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ABSTRACT

Electrochemical effects océuring in the processing of

L

_compJex sulphide ores from the A-1 and B zones of Les M7Pnes

'Se/baie, Joutel, Québec, were inrvestigated and correlated

with the redox potentials measured in flotation pulps, on a

4

- : .
laboratory and plant scale. Observed*discrepencies between

-
° -

different redox sensing electrodes (black platinum, platihum,

L4

gold, chalcopyrite angd galena) and the different shaﬁes for

the noble métal electrodes ($piral, foil) were explained

@

, using the mixed potential model for electrochemical reac-

tions, and a stochastic model to account for-the particulate
nature of a mineral slurry.

~

It was found that in the absence of flotation air, or in
@ - o

thé,ﬁresence of air and red&c/ng agents (Ndzs, FeSO4,‘NaCN),
the potential exhibited by a gold spiral was the nearest
(difference léss than 10 mV) to that of a bha/copyrite elec~
trode for mﬁne}al slurries. However, the use of oxidizing
agents such as KMnOq or pH modifers (HCI, CaO)/yie/ded

£

discrepéncies from 30 to 209 mV between the same two elec-—

trQdes. Interbretation of the flotation response in terms Of |

the redbx‘potential was rendered more difficult by the effect

of the grinding conditions and the complexity of the cheh[qal

.systemé created by the addition of the modifiers." { 7

%
&

)
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e RESUME

. Le traitement des minerais sulfurés des zones A-1 et B

de Les Mines Selbaie, Joutel, Québec, a. été étudié par dne

)

rapproche électrochimique de Ia flottation, tant en /abora-

7
v ¢

toire qu'en usine. Les ¥dcarts observés, lorsque différentes
, ¢ s L. R . .
électrodes de mesure du potentiel d'oxidation-réduction (pla-
tine-poreux, platine, or,\¢chalcopyrite, galéne) étaient im-

N ¥

mergées simultanément dans les pulpes dé rlottation, sont ex-

pliqués-a |'aide du modéle du potentiel mixte des réactions

"dlectrochimiques compliexes et d'un modéle stochastique tenﬁﬂt

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

Il a été observé qu'en | 'absence dlair de f/ottafion, ou
gu'en la présenée dlair ‘et d'agents réducteurs (Nazs, NaCN,
FeSO4), le botentif/ mesuré a l'aide d'une spirale d'or était
le plus prés (cart moindre que 10 mV) de celui mesuré a

-

IHaide d'une électrode de chalcopyrite. Par contre, [/'utisa-

tion‘d’dgenfs exydants tels que le permanganate de potassium
ou de modification du pH (HCI!, CaO) engendrait un écart - -
significatif, de 30 a 209 mV, entre-ces deux mémes é/ect;d—
des. _ L'interprgtation de la réponse métal lurgique par une
apgroche é/eétrocgimique est en plus compl iquée par |a p(é—

)

sence dleffets induits par les conditions de broyage et par .

la complexité des conditions chimiques propres g la flotta-

v *-7 "n .
)41'? IO . ' . » .. -
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.CONVENTIONS -
L g > X
@ - l" » F 4
, *The convention used for the descrYp%{on of . the electro-
by . W '
chemital couples and the standard electrode potentials 'is
that of -the International/ Union of Pure and App! ied Xhemistry

( IUPAC). The convention defines the implicit charge-transfer
b

reaction in the statement of a standard potential of an elec-

« trode reaction as a _reduction (electronation).,

o

-
o
a

Unfortunately, the' American conventjon is used in most

- ¢

o the references cited, In the Amerfican convention, the

1 . ¥
implicit chargé transfer reaction is an,oxidation (de-elec-

tronation). [n certaln cases thé explicit statement of the

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

<~ t

tial of the electrode reaction is given according to the

IUPAC convention, ‘ .

The potential axis for the cyclic voltdmmograms descri-

bed in the present thesis (Figs. 23 to 28) is the potential

~

' @ .
applied to the electrode; the pogjentiostat rollowing the

American convention. The sign of the applied potential must

be inversed so that it can be retated to the standard %pg -

trode potentials (1UPAT).

n
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red mineral, but sometimes'it is easier to perform a reverse

* °  INTRODUCTION

.

’ Y '
. I
Froth flotation is the major separation process 'by which

sulphide minerals are beneficiated from ores. .The process

.

consists in introducing gas bubbles into a pulp made of the
finely ground ore and water, which has been previously condi-

tioned with surfactants and modifiers. The mineral particles _
* ~

which have been rendered hydrophobic during the conditioning:
step attach to the rising gas bubbles and are resovered as a
L o Lf L . T

concentrate in-the froth pﬁgse floating on top of the pulp.

The hyarophi/ic particles remain in the pulp and make up the

tailings. f@e condentrate recovered is usually of the desi-
' ]

flbtation in which non-desired minerals dre floated,

%

)
N

This is a simple qescﬁiption of. the ideal flotation

process. [n practice, the ore‘'cannot be ground'fine enough
‘ . .
to fulty | iberated the different minerals and this Iimits the

T 1

q&a/ity of separation which canzbe ultimately achieved.

Depending on the type of flotation machine, fine hydrophil ic
particles are mechanically ;ntrafnqg into the Ffroth further
decreasing the quality of the concentrate. Also, the type of

frother (surfactant) used to stabilize the froth during thé

recovery process may influence the qual ity of separation., . bd



~ ’ . 3
’ - \)

Finally, the way in which the minerals are conditioned

for flotation has .a great impact.upon the selectivity of the
process. This is the aspect of the flotation process which

\is addressed in this thesis. Particu/ar/y, the oxidation-
©

reduction phenonema occuring prior to, or during flotation

are examined.

~

" “Oxidation-reduction effects in the flotatian of sulphide

-

‘ \ .
minerals have beén kwown &ince the 50's. For example, an .

-

early process describes the separation of pyrite from pyrrho- |
~tite and arsenopyrite by selective oxidation of the latter .

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

only recent/y’tha?.prot@type commercial control equipmen% has

become available to modulate dhe flotation response by me - .

4

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

This time 'gap is due to the complexity of a general analysis

®

of sulphide flotation from an e/ectrochemiga/¥approach.

Moreover, the absence of a re/bab/e and acoepfed technigque to

L

measure.the potential; in a flotation pulp appears to have
been a determining factor, especially for app/icat/oh& in .

mineral processing plants.




-

. 3.

. I
"

1. Overview of the flotation process from an electrochemical
. approach_

The hydrophobic character of a mineral may be induced by
va monolayer surface product, Qften covering less than 5% of

‘the mineral surface (6). This is the case Ffor collector do-"

[y

sages normally used in inddst}y (7). Consequently, the study

of electrochemical phenomena iq(more difficult for flotation

&
\ . '
than for other systems.

Until récen%ly, the only reactfon which was known to

LY

proceed by electrochemical steps was that of the adsorptioﬁ

L
-

of col/lectors of the xanthate family. The overall reaction

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

as a source and sink of electrons (8):
r ' d

<

Cathodic reduction of oxygen (electronation):
'0g + 2 HpO + 4 & = U4 OH [1] -

Anodié oxydation (de-electronation) and adsorption of

the xanthate, X, (R-0-CSS~, where R is a hydrocarbon chain): *

<

X~ = X&ds.* e « fa] =

L
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More complex mechanisms have been proposed (9) but the

reactions just descriBed show the requirement of axidizing

. 1Y
conditions for the collector to be adsorbed onto the mineral

surface. ‘The dissolved oxygen contént orf the flotation pulp

(air in the flotation gas) normally provides these condi-

.

tions.

/ > 3 .

v 0
The oxidation-reduction dependence of the adsorption of

"
“

xanthate onto the sulphide minerals taken ind)vﬂdua//y is re-

latively well undérstood‘(9}. However, an ore contains more

than one sulphide mineral. Also, wet grinding is performpd | . ‘
with the grinding media being either the ore itself (autbge— ‘ 1
nous and pebble milling), or steel (rod and ball milling) }
(10). Hence, it may be expected that intergctions between

the minerals and the grinding media, and the minerals them-

sé/ves will occur. These interactions are galvanic and 'each
half-reaction occurs on a different material with the elec-

tron transfer occuring during contacts between the two mate-

) h Y
rials. *

The presence of a galvanic couple often yields reaction
rates which are higher than if each-of the two materials

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

.acids at a raster rate when pyrite (FeSz) is present then P

when it is by itself (11, 12). y
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The presence of gdlvanic interactions in flotation may

. be beneficial or detrimental depeﬁding on the minerals in ‘ .
presence.b In some instances, the desﬁ}eﬁ mingra/ fs depres-
sed because of. the presence of the couple. Such js the case
of galena which is depressed when griﬁding is Qerf&rmed with

t

a mild steel media.(13). Sometimes, it is the flotation of

the non-desired sulphide mineral which is enhanced, for exam="

ple pyrrhotite in pyrite/pyrrhotite separation (14).

Flotation in the absence of collectors may be /induced by

electrochemical reactions (15, 16, 17). It has been shown

that if the ore fs collectorlessly Floatable, [ts Flotation
will be selective while the use of a collector will yield a
nori-selective flotation, and modifiers are required to re-

gain the original selectivity (18).

When one of the two minerals in the couple is highly

¢

soluble it is possible that the ions introduced in the solu-

tion will affect the flotation behavior of the other mineral.

One Jaboratory demonstratiJn of this effect js in the flota- V

tion of mixtures of chalcocite (CugpS) and pyrite (FeSjp)
‘ )

where the presence of pyrite promotes the dissolution of the
chalcocite which releases copper ions ih solution causing the

activation of pyrite (19).

?
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On the positive side, the adverse effect of the mixture
could be inhibited by e/ectrochemicaﬁgconditioning (appl! ica~,
tion of an electric potenti&/‘;o the mlfnerals) (19). This is

an'interesting and valuable appl ication resul ¥ing from an

understending of the electrochemical processes occuringfﬁh

flotation.

Two means are available for the application of a desired
7

o

poteztia/ to a mineral system. The first one is to use a po-
tentiostat, which is an electric devfce capab/; of literally
"oumping" electrons through the system under investigation so
e that the desired potential' is maintained. This is thAe bre— . |
ferred hethod'for laboratory experiments-(8, 9, .15, 17). ) |
. The other method relies on the use of oxidizing or reducing
agents to move ‘the electrochemical equilibrium in the desired
dirgction. fhis is the acting principle behind selective ..
oxidation of one of .the minerals in the ore, for ex&mple, by

\
potassium permanganate (1), or sodium peroxide (20).

For both modulation methods, the modification to _the:
system must be well controlled. Hence, the need for a
reliabie method to meqsure the electrochemical potentials.
Unfortunate}y; few investigations have been made in this
area; particularly on the type of electrode to be uséd, and

apparentl!y éonf/ictin% techniques have been proposed (2, 5).

M L
o & .
x
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2. Statement of problem and objec¢tives of project

]
L}

-

4.

The A-1 zone of Les Mines Selbaie, Joutel, Québec, is a
A
complex zinc-silver-copper orebody which loctlly contains
small amounts of lead. Soluble secondary copper minerals

. : A
(e.g. chalcocite) ari also present In riable amounts

throughout the orebody. The copper/zinc selectivi

. ©
great!y reduced as the quantity of secondary copper migera/s

in the feed increases. In the extreme situation, no selec-

“tive flotation.is economically achievable as for the B-zone

-

ore. .

0
s

The general bbjective w&s to investigate the possibil i~
ties of reagent control by electrochemical methods. [t was
thds required to define oxidation-reduction conditions which
would reduce the degree of in-=situ activation of the sphale-

rite. The most important spec?ﬁic objective was to determine

the proper method for monitoring the electrochemical poten-

tial -in the_flotation pulp.

4 , -

Ve
e
Ry

4,




3. Method of attack

-

The task was approaéhedqconcurrently with investigations
on the effects of the grinding media and rFlotation modifiers

on the response of the ore while developing the heeded moni-

_—"toring techniques. Particular attention was brought to the - |

. . coy s ! ’
presence of Five different ore types within the A-1! zone ore
!

with possible distinct mineral characterics. Microscopic

- examinations and microprobe andlyses were performed for this

/

purpose.

- To study the extreme case of in-situ activation of
sphalerite by soluble copper minerals, the B-zohe material

’ \was also investigated. A better understanding of the acti-

»

& P vation mechanism of sphalerite was required so that it might
be possible to inhibit in-situ activation, and perform deac-

tivation of previously activated sphajerite.
[ 4

In order 'to determine a reliable monitoring technique
' . -
for electrochemical potentials .in flotation pulps, noble

metal and mineral electrodes were studjed simultaneously. To
) invest/gaﬂp the sensitivity of the measurement to the shape

*of the noble meta/'e/ectrode, foil, spiral, and black plati-

' hum electrodes were des%k;ed and tested. Comparison of the
a A
( * measurements permitted thd® selection of the proper electrode

¥ for investigations in flotation.
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1. ELECTROCHEMICAL EFFECTS IN SULPHIDE FLOTATION o

-

1.7 Introduction

™~
i
Investigation into electrochenical phenomena in the fko-

tation of sulphide minerals has seen an impressive growth in

]

the receﬁt years. It seems that the re-discovery of flota-"

4 t

tion in the absence of collector in{tiated the interest. ' As

.a result of these investigations, clarifification of old &

. . ‘ p—
concegpts and an introduction of new ones have been made..

»
These concepts will be reviewed. , »
i ’ > .

» There appear to be three modes of genuine flotation }or
sulpﬁ/de Tinera/s. The first two occur in the aésence or
co/)ector. Namely, the mineral is either inherently hdeo-
phic or is inauced into hydrophicity by its environment,
These two modes can be observed in the laboratory with a non-
negligeable fraction of the minerals being recoverod ¢fter a
few minutes of flotation with the addition of a frother. As
such they cannot %e_dist/nguished macroscopically except by a
careful study of ;he grinding and chemical environment in
terms of oxidation-reduction cﬁnditions.

t

The third mode of Fflotation has been known sjnce the

1

discovery of the xanthate fami'ly of collectors\\ Flotation [s

induced by the adsorption of a collector onto the mineral

5

ES
e
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surface, £Even ghis, however, may be challenged eveﬁ?ua//y

since the addition of chelating agents (non-surfactants)
gives a fFlotation response similar to that induced by the

-

addition of collectors (21). - -

1.2 Natural floatability i .

v
.

The knherent flotability of §u/phidé minerals has -always

-been questioned. Contact anﬁye studies in the 30s showed
that sulphide minerals were not- inherently hydrophobic since
_hydrophobicity without cal/ec¥or seemed to be induced by sur-

face contamination (22).

v

However, flotatjob in the absence of collectors was ob-

served in industry. One example is a "self-float" bulk
galena-sphalerite concentrate produced from a highly wea-
thered Cu-Pb-Zn ore at the Tsumeb concentrator (23). Also,

it was later observed that flotation in the absence of col-

s >

- lector occured arfter dry autogenous grinding (18). ‘

Further studies showed that co?/ector/ess flotation oc-
curing after comminution was only possible if the environment
was mildly ‘oxidizing (17). Hence, this could not be related

to natural floatability as this property is expected to be

* independent of the conqjtions prevailing prior to flotation.
. . N . . ]

ol & = -~
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Actually there is one sulphide mineral which is inhe-
rentl}:hydrophobic: molybdeniite (MoSg) (24). The hydropho-
bic character” originates frgm the crystal structure of éhe
mineral and Fits prefered cleavage Slanea The crystal lattice

consists of layers of molybdenum atoms stacked between layers

of sulphur atons. The weakest bond is the S-S bond and the

‘crystal will cleave between two sulphur layers upon impact in

comminution.’ The éu/phur atoms, which are hydnophébic are
then exposed on the surface. Molybdenite can be dep;esseg in
the presence of iron znd a/uﬁfnum'hydroxides (25), but the
mechanism involved is the adéorptfon of the hydroxides -within
the electrical double layer of ,the particles in water. .

El

Even tHough it can. be showed that the other Jzkphide

E]

minerals exbose sulphur atoms upon cleavage, the observation

@f . flotation under reducing conditions is possible only if

L4

oxygen has been completely.excluded from the system (26).
‘ AN
The mineral surfaces expose both sulphur and metal atoms s0

that only a mild hydrophobic character is imparted to the
mineral. This delicate balance appears to be tipped-in
favor of a hydrophilic character by the formation of hydro=-

4

xides rfollowing exposure to oxygen.
¢

-
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. 1.3 Collectoriess flotation R B
- ! \ N ’ . | , V . %‘
r S— L, W -
Collectorless flotation refers to the hydrophobicity ac-

v

> quired by‘é/éctrochémicaV interaction with the envirénment.
- . This can be induced trough simple oxidation occuring dur.ing

, » @ t
grinding (15, 18) or by sodium sulphide/aeration conditioning .

o

»  of the ore (16). Most sulphide minerals are individually
= . . .
amenable to collectorless.flotation with varying degrees of
difficutty (27). . '

. ; /

.
« * . s . e

The normal mechanism for collectorfess fiqtation is ‘that

—

?‘l:. of the qnodio oxidation of the sulphide mineral. ’Consideriﬁg
a metal sulphide, ) i ,
' «
I ' MS = M(II) + S + 2~ ' .. [3]

The M(I11) ion usud%/y_éoes jn?o solution. [Its fate de=
pends~on'?he chemistry of the éystemJ !tqmay-remajn in sp}&-.

- etion, be complexed, or be precipitated.

Reaction [3]-involves the complefe oxidation of §u/bhur’
' - atoms from sulphide througﬁ eleméntglrsu/phgr. Fhe hydropho-
v _ bic cnardcte} of-the'surface is attributed to the resulting

elémenta/ sul phur /a}er (or fraction of‘a'/ayef) in acid

( o - solutions (28). - / . . | § |

-]

-
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\\P64<ctian of oxygen (reac'tion [;]) and in a solution con=-

13.

~

Further studies have_épown that full .oxidation does not

' A
occur in alkaline solutions, but rather a metal deficient

surface is formed (29). This is a fundamental difrference but

the net result, namely an induced hydrophoblcity following

_oxidation, is the same. '

-

The complementary cathodic reaction depehds on the par=
rs

ticular system. In an aerated pulp it will be the cathodic
i !

+

taining ‘Fe(11) and Fe(lll) ions, .

- —

a

¢

Fe(111) + 1 6= = Fe(1l) i - [e].

.Other cathodic reactions may occur but the two ces-

cribed are possibly the most common in regard to the chemis=-

- <
[

try of flotation pulps. : .
. + & .

2 e

‘There are at /east two minerals for which the anodic

9 B 14
reaction preferentially produces the sulphate [on instead of

1

@lemental sulphur: pyrite and arsanopyri{q. These exceptions

-

. are.still unexplained (G, Demopoutos, commudication van.

1986}, However, Nicol (30) showed that in the, pkoasence of

cupric ions, elemental sulphur can be formed on pyrifa." The

o

. PR 4.
cupric ion appears to act as‘a catalyst,

X
~
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Except when purposely desired, col/lectorless floatabi-

B

L.
lity occurs due to the galvanic interactions present during

/ .
grinding. These-s intergctions are between the sulphides and
the media and between the sulphide minerals themselves from
locking ( lack of /| iberation of the minerals) and particle

collisions. .

In the case of a copper~zinc ore there would be bene-—
fits in achieving adequate copper recovery with a'lower
o
quantity of collector._ On the otﬁfr hand, if a portion of

the sphalerite is promoted to col lectorless flotation, selec-

tivity will be reduced. ' \

- ]

Sphalerite usually require§ copper activation to be

recovered 'by a collector (31). In some circumstances, it is
possible to float sphalerite without prior copper activation

o

when small amounts ofvferrous fons are p}esent (32).
Ho?e&er;~san/erite when ground in ceramic mill will

;xibit collectorless recoveries over 90% (33). Tﬁfs can be
easi!zﬁEPnfused with "natural floatability" (3&4) and in-situ
activat{on of the sphalerite. Since these latter causes of.
flotation can be repressed by the use of cyanide and ferrous
jons (34), i.e. reducing condjtions, it is likely that most
“Tof ‘the ear/ier work on sphalerite flotation would have to be

v

critically reviewed with respect to the test conditions.

-

,
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{t can be noted that when sphalerite is ground in a mild

Y

steel mill, negligeable collectoriess flotation.is observed ‘ v
(33). . The same occurs when iron, zinc,” or magnesium metal /s

added to a ceramic or a stainless steel. mill (33).
It

- h Some fnsight into what is occuring during grinding may

be inferred from the rest potentials of the minerals and the

-

grinding media in presence. Table ! presents rast potentials

7

. for the minerals of the A-1 zone and steel media. It can be
observed that'pyrite has the highest rest potential while,
> ¢

stee/ has the |lowest.

4
[y

Table 1. ;%st potentfals for A-~1 zone minerals at pH 7 in
water (section 3.2.3) and mild stee! (13),

A

;L : Mineral Rest potential
or system ~ (mV vs.SHE)
Pyrite ‘\ v 276 to 281
Chalcopyrite 189 to+195 S
i Galfena Tuzg to 195 " ’
. Spha;erite : Could not be measuraed

Mild steel:

oxygen rlushing -17
air flushing -lg ]
a nitrogern flushing -48]

!

]

0 ' ‘ {
1

/ |

, | - ‘

. " :
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Fo} a mineral taken on an individual basis, the lower
the resw potential, the more readily it is oxidized. Howe-
ver, when a galvanic couple 73 formed by the contact of two
different minerals (or m&terials),.the one having the highest

.
rest potential will permit the ca?hodic reduction of oxygen,
while the other one will be oxidized (reaction [3]).
- E S

The situation is more difficult to rationalize for a
complex Cu-Pb-Zn-Fe sulphide ore since all four minerals are
present. The only certa{nty is that pyritecwi// not be oxi-

dized while galena will experience.the highest degree ii ox i-

dation (of the four minerals).

'] b

-

The influence of the grinding media on the presence or

-8

absence of collectorless flotation can be explained. In a

ceramic or a stainless steel laboratory mill/media, the sul-
/f}phide minerals are exposed to the oxygen from the air entrap-

ped in the @j//. Similartly, the same would occur on a b/ant

scale autogenous or pebble mill. The conventional rod/ball

®

milling circuit would yield reducing conditions similar to

I aboratory grinding with a mild steel media.

0
N

Hence, collectorless flotation would be expecited when
grinding is performed in an autogenous mill while grinding

with the pore conventional rod/ball milling circuit should

»

not give rise to collectorless flotation.
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b

A This general ization could be misleading as the "self-
float" recovery observed at the Tsumeb concentrator was fol=-
lowing rod/ball mill grinding (23). The predomicance of
chalcocite (Cuzs)‘for the copper minerals might have Qeen

a determiiing factor for this ore. Also, the major ganqgue
mineral, dolomite or silica, may alter the expected flota-

’ tion behavior in rélation to the grinding environment (35).

L
[ i

Reducing cond/tigns canvbe induced in grinding by'nitro~

gen flushing of the mills. This would lead to the i(nhibition

. of collectorless Fflotation for an autogenous mill whi/é q;fn«
ding media consumption {(by corrosion) w&L/d be reduced (0

conventional rod/ball mill circuits (36). This could lead to

- " an appreciable reduction in operating cost.for a concentrator

since corrosion induced by the sulphide minerals represents

about 40% of the grinding media consumption (37).

Sodium sulphide could be utilized instead of nitrogen
.

but it may also induce collectorliess flotation given:-the ap=
propriate condft/oﬁs (17, 38, 39) and is best discussed sepa=-
rately. Performing comminution under reducing conditibns may
be agvantageous. However, if conventional or collactor]ass

flotation is desired, the pulp.will have to be oxidized to a

value of the redox potential depencding on the ore or mineral

¢ .9

(15, 38). '

ds




T.4 'Co//ector/ess Flotation in the presence of sod/jum
sulphide. '

Yoon investigated the use of sodium sulphide to induce
co'llectorless flotation of chalcopyrite and sphalerite ores
(16). Further work has been done among ﬂis research group

(38, 39) and elsewhere (17).

As with the collectorl/ess flotation induced during com-
) s
minution, oxidizing conditions are required after the sodium
q
sulphide conditioning for flotation to occur; the minimum po-

tential for-F/otatﬁfn being O mV vs SHE (Pt sensing electro-

de) (17, 38, 39). T,

The iétroduction of sulphide ions causes two effects.
First there is the removal of surface oxidation products from
the mineral su;faces (by sulph}df}ation). Second, there is
the formétion of polysulphides on the surface of the minerals
which induces the hydrophobic character jn dalkaline condi-
tions (40). E/ementg/ sulphur was also found‘on the surface
but in too small an amount to account for the bbserved hydro-
phobicity at high pH. .

o

k3

From a practical view point, the .importance of these
findings does not fie in the different proposed mechanisms or

hydrophic surface layers in alkaline pulps, but rather in the
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fact that in both cases flotation occurs only at potential

g

o

equal or greater than 0,0 V vs SHE. Too high ar oxidizing

condition, e.g. a potential higher than 0.250 V vs SHE, leads

to the suppression of flétation in the case of galena (17). .

Furthermore, an ion selective electrode might be better than

- -

a platirum electrode to control and optimize the SufphidiraJ

3

tiop and subsequent oxidation process (41, u42).

:
1.5 Activation and deactivation of sphaterite

Normdl ly, sphalerite flotation requires agtivarion with

a heavy-metal cation. This cation is usually Cu(ll). tLven

a

though the overall reaction may be considored as an ~fon gv-

change, there seems to be experimental evidences that the

activation of sphalerite proceeds through one or more eloc-

trochemical steps (31, 43). Simi/arly; deactivation may

proceeds through electrochemical steps (3!).Q

<&

-
!

One study of the activation of pyrite, pyrrhotite and

galena by Cu(ll) ions showed th;?:§ge mechanism of activation

irvolves electrochemical recactions as intormediate steps

(30). Other investigations, especially on'the activation of

sphalerite, show simitar findings with more complex systems:

¥

variable pH of the solution, activating iqon (Cufll), Cofl1),

Po(!l)) ang ac?ivajibn with LUV (rradiation (43, s, 45),
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Considering a simpl ified mechanism for-the formation of

a copper sulpHide surface layer on sphalgrite:

r

", \
ZnS = Zo(11) + s 4 2 o [5]
ZnsS + 2 Cu( 1) + 26~ = Zn(11) + Cu(l)yS [6]
Cull)ys + S + 2 e = 2 Cu(11)s (77,

.

Under alkaline conditions, both ions would be precipita-
ted as their hydroxides, Cu(OH)2 and Zn(OH)y, onto the
sphalerite surface. Depending on the occurence of reaction

[7], the overall reaction might be:

, 22ZnS +2cCu(ll) =2 Zn(11) +'Cu(l)yS + S (8] . ’

‘or

-~

2 anf) + 2 Cu(lf)s - [s] .

13

22ZnS + 2 cu(lrl)

Both overall ngactions do not violaté the 1:1 Zn:Cu
molar ratio observed for the aqfivat[oﬁ of sphalerite (31).
The two propovsed overall reactions steﬁ from the cqg:}oversy
«re;arding the nature of the.producf layer: chalcocite, CugpS
(46 ), cupric sulphide/covellite, CcauS (31), or copper doped
sphalerite, (Zn,Cu)S, (43, 44, 45,"u47, 48). This last pro-

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

perties of sphalerite (48, 49).



3 1.

< v

However, it is easier for mineral processors to deal
b —
with ‘"mineral type" product layers rather than with a coppe?

doped sphalerite surface.

«

Govle et al, (50) showed that the fvotatiea-@ehey#e#—{wl——ﬁ—4~ﬁ

~copperigctivated sphalerite is eftremely similar to that of
digen/té$(CuLé\§). The flotation behavior of the non=-

4 activated sphalerite is, on the other hand, simifar to that

. of covellite. They fuﬂ?her discussed that, from crystallo=-

graphy, the formation of a covellite layer is less likely

- 4
than the formation of a geerite type (Cu16 5) layaer, .

°
.

<7 Furthermore, if one considers some plant r?su/ts, it R

would be unlikely that the activation-layer is covellite

1
\

(51'). For the ore treated, 509 was used as a sphalorite

depressant but about 0.7 by weight of covellite was also

present. The SO attacked the Sovellite heroby releasing
Q .
¢ copper ions into solution which then causnd activation of the

sphalerite. Is would be difficult to explain this behavior

»

if the activating layer was covellite, for it too would be .
. . 9

attacked by SOg. . :

Activation may be prevented by complexingy agents, e.g.

A%
-r cyanide (31). .0On the other hand, de-activation of sphalerlte
-

! is more difficult to achieve than prevention of activation
. . 5

(37, 52)0 - . - o



b
Assuming chalcocite as actlvation product, copper .
5 . -

must he oxidized to re-enter into solution (50):

CupS  CuqgS + 0.4 Culll) + 0.8 e~ ' {10a]
Cu16 S » CuS + 0.6 Cu(1r) + 1.2 e~ [10b]
Cus = Cu(ll) + S + 2 e + + , _ 117

1] 4 §
1

The Cu(I1l) ions must then be prevenfed from re-activa-
ting sphaferite. This is best achieved, by complexing agents
such gs cyanide., For cyanide, the cbmp/exing reaction iIs

(with excess cyanide):
' . ¢

Cu(ll) + 3 (CNJ + 1 e = éu(_CN)gz &

L

~ 'However, the residual elemental sulphur on the sphalé-
rite surface would g/ve rise to collectorless flotation.
This cou/d be avoided by further oxidizfng the su/phur .to,
for example, the soluble sulphate ion. This may or may not
be'feqsfb/e and appears to be the difficulty in achieving
deactivation. A residual elemental sulphur layer on sphale-
rite may also explain the noﬁ-depréssing aéfioa of S04 when

v
covellite is present in the ore.

N

.

Experimenﬁg/ results seem to confirm thQQabové specula-

tions (52). In a study of the‘éffects of complexing agents,

'bmmonia, ethylene diamine (EN) and ethylene dlamlne tetra

acetate (£EDTA), on the Flotation response of act/vated~°pha-

¥
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lerite, Bessiéres and Bernasconi showed that ox.idizing cond -

B

tions are required to inhibit flotation after deactivation

(52). The results are shown in Table 2. It can be noted

a

that the presence of complexing agents is not sufficient to

-
—_———e

0 ' reduce the floatability of the spﬁaTerii’tieito its natural

level. Unfortunately, the nature of the "strong exidizer"”

T o which gave the |owest recovery (7.2%) is not provided. v
x * . .
i,

Table 2. Erffect of oxidation on deactivation and on
prevention of activation of sphalerite (52). .

%
(]
. - pH Condltioning | Recovery, %
Blank test
ZnS acuvated pH 45,20 mun, 97 _
by Cu”’ 12 - i
: & DSswmd 12 pHSSImn 92.5
. by Cu” \
) Actwarion prévention
. ’ ’ ~ With NH, 11.7 ZnSun | M NH, u presence 152 ,
- of Cu” without O, - .
. . 10mm . -~
With EDTA 12 ZnS1n2x 10" MEDTA 4.3
wth Oy, {0 myn | ’
Y . With EN 12 ZaSw 10’ MEN . 8.0
- . with Q,, 10 rrur
Deacrroanon ® S
With NH, 1L7 (a) ZnS:n 5310 * w, CuSO, 18.8
d ’ 20 mun (acuvaton) )
5) Addinon of | M NH, Y -
. . ’ with O., 20 nmun.
' . . With EDTA 12 () Asabove iR ]
- . (&) pH 12, additiog of 4
- 3x )0 s EDTA with Oy,
20 eudy J -
. B * WihEN 12 (@) Asabove p-%) G
. . . (4) As above but »th
0'UEN ° . -
ﬁ ) Deactroatson w presence of EN and stromg ondisiey . .
. g . 12 -~
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1.6 Window of selectivity and potential—pH‘p&th

«
-

3
*

The main noticeable relationship between the redox po— .

tential and the Fflotation response is that flotation wild

occur at. a potential greater than-a minimum value which seems

to be specific for a given ore. ‘ L
o % .

Fig. 1 shows the f/o;ation response of 5ha/copyrite in'_
relation to the redox potent/al (Pt e/ectrode) (53). The '
col/lector was potaSSIum ethy/ xanthate (KEX) and the frother
a polypropylene glycol (PPG 400)., It cas be observed that
signific?nt flotation does not occur un/ess the potential fs
greater than 0.0 V vs SHE. Extreme oxid}zing conditions (EPt
> 400 mv) causes depression of the .chalcopyrite. These

limits define the flotation region, or range, for the

¥
flotation of chalcopyrite in the presence or absence of

co/fecfbr. ”

*

Figr 2 shows a similar range for galena when, ground in a
stee/ mill/media and with KEX as collector and PPG 400 as
frother (54). However, there i also a floatabil ity region
below ©.0 mV., On the other hand,‘the response of galena when
ground in a ceramic or stain/ess steel mill (Fig. 3) shows a
wide and uniform range for f/otat/on (=400 to 400 mV). Algso,
the use of air (crossed symbols) as F/otatlon gas does not

appear to affect the relationship (Fig. 2). i
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- Fige 1« Floatability-potential curve for chalcopyrite In the
. presence and absence of collector (53).
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Floatabll/ty-potent/a/ curve far galena when ground

Fig.z3.
in a staintess or ceramic mill (54).
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The” depression qfhghlena when ground witﬁ'mild steel is

due to the formation of iron hydrbedés from the galvanic

importance ‘is

]

corrosion of the steel (13, 54). Of practical

the effect,of the grinding media on laboratory results. .But
.does the same occur in industrial pldnts? .
e . Q

¢
&
-

At Mount [sa Mines; Jonhson et al. (55) showed that the

if the poténtia/ measured in .

flbtatfon of galera was impéded
B

v

“the flotation pulp w;th a platinum- electrode-reference palr

was below 0.0 V vs SHE. No definite refationship couﬂ¥ be

&
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tors surveyed have heen inifperation for nearly’a century

~

’

determined betwseen the potential measured in micro-filtrate

samples. of the pulp and the flotation response,

«

»

Y . B LIS

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

o
3

. First workers to monitor pH, redox potentiakts, oxygen cpn-'

centrations, residual collector concentratio%é, metals in
solution, a othér parameters in several [ead-zinc_circuits.
Thé; /;teF(:f:;aegarded the redox Aotentia/-as a useful para-
met;r to monitor (and eventwally c?ﬁtro/} the chemical condi-
tions ofithe pulp-on the basis that a//mthe plants appeared

, s , 7  aw s
to achieve readity tne potentials permitting flotation (58),

However, the same may be said about the other variabiles which

®

were monitored. This is not surprizing since the concentra-

with relagtively stable proceéseé (58),

. q ° - ) . i -
& ’ . \
‘ On the other hand, laboratory investigdtions confirms

“the importance of-electrochemical potentials upon the rlo-

¢
! °

tation resporise’ of cdmplex mineral mixtures. For example,
the flotation beéhavior of chalcocite and pyrite is differaent

when they are /in presence of each other tkan when thay are by

v

thepselves (see FXg. ) (19), ’
\ ) &

The results demonstrate the importance of conditioning

the miferals prior to the add/tion of the collector (ethyl /

xanthate),” Also, this shows some of tre limitations inneront

° © - ~ /

'/'\\\ ' {

o
N §
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b [
to pure mineral studies in determining the flotation condi-

tions for the separat/on of two (or more) m/nera/s. The

_range, of potent/a/s over which flotation w:// be select(ve,

which can be viewed as a window of selectivity, wi// not
necessani?y&be thé rangé in which one of the mineral floats

and the other one is depressed on an individual basis. ,

Fig. 4. Floatability=potential curves for chalcocite and
pyrite, individually and as their mixture (19).

’ v
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The flotation of the minerals individually (with nitro=

gen as flotation gas) gives rise to a wide, window of selecti-
. “ 2 N

vity (-0.3 to 0.2 V vs SCE on Fig. 4). However, when they

.

are [n the presence of edch other the selectivity decreases
‘and the window is reduéed to ~0.5 to =0.4 V vs SCE. Cond i -
tioning the mineral mixture (atY-0.5 V) innibits the interac-

tion between chalcocite and pyrite, and results in a much’

Y

4.3
better selectivity with a widening of the window to —-0.45 to

A concern may be that poor results will be obtained iFf
{
the oxidation-reduction potential of the Fflotation pulp is

»

modified by ;hemica/ agents instead of a potentiostat. This
does not seem to occur. In'a study gn selective depressants
for éu/Mo separation, Nagaraj et al. (59) showed that the
depressing action of most inorganic modifiers on chalcopyrite
cou/& be related to the achieved/eloétr%fhemica/ potential in
the pulp. On the other hand, ogganic polymers oid not appear

to Fol Bow this general relationship. Furthermore, it has
° i
been recognized for a long time that an excessive addition of

cyanide can depress, chalcopyrite (607‘ The depressing action

N

appears to be due to the potential achieved in the riotation

1

pulp regardl/ess of the quantity of s0¢ium cyanide added (in

the range of 0.15 to 0.45 kg/t)} (61). .
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,

Finally, there is the possibility of (irreversible) pas-
sivation of minerals by the formation g; insulating hydroxide
surface /a}érs’(62). Once a passive state has been reqched,
the mineral does not participate anymore in redox ?eacﬁions.
This puts consﬁraints on Aow integse a change can be imparted
to the flotation pulp by electrochemical means. :Practica/ ‘ .
importance of p&ss/v&tfon of minerals would be in sequential
selective rlotation where one mineral is floated at a time.
If one mineral has been passivat?d during‘depression,wjt may

be extremely difficult, if not impossible, to induce it into

flotation for a subsequent stage.

There is a strong influence of the "history"” of the sur-
4

face of the mineral on flotation. This iIndicates that some
"paths" will lead to successrul benefﬁciat[on while others
will not. Since passivation is related to the alkal inity of

2$he pulp (hydrox/ide layers), these paths might. well be taermed
\ X ¢

%otent[a/-pH paths. \

Y
:

The concept of window of selectivity qaﬁ also be discus= ‘
sed with the aid of potential-pH diagrams showing the stabi-
/ity regions for the adsorption of the collector for the
mineral mixture (4). Even fhoughothese diagrams may hint at
certain possible potential-pH paths, probably the p%st way to“
determine the paths is by using floatability vs pétentia/

Burves (for the mineral mixture).



\
1.7 Conclusions
’ - A
‘ -

The interpretation of flotation from an electrochamical

view showed that flotation, in the presence- or absence of a

-

collector, is possible onfy\if the oxidation=reduction potern-

tial of the system (s within a range, or [imits, which (s de=-
pendent on the mineral present and the history of the minaeral

prior to flotation.s

i
\

For mixtures of minerals, e.g. natural ores, the ranqges

of flotation for the minerals taken .on an individual basis
cannot be used to infer the window of select'ivity within
which successful separafion will bccur. Also, rfor a sequon-—
tial selective f/ota;fon,/there_wou/d be seqguences leading to
efficient separation of the minerals while others will fail,

The sequences may be described as potential-pli paths,
* .

fu
Finally, the presence of electrochemical steps (n the
activation and deactivation of sphalerite suqggests that [t

would be possible to inhibit activation by reducing condi=

tions, and promote deactivation by strongly oxidizing condi-

-

tions with complexing agents to prov;%t reactivat ion, HOwg=

ver, it is possible that this would loave a residual layar of

s v

elemental sulphur (or melal deficient :inc sulphide) which

~

would give rise to colledlorioszs flotation, '
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2. MEASUREMENT OF ELECTROCHEMICAL POTENTIALS

2.1 Introduction ‘ s

The technique for measuring electrochemical poténtﬁal in
slurries is an adaptation of that used for solutions.{ The
measurement consists of quing the potential difference
between a sensing-reference electrdde pair immersed in the
slurry. The sensing electrode is usually piltatinum. Th¢ non=
polarizable rerference electrode can be any éf the Fo//owfhg:
Standard Hydrogen Electrode (SHE), Standard Calomel Electrode
(SCE) or silver/silver chloride (Ag/AgCl). ’Short—hand nota-
tions for the oxidation~reduction potential are ORF, redox,
and EMF (electrométive force). When the potential measured
is referénced to SHE then the notation Eh is prefe;?ed. A
notation which has Become common in:mineral processigg, par-
t/cu/ak/y in Australia, is EPf' i.e. the potential measured

using a platinum electrode and referenced to SHE (17, 55).

I'd

LY

One of the earliest appl/ication oF Eh measurements in
mineral systems was the study of the genesis and transfori'u

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

a e

in mineral slurries are more d{fficu/t to interpret with the
dependence of the measured value upon the material used for

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

t
o

culate nature of mineral slurries must be considered.



[£3

l »

Attempts to resolve the discrepencies betwe%n the diffe-

rent electrode materials are’ rare (66, 68) but as more infor=-

mation is gathered, some definitive explanations may be ob-

|
tained., . ]
- |

4 - /
- i
!

aFurthermore,'the prototype commercial control equipments

» >

based on the redox potential for flotation offer two diffe-
rent technique;. The rirst technidue,»oroposed by Qutokumpu,
involves a "custom designed" sensing electrode immersed into
the mineral slurry (2, 3, 4). The second one, 'originating
from Bureau de RecherchesﬁGéologiques et Minitroes (HHGM),
uses the redox potential of a micro-fi}trato xnﬁplo cont i~
nuously obtained from thé flotation pulp (5). The choice of
the redox measur ing tecﬁnique appaars to have been dictated

by the quality orf the sample neoded ror the xanthate concen-
tration monitor which is an integral pért of the equipment, '
The xanthate concentration monitor proposed by Qutokumpu fs
based on potentiometric titration which can be performed in

»
the fFlotation pulp while BRGM uses a UV spectrometer requi=-

ring a sample free from solid particlos.

There appears to be some confusion regarding redox
 potentials in flotation slufr}bs. Cltarification i3 needud

for more consistent fungdamental results and acceptarca of the

technique bty industry,




2.2 Fundamental aspects

A
2.2.1 Solutions

\

Simp olutions

'3

(-2

&

£

The oxidizing or reducing conditions in a solution can

be represented by a redox potential.

il

When the system is at

equilibrium, and is’ reversible, the potential measured by .

inserting the inert

indicator electrode and a rererence elec- .

trode into the éystem is the rest potential of the reaction.

From the knowledge of the concentrations and activity coeffi-

cients of the ions, the standard potential of the reaction

can be determined.

The equation [inking the redox potential, E, to’the

standard potential, £,
ukua//y.writfen as:
&
£ = £° - RT Tn QG Reduced
nf A0xidized
where n = number of electrons
R = gas constant (jou/eé/bﬁoles K)
J = temperature (K)
F
A = activity =

involved

is the Nernst equation which is

[67

.

'

= Faraday constant .(96500 coulombs/gmoies) *

activity coefficient x concentration

-



@

The Nernst equation is the electrochemical equivalent of
the Gibbs free energy change equation for gchemical reactions.

ve |linked by

!

£ and AG, the free energy change, a

£

E=-1AG/nF ) [7]

‘(. ‘

Hence, EO, being a thermodynamic quantity, is dependent on v

< )

the temperature and the values for redox electrode reactions .

3

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

.

It is desired to measure the open circuit potential,
9
dle.e. no current flow between the sensing and reference elec-

8 . . . , -
trodes but in practice no voltage measuring device has an (n=

“ @

finite impedance. The input impedance of the voltmeter (or

the analogue tn digdstal converter) must be at least 1000

times greater than the solution resistance and a valuo of

1011 to Hﬂa ohms (s recommended (70).

v

<

The common'}eference electrode, SHE, has a potential of

t
0.0 v at 25 ¢ by convention., This arbitrarily definod row
ference stems from the impossibility of measuring the abso=-

lute potential of a single elécfrode process (71) although

attempts to ca/culaté)it are pertormed from basic principlas

(72). / ’

i
P
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-

The redox potential has a similar beaning to the change

of free energy of a reaction but appl/ied to reactions fnvol-

» L

ving electron transrer. The redox potential indicates the *

capabil ity of the solution to oxidize for rreduce ) a given

o

. » I3 0 . a.
metal, a mineral, or another-jion. Solutions with more posi-

. 3 [ . - . v I Id
.tive Eh will oxidize metals, minerals, or ijfons with less

-

positive electrode potentials and vice versa.

. ) £ 4
) - ‘ - . . -
, -~However, as with any thermodynamic quantity, no indica-
. . .

tion on how Ffast the rgaction will proceed/gan be obtained
’ -

from the redox pofent?al. The greater the potential diffe-

rence between the two electrode reactions, the greater the

driving force for the overall reaction.

“

{

2

2

Mixed potential model Ffor complex solutions

When there are a number of couples present in equili-

brium in the solution, the concept of the redox pWtential

P ) .

still holds. Namely, all the couples exhibit the same poten-
4

tial i.e. for two couples Oxl1/Redl and Ox2/Red2;

~

t

Eh (OxZ/Red2) S [8]

Eh (Ox1/Red?)

¥



'sy§tem in 1 M HpSO4 (66).

37."

ﬁ‘!
The two couples cannot be anymore considered [ndepen-—
“ (8

dently $ince the é/ectron.exdhange can proceed internally to
each couple and between the couples (Fig 5). The measured
potentia//wil/ reach)a'va/&e which lies Btheen the rever- .
sible potentials of the two coup/es,‘where the component
anodiec and cathodic processes proceed at equal and opposite -
rates (zero nét electron Flow)., © ; ’

- « ‘ .

The mixed potenfial provides an explaination for the

apparént "reactivity'” of the p/a%inum electrode (73) and the

difference between platinum and gold electrodes when measu-

ring the redox potential of the Fe(II{)/Fe(II);Oz/Hzo

a /

4
Is

i . ’ ,
In the absence of oxygen, the experimental p%tent/a/s

T

are near the reversible potential (0.69 V) when equal con-
centratipns of Fe(lIl1) and Fe(ll) are present as their sul-
phates, this for all /evé/ of concentrations (opon.symbols,
Fig 6). In the presence of oxygen, the expgrimonta/ poteﬁ—
tials differ from 'the reversible potential of Fe(lI1l)/Fe(ll)
andg the dep;rture is more pronounced at low iron concentrage-
tions and greater®ror p/atinum than gold. Platinum being
catalytically more active than qold for oxygen)reddction

senses this reaction more than that of Fe(ll!l)/Fe(l1l) at !ow .

iron concentrations (66),
N .
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Fig. 6. Redox potential measurements for the }9(111)/F9(I!)
system in the presence and absence of oxygen (66).
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The lines on Fig. 6 are the theeretical.values predicted,

Y

by the mixed potiptia/'mod%lf 'Theyﬂwere calculated from an

Evans diagram (66) which presented pdteﬁtialfcdrrent curves

similar to those shown in Fig., 5,-but for the Findividual cou-

P “

) p/eé and for ‘the different concentrqfion lévels.‘ A sy§teh

3

consisting of two couples, as shown in Fjig. 5, isxsimp7é to
analyse. [f the reaction.rate of Ox1/Red! is determined by

activation. (i.e. independent of mixing) while the reaction

rate of the couple Ox2/ Red2 is diffusion controlled, then
varying the intensity of mixing, or the total cqncentratioh o

’ e .
will change tPe reaction rate of Ox2/Red2, and consequently

the measured mixed potential as seen in Fig. 5.

L

. . . Y : -
~ _ The#ituation is moré compiex when more than two coubles

~are present in the solution. In genefal;'thewcouple which - v

* 4

will dominate ‘the measured potential will be the one which is

o

kinetical/y.favbre%. Often, thils ?s the one in greatest con—-
’ I3 4 A o
centration. . ’ ' . ‘ .

Q
&

7 , -

-The poise (and its inverse the flexibility) reflects the

inertia of the systems to changes in its equilibrium point

- .when potential modifying reagents are added, .or due tolthe

effect of mixing (7%). As such, the poise is d good indica-
cator of the ease of measuring redox potentials in complex -

solution and is expressed mathematically in a form:.similar to
© . %

"
»

the Nernst equation (74): *
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Poise = dy = nF y(B - y). 9]

where y is the concentration of the oxiszéd form of the

s C : . .
redox couple, and B .is_the total concentration of the oxidized

" plus reduced forms.

~ - °

¢ o

The ﬁractical~implication of poise is that Eh responds

o :a R )
but weakly to sméll changes [n y wheqn the oxidfzed and redu-

.ced forms are present in equal amounts. The greater the
L &

poise, the easier it is to measure the redox potentidl. This

/s the case of Eh buffers such as ZoBell solutions (Fe(t111)/

.

o <

Fe(1l) as their cyanides) (75). o )

o

-

e
X . -

v

%

& Poisoning of sensing electrodes

Electrode poisonipng is a specia( case of the mixed poO-
tential. Namgly a "poison" s Forqu, or:pdsorbed onto the

s ze/ectrode surface, causing .the mixed potential of the poisen -
and the solution to be monitored. ’

o

[

i -

The possibility of poisoning of platinum electrodes by

reagents present in flotation pulps has been investigated by

érg; ) Natarajan and Iwasaki (75, 76). They found that sulphide and
¥

cyaride ions can react and/or adsorb on the platinum surface

o ] v




° ‘ ' © ° 4 U’2u
)

iMpéaing charge transfer with “he other ions present in solu-
tions. Gollectors (e.gq. anthatf) can ad&grb on the platinum
gurface and establish rédox couples of their own which are
then the only ones sensed by®the electrode. Also, the elec- d
trocatalytic properties of platinum can be greatly reduced in
the presence of alc¥hols since these ads;rb on the a;five

‘
5itefs of the surface (77). Since most of the flotation fro-

ave an falcohol group, they may cause poisoning.

)

A poisoned'p/atinum electrode can be identified by a

lack: of reproducibility, potential drift, and a long per iod

to stabilize. The most satisfactory method to regenerate the
Y

electrode is by mechanical polishing (76).

Theré& is one last phenomenon observed with platinum
8

“electrodes when measuring Eh in solutions or slurrnies contai-

ning oxygen. The [/ine Ffor oxygen reduction should intércept

a potential of 1.229 V for an oxygen saturated solution at pH
O with a pH dependence of -0.0591 V/pH (75). I'n practice, -

the kLine is found experimentadly to be (73):

e

Eh = 0.9 - 0,059 pH [10]

S

This experimental Iine was explained using the mixed
potential model and assuming a Pt-O/Pt couple Formed on the

electrode surface. It -was stéteda(73) that ox}gen can be
; ¢

\

‘-‘.i:‘)‘._ Y
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P b
associated with a platinum surface either as adsorbed oxygen
.

or as oxide. The exact nature of Pt-0 was not establishged at

that time and might be an oxide or adkorbed oxygen.

\ v !

°

Sato (63) found a similar exégrimentq/ /ine for air sa-

turated mine waters. However, his explanation was based on

the reduction of oxyg;n via the formation of hydroqon,peroxi—
ode. The présence of hydrogen peroxide as an intermediate

Jproduct {n the reduction of oxygen appears to occur on or?er
mater/ﬁ/s.’ For e}amp/e, pyriti}catalyées the reaction via

the intermediate HoOy (78).

‘

2.2.2 Stochastic mode! of pulp potential -

[t has, been observed that the presence of sulphide minag-
« A S
ral particles in a flotation pulp gives rise-to a qifférént

= l

potential from that of the solution obtained by micro-

—

filtration (55). yden the sensing electrode is immersed in
e an agitated mineral slurry, mineral particlos collide with

the sensing electrode. In a fashion, the sensing electrode

~——

acts as a contact between the connectipc copper wire and the

2
Y <y

mine~al particles similanily to the mercury drop or conduc=-

-

tive paint used in the construction of massive sulphide slecw

ey
.Q

-
W

¢

trodes. However, the contact i35 not anymore constant but oOC=-

£
curs randomiy and depends on the intensity of mixing,

Y j -
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Rand and Woods (66) exB/ained the observed discrepency
between thf’b/ack platinum electrode and either the smooth

gold or platinum-®&tectrodes, as being due to the high poro-

A

sity}of black platinum. These electrodes, obtained by pres-

siﬁg fine p/atkqgm powder, expose a much larger area for con-
tact with the solution than the solid particles. As such,
they followed less closely the galena potential than smooth-.

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

These observations suggest that tge random nature of the
contact between the sensing electrode and the partic/es must

be considered. To bgtter represent the system, a stochastic "
. o
model would be needed in addition fo the mixed potential

hode .

-

It was decided to verify the validity of the stochastic
hY

model, at [east conceptually. Simple experiments were per-
formed using the Frast data acquisition capability of a poten-
tiostat (EG&G PAR model 273). Fig. 7 presents the potential

measured every 10 ms of a Fe([II)/Fe(ll)=silica system while
- Y

~

Xig. 8 presents the values obtained arter the addition of
* -

yiron powder to the system. The initial Fe(1ll) and Fe(Il)
concentrations, as their chlorides, were 2.5 M. The parti-
cle size of silica and iron was 75 um and the slurry contai-

ned 75 q silica per 1 Iiter of solution. The mass of iron

added was 50 g (pér [iter of solution).
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Fige 7. Redox potential of Fe(lll)/Fe(ll)-silica system,
gold spiral electrods. °
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Fig. 8. Redox potential of Fe(ill)/Fe(il)/Fe-silica system,
gold spiral electrode. '
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The slurries were stirred du}ing the measurements. The
.values obtained for the Fe(1ll)/Fe(llj)=silica ;ystqm (Figs 7)
are extremg/y stable except for small peaks occuring at al-
most regular time intervals. These peaks are highly repro-

ducible and may be attributed to noise induced by the data

acquisition system. .

“

‘ @
On the other hand, the values obtained Ffor the Fe(1i1Il)/

Fe(ll)/Fe-silica system fluctuate widely. Reproducibility is
poor since it is difficult to exactly dup|icate the stirrfng’
conditions. }he presence of these fluctuations appga}s to be
related to the randomness of the contact between fhe gold
spirq/ electrode and the iron particles. More oxidizfng pO-
tentials are measured when fewer particles are touching the
electrode. Conversely, lower potentials are observed when

more iron particles are touching the electrode.

From these arguments, the conceptual stochastic model
for the measurement of ehectrochemical potentials in mineral
§/urries appears to better represent the system. Such an

approach has also been used with success for Fluidized bed

electrochemical reactors (79) and corrosion processes (80).
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metal electrodes (A, woods, communicatior June 1986). The

L

2.3 Minerals as pulp Eotentia/ sensing electrodss,

4

In some instancd's mineral electrodes of the same minerat

as that of the slurry are utilized., Reported examples in the

@

literature arse .in the use of galena electrodes in galena
slurries cond{tioned with sodium sulphide (54, 67) ang with

xanthate (66).

» g R

<AL e ~ ES
The rationale of using mineral electrodes is that the

mineral potential may differ from the solution potential.

This hds been observed for the oxidation of pyrite over .

3

several days (8u4). Tﬁis will be more important’ in flotatioh

since the time span is, at the most, four to five hours bet-

ween comminution of the ore and Ffiltration of the rfindl con-

centrate(s). Also, since flotation (s based op the state of

the surface of the mineral, this state (s more [(mportant than
b ?

that of the solution.

Ideally, there should be no problems since the mineral

. -

electrode is the same as the mineral particles in the slurry.
However, the building up of oxidation products fayers on thae

electrode surface would lead to poisoning similarily to motie

remedy (s the same, mechanical polishing prior to the sxperi=

’

ments. ) ,

,
’
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Also, there are uncertainties introduced with mineral .
electrodes. The addition of modifiers (e.g. CaO, NapS) and
collectors to the pulp introduces ions which are foreigrs to
tAe natural equilibria of the minerals. Hence the potentials
initia//y'monitored are irreversible (6u4) cau§iné drifts §o
be ebserved until a new=equilibrium is reached. Also, the
‘electrode. surface has a different history than that of the
mineral pa%fic/eg in the slurry. Again, drifts will be ob-
served gnt// an equivalent history is reached.

Discrepencies have been observed between galena and pla-
tjnum electrodes simultaneously i{mmersed in the slurry when
sodium sulphide was added. The response of the galena elec-
trode was characterized as erratic (54), or very close to
tﬁat,of the platinum e/ectrod? (67). In the latter case, the
discrepency was found to be less than 10 mV for potentials
between -400 to -100 mV (vs SCE), 20 mV or less bet&een -100
to 0 mV, and greater fhaﬁ 20 mV for potentials higher than O
my (J. Leppinen, communication Nov. 1986). In both investi-
tions, the agd]ysis of the results was based on the poten-—
tial exhibited by the platinum electrode,

»

Vs

From a comparative study of different electrodes, Ranq
and Woods (66) showed that a gold electrode followed more
closely the potential exhnfpited by the galena electrode than
a platinum one when immersed in a s;nthetic gallenal/sil ica

I

e o, g
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slurry, in the presence and absence .of collector (potassium

ethyl xanthate). ) - .

‘

LN

Al though other chemical systems have to be verified

experimentally, this last result appears to confirm that a

s -

platinum electrode may not be the best redox sensing elec-

trode for mineral slurry. However, what should be the crite-

-

ria permitting to select the proper electrode, especidlly For

Flotation?

' «
2.4 Criteria for the selection of monitoring electrodes for
‘mineral slurries

From the basic principles reviewed, the following crite-

r(a can be used to select the appropriate sensing eloectrode:

~

i) The monitoring electrode must be chemically stable.

-

If the electrode material degrades with time, measurement </

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

~

bility of a control scheme based on electrochemical poten<

tials.

a

if) The electrode must not exhitit strg;g olectrocata=-

lytic properties for redox couples present in the system, -
. . ¢ - y;
This would promote oxidation-reduction raeactions on the

5
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i electrode surface at a different potential from that of their

occurence in the slurry. ' :7

S -

iii) A smooth noble metal electrode must have a shape

& p‘"

which favors contact with particles, even for dilute pulps or
when mixing is poor.

< * . é"

iv) _The electrode must be as much _as _possible insensi—- —_.._ .

tive to paisoning by the reagents present in the f/otatfoﬁ

pul p. ' ' ]

.

Based En i), noble metRl electrodes (Au, *Pt) would be
the best choic; since th are chemically inert. Based on
ii), gold would be the preferred noble me%q/ since platinum
is catalytically more active than gold. However, a mineral
e/ecfrodelco&ld be used since the pulp consfsts of mineral
particles in a solution. Considering iii), wires or spirals

. “
would be preferred over foils or solid pieces, but this pre-

ference may have to be modified. because the poésibi!ity or

v,

pofsoning (iv) requires a shape ‘whicheis gmenable to

| mechanical polishing.

* To some extent, the selection criteria are conflicting.
L™

K]

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

’ or shape is choosen it must be remembered that the potential

\ -
monjitored in a mineral slurny is a mixed potential. Unless
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the chemical composition of the system and the kinetics of

the reactions are known, it will be impossible to relate, .

without doubts, the/Tstured potentials go the thermodyna-

mic potentials of the electrode reactions.

»

(

Finally, the relationships discussed previously between

‘mineral floatability and redox potential should’ not be dis-
’ A,

credited on the basis that the electroge used to monitor the

potential migﬁt not be the best one. 4 Oﬁly the potentials

&
A

defining the range of rilotation for a single sulphide mine=-
ral, and the window(s) of selectivity for an ore, would be

dependent on the electrodé used,
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3. SELECTION OF MONITORING ELECTRODES c !
3.1 Description of the experimental apparatus

With the criteria For thge selectidﬁiof monitoring elec-
trode(,s) being defined, it is possible t6 assess the behavior,
of different electrodes under conditions éncountered in

Plotation: dilute pulps, conditioning, and flotation with

air. -

The experimental apparatus has evolved through the
course of t%e pfojéct and its final state, for monitoring of
the potentials, is presented in Fig. 9. The apparatus can be
divided into two parts: the Fflotation cell in which the sys-—
tem /s investigated, and-+the d;ta acquisit;bn system ( [BM=-PC

compatible fitted with a Data Trans!ation DT2801 analogue to

4

digital interface card).

‘ s
N

7 Two types of f/ptation cell were used: a Denver D12
machine fitted with a 500 g stainless steel cell (1 Iiter of
pulp) and an Agitair L=500 cell with a 500 g cell."” Impellor
speeds of 1500 ¢pm for rougher flotation, and 1200 rpm for
cleaning and redox monitoring tests were yéed. s ~/
The data acquisition software was an integrated package

developed at M.I.T under the name of Unkelscope. The ppogram

ol A
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Fig. 9. Experimental apparatus.
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'

“ ‘. _o,t
could perform data acquisition up to the [imit of the hard-

ware (5000 Samples per sec) as well as plotting, digital fil-

'tering and other useful -features. However, it was possible

to monitor only up to fpur differeht input signals simulta-

neousl!y. .

& ©
°

“To permit the monitoring of up to 8 different electrodes -

plus pH, temperature, and a timing signal For ‘identification

!

of flotation steps, a special amplifyifng interface has been *

o
designed (see Appendix A) and a simple ddté acquisition pro-
gram was written to cope with theﬂ&ddit[onal iqputs:f The o
ampl ifying unit can also be used for plant.monitoring w(th.

st&ny5rd 4 to°20 mA° current outputs.

The noble metal electrodes which were investigated are

shown in Fig. 10. They are presented in the fo/lowi@g order:

" black platinum wire, Pt and Au spirals; and Pt and Au Foils.

The exposed area.of each foil ‘is 1 cm® while each spiral
consists of a 10 cm long wire coiléd three times.
g » o .

3

_The black platinum electrodes were obtained by platini-

zing, at 20 mA for 3 minutes, 5 cm fong by 0.5 mm diameter
. ) X

pigffnum wires. The black platinum deposit is “omewhat fra-

gile and is easily detached from the wire by abrasion. Howe-

ver the electrod® is easier to make than by utilizing pressed

‘.
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black platinum (e.g. fuel cell elements) as used by Rand and
woods (66, R. Woods, communication @ct. 1986, 81). Also, if
jf is suspected that the eleéfrode has been poisoned, the
deposit can be removed. by mechanical po/ishihg and a new,

fresh deposit re~p/étinized.

The mineral pieces utilized to fabricate the mineral
electrodes were obtained by hand-sorting pure minerals from
ore samples. The galena pieces obtained from the ore always
contained inclusions of some kind (e.g. sphalerite, pyritq)m

Pure galena pieces, from Kansas, were also used for compar i -
: |
S$0N purposes.
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°

The mineral electrodes were fFabricated in a manner whjch

. differed very slightly from usual practices (64, 84). After
~ . =
obtaining two parallel surfaces by hand grinding, the mineral
" pieces were cast into epoxy resin. Once the resin had set,

3

it was drilled so that the shielded copper wire could be

inserfpd and contacted with the mineral piece by a drop of )
' ¢ .

mercury. The finished electrode was finally sealed with

" epoxy resin and sil iconé. .
R .
Fig. 11 shows some epoxy castings and one completed
- mineral electrode. On the top row there bre two ga/ena from
the ore, one pure galena, 4 chGICOpy%ite, and a“pxrite. On
\) A}
the bottom row there are the three types of sphalerite elec.
trode tried during the investigations: pressed sphalerite/

~ o~

graphite, pure sphalerite, and activated sphalerite.

The difficulties experienced Jith the sphalerite elec—~
- trodes are due to the p&rticu/ar propertias of the mineral.
Sphalerite has the widest band gap, 3.6 eV, of all semi-
conducting sulphide minerals and as such it is at the boun~
ﬁ" dary be%weeg semi-conducting and dielectric minerals (49,).
Consequently, the resistivity of massive sphalerite pieces,
8 x 10° ohmem (49), is too great to permit passage of elec-

trons between the exposed surface:.of the mineral and the

mercury contact.

: S




Fig. 11. Mineral electrodes.

' As sphalerite would appear‘to behave within the e/ecf;;L
chemical mode! of collector adsorption once it is copper ac- ﬁf

tivated, sphalerite pieces were immersed for 36 hours in a
! ’

500 ¢/! solution of copper sulphate. Although the activation

‘ '
layer was thick enough to be visible, no measupement could be

N

made.‘ The resistivity was still too h(gh.

/ 3

Finally, since Sato (64) managed to perform electroche-.

mical measurementscin fine»ZnS precipitates, finely ground

~

mixtures of sphalerite and graphite (ZnS:C ratio ofkg:l) were

‘ L 4
E3 - >
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Sa

pressed at 35.2 MPa (50 000 psi) and "mineral" electrodes

made from these pellets., [t was then possible to obtain .

. &
measurements and these will be discussed later.
. ; o

3
\

»

Besides the difficulties with sphalerite, the mineral
electrodes did, not give major problems. Only the most
frequently used mineral electrodes developed oxidation
products within one year after fabrication. Surface oxida-
tion of one cha/copyrffe electrode occured at the fnterface {
between the mineral and the époxy resin. The mercury con-
tact of two electrodes (one galena and one pyrite) has been
contaminated by a coppér compoumd\orfginatfng from the cor-
rosiqp orf the copper wire. The seél between the rubber enve-
lope of the cable and the electrode body has degraded so that
the solution could reach the me;cury contact.

!

1
1
The reference electrodes for all monitoring performed .

with the data écquisition system were porous sleeve standard
calomel electrodes (Fisher Scientific). For the manual moni-
toring during /laboratory flotation, either a combination Pt-
Ag/AgCl electrode (Cole-Palmer) or a platinum wire (Fisher)

in conjunction with the reference electrode (Ag/AgCl) of a

combination pH electrode (Radiometer) were utilized.

v
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3.2 Selection of monitoring electrodes; pulp potential

3.2.1 Conditioning - ' Ve
Initial experiments were conduéted to compare the beha-
vior af the electrodes upon the addition of a small-amount of
aged copper concentrate to a tap water or a silica slurry
system. The objective was to determine the sensitivity of \
the electrodes to small quantities of sulphide minerals. Use,
of an aged copper concentrate practically eliminated poten-
tial drifts due to the diffusion of atmospheryic oxygen into
the syste;n. .
The procedure was essentially the same for the two
series of experimeﬁts. The resu/ts’are summar ized ,in Tables
3 and 4. Starting with tap water, known masses of polids
(silica or copper concentrate) were instantaneously added) to
the system., Prior to each series of experiments, the noble
meta/ foils and mineral electrodes were mechanically polished

on 600 grit paper.

Fig. 12 shows typical potential time profiles which were
obtained fgr the first addition'of copper concentrate.. Some
profiles are shown in Appendix B. It can be observed that
noble metal spiréls are more sensitive to the addition of

sulphide particles than the foils or mineral electrodes.

!
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A similar 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-
tial. It can also be noted that both types of platinum elec~
trodes exhibit higher potentials than their respective gold

counterparts,

>

Table 3. Comparison of noble metal foils and spirals.

Mass of solids End potential, mV vs SCE
int | water Rt Ffoil Pt spiral Au foil Au spiral
0 172 92 123 u
0 . 161 92 121 6
100 g silica 168 82 101 2u
300 " " 172 80 95 31
700 " w “ 177 83 128 25
mow M { g Cu. Con. 192 125 125 80
oo w3 200 ru3 121 103
oo w7 206 59 128 120

[}

The gold electrodes exhibit a marked change upon the
addition of silica. This is possibly due to a combination of
removal of fons from the solution by adsorption onto the

silica surface and abrasion by the particles. The relative

importance of each effect would be dependent on the shape of
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\the electrode. [n comparison, the platinum foil was bafe/y

arfected by the presence of silica while the platinum spfral

yShowed only a slight change. b J

The great discrepency between the electrodes in water and
in the silica slurry may be due to the small poise of tap
water (dilute solution). The measurement would be strongly
affected by the electrode material and the shape of the

electrode.

Table 4 shows the comparison of the black pdatinum,

chalcopyrite, gold foil and platinum foil electrodes. Again,
the first addition of silica sand introduces changes in the
measured potentials. It can be noted that although the chal-

copyrite electrode was ground prior to the series of experi-

ments, Its potential decreases as the quantity of silica sand

_increases. This indicates that the chalcopyrite of the elec-

trode is oxidized by the solution but the silica particles,
@
abrade any oxidation product layer at a faster rate than it

/
\pan be formed. X

\ . T

i

The first addi}ion of copper concentrate causes a large
stepoihcrease in the measured potential for\al/ four elec-
trodes. Further, additions enable the electrodes to be dis-
criminated., The black platinum electrode does not exhibit

potentials significantly different for the different copper

TR T

X
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i
concentrate contents. Similarly for the platinum foil.
Table 4. Comparison of noble m%ta/ foils with black
platinum wire and chatcopyrite electrode.
g
Masc of solids End potential, mV vs SCE
in 1 | water Black Pt CuFeSy Au foil Pt foil
0 , Npo7 43 83 175
250 g silica 204 17. 63 177
500 7 " 206 ~-10 59 194
moown 15 g Cu.Con. 303 Tu7 168 * 238
wowo w50 M, M 309 170 188 237
‘))'44‘:'
now " roo m-on 311 192 206 237
won n 200 " n 303 202, 212 237

The discrepency between the gold foil and the chalco-
pyrite e/ecérodeﬂ which was roughly of 70 mV prior to the
addition of tq? copper concentrate, wds reduced to about 20
mV for the rfirSt addition and appeared to remain constant at
about 10 my;ﬁan@@a&-further additions. However, both elec-
trodes indicate changes in the same direction, towards more
oxidizing poteqtials.l Th;s increase in potential would mean

that the degree of oxidation of the system increases with

respect to the content of .mineral particles.

N | |
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Al

The nearly steady *potentials eghibited by the b/aék pla-
tinum and platinum foil electrodes could indicate a satura-
ration of the solution in soluble oxidation product from the
ohalcépyrite particles.

Although the effect of electrode materia; upon the
measurement of the solution potential was expected From the

8
mixed potential model, the effect of the electrode shape may

E]

be at first surprising.

[

The importance,of shape is seen in the trend.in analy-
tical electrochemistry to utilize miéro—e/ectrodes (5 um
dia. ) for investigations in dilute solutions or for ultra-—
fast cyclic voltammetry (1000 mV/s) (82). The rationale for
this is that the diffusion layer around the electrode is
quas i-spherical which limits distortion of the readings by IR

drops accross the electrode/solution interface. A Similar

ghenomenon .may occur fFor the spirals.

It would be tempting to further assertain the behavior
of the black platinum e{ectroda as a solution redox sensor,
in comparison with the pulp redox, by investf;ating 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}compli—

cations arising from mixed potentials,

+
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3.2.2 Flotation

V4
The potentials exhibited by the different electrodes
differ. Hd@ever, which electrode gives a value which is
closer to the reality of the system? Since the floatability

oggu sulphide mineral is dependent on the surface state, the

L»3

mineral potential shoulg be mora\fmportant than the solution

v
3

potential, if the two values differ due to the dynamic nature’

of f)otati&n.

4
&

. To permit the selection of the mon{toring‘electrode ror
future inv;stigations, it was required to study the behavior
of differért electrodes during f/o;ation. However, the data
gcquisition system |imited the investigation to only four

electrodes.

o

Since the mineral to be floated selectively was chalco-
pyrite, a chalcopyrite electrode was an obvious choice. A
gold spiral electrode was also choosen since it is inert and
was rfound to exhibit a potential closer to that of the chal-
copyrite electrode. Also choosen were a black b/atinum elec~
trode to obtain some i[nformation on the solution potential,
and a galena electrode to observe the action of the modifiers
on otA;} mine;a/s. A spha/er{re electrode would have been‘
choosen since copper/zinc separatjop was sought but no re= .

liable sphalerite electrode was available.

an i, e ¢ Q"/
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Detailed examination of the potential traces obtained

during the flotation tests is quite involved but ultimately

. Flluminating. Witﬁothe.ﬁlatation conditions invest{gated

(sectigp 5.6), the potential vs flotation time profiles can

~

be. grouped in two classes:
»
i) The "introduction of air, as flotation gas, inhduces

a significant change to the,okidation state of the pulp, . ds

indicated by the monitored potentials.

q

°

i) The introduction of air does not appear. to change

the state of the pulp.

Class i) is mainly observed when quucing agents are
added to the pulp (Figsf 131and 14). Class ii) is also ob-
served for gertajn reducing agents such as FeSO4 YFig. 15)
but is most often associated with ogidizing agents and pH mo=
difiers (Fig. 16). , A similar behavibr is observed dur}ng‘
roughing flotation (Appendix C).

R ' 5 J

As expected, the potential exhibited by the black plati-
num electrode is 'always significantly higher (70 to 350va)
than the gold spiral (Au) and the two mineral electrodes (Cp,

Ga). The black platinum déposit was more res'istant than ex-

(%

_pected, and only in one test did the abrasion of the deposit

. caused an erratic response as shown in Fig. 17.

1 i \
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-Fig. 13; Example of class i potential-time profiles in
flotation, reducing agent. ’
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Fig, 14. Example of class i potential~time profiles in
flotation, reducing agents. ¢
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Fig. -15. Example of class i/ potential-time profifles in
flotation, reducing agent. : X -
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F.iig. 16, Example of class i potential-time profiles in
" flotation, oxidizing agent.
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Fig. 17. Erratic response of the black platinum electrode

due to the abrasion of the deposit.
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~

During certain tests, the black platinum electrode sen-

séd the reagent addition as a "mirror image" of the,go/d
spiral and mineral electrodes (Figs. 13 and 14). [n other

tests, the black platinum electrode did not sense, or sensed

marginally, the reagent addition (Figs. 15 and 16).

The "mirror image'™ G&havior of the black platinum elec-

trode was observed omly when sodium sulphide, sodfum cyanide,
or potassium ferricyanide is-added. On the other hand, the
addition of alkaline reagents (/ime, sodium carbonate) indu-

ced a reduction of the potential for the black platinum elec—-
v

*

ftrode in a similar fashion to the other electrodes. .

This behavior of the black p)atinum electrode does not .
appear to be due to poisoging of the platinum deposit. Poi-
soning by sulphide and cyanide }ons would lead the electrode
to sense a potential _lower than the true potential of the .
system (75, 76). In fact, an incréase in potential is monij-

" tored during conditioning with s&dium sulphide and potassium

ferricyanide.

Hansuld (84 ). determined that during the oxidation of
pyrite, the solution potential and the potential of pyrite
may diverge over time. A similar phenomenon may be observed

7
here, but for the reduction of minerals.
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For certain modifiers, che galena electrode appears to
reach "equilibrium" arfter tne reagent addition faster than,
éhe chalcopyrite electrode (Figs. 13 to 15). However, for
other modifiers, it is the chaicopyrite electrode which equi

I ibrates raster than the galena el/ectrode (Fig. 16).

1
«

In order to clarify the observed discrepencies between
the differen% electrodes, the results have been tabulated
(Tab/e 5). The values reported are taken from a re/ativé/y
flat portion of the proriles, usually during the last flota-

)

tion step.

It appears that the greater discrepencies between the
gold spiral and the cha/copyrfte electrodes occur ror alka-
| ine and/or 6xidizing conditions. This may suggest that the
format.on of hydroxide passive layers has gccured. However,
it is difficult to say whether the hydroxide was formed on
the gold spir;/ or on the chalcopyrite electrode. Similar
passivation phenomenam%ave been previously observed but in
the acid range (33).1 On the other hand, most of the signi#i

cant discrepencies are observed for the A-1 sample. It js

possible that the lower content of the A-1 sample in sojuble

L]

_secondary copper minerals may be of importance.

~

The discrepencies between the chalcopyrite and the gale

’

TN

na electrodes are not readily rationalized. The magnitude of

’

<oz
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Table 5. Summary of potential discrepéncies during batch
Flotation. : 2

N\

Sample Reagents Averagé E Ay 2 Class
oH (mV vs SCE) (mV) §
Au Bl. Pt Au-Cp Cp-Ga

B (2) SIPX 7.8 - =30 130 = 11 ii
B (2) NasS/S1PX 10.0 =106 105 -2 ~20 i
B (2) ' NagS/SIPX 10.7 =110 47 -2 -43 i
B (2) None 7.8 45 200 -3 o4 iv
B (2) Nap$S 10.8 =-130 114 -5 13 ii
B (2) Na2s 10.6 =140 305 -2 -9u i
B (2) Kclog 7.8°¢ 1 © 157 -2 15 ii
B (2) NagS/Nacn/

SLS 9.3 =23 99 -3 -U46 , i
B (2) NapS/NaCN/ '

SLS 0.4  -80 62  ~11 -8 /
B8 (2) NagS/Nacn/

SLS 10.4 =110 56 =11 -9 i ‘
B (3) KafFe(CN)g 8.4 15 129 2 40 ii
B (3) KMnOq  [17 9.0 210 126 209 30 | i
B _(3)  KMnO4 8.2 36 116 39 20 i
A Nag S 8.8 =130 148 ~27 10 i
A NaaS/NacCn/ ° .

SLS (27 9.0 =140 -96 -11 1 i
A None ¢ 6.9 -9 221 -5 61 ii
A Ca0/NaCn 12.2 ~120 -32 38 11 ii
A cao/Air/ '

NaCn/M2030 12.1 -88 0 47 0 ii
A cao/Air/ )

M2030 12.0 =62 27 59 8 it
A HaSO 6.1 10 152 40 35 ii
A K3Fe?CN)6 8.1 20 99 54 70 ii
A FeSOy4 6.6 =3Uu 157 1 19 ii
A KMnOg 7.3 140 202 39 67 ii
A HC I 5.2 27 . 214 33 27 ii
A HaSOg3 5.8\ 13 #7189 50 39 i
A NaaCO3 9.7 =55 107 45 47 ii

~

SIPX: Sodium Isopropyl! Xanthate
M2030: Minerec 2030 (thionocarbamate)
SLS: Sodium Lignin Sulfonate

[1]: Excess permanganate (pink color in slurry)
[2]: Abrasion of black platinum deposit (Fig. 17)

Vi

\
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the discrepencies range from 1 to 94 mV. Also, a small gold-

chalcopyrite discrepency does not necessarily imply a small

" chalcopyrite~-galena difference. Furthermore, the discrepen-

cies do not appear to be related to the galena content of the
mineral slurry which is low for B zone (0.31% Pb) and high

for A-1 zone (7.9% Pb). This is rather intriguing.

However, thé introduction of modifiers to the pulp in-
creases the complexity of the system. This does not permit
to provide unequivocal conclusions regarding the best moni-
toring electrode. The gold spiral appears to be a good g/ec-
trode, especially for the B-zone material, but further ;qus-

LY
tigations would be required for the A-1 zone material.’

~ -

3.2.3 Remarks on mineral electrodes as sensing electrodes
for pulp potential.” )

/‘
o With minéral electrodes, one may fear a lack of reprodu~

cibility from electrode to electrode since it is rare that

the composition of sulphides is consistent throughout the

orebody.
For fundamental work, i.e. the study of mineral reac-
tions, the mineral pieces have to be screened either by

1

visual inspegtion under thelmicroscope for inclusions (64),

. , i %




or by rejecting electrodes which differ greatly from the ave-

Fage value.
B r ’

These requirements might be waived Ffor the use of the
mineral pieces as pulp potential sensing electrodes. As
previously obser&edf the contact with the mineral particles
of the slurry is far more important than the electrode ma-
terial, witﬁin the constraint that the electrode material -~

does not exhibit reaction kimetics much greater than the

other sulphide minerals.

The mineral electrodes which have been made were veri-
fied in water at. pH 7.0 and in mineral slurries (copper con-
centrate). As expected, the different minerals gave diffe-
rent potentials, and the presence éf iﬁc/usions gave rise to
discrepeng/es between electrodes of the same type (see Table
6). However, when immersed in the same mineral slurry, the
electrodes yielded potentials within 5 mV of each other (for

v

the same. mineral ).

¢

The chalcopyrite no. 1 electrode differs from the others

.

.after one year due to surface oxidation of the mineral piece.

~The pyrite no. 1 and galena no. 1 electrodes also differ from

the others but this is due to the contamination of the mercu-
ry contact by copper products originatiﬁg from the corrosion

of the wire.

T TR
.
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Table 6. Potential for mineral electrodes in water at pH 7.0
and in mineral slurries.

Mineral Electrode E (mv vs SCE)
In water In a Cu can. slurry
Fresh After ! year
Chalcopyrite ) -50 198 2u7
2 -52 200 258
3 -56 i N.D. 261
(Inclusions) - & =69 | NeD. . 257 ...
Pyrite 00T T " E3 i70 22}
] 2 37 140 254
Galena 1 ~-101 184 211
2 -71 180 243
(Pure) 3 99 N.D. 2u5
LLPure) oM LmTO3 L Na D 2%
Sphalerite/ 7 -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
e/ect;ode.\ According to the rest potentials given in |ite-
rature (75), the sphalerite would give a rest potential not
far of that of the other sulphides even though the measure-
ment of a rest/potentia/ with sphalerite is always questiona-
ble. However, the composite carbon/sphalerite electrodes
give potentials much lower than that of the other ones (-250
my vs SCE or -5 mV vs SHE) and hence appear to give the rest
potential of carbon instead of sphalerite. The rest poten-

S
tial of sphalerite is 210 mV vs SHE at pH 4, (75), or 76 mV
vs SHE at pH 6.8 for ZnS precipitates (64).

L]

As such, these electrodes are not reliable and improve-

ments will have to be made.

N S - .
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3.3 Selection of the reference electrode.

The attention has been mainly on the sensing electrodes
themselves. However, the potentials mgasured are against a
. P 6?’ . -
reference electrode. The quality of this electrode is as

important as the sensfng'e/ectrode.

3.3.1 Temperature compensation

— -

g
Contrary to pH measurements, redox measurements cannot

v

be automatically compensated for the temperature of the so-
lution or slurry. This is due to the presence of mixed pO—

tentials in complex systems and to £he ignorance of the main
1A

redox reaction(s) present.

Strickly speaking, the temperature of <the system in

e
Py

o e .
which the redox.potential was measufggj@ggt be stated, parti-

cularly when the temperature may &2;§}E;/lzwbc or more bet-—
we;n measurements. This is usually not a problem for labora-
tory investigations which are conducted at room temperature.
Fgr the present study, all measurements were carrieq out at
20 +/; 3 ©c. However, this is certain}y not the case for a

8

concentrator where the temperature of the process water can

vary appreciabjy according to the season, e.g. +5 to +25 O?.

.
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A certain degree of temperature i%mpensation of the

redox potential will be needed for plant application. 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
exahple, the electrode potential of the calomel ;/ecfrodé’
decreases by 0;65 mv/9C between 10 and 30 ociwhife that of

the Ag/AgCl electrode decreases by 1 my/9c between 20 and

:25 9. (93). . o

. Thése differences are small, 3.25 to 5 mV for a 5 Cc
temperature variation, but one eqguipment manufacturer claims
that potentia{ control of the Flotation process can be per-
férmed within 5 mV of the potential set point (2, 3, 4). In
s such a case, a monito¢ed‘change in potential may be due to a
change in the temperature of the process rather than an ac-
tual modification in the chemical environment of the pulp.

Fortunately, the effect of temperature variation will be

observed over per?ods of months rather than days or hours.

3.3.2 Bias and memory effects due to the /iquid junction
P
y,

4

c The presence of a |iquid junction between the electro-
. lyte of the reference electrode and the solution/slurry to be

measured introduces a potential difference between these two

[}
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o
4

solutions. The junction potential depends on the concentra-
tion and the velocity of migration of the ions contained in

the two contiguous solutions. The magnitude of the jupctioh
potential is small (an average of + 5 mV for the SCE over the
Yentire p@”fange) but can be calculated if the concentrations

are known dnd extremely accurate results, are 'desired (93).

Howevér; contamination of the /iquid junction (porgus

plug or s?%eve} will lead to an actual junction potential

which is greatly different from the expected one. Table 7

1 ) / - : ’
~shows such efFects for laboratory referenQij electrodesy

The two SCE electrodes are in good agreement for the two
systems. On the other hapd, there is no agreement between
the‘five different Ag/AgC! rerference electrodes. This seems

'

tﬂ be | inked to the type‘of electrolyte utilized ror these
electrodes. Contrary to the saturated KCI electrol/yte used
for the porous sleeve electrodes, the gel electrolyte of the

combination electrodes is never changed or refilled. Hence,

long term contamination of the gel electrolyte is possible.

It can be observed that the difference between any of * .
the Ag/AgCl rererence [s dependent on the sample. It"is thus

impossible to perform a simple arithmetic correction and ‘a

contaminated reference electrode should be discarded. »

1

o

v
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Table 7. Comparison of reference electrodes. ([Fe(lIl)] =
. [Fel11)] = 2.5 M as their chlorides). k "
- ) )
Reference - E Au roil Qs Ref. (mv) .
‘ ‘water  Fe(II1)[Fe(Il)
A (SCE, porous sleeve).: \4 43 452
B (SCE, porous s/ee&q)\J 41 ) ué1
¢ (Ag/AgCl, gel, combination pH) 63 ° L4u9 ’
D (Agl/AagCl, gel, combination pH) Y7y #92‘ '
E (Ag/ZgCL, gel, combination ORP) 76 465
F (AglagCl, gel, combination ORP) °8 503
Yo (Ag./AgCl/,-gel, comb inat ion. ORP) .39 / wu6

()

A contaminated reference electrode may also introduce

memory effects from solution to solution,

soned sénsing electrode.

. ble when performing the measurements in dilute systems such

as process water in a concentrator since the measured value

/s rélatively small. °

.-
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3.4 Conclusions . \

) : \
The electrochemical potentials measured in flotation _
systems are mixed potentfd/s,,coupled with the randomness of

the contact of the electrode and the ﬁineral particles of the
b .
slurry. As such they cannot be directly related to funda- -

mental quantities such as the rest potential-.unless the kine-
tics paramaters of the electrode reactions-and the concentra- -

tions of ions in solution are known. ‘
\ . ‘ . -

Y The siﬁnificance of the redox’gotentia/ measurements in

. mineral slurries during conditioniﬁg and flotation is similar
to that of solution systems. Thg redox potentidal in the pulp

¢ v ipdicates the driving.fQEQJ for oxidation or reduction of the

*

minerals.

’
. ,’\
N .
Fl °

L

: . Smooth nob/e metal electrodes and mineral efectro&es

sense these conditfons in a sfimilar manner. However, a black

- p)gtinum electrode exhibits a different pattern due to a )
. LS o :
C e st large surface area for contact wm&h‘the solution but -a small

~

- * ¢
. , projected area for contact with -the minerals, and senses more
iy

| the solutjon potentyal than the mineral potential. Unless
\ . .

J the system has reached an equi/ibrium,rthe solution potential
‘ | will differ from the mineral potential (or pulp potential). é :
L) ) . -
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,A Mgeneral purpose” sensing‘electrode would be a gold

it ethbité a potentia? near that of a chalcopy-

spiral since
rit; eleqtrgge for mos%‘of tﬁe condifions encountered during
condif}oning andy flotation. On the other hand, /arge';iscre—
pencies (30 t 209r;V) were observed between the gold Lnd_

»

chalcopyrite electrodes, mainly under alkaline and, or, oxi-
-

dizing conditioné. Hence,@{i\ifwiggéésted that these discre-

¢ 7
pencies arise from the formation of passive layers (hydroxi-

des ?) onto efither the gold or the chalcopyrite surface.
s ¥

-
4
1

[

Mineral sensing electrodes (chdlcopyrite and galena)
yielded slightly different responses during laboratory flota~
‘tion, namely in.the presence of modifiers which may depress

either one of the two minerals. The difference appears to be

| inked to the kinetics of reaction of the individual mine- o

- *
rals. ‘
N w

“FiAa//y, the referqpce'é!%ctrode must not be neglected.
The te@perature at wh}cn mea;uremenfs\were taken should be
stated particularly if the system being investigateq‘is Sub=-
ject to important temperature variat{ons. Also, the refe- °
\

~ence electrode should be verified For possible contamination’

,Of the porous junction or of the/glectrolyte.
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4, DESCRIPTION OF ORE AND CONCENTRATE SAMPLES

-

Cew /

- . ~

rd

.
‘ ——

Specific _characteristics of oreé.dnd ore types nge a

P

| ) . N
great impact on the expectee¢ metallurgical response (86,

i -

87). The following déscription highlights some of the res-

ponses obtained_in the /dboratq}y byt is\by no means exhaus-

. 7 - [
tive. » -

r~ . ‘ “ .

3 -
L]

4,1 Origin of samples t L .

The depogjt of Les Mines Selbaie consists of three ore -

zoheé named "A—Iﬁ, ‘Mpg-2" and "B" (88, 89, S50). P;bduction'is
- '~, w»
présent/y carried out on the B and the. A-1 ores. These two

ores are meta//urgica#/y‘incohpa%ib/e due to a high content o |

’

ra)

of secondary copper minerals such as chalcocite, covellite

w

and even native copper in the B zone (88). These secondary

copper minerals were formed during supergene alteration of

-

¥ 4
]

the massive sulphides (89, 90). .

e

c ®

The A-1 zone has been divided in five ore fypes accor-
ding to the geo/ogica! formatign, Bost Cock, and metal con-
}enfs. Table 8 presenfs the 'assays for these ore types as
wei/ as two other saép/es-used'in the expe;iments: WitA the
low copper content of most of the samples, 0.13 to 0.78% Cu,

~

one of the' difficulties for metallurgical testing was to get
o o .

- .




-

-

13 . 1
sufficient copper Fougher concentrate to investigate the

response_during cleaning. Hence a sample of the cbpper con=

‘

centrate produced during the pilot p7&nt run on the "Fresh

°

ore”" was used. v(n order to study the effect of a high quan-

tity of secondary co%ger minerels, copper concentrate samples

were obtained from the B—zong Flotation circuit. Table 9

I

presents the assays of these concentrate éamples.

® . S
Table 8. Assays of the A-1 ore samplesjv Eh
Sample :Description ’ Assays in % (g/t rfor Ag)
» . Cu Zn Pb Fe Ag °
A Rhyodacite breccia 0.13 3.5§ O;Oé 97,% 23
B Welded acid tuff ~ 0O.47 1.86 0.03 ;.9 16"
c S(Liciffed L, 44y 6235 0.62 2.0 480
D Massive pyrite 0.60 3.06 0.2# 15.9 180
£ Altered ore | .40 5.80 '0.22 15.0 130
ABCD Composite - 0.78 2.88 0.11 8.9 ou
ArB:C:D: = 3:5:1:1 .
Fresh ore © 0.21 3.10 0.17 8.2 160
Table. 9. Assays of the copper concentrate samples. <
Sample ' ) Assays in % (g/t for Ag) !
- cu . Zn Pb . Fe Ag
A-1 17.2 21.1 7.9 18.9 8300
B zope (2) - 30.0  4.66 0.31  23.7 260
B zone (3) 27.2 4,65 N.A. ' 25.0 ‘ 300‘
r
. \ [
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+

4,2 Microscopic examinations . . .

+ Head assay of ore and .concentrate samples is often not
surficient tq“describe the sample. Primarily, it does not
prow/ﬂe the mineralogicalscomposition of the samp/és. Some~-
times, microprobe ana/ysié is used to obtain more detailled

information on individual mineral assaye, normally for -

mineral indentification.

.

4.2.1 Identification of the minerals.

. - . v [
No formal quantitative analysis was performed. The .

main probl/em |ies with the textural occ&rencq of the super-

~

gene minerals which often occur as rims around the other mine-

i

rals (89). Any accurate determination of the mineral dis—

tributfon would require image analysis, on an area basis (91).

Fig. 18 presents occurences of chalcocite as rims around
cha/coqyrife particles while Fig. 19 shows a "family por-
3 . ~ . .

trait" of the secondary copper minerals: chalcocite veinlets,
AY

cémplex chalcocite/bornite, and native copper. These mine-

rals and textures are typical of the B zone ore.
bl

-

°

.
a
.
» \ ‘

- The occurence of secondary cogker mfnera/s‘in the A-1

-

('zone ore is different. "The chalcocite is mainly present as
Nt } - -

distinct particles instead of rims or veinlets (Fig, 20). /

- P
J P
N « @
- o« R
- ®

u _ /
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18. Typical o

p )

"Family portrait” of secondary copper'm7nerals
(B-zone).




4 te o«

. -, -
- ® »
Fig. 20. Typical occurence of chalcocite (A-1 zone),

|

-

The sécond?ry copper minerals present in the B-zone con—

centrate samples represented between 5 to 10 % of the total
mineral surface of the sections. QOr the other hand, the se-

, .
condary copper minerals present in the A-1 zone concentrate

" ’

samples appeared to represent less thdn about 1% of the mine-
. ’
ral area. The secondary copper minerals were more easily

found in the co7dentrate samples than in high density frac-

‘
7

tions of ore samples from the A-1 Zzorre.

-

4
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Figs. 21 and 22 show‘typical sphalerite particles from
L] , - i
' the -A-1 zone ore. Although the sphalerite particles appear

e !

- grey on the po/ished’sections,.the color of-/arge\pieces and

particles showed a wider°range: cream, "bottle brown”, and .
m

dark grey. The color of sphalerite is an indication of the

iron content in solid s@lution, the lighter the sphalerite,:
i J

.the less iron it .contains (49). : e

g “ * - ‘. v k -
) 1 . . :
The sphalerite in the A, D, qnd E ore types-frequently -t

E

has inclusions of exolved pyrite and/or chalcopyrite assbeen :

A in Fige 2. In some instances, the inclusions are quite

a

., large. On the other hand, the sphalerite of the B, C, and
. . }

1

Fresh samples rarely exhibit inclusions as observed in Fig.

<

22o ° . -

N o R
v - “ .

. - ~f -
Thgjéré§énce or c@alcdpyr/te an/usions in sphalerite
' - pgrtic/es‘severe/y limits the achievable separation between
copper and zipc. ‘Spha/erite\partic/es wi//‘;eport to the )
. coﬁpe; concentrate if they expose a large proportion of chal=-
‘copyrife inclusions on their surfaces.o On the other hand,
the éphalirite.p&rtic/es which contain less inclusions, and.
are successfully depressed during copper flotation, Will
cause an appreciable fraction of the copper to be recovered
in the zinc concentrate. Since the size of the inclusions is

@ typically from 1 to 5 um, it would be impractical to grind

the opre to this size range.




.
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Fig. 22. <Typical sphalerite particles: B8 and C org types and *
! Fresh ore. | > )




4,2.2 ﬁicroprobe anal yses of ¥he sphalerite,

4

was;ggtained by microprobe analysis,

classification of spha/erlte by-chemical compos1t/on rather

than by the color of the pieces.

This latter qua//ty‘/s sub--t

&

-

N

Further information on the ce@position-of the sphalerite

Th/s“Was to perm/t the

Jjective amd is greatly affected by the-1ighting conditions.

Table 10 shows the mipro-assays for the different ore sam-

ples.
N ¢ - v
Table 10, 'Microprobe analysis of sphalerite particles;
a "AL o
Sample No. of points/ Average assays (%)
particles Cu Fe Zn S
A 14 0.03 2.45  63.61 33.21
B 12 0,01 2.7 63,40 33416
c 9 0.03 1.58 , -64.20 33429
N |
D 4 0.02° 3.17 62.96 33l16
- . " -» ‘]
E . ‘\%2 0.04 L.14 60.78 33.00
R {
Fresh 15 O“OZV 2:68 62.52 32493

»

|

The iron.and copper contents of the Sphalerite dé not

appear to be related to the presence oF absence of

sfons.

For example,
\

I

N

*

;

inclu~

the copper and iron assays for the A,

‘.a" K
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o ©

and Fresh~sphalerite are not greatly diffe}ent even though

hl '

the A spha/erite'presents extensive inclusions whi{é the,

y Fresh one i's almost free.of thbm. . ) L

P
- e - - -

- . ’ -

%y : Sy
~ ’- ®

4,3 chroscopfd characterizatioi of the ore types . - ,

. - . .
- )
’

-]

Microscopic examination is a time cbnsqm?ng procedure.
. D e een s v, . K . ~
\ Also, it.is difficult fo find and observe the trace sulphide
| 5 . .
minerals by light microscopy. There may be other techniques

-

- which could permit characterization of. the ore/mineral at a
L4 ’ - - <
‘macroscopic level. - ‘ . .
. . ) ' . o '
’
R K| . L N .
o w;3.1 Activity of the 6re’ . . o,
. ~ ‘ ‘ &

o e - .
s . . .
.

Thg main ore samples originated* from stock-piles' which

.

- were left exposed to atmospheric conditions for a long time. .

It was felt necessary to.determine the-extent of activity due

.
~

. ‘ to the weathering'of the ore. A test procedure has been
« designed similarly to‘tﬁft'of a study on chromium disso/ut{bn
K * from waste slag (92). - . ’ T .o ‘
) ‘ 8 - . .

-

*
) . -

’ - : The procedure consists in letting a simulated %acid rain

| ‘t:' solution percolate through a crushed ‘sample of the ore (300

i ’ g). The sample is put into a 2.5 &m [.D tube Fitted with a

A o

-
.

. .
-
1] - R N VY N
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SOO‘um nylon mesh at the bo;tom. "The solut:on “is. reelrcuka-

£y

ted for 6" hours using a pertstalttc pump and a u ‘cm head of

o
E)

N solut/on ps ma/nta/ned above fhe.solvdsz v
X . R . o8

¢ A
~

L] N ‘ ° »

. The-simulated acid rain /s prepared frém a étack'Sbbu-

-

t/on of 30 Qy su/phur/c acid and 10 ml of nltr/c aC/d in f0O0
ml of distilled water. JW/s prov1des a ratio of H2804:HNO3
of’3:1 (92). Th7/%ﬁnu/ a01d rain so/ut/op is madp by d/lu~

. t/ng 5 ml orf the stock solution into 1 [iter WIt% disfiIJed
water¢ The pH of the so/utron»/s aJJusted to 4.5 by add/ng
(
.sodium carbonate from‘the original pH of 1.5 . -

.
v -
- # N ~ hd
\ . )
-

' : - ) .
- After percolation through the sample, the Ffinal pH is’
: A -
measured and the recovereq solution (about 60 ml) is filtered
o “" T - . . ‘,
and analysed by atomic absorption for dissolved metals, ° |

o L3

', Table 11 presénts the results.

« N
~ ¢ ~ ° . ‘, i B . *.

/ khe procedure was répeated twice foF the ABCD composite

sample to ensyre reproducibf/ity of the test_mhich appearé ‘to

bg good regarding the. final oH and’z(qc content.,- -
- D -

«
o~

It can be obferved that the Final pH of the |liquor is

>

. higher than the original one (4.5) for mast of the samples.
\ .

<On/y°the D ore type (massiVE:yyrite) appearss to generate acid
' !:N, . % during the percolation (final pH of 4.0) and is the only one

which yields a significant amount of dissolved _iron. °

3
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Lead seems.to be hardly-solubfe except for the Fresh ore

(upper part of the A-1 zone orebo&y) ‘ Ihlgtwoudd be an’ /nd/—

cat/on that the ore is weathered but to a Iesser degree %ﬁfn
’the E ore type (altered ore) which is the/pnly one yielding a
high level of dissolved copper (72 ppm). Such weather.ing is

common in sulphide oribodiés (63).

»

P Y ’/ " [

‘ A . : . . .
.The. high copper and zinc copcentrations in solution may

- -

be due to the high assays .of the ore type (4.44% Cu and 6.35%

I

.2Zn). Nevertheless, the C o}e type;may be subjected to in-
~ = / .

situ activation'of the sphaler Ite a/{hougn to a lesser de-
gree than the-E type. ' . o /

R
- . @

5

Table 11. .Qre activity (initial pH of 4.5). , ,

S&mp/e ~Final eH, Metal concentrations in solution (Ppm)
— , cu < Zn- Pb Fe
4BCD - 7:50 o . 115 . 0 0
"ABCD 7.50 “° 0 132 0 s 0 ;
Fresh . 5,00 0.2 322 . 2.6 0
A - 7.65 J o o our T 0.2 0
B 6.50., 0.5.. 2.3 - 0.2 o .
c . 6.45 55 >1000 . zr 0.
" p " .00 o8 T wmo . 1.6 526 ]
E w60 70.0 = >1000 | 1.1 4
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2;3.2 Response of sphalecite to copper activation N
f o c 4. )

.

. B ) Ty
The spha?erf?é of the A and E ore types showed extensive

chalcopyrite/pyrite inclusions while presenting a large dif-

rference . in iron assays (2.45% Fe for A and U.14% Fe for E).

A

This difference in composition may lead to a distinct beha=

vior upon copper activdtion and flotation of the sphalerite

(31, 47). : : . ; /\
- \ o \

-

Cyclie voltammetry was used to study the electrochemi-

.
/

cal behavior of un-activated.and activated sphalerite.” The

exper iments were performed in an electrochemical cell de-
¥ - : Tus

"signed so that particulate bed mineral electrodés could be

s /

used, simiflarly to the ci7l described by Gebhardt et al. (19).

\ ¢

@
-

In view of the difficulties experienced in manufactu-

ring sphalerite electrodes for monitoring the redox poten-

tials in flotation pulps ?seftion’B.z.B), it is .not sure

- whethetr the applied potential was across the sphalerite/

solution interface or across the sphalerite partitle bed.’
The cyglic voltammograms (current vs appl fed potential

“y
curves) can be corrected for iR drop in the solid/solution

interface al though this may be difficult (82). However, no

- information, could be found on correction techniques for iR

drop across the solid phase.

J




’
a {

‘

¢ The un-activated sphalerite;—presented flat cyclic vol-

T tammograms (Figs. '23 and 2u4). Hence, no electrochemical
s co N

~ “redction is observed within the pofentialnrangewﬁ?dd#%d:

oe

- 5y o v

The éfféétive potential app)ied‘to the sphalerite particles
may have been too small, due to the hiéh resistivity of

‘sphalerite, to promote ﬁhy electrochemical reaction at an .

‘ob§ervab/e rate (hjgh current).

L4
- ’*

Copper actTJation was -performed by inserting 0.25 g of

.

"so/id CuSO4:5H90 into the cell for the 1 g of =150 Hm spha-

¢ °

lerite ,already present. Th/s is slighly more than 100 times

the average amount used in the flotation tests (100 g/t for a
3.0% Zn head or 0.0022'g CuSO4:5H0 for 1 g ZnS). -The pH of
the solution was not re-ad justed ufter the introduction of

the copper salt. Cyclic voltammetry was perfqgrmed arter 2

min. of reaction, and the voltammograms can be seen in Figs.
7

2% and 26. ¢ L

°

In comparison with the un-activated sphalerite, there is

an appreciable current being recorded. Significant differen- —

Mmoo

~ ces can be observed between the two types of'spha/erite.
First, the copper act ivated A typé/sphalerite experiences a
greater current than the E type, about 4 times greater in the
anodic region (positive potehtia/s) and 7 times in the catﬁo~
dic region. Second, the A tygg‘appears to enteroa’pagsive

regiof at around -300 mV vs SCE. In this region, the ~

pFe W "




Figs, 23. Cyclic voltammogram for-un-activated A type
’ sphalerite at pH 10.5.(scap: & mV/s).
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Fig. 24.: Cyc//c voltammogram for un-act:vated 3 type

) sphalerite at pH 10.5 (scan. 4 mv/s). .
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. Fige 25.. Cyclic voltammogram for copper-activated A type
sphalerite (scan: 4 mV/s)

900 ——

°

l'l‘l LAl |

L ]
Fig. 267 Cyclic voltammogram for copper- act/vated £ type
sphalerite (scan: & mV/s ) )
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* (£9 = 200 mV vs SHE), and cufI1)/cu (EC = 340 mv).

99.

potentiostat could not control anymore the app/iéd patential,
indicated by the steps in the measured current. This is not

observed with the £ type sphalerite.

Also, it can be observed that the reaction occuring is

not fully reversible (cathodic curregt is nét equgl in magni-
tude the anodic current). This was expected a; the electro-~

\ chemical reactions involving electronation or de-electrona- /
tion of the sulphur atom are rarely reversiole (94). The
"reversible” potential, el = ~Eq, of: the reacti?n appqa;s to

be between 0O and 50 mV vs SCE (2u5 to 295 mV vs SHE4. Pos=

\ ' _ -
sible couples cbrresponding to the reaction are: S04 2/H2$O3

}

o

® Wighout a knowledge of the activities of the ions pré-
sent in the*solution after copper activation; the assignation

of a plausible e/ect{ode reaction requires blank tests with

-

simple solutions. Comparisoen with a blank copper sulphate .

2]

solution (Fig. 27) and blank copper oxide dissolved in hydro-

chloric acid (Fig. 28) shows that the sulphate/sulphite cou-

ple may be the main one observed in the anodic regions on
Figs- 25 and 26. Also, copper plating onto the electrode
the main reaction observed in the chloride solution, might *

. Bt
occured simultaneously with other reactions for the negative

potentials, particularly for the copper=-activated |A tvoe
L4 /
sphalerite. . . o

¢

-

< <
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Fig. 27. Cyclic voltammogram for a blank solutidn of copper
sulphates( scan: 4 mV/s).
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. 4.4 conclusions. .~ ) i :
. y ) 1
. For the A-1 zone, simple Ilight midroscopy doses: not

permit an accufate quantification of the level of secondary
copper minerals (mainly chalcocite) associated yith“each ore

type dye to the trace amount observed.

Two classes of sphalerite'have been identified. The
rirst one exhibits 5,great guantity of chalcopyrfte or pyrite
inclusiong (A, D, and E ore types) while the seqond one raré-
1y shows inclus;oné (B and C ore types and Fresh ore). This
Qi// have a strong influence on the achievab{e ?u/Zn separa-

“tion. . , .

i o

Mioroprqbe aﬁa/ysis‘showed that %he iron*conten% in the
sphalerite varies according to the ore type an& was not rela-
“ted to the presence of chalcopyrite or pyrite fnclusions.
Cyclic vo/témm%try of unéactivated and’copper—actfvateb A and
E type sphalerite samples showed differences which m&y be
attr{buted to the differentliron contents of the sphalerite
samples. On the other hand, the high_gpsistivity of sphale-

rite does not allow the use of these resdlits as a confirma-

tion of an electrochemical mechanism for copper activation.
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5. LABORATORY BATCH FLOTATION
: \ . .

5.1 Introduction ’ P ) .

[y

[nvestigai[an of the flotation response of the A-1 ;6%9

: . . (
ore from an electrochemical approach is a task more complex

than generally attempted.‘ The possibility of collectorless

flotation (16, 17, 18), the efrfect of the grinding environ-
. o ;
ment (33, 35), and the presence of the Qigh/y soluble chalco-

cite mineral (19, 23, 87) ﬁad to be considered almost simul- o
taneously. Also, variation in the floatability of sphalerite
between the ore types was possible.: ‘ -~ -
' o

The experiments performed w;re dfrected along the fol- Kv‘
low}ng lines: )

i) Effect of grinding qnbironm@nt and sodium sulphide on

the f/ota?ion of the ore. :

2

‘{i) Effect of the ore type upon the potential and pH

achieved after |aboratory grinding.

® .

PFi) Compérison of ‘responses of the different ore types.

~ -

iv) Screening of mgqifiers (redox, pH) for selective

_ flotation ®F bulk Cu-Zn-Pb concentrates.

P -y v
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5.2 Evaluation techniques

]
-

Traditionally, grade-recovery curves, - where the concen-

X

trate grade is plotted versus the metal recowery into the

. Q
concentrate, have been the most common graphical means Ffor
- @

evaluation. Also, sometimes the metal recoveries are related

to operating parameters such as pH, collector dosages; etc.

.
-

More convenient and thormaf?ve methods have been introduced
y . ¢
and they will 'be briefly descr ibed. , .

Y

The f;oa;abi/ﬁ?y-potentia/ curves (see section.7.6)1aré
probably ?he best method to evaluate the fl/otation of the
mineral as a function of the electrochemical potent}af.
However, flotation is only but one step in the mineral
processing flowsheet. Theuseparabi/ity curve ;ntroduced by

v

Dell (95, 96) graphica/}y presents the mineral recovery
against the yield or the total mass récodered in the con-
centrate. .When the laboratory procedure /s extended to the
limit that a quasi—perfec{ flotation is performed (release
analysis (95)) then the separability curve' obtained indicafes
the maxfﬁlm sepuration which can be achieved due to the [ ibé-
ration of the minerals (95, 96).

. .

The technical efficiency, E*, of the flotation process

can be evaluated from the separabil ity curve., The technical

_efficiency as defined by Taggart (97 ) and Jowett (98) will be

(]
<




Used.' % ..

£y = Amount separated / amount separable [11]

-

The efficiency may also be expressed as
£y =Rv - Rg : [12]

where Rv and Rg are the recoveriesjof the valuabile hineral

and the gangue mineral respectively.

The latter equation is often used when the separation is

performed between two minerals® e.g. a sulphide mineral and a

non-sulphide gangue. However, when dealing with several
minerals, the technical efficiency must be evaluated From the
separability curve.

The construction of th separabil ity curve requires the

removal of concentrate incremg;ks from the ore, wusually by

means of longer. flotation time for each increment. The

experimental technique is as such the same as that required .
to determine the kineticlparameters for flotation models

i -

(99).

Separgbility curves have one |imitation when investiga-

ting sepJYation on complex sulphide ores. Ther is no indica-,

tion about which non-desired sulphide mineral has been suc-

©

cessfully depressed.

2 R
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. 5.3 Laboratory procedures

L}

©

The laboratory flotation procedures were designed around
‘rypica/ standard procedures for bénch scale flotation tests

(100, 101). All reagents were of commercial burity for the
- e

" surfactants: Sodium IsopropyV Xanthate (SIPX), Minerec 2030
. (a thionocarbamate), Methyl lsobuﬁyl Carbinol (MIBC), and

sodium lignin sulfonate (S.L.S.); the inorganic reagent# were

of laboratory grade. . T - »

—

~

Distilled water was used to prepare the solutions and
" -

°

the solution strengths were*0.1% by weight for the organic
thiols and 5% for the inorganics. MIBC was added pure while
quick | ime (Ca0) was added dry.. All solutions were prepared

daily. Potable water was used for pulp dilution in grinding

and flotation. ' ‘v

Two kinds of [laboratory rod mill were used. The first

one’'was a polypropylene mill for the investigation of the

v

effects of the grinding environment on the flotation res-
ponse. A]stainlﬁgs steel mil!l with a ;ixed stainless/mild
steel charge was used to study the response of the different
ore types. The grindin& chargé was approximately 32 kg for .
the polypropylen; mill,pconsisting of rods ranging between 5
and 25 mm in diameter. The charge used in the séainles§

steel mill was 20 kg of rods of 12.5 mm and 25 mm diameter.

“

ta A

|2
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- Besides the grinding conditions, standard benchyscale
practices were followed for flotation, drying, weighing and

sample preparatton.

\ 5.4 Effect of the. grinding: enVIronment and sod ium su/ph/de on:
the Flotation response. .

&

’

,' The effect of the grindiﬁg environment'(stainless steel .
or mi/q,sfee/) on'the response during ro&ghing w&s stud}ed‘
for the ABCD composite and‘the Fré§h Ore. Sequencial sélec—
tive flotation was_atfeMpted*(Tab/; 12). Following grinding
and conditioning,'threé fncrementa/‘copper rougher‘bpncentra-
tes were recovered. Similarly, three z.inc rougher concentra-

tes were obtaineg after activation with copper sulphate. A

second addition of copper sulphate was required prior to the

third zinc rougher to increase .the recovery of' sphalerite for
. s / ]
the mild stiel grinding media.

#

I

The First relationship explored was that of the alkali-

nity level in the copper rougher. The total copper and zint
<

_recoveries into the copper rougher concentrate are shown for

\ the stainless steel (Fig. 29) ahd the mild steel {Fig. 30)

grinding environment.

«
/
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Table 12.

o [ oge .

53

+ 107

Test conditions: effect of grinding environment
and qlkalinity ‘level. oo

3

Stage Time
. (min.)

CaO NaCN

Reagents (-g/t)
‘ZnSO4 CuSQy4 SIPX M[BC

Grinding 20 250 50
Conditioning 1 To pH ,50
, Conditioning 1
1

o)
‘Cu Ro 2 2
Cond/t/onlng O,
Cu Ro 3 .3
To pH 10
Conditioning pH 10
Conditioning
Zn Ro 1

1
1
1
!
0
Zn Ro 2 2
Conditining 0

3

ﬁsol .
250 :
: 10 5

10

50 _
10 5

: - 0 )

(50) 10

Zn Ro 3

.
For the stainless steel
;ﬁéws a very slight increase
Howeder, the effec% of pH on
tic, espe&ia//x For the ABCD
TAe test for the ore act
was more active (releases gre
sb/ut/on) than the ABCD compo

dat/on of the copper m/nera/s

Fresh ore in comparison 'with

*

e (Mild steel)

environment, the copper recovery

j
with increasing a«fa/inity.,

> / B
the zinc recovery is.more drama-

t

composite.

‘ivity showed that the Fresh ore

ater quantities of met;/ fons in

site (Table 11).
and the /ower ‘heads for the

‘the ABCD composite (0.22% vs

P ET L S
R
T
IR
.
Y
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A greater oxi-
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0.78ﬁ'Cu) resulted in the lower copper recoveries achieved
with the Fresh ore, for both the stainliess and the mild steel

. . media. ' .

- ! /
The zinc recoveries are greater for the ABCD composite
rfor both the-stainiess steel (SS) and the mild steel (MS)

environments (Fig. 30). The results of the are activity test
. .
indicaﬁed that the Fresh ore was slightly more active than

\ Al
the -ABCD ‘composite (cf Table 11). Hence, higher zinc recove-
[*4

ries were expected for the Fresh ogre. This is not the case

and this implies that other factors must be considered, *

L)

'
~ + .

Grinding with a MS charge yiejds a 10 to 20% lower cop-
‘per recovery and a 10 to 40% lower zinc recovery in compari-
“son of—tte SS charge. Also, the metal recoveries decrease as
the alkal inity increases. [t can be noted that the redox
potential measured after grinding was around 80 mV' vs SCE for
SS and from -280“1‘0 -180 mV for MS, using a platinum sensing
electroge. A platinum electrode was used so that the measu-
red potentials would be comparable to those of other inve;ti-
gations reported in the |iterature.

W

Grinding in a mild steel environment introduces ferrous

t ions which impede flotation of the sulphides (87). Also, .the
)
- : reducing environment will reduce, if not eliminate, the occu-

rence of collectorless flotation (33). . On the other ‘hand,

.
B 1 -
L - o Yy

) ,',
Pl
,
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these factors do not explain the dependence of the rfloatabi=

.

lity upon the alkalinity level.
The decreasing copper recovery, rfor a constant xanthate
addition, may be expl&ined using Barsky'!s rule for the cri-

tical pH For Flotation:

[0w=] / [x=] =Kk Y S £

' .

-

where the constgnf K s dependent on’the mineral and thes
length of the hydrocarbon chain of the xanthate (102). -For d.
constant collector 5ésage (and concentrafion), %n increase in
pH will iead to the depression of the m;nera/ if the ratio of
the concent;ations becomes greater than K,

v

The behavior of sphalerite is more difficult to explain,
The increasing zinc r;covery with incceasing poH for fha
stainless steel media s consistent with the find}nga or
Leroux et. al. (32) where appraciable zinc recovery 13 Oxpar?-
enced without copper activation if the pit is between §.5 and
II.O.' However, théir sugqésfion that this is due tovthe pre-
- +

- .

sence of Jjron ions (and Fe(OHh} in the pufp does not explaln

the present observations with the mild stesl media.

A | - Ty
. ‘
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Even though the Barsky rule may be applied to the flo-

tation & sphalerite when grinding was performed with thf
mitd steel media, floatabil ity-potential curves for the
coppér rougher flotation appear to provide more insight."The
recoveries achieved after tke first minute of flotation are
ure/ated to the poteytia/ prior to the addition of xanthate
(Fig. 31). On t%e_other hand, the totar recbvecies do th
show clear relationships with the end potential (Fig. 32).

This could be due to the much narrower potential range

achieved at the end of copper roughing, ~100 to 75 mV vs SCE

‘instead of =400 to 75 mV. . ' (

Y

The potential at’which the collector is introduced in

°
‘ -

the mineral mixture s an impor%ant factor. This has been
previously determined when nitrogen is used for flotation
!
(19). However, Floatabi/ity—potentCa/ relationships appear
|

5

{towbe the same whether nitrogen or air is used as flotation

gas (54). Thus the oxidation of the pulp during f/otation;

when air is used, should not distort the observed response.
There are dféferences between the ore types but it seems’

that the same general relationships apply to both samples

(Fig. 372. First, zinc and iron recoveries are law as long

as the potential is below 50 mV vs SCE. Second, the floata-

bility ofs chalcopyrite is greatly reduced for potentials /o=

wer than -50 to -100 mVy Third, the floatability of galena,

o 4




Recovery after 1 min, %

—

A) ABCD composite

100 Y r Y T T 1 T T T
Legend:
- ©Cu 1
. O Pb o
- @ 4n /
- 9 Fe i}
L o
sol- /.
9
0 . - /@1
-400 -300 -200 . -100 0 100
§(Pt vs SCE), mV
Fig.

?iea&péi!iry-aatehtia! curves for copper rougher filotation:

priaor to tfe adaition of xanthate.

Recovery after 1min., %

B) Fresh ore
100

Legend: ‘
- ©Cu
_ OPb
0Zn
VFQ')

@

>

=

e

D -

o
-

0
- W B_—@' -
[ - / SO, -
=
-400 -300  -200 -100 0 100

E (Pt vs SCE), mV

‘€l

8B




ot
P

@

A) ABCD composite ‘ - B) Fresh ore.
N ‘OO T T’ T T T ¥ l:D ¥ T - 100

i
¥ ! ' L} LA J ! LI

o Recovery, %o
- QO
| o
¢
o Recovery, %
.
@)
©
©
%

ol Legend: g’ q ol Legend: ’ 2
© Cu ® O Cu v
- QO Pb - OPb
B0 Zn | BZn : 9
| UFe | vFe m/D/g’
/V
R ' g
0 i i 1 | - 0 i 1 i A i l_ 1 1:
-200 -150 -100 -50 0 50 -200 -150 100 = -50 0
E(Pt vs SCE), mV - , E(Pt vs SCE), mV

Fig. 32. Floatability-potential’ curves for copper rougher flotation:
end—of—flotatlon

/v '

nii



. e

an alcohol/f:;;;;:\}su). \ )

¢ -

175,
N L

although lower than for the positive potentials, appears to
remain constant between 0 and -u00 mV, .

©

Hence, two windows of selectivity can be defined. The

LY

2

first one, from =400 to O mV, yieids a preferential flotation

of galena while the second one, from O to 50 mV, provides
preferential Flotation of chalcopyrite and galena over that

of sphalerite and pyrite. The sustained floatability of.

»

©galena under reducing conditions, when ground in a stdéel mill

and when a collector oF the xanthate family is used, has been
observed previously (54).  However, it was found to occur

B

only when a strong frother (PEG 400) was ut//iﬁﬁy put noA\for

Floatability-potential curves were also obtained for

zinc roughing (Fig. 33 and 34), To diminish distortion of

the data due to poor select ivity durinag coppar rouvhing, the

recoveries are calculated wéfh respect to tha Faod to the
zinc rougher. Again, there are remaﬁkgu/a Jifferences bat-

ween the "initial" (Fig., 33) and "end-of-flotation” condi=

tions (Fig., 3u). \X ,

The ASBCD composita appears to have a narrower potent ial

range for zinc flotation than the Frash ore. Howaver, for

both samples, i/t seems that the window of selectivity betwaen

sphalerite and pyrite (5 between =80 ang -4l my vs 5CE.

3 l“f
.
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A Thé end—of—f/otat{on floata?i/ity-potentia/ curves (Fig.
34,) appear to conf}ﬁw the upper Iimit of =40 m& for the
window. On the other hand, it must be“remembqred that an-
additional copper s&lphgte addition was performed prior to
the last. zinc rougher in the tests at the /ower potentials

3

(mild steel media).

. . 0
The agdifion of copper gu/phate ;ais?d tqe.potentid/
from a value)ranginb from =80 to -IOO'mV, to a va/ue_betwéen
~60 and =40 mV. Did the additional quantity of copper sul-
phate provide a further activation of sphalerite or aid it

act as an oxidizing agent by increasing the potentia/?v

This cannot be clarified with the present data. t

The collectorliess Flotation induced by the stafn/esg
steel charge cannot be ignored. Table 13 shows some.,results.

on the effect of the reducing environment, in the mill (using
. .

magnesium metal) and sodfum sulphide on the collectoriess

floatabil ity of the ABCD composite.

L}

-

The results with CaO/NaCN/ZnSQ;xare disturbing. With
the exception of a |ower popper'recavery; thé result are
extreme/y‘simi/ar‘io those obtained in the presence of-S!PX‘
after 1 min. of“Flotation (Fig. 31). This possibly indicates
that the co//ecté? may have a margiga)>ro/e on tﬁe selecti-_

vity. This has been;suggeéted by Shannon and Trdhar (21 ). -

AN

v
M ~
Lo hd




Table 13.

*
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-

Collectorless floatabiiity after 3 min. of flota-
tion for the ABCD compasite ground with the stain-
less steel media. - .

——

3

Reagents (g/t)

~

Initial

Recoveries (%)

Mill Cond, vs SCE  pH - Cu , zZn Pb
Ca0/NaCN/ZnSCq 28 7.6 30.7 17.3 57. 4
8 / Mg (500) NapS (500)/

HCIlJair 50 7.1 37.0 20.5 17.7
Mg (1000) NapsS (500)/ a

HCl/air 10 . 7.0 X38.5 14,0 13.9
Mg (1000) None ~-80 10.3 61.6 15.6 26.Q

’ None Nap$S (500)/

HC ! +40 6.4 33.8 15.0 10, &
None . NdgSs (500)/ .

Ha S04 +35 6.2 30.3 16,3 9.7
Notes: - CaO/NaCN/ZnSO4 additions and grinding time are the

same as in Table 12
-Grinding time pf 30 minutes for the other tests
) NapS conditioning for 15 minutes '
~ ~ Aeration, when performed;, was for 5_minutes
"Platinum sensing efectrode

)

. The use of.NagS gave the same result regardl/ess of
aeration, acid type, or the presence of magnesium (Mg) in
. the'mill.

2
o ‘
- N

The potentials measured during NagsS conditioning were
beiween’-SOO to =400 mV vs SCE (=255 ta =155 mV vs SHE).
There are comparable to those obtained by Luttrell and Yoon

(38), =210 to =50 mV vs SHE (platinum electrode) fg%bdiffa-

rent orés and a constant additiopn of 2.5 kg/t of Nays.

: ' i

To
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‘ _ The potentials just prior to flotation were between 10
and 50 mV vs SCE (255 to 305 mV vs SHE). These potentials,

i s .
‘are within the*individual ranges of flotation for chalcopy-

rite, 150 to 550 mV (53), and galena, 100 to 300 mV vs SHE,

-

2
y - (54& in the presence of sodium sulphide.

%
~ .
.

) .Ldttrel and Yoon (38) obtained values bétween O and 200

i

+mV vs SHE after 5 minutes of flotation with air; the copper

_ recoveries being greater at the higher potentials (e.g. 95%

Cu recovery at 200 mV vs SHE)m The potentials appeared-to

-~

indicate the reactivity of the ore -to the presence of NasS.
Some ores réquired a longer conditioning time (at a fixed

dosage) while others needed /ower addition levels (for a

L

fixed conditioning time) (38).

v

£

The relatively similar potentials monitored for —the A-1
Zone ore, witﬁ or without aeration after the su{phidiigtion

! - (10 to 50 mV vs SCE), would indicate a high rea:tivit} of the
ore with NagS. The utilization of a stainless stee[ medi&“

instead of a mild steel! one (38, ¥oon, communication Nov.

1986 ) may have- been a factor. However, a ceramic charge has
) " a

been used for some tests without any report on adverse or

positive effects on the floatabilities obtained (38).

’
]
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The use of magnesium into the grinding mill yielded the
higheét copper recovery, 61.6%, while giving the lowest redox
potential prior to flotation, ~80 mV vs SCE. " The lower redox

P

potent/al may be attr/buted to the higher alkalinity of the
pul p w:thout the add/t/on of an acid (pH 10.3 agaznst 6.2 to
7.6). However, col/ector/ess f/oatab//rty usuqlly odecr®vases

with increasing,pH (38). . oo Lt s

M v

The apparent depressfng action of NagaS for the collec=-
‘forress flotation of the A-1 zone ore may bexattributed to a
high acfj;ity of the ore. Either the dosage of NapS was ‘ .
not high enough to remove the hydrophi{ic oxidation product
layers formed dur ing grinding; or a too /oﬁgnconditioning
time was allowed providing a pbrtial re—oxid&ffon o% the sur's-ﬂg
faces (38). Oh the other hand,'it ma} be that the interpre-
tation of Lepetic (18) may be extended .to s&lphid{;a}ion. .-
Namely, if the ore can 59 ipduced 4nto collectorl/ess flota-
tion quning‘grind;ng, its flotation will be selective while

y

attempting to condition the ore will ‘yield a poorer selec-

<

'fI'Vl'ty. \ ! " , s .
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5.5 Mefal/urgicél and potential responses of the different
© ore types. ¢ . i .

The B,“C, D and £ ore t}pes were té&sted. Grinding times

were 10, 20, and 30 minutes with  a .mixed stainless “steel/mild

steel grinding charge. .The reagent additions to the grirdding
€

mill were Ca0 (250 g/t), NaCN (50 g/t) and Zn#0g4 (200 g/t ).
- . - 3 - .

2

jlthough this~was,inifially to establ.ish grind vs metalldrgy
relationships, interesting findings emerged regarding the po-

tential and bH monitoréd just prior to conditioning. for, Flo-

'tation.

<

’

™ [ S

Figs: 35a, b) present the pH and potentials vs ihe “iron

f

content of the ore as an indicator of the pyrite content of
/

the ore. The pyrite content was deemed important from tb@ '

review ofs collectorless flotation induced by galvanic inter-

. ' " activns (section 1.3), and similar effects were expected for

o«

“"’ . » o o 1”
conventional flotation. : 1/

o
——

It can be observed that the potential and pH points for

the £ ore type lay outside the trends defined by the other

« ’

ore types. “This can be attributed to the altered natura of

“‘the £ ore type where g great portion of the iron is as hydro-

xides, or [Iimonites, instead of pyrite. -

o

L u

4

o
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~ b -
[t can be observed that an increase in the pyrite

conten? in the ore, or an increase in grinding time leads to
more reducing botenti;/s (Fig. 35b). Theg/ower potentiq(s do
not appé%ﬁlto be related to the pH of the pulp after grin-
ding.,_The¥mo;e reducing poten%ia/s obtained after the longer
grinding times, or for the higher pyrite contents indicate
the drfvingwfgrce for the ore ;o be oxidized. This would

confirm the interpretation that the oxygen demand of the ore

increases with increasing grinding time or pyrite/pyrrhotite

-
hd ‘

content {1637+ B ' ' Y,

[3

4

. s

The flotation response varies according to the 5re
type. Table 14 presents the metal recoveries obtained after
1 mrin, flotation (copper rougher, .20 min. grind). A further
addition of Ca0O (to LH 10.0), NaCN (50 g/t), ZnSO4 (200 g/t)
was performed prior to the addition of the «collector QS[PX,

; vt 9
20 g/t) and fFrother (MIBC, 10 g/t). o

Table 14. Metallurgical responses after 1 min., flotgtion (20
: min. grind). '

Ore type Concentrate grade (%) Metal recovery (%)
Cu Zn Fe Cu Zn Fe
1 M \\
B 5.75 5.85 15.30 14,9 3. 2.6
C 29. 60 71.85 27 .00 ul,7 2.1 18. 5
‘D oo 9.66' 5,00 33.30 24,6 2.3 2.8
E

.42 22.60 27.50 53.4 Skt \ 28.7
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As expected, the highl.y active £ ore type yfe/&s the

©
S

lowest selectivity against sphalerite and pyrite., The C orae
type gives the highest initial copper concentrate grade

(29.6%) aé thé feed grade is the highest of all types (L.u4%
,LCu vs 0.47 to 0.60%). The much lower Cu:Zn and Cu:fFé ratios

for the B and D types give an aﬁéarent lower selectivity in

a

comparison with the C type. : . ..
Since increasing the grinding time increases the fine-
‘ness of the solids, i.e. the |iberation of the minerals is .
increased, it would be fallacious to compare the metallurgi-
cal results obtained with the different grinding times.
J Also, comparison of the meta/lurgjcaf rgsponses of the ore
- types in terms of the potential and pH achieved after qrin-
ding is not possible due to the large differences in feod
grades. However, it may be inferred that the higher rgag
pyrite content of the ore, the lo;er;fhe redox potential

achieved after grinding., On the othor hhnd, will the same

efrfect be observed in the flotation circuit?

o



-fe;ricyanideﬁfK3Fe(CN)6 (87), ferrous sulphate, FeSO4 (35,

. " W 126.
5.6 Screening of. conditions For re-cleaning of bulk Cu-Pb-Zn
concentrates
5 ¢

}he rlotation response rfor the rlotation tests discussed
in section 3.3.2 are now re~examined to determine possible
relationships between the potential and the flotation res-
ponse. [t must bg ré&embered that sinée the materials used
in these experimgnts were copper concentrates obtained from
pilot or plant f/btdtion,*the metal lurgical results are |i-

-

kely to be distorted due tp superf#cial oxidation of tﬁé/

A

minerals.

3
4 o

The reagents tried were selected on the basis of possi-
ble redox phenomena demonstrated or inferred from |iterature.
These were sodium sulphide, Nas$S (15, 16, 17), potassium per-

manganate, KMnOq (1), alkalihe oxidation (103), potassium

az), and sulphur dioxide/oxygen, SOp (104), Sodium Iignin \
sulfonate, oLS, was also used. Although it is not a rgdox
modify7ng agent, it appears to inhibit the for%ation of‘solid
sulphur *layers on the surface %ﬁ‘minera/s duPing pressure .

leaching (;OS).

¢
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\

5.6.1 "Direct” vs "indirect!" potential modifying agents.,

!
The potential-pH points achieved during the flotation

\ tests are presented in Table 15. The initial and final

- v

potentials achieved during conditioning are given whenever
there s a large variation between these values. Potentials
as low as =520 mV ahgyas high as +210 mV vs SCE (golo sensing
electrode) could be“aéhieved by the addition of Nag$ anquMnO4

¢ -

réspect}ve/y.

. The addition of redox modifying, agents (e.g. KMnOgq) also
induces a modification of the pH of the pulp. Conversely,
the addition of pH modifying agents (e.g. NagCOgz, HC!) in=
duces a change in the p&l?ﬁpotentia/. However, a reégent

addition resulting in an increase of the pH does not always
‘induce a lowering of- the pulp potential, and vicé versa.

T;is wou/duimp/y that the action oFf pH modifiers on the po-

tential is bot just via solubitization of oxidation products,

or précipitafion of ions from the solution,

-

There are some unusal results which were not be predic-

- hd .

ted. Fot example HC!, which is not é?nsiderod as an oxidf-

zing agent, induces a more oxidizing potential than H2503
=

¥ B
i \

% (6.3% S0y solution), for an equivalent pH. This could be due \
| . ’ to the effect of the chlorine ion on surface product layors,

It is observed that HC\ is more effective than Ha50, for the




Table 15. Summary of pH and potentials during-°batch fl
tion along with the achieved technical efficiency,

128,

ota-

Ey, and yield, Y, after 1 min. flotation.
o
Sample Reagents Average E, Au vs SCE 3 Y
pH B (mV) % %
Cond. Init. Flot.
B (2) SIPX 7.8 -32 -32 ~30 =4 38,9
B (2) NapS/SI1PX 10,0 =200 -190 -106 =19 12.7
8 (2) NapS/SIPX 10.7 -520/-180 =160 -110 O "N.D
B (2) None 7.8 67 50 us5 ~13 72.5
B (2) Nay$ 10.8 ~=130 -107 -130 =12 N.D
B (2) Na3d . 10.6 -240 | -200 -140  «6 N.D
B (2) KCl0g 7.8 60 4o . ] =6 68,9
8 (2) NasS/NaCN/
SLS 9.3 =300/~112 -106 -23 -4 66,4
B (2) NagS/NaCN/
x SLS 0.4 ~136 . ~78 -80 =~13 2.2
B (2) NagS/NaCn/ )
SLS 10,4 ~100/=72 74 -130 =12 4,0
B (3) KaFe(CN)g - 8.4 35 18 15 =60 6.8
B (3) KMnOg [17 5.0 210 210 210 o) 0
8 (3) KMnOg 8.2 60 50 36 =23 48.6
i Nag$ 8.8 =260/-200 =160 ~-170 17 14.5
A NasS/Nacn/ ’ :
SLS 9.0 =220/=126 =200 -140 19 10.6
A None 6.9 117 3 -9 . 22 32.5
A Ca0/NacCN > 12.2 =110 -140 -120 6 6.8
A CaO/Air/
} NaCN/M2030 12.1 -74 -110 -88 2 U, u4
- A CaolAir/
M2030 12.0 -67 -60 -62 10 6.8
A - H9S03 6.1 18 4 10 39 44,6
A KaFe(CNJg 8.1 Lo/ 30 26 20 25 27.7
A FeSOa 6.6 =4O[=22 -14 -34 24 37,0
A KMnOgq 7.3 310/180 180 140 =11 Tuh. k4
A HC I 5.2 100/46 u6 27 30 30.0
A H2503 5.8 22 22 13 25 4.4
A NazC0q 9.7 -68 -62 <55 27 439

SIPX: Sodium [sopropyl! Xanthate -
M2030: Minerec 2030 (thionocanrbamate)
SLS: Sodium Lignin Sulfonate

NeDa:

[1]: Excess permanganate (pink color in slurry),
is 0.9% arfter 6 min.

A

of flotation.

ey

Not determined (not sufficient mass recovered)

total yield
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leaching of sphalerite andf pyrite (12). Also, sulphur dio-
xide is an amphotere redox wadifier (107). [In aqueous aci-
dic solutions, SOy is a strong oxidizer, but it is a reducing

agentqin alkal ine solutions.

' §

i
*"The action of potassium ferricyanids is renderec complex

because the fernric ifon (s an oxidant, ond the cyanide [on is

'

a compléxing agent. Also, it appe&rs that gyanide acts as a
reducing agent when complexing corprer’ fons (31). For the B8
zone 6ate>ia/, "g (3)", the aciion of potassium ferricyanide
appears to Jead to a reducticn in the potential in compari=-
son with the blank test, 33 mV againsf(67 mv vs SCE respoct -
vely, On the other hand, T appears to act as a mild oxid =

Zer for the A-1 zone material, "A", yieldinqg a potential of

22 mV vs SCE while the material with no modifiers qave 11 nV.
\ .

Again, these observations seem to be related to tne higher .~

¢

content in soluble secondary copper minerals of the B zone

material i{n comparison with the A-! zone.

®

-

The addition of KMnOgq which yielded the largest dkiscro-
pernicy between the gold and ch&/c0pyr/te electrode (209 mv,
cf section 3.2.2) was excessive. With no material recovered

arfter 1 min. of flotation (p.é% after 6 min. ), It (s evigent

7

that flotation was completely supprossed, oither by complote

oxidation of the previously adsorbeg collector, or by the

.
formation of a passive Hydroxide layer onto the -mineral sur=

w
.
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faces. This suggests that the large discrepency (209 mV) ob=-

J * served between the gold and chalcqpyrite elecltrodes was more
1+

' P

=

ikely due to the presence of passive hydroxides on the ch&®-

opyrite electrode rather than on the gold electrode.

A
A}
. L2

<

5.6.2 -Relationships between the ‘Flotation response and the
pul p potential :

;o . ", ' ‘
’ ” The technical efficiency of the separation, £ , is
mapped onto the potential. There appear to be two distinct
regions (Fig. 36). The potential exhibited by the gold spi-

ral’ electrode was ysed as It appeare& to be the most relia«~

ble.,

A

For the B zone material, the natural tendency is for a

P

reverse f/otﬁtion-of the sphalerite (indicated by a negative
technical efficiency). Since a bulk concentrate was trfated,
and collector was a/read} present, the erfect on the dis;o]uJ
tion of the secondary mine®als wauld be [ess important than

4

in rougher flotation. Nevertheless, going to oxidizing po-

tentials increases the natural tendency for preferential flo-
tation of sphalerite. The best teohqica/ efficiency (-60%,

‘ reverse flotation) is achieved with K3Fe(CN)g..

c ’ lf )
. 7




Fig. 36.
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‘Fof the A—f zone material, mildly axidizing or reduc+ing
*conditions yield a selective f/o;atfon of copper. Although
the content of the A-1 zone mdterial in secondary copper is ,
less than that ;f the B zone, highly qxﬂdizing conditiops
(180 mV vs SCE with KMnO4%, yielded a réver&e flotation. .
Oon thg‘other hand, highly reducing condirio¢s are detr imen-
Jtal. Strangely, alkaline oxidation (aeration at pH 12.0)

3

provided reducing conditions, but this could be due to the
. e ]

precipitation of ions as hydroxidesa
'

The concentrate yfe/d after 1 minute of fletation (Fig.
32z) sh;ws that most of fhe‘pointsta// within =100 'mV and
+100 mV vs SCE (145 and +345 mV vs SHE) for yields gﬁéafé%
than 25%. This potential region if wi{hin the range rfound

‘

for the individual flotation of chalcopyrite (53) and galena

(54) in the presence of xanthate collectors.

Besides the main floatability area, [ittle cor}e/ation
is observed between the potential and the yiélg. ;ﬁowever, it
seems that the high d]ka/inity induced by I ime (C;OQ, and,
or, the presence of sodium cydnide créates conditions which
g;eat/y inh}bit the flotation oﬁ\the sulphide m}neralé.b It
., /s plausible that adsorption of cyanide onto the mineral sur-
faces (60), and #its conseque%t depressing ab;ion, cannot be

monitored by the potential. The nature of the materials does

not, however, warrant a firm interpretation.

pre Y 9
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Fig. 37. Pulp potential vs concentrate yield after 1| min.
of flotati'on: bulk Cu=-Zn-Pb concentrates.
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5.7 Conclusions ', )

The pulp potential achieved after g}inqing,'or after an
. ., W ¢
addition of a redox modifying agent such gs NagS, *appears to

indicate the reactivity of the ofe. 'The higher the pyrite

T, Ve

content of the ore; the lower thqtpﬁtenféq/ achieved, until
exhaustion of the oxygen éntrappéd in the laboratory mill, or
present in the pulp during indust}ia/ milling., The A-1 zone
material appears to be highly reactive with NapS and hence'
attempts at :selectiveycollectoriess flotation in a manner ~
similar io Yoon (16) failed. Opti izatjbé of the sulphidi-
‘zatiqn process may yield better results, either by adding

more NaS or by using shorter conditioning times.

' -~

The nature of the grinding media,. stainless steel or
4

mild steel, gives rise to different relationships between the

floatabilities of the minerals and the alkalinity level du-

e

ring copper roughing. With mild st%el media, the flotation

vs pH appears to follow Barsky's rule. However, this was hot
. . “~—

observed with the stainless steel media. This would suggest

t

that the manner in which flotation is approached (from an
initially reduced or oxidized pulp) must be:considered (po-

tential-pH paths).

3]

-

The Floatabilies appear to be more related to the poten- >

¥

tial prior the addition of the collector yielding windows of

sy 4B
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selective flotation rfor copper and zinc roughing., Preferen-
3

tial flotation of galena occurs for potentials between -400
to O mV vs 8CE (platinum electrode) while both chalcopyrite

and galena are preferent(al/y Floated between O and 50 mV..

Spha;erite flotation, without del iberate copper activation,

@

would be significant at potentials greater thah 50 mV vs SCE,

[
{

»

. .
With- copper activation, the selective flotation of spha-
derite from pyrite appears to be‘possible for paten;ials bet-
ween.-80 andr-40 nv (at pH’I0.0). Contrary to copper rou=-

ghing, the floatabilitydpoten?ial relationships }or zinc rou=-

ghing appear to be the same whether the potential prior to

xanthate addition or the end-of-flotation potential if used.

[
2

Finally, fhﬁ high content of secopdéry copper minerals
in the 8 zépe ore promotes a reverse flotgtion of the sphale-
rite during cleaning of the bulk concentrate. This tendency .
hay be used to advantages by usiné potential modifying agents
>

which induce oxidizing conditions. Potassium ferricyanide

appears to be the best reagent. On the other hand, the A=l

' zone ore, %ith a much [lower content of ijgpndary copper mine=

réls, requires mild oxidation (using S03 or HCI), or mild
reduction (using NasCOgz) for the selective flotation of
W

copper, The altered € ore type may require reverse flotation
.-

_Oof the sphalerite during-cleaning to be oconomically pro=-

¢

cessed. . .
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_tions for investigations into electrochemical effects. One
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6. POTENTIAL/pH SURVEYS .OF THE A-~1 ZONE FLQﬁAT[ON CIRCUIT Y ;

~o
£ o
.
o

Labératory batch flotation possesses inherent |imita=

RN

of them is the exposure of the ground pulp to air qs the pulp

is transfered from the grinding mill to the Flotation cell.

Also, there is a time lapse between the production of the

Lt ° . \

rougher concentrate and its supsequent bLeqning. Hence, the
e v .

minérals are gxposed to air for a much lopnger time than 'in an,

acfua/,concentrator. This may distort the fnférpretation of.

the resultssbbtained in the laboratory. gﬂ\

’ -
9
<

1

Poténtial{pH surveys of flotation cirduits have been
J A « .

LA

performed, but again, with conf/iéting potential measuring

o ° <

techniques. [In some, the sensing electrode is immersed in;

the mineral slurkry (55, 57, 73).°9!n ethers, the sensing
electrode is immersed in a micro:ﬁi/trate/§?mple obtained
from theqs/ur;y (55, 108). Fhe results obtained in these
surveys are mostly discussed in tenms‘af the oxygen satura-
tion of the pulp (55, 57, .73). It appears that in -only one
instance were‘the measurements correlated with En-pH dia-

f

grams for the system (109). -

4
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6.1 . Description of the flotation circuit

a
- <

a

Tﬁe A-1 zone Fflotation circuit is shown in Fig, 38 using
X a

o [+ o

the "network™" symbolism (98). Flotation stajes are shown as

‘nodes (points), concentrates as lert diagonals while tailings
R . -

are as right dlagonals. Feeds and recirculating streams are

4 ‘. L] IS
vertical lines. ! . - c
V) S . ) h .

Sepa}ation of the minerals is performed by selective

sequential flotation (88). .Copper is first floated /n three
Y
bank®: of roughing and scaveriging cells, and is cleaned in

1

four counter-current stqges. The copper scavenger tails,

. hd f 'é ° Vs

arter copper activation, comprises the feed-to the zinc cir-
-~

Ccuit.- Roughing and scaveﬁging are performed in three banks,

the zinc rougher-scavenger concentrate being c¢cleaned three

times “in a counter-current fashion.

©

. The collgctors are Aerophine 34184 (Cyanamid) for copper

wflotation and Sod ium [sopr0py/ Xanthate for zinc. {JThe fro-
@ ° .

thers are Methyl Isobutyl Carbinol for the coﬁber cfrcuit and
Dowfroth 1012C-(polypropylene glycol ether) for the < inc
circuits; Modifiers are |lime, sodium cyanide and zinc sulpha="

te (copper), and | ime and copper sulphate (zinc). A Bailey
Network 90 dfstriQuted“contro/ system is used for process

,

control (111).
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“'Fig. 38. A-~1 zone flotation circuit. 1
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4

.

These survey§ we}e perfo#mgg in March 1987, £ven though
only fives months had elapsed since the start-tup of the &i;-
cuit, the operation was stable eno;gh,tqtobtain reliavble re=
sults. By surveyiég in\March, water quality changes upon
spring thaw were avbjded. “ W

/

6.2 Manual surveys
. The surveys were performed using a'qol& roil electrode
with'a combination pH electrode. Samples were obrqinad rrom
the process, either from the feed or the tail box of the flo-
tation Bank, and were .brought to the instruments { two pHi/Eh-
meters). The samples were agitated with thobolncfrodoa of ti=
P
ring the measurements. The gohfffoi/ was pol ished on a 60U
grit emery paper prior to each measurcment, A qgoild fu}l
"electrode was used instead Qf gold spiral since fna‘]qrtérﬁ

=

was too fragile to withstand these conditions.

-

—

The results of the s:rveys, which were performed, over
five-consecut?ve operating days, are presented in the form of
potent{a//pH graphs. For the copper circuit (Fig., 19), a
clustering of‘;oints a/omg the process nodes are obierved, 4
similar 57h5tering ras been observed in other ;urvdyJ ineilu=
ding one where two qualitios of process watar (fresh and re-

cycle) werd investigated (158), No major difference between
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A
Fig. 39. Potential-pH g'r'ap; for the co;oper circuit. '
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the two types of process water were observed for the samples
taken in the flotation circuit even though the Eh=-pl point of

“the water samples differed. Also, the points alona the cir-

.
o

cuit rormed [|ines parallel to the Oo/Ho0 [ine (108),

The A-1 Zzone comger circuit appears to operate along a
vertical |ine when no |lime is added during fjilotation (Il ine
"g-p" on Fig. 39). However, the addition of [ime during the

»

roughing stage causes the Ep/pH points to be shifted towdrds
higher pH. Also, the cleaning section operates along a dif-
ferent Iine (line "a-c'"). "It can be noted that none of these

| ines are parallel to the experim;%fa/ and thooretical | ines

for the reduction of oxygen (73).

. . ] ,
For reference, some of the [ines from a meta-stabfe [ h-
* bH diagram for chalcopyrite have been superimposed onto the

graph. These lines were obtained by raising the crnerayv ohdans-

{

'ge of the sulphur to sulphate reaction, i.c¢. introvucing a
kinetic barrier representing the observation~ in roeal ~yo-
tems (111). The barrier was 74 kJ/agmole. feters (111) warnes

that this barrier may not be accurate for the alkaline range,

pH > 9.0, and this must not he foraottoen., ‘

‘The line "a=b" is similar to the Hel/HS wequilivrium

line (1 atm partial pressure)., However, the [ine "g=-¢" does -~

~
’
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not correspond to any ' of the meta~stbble./ines for chalcopy-—
rite even by considering the measuredapotential as a mixed
poteqtial. An observed | ine would be shifted towards more
oxidizing values due to the presence of oxygen in the pulp,
but would remain relatively parallel to the equil ibrium |ine.

It may be speculated that the operating |ine for clea-
ning op:ration follows an equil! ibrium line for the reaction
of the collector with chalcopyrite. However, ?itt/e is known
about the co//ecfor (Aerophine 3u4184) excegf that it Ae/ongs
to the dithiophosphine family (112). It is thus impdssisle
to verify this speculation by thermodynamic calculations.

‘ . .
The potential-pH graph for the zinc circuit is presented
in fig. 40, with the meta-stable [|ines for the oxidation of

sphalerite (111) and the experimental and theoretical I ines

for the reduction of oxygen (73).

e

-

Similarly to the copper circuit, the operating I|ine for

‘zinc roughing (line "a-b") is parallel to the HaS/HS™ equi-

I ibrium [ine except when .Iime [s added during copper roughing

flotation. On the other hand, most of the points for the

cleaning section of the zinc circuit are above the theore-

' -

G .. . ,
tical [ine for the reduction of oxygen.
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Fig. 40. Potential-pld graph for the zinc circuit.
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The apparent pH dependence of thé potential~for the -
cleaning operating | ine, "a-c", is infriguing. An Ep—pH're-
lat ionship was expected, but an Tncreasing potential witA in=-
creasing pH is rare in the alkaline range (113).
Further surveys, with the electrodes immersed in the
Flotation pulp rather than in samples withdrawn from the
process, would be required to ascertain that the /ine is not
a consequence of the experimental” technique used. Also, the
high resistivity and band gap of sphalerite (49) maytcause
difficulties similar to those experienced with massive

sphalerite electrodes and during cyclic voltammetry of un-— ‘t

act ivated and copper-activated sphalerite. »

The extent to which the [|ine would be related to the
electrochemistry of copper activated sphdlerite is qifficu/t
to determine. Certainly, it would be induced by the addition
of | ime as pH'modeier. Determination of the concentrations

0

of fons in solutions would help to resolve the question.

.

P Tl
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6.3 Continuous monitoring

;l‘

Al -

Cont inous monitoring of the Pyl p potenti/al requires

judicious selection of the monitoring points and this cannot
be decided before hand. The presénce of recirculating:
streams, changes in ore type and reagent dosaqge {ntroduces -
further complications (68). From the laboratory (nvestiqa=
tions it was determined that the potential-pi point ?cmi@vad
after grinding was related to the ore type. Jn a pilant
scale, it might be possible to.i&entify spacilic ore types,
on-/ine, and if required to ad just the control strategy as a
consequence, This (s an application which would be waelcomed

in industry.

Fige 41 shows the interraelation between a change in orae
type, the metallurgical response, and the pulp potential, Cn;

and pH achieved in the first coll Qf the copper rouchaer,

At about 9:30, the flotation operator belng warned trat

—

a‘change in ore type was occuring reacted by decraeasing the

. \ ‘ )
rougher pH set-point from 9.5 to A.5. A concurrant drop in
potential was recorded. However, the operator action was nopt

-

sufficient to avoid a catastrophic' decroease of tho coppoer

rougher concentrate grade, from 15% %o 4% % within 20 minue

2
-

tes of the change in ore type, ’

’
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élg 41. Example of identification of ore type change.
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A further decrease of the pH set=point to 8 at 11:00

’ .
stabilized the roughing circuit, and consequently, poermitted

control/ to be regained with the concentrate grade apparently

Ve

stabilizing at around 9% Cu.- During that®time, the potential

remained relatively constant until 13:00, when it startod to
. Lo
rise. The feed to the circuit was reverting to that prior to

A

the upset. The concentrate grade, after roaching Q max fmnum
¢ .
of 10% Cu at 13:45, started to decrease again, the operating
conditions no longer being suited to the ore.
A . ) ‘

e k!

4

This is only one example of "seeing" an ore type change
1 3
with monitored variables. Strangely, the potential decreasod
with the pH. A/thouéh this is contrary to the normal -obser-.
vatioq inmineral-water systems (63, 64, 83, 108), such rela-
tionships have been observed when régox and pH modifiors are
added during rfilotation (sections 3.3.2 and 5:6.1). Again,

this may be due to different mineral proportions and redcti=-

vities.

The potential alone would not be sufficient to provide
information on the ore type being treated, as observed in
Fig. 41. Fronm the gaboratory fnvestigation on the diffarant

. ~
ore types, /it was found that the pH of the pulp and the iron
assay would also be required to asdertain the ore typo wir@
an acceptable confidence. Thus, all three variatles (£p, pH,
%Fe) would have to be considered,

% M

kd
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The potentials recorded in the first copper rougher cell
were between O and 75 mV vs SCE (gold electrode). The poten=~

tial observed in the laboratory with the stainless steel

A}
5

charge and similar reagent additions was +28 mV vs SCE (pla-

tinum electrode) for collectorless Flotation (section 5.2).

Even though the potentials are not directly comparable due to

the different sensing electrodes, the similar values pe/mit

t

to suggest that colléctorless flotation contributed to the

total recovery in the plant. {

» -

Finally, there are two possible problems associated with

M

continuous surveys of redox potentials. The first one is

that the measurements may be afrfected by electrical noise.

- This @%es not appear to be the case as seen in'ﬁig. 41. The

measurements do not seem to bF arfected by variations in the
throughput, and consequently of the power input of the semi-

autogenous mill. .

-

The second possible problem is electrode poisoning. It
seems that the agitation of the slurry is intense enough to _
perfgrm a continuous "gentle" abrasicn of the electrodes
(68). Parfic%/arly, no scale deposit was found on the gold
spiral electrodes immersed in the |ime conditioner of the
zinc circuit (68). On the other hand, this may cause a short

service |ife For the electrodes.

R
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6. Conclusions a ‘ n ]
. /
h Potential-pH surveys of the copper ;nd zinc circuits e
revealed that eperating conditions for given parts of a >
M ' For '

circuit may be mapped as |ines on potential-pH graphs.

" the copper circuit, the roughing operating {ine appears to

follow a H2$/HS' equil ibrium while the cleaning operating 1

. line appears to follow a line for the reaction of! the collec-

tor with the mineral. The |ines_do not seem to be related to

the reduction of oxygen, even if the presence of mixed poten=-

-

tials /s considered. -

%

For fhe zinc circuit, the roughing section appeared to
operated in a sim(jar~§ashion to the copper rouwughing sectlon.

However, the cleaning section showed a relationship where the .

potential increased with increasing pH. This is still to be

'S
/

confirmed and explained. - }

4
I3

Cont inuous monitoring of the pulp potential aloﬁq with

pH and iron assay in the feed may provide a means of i(denti=-

fying ore-type changes on-/ine. This could ease the imple-

mentation of control strategies rfor complex sulphide separa=-
¢
tion. ’

t
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7. CONCLUSIONS, RECOMMENDATIONS AND CONTRIBUTIONS TO KNOW=-
LEDGE . : :

.

7.1 Conclusions ‘ . .

K -

¢
[

7.1.1 Monitoring of electrochehicgl~poten§ia/s in mineral
slurries.- ’ - -

N

13
2

~ Reviewing the literature and, investigating-the behavior

4

of noble metal agd mineral electrodes in mineral slurries, .
+ 7 :
with and without flotation reagents and, with and without

@

flotation air demonstrated that: . ) ' @

vV

-

i) The electrochemicdl potential's monitored in flotat ion

»

slurries are mixe& botentials coup/eJ'with random contact;
between the sensing electrode and the mineral particies.
They &annpt be readily related to thermodynamic quéntities
of the system (e,g. the séandard potentials) unless the’

kinetics of the redox reactions are' known.
o
. - ’ ; )
ii)-The physical interpretation of the redox potential measu-

r-ed in a mineral slurry is the same as that of a simple
[ P ‘
.solution. Namily, it indicates the tendency for oxida-—

) , . . N,
«_tion or reduction. Howeveéer, the dynamic nature of flo-

)

tation may enforce situations where the pulp potential is

a much different value from the solution potential.

i
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iii) The preferﬁed noble metal for measurement is gold. [t

rollows closely the potential exhibited by a mineral
‘ ¢

electrode (cha/copyri?@i galena) when immersed in a

»

slurry consistfpd mainly of chalcopyrite, or a mixture

of chalcopyrite, galena and sphalerite.

-

&
’ 2

iv) The preferred shapé fFor the e/ectrbde is & spiral since
this sﬁ&pe appears to be t@é most sensitive to the pre-
_ sence of sulphide mineral partic/gs:'even for solid con=-
.tepts as low as 1 g solids per Iifér of pulp (about 0.1%
by weight) - B ; .

~

™ v) A significant discrepency,,typicallyKBO my, between a’'gold

L

spiral and a chalcopyr’ite electrode wa observed under al-
fTh[s appears to be

kal ine and, or, oxidizing COnJMtiohs.
due to’the fo/matiqn of passive hydroxide |layers on the

mineral electrode as indicated by the depression of the

"

sulphide minerals under these conditions.

LY

4

vi) Black p/atindm electrodes might prove an adequate alter-

-

ative to monitor, in-situ, the so/uti%n potenfia/ of a

mfneré# slurry. This may be more advantageous than con-
I

t fnuous micro-filtration of the slurry.

-]

vii) There appear to be advantages in using”mimeral electro-
des.for laboratory investigations. [ndfecation of the
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réaction,kinetics is given by the rapidity at which a

. given mineral re~-equilibrates after a reagent addition.
. -

- « ' However, it is to be demonstrated whether the additional

CnformatioqQ?s of practical relevance for industrial ap-—

.

p(fcations. ‘ 1

2 -
.
a ~

7el.2 Promises and | imitations of an electrochemical app;oach

for modulation of the flotation response. \
N . 3

The investigations demonstrated the possibiliti65aof mo— .

dulating the flotation resgonse by control, potentiostatic or

chemical, of thé redox potential of- the pulp. Namely, ?he

presence of windows of selective flotation in the processing
“of a complex sulphide ore wou/& permit a more efficienf sepa-

ration to be performed if th?se windows are determined and’

wtilized. However, some | imitations Iinked to thik promise

were determined: A

0 3

i) The presence of galvanic interactions between the sulphide
minerals and the grindin% med ia introduces conditions

which do not permit to Infer the window(s) of selective

a

flotation of an ore from investigations on the minerats, .

4

each one being taken on an individual basis.

'

¢

v




5

a

B a

i7) Laboratory investigations must be carefully control/ed

with respect to the environment induced by the grinding

~

step. The occurence of collectorfess Flotation may dis-
tort laboratory results. Also, the presence of ,soluble
minerals, such as chalcocite, may induce in-situ aétfva—

«ion of other minerals, e.g. sphalerite and pyrite.
\ : B ’

iii) Each o;e, or &#7 type,, I§ unique and genédral ization of
. } . .
processing options in terms of pulp potential and pH may
be misleading. This is a I/ imitation for dissemination
1+
of knowledge. However the pulp potential, along with

other variables, can be advantageously used for on-/ine

> A

sensing of ore type change in a concentrator. .

iv) The potentia/ achieved after the addytion of a redbx or a

<

pH modifier dpppars to be an indication of the reactivity
of the ore or minerals. Interpretation of laboratory or

plant data in terms of -surface produgts is rendered dif-

1

ficult by the preifnce of mixed potentials.

i

.

A
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e )
7.2 Recommendations for Ffuture work

;
AP

The "present study has highl ighted areas for further in-
vestigation. Some of these are of fundamentdl! nature while

the others mq} find direct and economicaf,app/ication in in-
dustry. \ (

.3

7.2.1 Fundamental! work .

a

i) Measuring techniques have to be defined for electrochemi=

cal investigations of sphalerite since the large band gap

5

of (3.6 eV) and resistivity (8 X 10 ohm-m) of the mine-.

‘ral renders the manufacture of massive sphalerite electro~

R

des impossible. Investigations on particulate bed elec-
AY R ’

trodes suffer also of the high résistivity of the mineral.

ii) Further invéstigat/ons should Be undertaken to study the
. U ,
electrode kinetics and surface products of the reactions

of the sulphide minerals with common Flotafion modifiers

such as 1ime and sulphur dioxide,” and uncommon ones such

]

as potassium ferricyanide. ,

id

iii) The electrochemical behavior of hydrochloric acid in"mi=-

*

R

neral slurries should be clarified at to why it yields

¥ ' ,

L
e
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5 /
more qgidizing"potentials than su/phur diox{de for an //f’\\\¢

N +

equiva/eni oH.

s

-

7.2;2 ;?eve/opment of reagent control schemes

L3 N ~

?

The iﬁqication of the reactivity of the ore, upon con&i—
tioning with a modifier, by the pulp potential shows promise
‘for application of electrochémica/ techniques In industry.
The measurement may be used for on-l/ine determination of the
ore type which would permit the control strategy to be adap-

ted to the particular ore being treated.

Conversely, the measurement may be ‘used to control the

L]

13 . —
add ition of reagents, particularly of modifiers. The defini-

tion of the windows of selective flotation in a concentrator

should permit-a better'control and consequentl!y, an improve-

ment in the technical and economic efficiencies of beneficia-

tion may be expected. ' / ‘

B o
¢ Pt

o
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7.3 Contributions to knowledge |

':I t
i) A conceptual stochastic model for the mé&surement of elec~-
trochemical potential in mineral slurries has been propo-
sed. This model! complements the mixed potential model For
complex electrochemical phenomena and aids the interpreta-
.tion of redox potential measurements in slurries. .

&

ii) A gold spiral has been determined to be a reliable gene-
& "

2 ral purpose sen@/nb electrode for the measurement of the
pulp potential under most of the conditions encountered
in flotation.
e
o

iii) The presence of windows orf selective flotation has been

verified for a complex Cu=-Zn-Pb sulphide ore.

N
4 -

. «
i
’ \
‘

4

:
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APPENDIX A:' BLOCK DIAGRAM OF THE AMPLIFYING UNIT
T

Figs Al shows the block diagram of the interf?ce unit.
The diagram can be separated into fhree parts. First, there
is the voltage generating circuit for timing and triggering
of the data écq&isition pro&ess._ Second, the unity gain
ampl ifiers for .the electrochemical potentials and assoc iated
4-20 mA chrent /;ops, Third, and last, high ga?n ampl iffers
for the pH (recorder output of pH-meter) and témﬁe;ature
( thermocouple).

The circuit configuration for the ampl ifiers is a djffe—
rential input-éingfg output amplifier (114, 115). The dif=-
rerential amplifier is preceeded by a voltage follower stage
so that a high, symmetrical impedance is presented to the
electrodes. The design of the circuit for the 4-20 mA cur-
rent sources was based on adj&stablg high precision current
sources (114, 115). The combination of differential inputs
and 4-20 mA outputs ofigrs the Lowes{ senstivity to electri-
cally induced noise, in the laboratory and especially in in=-
dustrial plants. )

' | . \
For reliable. operation, .the circuits were kept as simple

as possible, ¢
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Fig.TAl. Block diagram of the amplifying ufét.
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APPENDIX B: Selected potential vs time protriles for the
selection of the monitoring electrodes.

s

-

Only two sets of profiles are presented. [In the first
one, ng. A2, an addition of 1 g of copper concentrate was
made to a slurry'containing 700 g 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}a/ re—equil ibrates rapidly to a value
not much differgnt from the orfginalﬁpofential. On the other
hand, the two gold electrodes shoy step increases, with very

4

slow decays.
| . . ~_

Figs. A3 shows an extreme casg of impulse response. For ‘
the'addition of copper concentrate (150 g), the spirals shéw : ‘
oscillations prior to' stabilization. The sampling interval |
4as 0.1 s, which is ten times faster than that used for t%e
flotation tésts and transcient effects are more evident. The

chalcopyrite electrode responded to the addition in a manner

similar to the noble metal rfoils in Fig. A2.
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Fig. A2. Transcient response of sensing electrodes during
the addition of copper ‘concentrate: spirals and

. Foils.
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Transcient response of sensing electrodes dur ing
the addit fon of copper concentrate: spirals and.
chalcopyrits,
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APPENDIX C: Selected potential vs time profiles duriné rou-
ghing flotation.

‘Figs. At and A5 show potential vs time profiles obtained
during rougher flotation of the B-zone ore. Again, class |
is observed when the pulp is initially reduced (Fig. A4, mild
steé/ med ia) while class i is observed when the pulp is ini-

f727/y oxidized (Fig. A5, stainless steel media).’

However, the-difference between the two classes of pro-

§

Files for roughing Flotation is not as sharp as for cleaning

flotation. [n Fig. A4, the introduction of air has the grea-

test impact on the oxldativn state of the pulp (as sensed by

the electrodes) during the First roughing step.

In Fig. A5, the introduction of air appears mainly to
compensate for the reduction caused by the addition of the
xanghate (SIPX). For the last roughing step, however, thg‘/
introduction of air does not seem to re-oxidize the pulp.
This is probably due‘to an a/mést complete recovery of the

. -, i
sulphide minerals. '
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Fige A4, Class [ potential proflles dur/ng roughing.
' (mild steel! media). e
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Fig. AS. Class - i potential .profiles during roughing.
(stainiess steel grinding media).
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