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ABSTRAGT 

• 
E/~ctrochemlcal ~ffects oc6uring in the processlng of 

comp~ex sulphlde ores from the A-l and 8 zones of Les M7nes 

Se/baie, Joutel, Québec, were I~estlg~ted and correlated 

with t/;le redox potentials-meas.ured ln 'flotation pulps, on a 

• 
lab~ratory and plant scale. Observed~discrepencles betweèn 

, , IIp 

dlfferent redox ~enSing electrode~ (black. platJnum, pl"atlhum, 

go/d, chalcopyrite anq galena) and the dlfferen~ shapes for 
• 

the noble m~tal e1ectrodes (Spiral, foll) were explalned 

usin~ the mlxed patent laI model for electrochemlcal reac­

tians, and a'stochastic model to account for-the partlculate 

nature of a mIneraI slurry. 

It was found that 
'\ 

ln the absence of flotatlon aIr, or ln . ' 
the ,presence of air anq reducing agents (Na2S, FeS04, NaGN), .. 
the potential exhibited by a gold spiral was the nearest 

(difference lèss than 10 mV) to that of a chalcopyrite el8c-

trode" for mineraI s/urries. However, the use Qf oxidizing 

agents suéh as KMn04 or pH modifers (HGI, GaO;' ylelded 

discrepencies from ~O to 209 mV between the same two elec-

Inter'pretation of the flot'ation response in terms of. 

the redox.potential was rendered more difficult by the effect 
• 

of the grindlng conditions and the complexity of the che~ical 
, ' ' 

.systems created by the addItion of th~ modlfiers.· 

.. 
j 
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RESUME 

Le traitement des minerais sulfurés des zones A-l et 8 

de Les Mines 3el baie, Joutel, Québec, a\ été ét:ud ié p,ar Ine 

/ , 1 t " • 1 fI t-t ' 'approche e ec roch/m/que de a 0 at/on, tant en labora-

toire qu'eQ usine. Les ~carts observés, ~orsque diFFérentes 

, '" ~ 4 eJectrodes de mesure du potentiel d'oxidation-réductjon (pla-

tin~'p6reux, platine, or, \phalcopyrite, galène) étaie~t im-
l- 1 

mergées simultanément dans les pulpes d~ Flottation, sont ex-

pliqués'à l'aide du modèle du potentiel mixte des réactions 

électrochimiques complexes et d'un modèle stochastique tenant , ..... 
, 

compte de la nature particulaire d'une pulpe minéral isée. 

1/ a été observ~ qu'en l 'abseoce d'air de Flottation, ou 

qu'en la présence d'a'ir 'et d'agents réducteurs (Na2S, NaCN, 

le potentiel mesuré à l'aide d'une spirale d'or était, 
.\ 

le plus près (écart moindre que 10 mV) de celui mesuré à .. 
I-'aide d'une électrode de chalcopyrite. Par contre, l'utisa­

tion <d'Jgents ~xydant~ tels que le permanganate de potassium 
( 

ou de modification du pH (HCI, CaO) engendrait un écart 
" 

significatif, de 30 à 209 mV, entre- ces deux mêmes électrd-

des • . L' interpr~état!on de la réponse métallurgique par une 

ap;roche éleêtroc~imique est en plus compl iquée par la pré-
, . '> 
sence d'effets induits par les conditions de broyage et par 

complexité cond it ion;; chimiques 
, 

la Flotta-.la des propres a 

*,,1''"' 
.v>"; 1 on. , . 

1 rr -' 

, e. ,+, 

-' 

.. 
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,CONVENT IONS 
• 

1 

",. The con vent ion used for the descr'lPt,,i on of the el ectro-
,- ~ 

chemical couples and the standard electrode potentials 'is 
o 

that of·the International Union of Pure and Appl ied ~~emistr~ 

( 1 UPAC). The con vfJnt ion def i nes 'the imp 1 ici t charge-t rans fer 
l 

reae;ion' in jhe statement of a stançiard potential of an elec-" 

' .. trode reaction as a ..reduc·ti~n (electronation).,_ 

J)/: 
Unfortunately, the'American convention is used in most-

. -
of'lf the references e ifed. ln the American convent ion, the 

".J " 
implieit chargé transfer reaction is an~oxidation (de-elee-

, 
• 

tr.onat ion} • 

. 
elecfrode reaction is an oxidation, but the standard poten-

tial or the elecfrode ~eaction is given aceording to the _ 

IUPAC convention~ 

. 
The potential axis for the cycl ie vo/tàmmoqrams descri- i-_ 

> 

bed in the pres.ent 'thesis (Figs. 23 to 28) is the potential 

~ 
appl ied to the electrodej the po~entiostc:t followinq the 

.. 

AmerJcan convent ion. The s ign of the appl ied potent ial must 

be inversed so that it can be related to the standard eftc-. 

trode potential& (IUPAt)~ 

1 
1 

, , 

-
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Froth flotât ion is the major separation proeess 'by wh ieh .. ... 

sulphide mineraIs are benefieiated From ores. ,The proeess . 
eonsists,in introdueing gas bubales into a pulp made of the 

f;nely'ground ore and water, whreh has been previously eondi-

tioned with surfactants anq mOdifiers; The mineraI partie/es 

whieh have been rendered hydrophobie during the eonditioning-

step attaeh to the rising gas bubqles and are resoverep as a 
<, .-

eoneentrate in'the froth phase floatlng on top of the pulp. 
(t 

"j'he hydrophilio partie/es remain in the pulp and make up the 

tail ings. 
• ~ I~ 'Iti 

T~e eoncentrate reeovered is usually of the desi-
• 

red minera~, but sometimes·it is e~sier to perform a reverse 
1 

flôtation in 'which non-desired mineraIs àre floated. 

Th i s ïs a s /m pIe ct e s cri p t ion 0 f. the ide a 1 f lot a t ion 

proeess. ln' practice, the ore 'eannot be C)round fine enough 

to fully 1 iberate~ the diffe~ent mineraIs and this 1 imit~ the 
.' 

q~al ity ,o'f $,epar.,at/~on which can1be ultimately aehieved. ' 

Depending on the type of (/otation machine, fine hydrophil ie 

partieles are me?hanically ~ntrainep into the froth further 

,decreasing the quaI ity of the concentrate. Also,' the type of 

frother (surfactant) used to stabilize the froth during thé 

recovery proeess may influence the quaI ity of separation • 

.. 

. " 

'. 
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Finally, the way in which the mineraIs are conçitioned 

for flotation· has.a great impact,upon the selectivity of the' 

process. This is the as~ect of the flotation process which 
• 

,is .addressed in this thesis. Particuiarly, th"e oxidation-

reduction phenonema occuring pr{or ta, or during flotation 

are examined. Il 

.. 
v ~Oxidation-reduction effects in the flotation of sulphide 

-' 

'11 • , • 

mineraIs have been kwown since the 50's. For examp/'e, an 

early process describes the separation of pyrite from pyrrho­

:"tite pnd arsenopyriie by selective oxidation of the latter 

mineraIs with potassium permanganate (1). However, it is 

" only recently that prot~type commercial control equipment has , . 
become élVaiJable to modulate ithe f/otation respo"nse by me-

'. " .1 " 

thods based on oxidation-reduction potentials (2, 3, 4, 5). 

This time 'gap is due to the co~p/~xity of a general analysis 

of sulphide flotation from an electrochemi~al \approach. 

Moreover, the absence of a r~/~able and accep~ed technique to 

measure.the poten~ia~ in a flotation pulp appears to hav~ {: 

been a determinin~ factor, especially for applications in 

mineraI processing plants. 

.*-~ 

o 
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1. Overview oF the Flotation proeess From an electrochemical 
1 approaeh_ 

~ 

The hydrophobie charaeter of a mineraI may be indueed by 

va monolayer surface produet, ~ten coverin9 less than 5% of 
~ 

'the mineraI surface (6). Th'is is the case For collector do--

sages normally used in indust~y (7). Consequently, the study 

of e/ectrochemical pnenomena iSc.more difficult for flotation 
\ !> 

than for other .~stems • 

- , . , 
Until recently, the only r~action which was known to 

~ . 
proeeed by eleetrochemica/ steps was that of the adsorption ,. 
of co!/ectors of the xanthate family. The overall react ion 

) 
can be viewed as a two step process, with the mineraI serving 

as a source and sink of electrons (<8): 
91 

Cathodic reduction of oxygen (eleetronation): 

[lJ 

Ariodid oxydation (de-electronation) and adsorption of 
, 
t~ xanthate, X-, (R-O-CSS-, where R is a hydrocarbon chain): éé 

. . 
'" . 

) -
... 

"~ -

- \. 
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More comp/ex mechanisms have been ,propos~d (9) ~ut thé 

reaetions just descrihed show the requir~ment of Qxidizing " 
b 

conditions for the collector to be adsorbed onto the mineraI 

surf'ace. 'The dissolved oxygen contfJnt of' th't f'lotation"pulp 

(air in the flotat/on gas) normally provides these condi-

t ions. 

o 
The oxidation-~eduction dependence of the adsorption of 

, 
xanthate onto the sulphide mineraIs taken indiv~dually is re-

latively weIl understood'(9). However, an ore contains more , 

than one sulphide minerai. AIso, wet grinding i.i perform'(Jd 
< 

with the grinding media being either the ore itself (autoge-

nous and pebble milling), or steel (rod and bal' millingJ 

( 10 J. Hence, it may be expected that interçctions between 
r ' 

the mineraIs and th& grinding media~ and the mineraIs ~hem-

selves will occur. These i nt eract ions are ga f van i c and 'each 

half-reaetion oecurs on a diff'erent material with the elee-
- 0 

tron transfer occuring during contacts between the two mate-
, 

• rials. 

The presence of a ga/vanic couple often yields reaction 

rates which are higher than if' eaeh·of the two materials 

where separated. For example, sphalerite (ZnS) is leached by 

acids at a f'aster rate when pyrite (FeS2J is present then " 

when it is by itself (11, 72). 

et ft 

" 
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The presence of ga)vanic interactions in f/otation may 
~ 

be beneficia/ or ~etrimental depending on the mineraIs in 

presence. ln some instances l the des i,~e!J minera/ is depres­
"l 

sed because of, the presence of the couple. Such js the case 

of ga/ena which is depressed when grinding is p.erformed with 

a mi/d, steel media, (13). Sometimes, it is the flotation of 

t he non-des i red su / ph ide minera 1 wh i ch i s enhanced 1 for exam-6 

""1 

pIe pyrrhotite in pyrite/pyrrhotite separation (14). 

F/otation in the absence of co//ectors may be induced by 

electrochemical react ions (15, 16 1 17). It has been shown 

th a tif the 0 r e fos coll e c t 0 rIe s s 1 y f 1 0 a t ab '1 e , i,.t s f lot a t ion 

w i / / b e sel e ct ive wh i 1 eth eus e 0 f a col 1 e'C t 0 r w i 1 1 Y i e 1 d a 

non-selective flotation, and modifiers are required to re-

gain the original se/ectivity (18). 

When one of the two minerais in the couple is highly 
.. 

solub/e it is possible that the ions· introduced in the solu-

tion will aff8ct the flotation behavior of the other mineraI. 

One jab;ratory demonstratiJn of this effect is in the flota-

tion of mixt~res of cha/cocite (Cu2S) and pyrite (FeS2) 

where the presence oF_pyrite pr,omotes th1 dissolution of the 

cha/cooite whioh releases copper ions in solution causing the 

activation of py~ite (19). 

.. 
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On the positive side, the adverse effect of the mixture 

could be inhil:Jited by e/~ctrochemica~conditioning /apPlica-. 

t,ion of;n electric potentiàlJo the mlnt;Jrals) (19). This is 

an·jnteresting an~ vdluable applicatio~ resulring from an 
, 

understfnding of the electrochemical processes occuringfin 

flotation. 

t> 

Two means are available for the appl ication of a desired 
1 

po~ential to a mineraI system. The first one is to use a RO-
~ 

tentiostat, which is an electric device capable of lit~ra"y 

"pumping" ~/ectrons t~rOUgh the system ~nder investigat!on so 

that the desired po..tential' is maintained. This is tne pre-
~ 

ferred "",ethod for laboratory e..<perÎments· (8, 9,,15, 17). 
, 

The other method relies on the use of oxidizing or reducing 

agents to move ~he electrochemical equilibrium in the desired 

direction. This is the acting principle behind selecti've 

oxidation of one of,the mineraIs in the ore, for example, by 
\ 

potass i um permanganate (,1), or sod i um perox ide (20). 

, For both modulation methods, the modification to ,the' 

system must be weil controlled. Hence, the need for a 

rel jable method t,o' meqsure. the electrpchemical potent ials. 

Unfortunately, few inv~stigations have been made in this 
\ 

area~ particularly on the type of electrode to be used, and 

ezpparently éonflicting,.~techniques have been proposed (2,5). 

\ 

. , 
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1 • , 

2. Statement of prob/em and objectives of project 

The A-1 zone of Les-Uines Se/baie, Joutel, Québec, is a ~ 

~ 

comp-/ex zinc-si/ver-copper orebody which 10~/ly contains . -
small amounts of lead. Soluble secondary copper minera/~ 

(e.g. cha/cocite) ar\ a/so present in riable ampunts 

throughout the orebody. The copper/zinc selectivi 
.." 

greatly reduced as the" quantity of seco~dary copper mi~erals 

in fhe feed increases. ln the extreme situation, no selec-

. t ive fI otat ion, i s econom i ca Il y ach i e vab 1 e as for the B-zone 

o(.'e. 

The general objective was to investigate the possibil i~ 

ties of reagent control by electrochemical methods. It was 

thus requirëd to define oxidation-reduction conditions which 

would reduce the degree of in-situ activation of th~ spha/e-

rite. The most importaQt ~fecïfic objective was to determine 

the proper.method for monitoring the electrochemical Aoten­

tial 'in the f/otation pulp. 
o 

: 
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,3. Method or attack 

< 

The task was approached~concurrently with investigatio~s 

,-

on the e~fects o~ the grïnding media and ~/otation modi~iers 
( 

on tpe response o~ the ore while developing the need~d moni-

Particular a~tention was brought to the 

presence of rive ,di~ferent ore types within the
l
A-l zone ore 

J 

with possible distinct mineraI characterics. Mrcroscopic 

examinations and microprobe andlyses were performed for this 

purpose. 

To study the extreme case o~ in-situ activation o~ 

sphalerite by soluble copper mineraIs, the a-zone material 

\was al;o investigated. A better understanding o~ the acti-

vat ion mechanism o~ sphalerite was required so that it might 

be pos~ib'e ta inhib,it in-situ activation, and perform deac-

tivatioh of previously activated spha!erite. 

1 n 0 rd e r 't 0 de ter min e are 1 i a b 1 e mon i ta r in 9 t e-c h n i que 

~or electrochemical pot~ntials -in flotation pulps, noble 

metal and minéral electrodes were studied simultaneously. To 

i~vestiga~p the sensitivity of the measurement to the shape 

o~ the noble meta,'electrode, foil, spiral, and black plati­

~um electrodes lvere des:ted and tested. Comparison of the 
~ '-

measurements permitted th selection o~ the proper ~/ectrode 

fOF investigations'in flotation. 

.1 

1 

1 

1 
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1. ELECTROCHEMICAL EFFECTS IN SULPHIDE FLOTATION 
.. 

1. 1 Introduçt ion 
\ 1 

, ',,--
Investigation into electrochemical phenomena in the fjo-

tation of sulphide mineraIs has seen an impressive growth in 

the recent years. It seems that the r,e-discov.ery'of flota-', 

t ion in the absence of co/lector ini.t iated the interest. -, As 

,a resu,lt of these investigations, clarifification of old' " -concoepts and an introduct"ion of new on es have been made • 

These concepts will be reviewed. 
~ 

There appear to be three modes of genuine flotation for 

sulphide mineraIs. "'" . The first two occur ln the absence of 

colleétor. Namely, the mineraI is either inherent/y hydro-
, ~ 

phic or is induced into hydrophicity by its environment. 

These two modes can be observed in the laboratory with a non­

negl!geable fraction of the mineraIs being recover0:ffter a 

few minutes of flotat ion with the add'it ion of a frot or. As ., 

such they cannot be_distinguished macfQscopically Qxcept by a 
4 

careful study of ~he grinding and chemical environment ln 

terms of oxidat ion-reduct ion conditions. 
'. 

The third mode of flotation has been knOwn sjnee the 
\ 

discovery of the xanthate rami'ly of cOllectors\ Flotati"On IJ 

induced by the ad~orption of a collecror onto the mInerai 
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surface. Even lhis, however, may be chattenged even~ualty 

since the addrtion ~A ch'elating agents (non-surfactants) 
" tory 

gives a flotation respon~e similar to that induced by the 

addition of co//ectors (21). 

1.2 Natural floatabit ity 

. 
The Ïonherént flotaqil ity of s'uiphide minerais has -a/ways 

,been quest ioned. Contact an~\le st,Ud ies ln the 30s showed 

th-at sulphide mineraIs w.ere not- inherent/y hydrophobie since 

hydrophobicity' without cO'I'/ec~or seefTJed to be induc"ed by. sur-

face contam i n,at ion (22). 

-
However, f/otat/on in the absence of co//ectors was ob-

served in industry. One examp/~ is a "self-float" bu/k 

galena-sphalerite concentrate produced from a highly wea-

thered Cu-Pb~Zn ore at the Tsumeb concentrator (2~). A/so, 

it was tater observed that f/otation in the absence of col-

lector occured after dry autogenous grinding (18). 

Further studies showed that. collectorless flotation oc-

curing after comminution was only possible if the envlronment 

was mildly'oxidizing (17). Hence, this could not be related 

to natura/ floatability ps this property is expected to be 

" i ndependent of the cond it fons pre va il ing pr i or to fi otat ion. 
;\ 

• • • 
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Actuall~.there Is one sulphide minetal which Is inhe-

rent/~ ~ydrophobic: molybdenhte (MO$2) (24). The nydrop".o-

bic -chçzracter" or 1 9 i nates from the cr ysta 1 structure of the 
~ . 

9 

mineraI and rts p'refered cleavage plane .. The crystal lattice 
" . 
cbnsists of layers of molybdenum atoms stacked beJween layers 

of sulphur ato~. The weakest bond is the $-$ bond and the 

·crystal will cleave between two sulphur .'ayers upon impact in 

t
COmminut Ion. 

then exp.osed 

, t rre preserl'ce 

. . 
~he sulphur atom~) which are hydnophoblc are 

~ , 

on the surfaoe. Molybdenite can be depressed in 
4 

of iron and alumlnum hydroxides (25),' but the 
. 

. meehanism Involved is the adsorption of the hydroiides.wlthl~ 

the eleetrlcal double lay,,!': of f)the particles ln water. 

Even tJ10ugh It can. be showed that the ofher- '!ûl'Ph ide 

mineraIs expose sulphur atoms upon cleavage, the observation 

df,flotation under redueing conditions Is possible only if 

oxygen has been completely,excluded from ~h~ system (26). 
\ 

The mineraI surfaces expose both sulphur and metal atoms so 

that only a mild hydrophobie character Is imparted to tre 

mineraI. This deI icate balance appears to be tlpped-in 
~ . 

favor of a hydrophllie character by the formation of hydro-

~ides following exposure to oxygene 
1 

.. 

.., 

o 

• 
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1.3 Co 1/ eotor 1 ess fi otàt ion 

\., 

.. 
. ' , 

. . 
" 12 • 

r .,~ .1 ... " ~ 

Call~otorless flotation refers to the hyd~ophObioity ac-
• 1 

quired by -eleotroohémioa', interaotion ti/ith the env'i"rpnment. 

This caf1 be ind,uced trough simple'oxidation 0.50uring dur,ing 
• 

grirlding (15, 18) or by sodium su/phide/aeration oonditioning 
. , « 

of the orfJ (16) .. Most -sulphide -minerais are individu.ally 
.J 

amenable to oolleotorless.flotation wi~h varying degrees of 

d if f i 0 u 1 ! y (27). 
/' 

/ 

. 
The normal m-echanism for co/leèt"orress f/qtation is '.that 

of thè anodic oxid.ation of ,thé sulphide mineral __ 'Considering . 
a metal sulphide, 

MS = M( /1) + S + 2e-

The 11(11) ion usua~./y goes in~o solution .. Its fate de:' 
• 

pends,oQ rhe chemistry of the system~ 

tion, be oomplexed, 0(' be precipitated_ 

~ . 
It may 'remaln .in s.olu-. 

\ 

Reaction [3J' inyo/ves the complete oxidation of ,?ulphur" 
/' 

atoms From ~ulphide through elemëntal sulphur. The hydropho-

bie cGarâoter of the-surfaoe is attributed to the resulting 

elemental sulp'hur layer (or fraction of a layer) in aoid , 
~-

so/'u,t ions (28). / ~ 
" 

./ 
/ 9 
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Furth~r studies have ~hown that full .oxidation doss not 
), 

occ4r in alkalin~ solutions, but ratner a mstal deficient , , 

surface is formed (29). This is a f~ndamental differenc~ but 

the n~t resu/t, namely qn in~~c~d hydrophoblclty following 

.oxidation, is the same. 

Tl7e com.pl ementaty cathod Ic react ion depends on the par-

tieu/ar system. In an aerated pu/p it will be th~ cathodic 

'" "-r'8<\uct i an 0 f oxygen (reae
4
t i oOn [~ J) and in a so 1 ut ion con-

_', ~ • 9 

taining'Fe(II)_and Pe(lll) ions, a 

Fe(lll) + 1 e- = Fe(ll) 

~ 1 

.Other cathodic reaotions may occur but ths two dsJ-

c~ibed are poss~b~y the most common in regard to fho chsmls-

try of f/~taliion pu/ps. 

<There ar.e at least t.wo mintlrais for wh iCI}, ths anodlc 
, , .. 

reaction prefer~ntial/y p(OduCes the su/photo Ion In$t.ad Or 

tI/ementa/ su/phur: pyrite and ar!J~nopyrite. rhtÎ5f1.~XCfJ'Ption$ 

ar~.still unexplained (G. Demopout~s, commu 

1986 J. However, Nico/ 

cupric ions,' elemental , . 

( :JO) .s.h~wer:J 

sulphur ~n 
that in ttH!tJ p osonCfI of' 

lH' formoo on pyr It •• ' rhil 

... 
cupric' ion. aDQ/Jars to act asla catal yst. 

/ 

P \ 
o' 

, 
.... 

\ 
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Ex~ept when purposely de~ired, collectorless ~/oatabi-
Il 

lit Y occurs due to the galvanic interactions present during , 
grinding. These~ interpctions are between the sulphides and 

the'media and between the suJphide mineraIs themselves from r / 
locking (IGck o~ /iberdtion o~ the mineraIs) and particle 

collisions. .. 

4 

ln the case of a copper-zinc ore there would oe bene-

fits in achieving adequate copper reoovery with a 'Iower 
p 

quantity o~ collector_, On the other hand, i~ a portion or 

" • 
the sphalerite is promoted to collectorless ~/otation, selec-

" 
t i v rt y w il 1 be reduced. 

.. 
Sphalerite usually require~'c~pper activation to be 

. r e e 0 ver ed . b Y a colle c t 0 r (3 1 ). ln some circumstances, it is 

possible to float sphalerite without prior copper activation 

when small amounts of ~errous ions are present (32J. 

Howev.erj-sphalerite when ground in ceramic mi" will 
\ 

exibit collectorless recoveries over 90% (33). Th is can be 

easily con~-u.sed with "natural floatabil i"ty" (34) and in-situ 

activation of the sphalerite. Since these latter causes o~.., 

~/otation can be repressed by the use o~ cyanide and ferrous 

ions (34-'), i.e. reduc-Ïng conditions, it is likely that most 

~of-tfye earl ier work on sphalerite ~/otat ion would have ta be 

critically reviewed with respect to th~ test conditions. 
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~ 

ft can be noted that when sphalerite Îs ground in a mi/d 

steel mil!, negl igeab/e coi/ector/es$, flotation. is observed 

(33). , The same occurs when iron, zinc,-or magnesium metal is 

ad~ed. to a ceramic or a stainless steel, mil! (33). 

\ 

-
Some insight into what is occuring durlng grinding ~a'y 

be inferred from the rest potentials of the mineraIs and ~he 
\ 

grinding media in presence. Tàb/e 1 presents rest potenfials 

for the minerais or'the A-1 zone and steel media. ft ca'l1 btJ 
, 

observed that 'pyrite has the highest rest pot~ntial while • 
.-; 

steel has the lowest. 

o 

)est patent/aIs for A-l zone minera/~ at pH 7 in 
water (sect ion 3.2.3) and mi/a steel (13) • 

Minera 1 
or system 

Pyr ite 

Chalcopyrite 

Ga 1 ena 

Sphaler ite 
.. 

Mil d st ee 1 : 

1 

ox ygen f' 1 ush i ng 

air flushing 

nitrogen flushing 

..... 

\. 

Rest potent ;al 
(mV vs' SHE) 

276 to 281 
, 

189 to.195 

142 to 1?5 

Could not be mea3ur~d 

-17 

-41 

-481 

.. 

! 

1 
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For a mineraI taken on an indi·vidual basis, the lowe/" 

the res.' potentiat, the more readily it is oxidized. Howe­

vep, when. a galvanic couple is formed by the contact of two 

diff~rent mineraIs (or materials), .the one having the hig.,.,hest 
• 

rest potentia/ will pe'rmit the cathodic reduction of oxygen, 

while the other one will be oxidized (reaction [3]). 

The situation is more difficult to rational ize for a 

complex Cu-Pb~Zn-~e sulphide ore since'all four mineraIs are 
, c 

present. The only certainty is that pyrite will not be oxi-

dized \ile g,alena will experience.the highest degree cr" oxi-

dation (of. the four minerais). \ 

The influence of the grinding media on the presence or 

absence of collectorless flotation can be explained. ln a 

ceramic' or a stainless steel laboratory mi Il /med ia, the sul­

(\phide minerais are exposed 10 the oxygen From the air entrap­, 
ped in the mil 1. Similarly, the same would occur on a plant 

scale autogenous or peb91e mill. The conventional rod/ball 

milling circuit would yield reducing conditions similar to 

laboratory qrindinq with ct mild steel media. 

Hence, collectorless flotation would be expeated when 

grinding is performed i~ an autogenous mil 1 while grinding 

with the ~ore conventional rod/ball millina circuit should 
• 0 -

not give risè to collec~orless flotation. 
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. 
This general ization could be mlsleading as the "self-

float" recovery observed at the Tsumeb concentrator was fol-

/owing rod/ball mi" grinding (23). The predomicance of 

chalcocite (Cu2S)' for the copper mineraIs might have faen 

a determining factor for this ore. AI so, the ,!,Q jor gangue 

minerai, dolomite or sil ica, may alter the expected flota-

tion behavior in rd/ation to the grinding environment (35). 

Reducing conditi~ns can be induced in grinding by nitro­
\' 

gen flushing of the mills. This would laad ta tha inhibition 

" of collectorless flotation for an autoqenous mil! l''/tila ,]rin-
,!J 

ding media consumption (by corrosion) would be rfJ,juced in 

conventional rod/ball mill circuits (36). Til i ,:; COll 1 rf 1 (! a ci t 0 

an appreciable re~uction in oparatinq cast ,for a cuncantrator 

since corrosion induced by the sulphida minorai:; ropresonts 

about 40% of the grinding media consumption (J7). 

Sodium sulpt)ide ,could be uti/lze(j instOQd or nitror;lJn 
o 

bui it may also induca collactorloss flatatlon qlvon·tho ap-

propriate conditio~s (17, 38, 39) and is Oost di~cu~50d $opa-

ratel y. Performing comminut Ion undor rO(ju,c iong conrj it itJ{l:; rn(jy 

be açfvantageous. HO W IJ ver, i f con ven t ion Q 1 ore 0 1/ 0 ç t 0 r j'f'J 'J :; 
I~ 

flotation is desired, t~e pulp.will have ta De axid/ZlJo ra a 

value of the redox potential dependin9 on the or~ or mln.ral 

( 15, 38). 



c 

1.4 Collectorless Flotatïon in the presence of sodium 
sulphide. 

18. 

Yoon investigated the use of sodium sulphide to induce 

ca/lector/ess flotation of chalcopyrite and spha/erfte Qres 

( 76). Further work has bee~ don~ among resear-ch group 

(38, 39) and elsewhere (17). 

As with the co/lectorless f/otation induced during ~om­
~ 

minution, o~idizing conditions are required after the sodium 

s..ulphide conditioning for flotation to occur; the minimtl'm po-

tentia/ for' f/otatifD being 0 mV vs SHE (Pt' sensing electro­

de) (1 7, 38, 39). 

~he introduction of su[phide ions causes two ~ffects. 

First there is the removal of surface oxidation pr?ducts from 
• 

the mineraI surfaces (by su.lphidization). Second, there is 

the formation of po/ysu/phides on the surface of the mineraIs 

which induces the hydrophobie character in ci/ka/ine cqndi-

tians (40). [/~menta/ sulphur was a/so found on the surface 

b~t in too sma/I an amount ta account for the observed hydrd-

phobicity at high p~. 

" 

From a practica/ view point, the.importance of the~e 

rindings does not 1 ie in the d.,ifferent propose.ri.. mechanisms or 

hydrophic surface I~yers in a/ka/ine PU/PS, but rather in the 
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fact that in both cases flot..ation occurs only at potential, 

.equa 1 or greater than 0.0 V vs SHE. TQO high a~ oxidi:ing 

condition, e.g. a potential higher than O~250 V vs $lfE; loads , 

to the suppress ion of f'/~)tat ion Jn the case of galena (17). , 

~ 
Furth~rmore, an ion selective electrode might be botter than 

.. 
a platinum electrode TO control and optimizo tfle sulphidi-za-

" 

tion and subsequent oxidation process (41, ~2). 

A 

1.5 Activation and deaotivation of sphalerÎte 

Norm~/ly, sphalerite flotation roquires a~t/vation with 

a heavy-metal cation. This cation is u.sually Cu(lf). [van 

though the overall reaet/on may be considoro<f (1'; an ,it)n 0,''<'-

change, there seems to be IJxperimental (Jvi(jonco,; that the 

activation of sphalerlte proceeds throuqn onu or more e/~c-

trochemical steps (31, 43). Sim; larl y, r/oact ivat ion may 

proceeds through electrocnemical 
.", 

, 

stops (]1),\< 

One study of the activation of pyrite, pyrrho~jte and 

qalena by Cu( 1/) ions showed tha~e mechanÎsm of oct ivaUon 

if'vpl ves electrochemical raGct ions -:1:; intormed loto :;ro/):; 

(30 J. Other investigations, espoc;ally o,.,'tht'J activation of 

sphalerite, show similor finaings ~ith more comp/ex iyst~mSI 

variable pH of the solution, activatin? ir0n (Curll), Cofl/J, . \ 

Pb{ll)) and activa,tton with UV irradiation (u), iJU, ';5). 

1 • 

! -
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Consid~ring a simpl iried mechanism for· the rormation or 

a copper'sulpHide surface layer on spha/~ite: 
,~ 

jl. \ 

ZnS = Zn( II) + S ), 

ZnS + 2 CU(II) + 2\e- = Zn(ll) + Cu(j)2S 

Cu ( 1 )2 S + S + 2 e- = 2 Cu ( 1 1 ) S . 

[5} 

[6} 

[7} -' 

,-
Under alkaline conditions, both ions would be precipita-

ted as the ir hydrox ides, Cu(OH)2 and Zn(OH)2' onto the 

sphalerite surface. bependi~g on the ôccurence or reaction 

[7}, the overal/ react ion might be: 

# • 2 ZnS + 2 Cu( II) = 2 Zn( II) +' Cu( 1 )2S + S [8] _ 

~ 

2 ZnS + 2 Gu(II) = 2 Z~I) + 2 Gu(II)S 

80th overa/I"r~actions do not violaté the 1:1 Zn:Cu 

molar ratio observed for the Gctivatio; of sphalerite (31). 

Th~ two propûsed overal/ reactions stem from the c~roversy 

,regarding the nature of the product 1ayer: cha/cocite, CU2S 

(~6), cupric sulphide/covellite, Cas (31), or copper doped 

sphalerite, (Zn,Cu)S, (~3, 4-4-, ~5,'4-7, ~8). 
, 

Th is 1 ast pro-

duct would be more consistent with the semi-conducting pro-

p e r t i e s 0 f s ph ale rit e (4-8, 4- 9 ) • 

-+ ...... 



:1, 

. -

.. 

, 21. 

c' 

Howe~er, it is easier for mineraI processors to deal . . 
f; _ 

with '''mineral type" product layers rather than with a coppetr' 

dop~d sphalerite surface. 
• 

o 

------Goble--8t~-~r__50)-showed--t,Mt the flotar--i~~ 

'copper~rctivated sphaler;te is extremely similar to that of 
,JI " 

d i g en i te (C u 1.8 5) • Th e f lot a t ion b e'h a v i 0 rot' t fi e non-

activated sphalerite is, on the other hand, similar to that 

of covellite. 
~ 

They further discussed that, from crystallo-

graphy, the formation of' a coveYlita layer ;s less likely 
.ft 

,-~ 

than the formation of a geerite type (Cu 1.
6

.5) layer. 

Furt hermore, if one çonsiders sorne plant results, it 
l 

would be unI ikel y that the act ivat ion-layer Is covel f ite 

( 5r). For the ore treated, 502 was used as a sphalerite 

depressant but about 0.1 by weiqht af cavall ifc l'lOS a/so 

present. The 502 attacked tha 6pvellitc harol)y raloasing 
~ 

copper ions into so/~tion which thon causnd acfivat~on of the 
, , 

sphalerite. Is woufd be dirficu/t to oxp/ain this ~ehavlor 

if the activatinq layer l'las covel/;te, for it tpa wou/d be 

attacked by 502' 

Activation may De prévented/by comp/exln? agents. e.9. 
'c 

cyanide (31 J •. On tÎ1e otner hand, de-activation of sChalerlte 

is môre difficult to aChieve t~n 
( 31, 52). 

prevention of activation 
\ ,. 

\1 
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AssumiiJg chal'coc j'te as act ivat ion product, copper • 
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must be oxidized to re-ent&r into solution (50): 
D. 

CU2S + GU1.6 S '+ 0.1+ Gu( II) + O~ 8 e-' 

CU
1

.6 S ~ GuS + 0.6 Cu(7 1) + 1.,2 e-
" . 

CuS = Gu( Il) + S + 2 e- . 

[10aJ 

[10bJ 

[11 l " 

The Gu(ll) ions must then be prevented from re-activa-

ting sPha1~rite. This is best aChieved, b'y camplexing agents . . . 
such as cyanide •. For cyan ide, the complexing reaction is 

(with excess cyanide): 

Cu(ll) + 3 (CN)- + 1 e 

... . Howe ver" the res idua 1 el ementa 1 . su 1 phur on the. spha '1 é-

. 
rite surface would give rise ta ~ollectarless flotation. 

This could be avoided by further oxidizing the sulphur 10, 

for example, the soluble sulphate ion. This may or may not 

be'feasible and appears to be the difficulty in aChieving . . 
deactivation. A residual elemental sulpHur layer on sphale- c 

\ 

rite may a/so exp/ain the nan-depr~ssing ac~ion of S02 when 
~ 

cavell ite is present in the ore. 

Experimental results seem to confirm th~ above specula-
~ .~ 

tions (52),,' ln a study of the 'éffects of complex.(ng agents, 

ammonia, 
.. . 

ethy/ene diamine (EN) and'ethy/ene ~iamine tetra 
1 

acetate (~DTA), on the flotation response ~f activated.spha-
\. 
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1 er ite, Bess ;ères and Bernascon; showeq that ox.id iz ing cond 1- _ .. . 
tians are requ;red ta inhibit flotation after deactivation 

The results are shawn in Table 2. 1 t ca-n be no ted 

that ~he presence of complexing agents is not surf/cient to 
.... 
~--

s, 

reduce the floatabil ity of the sp.halerite to its natural 

1 eve 1 • Unfortunately, the nature of the "strong o~/dizer" 

whfch gave the lowest recovery (7.2%) is not provided. 

Table 2. 

~. 

E~"ect of oxidation on deact;vation and 
prevent ion of act ivat ion of sphalerittJ 

/ 

,~ 

9 

, r:: pH Condldoninc ~OY.ry.!\ 

BlaNrrm 

ZnS ICUvaœt:l pH 4.5. 20 ml1\. 92.7 
!)yeu:' ,-

12 

ZaSlCUvaœd 12 pH 4 5.1 rrun n, 
""eu:' 

Wlth NH, II. 7 Zns an 1 M :-rn 1 Ul presence 152 

WlthEDTA 

WlthEN 

WlthNH, 

O(CU:'IV1Ulout 0:. 
IOmuf 

9 

12 ZnS an 2 x 10" .\\ EDTA 
IrIth 0,. 10 l1'J1Il 

12 ZnS an 10 i .\i E.~ 
"",th 0" 10 rru.n , 

11.7 (a) ZnS lZl S s 10' \\'ÛlSO. 
, 20 rrun (lICtIvaDOfl) 

'h)" Addlnoo of 1 M NH, 
Wlcb O •• ~ nun. 

12 (..J) Aubo~ 

(h) pH 12. addlCD$ oC 
hJ9"J '" lID'fA WlÛ'l 0,. 
JOmsIi' 

12 (a, Aubem: 
tb) AI abcm: !Nt ""th 

10 J '" ES 

1 

12 ~ 

4.3 

S,O 

1S.5 

on r 
(52 J. 

.. 
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~.6 Wlndow of selectivlty and potential-pH"path 

The main noticeable relationship between the redox po-. 

tential and the flotation response is that .flotation wilJ 

occur at. a potential greater than'a minimum va 1 ue wh ich seems 

to be specifie .for a given ore. 
'1 

... / 

Fig. 1 shows the flotation response of éha 1 copyr ite 

( relation to the re'dox pofel?tial' (pt electrode) (53). The.. 
). 

in . 

collector was ~otassiùm ethyl xanthat~ (KEX) and th~ frother 

a polypropylene glycol (pPG 1./.00). lt QaÀ be observed that 

significant flotation does not occur unless the potential i,s 
. " 

gr.eater than 0.0 V vs SHE. Extreme oxidizing conditions (Ept 

:>400 mV) causes depression of the -chalcopyrite. These 

1 imits define the flotation reg ion, or range, for the .. 
. ~ 

flotat/on of chalcopyrite in the presence or absence of 
1 

coll'ector. 

~ 

Fig:' 2 shows a sim i 1 ar range for ga 1 ena when, ground in a 

steel mill/media and with KEX as coUector and PPG 1./.00 as 

frother (54). However, there bs also a rloatabil ity region 

below V.O mV. On the other hand, "the response of galena when 
. 

ground in a ceramic or stainless steel mill (Fig. 3) shows a 

wide pnd uniform range for flotation (-400 to 400 mV). A/~o, 
. 

the use of air (crossed symbols) as flotation gas does not 

appear to affect the relationship (Fig. 2). 

. ;;~ 

.~ = 

, 1 
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Fig. 1. Floatabil ity-potential curve for chalcopyrite ln th~ 
. preseno.e and absenoe of oolleotor (53). , 
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Floatabil itY-irJtent1al' curve far galena when ground 
in a stainle~s or ceramic mill (5~). 
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The~depression of' galena when gr:ouf1d with mild steel is 

-- due to the format ion .af' iron !1ydr·oxÎdes from the ga 1 van ,:c 

corrosion of the s'tee 1 ( 13# 5~). Of prac't i ca r impo,rtance ' is . 
f ,v 

gr rnd ing media the effec~. of" the on /aboratory resu 1 ts. ~ But 
, 

do es the same oocur in industr ial p'ldnts? 
<> 

..., 
~ 

of 

• 
.' 

At Moù.nt [sa Mines, Jonhson et al. (55) showed that the 
.. ~ C" ~ 

flotation of galeria was impeded if' the potential measured in 
r 

" the flotation pulp with a platinum-e/ec"trode-reference·pair ' . 
was be/oltl 0.0 V vs SHE. No defin(te re/ationship cou/if. be 

•• 

. 
~ . 

'01 

J 

'\ 
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determÎned between the potential measured in-micro-filtrate 

samples.pf the pulp and the tlotation response. 
, 

Woodcock and Jones~(56, 57) were probably among the 

first wo~ker~.to monitor pH, redox potentia's, oxygen c9n-" , 

centrat/ons, ~esidual collecto~ concentrations, metals /n , 

solution, a~her parameters in s~veral lead-zinc circuits. 

The; I~te~ dis!regarded the rèdox pote~tial'as a useful para­

meter to m~nitor (and event,J.J.all y c'dntro/) the ChemicQ" condl-
o 

tions or,the pulp'on the basis that aIl the plants appeared 
o .... ' 

to achieve rea~ity tne potentia/~ p~mlttlng f/otation (58). 

However,. the same may be said about the other va,r(,ab1es which 
-were mon/tored. This is not surpr;zlng since the concentra-

, 
tors sur veyed haove been i ,,--;operat ion fO~ nearl y"a centut' y _ ... 

with re/~tlvely stable processe~ (S8). 
/ 

èo 
On the,othe~ hand, laboratory invast/gdt/ons confirms 

• 
" the importaQce of-electrochemiçal potent/als upon tho rlo-

, 

tation respo~se' of cifmplex minerai mixtures. For ~xample, 
... 

, . 

the fJotat/on bèhavior of cha/coclte and pyrite Is alrroront 

when they are in presence of each other t~an whon th~y oro by 

the~sel ve's (:see F'i.,g. 4) (19). 

The res~/ts de~onstrate the Importanco or con~;tlonlng 

th~ mirierals prior to the addItion or the cdl'~ctor (ethyl 

·G '~, 

1 
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-ta pure minerai s~ud(es in determining the ~/otation condi-

tions for the separation o~ two (or more) minerais. The 
, r 

range ,of potentials over which f/otation will be selective, 

which can be viewed as a window o~ selectivity, will not 

necessar;;'ly.be the rang~ in which one o~ the minerai floats. 

and the other one is depressed on an individual basis. 

\ . 

Fig. ~. Flaatabi/ity-potential curves ~or cha/cocite and 
pyrite, individual.ly and as their mixture (19). 
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The flotation of the minera/,s individuall y (w/th nitro-. 
gen as f/otation gas) gives rise to a wide, window of selecti-

vit Y (-b.~ to 0.2 V vs SCt on Fig. 4). However, when they 
, 

are in the presence of edch other the' selectivity decreases 

"and the windo~" is reduèed to -0'05 to -0.4 V vs SCL C;ndi-' 

tionÎng the mineraI mixt'ure (at~-O.5 V) inhibits tho interac-

tion between chalcocite and pyrite, and resu/ts in Q much" 
\ ~ 

better selectivity with a widening of the S'~ndow to -0.115 to 

-0.2 V vs SeL 

A concern may be that poor results will be obtained ir 
\ 

the oxidation-reduction potentia/ of the flotation pulp i51 

modified by chemical agents instead of a potontiostat. Th i s 

does not seem to occur. ln a study o/n se/ectiva doprossants 

for Cu/Mo separation, Nagaraj ot al. (59) showed thot tho 

depre~sing action of most inorganic modifiors on chalcopyritd 

could be related to the achieved elactrochomical {Jotontial in 
, \ 

t he pu 1 p. On the 0 t her hand 1 o\gan i c po 1 ymor:; ri i(j no t appoar 

to fo/ftw this general re/ations'hip. Furt/lOrmoro, it ha:; 
iJ 1 

been recognized for a long time that an 'excos5ivo acidifior! or 

cyanide can depress1cha/~Opyrjte (60~t Tho dapro55inq act ion 

appears to be due to the potentia/ achieved in tho "otation 

pulp regard/ess of the quantity of ~ooium cyan/dO addod (in 
1 

the range of 0.15 to 0.45 kg/t) {61 J. _ 

\ 
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Finally, there is the possibility or (irreversible) pas­

sivation or mineralp by the -,-formation %-t- insulating hydroxide 

~urrace la;ers' (62). Once a passive state has been reqched, 

the mineraI does not participate anymore in redox reac~ions. 
\ 

This puts constraints on how intense a change can be imparted 

to the f/otation pu/p by e/ectrochemical means. Practical 

importance of passivation of minerais wouJd be in sequential 

selective Flotdtion where one minerai is Floated at a time. 
~ 

If one mineraI has been passivat~d during 'depresqion,~t may 

be extremel y difFicult, if not impossible, to induce ,it into 

f/otation ror. a subsequent stage. 

There is a strong influence or the "history" of the sur-
J 

fac~ of the minerai on flotation. This ind~cates that some 

"paths" will lead to successFul benef/ciation while others 
\ 

~ill note Since passivation is related to the alkalinity of 

\the pulp (hydroxide layers), t hese paths mi ght. we Il be tfjJrmed 
... ' 
potential-pH paths. 1 

\ 
The concept of w indow or selectivity q,an al so be discus-. 

sed with .the aid of potential-pH diagrams showing the stabi-

1 it Y regions for the adS'orpt ion of the co//ector for the 

mineraI mixture ( '+). Even thoughothese diagrams may hint at 

certdin possi'ble potential-pH paths, probably the bést way to 
, , '" 

determine the paths is by 'using floatabil ity vs potentia/ 

~urves (for the minerai mixture). 
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The Interpretation o~ flotation ~rom an electrochemical 
, 

view showed that ~/otation, in the presence" or absence of a 

col/ector, is possible oniy if the oxidation'::'reductiçn poten-

tial of the system is within a range, or 1 imits, wlJ/CI1 Is do-

o 
pendent on the mineraI present and the history of tho minorai 

pr ior ta flotat ion., 

For mixtures o~ minerais, e.g. natural ores, tho ranqes 

o ~ F lot a t ion for the min e raI s ta 1< e n .0 n an in div id ua 1 b <1 sis 

cannot be used ta infer tho window of seleet1vity within 

w~ich successful separation will ~ccur. Also, for a sequon-
..: 

tial selective flatatlon,(there ,would De seqLlonccs loa(jinq 1'0 

efficient separation of the minoraIs ~.;f)il(J otllors will fail. 

The sequences may be deser i bed as po t ont i a I-pli pa rilS. 
~ 

~ i 
Final/y, the presence of eloctroctlomical stop:; ln the 

actjvation and dea-ctivation of sphaloritlJ ~ugCJf)st:; that If 

would be possible to inhibit activation,oy roducinç condi-. 
tlons, and promote deactivatlon by strongly oX/dl:;n? çO~dl­

tions with comploxing agents ta pro;1t rI1Qetiva;Îon. HowO­

ver, it is possible that this .tou/ri IfJQvr? a rO.1Îdual layfJr of' . 
elemental su!phur (or m~, doficiont "t;ne s'u/chide) 

would give rise to COlle~/oss flotatipn. 

( 
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2. MEASUREMENT OF ELECTROCHEMICAL POTENTIALS 

2. 1 Introduction 

. ~ , . 
The technique for measuring electrochemical potent/~1 in 

slurries is an adaptation of that used f'or solutions. The , 

measurement consists of taking the potential difference 
, . 

betwe~n a sènsing-~eference electrôde pair immersed in the 
Il 

sI urr y. The sensing electrode is usually platinum. The non-
'. 

po/arizab/e ref'erence electrode can be any of the following: 

Standard Hydrogen Electrode (SHE), Standard Ca/omel Electrode 

(SCE) or sil ver/si/ver chloride (AgIAgC~). Short-hand nota-

tions for the oxidation-reduction potential are ORP, redox, 

and EM.F (electromotive force). When the potential measured 

is referenced ta SH[ then the notation Éh is prefer~ed. A 
. 

notation whieh has ~ecome common in/mineraI proeessing, par-
, 

tieu/arl y in Austral fa, is Ept, i. e~ the patent ial measured 

using a platinum eleetrode and refereneed to SHE"(17, 55). 

One of' the earliest appl ieation of' Eh measurements in 

mineraI systems was the study of the genesis and transfor-' '. 

mation of orebodies (63, 64, 65). However, Eh measurements 

in mineraI slurries are more difficult to interpret with thè 
, ~ 

dependenee of the measured value upon ~e material used for 

the sensing electrode (2, 3, 54, 66, 67). AIso, the parti-

eulate nature of' minerai slurries must be considered. 
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Attempts ta resolve 

rent e/ectrode materials 

mation is gathered, some 

taine?J. 

\ 
4P4 

1 

\ 
\ 

\ 
l, 

1 
\ 

the discrepencies b'etwe~n the 
l , 

\ 

( 66, 68) but aS
I 

more are rare 

definitive 
. \ . 

exp/anat/ons ('na y Oe 

1 
1 

1 
1 
1 
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f 
di ffe-

infor-

ob-

1 Furt hermore 1 the protot y pe commerc i al cont ro / t}Ou'lpment S 

based on the redox potential for flotat ion o~ffer t,,,o rtiffo-, 
, 

rent techn iques. The f irst tec/w ique, ,oroposoô Dy t)utokumpu, 

invol ves a "custom designed" sensinq e/octrode i'mmorsod inta 

, " 
the minerai s/urry (2, 3, 4). The second pne, 'oriqinatirli} 

fr:om Bureau de Recherches Géo log i ques ct /'of i (J i èros (!Jh'(;M), 

uses the redox potentia/ or a micro-fi/trato :;,1fnfJlo conti-e ' 
nuously obtalned from th! f/otation pu/p (~). The .;t1oice of 

the redox measur i'ng technique appe'<1r:; ta have tJ(NN7 ri ictated 

by the quai ity of' the sample neoded for th~ xantjl(1tlJ concnn­

tration monitor which is an integrat part or tho orlu.ipmont-" 

The xanthate concentrat ion mon itor propo ,;cll I>y (lutOkumpu i:; 

bas~d on potentiometric titration which can bD porformod in 
, 

the ~[otation pulp white BRGM uses a UV :;poctrometor rOQui-

Ting a sample free trom so/id partic/a:;. 

There appears to be sorne confusion rogarding rodOK 

pote"tials in flotation :;turrfos. ClarifIcatIon i:; nefJdlJd 

for more consistant funoamental rasults an~ accePtanc~ or the , 

technidue by industry. 

''''''F. 

.. 

" 
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2.2 Fundamental aspects 

. , , ~ 

2. Solutions --

olutions 

The oxidizing or redu~ing conditions in a solution can 

be represented by a redo~ potential. When the system is at 

equil ibrium, and' is"reversible, the potential measured by 

inserting the inert indicator e/ectrode and a reference elec-

trode into the system is the rest potential of the-reaction. 

Fr~m the knowledge oF the concentrations and activity coeFFi-
, . 

cients oF the ions, the standard potential oF the reaction ' 

can be determined. 

The equation 1 inking the redox potential, E, to'the 

standard patent i al, [0, i s the Nernst equat ion wh ~ ch i s 

usually _written as: 

E 

where 

"' = EO - RT 7n o..Reduced 
nF a.OxidÎzed , , 

n = number of e/ectrons involved 

R = gas constant (joule;/~moles ~) 

T = temperature (K) 

r, 

F = F.ara~ay constant ,(96500 coulo~bs/gmoles) • 

Q = acfivity = activity coefficient x concentration 
-. 

ft. ft 
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The Nernst equation ;s the electrochem;cal equivalent or 

the Gibbs free energy change equation for chemical reactions • 

E ,and 6. G 1 the free energ y cbange, a(e 1; nked by 

[ = - 6 G / nF [7} 

{. 

[ 0 . t ., t' t Hence, , be 1 ng a hermod ynam 1 c quan, 1 y, is dependent on 

the temperature and the vaY ues for redo'x e 1 ec~rode react ions 

, are usually tabulated for a temperature of 25 Oc (69). 

~ 

ft i~ deslred ta measur~ the open circuit potontial, 

.i.e. no current flow between the senslng and roferonce elec-

• 

~rodes but in pr~ctice n9 voltage measuring device has ari In-

finite Împedance. The Input Impedance of the voltmetor (or 
'-

the analo~ue ta dig~tal converter) must be at least 1000 

times greater than the solution resistance and a valua of 

1011 'to 1013 ohms is recommended (70). 

q 

The common reference el ec-t rode 1 SH[, has ,a poten t i a 1 of 

0.0 V at 25 Oc by convention. This arbit(arily definad re~ 

f~rence stems from the impossibi/ ity of measurlng the abSo-

lute potential of a single electrode prOces$ (71) although 

attempts to calculate it are performed from basic prlnclpf~s 

(72 J. / 
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. 
The r~dox potential has a simi/ar meaning to the change 

qr free energy of a reaction but appl ied to reactions inval-

ving e/ectron transfer. The'redox potential indicates the • 

capabil ity of ~he so(ution ta oxidize (or r'educeF a given 

" . metal, a minecal, or anot~er-Ion. Solutions with more posi-

.. . 
,tive Eh will oxidize met~/s, mIneraIs, or fons with less 

positive electrode..}?oten.tlals and vice versa. 

t 

, -However, as with any thermodynamic quantity, no indica-
J 

tion on how' fast t~e r~action ~ill proceed~an be obtained 
.' ,/ « 

from the redox potent ial. The greater the potent ial d Lffe-

... 
r~nce between the two elect~ode reactions, the greater the 

driving force for the overall reaction. 

Miied potential model for ~omplex solutions 
i 

When there are a number a f coup 1 es present' in equ i 1 i-
1 .. 

brium in the solution, the concept of the redox ~tential 

still holds. Namely, aIl the couples.exhibit the same poten­
<\ 

tial i.e. for two couples Ox1/Redl and Ox2/Red2i 

Eh (Ox1/Redl)' = Eh (Ox2/Rt~d2) 
J • • • [8) 

. -, 
" 

.. 
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~' 

The two couples cannot be anymore considered indepen-

dent/y since the electron.exchange can proceed interna/ly to 

each couple and between the couples (Fig 5). The measured 

potentiat' will reach a 'val'ue which lies be,tween the rever-

sible potentials of (he two couples, where the component 

anodic and cathodiè proces.ses proceed at equà/ and opposite 
. 

rates (zero net electron flow). C 

l' 

The, mixed potentiat provides an explaination for the 

apparent "reactivity" of the pla~inum el-ectrode (73) and the 

difference between platinum and gold electrodes when'measu-

ring the redox potential of the Fe(lll )/Fe(II)~02/H20 
... 

system in 1 M H2S04 (66). 
1 

• ln the absence of oxygen, the experimental potentials 
~ -

are near the reversible potentlal (0.69 v) when equal con-

centra(ions of Fe(III) and Fe(II) are present as thelr sul-

phates, this for ail level of concentrations (open symbols, 

Fig 6). ln the presence of oxygen, the axporimental poten­
p 

~ - ) 
t i ais d 1 f fer f rom 't h e r e ver s i b 1 e pot a n t i a lof Fa ( 1 1 1 ) / F (J ( 1 f ) 

anq the departure is more pronounced at low Iron concentra-

tions and greater~for platinum than go/d, Platinum bo/nq 
. 

catalytlcally more active than gold (or oxygon rQdcictio~ 

senses th is react ion more than that of Fo( III )/Fc( Il) at lOIN 

iron concentrat ions (66). 

'\. 

1 
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Redox potential measurements for the )e(JIJ)/~e(II) 
system in the presence and absence of oxygen (66). 
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The 1 ines on Fig. 6 are the the@retical_~values predicteéJ'-{ 

• ." 1 

by the m'Ixed potent ial mocf'el. They were calculated From an 
~ --. 

Evans diafJ.ram (66) whic/7 presented potential-.current curves 
, ' , 

similar to those shown -in Fig. S;',but for fhe ;ndividua,1 cou-
r 

pies and f..or 'the different concentra.,tion levels.- A sy~tem 

consist ifJ~ 9f t'wo couples, as sho.wn ln Fig; S, i~silTbpiè to 

analys-e. If the reaction,rate of Ox1/Red1 ;Cs determined by .. 
ac'-trvatlon, (i.e. independent of' 'f1ixingJ. while the reactio'n 

rate .of the coup 1 e Ox21. Red2 i S diffus ion contro Il ed, then 

varying the intensity of mixing, or the total cqncentration 

wUI change t)f! re"açtio~ rate of oX2iRed2, and consequently 

the measured mixed potent ial as seen if) Fig. ,S. 
~ 

.' 

The ·rs ituat ion i s moré ~omp~1 ex when morê than two coupl es 
.. 

~.f' c" 

~re present j~ the solution. ln general, the._couple which 

will dominate 'the measured potential will be the on~ which ls 
~ 0 

k lnet l ca. Il y. favore~. Often, th fs Ys the one in greatest .con-
/ . 

centrat lon. 

.. 
-The poise (and its inverse the flexibil ity) reflects'the . 

lnertla of the systems to changes in its equil ibrium po int 

,when potential modifying reagents are added, .or due to the 

effect of mixing (74). As such, the poise is d gbod indica-

cator of the ease of measuring redox,potentials in complex -

solutio[l and is expressed ma,thematically in a form:similar to 

the Nernst equation (74): 

'. 

et • 

/ 

if, 
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J 
Poise \::: U. = nF t.(8'- l.) (9) 

dEh RT B 

. 
where y is ~tNt concentrat ion of' the oxidized form of the 

0 tI 

\s 
redox cO,uple" and 8 .i So the total 

, • r 
concentrat 1 on of' the ox id ized 

plus reduced forms'. 

" The practical -implication of poise is that Eh responds 
" .~ 

Qt' weakly to smbll changes, .In Y,whe[l thè oxid{zed and redu-

,ced forms are present lin equal amounts. The greater the 
) 

\ ' , 
polse, the easier it is to measure the redox potential. Th i s 

, 
is the ·case of Eh buffers such as loBel! solutions (Fe( IIl)/ 

Fe(II) as their cyanides) (75). 
• < 

~ Poisoning of sensing electrodes 

Electrode poisonif!.2. is a special case of the mixed po-

teritial. Namt'ya "poison!' is f'orme,d, or'pdsorbed onto the 

ri electrode s/..l.rrace, causing othe mlxed pot'ent ial of the poison 
fi 

and the so 1 ut ion to be mon i tored. 

The possibi1ity of poisoning of platin'um elect-rodes by , 

reagents present in flotation pulps has been investigated by , . 
Natarajan and /wasak i (75, 7f?). They found that sulphide and 

cy.ar,ide ions can react and/or adsorb on the plat inum surface 



• 
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\ 

1+2. , 
irrtpéding charge transf'.er with the other ions present in soll.1-

tions. Gol/ect--t>rs (e.g. xanthate) can adSf...rb on the platinum 

surf'ace and establish rédox ëouples of their own which are 

th en the on/y ones sensed by~the electrode. A / so, the elec- tJ 
trocata 1 yt i c proper:t i es of plat i num can be great 1 y r.educed in 

, 

the presence of' alc~ols since thêse, adsorb on the active 
/' 

~ 

sit surface (77). Since most of the flotation fro-

group, they may cause poisoning. 

A poisoned p/atinum e/ectrode can de identified by a 

lack_- of reproduc~bil ity, potentia/ drj"f't, _and' a long period 

to stabi 1 ize. Th~ ~ost satisfactory method to regenerate the . \ 

electrode is by mee,hanical polishing (76). 

Therè- is one last phenomenon observed with plat inum 

Aelectrodes when measuring Eh in solutions or slurr;ies contai-

ning oxyqen The I"ine for oxygen reduct ion should int'~rcept 

\~ potential'of 1,229 "v for an oxygen sa"turated solution at pH 

o with a pH dependence of -0.0591 V/pH (7~). 
{~) . 

the "ine is found experlmenta'lIy to be (73): 

Eh = 0.9 0.059 pH 

Ion pract ice, 

[10] 

1 

Th1is experimenta/ /lne was exp/ained usiQg the mixed 

potent~a/ model and assuming a Pt-O/Pt couple f'ormed on the 

electrode surface. 

\ 

It'was stateda(73) that oxygen can be 
(1 

li 
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associated with a platinum surface either as adsorbed oxygen 

dr as oxide. ~he exact natur& of Pt-O was not establishqd -at 

that timfJ and ,m i ght be an oxide or ad~opbed ox ygen. 
1 

J , 
'\ 

Sato (63) found a similar exp))r imental 1 i ne for air SQ-

turated mine 'o,Iaters. However, his explanat ion l'las based on 

the reduction of oxygen via the rormation of hydr01cn.peroxi-
, 

de. The presence of hydrogen peroxide as an intarmediatc 

product in the reduction of oxygen appears fo occ~f on other 
f • 

• > 
mater/aIs. For example, pyr~te /catalyses the 

the' in t ermea i ate H202 (78 ),. / -. 

reaction via 

.. 
2.2.2 Stochastic model of pulp potentia~ 

It has been observed that the presence of sulphide m1nd-
. '. 

raI particles in a flotatio.n pulp g_~'ves riso-to a difffJrênt 

potential from that of the solution obtafnod by micro7 

filtration (55). W~en the sensinq olectrodo fS immor~od in 
A , 

• an agitated mineraI slurry, minorai part iclo~ çoll ilitlJ ",ith 

the 'sensing electrode. 1 n a fa shi 0 n, t Il 0 :; 0 fi:; in r; (J 1 (') r; t r 0 d e 

aets as a contact between the connecti,n'1 coppor ",ire and the 

mine~dl particles simil9Rily to tho morcury dron or conduc-

tive paint used in the construction of,ma.'.is/vQ sulphiafJ "tee .. 

trodes. l-iowever, the contact i:; not anymoro constant but oc­
.( 

curs randomly a~d dopends on the inten:;ity of mlxlng_ 

1 J 

" 

'-
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Rand and WQods (66) ex~/ained the bbserved discrepenc~ 

between th( black platinum electrode and either the smooth 

gold or platinum~ectrodes, as being due to the high poro-
• 

·. 

sity10f black plajinum. These electrodes l obtained by pres-

sing fine Plat~m powder, expose a much larger area for con­

tact with the sojution than the sol id particles. As such, 

they fo"'owed less closely the galena potentia/ than smooth-. 

platinum or gold when immersed in a gale~a slurry (66). 

, 
These observations suggest that the random nature of the 

contact between the sensing electrode and the particles must 

be'considered. To better represent the system, a stochastic 
/ 

/;, 
model would be needed in addition to the mixed potential 

inode 1 • 

lt was decided to -ver if Y the validity of the stochastic 

mode/, at least èonceptually. Simple experiments were per­

t formed using the f'ast data acquisition oapabil ity of' a poten-

.r 

t i 0 s t a t (E G &G PAR m 0 d' e 1 273) • ;: i 9 • 7 pre sen t s, the pot e nt i a 1 

measured every 10 ms of' a Fe(fll)/Fe(ll)-~ilica system while 
'l 

~ig. 8 presents the values obtained after ~he addition of 
.-/ 

1 \ Iron powder to the system. The initial Fe(/II) and Fe(ll) 

conl3entrat ions, as their chloriaes, were 2.5 M. The parti-

cIe size of si/Ica and Iron was 75 pm and the slurry contai-
\ 

, \ 

ned 75 9 silica per 1 1 iter of' s9lution. The mass of' Iron 

added was 50 9 (per liter of SOlution). 
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Fig. 7. Redox potent/al uf Fe(III)/Fe(II)-slllca system, 
gold spiral e/ectrode. 
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The s J urr ies were st irred dur Ing the measurements. The 

,values obtained for the 'Fe( 111)!Fe(II)-silica system (Fig. 7) 

are extremely stable except for small peaks occuring at al-

most regular time intervals. These peaks are highly repro-

," ducible and may be attrlbuted to noise induced by the ,data 

acquisition system. 

4) 

On the other hand, the values obtained for the Fe(III)/ 

Fe(II)/Fe-silica sys~em fluctuate widely. Reproducibility Is 
/ 

poor since i~ is difficult to exactly dup{icate the stirring . 

cond it ions. The presence of these fluctuations appears to be 

\ related to the randomness of the con~act betweenfthe gold 
, ,,(, , , 

spIral electrode and the Iron partlcles. More oXldlzlng po~ 
• 

\ 
tentials are measured when fewer particles are touching the , 

el ectrode. Converse 1 y, lower potent i aIs àre obser ved when 

more Iron particles are touching the electrode. 

.. From t~ese arguments, the conceptual stochastJc model 

for the measurement of ehectrochemical potentials in mineraI 

slurries appears ta better represent the system. Such an 

approach has a/so been used wlth success [or fluidized bed 

electrochemical reactors (79) and corrosion processes (80). 

o 

/ 



1 47 • 

... 
2.3 .... . 

Minerais as pulp potent/al sensing electrodes. 

J 

ln some ;nstance~ mineraI electrodes of. the same min6ral 

as that of the slurry are ~tfl ized. Roported cxamples in tho , 

literature are,fn the use of ga/ena el(>ctrotfes in o]alona 
.. 

slurries conditioned ""ith sodium sU/P/lido (54, 67) and w/th 

x a nt h, a t e (66). 

The rationale of usiQg minerai electrodes i:; that th" 

min~ral potential may differ,from the sdlutjon potentia/. 

Th is hds been observad' for tI)(J ox idat ion of' pyr ffn ovor . 

seve-ral days (84-). This., will be more important in "'oration 

since the 'time spll1n is, at the most, fOur to rive hours btH-

ween comminution of the ore and filtration of' tho rina'i con-

centrate( s J. Ais 0 , sin c e fi 0 t a t ion i s f) a S (J d 0 r ttl (J s t a t t't 0 f 

the surface of the minerai, thi::; stata is moro important ttlGn 
.. 
that of th9 solution. 

Idéally, there shouJd be no proDloms ~ince the minoraI 

electrode is the same as the mIneraI partlclos in th~ s/urry. 

However, the building up of oxi1ation Droducts laynr3 on th" 

ele~trode surface would loaa to poisonlng slmllarllr ro nob/~ 

'metal electrpaes (R. WOOdS, communlca1io~ June I?R6). 
, .. 

remedy is the same, meCf,an[r;al pol jShJng pr for ra th(1 '1)tplfr i. 

ments. '. 

.. 
/ 
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A/ so, there are uncertainties introduced wit~ mineraI 

el ectrades. The addition af moqifiers (e.g. CaO, Na2S) and 

co/fectors to the pu/p introduces ions which are foreig~ to 

tÀe natural equf/ ibria of the minera/s. Hence the potentia/s 

initial/y manitared are irreversible (61+) causing drifts ta 

be 0bserved unti/ a new~equilibrium is reached. A/so, the 

·electrod~surface has a different histary than' that af the 

minerai pdrticles in the s/urry. Again, drifts, will be ob-

served until an equivalent history is reached. 

Di scr_epenc i es have been obser ved bet ween ga 1 ena and _p / a-

tinum electrodes simultaneously immersed in the slurry when 

sodium sulphide was added. ~he respanse of the ga/ena elec-

trode was characterized as erratic (54), or very close to 
~ 

that,af the p/atinum electrode (67). ln the latter case, the 

d'Îscrepency was found ta be /ess than 10 mV for potent ials 

be~ween -400 to -100 mV (vs SCE), 20 mV or less between -100 

to 0 mV, and greater than 20 mV for potentia/s higher than 0 

mV (J. Leppinen, communication Nov. 1986). ln both invest i-

tians, the anâ/ysis of the results was based on the poten­
~ 

tial exhibited by the p/atinum e~ectrode. 

From a comparative study of different e/ectrodes, Rand 

and Woods (66) showed that a gold electrode fol/owed more 

closely the potential exh~ited by the ga/ena e/ectrode than 
JI< 

a platinum one when Îmmersed in a synthetic gaUenalsi/ ica 
1 

d 
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sI urr y, in the presence and absence .of coll~ctor (potassium 

e'thyl xa(lthate). 

Alt~ough other chemical systems have to be verified 

experimentally, this last result ~ppears to confirm that a 
, J 

platinum electrode may not be the best redox sonsing elec-

trode for ~ineral slurry. However, what should ba tl1e crite-

ria permitting to select the proper electrode, especiqlly for 

flotation? 

II!. 
2.1J. Criteria for the selection of monitoring electrodes for 

mineraI s/urries 

From the basic princip/es reviewed, the fo//owing crite-

ria can be used to select the appropriate sonsing eloctrode: 

i) The monitoring electrode must be chemically sta~/e. 

If the electrode materiaJ degrades with tima, measurement / 
, 

drifts will occur. This would diminish the long term relia-

bility of a control schema based on electrochemical poten-

tia/s. 

ii) The electrode must not exhi~it str~g olectrocata-

Iytic properties for redox couples present in the $yst~m. 

" This would Dromote oxidation-reauction reaction3 on th~ 
) 

.. 
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i 
electrode surface at a different potential From that of their 

occurence in the slurry. ) 

iii} A smooth noble meta/ e/éctrode must have a shape 

wh i chf a v 0 r seo n tac t w i th par tic 1 es, e ven for d il ut e p,u / p sor 

when mixing is -poor. 

, 
tive to poisoning by the reagents present in the f/otation 

pul p. 

Based on .i), nob 1 e 'met / el ectrodes (Au, OPt) wou 1 d be 

the best choice since thf are chemically inert. Baseéi on 
1 

ii}, gold would be the preferred noble met?/ since platinum 

is catalytically more active than go/do However, a mineraI 

electrode cou/d be used since the pulp consists of mineraI 

particles in a solution. Considering iii), wires or spira/s 
.. .. 
wou/d be preferred over foils or-solid pieces, but this pre- . 

ference mar have to be modifie~ because the possibi/fty of 
.... 

pofsaning (iv) requires a shape "whichois qmenable ta 

mechanical pol iShing. 

To some extent, the selection criteria are confl icting. 
1 

No f{rm choice can be made. However, whichever the material 

or Shape is choosen it must be remembered that the potential 
\ \ 

monJtored in a m~nera/ slur!jY 'is a mixed potentfal. Un/ess 

_+ Â,. 

, ' 

. ' 
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the chemical composition of the system and the kinetics of 
\ 

the reactions are known, it Ivill be impossible to relate, 

without, doubts, the ::Jasured~ potentials t~o the ,thermodyna­

mic potentials of the ele1ctrode reactions •. 

( 

Finally, t~e }elationships discussed previously betweon 

- , 
·mineral floatability' and redox potential should not be dis-

..." 

credited on the basis that the electrode used to monitor tho , 

potent ial 'J1ig.ht not be the best one. 4 Onl y the potent lais 

, ' 
defining the range of flotation for a single sulphide mino-

raI, and the ,:indow(s) of selectivity for an ore, would be 

dependent on the e/~ctrodê used. 

• 

;, 

." 
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3. SELECTION OF MONI.TORING ELECTRODES r 

3. 1 Description of tbe experimental apparatus 

With the criteria for thp selecti~of monitoring elec-

trode~s) befng tiefined, it 'is possible ta assess the behavior • 
of different electrodes under c;nditions èncountered in 

, 
flotation: dilute pulps, conditioning, and flotation witn 

~à i r~ .. 

The experimental apparatus has evolved throuqh the 

course of the p;oject and its final state, for monitoring of 

the potentials, is presented in Fig. 9. The apparatus can be 

divided into two parts: the flotation cell in which the sys-
l ~ 

tem is investigateçt, and-the data acquisition system (IBM-PC 

compatible fitted with a Data Translation DT2801 analogue to 
( 

digital interface card). 

/ 

,. Two "types of fi otat ion ce Il were used: a Denver D 12 

machine fitted with a 500 9 stainle$s steel cell (1 1 iter of 

pufp) and an Agitair L-500 cel'I with a 500 9 cell:\' Impel/or 

speeds of 1500 fpm for rougher flotation, and 1200 rpm for 

cleaning and redox monitoring tests were used. , 

The data acquisition software was an integrated package 

developed at M.I.T under the name of Unkelscope. The p}/ogram 

cO • 
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could perform data acq~isition up t9 the 1 imit of the hard­

war~ (5000 iamples per s~c) as weIl as plotting, digital fll-

tering and other usefuJ ·feat,ures. However, it was possible 

to monitor only up to fpur differeht Input signaIs ~imulta-

neous 1 y. 

d' • 

. To permit the ~nltorlng of up to 8 dlfferent e/ectrodes 

plus pH, temperature., and a timing signal for "i:dentiflca.tion 

of fi otp.t ion steps, a spec i al amp 1 if Y i(ig / nterface has been .. 

designed Isee Appendix A) and a simple dat;' àoquisi,tion pro-

gram was written to cape with the 0 addit(onal inputs.: T'he 

amplifying unit can also lie used'for p!ant.monitoring w/th. 

standard ~ to'20 mAoourrent out~uts. , 
• 0 

The noble metal electrodes which were investigated are 

shown in Fig. 10. They are pr~sented in the follOW;t9 order: 

black platinum wlre, Pt and Au spirals-, and Pt and Au fo;ls. 

THe ex posed area: 0 f' each fo i 1 -1 s 1 cm? wh i 1 e each sp; ra 1 
< 

conslsts of a 10 cm long wire co'iUjd three times • 
.1'- # ... 

The black platinum electrodes were obtained by platini-

zing, at\20 IJ1A for ~ minutes, 5 cm long by 0.5 mm diameter 
a ... 

platinum wires. The bÎack platinum deposit is ~omewhat fra-
"'--

giJe and is easily detached fr9m the wire by abrasion. Howe-

ver the electrodê is sas/er to make than by ut71izing pressed 
'. , 

/ 1;, 1 
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FiC ro. Nob-te metal electrodes. 1 

\ ,-

\ ' , 
"black platinum (e.g. ruel ce/I elements) as used by Rand and 

Woods (66, R. Woods, communication Get. 1986, 81). A/so, if 

it is suspected, that the electrode has been poisoned, the 

; deposit can be removed,by mechanical pOlishi;'g and a new, 
,1 

fresh deposit re-platinized. 

rbe mineraI pieces util ized ta fabrfcate the mineraI 

e/ectrades were abtained by hand-sorting pure mineraIs fram 
~ 

ore sampI es. The galena pieces obtained from the ore a/ways 
, 

contained inclusions of some kind (e.g. sphalerite, pyrite)., 

Pure ga/ena pieces, from Kansas, were a/so used ror compari-

c son purposes. 

. ....... 
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The mineraI electrodes were fabricated in a manner which 

differed very sI ightly from usual practices (6~, 84). After 

obtaining two paraI leI surfaces by hand grinding, the minera 1 

pieces were cast into epoxy resin. Once the resin had set, 

it was drilled so that the shielded copper wire could be 

insert~d and contacted with the miner'al piece by a drop of 
\ , 

mercury. The finished electrode was fin~lly sealed with 

epoxy resin and sil i?onè. 
'~ 

F-i g. 11 shows some epox y cast i ngs and one comp 1 e ted 
. 

, minera·1 electrode. On the top row there are two ~alena From u--- ~ . 
the ore, one pure galena, d chalcopyrite, and a·p~rite. On 

) ~ 

the bottom row there are the three types of sphalerite elec- 1 

trode tried during the investigations: pressed sphalerite/ 
-

graphite, pure sphaler'~, and activated sphalerite. 

The difficulties experienced with the sphalerite e/ec-

trodes are due to the particular properti~ of the mineraI. 

Sphalerite has the widest band gap, 3.6 eV, of aIl semi-

conducting sulphide mineraIs and as such it is at the boun-
( 

dary between semi-conducting and dielectric mineraIs (~~). 

Consequent/y, the resistivity of massive sphalerite pieces, 

8 x 105 ohm. m (49), i s too great to perm i t passage of el ec-

trons between the exposed surface ·of the mineraI and the 

mercury contact. 
/ 

" . 
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Fig. 11. Mineral electrodes. 

• 

Às sphalerite would appear'to behave within'the elect~­
chemical model of collect0r adsorption once it is copper ac-

tivated, spha/erite pieces were immersed for 36 hours in a 

500 g/I solution 'ot; copper sulphate. Although the activation 

layer was thick enough to be visible, no measu~ement could be 

made. The res ist iv it y was st i Il too h ,:gh. 

mical 

Finat'Iy, since Sato (61+) managed to perf'orm electroche-', 

measurements~n fine-ZnS pre;ipita,tes, finely ground 

mixtures of sphalerite and graphite (ZnS:C ratio of'02:1) were 

. . 

} 

, 

" 
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pressed at 35.2 MPa (50 000 psi) and "mineral" electrodes 

made from these pellets. It was then possible to obtain 
tj 

measurements and these will be discussed later. 

Besides the dirriculties with sphalerite, the mineraI 

electrodes did, not give major problems. Only the most 

rrequently used mineraI electrodes developed oxldation 

p~oducts wlthin one year after fabrication. Surface oxlda-

tion of one chalcopyrite electrode occured at the interface 

between the minerai and the époxy resin. The mercury con-

tact of two electrodes (one galena and one pyiite) has been 

contaminated by a coppèr compou~d originating from' t.he cor-

rosio~ of the copper wire. The seal between the rubber enve-
" 

lope of the cable and the electrode body has degraded so that 

the solution could reach the mercury contact. 

The reference electrodes for aIl monitoring perrormed 

with the data acquisition system were porous sleeve standard 

calomel electrodes (Fisher Scientific). For the manual moni-

toring during laboratory flotation, either a combination Pt-

Ag/AgCI electrode (Cole-Palmer) or a platinum wire (Fisher) , 
, 

~n conjunction with the rererence electrode (Ag/AgCI) or a 

combination pH electrode (Radiometer) were utilized. 

. , 

( 
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3 .. 2 S t . j f 't' 1 t 1 t t ~ , elec Ion 0 monl orlng e ec rodes; pu p po en la 

3.2.1 Conditioning-
{ ; 

.. 
Initial experiments were conducted td compare the beha-

vior of the electrodes upon the addition of a small amount of 

aqed copper concentra te to a tap water or a siliça slurry 

system. The objective was to determine the sensitivity of 

the e/ectrodes to smalt quantities of S41phide minera/s. . . Use /' 

of an aged copper concentrate practically e/iminated poten-

tial drifts due to the diffusion of atmospherfc oxygen into 
o 

the system. 

The procedure was essentially the same for the two 

series of experiments. The results are summarized ,in Tables 

3 and 1./.. Starting with tap water, known mas;es of fo/lds 

(sil Ica or copper concentrate) were instantaneaus/y adde~to 

the system. Pcior to each series of experiments, the nOb/~ 

metal foils and mineraI e/ectrodes were mechanica/ly polished 

on' 600 grit paper. 

Fig. 12 shows typical patential time profiles which were 

obtained for the first addition/of copper concentrate.· Some 

profiles are shown in Appendix B. It can be observed that 
-

noble meta/ spirals are more sensitive to the addition of 
/ 

su/phide particles than the foils or mineraI electrodes. 
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Potential-time profiles for an instantaneous 
addition of copper concentrate. ' 

Spirals 
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Minerals 
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Instantaneous add i t ion of aged 
C opper concent rfl'{ e 
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A simi/ar trend can be observed in Table 3. As the mass 
\ 

of copper concentrate increases, the foil and spiral (of the 

same noble metal) appears to converge towards the same poten-

t ia 1. It can also be noted that both types of platinum e/ec-

trodes exhibit higher potentials than their respective gold 

counterparts. 

Table 3. ComparÎson of noble metal fo ils and spirals. 

Mass of' so 1 ids End potential, mV vs SCE 
in 1 1 water f?t f'o i 1 Pt spiral Au fo il Au spiral 

iJ 

0 172 92 123 l+ 

0 161 92 121 6 

100 g sri i ca 168 82 101 2l+ 

300 " " 172 BO 95 31 

700 " " 177 B3 128 25 

" " 11 9 Cu.' Con. 192 125 125 BO 

" 11 11 3 11 " 200 1'4-3 121 103 

" Il 11 7 " Il 206 ,159 128 120 

The gold electrodes exhibit a marked change upon the 

addition of silica. This is possibly due to a combination of 

remova/ of ions from the solution by adsorption onto the 

silica surface and abrasion by the partie/es. The relative 

importanc~ of' each effect wou/d be dependent on the shape of' 

r 
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, the electrode. ln compa~ison, the platinum foil was barely 
, 

affected by the presence of silica while /he platinum sp/rral 

tlshowed only a sI ight change. 

The great discrepency between the electrodes in water and 

in the si/Ica slurry may be due to tre smalt poise of tap 

water (dilute SOlution). The measurement would be strongly 

affected by the electrode material and the shape of the 

electrode • 

. Table ~ shows the comparison of the black p4atinum, 

Chalcopyrite, gold foil and platinum foil etectrodes. Again, 

the first addition of sil ica sand introduces changes in the 

measured potentials. ft can be noted that a/though the cha/-

copyrlte electrode was ground prior to the series of experi-

ments, its potentia/ decreases as the quantity of si/Ica sand 

incrreases. This indicates that the chalcopyrite of the elec-

trode is oxidized by the solution but the si/ica partic/es 
() , 

abrade any ox/datlon product layer at a faster rate than it 

\pan be formed. 
\ 

The first addition of copper concentrate causes a large 

\ st~p ihcrease i~the measured potential for aIl four elec-

troces. Further,additiQns enab/e the eJectrod~s ta be dis-

criminated. The black platinum electrode does not exhibit 

potentials signific~ntly different for the different copper 

J 

" 
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concentrate contents. Similarly for .the platinum foll. 

Tab 1 e 4-. Comparison of 
, 

noble metal fo ils with black 
platinum wire and chalcopyrite el ec trode. 

Mas.;; of sol ids End potent ia " mV vs SCE 
ln 1 1 water Black Pt ,CuFeS2 Au fo il Pt 

0 -"~227 - 1+3 83 

250 9 sil i ca 204- 17, 63 

500 " Il 206 -10 59 

" " " 15 9 Cu. Con. 303 11+7 168 0 

/1 /1 " 50 If 
" " 309 170 r 188 

" 
)1 ...... "" 

.> 

/1 'y, " 100 /1 • Il 311 192 206 

/1 1/ 1/ 200 " " 303 202 21'2 

63. 

fo il 

175 

177 

194-

238 

237 

237 

237 

The discrepency between the gold foil and the chalco­

pyrite electrode, which was roughly or 70 mV prior to the , 

addition of t~~ copper concentrate, wds reduced to about 20 

mV for the first addition and appeared to remain constant at 

about 10 mVwrf!"at:';'..J;.~further additions. However, both elec-

trodes indicate changes in the same direction, to~ards more 

oxidizing potentials. This increase in potential would mean 

that the degree of oxidation of the system increases with 

respect to the content of,mineral partic/es. 

, 
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The nearly steady ·potentials exhibited by the black pla­

tinum anq'platinum foil electrodes could indicate a satura-

ration of the solution in soluble oxidation product from the 

chalcopyrite particles. 

Although the effect of electrode materiat upon the 

measurement of the solution potential was expected from the 
~ 

mixed potential mOdel, the effect of the electrode shap~ may 

be at first surprising. ..., 

The importance,>of shape is seen in the trend.ïn anal y-

tical electr.ochemistry to ut il ize micro-electrodes (5 j,Lm 

dia.) for investigations in dilute solutions or for ultra-

fast cyclie voltammetry (1000 mV/s) (82). The rationale for 

. . ..... this IS that the dlffu~/on layer around the electrode is 
-

quasi-spherical which limits distortion of the readlngs by iR 

drops accross the electrode/solution interface. A similar 
. , 

lihenomenon JRay o'ccur for the spiral s. 

1 t wou 1 d be tempt i ng to furt her aS,serta in the behav i or 

of the black platinum electrode as a solution redox sensor, 

in comparison with the pulp redox, by investigating the po-

tentials in micro-filtrate samples obtained from the pulp. 

However, the measurement of the solution potential in the 

micro-filtrate sample would also be subjected to the campi i-

cations arising from mixed potentials. 

, , 
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3.2.2 Flotation . 

The potentia/~ exhiblted by the dlfferent electrodes 

dlffer. Hd~everl whlch electrode gives a value whlch is 

closer to r~~ reality of the system? Since the floatabllity 

ot,"'a sulphide minera-l is dependent on the surface state, the 
f:,4 

minerai potential shou~ be mor~mportant than the solution 

potentlal, if the two values differ due to the dynamic nature" 
l , 

of flotatian. 

• 

To permit the selection of the monitoring' electrode for 

future i nvest i gàt ions, i t was requ i red to stud y the behav i or 

of differèn~ e/ectrodes during flotation. Ho~ever, the data 

~, qcquisition system /imited the Investigation to only four 

electrodes. 

Since the 'TItnera/ to be floated selectlvely was chalco-

pyrite, a chalcopyrite electrode was an obvious choice. A 

gold spiral e/ectrode was also choosen since it is inert and 

was found to exhibit a potential closer to that of the chal­

copyrite electrode. A/so choosen were a black platinum elec-

trode to obtain some information on the solution potential, 

and a galena electrode to observe the action of the modifiers 

on ot~ mine~als. A sphaler~re electrode would have bsen 

choosen since copper/zinc separation was so~ght but no re- , . 

liable sphalerite electrode was available. 
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Detailed examination of the potent/al traces obtalned , 

during the flotatlon tests is qulte Involved but ultlmately 

, i 1 1 um 1 n a tin fJ • With "the' flotatlon conditions investigated 
, / <3 

(secti~ 5.6), the pot~ntial vs flo~~tion time profiles can 

be, grouped in two classes: 

i) The -introduot f.on of a Ir, as fi otat ion gas, rnduces , 

/> a signfficant chà_nge to the, oxidation ~tate of the pu,lp, ,als 

indicated by the monitored potentials. 

li) The introduction of air does not appea~ to change 

the s.tate of the pul p. 

Class i) is mainly observed when reducing agents are 

added ta the pulp (Fig~~ 131and 14). C/ass li) is a/sa ob-

served for ~erta!n reducing agents such as FeS04 (Fig. 15) 

but is most orten associated with oxldizing agents and pH mo-. 
difiers (Fig., -16). '1 A simiJar behavibr is observed during 

roughing flotation (Appendix C). 

As expected, the potential exhibited by the black plati­

num e{ectrode is'a/ways significantly higher' (70 to 350· mV) 

than the gold spiral (Au) and t~e two mineraI electrodes (Cp, 

Ga). The black platinum deposit was more resl;st'ant than ex-

pected, and only in one test did the abrasion of the deposlt 

caused an erratic response as smown in Fig. 17. 
\0 
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( 

~Fig. 1.3.; êxample of'" c/ass i potentiâl-time.. profiles in 

.. . . 

flotation, reducing agent. 
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Fig. 11+. Example o~ class i potentlal-ffme profIles in 
flotation, reducing agents • 
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Fig. -15. Example of class ii potential-time profires in 
flotation, reducing agent. ' 
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Example of class ii potential-time profiles in 
flotation, oxidizrng agent. 
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Fig. 17. Erratic response of' the olack platinu.m electr.ode 
due to the abrasion of' the deposit. 
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During certain tests, the black platinum electrode sen-
,.< 

s~d the reagent addition as a "mirror image" of the gold 

spJral and mineraI electrodes (Figs. 13 and 14). ln other 

tests, the black platinum electrode did not sense, or sensed 

marginal/y, the reagent aêfdition (Figs. 15 and 16). 

The "mirror image,te, tfehavior of the black platinum elec-
.~"' 

trode was observed oril/y when sodium su/phide, sodium cyanide, 

or potass1um ferr/cyan/de is·added. On the other hand, the 

addition of a/kaline reagents (lime, sodium carbonate) indu-
e 

ced a reduction of the potent/al for the black platinum e/ec-
.' 

)trode in a similor fashion to the other electrodes. L 

. 
This behavior of the black platinum electrode does not 

appear to be due to poisoning of the platinum deposit. Poi-

soning by sulphide and cyan ide ions would lead the electrode 

to sense a pQtential .Iower than the true potentia/ of the r 

system (75, 76). ln ('act, an increase- in potential is moni-

tored during conditioning with sodium sulphide and potassium 

ferricyanide. 

Hansuld (S4)/determined that during the ox/dàtion o'{ 

pyrite, the solution potential and th~ potential of pyrite 

may diverge over t/me. A similar phenomenon may be observed 

here, but for the reduction of mi.nerals. 
/ 



/ 

) 

( 

L 

73. 

For certa in mod i t' i ers, che ga 1 ena el ect rode appears to 

reach "equi 1 ibr ium" at'ter tJ1e reagent add it ion raster than. 

the chalcopyrite electrode (Figs. 13 to 15). However, t'or 
" , 

other modit'iers, it is the chalcopyrite electrode which equi-

1 ibrates t'as'ter than the ga/ena electrode (Fig. 16). 

ln order to clarify the observed discrepencies between 

the different e/ectrodes, the resu/ts have been tabulated 

(Table 5). The values reported are taken from a relatively 

fIat portion ot' the profiles, usually during the last flota-
q 

tion step. 

It appears that the greater discrepencies between the 

gold spiral and the chalcopyrite electrodes o~cur t'or qlka-

line and/or oxidizing conditions. This may suggest that the 

forma~ion of hydroxide passive layers ha~ qccured. However, 
, 

it is difficult to say whether the hydroxide was formed on 

the gold spiral or 00 the chalcopyrite electrode. Similar 

passivation phenomena~~ave been previous/y observed but in 

" 1 

/""-"-.., 
the aci"d range ($.3) •. On the other hand, most of the signl"/i- -

cant discrepencies are observed for the A-1 sample. It i s 
/ 

possible that the lower content of the A-1 sample in soluble 

secondary oopper mineraIs may be of importance. 

The discrepencies between the chalcopyrite and the gale-

na electrodes are not readily rationalized. _ The magnitude of 
,1 
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Table 5. Summary of potential discrepéncies during batch 
flotation.· ~ 

, 

Sample Reagents Averagê E 6.E Class 

B (2) 
B (2) 
B (2) 
B (2) 
B (2) 
B (2) 
B (2) 
B (2) 

B (2) 

B (2) 

B (3) 
B (3) 
B .1.}) 

A ~ 
A 

A 
A 
A 

A 

A 
A 
A 
A 
A 
A 
A 

SIPX 
Na2S/SIPX 
Na2S/SIPX 
None 
Na2S 
Na2S 
KCI 03 
Na2S/NaCN/ 
SLS 
Na2S/NaCN/ 
SLS 
Na2S/NaCN/ 
SLS 
K3 Fe (CN)6 
KMn04 [1 J 
KMn04 

Na2S 
Na2S/NaCN/ 
SLS [2J 
None 
CaO/NaCN 
CaO/A ir/ 
NaCn/M2030 
CaO/A ir/ 
M2030 
H2S0~ 
K3 Fe ( CN)6 
FeS04 
KMn04 
HCI 
H2 S03 
Na2C03 

pH . (mV vs SCE) 
Au 81. Pt 

7.8 -30 
10.0 -106 
10.7 -110 
7.8 ,4-5 

10.8 -730 
10.6 -11+0 
7. 8 ~ 

9.3 -23 

10.4 -BO 

10.4 -110 
8.4 15 
9.0 210 
B.2 36 

B.8 -130 

9. 0 -140 
6.9 -9 

12.2 -120 

12. 1 -B8 

12.0 -62 
6. 1 10 
B. 1 20 
6.6 -34 
7.3 140 
5.2 27-

1 ... 
5.B\ 13 
9.7 -55 

130 
105 

47 
200 
1 14 
305 

, 157 

• 

99 

62 

56' 
129 
126 
116 

148 

-96 
221 
-32 

o 

27 
152 

99 
\ 157 
202 
214 

/'r 189 
107 

SIPX: Sodium Isopropy/ Xanthate 
M2030: Minerec 2030 (thionocarbamate) 
SLS: Sod i um L i,gn in' Su / fonate 

(mV) 
Au-Cp Cp-Ga 

-2 
-2 
-3 
-5 
-2 
-2 

-3 

-11 

-11 
2 

209 
39 

-27 

-11 
-5 
38 

47 

59 
40 
54 

1 
39 
33 
50 
45 

1 1 
-20 
-1+3 
24 
13 

-94/ 
15 

,-46 

-8 

-9 
40 
30 
20 

10 

1 
61 
1 1 

o 

8 
35 
70 
19 
67 
27 
39 
47 

[IJ: Excess permanganate (pink c%r inl slurry) 
[2J: Abrasion of black platinum deposit (Fig. 17) 
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the discrepencies range ~rom 1 to 9~ mV. A/so, a smalt gold-

chalcopyrite discrepency does not necessarily imply a small 

chalcopyrite-ga/ena d"'f~erence. Furthermore, the discrepen-

c;es do not appear ta be re/ated to the ga/ena content of the 

minera/ s/urry which is low for 8 zone (0.31% Pb) and high 

~or A-1 zone (7.9% Pb). This is rather intriguing. 

However, th~ introduction of 'modifiers to the pu/p in-

creases the complexity o~ the system. This does not permit 

to provide unequivocal conclusions regarding the best moni-

toring electrode. The gold spiral appears to be a good elec-

trode, espec'iall y for, the B-zone material, but further inv~s-

tigations would be required for the A-l zone material.' 

3.2.3 Remarks on minerai ejectrodes as sensing electrodes 
~or pulp potential.- o 

1 

f 

With mine~~al electrodes, one mpy fear a laqk' of reprodu-

cibility from e/ectrode to electrode since it is rare that 

the composition of sulphides is consistent throughout the 

orebody. 

/ 

For fundamental work, i. e. the study o~ mineraI reac-

tions, the minerai pieces have to be screened either by 
, 

visual inspeçtion under the' microscope for inclusions (6~), 



, 
/ 
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or by rejecting electrodes which differ greatly from the ave-

rage value. 

.' 

r 

These requ i rement s mi g'h t be wa i ved for the use of the, 

mineraI pieces as pulp potential sensing electrodes. As 
, r 

previously observed, the contact wi!h the mineraI particles 

of' the slurry is far more important than the 'electrode ma-
t 

terial, within the, constraint that the electrode material -') 

does not exhibit reaction ki0etics much greater than the 

other sulphide mineraIs. 

The mineraI electrodes which have been made were veri-

fied in water a~ pH 7.0 and in mineraI slurries (copper con-

centrate). As expected, the diff'erent minerais gave diffe-

rent potentials, and the presence of inclusions gave rise to 

discrepencies between electrodes of the same type (see Table 

6). However, when immersed in the same mineraI slurry, the 

electrodes yielded potentials within 5 mV of each other (for 

the same, mineraI). 

The chalcopyrite no. 1 electrode differs From the others 

.af'ter one year due to surface oxidation of the mineraI piece • 
• 

"The pyrite no. 1 and galena no. electrodes also 1differ from 

the others but triis is due to the contamination of the mer cu-

ry contact by copper products originating from the corrosion 

of the wire. 
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Table 6. Potential for minerai electrodes in water at pH 7.0 
and in minerai slurries. 

Mineral 

Chalcopyrite 

(Inclusions) 
):j"fr,'t ë .. .. . . . . 

Electrode E (mV vs SCEY 
ln water ln a Cu cano slurry 

Fresh After 1 year 

1 -50 198 247 
2 -52 200 258 
3 -56 N.D. 261 
4 -69 N.D. 257 
1 -'33 "--"176" 224··- ...... ··· .. 
2 31 140 254 

_ ........ _ .... __ ._. __ . __ ... _ .... 2 ................ . 3!:j . .. /II,!.P.. ...... ----_ .. ?~::[ ... __ . __ ... . 
Galena 1 -101 184 211 

2 -71 180 243 
(Pure) 3 99 N.D. 245 

.. _(Eut: é! .2-__ ......... __ ....... ,,, Lf. , .. _ ............... -.1.p..-!.. __ ........ (:J ... 9."- .. _____ _ .,i;'f.Lf ... .......... .. 
Sphalerite/ 1 -250 N.D. 223 

/ graphite 2 -240 N.D. 224 
. (ZnS: C = 2: 1 ) 3 -240 N. D. 220 

The last comment is on the composite sphalerite/graphite 
, 

electrode. ~ Aocording to the rest potentials given in lite-

rature,(75)? the sphalerite would give a rest potential not 

far a~ that of the other sulphides even though the ~easure-

ment of a rest potential with sphalerite is always questiona-

ble. However, the composite carbon/sphalerite electrodes 

give potentials much lower than that of the other ones (-250 

mV vs SCE or -5 mV vs SHE) and hence appear to give the rest 

potential of carbon instead of sphalerite. The rest poten-

tial of sphalerite is 210 mV v,s SHE at pH 4, (75), or 76 mV 
1 

vs SHE at pH 6.8 .fo·r ZnS precipitates (64). 

As such, these electrodes are not reliable and improve­

ments'will have to be made. 

\ 
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3.3 Selection of the reference electrode. 

The attention has been mainly 'on the sensing electrodes 

themselves. However, 

reference electrode. 

the potentials measured are against a 
'\. 

The quai ity bf t!tis electrode is as 

im~rtant as the sensfng' electrode. 

3.3. 1 Temperature compensation 

i' 

. , 
Cont rar 'j' to I/H measurement s, redox measurement s cannot 

be automatically compensated for the temperature or the so-

lution or s/urry. This is due to the presence of mlx~d po-
,. 

, 
" 

tentlals ln comp/ex systems and to f'he ignorance of the main 

redox reaction(s) present. 

Strlckly speaking, the temperature of'the system in 
~-

which the redox.potentlal was measure~t bè stated, parti-
1 • ~~_/-~ 

cular 1 y when the temperature may ~).)(y'~ 10 Oc or more bet-

ween measurements. thls id usually not a problem for labora-

tory Investigations whlch are ponducted ?t room temperature. 

For the present study, ail measurements were carried out at 

20 +/~ 3 OC. However, this Is certainly not the case for a 

concentrator where the temperature of the process water can 
1 

vary apprec i a~1 y accord 1 ng to tbe season, 

\ ~J 
'--

e.g. +5 to +25 Oct. 
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A certa in d..egree ot' temperatu;è c\mpensa't ion of the 

redox potent ial wi Il be needed for plant appl icat ion. Even 

though it might be impossible to compensate the redox system 

in itself, it is possible to take into account the variation 

of' the reference potential with, respect to temperature. For 

example, the electrode potential of the calomel electrode 

decreases by 0.65 mV/OC bef.weën 10 and 30 Oc whife that of 
\ 

the Ag/AgCI electrode decreases by 1 mV!OC betweeno20 and 
" ' 

-i. 25°C. (93) • 

.' 

These dif'ferences are smaff, 3.25 to 5 mV f'or a 5 Oc 

temperature variation, but one equipment manufacturer claims 

that potentia~ control of the t'fotation process can be per­

formed within 5 mV of thé PC?tential set point (2, 3, 4). In 

such a case, ~ monitored change in potential may be due to a 

change in the temperature of the process rather than an ac-

tuai modification in the chemical environment of the pulp. 

Fortunatel y, the eff'ect of' temperature var iat ion wJ Il be 

1. 

observed over perlods of months rather than days or hours. 

3.3.2 Bias and memory eff'ects due to the liquid junction 
,/ 

( 

The presence of a 1 iquid junction between the electro-

Iyte of the ref'erence electrode and the solution!slurry to be 

measured introduces a potential difference between these two 

! 

\ 
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1 

so! ut ions. The jun"c t ion po tent i a! depends on the concent ra-

tion and the velocity of migr~tion of the ions contained in 

the two contiguous solutions. The magnitude of the junction 

~otential is smalt (an average of + 5 mV for the SCE over the 

\ntire pH /ange) but can be ca/cu/ated if the concentrations 
1" ' 

are known rj,nd extremel y aceurate resul ts" are 'des ired (93). 

Howev~r; ~ontamination of the liquid junction (por~~s 

plug or s'/~evej wl/I /ead to an aetua/ junction potential 

which is great~y different from the expected one. Tab! e 7 
, 1 

shows such efPects fa: faboratory refere\ el ec t rOdes'" 

The two SCE eleetrodes are in good agreement for the two 

systefT1s. On the other haQd, there is no qgreement between 

the five different Ag/AgCI reference electrodes. This seems 
.' 

t~ be /inked to the type of e/eetro/yte utilized for these 
, ) 

efeetrodes. Contrary ta the saturated KC/ e/ectro/yte used 

for the porous s/eeve eleetrodes, the ge/ eleetro/yte of the 

combinat ion e/ectrodes is never changed or refi//ed. Hence, 

long term contamination of the gel e/eetro/yte is possible. 

It ean be observed that the diff~rence hetween any 'of ' 

the Ag/AgCI reference is dapendent on the samp/e. It is thus 

impossible to p,erform a simple arithmetic correction and'a 

contaminated reference e/eetrode should be discarded. 

'\, 

'-
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Table 7. eomparlson of rèf'erence electrodes. ([Fi2( III)] '= 
[Fe( Il)] = 2.5 M as thelr ch~o,.ides). 

Ref'erence E Au foil vs Ref. (mV) , 

• Water Fe( IIJ)/Fe( Il) 

A ( seE, porous s 1 ee~e) 1,.: 4.3, 4.52 

8 ( Set, porous sleev~) \ 4.1 4.61 • 
C (Ag/Agel, ge l, comb inat ion pH) 63 ' 4.4.9 

D (Ag/Agel, ge 1, comb i nat ion pH) t74 492 

E ( Ag/AgeL, ge 1 , comb i nat ion ORP) ,76 465 
-

F (Ag/Agel, ge 1 , comb inat ion ORP) 98 503 

\G .. 
(Ag/Agel,- gel, comb i nat ï on. ORP) ~ 39 1 446 

• a , 1 , 
1 

• 

1 
A contam i nated ref~rence el ectrode may al so i ntroduce 

: 
~ e \ 

memory ef'fects From solution ta solu.tion, IsimilQ.'" ta à poi-

soned sens ing el eatrode. These memory affects are more visi-

ble when performing the measu.rements in dilute systems such 

as process water in a aoncentrator since th~ meas~red value 

I"s rélat ivel y small. D 

, , 

•• "..-. l' 

1 _-.# .. Ir • "'. ~ "fIJIl" • 

f"'" '"' ~ aor w,,,\,, 
. ' . 

• , ~I .. , ~ . ,. 

, ' 

1 
·CI J' t 
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.. . 
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The e/eetrochem'ïcal potentia/s measur:.ed in f/otation 

-systems are mixed potentials l .eoupled with the randomness o~ 
-

thf!! contact· of the electrode and the minerai partie/es of the 
l> 

slurry. As 3ueh they cannot be directly related -to ~unda~ . 

m~nt'al quantities such as the re~t potential>,un-'ess the kine­

tics paramaters o~ the el ec t rode rt;Jact i OJ1S - and the co'neent ra­

t!on~ of ions in solut!on'afe known. . , / 

'\ The signific;anee o~ the redox 'p,otential measurements in 

" mineraI s/urries during conditioning and flo,tation ïs similar' 
• 

to that oF so/~tion systems. The .. redox potent i dl .; n the pu 1 p 

iDq"icates the driving .F~ For oxiàation or reduotion of the 

minera/s • 

\ . 
Smooth noble metaJ electrodes and mineraI eleetrodes 

sense these eo'nditrons in a sfmilar manner~ However l a black 

pi ât i nUlh el ee'trode exh i bits a d ifferent pattern due to a , 
no, •• • J'.~.-' 

1 Ç1.rge surfac~ area for contac t w ~. the sa 1 ut ion but -a sma 1 1 
G 

projected drea ~or contact with -the mineraIs, and senses more 
1 1 

the SOlution\Potentyal than the mineraI potential. Unless 

the system has' reached an equil ibrium, the solutidn potential 

will differ from (the mineraI Rotential (or pulp potential). 

.. . , 

.. 

<> 
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,A "general purpose" sepsing'electrode would be a gold 
~ 

spiral since it exhfbits a 

r i.t; . e 1 ec.tr'e for most' o~ 
potential near that o~ a cha/copy-

the cond it ions errcountered dur ing ~ 

conditioning

t 
ad ~~~tation. On the other hand, large ~iscre-

pene ies (30 t 209 mV) were observed be(ween the gold and .. 

chalcopyrite lectrodes, mainl y under alkal ine and, or,' oxi-
.,6 

d izing cond it ions'. Hence,,~ested that these d iscre-
o 

pencies ar.ise from 
/ 

the ~ormation of passive layérs (hydrox7-- - , 

des ?) onto e ither t'he go Id or the cha 1 copyr ite su.rface. 

Mineral sensing e~ectrodes (ehdl.copyrite and g~/ena) 

y ie 1 ded s li ght / Y di fferent responses dur i ng 1 aborator y fi ota-
'. 1 

'tion, name-ly in.the presence of' modif'iers which may depress 

e ither one of' the two minera 1 s. The d ifference appea.rs to be 

linked to the kinetics of' reaction of' the individual riline-

raIs. 

, , 

• 

Fina"y, the refer~nce 'è~ctrode must not be neglected. 

The temperature at which measurements were taken should be 

stated particularly if the system being investigated is sub-

ject to important temperature variat ions. A/so, the refe-

rence e/ectrode should be veri~l.ied f'or possible contamination 

"of the porous junction or of th electrolyte. 

1 _ 

, 

. r 
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4. DESCR IPT ION OF ORE AND CONCEN'TRA TE SAMPLES 

, 

SpecifÎ?c/laracteristics of ores dnd ore types have a 
~) 

great imR~ct on the expected metallurgjoal,;esponse (86, 

87 J. • • The following description highlights some of the res-

ponses obtained_in the làboratq~y but is~y no means exhaus-

t 'i ve. 

, 
) , 

The depo~\it of Les Mines Se/baie consists of' three ore 

zones named "A-l", '''A-2'' and "8" (.88, 89, 90). Production' is 

prèsently carried out on the B and the, A-l ores. These two 

ores are metallurgicaUy incompatible due to a high content 

of secondary copper minerais such as cha/cocite, covell ite .. 
and even nativé copper in the 8 zone (88). Thase secondar y 

coppe'r mi nera"_s ___ were formed dur i ng supergene al terat ion of 

the .. sulphides (89, 90) • mass 1 ve 
' . .J- . 

. '" 
, '. The A-l zone has been divided ln five ore fypes accor-

" \ ding to the geologica! formation, host rock, and meta/ con-

tent's. Table 8 presents the 'assay~ for thesB ore types as 

~e~/ as two other samp/es used in the experiments. With the 

low copper content of most of the samples, 0.13 to 0.7fi% Cu, 

one oT" thefdiffioulties for mètallurgical testing was to get 

" 

f> 
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~ , 
sufficient copper rougher concentrate to investigate the 

response.during cleaning. Hence a s~mple of the copper con~ 

\..... centrate produ.ced dur ing the pï 1 ot p', ant rut" on the "Fresh 

1 

ore" was used. -ln order to study th~ effect of a high quan­

tft y of secondar y coter minera 1 s, copper concentrats sampi es 

were obtained from the B-zone flotat ion circuit. Table 9 

presents the as~ays of these concentrate sampI es. 
'i> ~ 

• "\ . -:.~, 

Table 8. Assays of the A-1 ore samples. 0 

Sample °Descftiption Assays in 10 (glt for Ag) 
1> Cu Zn Pb Fe Ag 

A Rhyodacite breccia O. 13 3.56 0.·06 l11 .... '4 23 , 

8 Welded acid tuff 0.47 1.86 0.03 5.9 16' 

C S-<J.ic ified 1./..44 6.35 0.62 9.0 480 
/1 

0 Massive pyrite 0.60 3.06 0.21+ 15.9 180 
<:\ 

.E Altered 
Il 

0.1+0 5.1+0 0.22 15.0 130 ore 

ABCD Composite - 0.78 2.88 O. 11 8.9 94 
A-:B:C:D: =-'3:5:1:1 

Fr esh ore 0.21 3. 10 O. 17 8.2 160 

rab 1 e. 9. Assays of the copper concent rate samp' es. 

~ample Assays in % (9ft for Ag) 
Cu Zn Pb Fe Ag 

A-1 17:2 21 • 1 7.9 18.9 8300 

B ZO[le (2) 30-.0 1+.66' 0.31 23.7 260 

~ 
B zone (3) 27.2 4.65 N.A. 25.0 300 

,) 

Il 
,. .. 

, t 

.. 

" \ 

,,' 

Il ,,­
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'+.2 t;tlcroscopic • exafJû-nat ions 

(' .. 
/ Head assay of ore and-concentrate samples is o~ten not 

su~~icient ta describe the sample. Primarily'1 it do es not 

provjde the mineralo~ical. composition o~ the samples. Some­

time~, microprobe analysis is used to o~tain more detailled 

in~ormatioQ on individual ~ineral assayë, normally ~or 

minerql indenti~ication. 
, \ 

r 

'+. 2 ~ l,Id e nt if i c a t ion 0 f ,t hem ln e raI s. 

No ~ormal quantitatIve analysis wa~ performed. The 

ma in prob 1 em 1 i es 'W i th the t ext~ra / occurencEf, of the super-

.1 

~ . 

~ , 
gene mineraIs which often occur as rims around the other mine- ~ 

raIs (89). Any accura~e determination o~ the mineraI dis-

tribution would require image ana/ysisl
, on an area basis (91) • .. 

Fig. 18 presents occurences of chalcocite as rims around , , 

cha/C0'1yrite partIcres while Fig. 19 shows a "family por-
I ! "- • 

trait" of the secondary copper mineraIs: chalcocite veinlets, 
~ r '" ~ 

camp 1 ex cha 1 cac i te /'born i te, and nat ive copper. These mÎ'Qe-

raIs and textures are typical of the B zone ore. , 
Î 

. The occurence of secondary cop~er mineraIs in the A-l 

(z?ne ore is different. "The cha/cocite is main/y present as 
'-'---" 

distinct particles instead o~ rIms or vein~ets (Fig. 20). 
" 

1 
•• •• 
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Fig. 18. 
".. ~ 

.Typica( occurence ar cha/cocite (B-zone). 

Fig. 19. "Family portrait" of' secondary copper m"inerals 
rB-zone) • 
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Typical occurence of cha/cocite (~-1 'zone). 
l, 

" 

The 

centrate 

second1ry copper minerais present in the B-zone con­

samp/es represented between 5 to 10 % of the total 

mineraI surface of the sections. ,On the other hand, the se-
} 

condary copper mi~erals present in the A-1 zone conqentrate 

samp 1 es appeared t 0 represen t / ~ss t hètn about 1 % 0 f ,the mi ne-o 

• 
rai area. The secondary copper minerais were more easily 

found in the condentrate samples than in high density frac­
/ 

tions of ore samples from the A-1 zo"e. 
4) 

, 

/ 

.. -
\ 

• 
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Figs. 21 and 22 show·typlc~/ spha/erlte partie/es from . , 
the~-1 zone o~e. A/t~ough ~he spha/erlte partie/es appeaR 

) 

grey on the po/lshed- sections, the c%r of ./arg; 'pleces qnd 

part 1 cl es' s~owed a w ider a range: cream, 1/ bot t / e brown", and 
r 

dark grey. Thft c%r'of spha/er/te Is an' Indication of the 
~ 

Iron content- irt sol rd solution, the 1 ighter the spha/erite,' 
J 

. -

,t~e less Iron it ,contalns (~9) • 

.. 

• J 

.. , 
The sphalerlte ln the ~, 0, and E ore types- frequsntly , 

.. 
has Inclusions of exolved pyritë and/or chalcopyrite a$ seen 

large. 

... 
ln some Instances, the Inclusions are qulte 

On the other hand, the sphalerite of the B, C, and 
1 

Fresh samples rarely exhiblt Inclusions as observed ln Fig. 

22. 

--t" 
Th~r;~'ence (j)f' ct;a/ccJpyrlte Inc/uslon's ln sphalerlte 

p~rtlc/es severely /Imlts the achlevab/e separation between 

copper and zinc. Sphalerlte \partlcles will report to the 

... 

~opper concentrate If they expose a large proportion of chal-

copyrlte Inc/uslons on thelr surfaces. On the other hand, 
1 • 

the sphalerlte partlctes whlch contaln less Inclusions, and. 
1 : / " 

successfu 1 1 Y depressed dur 1 ng copper fI 0 t,at Ion, ifll l , are 

cause an appreclable ~ractlan af the copper ta be recovered 

in rhe zinc concentrate. Since the size af the inclusions is ,i' 

typlca/ly from 1 to 5 ).lm, It wauld be impractlcal ta grind , 

the are ta this size range. 
. .. 
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Fig. El. Typiéal '.sphalerite· pd'1-ticle: A, D, and E ore types. 
- 1 

.. 

-1 

,oJ 

Fig. 22 •. TypicaJ' sphalerite parficles: Band C art types and' 
Fresh ore. 

f' 
... ... - ...... .. 
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Mlcroprobe analyses of th~ sphalerite. 

J 

• fil 

91 • .. 

JI 
• 

Further inFormation on the composition ~F tbe spha!erite 
~ , 

was.r9-ç/ained by microprqbe analysis. T.his.""'Was to permit the 

c/~ssif/c~tion of ~phalerite by·chemical composition rather 

th an b y the cp 1 0 r 0 f the pIe ces. - ,~ 

This latt~r qualit-Yis sùb-' 

jective aDd is greatly affected by the-I ighting conditions. o'=-. 

" ' 

• Table 10 shows the mipro-assays for th~ different ore sam-

pj es'. 

\ , 

Table 10 .. 'M icroprobe analysis of spha 1 e,.. ite pqrt~c/es; 

"-~ 10 

Sample No. oF points/ Average assays rra) •• particles Cu Fe Zn S 

A '1 li- 0.03 2. lI-i5 ,63.61 33.21 • f" 

B 12 0.01 2.71° 63.1+0 33.;16 

C 9 0.03 1.58 -6l1-. 20 33J29 
-

3\3 J 16 0 li- 0.0-2' 3.17 62.96 .. 
Î j E ~2 O.Oll- 1+.11+ 60.78 35(.00 

Fresh 15 0.,02 2.68 62.52 32

1

93 
\ 

~ 

.. . 
The iron.and copper contents of the sphalerlte do not 

appear to be re 1 ated to the presence or absence of inc 1 u-

" s ions. For example, the capper and Iron assays for the A, 

":.J -
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and F~es~spha/~rite are not greatly dif~erent even though 
, 

the A sphalerite presents extensive inclusions whi(e the
h 

" 

Fresh one ïs al most free. o~ thf3m. 

.. 
11..3 I:fa.croscopfc· characterizatiojro~ the ore types 

'" 

Micro~copic e~amination is a time cbns4ming procedure. 

~/so: it. i~ di'~icult tO~find and 6bserve'the trace sulphide .... 
l 

mineraIs by 1 ight, microscopy. There. n;ay be othe,r techniques 

~ which could permit characterization of, the ore/mineraI at a 

, , 

< • .. , 
macroscopic level. 

.' 

a. 

, 

11.';3.1 Act ivity of' the ore 
Q 

Th< ma in ,o/,e samp 1 es or i 9 i nated- From stock-p il es' wh icI? 

were left exposed. ~o atmospheric conditions for a long time •. 

/t was ~elt necessary 'to.determine the-extent o~ activity due 
" 

to the weathering'of tre ore. A test procedure has been 
o , . 

... designed simi'larly to t\~t of a 

from w'aste. slag (92). -

study on chromium dissolut{on 

: 

The procedure consists in letting a simulated ~cid rüin 

solution percolate through a crushed 'sample of the ore (jOO 

9 ). The sample is put into a 2.5. cm /.D tube ~itted with a 
\, . 

• é • 

/ 

o 

-. 
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.500,)J.m ny 1 o,! mesh at the ~o1. to;" . Th~ ~o·; 'f1; i on"'''j s feé";'ëu l.,çl~ 
" . 

te,d to~ 6""hours using. a perr~taltic puntp and a 
. ' . 

so;ution is flI~;ntained q.bove the s'ol·ids". • 

c 
l 

.. 
1+ 'cm head o~ 

\, 

,. 
.: 

The ·simulated acid rain ~s prep,ared ~r:.om -a ~taÇk' $000- .. 
tion of 30 œt. sulphuric ac;ci and 10 ml of n;tr;'c ac;'d in fOO 

.. -
ml or" distilled water: .Jt.J;s ~rovides a rqzf, iD o~ H2S04:HfII03 

, • of 
If ~ 1 ôI ~ 

of' 3: 1 '(92). Thr.'" 1 acid rain -solutiop is mad,e by dilu-

t,in9, 5 ml of the st9.ck solution into 1 '-iter "wit~ distil-led 

~he pH ~~. the sol'ution- is ~JjUsted to 1+.5 by adding 
( . 

• sodium carbonate fromJtflle original pH of 1.5 

\. "J 
After percolation through the sample, the ~inal pH is· , 

_~easured and the recovere~ solution (about 60 ml) i~ filtere~ 
• 

and analysed by atomic 'absorption ~or "dissolve'a metals" 0 

Tab 1 e 11 ~resént s the rësu I.t s • 

.. •• 
• b 

1 ~he procedure was r~peated t~ice for the ABCD composite 
. . 

sample to enSlJre repreducibil ity of th~" test. W..h..ich app-ears 'to 

bt goo'd r.egarding the.rinal -pH and ·z~·n.c cO[1tent., 

It can be observed that the ~inal pH of the liquor is 
~ 

. higher than the orJginal one (Li.5) for mast of the samples. 
\ , 

.Onl y the Dore ·,t ype (mass ~ ite). appear,s to generate ac ld 
.tJ~ .... 

durïng the peroolation (final pH of 1+.0) and is the only one 

which'yields a significant amount of dissolved Jr9n • 

. ; 

• , f"1... .... ,..iZt"" 
! • ~........:l ;;-

. '" 
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Lead see,,!s to be hardly' solubte except for the Fresh o·re 
1 • 

(upper part of the A-1 zone greboèly). ' -':hi\ wou/Id be ai1
r

;in.di-
_ ,4 

c.atJ on 'th~t the ore i s weather:ed but to a 1 esser degree t~an 

;'t.he E rJre type (aJt~red ore) whi'ch is the only one yieldingO a 
, -. 

high level' of dissolved copper (72 ppm). Such weather. i ng is 
, 

common ln sulphide orebodies ( 63). 

" , l .1 (1 

, "-
.. zinc concenirat ions in solution ~The,hi?h copper and may . ,-

-' '" 
be due to the high assays .of the ore. type, (4.!fll-% Cu pnd 6.-35% 

ft ~ .. , 
t ~ .. ... . 

< Zn). Nevertheless, 'the C o:re type jnay be subjected t_o- in-
~, • - l, 

sltu activation'of the sPhale;,te alihowg~ to a lesser de-
., 

1 

gree than the-E type. 1 

" 
1 

... , 
,;' 

oQ 

Table 
. 

à d't iv l t Y , ( ln l t i a 1 11 • ' Qre pH of 4.5).- ,r 

" - Fi na 1 Metal c.once'ntrat lons in so 1 ut" on (ppm) Sample pH. .. 
Cu Zn- Pb Fe 

,~ . 
ABCD 7;50 - 0 115 0 0 

- • Il 
ABCD 7.50 Q ~32 41 0 .. 0 0 ,. 

Fresh . 5.00 ,0.2 322, 2.6 u 0 
'\, 

A 7.65 0 o. r 0.2 0 

B p.50" 0.5 " 2.3 0.2 0 .. . . .-
\ , 

C . 6.45 _ 3.5 >1000 1. 1 o .., ~ 

.. .. 
D , , 4-.00 0 .. 8 4l1-0 1.6 526 

E 4.60 70.0 
~ 

>1000 ( 1 ., 1 4 

•• o~ 

~.,~ ~J'''.ç~<\ 
., 

~ 
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tr. 3.2 Response of spha 1 ee rte te copper adt i vat ion , " . ' 

~ ~ 
The s~ha~erite of the A and E ore types showed exterislva 

. 
chalcopyrite/pyrite inclusions while presentlng a large ~if-

f'erence. i f1. 1 (on assays (2.45% Fe for A and 4. (4% Fe for E). , 

This dif'ference in com'position may lead 'to a distinct b.ehcr--

vior upon copper activât10n and f/otation of the sphalerite 
" ' 

(31, ~7). . . 
. 

Cycli~ voltammetry was u~ed ta study the electrochemi-
l " 

ca 1 behav ior of un-act 1 vated .and aat i ~'ated spha 1 er Ite. - The , . 

experlments were performëd in an electrochemfcal cell de-
~ ~ 

'signed so that pa.rtfculate bed mineraI electrodes could be 
;' 

used, ..simllarly to ~he C,71,d~scrib~d by Gebhardt et al. (19). .' 

,. 
ln view of the difficulties experiencéd in manuf'actu- " 

ring sphalerite electrodes for mOr!Jitprin~ the redox poten-

tials ln Motation pulps (seètiorr3.2.3), it is -not sure - - . 
~hether the applied potential was across the sphalerite/ 

solution interface or across the sphalerite parti"tle bed.' 

• 
The cY9' ~c voltafTJmograms (current vs appl ied potential 

'U" 

curves) caf.} be corrected for iR drop in the s,olid/solution 

interf'ace although this may be difficult (82). However, ho 

i nformat ion, cou 1 d be. found on correc t ion t echn i ques for iR 
.... , 

drop across the so 1 id phase. 
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The un-a~tivated sphalerites presented fiat cycllc ~ol-

/ 
-tammograms (Figs:,:2-3 and 21+). Hence, no electroc1n;t.micçzJ 

- rreaction Is obsfiJrved r,./ithin the pO,tential "range'~'t'Û,d-1ed: . - ' . ., . 
The ~fféêtive potentlal applled to the sphalerlte particles 

may ha~e been too smal', due to t~e hlgh reslstfvity of 

'sp!)alerite, to promote any electrocl?emical reaction at an 

observable rate (hjgh current). 

~ 

Copper activation was -performed by inserting 0.25 9 of 

so 1 Id CuS04: 5H20 I,nto the ce Il for the 1 9 of 
,. J 
-150 Jim spha-. ~ 

lerlte,already present. This Is,s/Ighly more than 100 times 
F 

... 
the average amount used in the flotatlon tests (100 g/t for a \ 

, ,'" 
3.0% Zn head or 0.0022 9 CuS04:5H20 for 1 9 ZnS) • . The pH of 

the solution was not re-adjusted nfter t~e introduction of 

the copper sart • . Cycl ic voltammetry was perfqrmed after 2 

min~ of reaction, and the voltammograms can be se en ln Figs. 

In comparison with the un-activated spha/erite, there is 

an appreciable current being recorded. Significant differen-
"'--~- - -

~ ces can be observed between the two types of sphalerite. 
- 1 

F,irst, the copper activated A type spha/~rite experiences a 

greater current than the~E type, about 1+ times greater in the 

anodic reglon (positive potentials) and 7 times in the catho-

die reg i on. Second 1 the A t y# appears to enter a pass ive 
,. . 

regio~ at around -300 mV vs scr. ln this region, the .... 

1 

~-------------------~_ ... .-.._--------~---~ ~ ~ 
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Fig~ 23. Cyclic v~/tammogram for~un-activated A type 
sphalerite at pH 10.5.(scan: ~ mV/s) • .. 
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Fig,L211. ' Cyclic voltammogram for un-activated é type 
sphalerite at pH 10.5 (scan:.~ mV/s). 
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Cye/ie voltammogram for eopper-aetivated A type 
~pha/erite (scan: 4 mV/s). 
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Fig. 26: Cxe / ie vo 1 tâmmogram for eopper-aet tvat'ed E type 
sphalerite (scan: li- mV/s)·. . • .1 
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-
potentiostat could not control anymore the applied potential, 

indicated by the steps in the measured current. This is not 
l' 

observed with the E txpe sphalerite. 

AI so, it can be obs~rved that the react ion occur ing is 

not fully reversible (cathodic curre@t is not equ~1 in magni-

tude the anodic current). This was expected as the e"lectro-

\ chemical rèactio~s involving electronotion or de-electrona­

tion of the sulphur atom are rarely reversiole (94). The 

"reversiblelf.potential, Er = -Ea, ofe the reaction appears to , ' 

be between 0 and 50 mV vs SCE (245 to 295 mV vs SHE~. Pos~ 

sible couples ~brresponding to fhe reaction are: S04-2!H2S03 

. (EO = 200 mV vs SHE), and Cu(II)!Cu (EO = 340 mV). 

Wi.thout a kno\ledge of the activities of the ions pre-
, 

sent in the'solution after copper activation, the .assignation 

or a plausible electrode reaction requires blank tests with , 
simple solutions. Comparis0n with a blank copper sulphate 

,1 

solution (Fig. 27) and blank copper oxide dissolved i-n-hydro-

chloric acid (Fig. 28) shows that the sulphate/sulphite cou-

pIe may be the main one observeif in the anodic regions on 

F,ÇS- 25 and 26. Also) copper plating onto the electrode 
, 

the main reaction observed in the chloride solution, might· 
'\ 

occured simultaneously with other reactions for the 

potentials, particularly For the copper-activated)A 

sphaler ite. 
/ 

negative 

t.voe 
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Fig. 27. 
:..~,.'r""'1:H _~ .... H~~ .. 

Cycl ie voltammogram for a bla~k solutiçn of copper 
sulphate\(sean: 4 mV/s). 
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FJg. 28. Gye! ie 'Vo!tamfnogram for a blan'k solution of eopper 

, oxide in hydroehlorie aeid (scan: 4 mV/s). 
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~.~ Conclusions. 

For t"he A-1 zone, simple 1 ight 'miérol5copy doas' not 

permit an accufate quantification of the level of secondary 
~ '. 

copper min~rals (mainly cha/cocite) associated with each ore 

type d4e to the tr~ce amount observed. 

Two classff;s of sphalerite have been identified. The 

first one exhibits ~ ,great quantity of chalcopyrite or pyrite, 

6 

inclusions (A, D, and E ore types) while the second one rare- -

Iy shows inclusions (8 and C ore t~pes and Fres~ ore). This 

will have a stron~ inrluence on the Qchiev~b/e Gu/Zn separa-

- t ion • 
. -

Microprobe analysis' showed that the iron- content in the 

spha/erite varies according to the ore type and was not rela-

ted to th,e presence or chalcopyrite or pyrite inclusions., 

Gyc/ ic voltbmm~try of un~activated and çopper-activated A and 

E type sphale~ite samples showed differences which may be 

attributed to the differentj iron contents of the sphalerite 

samples. On the other hand, ,the high -'.esistivity of sphale­

rite does not allow the use of these resJlts as a confirma-

tion of an electrochemical mechanism for copper activation. 

" 
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5. LABORATORY BATCH FLOTATION 

5.1 Introduction 
" 

. 
Investigat~o~ of the flotation respo~se of the A-l ~dhe 

ore From an electrochemical aRproach is a task mofe complex 
, 

,than generally attempted. The possibil ity of collectorless 

f'lotation (16, 17, 18), the effect of' the gr.inding environ­
() 

., 

ment .(33, 35), and the presence of the highly soluble cha/co­
( 

,cite mineraI (19, 23, 87) had to be considered almost si~ul-

taneously. Also, variation in the floatability of sphalerite 

be·tween the ore types., was po'ssible.' 

, 
The exper iments perf'ormed were d irect.ed a/o'ng the f'ol-

lowing 1 ines: 

i} [ffeet of gri~ding ~nvironmënt and sodium sulphide on 

the f'lotation of th~ ore. 

.. 

'II} [ffect of the ore type upon the potentlal and pH ~ 

achleved af'ter laboratory grindlng. 

, . 
. 

Iii} Comparison of'responses of the dlfferent ore ty'pes. . , 

iv} Screening of m~~ifiers (redox, pH) for selective 

'Iotarion ~f bulk Cu-Zn-Pb concentrates. 
\ 

.t. *, 

~. 

• 

1 

1> 
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5.2 Evaluat(on techniques 
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103 • 

Traditionally, 9rade-~e~overy curves,' where the concen-

trat~ grade is plotted versus the metal reco~ry into the 

concentrate, have been the most common graphica/ means for 
" 

evaluation. AIso, somitimes the metal recove~ies are related 

to op~rating parameters sucQ as pH, co/lector dosages: etc . .. 
. . ' ..,.: 

More convenlent and InformatIve methods have been introduced 
~ 

and they wi Il 'be brieff y descr ibed. 

~he floatabil ~ty-potential curves (see section 1.6) are 
, 1 

p~obably the best method to e~aluate the f/otation of the 

mineraI as a function oj the e/ectrochemical po~entiar. 

However, flotation is only but one step in the minerai 

processing flowsheef. Theo separabil ity curve introduced by 

Dell (95, 96) graphically presents the mineraI recov€ry 

agalnst the yield or th~ total mass reco~ered in the con-

csntrate. ,When the 1 aborator y procedure is extended t.e the 

limi{ that a quasi-perfect ffotation is performed (re/ease , 

analysis (95)) then the separability curve',obtained indicates 

the max imum septlra-t ion wh" ch can be ach i e ved dUfJ, to the 1 i bè-

ration of the mineraIs (95, 96). 

The technical efficiency, [fI of the flotation process 
1 

can be evaluated from the separabil ity curve. The rechnical 
~ . ~ 

effic.iency as dfJflned by Taggart (97) and Jowett (98) will be 



oc 

o , 

• 

.. 

,101+ • 

used: , . 
Et = Amoun~ separated / amount separable 

'1 

[11J 

The afficiency ~ay also be expressed as 

Rg [12J 
( 

wher;e Rv and Rg are the recoveries!of the valuab'le Inineral 

and the gangue mineraI respecti~ely. 

The latter equation is often used when the separation is ~ 

performed between two minerals~ e.g. a sulphide minerai and a 

non-sulphide gangue. However, when dealing with several 

minera/s, the technical efficiency must be evaluated from the 
, . 

separability curve. 

The construction of the separability curve requires the 
, (- J 

removal of concentra te incremen\s From the ore, usually by 

means pf longer. flotation time for each increm~nt. The 

experime0tal technique is as such the same as that required. 

to determine the ~inetic parameters for flotation models 

(99 J. 

Separqbility curves have one limitation when investiga-

~ing sepdration on complex sulphide ores. Ther is no indica-o 

. , 
tion about which non-desired sulphide mineraI has been suc-

cessfully depressed. 

et ~ 

, 
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5.3 Laboratory procedures 

The" 1 aborator y fI otat ion procedures were des i gned around 

,.t.ypical standard procedures for Hench scale flotat ion tests 

(100,' 101). Ali reagents were of commercial purity for the 
./' 

'surfactants: Sodium Isopropy~ Xanthate (SIPX), Minerec 2030 

(a thionocarbamate)~ Methyl Isobutyl Carbinol (MIBC), and 
\ . . 

sodium lignin sulfonate (S.L.S.)i the inorganic reagentf were 

o~ laboratory grade. 

,-
Distilled water was used ta prepare the solutioHs and 

the solution strengt~s were~O. 1% by weight for the organic 

thiols and 5% for the inorganics. MIBC was added pure while 

quick 1 ime (CaO) was added dry.,.,. AIl solutions were prepared 

dai/y. Potable water was used for pulp dilution in grinding 

and flotation. 

Two kind~ of laboratory rod mill were used. The f irst 

one·was.a polypropylene mill for the investigation of the 
O. -

effects of the grinding environment ~n the flotation res­, 
ponse. A stainlêss steel mil! with a mixed stainless/mild 

steel charge was used to study the response of the different 
'. 

ore types. The gr i nd ing charge was approx imate 1 y 32 kg for. 

" the polypropylene mill,ffconsisting of rods ranging between 5 

and 25 mm in diameter. The charge used in the stainless 

steel mill was ~O kg of rods of 12.5 mm and 25 mm diameter • 

. ~-----~._--------
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106. . ' 
Besides the grinding conditions', standard bencht;,scale - , 

practices ~ere followed f~r flotation~ drying, weighing and 

sample prepàrat\lon. ~ 

...., 
5.4 Effect of the.grinding·environment and sodium s'u/phide on' 

the flotation cesponse. 

, 

The effect of the grinding environme~t (stainless steel . , , . 
.or mi/d,sieel) on'the response during roughing was studied-

for thé ABCD composite and the Fre~h Ore. Sequencial selec­

tive floration was.atte~ptedc(rab/e 12). Following grinding 

and cond it ioning, 1 threé lncrf;Jmental' copper rougher "concentra-

tes were racovered. Similarly, three zjnc rougher concentra-

tes *ere obtaine~ after activation with copper sulphate. A 

second addition of copper sulphate was required prior to the 

third zinc rougher to increase ·the recovery of' spha/erite for 
, 1 

/ 

the mird steel grinding media • .. 

The first reiationship explored was that of the alkali-
~ . ' 

nit y f'evel in the copper rougher. The total copper and zinc 

recoveries into the copper rougher concentrate are shown for 

the stainless steel (Fig. 29) ahd the mi'ld st~el (Fig. 30) ,> 

grinding envlronment. 
; 

.é ., 

" 

\ 
\ 
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Table 12. . ' ~est conditi~ns: effect of grinding environment .... -
and q 1 ka 1 in i t Y '1 e ve 1 • " 

Stl:1ge Time ReagfjJnts (-g / t J 
(min.) CaO NaCN ZnS04 CuS04 SIPX MIBC 

Grinding 20 250 50 ;]50 
" 

Conditioning 1 To pH ,50 250 
Conditioning 1 la 5 
Cu Ro 1 . 1 -- ~ " COQdilioning 0.5 10 
·Cu Ro 2 2 
Conditioning ,0.5 10-

, ç 

Cu Ro 3 J 3 . .. .. .. .. .. .... .. ........... - ...... 1.. ...... .. .. .. .. .. .. .. .. .. .. .. .. .. .... .. .. .. .. .. .. • .. ............................................. """ •• : .. 

Conditio.ning 1 To pH 10 
Conditioning 1 pH la 50 
Conditio.ning 1 

\ 
1'0 5 

Zn Ro 1 1 1 • 

Conditioning 0.5 la 
Zn Ro 2 2 o ' 
Conditining 0.5 (5,0 J' 10 
Zn Ro 3 3 

() (M; Id steel) 

Èor the stainless steel environlTient" the copper recovery 
d ~ 

shows a very s/ight increase with increasing a\kalinity.~ 
\ :> ..r t 

Howev~r, the eff~ct ot pH ~n the zinc recovery is.more drama-
J 

tic, especiall~ for the ABCD composite. 

The t est for the ore a'ct'i vit Y showed t hat the Fresh ore 

was more ac t ive (re 1 eases greater quant it i es of meta / ions in 
o 

solution) than the ABCD composite (Table 11). A greater oxi-
, 

cJ.ation of the copper minerals,and ,the lower 'heads fqr the 

Fres,h ore in comparison 'with the ABCD compo~ite (0;22% vs 

o 

- . -~---- --------~-
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O. 78% Cu) resu 1 ted in the lower copper reco ver ies ç:zch ie ved 
11 

w ith the F,resh ore, for both the sta in 1 ess and the mi Id stee / 

med ia. 

r 
The zinc recoveries are gr~ater tbr the ABCD composite 

for bgt.h the-st--a-i-n/ess steel (SS) and the mild steel (MS) . . 
environments (Fig. 30). The results of the are activity test 

4 • 

i nd ica~ed that the Fresh ore was s / i ght 1 Y more ac t; ve than 
\ 

the -ABCD 'compos ite (cf Tab I\e Il). Hence, hi gher zinc recove­
p 

ries were expected for the Fresh ote. Th /s i s not the case 
, 

anp th / $ i mp 1 i es that other factors must be cons i dered .. ~ 
, .... 

,. 
Grinding with a MS charge yields a 10 to 20% /ower cop-

.. 
per recovery and a 10 to 40% lower zinc recovery in compari-

--
:son Or·th~ SS charge. Also, the mefal recoverles decrease as 

the a/kal inity increases. It can be noted that the redox 

potential measured after grinding was around BO mV' vs SCE for 

SS and from'-2BO 10 -180 mV for MS, using a platinum sensing 

electrode. A platinum electrode was used so that the measu-
\ 

red potentials would be comparable to those of other investi-
'" 

gations reported in the literature. 

.. 
Grindlng in a mild steel environment introduces fe~rous 

ions which impede f/otation of the osulphides (87). A/sa, othe 

~ 
reducing environment will reduce, if not eliminate, the oc CU-

rence of col/ectorless f/otation (33) •. On the other "hand, . , 

,et • 
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~ 

these factors do not exp/aln the dependence oF the Floatabi-

lit Y upon ,the a/kafinity level. 

The decreasing copper recovery, for a constant xanthate 

adqition, may be explained using Barsky's ru/e for the'cri­

tic a / pH For f lot-a t ï 0 n : 

[73) 

where the constgnlt K i s dependent on the mineraI and the,. 

length of' the hydrocarbon chain of the xanthate (102). - For a 

constant collector àosage (and concentration), ~n increase in 

pH will leao to the ètepression of' the minerai Ir the ratio of 

the concentratjons becomes gr~ater than K. 

, 
The behavior of sp~a/erite is more difficu/t'to expla;n. 

i 

The i ncreas ing zinc r ecover y w i t h i nc;reas i ng pH for tho 
• L 

stainless steel media is consistant witn th(J finain!]:; of 

Leroux et, al,-(32) w!1.ere appraciaDle zinc recovory is oxp(!Jri .. 

enced without copper activat ion if tho pif is btHwoen 9.5 and 

1 1 • O. Ho we v q r , t Il e i r '; u 9 9 (]:; t ion t ha t t hi:; i:; l'j Il (1 t Dl., f h (t P r (J-

s.ence of iron ions (and Fe(OH}2) in tn(i pu(p (fo'!J:J flor (Jxplaln 

the present observations with the mild lte~1 medÎa. 

J , 

) 

, -
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Even though the Barsky rule may be applied to the flo­

tation ~ sphaler~te~when grinding was performed with the 
" 

mil-d stee! media, floatability-potenfial curves for the 

coppêr rougher flotation appeQr to provide more insight. The 
~ 

recoveries achieved after the first minute 00 flotation are 

related to the potential prior to the addition of xanthate 

(Fig. 31). On the.other hand, the tota~ rec~veries do not . ' 

show clear relationships with the end potential (Fig. 32). 

This could be,due to the mucn narrower"potential range 
, 

achieved at the end of copper roughing, -100 to 75 mV vs SCE 

'instead of -1+00 to 75 mV. 

The potential at' whÏ'ch the collector is intr,oduced ln 

the mineraI mixture is an important factor. Th i s has been 

previously determined when nitrogen is used for flotation 
1 

(19). However, floatability-potential relationships appear 
1 \ ~' 

,to be the same whether nitrogen or air is used as flotation 

gas (51+). Thus the oxidation of the pulp during flotation, 

when air is used, shoulç not distort the observed response. 

There are differences between the ore types but it seems' 

that the same general relationships apply to both samples' 

(Fig. 31). First, zinc and iron recoveries are low as long 

as the Po, t en t i Cf 1 i s bel 0 w 50 m V v s SC E. Second, the floata-

bility o~ chalcopyrite is gre9t~y reduced for potentials 10-
• 

wer than -50' to -100 mVJ Third, the floatab!lity of galena, 
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although lower than ror the positive potentials, appears ro 

remain constant between 0 and -~OO mV. 

Hence, two windows 01( select ivity can be defined. The 

first one, from -400 to 0 ~v, yieids a preferent ;al flotat ion 
. 

of ga/1Jna white t'he second one, from 0 to 50 mV, provÎtios 

prere~ential flotation of chalcopyrite and qa/ana over that 

of sphalerite and pyrite. The sustained f/oatabi/ity of. 

'ga/ena under reducing conditions, whon ground in a :.h}o/ mill 

li ' 
a(ld when a collector of the xanthate family is used, !Jas !Joon 

observ'ed previousl y (54).· However, it. was (ound, to vccur 

only when a strong frother 

an al coho 1 ;r;:;:::--( 54). 

wa sut i 1 i z\&l 1) ù t no t\ for 

Floatabil ity-potential curves were also obtained for 

zinc roughing (Fig. 33 and 34). To dimin;sh distortion of' 

the data due to poor select ivity durinr] capo,or rOI)(jtlinq, t!l() 

recoveries are calculat~d w,j,th re:;poct t'o tha, t'tH)rf to tflo 

zinc rougher. Again, thore ara remar'/rÇl/J/O differanCQ':; ber:.. 
. 

ween the "initial" .(Fig. 33) and "encf-or-flr;tc1tion" cono/-

tions (Fig. 34). ~. 

The ASCD composita appea[~ to hava a narrOwor potentlal 
. 

range for zinc flotat ion than the Frostl ore. 
r 

Ho.""v(Jr, ror 

both samples, it seems that thO winGo"" 0' sfJ/tlctlvity btt1wGen 

sphalerit~ ana oyrite ;, betwGen -8Q ane -ûO mV v, Set. 

, " 

,. 

---~------------------~----------------------~----
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Thé end-of-flotation floatabil ity-potential curves (Fig. 
(> 

34J appear to confi~m the upper limit of ~40 mV for the 

w i ndow. On the ot her hand, i t must be" remembered that an 0 

additional copper sulphpte addition was performed prior to 

the /as~ zin~ rougher in the tests at the lower potentia/s 

(mild steel media). 

The afdition of copper sulphate raised the.pot~ntiâ/ 
) .' Î 

from a value ranging From -80 to -100 mV, to a value betw~en 

-60 and -40 mV. Did the additiona/ quantity of copper su/­

phate provide a further activation of spha/~rite or did it 

act as an oxidizing agent by incr.easing the potentia/?o::; 

This cannot be c/arified with the present data • 

.. 
The Qo/lector/ess frotation induced by the stain/es~ 

steel charge cannot be ignored. Tab/e 13 shows some.resu/ts. 

on the effect of the reducing environment. in the mil/ (using 

magnesium meta/) and sodium su/phide on the co/lector/ess 

f/oatabi/ ity of the ABCD composite. 

The results with CaO/NaCN/Zns04 are disturbing. With 

the exception df a /ower popper ~ecovery~ the fesult are 

extreme/y' simi/ar~to those obtained in the presenc~ of·S/PX 

after 1 min.' of(..,f/otation (Fig • . 31). 
.. 4> 

This possib/y indicates 

~hat the collecto~' may have a '!'argi.fJaf, ro/e on the selecti-_ 

vit y. Th is has been ,suggest,ed by Shannon and Trdhar (21). 

et ft 
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..; 
Table 13. Collectorless floatability after 3 min. of flota­

tion for the ABCD compoJSite ground ,with the stain-
less steel media. ~ 

Reagents (g/t) Initial Recover ies (%) 
Mfll Cond" E vs SCE pH , Cu . Zn ,Pb 

CaO/NaGN/ ZnS04 
Mg (500) Na2S (500)/ 

HG 1 ! a Ir 
Mg (1000) Na2S (500)/ 

HCI/air 
Mg (1000) 
None 

None 

None 
Na2S (500)/ 
HGI 
N212 S (500) / 
H2 S 04 

28 

50 

10 
-80 

+35 

-' 

7.6 

7. 1 

7.0 
10.3 

6.1.+ 

6.2 

30.7 

37.0 

.. 38.5 
61.6 

33.8 

30.3 

17.3 

20.5 
<3 

11.+.0 
15.6 

15.0 

16.3 

57.1+ 

17. 7 

13.9 
26.Q 

10.1+ 

9.7 

Notes: - CaO/NaCN/ ZnS04 add it ions and c;r ind i ng t ime ,are the 
same as in Table 12 

-'Grinding time ~f 30 m'inutes for the o'ther tests 

!fi, . 
- Na2~ conditioning for 15 minutes 
- Aeration, when performed, was for 5~minutes 
--Platlnum sensing erectrode 

) 

o 

The use of.Na2$ gave thft same result regardless of 

aeration, acid type, or the ,presence of magnesium (Mg) in 

the"mill. 

The potentials me~sured during Na2S conditionlng w~re 
'- , 

, If 

be tween -500 t 0 -400 mV vs' SCE (-255 t 0 -155 mV vS SH[). 

There are comparable to those obtainod by Luttro/f and Yoon 

(38), ~210 to -50 mV vs SHE (platinum efectrode) f~dirre-
rent oris and a constant addition of 2.5 kg/t or Na2S: 

l 

r .. 



c , , 

c 

r~.- " 

120. 

The potentials just prior to tlotation were between 10 

and 50 mV vs SCE .(255 to 305 mV vs SHE). These potent ia 1 s , 

are within the·individual ranges o~ ftotation ~~r chalcopy-

rite, 150 to 550 mV (53), and ga/ena, 100 to ,300 mV vs SHE, 
,~ 

i (54-;; in the presence'of sodium sulphide. 

. 
_ Lutt re 1 \an,d YOQ,n (38) obta i ned va 1 ues bé t ween 0 and 200 

,mV vs SHE aftE:r 5 ,minutes o~ flotation with air; the copper 

recoveries being greater at the higher potentials (e.g., 95% 

-
Cu recover y at 200 m~ vs: S,HE)., The potentials appeared to 

indicpte the rea~tivity of the ore 'to the presence of Na2S. 

Some ores rèquJred a longer conditioning time rat a' ~ixed 

dosage) white others needed lower addition levels (for a 

fixed conditioning time) (38). .. 

The relativety similar potent--i-als monitored for -tMJ A-l 

ione ore, with or without aerat/on âfter the sulphidization 
• . 'w r,.t! 

\ 

(10 to 50 mil vs SCE), wou,ld indicate a high reactivity of the 

The utilization of a stainless steel media~ 

instead o~ a mild steel one (38, Y.oon,' communication Nov. 

1986) may have,been a factor. However, a ceramic charge has 

been used for some tests without any,report on adverse or , ... 

positive e~fedts on the floatabilities obtained (38). 

. ' 

At -. 
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The use of magnesium into the grinding mill yielde~ the 

highe~j coppe~ redovery, 61.6%, while giving the lowest r~dox 

potential prJor ~o f/otation, -80 mV vs SCE..· The '.ower redox 
, ~ 

potential fflQy be attributed to the higher alkalinity of the 
c> • • 

pulp withôut the addition'of an acid (pH 10.3 against 6.~ to 

7.6). However, collectorless floatability usually decr~ases 

wit-h increas ing_ pH (3,8). ,. . 

The apparent depressing action of ~a2S for the collec­

tort~ss ~'otation of the A~1 zone ore may be ~ttr/buted to a 

hfgh actJvity of the or:.e. Either the dosage 0/, Na2S was 

not hfgh enough t~ remove the hydropb/lic ox/dat/on product 

3 layers Iformed duriflg grinding~ or a too long.conditioning 

. . 

, ~ 

t'me was allowed providing a partial re-ox/dation of the sur~ 
1 .. 

faces (38). Oh the other hand, ft may be ~that the interpre~ 

tation of Lepetic (18) may be extended,to sJlphidizatf~n. 
" j 

Namely, if the ore can be Induced 1nto collectorless flota-.. . . 
tion' d,uring grindlng, its flotatio,! wIll be sele'?tive while 

-attempting to condition the ore will 'yleld a poorer selec-

t!vlty. 1, 
" 
-', 

. ; 
l 

; 
/ 

; 
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. 
5.5 Metallurgical and potential responses of the dif'ferent 

ore. types". ' 

. . . 

The B, C, D and E ore t;'p~s were tr/sted. Grinding times 

were 10, 20, and 30 minutes with~ a ,mixljd sf-ainless "steel/mild 

steel grinding charge. ,The reagent additions ,to the grldding 
<-

mi.! l 'Kere CaO (250 g/t), NaCN (50 gft) and Zn~4 (200 gft J. 
~~. . .~ 

Àlthough this' was ,initlally to estab'I.lsh gril1ç1 vs met"al/ùrgy 

relat!onships, interesting f'liu:llngs :emerged r&garding the po'" 
'. 

tentiaJ and pH monitoréd just, prior td conditioning. f'or l f'là-' 

tat ion. 

! • 

Figs; 35a, b) 'present the pH arid potentials vs ihé "'Iron 

content of' the ore as an indicato'r of the pyrite content of 
1 

the ore. The pyr ite content 'lias d'eemed important f'rom the r 

review 0(0 co//ector/ess flotation induced by galvaniç inter­

- act i'bns (sect ion 1.3), and s'imi/ar effects were expected f'o,r, 

..... 
conventlona/ flotqtion. 

" 

It cqn be observed'that the potentia/ and pH poi~t~ f'or 
"",~" 

the E ore type 1 ay outs ide the trends der ined by the other 

-
ore types. '-'This can be attributed to the a/tered natu'r~ of. 

-"the E ore type where ~ great port ion of'" the iron is as hydro-, . 
x ides, or rïmo,! ites, instead of pyr ite • 
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~ 

lt can be obser.ved that an increase in the pyrite 

content in the ore, or an j ncrease in gr ind j ng t i me 1 eads to 

more reducing potentials (Fig. 35b). The lower potenti~s do 

not ap~,:- to be related to the pH of' the pulp af'ter grin-
, 

ding. "The.more reducing .potentials obtained after the lonçer 

grinding times, or for the higher pyrite contents indicat~ 

the driving force for the ore to be oxidized. This would 

confirm the interpretation that the oxygen demand of the ore 

increases with increasing grinding time or pyrite/pyrrhotite 

J content f-+e-3). 
, . 

The flotatJon response varies according to the ore 

type. Table'4 presents the metal recoveries obt~jned after 

·'-nrin. t'I,otation (bopper rougher, ·20 min'. grind). A further 
/ Q 

addition of CaO (to pH 10.0), NaCN (50 gft)., ZnS04 (200 gft), 

was pert:ormed prior to the addition of the Icollector (SIPX, 

20 g/t) and frother (MIBC, '" 10 g/t J. 

Table 11+ • Metall,urg ical responses after 1 
min. grind). 

Ore type Concentratè grade (%J Metal 
CU Zn Fe Cu 

, . 
\ 

B 5.75 5.85 15.30 14.9 
C 29.60 1.85 27.00 41.7 
0 " 9.66 5.00 33.30 24.6 
E 1. 42 22.60 27.50 53.4-

nt ft 

min. fI ota,t ,"on (20 

recovery (%J 
Zn Fe 

3~~ 
2.6 

2. 1 18.5 
2.3 2.8 

64-.4- 28.7 
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! 
. 

As expected, the highl.y act ive E ore type yields the 

lowest selectivify against sphalerito and pyrite. r'IO C oro 

... type g{ves the highest init Îal coppûr
b 

concentrate aradfl 

. 
(29.610) as the feed grade is the hiqhf}st of a/l typos (4. 1';4"" 

,Cu vs 0.47 ta 0.60'70). The mueh lower Cu:Zn and Cu:FtE ratio~1 

for, the Band D types 9 i...ve a') aRfarent lower se ~ ect i v jt yin 

comparison with the C type. 

SJncOe lncreasing the grlndin-g time increases the flne­

-ness of the sOlid$, i.e. the Jiberation of the mineraIs is 

increased, it would be fall ac ;ous to compare the metallurg i­

ca/ results obtained with the diff"erent grinding times. 

A/so, comparison of the metallurgJcal responses of tho ore 

types in terms of the patent)a/ and pH achieved arter grin-

l ' 
ding is not possible due to the large diff'erenc()s in food 

grades. However, it may be inferred that fil(] hi'qhor t~(/'$ 

p y r i. t e con t en t 0 f' the 0 r e, the. 1 0 w e r : t Il e r () d 0 )( pot 0 n t i a 1 

achieved after grinding. On the otflOr /I\nô, .. ,ill fi,,. :,amo 

effect be observed ln ttw f'!otation circuit:' • 

) \ 

,. 
, 
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5.6 Screening o~ conditions For re-cleaning of bulk Cu-Pb-Zn 
concentrates 

The flotation response For the flotation tests discussed 

in section 3.3.2 are now re~examineo to determine possible 

relationships between the potential and the flotation res-

ponse. It must bft remembered that sin6e the materials used 

in these experiments were copper concentrates obtained from 

pilot or plant flotation, 'the metallurgiçal results are 1 i­

kely tOI be distorted due tp superf'icial oxidation of t,,-{ 
\ , 

mineraIs. 
" 

The reagents t~ied wer~ selected on the basis oF possJ-

ble redox phenomena demonstrated or inferred From literature. 

These were sodium sulphide, Na2S (15,16, 17), potassium per­

manganate, KMn04 (1), alkalihe oxidation (103)" potassiu.m 
,. 

ferricyanid8", 'K3Fe(CN)6 (87), ferrous sulphate, FeS04 (35, 

87), and sulphur dioxide/oxygen, S02 (104). Sodium 1 ignin 
.., " 

l 

sulfonate, §LS, was also used. Although it is not a r,dox 
-

modifying agent, it appears ta inhibit the formation of sol id 

b • 

sulphur 1ayers on the surface ~~ minerais durlng pressure 
i 1 

Q 

t each i ng (105). 

.. 

·1 
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5.6.,7 "Direct" vs "indirect" potential modtfying agents., 

The potential-pH points achieved during the flotation 

\ tests are presented in Table 15. The initial and final 

potentials achieved during conditioning are given whenever 

there is a large variation between these values. Potentials 
,g 

as low as -5;;"'0 mV and as high as +210 mV vs SCC (gO/d sensing , 
, , 

e/ectrode) cou./d be"achieved" 'by the addition of' Na2S and KMn04 

rèspect ivel y. 

~ The addition of redox modifying,agents (e.g. KMn04) also 

induces a modification of the pH of' the Pu./p. Conversely, 

the addition of pH modif'yi~g age0ts (e.g. Na2C031 HCI) in-
,- , 

1 • 

duces a change in the pu l'f po t ent i al. Ho wever, a reagent 

addition resulting in an increase of' the pH does not a/ways , 
induce a /owering o~ the pulp potential, and vice ~ersa. 
~ 

This would imp/y that the act ion of' pH modifiors on the pa-,,, 

tentia/ is not Just via so/ubilization of dxidation products, 

or precipitation of ions from the solution. 

There are some unusal results which wero not be pradic­

ted. Fat example HCI, which is not ~)nsiderod a.; an oxidf­

zing agent, induces a more oxidizing potential than H2S03 
r..."\~ 

(6.3% S02 solution), for Q~ eq~iValent pH. This could bo dua {, 

ta the effect of t e ch/orlne Ion on surface prOduct layors. \ 

It is ob$erved that Hel is mor;e ef'f'octive than H2S04 for the 

1 
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Table 15. Summary of pH and po~entials durin~obatch flota­
tion along with the achieved technical efficiency, 
Et, and yield, Y, after 1 min. flotation. 

/' 

Sample Reagents Average E, Au vs SCE Et 
pH (mV) % 

Y 
% 

Gond. lnit. Flot. 

B (2) 
B (2) 
8" (2) 
B (2) 
8 (2) 
B (2) 
8 (2) 
8 (2) 

B (2) 

8 (2) 

8 (3) 
8 (3) 
8 (3) 

~ A 

A 

A 
A 
A 

• A 

A 
A 
A 
A 
A 
A 
A 

SlPX 
Na2S/SIPX 
Na2S/SIPX 
None 
Na2S 
Na25 
KGI03 
Na2S/NaONI 
SLS 
Na2S/NaGN/ 
SLS 
Na2S/ NaGNI 
SLS 
K3Fe (CN)6 
KMn04 [1 J 
KMn04 

Na2S 
Na2s/NaGNI 
SLS 
None 
CaO/NaCN 
CaOIA irl 

~ NaCN/M2030 
CaO/A irl 
M2030 
H2 S03 
K3Fe (CN)6 
FeS04 
KMn04 
HCI 
H2S03 
Na2G03 

7.8 
10.0 
10. 7 
7.8 

10. B 
10.6 
7.8 

-32 
-200 

-520/-180 
67 

-130 
-240 

60 

9. 3 -300/-112 

70. '+ -736" 

10. '+ -100/-72 
8.'+ 35 
9.0 210 
8.2 60 

8.8 -260/-200 

9.0 -220/-126 
6. 9 11 

12.2 -110 

12.1 -74 

lJ.O -67 
6. 1 18 
8. 1 40/30 
6.6 -4-0f-22 
7.3 310/180 
5.2 100/46 
5.8 22 
9.7 -68 

• Q 

SIPX: SodIum Isopropyl Xanthate· 
M2030: Minerec 2030 (thionocaAPamate) 

-32 
-190 
-160 

56 
-107 
-200 

4-0 ' 

-106 

-78 

-74-
18 

210 
50 

-160 

-200 
3 

-14-0 

-110 

-60 
4-

26 
-14-
180 

4-6 
22 

-62 

SLS: Sodium Lignin Sulfonate ~ 

-30 
-106 
-110 

45 
-130 
-140 

1 

-23 

-80 

-130 
15 

210 
36 

-110 

-140 
-9 

-120 

-88 

-62 
10 
20 

-34 
140 
27 
13 

, -55 

N.D.: Not determined (not sufficient mass recovered) 

-4 38.9 
-19 12.7 

o "N. D 
-13 72.5 
-12 N.D 
-6 N.D 
-6 468.9 

-4 66.4 

-73 2.2 

~12 4-.0 
-60 6.8 

o 0 
-23 4-8.6 

11 

, 19 
22 

6 

2 

la 
39 
25 
24 

-11 
30 
25 
27 

14-.5 

10.6 
32.5 
6.8 

6.8 
'+4.6 
27.7 
37. (J 
1'+.4 
30.0 
4'1..4 
4-3'.9 

[1 J: Excess permanganate (pink color in slurry), total yield 
i s O. 9% a f' ter 6 min. 0 f fi 0 t a t ion. 

et • 
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leaching of sphaler ite ~nd~~r~f~ (12). AI sb, sul phur d ~o­
x ide i s ari amphotere redoxl:d 1 fier (107). 1 n aqueous oc i-

çic solutions, 502 is a strong oxidizèr, but it is a reducing 

'd • • t . agent ln alkal Ine sàlu Ions. 

1 The act ion of potass ium ferr icyan ide is renderea comp/ex 

be~ause th~ fenric ion is an oxidant, and thb cyan ide ion is 
. 

a complèxinq agent. AIso, it appears t'Jat c.yanide acts as a 

reducing agent when complexing cOrfJer' ions {31}. For ttH;> il 
, 

zone material, "B {3}", the action of potaç;sium fcrricyanide 

appears to ,Iead to a reducti\ n in the potontial ln compari-

e son with the blank test, 31 mV aqainst 67 mV vs :jer: rospocti-

vely. On the other hand; Il appears ta act as a mild ovidi-

z'er for the A-7 zone '!'arerlal, "A'~, yieldinq a potcnt.ial of 

22 mV vs 5CE while the material with no mOdifiars, qavo 11 mV. 
t· 

Again, these observation,s seem ta be relatod to tno higher 

content in soluble secondary copper minerais of tho il zone 

material in comparison ",ith the A-l zone. 

The addition of KMn04 which yielded the largest d~scre-

peney betw.een tlle gold and chalcopyrite olectroda (209 mV, 

cf s9ction 3.2.2) was excessive. With no !notarial rucovered 

a f ter 1 min. 0 f' f lot a t ion (C? ~% a f t a r' 6 tri in. ), i t i s n v h1 (1 n r 
~ 

that f/otation l'l'as comf)~etely suporassed, aitner by come/ete 

oxidat1on df the previously adsorbea collectar, or by the 
~, 

form..at ion of a pas:; i '.l'e h"ydrox içt~ 1 ayer onto' the- m; noral sur-
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faces. ~his suggests that the large discrepency (209 mV) ob-

. served between the gold and Chalc~pyrite ~trod:S was more , , 
r--

due to the presence of passive hydroxides on the ch~-

electrode rather than on the gold electrode • 

.si 

5.6.2 "Re / at i onsh i ps bet ween the <'f 1 otat ion response and the 
pùlp potential 

The technical efficiency of the separation, Et, is 

mapped onto the potential. There appear to be twt> di st inc t , 

regions (Fig. 36). The potential exhibited by the gold spi-

raI electrode was 4sed as it appeared to be the mos~ relia-

ble. 

For the 8 zone materia/, the natural tendency is for a 

reverse flotation of the sphalerite (indicated by a negative 

technical efficiency). Since a bulk concentrate was tr\~ted, 

and co Il ec tor was al ready present, the e ffect on the di sso 1 u;:' 

tion ,of the secondary mine~/s would be less important than 

in rougher flotat ion. Neverthefess, going ~o oxidizing po~ 

tent i ais i ncreases the natura 1 tendency for preferent i al f /0-' 

tation of sphalerite. The best tech~ica/ efficiency (-60%~ 

rever,se flotation) is achieved with ,K3Fe(CN)S., 

et • 

\ 
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-
Fig • .36. Pu.lp potentia/ vs technical efficiency: bulk Cu-Zn­

Pb concentrates. 
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For the A-1 zone material, mi/dly axidizing or reduc1n~ 

, conditions yield a selective rlotation OF copper. Although 

the content o'f the A-l zone m,ater ial in secondary copper is 

less than that of the B zone, hi~hly ~~idizing conditio~s 

(180 mV vs SCE with KMn04), yiS'''lded a rever,fie flotation. 
r 1 

On the" other hand, highly recucing condi,tions are detrimen-

tal. strange'ly, âlkal ine oxidation (aeration at pH 12.0) 

provided reducing conditions, but this could be due to the 

preci~itation of ions as hydroxides~ 

• 

The concentrate ~ield after 1 minute of f/~tation (Fig. 

3f) shows that most of th~' points/fall within -100'mV and 

,+100 mV vs SCE (145 and +345 mV vs SHE) for yields gr:eat'~'r 

-
than 25%. This potential region is within the range round 

q , 
r 

ror the individual rrotation or chalcop;rite (53) and galena 

" 
(54! !n the presence of xanthate colfectors. 

Besides the main floatabil ity area, 1 itile correlation 
1 , 

is observed between the potential and the y!e/d. ·J.4owever, • <IF J • 
,,' 

it 

seems that the high alka/ inity induced by 1 ime (CaO'), and, 

or, the presence of sod ium cyc1n ide cre'ates cond it ions wh ich 

greatly inhibit the flotation of the sulphide minerais., It ...... . 

• is plausible that adsorption or cyan ide onto the mineraI sur-
. () 

, races (60), and hts consequent depressing action~ cannot be 

monito~ed by the potentia/. The natur~ or the mater/ais does 

no't;' however, warrant a r irm interpret.at ion. 

ft. · 
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Pulp potential vs concentrate yield after 
of elotation: b~/k Cu-Zn-Pb concentrates. 

1 m in. 

· , . , 
0' 
1 
1 
• 
t 

• 1 

1 t;t , 

Legend: 
Q A-' zone 
o 8 zone 

~~ -- _. -- _. ---.--- -_._~. -_ .... _ .... ':. .. _--
; ._~ f'-

<:) K Fe(CN) 
3 6 

/ 

1 
1 
1 
1 

c:J . __ , 
No2S/NoCN/SLS: 

1 

[!) Hel 

:- .. -. --_ .. -- - - .. - ... -- -... -.- ...... - --
[!J 

CaO/Air/NaCN 
c:J 

10 

.. 
.... 

20 

! 0 , , 
• 
f 
1 

j 
1 
1. _,_ 
f ,_ 

1 

·30 

J 

40 50 60 
Yield after 1 min. of flotation, % 

70 -
lit 



\ 

( 

13'+. 

5.7 Conclusions 

The pulR potential achieved after grinqing, 'or after an 

add it ion of a redox mod if Y in; agent such çs Na 2"S , °appears to' 

indicate the reactivity of the oê.'e. 'The higher the pyrite 
.... ) ~~- ',' ~ 

content of the ore, the lower th~. p~iential achieved, un'til 
1 - • 1 

exhaustion of the oxygen ~ntrapp~d in the laboratory mil', ~r 

present in the pulp during industrio.,l mi!'! ing. The A-1 zone 

material appears to be highly reactive with Na2S and hence -

attempts at '·select!ve ,collectorless flo!ation in a manner 
< 

sim~/ar ~o Yoon (16), .. f'ailed. OPti~zat,ron ,Of' the sulphidi-

zatlQn process may ylêld better results, elther by adding 

more Na2S or by using shorter conqitioning times. 

The nature of the grJnding media,.stain/ess steel or 

mild st6el, gives rise to different re/ationShips between the 

floatabil ities of the mineraIs and the alkal inity level du-

ring copper roughing. lvith 'mild st\el media, the f'lotation 

vs pH appears to follow Barsky's rule. However, this was not 
'--., 

observed with the stainless steel media. This would suggest 

that the manner in which flotation is approached (f'rom an 

initiallx-ceduced or oxidized pulp) must be'considered (po-

tential-pH paths). 

u 

The floatabilies appear to be more related to the poten-

tial prior the addition of the collector yie/ding windows of 

et • 

\ 

" 
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selective flotation for copper and zinc roughing. Preferen-

tial flotation of galena occurs for potentials between -~OO 

to 0 mV vs SCE (platinum electrode) whiJe both chalcopyrite 

and galena are preferentially float~d betwe~n 0 and 50 mVo. 
~ , 

Spha}erit,e f/otation, ""withO'ut deli~erate copper activation,! 

would be significan.t at potentials 'greater thah 50 mV vs SOE. 

With· copper activation, the se/~ctive flotation of spha-

,/ er i ~e from p.yr i te appears to be poss i b 1 e for potent la 1 s bet-
, . 

ween.-80 andr-~O mV rat pH 10.0). Contrary to copper rou-

ghing, the floatability-potential relationships for zinc rou-

ghing appear t~ be the same whether the potentia/ prior to . , 

xanthate addition or the end-of-flotation potential is 4sed. 
" 

Finally, the high content of secordary copper mlnerali 

in the B zone ore promotes' a reverse fi 0 tat ion of. the 'Spha 1 e-

rite during cleaning of the bulk con~entrate. Th i s tendency , 

may be used to advantages by using potential mOdify'ing agents 
, ., 

which induce oxidizinq conditions. Pota~sium ferricyan/de 

appears to be the best reaqent. On the other hand, tt1e A-l .. 

'zone ore~ "(ith a much lower contant of 7ndary copper mine­

rais, requlres mi/d oxidation (uslng 502 or HGI), or mild 

reduction (usinq Na2C03) for the selectlva flotation of 
, 

copper. The altered E ore type may raquirô reverse rlotat/on 
\ . 

of the sphalerite during'cleaninq to be aCDnom;cal'y pro-

cessed. 

d 
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6. POTENTlAL/pH SURVEYS.OF THE A-l ZONE FLQTATION CI{jCUlT 

.' "'0 

'~ 

Labdratory batch f/ôtatto~ ~ossesse~ Inherent Ilmlta-. 
tions for investigations Into electrochemloal effecfs.' One ~ c '.. . " 
of them I~ the exposure of the ground pulp ta air q~'the pulp 

Is transfered from the grlndlng mil! to the f'lotd:tio"n oeÎI • .. 
AI so, ~!>ere Is - a t Ime 1 apse between the product Ion of the 

o . ' 

rougher concentrate and its sub~equent b~e~ning. 

~'" 
mlnèrals are (!fxposed t'o air for Q' much 1011ger tlrriè than 'in an, 

actual.concentrator. Th/~ may dfst0l't the Înterpretatlon ol. 

the- results:tbta/~ed in the laboratory. .,. 
( 

Po t/n t laI/pH surveys o-f flo'tat'Ion elr'Cults'h'~ve been 
) ~ , -..-... 

performed, but .aga ln, wlth confllctlng potentlal measurlng 
, 

'techn Iques. ln some, the sensing electrode (s 1mmensed· ina 

the mineraI slurry (55, 57, 73j.o ln others, the sensing 
"I? ' 

electrode Ols Immersed in a micro-filtrate sample 01tained 
~ l '() . 

From the slurry (55, 108). 
<l 

rhe results obtained in these 

"" surveys are mostly di~cussed in terms of the oxygen satura-

tion of the pul'P (55, 57, -73). It appears thgt ln 'on~y one 

instance were the measurements correlated with Eh-pH dia-

grams for the system (109). 
" i .' 

.t 

... 

d, 
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6.1. Descriptlon of' th-e flqtatlon 'c/rcuit 
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The A-l z.r:..ne f'lotation c/rcuit is showh in Fig. 38 using 
./ • , Q Qo 

t~e "nefwork" symbol ism (9'8). Flotat ion stages are shown as 
• 

°nodes'(points), concentrates as 113ft diagonals wnite tailings 
~ / 

are as right dlagonafs. Feeds and recirculating streams are 

vertlcaillnes. 
, 
" 

Separat ion 0-1 the mineraIs is performed by select ive 

sequential f.lotat/on ra8) •. Copper is .flrst floated in three 

bankrs~ of roughing and scavertging cells, and is cleaned in 

four counter-curr~nt stqges. The coppe,. scavenger ta il s, 
.p 

after copper ac-t l vat ion, compr ises the feed "to the zinc ci r-
I • ,.~; 

cu it.- Rougn i ng and, scaveng i ng àre performed in t hree banks-, 

the' zinc :o~gher-scavenge" CC'Jncentrate be l ng cl eaned three 

t lmes /jr, a counter-current fashion. 

, 
The col/~ctors are Aerophine 3418A (C~anamid) for copper 

. ' 

~flotation and Sodium lsopropyl Xahthate f'or zinc. The fro-
(J ~ c 

thers are Methyl Isobutyl Carbinol for the cor-iper circuit and 

Dowfroth 1012C'(polypropylene glycol ether) for tho zinc 

c<ircuit. Moéiifiers are 1 ime, sodium cyan ide ana n'fiC sulpna--

te (copp'er), and 1 ime and copper su/phate (zincj. ,~l &aiJey 

Network 90 d istr i Quted contro 1 system is usod for process 

control (111)~ 

, , 

/ 

, , 
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These surveys were perrormed in March 1987. Evon though 
1) 

only rives months l'lad elapsed sinee the start-tup of the cir-
," 

cuit, the operation was stable enough ,tq~ oLdùin rel iabltJ re-

sul ts. By surveying i,n,Mareh" water quaI ity et1Qnges upon 

• 1 • (_, 
sprlng thaw were avolded. v 

'6.2 Manua 1 surveys 

The sU'f'veys were performed using ù' ''lold foi" electrod8 

with' a combination pH eleetrode .. Sample'; were ot)taino(j frr>m 

- . 
the process, either t'rom the feed or the tai 1 hox /)( fil() (10-

tat ion bank, and ,vere .brought to tho instrument-; (two plf/Ol-

meters). The sampi es 

ring the measurements. 

~ 

were agitpted 'vith tljfJ olroctrofifJ:.1 
,.s 

The go 1/ foi 1 V( a ,:; 1,0 1 i SIl (>(j 0 fl a 

gr i t emer y paper pr i or to each measur oment. A 'lo/d (oil 

(j u-

\ 
eleetrode was used instoad of go/d spiral iinCfJ ttJfJ"/atter, 

,-
was too rragile to withstand thase condition~. 

The r es u 1 t s 0 f the sur vey s , ~ hic h we r (J p e r r 0 r m (J 0D 0 v I!J r 
/ 

five· consecut ive operating days, aro prasanted i(n tho form of 

potent ia Il pH graphS. For the coppar circuit (Fi?_ :19), a 

clustering of points 2/onQ tho process nodes aro onsorv~d. <,- A 

• .. ... t"'""'"\ • 
Slmllar clusterlng na~ boen obsorved in other survoyj inç/u-

ding one where two oualitios of orOC8SS ifIlotêr (rr#!J::fl and rtl-
) 

cycle) werâ Învestiqcted (1Se). Vo major dirrerflnctJ l.HltwfJfn 
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F !g. 39. Potential-pH graph for the copper circuit. 

200 
l, 

ExperimentaT"\ 

H20 02 

100 <&> 

>c 
, -W 

U 
tn 

Ul 
> 

-100 

0 

H~ HS-
(1 atm) 

0 
1 , . 
1 

0 0 ~ 8 
: . 

-200 
7.5 8:0 b 

.' u 

"",\ 

H2S/HS- 0 
(in pu[p) 

8.5 S.O 

ob • 

\il 

\'1::J~ 
_ \:7 

GJ ~ 

ŒJ 

pH in 2nd Ro. 

8.5 9.5 10.5 
Roughers <:) C:J ~ 

C l-eaners ® ŒJ W 

T=13: 2°C 

9.5 10.0 10.5 
pH 

- .. 
- , 

11.0 



r 

7 Il 1 • 

the two types of process water were observed for the samples 

taken in the flotation circuit even ttlough t!lO Etl-pll point of 
'", 

'" the water samples differed. Also, the points alana tf){~" cir-
>-. 

'\ cuit t'ormed 1 ines paraI/el to the 02/N20 1 ine (10ti'). 

The A-l zone co~er c ircu it appcars to oporat() a/O()9 (] 1 

vertical line wh,en no lime is ad~ed durinçl f~/01(]tion (Iine 

"a-b" on Fig. 39). HOlvever, the add it ion of' 1 ime cJuri(Ul t!Jf' J 
roughing stage causes the Ep/pH points to bc :.,hif1('(f tOk'(UcJS 

h igher pH. Also, the cleaning section operatcs a/ono a (1i1'-

t'erent 1 ine (1 ine lia-cil J •. 1t can bc notcd ttlat non(' of fI}(·sC! 

1 ines are paraI leI to the exper i~tal and NlOorc(ico/ 1 i nes 

t'or the reduction of oxygen (73). 

" For reference, some of the 1 in cs from a motQ-: ta/,! (' [ h-

/ • pH diagram for chalcopyrite have boon sU{lorimfJo:,('rf (loto 1/u' 

graph. The sel i n e s we r e 0 b t a i n e d b Y ra; sin (] t" f} (! fi (' r (J \' C fla fi -
( 

·ge of the sulphur ta su/phate reaction, ;\0. introrJuCIf1() (} 

k i net i c bar rie r r e pre s è n tin 9 the 0 b:, (] r vat i () (1 .' " 1 r (> (] l ',y,', -

tems (111). The barrier wQS 74 kJ/9mOlc. (-, (: t (! r :, (1 1 1) W CI r fi :. 

t ha t th i s bar rie r m a y no t b e Q C C ur a t (' for t li l' a Il' a 1 i f1(' r an (] (J , 

pH > 9.0, and this must not tif) foroottof1. 

'Toe line "a-b" 15 similar to th(' 112:./11:',- ('(/uiIÎIJrium' 

Ine (1 atm partial pressure). HO hl 0 V (J r , fo fI U 1 i fi (! " a - c.. Il tl 0 Ct :1 ,';. 
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not correspond to any'of the meta~stable 1 Ines for chalcopy-

rite even by considering the measured potential as a mixed 

potential. An observed / ine would be shifted towards more 

oxidizing values due to the presence of oxygen in the pu/p, 

but wou/d remain re/ativoe/y paraI/el to the equil ibrium 1 ine. 

lt may be ~peculated that the operating Ilne for clea-
1) 

ning operation follows an equi/ ibrium line for the reaction 
1 

of the col/ector with chalcopyrite. However, 1 ittle is known 

about the co//ector (Aerophine 3418A) except that it be/ongs 

to the dithiophosphine family (112). lt is thus impo'ss ible 

to verify this speculation by thermodynamic calculations. 

The potentia~-pH graph for the zinc circuit is presented 

\ . in Fig. 40, with the mèta-stab/e fines for the oxidation of 

sphalerite (111) and the experimenta/ and theoretical 1 ines 

for the reduction of oxygen (73). 

Similarly to the copper circuit, the operating fine for .. 
zinc roughing (Iine "a-bU) is parallel to the H2S/HS- equi-

1 ibrium /Ine except when J ime is added during co~per roughing 

f/otation. On the other hand, most df the points for the 

c/eaning section of the zinc circuit are above the theore­

~ tical 1 ine for the reduction of oxygen. 

/ 

ftt •• 



/ 

~ I~ 

o 
1 

~"' , 

• 

( 

... 
Fig. #0. Pptential-p~ graph for the zinc circuit. 

300--~~~--~--~~----~----~~----~--~ 

. 20b 

100 .. 
> 
E 
-' 
W !~~ 

U 
tn 

Ul 
> 
::J 
« -CL 
W 0 

.H 2S HS 
" (In pul p) 

b 
. , 

• 

-
H25 HS 

(1 ctrTi 

o 
o 

pH in 

Cu t'd Ro 

le 5 19 5 !10 5 
__ ~,,~ ...... '" ."" ... d,.." .... ~ .. ~_~ .... 

CuS0
4 

cond l • :. .. --_ .. ------..-.-----
Roughers; 0 : 0 V} 

Cteaners :1 0 1 tEl i ;-
i 1 

.. 100 6'-----'7----. ..... S"""'-----""9--..io' ... O -, ---"'11---' .... 2 -_ .... 1) 

pH 



1 0 

-' 

c 

- ,'" .. ~,';" 

The apparent pH dependence o~ the potentia/~for the 

cleaning operating line, lia-cil" is int'riguing. An Ep-pH re-

lationship was expected, but an lncreasing potential with in­

creaslng pH is rare in the a/kal ine range (113). 

Further surveys, wlth the electrodes immersed in the 

ffotation pulp rather than in samp/es wjthd~awn from the 
. 

process, would be required to ascertain that the line is not 

a conse.quence 0 ~ the exper i menta 1 • techn i que used. AI so, the 
. 

high resistivity and band gap of sphalerite (~) may cause 

dlf~icu1ties simifar to those experlenced with massive 

sphalerlte electrodes and durlng cyclic voltammetry of un-

activated and çopper-activated sp'haferite. 

The extent to 'wh ich the J Ine woufd be related to the 

electrochemistry of copper actlvated sphdferite Is difflcu/t 

to determine. Certain/y, it would be induced by the addition 

of / ;me as pH'mod'lfler. Determination of the concentrations 

o f Ion sin s 0 fut ion s' wou f d he f p t 0 r es 0 1 ve the que s t ion. 

/ 
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6.3 Continuous monitoring 

,/ 

Continous monitoring of the PYiP potenfjal requiras 

~ judicious selection of the monitoring point~ and this cannot 

be decided before hand. The pr e sen c e 0 f r (J c ire u 1 (J tin ,] . 

streams, changes in ore type and reagent dOS,lOt! in t r{J(luces 

further co.mplications (68). From tlJe /aboratory ,nvI)""tir]Q-

tions it ;vas determined that the DotcJntial-njl {)ùint ,1Chit'vo(] 

after grinding was related to the oro typo. ,) n (1 p 1 <1 Il t 

scale, it might be possible to. ident if y si.J:..',:::iric orG' typos, 

1 • d " f r e qu,' r od ta d t tt/ t on- ,ne, an a JUs I)I~ con r,) ,;tra (Je;y as a 

consequence. Th is is an appl icat ion wthicfJ WOu/ej bU wtJlcomt!Jd 

,id industry. 

Fig. 1+1 shows the interrolat ion betw()on a c/1anr;e ln oro 

typaI the metallurgical response, and OH) pu//J potofltial, [,'1, 

and pH achieved in the first coll gf th~ coppor rouqh~r. 

At about 9: 30, tl10 flotation oporator beint') lI/drnocj t{at . ' 

a 'change in ore type was occuring rcacte~ by ~ecroa3jnq 
\ ,r 

rougher pH set-point A çoncurrnnt drop i fi 

potential was recorded. f1owavQr, thfJ o{)f1rator action li/a:; no' 

sufficient to avoid a catastropnic' decreaso of the COPDur 

rougher concentratlJ ]rade, (rom 151!,,'0 '1./'3', ~ lI/irhln JQ mlnu-

tes of the change in ore type. 
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A further decrease of the pH set-point to 8 at 11:00 
1 

stabilized the roughing circuit, an~ consequent/y, perm/ttad 

control to be regained with the concentrate grade apparentJy 

stabilizing at around 9% Cu. < During thatOt,ime, 'the potontial 

remained relatively constant until 73:00, w!wn it startf1 d ta 
( 

ri~e. The feed ta the circuit was reverting to th~t.pr;or to 

the upset. The concentrate grade, after roachinq a maximum , 
.. 

of 10% Cu at 13: 45, started to decrease aga in, 

conditions no longer being suited to th~ ore • .. 
the OpQ,f"Q t i ne; 
D 

This is on!y one example of "seeing" an ora typo change ... 

with monitored var~ables. Strangel y, the potent ial docroasod 

w ith the pH. Although this is contrary ta tho normal -ot).$or-. 

vation in'minera/-water systems (63, 64, 83, 100), .'uCh ro/a-. , 
"Ç:, 

tionships have been observed when redox and pif modif'Î(lr;;, art') 

added during ffotation (sections 3.3.2 and 5.6.1). ,l'lain, 
• 

this may be due ta different minera/ proportions and reacti-

vities. 

The potential a/one would not be sufffciont to provldO 

information on the ore type beinq treatod, Q~ ob~ervod in 

Fig. 41. From the ~aboratory invostir;ation on tllfJ. rJifffJrt'Jnt 

" ore types, it l"a5 found that the pH of tho pulp and (hi'] Iron 

assay would a/sa be required to a3~ertaln (ho or~ typo ~;t~ 

an acceptable confidence. Th 1.1. :;, (J lIt h r 00 var i a. b 1 "S (t 1), nH, 

%Fe) Wouig have ta be con~idarcd. 
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The potentials recorded in the firstrcopper ro~gher cell 

were between a and 75 mV vs SCE (gold elec~rode). The poten-

tial observed in the laboratory with the stainless steel 

charge and s'imilar reagent additions was +28 mV vs SCE (pla-

tinum electrode) for collectorless fl[lation (s'ection 5.2). 

Even though the potentials are not directly comparable due to 

the different sensing electrodes, the similar values pe;mit 

to suggest that colléctorless flotation contributed to the 

total recovery in the plant. 

Finally, there are rwo possible problems associated with 

continuous sur veys of redox potentials. The fi rst' one i,s 

that the measurements may be affected by electrical noise. 

" Th i s ~ e s no t a p pe art 0 b e th e cas e as se e n in· Fig. 41 • Th e 

measurements do not seem to be affected by variations in the 
f 

throughput, and consequently of the power input of the semi-

autogenous mi Il. 

The second possible problem is electrode poisoning. It 

seems that the agitation of the slurry is intensa enough to 

" perform a continuous Ugentle" abrasion of the electrodes 

( 68). Particularly, no scale deposit was found on the gold 
< 

spiral electrodes immersed in the lime cQnditioner of the 

zinc circuit (68). On the other hand, this may cause a short 

service life for the electrodes. 

./ 

et • 

Il 
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Conc 1 us ions 

Potential-pH surveys of the cqpper and zinc circuIts 

reve.aled that sperating c~nditions for given par'ts of a 
"?' 

J 

circuit may be mapp~d as lines on potential-pH graphs. For 

the copper circuit, the roughing operating Jine appears to 

follow a H2S/~S- equil ibrium while the cleaning operating 1 

1 in e a pp e ars t 0 folio W a 1 in e for the r e a c tï 0 n 0 fi the colle c:.. 

tor with the mineraI. 'T'he 1 ines.do fJot seem to be related to 

the reduct ion of oxygen, even if the prese,nce of mixed poten-
a 

tials is considered. 

For the zinc circuit, the roùghing section appeared to 
a 

operated in a sim '~' ar ~ash ion to the copper rOt.lgh i ng sec t Ion. 

However, the cleanfng section showea a relationship where the 

potential increased with increasing pH. This is .stlll to be 

confirmed and explainea. 

a 
Continuous monitoring of ths pulp potsntial along wlth 

pH and iron assay in the fesd may provlde a means of Identl­

fying ore-type changes on-line. This could ease the ImpltJ-

• mentation or control strategies for comp/ex su/ph/de J6para-

t ion. 

. , 

..,.' 
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7. CONCLUS/ONS, RECOMMENDATIONS AND' CONTR)BUTIONS Tf) KNOW­
LEDGE 

-"':;" t 

7. 1 Conc 1 us ; ons , . 

7.1. 1 Monitoring 'of electrochemical"potentials in mineraI • _ "t> 
S 1 ur ries. - -, -

• 
.... Reviewing the literature and investigating-the behavior 

of noble metal and mineraI electrodes ln minerai slurrie.s~" 
,.". 

t ' , 
.with and without flotation reagents and, with and w-;-thout 

f/otation air demonstrated that: 

. , " 
i) Tl?e el ectrochem icdl potent iats mon itored ln f.1 otat ion 

• • 

.. 

.' 
s·lurries are mixed potent ials coupled with random contacts 

between the sensing e/ectrode and the mineraI part"icies. 

Ihey cannot be readlly rèlatf!d to thermodynamic quBmtit ies 

of' the system (e,,-g. the standard potentlaÎsJ. unless the 

k i net i cs of the redox' reac t ions are' known • 

.. 
i i )-- The ph ys i'Ca 1 inter preta.t ion of' the reaox po ~ent i al measu­

r..ed in a mineraI slurry is the same as that of a S'impIe , . 
~ -

- solution. Namely, 
\ 

_t ion or' reduct ion. 

it ind icates the tendency for oxida­

. \, 
Howevér, the dynamlc nature of flo-

tat ion may e.nforce s ituat ions where the pu 1 p pot ent ia 1 i s 

Œ mtich different value from the solution potential • 
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il i) The preferred nob 1 e meta 1 for measurement i s go 1 d. ft 

" 

t'ollows closely the potentia/ exhibited by a mineraI 

" electrode (chalcopyriW, galena) when immersed in a 

slurry consistl,ng' mainl,y of chalcopyrite, or a""mixture 

of chalcopyr ~te, ga/ena and sphaler ite. 

iv) The preT'erred shape for the e/ectrode is d spiral since . , 

th is shdpe appears to be ttyè most sens it ive to the pre­

sence of' sUlphiae mineraI partJcl(}s!' aven T'or so/"id con­

tents as low as g sol ids per 1 iter of pulp (about 0.1% 

by WB ight Ji 

;"l v) A slg'nlf'icant discrepency, , typically .30 mV, between a 'gold 

\ 

. ' 
SPi~al and" a chalc~p~~~te elec~r~de wa~ o~served under al-

ka/lne and, or, oXldlzlng comfl.ltlons. ThiS appears to 
"' .. be 

. 
due to 'the formation of passive hydroxide layers on the 

minerai electrode as indicated by the depression of' the 

sulphide mineraIs under these conditions. 

vi) Black platinum electrod,es might prove an adequate alter­

jative to monitor, in-situ, the soluti'on potential of a 

J m ~ sfur;' y •• Th is may be more advantageous than con­

tinuous micro-filtration of the slurry. 

vii) Ther-e appear to be advantages in using mif)l3ral electro-

des·for laborator;/ investigations. lndi,{a';ion of the 

,. o ' 
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reaction.kinetics is given by the rapidity at which a 
le 

g i ven minera 1 re-equ il i brates after a reagent add i t ion. 

However? it is to be demonstrated wf:J..ether the add it ional 

~n format ion> 

p~ icat ions. 

of practical relevance for industrial ap-

t 

c 
.7 •. 1.2 Promises and 1 imitation,s of an elec'tro'chemical approach 

for modulation o~ the flotation response. 

The investigations demonstrated the pOSS;'bilitiesr.of mo-, 

dulat ing the flotat ion resfJonse by contr:ol? potent iostat ic or 
, 

chemica/ 7 of the redox 'potentia/ of· the pu/p. Namely, :he 

presence of windows of selective flotation in the proc<essing 

- of a comptex sulphide ore would permit a more efficient sepa-

rat ion to be performed if' these windows are determ ined and' 

,utiiized. 
l 

However, some 1 imitat ions / inked to th i'$ promise 

were determined: 

i) The p~esence of galvanic j~teractions between the sulp~jde 

min'erals and the grindin~ media introduces conditions 

which do not permit to infer the window( s) of select ive 

flotat ion of an ore from invest igat ions on the minera+s, 

each one being taken on an individual basis. 

t. <'t c 

. -
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" 
i i ) Laborator y invest igat ions must 'be caref'u 1 1 Y controlled 

with respec/t to the environment induced by the grinding 

step. The_ occurence 0 f' co Il ector 1 ess f' / otat ion may di s-

tort laboratory results. A/so, the presence of p;oluble 

'--mineraIs, such as cha/cocite, may induce in-situ "ac't/va-

Von of other mineraIs, e.g. sphalerit,e and pyrite. 

iii) Each ore, or) 'type,. is unique and gentJral ization of' 
1 

process i ng opt ions in terms of pu 1 p po t ent i a 1 and pH may 

be misleading. This is a 1 imitat ion for dissominat ion 
n,. 

of' know 1 edge. However the pulp potent ial, along with 

o~her variables, can be advant:ageously used t'or on-/ ine 
-) 
sens ing of ore type change in a 

iv) The potent iaJ ach /eved after the 

c oncen t rator. 

ad~tion of a redox or a 

pH modifier ap'pears ta be an indication of the reactivity , 

of the ore or mineraIs. , Interpretat ion o( laboratory or 

plant data in terms of' >surface produ~ts ;:; rendered dif­

ficult by the pre~e,nce of mixed potentia/s. 

p 

• 
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7.2 Recommendations for future work 

, -lil 

The present study has highl ighted areas for further in-

vestigation. Some of these are of fundamentdl nature whJle 
t , 

the others m~y find direct and economical application in in-

dustry. 

7.2. 1 Fundamental work 

i) Measuring techniques have to be d-efined for electr'ochemi~ 

CG/ investigations of sphalerite since the large band gap 

of (3.6 eV) and resistivity (8 X 105 ohm.m) of the mine~ 

"raI renders the manufacture of massive sphalerite electro-

des impossible. 
" 

Investigations on particu/ate bed e/ec-
1 

trodes suffer a/so of the h'igh rOesistivity of the mineraI. 

ii) Further invëstiqations shou/d be undertaken to study the 
.) 

~ 4t electrode kinetics and surface products of the reactions 

gf the su/ph/de mineraIs with common f/ota(ion modifiers 

such as 'l ime and su 1 phur di ox ide,' and uncommon ones such 

as potassium ferricyanide. 

Iii) The electrochemica/ behavior of hydrochloric acid in~mi-

neral s/urries shou/d be clarified at to why it yields 

~ 

et • 

Il. 

/ 
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/ 

mor~ of-idizing 'potentials than sulphur dioxlde for an 
'- , 

equivalent pH. 

7. 2·~-"< f?e ve 1 opment of' reagent contro 1 schemes 

. 
The indication of' the reactivity of the" ore, upon condi-

tioning with a modifier, by the pu/p potentia/ shows promise 

'for appl ication of electrochemical techniques in industry. 
( 

The measurement may be used for on-line determination of the 

ore type which would permit the control strategy ta be adap-

ted to the particu/ar ore beinq treated. 

. 
Converse/y, the measurement may be c used ta control the 

~, 

ad.dition of reagents, particu/arly of madifiers. 
. -

The de f' i nï -

tian of the windows of selective f/otation in a concentrator 

should permit'a better'contro/ and consequent/y, an improve-. 

ment in the technical and economJc efficiencies of beneficia-

tian may be expected. ) 

l' 

, 

,0 
" 

'!I ,/ 
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7.3 Contributions to knowledge 

, 1 , 
i) A conceptual stochastic model for the measurement of elec-

trochemica/ potentia/ in_mineraI s/urries has been propo-

sed. This mode! complements the mixed potential mode/ for 

-,comp/ex e/ectro,chemica/ phenomena and aids the interpreta'-

. tion of redox potential measure~ents in ~/urries. 
~ 

ii) A go/d spiral has been determined to be a re/iab/e gene-
" "'1 

û 

ra 1 purpose senes i ng e / ectrode 'for the measurement of the 

pulp pot~ntia/ under most of the conditions encounte~ed 
, , 

in f/~ation. 

~ 
iii) The presence of windows of selective f/otation has been 

verified for a comp/ex Cu-Zn-Pb su/phide ore. 

" 

" 

" 

té •. 

\ 
~ 
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APPENDIX A: ,.. BLOCK DIAG~AM OF THE AMPLIFYING UNIT 

167. 

Fig. A 1 shows the block d iagram of rhe interf'ace un'it. 

The diagram can be se'parated into three parts. First, there 

is the voltage generating circuit for timing and triggering 

of' the data acquisition process •. Second, the unit y gain 

amplifiers for ,the electrochemical potentials and associated 

... 
1+-20 mA current loops, Third, and last, high gain ampl ifliers 

f'or the pH (recorder output of pH-meter) and temperature 

(thermocouple). 

The circuit conf'iguration f'or the ampl ifiers is a diffe-

rential inpu.t-singt'{J output ampl ifier (114, 115). The d if-

f'erential ampl ifier is preceeded by a voltage follower stage 

so that a high, symmetrical impedance is presented to the 

el ectrodes. The design of' the circuit for the 4-20 mA cur-

rent sources was based on adj~stab/~ high precision current 

sources (114, 115). The combination of dif'f'erential inputs 

and 4-20 mA outputs offers the lowest senstivity to electri-v 0 

ca/ly induced noise, in the laboratory and especially in in-

dustrial plar;ts. 

For rel iable, operation, ,the circuits were kept as simple 

as poss ible. 
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APPENDIX 8: Selected potential vs time protiles f~r the 
selection of the monitoring electrodes. 

169. 

Only two sets of profiles are presented. ln the first 

one, Fig. A2, an addition of 1 g of copper concentrate was , 

~ade to a slurry'containing 700 9 of silica. The response of 

the electrddes can be described in terms of an impulse res-

ponse (116). The platinum spiral appears to provide the hi-

ghest sensitivity to the impulse addition. However, as the 

platinum foil, the spi~al re-equil ibraies rapidly to a value 

not much differfnt from the original. potential. On the other 
:!'i 

hand~ the two gold electrodes Sho~_step increases, with very 

slow decays. 

~ .... 
Fig. A3 shows an ext~eme case of impulse response. For 

the addition of copper concentrate (150 g), the spirals show 

oscillations prior toi stabil ization. The sampI ing interval 

tas 0.7 s, which is ten times faster than that used for the 

flotation tests and transcient effects are more evident>. The 

chalcopyrite electrode responded to the addition in a manner 

similar to the noble metal foils in Fig. A2. 

, ~- .~ ;. ;:,t ~~:~ 
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Transcient response of' sensing electrodes during 
the addition of' copper ~oncentrdte: spirals and 
fo ils. 
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Fig. A3. Transe ient response of sens ing e l'ectrodes dur ing 
the add i t ton of copper cone entrat e: sp ira 1 sand J 

cha 1 copyr i te. 

~ 180------~~----~------~-------,------~ 

W 
<..J 
(j) 

(Il 

> 
> 
E 

.. 
W 

140 

100 

60 

20 

• 

1-------, -._ .... _ .......... - ..... -. 

l' 
1 
1 

~ 

/ 

Chalcopyrite f .. 

• 

1 

G~ ~.~~~~~ ........... : ...... , ...... _ .. _ .. _ ._ .. . ...... ~._~ 
. " 

Platinum sp~pl 

Addit{oh of copper concentrate 

, 
:60L------~~·~"~--~----~-------~------~ 

a 200 400 600 800 1000 
Time, S 

\ 
" 

l, 



d' 

C 

c 

{ 
'l 

.. 
. ,-

~ p"" 
,-6" 

/ 

-- 172. 

APPENDIX C: Selected potent ial vs t ime profiles dur in~ rou-
gh ing f/otation. 

'Figs. A~ and A5 show potential vs time profiles obtained 

dur ing rougher flotat ion of' the B-zone ore. Again, class i 

is observed when the pulp is init ially reduced (Fig., A4, mild 

ste 8,/ me dia) wh il e c 1 as s i i i s 0 b s e r v e d wh en the pu / p -i sin i­

fI/Y oxidized" (Fig. AS, stainless steel media). 

However, the:/fJ i'fference betl</een the two classes of pro­

files f;r roughing f'lotatfan is ~at as sharp as for cleaning 

flotation. ln Fig. A4, the introduction of air has the grea-

test impact on the ox/dation state of the pu/p (as sensed by 

the electrodes) durÎng the first roughing step. 

ln Fig. A5, the introduction of aIr appears mainly ta 

compensate for the reductian caused by the addition of the 

xanthate (SIPX). For the fast roughing step, however, the / 

introduction of air does not seem ta re-oxidize the pu/p. 

This is probab/y due to an almost complete recovery of the 
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Fig. A4. Class i potential profiles during roughing. 
(mild steel media).-
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Fig. A5. Class .,i i potential ,profiles du.ring rou.ghing. 
(stainle"ss steel grinding media). 
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