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Abstract

ABSTRACT

Dissolution, est potenual, cychie voltunmetry and contact angle studies have been
conducted on the components of INCO matte, chalcocite (Cu.SY and heazlewoodite (NS, i
water and collector solutions.

Dissolution of Ni from heazlewoodite was observed at pH < 10 which decreased to zero
at pH 12; Cu dissolution from chalcocite was much less significant The Nio o dissolution
mechanism was studied by perfornung dissolution experiments at pH 8 an saturated, ovygen
saturated and nitrogen-saturated solutions: 1t was found that dissolution was shightly higher in
oxygen-saturated than 1 air and nitrogen-saturated solutions. It was also tound that i the
presence of EDTA there was sigmticant additional dissolution of N

Rest potential measurements were conducted over pH range 4 to 12 an the presence and
absence of 2x10* M sodium ethyl xanthate (NaEX) and mercaptobenzothtazole (MBT)  Rest
potential measurements 1n water suggested that there could be galvanic interaction between
chalcocite (cathode) and heazlewoodite (anode) at low pH values which was suppressed with
increasing pH and became zero at pH 12. Rest potential measurements i the presence ot NabX
and MBT showed that the effect of collectors on chalcocite was more sigmificant than on
heazlewoodite; 1t was also noted that the rest potential values of the minerals were quite similar
in the presence of either Nal:X or MRT.

Cyclic voltammetry experiments were carried out on chalcocite and heazlewoodite at pH
10 and 12; the minerals showed a significant difference in thetr response 1n the presence and

absence of collectors The voltammograms suggested that both Nal:X and MBT interact with the



Abstract

minerdls in a stmilar manner, the interaction being more significant in the case of chalcocite than
heazlewoodite A notable reaction was that of NaEX and MBI in suppressing (passivating) the
oxidation ot chalcocite at potenuals > 0 25 V. A reaction for MBT on chalcocite at -0.06 V,
not reported previously, was proposed

Contact angle measurements were performed with chalcocite and heazlewoodite in the
presence of 2x10° M Nab:X over a range of potential and pH values. A significant difference
in contact angle between chalcocite and heazlewoodite was observed. There was general
agreement between cyclic voltammograms and contact angle measurements: For example, the
contact angle on Cu,S in the presence of NaEX increased significantly at the potential range

corresponding to passivation. No bubble contact was observed in the presence of 2x10° M MBT,

1




Résumé

RESUME

Utilisant des composantes de fa matte d’inco, la chalcocite (Cu.S) et 'heazlewoodite (Nt
S,). on a fait I'étude de dissolution. de potentiel au repos, de voltametrie cychque et d'angles
de contact en utilisant de 1'eau et des solutions contenant des collecteurs

On note une dissolution de nickel du muneral d’heaztewoodite & pH < 10, dissolution gun
décroit pour atteindre zéro a pH 12 La dissolution de la chalcocite est beaucoup momns
importante L e mécamsme de dissolution du nickel fut étudié en executant des experiences de
dissolution, & pH 8, dans des solutions saturces en air, en oxygene et en azote On nota un taux
de dissolution légercment plus élevé avec les solutions saturées d'oxygene qu’avee celles saturees
en air et en azote. Fait a noter, la présence d’EDTA hausse de tagon significative la dissolution
de nickel.

Des mesures de pot 'ntiel au repos ont été faites avec ou sans la présence d’éthylxanthate
de sodium (NaEX) a 2x10 M et de mercaptobenzothiazole (MBT) et ce & des pH vanant entre
4 et 12. A bas pH ct en utilsant de I'eau, les mesures de potentiel au repos suggerent la
possibilité d’une interaction galvanique entre la chalcocite (cathode) et 'heasziewoodite (anode)
Cette interacticn diminue avec P'accroissement du pH et disparait completement a pH 12 En
présence de NaEX et de MBT, les mesures de potentiel au repos mentrent que Peftet des
collecteurs sur la chalcucite est plus important que sur 1’heazlewoodite  On a ausst noté que la
valeur du potentiel au repos des minéraux était similaire, que ce soit ¢n présence du NabX ou
du MBT.

A des pH de 10 et 12, des expériences de voltamétrie cychique ont ¢té faites sur la

11




Résumé

char cente et Pheazlewoodite Avece ou sans collecteurs, les minéraux ont démontré une
diftérence significative dans leur réaction  Les voltammogrammes suggerent que le NaEX ainsi
gue le MBT réagissent de fagon similaire avec les deux nnnéraux. Lhinteraction ctant plus
mmportante avee la chaleocite qu’avee Pheaziewoodite  Digne de mention, 'effet suppressif
(passivation) du NaEX et du MBT sur 'oxydation de la chalcociie a des potentiels > 0.247 V.
Non rapportée précédemment, on propose une réaction du MBT sur la chalcocite a -0.006 V.

En présence de NaEX 2x [0 M et en vanant les valeurs de potentiel et de pH, cn a fait
la mesure d’angles de contact sur la chalcocite et 'heazlewoodite. On a observé une différence
significative des angles de contact mesurés sur les deux minéraux. Toutefors, il y a accord entre
les voltammogrammes cychques et les angles de contact mesurés. Par exemple, en présence du
NaLliX, I"angle de contact du Cu S augmente de facon significative a I'approche du potentiel de

passivation.  En présence de MBT 2x10 M, I'angle de contact est de zéro.

v
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CHAPTER 1. INTRODUCTION

1.1. BASIS OF FLOTATION FROM AN ELECTROCHEMICAL VIEW POINT

The fundamental chemical process in flotation 1s the interaction of a collector with the
mineral surface. This process renders the muneral surface hydrophobic and enables the mineral
to be held at the air-water interface when gas bubbles are introduced into a pulp and be
recovered as the concentrate n the froth phase. Hydrophilhic particles remain in the pulp and
form the tathng. The froth product 1s usually the desired mineral, but sometimes it 1s easier to
perform a reverse flotation in which gangue minerals are floated.

The flotation pulp consists of solid mineral particles dispersed 1n an aqueous solution. An
clectrical double layer 15 formed at the solid-solution interface [1]. The collector- mineral
interaction takes place in this double laye:. In the case of sulphides, the solid phase is a
conductor and can gain or lose electrons 1.e. can be reduced or oxidized, respectively. In this
case clectrochemical reactions are expected to play a role, i.e., reactions where electrons are
transterred between dissolved species and the mineral across the double luyer.

The electrochemical steps of collector (e.g. xanthate) adsorption can be written as follows
(21

Farst, cathodic reduction of oxygen :

O, + 2H,0 + 4" = 4OH’ {1}

Second, anodic oxidation and adsorption of xanthate, X :
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- X
4 4

+ e

——
t <
——

ads

More complex mechanisms have been proposed [3, 4], but the reactions above show the
basic concept that oxidizing conditions are required for the collector to be adsorbed onto the
mineral surface and that dissolved oxygen 1n the flotation pulp normally provides this condition

The oxidation-reduction dependence of collector adsorption onto sulphide mincetals tahen
individually 1s relatively well understood [3] But, an ore contains more than one sulphude
mineral and, 1in addition wet grinding 1s often performed with steel gnnding media (11 ¢ rod and
ball milling). Hence, it may be expected that interactions among the munerals and the grnnding
media will occur. These interactions are galvanic and cach half-reacuon occurs on a ditterent
material with the electron transfer occurring during contacts betweer the two mincerals [5]

The presence of a galvanic couple often yields reaction rates which are mgher than it
each of the minerals were separate For example, sphalerite (7.nS) 15 leached by acids at 4 taster
rate when pynte (FeS,) 1s present than when 1t 1s alone [6, 7].

The presence of galvanic interactions n flotation may be beneficial or detrimental
depending on the minerals present. In some instances, the desired mineral 1s depressed because
of the presence of the couple. Such 1s the case of galena {PbS) which can be depressed when
grinding 1s performed with a muld steel media [8] Sometimes, 1t 1s the flotation of the non
desired sulphide mineral which 1s enhanced, for example pyrrhotite 0 pyrite/pyrrhotite
separation [9].

Flotation 1n the absence of coilectors may be induced by electrochemical reactions [10,
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11, 12]. It has been shown that 1f the ore 1s floatable without collector, its flotation will be
selective while the use of a collector will yield less selective flotation, and modifiers are required
to regain the onginal selecuvity [13].

When one of the two minerals in the couple is highly soluble it is possible that the ions
introduced into the solution will affect the flotation behaviour of the other mineral. One
laboratory demonstration of this effect 1s 1n the flotation of mixtures of chalcocite (Cu,S) and
pyrite (F¢S,) where the presence of pyrite promoted the dissolution of the chalcocite which
released copper 1ons into solution causing the activation of pyrite [14]. An industnal example
1s activation of “n$ by Cu solubilized by SO, [15].

On the posiive side, the adverse effect of the mixture could be inhibited by
clectrochemical conditioning (application of an electric potential to the minerals) [14]. This 1s
an nteresting and potentially important application resulting from an understanding of the
clectrochemical processes occurring in flotation.

Two means are available for the application of a desired potential to a mineral system.
The first one 15 to use a potentiostat, which 1s a device capable of applying a controlled potential
through the system under study. This 1s the preferred method for laboratory experimentation [2,
3, 10, 12]. The other method relies on the use of oxidizing or reducing agents to move the
clectrochemical equilibrium in the desired direction. This 1s the acting principle behind selective
oxudation of one of the minerals in the ore, for example, by potasstum permanganate [16].

Following this general description of sulphide flotation, natural floatability, collectorless

flotatton and galvanic interaction will be discussed 1n more detail.
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1.1.1. Natural floatability:

Natural or inherent floatabihity of sulphide minerals has always been questioned. Contact
angle studies in the "30s showed that sulphide munerals were not inherently hydrophobic since
hydrophobicity without collector seemed to be mduced by surface contammation [17]

Further studies showed that collectorless flotation occurring atter comminution was only
possibie i f the environment was mildly oxidizing [12]. Hence, this could not be related to natural
floatability as this property 1s expected to be independent of the conditions prevaihing prior to
flotation.

There 1s one sulphide mineral which 1s inherently hydrophobic molybdenite (MoS,) [ 18,
19]. The hydrophobic character oniginates from the crystal structure of the nuneral and 1ty
preferred cleavaye plane. The crystal lattice consists of layers of molybdenum atoms stacked
between layers of sulphur atoms The weakest bond 15 the S-S bond and the crystal will cleave
between two sulphur layers upon impact in comminution. The sulphur atoms, which are
hydrophobic, are then exposed on the surface.

Even though other sulphide minerals expose sulphur ators upon cleavage, the observation
of flotation under reducing conditions is possible oniy 1f oxygen has been completely excluded
from the system [20]. The mneral surfaces expose both sulphur and metal atoms <o that only
a mild hydrophobic character 1s imparted to the mmeral. This delicate balance appears to be
tipped in favour of a hydrophiilic character by the formation of hydroxides on the metal cation

sites.




CHAPTER 1. INTRODUCTION

1.1.2. Collectorless flotation:

Collectorless flotation should be distinguished from natural flotation. The term
"collectorless flotation” 15 reserved for those cases where a mincral acquires hydrophobicity due
to chemical changes at the surface but without the use of a conventional collector [4].

The normal mechanism for collectorless flotation is that of anodic oxidation of the

sulphide mineral. Considerning a metal sulphide, this 1s;

MS = M"* + S + ne {3}

The M"* 10n usually goes into solution. Its eventual fate depends on the chemistry of the
system. It may rema in solution, be complexed, or precipitated. Under certain conditions the

sulphur reacts with sulphide to form poly sulphide species;

(x-1)S + §* =87 {4}

This reaction is most prominent at pH higher than 8; the concentration of polysulphides
at pH 8 is several tumes greater than that of elemental sulphur. The situation is reversed at pH
6 [21].

Either of the two species, elemental sulphur or the polysulphide, causes the mineral

surface to become hydrophobic [22] to a certain degree and this 1s the basis of collectorless
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flotation.

1.1.3. Galvanic interaction:

The flotation of a mineral from a complex mixture 1s often not consistent with the
flotation of the same muneral as a single species. This 1s due to electrochemical mteraction
between the two minerals 1.e. galvanic interaction [23].

When two minerals or a metal and a mineral are in contact, a galvanic cell is formed
The mineral or metal with the higher rest potential acts as a ca*".‘te while the mineral wath the
lower rest potential 1s the anode [24].

Among all the sulphide minerals pyrite has the highest rest potential. The nuneral may
be regarded as electrochemically least active or most cathodic. Electrons flow trom a less
cathodic mineral to a more cathodic one. Pyrite thus gains electrons (1s an clectron aceeptor),
while the less cathodic mineral loses electrons (1s an electron donor). One result 15 the oxidation
of sulphide to sulphur on the less cathodic mineral The formation of elemental sulphur on
galena, sphalerite and chalcopyrite has been found to be enhanced in the presence of pyrite at

pH 2 [25].
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Table 1. Rest potentials of sulphide minerals at pH 4 and 7 [2§, 26|

Rest potential ve S H E [V]
Mineral
at pH 4 at pH 7
Pynte 0.66 0 276 to 0 281
Marcasite 063 -
Chalcopyrnite 056 0 189 to 0 195
Sphalenite 0 46 could not be mea
Covellte 042 ~
Bornite 040 -
Galena 028 0 142 to 0.195
-
Argentite 028 -
Subnite 012 -
Molybdenite {§ 011 -

The electrons drawn by pynite ultimately interact with oxygen present in water forming OH'
ions. One way of hindering the galvanic mteraction, therefore, is to increase the pH. Another
way 1s to lower the activity of oxygen n water thus effectively depriving the system of this
clectron accepting clement.

In flotation practice the effect of galvanic interaction has been observed particularly in
pynte flotation [9]. For example, 1t was found that the flotation of pyrite as a single mineral 1s
not affected by aeration, but when pyrite 1s 1n contact with pyrrhotite decreased flotation
recovery was observed after aeration. It was explained on the basis of galvanic interaction

between the two minerals where electrons are drawn from pyrrhotite to pyrite and transferred
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to oxygen. In the absence of acration galvanic interactions are weahkened due to the low activity
of oxygen which 1s the final electron accepting element

Another consequence of galvanic interaction 1s the eftect of gninding media on the
floatabilhities of sulphide minerals [8, 27, 28]. During grinding an intimate contact 1s estabhished
among the minerals and the grinding media. In complex sulphide ores this leads to multi-
electrode galvanic cells. In this type of system the more cathodic of the two minerals (in most
cases pyrite) acts as the cathode and grinding media acts as the anode The sccond sulphide acts
cathodicaily or anodically depending on 1ts rest potential, and 1ts relative positton with respect

to the main cathodic and the main anodic minerals. The following reactions occur;

1/2 0, + H,0 + 2e- = 20H (at the cathodic mineral) {5}
MeS == Me** + S + 2¢ (at the anodic mineral) {6}
Fe = Fe** + 2e (oxidation of the steel media) {7}
Me** + 20H  + Me(OH), {8}
Fe** + 20H = Fe(OH), {9}

The elemental sulphur formed can cause collectorless flotation and could affect the
selectivity of flotation. The deposition of iron hydrox:des on a mineral surface generally has an
adverse effect on 1ts flotation. The adverse effect of galvanic interactions on flotation can be

reduced by using stainless steel as a grinding media instead of mild steel, and introducing
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nitrogen to the pulp to decrease the oxygen activity [29, 30] The industnal importance of using
nitrogen to get a ligh grade pyrite concentrate was explored both 1n the laboratory and 1n pilot
plant by using Noranda minicells [31, 32] Nitrogen flotation of pyrite has also been used for

the cleaning of galena, sphalente and chalcopyrite concentrates [33].

1.2. MINERALS STUDIED

Nickel concentrates from Inco’s Sudbury area mills have been processed in the Copper
Cliff smelter for over sixty years [34]. Prior to that, Sudbury ores had been smelted directly.
Historically, copper-nickel separation from smelter converter matte was achieved by the classical
Orford process [35]. A generalized flowsheet of the Copper Cliff Smelter Complex is shown in
Figure 1.

Iron sulphide and non-sulphide gangue ("rock") contained in the nickel concentrate are
rejected in the smelting-converting process. The mo'ten matte product, typically containing 50%
Ni, 25% Cu and 22% S, 1s cast at about 1000 C, into floor moulds and allowed to slowly cool
for four days. Duning this period heazlewoodite (Ni,S,), chalcocite (Cu,S) and a copper-nickel
metallic alloy precipitate and form a coarse grained structure that 1s amenable to separation by
physical means.

A simplified block flowsheet of the Matte Separation Process is shown in Figure 2. Matte
ingots, typically weighing 20 tonnes each, are broken and crushed in a three stage crushing plant

to approximately minus 1 cm and conveyed to the Matte Separation building. Grinding is carried
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out 1n two parallel cirzutts each consisting of a rod and ball null in series producing a lotation
feed which 1s 65 % minus 44 pm. Fypical throughput of cach grinding circuit 1s 650 tonnes. day
The metallic traction of the feed 1s recovered by magnetic separation  This product, contaming,
about 66% Ni, and 15% Cu, 1s a major component of the feed to the Copper Chtt WNickel
Refinery.

The non-magnetic fraction of the matte 1s fed to tlotatien The basis of copper-nickel
separation 1s the selective flotation of chalcocite using diphenylguanidine (DPG) as collector at
pH 12.4 (adjusted by saturated lime)

The copper circuit consists of rougher/regrind/two-stage cleaner flotation Second copper
cleaner concentrate typically assays 75% Cu, 3.5% Niand 21% § and 15 processed in the copper
side of the Copper Chiff Smelter.

The nickel circuit produces two product streams. In the pnimary circunt, rougher tails 1s
reground and residual chalcocite scavenged to produce a high grade nickel sulphide stream
assaying 70% Ni, 0.8% Cu and 26% S. This product 1s subsequently roasted i thad bed
reactors and the resulting nickel oxide becomes feed for Inco's mickel refinery mn Clydach,
Wales. A significant amount of the oxide product is also marketed directly, either as 1s or after
chlorination roasting to reduce the copper content even further

First cleaner tails from the copper circuit and scavenger concentrate trom the nickel
circuit and scavenger concentrate from the nickel circuit are combined and processed in d
middlings circuit which produces the seccndary nickel sulphide product. Atfter regrinding,

middlings are separated in a rougher/cleaner flotation flowsheet. Middlings rougher tails

10
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represent the low grade nickel sulphide product containing typically 65% N1, 5.5% Cu and 25%
S Lhis product, after roasting, supplements the feed to the Copper Chff and Clydach Nickel
Refineries Copper concentrate from the middlings circuit 1s recycled back to the copper cleaning

crreut.

1.3. OBJECTIVES

The general objective of the project was to investigate the electrochemical behaviour of
chalcocite (Cu,S) and heazlewoodite (Ni,S,) in the presence and absence of sulfhydryl collectors
such as mercaptobenzothiazole and sodium ethyl xanthate using rest potential and cychc
voltammetry measurements. However, a significant amount of N1 dissolution from heazlewoodite
was found and this led 10 a study of the dissolution mechanism of heazlewoodite under different

condihions.

11
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Nickel Copper
Concentrate Concentrate
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Figure 1. Copper CIiff Smelter
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2.1. FUNDAMENTAL ASPECTS

Oxd + ne = Red {10}

The electrical potential corresponding to a charge transfer reaction can be measured by
setting up an electrochemical cell consisting of two electrodes [36] One of these electrodes 1s
the working electrode (metal or mineral) in water or a solution containing interacting compounds
(e.g., flotation reagents). The second electrode 1s the reference electrode with a standard
electrode potential corresponding to a well defined electrochemical reaction: When there 1s no
current flowing through the cell, the potential of the working electrode eventually reaches a
steady state value indicating that the cell 1s 1n equilibrium. The potential of the working clectrode

is then given by the Nerst equation,

C
E-E° + BTy, “ou (1)
n F Cx.a

where,
E : Equilibrium potential (Rest potential) (V)
E°: Standard electrode potential (V), 1t 1s tabulated for a temperature at 25 “C in

chemistry hand book [37].

14
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n . Number of electrons
R : Gas constant (8 31470 J/deg mole)
T : Temperature (°K) ("K = 273 + °C)

I ; Faraday constant (96,493.5 J/V equiv)

Cpq and C,,, . Concentrations of Oxd and Red (it 1s assumed that activity coefficients

of Oxd and Red are unity so that concentrations rather than activities may be used 1n

Nerst equation).

FFor reaction at 25 °C,

RT, Cou 83147 JI°C x 298°C x 2.303

n F Cr.a

0.059 lo Cora

g

n CM

and Equation (1) can be rewntten,

n x 96,493.5 J|V

2)

3)

@)

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

be defined as a thermodynamic quantity. Therefore, a relation between voltage and standard

15
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free-energy change [37, 38] 1s given by,

. AG’,
n F

AG', =Y AG', - Y AG',

where,

AG ; : Free-energy change for reaction
AG’, : Free-energy change for products

AG., : Free-energy change for reactants

2.2. ELECTROCHEMICAL REACTIONS IN SULPHIDE FLOTATION

R}

(6)

In sulphide minerals, sulphur occurs 1n its lowest oxidation state, -2. Oxidation to the

higher oxidation states, 0, +2, +4 and +6, can occur depending upon the activity of the

oxidizing agent (e.g. O,, Fe**) in the system. The oxidation occurs by transter ot clectrons trom

sulphur to an electron acceptor. On this principle, a series of charge transfer or clectrochemical

reactions can be written for the reactions of sulphide minerals in water

In the absence of a flotation reagent the oxidation reaction for any sulphide mineral may

16
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he represented by,

MS + xH,0 = MH,0),'* + S + € {11}

where M oin this case 15 a divalent 1on and S 1s an intermediate product in the oxidation. The
metal 1ons formed by oxidation of sulphide may undergo hydrolysis reactions and/or oxidation.

The following hydrolysis reactions have been suggested [39].

M(H,0),"* = M(OH)(H,0)y* + H* + (x-y-1) H,0 {12}

M(OH)(H,0)y ' = M(OH),.zH,0 + H* + (y-z-1) H,O {13}

These hydrolysis products may play a significant role in flotation. In particular, some
serve as activating species thus promoting the adsorption of collecting agent [40]. The metal ions

may be oxidized to higher oxidation states, for instance,

M#n Q=.M-Hﬂ-!‘l) + e {14}

and the oxidized ion may undergo hydrolysis.
The sulphur intermediate (S°) may undergo oxidation through a series of reactions

eventually to form SO,’. The first stage of this oxidation process is the formation of elemental

17
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sulphur,

S =8+e

——
—
A

e

The sulphur formed may nucleate as a new phase or it may be present as a solid solution

in the sulphide.

2.
y ’

Oxidation of sulphur to sulphoxyl species, S,0,%, occurs n stages. The tormation ot
these anionic species has been recognized in the adsorption of xanthate 1ons by exchange
adsorption [2].

The 1nteraction of sulphide munerals with flotation reagents, i particular sulthydryl
collectors, also follows an electrochemical mechanism. Some typicat examples of efectrochenical

reactions relevant to sulphide flotation can be summarized as follows:

anodic reactions,

X = Xad%orbcd + € {l()}
2X° = X, + 2¢ (where X, = dixanthogen) {17}
2X + MS + 4H,0 = MX, + SO, + 8H* + 8e {18}

and the cathodic reaction common to all of these 1s,

18
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O, + 2H,0 + 4e = 40H {19}

Each charge transfer step corresponds to a definite electrochemical potential E related to

the Gibbs frec-energy change (Equation 5) of the process.
2.3. ELECTRODES
2.3.1. Working electrode

It s at this electrode that the reactions of interest take place. It can be prepared in two
ways. One, the packed bed electrode, is prepared by packing mineral particles in a cell with
electrical contact being made through a sensing element, usually platinum or gold. The second
15 the massive mineral electrode, and 1s prepared by cutting a (pure) crystal of mineral and
mounting 1t in a nonconducting epoxy after making a connection to the mineral surface [26]

(Figure 3).

/ Copper Wire

Epoxy w

Mineral Crystal  Graphite
Figure 3. Massive Mineral Electrode

A
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2.3.2. Counter electrode

The purpose of the counter electrode 15 to complete the electnical crrewt, allow charge
to flow through the cell and maintain a constant intertacial potential difterence regardless of
current. Possible products of reactions at the counter electrode should always be considered,
since they may interfere with the reaction being studied [41]. In practice, this interterence 1y
prevented by isolating the counter electrode solutton from the working electrode maintaining

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

2.3.3. Reference electrode

The role of the reference electrode is to provide a fixed potential which does not vary
during the experiment. In most cases, it 1S necessary to relate the potential of the reference
electrode to other scales, for example to the standard hydrogen electrode scale. The potential
between the working electrode and reference electrode 1s controlled by a potentiostat. As the
reference electrode maintains a fixed potential, any change in apphied potential to the cell appears
directly across the working electrode-solution interface. The reference electrode serves the dual
purpose of providing a thermodynamic reference {42]. The 1deal reference electrode 1y the

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

1/2H, =H" + ¢ {20}

20
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The standard electrode potential of this reaction 1s taken as 0 volt by convention. The
measured potential ot such a cell directly gives the rest potential of the electrode and is usually
denoted by Iy,

It 1s generally not convenient to set up a cell with a standard hydrogen electrode. Instead,
a reference electrode of known rest potential 1s used. An example 1s the saturated calomel

clectrode (S.C.E.). Its redox potential corresponds to the reaction,

1/2 Hg,Cl, + e = Hg + CI {21}

with an E, = 0 247 volt.

By using S.C.E., the potential of the cell thus measured is the potential of the mineral
clectrode with respect to S.C.E. In order to obtain the value of E,, the E, value of the S.C.E
1s added to the measured cell potential, i.e. in general,

E o)

Eh (msneral) = E(mu.mnd) + k (reference)

2.4. CYCLIC VOLTAMMETRY

In practice the potential of a mineral is not always the equilibrium value because the
mineral reacts with the reagent components at different rates. In order to study such a dynamic

state 1t 15 necessary to follow the changes occurning when the potential of the electrode varies.

21
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This 1s accomplished by imposing a potential on the electrode by an external power source
When this 1s done electric current flows through the electrode which 18 no longer i a state ot
equilibrium.(At equilibrium, the net current flow 1s zero )

Measurement of the current at the working electrode under apphed potential from an
external source provides information on electrode reactions  The techmque 1s called cyclic
voltammetry. The experimental curve showing the varnation of current with applied potential 1y
called a voltammogram. At specitic potentials a notable current flow occurs and this indicates
a charge transfer reaction between the electrode and the solution. This reaction can be either
anodic (oxidation) or cathodic (reduction). When 1t takes place in the anodic region, the reaction
1s called an anodic reaction and vice versa [43].

The basic equipment for cyclic voltammetry is a potentiostat. It 15 avatlable i difterent
models. The one assembled at McGull 1s the Princeton Applied Research, PAR 273 model with
Head Start 1.3 software which enables the user to follow the current as a function ot apphed
potential over any desired range. The electrochemical cell designs for packed bed and massive
electrodes are shown 1n Figure 4. The mineral acts as the working electrode. The platinum wire
acts as the counter electrode. A potential 1s applied to the working clectrode  from an external
power source and potential with respect to S.C E s recorded The schematic representation of
the systcm is shown in Figure 5 [44].

To wlustrate the type of results obtained and their analysis, consider the Fe(ll)-Fe(1ll)

reaction. Figure 6 shows the voltammogram of 0.2 M FeSO, at pH 2 5.

22
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0.01
0.008
0.006

0.004

CURRENT [A]
(=
S

-0.01

<0.012
0.3 0.1 0.1 0.3 0.5 0.7 0.9 11

E VS SCE [V]
Figure 6. 0.2 M Ferrous Sulphate at pH 2.5.

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

S.C.E.),orat = 0.63 V vs. S.H.E.. Assuming the following redox reaction,

FeSO, + 3H,0 = Fe(OH), + SO + 3H* + & {22}

then the corresponding potential can be calculated by the following steps: First, the free-energy
changes of FeSO,, H,0, Fe(OH), and SO, are found [38], namely -829.7, -237.2, -694.5 and
-741.9 KJ, respectively. Second, the free-energy change of reaction (AG ;) 1s calculated using

LEquation (6),

AG', - (-694.5 + -741.9) - (-829.7 + (-3) x -237.2) = 104.9 kJ (8)
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Then third, the standard potential of the reaction (E ) 1s calculated by using Fquation (5),

E - 104.9

= =109V )]
1x 96,5

Using Equation (4) the redox potential (E) of the reaction 1s calculated,

0.0592

E =109 + log [SO2] [HT (10)

According to Equation (10) E is equal to 0.65 V. The voltammogram reading value 0 63 V and
the calculated value 0.65 V are comparable.

The same procedure for estimating the potential illustrated in Figure 6 was used i all

subsequent cases.

2.5. REVIEW OF CHALCOCITE-HEAZLEWOODITE SYSTEM

Chalcocite-water and chalcocite-water-xanthate rcactions have been studied using
electrochemical and flotation techniques by a number of 1nvestigators [45-55]. In water, two
anodic peaks were observed at potentials of -0.35 and 0.25 V (vs S.H.E) Electrochemical
reactions converting HS™ to S° [53] and Cu,S to Cu’ [55] have been suggested for the first anodic

peak. The combination of two reactions, oxidation of Cu,S to Cu" ' and hydrolysis of Cu' "' to
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Cu(OH),, have been suggested for the second anodic peak [56, 57]. In the presence of xanthate,
five distinct interactions have been recognized at potentials of -0.3, -0.16, -0.09, -0.05 and 0.25
V by Mielczarski et al. [46, 47]. They suggested that the first peak corresponded to the
oxidation of hydrosulfide 10ns, that the second and third were the underpotential deposition of
xanthate, and that the fourth and fifth were the formation of bulk copper xanthate and other
cuprous sulfide oxidation products Another series of electrochemical measurements were
conducted by Walker et al. [5S0] They found four distinct interactions which they ascribed to:
(1) a reaction of EtX to form ethylperxanthate at reducing potentials near -0.255 V (all the
potentials are respect to SHE); (2) a reaction of EtX with soluble Cu** forming CuEtX at 0.217
V, (3) an exchange reaction with EtX displacing an oxidation product; and (4) a charge transfer
oxidation reaction. The exchange and charge transfer reactions occurred over the potential range
-(0.255 t0 0.145 V and formed cuprous and possibly cupric xanthates as adsorbed hydrophobic
species.

Electrochemical studies on the heazlewoodite-xanthate system have been described by
Critchley and Hunter [58]. Their investigations have provided information on charge transfer
reactions of heazlewoodite in water and 1n xanthate solutions. In water they found a large anodic
peak corresponding to the oxidation of N1i,S, to Ni** and also, probably, to the formation of
clemental sulphur on the surface. This effect was suppressed at pH 11.5, probably due to the
tormation of mchel hydroxy species. In the presence of xanthate, dixanthogen and NIETX, were
the major products at around 0.295 V and 0.055 V respectively. The formation of an

unidentified product was also observed at -0.055 V from UV spectra of surface leachates.
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3.1. DISSOLUTION:
Preliminary experiments showed sigmtficant Ni dissolution from heazlewoadite (and
matte). It was considered mmportant to follow this up prior to main objective of the

electrochemical study.

Experiment 1: Fifteen grams of freshly ground -150+200 mesh matte were slurred m 50 ml
buffer solutions [59] at pH 8, 10 and 12. The slurry was stirred by a mechanical sturrer at
constant speed and air exposure. Samples were drawn at 15, 30, 60, 120, 180 and 360 mimutes
The Ni and Cu concentrations were analyzed for ecach expeniment by atomic absorption

spectroscopy. The results are shown in Table 2 and Figures 7 and 8

Table 2. Dissolution of matte at different pH

Time Concentration Concentration ]l Concentration
[min] pH 8 [ppm] pH 10 {ppm] pH 12 |ppm|
N1 Cu Ni Cu J[ Ni Jl Cu

15 2 40 0 80 015 0 30 0 60 0 00
30 325 085 015 0 30 000 010
60 390 1.00 015 0 40 0 00 020
120 5.60 090 015 0 40 000 020
180 6 00 0 80 015 050 000 025
360 8.10 085 025 0 30 000 015

Experiment 2: Experiment | was repeated with fifteen grams of freshly ground -1504 200 mesh

heazlewoodite and chalcocite. The results are shown in Table 3 and Figures 9 and 10 A
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comparison of dissolution between heazlewoodite and chalcocite 1s shown 1n Figure 11.

Table 3. Dissolution of heaszlewoodite and chalcocite at different pH

Time Concentration Concentration J Concentration

fmun| pH 8 [ppm] pH 10 [ppm] pH 12 {ppm]
Ni ﬂ Cu N1 Cu M Cu
1S 90 0 80 005 0 60 0 00 0.25
30 143 085 005 050 000 030
60 205 105 005 065 0.00 0.30
120 259 100 0.10 065 0.00 035
180 28 7 120 025 0.65 0.00 040
360 321 125 0.40 060 0.00 0.35

Experiment 3. Using the general procedure of Experiment 1, fifteen grams of heazlewoodite
were slurried m SO0 ml buffer solution of pH 8 and the effect of air, nitrogen, and oxygen was

studied. The results are shown 1n Table 4 and Figure 12.

Table 4. Dissolution of heazlewoodite at pH 8

Ni Concentration
Time [ppm}]

Arr Nitrogen
—r;——'—-—-—-—-———-j P —————— |
15 9.6 1058 109
30 143 14.5 150
60 205 213 21.0
120 25.9 28.7 29 0
180 28 7 32.1 300
360 32.1 36.6 29.5
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Experiment 4: To further study the dissolution, Experiment 2 was tepeated i the presence ot
ethylenediamminetetraacetic actd (EDTA) ( Sg/kg sample ) at pH 8. The results are shown in

Table 5 and Figure 13.

Table 5. Dissolution of heazlewoodite in presence and absence of EDTA at pH 8

N1 Concentration
Time [ppm]
[min]
15 96 272
30 1413 336
60 205 3199
120 259 440
180 287 46.1
360 321 48 3
30
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FIGURE 13. Dissolutlon of heazlewoodlite at pH 8.
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3.2. REST POTENTIAL:

ixperiment 1. Rest potential measurements were performed for chalcocite and heazlewoodite
in buffer solutions of pH 4, 6, 8, 93, 10 and 12. Also, rest potentials of chalcocite were
measured with respect to a heazlewoodite electrode and compared with the calculated value. The

results are shown n Table 6 and Figures 14 and 15.

Table 6. Rest potential values of chalcocite and heazlewoodite

Rest Potential Values (430 mV)

! Chalcocste Heazlewoodite Calculated
E, V] Ey [V] “Eeni [V EvenEni VI

| 4 030 -0 05 0.32 0 35
6 028 -0 08 033 0 36
8 024 003 020 0.21
93 021 012 0.05 009
0 018 011 0.03 007
12 ] 009 007 001 0.02

B Rest potential ot chalcocite with respect to heazlewoodite electrode.

Experiment 2: Rest potential measurements of chalcocite and heazlewoodite were performed in
the presence and absence of 2x10* M sodium ethyl xanthate and mercoptobenzothiazole. The
results are shown in Table 7 with a comparison of the rest potentials for each mineral in water

alone The results are also shown m Figures 16-19.
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Table 7, Rest potential values of chalcocite and heazlewoodite in the presence and absence of collectors

Rest Potential Values (+30 mV)
pH In Water In 2x10' M NakX “ In 2x10' M MBT
Chalcocite | Heazlewoodite Chalcoate Heazlewoodite l Chalcoate Heazlew oodite
E, V] | E. {V] E, V] E, (V] L, V] Fo IV
] 030 -0 05 04 -0 03 015 001
6 028 -0 08 009 -0 02 011 003
8 024 003 001 001 -0 01 007
93 0.21 012 -0 07 0 06 0 0l 01
10 018 011 -0 07 007 0 0l 01
12 0.09 007 -0.08 0.05 0 01 004
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FIGURE 14. Rest potentlals of chalcocite and heazlewoodite at different pH.
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FIGURE 15. Rest potentlal of chalcocite relative to heazlewoodite electrode
at different pH.
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FIGURE 16. Rest potentlals of chalcocite at different pH.
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FIGURE 17. Rest potentials of heazlewoodite at different pH.
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FIGURE 19. Rest potentlals of heazlewoodlte at different pH.
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3.3. CYCLIC VOLTAMMETRY:

Cyclic voltammetric measurements were pertormed using an EG & G Princeton Apphed
Research Potentiostat/Galvanostat Model 273 with the Head-Start software. A standard three
electrode electrochemical cell was used. Experiments were performed with chalcocite and
heazlewoodite massive electrodes in the absence and presence of colieetors Collector strength
was 2x10° M and pH was 10 and 12 In the case of chalcocite, to compare with available
literature data, pH 9.3 was also used [53]. For the purposes of comparison the same potential
interval was applied to heazlewoodite (Figures 20 and 21). The electrodes were polished before
each experiment on 6 um abrasive ethanol solution on a 6um polisher head atter which the
electrode immersed in ethanol solution followed by immersion in pH 2 HCI solution and rinsed
with distilled water [60]. The rzsults of the cychic voltammetric measurements are shown in
Figures 20 to 30. All the potential values 1n the text are with respect to standard hydrogen

electrode (0.0 V).
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CURRENT (mA}

1.0

0.6
-0.8

-1.0

-0.353

-0.153

E VS SHE [V}
0.047 0.247 0.447 0.647

-0.6 -0.4

-0.2 0 0.2 0.4 0.6
E VS SCE [V]

FIGURE 20. Heazlewoodite massive electrode at pH 10.

In water
In NaEX
In MBT
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CURRENT [mA}

22

18

14

1.0

0.6

0.2

-0.2

-0.6

-1.0

E VS SHE [V]

«0.353 -0.153 0.047 0.247 0.447 0.647

M—
-0.8 0.6 -0.4 -0.2 0 02 04
E VS SCE [V]
FIGURE 21. Heazlewoodite massive electrode at pH 12.
In water
----- In NaEX
- — — InMBT
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1 00 T v M

075¢f

PO U ——

CURRENT, mA

0} + 7
-0.25 V//—-\ *
1

-075 1

T

-0.50

-1 00 J

1 1 i 1

1 1 A 1
-0.9 -0.8 -07 -08 -05 -04 -03 -02 -0. 0 01
POTENTIAL, volts va SCE

FIGURE 22. Voltammogram of single particle chalcocolte electrode at pH 9.3,

(By Walker et al. (1984)).

E VS SHE [V]
0.83
0.5 0.42

0 0
E 0.3 -0.42
é -10 -0.83
-L8 <125
-2.0 <1.67
-2.5 -2.08
-08 -0.6 04 -0.2 0

E VS SCE [V}

FIGURE 23. — Chalcocite massive electrode at pH 9.3 (0.05 M sodium borate).

=== Chalcocite massive electrode at pH 9.3 in the presence of
2X10°M NeEX.
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E VS SHE [V}
-0.553 -0.383 <0.153 0.047 0247
1.0 0.83
0.8 0.07
0.6 0.50
04 633
— 02 0.17
<
g 0 0
= -0.2 .
Zz 0.17
g -0.4 0.33
8 -0.6 -0.50
0.8 -0.67
-1.0 -0.83
-1.2 .1.00
-1.4 117
-1.6 -1.33
-0.8 -0.6 -0.4 0.2 0
E VS SCE [V]
FIGURE 24. — Chalcocite massive electrode at pH 10.
==~ Chalcocite massive electrode at pH 10 in the presence of
2x10°M NaEX.
E VS SHE [V}
-0.553 -0.353 -0.153 0.047 0.247
1.0 0.83
0.8 0.67
0.6 0.50
— 0.4 0.33
E 0.2 017
E 0 0
é -0.2 -0.17
-0.4 -0.33
-0.6 -0.50
-0.8 -0.67
-1.0 -0.83
-0.8 -0.6 -0.4 0.2 1}
E VS SCE [V]
FIGURE 25. —— Chalcocite massive electrode at pH 12.
- == Chalcocite massive electrode at pH 12 In the presence of
' 2x10°M NaEX.
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CURRENT [mA]

CURRENT [mA]

E VS SHE [V]
-0.553 -0.353 -0.153 0.047 0.247
1.0 0.83
0.8 0.67
0.6 0.50
0.4 033
0.2 0.17
0 0
-0.2 -0.17
-0.4 -0.33
-0.6 -0.50
-0.8 -0.67
-1.0 -0.83
-1.2 : -1.00
-1.4 -1.17
-1.6 -1.33
-0.8 -0.6 -0.4 -0.2 0
E VS SCE [V]
FIGURE 26. —— Chalcoclte masslve electrode at pH 10.
- - - Chalcoclte massive electrode at pH 10 In the presence of
2x10°M MBT.
E VS SHE [V]
-0.553 -0.353 -0.153 0.047 0.247
1.0 0.83
0.8 0.67
0.6 0.50
0.4 0.33
0.2 017
0 0
-0.2 -0.17
-0.4 -0.33
-0.6 -0.50
-0.8 -0.67
-1.0 -0.83
-0.8 -0.6 -0.4 <02 0
E VS SCE [V]
FIGURE 27, —— Chalcocite massive electrode at pH 12.

-~ Chalcocite massive electrode at pH 12 in the presence of
2x10°M MBT.
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E VS SHE [V]
0.147 0347 0.547 0.747
1.0 0.83
0.8 0.67
0.6
0.4
3w
=
g 0
% -02 -0.17
04 -033
-0.6 -0.50
-0.8 -0.67
-1.0 -0.83
0.1 0.1 03 0.5
E VS SCE [V])
FIGURE 28. —— Heazlewoodite massive electrode at pH 10.
- -- Heazlewoodite massive electrode at pHl 10 in the presence of
2x10°M NaEX.
E VS SHE [V]
0.147 0.347 0.547 0.747
2.2 1.83
1.8 1.50
1.4 1.17
—i: 1.0 0.83
é 0.6 0.50
o 02 0.17
[&] e
e i
-02 -0.17
-0.6 ‘ -0.50
-1.0 -0.83
-0.1 0.1 0.3 0.5
E VS SCE [V]
FIGURE 29. —— Heazlewoodlte massive electrode at pH 12.

- - - Heazlewoodite massive electrode at pH 12 In the presence of

‘ 2x10°M NaEX.
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CURRENT [mA]

CURRENT [mA]

E VS SHE [V]

0,.47 0.347 0.547 0.747
1.0 0.83
0.8 0.67
0.6 0.50
0.33
0.17
0
-0.2 -0.17
-0.4 -033
-0.6 -0.50
-0.8 -0.67
-1.0 -0.83
-0.1 0.1 0.3 0.5
E VS SCE (V]
FIGURE 30. —— Heazlewoodite massive electrode at pH 10,
- - - Heazewoodite massive electrode at pH 10 in the presence of
2x10°M MBT.
E VS SHE [V]
0.147 0.347 0.547 0.747
1.83
1.50
117
0.83
0.50
0.17
-0.17
-0.6 -0.50
-1.0 .0.83
0.1 0.1 0.3 0.5
EVS SCE V]
FIGURE 31, —— Heazlewoodlite massive electrode at pH 12.
- - - Heazlewoodite massive electrode at pH 12 in the presence of
2x10°M MBT.
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3.4. CONTACT ANGLE:

Contact angles were measured using a captive-bubble apparatus {6 1] (Figure 32) equipped
with a three-electrode electrochemical cell constructed with two parallel plate windows. The
electrode surface was cleaned pnior to each measurement by using same method as deseribed in
cychc voltammetry experiments. After pre-reduction at -0 55 V, the potential was stepped to
more positive values, held for 5 minutes at each value, and the contact angle measured by a
goniometer. Each bubble was deposited on the surtace by using a 500 gm threaded plunger
syringe (Fisher Sci.). The average of three measurements was taken at cach conditon  Fhe
contact angle measurements were performed in the presence and absence ot 2x 10 * M NaEX pli
values 10 and 12. The contact angle as a function of potential 15 shown n Figures 33 and 34

The comparison between contact angle and cyclic voltammograms are shown in Figures 395 and

36.
Syringe
Electrode
LEyeplece
_ Cell
] Lamp ) Aﬂ]crmcupo
/ l o\
L[O |
7N udp
Light filter /
Adjustment
o
O Main Support

FIGURE 32. A schematic representation of the
captive-bubble contact angle apparatus.
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FIGURE 33. Contact angle values of chalcoclte and heazlewoodite at pH 10
In the presence of 2x10°M NaEX.
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FIGURE 34. Contact angle values of chalcocite and heazlewoodite at pH 12
In the presence of 2x10° M NaEX.

49



. CHAPTER 3. EXPERIMENTAL PROCEDURE AND RESULTS
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FIGURE 35. Contact angle and current density on chalcocite vs potential.
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FIGURE 36 Contact angle and current density on heazlewoodite va potential,
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CHAPTER 4. DISCUSSION

4.1. DISSOLUTION.

As can be scen from Figures 7-10, Ni and Cu dissolution decreased with increasing pH
and, for Ni, was essentially zero at pH 12. Also, from Figure 11, 1t 1s evident that there is
significantly gicater dissolution of heazlewoodite compared with chalcocite at pH 8. As is shown
in Figure 12, 1n the presence of oxygen, the N1 concentration in solution is slightly higher than
in the presence ot air and nitrogen at pH 8. In the case of nitrogen, dissolution stabilizes after
two hours. EDTA expertments show that, the dissolution increases significantly in the presence
of EDTA as compared to that without EDTA (Figure 13).

The following reactions are proposed to explain dissolution of heazlewoodite

Ni,S, + 6H,0 = 3 Ni(OH), + 2HS + 4H* + 2¢ {23}
2¢ + 1/20, + H,0 = 20H {24}
20H + 2H* = 2H,0 {25}
2¢ + 1/20, + 2H' = H,0 {26}
Ni,S, + 6H,0 = 3Ni(OH), + 2HS + 4H* + 2e {27}
NiS, + SH,0 + 1/20, = 3Ni(OH), + 2HS + 2H* {28}
2H* + 2HS = 2H,S {29}
N1,S, + SH,0 + 1/20, = 3Ni** + 60H" + 2H,S {30}

The overall reaction corresponds to the observed decrease in Ni concentration at elevated
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pH (the increase in OH concentration drives the reaction from right to left). In the presence of
EDTA, dissolution 1s favoured because of the formation of a Ni-EDTA complex and removal
of Ni hydroxy products from the surface [62].

It is interesting to note that flotation of matte 1s conducted under strongly alkaline

condition (pH 12.4) [63] at which Nt dissolution from heazlewoodite 1s suppressed

4.2. REST POTENTIAL:

There is a significant difference between the rest potential of chalcocite and
heazlewoodite at low pH values. However, the difference 1s suppressed as the pH increases
towards the alkaline region and becomes neghgible at pH 12 (Figures 14 and 15) This suggests
the possibility of galvanic interaction between the minerals at acidic pH values but not at alkahine
pH.

In the presence of collectors (2x10° M NaEX and MBT), the rest potential values of
chalcocite are quite different as compared to heazlewoodite under simifar conditions (Figures 16-
19). This suggests that the interaction of collector with chalcocite 1 more extensive than with
heazlewoodite. Also, 1t is noted from Figures 16-19 that the rest potential values in the presence

of both NaEX and MBT are quite similar.
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4.3. CYCLIC VOLTAMMETRY

Chalcocue (Figures 22-27).

In the absence of collector (Figures 22-25),

® [urst anodic peak (A,); the similarity with published data at pH 9.3 is shown by comparing
Iigures 22 and 23, Reactions have been proposed for the A, peak by Yoon et al. [54, 55] and

Walker ¢t al. [53)

I'he reaction suggested by Yoon et al. 1s,

200" + HS,, = Cu,S + ZH" + 2e {31}

E, - 03 - 0.059 pH an

On substituting pH values 9 3, 10 and 12 n Equation (11), the E, values did not to
correspond to the E, values obtamed from Figures 23-25 (Table 8).

The reaction suggested by Walker et al. s,

HS + OH =S" + H,O + 2e {32}
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E, - —0.476 - 0.0295 log [HS ] + 0.0295 pOH (12)

This second reaction fitted the observations (Table 8). It also corresponded to the reverse

reaction of the second cathodic peak (K,).

Table 8. Comparison of measured and calculated E, for chalcoate {Anodic Peak A)

E, (V)
pH —
Yoon et al [21] Walker et al |19} _]l Measured + 20mV
93 -0 85 -0 34 -0 36
10 -0 89 -0 36 -0 38
12 -1 01 -0 42 43

e Second anodic peak (A,); electrochemical measurements by Sato (56) suggest that the

oxidation reaction of chalcncite 1n acid solution 1s represented by,

Cu,S = CuS + Cu** + 2¢

E, = 0.53 + 0.0295 log [Cu?"] (13)
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As can be seen, Fquation (13) depends on the cupric 1on activity in solution. It 1s given

in basic solution by [56],

Cu?’t + 2H,0 = Cu(OH), + 2H" {34}

log [Cu?'] =92 - 2 pH (14)

Substituting the value for cupric 1on activity 1n Equation (13) gives,

E, - 0.802 - 0.0591 pH (15)

Liquation (15) represents the overall reaction 33 and 34,

Cu,S + 2H,0 = CuS + Cu(OH), + 2H* + 2¢e {35}

When the pH values 9.3, 10 and 12 were substituted 1n Equation (14), the calculated E,
values fitted the measured values from Figures 23-25 (Table 9). The reverse reaction to this
anodic peak (A)) 1s the cathodic reaction K. As can be seen in Figure 25, this reaction shows

strong reversibility at pH 12.

55



CHAPTER 4. DISCUSSION

Table 9. Comparison of measured and calculated E, for chaleadte (Anodic Peak A,)

12 009 0 09

In the presence of collector (2x10° M NaEX and MBT)(Figures 23-28),

® First anodic peaks (A,y) (Figures 23-25) and (A,y) (Figures 26, 27); these peaks are simlar
to the first anodic peaks without collector; however, they could be reactions with NaEX and
MBT. This peak was also found by Mielczarski et al. [46] i the presence of KX They
suggested the peak may be due to oxidation of hydrosulfide 10ons (1.e Equation 2) which can
form due to reduction of the cuprous suifide or from xanthate decomposition, as was recently
reported for a chalcocite/xanthate system in alkaline solutions [47]. It 1s suspected that

hydrosulfide 1ons come mainly from xanthate decomposition.

® Second anodic peak (A,y); the reaction for this has been proposed by Walker et al (49) and

Roos et al. [52],

Cu,S + 2X =2CuX + S + 2e {36}
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E, - 0.171 - 2.0591 log [X] (16)

Substituting the concentration of xanthate ion (2x10° M) in Equatuon 16, gives -0.012
v which 15 in reasonable agreement with the value from Figures 23-25. The reverse of this

reaction corresponds to the first reduction peak (K,¢) near -0.35 V,

E, - -0.171 + 0.0591 log [X ] a7

e Sccond anodic peak (A,y) (Figure 26) and third anodic peak (A,y) (Figure 27); a possible

reaction is,

Cu,S + 2MBT = 2CuMBT + S + 2e (37}

with an B, value around -0.060 V.

e Third anodic peaks (Ay) (Figures 23-25), (A;y,) (Figure 26) and (A4 (Figure 27); in the
presence of EX the second anodic peak observed i the absence of collector is significantly
reduced, perhaps because the collector coating inhibits further oxidation of the mineral (48). The
same argument can be apphed to the third anodic reaction (A,y,) (Figure 26) and the fourth

anodic reaction (Ayy) (Figure 27).
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® Third anodic peak (A, (Figure 27); this reaction was not identified.

Heazlewoodire (Figures 28-31)

In the absence of collectors;

® Anodic peak (A)); a possible reaction 1s [64],

Ni,S, + 9H,0 = 3Ni(OH), + 2H,S + SH* + Se {38)

E, = 1351 - 0.0591 pH (18)

The comparison of calculated and measured E, values (Figure 29) 1s given n Table 10.

Table 10. Comparison of measured and calculated E, for heazlewoodite (Anodic Peak A))

pH

Calculated Measured +20 mV

10 076 075

12 064 070
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In the presence of collectors,

® Anodic peaks (A,\) and (A,y), two weak anodic peaks were observed at pH 10 (Figure 27).
In the case of xanthate the first one (A,y) occurred around 0.30 V which probably corresponds
to dixanthogen tormation [58] The second one (A,y) was found around 0.55 V and was not
identified. The weak peak (A,¢) was also found at pH 12 Figure (21). In general, similar

voltammograms were found 1n the presence of MBT (Figures 30, 31).

4.4. CONTACT ANGLE:

No contact angle was found on either chalcocite or heazlewoodite in the absence of
NalEX There 15 a sigmificant difference between contact angle values of chalcocite and
heazlewoodite (Frgures 33 and 34) The contact angle on heazlewoodite 1s zero at potentials
lower than 0 15 V (-0 1 V SCE), while 1t 1s around 45° for chalcocite in the same potential
regron Above 0.15 V heazlewoodite shows a steady contact angle around 40°; for chalcocite
the contact angle increases to reach about 80° [46]. These findings suggest that seiective flotation
between the two nunerals could be achieved with a controlled potential particularly at less than
015V

As shown n tigure 35, there 1s agreement between the cyclic voltammograms and
contact angle measurements for chalcocite. According to the contact angle measurements

hydrophobicity, and hence xanthate adsorption, begins at -0.35 V. The angle increases to 80°
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at 0.35 V corresponding to the disapperance of the anodic peak (A)) i water alone  Thus, the
surface product which passivated the chalcocite at these potentials 15 also hydrophobie

Contact angle measurements were attempted with MBT; however, no bubble contact

could be established.
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5.1. DISSOLUTION

I.- N1 (and some Cu) dissolution from matte was found. The dissolution decreased with
increasing pH from 8 to 10 and became zero at pH 12.

2.- Cu dissolution from chalcocite was not as significant as Ni dissolution from heazlewoodite
at pH 8

3.- Nidissolution from heazlewoodite 1s slightly higher in oxygen-saturated than in air-saturated
and nitrogen-saturated solutions.

4.- In the presence of EDTA significant additional dissolution of Ni was observed from

heaszlewoodite.

§.- A mechanmism of heazlewoodite dissolution was proposed.

5.2. REST POTENTIAL

1.- Galvanic interaction between chalcocite (as the cathode) and heazlewcodite (as the anode)
occurred at moderate pH but was zero at pH 12.

2.- The calculated and measvred rest potentials are in a good agreement at different pH values.
3.- The effect of collectors on chalcocite 1s more significant than on heazlewoodite.

4.- The rest potential values of the minerals were quite stmular in the presence of either NaEX

or MBT.
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5.3. CYCLIC VOLTAMMETRY

1.- The two minerals showed significant ditferences in their electrochemical behaviour both
the presence and absence of collectors.

2.- The voltammograms suggest that NaEX and MBT interact with both nunerals 1in a sinular
manner.

3.- The mteraction of NaEX and MBT with heazlewoodite 1s not as signiticant as with
chalcocite.

4.- NaEX and MBT created a surface product at 0.25 V which passivated the chalcocite.

5.- Most reactions for chalcocite and heazlewoodite were idenufied For MBT, the tollowing

new reaction 1s proposed at E, = -0.060 V,

Cu,S + 2MBT = 2CuMBT + S + 2¢

5.4. CONTACT ANGLE

1.- Contact angle measurements suggested that xanthate interaction with chalcocite began at
potentials as low as ~-0.35 V.
2.- Measurements showed that there was a significant difference between contact angle values
of chalcocite and heazlewoodite.

3.- There was agreement between cyclic voltammograms and contact angle measurements
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4.- In the presence of NakEX the surface product which passivated the chalcocite at 0.25 V was

strongly hydrophobic.

5.- Contact angles were zero with MBT.
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