INVESTIGATION OF THE ADSORPTION OF DITHIOPHOSPHATE AND
DITHIOPHOSPHINATE ON CHALCOPYRITE AS A FUNCTION OF
PULP POTENTIAL AND pH

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
THE MIDDLE EAST TECHNICAL UNIVERSITY

/fj {/%’“@?

TAKI GOLER 194 Yo

C YIRS Ry =
oy LR SEC BE‘?WH?@E@@I}?

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DGREE OF
DOCTOR OF PHILOSOPHY
IN
THE DEPARTMENT OF MINING ENGINEERING

JUNE 2002

) WKSER@-&RH’MKURM
T AMTASYON VIERE




Approval of the Graduate School of Natural and Applied Sciences

Prof.Dr. Tayfur OZTURK

Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of

Doctor of Philosophy.

Prof.Dr. Tevfik GOYAGULER
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully

adequate, in scope and quality, as a thesis for the degree of Doctor of Philosophy.

Examining Committee Members

Prof Dr. Cahit HICYILMAZ - /}%
Assoc.ProfDr. Ali fhsan AROL A Do, XhaQ
Assoc.ProfDr. Zafir EKMEKCI M_;,:eéac
Assoc.Prof.Dr. Giilstin GOKAGAC vﬁ VV\'/\
Assoc.Prof.Dr. Ozcan Yildirim GULSOY \




ABSTRACT

INVESTIGATION OF THE ADSORPTION OF DITHIOPHOSPHATE AND
DITHIOPHOSPHINATE ON CHALCOPYRITE AS A FUNCTION OF
PULP POTENTIAL AND pH

Giiler, Taki
Ph.D., Department of Mining Engineering
Supervisor: Prof.Dr. Cahit Higyilmaz
Co-Supervisor: Assoc.Prof.Dr. Giilsiin G6kagag

June 2002, 204 pages

Pulp potential and pH play important roles on flotation of sulphide ores.
These parameters define the redox products formed on sulphide mineral surface.
Therefore, it is essential to investigate electrochemical behaviour of sulphide

minerals under different conditions.

In this research, electrochemical behaviour of chalcopyrite from Artvin-
Murgul deposit were investigated in the presence and absence of dithiophosphate
(DTP) and dithiophosphinate (DTPI) by cyclic voltammetry and Diffuse
Reflectance Infrared Fourier Transform (DRIFT) spectroscopy. Microflotation
tests were performed by using a modified Hallimond tube to determine the effect
of pulp potential (Eh), pH and collectors.

Cyclic voltammetry studies showed that iron preferentially dissolves from

chalcopyrite surface and would cause iron-deficient, S°-rich surface in acid
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solution, and iron-hydroxide precipitation on chalcopyrite in neutral and alkaline
solutions. DTP and DTPI caused surface passivation and did not form any redox
peak on voltammograms.

Compounds, which adsorbed on the surface of chalcopyrite electrode,
were identified by DRIFT spectroscopy: Adsorbed dithiophosphate (DTP°) would
be the major surface compound of chalcopyrite at reducing and mildly oxidising
potentials, whereas at oxidising potentials, CuDTP-+(DTP), may be in acid
solutions in DTP induced condition. However, hydrophobic DTP species could
not be defined in neutral and alkaline pH. On the other hand, in DTPI induced
condition, CuDTPI formed in acid and neutral solutions. In alkaline conditions,
CuDTPI formation at reducing potentials and Cu(DTPI), and/or (DTPI),
formation on mineral surface at oxidising potentials would be possible.

Microflotation tests demonstrated that maximum recovery could be '
obtained in acid solutions possibly due to iron-deficient surface. It decreased with
increasing pH because of hydrophilic surface hydroxides. Recovery increased up
to mildly oxidising potentials (100-300 mV) and then decreased. Recovery was
low in reducing (<0 mV) and highly oxidising potentials (>300 mV) possibly due
to unoxidised surface and surface coverage by hydrophilic oxy/hydroxy species,
respectively. Although DTP and DTPI improved flotation recovery, their effect
decreased at higher pH values. DTPI displayed higher recoveries than DTP,

Keywords: Chalcopyrite, Electrochemistry of Chalcopyrite Flotation, Pulp
Potential, Cyclic = Voltammetry,  Microflotation, = DRIFT
Spectroscopy, Dithiophosphate, Dithiophosphinate.
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KALKOPIRIT UZERINE DITHIOFOSFAT VE DITHIOFOSFININ
ADSORPSIYONUNUN PULP POTANSIYELI VE pH DEGERININ BiR
FONKSIYONU OLARAK INCELENMESI

Giiler, Taki
Doktora, Maden Miihendisligi B6limii
Tez Yoneticisi: Prof.Dr. Cahit Higyilmaz
Ortak Tez Yoneticisi: Dog¢.Dr. Giilsiin G6kagag

Haziran 2002, 204 sayfa

Piilp potansiyeli ve pH, siilflir cevherlerinin flotasyonunda 6nemli rol
oynar. Bunlar siilfiirli mineral yilizeyinde olugan redoks frlinlerini belirler. Bu
nedenle farkli kosullarda siilflirli minerallerin elektrokimyasal davranimmin

incelenmesi gerekmektedir.

Bu aragtirmada  Artvin-Murgul cevher yatagi  kalkopiritinin
elektrokifnyasal davranim: dithiofosfat (DTP) ve dithiofosfinin (DTPI) var ya da
yok oldufu ortamlarda donlstimlii voltmetre ve Diffuse Reflectance Infrared
Fourier Transform (DRIFT) spectroskopi ile arastirildi. Piilp potansiyeli (Eh), pH
ve kollektorlerin etkisini belirlemek i¢in modifiye edilmis Hallimond tiip ile
mikroflotasyon deneyleri yapilmagtir.
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Déniigtimlii voltmetre ¢aligmalari, asitli ¢ozeltilerde kalkopirit yilizeyinden
demirin dncelikli olarak ¢ozlindiiglinti ve demirce eksik, kiiklirtge zengin ylizey
olusturdugunu, nitir ve alkali ¢bzeltide ise kalkopirit ylizeyinde demir hidroksit
¢okelmesine neden oldugunu géstermistir. DTP ve DTPI yiizey pasifizasyonuna
neden olmus ve voltamogramlarda herhangi bir sinyal olusturmamuslardir.

Kalkopirit elektrodu yiizeyinde adsorplanan bilesikler DRIFT spektroskopi
ile belirlenmigtir: Asit ¢6zeltide kalkopirit DTP ile sartlandirildifinda indirgen ve
orta ylikseltgen potansiyellerde, adsorbe olmug dithiofosfat temel yiizey bilesigi
iken, yiikseltgen potansiyellerde ise muhtemelen CuDTP-HDTP),’dir. Bununla
birlikte, notiir ve alkali pH degerlerinde kalkopirit yiizeyinde olusan hidrofobik
DTP bilegikleri tammlanamamigtir. Kalkopirit DTPI ile sartlandirildiginda asithi
ve alkali ortamlarda CuDTPI olustugu gozlenmistir. Alkali ortamda, indirgen
potansiyelde CuDTPI olusumu, yiikseltken potansiyelde ise Cu(DTPI), ve/veya
(DTPI); olugumu tahmin edilmigtir.

Mikroflotasyon deneyleri, asit ¢ozeltide, muhtemelen demirce eksik
yiizeyden dolay1 en yiiksek verimin elde edildigini gostermigstir. Hidrofilik ylizey
hidroksitlerinden dolay1r verim pH’nin artirilmas: ile azalmistir. Verim orta
ytikseltgen potansiyele (100-300 mV) kadar artmug ve daha yliksek
potansiyellerde (>300 mV) diigmiigtiir. Verim, indirgen potansiyellerde (<0 mV)
muhtemelen oksitlenmemis ytizeyden dolay: ve yiikseltgen potansiyellerde (>300
mV) ise muhtemelen hidrofilik bilegenlerin ylizeyi kaplamasindan dolay: distik
¢ikmigtir. DTP ve DTPP’nin verimi artrmalarina ragmen, etkileri yiiksek pH
degerlerinde diigmiistiir. DTPI, DTP’a oranla daha iyi sonu¢ vermigtir.

Anahtar Kelimeler: Kalkopirit, Kalkopirit Flotasyonunun Elektrokimyasi, Piilp
Potansiyeli, Doniiglimlii Voltmetre, Mikroflotasyon, DRIFT
Spectroskopi, Dithiofosfat, Dithiofosfin.
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CHAPTER 1

INTRODUCTION

Flotation has gradually moved to a predominant role in mineral separation
since the first decade of last century. There are several reasons for this; the first
reason is the continuing trend toward freatment of low grade and more finely
digseminated ores being the major one. Not only has this been true for sulphides
to which the process was first applied commercially, but also for most non-
sulphide ores as well. The second reason is the broad applicability of the process
with respect to particle size; it is effective from 8 to 10 mesh (2.36 to 1.65 mm) to
below 10 pm. Finally, flotation has almost no limitation in separating minerals.
Flotation can utilise the wide range of surface chemical diffcrences among
minerals, and an equally wide range of reagents (Arbiter et al., 1985; Fuerstenau,
D.W., 1999).

Sulphide otres constitute the major economic source of nonferrous base
metals (Marabini et al., 1993; Ralston, 1991) and are the largest groups of ores
treated by flotation process (Aplan and Chander, 1987). In industrial practice,
most sulphide minerals are floated with the aid of small quantities of a thiol
¢ollector. Some of the commercially used thiol collectors are xanthates (65 % of
US market), dithiophosphates (15 %), and thionocarbonates plus xanthogen
formates (15 %) (Aplan and Chander, 1987). Several other collectors, such as
thiocarbamates, xanthic esters, dithiophosphinates, etc., are known to have
collecting properties and sometimes are used commercially on a small scale
(Chander, 1999).



Sulphide minerals are predominantly covalently bonded and do not form
hydrogen bonds with water. Their solubilities in water are low. They are
semiconductors. Therefore, they can act as an electron acceptor or donor, and so
support electrode reactions, such as their surface oxidation (Kocabag, 1983;
1992).

The key chemical step in the flotation process is the adsorption of the
organic collector on the selected mineral surfaces. It is now well established that
the interaction of thiol collectors with sulphide minerals is electrochemical in
nature. An anodic process involving the collector is coupled with a cathodic
process, which is usually the reduction of oxygen. The anodic process can be
charge transfer chemisorption in which the colléctor becomes attached to the
surface through bonding with metal atoms in the sulphide mineral, the
development of a thiol compound with a metal component of the mineral, or the
formation of the dimer of thiol collector (Fuerstenau, M.C., 1980; Woods, 1996).

The structure and composition of the surface layer formed on the mineral
surface at the prepdration stage is the central subject in the basic studies of
sulphide flotation (Leppinen, 1991). A large number of investigations have been
directed towards understanding sulphide mineral-thiol collector interactions. It is
apparent from these studies that the oxidation of both sulphide mineral and
collector play an important role in the collection process, but very little is known
about the oxidation reactions, especially for dithiophosphates and
dithiophosphinates.

Electrochemical, wetting and spectroseopic techiniques are used to clarify
the flotation and surface properties of ‘sulphide minerals. Linear potential sweep
voltammetry is the most important electrochemical technique and is particularly
useful for studying surface reactions (Buckley et. al., 1985). Wetting techniques
are contact angle measurement and flotation. Combination of electrochemical
techniques and wettirig measurements has been traditionially employed methods to
investigate the surface composition of sulphide minerals in an aqueous solution.
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By combining these techniques, hydrophobic species that might be present at the
mineral surface could be achieved (Chander, 1988).

Although electrochemical investigations yield important information on
the characteristics of adsorption, such techniques do not provide direct
information on the chemical composition of the adsorbed layer (Buckley and
Waods, 1992), and generally comparison of experimental results and theoretically
calculated relations is required to elucidate the oxidation state of sulphide.
Moreover, collectors do not always give rise to voltammetric current that are
readily distinguished from background currents due to other surface processes
(Chander, 1988). Therefore, electrachemical and surface spectroscopic techniques
have been used together to characterise sulphide surfaces (Ralston, 1991).

Chalcopyrite (CuFeS,) is the most abundant copper sulphide mineral and
is the major commercial source of copper. The principal industrial extraction
process involves crushing, grinding, and flotation, followed by pyrometallurgical
treatment Of the concentrate. However, falling of mined copper ore grades and
strict environmental protection legislation has fed to increase the interest in more
selective and efficient froth flotation and in hydrometallurgical processes to
recover copper from its minerals. This has been the motivation behind many
studies of copper sulphide and copper iron sulphide oxidation and reduction
mechanisms (Buckley and Woods, 1984; Cases et al., 1997; Fairthorne et al.,
1997, Gomez et al., 1996; Kelsall et al., 1992; Klauber et al., 2001).

Electrochemistry of collectorless flotation and xanthate-chalcopyrite
interaction has been studied extensively (Buckley et al., 1985; Cases et al., 1997,
Chander, 1991; Ekmekei, 1995; etc.). However, electrochemical and flotation
behaviour of chalcopyrite in the presence of dithiophosphate (DTP) and
dithiophosphinate (DTPI), which are thore selective for pyrite rejection in
complex sulphide ores than xanthate, have not been adequately clarified, yet.



Comparative investigation of the effect of DTP and DTPI on selective
flotation of sulphide minerals has become necessary due to that DTPI has
displayed better selectivity against pyrite and sphalerite as compared with DTP,
and chemical formulas of DTPI and DTP are the same except the oxygen cortent
of DTP. Therefore, in this thesis, it was aimed to establish the electrochemical and
flotation behaviour of chalcopyrite in the absence, and presence of collectors
(DTP and DTPI). Cyclic voltammetry, microflotation with Hallimond tube and
syrface spectroscopic studies (DRIFT) are the tools to establish the
electrochémical and flotation behaviour of chalcopyrite.



CHAPTER 2

LITERATURE REVIEW

2.1 Surface Properties of Sulphides

Minerals may be ¢lassified according to their behdviour in the flotation
process as follows (Tolun, 1987):

1- Non-polar, non-metallic minerals (graphite (C), sulphur (S), talc
(Mg;38i4010(OH)y), etc.)

2- Sulphides of heavy metals and native metals (galena (PbS), sphalerite
(ZnS), chalcopyrite (EuFeS,), etc.)

3- Oxidised minerals of non-ferrous metals (eerussite (PbCO3),
smithsonite (ZnCOs), malachite (CuCO3.Cu(OH),), etc.)

4- Polar salt-type minerals which contain cations of calcium magnesium,
barium and strontium (calcite (CaCOs), fluorite (CaF,), apatite
(Cas(PO4)(F2CLhOH,0)), barite (BaSOy), etc.)

5- Oxides, silicates and aluminosilicates (feldspars, hematite (Fe;Os),
pyrolusite (MnQ,), etc.)

6- Soluble salts of alkali and alkaline earth metals (sylvite (KCl), gypsum
(CaS04.2H;0), colemanite (Ca[(B304)(OH);]. H,0), etc.)

The ease of flotability of these minerals decrease as the ionic character of
the chemical bonding increases. The gradation between covalent and ionic
bonding is simply presented in Figure 2.1 (Dennen, 1959; Rogers, 1962; Tolun,
1987).
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As shown from Figure 2.1, sulphides, unlike oxides and silicates, are
predominantly, covalently bonded, and do net form hydrogen bonds with water.
Their solubilities in watet are extremely low, reflecting in the solubility produet
values for PbS, CuS, ZnS and Hg$ of 10% 10, 10% and 10™**  respectively
(Kocabag, 1983). Such low solubility products suggest that sulphide minerals
should be relatively inert in aqueous solutions. However, this is not the case, since
they are characterised by their chemical reactivity with water and dissolved
oxygen (Gaudin, 1974). They show electrical conductivity, but compared with
metals they are extremely poor conductors (i.e. semiconductor, semimetallics).
Due to semiconducting properties, their reactions, in¢luding the adsorption of
collectors, are usually electrochemical in nature and dependent on the redox
conditions in the floetation pulp Buckley and Woods, 1982; Woods, 1984), which
is determined not only by the oxygen but all the reducing and oxidising agents
present (Kocabag, 1994). In addition, sulphides are thermodynamically unstable
in the presence of oxygen as surface oxidation to S;>, §°, S,0;%, SO;*, SO}

and metal ions qr oxides/hydroxides octurs depending on the pH. The oxidation
products are more soluble than the underlaying sulphides (Buckley and Woeds,
1982; Kacabag, 1983).

Non-polar  Sulphides Silicates — Oxidés - Salts
2 g
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Figure 2,1: Gradation between ionic and covalent bonding (Tolun, 1987)

The mineral samples taken from different ores show differences with
respect to both their physical and chemical characteristics. Even the minerals from
the same ore body may different with respect to their crystal structures and
¢compositions. Bulk electronic properties of sulphides can vary depending on
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deviations from stoichiometric compositions, impurity contents, and a variety of
lattice imiperfections. That is as the stoichiometry of a sulphide mineral varies
from metal-rich to sulphur-rich, its electronic conductivity changes from n-type to
p-type, and therefore, mineral becomes more covalently bonded due to metal
deficiency (Plaksin et al., 1968; Smith, 1942),

If a solid brought in contact with an aqueous solution, charged species will
be transferred across the interface until equilibrium is established. The interface
between the solid and solution phas¢ may be treated as a semi-permeable
membrane which allows only charged species common to both the solid and the
solution to pass through. These species will be those ions which serve as the
building blocks of the solid and are called potential determining ions (de Bruyn
and Agar, 1962). The potential determining ions of base metal sulphides are
expected to be metallic cations and sulphide ions; but S? ions are hydrolysed in
agueous solution and form compounds like SO;?, S;03, HS™ and H,S depending

on the potential of the medium. For any metal sulphide found in a solution, it is
convenient to say that the changes in the chemical potential are related with the
chemical equilibrium (Ralston, 1991). So it can be concluded that H' and OH
ions are also potential determining ions for the sulphide-solution interface. This
situation does not change the effect of metal (M*?) and S jons on the medium;
but shows the importance of H' and OH" ions (Kocabag, 1983).

2.2 Electrochemistry of Sulphides

2.2.1 Electrochemical Potential

When charged species (ions or electrons) are major constituents of a
material system, it is referred to as an electrochemical system. In addition to the
chemical behaviour of such systems, the electrical effects produced by the
presence of the charged particles must also be considered. A flotation pulp
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represents such an electrochemical system because many of the reagents, organic
and inorganic electrolytes, also the dissolved species derived from suspended
solids are ionic in nature (de Bruyn and Agar, 1962). Therefore, when a solid
comes into contact with an aqueous solution, a mixed potential will be created on
the surface. A mixed potential may be defined as the steady-state open circuit
potential observed with an electrode when more than one reaction is occurring at
the surface (Natarajan and Iwasaki, 1974).

In an electrochemical system, electrochemical reactions are represented by
oxidation and reduction reactions. In the case of anodic oxidation reaction,
minerals donate electron, and for cathodic reduetion, they accept electron. Each of
oxidation and reduction reactions is named as half-reaction and it can be written

as in equation 2.1:
Reduced State o—2 Oxidised State + ne 2.1

and the corresponding half-cell potential is given by the Nernst equation:

RT |oxidised state]
nF Ireduced staie{

Eh=E° + 2.2

where R: Gas constant (0.001987 kcal/deg)
n: Number of electron
T: Temperature (298.15 °K)
F: Faraday constant (23.06 kcal/volt-gram)

[oxidised state] and [reduced state] are the activities of oxidised and reduced
products, respectively. E° represents the standard formation potential and is
measured at standard states (unit activity, 1 atmospheric pressure and 25°C
temperature). Eh is the reversible potential of the reaction 2.1, and it shows the
measured (or calculated) potential when standard hydrogen eléctrode is used as

reference electrode.



2.2.2 Pulp Potential Measurement

The redox potential measurements in flotation systems are very useful for
monitoring changes at the mineral/solution interface or in the liquid phase. The
potential at a solid/solution interface is determined by the presence of oxidising
and reducing speeies in solution. For the measurement of oxidation/reduction
potentials, an eleetrode pair consisting of an inert indicator electrode -and a
reference electrode is commonly used.

The indicator electrode functions as an acceptor or a donor of electrons to
the ions in solution. Three types of indicator electrodes are commonly used for
measurement of redox potential: Noble metal electrodes, mineral electrodes and
ion selective electrodes (Zhou and Chander, 1991). Noble metal electrode used
most is platinum, although gold electrode has a fair number of applications
(Garrels and Christ, 1965; Labonté and Finch, 1990; Rand and Woods, 1984).
Mineral electrodes used for monitoring Eh include-chalcopyrite, pyrite, chalcocite,
etc. (Gebhardt and Shedd, 1988). Sulphide ion selective electrodes are most
widely used in the sulphidisation process for the flotation of oxidised copper, lead
and zinc ores (Jones and Woodcock, 1978a, b, 1979; Malghan, 1986).

A clean platinum surface is imperative in securing a reproducible potential
on short conditioning. The behavicur of platinum electrode as a redox potential
indicator was investigated in detail by Natarajan and Iwasaki (1970, 1973a,
1973b, 1974) and they stated that sulphide ions might result in poisoning of
platinum electrodes. They concluded that the poisoning of platinum electrodes by
organic and inorganic impurities presgnt in the solutipn mayead to erratic results,
since a platinum electrode is not inert as often thought to be. Therefore, there is a
need for platinum electrodes to be cleaned before transferring fram one system to
another. There are several techniques for cleaning indicator electrode: Chemical
treatment in acid solution (such as sulpburic, nitric and chromic acids),
mechanical treatment, and electrochemical treatment (cathodic and anodic
cleaning). The mechanical treatment of platinum electrodes can give a very short
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response time in the Eh measurement. However, if an electrode is to be used for
on-line monitoring of a flotation pulp, mechanical cleaning of the electrode is not
very convenient. Although electrochemical activation by anodic/cathodic
treatment is the most rigorous method for cleaning noblé metal electrodes, dipping
in chromic acid provides an effective and rapid means for obtaining clean
reprodycible surfaces (Ndtarajan arid Iwasaki, 1970, 1974; Rand and Woods,
1984).

In flotation systems, the relevant Eh is the established potential at the
mineral/solution interface. This suggests that an electrode ¢onstructed from the
mineral being concentrated should be the most appropriate for Eh measurement
(Woods, 1984). However, since oxidised surface layers form on mineral sulphide
electrodes through reaction with dissolved species in the flotation pulp, such-
electrodes could rapidly reach a condition where they no longer respond rapidly to
changes in the pulp environment (Rand and Woods, 1984).

Rand and Woods (1984) demonstrated how Eh depended on the nature of
the indicator electrode by studying the behaviours of platinum, gold and galena
electrodes in ironfoxygen and xanthatefoxygen systems. They found that pulp
potentials in the same system can be different for different indicator electrodes
because the rate of the electrode reaction is dependent on the nature of the
electrode surface. They concluded that gold electrode could be a better material

since it responded more electrode potential mare closely.

Since the pyrite mineral has a higher rest potential than any other sulphide
mingrals, it is reported to be the noblest sulphide mineral. In oxygenated solutions
containing ferric and ferrous ions, it was obsetved that the response of the pyrite
electrode was identical to that of a platinum electrode (Sato, 1960; Natarajan and
Iwasaki, 1972). This behayiour was verified by Gebhardt and Shedd (1988) when
they investigated both platinum and pyrite electrodes in deoxygenated ferrous
sulphate solutions, and showed that platinum electrode responded. similarly to
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pyrite electrode. However, it was observed that these two electrodes responded
differently in deoxygenated copper stulphate solutions.

A study was made by Cheng and Iwasaki (1992) to investigate the
flotation of chalcopyrite and pyrrhotite and their mixture using platinum,
chalcopyrite and pyrrhotite electrodes as indicators. The results of this study
showed that the electrodes responded to the system slowly and erratically, and the
time needed for the mineral electrodes to reach a steady state was longer than for
the platinum electrode. It was concluded, therefore, that platinum electrode was a
better indicator that would be used in the flotation pulps.

Early in the development of electrochemical techniques, the standard
hydrogen electrode (SHE) was accepted as a standard. For this reason, reference
tables of staridard potentials are given versus this electrode. In practice, the SHE
is difficult to use. So, for the reference electrode, saturated calomel electrodes
(SCE) and Ag/AgCl electrodes are widely used to make electric connection with
the system to be measured (Hochstetler, and Wightman, 1998; Kounaves, 1997).
When a platinum indicator electrode is connected to a calpmel reference
eléctrode, the platinum electrode can accept electrons from dissolved ionic
species, or it can give them up, depending on whether the potential of the half-cell
containing the dissolved species is greater or less than that of the calomel
referénce electrode. Potential is determined by the reaction

Hg:Clyy +2e === 2Hg,+ 2CI" 23

and the Eh may be calcylated from the measured potential by

Eh = Emeamred =+ 0.245 VOlt at 25°C 2.4

where the numerical value of 0.245 volt represents the potential of a saturated
calomel electrode with respect to standard hydrogen scale (Garrels and Christ,
1965).
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2.2.3 Pulp Potential Control

There are two methods of Eh control: potentiostatic and chemical. The
potentiostatic method is intrinsically cleaner as it does. net require the addition of
redox agents to the flotation pulp as in chemical control. In the lafter case, the
possibility of specifi¢ interactions with mineral surface must be considered. With
potentiostatic control, the Eh can be readily manipulated to any desired value,
whereas chemical control is less flexible, particularly near Eh zeto. Chemical
control of Eh is more directly related to plant practice and produces a more
uniform electrochemical environment around the sulphide particles in the flotation
pulp, whereas potentiostatic control is very dependent on the efficiency of
electrode/particle contact. In plant applications, since the potentiostatic control
requires a high voltage application, it necessitates a great energy source and a very
good isolation (Cheng and Iwasaki, 1992; Hayes and Ralston, 1988; Rao et al,,
1992).

For chemical control, there are many redox reagents used to control pulp
potential: For anodic oxidation potentials, KMnO,, H,0, and NaOCT are used; for
cathodic reduction potentials, Na;S, Na;$,04, Na2S20s5, Na,SO; and iron powder
are used (Cheng and Iwasaki, 1992; Ekmekg¢i, 1995; Trahar, 1984; Yoon, 1981).
Conventional steel mill grinding provides strongly reducing conditions compared
with the non-reducing conditions that are obtained in the autogenous grinding or

in a porcelain mill (Betglund and Forssberg, 1987).

In laboratory experiments, pulp potential can be controlled either by redox
reagents (Heyes and Trahar, 1977) or by electrochemically (Gardner and Woods,
1979, Hayes and Ralston, 1988).

2.2.4 Voltammetry

Historically, the branch of electrochemistry, it is now called voltammetry,

developed from the discovery of polarography in 1922 by the Czech chemist
12



Jaroslav Heyrovsky. The early voltammetric nfethods experienced a number of
difficulties, making them less than ideal for routine analytical use. However, in
the 1960s and 1970s significant advances were made in all areas of voltammetry
(théory, methodology, and instrumentation) which enhanced the sensitivity and
expanded the repertoire of analytical methods (Kounaves, 1997; Sturrock and
Barringer, 1998).

Linear sweep and cyclic voltammetry techniques have been very popular
among electrochemists (Chander and Fuerstenau, 1974; Ekmekei, 1995; Kim,
1995; Kowal and Pomianowski, 1973; Woods, 1971, 1987). Cyclic volta,mmary
(CV) is widely used for the initial characterisation of electrochemically active
systems. In addition to indicating the number of different oxidation states, and
their relative energies, CV can also be used for mechanistic studies of systems in
which the electron transfer reactions, due to the characteristic appearance of cyclic
voltammograms associated with different mechanisms (Bott, 1999). A typical
voltammogram is given in Figure 2.2 which shows the characteristic oxidation
and reduction peaks.

This technique is based on varying the applied potential at a working
electrode in both forward and reverse directions while¢ monitoring the current.
Oxidation occurs when the potential of the working electrode is sufficiently
positive. Conversely, reduction occurs when the electromotive force (potential) of
the working electrode is sufficiently negative. If oxidised product remains near the
electrode surface (i.e., does not completely diffuse away) and is reducible, then a
current will flow on the reverse scan when its redox potential is reached. In CV,
depending on the analysis, one full cycle, a partial cycle, or a series of cycles can
be performed.

The common characteristic of all voltammetric techniques is that they
involve the application of a potential (E) to an electrode and the monitoring of the
resulting current (i) flowing through the electrochemicat cell. In many cases of the
applied potential is varied or the current is monitored over a period of time (t).
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Thus, all voltammetric techniques can be described as some fiinction of E, i, and t
(Kounaves, 1997).

POTENTIAL Ep

Figure 2.2. Current-potential curve for a galena electrode
in pH 9.3 buffer solution containing 9.5x10°
M ethyl xanthate (Woods, 1971)

The important parameters in a cyclic voltammogram are the peak
potentials (Eyc, Epa) and peak currents (ipc, ipa) Of the cathodic and anodic peaks,
respectively. If the electron transfer process is fast compared with other processes
(such as diffusion), the reaction is said to be electrochemically reversible, and the
peak separation is

AE, = Ep-Epo = 2.303RT/nF 25

Thus for a reversible redox reaction at 25°C with n electrons AE, should
be 0.0592/n V or about 60 mV for one electron. In practice this value is difficult

fo attain because of such factors as cell resistance. Irreversibility due to a slow
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electron transfer rate results in AEp>0.0592/n V, greater, say than 70 mV for a

one-electron reaction.

The coupling of chemisorption reactions to the electron transfer reactions
can lead to changes in the peak potentials and/or the peak currents, and the effect
of chemical reactions is often expressed in terms of ¢hanges in the peak current
ratio and/or peak potentials (Bott, 1999; Chander and Briceno, 1987). Under
linear diffusion conditions reversible charge transfer processes, in general, give
peak potentials independent of sweep rate. Therefore, the large separation
‘between the oxidation and reduction peaks is indicative of an irreversible process
(Chander and Fuerstenau, 1974). So, for an irreversible process, E;, and E, are
much farther apart than 0.0592/n.

For a reversible pracess, peak current changes with a change in scan rate,
but peak potertial do not: The faster the scan rate, the greater the peak current as
long as the reaction remains reversible. The increase in the peak current value is a

function of the square root of the scan rate according to Randle-Sevcik equation,
i, =2.69x10°n** Ac’D"v™

where i, is the peak current in amps, A is the electrode area (cm®), D is the
diffusion coefficient (cm’/s), ¢° is the concentration in mol/cm’, and v is the scan
rate in V/s. If the peak current is a nonlinear increasing fanction of the square root
of scan rate, it indicates an irreversible reaction (Bott, 1999; Chander afid Briceno,
1987; Kounaves, 1997). In addition, larger peak separations at higher scan rates
indicate that a slow electron transfer is involved. Shift in the formation potential
of a peak at higher scan rates could also be associated with changes in the
composition of the passivation layer (Cha and Park, 1996).
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2.3 Eleetrochemistry of Sulphide Flotation

The flotation behaviour of minerals depends an the balance between the
hydrophobic and hydrophilic species present at the surface of the minerals.
Sulphide minerals exhibit different degrees of natural hydrophobicity, though few
have sufficient hydrophobicity to ensure flotation (natural collectorless flotation).
Generally organi¢ reagénts (collectors) are required to prepare a hydrophobic
surface for flotation, although the hydrophobicity of some minerals can be
changed through chemical reaction in the absence of conyentional collectors
(induced collectorless flotation).

Sulphides are semi-conductors, and can accept or donate electrons. So the
nature and influence of electrochemical reactiops which control the state of
sulphide mineral surfaces has been the subject of many investigations (Woods,
1984). The exact nature of the hydrophobic surface species on sulphide minerals,
which respond to natutal or self induced flotation, is unclear, although the
formation of a metal-deficient surface (Buckley et al, 1985), adsorption of
polysulphides (Luttrell and Yoon, 1984a), or the presence of elemental sulphur
(Gardner and Woods, 1979) was suggested. Trahar (1983, 1984) and Heyes and
Trahar (1977) investigated the influence of pulp potential on the self-induced and
collector-induced flotation of the various sulphide minerals and have substantiated
that mineral flotability can be affected by changes in the pulp potential.

2.3.1 Collectorless Flotation

Numerous research works have been carried out on flotability of sulphide
minerals without collector since it was recognised by Ravitz and Porter (1933) in
the flotation of galena cleaned with ammonium salts in a de-oxygenated system.
Some sulphides are naturally floatable, but others require special conditions for
collectorless flotation. Therefore, it is important to distinguish between naturat
flotability and collectorless flotation.
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Minerals such as molybdenite (MoS,), orpiment (As,S3), realgar (AsS)
and stibnite (Sb,Ss) are easily floated without the need of collectors, or of special
conditions for collectorless flotation, i.e. neither specific pulp potential is required
for flotation, nor there is any display of variable flotability with Eh. Such minerals
exhibit natural flotability. The origin of this behaviour is linked to the nature of
the chemical bonding and the crystal structure of each mineral — a relatively non-
polar surface is éxposed after fracture (Arbiter et al., 1975).

Other common sulphide minerals, e.g. chalcopyrite (CuFeS,), do not show
natural flotability. For these minerals, collectorless flotation is possible only under
specific Eh conditions in the flotation pulp. Work by Chander et al. (1975), Heyes
and Trahar (1977), Luttrell and Yoon (1984a), Pang and Chander (1993) and
Woods (1987) suggested that oxidation of surface sulphide under very mildly
oxidising conditions to elemental sulphur, polysulphides or & metal-deficient layer
is probably responsible for collectorless flotation. The fact that sulphide ion which
does not form hydrogen bonding with water molecule may also contribute to this
phenomena (Fuerstenau, M.C., 1999, Matabishi et al., 2000).

Interest in collectorless flotation has increased sharply in last few decades,
and chalcopyrite is the most investjgated sulphide mineral (Kocabag and Smith,
1989). The collectorless flotation of chalcopyrite increases up to a pulp potential
of approximately 250 mV (Fornasiero et al., 1996) but excessive ¢xidation has a
depressing effect (Rao et al., 1992).

Collectorless flotation of chalcopyrite has been studied in detail (Buckley
and Woods, 1984; Ekmek¢i and Demirel, 1997, 1998; Gardner and Woods, 1979,
Heyes and Trahar, 1977, Luttrell and Yoon, 1984a, b, Zachwieja et al., 1989, etc.)
and is thought to occur due to superficial oxidation resulting in the formation of a
sulphur-rich phase such as elemental sulphur, polysulphide or an iron deficient
chalcopyrite. Bulk thermodynamic data coupled with the position for the peaks in
the voltammograms led Gardner and Woods (1979) to conclude that oxidation

reactions were as in reactions 2.6-2.7 for acid and alkaline solutions, respectively:
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CuFeS; == CuS+§° +Fe™? +2¢ 2.6
CuFeS; + 3H;0 === CuS + Fe(OH); + S° + 3H" + 3e 2.7

In the subsequent studies, however, Hamilton and Woods (1984), Buckley et al.
(1985) and Buckley and Woods (1984) maintained that the absence of any
detectable elemental sulphur in the X-ray photoelectron spectrum (XPS) of galena
and other sulphides indicated that the initial oxidation of chalcopyrite resulted in
the formation of a copper sulphide with a stoichiometry close to that of CuS; viz.

CuFeS,; +3H,0 7=—2 CuS, + Fe(OH); +3H" + 3e 2.8

despite the conflicting evidence of Biegler and Horne (1985). who claimed that the

oxidation reaction is
CuFeS; == 0.75CuS + 0.25Cu*? + Fe'? + 1.258° + 2.5¢ 29

with a product layer containing CuS and elemental sulphur about 1 nm thick.
Buckley et al. (1985) refuted Biegler and Horne’s (1985) findings, arguing that
voltammograms are not sufficiently discriminating to distinguish between the

possible reactions and reiterating their confidence in the XPS spectra.

In addition, Pang and Chander (1993) investigated the surface films by
different electrochemical techniques and proposed the reactions 2.10 and 2.11 for
anodic oxidation of chalcopyrite. They stated that under certain conditions the
iron oxides that form when chalcopyrite oxidises do not adhere to the surface.

CuFeS, == CuFe;,S, + xFe'> + 3xe 2.10

CuFeS; == (CuS+S) +Fe™ + 3e 2.11
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2.3.2Collector Induced Flotation

The basic condition for flotatjon is the hydrophobicity of the surface of the
mineral to be floated. For sulphides, this condition usually requires treatment with
a collector solution. The interaction between collectors and surfaces plays an
important role in many aspects of mineral processing. Therefore, to understand
the interaction between different reagents and the mineral surface is central
concept to achieve selective flotation (Piantadesi et al., 2000; Arbiter and
Gebhardt, 1992).

Taggart and co-workers (Taggart et al., 1930) developed a theory based on
chemical reaction and wrote: “All dissolved reagents which, in flotation pulps,
either by action en the to-be-floated or on the not-to-be-floited particles affects
their flotability, by function of reasons of ¢hemical teactions of well recognised
types between the reagent and the particle affected”.

In early papers of Gaudin and Wark, collector adsorption was considered
to take place simply as the adsorption of collector ions or possibly. molecular
entities (metal xanthates or xantic acid molecules). For example, Gaudin (1927)
wrote: “The mechanism by which xanthate float other sulphides than galena may
involve an adsorption of xanthate fons without further reaction”. In 1934, he still
remained ambivalent about the chemical theory of flotation: “The oxidised
coatings on galena react metathetically with alkali xanthates in sqlution in water
to produce coatings of lead xanthate” (Gaudin et al., 1934). Wark (Wark, 1938,
Sutherland and Wark; 1955) drew attention to the fact that this model was
inconsistent with established values for the solubility products of the species
involved. He believed that the interaction of thiols with sulphides should be
considered as adsorption and wrote in 1934: “We find that there is a strong
connection between adsorption of xanthates and the solubility of the heavy metal
xanthates, but we are unable to decide if this is an identity” (Wark and Cox,
1934).
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The idea that chemical interactions on the snlphide surface would occur by
an electrochemical mechanism was first put forward by Salamy and Nixon (1953).
It is now well established that the development of hydrophobicity of sulphide
mineral particles atises from an anodic progess involving the oxidation of mineral,
coupled with the cathodic reduction of oxygen in collectorless flotation. In a
collector flotation system, the anodic process is the charge transfer chemisorption
of a thiol ion, and/or oxidation of thiol ion to its disulphide, and/or the formation
of a thiol compound with a metal component of the mineral. So, the pulp potential
has now been recognised to be another important factor in controlling flotation
(Bahena et al., 2000).

Depending on the minerals involved, the electrochemical mecharnisms can
be subdivided into four classes (Yoon and Basilio, 1993). Chemisorption,
catalytic oxidation, EC-mechanism and metathetical substitution,

The first mechanism involves the formation of a monolayer of the thiol
oxidation prodict at potentials below the potential for the metal thiol compound
formation. This is referred to as underpotential deposition or chemisorption
(Woods, 1971) which is usually observed as prewaves on voltammograms.
Systems in which such underpotential déposition has been investigated include
ethyl xanthate on the metal sulphides galena (Richardson and O’Dell, 1985;
Woods, 1971; Gdrdner and Woods, 1977), chalcodite (Basilio et al., 1985; Kowal
and Pomianowski, 1973; O’Dell et al., 1984, 1986; Richardson et al., 1984;
Woods et al., 1990), and silver sulphide (Woods et al., 1997) and silver (Buckley
and Woods, 1995; Talonen et al, 1991; Woods et al., 1992). Underpotential
deposition has also been reported for methyl and butyl xanthates on galena
(Gardner and Woods, 1977) and diethyl dithiophosphate on chalcoeite (Chander
and Fuerstenau, 1974, 1975; Buckley 4nd Woeds, 1992).

In the catalytic oxidation mechanism, the mineral provides a passage for
the transfer of electrons from the site where the collector is oxidised fo the site
where oxygen is reduced, but dees not participate in the reaction itself. This
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mechanism applies to the adsorption of xanthates on pyrite, pyrrhotite and gold to
form dixanthogen (Majima and Takeda, 1968, Woods, 1971; Gardner and Woods,
1977).

In the third mechanism, the mineral participates in the adsorption process
to form a metal thiol compound on the surface. The mechanism of metal thiol

formation may be viewed as involving an electrochemical reaction (E):

MS =—= M2 +8°+2e 2.12
and a chemical reaction (C),
M?+2X = MX, 2.13

in which X represents a thiol collector. The overall adsorption mechanism can

then be represented by an electrochemical reaction:

MS +2X == MX;+S8°+2¢e 2.14

In organic electrochemistry, this mechanism is recognised as a coupled
electrochemical and chemical reaction of the EC-type (Nicholson and Shain,
1964). In the EC mechanism, the electrochemical reaction is controlled by the
electrochemical potential (E) of the system, while the chemical step is controlled
by its stability constant (pK), as suggested by the chemicat theory of collector
adsorption. It may be stated, therefore, that the adsorption of thiol collectors on
sulphides is controlled by both the E and pK values of the system. The E
determines the availability of metal ions, while the pK of the metal thiol complex
determines whether this complex can beé formed. Thus, metal-thiol compounds
can be formed when the mingral is easily oxidised, and/or when the metal-

collector compound has a very large pK value. (Kim, 1995).
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The EC mechanism was employed to explain the adsorption of modified
thiol type collectors including thiophosphate (Basilio et al., 1992a) and
thiophosphinates (Kim, 1995; Basilio et al., 1992b) on precious metals and that of
dithiophosphinate on copper and copper sulphides (Basilio et al., 1991).
According to EC mechanism, copper-DTPI formation process on copper may be

viewed as a two-step process, involving an initial electrochemical reaction (E):

Cu® == Cu' +e 2.15
followed by the chemical reaction (C),

Cu' + DTPI =—= CyDTPI 2.16
The overall reaction then becomes:

Cu’ +DTPI &=—= CuDTPI+e 217

The fourth mechanism involves metathetical substitution of the oxidation
product on a mineral surface by a thiol collector, which constitutes the chemical
theory proposed by Taggart et al (1930). Although this mechanism does not
directly involve a charge transfer process, it may be included in this classification

since the oxidation products are formed by an electrochemical process.

Fuerstenau et al. (2000) studied on the interaction of chelating collectors
with Cu-minerals. They defined chelating agent as collectors, which must contain
at least two donor atoms capable of bonding to the same metal atom. Elements
that act as donors are the more electronegative ones on the right-hand side of the
periodic table (sulphur, nitrogen, oxygen and, to a lesser extent, phosphorpus).
The chelating agents might behave as a collector because of formation of chelate
complex at the surface or at the interface. The chelating complexes may be
hydrophobic to promote the attachment of air bubbles. The reaction of a chelating
reagent with copper ions at copper mineral surfaces may take place by several
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distinct mechanisms, as outlined by Fuerstenau and Pradip (1984): chemisorption,
surface redction, and bulk precipitation (Figure 2.3).

Chemisorption involves covalent and coordinating bonding of surface
metal cations that do not move from their crystal lattice position when bonding
with the electron-donor atoms of the functional group of the chelating reagent
adsorbed at the mineral surface (Figure 2.3.a). Since each surface metal site bonds
to a single chelating reagent molecule, adsorption is limited to a monalayer.

Solid | $olutien Solid | Solution
[Cul X] |G X . ﬂ
o |G ox) Carx]¥
Chemisorption Surface Reaction Bulk Precipitation
(@) , ®) © .

Figure 2.3. Schematic representation of the interaction of a chelating agent
(X) with copper ions from the mineral surface by
chemisorption, surface reaction, or by bulk precipitation (bulk
precipitation may occur in the regien during adjacent to the
mineral surface). In the case of chemisorption and surface

reaction, the charge on the various species is not shown.

Surface chemical reaction occurs when bonding with the chelating agent
causes the metal cations to move out of their latticg position te the region directly
adjacent to the surface (Figure 2.3.b). This process may involve or be assisted by
hydrolysis of the metal cations at the surface. Such a hydrolysis reaction could
cause the metal ion to be displaced from its lattice position and thereby
susceptible to chelation with the added reagent. Fyerstenay and Hanson (1991)
clearly demonstrated that hydrpoxamate will function as a collector on chalcocite
only under oxidising conditions, which make the copper ions in the sulphide
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mineral available for surface reaction. Finally, surface chemical reaction can by its
nature lead to the formation of multilayers.

Bulk precipitation might occur if the solution chemistry of the mineral
flotation system promotes the dissolution of the mineral surface such that the
chelating collector can react chemically with the metal cations out in solution,
forming metal chelate complexes and even metal chelate precipitates. Needless to
say, this type of interaction between the chelating reagent and the mineral only
depletes the collector available for reaction at the surface without rendering the
mineral hydrophobic. Precipitation of a metal chelate at the interface seems to be
a necessary condition for mineral flotation to take place. If the rate of metal
dissolution and diffusion through the boundary layer is faster than diffusion of the
collector to the mineral surface, precipitation of the metal chelate in the bulk may
occur. Preferential partitioning of the chelating reagent in the form of bulk
precipitate as opposed td surface precipitate appears to deleteriously affect the
~ flotation of minerals (Nagaraj and Somasundaran, 1981).

2.3.2.1 Dithiophosphate

The dithiophosphate ¢ollector family is the second major class of sulphide
collectors from a collector volume viewpoint. Its chemical formula is (R202PS2)
and is presented as follows where R represents hydrocarbon chain:

R—O\/S

R-0~” \\SNz'

Dithiophosphates are generally water soluble, and if kept at sufficiently
high pH, have reasonable shelf life. They have many chemical and flotation
properties similar to those of the xanthates. They differ from xanthates principally
in that they are more unstable in the presence of moisture and for this reason their
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commercial forms are commonly stabilised with sodium carbonate (Crozier, 1978,

1984). They have a number of advantages over xanthates:

o Dithiophosphates only weakly interact with Fe(III) species at pH
values greater than 4 (Fuerstenau et al., 1971) and, hence, adsorption
of DTP onto chalcopyrite is likely to be strongly influenced by iron
oxyhydroxide species.

e Dithiophosphates are relatively stable in mildly acid solution than
xanthates (Leja, 1982)

o Dithiophosphates have high standard reduction potentials for
dimerisation: 0.255 V for diethyl dithiophosphate (Kakowskii et al.,
1959) relative to 0.060 V for ethyl xanthate (Winter and Woods,
1973).

. The dimer of dithiophosphates is more insoluble (5x107M for diethyl
dithiophosphate (Kakovskii and Areshkevitch, 1968)) conipared to
diethyl dixanthogen (1.25x10°M (Tipman and Leja, 1975)).

Yordanov and Ranguelova (2001) and Yordanov et al. (1998) studied the
interaction between Cu'?> and DTP™ ions by EPR and stopped-flow
spectrophotometer. They stated that after mixing the CuSO4.5H,O and
ammonium salt of ethyl DTP, [(C:Hs0),P(S)S]NH,, a short-lived brown colour
appears followed by the immediate precipitation of a pale yellow solid phase. It
was found by EPR spectroscopy, magnetic susceptibility measurements and X-ray
structure analysis (Hill, 1969, Rudzinski et al., 1980; Yordanov et al., 1983) to be
the CuDTP and the other product was (DTP),. Yordanov (1997) investigated the
appearance of brown colour with EPR spectrometer and concluded that Cu*? and
DTP™ react first to form Cu(DTP), (brown colour) in accordance with reaction
2.18 and then immediately pale yellow precipitate occurs showing the formation
of CuDTP-+HDTP), (pale yellow precipitate) by reaction 2.19.

2Cu'? + 4DTP~ &=—> 2Cu(DTP), 2.18
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2Cu(DTP); =2 2CuDTP + (DTP), 2.19

Shubov et al. (1976) studied the interaction between dithiophasphate and
chalcopyrite with UV spectrophotometer, and concluded that CuDTP, Cu(DTP).,
as well as (DTP), could be formed. They believed that Cu(DTP), is formed
initially by ion exchange with the oxidised surfice (reaction 2.18) and then
decompeoses to form the cuprous compound and dithiolate (reaction 2.19). If pH is
7.5-9.5 Cu(DTP); and, if less than 6.5 CuDTP and/or (DTP), formed hydrophobic
mineral surface. They also concluded that more higher hydrophobic surface could
be obtained with Cu(DTP), and aeration of pulp helped to the formation of
Cu(DTP).. Goold and Finkelstein (1972) observed that the decomposition of
Cu(DTP), into CuDTP and (DTP); (reaction 2.19) is very slow in alkaline

solution.

Valli et al (1994) worked on the adsorption of DTP on chalcopyrite by
using FTIR spectrometer equipped with a diffyse reflectance unit and a narrow
range MCT detector. They deduced that copper is present as copper(l) on the
surface of the oxidised copper containing minerals chalcocite, chalcopyrite and

covellite, and copper(D) species dre dissolved and solid CuDTP precipitate on the
surface.

Leppinen (1991) also studied on chalcopyrite-DTP interaction by FTIR-
ATR spectrometer equipped with narrow range MCT detector. Author stated that
the IR spectrum of surface species on chalcopyrite is very similar to that of
Cu(DTP),. Moreover, it was mentioned in the same study that the FTIR signal
intensity decreases rapidly from pH 2 to 4, being close to zero at pH 8.

Chander and Fuerstenau (1974, 1975) have carried out a series of detailed
investigations between DTP and chalcocite. They compared observations on the
flotability and contact angles of the mineral with cyclic voltammetry studies and
thermodynamic calculations. They considered CuDTP to be the product of
reaction under flotation conditions and that the hydrophobicity of the surface by a
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balance between the effects of this compound and cuprous oxide which can co-
exist with it under some gonditions. Their voltammograms indicate that DTP
participates in a two-step irreversible oxidation on chalcocite, and that only the
first step can take place at or below the rest potential in a€rated solutions, and they
suggest that CuDTP is present at the surface under such conditions. Their results
indicate strongly that no (DTP), can be present on chalcocite treated with DTP in
aerated solution. They proposed that the following reactions take place:

DTP =—= DTP°+e¢ 2.20
Cu,S + (2-y)DTP° + yDTP” 2CuDTP + S + ye 221
CuzS + (4-m)DTP° + mDTP™ =—= 2Cu(DTP), + § + me 222

D.W. Fuerstenau (1980) presented the following results drawn from Eh-
pH diagram of Cu,S/DTP/H,0 system in a papér related with thermodynamics of
sulphide flotation:

e (DTIP), is stable at all pH values, and its stability domain is
independent of the nature of the surface. For the equilibrium situation
to be achieved, however, the surface must be capable of electron
transfer, since it is recognised that (DTP), does not form in bulk
solutions.

e The maximum pH value below which CuDTP is stable, pH,, is given
by “pH, = 14.8 — p(DTP)”.

e The final oxidation product of the solid is Cu*? in acid solutions and
CuO in alkaline solutions.

e In acid solutions, where dissolved copper ions can normally form,
precipitation of the metal-reagent salt can occur in the bulk solution
rather than at the surface of the solid.

e In neutral and alkaline solutions, formation of CuDTP or Cu(DTP),
competes with the simultaneous formation of Cu,0 or CuQ.

27

Hle YW mi L

R aa S



2.3.2.2 Dithiophosphinate

Dialkyl dithiophosphinates (DTPI), which are based on the phosphine
chemistry, have recently becotne an important class of collectors for the flotation
separation of galena, chalcopyrite and precious metals from complex and massive
sulphide ores. The diisobutyl homologue is used commercially under the name
AEROPHINE 3418A promoter (Cytec Technology Corp.). Some physical
properties of DTPI is given in Table 2.1 (Rickelton, 1998). Its chemical formula is

(R2PS;)" and is presented as follows where R represents hydrocarbon chain:

R S
AN P/
R~ \sNa'

Table 2.1: Typical properties of AEROPHINE 3418A promoter (Rickelton, 1998)

Appearance Colourless to light yellow mobile liquid
Assay 50-52 % active

pH Slightly alkaline

Viscosity 23 cp at 24°C

Density 1.14 g/ml at 24°C

Freezing point -12°C

Solubility in water Complete

Flash point (closed cup) >93°C

Autoignition temperature 437°C

DTPI is structurally similar to dithiophosphate but its collector properties
are quite different from that of DTP. They are stronger in recovery capability than
the dithiophosphates and are sometimes used like xanthates; they might be used
instead of xanthates with better selectivity (Klimpel, 1999). In contrast to the
xanthates and dithiophosphates, the dithiophosphinates are more resistant to

the aqueous oxidation and they form more stable, insoluble complexes with
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many transition metals and lead. They are expected to be stable even at elevated
pulp temperatures. These characteristic properties of dithiophosphinates could
partly explain the observed high collector strength, adsorption and flotation
kinetics for Pb, Cu and precious metal values, and the improved selectivity against
iron sulphides and sphalerite (Aslan, 2002; Gorken et al., 1992; Kim, 1995,
Nagaraj and Avotins, 1988). Some of the advantages ultimately demonstrated by
AEROPHINE 3418a promoter compared to traditional collegtors include

(Mingione, 1990):

o Improve selectivity and recovery in base metals flotation, particutarly
with complex polymetallic ores,

» Increase recovery of precious metals associated with base metal ores, -

o Greater selectivity against iron-sulphide minerals,

o Rapid flotation kinetics and

e Decrease collector consumption.

Gorken et al (1992) investigated the influence of pulp potential on
selective flotation of chalcopyrite from Cu-Zn-Ag-Fe ore. They found that mildly
oxidising conditions, such as that achieved by aeration of the pulp, were necessary

for-obtaining selective flotation for chalcopyrite with DTPI.

Yordanov et al (1983) made a research to elucidate the reaction
mechanism between Cu*? and DTPI™ similar to the work performed with DTP~
and Cu'? as mentionéd above. They observed similar behaviour with DTPI as
compared with DTP: Colour change and then precipitate formation. So they
proposed the generation of Cu(DTPI), and then formation of CuDTPI+H(DTPI),
according to reactions 2.23 and 2.24. Similar behaviour was also observed for X
and Cu'? interaction (Alexiev et al., 1984; Yordanov and Velcheva, 1990).

2Cu"? + 4DTPI" =2 2Cu(DTPI), 2.23

2Cu(DTPI), ¥==* 2CuDTPI + (DTP)), 2.24
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Higyilmaz et al (2001) studied the interaction between DTPI and platinum
electrode by cyclic voltammetry. They obtained a voltammetric peak at @bout
1250 mV, and estimated the dimer formation consistent with the reaction 2.25.

2DTPT z—+ (DTPI); +2¢ 2.25

2.4 Eb-pH Diagrams and Application to Sulphide Flotagion

The discovery that charge transfer reactions are involved in the sulphide
flotation systems has given rise to new methods of studying complex surface
phenomena theoretically. A convenient way of summarising the thermodynamic
inforination related to the stability of simple mineral systems in aqueous solutions
is the Eh-pH diagram. The original diagrams of this kind were developed by
Marcel Pourbaix (1963) for defining the thermodynamics of metal corrosion
systems. Sinee then Garrells and Christ (1965) haye calculated similar diagrams
from the point of view of the geologist, who is concerned with the conditions
under which minerals are formed and deposited from solutions or hydrothermal
systems. Figure 2.4 presents a typical Eh-pH diagram for Cu-Fe-S system.

Several investigators have used this approach te study various flotation
systems (Chander and Fuerstenau, 1973; Fuerstenau et al., 1968; Hepel and
Pomianowski, 1977; Janetski et al., 1977, Wang et al., 1989). However, most of
the thermodynamic calculations done were relatively simple and not
comprehensive. Only the stable solid species were considered in these
calculations and the soluble species were assumed to have fixed concentrations.
This meant that mass-balance and kinetic effects were ignored, It has only been
recently that more comprehensive therhodynamic calculations have been
undertaken for sulphide flotation systems (Basilio ét. al., 1985; Forssberg et. al.,
1984; Palsson and Forssberg, 1988, 1989; Pritzker and Yoon, 1984, 1987, Pritzker
et. al., 1985). A majority of these investigators considered metastable phases to

30



account for kinetic limitations caused by the relatively short time scales operative

in flotation systems.
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Figure 2.4. Reversible potentials for the Fe'%/Fe(OH),/
Fe(OH); (———--), S/H,S/HS™ (———) and
CuFeSy/CuS, Fe(OH)s, S (—-—) systems
as a function of pH (Gardner and Woods,
1979).

The usual approach taken in constructing Eh-pH diagrams is appropriate to
natural systems of geological interest and geochemical concern, but has a number
of limitations when mineral processing is concerned. It takes the total system to be
essentially infinite whereas, in mineral processing, the system is closed with mass
balance being maintained during the various reactions that take place. Also, Eh-
PH diagrams usually portray only stable phases whereas, in the relatively short
time scales operative in mineral processing, kinetic limitations may allow the
development of metastable phases. The later situation is particularly relevant to
the reactions of sulphide minerals due to the irreversibility of sulphate formation

(Peters, 1984). In addition, Woods (1971) noted that in his investigation of the
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adsorption of xanthate on galena the reaction took place at potentials lower than
that the thermodyramically predicted reversible potential. He warns that the use
aof bulk thermodynamics should be approached with a great deal of cautions.

Since the introduction of Eh-pH diagrams by Pourbaix (1963), all methods
of drawing these diagrams followed, basically, the same approach to resolve the
competing equilibria. All methods consider the general reaction in which species
A is converted to B, the reaction is:

aA + wHyO == bB+hH +ne 222

where a, w, b, h, and n are stoichiometric parameters. The reduction

electrochemical potential is:
0 / b
E_ - (AG ]_ (2.303RT h)pH L 230RT, (?B A 023
oF oF nF (@,)" @uy0)

where: AG® is the standard free energy charge of reaction 2.22, F is Faraday’s
constant, R is the gas constant, T is the absolute temperature.

2.5 Surface Spectroscopy

Surface chemistry plays an essential role in many aspects of mineral
processing. In particular, an understanding of interaction of different reagents with
the mineral surface in an aqueous medium is of crucial importance in achieving
the desired beneficiation by flotation (Giesekke, 1983; Marabini et al., 1993).

Although electtochemical techniques provide valuable information on the
nature of the surfice reactions, they do not yield unequivocal identification of the
products formed on the electrode surface. Because, collectors do not always give
rise to voltammetric currents that are readily distinguished from background
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currents due to other surface processes. For exanmple, voltammetry was found
(Yoon and Basilio, 1993) not to provide unequivocal information on the
interaction of thionocarbamates at copper electrodes. To obtain information on the
detgiled nature of such collector/mineral interactions it is necessary to ufilise
spectroelectrochemical techniques (Piantadosi et al., 2000; Suominen et al., 1992,
Woods et al., 2000).

A number of spectroscopies have been applied to augment electrochemical
approaches and provide information on the ¢lemental and molecular composition,
the atomic geometry, and the electronic structure of the interface. The
spectroelectrochemical techniques that have been most widely applied to flotation
systems have involved infrared spectroscopy or Fourier Transform infrared
spectroscopy (FTIR). Beside this, there are many spectroscopic techniques to
study the surfactant-mineral interaction in flotation: Secondary ion mass
spectroscopy, Raman spectroscopy, Auger electron spectroscopy, X-ray
phetoelectron spectroscopy (XPS), etc.

2.5.1 Infrared spectroscopy

Infrared spectroscopy has found wide acceptance for characterising
adsorption on mineral surfaces. An infrared spéctrum represents a fingerprint of a
sample with absorption peaks that correspond to the frequencies of vibrations
between the bonds of the atoms making up the material. Because each different
material is a unique combination of atoms, no two compounds produce the exact
same infrared spectrum. Therefore, infrared spectroscopy can result in a positive
identification of every different kind of material (Termes and Richardson, 1986;
ThermoNicolet, 2002). This technique is, however, not sufficiently sensitive when
adsorption is low and water interferes seriously with the analysis. Interpretation of
the spectra is often difficult, especially when adsorbate orientation effects are
involved. The external reflection technique requires 4 large, smooth, reflecting
surface, which may be impossible to obtain for certain minerals. The problems are
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accentuated when powdered particles are involved. Mixed mineral powders, such
as an actual flotation concentrate from an ore, are almpst impossible to investigate
(Brinen et al., 1993).

Original infrared instruments were of the dispersive type. These
instruments separate the individual frequencies of energy emitted from the
infrared source. This was accomplished by the use of a prism or grating. An
infrared prism works exactly the same as a visible prism, which separates visible
light into its colours (frequencies). A grating is a more modern dispersive element,
which better separates the frequencies of infrared energy. The detector measures
the amount of energy at each frequency that has passed through the sample. This
results in a spectrum, which is a plot of intensity vs. frequency. The dispersive
type infrared instruments are time consuming, relatively insensitive and
mechanically complex (Marabini et al., 1993; ThermoNicolet, 2002).

Fourier Transform Infrared (FTIR) spectrometry was developed in order to
overcome these limitations encountered with dispersive instruments. The main
difficulty was the slow scanning process. A method for measuring all of the
infrared frequencies simultaneously, rather than individually, was needed. A
solution was developed which employed a very simple optical device called an
interferometer. The interferometer produces a unique type of signal which has all
of the infrared frequencies encoded into it. The signal can be measured very
quickly, usually on the order of one second or so. Thus, the time element per
sample is reduced to a matter of a few seconds rather than several minutes.
Because the dnalyst requires a frequency spectrum in order to make identification,
the measured interferogram signal can not be interpreted directly. A means of
decoding the individual frequencies is required. This can be accomplished via a
well-known mathematical techhique called the Fourier Transformation. This
transformation is performed by the computer, which then presents the user with
desired spectral information for analysis (Marabini et al., 1993; ThermoNicolet,
2002).
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Different experimental technigues are used in the infrared spectroscopy of
adsorbed species. The simplest is transmission infrared spectroscopy (KBr disc
technique) that does not require a separate accessory. In this technique, the solid,
which contains adsorbent (mineral) and adsarbate (collector or other reagent), are
dried and mixed with KBr and pressed into a disc that is mounted in the sample
beam of the spectrometer. The surfaces are of minerals recovered by flotation is
relatively small. In order to increase the amount of reagent adsorbed ‘on the
mineral it is ground finer. Such fine niinerals are not easily floated in practice but
are necessary for recording infrared spectra with commercially available
spectrometers, using their scale éxpansion facility (Giesekke, 1983).

The KBr disc technique is a usefil means of studying adsorbed reagents
on the mineral but remains an ex-situ technique, so that any detail about the
adsorbate ih an in-situ situdtion is lost. It is not possible to obtain in-situ
measurements since the absorption spectrum of the water present in the solution
would cover a good part of the analytical range of the experimental spectrum. In
the case of chemisorption phenomena, one of the main drawbacks is that the solid
residue may well contain not enly the mineral and the surface-adserbed species
but also any agglomerated formed in solution and precipitated in bulk form. In
order to get around this limitation, a method has been developed which involves
double filtering of the treated mineral (Marabini ahd Cozza, 1988). Further, it is
always assumed that the adsorbent and adsorbate do not interact with the KBr
during the pressing of the disc (Giesekke, 1983; Marabini et al., 1993).

The Attenuated Total Reflection (ATR) method is the one most commonty
used infrared spectroscopy technique for the surface study of mineral/aqueous-
solution interactions. This method provides information on thin surface layers. An
attenuated total reflection accessoty operates by measuring the changes that occur
in a totally internally reflected infrared beam when the beam comeés into contact
with a sample. An infrared beam is directed onto an optically dense crystal with a
high refractive index .at a certain angle. This internal reflectance creates an
evanescent wave that extends beyond the surface of the crystal into sample held in
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contact with the crystal. In regions of the infrared spectrum where the sample
absorbs energy, the evanescent wave will be attenuated. The altered (attenuated)
energy from each evanescent wave is passed back to the IR beam, which then
exits the opposite end of the crystal and is directed at the detector in the IR
spectrometer. The detector records the attenuated IR beamr as an interferogram
signal, which can then be used to generate an infrared spectrum. For FTIR-ATR,
minimal sample preparation is required and samples can be analysed in their
natural state. Cleaning the surface of the crystal is fast and easy (Giesekke, 1983;
Marabini et al., 1993; ThermoNicolet, 2002).

Another technique is Diffuse Reflectance Infrared Fourier Transformation
(DRIFTY spectrosgopy. It requires almost always the sample as a powder. The
quality of DRIFT spectra is enhanced with decreasing range of the particle size
(Baulsir and Tague Jr., 2002; Persson, 1991). A diffused reflectance accessory
operates by directing the infrared energy into a sample cup. The infrared radiation
then interagts with the particles by interacting with them and reflecting off their
surfaces, causing the light to diffuse, or scatter, as it moves throughout the
sample. The detector records the altered IR beam as an interferogram signal,
which can then be used to generate a spectrum (ThermoNicolet, 2002). DRIFT
technique is applied with little or n6 sample preparation. Singe there is no need for
KBr pellets; only, sample is placed into a sample cup. Between each experiment,
sample cup is carefully cleaned to prevent any contamination (Baulsir and Tague
Jr., 2002).

FTIR spectroscopy has most widely been applied to investigate the
xanthate adsorption on sulphide minerals (Leppinen et al., 1988; Bozkurt, 1998;
Persson and Malmensten, 1991; Woods et al.,, 1995; Zhang et al., 1993, etc.).
However, few studies have been made for DTP and DTPI (g.g. Goold and
Finkelstein, 1972; Kim, 1995).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Material Preparafion and Analysis

High purity chalcopyrite samples and highly mineralised chalcopyrite rock
specimens were obtained from Artvin-Murgul deposit, Turkey. For infrared
spectroscopy and microflotation experiments, high purity chalcopyrite samples
were first ground in an agate mortar and pestle and screened in a size fraction of
—212+150 pum. Then, sized samples were cleaned from its contaminated gangue
(major ganguye minerals are quartz and pyrite) with electrostatic separator
(Boxmag-Rapid Ltd.) and dry magnetic separator (Carpco Research and Eng.,
Inc). Cleaned chalcopyrite samples, having 96.07 % CuFeS,; grade, were
packaged into nylon bags, preventing direct contact with atmosphere. Chemical
analysis of sample was made by atomic absorption spectroscopy (Table 3.1).

Table 3.1: Chemical analysis of —212+150 pm chalcopyrite sample

Element Amount, %
Cu 3324
Fe 31.55
Si 0.28

Highly mineralised chalcopyrite rock specimens were used to make
working electrode. Analyses of specimens were made by different methods. At
first specimens were examined under a minerdl microscope. It was obsetved that
these specimens were highly pure: Quartz and sphalerite in trace amounts as
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gangue were seen on the surface of particle. Same samples were investigated with
scarining electron microscopy (Appendix A), and only sphalerite could be seen in
trace amount on the surface. Finally, chemical dnalyses were made by atomic
absorptien spectroscopy (Table 3.2) and its chalcopyrite content was calculated as
98.99 % CuFeS..

Table 3.2: Chemical analysis of massive specimen of chalcopyrite

Elements Amount, %
Cu 34.25
Fe 30.21
8i 0.22
Zn 0.16

Cyclic voltammetry, microflotation and spectroscopic studies were
conducted in four different buffer solutions. The compositions of buffers used
were given in Table 3.3. All the chemicals used for buffer preparation were in
analytical grade. Buffer solutions were used in order to prevent the changes that
might occur in the pH of the solution as a result of the reactions that might take
place between the mineral and the aqueous solution (Garrels and Christ, 1965).

Table 3.3: The composition of the buffer solutions

PH ‘Composition of the solution

467 | 0.5M CH;COOH + 0.5 M CH;COONa
6.97 | 0.025 M KH3PO4 + 0.025 M Na,HPO,
9.20 0.05 M Na;B407
11.00 0.025 M NaHCOs + 0.023 M NaOH

Buffer solution was de-oxygenated with high-purity nitrogen (Table 3.4)
before each run. Intensive bubbling of nitrogen was applied for 15 minutes to
eliminate the effects of dissolved oxygen on experimental results (Ekmekei,
1995). During experiment, the flow of nitrogen was stopped and experimental
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condition was completely sealed to prevent the diffusion of atmospheric oxygen

into the cell.

Table 3.4: Analysis of nitragen gas (BOS Co.)

Nitrogen (%) 99,998
Oxygen (vpm) 1.6
Moisture (vpm) 1.5

Collectors investigated were potassium diethyl dithiophosphate (DTP) and
sodium diisobutyl dithiophosphinate (DTPI). DTP is a product of Aldrich Chem.
Co. It is in analytical grade (97 % DTP) having a formula weight of 224.33 g.
DTPI is a commercial product under the name of AEROPHINE 3418A of Cytec
Technology Co. Its assay is 50-52 % DTPI and it has a formula weight of 232.326
g. Some physical properties of DTPI were given in Fable 2.1. DTP and DTPI
were analysed with Nuclear Magnetic Resonance (NMR) spectroscopy (Appendix
B). Their chemical formulas would be written as follows according to NMR
spectroscopy results:

CH;—CH,—O S
No?

P
CHg—CHg—-O/ ~ SK"

Potassium di-ethyl dithiophosphate

CI|{3
CH;—CH—CH; \P /S
SN
CH3——CIl‘I——CH2 S'Na
CH;
Sodium di-isobutyl dithiophosphinate

Dimers of DTP and DTPI were prepared applying the method cited in
literature (Kakovskii et al, 1959): At first, I, was prepared (reaction 3.1). Then, it
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was mixed with collector solutions (DTP and DTPI) and dimer formation

occurred (reaction 3.2).
L+Kl = I +K' 3.1
I; +2DTP" &= 3T +(DTP), 3.2

‘When compared with the NMR spectra of monomer and dimer of DTP and
DTPIL, major shift is expected in the position of *'P peak as shown in Appendix B.

Therefore, this may shows us dimer formation.

In literature, it was stated that when Cu'? and DTP" ions are reacted, first
Cu(DTP), forms according to reaction 3.3 and then immediately CuDTP+(DTP),
precipitate is obtained consistent with the reaction 3.4 (Rudzinski et al., 1980,
Yordanov et al., 1983, 1998, Yordanov and Ranguelova, 2001). Goold and
Finkelstein (1972) proposed that decomposition of Cu(DTP), into CuDTP and
(DTP); (reaction 3.4) is very slow in alkaline solution. Similar behaviour was also
proposed for DTPI (Yordanov et al, 1983). Therefore, CuDTPHDTP), and
CuDTPI+H(DTPI), precipitates were prepared in slightly acid solution (pH 4.67) by
interacting 10Z M collector selution with 10% M CuSO4: A brownish yellow solid
was precipitated in reddish brown solution in the case of DTP. On the other hand,
a pale yellow precipitate was obtained from greenish yellow solution in the case
of DTPL. The precipitates were washed with distilled water five times to remove

possible contaminants.
2Cu'? + 4DTP™ == 2Cu(DTP), 33
3Cu(DTP); s== 2CuDTP + (DTP); 3.4
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3.2 Equipment and Procedure

3.2.1 Voltammetry Experiments

In order to determine the electrochemical reactions occurring on
chalcopyrite surface depending on pH in an aqueous medium, ¢y¢lic voltammetry
experiments were conducted. Voltammetry experiments were performed between
+650 mV and -500 mV in pH 4.67 and pH 6.97 buffer solutions, and between
+500 mV and 500 mV in pH 9.2 and pH 11 buffer solutions. Such scan limits
were selected according to previous works (Ekmekgi, 1995; Gardner and Woods,
1979) to observe the CuFeS; oxidation peak to Cu$S and then oxidation of CuS$ in
anodic region and to obtain cleatly the reduction peaks of oxidation products in
cathodic region. For voltammetry experiments, a conventional three-electrode
system was employed (Figure 3.1).

Gas (N,) inlet Gas outlet

Platinum electrode | Calomel electrode
(Counter electrode) \ (Reference electrode)

Buffer solution Mineral electrode

(Working electrode)

Figure 3.1. Three-electrode system for electrochemical investigations

Calomel, platinum and chalcopyrite electrodes were used as reference,
counter and working electrodes, respectively. Pulp potential was controlled in the
electrochemical, flotation and spectroscopic measurements with a Bank
Elektronik Wenking PGS95 potentiostat/galvanostat and a Zyklo computer

program.
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Although a standard calomel electrode (SCE) was used as the reference
electrode, the potentials reported here are all expressed on the standard hydrogen
electrode (SHE) scale taking the potential of the SCE to be 0.245 V vs. SHE
(Garrels and Christ, 1965):

Esug &= Esce +245 35

Platinum electrode was constructed from a glass tube, platinum Wwire of 0.5
mm in diameter, and a 1 cm’® platinum plate having 0.5 mm thickness (Figure
3.2a). Platinum wire and plate were connected to each other with Ag welding.
Before each experiment, platinum electrode was dipped into chromic acid to clean
the surface. It was also cleaned in ultrasonic bath, by burning and by polishing
with 1000 grid Si-carbide paper.

—> Glass tube €———

Platinum wire < Cu-wire «¢

Hg

Platinum plate Chalcopyrite o [ 1# {+—PEpoxy resin
L mineral Lk

(@) (b)
Figure 3.2. Counter and working electrodes used in electrochemicat and flotation

experiments: (a) Platinum (counter) electrode; (b) Chalcopyrite
(working) electrode.

Working electrode was prepared from a massive specimen of chalcopyrite.
The chalcopyrite specimen with a rectangular cross-section, having a cross-
sectional area of 0.2346 cm?, was cut from a larger piece. This specimen was

mounted in a glass tube with an epoxy resin, namely Araldite, which has no
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electrochemical activity (Figure 3.2b). Mineral electrode was connected to
potentiostat with a Cu wire. Electrical conductivity between copper wire and
mineral specimen was satisfied by using Hg. A cleaned surface was produced
before each run by wet grinding on 800-grit silicon carbide paper and then by
polishing with 1 ym diamond paste. After polishing the surface, the electrode was
rinsed with distilled water and immediately transferred to the cell.

3.2.2 DRIFT Study

Cleaned chalcopyrite sample was used for DRIFT study. Sample was
ground finely in an agate mortar just before each experiment. Then, 200 mg of it
was put into a conditioning cell containing de-oxygenated buffer solution and
collector (10°' M) (Figure 3.3). In polgrisation experiments, a platinum wire of 45
¢m length and 0.5 mm diameter was used as working electrode. Also, calomel

electrode and 1 cm? platimum plate were used as reference and counter electrodes,

respectively.

Teflon cover B

Glass Cell
Calomel electrode ~
(Reference electrode) Working electrode
Platinum electrode Buffer solution
(Counter electrode)

Platinum wire
Magnet — Chalcopyrite particles
Magnetic mixe;

Figure 3.3. Polarisation cell for DRIFT study

Finely ground sample was conditioned for 15 minutes at predetermined

potential. Then it was washed five times with distilled water to remove possible
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contaminants coming from buffer solution and physically adsorbed species from
mineral surface. After washing, it was dried for five hours at 35°C.

DRIFT spectra of dried samples were obtained on a Bruker Equinox 55
spectrometer equipped with a DTGS detector. The reflection and optical
accessories were from Harrick Scientific Co. All spectra were recorded by
averaging 100 scans at a resolution of 4 cm™. In collector adsorption study, non-

treated finely ground chalcopyrite sample was used as background.

DRIFT spectra of monomer and dimer of collectors, CuDTP-H{DTP); and
CuDTPI+{DTPI), precipitates were obtained as reference. In these experiments,
potassium bromide was used as non-absorbing matrix and background. For these
spectra, 2-3 mg sample was mixed with ~100 mg KBr. DRIFT spectra of platinum
polarised with 10" M DTP at 750 mV and with 10" M DTPI at 1250 mV in
slightly acid solution (pH 4.67) were also measured. Collectors are expected to
adsorb as dimer on platinum surface as depicted in literature (Higyilmaz et al,,
2001; Shubov et al., 1976). For these spectra, untreated platinum was used as
background.

3.2.3 Microflotation

Microflotation tests were conducted to investigate the effect of pulp
potential at different pH values with DTP and DTPI on chalcopyrite recovery. For
comparison, self-induced (without collector) flotation tests were alsp. made.
Flotation tests were made with 1 gram —212+150 um size chalcopyrite samples.

A three electrode modified Hallimond tube (Ekmekgi, 1995) similar to that
described by Fuerstenau et al. (1957) was used in microflotation tests (Figure 3.4).
Tube had an effective volume of 125 ml. Reference and counter electrodes were
connected with micro openings to the chamber where flotation occurred. Before



each experiment, hollows for reference and counter electrodes were filled with
saturated NaCl solution to satisfy electrical conductivity between three electrodes.

Pulp level
_~ Concentrate section

Platinum electrode

Calomel electrode £
(Counter electrode)

{Reference electrode) I

) i
i

Saturated NaCl

solution
Magnet
Platinum spiral wire
(Working electrode) Nitrogen
gas inlet
Magnetic
mixer

Figure 3.4. Modified Hallimond tube

Platinum and calomel electrodes were used as counter and reference
electrodes, respectively. A platinum spiral wire having 0.5 mm diameter and
45 cm length was used as working electrode. The platinum wire was placed in a
way that the maximum contact of the chalcopyrite particles with the platinum wire
was ensured in order for the chalcopyrite particles to gain the same potential with
that of the platinum wire during polarisation stage. To ensure the maximum
contact of the chalcopyrite particles with the platinum wire, the polarisdtion was
applied for 15 minutes. Pulp potential was controlled with a Bank Elektronik
Wenking PGS95 potentiostat.

Flotation tests were conducted in pH 4.67, 6,97, 9.2 and 11 buffers
solutions (Table 3.3). All the solutions were deoxygenated intensively for 15
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minutes prior to each experiment. The feeding of buffer solution to the flotation
cell was realised in a closed system to prevent the diffusion of the atmospheric
oxygen into the cell (Figure, 3.5). After feeding buffer into flotation chamber, 15
minutes polarisation was applied, and then flotation was started. Duting
polarisation and flotation, particles were kept in suspension by a magnetic stirrer.
Nitrogen gas was used as the gaseous phase to carry the mineral particles to the
collecting section. At the end of the experiment, gas flow was terminated and the
magnetic stirrer was turned off. Concentrate and tailing products were taken from
Hallimond tube and then dried and weighed. Concentrate recovery was calculated
as the weight percentage of the concentrate to feed (1 g = concentrate + tailing).

Gas outlet T
<
!] —: Nitrogen gas directions

Buffer
solution A\Q

Modified T < _
Hallimond tube l_%_'

Gas outlet

Potentiostat
Figure 3.5. Experimental setup for microflotation tests
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CHAPTER 4

RESULTS

4.1 Cyclic Voltammetry

Cyclic voltammograms were performed to determine the redox reactions
taking place on the chalcopyrite surface. The electrochemical behaviour of the
mineral was examined at different pH (4.67, 6.97, 9.2 and 11) and scan rates
(5 mV/s, 10 mV/s, 20 mV/s and 50 mV/s) in the presence and absence of DTP and
DTPI.

4.1.1 pH 4.67

4.1.1.1 Cyclic Voltammograms of Chalcopyrite in Collectorless
Condition in pH 4.67

Cyclic voltammogram of chalcopyrite measured in pH 4.67 buffer solution
at 50 mV/s scan rate (v) is given in Figure 4.1. Potential was cycled five times
between initial potential (650 mV vs. SHE) and reverse potential (-500 mV vs.
SHE) to show the effect of cycling.

The scan was started at +650 mV in cathodic direction. In anodic region,
two small peaks appeared at ~190 mV (peak Al) and ~340 mV (peak A2). In
cathodic region, a sharp peak (K1) appeared at ~ —380 mV. In the first cycle,
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current densities of peaks were lower than second one. In the following cycles,
current density decreased. Moreover, a different anodic peak (A3) started to occur
above 400 mV in anodic direction and its current density increased with

increasing the number of cycle.
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Figure 4.1. Cyclic voltammogram of chalcopyrite (pH 4.67, v = 50 mV/s)

In order to determine which anodic peak was related with which cathodic
peak, a voltammogram was recorded by cycling from different set potentials
(Figure 4.2). The scan was started at —100 mV in cathodic direction and
voltammogram was obtained cutting the potential from 250 mV, 450 mV and 650

mV in anodic region and from —~500 mV in cathodic region at subsequent cycles.

Current density increased with starting the scan initially in cathodic
direction, but peak K1 did not appear. When cycling proceeded, peak Al formed
and in the reverse scan it resulted in peak K1. In the following cycle reversed
from 450 mV, peak A2 developed. In the last cycle, peak A3 appeared in anodic
scan and it resulted in a new broad peak K2 starting at about 380 mV in cathodic

48



region. The peak K2 was not clearly distinguished cyclic voltammogram in

Figure 4.1.
0,19
0,13
Ng _ A3
E 0,07 1 Al A2
z‘; -
% 0,01
T ]
g -0,051 K2
&}
-0,11 -
] K1
"'0,].7 T L) L) 1] ¥ L] L] | L L L L L L L) ¥ L) 1] La L) L) | IR
-600 -400 -200 0 200 400 600
Eh, mV vs. SHE

Figure 4.2, Controlled sweep voltammogram of chalcopyrite (pH 4.67,
v =50 mV/s)

Voltammograms were also drawn at 10 mV/s and 20 mV/s scan rates with
cycling the potential five times to determine the effects of scan rate and number of
cycles on peak potential and peak current density, (Figure 4.3-4.4). In the first
cycles of these voltammograms, K1 appeared at higher cathodic potentials as
compared with other cycles. Peak K2, which emerged only in controlled sweep
voltammogram at 50 mV/s scan rate, formed as a shoulder and as a sharper peak
at 20 mV/s and at 10 mV/s scan rates, respectively.
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Figure 4.3. Cyclic voltammogram of chalcopyrite (pH 4.67, v =20 mV/s)
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Figure 4.4. Cyclic voltammogram of chalcopyrite (pH 4.67, v =10 mV/s)

50



The fifth cycles of all scan rates applied in the study are combined in
Figure 4.5 for a clear demonstration of the effect of scan rate on peak potential
and peak current density. The last cycle was chosen, because, with an increase in
the number of cycle, experimental conditions come closer to equilibrium. In
addition, Figures 4.6 and 4.7 were also drawn to show the effect of scan rate on
formation potentials and current densities of redox peaks, respectively. Figures
4.5 and 4.6 show that peak positions of Al and A2 were shifted to more oxidising
potentials with increasing the scan rate, whereas that of K1 moved to more
reducing potential. Moreover, increasing the scan rate resulted in the higher
current densities for all oxidation and reduction peaks. It should be also
mentioned here that there is a non-linear relationship between current density of

anodic and cathodic peaks and square-root of scan rate as shown in Figure 4.7.
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Figure 4.5. Cyclic voltammograms of chalcopyrite for different scan rates at
pH 4.67
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4.1,1.2 Cyclic Voltammograms of Chalcopyrite in the Presence of DTP
in pH 4.67

Chalcopyrite electrode surface was swept at 50 mV/s scan rate in the
presence of DTP at 10* M, 10 M and 10 M concentrations (Figures 4.8-4.10).
Surface scan was applied between +650-500 mV for five cycles. A new peak
formation was not observed on the cyclic voltammograms performed in the
presence of DTP as compared with collectorless condition (Figure 4.1). On the
other hand, present peaks disappeared when collector concentration was
increased. This situation can be seen clearly in Figure 4.11. This figure was drawn
with the last cycles of voltammograms presented in Figures 4.1 and 4.8-4.10 to
show the effect of DTP concentration on chalcopyrite electrode. As seen in the

figure, current density decreased with increasing collector concentration.
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Figure 4.8. Cyclic voltammogram of chalcopyrite (pH 4.67, DTP = 10*M,
v =50 mV/s)
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Figure 4.9. Cyclic voltammogram of chalcopyrite (pH 4.67, DTP = 107 M,

v =50 mV/s)
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Figure 4.10. Cyclic voltammogram of chalcopyrite (pH 4.67, DTP = 10> M,
v =50 mV/s)
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Figure 4.11. Cyclic voltammograms of chalcopyrite for 0 M, 10™* M, 10 M and
102 M DTP (pH 4.67, v: 50 mV/s)

4.1.1.3 Cyclic Voltammograms of Chalcopyrite in the Presence of
DTPI in pH 4.67

Figure 4.12-4.14 present the electrochemical spectra of chalcopyrite
electrode obtained in pH 4.67 buffer solution containing 10 M, 10 M and 107
M DTPI. Surface scan was applied between +650-500 mV for five cycles at 50
mV/s scan rate. No new peak was observed on the voltammograms in the
presence of DTPI as compared with collectorless condition (Figure 4.15).
However, existing peaks with no collector disappeared with an increase in
collector concentration. Figure 4.15 was drawn with the last cycles of
voltammograms given in Figures 4.1 and 4.12-4.14 to clearly show the effect of
DTPI concentration on chalcopyrite electrode. An increase in DTPI concentration

resulted in a decrease in current density.
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Figure 4.12. Cyclic voltammogram of chalcopyrite (pH 4.67, DTPI = 10 M,
v =50 mV/s)
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Figure 4.13. Cyclic voltammogram of chalcopyrite (pH 4.67, DTPI = 10 M,
v =50 mV/s)
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Figure 4.14. Cyclic voltammogram of chalcopyrite (pH 4.67, DTPL = 10> M,
v =50 mV/s)
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Figure 4.15. Cyclic voltammograms of chalcopyrite for 0 M, 10 M, 10 M and
102 M DTPI (pH 4.67, v: 50 mV/s)
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4.1.2 pH 6.97

4.1.2.1 Cyclic Voltammograms of Chalcopyrite in Collectorless
Condition in pH 6.97

The cyclic voltammogram of chalcopyrite in pH 6.97 buffer solution at
50 mV/s scan rate is shown in Figure 4.16. Potential was cycled five times
between initial potential (650 mV) and reverse potential (-500 mV) to show the
effect of cycling. Scan was started at +650 mV in cathodic direction. Three anodic
(A1, A2 and A3) and three cathodic (K1, K2 and K3) peaks appeared at ~ -30 mV
(peak Al), ~270 mV (peak A2), ~500 mV (peak A3), ~-315 mV (peak K1), ~100
mV (peak K2) and ~275 mV (peak K3).
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Figure 4.16. Cyclic voltammogram of chalcopyrite (pH 6.97, v = 50 mV/s)

In the first cycle, the peak K2 was very sharp at about 70 mV. In the
following cycles, such a sharp peak was not observed at this potential. But, there
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is a shoulder around 100 mV exhibiting that this reduction reaction sustains in the
following cycles in a minor scale. In the succeeding cycles, current density of this
peak did almost not change. Further, peak K1 and Al can not be seen in the first
cycle. In the latter cycles, they appeared clearly approximately at the same current
densities. Peak A2 was observed at lower current densities with progress in the

cycling.

In order to determine which anodic peak was related with which cathodic
peak, a voltammogram was also measured at 50 mV/s scan rate by cycling from
desired potentials (Figure 4.17). Scan was started at —200 mV in cathodic
direction and voltammogram was measured cutting potential from 100 mV, 350
mV, 550 mV and 650 mV in anodic region and from —500 mV in cathodic region

in sequencing cycles.
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Figure 4.17. Controlled sweep voltammogram of chalcopyrite (pH 6.97,
v =50 mV/s)
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When starting the scan initially in cathodic direction at —200 mV, no peak
formation occurred. Again, when it was reversed from 100 mV, peaks Al and K1
could not be seen clearly. Reversing scan from 350 mV resulted in the formation
of peak A2 and K1. Additionally, a new peak also formed at ~ —40 mV in the
cathodic sweep in this cycle. This new peak disappeared between cathodic peaks
in the following cycles. However, as shown in Figure 4.16, a cathodic reduction
reaction proceeded around —40 mV in cathodic scan and its peak could not be

distinguished clearly due to larger cathodic peaks.

In the following cycle, reversed from 550 mV, peak A3 appeared at about
500 mV in anodic scan and, in the reverse sweep it caused the formation of K3 at
about 330 mV in cathodic region. In the last cycle reversed from 650 mV, all
cathodic and anodic peaks formed. However, peak K3 appeared at about 275 mV
as a broad peak. This means that peak position of K3 was shifted from 330 mV to
275 mV. In addition, current densities of Al and K1 increased with cycling,
whereas that of A2 decreased.

Voltammograms were also performed at 10 mV/s and 20 mV/s scan rates
with cycling the potential five times to determine the effects of scan rate and
number of cycles on peak potential and peak current density, (Figure 4.18-4.19).
Redox peaks displayed similar behaviour as compared with the peaks on the
voltammogram drawn for 50 mV/s scan rate (Figure 4.16) except peaks Al, A2
and K2. These peaks disappeared at lower scan rates.
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Figure 4.18. Cyclic voltammogram of chalcopyrite (pH 6.97, v =20 mV/s)
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Figure 4.19. Cyclic voltammogram of chalcopyrite (pH 6.97, v =10 mV/s)
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Fifth cycles of voltammograms with a scan rate of 10 mV/s, 20 mV/s and
50 mV/s are given in Figure 4.20 for a clear presentation of the effect of scan rate
on peak potential and peak current density. This figure shows that peaks Al and
A2 almost disappeared at smaller scan rates. In addition, formation potentials of
peaks A3 and K3 shifted to more oxidising potentials at higher scan rates, while
that of K1 shifted to more reducing potential (Figure 4.21). All the peaks occurred
at higher current densities with the increased scan rates. Figure 4.22 demonstrates
the relationship between current density of anodic and cathodic peaks and square-
root of scan rates. As shown in Figure 4.22, there is almost a linear relationship

between them.
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Figure 4.20. Cyclic voltammograms of chalcopyrite for different scan rates at
pH 6.97
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