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ABSTRACT

Electrochemical effects occurring in the processing of the A-1 zone copper-zinc-
silver-pyrite ore from Les Mines Selbaie, Joutel, Québec, were investigated and
correlated with the redox potentials measured in flotation pulps using a gold sensing
electrode. On-line pulp potential measurements at the bead of the copper flotation circuit
were performed over a period of nearly one year. Windows of selectivity between the
copper and zinc minerals were observed but the leading edge, and the width of the
window were affected by the state of the sensor. Procedures for the verification of the
state of the on-line sensor were established to ensure long term reliability of sensor.
Sensitivity analysis of the pulp potential to modifiers, such as lime and sodium cyanide,
suggested that these reagents could be controlled using the measured pulp potential to
maintain the oxidation-reduction state of the pulp within the window of selectivity. A
shorter study at the Kidd Creek concentrator indicated the presence of a window of
selectivity between copper and zinc minerals but the leading edge and width of the
window were different than that observed at L.es Mines Selbaie This suggests that the

windows of selectivity are affected by ore and plant specific variables.

Laboratory investigations on feed pulp samples demonstrated that collectorless
flotation of the copper minerals was a significant contributor to copper recovery in the A-
1 zone circuit. Unfortunately, collectorless copper recovery was limited to around 60%
and only a small proportion of the silver could be recovered in this fashion. The addition
of collectors such as Aerophine 3418A (sodium di-isobutyl dithiophosphinate) or sodium
isopropyl xanthate (SIPX) was required to achieve high recoveries but the selectivity
response of these two collectors was different. The selectivity obtained with SIPX could
be manipulated by modulation of the pulp potential before or after introduction of the
collector. However, Aerophine 3418A exhibited an irreversibility in that an oxidation of
the pulp before its introduction usually lead to a decreased selectivity even if the pulp

potential was reduced prior to flotation.
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RESUME

Les effets électrochimiques associés au traitement du minerai cuivre-zinc-argent-
pyrite de la zone A-1 de Les Mines Selbaie, Joutel, Québec, ont été étudiés et reliés au
potentiel é€lectrochimique de la pulpe de flottation mesuré avec une sonde en or. Le
potential de pulpe a ét€ mesuré en ligne a la téte du circuit de cuivre sur une période de
prés d'un an. Des fenétres de sélectivité entre les minéraux de cuivre et de zinc ont été
observées. Par contre, la largeur de la fenétre, et son potentiel de départ étaient affectés
par l'état de la sonde. Des procédures ont été établies pour la vérification de la sonde
pour s'assurer de la validité des mesures. Une analyse de sensibilité du potentiel de la
pulpe au taux d'addition d'agents modifiants tels que le cyanure de sodium et la chaux
suggere que ’addition de ces réactifs pourraient étre controlée par le potentiel de la pulpe.
Une étude de plus courte durée au concentrateur de Kidd Creek a indiqué elle aussi la
présence d'une fenétre de sélectivité mais ses limites étaient différentes de celles
observées 4 Les Mines Selbaie. Cela suggére que les fenétres de sélectivité sont

dépendent du type de minerai et d'opération de 1'usine.

Des essais en laboratoire effectués a partir d'échantillons de pulpe de 1'usine de
Les Mines Selbaie ont démontré que la flottation sans collecteur contribue
significativement a la récupération du cuivre dans le circuit de la zone A-1.
Matheureusement, la récupération du cuivre sans collecteur était limit€é a 60%, et
beaucoup moins pour I’argent. L'addition de collecteurs tels que 1' Aerophine 3418A (Di-
isobutyl dithiophosphinate de sodium) ou l'isopropyl xanthate de sodium (SIPX) était
requise pour obtenir de hauts recouvrements mais la sélectivité obtenue était différente
selon le collecteur utilisé. La sélectivité obtenue avec le SIPX pouvait étre manipulée par
la modulation du potentiel de la pulpe avant ou aprés 1'introduction du collecteur. Par
contre, 1'Aerophine 3418A démontrait une irreversibilité: 1'oxidation de la pulpe avant
l'introduction du collecteur donnait une sélectivité moindre et ne pouvait pas étre rétablie

par la réduction du potentiel avant la flottation.
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INTRODUCTION

Froth flotation is the most common separation process by which sulphide minerals
are beneficiated from ores. The ore received from the mine is first crushed and ground to
a size sufficiently fine to liberate most of the sulphide minerals from the gangue. The
ground ore, combined with water to make up a pulp and conditioned with reagents, is fed
to the flotation machine where the mineral particles collide with gas bubbles introduced
into the pulp. The mineral particles that have been rendered hydrophobic attach to the
bubbles during these collisions and rise to the froth phase floating on top of the pulp. Itis
this froth phase which forms the flotation concentrate. The hydrophilic particles remain
in the pulp and make up the tailings.

Rare are the sulphide minerals which are inherently hydrophobic. The adsorption
of a suitable collector is usually required for the mineral surface to reach this desirable
state. Under certain circumstances the grinding conditions and the chemical speciation of
the process water may be such that the mineral surface is induced into a hydrophobic state

and no collector is required to achieve recovery.

A surface active agent, the frother, is necessary in ail cases to prevent the
coalescence of the gas bubbles while they are still in the slurry phase. Such coalescence
reduces the surface available for attachment of the mineral particles and by consequence,

the rate at which they can be recovered decreases.

Some ores have only one metal bearing sulphide mineral of value and a non-
sulphide gangue, silicate and carbonate minerals being the most common (e.g. copper
porphyry ores, gold bearing pyritic ores). However, most ores contain more than one
metal of value and the gangue consists of barren iron sulphides (pyrite and pyrrhotite
being the most common) in addition to the non-sulphide gangue. The use of suitable
reagents, often referred to as modifiers, is required to selectively recover the valuable

minerals into two or more marketable concentrates.
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This is a simple description of the ideal flotation process. In practice, several

factors jointly affect the overall efficiency of the process.

Firstly, the ore cannot be ground fine enough to fully liberate the different
minerals. Until a comminution machine in which breakage of the ore preferentially
occurs along the grain boundaries of the minerals is invented, there will always be a
certain proportion of the particles consisting of two or more mineral phases locked
together. Recent advances, notably on the use of high power electrical pulses (1), suggest
that such equipment is not too far in the future. With conventional comminution
equipment the proportion of locked mineral particles generally decreases with increasing

fineness of comminution.

There are, unfortunately, ores for which the geological conditions leading to their
formation resulted in the formation of intricate textures. Such textures often require size
reduction to the order of a few micrometers so that the particles become either liberated

or simple locked mineral phases.

Liberated and nearly liberated mineral particles are easier to recover than locked
particles with a large proportion of gangue. Locked particles can be recovered given
sufficient flotation time and an excess collector but the grade of the concentrate will suffer
due to the gangue associated with them. At the extreme, an encapsulated valuable
sulphide mineral grain will never be recovered by froth flotation if the surrounding
gangue is a silicate mineral while there is a probability of recovery if the encapsulating

gangue is also a sulphide mineral.

In practice, comminution to a size sufficient for surface exposure is performed in a
primary grinding circuit for recovery in the rougher and scavenger flotation stages.
Regrinding of the scavenger concentrate, and sometimes of the rougher concentrate, to a
size ensuring high liberation of the valuable minerals is performed prior to cleaning

flotation to yield a final concentrate. In the case of complex sulphide ores, for example
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copper-lead-zinc ores, the regrinding requirement is often that for liberation of the

copper, lead, and zinc minerals from each other rather than from the gangue minerals.

Liberation is the primary condition that dictates comminution requirements but the

efficiency of the flotation process is also dependent on the particle size.

The lower surface to weight ratio of coarse particles makes it difficult for such
particles to remain attached to the gas bubbles during their rise to the surface of the pulp.
Recovery is not possible above a certain size and the higher the specific gravity of the
sulphide mineral, the smaller this limiting size.

On the other end of the size spectrum, the high surface to weight ratio of fine
particles makes them extremely susceptible to hydrodynamic effects from the surrounding
fluid phases. At extremely fine sizes (e.g. less than 5 pm), the surface state of a given
particle has little bearing on its fate and it tends to follow the surrounding water; into the
concentrate or into the tailing. For hydrophilic particles, this phenomenon is described as
mechanical entrainment in the froth and is a contributor to concentrate dilution. For
hydrophobic particles, this phenomenon leads to recovery limitation although no term has
yet been defined as it has drawn little attention.

The addition of froth washing equipment to the flotation machine, whether it is a
flotation column or mechanically agitated cell, reduces mechanical entrainment. Also, the
design of flotation machines, which has continuously improved over the years, is

stretching the lower and upper size limits for recovery of hydrophobic particles.

The type of frother used may assist the recovery of weakly hydrophobic valuable
mineral particles because of their surface state or their size but at the cost of enhancing

the recovery of gangue particles.
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Finally, the way in which the minerals are conditioned for flotation has a great
impact upon the selectivity of the process for complex sulphide ores. Most thiol based
collectors require oxidising conditions to adsorb on the suiphide mineral surface; the
oxidation reaction required being that of the collector or of the mineral. Many modifiers
traditionally used in modulating the flotation response of the minerals affect the oxidation-
reduction state of the pulp. In addition, the flotation gas which carries the mineral
particle from the slurry phase to the froth phase is usually air and, as the flotation

proceeds, oxidation of the sulphide minerals and the collector(s) occurs.

The mechanisms by which the xanthate family of collectors interact with sulphide
minerals have been the subject of many studies simply because these collectors are the
most commonly used. These investigations, and others linked to the observation of
flotation without the requirement of a collector, have allowed the establishment of the

governing principles of an electrochemical model for the flotation of sulphide minerals.

Other collector families, although generally more selective than the xanthates for
nearly the same level of recovery, have been less thoroughly investigated. Generalization
of the mechanisms demonstrated for the xanthate family can be made for such collector
families but only to a certain degree as their higher selectivity results from a lower
susceptibility to oxidation than the xanthates, and/or a different adsorption mechanism

altogether.

The mechanism of action of many flotation modifiers is complex and poorly
understood even to this day when an extensive array of surface analysis techniques is
available for investigation. Furthermore, conflicting observations found in the literature
do not help the practising mineral processor who has to continuously improve the
efficiency of the plant in the face of ever diminishing metal prices and rising costs of

manpower and supplies.
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Given the plausible existence of a relationship between the flotation response of
sulphide minerals and the oxidation-reduction state of the pulp, manipulation of this state
via the use of reducing or oxidizing reagents, or via reduction or enrichment of the
oxygen content of the flotation gas is appropriate. Such an approach, when used in the
laboratory or pilot operation, yields unquestionable results. It is less practical for a
concentrator. Nitrogen may be used as flotation gas when reducing conditions are
necessary for the separation; the savings associated with the lowered consumption of the
reducing reagent far outweighing the cost of generating, and recycling, nitrogen for

flotation. However, this is the exception rather than the rule.

Another approach is to monitor the oxidation-reduction state of the pulp while the
modifiers normally used to modulate the flotation response are introduced in the circuit.
If a relationship can be defined and the modifier(s) most effective in altering the
oxidation-reduction state of the pulp identified, then the search for the required modifier
dosage(s) to maximize selectivity in the laboratory may be narrowed. Furthermore, if a
similar relationship can be observed under the less controlled conditions of an operating
plant, then this opens the possibility of using such measurements to appropriately

manipulate the dosage of the modifiers.

1 Overview of the flotation process from an electrochemical viewpoint

The occurrence of oxidation-reduction phenomena in the flotation of sulphide
minerals and their utilization to modulate the flotation selectivity between two or more
minerals have been known for a long time. An early process, reported in the mid 1950's,
described the separation of pyrite from pyrrhotite and arsenopyrite by selective oxidation

of the latter minerals with potassium permanganate (2).

It is only since the early 1980's that advances in electrochemical and surface
analysis techniques have provided the knowledge necessary to generalize ore and mineral

specific observations into an electrochemical model for the flotation of sulphide minerals.
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Although there are still gaps in the model, it has been found useful in explaining

separation processes and operating challenges in mineral processing plants.

The hydrophobic character of a mineral may be induced by a fractional monolayer
surface product, often covering less than 5% of the mineral surface (3). This is the case
for collector dosages normally used in industry (4) and reflects a very fine balancing act
between hydrophobic sites and the mainly hydrophilic mineral surface. The source of
hydrophobicity representing less than a full surface on the mineral particles renders the
study of electrochemical phenomena more difficult for flotation than for other systems

where bulk compounds are produced.

Taking the xanthate family of collectors as an example, a sulphide mineral can be
rendered hydrophobic via six distinct, but not necessarily incompatible, anodic oxidation
(de-electronation) reactions:

i) Oxidation of the sulphide mineral to produce a metal deficient surface;

MS = M, S + x M) + 2x e [1]

ii) Oxidation of the sulphide mineral to produce elemental sulphur on the surface;

MS =M®) + S +2¢ 2]

iii) Oxidation and adsorption of the xanthate, X~ (R-O-CSS", where R is a hydrocarbon

chain);

X =X+ € (3]
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iv) Oxidation of the xanthate to its dimer, dixanthogen, and its adsorption on the surface;

2X = Xoppye + 26 [4]

v) Oxidation of the sulphide mineral and reaction of the semi-free cation with xanthate to

metal xanthate;

MS +2xX =M, S:xMX, +3xe [5]

vi) When a metal ion is precipitated from the solution, or as it leaves the mineral lattice,

the formation of the metal hydroxyxanthate may occur;

M(@OH), + X' = MOH), X + e’ {6l

The sulphide mineral serves as a source and sink of electrons for these reactions

and the cathodic reduction of oxygen (electronation) (5, 6, 7):

O, +2H,0 +4¢ =40H [7]

The actual mechanisms are more complex (5, 6, 7) but the reactions in this
simplified manner show the requirement of oxidizing conditions for the mineral surface to
acquire a hydrophobic state via metal deficiency or elemental sulphur formation or the
adsorption of the xanthate molecule. The dissolved oxygen content of the flotation pulp
(air in the flotation gas) normally provides these conditions but other oxidation-reduction

couples such as ferrous-ferric ions may act in this role as well.

As the minerals are liberated in the grinding mills, and sized by hydrocyclones, a
certain amount of oxidation has occurred via reactions [1] and [2] even before the

introduction of the collector in the system. The fate of the cations released during this
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early oxidation depends on the pH of the pulp. If the pH is higher than that of stability in
solution, these cations will precipitate as hydroxides nearly as fast as they are formed.
This is generally the case for sulphide flotation.

Whereas the formation of a metal deficient surface or elemental sulphur increases
the hydrophobicity of the surface, the precipitation of metal hydroxides increases its
hydrophilicity. On the other hand, dry grinding may provide all the benefits of metal
deficient/elemental sulphur formation without the noxious effects of the metal hydroxides

leading to an easily observable flotation without collector (8).

Since chelating agents such as ethylene diamine tetra acetate (EDTA) can remove
these metal hydroxides to leave a net hydrophobic surface, there have been some
questions as to the exact role of collector sulphide flotation (9, 10). However, the
adsorption of the collector might in fact be facilitated by the presence of these metal
hydroxides, as the reacting sulphur atoms from the collector do not have to fight as
intensely the repulsive forces from the sulphur atoms in the mineral surface with the

hydroxides in between.

When the pH of the pulp is not elevated enough to precipitate all cations, then
those that remain in solution may interact with other sulphide minerals and make them
more susceptible for collector adsorption. Such inadvertent activation will lead to a
reduced flotation selectivity. It can be controlled by the use of anions which can form
complexes with these cations such as cyanide or its impact minimized by performing the

flotation of the desired minerals at starvation collector levels.

The oxidation-reduction dependence of the adsorption of xanthate onto the
sulphide minerals taken individually is relatively well understood (6). However, an ore
contains more than one sulphide mineral and the indirect interaction through the ions
released during their oxidation is rarely taken into account. In addition, wet grinding is

performed with the grinding media being either the ore itself (autogenous and pebble
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milling), or steel (rod and ball milling) (11). Hence, it may be expected that interactions
between the minerals and the grinding media, as well as the minerals themselves will
occur. These interactions are galvanic and each half-reaction occurs on a different

mineral with the electron transfer occurring during coatacts between the two.

The presence of a galvanic couple often yields reaction rates which are higher than
if each of the two materials were separated. For example, sphalerite (ZnS) is leached by
acids at a faster rate when pyrite (FeS,) is present then when it is by itself (12, 13). This
faster leaching rate occurs due to the combination of two factors. First, pyrite is one of
the most electroactive sulphide minerals for oxygen reduction (14). Second, it is more
noble than sphalerite (15). This combination forces pyrite to be the active surface for
oxygen reduction while extracting the required electrons to sustain the reaction from

sphalerite (zinc dissolution) during pyrite-sphalerite contacts.

The presence of galvanic interactions in flotation may be beneficial or detrimental
depending on the minerals present. In some instances, the desired mineral is depressed
because of the presence of the couple. Such is the case of galena when grinding is
performed with a mild steel media (16). Sometimes, it is the flotation of the non-desired
sulphide mineral which is enhanced, for example pyrrhotite in gold-bearing pyrite/
pyrrhotite separation (17).

However, the usual ranking of sulphide minerals from most reactive to most noble
by their increasing rest electrochemical potential in aerated solutions should not be
assumed to be the same when a collector is present as demonstrated by Bozkurt et al.
(18). In this particular study on the pentlandite/pyrrhotite/xanthate system, pyrrhotite
became more noble than pentiandite upon the introduction of xanthate with the particular
consequence that xanthate adsorption on pentlandite was enhanced while that on
pyrrhotite was reduced. The net outcome was an increased selectivity over that predicted

from single mineral studies.
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Monitoring the electrochemical potential of a mineral slurry is a first step towards
manipulation of the system to modulate flotation selectivity. Being able to monitor a

process variable leads to its control. Essentially two means are available.

The first is to use a potentiostat, which is an electric device capable of literally
"pumping" electrons through the system under investigation so that the desired potential is
maintained. This is the preferred method for laboratory experiments (5, 6, 19, 20, 21)
where it is relatively easy to obtain a good contact between the mineral particles and the
current feeding electrode by compacting the particles around the electrode. Industrial
electrochemical reactors based on the same principles have been investigated for
hydrometallurgical processes and the challenge is to obtain high current efficiency due to

the poor contact between the loosely moving particles and the electrode (22, 23, 24).

The other method relies on the use of oxidizing or reducing agents to move the
electrochemical equilibrium in the desired direction. This is the acting principie behind
selective oxidation of one of the minerals in the ore, for example, by potassium
permanganate (2), or sodium peroxide (25). By using strong oxidizing or reducing
agents, a modulation of the electrochemical potential nearly as large as that achievable by

pumping electrons through the system can be obtained.

However, most flotation circuits, or laboratory flotation procedures, achieve a
reasonable separation of the minerals. To improve on this separation, the required
manipulation of the oxidation-reduction state of the slurry would not need to be as large
as performed in fundamental studies. In a study on a copper-zinc-silver-pyrite ore sample
from Les Mines Selbaie (26), it was observed that an indirect manipulation of the
electrochemical potential of the pulp by the alkalinity of the pulp (roughly 50 mV/pH
unit) was sufficient to modulate the flotation response of copper and zinc minerals enough
to affect the overall observed selectivity. In a way, this is not much different than the

control of the addition of sodium cyanide for gold leaching (27).
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2 The electrochemical potential of the pulp; a dream or a reality?

Measurement of the electrochemical potential (also called oxidation-reduction
potential or redox potential) of the flotation pulp is a first requirement for investigations
into the establishment of a relationship between the oxidation-reduction state of the slurry
and the flotation response. The measurement, and control, of the electrochemical
potential of the system, during fundamental studies on single minerals or binary mineral
mixtures is straight forward due to the experimental procedures and can be related to

thermodynamic values.

Such is not the case with a flotation pulp, be it in the laboratory or in the plant.
Woodcock and Jones (28, 29) were early investigators in the chemical characterization of
plant flotation pulps. They measured a vast array of parameters, including the redox
potential and they expressed some doubts into the value of such measurements due to an

observed relationship between redox potential and pH.

Later, Johnson et al. (30) performed a similar characterization and expressed the

following view on redox potentials in flotation systems in a footnote:

"The precise meaning of Eh in a complex sulphide pulp is obscure and the term is
used solely for convemience. It is measured as the potential of a platinum
electrode with respect to a saturated calomel electrode, both of which are inserted
into the stirred pulp. This potential is then converted to the standard hydrogen

electrode scale.”

Given this, some investigators have avoided the issue of the complexity of the
interpretation by using E, (e.g. Guy and Trahar (19)) to represent the redox potential
measured with a platinum electrode and converted to the hydrogen scale. Others have
extensively examined the impact of oxidation in industrial flotation circuits, via extraction

of hydroxides on the mineral surfaces, without performing a single electrochemical
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measurement of the flotation pulp (31). Such correlations, although not easy to

determine, can be made (32, 33, 34).

Other investigators have attempted to clarify the meaning and significance of
electrochemical potentials in mineral slurries by using different sensing electrodes,
including electrodes made from pure sulphide mineral pieces (26, 35, 36, 37, 38, 39, 40).
The general conclusions reached in these studies were that the electrochemical potential of
the pulp is a mixed potential; that the use of gold as material for the potential sensing
electrode was preferable over platinum as its electrocatalytical activity for oxygen
reduction is similar to that of the sulphide minerals and it generally exhibited potentials
similar to mineral electrodes; and the shape of the sensing electrode should be conducive
to intense contacts with the mineral particles present in the slurry. The underlying
assumption in these conclusions was that the relevant electrochemical potential for

flotation was that of the mineral-solution interface (20, 36, 37, 38, 39, 40).

Reflecting on the impossibility to directly relate the measured electrochemical
potential of the pulp to thermodynamic quantities, the expression "pulp potential" to
describe this measurement was proposed around 1990, for example Heimala et al. (41,
42), Hodgson and Agar (43), Labonté and co-workers (39, 44), Baker et al. (45), Gorken
et al. (46), Trahar et al. (47). The term "pulp potential” appears to have been sufficiently
accepted to appear in the title of a review by Cheng and Iwasaki (48). Its abbreviation to
Ep has sometimes been used (33, 34, 44).

Some investigators prefer not to abbreviate the term (48, 49, 50), but to coin a
new term like pe (51) by analogy to pH, or to use the traditional Eh (45, 46, 47, 48).
Both pe and Eh implies that the potentials are related to the standard hydrogen scale,
usually by conversion from the reference electrode actually used. The argument in favour
of referring all pulp potentials to the hydrogen scale is an easier relation between the
value obtained and the thermodynamic properties of the system. However, no practical

reference electrodes are based on the standard hydrogen electrode, the silver/silver
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chloride electrode (Ag/AgCl; Eh = 200 mV at 25 °C) being the most frequent in
commmercial potential and pH sensors and the saturated calomel electrode (SCE; Eh = 245

mV at 25 °C) commonly encountered in laboratory sensors.

What is often forgotten in performing the conversion is the temperature
dependence of the practical reference electrodes at 0.65 mV/°C (52, 53). After all, this
translates to only 13 mV for a concentrator operating in a nordic climate where the slurry
temperature can be 10°C in the winter and 30°C in the summer. However, the potential
range over which the hydrophobicity/hydrophilicity balance of the surface of a mineral
tips from near zero to full floatability is often in the range of 10 to 1S mV (5, 6, 7, 9, 10,
19, 20, 21).

The reactions which cause the balance to tip from one surface state to the other are
also affected by the temperature but the complexity of the system makes it impossible to
predict for anything more than a single sulphide mineral. However, this is no reason not
to include the temperature dependence of the reference electrode when converting from

one scale to the other.

Given the acceptance of the concept of "pulp potential”, the term will be used
extensively in discussing the oxidation-reduction potentials obtained with a sensing
electrode-reference pair immersed in a mineral slurry. To lighten the text, the
abbreviation Ep will be used when the general term is meant with a notification of the
sensing electrode and reference used. Abbreviations such as E,,, Ey, Eg,, etc. will be
used when discussing pulp potentials obtained using sensing electrodes made from gold,
platinum, chalcopyrite, etc. The temperature at which a given measurement was made

will be reported if temperature related effects are expected.

All potential values will be quoted in the text, or on graphs, in the scale of the
reference electrode used; either SCE for laboratory investigations or Ag/AgCl for plant

studies. When appropriate, especially when some relation to thermodynamic properties
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of the system are made, or when comparing potential regions from the laboratory to the
plant, the potentials converted to the standard hydrogen scale (at a specified temperature)

will also be given.

3 Statement of problem and objectives of project

The A-1 zone of Les Mines Selbaie, Joutel, Québec, is a complex zinc-silver-
copper orebody which locally contains small amounts of lead. Soluble secondary copper
minerals (e.g. chalcocite) are also present in variable amounts throughout the orebody.
The copper/zinc selectivity is greatly reduced as the quantity of secondary copper
minerals in the feed increases. In the extreme situation, no selective flotation is

economically achievable.

The general objective was to investigate the possibility of reagent control using an
on-line pulp potential sensor. Preventive maintenance procedures were developed to
ensure the long term reliability of the on-line measurement. Plant surveys and laboratory
flotation tests were performed to determine how the copper/zinc selectivity could be
related to the pulp potential given different collectors, modifiers, and grinding

environment used in the plant.

4 Method of attack

The task was approached concurrently with laboratory investigations on the effects
of type of grinding media, flotation modifiers, and collector on the response of the A-1
zone ore from Les Mines Selbaie while developing the needed monitoring and preventive

maintenance techniques for the on-line pulp potential sensor in the plant.
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Attention was brought to the presence of five different ore types within the A-1
zone ore with possible distinct mineral characteristics. Microscopic examinations and
microprobe analyses were performed for this purpose. However, the ore processed in the

plant, or tested in the laboratory, was usually an unknown blend of all ore types.

As the grinding environment in the plant consisted of a semi-autogenous mill
followed by a ball mill with rubber liners and a corrosion resistant ball charge, the
possibility that the sulphide minerals were induced into a hydrophobic state as a result of
this oxidizing environment was investigated. Possible negative impact on selectivity
against sphalerite and pyrite, and/or in the recovery of silver to the copper concentrate
was also to be examined. These tests also indicated the most appropriate location for the

on-line pulp potential sensor.

Nitrogen as flotation gas, due to its minimization of oxidation via reduction of the
dissolved oxygen content of the mineral slurry, was used in comparative tests to
determine whether the inherent oxidation of the slurry when air is used as flotation gas

affected selectivity between the copper and zinc minerals.

Finally, laboratory tests examining the impact of the composition of the grinding
media, from stainless steel only, to a mixed mild steel/stainless steel charge, were
performed to help interpret some of the observations made with plant samples. These
tests examined both the copper and zinc flotation stages whereas most of the other

flotation tests were concerned only with the copper stage.

The on-line sensor was installed early in the project, with only a partial indication
of an optimal region of pulp potential for maximum copper/zinc selectivity. This ensured
a sufficiently long period of continuous on-line monitoring (nearly a full year) to ascertain
the long-term viability of the sensor and to determine if the approach has merit in the long
term. Necessary procedures to ensure the reliability of the on-line pulp potential sensor

were developed as monitoring progressed.
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The opportunity presented to participate in a similar program at the Kidd Creek
concentrator was seized. This provided the possibility to generalize observations made
with the A-1 zone ore and flotation circuit of Les Mines Selbaie to other copper-zinc-

pyTite ores.
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1 ELECTROCHEMICAL EFFECTS IN SULPHIDE FLOTATION

1.1 Introduction

Investigation into electrochemical phenomena in the flotation of sulphide minerals
has seen an explosive growth in the 1980's. The re-discovery of flotation in the absence
of collector due to a chance observation by Lepetic (8) appears to have initiated this
interest. This also coincided with advances in surface analysis techniques which allowed
more precise quantitative determination of the composition of mineral surfaces rather than
just inference from modelisation of the results from electrochemical investigations. The
different analysis techniques were reviewed by Giesekke (54) with reference to in situ and

ex situ capability, sensitivity, and target species.

Three techniques have been demonstrated for specific areas of investigation (54,
55). X-Ray Photoelectron Spectroscopy (XPS) primary targets questions related to the
valence state of the cations and sulphur on the mineral surface and is amenable to depth
profiling (56, 57). Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) and
Secondary Ion Mass Spectroscopy (SIMS) are highly versatile in that they can examine
the surface for cations and anions (58), detect (59) and even map (60, 61) collector
adsorbed on mineral grains, and pushed to the extreme, can assist in determining the type
of bond by which the collector is adsorbed (62). Studies on metal ion activation of non-
sulphide gangue have also been performed (63). Finally, Fourier Transform Infra Red
(FT-IR) spectroscopy with its vast array of sampling techniques is especially suited for the
determination of the chemical form in which the collector is adsorbed (64, 65, 66, 67).
Recent developments allow in situ FT-IR analysis under electrochemical conditioning of
the mineral surface (68, 69). In some cases, XPS and FT-IR analyses are used conjointly
to obtain a more complete view of the resulting mineral surface that would otherwise only
be possible with TOF-SIMS or SIMS, for example Laajalehto et al. (70) for a study on
galena and Leppinen et al. (71) for pyrite.
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A peak in electrochemical investigations for sulphide mineral flotation was
reached late in the decade with the introduction of not only one, but three commercial
process control equipment based on monitoring and manipulation of the electrochemical
potential. These systems are OK-PCF (Outokumpu - Potential Controiled Flotation)
which has been introduced in 1985 (41, 42, 72, 73, 74), PIRANA (Pulp Instrument for
Regulation and ANAlysis) promoted by Bureau de Recherches Géologiques et Minérales
(BRGM; 75, 76, 77, 78, 79) and E-Con (Potential-Control) promoted by Control

International and described in a review article (82).

Other research groups were also active in related areas for plant applications. For
example, the US Bureau of Mines developed and tested multi- and single electrode on-line
redox potential probes for flotation systems (37, 38, 80, 81) and Amdel appears to have
been successful with the commercialization of its Controlled Potential Sulphidization
(CPS) system (82, 83). Other investigations into the impact of the oxygen content of the
flotation gas in pilot operation, for example Berglund and Forssberg (84), and selective
collectorless flotation in an operating concentrator, for example Leroux et al. (85), were

also performed.

There is certainly a need to review and discuss the basic principles behind this
excitement with regard to achievement of a hydrophobic state on the mineral surface and
the general role, from an electrochemical view point, of flotation modifiers. This review
will focus particularly on the minerals, collectors, and reagents of relevance to Les Mines

Selbaie and Kidd Creek Mine. It will also be aided by experiments whenever appropriate.

A sulphide mineral can be recovered through genuine froth flotation by three
modes, the first two not involving the presence of a collector. How they arise and how
they can be beneficial, or detrimental, to selectivity need to be discussed in more detail.
For flotation with a collector, the distinguishing features of Aerophine 3418A (Di-
isobutyl dithiophosphinate; Cytec), which was the main copper collector at both

concentrators at the time of the study, have to be put in perspective of the electrochemical
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model developed with xanthate, monothiocarbonate, and dithiophosphate collectors. With
the presence of secondary copper minerals in the A-1 zone ore of Les Mines Selbaie, the
possibility of in situ activation of sphalerite cannot be ignored and the mechanisms of
copper activation, and how it can be prevented and/or overcome must be addressed.
Finally, galvanic interactions that may have a beneficial or detrimental impact on

selectivity between copper and zinc minerals cannot be ignored.

1.2 Natural floatability

Flotation without a collector can occur due to an inherently hydrophobic character
of the mineral surface or by conditions imparted by the environment during comminution
and conditioning. These two modes can be observed in the laboratory with a
non-negligible fraction of the minerals being recovered after a few minutes of flotation
with the addition of only a frother. As such they cannot be distinguished macroscopically
except by a careful study of the grinding and chemical environment in terms of

oxidation-reduction conditions.

The patural, or inherent, floatability of sulphide minerals has always been
questioned. Early investigations using contact angle measurements showed that sulphide
minerals were not inherently hydrophobic since any hydrophobicity without collector
appeared to be induced by surface contamination (86). On the other hand, flotation in the
absence of collectors was observed in industry. One example is a "self-float" bulk
galena-sphalerite concentrate produced from a highly weathered copper-lead-zinc ore at
the Tsumeb concentrator (87). Also, there was the chance observation of chalcopyrite
flotation from a complex sulphide ore in the absence of collector occurring after dry
autogenous grinding, such flotation being selective while the introduction of a collector

lead to reduced selectivity and the requirement of modifiers (8).

The fine points between inherent floatability and induced floatability without

collector have been extensively reviewed by Hayes et al. (88). Minor refinements to the
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concepts have been made in the context of the implication of pulp potential in suiphide
flotation by Cheng and Iwasaki (48). The key differentiating characteristic between the
two phenomena was recognized fairly early; inherent floatability is not affected by
maintaining a reducing environment prior to flotation (19, 20, 89, 90, 91). In most of the
earlier investigations reporting "natural floatability" of a given sulphide mineral, for
example sphalerite with respect to the grinding environment (92, 93), should be

understood as being cases of self induced floatability.

There is one well known sulphide mineral which is inherently hydrophobic:
molybdenite (MoS,) (48, 88, 94). The hydrophobic character originates from the crystal
structure of the mineral and its preferred cleavage plane. The crystal lattice consists of
layers of molybdenum atoms stacked between layers of sulphur atoms. The weakest bond
is the S-S bond and the crystal will cleave between two sulphur layers upon impact during
comminution leaving both surfaces created hydrophobic. Molybdenite can however be
depressed in the presence of iron and aluminum hydroxides (95), but the mechanism
involved is the adsorption of the hydroxides within the electrical double iayer of the
particles in water. Other sulphide minerals reported to be inherently hydrophobic are
orpiment (As,S;), realgar (AsS), and stibinite (Sb,S;) (48, 88).

Most sulphide minerals expose sulphur atoms upon cleavage and Fuerstenau and
Sabacky (98) have shown that flotation under reducing conditions is possible if oxygen
has been completely excluded from the system. The delicate balance between the
hydrophobic sites from the sulphur atoms and the kydrophilic sites from the metal atoms
could be tipped in favour of a hydrophilic character by the formation of hydroxides
following exposure to any oxygen in an aqueous environment. However, these results
have not been reproduced and an investigation of oleophilicity/hydrophobicity of galena
and pyrite by Kocabag et al. (96, 97) suggests otherwise. Both minerals, when in a
pristine surface state, were found to be oleophilic in a mineral/oil/water system but
hydrophilic in a mineral/nitrogen gas/water system. The oleophilic character was

dependent on the redox potential and pH of the system and decreased with rising
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oxidation and alkalinity. The mechanisms proposed to explain the observed variation of

the oleophilic character were similar to those suggested for collectorless flotatiion.

Although one could presume that inherently hydrophobic minerals cannot be
selectivitely recovered, there are indications that selectivity may be achie*ved by fine
control of the air-solution surface tension (99). The practical implication of this

observation is that the type of frother may play a greater role than generally thsought.

1.3 Collectorless flotation

In general terms, collectorless flotation refers to the hydrophobicity acquired by
electrochemical interaction with the environment. This can be induced threough simple
oxidation occurring during grinding (8, 19) or by sodium sulphide/aeration aconditioning
of the ore (100). Most sulphide minerals are individually amenable to scollectorless
flotation with a varying degree of difficulty (88, 91) and this can be related to the rest

potential of the minerals in water as shown in Table 1.1 (88).

One major exception to the rule of increasing difficulty at achieving =collectorless
flotation with increasing (more noble) rest potential is chalcopyrite for weasons still
unclear. Most studies have been performed on simple ores or copper-lead-zinc-pyrite
ores although there have been reports that chalcopyrite from copper-nickel-pyzrhotite ores
(101, 102) and similarly pentlandite (102, 103) could be amenable to scollectorless
flotation. Collectorless flotation of pentlandite has been shown to be capable of yielding
higher concentrate grades than that obtained by conventional flotation, at least in the
laboratory (103). Recent studies, for example Fairthorne et al. (104), have re-confirmed
the dissolution of iron and copper from chalcopyrite to leave a hydropknobic metal-
deficient, sulphur rich surface. However, their re-adsorption as ferric and cupric
hydroxide species was suggested as being likely and actually controlling the met degree of
hydrophobicity of the surface.



Table 1.1 Approximate order of collectorless flotation of sulphide minerals (descending

order) (88)
Mineral Formulation Rest Potential
(pH 4; V vs SHE) (105)
Molybdenite MoS, 0.11
Stibinite Sb,S, 0.12
Argentite Ag,S 0.28
Galena PbS 0.40
Bornite CusFeS, 0.42
Covellite CuS 0.45
Sphalerite ZnS 0.46
Chalcopyrite CuFeS§, 0.56
Marcasite Fe{Zn}S 0.63
Pyrite FeS 0.66

Although the ranking of sulphide minerals in the galvanic series as shown in Table
1.1 was proposed by Majima (15), the experimental data was obtained by Rachenberg
(105). Some inconsistencies were observed when comparing rest potentials from different
sources. Notably Chizhikov and Kovylina (106) had indicated rest potentials of -0.283 V
(vs. SHE) for cast FeS, -0.242 V for sphalerite, 0.284 V for galena, and 0.442 V for

Cu,S in 100 g/l sulphuric acid aqueous solution.

Mineral samples from varied orebodies may give rise to different rest potentials.
Determination of rest potentials for the sulphide minerals in the A-1 zone ore of Les
Mines Selbaie have been determined (26) to be 0.14 V (vs. SHE) for galena, 0.19 V for
chalcopyrite, and 0.28 V for pyrite at pH 7.0. The rest potential of sphalerite could not
be measured due to its high resistivity related to the large band gap of the mineral (=3.6
eV) (107). Although the rest potentials obtained at pH 7.0 are lower than those at pH 4.0
shown in Table 1.1, the general ranking remains the same (Eg, < E¢, < Ep,).
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There is generally a good agreement between the ranking of rest potentials
determined by Majima (15) and the activity of the minerals for oxygen reduction
determined by Rand (14) shown in Figure 1.1; the more noble the mineral, the lower the

activation energy required for oxygen reduction on its surface.

Figure 1.1 Activation controlled current for oxygen reduction on sulphides (14)
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The ranking shown in Table 1.1 is for an acidic pH corresponding to the
formation of elemental sulphur. Although the rest potentials are more negative at alkaline
pH where a metal-deficient surface is the primary cause for the collectorless flotation, this
general ranking is still applicable. Some recent investigations have indicated rest

potentials (e.g. 17, 18) and oxygen reduction current (e.g. 108, 109, 110), but these
involved only selected sulphide minerals.

The terminology "self-induced floatability" has been appropriately coined, for
example Shannon and Trahar (9) and Ahn and Gebhardt (111), to distinguish between
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hydrophobicity arising from interaction between the mineral and the grinding and
conditioning environments from that arising from "inherent floatability". Also, it
contrasts with “collector induced floatability” describing the hydrophobic character
arising from the adsorption of a collector. However, "collectorless” and "conventional"
are terms often used and they are more than appropriate when no inherently hydrophobic

minerals are present.

[n a strict sense, the use of sodium sulphide to induce hydrophobicity in
chalcopyrite and sphalerite ores (100), and further examined by other workers (20, 112,
113, 114, 115), cannot be described as collectorless flotation. The introduction of
sulphide ions causes two effects. First there is the removal of surface oxidation products
from the mineral surfaces (by sulphidization). Second, there is the formation of
polysulphides (via first adsorption of sulphide ions) and a small amount of elemental
sulphur on the surface of the minerals in alkaline pulps and the hydrophobic character is
strongly related to the presence of the polysulphides (114). Hence, the externally added
sulphide ions act in a similar fashion to thiol based organic collectors and should be
considered as a collector. Nevertheless, there is a similarity with self-induced floatability
since oxidizing conditions are required after sodium sulphide conditioning for flotation to
occur with the minimum electrochemical potential for flotation being 0 mV vs. SHE (Pt
sensing electrode) (20, 112, 113).

In most cases, hydrophobicity following oxidation results from the formation of a
metal deficient surface or elemental sulphur, i.e. reactions [1] and [2] described
previously. It has been shown that a metal deficient surface occurs predominantly in

alkaline solutions (115) while elemental sulphur occurs in acidic solutions (116).

Reactions [1] and [2] apply to a system with limited oxidation. Under prolonged
oxidation, the process may lead to the formation of oxy-sulphur species according to (7,

19, 104):
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X M,S + (zxn + y)H,0 =

zxM(OH), + S,0,> + Qy + zxn)H* + 2y + zxn-2) & [8]

Reaction [8] is of particular importance to concentrators using a process water
with a high proportion of water reclaimed from the tailings area. The oxy-sulphur
species, also called thio-salts, arising from oxidation of the minerals during comminution
and flotation, are present in high concentrations in the flotation tailings. The extent of
degradation of the thio-salts in the tailings basin depends on several factors such as
temperature, biological activity and retention time. With an incomplete degradation, a
certain amount of thio-salts will be present in the reclaimed process water. This would
limit the extent of oxidation reactions such as reaction [8], and in a cascading effect, the

precursor reactions [1] and [2].

Electrochemical investigations are usually performed in pH buffered solutions
prepared from distilled water (5, 6, 7) and this represents the case of only a "fresh” water
being used. Recognizing the importance of thio-salts, some investigators have performed
electrochemical investigations in solutions containing a population of thio-salts mimicking
the process water, for example Hodgson and Agar (43, 117) and Kelebek and Huls (101),
or at least with a sulphate bearing solution, for example Ahn and Gebhardt (111) and
Tolley et al. (118).

The released meta! ion in reactions [1] and [2] usually goes into solution and its
fate depends on the chemistry of the system. It may remain in solution, be complexed, or
be precipitated as a hydroxide when the pulp is alkaline. The latter case has some bearing

on the flotation with a collector (9, 10).

The first two cases are two sides of the same coin; the formation of metal

complexes being purposely performed if the presence of the metal cation is found to be
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detrimental. The most noxious cations are those that can exist in two valence states in

solution like:
Cu(d) + 1e = Cu() 9]
Fe(ll) + 1 ¢ = Fe(D) [10]
Ni([l) + 1 & = Ni(l) [11]

Ions with multiple valence states are known to be catalysts for electrochemical
reactions. For example, the cupric ion (reaction [9]) can act as a catalyst during the
oxidation of pyrite leading to the formation of elemental sulphur rather than that of
sulphate (119). Cupric ions can be sequestered by thio-salts and catalyze the
transformation of sulphite (SO;?) to dithionite (S,04%) (120). Also, sphalerite usually
requires copper activation to be recovered by a collector (121). But under some
circumstances, it is possible to float sphalerite without copper activation when small
amounts of ferrous ions are present, especially at pH above 10 (122, 123). Even in this
case, oxidation is required for flotation as maintaining a nitrogen blanket does not allow

flotation to occur (123).

Except when purposely desired, collectorless floatability occurs due to the
galvanic interactions present during grinding. These interactions are between the
sulphides and the media and between the sulphide minerals themselves from locking (lack
of liberation of the minerals) and particle collisions. In the case of a copper-zinc-pyrite
ore there would be benefits in achieving adequate copper recovery with a lower quantity
of collector. On the other hand, if a portion of the sphalerite is promoted to collectorless

flotation, or even was activated in situ as a result, selectivity will be reduced.
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Sphalerite will exhibit collectorless recoveries over 90% if ground in a ceramic

mill (92) and this observation can be easily confused with "natural floatability" (93) and

in-situ activation of the sphalerite. Both causes of flotation can be repressed by the use of

cyanide and ferrous ions (93), i.e. reducing conditions which can also be provided by

grinding with a mild steel mill/media (92), or adding iron, zinc, or magnesium metal to a
ceramic or a stainless steel mill (92).

By analogy, an autogenous or semi-autogenous mill in combination with a pebble
mill may give rise to collectorless flotation while a conventional rod/ball mill grinding
circuit may not. This generalization could be misleading as the "self-float” recovery
observed at the Tsumeb concentrator was following rod/ball mill grinding (87). The
predominance of chalcocite (Cu,S) for the copper minerals might have been a determining
factor for this ore. Also, the major gangue mineral, carbonate or silica, may alter the

expected flotation behaviour in relation to the grinding environment (124, 125).

Reducing conditions can be induced in grinding by nitrogen flushing of the mills.
This would lead to the inhibition of collectorless flotation for an autogenous mill while
grinding media consumption (by corrosion) would be reduced in conventional rod/ball
mil! circuits (126). 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 (127). Furthermore, high chrome grinding media has a

lower wear component due to corrosion than other media (128).

1.4 Occurrence of collectorless flotation in the A-1 zone circuit of Les Mines Selbaie

The grinding circuit for the A-1 zone ore consists of a semi-autogenous mill
followed by a rubber lined ball mill with a corrosion resistant ball charge (129). From
the above discussion, such grinding environment might be oxidizing enough to induce
some of the minerals present in the ore, hopefully not sphalerite or pyrite, into

collectorless floatability.
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In order to verify if this was the case, a series of four flotation tests were
performed on a sample taken from the cyclone overflow feeding the copper rougher
flotation cells. These tests were performed at the as-collected pH of 8.1, with some
additional lime (pH 9.3 or 10.1), and at the as-collected pH with a 10 minute aeration
prior to flotation. Only frother (Methyl Isobutyl Carbinol; MIBC) was added and
flotation was carried with incremental concentrate collection after 1, 3, and 6 minutes of

flotation. The results obtained in these tests are summarized in Figures 1.2 to 1.7.

First is the copper grade-recovery curve for the cumulative concentrate collected
(Figure 1.2). Not surprisingly, up to 60% of the copper could be recovered without any
collector present at a concentrate grade of 15% Cu. A higher pH yields higher initial
concentrate grades but ultimately, the curve tends towards the same grade-recovery point
at the completion of flotation. The additional 10 minute aeration appears to have been

detrimental to both concentrate grade and recovery.

Figure 1.2 Copper grade-recovery curves under collectorless flotation
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The selectivity was excellent as indicated by plots of chalcopyrite recovery against
recovery of sphalerite (Figure 1.3) and pyrite (Figure 1.4). On such plots, a measure of
the selectivity can be obtained by how far the curve for a given set of conditions deviates

from bulk flotation behaviour (a straight line).

Figure 1.3 Chalcopyrite-sphalerite selectivity curves under collectorless flotation
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Figure 1.4 Chalcopyrite-pyrite selectivity curves under collectorless flotation
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At the 60% chalcopyrite recovery level, less than 7.5% of the sphalerite (Figure
1.3) and around 1% of the pyrite (Figure 1.4) are recovered. Aeration is detrimental to
selectivity against both sphalerite and pyrite with a combination of reduced chalcopyrite

recovery and increased sphalerite and pyrite recoveries.

As an indication of the kinetics of flotation, plots of recovery against a given
process variable (e.g. pH or pulp potential) at a given cumulative flotation time are
frequently used (e.g. Trahar (130)). The flotation times usually selected are 1 minute
(indication of flotation rate) and total time (indication of ultimate flotation recovery).
Such plots have been made for pH (Figure 1.5) and pulp potential (Figure 1.6) using the
recoveries obtained after one minute while the ultimate recoveries obtained after six
minutes of flotation are shown in Figure 1.7. It is noted that for clarity the results of the
single test performed with aeration (at pH 8.1) are not shown in Figure 1.5. In the case
of the pulp potential, the value indicated in Figures 1.6 and 1.7 is the one at the start of
flotation on the basis that the potential at that time would be the best indicator of the

oxidation-reduction state of the pulp prior to introduction of air for flotation.

Figure 1.5 Mineral recoveries after 1 minute flotation (collectorless) as a function of pH
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Figure 1.6 Mineral recoveries after 1 minute (collectorless) as a function of Ep
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Figure 1.7 Mineral recoveries after 6 minutes (collectorless) as a function of Ep
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Plotting the results in this fashion indicates that increasing the pulp pH from its as-
sampled pH of 8.1, which translates to a reduction in Ep from its as-sampled value of -35
mV (Au vs. SCE), results in higher chalcopyrite, galena and silver recoveries after one

minute of flotation. The aeration stage, which increased Ep to +40 mV, while not
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affecting pulp pH, yielded higher recoveries of chalcopyrite and galena, lower recovery

of silver, and had only a small impact (increase) on sphalerite and pyrite recoveries.

The chalcopyrite recovery vs. potential curve shown in Figure 1.6 differs in shape
to those typically obtained in investigations on the impact of potential on collectorless and
conventional flotation of chalcopyrite as shown in Figure 1.8 from Trahar (130). In the
tests performed on the A-1 zone ore, the lowest pulp potential achieved was -115 mV (Au
vs. SCE), corresponding to an Eh of around 130 mV (Eh ~ Ep + 245 mV for conversion
from SCE to SHE). The highest Ep was 40 mV, corresponding to an Eh of 285 mV. At
these two extremes in potential, chalcopyrite recovery was 30 to 35% (Figure 1.6).

Figure 1.8 Self-induced and collector induced recovery of chalcopyrite (130).
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A collectorless chalcopyrite recovery of 90 to 95% at an Eh above 250 mV vs

SHE (but below 500 mV) is indicated in Figure 1.8 while a recovery around 55% would

be obtained at an Eh of 130 mV. Although the collectorless chalcopyrite recovery from

the A-1 zone ore at an Eh of 130 mV is comparable to that obtained by Hayes et al., it is
far from the 90 to 95% level indicated at an Eh of greater than 250 mV.

The observed difference at an Eh greater than 250 mV could be due to the pH
modulation for the tests performed on the A-1 zone ore. However, the collectorless
chalcopyrite recovery plateau in Figure 1.8 is the same at pH 8 and pH 11. Thus, even
by accounting for the effect of pH on the potential, the variation in alkalinity level for the

tests on the A-1 zone ore does not explain the difference.

It is also possible that use of a copper ore for the investigation of the phenomenon
yields a much better floatability than that from a complex copper-zinc-pyrite ore.
However, Kelebek and Huls (101) have observed collectorless chalcopyrite flotation from
a copper-nickel-pyrrhotite ore with a floatability-potential curve overlapping that obtained
by Trahar (130).

An investigation of collectorless flotation by Ekmekg¢i and Demirel (131, 132) on
Murgul copper-pyrite ore suggested that the shape of the floatability-potential curves
differ when chalcopyrite and pyrite are investigated as single minerals or as a mixtures of
minerals as shown in Figure 1.9. Namely, the presence of pyrite reduces the collectorless
floatability of chalcopyrite.  Furthermore, there is an indication that collectorless
chalcopyrite recovery is lower in the neutral pH region (pH 6 to 8) than under acidic or
alkaline conditions (132).
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Figure 1.9 Single and mixed minerals collectorless floatability of chalcopyrite ans«d pyrite
at pH 9.2 (131)
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A plausible explanation for the different collectorless floatability-potential
relationship with ore types possibly resides in the respective ranking of the sulphide
minerals on a galvanic scale. In a copper-nickel-pyrrhotite ore, chalcopyrite lies between
pentlandite and pyrrhotite (Figure 1.1) and may experience a similar oxidation-reduction
environment as if it was alone. During contacts between chalcopyrite and the other
minerals, its superficial oxidation is driven by oxygen reduction on pentlandite while it
acts as the driver for superficial oxidation of pyrrhotite. On the other hand, in a copper-
pyrite ore, chalcopyrite lies below pyrite (Table 1.1 and Figure 1.1) and is subj-ected to

superficial oxidation driven by oxygen reduction on pyrite.

This would explain why the results of Kelebek and Huls (101) for the copper-
nickel-pyrrhotite ore closely match those of Trahar (130) for chalcopyrite on its own and
those by Ekmekci and Demirel (131, 132) for a copper-pyrite ore do not. In thes case of
the A-1 zone ore, the small quantity of galena present (0.1% in the feed) would not affect
the galvanic interaction between chalcopyrite and pyrite. The presence of sphalerite
would likely have an impact. However, the impossibility of measuring the rest potential
of sphalerite for the A-1 zone ore (26) makes it difficult to assess if it is less no-ble than



35
chalcopyrite as indicated in Table 1.1, or more noble; which is possible given its very low

iron content (26).

These laboratory tests demonstrated that collectorless flotation is a reality for the
A-1 zone flotation circuit. The achievable grade of the concentrate is high but the copper
recovery appears to be limited to 60%. 1n addition, silver recovery to the copper
concentrate is low and although there is no doubt that it could be recovered into the
subsequent zinc flotation which is performed with a collector, the realized value for silver

into a zinc concentrate is much less than that into a copper concentrate.

1.5 Conventional flotation

The third mode of flotation has been known since the discovery of the xanthate
family of collectors. Flotation is induced by the adsorption of a collector onto the mineral
surface. Even this, however, may be challenged eventually since the addition of chelating
agents (non-surfactants) gives a flotation response similar to that induced by the addition

of collectors (9, 10).

Woods (5, 6, 133) and Chander and co-workers (134, 135, 136) in their reviews
of electrochemical phenomena behind sulphide mineral-collector interactions have been
refining the concepts involved in collector-mineral interactions over the years. Some of

these elements are worth extracting as they are relevant to this study.

A simple case - galena

The usual means of electrochemical investigation is cyclic voltammetry where the
mineral under investigation (working electrode) is forced to enter electrochemical
reactions via current pumped to/from an inert electrode (counter electrode, usually
platinum) as the applied potential against a reference electrode (usually SCE) is swept

between two pre-defined limits. An example of the outcome of such experiments is
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shown in Figure 1.10 for the case of galena at pH 9.2 (sodium tetraborate buffer) in the
presence of 10> M ethyl xanthate and a sweep rate of 5 mV/s (133). The current peaks
corresponding to the adsorption of xanthate (-0.05 V vs SHE), the formation of lead
xanthate plus elemental sulphur and the formation of dixanthogen can be observed. It is
noted that only xanthate adsorption is fully reversible in this case (symmetrical anodic and

cathodic current peaks around a central, or reversible, potential).

Figure 1.10 Cyeclic voltammogram for galena at pH 9.2 (sodium tetraborate) with 102 M
ethyl xanthate with upper limit for scan of 0.5 V (solid curve), 1.5 V
(dashed curve) and 2.0 V (dotted curve) (133)
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A challenge is the transformation of the results from cyclic voltammetry
experiments into an interpretation of the floatability of galena as a function of pulp
potential for different ores such as shown in Figure 1.11 which is a sample of curves
reported by Ralston (137). These curves were among the outcome of comparative study
of several lead-zinc and copper-lead-zinc ores. From Figure 1.11, it is noted that the
flotation of galena, although generally occurring over a potential range of -200 to +200
mV vs. SHE, varies greatly between various ores from Australia (Century, Woodlawn,

Thalanga and Scuddles) and Canada (Geco and Brunswick Mining and Smelting).
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Figure 1.11 Potential dependence of galena flotation for several ores (137)
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The results shown in Figure 1.11 indicate that there is a dependence of galena
flotation on the electrochemical potential of the system for real ores. Unfortunately, the
method used to vary the potential in the laboratory was not indicated. In addition, the
main conditions used in the laboratory tests (flotation feed size, collectors, frothers, pH
modifiers and depressants) were reported to be those of the respective plants but no in-
plant measurements were given. Such information would have been highly valuable in
demonstrating the pertinence of the electrochemical model for the flotation of sulphide

minerals for industrial processes.

The only constant between the ores in Figure 1.11 is that galena flotation reaches
its maximum recovery at around 200 mV vs. SHE. This potential is higher than that
required for the formation of dixanthogen and/or lead xanthate plus elemental sulphur on
the surface of galena (150 mV in Figure 1.10) meaning that these products would be

expected to be found on the surfaces as a xanthaie type collector was used for all ores.

For some ores (e.g. Scuddles), it was possible to obtain high galena coveries

under reducing conditions to -200 mV, while for others (e.g. Century, Geco, BMS),
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galena recovery decreased rapidly as the environment became more reducing. It is
possible that the for the ores exhibiting high galena floatability under reducing conditions,
the laboratory conditions were such that the adsorption of xanthate (-50 mV in Figure

1.10) could occur.

Fineness of grind, degree of liberation and selection of reagents are likely to be
factors affecting galena recovery but cannot account for the much lower galena recoveries

for certain ores or how the recovery is affected by the potential.

Presence of thio-salts in the solution

One variable not generally included in fundamental investigations is the impact of
the solution on the observed reactions. In their investigation on chalcocite, Tolley et al.
(118) have indicated that the voltammogram obtained in the traditional borate solution is
different than that obtained in a sulphate solution. Figure 1.12 shows examples of both,
with and without ethyl xanthate. A small peak beginning at approximately -150 mV in
the anodic (upper) sweep of the scan in the borate solution is attributable to xanthate
adsorption. In the sulphate solution, the peak is broader and has a maximum near -100
mV. The voltammograms in borate solutions indicates lower current and narrower peaks
than in sulphate solutions suggesting passivation of chalcocite by the borate ion but
passivation occurs in sulphate solution solutions for chalcopyrite (118). This suggest that

observations for one mineral cannot be generalized to others.
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Figure 1.12 Voltammograms for freshly crushed chalcocite in aerated 0.05 M borate or
0.05 M sulphate solution with and without 2x10* M ethyl xanthate (118)
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Collecting power and selectivity of collectors

It is generally acknowledged that amyl xanthate is a more powerful and less
selective collector than ethyl xanthate. Also, dithiophosphate collectors are more
selective, with nearly similar recoveries as xanthates. Thus, there appear to be two
parameters defining the selectivity and strength of a collector; its functional group by
which it interacts with the mineral and the length of the hydrocarbon chain. Up to now,
the different collectors have been described only by their respective names and it is only
fitting to present their respective structure (Table 1.2) and the length of the hydrocarbon
chain (Table 1.3).

Table 1.2 Structure of some thiol-based collectors (R is a hydrocarbon chain, M* is
either K™ or Na™)

Collector Family Structure
Xanthate (dithiocarbonate) i
R-O-C-SM™"
Monothiocarbonate l
R-O-C-SM™
Dithiocarbamate R S
N,
/N—C—S M
R
Thionocarbamate S I;I
R-O-C-N-R
Dithiophosphate R—O\P (/S
A
R-07 s M*
Dithiophosphinate R\ ,/S
R s Mt
Mercaptan R-SH
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Table 1.3 Common hydrocarbon chains for thiol-based collectors

Collector Structure

Methyl CH;-

Ethyl CH;-CH,-

Propyl CH3-CH,-CH,-
Isopropyl CH3—Cl3H—

CHj3

Butyl CH;-CH,-CH,~CH,-

Isobutyl CH3—-(}H—CH2—
CH;
Amyl CH;-CH,- CH,-CH,-CH,-

Both parameters can be condensed to one single parameter, namely the standard
potential of the mono-thiolate/di-thiolate redox couple. Figure 1.13 shows the standard
potentials of three collector families as a function of the number of carbon atoms on the

hydrocarbon chain.

It is noted in Figure 1.13 that the dithiophosphate family has a higher standard
potential than the xanthate and monothiocarbonate families. Also, the standard potential

decreases with increasing number of carbon atoms on the hydrocarbon chain.
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Figure 1.13 Standard potentials for homologous series of thiol collectors (134)
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The practical implications of the decrease in standard potential of the dithiolate
formation with increasing length of the hydrocarbon chain are that a collector becomes
more powerful, due to the greater hydrophobicity imparted by the longer hydrocarbon
chain at a given adsorption density (i.e. a given amount of reaction), and less selective in
its interaction due to a lowering of its standard potential of the dithiolate formation,
namely allowing formation of the dithiolate (e.g. dixanthogen) at pulp potentials over

which it would not do so with the shorter homologue.

The impact of the hydrocarbon chain is not pronounced for the xanthate and
monothiocarbonate, i.e. a 0.1 V decrease in standard potential from 1 to 5 carbon atoms
on the chain. However, it is more noticeable for the dithiophosphates with a 0.25 V

decrease from 1 to 5 carbon atoms.

An example of the impact of the increasing collecting power as the hydrocarbon
chain is lengthened is that of sphalerite and marmatite at pH 3.5 and xanthate (138). Due
to the acidic conditions, zinc dissolution was occurring giving rise to significant formation

of zinc-xanthate on the surface of sphalerite. =However, the xanthate concentration



43
required to achieve full recovery of sphalerite with a hexyl xanthate (6 carbons) xanthate
was one hundredth that of ethyl xanthate (2 carbons).

Models for mineral-collector interaction

Several models have been proposed on why the mono-thiolate form of a collector
is found on a given mineral while the di-thiolate (e.g. dixanthogen) form is found on
another. Correlation with rest potential measurements (139), activity for oxygen
reduction (117, 140), or the semi-conducting properties of the minerals (141, 142) have
been proposed. Table 1.4 attempts to summarize the various correlations and fills in
some of the gaps. It follows the format suggested by Allison et al. (139) and Ackerman
et al. (141). For the form of xanthate found on the surface, the results for the propyl
xanthate are used because it is about mid-way in terms of collecting power between the
ethyl and the hexyl xanthate and the surface characterization gave a lower number of no

positive identification (NPI in Table 1.4).

It is noted in Table 1.4 that propyl xanthate is generally found adsorbed as metal
xanthate on p-type minerals and as dixanthogen on n-type minerals. Minerals for which
no positive identifications could be made were either those which are inherently
hydrophobic or that are poorly conducting (e.g. sphalerite). It is also noted that there is
no direct correlation between the rest potential of a sulphide mineral in aerated solution
and that in the presence of xanthate; those obtained in propyl xanthate solutions being
between 0.14 and 0.22 V (vs. SHE) for dixanthogen found on their surface and around
0.05 V for metal xanthate. The minerals for which there is no positive identification of
xanthate on their surface have rest potentials in xanthate solution below -0.09 V; namely

below the standard potential for propyl xanthate-dixanthogen couple (Figure 1.13).
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Table 1.4 Correlation between propyl xanthate found, semi-conducting properties and
rest potential in ethyl xanthate and aerated solutions (138, 141)

Mineral Propyl- Semi- Rest Potential
xanthate form | conductor (V vs SHE)
found (139) type (107)
pH7 pH 4
Ethyl Xanthate (139) (105)
Orpiment NPI No data -0.10 -0.10
Realgar NPI No data -0.12 No data
Cinnabar NPI N -0.05 No data
Antimonite MX No data -0.09 No data
Molybdenite X,+? nand p 0.21 0.11
Stibinite NPI Poor -0.125 0.12
conductor
Argentite No data No data No data 0.28
Pyrrhotite X, p 0.21 No data
X, p (141) 0.29 0.31
(Isobutyl; 18) (pH 9.2, Isobuyl: 18) (pH 9.2; 18)
Galena MX n and p 0.06 0.40
Bornite MX P 0.06 0.42
Covellite MX+X, p 0.05 0.45
MX (141)
Sphalerite NPI Poor -0.15 0.46
conductor
Chalcopyrite X, p 0.14 0.56
Arsenopyrite X, P 0.22 No
Alabandite X, No data 0.15 No data
Pentlandite X, No data 0.19 0.35
(Isobutyl; 18) (pH 9.2, Isobutyl; 18) (pH 9.2; 18)
Marcasite No data No data No data 0.63
Pyrite X, nandp 0.22 0.66
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For chalcopyrite, the two extremes of the xanthate family have been investigated

by Mielczarski et al. (143) using potentiometric conditioning and FT-IR spectroscopy.

Their main results are shown in Figure 1.14. An observation is the presence of a region
of slow adsorption as copper xanthate just above the open circuit (rest) potential of
chalcopyrite in the respective xanthate solution. The lower rest potential of chalcopyrite
in the amyl xanthate solution than i the ethyl xanthate solution is consistent with the
impact of the length of the hydrocarbon chain on the standard potential of the xanthate-
dixanthogen couple (Figure 1.14). There is also a compression of the potential region
above the rest potential over which no adsorption occurs with amyl xanthate compared to
ethyl xanthate. Similarly, the region of slow adsorption is also compressed with the

longer hydrocarbon chain.

Figure 1.14 Potential regions of the formation of ethyl and amyl xanthate on chalcopyrite
at pH 10 (143)
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Rand (140) and Hodgson and Agar (43, 117) have related hydrophobicity in the
presence of xanthates with the rate at which oxygen reduction occurs on the minerals.

The observations made by Mielczarski et al. (143) for xanthate homologues tend in the

same direction.

The investigation by Biegler (144) of oxygen reduction on pyrite indicated that n-
type pyrite exhibits faster kinetics for oxygen reduction than n-type metallic and p-type
pyrite. Using the semi-conducting properties of galena, Richardson and Maust (145) have
developed a framework for the role of oxygen in xanthate adsorption on galena. This
followed a similar investigation (146) for activation of sphalerite based on a semi-

conducting surface-doping viewpoint.

Sulphide minerals as semi-conductors

It thus appears that an area which is worth exploring, but briefly, is the
consideration of sulphide minerals as semi-conductors when they interact with their
environment; especially collectors. This is an uncharted territory for mineral processors
and rather than examining the differences between the electrochemistry of metals and
semiconductors (e.g. 147), or reviewing the electrochemical phenomena occurring at
sulphide mineral-solution interface (e.g. 148), the focus will be on how it impacts on the

behaviour of the minerals.

Contrary to a metal where the valence and conduction bands overlap and exhibit
an equilibrium energy, the Fermi level, these bands are separated in a semi-conductor; n-
type implying conduction via the motion of electrons in the conduction band and p-type
implying conduction via holes through the valance band. Figure 1.15 shows the relative
distribution of energy states for a semiconductor in contact with an electrolyte solution

containing a "reducing" redox couple (149).
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Figure 1.15 Relative distribution of energy states for a semiconductor in an electrolyte
solution with a reducing couple (149)
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The presence of the redox couple causes a bending of the energy levels of the two
bands over the "space charge" region. The space charge region is to the semi-conductor
what the electrical double layer is to the solution. With this bending of the bands, and the
overlap of the energy state in the solution, a hole (or a electron) can jump from the semi-

conductor, through the electrolyte, and vice-versa.

When examined from a semi-conductor view point, many of the reactions familiar
in the electrochemical model for sulphide mineral flotation can be re-written in steps
involving either electrons or holes. For example, Mishra and Osseo-Asare (150) have
investigated the corrosion of galena and pyrite in the presence and absence of water.

Using the semi-conducting approach, the dissolution of galena can be represented as:

PbS + 2h ¥ = Pb(Ml) + S (12]
or
PbS + 8h * + 4 H,0 = Pb(l) + SO> + 8 H* [13]

were h* are holes.
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while that of pyrite can only be represented as

FeS, + 8 H,O + 14 h* = Fe(l) + 2 SO,2 + 16 H* [14]

Pyrite does not react via a reaction equivalent to [12] due to its valence band being
represented by the iron "d" states contrary to galena where the valence band is
represented by the sulphur "p" states, which is lower in energy. The implication of this
model, which has been experimentally verified using aqueous and non-aqueous solutions
(150), is that galena corrodes in the absence of water (reaction [12]) while pyrite does

not.

Another example involves the examination of the oxide/hydroxide layers forming
on chalcopyrite during oxidation using photo-electrochemical techniques (151). The band
gap energy of a semi-conductor may fall in a region of energy where photons can induce
or enhance reactions. Using this approach, Dean and Kelsall (151) have indicated that the
initial layer formed on p-chalcopyrite over the potential range of -0.2 to 0.4 V (vs. SCE)
was a thin oxide film of variable composition overlying an iron-depleted bulk
chalcopyrite. At potentials higher than 0.4 V, the film decomposed to a compound
producing photo-current, n-type Fe,O, being suggested, and CuO/Cu(OH),. The latter
produced photo-current when reduced to p-type Cu,O during the reverse potential scan.
From this example, it can be ascertained that photo-electrochemical techniques
complement the suite of experimental procedures available to elucidatc the nature of the

sulphide mineral-solution interface.

Although a mineral slurry will never lack water, it may be virtually free of
dissolved oxygen, especially if flotation is carried out with nitrogen as flotation gas.
From a fundamental view point, investigations on chalcopyrite in oxygen free and oxygen
saturated solutions in the presence and absence of xanthate have indicated the formation of
different surface layers; chalcopyrite actually forming hydroxide layers even in the

absence of oxygen (7). From a practical view point, the implementation of nitrogen as
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flotation gas for the pentlandite flotation stages at Norlis'k (152) and the reverse flotation
of pyrite from a sphalerite concentrate (153) could well be related to the semi-conducting
properties of sulphide minerals.

Finally, consideration of the semi-conducting properties of sulphide minerals may
help close the gap between the electrochemical model for their flotation and the
adsorption of collectors due to surface charges. Fuerstenau and co-workers (154, 155)
have investigated xanthate adsorption on galena, pyrite and sphalerite in the virtual
absence and presence of oxygen. Their interpretation of the flotation results was aided by
the determination of the Zeta potential (i.e. the surface charge determined from
electrophoretic measurements) of the minerals in solutions with and without xanthate. A
correlation was found between the adsorption density (measured by the determination of
residual xanthate in solution) and the Zeta potential in the virtual absence of oxygen. For
galena, the xanthate adsorption density (and the Zeta potential) were independent of pH.
However, for pyrite and sphalerite, the xanthate adsorption density increased with
decreasing pH and this corresponded fo the Zeta potential (i.e. the surface charge)

becoming more negative.

There is a striking similarity between the observed behaviour of galena, which
corrodes in the absence of water while pyrite does not (150) and the constant adsorption
of xanthate on galena irrespective of pH in the virtual absence of oxygen while there a

dependence on pH for pyrite (154).
Dithiophosphinate collectors

The information available on dithiophosphinate is sparse. There are trade papers
(156, 157) and fundamental investigations (61, 158). SIMS imaging of dialkyl
dithophosphinate adsorption on galena suggested a non-uniform adsorption (61) and this
would be similar to that observed by Plaksin (3) for xanthate. There are also indications
that the flotation response of Aerophine 3418A is strongly dependent on the pulp potential
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with mildly oxidizing conditions being required for selective flotation of galena and
chalcopyrite (46). Galena flotation is best at potentials greater than -50 mV (Au vs.
Ag/AgCl; Eh of 150 mV) while that of chalcopyrite is best at potentials greater than O
mV (Au vs. Ag/AgCl; Eh = 200 mV) (46).

In many ways, the behaviour of the dithiophosphinate family of collector (R-, R'-
PSS.M7) is expected to be similar to that of the dithiophosphate family (R-O-, R"-O-PSS
-M™). The mechanism of adsorption has been studied mostly for gold, silver, and gold-
silver alloys (158) but unfortunately not for sulphides.

The sulphide collector Aerophine 3418A is homologous to the metal extractant
Cyanex 301 (bis(2,4,4-trimethylpentyl) dithiophosphinic acid; Cytec). There are two
differences: first, Cyanex 301 has a longer hydrocarbon radical to minimize its solubility
in aqueous solutions; second, it is in the acid form to ease release of the extracted metals

by acidification.

Cyanex 301 is difficult to oxidize to form the di-thiolate (159). The extractant
capability of Cyanex 301 for iron(IIT) has lead to the development of analytical procedures
for its determination at trace levels in biological samples and food-stuff (161). It has been
suggested for purification of heavy metal bearing waste waters (162). It is known to form
complexes with Zn(II) (163), with both Cu(l) and Cu(Il) (163, 164).

The last two require some explanation:

Cu® + R,PS, = R,PS,Cu (15]
4 Cu*? + 8 R,PS, = [R,PS,Cu], + 2 R,P(S)-S,-P(S)R,  [16]

Namely, complex formation with Cu(Il) involves a reduction to Cu(l) and incidentally an

oxidation of the dithiophosphine group to its dimer.
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[n general, this is not much different than other coliectors. However, the copper
complex is so stable in comparison of that with the other transition metals that it cannot be
extracted even by strong acidification (Jean-Jacques Perraud, Communication, December

1998).

Translating these observations from the solvent-extraction field to mineral
processing indicates two areas of concern with Aerophine 3418A. Firstly, there is the
possibility that the complex with copper is so stable that it cannot be reversed, e.g. de-
activation of sphalerite by sodium cyanide would be impeded if the collector is adsorbed
before the introduction of cyanide. Secondly, there is the possibility of formation of
complexes with zinc and this may lead to a direct adsorption on sphalerite given

appropriate conditions.

1.6 Determination of impact of Ep on conventional flotation of the A-1 zone ore

A series of three flotation tests were performed on a sample taken from the
cyclone overflow feeding the copper rougher flotation cells to investigate the impact of
aeration time (0, 10, or 30 minutes) prior to the addition of collector on the flotation
response of the ore. These tests were performed at pH 8.0 and with a total of 30 g/t of
Aerophine 3418A added in three increments of 10 g/t; one before each concentrate
collection. Three concentrate increments were taken at 1, 2, and 3 minutes of flotation
with nitrogen as carrier gas to prevent oxidation of the sulphides beyond what had
occurred during the aeration. A fourth increment, of 6 minutes duration, was taken with

air as flotation gas. The results of these tests are summarized in Figures 1.16 to 1.17.

Figure 1.16 presents the variation of the mineral recoveries after 1 minute of
flotation as a function of the pulp potential. Without aeration, the pulp potential at the
start of flotation was -100 mV vs. SCE and increased to -75 mV after 10 minutes and

eventually to -5 mV after 30 minutes of aeration. It is noted that the recoveries of all
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minerals, with the exception of the silver bearing ones, increase with increasing pulp

potential. However, the impact is very minimal for chalcopyrite recovery past 10 minutes

of aeration.

Figure 1.16 Impact of pulp potential (aeration) on conventional flotation of A-1 zone ore
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The ultimate recoveries obtained (12 minutes of flotation) are presented as

function of the initial pulp potential in Figure 1.17. There is essentially no impact of the

pulp potential on the ultimate chalcopyrite recovery (98%). However, the higher the pulp

potential, the higher the recovery of sphalerite to the point that bulk flotation is achieved

when the starting Ep is -5 mV vs. SCE. Pyrite recovery is higher at -75 mV than at -100

but does not increase beyond that point.

bearing minerals is lower when the starting Ep is -5 mV than at either -100 or -75 mV.

The recovery of both galena and the silver
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Figure 1.17 Impact of pulp potential on ultimate recoveries of A-1 zone ore
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The curves for mineral recoveries as function of potential visually define what can
be termed as windows of selectivity. For the curves presented in Figure 1.17, a window
for selectivity between the chalcopyrite and sphalerite can be defined as starting to close
at an Ep of -75 mV and is entirely closed at -5 mV. Similarly for chalcopyrite-pyrite
selectivity, with a fully opened window for an Ep below -75 mV and a half-closed

window between -75 and -5 mV.

The net impact of the flotation response of the sulphide minerals to the pulp
potential can be observed in the copper grade-recovery curves (Figure 1.18). As the pulp
potential rises (aeration time increases), the grade of the first concentrate increment
decreases. However, the curves all tend towards the same grade-recovery point where

the fourth concentrate increment was floated with air.
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Figure 1.18 Copper grade-recovery curve for aeration prior to flotation using collector
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The main reason for the decrease in concentrate grade with aeration time is the
increasing sphalerite recovery. Namely, chalcopyrite-sphalerite selectivity is reduced as a
result of aeration (Figure 1.19). With respect to chalcopyrite-pyrite selectivity (Figure
1.20), past the initial large increase in pyrite recovery with 10 minutes of aeration, there

is only a marginal impact on the selectivity with 30 minutes of aeration.

Figure 1.19 Chalcopyrite-sphalerite selectivity curves
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Figure 1.20 Chalcopyrite-pyrite selectivity curves
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These test results suggested that aeration of the ore prior to the addition of the
collector was detrimental to chalcopyrite-sphalerite and chalcopyrite-pyrite selectivities.
The modification to the state of the pulp imparted by aeration could be monitored using
the pulp potential. The increase in pyrite recovery between -100 and -75 mV vs SCE.
could be due to a direct mineral-collector interaction. Raising the puip potential decreases
chalcopyrite-sphalerite selectivity to the point that at -5 mV a bulk chalcopyrite-sphalerite
flotation is achieved. This could be due to the release of copper ions in solution from
secondary minerals (e.g. chalcocite) present in the ore during the aeration and the fourth

flotation stage with air. Such ions would then in turn activate the sphalerite.

In many ways, the results obtained are not too dissimilar with those obtained by
Yuan and co-workers (165, 166) when investigating the impact of grinding environment
and oxygen content of the gas introduced during a pre-conditioning stage and used for
flotation on a copper-zinc-pyrite ore. Ultimate chalcopyrite recovery was relatively
insensitive to the conditions imparted to the system when the ore was ground in an
oxidizing environment (stainless steel mill and charge) and this would correspond to the

semi-autogenous grinding environment of the A-1 zone circuit. Both sphalerite and pyrite
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recoveries were affected by the conditions but a complete loss of chalcopyrite-sphalerite
selectivity was not observed. This could be due to the presence of secondary copper

minerals in the A-1 zone ore.

1.7 Activation and deactivation of sphalerite

Normally, sphalerite flotation requires activation with a heavy-metal cation which
is usually Cu(Il). Even though the overall reaction may be considered as an ion
exchange, there seems to be experimental evidence that the activation of sphalerite
proceeds through one or more electrochemical steps (119, 120). Similarly, deactivation
may proceed through electrochemical steps (120). The processes involved in the

activation of sphalerite have been generalized to other sulphide minerals (167).

One study of the activation of pyrite, pyrrhotite and galena by Cu(Il) ions showed
that the mechanism of activation involves electrochemical reactions as intermediate steps
(119). Other investigations, especially on the activation of sphalerite, show similar
findings with more complex systems: variable pH of the solution, activating ion (Cu(Il),

Cd({D, Pb(I)) and activation with UV irradiation (168, 169, 170).

An interesting development in the study of the electrochemistry of sphalerite
during copper activation is the use of carbon paste electrodes (171, 172). A similar
technique has been used for investigations on ilmenite (173), galena (174), low and high
iron sphalerite (175) and chalcopyrite (176). Only in the latter case was a verification of
the experimental results obtained with the carbon paste electrode using a massive mineral
electrode was reported. All the known current peaks were present and at the expected
potentials. The fabrication vary from a carbon matrix composite (CMC) electrode (171,

172) to a renewable carbon paste with a non-conductive binder (176).
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The debate regarding the final form in which Cu(Il) is present on the surface of

sphalerite after activation is still not resolved, especially for short activation times. Early

investigations indicated covellite (CuS; (120)) while others were suggesting chalcocite

(Cu,S; (177, 178), an intermediate form between CuS and Cu,S (171, 172), a geerite-type
structure (Cu, S (179), or a copper doped surface (146, 168, 169, 170, 178).

Industrial experience with sulphur dioxide (180) for sphalerite depression in the
presence of small amounts of covellite appears to rule out CuS as the activating layer;
sulphur dioxide caused the dissolution of covellite releasing copper ions into solution
which then caused further activation of the sphalerite. It would be difficult to explain this
behaviour if the activation layer was covellite, for it too would be attacked by sulphur
dioxide. However, de-activation of sphalerite is more difficult to achieve than prevention
of activation (120, 181, 182) and requires oxidizing conditions to be the most effective
and the copper extracted must be prevented from re-activating the sphalerite usually by

the use of a complexing agent such as sodium cyanide (120, 182), or amines (181).

However, it is generally accepted that the copper activation proceeds In two stages
(165, 183): a fast first step involving the adsorption of copper ion on the surface of

sphalerite and a slow second step involving the incorporation of copper within the lattice.

1.8 Generation of a separation process from fundamental studies

Generation of a separation scheme from the electrochemical behaviour of the
minerals present in an ore appears to have been rarely attempted. However, a greater
pressure to minimize pollution has caused a number of fundamental (184, 185, 186) and
applied (187) investigations on the flotation behaviour of enargite (Cu;AsS,) and
chalcopyrite (CuFeS,) to be initiated. The collector-mineral interactions of other impurity
containing minerals like tetrahedrite (Cu,,Sb,S,;) and tennantite (Cu,,As,S;;) have recently
been initiated (188).
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Manufacturers of flotation collectors and speciality depressants can muster greater
resources than mineral processors in plants and industrial research laboratories by the
mere nature of their business. Definite advantages are an intimate knowledge of the
reagents, which is rarely published for competitive reasons, and the possibility to

investigate several different ores to generalize their observations.

Many flotation reagents are chance discovery, for example diethylene triamine as
pyrrhotite depressant was discovered during an investigation on what might be the impact
of epoxy compounds for rock bolts (189). However, some recent collector families, such
as the F-series based on chelation chemistry, and S-series based on oxidation-reduction
chemistry promoted by Mineral Reagents International (190) have been generated from a
concerted understanding of the electrochemical model of the flotation of sulphide

minerals.

1.9 Conclusions

The interpretation of flotation from an electrochemical view point showed that
flotation, in the presence or absence of a collector, is possible only if the
oxidation-reduction potential of the system is within limits which are dependent on the

mineral present and the history of the mineral prior to flotation.

For a given mineral to be induced into being hydrophobic, the pulp potential must
be higher than that of the reaction causing the hydrophobicity; metal deficient surface/
elemental sulphur for collectorless flotation or adsorption of a collector on the surface. In
the case of collector adsorption, there are indications that the semi-conducting properties
impact the form in which it can do so, namely as an adsorbed collector, a metal-collector

compound, or adsorption of the dimer of collector.
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There is limited information available on the interaction between
dithiophosphinate based collectors and sulphide minerals but it appears that such
collectors will generally behave similarly to the common xanthate and dithiophosphate
families. A possible irreversibility of the reaction with copper, and a capability to

complex zinc may give rise to difficulties for selective flotation of a copper-zinc ore.

The grinding environment of the A-1 zone circuit is conducive to selective
collectorless flotation of the copper minerals. Unfortunately, the silver minerals cannot
be recovered without a collector. A low pulp potential is required when the collector
(Aerophine 3418A) is added to prevent in-situ activation of sphalerite during subsequent
flotation with air as flotation gas. An aeration stage performed prior to collector addition

does not improve recovery of the copper minerals and is detrimental to selectivity.
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2 THE ELECTROCHEMICAL POTENTIAL OF THE PULP

2.1 Introduction

In a review paper addressed mainly towards mineral processors involved in the
design of new concentrators or in the sustained improvement of old ones, Suttill (82) in
1990 provided astounding statements about the status of flotation control technology as
the industry entered the last decade of the century. While challenging why mill
metallurgists would be content with ninety percent recovery, he suggested that the most
interesting developments which might help increase recoveries were concerning the use of
electrochemical variables in flotation control. This coincided with the dissemination of
the general concepts underlying the electrochemical model for the flotation of sulphide

minerals within the industry.

Suttill however pointed out the lack of commercial applications for flotation
control and attributed this to two factors. Firstly, the translation of laboratory defined
conditions to the plant was difficult due to the complexity of the interactions occurring
during grinding notably the degree of steel abrasion and oxygen uptake. Secondly, the
selection of suitable electrodes to measure redox potentials in flotation pulps was still 1n
flux. The traditional noble metal electrodes were deemed less suitable than mineral
electrodes, because of dissimilar reaction kinetics to the sulphide minerals in the pulp and

their poisoning over long periods of use.

In a more technically oriented review, Jones (83), who has been one of the
pioneers in the measurements of chemical variables of flotation pulps (28, 29) described
the state of the art of measurement and control techniques for xanthate, perxanthate,
sulphide, and redox potential. With respect to redox potential, he noted the muititude of
materials which have been used for the sensing electrode (platinum, platinum black, gold,
sulphide minerals, glassy carbon), the general confusion as to the reference for the

voltage scale when results are reported (saturated calomel electrode or standard hydrogen
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electrode), the lack of consensus in terms of terminology (redox potential, pulp potential,

Eh, E,, pe), and the uncertain cause and meaning of such measurement.

Contrary to Suttill, Jones claimed that noble metal electrodes for redox
measurements are rugged and relatively maintenance free and that determining the best
location(s) for measurement and control in an operating plant would be the most
challenging task. In addition, he indicated that only poorly maintained installations would
require the use of electrode verification procedures which were starting to appear in the

literature.

Both authors agreed there was a relationship between the floatability of sulphide
minerals and the oxidation-reduction state of the pulp, as indicated by a redox sensing
electrode pair. They unfortunately expressed nearly opposing views for one of the key
factors in the translation of the laboratory practices into an effective plant monitoring and

control: explainable and reliable on-line measurement of the electrochemical potential of

the pulp.

The opposing camps were, and still are, noble metal electrodes against mineral
electrodes. In addition, when it comes to noble metal electrodes, platinum is often
selected over gold because of its traditional use in hydrometailurgical systems although
there is evidence that it should not be so for flotation systems (26, 35, 36, 37, 38, 40,
44). Further complicating the issues are other inert sensing materials like glassy-carbon
(83, 191). The fine points of measuring electrochemical potentials in mineral slurries

need to be addressed and the timing appears appropriate.

2.2 Fundamental aspects

2.2.1 Solutions
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Simple solutions

The oxidizing or reducing conditions in a solution can be represented by an
oxidation-reduction potential. Short-hand notations for the oxidation-reduction potential
are ORP, redox and EMF (elecromotive force; rarely encountered in recent
publications). Synonyms to the oxidation-potential are rest potential (E") and open circuit
potential (Eyo) and are often used when the electrode can actually interact with the
solution (e.g. a mineral electrode) rather than just sensing it. When the potential is
referenced to SHE then the notation Eh is preferred. A short-hand notation which has
become common in mineral processing, particularly in Australia and in Europe is E, i.e.

the potential measured using a platinum electrode and referenced to SHE (20, 30).

When the system is at equilibrium, and is reversible, the potential measured by
inserting the inert indicator electrode and a reference electrode into the system is the rest
potential of the reaction. From the knowledge of the concentrations and activity
coefficients of the ions, the standard potential of the reaction can be determined. The
equation linking the redox potential, E, to the standard potential, E°, is the Nernst

equation which is usually written as:

E = E° - RT In |aReduced [17]
nF JaOxidized

where n = number of electrons involved
R = gas constant (joules/gmoles*K)
T = temperature (K)
F = Faraday constant (96500 coulombs/gmoles)

oo = activity = activity coefficient * concentration

The Nernst equation is the electrochemical equivalent of the Gibbs free energy

change equation for chemical reactions. E and AG, the free energy change, are linked by



63

E = -AG/nF [18]

Hence, E°, being a thermodynamic quantity, is dependent on the temperature and the
values for redox electrode reactions are usually tabulated for a temperature of 25 °C
(192).

For a given couple involving n electrons, E will depend on:

i) The ratio of the activities (or concentrations) of the oxidized and reduced forms

of the couple

ii) The temperature T from E° and the coefficient of the logarithmic term

It is desired to measure the open circuit potential, i.e. no current flow between the
sensing and reference electrodes but in practice no voltage measuring device has an
infinite impedance. The input impedance of the voltameter (or the analogue to digital
converter) must be at least 1000 times greater than the solution resistance and a value of
10" to 10" ohms is recommended (52).

The common reference electrode, SHE, has a potential of 0.0 V at 25 °C and this
potential is independent of temperature by convention. This arbitrarily defined reference
stems from the impossibility of measuring the absolute potential of a single electrode

process (193) although attempts to calculate it are performed from basic principles (194).

The redox potential has a similar meaning to the change of free energy of a
reaction but applied to reactions involving electron transfer. The redox potential
indicates the capability of the solution to oxidize (or reduce) a given metal, a mineral, or
another ion. Solutions with more positive Eh will oxidize metals, minerals, or ions with

less positive electrode potentials and vice versa.
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However, as with any thermodynamic quantity, no indication on how fast the
reaction will proceed can be obtained from the redox potential. The greater the potential
difference between the two electrode reactions, the greater the driving force for the

overall reaction.

Mixed potential model for complex solutions

When there are a number of couples present in equilibrium in the solution, the
concept of the redox potential still holds. Namely, all the couples exhibit the same
potential i.e. for two couples Ox1/Red1 and Ox2/Red2:

Eh (Ox1/Redl) = Eh (Ox2/Red2) [19]

The two couples cannot be any more considered independently since the electron
exchange can proceed internally to each couple and between the couples (Figure 2.1).
The measured potential will reach a value which lies between the reversible potentials of
the two couples, where the component anodic and cathodic processes proceed at equal and

opposite rates (zero net electron flow).

Figure 2.1 Mixed potential model (left: linear scale; right log scale) (195).
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The mixed potential provides an explanation for the apparent "reactivity” of the
platinum electrode (195) and the difference between platinum and gold electrodes when
measuring the redox potential of the Fe(Ill)/Fe(Il)-O,/H,0O system in 1 M H,SO, (36,
195).

In the absence of oxygen, the experimental potentials are near the reversible
potential (0.69 V) when equal concentrations of Fe(Ill) and Fe(Il) are present as their
sulphates, this for all level of concentrations (open symbols, Figure 2.2). The
experimental results obtained by Natarajan and Iwasaki (195) are similar to that reported
by Rand and Woods (36) shown in Figure 2.2. In the presence of oxygen, the
experimental potentials differ from the reversible potential of Fe(lll)/Fe(ll) and the
departure is more pronounced at low iron concentrations and greater for platinum than
gold. Platinum being catalytically more active than gold for oxygen reduction senses this
reaction more than that of Fe(lll)/Fe(ll) at low iron concentrations (36). A similar
difference in response has been observed between platinum and glassy-carbon electrodes

in aerated and de-oxygenated solutions (191).

The lines on Figure 2.2 are the theoretical values predicted by the mixed potential
model. They were calculated from an Evans diagram (36) which presents potential-
current curves similar to those shown in Figure 2.1, but for the individual couples and for
the different concentration levels. A system consisting of two couples, as shown in
Figure 2.1, is simple to analyze. If the reaction rate of Ox1/Redl is determined by
activation (i.e. independent of mixing or concentration like the reduction of oxygen) while
the reaction rate of the couple Ox2/Red2 is diffusion controlled (like the reduction of
ferric to ferrous), then varying the intensity of mixing, or the total concentration will

change the reaction rate of Ox2/Red2, and consequently the measured mixed potential.

The situation is more complex when more than two couples are present in the
solution. In general, the couple which will dominate the measured potential will be the

one which is kinetically favoured. Often, this is the one in greatest concentration.
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Figure 2.2 Redox potential measurements for the Fe(I)/Fe(ll) system in the presence
and absence of oxygen (36).
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pe

Pélsson and coworkers (191, 196, 197) have introduced the concept of "pe" by
analogy with the work of Du Rietz (198) who used extensively Bjerrum-diagrams where
flotation conditions are defined from the concentrations of metal ions (pMe) and hydrogen

ions (pH). pe is related to the redox potential of the solution through

pe=Eh/g [19]

where g = RT / FIn(10) = 59.16 mV at 25°C and 1 atm.

The term is somewhat confusing in that the point of reference is still the standard
hydrogen scale although not explicitly stated as in Eh. In addition, the prefix "p", by
analogy with pH and pMe, implies a logarithmic scale. Although the activity ratio in the
Nernst equation is logarithmic, the standard potential of the reaction is not. With pH, a
unit means a ten fold change in concentration of the hydrogen ion. Does a pe unit mean a
ten fold change in the oxidation power of the solution? Unfortunately not, it only implies
that the measurement of this oxidation power has changed by 59.16 mV. Although the
idea of having a concept capable of expressing relative changes in oxidation-reduction
state is welcomed, by its definition, pe does not appear to be as clear as desired for the

expression of such a concept.

Poise and flexibility

Two other terms related to the oxidation-reduction potential, but rarely used in
recent literature are the poise and its inverse the flexibility. These concepts reflect the
inertia of the systems to changes in its equilibrium point when potential modifying
reagents are added, or due to the effect of mixing (199). As such, the poise is a good
indicator of the ease of measuring redox potentials in complex solution and is expressed

mathematically in a form similar to the Nernst equation (199):
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Poise = dy = nF y(B -y) [20]
dEh RT B

where y is the concentration of the oxidized form of the redox couple and B is the total

concentration of the oxidized plus reduced forms.

Unfortunately, the concept of poise in electrochemical systems is too easily
confused with the unit of poise for the viscosity of fluids. Nevertheless, it expresses a

similar idea. That of a resistance to change.

The practical implication of poise is that Eh responds but weakly to small changes
in y when the oxidized and reduced forms are present in equal amounts. The greater the
poise, the easier it is to measure the redox potential. This is the case of Eh buffers such
as ZoBell solutions (Fe(IIl)/Fe(Il) as their cyanides) (200). And conversely, the greater
the poise of a system, the more difficult it will be to modulate its oxidation-reduction state

by introduction of oxidizing or reducing agents.

Having a well poised system was the main reason why Rand and Woods used a
unity concentration ratio of iron species (36). In a multi-component system, the redox
couple with the largest poise in relation to the others will dominate the perceived

oxidation-reduction state (199).

Other considerations

The reference electrode for redox measurements can be any of the following:
Standard Hydrogen Electrode (SHE), Saturated Calomel Electrode (SCE) or silver/silver
chioride (Ag/AgCl). These are non-polarizable electrodes as their potential does not

change with current being passed through them or ionic concentrations.
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The reference electrode is connected to the solution via a porous junction which
allows exchange of ions (and electrons) between the electrolyte of the reference and the
solution. Under most circumstances, the small potential gradient across the junction is
minimal and can be ignored unless one attempts to determine the standard potential of a
reaction. However, if the junction becomes blocked due to precipitation of products of
reaction between the ions of the electrolyte and those of the solution, then the potential
gradient will rise anc cannot be considered negligible for redox potential measurements.
Ion selective electrode pairs, and pH sensors can always be calibrated with respect to

concentration vs. measured potential; redox electrode pairs cannot.

Another complication is to identify the type of reference electrode in the pair
because the values given above are with respect to the SHE (standard hydrogen electrode
which is by definition, temperature independent). This can be tricky for combination

electrodes.

Table 2.1 presents the potentials of the two most common reference electrodes as
functions of temperature. The potentials given include the junction potential present at

medium pH values.

Table 2.1 Reference electrode potentials as function of temperature (52, 53)

T (°C) E SCE (mV vs. SHE) (53) E Ag/AgCl (mV vs. SHE)
3M KCl (53) | 4 M KCl (52)
5 +257.3 +222.4 +212
10 +254.1 +218.9 +209
15 +251.0 +215.3 +206
20 +247.7 +211.5 +203
25 +244 4 +207.6 +200
30 +241.1 +203.6 +196
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The conversion to use is given by

E = E (SHE) - E (R) [21]

2.2.2 Mineral slurries

The measurement of oxidation-reduction potentials in mineral siurries is further
complicated by the presence of sulphide particles which collide with the sensing electrode.
It may be hypothesized that the sensing electrode monitors each contact with a mineral

particle in addition to the mixed potential of the solution.

Impact of electrode material and shape

During each contact between the electrode and a mineral particle, there is an
exchange of electrons so that they tend towards a single potential, similar to the concept
of a galvanic potenrial. Because the particle has a much smaller surface area than the
sensing electrode, it will limit the rate of the oxidation-reduction reaction required for the
exchange of electrons. To some extent, the perceived oxidation-reduction state of the

system will still depend on the material of the sensing electrode.

This partially explains the results obtained by Rand and Woods (36), Labonté and
Finch (39, 40, 201), Neuharth et al. (37), and Ekmekc¢i and Demirel (131) when noble
metal electrodes and mineral electrodes are used in the same slurry. In particular, a
platinum black electrode (high surface area for exchange with solution compared to
surface area available for contact with particles due to deposition of porous platinum on
platinum) will sense exclusively the solution potential rather than the pulp potential (26,
36, 39). Since platinum black electrodes have been found to consistently exhibit a
potential 200 to 300 mV higher than that of a smooth platinum electrode (26, 36, 39) and



71

were often insensitive to the introduction of oxidizing or reducing agents (26), it is

plausible that they nominally sense only the potential of the oxygen reduction.

The relative behaviour of smooth platinum and gold electrodes compared to
mineral electrodes when immersed in a galena slurry (36 ), a chalcopyrite-molybdenite-
pyrite slurry (37), a chalcopyrite-galena-sphalerite-pyrite slurry (26, 36, 39, 201), or a
chalcopyrite-pyrite slurry (131) is a combination of their affinity for the oxygen reduction
reaction as discussed previously and the probability of contact with the particles in the
slurry. Platinum electrodes have been found to consistently exhibit more positive
potentials than gold and mineral electrodes in slurries. In addition, electrodes shaped to
give a high probability of contact with the mineral particles (e.g. open spiral) exhibit
potentials closer to the mineral electrodes than electrodes shaped to give a low probability
of contact (e.g. foil) (26, 39, 201).

Commercially available redox electrodes for laboratory and process plants tend to
fall within the guidelines of the ASTM standard (52), namely an electrode surface of 1
cm®’. The most economical way to obtain such a surface area is a plate (rectangular or
circular) or a ring and both shapes are not conducive to a high probability of contact with
mineral particles. Less frequently used shapes are wires (e.g. 1 mm diameter and 1 cm

long; laboratory) and a slug (e.g. 0.5 cm diameter and 1 cm long; industrial).

On the basis of the potential of the mineral-solution interface being the one that
matters for flotation, and the closer correspondence between the potential exhibited by
gold electrodes and mineral electrodes, it has been suggested that gold would be more
suited for mineral fiotation systems than platinum (26, 36, 39, 199, 201).

Some investigators have been using gold electrodes for mineral slurries with or
without mentioning the reasons (43, 37, 38). But for the most part, this suggestion has
remained relatively un-remarked (83, 103, 182 ) while others have suggested glassy-
carbon electrodes instead of platinum (191, 196, 197).
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Given these uncertainties, some investigators have been very cautious (e.g.
Ekmekc¢i and Demirel (131)) and mineral electrodes are monitored in addition to the
platinum one. The measurements made with the platinum electrode are used to establish
the relationship between mineral floatability and potential and the mineral potentials are
an aid in the interpretation. Others, for example Hintikka and Leppinen (202, 203), use
only mineral electrodes of the main sulphides of the ore being investigated. However,
they do not specify if a set of electrodes was prepared for each ore, or the same set used
for all ores. In addition, the mineral electrode used to establish the mineral floatability

potential relationship is rarely clearly specified.
Solution or mineral potential

The uncertainty related to the physical significance of the measurement with noble
electrodes in a mineral slurry may be avoided by measuring the potential of either the
solution or the main sulphide mineral in the slurry. An examination of commercial
flotation process control systems based on electrochemical principles indicate that both

approaches have been taken.

Researchers at USBM developed a multi-electrode pulp potential sensor consisting
of noble metals (gold and platinum) and mineral electrodes of the sulphides present in the
pulp (37). A schematic of the probe is shown in Figure 2.1. The basis for mineral
electrodes was that this was felt to be the potential to measure to sense the reactions at the
mineral surfaces and noble metal electrodes were included as well because of their
traditional use. However, practical considerations, namely the deposition of scale on the
electrodes over days of continuous immersion in the mineral slurry rendered mineral
electrodes impractical. The sensor was later simplified to a single gold electrode and
included an automated electrochemical cleaning technique based on potentiostatic
conditioniﬁg. It has been tested in a copper-molybdenum concentrator (80, 81). The dis-
mantlement of the research and development function of USBM soon afterwards (204) has

prevented further refinements to the system.
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Figure 2.3 Multi electrode probe (37)
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The OK-PCF system promoted by Outokumpu involved a "custom designed"
sensing electrode which was later described as being a mineral electrode (41, 42, 72, 73,
74). The PIRANA system promoted by BRGM uses the redox potential of a
micro-filtrate sample continuously obtained from the flotation pulp (75). Both systems
are shown schematically in Figures 2.4 and 2.5 respectively. The choice of the redox
measuring technique appears to have been dictated by the quality of the sample needed for
the xanthate concentration monitor which is an integral part of the equipment. The
xanthate concentration monitor proposed by Outokumpu is based on potentiometric
titration which can be performed in the flotation pulp while BRGM uses a UV

spectrometer requiring a sample free from solid particles.



Figure 2.4 OK-PCF electrode system (72)
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The E-Con system promoted by Coatrol International (82) is also based on the use
of mineral electrodes. However, the information available is insufficient to compare this
system with OK-PCF or PIRANA.

The OK-PCF system does not appear to have been installed in concentrators
outside of the Outokumpu group. Neither the PIRANA nor the E-Con system appears to
have passed the stage of pilot plant test. Given the research and development might that
these organizations have, one may have doubts as to the real promise of modulation of

selectivity using the electrochemical potential of the system.

There are strong arguments in favour of using mineral electrodes over measuring
only the pure solution potential. Although mineral electrodes have been used for
investigative purposes, it is not desired to have a mineral electrode for on-line monitoring
of the pulp potential. A gold electrode appears preferable especially when considering

some practical factors.

For one thing, obtaining pure mineral pieces can be quite challenging. Literally
mountains of broken ore had to be moved and examined to obtain the five raw electrodes
of each mineral for the previous study on the A-1 zone ore of Les Mines Selbaie due to
the disseminated nature of the copper and lead minerals (26). Obtaining pure chalcopyrite
from Kidd Creek ore was easy in comparison. However, would the Kidd Creek
chalcopyrite interact with the slurry at Les Mines Selbaie the same way as a chalcopyrite

from Selbaie? Intuitively the answer would be no.

Slight differences in composition (e.g. sulphur rich vs. sulphur poor) and/or the
presence of varied level of impurities (e.g. nickel in solid solution in pyrrhotite) are likely
to affect the manner in which the surface of suiphide minerals from different sources
interact with the solution. The impact will be more on the rates of reaction than on the
equilibrium as indicated by Biegler (144) in an investigation of the relationship between

activity and semi-conducting properties of pyrite electrodes. Since the measured potential
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is a mixed potential, and thus dependent on reaction kinetics, there is a strong basis to

ascertain that mineral electrodes from varied sources will yield different potentials.

Another matter is the selection of which sulphide mineral should be used for
sensing the potential. The results by Labonté and Finch (39, 40, 201), Neuharth et al.
(37), and Ekmekei and Demirel (131) when noble metal electrodes and mineral electrodes
are used in the same slurry clearly indicate that the potential sensed by one mineral is

different than that of another mineral.

The use of multiple mineral electrodes during investigations of the impact of the
electrochemical potential on the flotation response is beneficial in understanding the
behavior of the minerals. However, the potential of only one sulphide mineral can be
used to develop a process control scheme based on such measurement. This selection is
not an obvious matter for most situations. For example, would a galena electrode be
more appropriate than a chaicopyrite electrode for a bulk Cu-Pb rougher stage for a Cu-

Pb-Zn ore? Such question cannot be answered without extensive studies.

Finally, while it is easy to implement a laboratory procedure involving polishing
of the mineral electrodes prior to every test, it is another matter to implement a regular
cleaning scheme when the mineral electrode is continuously immersed in the slurry. The
use of dilute acid to remove scale, a common practice with pH sensors in plants, will
attack the surface of a mineral electrode over time and lead to inaccurate measurements.

A gold electrode would not be affected by such regular cleaning.

2.2.2 Modelling of pulp potential measured using a noble metal electrode

A previous investigation on the impact of shape of noble metal electrodes on the
measured potential when sulphide particles were added to the solution resulted in
potential-time profiles often looking like those shown in Figure 2.6 (26). Such profiles

are similar to that for the response of a resistance-capacity circuit to a change in potential.



77

Figure 2.6 Typical potential-time profiles during addition of mineral particles to a
solution (26)
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Kastening and co-workers (205, 206, 207, 208, 209, 210, 211) have examined the
charge transfer during the contact between a graphite or an activated carbon particle and a
noble metal electrode. A model has been developed considering the surface of the
electrode and that of the surfacé of the particle as capacitors and the electrolyte present
between the two double layers as a resistance connecting one end of each capacitor.
When a contact is made, represented by closure of a switch between the ends of the

capacitors, current can flow to equilibrate the two potentials.

They examined the contact from the view point of potential conditioning of either
the particle or the electrode and derived the following equation for the electrode potential

E.(t) during contact (208):

E. () = E, - [E, - Ex(t)] exp(-(t-to)/RC] (22]

where E_ is the electrode potential at rest, E_(t,) is the potential at the end of the contact,
t - t. the time elapsed since the end of the contact, R the sum of the external measuring

and the effective electrolyte resistance, and C, the electrode capacity.

Using an oscilloscope, they examined the current passing between single particles
contacting the electrode and various electrode and particle sizes were investigated. In the
order of 8000 to 12000 contacts were evaluated per system using an automated data
processing program. Particle electrode contacts were typically between 6 and 12 ps in
duration. However, the model was fitting well only contacts for activated carbon
particles. Current pulses exchanged between graphite particles and the electrode were
widely distributed to the point that only 10% of the contacts observed were fitting the

model described.

Examples of current pulse distribution during contacts are shown in Figure 2.7

(activated carbon) and Figure 2.8 (graphite).
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Figure 2.7 Current pulse distribution during particle-electrode contacts (activated carbon;
550 pm particles, 50 pm electrode) (208)
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Figure 2.8 Current pulse distribution during particle-electrode contacts (graphite; 100 um
particles, 50 pm electrode) (208)
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It is noted in Figures 2.7 and 2.8 that higher currents are exchanged when the
diameter of the particles is much larger than that of the electrode. Another difference is
the large surface area per unit volume of the activated carbon particles due to the internal
pores compared to the graphite particles. This difference in surface areas translates into a

larger capacitance for activated carbon particles than for graphite particles.

The current pulses in Figure 2.7 exhibit a shape close to an ideal square pulse and
this reflects the much larger capacitance of the 550 pm activated carbon particles in
relation to the 50 um electrode. On the other hand, there is an exponential tail in the

current pulses for the contacts between 100 ym graphite particles and a 50 um electrode
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which reflects the smaller difference in capacitance between the particles and the

electrode.

The system is more complex than the idealized capacitor-resistance-switch model
suggested (B. Kastening, Personal Communication, February 1990) with the conducting
properties of the particles playing an mmportant role. Later investigations (209, 210, 211)
have suggested that the observed currents with activated carbon particies were due to the

semi-conducting properties of the material with a band gap of 0.034 eV (210).

Most of the other investigations in the area of particle-electrode contact or
interaction are related to electrochemical reactions, for example fluidised bed electrodes
(212, 213, 214) or interference of the mass transfer to the electrode with inert particles
(214, 216, 217). Hence, it would be difficult to obtain additional information of

relevance to particle-electrode contact for monitoring the pulp potential.

An experiment similar to that performed by Kastening and co-workers (208) could
be devised from a view point of potential monitoring. However, successful modelling for
sulphide mineral-sensing electrode contacts would require determination of the band gap
of the mineral, the surface capacitance of the mineral particles and of the electrode, and
the resistance of the electrolyte. In addition, an oscilloscope would be required and

thousand of events examined.

Reversing the concepts expressed in Equation [22] to a monitoring electrode rather
than a current feeding electrode yielded potential-time profiles shown in Figure 2.9. For
the simulation, values were taken as 50 ohm for the electrolyte resistance, a rest potential
of 225 mV for the solution and an end of contact potential of 150 mV due to the particle.

The capacitance of the measuring electrode is as noted in the legend. The general
indication of the curves shown in Figure 2.9 are that the larger the surface capacitance,
the less it will be affected by single particle contacts. A large surface capacitance is

appropriate for a black platinum electrode due to its high surface area. This is another
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fashion to look at the relative insensitivity of a black platinum electrode to the presence of

mineral particles.

Figure 2.9 Simulation of measured potential between an electrode and a particle
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A difficult decision had to be made. A vast amount of evidence had been acquired
during investigations with various electrode materials in mineral slurry to indicate that the
approach is valid. It would have been mice to experimentally confirm the model.
However, other challenges, especially how to maintain the pulp potential sensors In a
reliable state were encountered. It was felt sufficient to note that between contacts with
the mineral particles in the slurry, a noble metal electrode would be free to interact with
the solution as it would if there were no particles. With an activity for oxygen reduction
similar to that of the sulphide minerals, a gold electrode would deviate much less from the
potential of the mineral particles between contacts than a platinum electrode and hence be

more suitable.
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2.3 Conclusions

The suggestion that gold electrodes are more appropriate for the measurement of
the pulp potential than platinum ones has not been remarked despite a vast experimental
evidence supporting this suggestion. This suggestion is largely based on the similarity in
activity for oxygen reduction between gold and the sulphide minerals, while the activity
of platinum is much higher, and the application of the mixed potential model for solutions
containing more than one redox couple. Between contacts with mineral particles, a gold
electrode exhibits a potential not much different than that of the minerals themselves while

a platinum electrode tends to exhibit the potential of the oxygen reduction reaction.

Nevertheless, the relationships discussed previously between mineral floatability
and redox potential should not be dis-credited on the basis that the electrode used to
monitor the potential might not be the best one. Only the potentials defining the range of
flotation for a single sulphide mineral, and the window(s) of selectivity for an ore would

be dependent on the electrode used.

This would not be a problem for a concentrator since it is unlikely that the type of
pulp potential sensor would be changed during the course of an investigation. However,
comparison of measurements between different laboratories and plants is not aided by the

lack of a recognized standard sensing electrode for mineral slurries.

Finally, the response of a potential sensing electrode to the presence of particles
might be modelled using the surface capacitance of the electrode and the particles, an
estimation of the duration of particle-electrode contact (degree of agitation) and the

resistance of the solution.
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3 DESCRIPTION OF ORES AND PLANTS

3.1 Imtroduction

The nature of the ores and features of the plants of Les Mines Selbaie and Kidd
Creek Division of Falconbridge Limited are discussed in some detail prior to presenting
the experimental results. There are many similarities, as expected since both mills process
copper-zinc ores. However, the nature of the ore at each mine has led to unique

flowsheets to produce copper and zinc concentrates.

Emphasis will be placed on the Al-zone ore and circuit of Les Mines Selbaie as
this was extensively investigated in the laboratory and plant during the course of the
project. Publication of some of the results obtained at Les Mines Selbaie prompted an
interest from the technical staff of Kidd Creek. This interest provided an opportunity to
generalize the findings related to on-line monitoring of the pulp potential. Thus, the ore

and circuit of the Kidd Creek operation are also discussed.

3.2 Les Mines Selbaie

The discovery of mineralization in the Brouillan Township north of Joutel,
Québec, and its development into a mine and mill site has been described in a special
session at the 1989 CIM Annual Meeting (218) which lead to a collection of papers in an
issue of the CIM Bulletin (219). Some of the key points are recalled here.

An airborne electromagnetic survey performed with the Mark VI INPUT ®
system by Questor Surveys Limited uncovered aerial anomalies in 1971. These
anomalies were followed up by ground exploration and drilling programs in 1974-75
(220, 221).
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The presence of anomalies had been revealed during an earlier airborne
electromagnetic survey in 1958. Only with later advances in exploration expertise related
to the gathering and interpretation of such anomalies was the potential of economic
mineralizations at that location realized. It would appear that even from the start, the

story of Les Mines Selbaie has been one of persistence.

3.2.1 Ore zones and mine development

Three zones were defined during the 1974-75 drilling program (221) and their
spatial relationship is shown in Figure 3.1:

L. The A-1 zone, amenable to open pit mining with an estimated resource of 20
million tonnes grading 0.8% Cu, 2.2% Zn, 31 g/t Ag and 0.5 g/t Au.

2. The A-2 zone, being an underground extension of the lower copper-rich veining
of the A-1 zone, with an estimated resource between 2 and 5 million tonnes
grading 2.2% Cu, 0.7% Zn, 30 g/t Ag, and 1.2 g/t Au.

3. The B zone, 1 ki west of the A-1 zone with an estimated resource of 3.5 million
tonnes grading 3.3% Cu, 0.3% Zn, 30 g/t Ag, and 1.0 g/t Au. Unfortunately, the
zinc present in the B zone could not be economically recovered due to particular

ore characteristics.

Underground exploration and metallurgical testwork lead to the decision to
develop the B zone at a throughput of 1500 tonnes per day in 1978 and the mine and mill
were commissioned in September 1981. Discovery of additional ore lenses allowed the
throughput to be increased to 1650 tonnes per day in 1985. This mini-expansion
permitted the operation to survive through the bottom of the price cycle for copper

occurring at that time.



Figure 3.1 Simplified section of the ore zones; looking north (221)
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Further exploration and metallurgical testwork lead to the decision to develop the

A-1 zone late in 1984. Although market conditions were not promising over the short

term, the economy of scale and other factors made a joint A-1 and B zones operation

more viable than just the B zone on its own.

The A-1 zone open pit mine and mill circuit were inaugurated on November 15%,

1986. Initial throughput was S000 tonnes per day (tpd) but this soon rose to 5500 tpd and
eventually reached 6300. Figure 3.2 shows the mine site being readied for production
with stripping of the open-pit in the foreground and the mill, maintenance, office, and

camp buildings in the background.
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Figure 3.2 Les Mines Selbaie site during the summer of 1986 (courtesy of Les Mines Selbaie)

Improvements in market conditions and diminishing reserves of the B zone ore
lead to the development of the A-2 zone in 1988 and modification to the B circuit to
process this ore. Production from A-2 lasted until the end of 1993 (222). With mine
production exclusively from the lower grade A-1 zone, the throughput was raised to 8000
tpd with re-allocation of the A-2 circuit (crushing, rod and ball mill, and copper flotation
cells) to the processing of A-1 zone ore. The reserves are capable of supporting the

operation at this throughput well into the year 2004.

An earlier research project covered the period of commissioning the A-1 zone
circuit up to the summer of 1987 (26). This project picked up from that point in time and
carried out through the summer of 1990.
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3.2.2 A-1zone ore

The geology of the three ore zones has been described (223, 224, 225). Follow-
up geological investigations have also been reported (226, 227, 228).

The close proximity of the ore zones to the surface and the presence of a number
of faults resulted in a challenge to selective flotation. The B zone, which is right along a
main fault (Figure 3.3), has experienced severe supergene alteration of the copper
minerals as ground water percolated through this fault. The occurrence of chalcocite,
digenite, and native copper allowed for high copper concentrate grades but was
detrimental to selective copper-zinc flotation (26, 218).

The presence of secondary copper minerals in an ore and its detrimental impact on
copper-zinc separation is not unique to Selbaie. The Rio Tinto Mines, Huelva, Spain
(229) is a well documented mineralogical example. The Goldstream deposit is a case
where a conventional depressant like sulphur dioxide resulted in as many problems as it
solved (180).

Figure 3.3 Plan view of the ore zones and main fauits (227)

Intersaction af vein with
/ surface
(thickness exaggerated)

FAULT I surface

(thickness exaggerated)

Vein truncated at depth;
f Trend extrapolated to
4

«a, Approximate outline of
7332 fracturs-controlled and
"~ disseminated sulfides

Sedimentary rocks with
local exhalite and
bedded sulfide

aase {uNE T2t
< (thickness exaggeratad)

% Strike and dip direction
of vein or sxhqlite

/ Faul! Showing Oip
-

400m

| L24400w

30400




88

In some deposits, copper-zinc separation could only be achieved by reverse
flotation of the sphalerite out of the copper rougher concentrate, examples being in Zaire
(125) and Australia (230).

Although faults exist within the A-1 zone, they do not have metallurgical
consequences as severe as for the B zone. The main reason is that the faults span only a
small volume of the overall mineralization. Nevertheless, at their western entry into the
mineralized zone, the faults are the site of intense supergene alteration of the copper
minerals. The impact of these faults on the ore (particularly the rust coloured rock) in

that area of the open pit was always clearly visible as can be seen in Figure 3.4.

Figure 3.4 Visible effect of a fault on a mining bench
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The main valuable sulphide minerals consist of sphalerite, chalcopyrite and galena
while pyrite is the main iron sulphide gangue. In one area of the A-1 zone, pyrite is
massive. As discussed above, there are local occurrences of chalcocite, very often as
rims around chalcopyrite, bornite, covellite, digenite and tennantite. Gold occurs most
often as electrum (gold-silver alloy) while silver occurs as acanthite (orthorhombic Ag,S;
normally stable below 175°C), argentite (isometric Ag,S; normally stable above 175°C),
and native silver (223). Nomenclature for the Ag,S phase has been inconsistent with

either acanthite (225) or argentite/acanthite (223) used by different authors.

One unique mineralogical characteristic of the chalcopyrite from the Les Mines
Selbaie is that rapidly tarnishing grains (taking a deep orange colour within hours) can be
found alongside normal grains (maintaining their greenish colour for days) in the same
polished section (223). Detailed analyses did not revealed significant compositional
differences between the two types of chalcopyrite (223).

3.2.3 Ore types

There are two main rock types hosting the mineralization in the A-1 zone: a
rhyodacite breccia and felsic tuffs (225). The rhyodacite breccia consists of a
subhorizontal bed which covers the feisic tuffs in the open pit area. Broad open folds can
be observed with East-West subhorizontal axes. The felsic tuffs consist of dacitic tuffs
(DT) with and without quartz phenocrysts, welded acid tuffs (WAT) which are
mineralized and lapilli tuffs (DTL). In the absence of a marker horizon, the subhorizontal
attitude as well as the stratigraphic succession of the tuffs is uncertain but all indications
suggest a stratigraphic topmost layer to the south. All the tuffs, but most intensely the
dacitic tuffs, are chloritized (altered).
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Two quartz porphyry intrusions are found towards the south near the stratigraphic
top of the tuffs. This rock type, along with other criteria, was sufficient to derive four
main ore types along with an altered ore type. On any given day, the mill feed consists of
mixtures of the five ores types.

Table 3.1 shows head grades of ore type samples and composite ore samples
obtained for the purpose of this study. The ABCD composite sample was a blend of all
ore types in the weight proportions representative of the overall resources in the A-1
zone. Although some preliminary tests were performed on the individual ore types, most
of the flotation testwork was performed on samples obtained from the cyclone overflow of
the mill, or on fresh ore.

Table 3.1 Assays of the A-1 zone ore samples

Ore Description Assays in % (g/t for Ag)

Cu Zn Pb Fe Ag

A Rhyodacite breccia 0.13 3.56 0.06 11.4 23

B Welded acid tuff 0.47 1.86 0.03 5.9 16

C Silicified 4.44 6.35 0.62 9.0 480

D Massive pyrite 0.60 3.06 0.24 15.9 180

E Altered ore 0.40 5.40 0.22 15.0 130
ABCD Composite A:B:C:D = 0.78 2.88 0.11 8.9 94

Compo 3:5:1:1

Fresh Ore | Mill feed - 1987 0.21 3.10 0.17 8.2 160
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3.2.4 Microscopic examination of the sulphide minerals

There are two distinct features of the copper and zinc minerals present in the A-1
zone which merit further attention for microscopic examination. The first feature briefly
touched upon earlier is the rapid tarnishing of the chalcopyrite and typical examples are
shown in Figures 3.5 and 3.6. The particular particle shown in Figure 3.6 contains both
types of chalcopyrite with definite grain boundaries between the two.

Although no significant compositional differences have been indicated (89), such a
dramatic response to atmospheric exposure for chalcopyrite can only be related to
supergene alteration. For example, the chalcopyrite grains observed in B zone ore and
concentrate samples mostly exhibited an orange tint (26). Mineralogical investigations of
rapidly tarnishing chaicopyrite (232, 233, 234, 235, 236) and sphalerite (235) are linked
to diffusion of silver and formation of a silver sulphide film. It is a possibility given the
silver minerals present in the A-1 zone ore but it does not explain why some grains would

tarnish rapidly and others not in the same mount or even the same particle.

This rapid tarnishing of a number of the chalcopyrite grains is indicative of a high
susceptibility to oxidation. It is quite possible that under certain flotation conditions the
tarnishing and non-tarnishing chalcopyrite grains will report to different concentrates and
an exarnination of polished sections of these concentrates might provide an indirect form

of surface analysis.



Figure 3.5 Example of tarnished and untarnished chalcopyrite grains

Figure 3.6 Example of tarnished and untarnished chalcopyrite complex grain
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The second feature is the presence of chalcopyrite and pyrite exolutions in
sphalerite. This feature is not unique to Les Mines Selbaie and in fact it has been
encountered sufficiently frequently to be called "chalcopyrite disease” (237). It occurs
mostly for the A, D, and E ore types as seen in Figures 3.7, 3.8 and 3.9 and does not
affect all sphalerite grains. The inclusions vary in size from less than a few microns to
more than 10 um. The sphalerite grain shown in Figure 3.9 contains coarse (50-75 pum)
pyrite inclusions and fine (1-5 pm) chalcopyrite inclusions barely noticeable at the

magnification used.

On the other hand, the sphalerite of the B, C ore types and fresh sample rarely
exhibit inclusions as observed in Figure 3.10. This does not imply that there is no locking
between sphalerite and chalcopyrite/pyrite in B and C ore types and the fresh ore sampie.

An interesting feature of sphalerite samples from the B and C ore types is the
presence of grains which are barely distinguishable in color from the epoxy matrix and
appear to have a convex surface rather than a flat one. Since the sections were prepared
from nearly pure sphalerite pieces it is unlikely that there was as much non-sulphide
gangue as indicated in Figure 3.10. Examination under polarized light indicated the
presence of internal reflections in these grains and this suggests that they are likely
sphalerite. The fact that no non-sulphide gangue particles have been encountered while
performing the microprobe analysis on similar sections confirms this indication.
Unfortunately, such grains would be difficult to differentiate from non-sulphide gangue in

a casual examination of test products.



Figure 3.7 Typical sphalerite particles: A, D, and E ore types

Figure 3.8 Typical sphalerite particles: A, D, and E ore types
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Figure 3.9 Typical sphalerite particle: A, D, and E ore types

Figure 3.10 Typical sphalerite particles: B and C ore types and fresh ore
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To verify that the presence of these chalcopyrite inclusions, and that supergene
alteration did not yield higher levels of copper within the sphalerite lattice X-Ray mapping
of sphalerite grains was performed. As it can be seen from an example shown in Figure
3.11, the amount of copper outside of the chalcopyrite grains is minimal. X-Ray mapping
reveals the occurrence of chalcopyrite as large and nearly round grains as well as
elongated grains (lamellae) which are barely noticeable in the back-scatter electron image.
The sphalerite grain shown in Figure 3.11 exhibit a rare feature not often encountered

during the mineralogical examination: the presence of a large native silver grain!

Figure 3.11 X-Ray mapping of sphalerite presenting chalcopyrite disease (E ore type)
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Typical examples of the other sulphide minerals present in the A-1 zone ore are
shown in Figures 3.12 to 3.15. Free chalcopyrite is easily found in a section only for the
"C" ore type (Figure 3.12). On the other hand, the distinctive colour of chalcocite makes
it difficult to miss for the "E" ore type (Figure 3.13). The presence of pyrite-oxidized
sulphide particles in the fresh ore sample as shown in Figure 3.14 suggests that the
designation "fresh" is relative to the early ore samples obtained for the pilot plant
program and not an indication that the ore sample is free from altered sulphides.

The presence of chalcopyrite inclusions in the sphalerite severely limits the
achievable separation between the copper and zinc minerals. Sphalerite grains exposing a
large proportion of chalcopyrite inclusions on their surfaces will report to the copper
concentrate if the flotation conditions aim at high copper recovery. On the other hand,
sphalerite grains exposing a small proportion of chalcopyrite inclusions on their surfaces
will report to the zinc concentrate as they would likely be depressed during the copper
flotation. Regrinding for complete liberation of these inclusions is impractical due to

their size (typically 1 to 5 pm).

There is an important implication to having chalcopyrite and pyrite inclusions in
sphalerite with respect to the electrochemical model of the flotation of sulphide minerals.
There will be a sustained galvanic interaction between the exposed inclusions and the
sphalerite surface and the interaction will be more intense than that occurring via particle-

particle collisions during grinding and flotation.

One additional note should be made here; although the sphalerite particles appear
grey on the polished sections, the colour of large pieces and particles show a wider range:
cream, "bottle brown", and dark grey. The colour of sphalerite is an indication of the
iron content in solid solution, the lighter the sphalerite, the less iron it contains (107,
238).



Figure 3.12 Typical sulphides: A and D ore types
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From the literature regarding the composition of sphalerite and its response to
activation by heavy metal ions, it is expected that there will be a range of flotation
response. Actually, a frequent observation made by the author during laboratory flotation
tests was first the appearance of the grey sphalerite during zinc rougher flotation, then the
bottle brown, and finally the cream sphalerite. A similar gradual change in froth colour
also occurred during the zinc cleaning stages but the boundaries between the different

froth tints were not as clearly defined as for the rougher stage.

Finally, no microscopic examination would be complete without some general
indication of grinding requirements for liberation. This was investigated quite thoroughly
as part of the feasibility study (239) and the results were generally confirmed by the

observations made here.

As a whole, the sulphide minerals are liberated from the silicate gangue (quartz,
chlorite, muscovite and ankerite) at 100 pm. Sphalerite is generally 50 to 70% liberated
at 200 pm. Most of the remaining sphalerite is liberated at 50 to 150 pm depending on
the ore type. Approximately 15% of the sphalerite is present as 20 pm inclusions in
pyrite while trace amounts occur as 10 to 15 pm inclusions in chalcopyrite. Between 40
and 50% of the copper minerals are liberated at 150 pm while an additional 35% are
liberated at 30 pm. The remaining copper minerals (mostly chalcopyrite) are present as
less than 10 pm inclusions in sphalerite and pyrite. Galena occurs as discrete 50 to 250
pum grains, as 20 to 30 pm inclusions in sphalerite, and as rims on chalcopyrite and
pyrite. Pyrite occurs in a variety of sizes from discrete 300 pm grains down to 20 pm

inclusions in chalcopyrite.
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3.2.5 Mineral compositions

To assist in the interpretation of the metallurgical results, the chemical assays have
been converted to mineral assays. This is important to follow the flotation response of
pyrite. An experienced mineral processor can obtain a qualitative indication of the pyrite
level in concentrates by the relative abundance of copper, zinc, and iron. Unfortunately,

such information is mot accurate enough to discriminate minor changes in the flotation

response of pyrite.

The variation in iron content of sphalerite, along with a corresponding variation in
colour, is well known. For example, there have been studies on Mississippi Valley type
Pb-Zn deposits such as Pine Point (238). In the case of A-1 zone ore, the observed range
of iron contents (near 0% to 4% Fe) is larger than usually encountered. Samples were
analyzed using an electron microprobe to obtain the actual composition of the sphalerite in
the A-1 zone ore. The average results are given in Table 3.2 along with an overall

normalized average which was used for conversion of zinc assays into sphalerite assays.

Table 3.2 Microprobe analysis of sphalerite particles, A-1 zone ore, Les Mines Selbaie

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 2.71 63.40 33.16
C 9 0.03 1.58 64.20 33.29
D 4 0.02 3.17 62.96 33.16
E 12 0.04 4.14 60.78 33.00
Fresh Ore 15 0.02 2.68 62.52 32.93
Average 66 0.0256 2.787 62.911 33.125
Normalized N.A. 0.0260 2.819 63.644 33.511
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Since there were no strong indications that the composition of chalcopyrite,
galena, and pyrite would dramatically vary with ore type, no microprobe analyses were
performed for these minerals. The stoichiometric compositions of these minerals were

taken for conversion of the element assays to mineral assays.

The mineral compositions were calculated as follows:

Sphalerite (Sp, %) = Zn (%) / 0.63644 [23]
Chalcopyrite (Cp, %) = [Cu (%) - Sp x 0.026] / 0.3463 [24]
Galena (Ga, %) = Pb (%) / 0.8660 [25]
Pyrite (Py, %) = [Fe (%) - Cp x 0.3043 - Sp x 0.02787] / 0.3655 [26]

or when sulphur assays were available

Pyrite (Py, %)=[S (%) - Cp x0.3493 - Sp x0.33511 - Ga x0.1340]/0.5345 [27]

The absence of other iron bearing phases (e.g. magnetite and silicate minerals)
allowed the iron assay to be used for the calculation of the pyrite content with reasonable
accuracy. Comparison of the pyrite content calculated using iron and sulphur assays were
usually within 5% relative from each other. This was deemed acceptable considering all

the other sources of experimental errors which are inherent to flotation testing.

The small, and variable, quantity of chalcocite (Cu,S) which is present in the ore
was ignored for the purpose of mineral calculations. The proportion of E ore type in the
mill feed was maintained below 10% due to the detrimental impact on copper-zinc
selectivity of this ore type. Typically, less than half of the copper present in the E ore
type is present as chalcocite rather than chalcopyrite, meaning that at the most 5% of the
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copper in the mill feed being might be present in this form and would not be accounted
for by just a chalcopyrite calculation. Again, given all the other sources of experimental

errors in flotation testing, this was deemed acceptable.

3.2.6 A-1 zone flotation circuit

The flowsheets and control schemes for processing the three ore zones have been
described (129, 240, 241). For present purposes, it is necessary to review the key
equipment for comminution and flotation, the arrangement of the flotation circuit, and the

reagents used for the A-1 zone ore.

The process selection and design philosophy was to use state of the art technology
proven in one or more previous installation (240). One key point was maximization of

water recycling.

The electrochemical-based research supported in this thesis was a departure from
this philosophy. Since the project aimed at an incremental improvement in copper-zinc
selectivity rather than replacement of current strategies, however, it was deemed an

acceptable risk.

The flowsheet and reagents described below are as they were during the plant
studies. Comminution of run-of-mine ore is performed in three stages: a gyratory
crusher, a variable speed semi-autogenous (SAG) mill operated in closed circuit with a
screen, and a ball mill operated in closed circuit with cyclones. There is an ore stockpile
between the gyratory crusher and the SAG mill to buffer the mine production and to allow

some ore mixing.
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Several combinations of mill liners and ball charges were used. However, from
1987 through 1990, the SAG mill was rubber lined with steel lifters while the ball mill
was completely rubber lined. The ball charge was high chrome steel.

The flowsheet for the A-1 zone ore as it was in 1990 is shown in Figure 3.16
using the network symbolism (242). Flotation stages are shown as nodes (points),
concentrates as left diagonals while tailings are as right diagonals. Feeds and
recirculating streams are vertical or horizontal lines. This symbolism permits complex

flowsheets to be presented in a compact format.

Separation of the minerals is performed by selective sequential flotation (129).
The copper minerals are floated first (along with any galena present) in three banks of
roughing and scavenging cells, and is cleaned in four counter-current stages. The copper
scavenger tails, after copper activation and alkalinity adjustment, constitutes the feed to
the zinc circuit. Roughing and scavenging are performed in three banks, the zinc
rougher-scavenger concentrate being cleaned three times in counter-current stages. Both
the copper rougher and zinc rougher concentrates are reground prior to being fed to the

cleaning stages.

The coliectors are Aerophine 3418A (Cytec) for copper flotation and sodium
isopropyl xanthate (SIPX) for zinc. A small addition of potassium amyl xanthate (PAX)
was used as secondary copper collector but in diminishing use from 6.0 g/t in 1987 to 1.5
g/t in 1988 and was eliminated in June 1989 (243). The frothers are methyl isobutyi
carbinol (MIBC) for the copper circuit and Dowfroth 1012 (polypropylene glycol ether;
Dow Chemicals) for the zinc circuit. Modifiers are lime, sodium cyanide, zinc sulphate
(copper roughing), sulphur dioxide and dextrin (copper cleaning), and copper sulphate

and lime (zinc).
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Figure 3.16 A-1 zone flotation circuit

Feed

Cu 1st Rougher
2nd Rougher
Scavenger

Zn 1st Rougher
2nd Rougher
Scavenger

Cleaners
3rd

Cu Con.

Cleaner-
Scavenger

Cleaners
2nd

v

Zn Con. Final Tails



106

As discussed previously, the role of sodium cyanide is that of sphalerite de-
activation and activation prevention during copper flotation while zinc sulphate is the
actual depressant. Sulphur dioxide in the copper cleaning stages provide joint de-
activation and depression of the sphalerite and pyrite. Dextrin is mostly used to depress
galena; lead is an undesirable impurity in a copper concentrate and there is not enough

lead in the deposit to justify the production of a separate lead concentrate.

Copper sulphate activates sphalerite in the zinc flotation circuit while alkalinity

control during the conditioning stages prevents accidental promotion of pyrite flotation.

There is a sensitive balance between sodium cyanide added to the copper circuit
and copper sulphate requirement for the zinc circuit. A mill feed with a higher content of
secondary copper minerals requires higher sodium cyanide additions. However, excess
cyanide at the end of the copper rougher-scavenger flotation will consume some of the
copper ions introduced during the zinc conditioning stage. The general process control
strategy is to maintain sodium cyanide dosage within set limits, even if it means a semi-
bulk flotation in the copper rougher, and to complement the depression of sphalerite

during the copper cleaning stages.

A Baily Network 90 distributed control system is used for process control (241).
Fine tuning of several of the control strategies has occurred (243). The flowsheet and
operating strategies have evolved after the project and now include less mixing of the ore

types, especially when high copper or high zinc ores are encountered (243).

One major change to the reagent suite has been the replacement of Aerophine
3418A by SP-129 (Huntsman Chemicals). SP-129 is a blend of dithiophosphate and
mercaptobenzothiazole plus a diamine modifier and it was extensively tried in the plant
during 1991 and early 1992 (244). However, difficulties in maintaining copper
recoveries have prompted the establishment of SIPX as secondary copper collector (243).
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Other changes to the reagent suite have been the addition of sodium sulphide or
sodium meta-bisulphite (ore type dependent) to enhance sphalerite depression in the
copper circuit and carboxyl methyl cellulose (CMC) for talc depression during copper

flotation (with sustained depression during zinc flotation).

Equipment changes have been the installation of flotation columns for the cleaning
stages, first in the zinc circuit, and finally in the copper circuit (243, 245). This followed

an extensive series of plant tests initiated in 1989 (243).

Sponsored fundamental research has also continued, especially in the area of
surface analysis of sphalerite reporting to the two concentrates and the tailings (246),
reagent control (247), and grinding control (248, 249, 250). Co-operative test programs
with reagent suppliers, for example Flex 31 for the zinc circuit (251) have been pursued
and is still being investigated (G. Chevalier, Per. Com. Feb. 1999).

The evolution of process efficiency (on the basis of net smelter return) from
commissioning to the summer of 1994 is shown in Figure 3.17 (243). The most
noticeable feature in Figure 3.17 is that the process efficiency exhibits a cyclic behavior
with higher efficiencies in the winter than in the summer. Such seasonai variation in
metallurgical performance is common for mills operating in a nordic climate with a high
proportion of water reclaimed from the tailings pond. Long-term ore type variation is

also another factor which introduces fluctuations in process efficiency.

Gains in process efficiency have been sustained over the years and are shown by
regression lines in Figure 3.17. A 1%/year sustained gain was claimed (243). However,
the original regression supporting this claim tends to under-estimate the process efficiency
in the early years and over-estimate it in the later years. The data was re-regressed
without fixing the intercept and a sustained gain of 0.022%/month (0.3 %/year) has been
obtained. Although a 0.3 %/year sustained gain does not appear to be as impressive as a

1%/year gain, it is still appreciable.
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Figure 3.17 Efficiency gains at Les Mines Selbaie (243)
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Interpretation of plant data always involve some subjective judgement and is never
easy. Given that the mill was commissioned in the fall of 1986, attempting to assign an
overall yearly efficiency gain over the whole period from 1986 to 1994 is mis-leading is
some way as this ignores the steep learning curve experience by operating and technical
staff during the early years. Given the apparent periodicity of the process efficiency data,

the selection of starting and ending points for the determination of a time dependent trend

is crucial.

A possible interpretation of the efficiency gains at Les Mines Selbaie is suggested
in Figure 3.18. The data has been broken up into two time periods corresponding to a
learning phase (September 1986 to August 1989) and an optimizing phase (April 1989 to
May 1994). The overlap of the two phases (April to August 1989) was technically
required to have the starting and ending points of each phase at the same position relative

to the yearly cycle.
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Figure 3.18 Possible interpretation of the efficiency gains at Les Mines Selbaie
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The two regression lines in Figure 3.18 appear to better fit the data than a single
line as in Figure 3.17 from a qualitative (visually) and quantitative (higher correlation
coefficients; R? assessments. The efficiency gain during the learning phase
(0.1404 %/month or 1.7%/year) is high but not-unreasonable. The sustained efficiency
gain in the optimizing phase (0.0497%/month or 0.6%/year) is reasonable and
corresponds to the reported flowsheet modifications and fine-tuning of the process control
strategies over that time period (243). It is noted that on-line monitoring of the pulp
potential was performed in 1989-1990 and would be, according to the interpretation
suggested in Figure 3.18, at the start of the optimizing phase.

Although the monitoring of the pulp potential as part of the process control
strategy has not been maintained beyond the duration of this project, many of the
laboratory and piant observations made during the project have in fact lead to further
testwork by the technical staff of Les Mines Selbaie and are still relevant to the on-going
operation. The current challenge is balancing the flotation response of the A-1 ore
ground in the conventional rod/ball mill circuit (former B/A-2 zone circuit) and that in the
semi-autogenous/ball mill circuit (G. Chevalier, Per. Com., Feb. 1999).
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3.3 Kidd Creek Division of Falconbridge Limited

The ores and flowsheets of the Kidd Creek concentrator have been described (252,
253, 254). The test program at Kidd Creek focused on the "A" ore, the main copper-zinc
ore processed in three parallel lines; A, B, and C. The other ore, the "C" ore, is a
copper-lead zinc ore with high silver values which is treated in its own line, D. Each line
has a throughput of around 3000 tpd for a total of 12000 tpd for the concentrator.

As a note, the process water not only consists of water reclaimed from the tailings
pond but also cooling water from the copper smelter. Although the type of process water
can have a strong impact on the mill performance, consideration of this is outside the
scope of the thesis. One concern is that cooling water from the copper smelter may bring
copper ions which would lead to un-wanted activation of the sphalerite and this would be

similar to the occurrence of supergene copper minerals in the ore.

3.3.1 Ore zones

The Kidd Creek ore body is separated into two distinct zones, the North Orebody
and the South Orebody. Two ore types occur within the North Orebody: a siliceous
copper ore containing stringers of chalcopyrite in a cherty breccia with occurrences of
massive chalcopyrite, and a massive sphalerite-pyrite ore containing native silver and
galena. The South Orebody is characterized by a mixed ore containing massive sphalerite

and chalcopyrite with notably lower silver, pyrite, and galena contents.

The North and South ore bodies present separate metallurgical challenges. In the
North Orebody, the chalcopyrite present as stringers with minor associated pyrite and
pyrrhotite forms an irregular network through the siliceous rhyolite host. This ore
requires fine grinding but copper recovery in high-grade concentrates is achieved without
undue difficulty. The massive sulphide ore in the North Orebody is the most difficult to

treat because of the intimate association of the values with pyrite. The metallurgy is
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further complicated by periodic occurrence of graphite and pyrrhotite. In the South
Orebody, the copper and zinc minerals are in intimate association. As a result, zinc

depression during copper flotation is difficult even with fine grinding.

What the concentrator treats as the "A" ore is actually a blend of the South
Orebody and the siliceous copper ore from the North Orebody. The "C" ore is the
massive sphalerite-pyrite component of the North Orebody and has not been present in
sufficient quantities to justify running the D division since 1995; custom milling has been
used to replace the "C" ore (254).

3.3.2 Flowsheet

The use of a conventional rod and ball mill circuit for comminution and medium

capacity cells for flotation reflects the 1960's era during which the mill was built.

The rod mills have Ni-hard wave liners with Domite chrome-moly end liners. All
ball mills are rubber lined. The grinding media are high carbon steel.

The flotation circuit as it was in 1990 is shown in Figure 3.19, also in network

notation. Only one of the three parallel lines treating the "A" ore is shown.

The ore ground to 50% 45 pm is conditioned with lime (pH 6.8), Aerophine
3418A, R208 (sodium diethyl and sodium di-secondary butyl dithiophosphate), and MIBC

as frother. Sodium cyanide and sulphur dioxide are also added.

The conditioned ground ore is fed to primary rougher flotation. The tailings from
this primary stage are further ground to 78% -45um. A prefloat concentrate is first
taken, and after further conditioning (A3418A and MIBC), secondary rougher flotation is

performed.
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Figure 3.19 Kidd Creek flotation circuit for the "A" ore
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Scavenger flotation follows with another addition of 3418A and sodium isobutyl
xanthate (SIBX).

The primary and secondary flotation concentrates are combined with the
secondary cieaner tails as feed to the first cleaning stage. The prefloat concentrate,

combined with the second cleaner concentrate form the feed to the third cleaning stage.

The first cleaner tails and the scavenger concentrate are combined and reground
prior to joining with the main material to the prefloat stage. The third cleaner stage is

operated in a counter-current fashion with recycling of its tailings to the preceding stage.

Copper flotation tails are conditioned with copper sulphate and lime (pH 10.0),
SIBX, and Dowfroth 250 (frother). Roughing is followed by scavenging and the two
concentrates are conditioned with lime before three stages of open circuit cleaning at a pH
of 10.5 to 11.0. The scavenger concentrate and all cleaner tails are combined and
reground. Following further addition of copper sulphate, SIBX, and DF250, this material

is recycled mid-way down the rougher flotation stage.

The plant is well instrtumented and process control strategies are firmly
established. A major change in the reagent suite has been the replacement of Aerophine
3418A by a dithiophosphate based collector for the copper circuit (T. Cormode, Per.
Com., Feb. 1999).



114

3.4 Similarities and differences

The ores processed differ in one key area; the presence of supergene copper
minerals at Les Mines Selbaie makes it more difficult to achieve selective copper-zinc

flotation.

Both mills use a relatively fine primary grind (=80% -45 pm) to liberate the
sulphide minerals with regrinding being performed for both the copper and zinc flotation
circuits. A SAG/ball mill circuit is used at Les Mines Selbaie, while a rod mill/ball mill,
plus a secondary ball mill mid-way in the rougher flotation is used at Kidd Creek.

The ball mills are rubber lined in both cases. However, the use of high chrome
balls at Les Mines Selbaie (along with the SAG mill) is conducive to a greater oxidation
of the sulphide minerals than the high carbon steel grinding media at Kidd Creek.

Both mills are using sodium cyanide for de-activation of the sphalerite. Zinc
sulphate (rougher) and sulphur dioxide (cleaner) are used for sphalerite depression at Les
Mines Selbaie while only sulphur dioxide (rougher) is used at Kidd Creek. Aerophine
3418A is used as the main copper collector although PAX is used as secondary collector
at Les Mines Selbaie while SIBX and A208 are used in the same function at Kidd Creek.

The zinc circuits are similar (open circuit operation of the cleaning stages) and
xanthate collectors are used in both cases, isopropyl at Les Mines Selbaie and isobutyl at
Kidd Creek. The side branching of the hydrocarbon chain is expected to give a higher
selectivity than a straight chain and the isobutyl has inherently less collecting power than

isopropyl due to its shorter main chain.

Finally, both mills use a process water in which there is a high component

reclaimed from the tailings pond.
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4 PRACTICAL ASPECTS OF MONITORING THE PULP POTENTIAL

4.1 Introduction

There have been many pilot plant and plant investigations involving on-line
monitoring of the electrochemical potential of the pulp. Outokumpu (41 42, 73, 74),
BRGM (75, 76, 77, 78, 79), USBM (37, 38, 80, 81), Amdel and Control International
(82) have performed long term studies spanning periods from days to years, of continuous
use of the sensing electrodes in mineral slurries. Unfortunately, even with such long term
on-line use of electrochemical sensors, the preventive and curative maintenance
requirements for the electrodes have been rarely discussed. In particular, the Controlled
Potential Sulphidization (CPS) from Amdel and E-Con (Potential Control) from Control
International appear to have been only succinctly described in trade revues addressing

more the expected benefits than the working principle (82).

The Outokumpu system, OK-PCF (Potential Controlled Flotation), has been
reported to be in continuous use first in 1984 at the Hitura nickel concentrator following a
successful pilot plant campaign and its installation at the Vammala nickel concentrator
followed soon after (41). The system was eventually installed at the Vihanti copper-lead-
zinc concentrator (42). There are no reports of use of the OK-PCF outside the

Outokumpu group of mines.

The system is claimed to be effective and there is no reason to presume it would
be otherwise from the discussion of the electrochemical model for the flotation of sulphide
minerals. However, very few details about the functioning of the system are given with
the exception of the use of mineral electrodes for the redox sensors and a voltammetric
technique for the determination of xanthate concentrations. The published literature does
not indicate major problems with the sensing electrodes although, in private discussions
(Lauri Karhu, Per. Com., Feb. 1989), the location of the electrodes in the conditioner or

flotation cell can be critical for accurate measurements. A good agitation must be
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imparted for particle-electrode contact and to keep the electrodes relatively free from

surface deposits such as the commonly observed scale.

The system promoted by BRGM, PIRANA (Pulp Instrument for Regulation and
ANAlysis) was in a plant trial for five months at the Salsigne mill, France (77). There
does not appear to be other reports of the system in the mineral processing industry. The
only indicated maintenance requirement for the system is a weekly replacement of the
micro-filtration cloth (78). Preventive maintenance for the sensing elements (Eh, pH, UV
spectrophotometer) does not appear to be required. However, a five month trial is still a
fairly short test program if extensive support from BRGM technical staff was provided
and is not an indicator of operating reliability in a real industrial situation.

Researchers at the USBM developed a multi-electrode redox sensor and performed
extended trials at the Chino concentrator (37). The system was used in a slurry of
chalcocite, chalcopyrite, pyrite, magnetite and sulphate minerals. The multi-electrode
probe consisted of noble metals (gold and platinum) and the sulphide minerals present in
the pulp. After only nine days of continuous immersion, the entire probe, including the
surface of the electrodes, was covered with a highly resistive scale consisting mainly of
calcite with magnetite as a minor fraction (37). This situation was similar to that
experienced with pH electrodes at Chino and this lead to the same solution: use of weakly

acidic solutions to clean the electrodes on a regular basis.

The redox probe was later simplified to a single gold electrode and included an
automated electrochemical cleaning technique based on potentiostatic conditioning and
was tested in a copper-molybdenum concentrator (80, 81). The termination of the
research and development function of the USBM scon afterwards (204) has prevented
further refinement to the system.

Unfortunately, much of the information on maintenance of redox sensors in

mineral slurries was published after the installation, in May 1989, of the on-line sensor at
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Les Mines Selbaie. The best that could be done was to apply the knowledge gained from
experience with pH sensors and discovered as the project progressed. As the
commissioning of the A-1 zone circuit had only been completed in late 1986, this meant
that there was just two and a half years of experience with pH sensors in a similar duty.

With the challenges related to the operation of a new plant, the instrumentation group was
just beginning to shift from a curative oriented approach to the development of preventive
maintenance programs. Much remained to do to support the latter, including the

monitoring of pH electrode life and the reason(s) for break-down.

In the case of Kidd Creek, the on-line sensor was installed in February 1990. The
nearly twenty five years of operating experience with pH sensors and knowledge of some
of the difficulties had produced well developed operating practices and preventive
maintenance programs. These were simply "translated" to the on-line electrochemical

SE€nsors.

Mistakes were made during the early period of on-line monitoring at both plants.
Mentioning these is by no way a dis-respect to the instrumentation and technical support
staffs of both plant. Their experience in this endeavour was not much more than my own

and the learning curve was steep for all.

4.2 Description of laboratory redox sensing electrodes

It is appropriate at this point to describe the different redox sensing electrodes
which have been especially made during the course of this study. These electrodes

consisted of noble metal foils or spirals, black platinum wires, and mineral electrodes.

The noble metal foil electrodes are shown in Figure 4.1. The first two are 1 cm2
foils (1 mm thick) of gold and platinum with only one face exposed. The third electrode
is a 0.25 cm2 gold foil mounted so that both faces are exposed. Contact between the

noble metal and the copper wire was made with a solder.
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Figure 4.1 Noble metal foil electrodes (gold, platinum and modified gold foil)

The black platinum electrodes and the gold and platinum spirals are shown in Figure

4.2 as well as the shrouds eventually made to protect these electrodes during measurements.
The cables for all noble metal electrodes were shielded cables recovered from scrap
combination pH electrodes as these were of high quality and were inferred, by their previous

use, not to give rise to undesirable effects on the measurements.

The black platinum electrodes, which were rarely used during this study, were made
by platinizing, at 20 mA for 3 minutes, 5 cm long by 0.5 mm diameter platinum wires. Two
electrodes had to be made since the platinizing process requires a pair of similar electrodes.
Although the black platinum deposit was fragile and tended to be removed after a long
period of immersion in a slurry, it had the advantage that if poisoning was suspected, the

deposit could be removed by mechanical polishing and a new one re-platinized. This
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contrasts with the black platinum electrode (fuel cell element) used by Rand and Woods (36,

255) which must be replaced if poisoning occurs.

spiral electrodes and protective shrouds

Figure 4.2 Black platinum, gold and platinum

S5 -

[n an early design, as shown in Figure 4.2, each spiral consisted of a 10 cm long wire

coiled three imes. However, even with the shroud installed, loss of the spiral was frequent.
To minimize the cost of replacement material, a shorter version of the spiral (with a 5 cm
long wire) was used for most measurements made during surveys of the copper and zinc
circuits in the concentrator. Gold and platinum tip electrodes, remains from loss of the
respective spirals, were retained for possible use and are shown in Figure 4.3. With only the
tip showing, distinguishing between the gold and platinum electrodes becomes difficult and

a ring of red epoxy was put around the gold tip.
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Figure 4.3 Gold (top with red epoxy) and platinum (bottom) tip electrodes

The fragility of the gold spiral electrode as designed for this study contrasts with the

sturdiness of an electrode like those used within Inco's laboratory (43) or by Huntsman
Chemicals (244) as seen in Figure 4.4. Both designs nevertheless provide a high turbulence
around the electrode, and hence a high probability of contact with the mineral particles in

the slurry.
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Figure 4.4 Sturdy gold spiral (top) (43, 244) and McGill gold spiral (bottom) electrodes

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, pyrite). Pure galena pieces from

Kansas, obtained through Wards Scientific, were also used for comparison purposes.

The first mineral electrodes were fabricated in a manner which differed very slightly
from usual practices (256, 257, 258). Large pieces which could fit within the selected epoxy
mould (25 mm diameter) were broken away from mineral specimens. After obtaining two
parallel surfaces by hand grinding, the mineral pieces were cast into epoxy resin. Once the
resin had set, it was drilled so that a shielded copper wire could be inserted and contacted
with the mineral piece by a drop of mercury. The finished electrode was sealed with epoxy
resin and silicone. Figure 4.5 shows specimens of galena (from Les Mines Selbaie) and

chalcopyrite (from Kidd Creek) and the resulting mineral electrodes.
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Figure 4.5 Galena (left) and chalcopyrite (right) specimens and finished mineral electrodes

Difficulties were experienced in making sphalerite electrodes due to the high band

gap of this mineral, 3.6 eV which in its pure, low iron form, is at the boundary between
semi-conducting and dielectric minerals (107). Consequently, the resistivity of massive
sphalerite pieces, 8 x 10° ohm-m (107), is too great to permit passage of electrons between
the exposed surface of the mineral and the mercury contact. Finely ground mixtures of
sphalerite and graphite (ZnS:C ratio of 2:1) were 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.
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Mineral electrodes are not without long term problems. Corrosion of the copper wire
and contamination of the mercury contact (Figure 4.6) and interfacial oxidation of the
mineral within the epoxy cast, especially with chalcopyrite electrodes (Figure 4.7) were
observed. Had the mount been anything else than clear epoxy, such developing faults would

not have been noticed and erroneous measurements unwittingly recorded.

Figure 4.6 Corrosion of the copper wire and contamination of the mercury contact (galena
at left, pyrite at right)
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Figure 4.7 Interfacial oxidation of chalcopyrite within the epoxy cast

- = 7

Late in the project, it was discovered that small diamond coring bits (12.5 and 6 mm

diameter) could be used to obtain cylindrical mineral pieces which could be mounted into
electrodes. Figure 4.8 shows 12.5 mm diameter mineral electrodes in various states of the
fabrication process (left is galena, right is pyrite) while Figure 4.9 shows 6 mm diameter
pyrite cores along with two 6 mm holding base for carbon paste electrodes. The mineral
"cores” can be sawed neatly using a water cooled diamond blade to yield nearly flat faces. A
conductive graphite based epoxy paint was used to make the contact between the wire and
the electrode. There is one advantage with this approach. If the electrodes are used for
fundamental electrochemistry experiments, the measured current can be directly compared

between the minerals as the electrodes have the same surface areas.






126

4.3 Known problem: electrode poisoning

Electrode poisoning is a special case of the mixed potential model. Namely a
"poison" is formed, or adsorbed onto the electrode surface causing the mixed potential of
the poison and the solution to be measured. Poisoning occurs over time and the measured
potential drifts further away from the electrochemical potential of the solution (or slurry)
as more of the poisoning species is formed, or adsorbed onto the electrode surface.

Drifting will however be limited to the reversible potential of the poison itself.

Electrode poisoning is not limited to noble metal electrodes although the
traditional use of platinum and gold as electrode materials has provided a greater
opportunity for observation of its occurrence (259, 260, 261). It can be readily identified
when measuring a series of sample solutions with an electrode pair. Lack of
reproducibility when changing the order in which the samples are analyzed, potential
drift, and a long period to stabilize are all signs that the sensing electrode is probably not
in a perfect state (259).

It is unfortunately more difficuit to observe poisoning with an on-line electrode.
One clear sign will be a very sluggish response when large step changes are made to the

dosage of potential modifying agents and/or pH modifiers.

A satisfactory method to regenerate laboratory electrodes is by mechanical
polishing (259). As mechanical polishing generates surface distortions, some time should
be allowed between the polishing step and the first measurement made so that the surface
can relax to its natural energy state as demonstrated for platinum (262). The importance
of surface state of the electrode resulting from preparation for experimentation is not

limited to the measurement of the electrochemical potential.

Gerth and Lapicque (263) evaluated coarse and fine emery paper for electrode
surface preparation in the study of the Cu(II)/Cu° reaction in sulphate solutions. In their
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case, polarization of the electrode for a few minutes was required to obtain reproducible

reaction rate determinations, irrespective of the type of emery paper.

Mechanically polishing on-line electrodes is impractical except on first use or
during regular preventive maintenance inspections. The abrasiveness of mineral slurry
yields some mechanical cleaning of the electrode between inspections although extreme
pulp agitation (and resulting abrasion) are to be avoided if the electrode material is to last

longer than a few days.

Electrochemical cleaning, or conditioning, is an approach which is still in the
early development stages and would be quite attractive for on-line electrodes. In this
technique, the electrode pair is taken off the measuring mode and the sensing electrode is
subjected to a cycle of applied potentials (against the reference electrode) via a voltage
supply and ancillary counter electrode. The first step of the cycle is usually a potential
high enough to de-sorb the poison or oxidize it while the last step is a potential low
enough to restore the surface of the electrode in a relaxed state (80, 260, 261). Like
mechanical polishing, electrochemical cleaning may leave the electrode surface in a high

energy state resulting in a long relaxation time prior to measurement.

The scheme developed at USBM targets mainly the removal of scale in-situ and
involves polarisation of the gold electrode at +1.5 V vs. Ag/AgCl (+1.7 V vs. SHE) for
10 minutes (80). This polarisation is followed by six cycles of a triangular wave with
limits of -0.6 and +0.8 mV vs. Ag/AgCl (-0.4 and +1.0 V vs. SHE) at 400 mV/s to

decrease the electrode recovery time from 30 minutes to 1 minute (80).

One additional challenge with the electrochemical cleaning approach is the
selection of the frequency of the potential reversal. Topographic changes (faceting and
roughening) of silver and gold electrodes resulting from prolonged application of potential
reversal have been observed (264). The main observation was that the topographic

changes became more intense as the frequency of the potential reversal decreases. The
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400 mV/s sweep rate for the post-cleaning polarisation empirically determined for the
USBM system is high when compared to cyclic voltammetry conditions and may reflect

an undesirable modification of the surface of the gold electrode at lower sweep rates.

A similar electrochemical cleaning of the gold electrode used in laboratory
flotation tests is routinely performed at Inco (265). This particular scheme involves
polarizing the gold electrode at +2.5 V and -1.5 V vs. SCE (+2.75 and -1.25 V vs.
SHE) for 15 seconds at each potential in 0.1 M HCl. Zhou and Chander (260, 261) have
demonstrated that polarizing a gold electrode at 1.0 V vs. SHE is an effective cleaning
scheme for one of the most difficult poisons - the sulphide ion. Indirectly, the electrolytic
cleaning scheme tested by the USBM for scale removal from redox sensors (80, 81)
would also de-poison the electrode if the positive cycle of the conditioning is sufficient to

de-sorb and/or oxidize the poisoning species.

Although the tell-tale signs of a poisoned electrode are readily identified, and
means to restore the electrode to a pristine state exist, it is worth reviewing specific cases
of electrode poisoning. Identifying the poisoning species is haif the battle in eliminating
the problem, especially for an electrochemical cleaning scheme. Knowledge of the poison
is crucial for the definition of the potential cycle required to eliminate it while not
irreversibly modifying the surface state of the electrode. Finally, a given compound
recognized as a poison in hydrometallurgical systems may not be one for flotation systems

due to different regimes of redox potentials and pH.

The possibility of poisoning of platinum electrodes by reagents present in flotation
pulps has been investigated by Natarajan and Iwasaki (259, 266). They found that
sulphide and cyanide ions can react and/or adsorb on the platinum surface impeding
charge transfer with the other ions present in the solution. Collectors (e.g. xanthate and
dithiophosphate) can adsorb on the platinum surface and establish redox couples of their
own which are then the only ones sensed by the electrode. Also, the electrocatalytic

properties of platinum can be greatly reduced in the presence of alcohols since these
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adsorb on the active sites of the surface (267). As most of the flotation frothers have an

alcohol group, they may cause poisoning.

4.3.1 Sulphide ion

The approach taken by Natarajan and Iwasaki (259, 260) for sulphide ion
poisoning was different than that by Zhou and Chander (260, 261). The former were
attempting the measurement of the electrochemical potential of a solution after exposure
of the sensing electrode to the sulphide solution while the latter were attempting to use the
electrochemical potential of the sulphide solution to determine the hydrosulphide

concentration.

It could be asked why one would want to use the electrochemical potential of the
system as an indicator of hydrosulphide concentration while ion selective electrodes for
such a measurement exist (268, 269, 270). Ion selective electrodes, which are based on
electrochemical reactions across a membrane, have a typical response time of ten minutes
for 98% of the end point value upon immersion in the system or om step change in
concentration (271). Noble metal electrodes respond faster to change in hydrosulphide
concentration (less than 1 minute) and are twice as sensitive as ion selective electrodes
with calibration slopes of the order of 60 mV/M H,S (260, 261), characteristics which are
highly desirable for a control system.

The effects of a pre-immersion of the platinum electrode in a H,S solution on the
potential measured in a ZoBell solution (437 mV vs. SCE) are shown in Figure 4.10 as a
function of pre-immersion time and in Figure 4.11 as a function of pH of the H,S

solution.

Even a 10 minute immersion in H,S solutions affects the measurement made in the
ZoBell solution. The increase in potential discrepancy is almost a linear function of time

up to around 40 minutes after which point, the measured potential tends towards a
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limiting value. From Figure 4.11, the impact of pre-immersion in saturated H,S solutions

1s strongest when they are acidic.

Figure 4.10 Effect of pre-immersion of electrodes in H,S solution (259)

500 1
o 400 |
Q
(7]
w 300 -
>
>
E 500
P —o— Actual
ﬁ 100 J —— [deal
O T L] L] L] T L]
0 10 20 30 40 50 60 70
Time of Predip in H2S Solution (minutes)

Figure 4.11 Effect of pH of H,S solution (259)
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The poisoning effect by H,S was attributed to its adsorption and subsequent
oxidation to sulphur forming a resistant coating at the electrode surface:

Pt-(H,S),,, > Pt-S,, + 2H* + 2¢ [23]

The occurrence of the adsorption process is credible, and the trend exhibited in
Figure 4.10 is very similar to that of a titration curve with the inflexion point
corresponding to the completion of a mono-layer coverage. The observation of persistent
poisoning under acidic conditions is consistent with the stability of H,S at pH less than 7
and its dissociation into H* and HS™ at pH greater than 7 (272, 273).

The thermodynamic E-pH diagram for the sulphur-oxygen-water system indicates
the formation of elemental sulphur at potentials slightly higher than those for the stability
field of H,S. On the other hand, meta-stable E-pH diagrams suggest that this formation
extends into the alkaline region (272). How far this extension goes depends on the

presence of other species such as sulphite ion in the system (272).

The poisoning capability of sulphide ions is quite worrisome for
hydrometallurgical processes because these are usually carried out in highly acidic
environments (e.g. metal precipitation from pH 0-1 solutions using H,S). However, it is
a lesser concern for flotation simply because alkaline environments are encountered more
often than acidic omes. It is also one plausible reason why controlled potential
sulphidization (82, 83) has been successfully implemented without major problems with

the electrodes.
4.3.2 Cations
One would normally not think of cations, especially heavy metal ions, as possible

poisons for redox sensing electrodes. However, heavy metal ions can deposit a fraction

of a monolayer at a potential significantly lower than the reversible potential of their
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reduction reaction (274). There is some controversy as to whether the fractional
monolayer should be described as adsorbed or deposited. Nevertheless, the phenomenon
occurs on gold and platinum electrodes (275, 276, 277).

As with poisoning by the sulphide ion, a given cation may give rise to electrode
poisoning if the pH of the system is less than that of its precipitation as hydroxide. In
alkaline slurries, common in most flotation processes, metal ions should not be a

problem.

4.3.3 Collectors and frothers

Natarajan and Iwasaki investigated the poisoning effect of Aerofloat (Cytec,
potassium diethyl dithiophosphate) on platinum (259). Extreme conditions were used for
the demonstration with a collector concentration of 8 x 10> M (10 to 100 times that used
generally for flotation) and a platinum electrode with an exposed surface of only 1 mm’

compared to the m*/g of sulphide minerals in flotation slurry.

The results indicated that the collector adsorbed on the platinum electrode and
affected the measurement of redox potential in the ZoBell solution. In practice, one
would not observe an impact as dramatic as that presented by Natarajan and Iwasaki
simply because the surface area of the sensing electrode is much less than that of the
mineral particles in the slurry. Over an extended period of time, however, an on-line

noble metal electrode will develop an adsorbed layer of collector.

This layer should be considered as a real poison if the form in which the collector
adsorbs on the noble metal electrode (e.g. dixanthogen) is different than that for the
sulphide mineral(s) being floated (e.g. metal xanthate). Nevertheless, the build-up of
multiple layers of collector on the surface of the electrode will lead to a strong departure
of the ideal ohmic contact upon collision with the sulphide mineral particles.
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The possibility of electrode poisoning by frothers, which are generally alcohol
based organic molecules, can be extrapolated from studies of the impact of alcohols on
the reaction rates occurring at gold and platinum electrodes (277, 278, 279). The
oxidation of alcohols is one possible reaction considered for fuel cells and any poison

present reduces the efficiency of the energy producing device.

The poisoning action of alcohols on platinum is via surface blocking by strongly
adsorbed intermediate species. Gold is less affected and tends to show higher activity for
the reaction under alkaline conditions (277). The oxidation of alcohols requires high
potentials (greater than 1.1 V vs. SHE) which are not usually encountered in sulphide
flotation processes. Since it is the intermediate species which are responsible for
poisoning, frothers by themselves are not cause for concern. However, this possibility

should not be ignored under highly oxidative conditions.

4.3.4 Oxygen, hydrogen peroxide, and oxide/oxy-hydroxide

There is one last phenomenon observed with platinum electrodes when measuring
the redox potential in solutions or slurries containing oxygen dissolved in the solution
phase or from gas bubbles. The potential-pH line for oxygen/OH" should intercept a
potential of 1.229 V for an oxygen saturated solution at pH O with a pH dependence of -
0.0591 V/pH (73). In practice, the line is found experimentally to be (280):

Eh = 0.9 - 0.059 pH. [24]

This experimental line was explained using the mixed potential model and
assuming a Pt-O/Pt couple formed on the electrode surface. It was stated (280) that
oxygen can be associated with a platinum surface either as adsorbed oxygen or as oxide.
The exact nature of Pt-O was not established at that time and might be an oxide or

adsorbed oxygen but was described as a poison.
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Sato (256) found a similar experimental line for air saturated mine waters.
However, his explanation was based on the reduction of oxygen via the formation of
hydrogen peroxide. Again, this leads to a mixed potential which does not allow the
observation of the 1.229 V oxygen reduction potential at pH 0. The presence of
hydrogen peroxide as an intermediate product in the reduction of oxygen also occurs with
other materials. For example, pyrite catalyses the reaction via the intermediate H,O,
(108, 281) and galena also favours a similar reaction path (108, 109). Since perxanthates
are often found in flotation slurries as a result of reaction between xanthate and hydrogen
peroxide (83), it is likely that the hydrogen peroxide originated from oxygen reduction on

the minerals.

These difficulties with oxygen reduction are not limited to sensing its potential but
also are related to a degree of irreversibility of the reaction. Namely, the exchange
current density is so low (10° A/cm?®) that even traces of impurities can successfully
compete with it. Thus, the equilibrium oxygen reduction potential could not be
successfully observed until all impurities had been rigorously excluded (282, 283, 284).
On the other hand, the oxide/oxy-hydroxide compounds usually found on platinum
electrodes are important for the reduction of oxygen as they are stable (283) and serve as

active sites for the formation of the hydrogen peroxide intermediate (282, 284, 285).

For our purposes, it is not necessary to resolve the debate between the theoretical
1.229 and experimental 0.9 V potential for oxygen reduction (283) as no flotation system
is pushed into a 1.0 V vs. SHE (0.75 V vs. SCE) or greater oxidation regime for which
the distinction between the two would be critical. Furthermore, with a reaction path for
oxygen reduction on sulphide minerals being via the intermediate hydrogen peroxide
(108, 156, 280), the experimental 0.9 V potential for oxygen reduction represents the
"reality” for the system and is not an expression of a poison on the surface of the
electrode. The implication for using potential-pH diagrams to interpret the flotation
response is that it is the experimental oxygen reduction line which shouid be shown rather

than the theoretical one. It is common practice to show both lines as guidelines.
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4.3.5 Summary

Electrode poisoning is a possibility for mineral slurries but under most flotation
conditions would not be a major concern. The use of sulphide ions or the presence of
metal ions in solution in a flotation process performed under acidic conditions may lead to
electrode poisoning and should be investigated as such. The use of a high collector

dosage could also lead to deterioration of the quality of the measurement.

The experimental 0.9 V potential for oxygen reduction reflects the reality of the
system, be it due to hydrogen peroxide or oxide/oxy-hydroxide species on the surface of

the electrode, and should not be considered the expression of a poison in flotation pulps.

If electrode poisoning does occur, several methods are available for overcoming
its impact on the measurement. Of these, electrochemical conditioning appears to be
promising for noble metal electrodes used on-line in a flotation process although the exact
conditions must be established experimentally for the system. Mineral electrodes,
because of the possibility of irreversible surface changes during potential cycling, are less
amenable to electrochemical conditioning for de-poisoning and mechanical polishing,
imposed during electrode inspection, or inherent during use in the mineral slurry, is the

most practical remedy.

4.4 Expected electrode life in industry

At the time the on-line sensor was installed in the A-1 zone flotation circuit, no
literature related to maintenance and/or the life of pH sensors had been found.
Eventually, technical literature related to pH electrode maintenance was found but mostiy
originating from equipment manufacturers (286, 287, 288). In one particular paper, some
of the electrode cleaning techniques already discussed with the instrumentation groups of
Les Mines Selbaie and Kidd Creek were described (287). Figure 4.12 shows how one

could implement ultrasonic cleaning, chemical cleaning, and mechanical cleaning.
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Figure 4.12 Possible on-line electrode cleaning techniques: ultrasonic, chemical, and

mechanical (287)
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In the first scheme shown in Figure 4.12, two ultrasonic transducers are
positioned to surround the combination pH probe. Regular energization of the
transducers for a certain amount of time removes the deposited scale by vibration (287).
The intensity, frequency, and duration of the ultrasonic cleaning are determined
empirically for the particular application keeping in mind that wear of the sensor will
increase with increasing cleaning intensity. This scheme is applicable to a pH sensor

immersed in a conditioning tank or a flotation cell.

An example of implementation of a chemical cleaning scheme is also shown in
Figure 4.12. In this scheme, a cleaning reagent (usually dilute HCI) is sprayed at regular
intervals on the tip of the combination pH probe (287). Again, the frequency and
duration of the treatment is application dependent. The pressure of the cleaning reagent
supply must be high enough for the reagent to reach the probe tip against the velocity of
the fluid or slurry surrounding the sensor but not so high as to form a jet which would
cause erosion of the tip and reduced sensor life. As for ultrasonic cleaning, chemical

cleaning is applicable to a pH sensor immersed in a conditioning tank or a flotation cell.

The last scheme shown in Figure 4.12 is applicable only to pH sensors installed in
process pipes. By the installation of the sensor in a turbulent cavity in the pipe (usually
an elbow), the insertion of teflon balls in this cavity, and the use of a mesh in the inlet and
outlet to keep the balls in the cavity, the fluid flow causes the balls to move around and
impact on the sensor tip. Again, a balance between cleaning efficiency and sensor life is
desirable and too much agitation or too large balls will cause the semsor to fail

prematurely.

Figure 4.13 shows schematically the gold redox probe developed by the USBM,
which is an implementation in the same body of a gold sensor and the counter electrode
(graphite) required for electrochemical cleaning and conditioning (38, 39). This system is
an automation of the technique described by Zhou and Chander (260, 261) and that used
for years within Inco in the laboratory (265).
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Figure 4.13 Self-cleaning gold redox probe (38, 39)

Plexiglass —

Gold sensor Graphite electrode

To assist in the evaluation of electrode life, a survey was conducted on the more
common pH electrodes among Canadian mining operations. A report summarizing the
findings of the survey was made available to all participants (289). The most significant
points for on-line measurement of the electrochemical potential of the flotation pulp and
the possible implementation of control schemes based on such measurements are

discussed below.

4.4.1 Methodology

The mines selected were base metals and precious metals operations which use

froth flotation as their main or secondary separation process.

In June 1988, 45 questionnaires were sent. Of these, 5 were returned completed
(11.1%) and another 5 were returned due to closure of the operations (11.1%). In May

1989 another 45 questionnaires were sent targeting the 35 mines which did not respond in
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1988 and another 10 which had started (or re-opened) in the interval. This time, 12 were
returned completed (26.7%) and one (2.2%) was refused by the addressee.

The complete statistics are 17 responses for 90 questionnaires, or 19% response
rate. This response rate is low and somewhat discouraging. Although the information
gathered is valuable, it is not possible with this low response to accurately determine if a
given complex sulphide ore and/or a given reagent system (e.g. SO, for copper/lead and
copper/zinc separations) provide conditions that reduce the life of industrial pH

electrodes.
4.4.2 Respondents

The distribution of the responses among complex ore families is shown in Table
4.1. Operations with copper based ores were the most responsive and represented 88.2 %
of the total respondents. Operations with lead/zinc and nickel/copper ores were

the least responsive.

Table 4.1 Distribution of respondents among complex ore families

Ore Family Responses %
Cu and Cu-Mo 4 23.5
Cu-Zn-Fe 3 17.7
Pb-Zn-Fe 1 5.9
Cu-Pb-Zn-Fe 4 23.5
Cu-Au-Fe and Au-Fe 4 5.9
Ni-Cu-Fe 1 5.9
Total 17 100.0
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Whereas the advantages of control systems in mineral processing are well
publicized it is surprising to find that only 52.9% of the responding operations use pH
control with on-line monitoring (Table 4.2). Another 23.5% of the operations use pH
measurements but only on 2 manual basis. Finally, pH does not appear to be a necessary

process parameter for 23.5% of the operations.

Table 4.2 pH monitoring system

pH Monitoring System Responses %
On-line 9 52.9
Off-line 4 235
None 4 23.5
Total 17 100.0

The most frequent use of pH monitoring and control is for alkaline flotation
circuits (41.2% of the operations; Table 4.3). Only one operation has an acidic only

circuit while another 5 use both alkaline and acidic conditions in their flotation process.

Table 4.3 Selective flotation circuit

Type of Circuit Responses %
Alkaline 7 41.2
Acidic 1 59
Alkaline and acidic 5 29.4
Not specified 4 235
Total 17 100.0
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4.4.3 pH electrodes

Only the responses from the operations monitoring pH in their flotation circuit
will be discussed (13 operations). To make the most of the responses obtained no attempt
is made to discriminate between the operations using on-line pH monitoring and control

from those with off-line pH monitoring.

Most operations (84.6%) use combination pH probes (84.6%) i.e., both pH and
reference electrodes in the same body. This type of electrode is preferred due to its ease
of installation and maintenance. In only 3 operations (23.1%) the preamplifier is integral
to the combination pH probe. This configuration permits a longer distance between the
probe and the transmitter. On the other hand, it requires a water-proof electrode body

and/or installation.

Tables 4.4a and 4.4b indicate the most common types of reference electrode,
either a separate electrode or within the pH combination probe. The maintenance free gel
and solid electrolyte reference electrodes are clearly favoured (80 % of responses) over the
solution electrolytes which need refilling at regular intervals. Figure 4.5 shows the

different types of industrial reference electrodes currently in used.

Table 4.4a Type of junction for reference electrode

Junction Responses %
Double 3 21.4
Single 5 35.7
Not specified 7 50.0
Total 14 100.0

(Note: One mill uses the two types of references)
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Table 4.4b Type of electrolyte for reference electrode

Reference Electrolyte Responses %
Solution 3 20.0
Gel 9 60.0
Solid 3 20.0
Total 15 100.0

(Note: Two mills use two types of references)

Half of the respondents did not specify the type of junction for the reference
electrode (Table 4.4a). The double junction referemce electrode is reported for 3
operations and exclusively in flotation circuits where SO, is used for the separation
process. These 3 concentrators do not, however, account for all of the ones reporting the

use of SO, and the requirement for double junction references may be ore specific.

The main reason why a double junction is preferable when sulphur dioxide is used
in the process is the diffusion of free sulphite ions (as reaction product of water and
sulphur dioxide) into the porous junction. These ions react with the silver ions from the
electrolyte and precipitates within the pores of the junction. The consequence of this
precipitation is two-fold. First, there is a depletion of silver ions in the reference
electrolyte and this shifts the potential of the electrode. Second, the precipitate reduces
the porosity of the junction and this increases the potential difference across the junction.
Although both phenomena introduce a drifting response, the second eventually leads to
electrode failure as a complete blockage renders the reference electrode isolated from the
system. A disadvantage of a double junction reference electrode is a slightly reduced

response time as the ions must diffuse through two porous junctions.
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Figure 4.14 Industrial reference electrodes (double junction and solid electrolyte)
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Almost all concentrators performing pH monitoring on either an on-line or off-line
basis have a preventive maintenance schedule (Table 4.5). This schedule is most often on

a weekly basis (38.4% of the responses).

On the other hand there is a large spread in calibration schedule from an "as
needed basis” to once every year (Table 4.6). However, in nearly half the concentrators,
there appears to be no regular probe calibration schedule or if there is one, it was not

given.

Table 4.5 Preventive maintenance schedule

Maintenance Basis Responses %
Shift 2 15.4
Daily 3 23.1
Weekly 5 38.4
Monthly 2 15.4
Not given/applicable 1 7.7
Total 13 100.0

Table 4.6 Calibration schedule

Calibration Basis Responses %
As needed 2 154
Regular - 1 month 1 7.7
- 3 months 1 7.7
- 6 months 1 7.7
-12 months 1 7.7
Not given/applicable 7 53.8
Total 13 100.0
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Where the pH probes are verified on a regular basis (Table 4.7, verification is
daily for 23.1% of the respondents and weekly for another 38.4%. The verification
procedure usually consists of process verification (using a portable pH-meter). This

process verification is sometimes supplemented by measurement using pH buffers.

Table 4.7 Verification schedule

Verification Basis Responses %
Shift 2 154
Daily 3 23.1
Weekly 5 38.4
Monthly 1 7.7
Not given 2 15.4
Total 13 100.0

The observed life of industrial pH electrodes varies from 2-3 months up to 2 years
(Table 4.8). Most concentrators reported a life between 6 and 12 months (53.8%). The
low number of respondents does not allow to determine if the observed life of the

electrodes is related to ores and/or processes.

Table 4.8 Observed electrode life

Electrode life Responses %
2-3 months 1 7.7
4-5 months 1 7.7
6-12 months 7 53.8

2 years 1 7.7
Not given 3 23.1
Total 13 100.0
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The answers to the questions related to the overall pH monitoring and control
system indicated that the most common weak points were equally breakage of the glass
bulb and loss of sensitivity to pH change. One operation even indicated that, although all
the equipment required for automatic pH control was present, manual control was still

performed due to problems with the overall system!

4.4.4 Summary

Industrial pH electrodes have a life of 6-12 months. Shorter lives indicate that the
type of probe (mostly the reference electrode) is not suited for the specific application.
Concentrators using SO, preferentially employ pH combination probes with a double

junction reference electrode due to short a life with the single junction type.

The most common application for pH monitoring and control is for alkaline
flotation circuits. The next most common application is for dual alkaline/acidic flotation

circuits for complex sulphide ores.

About half of the concentrators responding use on-line pH monitoring and control
while a quarter use off-line monitoring and manual control while another quarter do not
use pH modification in their flotation process. The reported weakest points in the on-line
pH monitoring and control system appear to be related to the probe itself (contamination,

breakage and abrasion).

The most common electrode verification and preventive maintenance schedule is
on a weekly basis. Daily and shift schedules seem to be required for certain applications

and this might be ore/process specific.

Because of the similarity between on-line pH sensors and on-line pulp potential

sensors, it is expected that operating difficulties experienced with the latter sensors will be
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along the same lines determined for on-line pH sensors and that such difficulties should

not be reason to give-up on the technology.

4.5 Assessment of the state of the electrode pair

Procedures for the verification of the state of the electrodes exist but usuaily they
do not indicate which electrode of the pair is at fault (52, 259, 291). The general
tendency is to ascribe any measurement problem to the sensing electrode, notably
electrode poisoning in the case of platinum electrodes (259). Some of these procedures

were developed during the course of this project (201).

These procedures are discussed in two parts. First, the verification of the state of
the reference electrode is addressed. Second, means of verification of the sensing

electrode (material and shape) for industrial applications are presented.

4.5.1 Verification of the reference electrode

The Standard Hydrogen Electrode (SHE) is inherently rugged due to the
replenishment of the redox couple in the electrode compartment as ultra-pure hydrogen is
bubbled in the electrolyte contacting the platinum contact wire. Unfortunately, the
requirement of ultra-pure hydrogen and the danger associated with hydrogen gas makes
the SHE somewhat impractical for industrial use unless one used a design similar to that
proposed by Will (290) for a miniature, portable SHE.

As indicated previously when discussing electrode poisoning, the usual procedure
for the verification of an electrode pair consists of the immersion of the pair in a buffer of
known potential. This buffer may be a ferrous-/ferri-cyanide solution (ZoBell solution)
(259), a ferrous-/ferric ammonium sulphate solution (52), or a saturated quinhydrone
solution (52, 291). A discrepancy between the measured potential and the theoretical

value for the buffer indicates a fault.
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Traditional verification

The traditional means of verification with a redox buffer assumes that the noble
metal electrode is in a perfect state and that nothing else affects the electrochemical
potential. Easily forgotten is the temperature dependency of the reference electrode and
the redox buffer. The SHE, which is by definition temperature invariant, is often used as
scale to present the temperature dependency of the redox buffer independently of the

reference.

The temperature dependence of electrochemical systems can be circumvented with
a constant temperature water bath at 25°C as for example, Natarajan and Iwasaki (259) in
their study of electrode poisoning and Rand and Woods (36) in their study of the mixed
potential of the ferrous-/ferric and oxygen system. Unfortunately, Canadian mineral
processing plants are certainly not at a tempered environment like a laboratory and the
temperature dependence of the buffer and the reference electrode must be considered for

the verification.

Furthermore, the redox potential of the quinhydrone buffer is pH dependent and
some equipment manufacturers are more explicit on these (291) than the ASTM standard
(52). Within the pH region over which neither the ferrous nor the ferric ion precipitates,

redox buffers based on the ferrous-/ferric couple are pH independent.

The combined temperature and pH dependency of the quinhydrone buffer is given
by (291):

Equ = E°(D -0.1984 x (273.16 + 1) x pH [25]
where E°(t) is obtained from Table 4.9 for the temperature range normally encountered in

mineral processing processes (in step of 5°C). The standard potential can be interpolated

with reasonable accuracy for a temperature within the range covered in Table 4.9.



149

Table 4.9 Temperature dependence of the standard potential of quinhydrone (291)

T (°C) E°(t) (mV vs. SHE)
5 +714.3
10 +710.7
15 +707.0
20 +703.4
25 +699.7
30 +696.0

A complication when performing the verification of a given electrode is the proper

identification of the type of reference electrode in the pair. This can be tricky for

combination electrodes but once the identification is made, the value can be quickly

converted at the temperature of the measurement (Table 2.1)

With a saturated quinhydrone buffer, prepared by dissolving analytical grade

quinhydrone until an excess solid is present, in a pH buffer of pH 4 or pH 7, the

potentials of platinum or gold electrodes in perfect condition at 20 °C are given as shown

in Table 4.10.

It should be noted that an excess quinhydrone must be present,

particularly for the platinum electrode as otherwise, the electrode pair would sense mainly

the oxygen reduction potential due to the dissolved oxygen present in the buffer solution.

The quinhydrone buffers are should be used within 8 hours from making them (52).

Table 4.10 Theoretical values for quinhydrone buffers (53, 291)

t (°C) pH E mV vs. SHE | E mV vs. SCE E mV vs. Ag/AgCl/4M KCl
20 4.0 471 232 268
7.0 296 49 92
25 4.0 462 223 263
7.0 285 46 86
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The weak point in the traditional procedure is that it addresses only drifting of the
reference electrode due to contamination of the internal electrolyte by foreign ions. It
does not consider blockage of the porous junction by fine particles or precipitates due to
the high concentration of ions present initially in the pH buffer, and the redox couple. As
mentioned earlier, the silver/silver chloride reference commonly found in industrial pH
and Redox sensors is prone to junction blockage because of the low solubility of most
silver compounds. Furthermore, quinhydrone buffers allow only verification at pH 4 and
pH7.

Proposed verification procedure

An old reference electrode could be verified against a new one by measuring the
difference in potential across the two electrodes when they are immersed in a solution.
This difference should be zero (for reference electrodes of the same type). If the potential
measured is significantly different from zero (say 5 mV or more), then the old reference

is probably faulty.

The proposed verification is a variant of the simple test just described. It involves
several test solutions ranging from buffers (concentrated solutions) to complex weak
solutions. It is also applicable to the verification of a large number of reference
electrodes with minimal experimental effort. A "new" reference electrode is not
absolutely necessary but is nevertheless strongly recommended for completeness of the

verification.

The experimental requirements are an Eh-pH meter, a noble metal sensing
electrode (gold or platinum), and test solutions. The test solutions include pH buffers,
dilute redox solutions (such as K,Cr,0, or Na,SO; at a concentration of 10 g/l equivalent
to 0.034 M and 0.079 M respectively), and a solution with several species, but at very
low concentration. For convenience, this latter solution may be potable water. A

prepared solution, however, may yield more consistent results over time.
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The reference electrodes to be verified are cleaned and prepared in the usual
manner suggested by the manufacturer; usually a wash in dilute HCl followed by rinsing
and overnight soaking in distilled water. The test solutions are prepared and the sensing
electrode mechanically polished using 600 grit emery paper. The reference electrodes
and the sensing electrodes are immersed in each test solution and the measured potential
against the sensing electrode is recorded for each reference. The test solution is stirred
while the measurements are taken. The electrodes are thoroughly rinsed between each

test solution.

Only references which are in a good state will give results which are within 5 to
10 mV of each other for all solutions. Agreement between references is much easier to
achieve with buffer solutions than with dilute or complex solutions, hence the need to

include the latter in the testing.

Experimental

Five combination pH electrodes were used for the demonstration of the procedure
(see Table 4.11). Three of them were industrial electrodes which had been removed from
the circuit (copper cleaning section) due to difficulties in calibration. Electrode No. 4
was brand new while electrode No. 5 was a currently used electrode of the double

junction type.

Table 4.11 Electrodes used for the development of verification procedure

Reference Type Material Electrolyte
1 Industrial Ag/AgCl Gel
2 Industrial Ag/AgCl Gel
3 Industrial Ag/AgCl Gel
4 Laboratory Ag/AgCl Gel
5 Laboratory Ag/AgCl:KC] Sat. Solution
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A gold electrode (foil, 1 cm’ exposed area) was used to verify the state of the
reference electrodes. The Eh/pH meter was a portable unit with digital read-out (Orion
Research Model 230).

The test solutions consisted of pH buffers (from Fisher Scientific) and solutions of
known composition (K,Cr,0,, CaS/Na,S,0;, and Na,S,0; all at a concentration of 10 g/1).

Potable water from the laboratory was used as the complex, weak test solution.

Results and discussion

The results are shown in Table 4.12. It is noted that the two laboratory electrodes
(Nos. 4 and 5) agree within 10 mV for all solutions.

Electrodes 1 and 3 show significant discrepancies with respect to electrodes 4 and

5 for the pH buffers and are certainly in an unacceptable state.

For the pH buffers, electrode 2 exhibits insignificant (< 10 mV) differences with
respect to electrodes 4 and 5. However, this is not the case for the other test solutions
(differences of the order of 50 to 60 mV). This combination pH electrode, could not be
calibrated in the process even though calibration using pH buffers was always correct.
This verification procedure determined that the fault was due to the reference electrode
which probably has a partially blocked junction, a fault which is very difficult to

determine by visual inspection.

The repeated measurements on potable water did not reproduce well for any of the
five references; there is a hysteresis, or memory effect from the previous solution (see
Table 4.12). When the sclution preceding the measurement in potable water was
oxidizing, (i-e. K,Cr,0;), the measured value is higher than the one obtained previously.

Similarly a lower value is obtained when the preceding solution was reducing
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(CaS/Na,S,05). This is related to a poisoning of the gold electrode. This effect does not

reduce the validity of the verification of the reference electrodes.

The results indicate that two of the industrial electrodes (Nos. 1 and 3) have
probably contaminated electrolytes while one of them (No. 2) possibly has a partially
blocked junction. Electrodes 1 and 3 are no longer useable for either pH or redox
measurements. Electrode 2 could possibly be used for pH measurements. The high
mobility of the hydrogen ion does not appear to be greatly impeded by a partially blocked
junction but the reference element would not be useable for redox potential

measurements.

Table 4.12 Verification of reference electrodes

Solution Potential, mV (Au Foil)
Ref. 1 Ref. 2 Ref. 3 Ref. 4 Ref. 5

Buffer, pH 4.0 345 304 268 312 317
Buffer, pH 10.0 232 202 160 202 200
Buffer, pH 7.0 268 234 186 225 232
Potable water 285 273 192 214 211
K.Cr,0; 387 355 311 338 342
CaS, Na,S,0; 35 10 -35 -10 -8
Potable water 142 140 58 83 82
Na,S,0; 112 87 41 74 75
K,Cr,0, 325 299 255 289 293
Potable water 245 235 153 187 185
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The observations made by applying this procedure confirmed that the three
industrial combination pH electrodes which had been removed from the process were
done so with just cause. It also provided some clues as to why they had to be removed, a

first step in the selection of long life electrodes.

Ruggedness under stress

The best test of a procedure is to determine what may happen if short-cuts are
taken. The most likely short-cuts here are using only a 437 mV vs. SCE ferrous-/ferric
chloride redox buffer, pH buffers and potable water and not cleaning or preparing the

electrodes prior to the verification.

Five Saturated Calomel Electrodes (SCE) were gathered from a flotation
laboratory along with one gold spiral electrode routinely used for flotation tests. The first
two references were from one manufacturer while the other three were from another.
Buffers were taken from the shelf and used as-is. The measuring instrument was a
Corning Eh/pHmeter Model 130 and a simple electrode switch box was used to select the
electrode pair to measure; the "reference" electrode of the pair being kept the same for all
measurements. In the first series of measurements, the "reference” was the gold spiral
electrode while in the second series the "reference” was one of the SCEs. The
sequencing of the solutions measured was potable water, pH 4, 7, and 10, and the
sequence was repeated once. With a gold spiral electrode, a final measurement was made
with the 437 mV redox buffer before and after cleaning the gold electrode. The gold
electrode was cleaned using a potential square wave of 15 seconds period first at 2.5 V
(vs. SCE) then at -1.0 with the electrodes immersed in 0.1 M HCI aqueous solution
(265).

The results obtained with the gold spiral as the common reference are shown in
Table 4.13 while those with electrode 4 as common reference are shown in Table 4.14. It

is noted that the polarity of the potentials recorded in Table 4.13 is reverse of that



155

indicated by the meter due to the experimental set-up (gold spiral as common "reference"”

for all electrodes).

Table 4.13 Short-cut verification of reference electrodes with a sensing electrode

Solution Potential, mV (Au Spiral)
Ref. 1 Ref. 2 Ref. 3 * Ref. 4 Ref. 5
Potable water 465.5 455.0 600 460.0 456.6
Buffer, pH 4.00 485.6 461.6 700 474.0 472.0
Buffer, pH 7.00 447.3 432.6 400 440.8 439.6
Buffer, pH 10.00 275.7 261.0 250 266.5 265.8
Potable water 318.0 320.4 350 320.2 321.9
Buffer, pH 4.00 364.6 347.5 360 348.3 347.5
Buffer, pH 7.00 348.8 331.5 350 330.6 331.6
Buffer, pH 10.00 294 .4 266.3 300 264.7 266.3
Fe(II)/Fe(III) 435.2 423.6 500 450.9 451.2

As-is Au
Fe(IT)/Fe(III) 450.2 438.1 600 461.2 460.7
Cleaned Au

(*: +/- 200 mV)

The results show that electrode 3 is in very poor shape with drastically different
potentials and unstable readings. The electrodes 1 and 2 give potentials which are
consistently different than electrodes 4 and S although electrode 2 is further away than
electrode 1. With the gold spiral electrode taken as-is (Table 4.13), only one electrode
pair (electrode 1) yields the 437 mV +/- 5 mV vs. SCE value of the redox buffer. After
cleaning, still only one exhibits this potential but a different one though (electrode 2).
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Table 4.14 Short-cut verification of reference electrodes without a sensing electrode

Solution Potential, mV (against Ref. 4)
Ref. 1 Ref. 2 Ref. 3 * Ref. 4 Ref. 5
Potable water 3.1 20.4 50 N.A. 0.3
Buffer, pH 4 13.1 292 25 N.A. -1.7
Buffer, pH 7 12.9 28.9 100 N.A. -1.5
Buffer, pH 10 6.5 23.1 -100 N.A. 0.5
Potable water 2.9 16.4 -300 N.A. 1.0
Buffer, pH 4 10.7 28.1 -100 N.A. -1.0
Buffer, pH 7 11.9 299 -100 N.A. -0.8
Buffer, pH 10 5.5 255 0 N.A. 1.0
(*: +/-50 mV)

The results shown in Table 4.14 (one SCE as common reference) are somewhat
easier to interpret than those in Table 4.13 (gold spiral as common reference). For one
thing, the apparent lack of reproducibility due to poisoning of the gold spiral is
completely eliminated if one of the reference is taken as common comparison electrode.
It is noted that electrode 5 gives virtually the same potential as that of electrode 4 (=0 mV
difference). On the other hand, a near zero voltage difference between two reference
electrodes do not imply that they are functioning properly as demonstrated with the 437
mV redox buffer (Table 4.13).

Electrodes 1 and 2 yield discrepancies which are reproducible for a given buffer,
but are not constant across the solutions. Interestingly, in the pH 10 buffer or in potable
water, electrode 1 gives only a small (<5 mV) voltage difference from electrode 4. This
voltage difference rises to 13 mV at pH 4 and 7. Electrode 2 follows a similar trend in
being closer at pH 10 and in potable water but further off at the other pH values; roughly
20 mV offset. The pH of the potable water sample was 8.6.
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Electrodes 1 and 2 differ from electrodes 3, 4, and 5 in that they have replaceable
porous junctions. Such junctions may become loose enough that they pop out from the
electrode during handling. This is what happened with electrode 2 and unfortunately the
lost junction could not be recovered; a brand new junction had to be used and a fresh
electrolyte poured into the electrode! This chance event has the indirect consequence that

electrode 2 can be considered like a brand new electrode.

There does not appear to be any consistency in the voltage discrepancies between
electrodes 1 and 2 on one side and electrodes 4 and 5 on the other. With the gold spiral
electrode, electrode 2 is very close to electrodes 4 and 5 for the pH buffers and potable
water but not for the ferrous-/ferric redox buffer (Table 4.13) while a definite bias is

observed for electrode against electrode measurements (Table 4.14).

This observation is at first surprising but is related to the state of the porous
junction for all electrodes; equally dirty (actually black) for electrodes 4 and 5 and
somewhat dirty for electrode 1. Electrode 2 had a brand new junction. The potentials
reported in Table 4.14 are in fact the potential differences due to the porous junctions
themselves. There is a close correspondence between the potential discrepancies
observed with the redox buffer (as-is or cleaned gold electrode) and the potential

differences between the reference electrodes.

One may entertain what would have been the interpretation of the results had
electrode 3 been used as common reference, a likely situation if the measurements had
been made without having performed a first series of measurements with the gold spiral.
In this the case, changing the common reference to any of the other electrodes would have
provided stabie readings, except for that particular electrode. In a worst case scepario
none of the reference electrodes could have been used as a stable common comparative

point, then it might be time to replace all the electrodes!
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These observations suggest that although the verification procedure is rugged
enough to survive short-cuts, there are two elements which should be maintained: first to
use a brand new, or near new electrode as part of the verification, and second to clean the
gold electrode prior to performing the verification. Otherwise, the results obtained may

lead to selecting the wrong electrodes as being in good condition!

4.5.2 Sensing electrode

The aim of the proposed procedure is the determination of the best sensing
electrode for the electrochemical modulation of the flotation of sulphide minerals. This
requires a perfect contact between the mineral particles and the noble metal. In particle
bed electrodes used for electrochemical conditioning of minerals prior to micro-flotation,
this can be achieved by compacting the bed (21). In industrial flotation, however, the
mineral particles cannot by physically compacted onto the noble metal electrode; mineral
particle-electrode contacts will occur in a random manner and will not be continuous.
Hence, the potential sensed by the noble metal electrode will be between the potential of
the sulphide minerais (assuming the noble metal acts only as a contact) and the potential

of the solution (noble metal acting as a redox sensing electrode).

The reported discrepancies and inconsistencies between a platinum electrode and
mineral electrodes immersed in the same system (26, 36, 38, 39) makes it necessary to
look for an electrode material which consistently exhibits the potential of the sulphide
minerals in the flotation pulp. In theory, a mineral electrode of the same mineral being
floated (or depressed) should be selected. However, it is not always possible to obtain a
mineral electrode. For example, it is rare that natural sphalerite is conductive enough to
obtain a reading (26); a fact limiting electrochemical investigations on sphalerite (15, 26,
201, 257).

Gold has been shown to be a better material for sensing the potential than

platinum in certain mineral pulps (26, 36). Questions still to be resolved are the validity
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of this statement for all ores, and the possibie influence of sulphide gangue minerals such
as pyrite on the measured potential. Also, does the agreement between the mineral
electrode and the gold electrode hold for all types of pulps; from the final tailings to the
final concentrate and to which extent is this agreement dependent on the shape of the gold
electrode (26, 39)?

Proposed verification procedure

The proposed procedure consists in taking potential measurements in the flotation
pulps of concentrator using a mineral electrode of the sulphide mineral being recovered
and the noble metal electrodes contemplated as on-line sensing electrodes. The general
degree of agreement between the mineral electrode and the noble metal electrode will be
an indicator of the overall performance to be expected from a sensing electrode. Severe

disagreement may force the use of a mineral electrode as the on-line sensing electrode.

The measurements should be taken in flotation cells (using a portable Eh-pH
meter) rather than in grab samples taken from the cells. In this manner it is certain that
the oxygen already present in the pulp has not been consumed prior to the measurement
or that air has not been entrained into the pulp during mixing, possibilities that exist with

grab samples.

Experimental

The reference electrode was a porous sleeve calomel electrode (Fisher). This
reference electrode was initiaily verified using the procedure described in 4.5.1.1. The
sensing electrodes were the following: gold foils 1 cm® (one face exposed), and 0.5 cm?
(both faces exposed), gold spiral (5 cm long wire of 0.5 mm diameter, coiled and
protected by a perforated plastic tubing), platinum wire (5 cm long, 1 mm diameter, from

Fisher). The two mineral electrodes were a chalcopyrite and a sphalerite/graphite
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composite electrode. The electrode assemblies were cast in epoxy resin to ensure

electrical insulation of the contacts and for ease of handling.

Prior to each verification, all electrodes were mechanically polished on 600 grit
emery paper to prepare a fresh, un-oxidised surface. The electrodes were immersed in
the pulp of the first flotation cell surveyed for a few minutes till a stable reading was
reached; stability of readings for the mineral electrodes takes more time than for noble
metal electrodes. Measurements in the other flotation cells were taken after obtaining

stable values for all electrodes. This was usually achieved within 1 minute of immersion.

Scanning the potential range experienced in the flotation circuit was performed by
immersing the electrodes in flotation cells of the circuit. Portable Eh/pH meters (Orion

Research model 230 and Canlab) were used for the measurements.

Results and discussion

The results for three studies are shown in Figures 4.15 to 4.19; Figures 4.15,
4.17, 4.19 are for the copper circuit, while Figures 4.16 and 4.18 are for the zinc circuit.

For the copper circuit, the results indicate that in the cleaner section there is not
an appreciable difference between the gold foil and the platinum wire (Figure 4.15), the
smaller gold foil and the protected gold spiral (Figure 4.17), and the protected gold spiral
and the platinum wire (Figure 4.19) with respect to the chalcopyrite electrode. The
interpretation is that the concentration of chalcopyrite (number of chalcopyrite particles
per unit volume of the pulp) is high enough so that the noble metal electrodes behave as a

contact between the chalcopyrite particles in the pulp and the instrument.
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Figure 4.15 Comparison of electrodes in the copper circuit (I)
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Figure 4.16 Comparison of electrodes in the zinc circuit (I)
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This is not the case for the roughing section and the cleaner-scavenger bank of the
copper circuit. There are noticeable discrepancies between the noble metal electrodes and
the chalcopyrite electrode. In the first case, the gold foil is closer to the chalcopyrite
electrode than the platinum wire (Figure 4.15). In the second case, the protected gold
spiral is closer to the chalcopyrite electrode than the smaller gold foil or the platinum wire
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(Figures 4.17 and 4.19). Different chemical conditions or ore types may be the cause of
the change from more positive values for the noble metal electrodes compared with the

chalcopyrite electrode in Figures 4.15 and 4.19 to the more negative values with the noble
metal electrodes in Figure 4.17.

Figure 4.17 Comparison of electrodes in the copper circuit (il)
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Figure 4.18 Comparison of electrodes in the zinc circuit (II)
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Figure 4.19 Comparison of electrodes in the copper circuit (II)
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In the zinc circuit the sulphide minerals present are mostly sphalerite and pyrite.
Hence, the noble metal electrodes exhibit potentials different from the chalcopyrite
electrode in both the roughing and cleaning sections. Also, the points for the noble metal
electrodes are more scattered for the zinc circuit (Figures 4.16 and 4.18) than for the

copper circuit (Figures 4.15, 4.17, and 4.19).

it is premature to conclude that the noble metal electrodes respond in a manner
similar to sphalerite particles in the zinc circuit. The information provided by the
composite sphalerite/graphite electrode is not reliable although it complements that
obtained from the other electrodes. Results obtained by other workers using sphalerite
(15) and ZnS precipitates (257) indicate potentials for sphalerite of the same order as that
of the other sulphide minerals. However, other investigators (172, 183) have found that
composite sphalerite electrodes yield much lower rest potentials than generally
encountered for sulphide minerals. In the latter case, the composite electrodes were used
for cyclic voltammetry experiments and such a bias in potential was not deemed to affect

the reaction occurring on the surface, especially after copper activation (172, 183).
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In this investigation, the composite sphalerite/graphite electrode yielded potentials
much more reducing (by about 350 mV) than those obtained with the chalcopyrite or the
gold electrodes. This is an indication that the potential measured was more related to

carbon than sphalerite (26).

It is intuitive to use an electrode which senses the potential of the sphalerite
particles in the zinc circuit. In view of the difficulties in preparing a sphalerite electrode
it might be advantageous to monitor the potential of the pyrite particles, the main sulphide
gangue to be depressed in the zinc circuit for the Al zone of Les Mines Selbaie. The use
of a pyrrhotite electrode to control the CuSO, dosage for zinc flotation has been reported

for a complex sulphide ore where pyrrhotite is the major iron sulphide mineral (41).

Even in the case of the copper circuit, where an acceptable correlation between the
chalcopyrite and the noble metal electrodes is achieved in the cleaners, there is quite a
large experimental scatter. As some scatter is reported for pulps containing only one
sulphide mineral (26, 36) it is to be expected here. An even larger discrepancy may
occur with complex ores consisting of several sulphide minerals. If high enough
potentials are achieved in an acidic pup, there is always the possibility that a mineral
electrode will passivate (15, 38). This could render more difficult the monitoring of pulp

potential for certain types of separation processes.

4.5.3 Summary of verification procedures

A relatively simple procedure has been proposed for the verification of the state of
reference electrodes. It provides clues as to the possible cause of the deterioration of the
state of the reference. Also, it indicates whether the electrode should be discarded, or

could still be used in situations where the reliability of the measurement is not critical.

The suitability of a given sensing electrode to monitor the pulp potential in

flotation circuits can also be verified. For copper flotation (or the copper circuit of a
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complex sulphide concentrator) noble metal electrodes (regardless of material or shape)
behave similarly to a chalcopyrite electrode in the cleaning section. However, a gold
electrode (preferably shaped as a spiral) follows more closely the potential of the
chalcopyrite electrode in the rougher section than an electrode of the other tested shapes
or materials. The difference between cleaning and roughing appears to be related to the
concentration of chalcopyrite particles in the pulp and the probability of collision with the

electrode.

More investigations are required for the monitoring of the pulp potential in a zinc
circuit. The high resistivity of sphalerite does not permit its use as a mineral electrode.
Utilisation of a conductive material in a composite electrode appears to distort the
measurements. Monitoring the potential of pyrite, the main mineral to be depressed in
zinc flotation, may provide a viable alternative as suggested by the reported success with
the OK-PCF method (41).

4.6 Improvement to sensors - reference

An improvement to the redox sensor would be a more rugged reference electrode.
Also, if such an electrode could be based on the hydrogen electrode, then much of the
confusion as to which potential is referred to (SHE, SCE, Ag/AgCl) would be avoided.

Will (290) designed a self-contained miniature hydrogen reference electrode which
is described as convenient to use as the more usual saturated calomel and silver/silver
chioride electrode. This self-contained hydrogen electrode is based on a partially
immersed platinized platinum electrode with its emerging part in contact with a
hermetically sealed hydrogen bubble. The emerging part of the partially immersed
electrode is covered with a meniscus and thin film of electrolyte. Such a thin electrolyte
film allows dissolved hydrogen to diffuse faster to the electrode surface than the boundary
layer electrolyte created by hydrogen bubbles dispersed in bulk electrolyte.
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In practice the electrode (shown schematicaily in Figure 4.20) consists of a
platinized platinum wire of 1 mm diameter sealed into a long glass capillary whose
opening can function as a Luggin capillary (with proper bending of the tip) or as normal

interface.

Figure 4.20 Schematic of shelf-contained miniature hydrogen reference electrode (290)

- Platinum Wire

Captive hydrogen bubble

«——  Capillary

The electrode is prepared for operation by filling the glass capillary with
electrolyte under vacuum, followed by electrolytic generation of hydrogen gas on the
platinum wire. Any inert auxiliary electrode can be used as the oxygen-evolving anode
which is then removed after use. The hydrogen formed on the platinum wire displaces
electrolyte at the top end of the glass capillary. Electrolysis is continued until 1/4 to 3/4
of the platinum wire is surrounded by hydrogen gas. A current of 0.04 A produces a
hydrogen bubble of 2 cm length in a glass tube of 0.4 cm inner diameter in approximately

1 minute.
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The useful life of this electrode depends on the rate of hydrogen loss, uniess
gradual poisoning of the platinum black catalyst occurs earlier. If the platinum wire is
sealed properly, the rate of hydrogen loss is determined by diffusion into the bulk
electrolyte. For a lower capillary portion of 2 cm length and 0.1 cm diameter, hydrogen
out-diffusion is reported to occur in approximately five years. The rate of catalyst
poisoning depends on the purity of the electrolyte, more specifically, the concentration of
organic impurities, carbon monoxide, and metal ions reducible at the hydrogen potential.
The in-situ electrolytical generation of hydrogen reduces the risk of poisoning from

gaseous contaminants.

Electrode to electrode reproducibility is better than 0.5 mV against one another.
Long-term stabﬂify is also +/- 0.5 mV against a conventional hydrogen electrode.

4.7 Observations during long term monitoring

The investigation at two different concentrators, each one with its own particular
ore and reagent practice, permitted to establish some general principles for the application
of the electrochemical model of sulphide flotation to copper/zinc separation. Some

problems, particularly with the sensing electrodes, were encountered.

The gold spiral electrodes used in the laboratory were deemed too fragile for
extensive used in a plant environment. Hence, industrial gold potential sensing electrodes
have been used. The choice of the electrode was mainly based on the shape of the sensing
element which had to protrude into the pulp to ensure a good contact with the mineral

particles of the pulp. Figure 4.21 shows an example of the industrial electrode used.

The initial electrodes used at Les Mines Selbaie and at Kidd Creek were
protruding gold cylinders for their potential sensing elements. The reference electrode

was in both cases a silver/silver chloride electrode.
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Figure 4.21 Industrial electrode installed (Les Mines Selbaie)

4.7.1 Location of on-line electrodes

The work by Gebhardt et al. (21) on chalcocite and pyrite and laboratory tests
performed (Sections 1.4 and |.5) showed that the potential at which the collector is
introduced into the flotation pulp has a greater impact upon selectivity than that at which
flotation is performed. This observation was used to select the most appropriate location of

the pulp potential sensors.

At Les Mines Selbaie, the first collector addition point is at the feed box of the
rougher flotation bank. Hence, the most logical and practical choice was to locate the

on-line potential sensor in the first flotation cell of the rougher bank.
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At the Kidd Creek Concentrator, the first collector addition point is in the feed
box to the sulphur dioxide conditioner. Testing with hand-held electrodes showed that the
short term variability of the pulp potential measurement in the sulphur dioxide conditioner
was too large to be useable. The on-line sensor was located in the feed box to the

primary rougher bank which proved the most easily accessible location.

4.7.2 Electrode maintenance

For each plant the initial preventive maintenance program for the pulp potential
sensing electrodes was modelled on the program which was used for the on-line pH
electrodes in similar service. This was complemented with redox buffer verifications as
recommended by the manufacturers. Over time, however, this proved un-satisfactory and
improved procedures for the verification of electrodes were defined (201). In addition,
the on-line electrode in the process was compared to freshly cleaned gold and mineral

(chalcopyrite) electrodes on a routine basis.

There was a notable observation. For one electrode, the "gold" sensing element
was actually gold plating on platinum. Needless to say that as soon as the gold plating

was worn away, "erroneous” measurements were observed.

4.7.3 Observations at Les Mines Selbaie

Ore type variability is an obvious cause for observed variation in the optimum
value of any process variable such as the pulp potential in this case. However, there were

some doubts as to the reliability of the measurements.

In Figure 4.22, the daily average pulp potential is plotted for the period reviewed
(June 12 1989 to February 14 1990). The behaviour of the daily average is not similar
throughout the investigated period. There appears to be five distinct intervals and the

divisions between these intervals are indicated by the letters A, B, C, and D.
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Figure 4.22 Long-term Ep trend at Les Mines Selbaie
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The daily average pulp potential appears to vary in a random fashion between June
12 and point A. The 2-3 days peaks and troughs could well represent short periods of

different ore types.

Between points A and B, the average daily pulp potential steadily increases. This
increase was initially thought to be related to the arrival of winter. However, tests (at B),
when the sensor reading appeared to be consistently in a 200-250 mV vs. Ag/AgCl range
compared to 100-150 mV in the two weeks before, showed that the electrode was not
responding properly (contamination of the reference electrode). As no rigorous
verification of the sensor was performed between points A and B, the exact time at which
the contamination of the reference electrode started cannot be ascertained.
Conservatively, the period of time between the initial installation of the pulp potential
sensor (mid-May) until point A (early-October) is nearly five months and this compares

well with the pH electrode immersed in the same location (four to six months).

Replacing the pulp potential electrode (point C) apparently corrected the problem.
However, this was for a very short time (C to D; three weeks). Examination of the
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electrode (D) showed that the seal between the porous junction and the body of the
electrode was impaired and the reference electrode was again contaminated.
Unfortunately, there was no spare electrode on hand and the electrode was re-installed as

it was.

It is interesting to note that from D to the end of the acquisition program
(February 14), the daily average pulp potential shows limited or no day to day variation.
The contamination of the reference electrode was more severe than the previous one and
had the on-line sensor been used in a process control scheme, the observed drift would
have caused the control loop to fail. As discussed in Section 4.4, failure of the sensor is

the main cause of poor process control.

The two failures of the on-line pulp potential probe have a detrimental impact on
the establishment of relationships between the copper-zinc selectivity and the pulp
potential. This will be further discussed in Chapter 6.

4.7.4 Observations at Kidd Creek

Difficulties with the sensing electrodes were already known. Hence, one of the
first steps was to ensure that the state of the sensing electrode was correctly assessed at
any point in time. This was, however, not easily achieved. It appeared sufficient to
perform periodic verifications of the on-line industrial electrode using a clean, well

preserved, electrode similar to the on-line one.

The "verification" electrode was verified on a daily basis using redox buffers.
Figure 4.23 shows the potentials measured in the two redox buffers (Fe(Ill)/Fe(I) and
quinhydrone). The electrode gives higher values than expected for the quinhydrone
buffer (100 mV average vs 86 mV theoretical). However, the electrode gives lower
values than expected for the ferric/ferrous buffer (412 mV vs 437 theoretical). For both

buffers, the magnitude of the measurement error is 24 to 25 mV.
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Figure 4.23 Buffer verification trend
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This was considered a minor problem in comparison to the apparent trend in the
daily measurements. The measurements were typically higher on Mondays and Tuesdays
than on Thursdays and Fridays. It was found that the probe was allowed to "dry" over
the weekend as it was not immersed in an aqueous solution. The probe could recover

during the week as it was immersed in solutions or flotation pulps for most of the time.

Some problems were experienced with the first on-line pulp potential sensor
installed. It is shown in Figure 4.24 as taken out of the process after three weeks of use.
Firstly, the pressure on the acid wash/water rinse jets to prevent the deposition of scale on
the sensor was too high. These jets pierced a hole through the glass tip of the electrode
effectively destroying the sensor. Secondly, the gold ring was actually a gold plating on a
platinum ring and abrasion from the solids in the slurry was high enough that the plating

had been removed for the most part (some gold remains on the edges of the ring).
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Figure 4.24 Post-mortem examination off first sensor installed at Kidd Creek

Following this post-mortem evaluation of the first sensor, the pressure on the
cleaning jets was considerably reduced. Also, another manufacturer which could supply
electrodes with solid gold, rather than a plating on another substrate, was found and awarded

the task of providing replacement sensors.

4.8 Proposed techniques for the preventive maintenance of on-line pulp potential sensor

Experience has indicated that the first element to fail in a combination pH or
potential electrode is often the reference element due to contamination of the electrolyte or
blockage of the porous junction. In the case of redox sensors, the sensing element is quite
robust in comparison to the reference element. Having the possibility to replace the

sensing component independently of the reference, while maintaining the convenience of
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the single body of a combination electrode will certainly diminish maintenance costs

associated with the installation of several redox sensors in a concentrator.

The electrochemical conditioning/cleaning schemes mentioned earlier have been
developed on an ad hoc basis. It would help the cause if turn-key systems consisting of
the sensor and electrochemical conditioning/cleaning circuitry were available
commercially. Although the necessary conditions for the potential cycle would be site

specific, there is no reason why a generic package could not be made.

4.9 Overcoming unexpected problems for control loops based on the pulp potential

Although on-line pH electrodes have been used for the past thirty years in mineral
processing plants, failure of the sensor is still the main cause of break-down of the

process control loops based on pH.

Experience gained at Les Mines Selbaie and at Kidd Creek indicates that a similar
situation will exist for control loops based on pulp potential measurements, no matter how
well prepared the technical and instrumentation personnel are. As the electrode potential
is measured directly, the response of the instrument cannot be calibrated as for a pH
meter/controller. The implication is that preventive maintenance of on-line pulp potential

sensors will be more crucial than for pH.

With only one pulp potential sensor installed, the only way to cope with a drifting
sensor if it cannot be immediately replaced is to arithmetically shift the measured value by
the observed drift between the on-line sensor and the off-line verification sensor. This
assumes that the drift observed during the verification is of the same order of magnitude
as the one occurring in the process; a valid assumption if the final stage of the verification
involves immersing the verification sensor in the process pulp in addition to immersing

the on-line sensor in buffers.
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Such an approach may allow the on-line sensor to remain in operation for a longer
period of time once drifting has become unacceptable. It may also keep the control
scheme in operation while a spare sensor is ordered if one is not on hand. In this fashion,
the measured pulp potential values seen by the operators will be the sum of the actual
value and the drift correction (which could be called on-line standardization) and this may

maintain confidence in the measurements.

The presence of a drift will be determined only as a result of a verification of the
sensor. Such verificatons are usually performed at regular intervals as part of a
preventive maintenance program. From the survey on pH electrodes in industry, the pH
electrodes are most often verified using buffer solutions on a weekly basis (Table 4.7) and
unless there is a suspicion that a fault is present, a given sensor may be drifting

unwittingly between two scheduled verifications.

4.9.1 Redundancy in the pulp potential measurements

Increasing the reliability of the system by redundant measuring points is a way to
cope with the situation. Having two sensors for the same process point is one way (o
implement a redundant measuring system but this approach relies on an accurate and

timely identification of which one of the two sensors is at fault.

It is not uncommon that pH measurement and control in a mineral processing
plant is made at the rougher stage and at each and every cleaner stage. When the entire
pH control system is working perfectly, there is a pH progression from the rougher to the
final cleaner stage. When one pH sensor and/or control loop is mal-functioning, it stands

out dramatically from the progression and draws immediate attention to it.

Potential-pH surveys of flotation circuits generally show a progression from one
process point to the next. Figures 4.25 and 4.26 summarize several potential-pH surveys

of the copper and zinc circuits at Les Mines Selbaie.



Figure 4.25 Summary of potential-pH surveys for the A-1 zone copper circuit
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Figure 4.26 Summary of potential-pH surveys for the A-1 zone zinc circuit
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For both the copper and zinc circuits, the Ep-pH data points are clustered
depending on their origin; rougher or cleaner cells. For the copper circuit (Figure 4.25),
the addition of sulphur dioxide to depress sphalerite in the copper cleaning stages results
in a much lower pulp pH than for the copper rougher stages. For the zinc circuit (Figure
4.26), the addition of lime to depress pyrite in the cleaning stages results in a higher pulp
pH than for the rougher stages.

The data points appear to follow bands of decreasing potential with increasing pH,
partly due to a pH dependence of the electrochemical reactions involved, but also due to
the simple fact that the flotation air introduced causes oxidation of the sulphides and yield

an increasing pulp potential and decreasing pH down a flotation bank.

The lowest potentials are obtained in the first flotation cell (e.g. first rougher cell)
and the highest potentials are obtained in the last cell (e.g. last scavenger cell). Due to
the adjustments to the pulp pH in the cleaning stages (e.g. pH 10.5 for the zinc first
cleaner, 11.0 for the second cleaner, and 11.5 for the third cleaner), the pulp potentials in
the flotation celis of the last cleaning stage are not necessarily higher than those in the fist

cleaning stage.

The presence of regular patterns in the data shown in Figures 4.25 and 4.26
suggests that it is conceivable to use multiple pulp potential sensors in the flotation circuit
to use obtain an indirect redundancy in the pulp potential measurements similarly to
current practices for pH measurement and control. A faulty sensor would stand out from
the progression indicated by the other sensors. A minimal implementation of redundancy

would be two sensors although four would allow a sturdier system.

Another way to achieve redundancy is to have two sensors; one before the
addition of the reagent manipulated by pulp potential and one after. By it-self, the second
sensor provides a limited degree of redundancy. However, the degree of redundancy

drastically increases if the reagent and ore flowrates are considered. As an example, if
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every 10% speed increase on the metering pump for the reagent yields a 15 mV potential
drop between the before and after electrodes for an average throughput, then anything
outside this norm, e.g. 50% speed for a 5 mV potential drop, will automatically attract
attention. Such exceptional situations may be due to ore type changes and/or sensor drift

in either location.

One weakness of aii the methods suggested above is that the flotation operator
and/or control room operator must observe the pulp potential measurements and act upon
suspicious values. This may not always be possible and including some “intelligence”

into the process control system may prevent overlooking suspicious measurements.

Redundancy in measurements allow the application of methods resulting from
advances in process control theory such as the parity space technique (292) to detect and
locate gross errors in instruments and Kalman filtering (293) which determines maximum
likelihood estimates of measured and unmeasured process states by combining

information from a mathematical model of the process with actual measurements.

The level of mathematics involved in these approaches makes them unlikely to be
easily implemented, and maintained, in a concentrator except as a turn-key system.
Interestingly, a model predictive control system (using the combination of model based
predictions with actual measurements) has recently been implemented with success at the
Brunswick Mining concentrator (294). The hope expressed by the authors is that with a
friendlier user interface, the system will have a higher probability of remaining in use
than the previous two advanced control systems that had been almost completely
abandoned even though its underlying principles are more complex than minimum

variance based controllers or knowledge based expert system.
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4.9.2 Redundancy with other process measurements

The pulp potential of the mineral slurry is one of several process variables for
modulating the flotation response. An experienced flotation operator has often a sixth
sense in terms of what is right, or wrong, with a snap shot picture of the process obtained

through instrumentation and visual inspection of the mineralized froth.

Neural nets, which mimic the learning process of the brain, are one way to try to
account for the complexity of a system without having to generate a full mathematical
model. Recent developments in the technology and its application to mineral processing
operations (295, 296) are encouraging. In particular, the possibility for on-line
determination of the ore type being processed (297) could yield an adaptation of the pulp
potential set-point if laboratory and plant investigations have demonstrated that such

adaptation is required for the different ore types.

Knowledge-based interpretation of sensor patterns (298) is another way to
introduce a degree of intelligence into the control system. This intelligence may allow the
control system to weigh a situation, as indicated by several process variables, and
recommend appropriate actions. These actions could vary from the verification of sensors

which appear to give anomalous measurements to set-point changes.

Finally, machine vision for qualitative and quantitative evaluation of the
mineralized froth (299, 300, 301, 302, 303) may prove to be the ultimate in
instrumentation and control redundancy. The technology is still in its infancy but given

time and further development will greatly assist the operation of flotation circuits.
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4.9.3 Differential pulp potential set-point

Using a differential pulp potential set-point rather than an absolute one may
prevent the control loop from failing due to a large drift of a single pulp potential sensor.
It would involve a smart control system to manipulate the set-point independently for a
process optimization. An inherent advantage of this approach would be the capability to
adjust to different ore types being processed. [If the ideal pulp potential for selectivity for
ore type A is say -75 mV and the one for ore type B is -25 mV, then by trying out
moving the pulp potential by increments up to +/- 50 mV from the initial value, it may

be possible to self-adjust the control loop during variation of ore types.

Compensation of a state with an erroneous sensor may mean a smart (expert-
system like) control scheme which adjusts the potential set-point from its current

measured value.
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5 LABORATORY DETERMINATION OF THE IMPACT OF Ep

5.1 Introduction

Over one hundred flotation tests have been performed during the course of this
study. Plant pulps, usually the cyclone overflow which feed the copper circuit, were used
as test material in many of these tests. This was a bonus for the tests related to the
investigation of selective collectorless flotation from the A-1 zone ore as using the plant
feed eliminated any doubts as to whether collectorless flotation was an artefact from the
laboratory procedure or was indeed a possibility arising from the grinding environment in
the plant. Laboratory flotation tests performed with a crushed ore sample being ground in
the laboratory prior to flotation were performed last; mostly to better understand the
action of the collectors and modifiers with a constant feed but also to determine how the

type of grinding media was affecting the collectors and modifiers.

It was initially intended to use the test results to screen for conditions to be further
investigated by fundamental studies involving potentiostatic conditioning and surface
analysis of the flotation products using XPS. Arrangements had been made with the
mineral processing group at the BP Research Centre, Sunbury-on-Thames, U.K. to use
the laboratory facilities, including the XPS instrument available there, for this phase of
the project. When BP announced the deal made with RTZ for the sale of all wholly
owned mines and milling assets world wide, these arrangements were unfortunately
cancelled. BP Selco, the majority owner of Les Mines Selbaie at that time, was not
included in this deal and the commitments made to the project were continued. The
downside of all this was that instead of actual surface analysis, the results of other
investigators will be used in the task of interpreting from a fundamental viewpoint what
happened during the tests.
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Only the flotation tests pertinent to the hypothesis pursued, namely that there is a
relationship between the pulp potential and the observed flotation response, will be

discussed.

5.2 Rest potentials of grinding media and minerals

The rest potentials of the grinding media used in the laboratory and in the plant,
along with the sulphide minerals have been determined to provide a point of reference for
the conditions evaluated in the flotation tests. In the case of the media, electrodes were
made out of pieces cut from either the balls or the rods. Due to the high hardness of the
material, this proved challenging. The mineral electrodes were those normally used to

sense the pulp potential in plant surveys and laboratory tests.

The system used was an aqueous solution of 250 ppm calcium sulphate with the
pH adjusted to 9.5 using lime. This was to provide an approximation of the process
water used in the plant. For the minerals, additional measurements were taken with 50
ppm of SIPX and 50 ppm of Aerophine 3418A. The collectors were always added to a
fresh solution. The measurements are shown in Table 5.1 for the grinding media and
Table 5.2 for the minerals.

For the grinding media (Table 5.1), two electrodes of each type were used and all
electrodes were mechanically polished on 600 grit emery paper prior to the
measurements. It is noted that the measured potentials with the two electrodes for each
grinding medium are usually within 5 mV of each other. Also, the conversion to SHE
has been performed so that the results could be directly comparable with those published
in the literature. In a study on the impact of grinding media on galena flotation,
Learmont and Iwasaki (16) have obtained rest potentials for mild steel of -17 mV (SHE)
with oxygen flushing of the solution, 41 mV with air flushing, and -481 mV with
nitrogen flushing.
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The results presented in Table 5.1 indicate generally lower potentials, likely
because the measurements were taken under natural diffusion of oxygen from the air into
the solution. The measurements made rank between the air flushing and the nitrogen

flushing conditions of Learmont and [wasaki (16).

Table 5.1 Rest potentials of grinding media in pH 9.5 calcium sulphate water

Media E vs. SCE (mV) E vs. SHE (mV)

Rod, mild steel -560 -315
Rod, mild steel -540 295
Rod, stainless steel -335 -90
Rod, stainless steel -340 -95
Ball, mild steel -500 -255
Ball, mild steel -495 -250
Ball, high chromium -430 -185
Ball, high chromium -435 -190

The most noble of the grinding media is the stainless steel of the laboratory rods
(90 mV SHE), then the high chromium steel (-190 mV), followed by the mild steel ball
(250 mV) and finally by the mild steel laboratory rod (-310 mV). For laboratory
grinding, the mild steel rods will give a slightly more reducing environment than that of
the mild steel media in the plant. However, the stainless steel rods will yield a more
oxidizing environment than that of the high chromium steel media. Thus, in order to
simulate the plant grinding environment in the laboratory, it would appear that a mixed

rod charge would be required.

The rest potentials of gold and sulphide minerals (Table 5.2) indicate that SIPX
does not change dramatically the potentials (slight decrease), with the exception of the

gold electrode but that of Aerophine 3418A increases all the potentials by around 30 mV
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for the copper bearing minerals, 20 mV for galena, and 10 mV for pyrite. The potentials
observed with Aerophine 3418A appear, at first, to be odd. However, the gold electrode
was electrochemically cleaned prior to the measurements while the mineral electrodes
were mechanically polished on 600 grit emery paper and the electrodes were allowed to
recover to the same state (approximately the same potential) as measured in the calcium

sulphate solution prior to adding the collector.

Table 5.2 Rest potentials of minerals in pH 9.5 calcium sulphate solutions

Minerals E vs. SCE (mV)
CaSO, Only SIPX (50 ppm) Aerophine 3418A (50 ppm)
Gold 26 40 35
Pyrite 0 -4 10
Chalcocite 130 125 150
(B zone)
Chalcopyrite -61 -70 -30
(A-1 zone)
Chalcopyrite -99 -100 -65
(Kidd Creek)
Galena -90 -100 -70
(A-1 zone)
Galena =76 -80 -60
(Ward's)

It is noted that the chalcocite electrode from B zope ore contained a large
proportion of pyrite and thus the potentials measured have to be taken as galvanic
potentials rather than true rest potentials. This would indicate that Aerophine 3418A is
more reactive (adsorption?) than SIPX under the conditions investigated and that it
"oxidizes" the minerals. Without more studies, e.g. cyclic voltammetry, it cannot be

assessed if the increase in mineral rest potentials resulting from the addition of Aerophine
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3418A are due to an actual oxidation of the surface by the collector (unlikely) or chelation
with the metal atoms which would prevent the formation of hydroxides impeding the rate

of oxygen reduction.

The ranking of the sulphide minerals, with the exception of the chalcocite
electrode, generally follows the usual order from less to more noble minerals: galena,
chalcopyrite, pyrite, gold. It is noted that the chalcopyrite from Kidd Creek gives lower
potentials than that from the A-1 zone. Similarly for the galena from Ward's compared to
that from the A-1 zone. Differences due to the origin of the minerals were expected but

not of that magnitude.

5.3 Experimental conditions

All flotation tests were performed with a Denver D12 flotation machine fitted with
the D1 impellor and either the 500 g (rougher) or 250 g (cleaner) flotation cell. Nominal
impellor speed was 1500 rpm for the rougher stage and 1200 rpm for the cleaner stage.
The flotation air flowrate was not measured but the air valve was usually fully open
during flotation corresponding to roughly 3 I/min for the rougher stage and 2 1/min for
the cleaner stage; the froth rarely exhibiting a tendency for flooding over the froth lip
which would have required the air flow to be brought under control. An interesting
challenge was the proper setting of the nitrogen pressure controller to obtain the same
overall froth characteristics as with air as flotation gas. Once this setting had been

determined, it was locked in place.

When grinding was performed, it was with 10 1 polypropylene rod mill, with three
lifters inside the shell (Pascall Engineering) rotated on a roller drive (60 rpm or 80%
critical speed). The grinding charge (25 kg) was graded in size with 25, 12.5, and 6.5
mm rods. Rods in stainless steel (type 440) and mild steel were available in sufficient
quantity to provide a full stainless steel charge, a full mild steel charge, or any weighted

proportion in between.
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All reagent solutions were prepared daily. All reagent dosages were recorded

with the exception of the pH modifiers.

The two collectors investigated, Aerophine 3418A added neat and Sodium
Isopropyl Xanthate (SIPX) added as a 1 wt% solution, were taken from the mill supply.
No attempt was made to purify the collectors. The frothers, MIBC for copper flotation
and Dowfroth 1012 for zinc flotation, were added neat using a syringe with a #18 needle.
Each drop corresponded to 5 g/t frother for a 1000 g feed.

Quick lime (CaO) was used for pH adjustment when needed. When sulphur
dioxide was used in a test, it was added as a saturated aqueous solution obtained by
overnight bubbling of sulphur dioxide gas into distilled water. The inorganic reagents
(sodium cyanide, zinc sulphate, copper sulphate, potassium permanganate, ferrous

sulphate) were prepared as 10 wt% aqueous solutions.

The pulp potential was monitored using a gold spiral electrode paired with a
porous sleeve SCE (Fisher) while pH was monitored using an Orion combination pH
electrode and the recording instruments were portable Eh/pH meters (Orion Model 230).
The state of the electrodes was verified prior to each series of tests. The dissolved oxygen

(DO) content of the slurry was measured sporadically with a YSI DO probe and meter.

5.4 Experimental results

The results of selected tests will be discussed using selectivity curves and
floatability-potential curves for paired set of conditions, e.g. air vs. nitrogen as flotation
gas, SIPX vs. Aerophine 3418A as collector, etc. Determination of the flotation rate
parameters would have allowed an evaluation of whether the observed impact was due to
an acceleration (or retardation) of flotation or change in overall hydrophobic character
(ultimate recovery). Also, this would have provided some means of distinguishing

between mechanical entrainment and genuine flotation when low recoveries were
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observed. However, as the first concentrate increment in the flotation tests was taken
after one minute of flotation, there would be no way to be certain that the kinetic
parameters were affected or not. Such determination requires the collection of concentrate

increments very early in the test, for example Dowling et al. (304) and Agar et al. (305).
5.4.1 Combination of collectorless and conventional flotation
Impact of nitrogenation time and pH

Combining the possibility of selective collectorless flotation with the need to |
increase copper and silver recoveries required adding a collector. The tests results
discussed in Sections 1.4 and 1.6 indicated that pulp pH had some impact on copper and
silver recoveries under collectorless flotation and that aeration would be detrimental to
selectivity when the collector would be introduced. Using nitrogen as flotation gas would
limit the inherent oxidation that would occur when using air as flotation gas during the
collectorless stage. Furthermore, performing a conditioning stage while introducing
nitrogen into the pulp (nitrogenation) would allow a manipulation of the pulp potential

prior to flotation.

A series of flotation tests was performed to investigate the possibilities offered.
Figures 5.1 and 5.2 show the selectivities obtained with 5 or 10 minutes of nitrogenation
prior to flotation at pH 8 or 10. The first three concentrate increments were collected
after 1, 2, and 3 minutes of flotation respectively (total time of 6 minutes) using nitrogen
as flotation gas with the first concentrate increment being without collector and the second
and third with 10 g/t of Aerophine 3418A each. Two additional concentrate increments

(3 minutes each) were collected with air as flotation gas.

The nitrogenation stage was effective in reducing the pulp potential but the
observed impact was inconsistent with a drop of 25 mV for 10 minutes of nitrogenation

and 55 mV for 5 minutes from a starting potential typically around -55 mV (Au vs.
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SCE). The only consistency was a slight increase in pulp pH from 7.8 at the beginning of
the nitrogenation stage to 8.0 at the end for all four tests. The lime addition required to
obtain pH 10.0 caused the pulp potential to be reduced to around —150 mV (Au vs. SCE)
irrespective of the duration of the nitrogenation stage. Hence, the pulp potentials prior to
flotation were —150 mV (Au vs. SCE) for the two tests at pH 10.0, -80 mV and —130 mV
for the long and short nitrogenation stages at pH 8.0.

Figure 5.1 Impact of nitrogenation time and pH on Cp/Sp selectivity (Aerophine 3418A)
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Figure 5.2 Impact of nitrogenation time and pH on Cp/Py selectivity (Aerophine 3418A)
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It is noted in Figures 5.1 and 5.2 that the collectorless flotation increment, which
was for 1 minute flotation, yields two vastly different levels of chalcopyrite recovery
(around 35% and around 7%) for very similar sphalerite and pyrite recoveries. Both
levels were expected from the initial collectorless flotation tests discussed earlier (Figure
1.6) with chalcopyrite recovery increasing as the pH increases (and pulp potential
decreases). The nitrogenation stage, however, appears to affect this relationship and a

higher flotation pH does not always yield a higher collectorless recovery of chalcopyrite.

The selectivities between chalcopyrite and sphalerite and pyrite are, with the
addition of Aerophine 3418A, more dependent on pH (better selectivity at higher pH)
than on the duration of the conditioning stage with nitrogen. Furthermore, the last two
concentrate increments (air as flotation gas) contribute very little to the total chalcopyrite
recovery but significantly to sphalerite and pyrite recovery. It is worth noting that the
ultimate silver recovery at pH 10.0 was around 85 % compared to only 55% at pH 8.0.

With a chalcopyrite recovery around 90% after the second concentrate increment,
it would appear that the 10 g/t Aerophine 3418A addition for that increment was higher

than necessary and consequently the total dosage of 20 g/t was likely to be excessive.

Impact of sodium cyanide and reduced collector dosage.

On the presumption that in-situ activation of the sphalerite was occurring, an
addition of 10 g/t of sodium cyanide was performed prior to the two collectorless flotation
stages and another 10 g/t prior to the addition of the collector (5 g/t). These sodium
cyanide additions were supplementing the amount already present in the feed pulp
collected from the cyclone overflow (around 15 g/t). The lower collector dosage was
expected to reduce recovery of sphalerite and pyrite. The impact of the addition of the
sodium cyanide was a lowering of the pulp potential prior to collectorless flotation from

-25 mV to -100 mV. The selectivity curves can be found in Figures 5.3 and 5.4.
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It is noted in Figure 5.3 that the addition of sodium cyanide does not prevent an
increase in sphalerite recovery when air is used as flotation gas rather than nitrogen (8%
sphalerite recovery with nitrogen, 28 to 65% sphalerite recovery with air). Also, the use
of cyanide did not decrease appreciably the level of sphalerite recovery. Nevertheless,

the levels of pyrite recovery in Figure 5.4 are lower than that obtained without cyanide
(2-5% vs. 10-70% in Figure 5.2).

Figure 5.3 TImpact of flotation gas and pH on Cp/Sp selectivity (NaCN and Aerophine
3418A)

100

80 +

60 -

~—o—Air; pH7.8

H
o
"l
T T T

—~0— Air; pH9.2

]
t
t
t
]
i

Chalcopyrite Recovery (%)

20 . ——N2; pH7.8
4 :4— Collectorless —o—-N2; pH9.2
o . .
0 10 20 30 40 50 60 70 80

Sphalerite Recovery (%)

Figure 5.4 Impact of flotation gas and pH on Cp/Py selectivity (NaCN and Aerophine
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The introduction of sodium cyanide, prior and during flotation, appears to have
reduced the impact of pH on sphalerite and pyrite recoveries with nitrogen as flotation
gas. However, a higher pH yields higher sphalerite and pyrite recoveries with air as
flotation gas. This difference is more visible when the ultimate recoveries are plotted as

function of the pulp potential at the time the collector was added as shown in Figure 5.5.

Figure 5.5 Ulumate recoveries as function of pulp potential (NaCN and Aerophine
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The relationship between ultimate sphalerite recovery and the pulp potential at the
time of the collector addition has been condensed into one curve since only four
experimental points were available. However, the pH dependence of sphalerite recovery

with air as flotation gas suggests that pH specific curves would be more appropriate.

It is worth noting in Figure 5.5 that, with the addition of Aerophine 3418A, the
third concentrate increment recovered between 40 and 50% of the silver and accounts for
most of the ultimate silver recoveries shown as only 5 to 10% of the silver was recovered
in the two collectorless concentrate increments. These recovery levels (after collector
addition) were comparable to those achieved by performing the copper rougher flotation

only after the introduction of a collector.
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As a matter of interest, the copper grade-recovery curves obtained for this test
series are shown in Figure 5.6. It is noted that the collectorless flotation stages yield high
grade rougher concentrates (above 15% copper). However, the addition of the collector
required to get the copper recovery above 80% reduces the overall concentrate grade,

especially with air as flotation gas.

figure 5.6 Copper grade-recovery curves for the rougher stage (NaCN and Aerophine

3418A)
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Mineralogical examination of test products

The test products from the tests just described were mounted for mineralogical
examination. As a long delay had passed between the initial mounting and the
examination, the sulphide minerals were tarnished. However, it was observed that the
chalcopyrite in the first concentrate increment (Figure 5.7) was more tarnished than those

in the third concentrate increment (Figure 5.8).
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Figure 5.7 First flotation concentrate (air, pH 7.8; without re-polishing)
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The presence of highly tarnished chalcopyrite grains in the initial concentrate, and
the lack thereof in the third concentrate, is contrary to the general mineralogical observation
that silver migration is a key element in the formation of the tamnish (231, 232, 233, 234,

235, 236). It was the third concentrate which contained most of the silver.

Besides the highly tamished sulphides in Figure 5.7, the most striking differences
between the initial concentrate and the last one was the average particle size. The particles
were generally larger in the last concentrate than in the first one. This is not entirely

surprising since coarse particles are more difficult to float than medium sized ones.

The mounts were re-polished and re-examined after a 24 hour storage. All three
concentrates were examined and typical fields of view are shown in Figures 59 to 5.11.
Even with only 24 hour of storage, the chalcopyrite grains in the first two concentrates
(Figures 5.9 and 5.10) are already exhibiting a tarnish while those in the third concentrate do
not (Figure 5.11)

Figure 5.9 First flotation concentrate (air, pH 7.8; 24 hour re-polish)
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Figure 5.10 Second flotation concentrate (air, pH 7.8; 24 hour re-polish)

Figure 5.11 Third flotation concentrate (air, pH 7.8; 24 hour re-polish)
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The concentrates from the test performed at pH 9.2 were also examined, without re-
polishing, in the chance event that the observations made earlier were abnormal. Examining
Figures 5.12 to 5.14, it can be noted that the particle size is generally larger in the third
increment (Figure 5.14) than in the other two concentrates. Also, while chalcopyrite is
heavily tarnished in the first two concentrates, it is almost pristine in the third concentrate.

The only plausible explanation is that the chalcopyrite grains recovered

collectorlessly do not have a stoichiometric composition. Given their presence in

collectorless concentrates, they are likely to be metal deficient.

Figure 5.12 First flotation concentrate (air, pH 9.2; without re-polishing)
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Figure 5.13 Second flotation concentrate (air, pH 9.2; without re-polishing)

Figure 5.14 Third flotation concentrate (air, pH 9.2; without re-polishing)
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Impact of flotation gas and collector

An investigation was made to evaluate combinations of flotation gas for the
collectorless and conventional flotation stages (air or nitrogen) and the collector used in
the latter stage (Aerophine 3418A or SIPX). In these tests, the pH was 9.2 and an
addition of 10 g/t sodium cyanide was made. The dosage of Aerophine 3418A was 5 g/t
while that of SIPX was 10 g/t.

The chalcopyrite/sphalerite selectivity curves obtained with Aerophine 3418A are
shown in Figure 5.15 and those with SIPX in Figure 5.16. The legends show the
combination of gas used in the format “collectorless : conventional” referring to the two
stages of flotation performed. The most noticeable differences between the selectivity
curves presented are that the sphalerite recoveries obtained with SIPX (5 to 7% recovery)
are lower than those obtained with Aerophine 3418A (10 to 15% recovery).

Figure 5.15 Impact of flotation gas and collector (Aerophine 3418A) on Cp/Sp selectivity
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Figure 5.16 Impact of flotation gas and collector (SIPX) on Cp/Sp selectivity
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For these tests, and contrary to the expectation from the response observed
previously, the use of nitrogen as flotation gas in any of the flotation stages is detrimental
to chalcopyrite/sphalerite selectivity with SIPX as collector (last increment in Figure
5.16). On the other hand, Aerophine 3418A gave worst selectivities when the same
flotation gas was used for the collectorless and conventional flotation stages (i.e. air : air
or nitrogen : nitrogen; Figure 5.15). From Figure 5.16, it is noted that with SIPX as
collector, performing the collectorless flotation stage with nitrogen gave worst overall
selectivities than performing it with air although the collectorless flotation stages gave

essentially the same resuits.

The difference between the expected response to the type of flotation gas from the
previous flotation tests and these tests is likely to be related to the characteristics of the
feed sample. Variable feed characteristics is always a difficulty when performing
investigations on plant material. However, it did not appear that using different types of
flotation gas would allow the manipulation of the flotation response in a controllable

manner.
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Impact of oxidizing or reducing agents

A series of four tests was performed to evaluate the impact of oxidizing or
reducing agents such as potassium permanganate (KMnO,) and ferrous sulphate (FeSO,)
respectively on the copper rougher flotation. The main conditions were an addition of 10
g/t of sodium cyanide (Ep after addition of -80 mV vs. SCE) and the addition of either 10
g/t of KMnO, (AEp of +20 mV) or 40 g/t of FeSO, (AEp of -15 mV). The first two
concentrate increments were collected without the addition of collector while the third
increment was collected after the addition of either 5 g/t of Aerophine 3418A or 10 g/t of
SIPX. The flotation gas was nitrogen.

The selectivities between chalcopyrite and sphalerite are shown in Figure 5.17
while that between chalcopyrite and pyrite are shown in Figure 5.18. It can be noted in
Figures 5.17 and 5.18 that the collectorless flotation stages (first two concentrate
increments) gave essentially the same results for all four tests. Only with the third
concentrate increment, where the collector was added, that the selectivity curves show

visible differences.

Figure 5.17 Impact of potential modifying agent and collector on Cp/Sp selectivity

100
<y i
> 80 i
5 C
P C
o 6041
) L
o _
Q b
£ 404 —o— KMnO4 - A3418A
o> -
Y i —o— KMnO4 - SIPX
% 20 L —a—FeS04 - SPX
S —o—FeSO4 - A3418A
0+ T
0 5 10 15 20 25
Sphalerite Recovery (%)




201

Figure 5.18 Impact of potential modifying agent and collector on Cp/Py selectivity
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The main observation is that Aerophine 3418A yields essentially the same
recoveries irrespective of the potential modifying agent added while chalcopyrite recovery
with SIPX is drastically reduced when ferrous sulphate is present (reducing conditions).
The apparent lack of response of Aerophine 3418A to the introduction of oxidizing or
reducing agents could be related to a collector-mineral interaction mostly based on
chelation rather than on oxidation-reduction reactions. The results obtained confirm that
Aerophine 3418A is less selective than SIPX under the conditions investigated.

An impact of the addition of oxidizing or reducing agents was expected for SIPX
from the discussion of the electrochemical model for the flotation of sulphide minerals
although the magnitude of the reduction in chalcopyrite recovery with ferrous sulphate
(from 70% to less than 40%) is large in relation to the small observed drop in pulp
potential prior to flotation (15 mV). This is due to the use of nitrogen as flotation gas
which prevented the oxidation of the ferrous ions to ferric ones normally occurring with
air. Chalcopyrite flotation can be delayed by the introduction of ferrous ions but is not

depressed when air is the flotation gas.
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Impact of flotation gas on copper and zinc flotation

As a final investigation on the combination of collectorless and conventional
flotation for copper rougher flotation with either air or nitrogen as flotation gas, the
subsequent impact on the zinc rougher flotation was examined. The conditions were 10
g/t sodium cyanide prior to copper collectorless flotation (two concentrate increments for
1 and 2 minutes of flotation) and a 5/t of Aerophine 3418A addition for the collection of a
third increment (3 minutes of flotation). The zinc rougher was performed following
copper sulphate activation (200 g/t) and three concentrate increments for 1, 2, and 3
minutes of flotation, each one with the addition of 5 g/t SIPX. Air or nitrogen was used
as flotation gas. The pulp pH was raised to 10.0 using lime prior to the introduction of
sodium cyanide, from the as collected pH of 9.0, to correspond to the plant copper

rougher pH at that time.

The copper grade-recovery curves are shown in Figure 5.19 while the zinc grade-
recovery curves are shown in Figure 5.20. The legends refer to the flotation gas used

respectively for the copper and zinc flotation stages.

Figure 5.19 Copper grade-recovery curves (combined collectorless and conventional
flotation; Aerophine 3418A and air or nitrogen as flotation gas)
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The copper grade-recovery curves (Figure 5.19) follow the ranking established
earlier (Figure 5.6) in that the collectorless concentrate collected with nitrogen as flotation
gas (first two increments in Figure 5.19 with the exception of one test where both
increments had to be combined for assaying) have higher copper grades and recoveries

than those collected with air as flotation gas.

The experimental design indirectly provided two copper rougher results with
nitrogen as flotation gas and two with air. It can be observed in Figure 5.19 that the
reproducibility of the copper rougher with air as flotation gas was excellent while it was
less than desirable with nitrogen. This appears to be related to the order in which the
tests were performed. The pulp potential was —103 mV vs. SCE in the first test which
was with nitrogen as flotation gas for the copper rougher (0 in Figure 5.19) and -60 mV
in the second one (©) also with nitrogen. The corresponding values were -40 mV for the
third test (a) and -19 mV for the fourth one (o) which were performed with air. The
jump in pulp potential is larger between the first and second tests in the series than
between the second and third, and the third and fourth. The progression towards higher
pulp potentials as a test series progresses is linked to diffusion of oxygen from
atmospheric air into the feed pulp over time and represents a challenge for test
reproducibility. Nevertheless, the pulp potential at the time of the collector addition
(third increment) was —130 mV vs. SCE with nitrogen for copper flotation and -20 mV

with air, irrespective of the actual initial potential.

With air as flotation gas, there is an apparent delayed chalcopyrite flotation during
the collectorless stages compared to nitrogen and the collectorless concentrate increments
have lower grades than the combined concentrate. This appears to be related to the
presence of a higher proportion of galena in the feed sample than encountered earlier and
the collectorless increments contained around 2% Pb with air as flotation gas compared to
1.0% Pb with nitrogen.
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The zinc grade-recovery curves (Figure 5.20) can be grouped according to which
gas was used for the copper rougher flotation stage. In the two tests where air was used
for the copper rougher stage, the first zinc rougher concentrate graded above 40% zinc
but lower zinc recoveries were obtained when nitrogen was used for the zinc flotation
stage. In the two tests where nitrogen was used for the copper rougher stage, the first
zinc rougher concentrate graded less than 30% zinc or less, with the worst grade achieved
when nitrogen was also used for the zinc rougher stage. Pyrite was the main mineral

initially recovered in this case.

Figure 5.20 Zinc grade-recovery curves (combined collectorless and conventional copper
flotation and air or nitrogen as flotation gas)
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The results obtained with nitrogen as flotation gas are not surprising since that it
has been demonstrated that nitrogen can lead to a preferential flotation of pyrite over that
of sphalerite (153). This makes the use of nitrogen less than desirable in this case. With
air as flotation gas for the zinc flotation, the grade of the zinc rougher concentrate
eventually recovers, when nitrogen was used for the preceding copper flotation, but the

shape of the grade-recovery curve is not the most inviting.
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Interestingly, all four tests yielded essentially the same 4-5% zinc losses to the
tailings. The apparent higher zinc recovery into the zinc rougher concentrate observed
for some of the tests in Figure 5.20 essentially arises from the lower amount of zinc

recovered into the corresponding copper rougher concentrate.

It unfortunately appears that the conditions which are best for the copper rougher
flotation stage are not necessarily ideal for the zinc rougher flotation stage. Moreover, in
a plant, a good portion of the zinc reporting to the copper rougher concentrate would be
depressed in the copper cleaning stages and would thus report to the zinc circuit. The
challenge, often based on economic criteria, is one of balancing selectivity in one part of
the circuit with that in another part. It thus appears that performing a combination of
collectorless and conventional flotation for the copper rougher stage with the assistance of
nitrogen as flotation gas, although technically feasible and promising, is not practical

when considering the subsequent zinc rougher flotation stage.

5.4.2 Impact of grinding environment

A series of tests was performed by using a crushed plant feed and performing the
grinding in the laboratory. The composition of the grinding media was varied between 60
and 100 wt% stainless steel to better understand the impact of the grinding media on
flotation selectivity. The copper collector used was Aerophine 3418A at a total dosage of
15 g/t with equal increments to the three flotation stages. However, in some of these

tests, the first collector increment was added to the grind rather than to the flotation stage.

Also, tests involving one cleaning stage as well as the rougher stage were
performed with sulphur dioxide (to pH 6) being the main depressant in the copper
cleaning stage. The conventional reagent suite of sodium cyanide (50 g/t), zinc sulphate
(250 g/t) and lime (250 g/t to the grinding stage plus what was needed to obtain pH 9.5
for the copper flotation) was used. Both copper and zinc flotation stages were performed

but only the results obtained for the copper stages will be discussed here.
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The relationship between the pulp potential measured after grinding and the
proportion of stainless steel in the grinding charge is shown in Figure 5.21.
Reproducibility of the pulp potential measurement from test to test with the same
composition of grinding media was generally within 25 mV. It is noted in Figure 5.21
that the pulp potentials obtained with a full stainless steel charge do not appear to be an

extrapolation of those obtained with the mixed charges.

Figure 5.21 Impact of composition of grinding media on pulp potential after grinding
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Copper rougher response

The observed mineral recovery relationships are shown in Figures 5.22 through
5.24 for the tests where all the collector was added to the flotation stage and in Figures
5.25 through 5.27 for the tests where one third of the collector was added to the grinding

stage.

The most striking feature of the plots is an apparent discontinuity of the curves
between 95 and 100% stainless steel especially in Figures 5.22 and 5.25 where the



207

relationships are shown as a function of the composition of the grinding charge. It would
appear that the response obtained at 100% stainless steel cannot be projected by an
extrapolation of the curves to 100% stainless steel, similarly to what was observed for the
pulp potential after grinding (Figure 5.21). Recalling that galvanic interactions play a
major role as to the outcome of the flotation process, the conditions imparted by a 100%
stainless steel charge are that of the sulphides being oxidized whereas at lower proportion

of stainless steel, it is the grinding media which is oxidized.

The rest potentials shown in Table 5.1 indicate a 200 mV difference between the
mild steel and the stainless steel rods. The range in initial pulp potentials observed in
these tests, between 60% and 100% stainless steel in the grinding media is around 150
mV. This would indicate that even at 60% stainless steel in the grinding media, the

grinding environment is dominated by mild steel.

Figure 5.22 Initial floatabilities as a function of grinding media composition (all collector

to flotation)
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Figure 5.23 Initial floatabilities as a function of Ep (all collector to flotation)
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Figure 5.24 Ultimate floatabilities as a function of Ep (all collector to flotation)
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With all the collector added to the flotation stages (Figures 5.22 through 5.24), the
initial and ultimate floatabilities are strongly dependent on the composition of the grinding
media (and hence the initial pulp potential). Notably, the ultimate sphalerite recovery
increases noticeably for pulp potentials higher than -50 mV vs. SCE (Figure 5.24)
corresponding to a composition of 90% stainless steel or higher (Figure 5.22).
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However, when one third of the collector is added to the grinding mill (Figures
5.25 through 5.28), the impact is lessened. In fact, for the ultimate floatabilities with one
third of the collector added to the grinding mill (Figure 5.27), there would be no impact
of the composition of the grinding charge (and the thus the initial pulp potential) up to
95% stainless steel (Figure 5.27) corresponding to -25 mV vs. SCE (Figure 5.27).

Figure 5.25 Initial floatabilities as a function of grinding media composition (1/3 of
collector to grind)
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Figure 5.26 Initial floatabilities as a function of Ep (1/3 of collector to grind)
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Figure 5.27 Ultimate floatabilities as a function of Ep (1/3 of collector to grind)
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It would appear that by adding the collector to the grinding mill, the sulphides are
protected from galvanic interactions. Furthermore, when the collector is added in the
grinding circuit, as performed at many concentrators, the probability of being capable of
defining a relationship between selectivity and the measured potential at the head of the
flotation circuit is small; the collector having performed its function at the lowest possible

degree of oxidation for the pulp.

Copper cleaner response

Similar relationships can be observed when examining the ultimate cleaner
floatabilities as a function of pulp potential with all the collector added to the rougher
flotation stage (Figure 5.28) and one third of the collector added to the grinding stage for
the rougher (Figure 5.29).

The ultimate copper and silver recoveries from the cleaner stage are relatively
independent of the pulp potential at the rougher stage although there is a small trend of
increasing recovery at the higher potentials. Also, sphalerite recovery is minimal when
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the pulp potential in the rougher stage was lower than -50 mV vs. SCE. This is more
noticeable when all the collector was added to the floration in the rougher (Figure 5.28)
than when one third of the collector was added to the grind (Figure 5.29). Galena
recovery is variable and this could be related to the use of sulphur dioxide in the cleaning

stage. Finally, very little pyrite is recovered from the copper cleaner.

Figure 5.28 Ultimate cleaner floatabilities as a function of Ep (all collector to flotation in

the rougher)
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Figure 5.29 Ultimate cleaner floatabilities as a function of Ep (1/3 of collector to grind in
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5.5 Conclusions

The rest potentials of sulphide minerals are higher in the presence of Aerophine
3418A than in its absence, especially for the copper minerals. This could be due to

chelation of the metal atoms from the surface of the minerals when adsorption occurs.

Addition of Aerophine 3418A following collectoriess flotation leads to a lowered
selectivity between the copper minerals and sphalerite. Use of nitrogen as flotation gas
prevents oxidation which in the case of the A-1 zone ore may lead to in-situ activation of
the sphalerite and thus restores selectivity while achieving high copper and silver

recoveries. Pulp pH has a major impact on selectivity.

When sodium cyanide is used to prevent sphalerite activation, conflicting results
are obtained as to the impact of the flotation gas on selectivity. Feed sample variation
could be an origin for the conflicting results. SIPX was generally more selective than
Aerophine 3418A, irrespective of the flotation gas, and its selectivity could be modulated
by addition of oxidizing or reducing agents contrary to Aerophine 3418A.

There appears to be a correlation between rapidly tarnishing chalcopyrite grains
and their presence in collectorless flotation concentrates. Chalcopyrite grains in the

concentrates recovered with a collector remained relatively pristine.

The flotation response obtained with a 100% stainless steel grinding charge cannot
be extrapolated from the response established as the proportion of stainless steel
increases. Adding a portion of the collector to the grinding stage minimizes the
detrimental impact of the oxidation-reduction environment during grinding on the
flotation response at the rougher and subsequent cleaning stages. Finally,
chalcopyrite/sphalerite selectivity was best if the pulp potential when the collector was

first introduced, or copper flotation was initiated, was —-50 mV (Au vs. SCE) or lower.
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6 PLANT DETERMINATION OF THE IMPACT OF PULP POTENTIAL

6.1 Selection of location for on-line electrodes

The work by Gebhardt et al. (83) on chalcocite and pyrite and laboratory tests
(Sections 1.5, 1.6 and 5.4) showed that the potential at which the collector is introduced
into the flotation pulp has a greater impact upon selectivity than that at which flotation is
performed. This observation was used to select the most appropriate location of the pulp

potential sensors.

At Les Mines Selbaie, the first collector addition point is at the feed box of the
rougher flotation bank. Hence, the most logical and practical choice was to locate the

on-line potential sensor in the first flotation cell of the rougher bank.

At the Kidd Creek Concentrator, the first collector addition point is in the feed
box to the sulphur dioxide conditioner. Testing with hand-held electrodes showed that the
short term variability of the pulp potential measurement in the sulphur dioxide conditioner
was too large to be useable. The on-line sensor was located in the feed box to the

primary rougher bank which was the most easily accessible alternative location.

6.2 Les Mines Selbaie

6.2.1 Sensitivity to pH level and sodium cyanide dosage

The traditional practice to modulate copper/zinc selectivity is to vary the flotation
pH and sodium cyanide dosage. The collector dosage is also used but the permissible
variation is limited by the minimum level required to sustain copper recovery. The zinc
sulphate dosage has a very limited impact on the selectivity. However, there are only a
few copper/zinc concentrators which can achieve selectivity without the addition of zinc

sulphate.
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Step changes in the pH (lime addition) set-point and sodium cyanide dosage were
performed to determine the sensitivity of the pulp potential, Ep, to these process variables

in the plant. Figures 6.1 and 6.2 show examples of the results obtained.

An increase in pH from 9.0 to 9.5 (Figure 6.1) introduces a drop in Ep from
about 25 to 5 mV. The pulp potential would decrease by about 40 mV per pH unit
increase in the alkalinity of the pulp. The effect of pH on Ep is relatively rapid. The
lime addition point used to automatically maintain the pH in the copper rougher is in the
copper rougher conditioner where the fresh feed and recycled copper cleaner-scavenger

concentrate are mixed together.

Figure 6.1 Sensitivity of Ep to a step change in pH set-point from 9.0 to 9.5
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The pulp potential is also sensitive to the sodium cyanide dosage (Figure 6.2).
However, there is a significant lag (about 25 minutes from A to A’ and B to B’) between
a step-change in NaCN dosage and the resulting Ep response. This lag reflects the
residence time in the grinding circuit where the reagent is added. Increasing the dosage
from 8 to 25 g/t NaCN causes the Ep to drop from about 8 to -15 mV. This would give a
drop of 1.4 mV in potential per g/t NaCN increase.
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Figure 6.2 Sensitivity of Ep to changes in NaCN dosage set-point
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6.2.2 Window of selectivity

The sensitivity of the pulp potential to the chemical conditions of the pulp
indicates that it might be possible to use this approach to optimize the reagent dosages for
copper/zinc selectivity. Hence, plotting the copper and zinc recoveries against the pulp
potential might indicate a region, or a window, over which selectivity is achieved and
consequently what might be set-points for these reagents. This is similar to what was
performed for the interpretation of the laboratory flotation test results although no attempt
was made in the plant to manipulate the pulp potential as was done in the laboratory.

Such a plot is shown in Figure 6.3.

In Figure 6.3, the daily averages for the copper and zinc recoveries to the final
copper concentrate from June through August 1989 are plotted against the daily average
of the pulp potential. This time period was selected because it was certain that the on-line
pulp potential sensor was giving good measurements (Figure 4.22). The regressions, as

well as the correlation coefficients, for the two observed trends are shown as well.
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Figure 6.3 Window of copper/zinc selectivity at Les Mines Selbaie: June-August 1989
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The data in Figure 6.3 exhibit a high scatter, which is typical for plant results
even after removing the data points representing start-up/shut-down conditions.
Nevertheless, relationships between copper and zinc recoveries to the copper concentrate
and the pulp potential can easily be observed even though their quantitative determination
is not unequivocal as suggested by the low correlation coefficients obtained. The
copper/zinc selectivity is highest (highest copper recovery and lowest zinc recovery) for
pulp potentials below 10 mV (Au vs. Ag/AgCl). This limit corresponds well to the value
of -50 mV vs. SCE (-10 mV vs. Ag/AgCl) determined in the laboratory flotation tests.

The relationship between zinc recovery to the copper concentrate and the pulp
potential is one of increasing recovery with potential as seen in the laboratory testwork
(e.g. Figure 1.17). However, the relationship for copper recovery is one of decreasing
recovery with increasing potential contrary to the laboratory results which generally

indicated a plateau over a similar range of pulp potentials.

The decreasing copper recovery with increasing pulp potential, and indirectly the

scatter in the data, arise from the operating constraints experienced in the plant compared



217
to the laboratory conditions. In the laboratory, the feed characteristics (grades and ore
type) remain constant during a test series and the flotation response is allowed to yield its
ultimate concentrate quality. In the plant, the ore characteristics vary on a daily basis,
and the concentrates must meet minimum quality standards to be accepted by the smelting

and refining facilities.

There are five ore types with average assays varying between 0.13% Cu and
3.56% Zn and 4.44% Cu and 6.35% Zn at Les Mines Selbaie (Table 3.1). The assays of
the mill feed at a particular moment is determined by the mining schedule and the degree
of blending performed. It is difficult to track the proportion of each ore type, particularly
the “E” type containing the secondary copper minerals. However, it is relatively easy to
examine the impact of the feed assays on the metallurgical response. Figures 6.4 through
6.6 present trends determined over the duration of the on-line monitoring of the pulp

potential.

The impact of the copper content of the mill feed on the copper recovery to the
final copper concentrate is shown in Figure 6.4. A trend of increasing copper recovery to
the concentrate with increasing feed copper assay can easily be observed in Figure 6.4
even though there are a few outlying points. The lower copper recovery at the lower feed
copper assay reflects the greater difficulty in concentrating the valuable minerals as they

become more disseminated in the gangue.

The zinc content of the mill feed is somewhat related to the copper content as seen
in Figure 6.5. The observed trend is not one of a nearly constant zinc to copper assay
ratio, which would reflect how concentrated the mineralization was in the ore, but one of
increasing zinc to copper assay ratio as the copper content in the ore decreases. This is

due to the presence of different ore types in the mine.
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Figure 6.4 Relationship between copper recovery and copper feed assay: June 1989-

February 1990
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Figure 6.5 Relationship between copper and zinc contents of the mill feed: June 1989-
February 1990
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There are two implications of a rising zinc to copper assay ratio with decreasing

copper feed assay. The first one is a decreasing copper recovery to the copper
concentrate as the zinc to copper assay ratio in the feed increases. This can be inferred

from the relationship between copper recovery and copper feed assay (Figure 6.4).

The second one arises from the need to maintain the quality of the final copper
concentrate irrespective of the quality of the mill feed. Essentially, the zinc recovery to
the copper concentrate must decrease as the zinc to copper assay ratio in the feed
increases to obtain a similar quality of the copper concentrate. The trend observed over
the duration of the on-line monitoring of the pulp potential at Les Mines Selbaie is shown

in Figure 6.6.

Figure 6.6 Relationship between the zinc recovery to the copper concentrate and the zinc
to copper assay ratio in the mill feed: June 1989-February 1990
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Given these relationships, one might expect to observe a trend between the
measured pulp potential and the zinc to copper assay ratio in the mill feed as the operators
would manipulate the flotation pH (better selectivity at higher pH) and the sodium cyanide

dosage set-point accordingly to maintain the quality of the copper concentrate. A plot of
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the measured pulp potential as a function of the zinc to copper assay ratio in the feed for
the period of June to August 1989 is presented in Figure 6.7. This period corresponds to
the window of selectivity presented in Figure 6.3. Unfortunately, no clear trend is visible
in the data.

Figure 6.7 Relationship between the pulp potential and the zinc to copper assay ratio in
the feed: June-August 1989
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The copper and zinc recoveries to the copper concentrate as a function of the pulp
potential over the period from September through November 1989 are shown in Figure
6.8. This time period corresponds to an upward trend in the measured pulp potential
(Figure 4.22). The arrival of winter and contamination of the reference electrode of the

pulp potential sensor were suggested as two possible causes for this upward trend.

No clear window of copper/zinc selectivity can be observed in Figure 6.8.
However, the data can be divided into two groups along a pulp potential of 85 mV (Au
vs. Ag/AgCl). Below this value, trends similar to that observed earlier for the period
from June through August 1989 (Figure 6.3) can be seen. Above this value, the only

definite trend is one of increasing zinc recovery with increasing pulp potential.
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Figure 6.8 Window of copper/zinc selectivity at Les Mines Selbaie: September -
November 1989
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All the factors discussed previously apply with one exception. For this time
period, there is a clear trend between the measured pulp potential and the zinc to copper

assay ratio in the feed as suggested by the data presented in Figure 6.9.

Figure 6.9 Relationship between the pulp potential and the zinc to copper assay ratio in
the feed: September — November 1989
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The higher pulp potentials in Figure 6.8 correspond to days for which the zinc to
copper assay ratio in the feed was low and the process requirements for depression of
sphalerite could be relaxed. Hence, there is a third plausible reason for the upward pulp

potential trend from September through November in Figure 4.22. This one is simply
related to the process itself.

From December 1989 through February 1990, the pulp potential measurements
and the recoveries were available as hourly averages from the process control system.
Three time periods of interest were selected and the corresponding windows of
copper/zinc selectivity are shown in Figures 6.10 through 6.12. The data will not be
analysed as extensively as for Figures 6.3 and 6.8. The aim here is to provide a flavour

of the challenges facing the implementation of the technology in an operating plant.

In Figure 6.11, the time period covered is the week prior the pulp potential sensor
was tested and determined not to respond properly (point B in Figure 4.22). It is noted
that the copper and zinc recoveries to the copper concentrate follow similar trends as that

already determined earlier for the period of June through August 1989 (Figure 6.3).

Figure 6.11 Window of copper/zinc selectivity at Les Mines Selbaie: December 1989
(bad pulp potential sensor)
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However, the pulp potential at which copper recovery decreases rapidly, while

zinc recovery starts to rise significantly, is now around 250 mV vs. Ag/AgCl rather than
the 10 mV value determined previously (Figure 6.3). Hence, although the sensor was
indicating an erroneous measurement (bias) due to a contamination of the reference
electrode, relationships between copper and zinc recoveries and the pulp potential can still

be observed.

The window of copper/zinc selectivity after replacement of the on-line pulp
potential sensor (point C in Figure 4.22) is shown in Figure 6.11. The copper recovery
to the copper concentrate tends to decrease as the pulp potential rises above 0 mV vs.
Ag/AgCl. Also, the zinc recovery tends to be more scattered, and slightly increasing as
the pulp potential rises above 0 mV. These trends are however not as convincing as those
observed earlier in Figure 6.3 but exhibit a similar limiting pulp potential for the highest
copper/zinc selectivity. A thorough analysis (e.g. pulp potential vs. zinc to copper assay
ratio in the feed as performed in Figure 6.9) might indicate the existence of other process

factors affecting the window of selectivity.

Figure 6.11 Window of copper/zinc selectivity at Les Mines Selbaie: December 1989
(new pulp potential sensor)

100 25

s [ ] <
- L l120%=

§ 80 g
3 I a o
?o_ i 1 15 c§
> L o
= 60 T >
3 aCu 1108
8 : Zn A 8
T 4wl R A e
a S & A A o
2 a a Sa Sm'a A N
o o
8 ol ain & ot WBERARC

20 g8 % AL Lo i Vsl A.rA 0

-100 -50 0 50 100
Ep (mV; Au vs. Ag/AgCl)




224

Finally, the results for February 1990 are shown in Figure 6.12. During that time
period, the on-line pulp potential had a contamipated reference electrode but no spare
sensor was available for replacement. Relationships between copper and zinc recoveries
and pulp potential can be observed and these are similar to those in Figures 6.3 and 6.11.
However, the "optimum" pulp potential would appear to be around -250 mV vs.
Ag/AgCl rather than the initially observed 10 mV in Figure 6.3 and O mV in Figure 6.11.
The situation is the same as that observed in Figure 6.10 with strong trends between

recoveries and pulp potential but erroneous measurements due to a faulty sensor.

Figure 6.12 Window of copper/zinc selectivity at Les Mines Selbaie: February 1990
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These results obtained over nearly a full year of on-line monitoring of the pulp
potential indicate that gains in selectivity could be achieved if the pulp potential was
maintained below the limiting value at which copper recovery starts to drop. Depending
on the feed characteristics, zinc recovery to the copper concentrate may or may not

increase when the pulp potential exceeds this threshold level.
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Maintaining the pulp potential below the threshold level could be achieved by
modulating the dosages of reagents which are currently used for the process (e.g. lime
and sodium cyanide). The success of such an approach would nevertheless be highly
dependent on the quality of the on-line pulp potential probe and the establishment of an
efficient preventive maintenance program for this electrode. Also, as with any other

process variables in flotation, the impact of ore variability will be significant.

6.3 Kidd Creek

Figures 6.13 and 6.14 present different attempts to correlate the copper and zinc
recoveries to the copper concentrate with the pulp potential measured in different
locations of the circuit. These measurements were made daily over a period of one

month.

In Figure 6.13, the monitoring point was the feed box of the primary copper
rougher. The average of the three parallel banks is reported. The relationship between
copper recovery and the pulp potential is similar in general nature to the one observed at
Les Mines Selbaie as the recovery to the copper concentrate drops if the pulp potential
becomes higher than 0 mV vs. Ag/AgCl. The extend of at which copper recovery drops
as the pulp potential increases is, however, not as marked as that observed at Les Mines

Selbaie.

On the other hand, the apparent relationship between zinc recovery to the copper
concentrate and the pulp potential differs from that observed previously. Zinc recovery
appears to increase if the pulp potential decreases below -20 mV vs. Ag/AgCl, or
increases if the pulp potential rises above 10 mV. However, the scatter in the data

somewhat dampens any excitement which could be generated from this observation.
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Figure 6.13 Window of selectivity at Kidd Creek using the Ep at the primary rougher
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A different picture is observed when the pulp potential at the feed box of the
secondary copper rougher (Figure 6.14). Namely, it would appear that the copper
recovery increases with increasing pulp potential. However, this trend is very weak in
comparison of the scatter in the data. No visible trend could be observed between zinc
recovery to the copper concentrate and the pulp potential at the secondary copper

rougher.

The potentials at the secondary copper roughers are significantly higher (5 to 95
mV vs. Ag/AgCl) than those at the primary copper roughers (-40 to 20 mV vs. Ag/AgCl)
although the observed ranges tend to overlap. The higher potentials are due to the
presence of a flotation stage, the Prefloat stage, between the secondary grind and the
secondary roughers (Figure 3.19).



227
Figure 6.14 Window of selectivity at Kidd Creek using the Ep at the secondary rougher
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The results in Figures 6.13 and 6.14 confirm that the best location for the on-line
sensor is at the primary copper rougher with respect to copper recovery. On the other
hand, the apparent relationship between zinc recovery to the copper concentrate and the
pulp potential differs from that observed previously in that zinc recovery increases as the
pulp potential moves on either side of a central value. This central value, around 0 mV
vs. Ag/AgCl, corresponds to the pulp potential at which copper recovery tends to drop

more rapidly with increasing potential.

In the absence of significant amounts of secondary copper minerals in the Kidd
Creek ore, in-situ activation of sphalerite would not be the mechanism by which impedes
copper/zinc selectivity in this case contrary to Les Mines Selbaie. It is possible that the
observed relationship between the zinc recovery to the copper concentrate and the pulp
potential at the primary rougher flotation stage is genuine. Only with an examination of
other process variables such are ore characteristics and reagent dosages could this

relationship confirmed.
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6.4 Conclusions

The use of the pulp potential is not the miracle solution to a selectivity problem in

a copper-zinc concentrator.

The copper recovery to the final concentrate appears to drop with increasing pulp
potential at the beginning of flotation. Limiting potentials of 10 mV vs Ag/AgCl and 0
mV have been observed at the Al zone circuit of Les Mines Selbaie and the Kidd Creek
Concentrator respectively. The similarity between these values is surprising considering
the much higher copper feed assay at Kidd Creek (3.5% Cu) compared to Les Mines
Selbaie (0.9% Cu).

It appears that a definite relationship between the zinc recovery to the final copper
concentrate and the pulp potential exists only if in-situ activation of the sphalerite is the
main mechanism for poor copper/zinc selectivity. When this relationship exists, it tends
to indicate limiting pulp potentials for low zinc recovery which are nearly equal to those

inferred for optimum copper recovery.

A conservative approach would be to maintain the pulp potential below the
limiting value at which the copper recovery starts to drop. This could be achieved by
modulating the dosages of reagents which are currently used for the process (e.g. lime

and sodium cyanide).

The success of such a conservative approach would nevertheless be highly
dependent on the quality of the on-line pulp potential probe and the establishment of an
efficient preventive maintenance program for this electrode. Also, as with any other

process variables in flotation, the impact of ore type variability will be significant.
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7 CONCLUSIONS, RECOMMENDATIONS AND CONTRIBUTIONS TO
KNOWLEDGE

7.1 Conclusions

7.1.1 Significance of the pulp potential, Ep

Investigation of the behaviour of noble metal and mineral electrodes in mineral
slurries and the determination of relationships between mineral floatability and measured

potential, under various conditions of conditioning and flotation, have indicated that:

i) The electrochemical potentials monitored in flotation slurries are mixed potentials
involving the oxidation-reduction couples in the solution and those of the mineral particles
when contacting the sensing electrode. As such, they cannot be readily related to
thermodynamic quantities of the system (such as the standard potentials of reaction) unless

the kinetics of all oxidation-reduction reactions occurring in the system are known.

ii) The response of a potential sensing electrode immersed in a mineral slurry appears to
be amenable to a model considering the relative capacitances of the surface of the
electrode and the mineral particles. This model is however incomplete and does not

account for all the responses observed.

iii) The oxidation-reduction state of the mineral pulp, as indicated by the pulp potential
measured using a suitable sensing-reference electrode pair, is conducive to flotation of a
given mineral if this state is more oxidizing than that required for (i) induction of metal-
deficient/elemental sulphur surface, (ii) adsorption of the collector on the mineral in

galvanic contact with the other sulphide minerals in the system.

iv) The sulphide minerals can be ranked in galvanic series by measuring the rest
potentials of mineral electrodes immersed in a solution of the same pH as the flotation

system. Rest potentials under aeration of the solution are indicative of the ranking for
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collectorless flotation while those under aeration and collector addition are indicative of
the ranking for conventional flotation. Those minerals with the lowest rest potentials will
see their reactions and resulting floatability enhanced by galvanic contact with minerals
with higher rest potentials.

v) Selective flotation of one mineral is generally achieved if the measured pulp potential is
higher than that of its rest potential for the system considered but lower than that for the
gangue sulphides. However, oxidation products such as metal ions can lead to a reduced
selectivity if they can act as activators for the other sulphide minerals, for example copper

ions and sphalerite.

vi) The use of gold as a suitable general material for laboratory and on-line pulp potential
measurement has been confirmed. There are also practical advantages of gold electrodes

over the ideally preferable mineral electrodes.

7.1.2 Application of Ep for modulation of flotation response of sulphide minerals

The laboratory and plant investigations performed demonstrated the possibility of
modulating the flotation response indirectly by manipulation of the pulp potential via the
addition rate of modifiers normally used in the process. A simple monitoring of the pulp
potential while the process is manipulated aillows for the determination of windows of
selective flotation and which modifier is most effective in varying the pulp potential.
Implementation of a control strategy would simply require a changeover for a rate based
control loop (e.g. grams reagent per tonne of ore) to one involving a pulp potential set-

point. Some limitations to this approach were observed:
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i) The on-line pulp potential sensor should be immersed in the process at or before the
first point of addition of the collector. It is the oxidation-reduction state of the pulp at the
instant of introduction of the collector which has the greatest impact on the selectivity of

adsorption and resulting flotation.

it) The window of selectivity between two suiphide minerals is likely to be specific to a
given ore and a given concentrator. Notably the leading edge, and width, of the windows
were different between the A-1 zone ore of Les Mines Selbaie and the copper-zinc ore of
the Kidd Creek Division of Falconbridge Limited.

iii) Maintaining the on-line pulp potential sensor in good condition is crucial to the

success of the approach.

iv) Varying the proportion of mild steel grinding media in a mixed charge may be a
practical way to manipulate the pulp potential for laboratory investigations. However, the
pulp potentials and flotation response with a stainless steel charge are not an extrapolation

of those obtained with mixed charges to zero percent mild steel.

7.1.3 Preventive maintenance for on-line pulp potential sensors

A survey of Canadian mining operations regarding the similar combination pH
sensors, and experience gained during plant monitoring campaigns have indicated that
contamination of the electrolyte and/or blockage of the porous junction of the reference
electrode is the most frequent cause of failure of the on-line sensor. This was unexpected
since from the literature, the main challenges indicated were poisoning of the potential

sensing material and build-up of scale.
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Consequently, sound procedures, capable of surviving short cuts often taken in an
industrial environment were developed to test if the on-line sensor is in a state leading to
give reliable measurements. Furthermore, the procedures are able to indicate which
element of the electrode pair, the reference or the potential sensing electrode, is at fault

when a poor state is observed.

If electrode poisoning and build-up of scale is problematic, schemes such as timed
acid wash/water rinse and electrochemical conditioning of the sensor can be implemented.
However, such schemes are not usually available from suppliers of sensors and have to
be devised on a custom basis. The repeated attack of the surface of the potential sensing
electrode by the acid or the strong oxidizing conditions required for electrochemical
conditioning means that sulphide mineral electrodes could not be used for these

applications.

7.2 Recommendations for future work

The present study has highlighted areas for further investigations. Some of these
are of fundamental nature while the others are more related to the practical use in mineral

processing laboratories and plants.

7.2.1 Fundamental work

i) With the exception of the xanthate and dithiophosphate collectors, there is very little
information relating to the standard potential of more selective collectors and how it is
affected by the length of the hydrocarbon chain such as the dithiophosphinate collectors
(e.g. Aerophine 3418A). Although thermodynamic calculations can be used to generate

this information, there is a need for its experimental determination.
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ii) The generation of galvanic series of the sulphide minerals in collector solutions would
prove useful in screening suitable selective collectors (family and/or length of

hydrocarbon chain).

iif) The semi-conducting properties of sulphide minerals are rarely investigated. There
are indications that the form in which a collector is found on a mineral surface (either
thiolate or di-thiolate) is related to the mode of conduction (n- or p-type, or degenerated
to metallic). Also, when a sulphide mineral may exhibit n- or p-type conduction due to
impurities in its lattice, this may impact the reaction rates. Particularly of relevance to the
flotation system is the rate of oxygen reduction as it plays a significant role in single

mineral and multi-mineral systems.

iv) Further investigations into the nature of charge/electron transfer during particle-
electrode contacts, and how they affect the measured potential, would allow us to refine

the suggested model based on the relative capacities of the electrode and particle surfaces.

7.2.2 Development of reagent control schemes

Although on-line pH electrodes have been used for the past thirty years in mineral
processing plants, failure of the sensor is still the main cause of break-down of the
process control loops based on pH. The experience gained at Les Mines Selbaie and Kidd
Creek indicates that a similar situation will exist for pulp potential sensors no matter how

well prepared the technical and instrumentation personal are.

On the positive side, even though an on-line sensor may drift badly over a period
of time due to several reasons, there will still be a relationship between the flotation
selectivity and the measured value. It is just that the measured value will be at an offset

from the "true" value.
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Redundancy of the measurements, either with one or more additional pulp
potential sensors along the flotation circuit or with other process measurements, would
increase the reliability of a reagent control schemes based on manipulation of the pulp
potential. If for some reasons the critical sensor, that at the point of introduction of the
collector, develops a fault, then its odd behaviour will become apparent before mis-

leading the control loop.

7.2.3 Process control strategies

Using a differential pulp potential set-point rather than an absolute one may
prevent the control loop from failing due to a large drift of a single pulp potential sensor.
It would involve a smart control system to manipulate the set-point for a process
optimization. An inherent advantage of this approach would be the capability to adjust to
different ore types being processed. If the ideal pulp potential for selectivity for ore type
A is say -75 mV and the one for ore type B is -25 mV, then by trying out moving the
pulp potential by increments up to +/- 50 mV from the initial value, it may be possible to
self-adjust the control loop during variation of ore types. Compensation of a state with an
erroneous sensor is required and this may mean a smart (expert-system like) control

scheme which adjusts the potential set-point from its current measured value.

Inclusion of pulp potential measurements into advanced control systems involving
neural networks, expert systems, along with other information such as machine vision for

quantification of the froth character may provide a total control solution.
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7.3 Contributions to knowledge

i) Development of verification procedures applicable to on-line pulp potential sensors.

if) Confirmation of crucial process monitoring point, namely that the first introduction of
the collector in the slurry for the establishment of mineral recovery vs. potential

relationships.

iii) Confirmation of gold as a suitable electrode material for pulp potential measurements.

iv) Collectors which involve chelation during their adsorption process, such as the
dithiophosphinates, may not be amenable to modulation of their selectivity via

manipulation of the pulp potential after they have been introduced into the slurry.

v) Varying the proportion of mild steel grinding media in a mixed charge may be a
practical way to manipulate the pulp potential for laboratory investigations. However, the
pulp potentials with a stainless steel charge are not an extrapolation of those obtained with

mixed charges to zero percent mild steel.

vi) Suggestion of capacitance-resistance model for charge/electron exchange during

contacts between the mineral particles and the sensing electrode.
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