlOll du I1Ickei fut étudIé en l'Xl'L'utant de\ l'\plTIl'lIl'l'\ dl' 

dlssolutlOll, à pH 8, dan~ des \olutlon,> <,at urée~ en ,li f, en 0\ y gl'I1e et l'Il Moll' On nul.l 1I11 I.Hl x 

de dlS~olutlon légèrement plu.;; élevé avec le~ ~olutloI1" )atun'c.~,> d'oxygèlll' 41I'.lVl'l' celle,> \allIrcc ... 

en au et en azote. FaIt à noter, la pré~ence d'EDTA hau""e de I.tÇOll \lgIll fïc,ltlVl' 1" dl" ... ollItwn 

de nIckel. 

Des mesures de po~ 'ntiel au repos ont été faites avec 011 -;an ... la pré ... encc d'éthylxanthatl' 

de sodIUm (NaEX) à 2x 10 M ct de mercaptobemothlazole (MBT) et cc à de\ pH v,m,lIlt entre 

4 et 12. A bas pH ct en utlll ... ant Je l'e<lu, les mc~urc ... de potentiel tHl rq>o\ "'llggèfl:nt la 

possibilité d'une interaction galval11que entre la chalcoclte (cathodc) et l'hCMlewoodlte (aflode) 

Cette interactICn dImInUe avec l'accrOIssement du pH ct dl~paraÎt complètemcnt à pif 12 hl 

présence de NaEX et de MBT, le.., meo;,ure~ de potentIel au repm montrent 4ue l'l'flet dl') 

collectel,rs ~ur la chalc{Jclte est plus Important que ... ur 1 'hcaLlcwooolte On a aU"'\1 noté que 1.\ 

valeur du potentiel au repos des mméraux étaIt 'ilmllalre, que ce "'Olt l:n pré,>cncc du Nal·.x 011 

du MBT. 

A des pH de 10 et 12, des expénences ôe voltamétne cycllquc ont été faite,> ,>ur la 

III 
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chal' (iclte ct l 'hea/lewoodJte Avec ou "am collecteur'), le ... minéraux ont démontré une 

différence "lgIlltïcatlve dan ... leur réactIOn Le" voltammogramll1e~ ')uggèrent que le NaEX ainsI 

qlle le MIn réagl),>ent de façon "'llllll,ure avec le') deux Illlnéraux. L'interaction étant plus 

Ilnportallte avec la ch,tlcoclte qu'avec l'heallcwooone Digne d~ mention, l'effet suppres~lf 

(pa ... "lv.ll!on) du N<lEX et du MBT "ur l'oxydatIOn de la chalcoclte à des potentiels> 0.247 V. 

Non rclpportée précédemment, on propose une réactIon du MBT sur la chalcOCIte à -0.006 V. 

En pré"encc de NaEX 2x 10 M ct en vanant les valeurs de potentiel et de pH, on a faIt 

la me'iure d'angle') de contact )ur la chalcoclte et l'heazlewoodlte. On a observé une différence 

\Igmficatlve de\ angle~ de contact me~urés sur les deux mllléraux. ToutefOl~, il y a accord entre 

Ic~ voltaI11I11ogr,\Inme~ cyclIques et le~ angles de contact mesurés. Par exemple, en présence du 

NaEX, l'angle de contact du lU S augmente de façon sigmtïcative à l'approche du potentiel de 

pa'i'ilvahon. En présence de MBT 2x 10 M, l'angle de cont-act est de zéro . 

IV 
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• CIIAP'TER 1. INTRODUCTION 

• 

1.1. HASIS OF FLOTATION FROM AN ELECTROCHEMICAL VIEW POINT 

The fundamental chemlcal process In notatIon IS the interactIOn of a collector with the 

minerai \urfacc. Thl~ procc~\ renders the mmeral surface hydrophobiC and enables the mmeral 

10 he held al the alr-waler Interface when gas bubbles are mtroduced mto a pulp and be 

recovered a<; the concentrate In the froth pha~e. HydrophlllIc partlc1es rcmam in the pulp and 

forrn the t.lIlmg. The froth product IS usually the deslred minerai, but sometllnes it IS casier to 

perform a rever~e notatIon In which gangue mIneraIs are tloated. 

The notatIOn pulp comlsts of ~olid mmerai particles dispersed In an aqueous solution. An 

clcclncal douhle layer 1<; formcd at the solid-solution mterface [1]. The collector- minerai 

I11tcractlon takc~ place 111 thl~ double laye;. In the case of sulphides, the solid phase is a 

condllctor and can gain or lo')c electron'i Le, can be redllced or oXldized, respectively. In this 

GI<;C elcctrochcll1Jcal reàctlons are expected to play a role, i.e., reactions where electrons are 

transfcrred hetwccn dlssolved speCles and the mmeral across the double layer. 

The eIectrochemlcai steps of collector (e.g. xanthate) adsorption can be written as follows 

[ 21, 

Flrst, cathodlc reductlOn of oxygen : 

0, + 2H..,O + 4e- ~ 40H {I} 

Second. anm!Ic oXldatu.ln and adsorption of xanthate, X- : 



• CHAPTER 1. INTRODUCTION 

More complex rnechaOlsms have bcen propo\cd [.1 ... q, hut the rC.\ctloIlS ,\hoyc \llOW the 

basic concept that oXldizmg conditIOns arc rcqulft~d for the ~olkclor 10 be ,ul'\orbcd Ol1to the 

mmeral surface and that dlssoI'-l'd oxygcn 111 the notation pulp normally provldt'\ thl\ ~ondltlOIl 

The oXldation-reductlon dcpendence of collector ad~orptlOn Ollto ~llIpllldl' mlllCI ,II, t,lkcn 

mdivldually IS relatively well under\tood [31 But, an ore contaln\ more Ihan OIlC \lIlpllldc 

mineraI and, m additIOn wet gnndmg IS onen pcrformcd wlth ~tcl'l glllldmg mcdla ( 1 l'rot: .ml! 

ball milling). Hence, It may be expectcd that mtl'ractlOns among Ihl' 1l1I1lcr.llo; and the glll1dlllg 

media wIll occur. These interactions are galval11c and c.ach half-rcac\lon occur<., on ,1 dIlfl'rent 

material with the electron transfer occurnng dunng contact~ hctwl'cr. the two IllIl1CI.th 1"1 

The pre~ence of a galvamc couple often Ylel<h reactlon r,llc\ whteh are lllgher th.1Il II 

each of the mlOerals were separate l'Of example, ~phalcnte (ZnS) 1\ \e,lcheù hy aClds al a la'ller 

rate when pynte (FeS2) IS present than when It I~ alonc [6, 7]. 

The presence of galvamc interactIons 10 tlotatlOn may be bencticlal or detnmcntal 

depending on the minerais present. In ~ome m~tance~, the de~lred mmeral II) depreo; ... ed hccall\e 

of the presence of the couple. Such IS the ca'le of galena {PhS) wlllch can he dcpre ... "ed whcn 

grinding IS performed wlth a mlld ~teel medIa [8] S01lletlmc ... , It 1'1 the notation of the non 

desired sulphlde minerai WhlCh IS cnhanccd, for cxamplc pyrrhotltc JO pyrlle/pyrrhotlte 

separation [9]. 

• Flotatlon III the absence of coîlectors 1llay be mduced by elcctrochc1lllcdl rcactlon\ riO, 

2 



• CIIAIYI'ER ]. INTRODUCTION 

• 

1 1, 12). ft ha., bcen .,hown that 1 f the ore IS floatable wIthout collector, its flotatlOn will be 

.,clcct!vc whde the lI.,e of a collcctor WIll yleld less 'ielectlve flotatlOn, and modIf'iers are reqUIred 

tu regam the ongll1al .,c1CCllvlty [13]. 

When olle of the Iwo rmncrah 10 the couple is highly soluble it is possible that the ions 

mtrodllccd ml<> the c,olutlOn wIll affect the flotation behavlOur of the other mIneraI. One 

lahoratory dcrnon~tratlOn of Üm effcct IS m the tlotation of mixtures of chalcocite (CUzS) and 

pynte (I·cS,) whcre the pre.,cnce of pyrIte promoted the dissolutIon of the chalcocite which 

rc1eac,ed copper lon'i lOto 'iolutlOn callslOg the activation of pynte [14]. An industnal example 

IS actIvatIon of '~nS hy Cu .,olubIlIlCd by SÛ:! [15]. 

On the pO~ltlve 'ilde, the adverse effect of the mixture could be IOhibited by 

e1ect roc Il ell1lcal COlHhtlOl1mg (applicatIOn of an eIectnc potential to the mineraIs) [14]. This IS 

an lIltere~tlllg and potentially Important application resulting from an understanding of the 

c1ectrochelllIcal processe'i üccurnng 10 flotation. 

'l'wu rncal1'i arc avallable for the applicatIOn of a desued potenttal to a mmeral system. 

The firs! one IS to lise a polentlOstat, whlch IS a device capable of applymg a controlled potential 

through the 'iy'ltem under study. ThIS IS the preferred method for laboratory experimentatlOn [2, 

J, 10, 12]. The other I11cthod relIes 011 the use oî oXldlZlng or reducIng agents to move the 

dertrochcllllcal cqlllhbrium m the demed directIOn. This IS the actmg pnnclple behmd selective 

o\ldatlon nt' one of the mIneraIs ln the ore, for example, by potassIum permanganate [16]. 

Followlng tlm gcneral deSCrIptIOn of sulphlde tlotatlOn, natllral tloatability, collectorless 

tlot.ltlon and galvamc mteractlon will be dlSCUSSed m more detall. 

3 



• CHAPTER 1. INTRODUCTION 

1.1.1. Natural floatability: 

• 

Natural or inherent tloatablhty of slllphide mll1erals has alwày~ hcen quc\lloncd. ('ont.ll't 

angk stlldies ln the '30s showed that ~ulphlde ll1\11erals were not IIlhcrcntly hydrophohlc "iIl1CC 

hydrophoblctty withollt collector 'iœmed to be mduccd by \Urf,iCC cont.lllllll.\tlon 1171 

Further studles sho\vcd tI'at collcctorlc'iS notation occurnng aftcr LOII11l11/1l1tlOIl \,\i.,'" only 

possible If the environ ment was mtldly oxidizmg [121. HCllce, tlllS could nol he rclalcd 10 natmal 

floatability as thlS property lS expected to be mdepcndent of the COn(htlOlls prcvalllllg pnor to 

flotation. 

There 1S one slllph1de mtneral whlch IS mhercntly hydrophobie" lllolyhdclllte (MoS ,) ( 1 H, 

19]. The hydrophoblc eharacter ongtnates from the cry~tal ~tructllrc of the IIllncr,ll and 1«, 

preferred deava;!e plane. The crystal laltlce eoml~ts of layer., of 11101 yhdcnulll "tOIlJS \taded 

between layers of sulphur aloms The weakc~t bond l'i the S-S hond and the cry"ital will drave 

between two sulphur layers upon Impact ln commmutlOll. The ,>ulphur atom\, w/m:1t arc 

hydrophobie, are th en exposed on the ~lIrface. 

Even though other sulphlde mtnerals cxpo~e slliphur atoms upon c1cavagc, the oh.,crvatlon 

of flotation under reducing conditIOns is possIble oniy If oxygcn hal) hecn complctcly exc\udcd 

from the system [20]. The mIneraI surface~ expose bu th ~lIlphllr and metal atOl11\ \0 that only 

a mlld hydrophobic eharacter 1S Imparted to thc tnlllerai. Thl~ dcllcatc halance appcar\ tn he 

tipped in favour of a hydrophlihc character by the formatIon of hydroxldc<, on the metal cation 

sItes . 

4 



• CIfAlyrER 1. INTRODUCTION 

1.1.2. Collcctorle~\ notation: 

• 

Collcctorlc\" notation ~hould be distinguished from natural flotatlOn. The term 

"collectorlc~s notation" l'i rescrved for those cases where a min~ral acqmres hydrophoblClty due 

to çhclmcal changc~ at the \urface out wlthout the u~e of a conventional collector [4]. 

The normal mcchanrsm fùr collectorles~ flotation is that of anodlc oxidatlOn of the 

'iulphlde mrneral. Considenng a metal sulphide, this IS; 

{3 } 

The Mn ~ Ion u~lIally goes into solution. Its eventual fate depends on the chemlstry of the 

~ystcm. It may rcmarn in solutIOn, be complexed, or precipitated. Under certain conditions the 

"iulphur reacts wlth sulphide to form poly sulphide species; 

{4} 

This rcactlOn is most prominent at pH higher than 8: the concentration of polysulphides 

at pH 8 is several ~lmes greater than that of eleiTIental sulphur. The situation is reversed at pH 

6 [21 J. 

Euher of the two specles, elemental sulphur or the polysulphide, causes the minerai 

surfaœ to bccome hydrophoblc [22] to a certain degree and this IS the basis of colle~torless 

5 



• CHAPTER i. INTRCDUCTION 

flotation. 

• 

1.1.3. Galvanic interaction: 

The tlotation of a mmeral from a complex mIxture IS onen nol consl~tcnl wlth thl' 

flotation of the same mmeral as a smgle SpeCICS. ThIs IS duc to clectrochcmic.\1 IIltcractlon 

between the two mmerals I.e. galvanic mteractIon [23]. 

When two mmerals or a metal and a mmeral are In contact, a galvamc tell is formed 

The mineraI or metal with the htgheT rest potential acts as a CIl tl-.,' 'le whtlc Ihe nuneral wlth the 

lower Test !)otential 1 s the anode [24]. 

Among ail the sulpillde mIneraIs pynte has the hlghest rest potenttal. Thc 1l111lcral may 

be regarded as electrochemtcally least actIve or most cathodlc. Electrons tlow lrom d Ic~.., 

cathodic mineraI to a more cathodlc one. Pynte thus gain~ elcctron':i (I~ an c1ectron aClcptor), 

while the less cathodlc mineraI loses electrons (IS an elcctron donor). One rc..,ult 1'1 the oXld.ltlon 

of sulphide to sulphur on the less cathodlc mmeral The formatIon of elcmcntal "'!llphur on 

galena, sphaierite and chalcopyrite has been found to be cnhanccd ln the pre~encc of pyntc al 

pH 2 [25] . 

6 
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• 

Tahlc 1. RBot puteotml .. uf .. ulphide minerai .. at pH 4 and 7 [25, 26J 

E Re ... t potentlal v ... S H E [VI 

at pli 4 at pH 7 

Pynle 0.66 0276 ln 0281 

Marla ... lle 063 -

CI1dILllpynte 056 () 189100 195 

Sphalente 046 LoulJ not he mea 

Covdltte 042 -

Bomlte 040 -

GJlena on o 142100.195 

Argentlle 028 -

Stlhmte () 12 -

MolyhJemte 011 -

The elcctrons drawl1 by pynte ultlmately mteract wlth oxygen present in water forming OH 

Ions. One way of h1l1denng the galvanic mteractlOr"l, therefore, is to increase the pH. Another 

way 1'> to lower the actlvlty of oxygen 111 water thus effectlvely depnving the system of this 

c1cctron acccptlllg clement. 

ln notatIOn practlcc the effect of galvamc mteractlOn has been observed partlcularly in 

pyntc notatIOn [91. For examplc, H was found that the tlotatlOn of pyme as a smgle mmeraI IS 

not affected by acratlOn, but wh en pynte IS 111 contact wlth pyrrhotlte decreased flotation 

rccovery W(\~ observcd after aeratlOn. It was explained on the baSIS of galvamc interaction 

hetwcen the two mlllerais where electrons are drawn from pyrrhotlte to pyrite and transferred 

7 
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• 

to oxygen. In the absence of aeratlon galval11c I!1teractlOll'l ale \H~akcl1cd due to the low actlvlty 

of oxygen whlch IS the final electron acceptl!1g element 

Allother consequence of galvanlc II1teractlon IS the dfect of gnndlllg I11C(II,\ on the 

floatabihttes of sulphlde minerais [8, 27, 28]. Dunng gnndlllg an II1tll11,lte cont,lct IS e~t,lhlI~hcd 

among the mmerals and the gnnding medIa. In complex sulpllltie ore ... tlm k,uh to 11111111-

electrode galvamc cells. In thls type of sy~tcrn the more cathodlc of the two 1ll111l'r.\I ... (Ill 1ll0!\t 

cases pynte) acts as the cathode and gnndmg 111lJI<l acts as the anode The 'il:cond \lIlphldc "ch 

cathodicaiiy or anodlcally dependll1g on Its re<;t potenual, and Its relatIve pmiltlOn wlth respect 

to the main cathodic and the ma1l1 anodlc mll1erals. The followmg rcactlOns occur; 

II2 O2 + H20 + 2e" ~ 20H" (at the cathodic minerai) 

MeS ~ Me++ + S + 2e" (at the anodic mmeral) 

Fe ~ Fe++ + 2e" (oxldation of the st~1 media) 

Me+ + + 20H- ~ Me(OH)2 

Fe++ + 20H- ~ Fe(OH)2 

{5 } 

{h} 

{7} 

pq 

{9 } 

The elemental sulphur formed can cause colleçtorless notatIon and could affect the 

selectivlty of flotation. The deposltion of Iron hydroXIdes on a m1l1eral 'iurfacc gcnerally ha~ an 

adverse effect on ItS flotatIon. The adverse efrect of galvamc lIlteractlon ... on notation can he 

reduced by using stall1less steel as a gnndll1g media inl.,tead of rnIld ~tecl, and JIltroducmg 

8 
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• 

nltrogen to the pulp ta dccrea<.,e the oxygen actlvlty [29, 30] The Industnal Importance of USIng 

nltrogcn 10 gel a hlgh grade pynte concentrate wa<., explored hoth In the laboratory and ln pIlot 

plant hy u<.,mg Noranda mlrllcclh [31, 32] Nltrogen tlotat1on of pynte has also been used for 

the c1eantng of gdlcna, <.,phalente and chalcopynte concentrates [33]. 

1.2. MINERAL."i STUDIED 

Nickel concentrates from Inco's Sudbury area mills have been processed in the Copper 

Cliff s111clter for over Sixt Y year~ [34]. Prior to that, Sudbury ores had been smelted dilectly. 

Historically. copper-mckel ~eparatlon from smelter converter matte was achieved by the c1assical 

Orford procc~s [151. A generahzed tlowsheet of the Copper Cliff Smelter Complex is shown m 

Figure 1. 

Iron sulplllde and non-sulphide gangue ("rock") contaIned ln the nickel concentrate are 

reJcctcd in the smeltmg-converting process. The mo'ten matte product, typically contalning 50% 

NI, 25% Cu and 22% S, IS cast a~ about 1000 C, mto f100r moulds and allowed to slowly cool 

for four day~. Dunng thls penod hea.zlcwoodite (Ni3S2), chalcoclte (Cu2S) and a copper-mckel 

Illctalhc alloy prccipltate and form a coarse gramed stmcture that IS amen able to separation by 

phY\lcal means. 

A slInplitied block tlowsheet of the Matte Separation Process is shown in FIgure 2. Matte 

lIlgots. tYPlcally welghing 20 tonnes ealh, are broken and crushed in a three stage crushing plant 

10 approxllnately minus 1 cm and conveyed to the Matte Separation building. Gnnding is carried 

9 
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out ln two parallel clr:ults each cunslstlng of a rl1d and h.lIl 111111111 "'l'rte ... plodlll'll1g.1 lnl.l!lOn 

feed Whll::h 's 65 % lll1I1llS 44 fLm. ryplcdl throllghput of e,Kh gnndlng Clfl'Il11 1\ b"'U 10111 Il',, d.l) 

The metallic fraction of the fecd I~ recovcred hy Illdgnetlc ... ep.ir,lllOn 1 h, ... pllldllCI. l'OI\t.\lIllllg 

about 66% NI, and 15% CU, IS a major component of the t'l'l'd to the ('opp'..'r Clllf \~Il'kl'l 

Refinery. 

The non-magnetic fractIon of the matte IS fed to tlotatlCn The b,l"'l'" of l'opper-lllck:1 

separation IS the selectIve flotatIon of chalcocitc lISlIlg dlphenylgudl1ldll1e (DP(,) .l ... colkclor olt 

pH 12.4 (adJusted by saturated lime) 

The copper Circuit conslsts of rougher/regrind/two-stage L1eaner 110latlon Second copper 

clcaner concentrate typically assays 75 % Cu, 3.5 % NI and 21 % Sand 1\ procc~..,cd III the copper 

side of the Copper ClIff Smelter. 

The mckel circuIt produces two praduct streams. In the pnmary Circuit, rollghcr 1.1I1.., " 

reground and res\(lual chalcoclte scavcnged to producc a hlgh grade llIckcl ... ulphale .,trc.lln 

assaying 70% NI, 0.8% Cu and 26% S. This product IS ..,ubo,cqllenlly roao,tcd III Iluld bcd 

reactors and the resultlng nickel oXlde becomes fced for Inco\ IlIckel rl'tïncry III ('1ydach, 

Wales. A significant amount of the oxide product IS also markctl'd dlfl~ctly, l'llher il'l 1.., or aftcr 

chlorination roasting to reduce the copper content even furthcr 

First c1eaner talls from the copper Circuit and \cavl'ngcr cOllccntrate 1 rom the nickel 

circuit and scavenger concentrate from the I1Ickel cIrcuit are cornhl nl'd eHHI procco,..,ed 1 n e\ 

middlings CIrcuIt whlch produces the seccndary IlIckel o,ulphldc product. Alter regnndll1g, 

middlings are ~eparated 111 a rougher/c1eaner flotation tlow'lheet. Mlddllllg'l rougher teuh 

10 



• CIIAIYfER 1. r~TRODlJCTION 

• 

n:prc.:..,ent the low grade nickel <'lllphldc product contalmng typlcally 65 % NI, 5.5 % Cu and 25% 

" 1 hl.., prodllct, alter roa<,tlng, <'l1pplement~ the fccd to the Copper Chff and Clydach NIckel 

Refïnene<, Copper cOn'.entratc from the Imddhng~ Circuit I~ recycled back to the copper cleaning 

CircUIt. 

1.3.0B.JECTIVES 

The general objective of the proJect was to investlgate the eiectrochemicai behaviour of 

chalcocltc (Cu7S) and hcallewoodlte (Ni,S2) in the presence and absence of sulfhydryl collectors 

<,uch a~ mcrcaptobenzothmzole and ~odlum ethyl xanthate using Test potentlal and cychc 

voltammctry mea~urcment~. Howevcr, a slgnlficant amount of NI dissolutIOn from heazlewoodlte 

wa~ found and thls led to a study of the dISsolUtion mechantsm of heazlewoodite undeT different 

conditIon") . 

Il 
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• CHAPTER 2. ELECTROCHEMISTRY IN FLOTATION 

2.1. FUNDAMENTAL ASPECTS 

Oxd + ne ~ Red { IO} 

The electncal potentlal correspond mg to a charge tran~fcr re.lellon ran be I11l"\'\lIfl'd hy 

settmg up an electrochell1lcal cell conslstmg of two clectrodes [361 Onc of thClil' dl'l'lmde~ Iii 

the workmg electrode (metal or mmeral) in watcr or a solutIon contall1lng IIlteract11lg compol1llll\ 

(e.g., flOl.J.tlOn reagents). The !lecond electrode 15 the rcfcrcncc electrodc wlth .1 ... tandard 

electrode potenttal correspond mg to a weil dctined electroche1l11cal rC,ll'tlon Whel1 thcre , ... 110 

current tlowmg through the cell, the potentlal of the work1l1g clcctrodl' l'VCl1tlldlly rl',lcllcs ,\ 

steady state value indicatll1g that the cellls m equlltbnum. The potcntlal of the worklllg dcctrodc 

is then given by the Nerst equation, 

(1) 

where, 

E : Equihbrium potential (Rest potential) (V) 

EO: Standard electrode potentIal (V), It IS tabulatoo for a tcmperalure al 25 "C ln 

chemistry hand book [37] . 

• 14 
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CIIAIYfER 2. ELECTROCiiEMISTRY IN FLOTATION 

n . Numbcr of electron" 

R : Ga" con"tant CH Q470 J/deg mole) 

T : Temperature (" K) (" K = 273 + oC) 

F : Faraday comtant (96,493.5 J/V eqUlV) 

CIl(d and C'Oxd • ConccntratlOm of Oxd and Red (it IS assumed that activlty coefficients 

of Oxd and Red are Unit Y '10 that concentrations rather than activities may be used In 

Ncr"t cquatlon). 

For rcaction at 25 "C, 

R T ln COxd 

ft F CR6d 

and Equation (l) can be rewntten, 

8.3141 JrC x 298°C x 2.303 
n x 96,493.5 J/V 

= 0.059 log COxd 

n Clùd 

E -- E' 0.059 1 Cou + -- og--
n CR'" 

(2) 

(3) 

(4) 

As it can be seen from Equation (1), E is a temperature dependent term, meaning It can 

he dctïned as a thermodynamic quantlty. Therefore, a relation between voltage and standard 

15 



• CHAPTER 2. ELECTROCHEMISTRY IN FLOTA TION 

free-encrgy change [37. 38] IS glven by. 

(S) 

(6) 

where, 

dG T : Free-energy change for reaction 

dG' l' : Free-energy change for produets 

dG"R : Free-energy change for reactants 

2.2. ELECTROCHEMICAL REACTIONS IN SULPHIDE FLOTATION 

In sulphide minerais, sulphur oecurs 111 It~ lowe~t oXldata)O .,talc, -2. OXI(\atHHl to the 

hlgher oxidatlon states, 0, +2, +4 and +6, can oecur depcndlng upon the actlvlty 01 the 

oxidizmg agent (e.g. O2 , Fe3+) III the sy~tem. The oXldatlOn occur~ by tran.,kr 01 clectron\ Iro!n 

sulphur to an electron acceptor. On thIS prmclple, a ~ene'i of charge tramtcr or clcctrochcmlCal 

reactions can be written for the reactIons of 'iulphlde mmcrab ln water 

• In the absence of a flotatlOll reagent the oXldatlO1l rcactlOll for (Illy .,ulphlde mineraI rnay 

16 



• CHAlyrER 2. ELECTROCIIEMISTRY IN FLOTATION 

• 

b~ r~pre,>entcd by, 

{Il} 

whcre M ln tlm ca~e 1<; a ùlvalcnt IOn and S- IS an interrnedlate product ln the oXldatIOn. The 

rnctal Ion,> forme<! by oXldatlon of <;ulphlde may undergo hydrolysis reacHons and/or oxidation. 

The followmg hydroly~l~ reactIOn~ have been suggestcd [39]. 

M(H}O). t+ .... M(OH)(H]O)y+ + H+ + (x-y-l) H20 

M(OH)(H]O)y 1 ~ M(OHh.zH20 + H+ + (y-z-l) HlQ 

{12 } 

{13} 

These hydrolysls product~ rnay play a signiticant role in tlotation. In particular, sorne 

<;crve as activatmg ~pccles thus promoting the adsorptIOn of collecting agent [40]. The metal ions 

may hc OXldlzed to hlgher oxidation states, for instance, 

{14} 

,md thc oxu!t7cd ion may undergo hydrolysis. 

The sulphur mtermediate (S-) may undergo oxidation through a senes of reactions 

evcntu,llly to form SO/ . The tirst stage of this oXldation process is the formation of elementa1 

17 
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• CHAPTER 2. ELECTROCHEMISTRY IN FLOTATION 

sulphur. 

• 

{ IiI 

The sulphur formed may nuclcatc as a new phase Of It l1lay he pfC'iCnt ,l~ .\ '\oltd '\olutilln 

In the sulphlde. 

OXldatlon of sulphur to sulphoxyl speClCS, SxO/, oœurs 111 ~tage~. The lormatlon 01 

these amome ~pecles has been recogl11zed 1Il the ad~orptlOn of xanthate Ion ... hy exchangl' 

adsorption [2]. 

The mteractlon of sulphlde 1111neral~ wlth tlot,ltion fl'.lgent'i. 111 p,lrtlcllI.lf '\llltllytiryl 

collectors, also follows an electroehenllcal mechal11sm. Some typlcal examples of c1ectrochclllIc,11 

reactions relevant to sulphide tlotatlon can be summanzcd a~ fol\ow~: 

anodic reactlOns, 

2X- ~ X2 + 2e' (where X 2 = dlxanthogen) 

and the cathodic reaction common to ail of these IS, 

18 
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• CIIAPTER 2. ELECTROCHEMISTRY IN FLOTATION 

O} + 2H10 + 4e ~40H {l9} 

Each charge traO'~fer step corresponds to a defimte electrochemical potentIaI E related to 

the Gibbs frec-energy change (Equation 5) of the process. 

2.3. ELECTRODES 

2.3.1. Working electrode 

Il 15 at thlS electrode that the reactlons of interest take place. It can be prepared in two 

ways. One, the packed bed electrode, is prepared by packing minerai particIes in a cell with 

e1cctrical contact bcmg made through a sensmg element, usually platinum or gold. The second 

I~ the mao;slve mInerai electrude, and IS prepared by cutting a (pure) crystal of mineraI and 

l110untlllg tt III a nonconductlllg epoxy after making a connection to the minerai surface [26] 

(FIgure 3). 

/ Copper Wire 

Mincl'1Il Crystal Graphite 

• Figure J. Manlve Minerai Electrode 
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CHAPTER 2. ELECTROCHEMISTRY IN FLOTATION 

2.3.2. Counter electrode 

The purpose of the counter electrode II) to complete the elcctncal CIrcuIt. allow char~l' 

to tlow through the cell and mall1tam a constant llltcrtaclai potcntlal III fti .. rcncc rcg.mlll"~ of 

current. Pos~lble products of reactlon~ at the coullter clectrode ,hou Id .tlw.\y" hl' con'Ilkrl'd, 

smce they may mterfere wlth the rl'actlon belng \tudled (41). ln pr.lctlcc, thls lI1tcrfcrencc l' 

prevented by lsolatmg the counter electrode ~olutlon l'rom the worklllg clcctrodc llldllltallllllg 

electrical contact via a porous plug (e.g. fntted glass) 

2.3.3. Reference electrode 

The role of the reference electrode is to provlde a fixed potcnttal whlch does not v,lry 

during the expenment. In most cases, it IS necessary to relate thc potcntml of the reterenœ 

electrode to other scales, for examplc to the standard hydrogen clcctrode ~c,t1e. The potenllell 

between the workmg electrode and reference electrode I~ controlled by a pote\l!lO\t.lt. A \ the 

reference electrode maintams a fixed potenttal, any change In appltcd potenl1al to thc ccII appc.lr\ 

dlrectly across the worklng electrode-solutIon mterfacc. The refercnce elcctrode \crve'i the tillai 

purpose of provlding a thermodynamic referencc [42}. The Ideal refcrence c1ectrodc \'i the 

standard hydrogen electrode (S.H E.) with the reactIOn, 

{20} 

20 
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CIIAP'TER 2. ELECTROCHEMISTRY IN FLOTATION 

The ':Itandard electrode potentlal of thls reactlon IS taken as 0 volt by convention. The 

rnea\urcd potentla l ot \uch a ccII duectly glves the rest potentlal of the electrode and is usually 

denotc{1 hy I~,. 

It 1\ generally nut convement to ~et up a cell wlth a standard hydrogen electrode. Instead, 

a rcfcrcncc clcctrode of known rc\t potentIal IS used. An example IS the saturated calomel 

c1cctrodc (S.C.E.). Its redox potentlal corresponds tv the reactlOn, 

{21 } 

wlth an Eh = 0 247 volt. 

By usmg S. C. E., the potentlal of the cell thus measured is the potential of the minerai 

elcctrodc wllh respect to S.C.E. In order to obtam the value of 1;, the Eh value of the S.C.E 

IS addcd 10 the ITlcasured ccli potentlal, i.e. m general, 

(7) 

2,... CYCLIC VOLTAMMETRY 

ln practJce the potentlal of a mmeral is not al ways the equilibrium value because the 

Il1lflcral rca~t~ wlth the reagent components at dlfferent rates. In order to study such a dynamic 

statc Il IS ncccssary 10 follow the changes occurnng when the potentlal of the electrode vanes . 

2\ 



• CHAPfER 2. ELECTROCHEMISTRY IN FLOTATION 

• 

This IS acC'omplished by IlnposlIlg a potentIal on the dcctrodc by .Ul l'\tl.?rn.ll pO\\l.?r ,ource 

When thls IS done eJectnc Clirrent tlows throllgh the chxtwde \\ hldl 1" Illl longer III .\ I\t.lIe ot 

equihbnum.(Al eqtlllihnum. the net current tlow I~ lcm ) 

Me.asurcment of the Clirrent at the worklllg dectrodc un der .\ppltcd potentl,\1 l'rom .\Il 

external source provides Information on elcctrode reactlOl1\ l'he tl.?c!lntquc I~ c.\llcd cydlc 

voltammetry. The expenmental curve showmg the V.1fIatlOn or current wlth .Ippltcd potcntl.ll l' 

r;alled a voltammogram. At s~cltic potenttal~ a notable clirrent tlow OCl'ur" and thls 1I1(lIc,lIe, 

a charge transfer reaction between the electrode and the solutIOn. Tlm reactlon c.\Il hc elther 

anodic (oxldatlOn) or cathodlc (reductlOn). When It takes place ln the anodlc rcglon, the rl'actlOn 

IS called an anodic rcactlon and vIce versa [43]. 

The basic equipment for cycllc voltammetry is a potentIO"Itat. Il 1"1 avallable III dlflcrent 

models. The one assembled at McGIlIls the Princeton Applted Re~earch, PAR 27.1 modd wllh 

Head Start 1.3 software whlch enables the user to folIow thc Clirrent a\ a functlon 01 appltcd 

potential over any deslred range. The electroc.:hemlcal ccII de\lgns l'or packl'd bcd alld lIlil\\IVe 

eleetrodes are shown m Figure 4. The mmeral aets as the worktng electrode. The platlllutn wlrc 

acts as the coulller electrode. A pot~ntlal I~ applted to the worklllg cJcctrodc frOln an extcrn,tI 

power source and potential wlth re~pect to S.C E IS recorded The 'lchcrnatlc reprc\CIHatloll of 

the system is shown in Figure 5 [44]. 

To 111ustrate the type of results obtamed and thelr analy~ls, con\lder the f·c(ll)-J·c(lll) 

reaetlon. Figure 6 shows the voltammogram of 0.2 M FeS04 at pH 2 5 . 

22 
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• 
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E VS SCE IV] 
Figure 6. 0.2 M Ferrom SuJphate al pH 2.5. 

As can be secn, the voltammogram shows a charge transfer reaction at == 0.38 V (vs. 

S.C.E.), or at == 0.63 V vs. S.H.E .. As~umlOg the followmg redox reaction, 

{22} 

then the cnrrc'ipondmg potentlal can be calculated by the followll1g steps: First, the free-energy 

ch.lI1ges of FcSO~, H10, Fe(OHh and SO/, are found [38], namely -829.7, -237.~, -694.5 and 

-741.9 Id, rc~pcctlvely. Second, the free-energy change of reaction (~G'T) IS calculated using 

EquatIOn (b), 

AGOT -= (-694.5 + -741.9) - (-829.7 + (-3) x -237.2) ::;: 104.9 1cJ (8) 
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• 

Then third, the standard potentlal of the reactlOn (E ) IS l',llculat~d hy lI~lIlg Fquatllm (5), 

104.9 
=c 1.09 V 

1 x 96,5 

Using Equation (4) the redox potential (E) (If the reactlon IS calculatcd. 

E -= 1.09 + 0.0592 log [S0421 lB 13 

1 

(9) 

(In) 

Accordmg to Equation (10) E is equal to 0.65 V. The voltammogram rcading value 0 6J V and 

the calculated value 0.65 V are comparable. 

The same procedure for estlmatmg the potentlal lllustrated ln Figure fl Wél'i lI'icd lr1 ail 

subsequent cases. 

2.5. REVIEW OF CHALCOCITE-HEAZLEWOODITE SYSTEM 

Chalcocite-water and chalcocite-water-xanthate rcactlons have becn 'ltudlcd ll\lrlg 

electrochemical and tlotation techniques by a number of mvestlgat(H\ [45-55 J. In wall~r. lwo 

anodic peak~ were observed at potentlals of -0.35 and 0.25 " (V" S.H.E) ElcctrodcrTllcal 

reactions converting HS' to SO [53] and CUlS to Cuo [55] have becn \ugge~tcd for the tir"t anodlc 

peak. The combmation of two reactlOns, oXldatlOn of Cu2S to Cu + t and hydroIY'lI'l of Cu t. to 

26 



• CIIAIYfER 2. ELECTROCHEMISTRY IN FWTATION 

• 

ClI(OH h, have hecn \lIgge'ltcd for the ~econd anodlc peak [56, 57]. In the presence of xanthate, 

live ul\tmlt InterdctlOfI\ have hcen recognJl'cd al potentlal<; of ·0.3, -0.16, -0.09, -0.05 and 0.25 

V hy MlclClar\kl el al. [46, 471. They ~lIgge~ted that the first peak corresponded to the 

oxldatlon of hydrmul tïde 10n\, that the ~econd and thlrd were the underpotential deposltIOn of 

xanthate, and that the fourth and fifth were the formation of bulk copper xanthate and other 

CUprolili ~lIlfide oXldatlon product~ Another senes of electrochemleal measurements were 

condllcted hy Walkcr et al. [50] They found four distinct interactions WhlCh they ascribed to: 

( 1) a reactlOn of EtX to form ethylperxanthate at reducmg potentials near -0.255 V (ail the 

poltntmls arc rc~pect to SHE); (2) a reaetlOn of EtX wlth soluble Cu++ forming CuEtX at 0.217 

V, (3) an cxchangc reactJOn wlth EtX dlsplaclIlg an oxidatlOn product; and (4) a charge transfer 

oxidatton rcadlon. The cxehange and charge transfer reactions occurred over the potential range 

-0.255 to 0.145 V and formcd cuprous and posslbly cuprie xanthates as adsorbed hydrophobie 

SpCCICS. 

Elcctrochcmlcal ~tudles on the heazlewoodite-xanthate system have been described by 

Cntchlcy .1I1d Hunter [58]. Thelr InVestIgatIOns have provlded mformation on charge transfer 

rc;.letions of hcal'!ewoo<hte ln water and In xanthate solutIOns. In water they found a large anodic 

peak corre~pondll1g to the oXIdatlOn of Nl 1S2 to Ni + + and also, probably, to the formatIOn of 

c1elllent.ll 'iulphur un the surface. ThIS effect was suppressed at pH 11.5, probably due to the 

formation of IlIckcl hydroxy spectes. In the presence of xanthate, dIxanthogen and NIETXz were 

the m.l!Or products at afOund 0.295 V and 0.055 V respectIvely. The formatIon of an 

1I1l1dcntIticd produet was also observed at -0.055 V from UV spectra of surface leachates . 
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3.1. DISSOLU110N: 

Prehmmary cxpenment~ showed sigmticant NI (hs~olutlOn l'rom healkwoodlll' (,\Ild 

matte). lt was consldered Important ta follow thls up pnor to malll obJectlVl' of the 

electrochemical study. 

Experiment 1: Flfteen grams of freshly ground -150+ 200 mesh matte werc ~lllrred 111 SOO ml 

buffer solutions [59] at pH 8, 10 and 12. The slurry wa~ ~tirred by a mcchatllcal .,tlrrer .lt 

constant speed and air exposure. Samples were drawn at 15, JO, 60, 120, lXO .md J60 llllllutC'\ 

The Ni and Cu concentrations were analy lcd for cach cxpcnment by alOllliC ah~orptlon 

spectroscopy. The result~ are shown In Table 2 and Flgure~ 7 and R 

Table 2. Di""olutiun uf matte at ditl"crcnt pli 

Tlme C oncentratJon (\mLt~ntratJ()n C()nL~·ntr.lllon 

[mmj pH 8 [ppmj pH 10 [ppml rH 12 Irrml 

NI 1 Cu i NI Il Cl1~1 NI JI ('II 
1 

15 240 080 o 15 030 000 () ()() 

30 325 085 o IS 030 000 () If) 

60 390 \.00 o 15 040 000 () 20 

120 5.60 090 o 15 040 (J 00 () 20 

180 600 080 o 15 o 50 o O() () 2') 

360 8.10 085 025 030 () (JO () l ') 
-

Experiment 2: Experiment 1 was repcated wlth fifteen gram~ of frc\hly ground -15<H 2()() me\h 

heazlewoodlte and chalcocite. The results are ~hown ln Table 3 and FIgure,,> <) and 10 A 
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compan~on of dls\olutlOn bctwccn hCaLlewoodlte and chalcoclte I~ shown In Figure Il. 

Tahle 3. D ..... olution of hcaJ'lewoodite and chalcocite al d.fferent pH 

Tlme COfl(.entratlOn ConcentratIOn ConcentratIOn 

Imml pH 8 Ippm) pH JO Ippm) pH 12 Ippm] 

NI 1 Cu 
1 NI Il Cu Il UI Il Cu 

1 

1') 96 (j HO o OS 060 000 0.25 

10 14 J 085 005 a 50 000 030 

60 205 1 05 005 065 0.00 0.30 
--

120 259 100 O. \0 065 0.00 035 

ISO 287 120 025 0.65 0.00 040 

160 321 1 25 0.40 060 0.00 0.35 

Experiment 3: lhmg the gcneral procedure of Expenment l, fifteen grams of heazlewoodite 

werc ~llIrried III 500 ml hutler solution of pH 8 and the effect of air, nitrogen, and oxygen was 

studlcd. The results are shown 111 Table 4 and FIgure 12. 

Tahle 4. Di~M)luti()n of hcaJ'Jew()odite at pH 8 

NI Concentrallon 
Ti me [ppm) 
Imm) 

1 Il AIr Oxygen Nltrogen 

15 9.6 la 5 la 9 

30 14 3 14.5 150 

60 205 21 3 21.0 

120 25.9 28.7 290 

180 287 32.1 30 0 

360 32.1 36.6 29.5 
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Experiment 4: To furthcr study the dIssolutIOn, Expcnmcnt 2 \l,!a~ Icpc.\lcd III thc l)fl'~l'Ill'l' llt 

ethylenedIamm\l1etetraacetic aCld (EDTA) ( 5g/k.g ,ample) al pH S. l'hl' rl'!o.ull\ ,Ire ... IHlwn III 

Table 5 and FIgure 13. 

Table 5. Dis.'Iolutiun of heazlewoodite in pr~ence and ab~enœ of EDTA at pH 8 

NI C'onœntratlOn 

Tlln~ lrrml 
(mml 

No Wlth 
EDTA EDTA 

15 96 272 

30 14 1 336 

60 20 S 199 

120 259 -MO 

180 287 46.1 

360 32 1 483 
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• CIIAPTER 3. EXPERIMENTAL PROCEDURE AND RESULTS 

3.2. REST l'OTENTlAL: 

Experimellt 1: Re~t potentlal measurcments were performed for chalcocite and heazlewoodite 

ln butler \olutlon~ 01 pH 4, 6, 8, 9 3, 10 and 12. Also, rest potentlals of chakocite were 

rnca"urcd wlth rc\pCcl 10 a hcazlcwoodlte electrode and compared wlth the calculated value. The 

rc\ult\ arc "hown In Table fi and Figures 14 and 15. 

Tahle 6. Re:o.t potenhal value<. of chalcncile and heaJJewoodite 

G Re.,! Potenhal Value~ (±30 mV) 

ChalL!)L lit! He.l LI ewoOlh It' Mea...,ured C.lkulated 
EhlVI EhlVI "E,'h-'u (V) Eht<'hl-Ehllul (VI 

4 030 -005 0.32 035 
~-_. 

b 028 -008 033 036 

8 024 001 020 0.21 

l) l 021 o 12 0.05 009 

10 o 18 o II 0.03 007 

12 009 007 001 0.02 

"EI1\ Il, Re~! polt'nh,11 ot chakocllt' wlth rc"pecl 10 hcazlcwoodlte d&trode. 

Experimelll 2: Rest potential measurements of chalcocite and heazlewoo(hte were performed In 

the pre:-.cnce ,1Ild ab~cnce of 2x 10- 1 M sodIUm ethyl xanthate and mercoptobenzothlazole. The 

r(,slllt~ arc \hown 111 T.lblt: 7 wlth a companson of the rest potentlals for each mmeraI in water 

.\Ione The re~ults are also 'ihown In Figures 16-19 . 
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Table 7. Rest pntential value.-. of chalcncite and helllle\\\lodite ln the prt. ... em:e and ah~t'nce uf Cllllt'Ctlll'" 

Rc'~1 Polc'ntlal Valuc',", (± JO III V) 

pH In Water ln 2, JO \ M N,ü:X In2,IO\ M MBr 
--

ChalulLlte Hedzlc\\.()oÙllè Ch ... !Lo<:lk ~lc.lIJc\\.o()dlk ChdlLllll1L' 1 k,lI l ,'\\. 00,11", 

Eh [V] Eh IVI Eh IVI Eh (VI th (VI 1'1. IVI -
~ 030 -005 o 14 -001 o 15 (lOI 

6 028 -008 009 -002 o Il 001 

8 024 003 001 001 -001 II 07 

9 3 0.21 o 12 -007 006 001 (lI 

10 o 18 o Il -007 007 001 01 

12 0.09 007 -0.08 0.05 001 004 
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3.3. CYCLIC \lOLTAM,~,"ETRr: 

Cyclic voltammetnc measurements were performed lIsmg an EG & Ci Pnnceton Appltl'd 

Research Potentiostat/Galvanostat Model 273 \VIth the Head-Start ~oft\Vare. A \tand.ud thrl'l' 

electrode electrochemlcal ccll was med. Expcnmenh were pcrformcd wlth ch.lkol'llC .1I1d 

heazlewoodite massive electrodes 10 the ab~encc and presence of C,Jllc,tl)f\ Collector \lrcllgth 

was 2x 1O-~ M and pH was 10 and 12 In the ca~e of chalcocltc, 10 compare wlth av.ulahlc 

hterature data, pH 9.3 wa~ also used [53]. For the purpo\CS of comp.trI\on Ihl' .... ulle pOll'llll.t1 

IOterval was applied to heazlewoodae (Flgure~ 20 and 21). The electrodc\ Wl'IC poh\hed hermc 

each experiment on 6 IJ.m abrasIve ethanol solutIon on a 6IJ.m polt~hcr hcad .lIler whlch the 

electrode Immersed In ethanol solutIon followed by IInl11er~IOn ln pH ~ HCI <,olutlon .lIld rtll\cd 

with distilled water [60]. The r,~sults of the cydlc voltammctnc mca\UrCIllCIlI\ arc ~hown III 

FIgures 20 to 30. AlI the potentIal values III the text are wlth rc:-.pcct 10 \tandard hydrogcll 

electrode (0.0 V) . 
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E vs SIlE [V] 
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E vs SHE [V1 
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FIGURE 24. Chalcocite massive electrode at pH tO. 
Chalcoclte massive electrode at pH tO ln the presence of 
2x10.JM NaEX. 
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FIGURE 26. - Chalcoclte ma'lslve electrode at pH 10. 
Chalcoclte massive electrode at pH 10 ln the presence of 
2xlO.JM MBT. 

E VS SHE [V] 

·0.!!3 ·O.3!J ·O.1!3 0.047 0'::47 
1.0 0.83 

0.8 0.67 

0.6 O.!O l''l 
~ 

0.4 0.33 = t"l 

1 AIM 
Am ~ 0.2 

,''O. , ' .... -_ .. 0.17 
AI , , = 

~ 
t!!j 

0 0 :z 

= 
ri) 

-0.2 ~ , , ·0.17 
El ' KI' 

1 

~ ·0.4 
1,", 1 '1 ... , ·0.33 ,1 .. ' 

KIM l' a ,,' 
·0.6 

" ·0.50 .... 
I, KI 
~ 

·0.8 ~ ·0.67 t 
1 

·).0 1 
·0.83 

·0.8 ·0.6 ·0.4 ·0.2 0 

E VS SCE [V] 

FIGUREl7. Chalcocite massive electrode at pH 12. 

• 
Chalcocite massive electrode at pH 12 ln the presence of 
2xlO"'M MBT . 

45 



• CHAPTER 3. EXPERIMENTAL PROCEDURE AND RE..""ilILTS 

• 

0.147 
1.0 

0.8 

0.6 

0.347 

E VS SHE [V) 

0.S47 Il. 747 
0.83 

0.67 

O-SO 

l' :; ~ ~x_. -- ______ -.--- ••• -!:!~. ----'" -- ~-I • • :ff 
;:: û ....... ---:;.:.;..:. ••• - .... ~ 

tU3 

0.t7 

~ ~J 
-0.4 

-0.6 

-0.8 

-1.0 
-0.1 0.1 0.3 

E VS SCE [V] 

0 

-0.17 

-0.33 

-o.~O 

-0.67 

-0.83 
o-S 

FIGURE 18. - Heazlewoodile massive electrode at pli 10. 

1" -!Z 

= ~ 
U 

0.147 
2.2 

1.8 

1.4 

1.0 

0.6 

0.2 

-0.2 

-0.6 

-1.0 
-0.1 

Heazlewoodite massive electrode al pli 10 in the presence of 
2xlO.]M NaEX. 

0.347 

EVS SUE [V) 

0.547 

......... -_._-_ .... ---.. ---_ ... 
.... _ ............ + ............ - -. --- ~":-:-:-.. - .. -

0.1 0.3 

EVS SCE [V] 

.. 

0.747 
1.83 

1.50 

1.17 

0.H3 

0.50 

0.17 

·0.17 

·O.~O 

·0.113 
0.5 

FIGURE 29. - Heazlewoodlte massive electrode at pHil. 
Heazlewoodlte massive electrode at pH Il ln the pre~enle "f 
2x10 J M Na EX. 

46 

------------~-------

~ 
~ 
Z 
..; 
~ 
trl z 
:!l 
~ 

~ 
S .. 

~ 
Z 
=l 
~ 
trl 
2 
'Jl -~ -
~ 
éI 
" 



• CIIAP'TER 3. EXPERIMENTAL PROCEDURE AND RESULTS 
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3.4. CONTACT ANGLE: 

Contact angles were measured usmg a captlve-hubble appar,ltus [(1) (FIgure -'2) cqlllppcd 

wlth a three-electrode electrochelnlcal cell constructed wlth two parallel pl,\tl' w1l1dow~. The 

electrode surface was deaned pnor ta each ll1ea~urell1ent by tl'ill1g "aille method ,l'; dl'\cnlwd III 

cychc voltammetry expenments. After pre-reductlOl1 al -0 S5 V, the potcntlal W,I" "tl'Pped tll 

more posItive values, held for 5 minutes at each value, and the contact ,lIlgle Illca"ured hy ,\ 

gontometer. Each bubble was depo~ttcd on the 'iurfacc by lI'>lIlg a 500 Jllll threadcd pililIger 

synnge (FIsher SCI.). The average of three 1llca~urclllcnh wa'i taken at cach COI1<l1tIOIl l'he 

contact angle measurements werc performed trI the prc~cncc dnd ah"encc 01 2x 10 \ M N,II~X pli 

values 10 and 12. The contact angle as a functlon of potentlal \" ~howl1 111 FIgure" .U ,lIld \4 

The comparison between contact angle and cychc voltammogram~ are "!lOwn III FIgure,> Y'i and 

36. 

Syrln •• 

/ 

FIGURE 32. A BchemBtlc npruenlation or the 
captlve·bubble contact BD&le Bpparlltua. 
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• CHAPTER 4. DISCUSSION 

4.1. 1JJSS01,UT10N: 

• 

A'i can he 'iccn from FIgures 7-10, NI and Cu dissolutIon decreased with increasing pH 

and, fur NI, wa~ e~~entJally zero at pH 12. Also, From Figure Il, It IS evident that there is 

\Igm fïcantly gicatcr dl ... ~ulutlon of heazlcwoodlte compared wlth chalcoclte at pH 8. As is shown 

ln Figure 12, III the pre~cnce of oxygen, the NI concentratlOn in solution is slightly higher than 

ln the presence 01 ail and mtrogen at pH 8. In the case of mtrogen, dissolution stabilizes after 

lWO hum .... EDTA cxpenmcnts show that, the dissolution increases slgnificantly in the presence 

of EDTA as comparcd to that without EDTA (FIgure 13). 

The followlllg rcachons are proposed to explain dissolution of heazlewoodite 

NIISl + 6H,O = 3 Ni(OHh + 2HS' + 4H+ + 2e' 

2e + 11201 + H10 = 20H' 

20H 1- 2H + = 2H20 

2e' + 1/20} + 2H t- = H20 

NilS} + 6H20 = 3Nl(OHh + 2HS' + 4H+ + 2e' 

NIlS] + 5H20 + 1/202 = 3Ni(OHh + 2HS' + 2H+ 

2H t + 2HS = 2H2S 

{23} 

{24} 

{25} 

{26} 

{27} 

{28} 

{29} 

{30} 

The overall reactlOn corre~ponds to the observed decrease in Ni concentration at elevated 
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pH (tht' mcrease In OH concentratIOn dnves the reactlOn from nght to \cft). ln thc prC\l'nCl' of 

EDTA, dl~sol\ltlOn IS favoured becausc of the formatIOn of .1 NI-EDTA l'omplcx .1Ild rClIlllv.ll 

of Ni hydroxy prodLlct~ from the surface [62]. 

It is interestlllg to note that notation of matte IS conductcd lIndcr ~trongly .i1J..ahnc 

condition (pH 12.4) [63] at whlch NI dls~ollitlOn from heazlewoodltc I~ "l1pprc'i~cd 

4.2. REST POTENTIAL: 

There is a sigllltïcant difference between the rest potcntlal of Ch.lkoctte and 

heazlewoodite at low pH values. However, the dlfference IS 'illppres~ed a~ the pH Increa .. e .. 

towards the alkaline region and becomes neghglble al pH 12 (FIgures 14 and 15) Thl .. ~llggC .. t .. 

the posslbility of gaivalllc interactIOn between the mineraIs al aCldlc pH vallle~ hut not at .tlJ..allllc 

pH. 

In the presence of collectors (2xlQ-1 M NaEX and MBT), the re .. t pOlenllal V.tlUl'" of 

chalcocite are qUlte dlfferent as compared to heazlewoodlte under slmtlar CGndltl()n~ (Flgure\ 16-

19). This suggests that the interactIOn of collector with chalcoclte l'i more exlen\lve than wlth 

heazlewoodite. AIso, It is noted from FIgures 16-19 that the rest potenlIal value~ 111 the prc,>cnce 

of both NaEX and MBT are qUlte 'iimllar. 
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4.3. CYCJ.IC VOLTAMMETRY 

• 

Cha/coClle (FiKures 22-27). 

ln r)/(' ah.Il'I/(,() 01 m/lec/Or (FIJ.:ure\ 22-25); 

• hr~t <lnodlc peak (AI); the ~lImlanty wlth pubhshed data at pH 9.3 is shown by companng 

l'Igure., 22 ,Incl 23. ReactIOns have been propo~ed for the AI peak by Yoon et al. [54, 55] and 

Walker ct al. [53) 

l'he reactlon "lIggc~tcd by Yoon et al. I~, 

{31 } 

E le ~ -0.3 - 0.059 pH (ll) 

On "'lIh~tItut1l1g pH values 9 3, 10 and 12 111 Equation (11), the ~ values did not to 

~orrc~pond 10 the I~ values obtamed l'rom figures 23-25 (Table 8). 

1 he rC<lCIllln .,ugge ... tcd by Walker et al. 1S, 

HS + OH :;=!: SU + Hp + 2e {32} 
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• 

Elt '" -0.476 - 0.0295 log [HS ] + 0.0295 pOH (12) 

This second reactlOn tïtted the observatlon~ (Tahle 8). It .liso (orre~ponded to Ihe rewr-;c 

reactlon of the second cathodlc peak (K~). 

Tahle 8. Compari .. on of mt'<l~ured and cakulated E" fur chaknnlc (t\ntldll' l't',,1.. .\,. 

~ 
Eh (V) 

1 

YOOIl et..ll 1211 Wdlker d .11 IICJI 
1 M l',l~Ufl'd t 20mV 

9 3 -0 R5 -034 -Il 16 

10 -0 89 -0 36 -0 lH 

12 -1 01 -042 -04'1 

• Second anodlc peak (A 2); electrochemlcal measurement<.; by Sato (56) <.,ugge<,t Ihat Ihe 

oxidation reactlon of chalcrx:lte In aCld ~olutlon II) represented by, 

Elt = 0.53 + 0.0295 log [Cu 21 (1]) 
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A., can he .,ccn, Equation (13) dcpend~ on the <.:upric Ion actlvlty In solution. It IS gIven 

ln ha<.,lc .,olutlOn hy [5(,], 

{34} 

(14) 

Suh<.,lItlllmg the value for cupnc IOn actlvlty ln Equation (13) gives, 

Ela = 0.802 - 0.0591 pH (15) 

Equation (15) repre~ents the ove rail reactlon 33 and 34, 

{35} 

When the pH values 9.3, 10 and 12 were subsl1tuted In Equation (14), the calculated ~ 

v.Ilues tïtted the 1ll~lsured value~ from rlgures 23-25 (Table 9). The reverse reaction to thls 

anodlc pc.l\., (A,) t~ the cathodtc reactlon KI' As can be secn In FIgure 25, thls rcachon shows 

~trong reversthtltty at pH 12 . 
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Tahle 9. Compari'ion of mea .. ured and calculated F-11 for chalctldtl' (Anodlc Pm .... A!) 

G 
= 

Eh (V) 

C'dkulakd Il M~a~ulèJ t 20 IllV 

9.3 li 25 li 26 

10 li 21 o 2~ 

12 li 09 009 

ln the presence of collector (2x103 M NaEX and MBT)(Fi~ures 23-28); 

• First anodic peaks (AIx) (FIgures 23-25) and (A IM) (Figures 26, 27); thcsc pcak~ arc 'ill1l1lar 

to the first anodlc pcaks without collector; however, thcy could he reactlOIl'> wlth N,IEX ,lnd 

MBT. This peak was also found by Mlelczar~kl ct al. [46] III the prC\CIKL' of KI~X Thcy 

suggested the peak may he due to OXldatlOn of hydro~lIltïdc lom (I.e Equation 2) whteh can 

form due to reductlOn of the Cl1prou~ ~uifide or from xanthate dccompo<'IIIO!l, a ... wa<, rcœntly 

reported for a chalcoclte/xanthate sy~tem JO alkaltne ~Oll1tlonli 147]. It 1 ... \lI~pcctcd that 

hydrosulfide IOns come mamly from xanthate decomposltlon . 

• Second anodlc peak (A2x); the reactlOn for thlS has been propmed by Walkcr ct al (49) dnd 

Roos et al. [52], 

{ ~6} 
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El! - -0.171 - a.0591 log [X-] (16) 

SUh"'t1IUllOg the concentratIOn of xanthate ion (2x 1(J3 M) ln Equation 16, glves -0.012 

V whlch I~ m rea\onable agreement wllh the value From FIgures 23-25. The reverse of thlS 

rcactlOn corfC',pond", 10 the fir~t reductIon peak (K1x) near -0.35 V, 

El! -0.171 + 0.0591 log [Xl (17) 

• Second anodlc peak (A2M) (FIgure 26) and thlrd anodlc peak (A2M) (Figure 27); a possible 

rcactlon IS, 

CUlS + 2MBT ~ 2CuMBT + S + 2e- {37} 

wlth an Eh value arollnd -0.060 V . 

• Tlmd anodlc peah (Arx) (Figures 23-25), (A1M) (Figure 26) and (Am) (FIgure 27); in the 

presence of EX the second anodlc peak observed 10 the absence of collector is slgnificantly 

rcdllccd, pcrhap'i bccall~C the collcctor coatmg II1hlblts further oXldation of the mmeral (48). The 

"aille argument can be apphed to the tlmd anodic reactlOn (Al~ (Figure 26) and the fourth 

.1Il0d1C rc.KtlOll (A1M) (FIgure 27) . 
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• CIIAPTER 4. DISCUSSION 

• Thlrd anodic peak (A 3M) (Figure 27): This reactlon was Ilot identtfied. 

Heazlewoodire (Figures 28-31) 

ln the absence of collectors; 

• Anodic peak (AI); a possible reaction IS [64], 

{.\H} 

Ela =:; 1.351 - 0.0591 pH (lK) 

The comparison of calculated and measured ~ values (figure 29) IS glven III Table 10. 

Table 10. Comparison of measured and calculated E,. for hea,Jewoodite (Allodic Peak AI) 

G f:" (V) 

Calculatoo Il Mea. ... uroo t20 rnV 

1 

10 

1 

076 

1 

075 

1 12 064 070 
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• CIfAPTER 4. DISCUSSION 

• 

IfI 111l' pn'\('n('(' of' collel IOn; 

• Anodlc peak\ (AI,) and (Ar,.;), two weak anodlc peaks were observed al pH 10 (Figure 27). 

ln the ca\c of xanthate the tir)t one (AIx) occurred around 0.30 V which probably corresponds 

10 <lIxanthogen formation [58J The \l'cond onr (A 2x ) wa~ found around 0.55 V and was not 

tdcntJficd. '1 he weak peak (AIx) wa~ aho found at pH 12 Figure (21). In general, simllar 

volt.tllllllogralll'> were found Ifl the prc\ence of MBT (Figures 30, 31). 

4.4. CONTACT ANGLE: 

No contact angle was found on eIther chalcocite or heazlewoodlte III the absence of 

Na EX Therc 1\ a ~lgll1ficant dlffcrence between contact angle values of chalcocIte and 

hea/lcwoodllc (Flgure~ :U and 34) The contact angle on heazlewoodlte IS zero at potentIals 

lowcr than 0 I~, V (-0 1 V SCE), while Il IS around 45° for chaJcoclte In the same potential 

rcglon Above 0.15 V heazlewoodltc ~hows a ~teady contact angle around 40"; for chalcoclte 

the contact angle II1cr~l~e\ to rl'ach dbout 80° (46]. These tindings suggest that ~e;ectlve tlotatlon 

belwecn the t\\-o Il1l1ler.lls Cou Id be acllleved wllh a controlled poterltIal partlcularly at les') than 

0.15 V 

As shown 111 Figure .15, therc IS agreement between the cycltc voltammograms and 

l'Ont.lct angle rn~<I"urel11ent'i for chalcoclte. Accordll1g to the contlct angle measurements 

hydroplh.lblClty. and hencc xanthate adsorptIOn, begllls at -0.35 V. The angle Increases to 80° 
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• 

at 0.35 V correspondmg to the dlsapperance of the anoolc I~.lk (AI) III w.\h..'r .llont' l'hu." the 

surface product WhlCh passlvated the chalcoclte at these potentlah 1<; al ... o hydwphoblC 

Contact angle Il1casurements were attempted wlth MBT; howcva. no buhble contact 

could be established . 
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S. J. f)/SSOLVl'ION 

• 

1.- NI (and ,>orne Cu) dl\\olutlon from matte wa~ found. The dIssolutIOn decreased with 

IfICrea\lIIg pH frorn 8 to JO and becamc zero at pH 12. 

2.- Cu dl\,>olutlnn l'rom chalcoclte was not a'i ~lg01ficant as NI dissolutIOn From heazlewoodtte 

at pH H 

3.- NI dl\\olutlon from hcazlewoodtte IS slightly higher 10 oxygen-satura.ted than 10 alr-saturated 

and mtroge/1-,>aturated ~olutlOns. 

4.- ln the pre'ience of EDTA 'itgmficant addttlonal dIssolutlOn of NI was observed from 

heaI leW()(KII te. 

5.- A I1lccham~m of heazlewoo<hte dlssolutlOn was propose<1. 

5.2. REST POTEN11AL 

1.- Galvamc InteractIOn betwccn chalcocite (as the cathode) and heazlewcodite (as the anode) 

occurrcd <lt ll10dcratc pH but wa~ zero al pH 12. 

2.- The calculatcd and IllcaslJred re~t potenltals are in a good agreement at different pH values . 

.l.- The dlcd of collcctor\ on chalcoclte IS more slgnificant than on heazlewoodite. 

"'.- The rest potcnlial values of the Illlnerais were qUite sImllar 111 the presence of elther NaEX 

or !\tIn . 
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5.3. CYCLIC VOLTAM~IETR}, 

1.- The two mmerals showed signitïcant dlfferenœs In thclr elcctrochel1llcal hl'h.1VlOllf holh III 

the presence and absence of collectors. 

2.- The voltammograms suggest that NaEX and MBT Interact wllh hoth Illlllcrab III a Sllllll.lr 

manner. 

3.- The InteractIOn of NaEX and MBT wlth hcazlcwoodlte IS Ilot as slgllltïcant as wlth 

chalcocIte. 

4.- NaEX and MBT created a surface product al 0.25 V whlch passlvatcd the chalcoclle. 

5.- Most reactlOns for chaJcoclte and healiewoo<hte were identltïcd For MBT, thl' followlng 

new reaction IS proposed at Eh = -0.060 V, 

Cu2S + 2MBT ~ 2CuMBT + S + 2e-

5.4. CONTACT ANGLE 

1.- Contact angle measurements suggested that xanthate mteractlon wlth chalcocltc oegan at 

potentials as low as - -0.35 V. 

2.- Measurements showed that there was a slgmficant dlffercnce hctwccn contact angle valuc,> 

of chalcoclte and heazlewoodlte. 

3.- There was agreement between cychc voltammogram\ and contact angle mca\urcmtnt\ 
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• 

4.- ln the prc<,encc of NaEX the ~urface product whlch passlvated the chalcocite at 0.25 V wa~ 

~trongly hydrophobIe. 

5.- Contact angles werc lero wlth MBT . 
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