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ABSTRACT

Flotation of sphaleritc with xanthate in the presence of iron ions has been studied
as a function of pH. Sphalerite floated readily at pH 8-11 in the presence of ferrous ions,
but not in the presence of ferric ions. The Fe** ion concentration, pH and oxygen concen-
tration were shown to be factors in controlling flotation. Electrokinetic measurcments indi-
cated that the surface charge increased in the presence of Fe** ions and oxygen, and
decreased upon adding xanthate and in the presence of Fe** ions with thc abscnce of

oxygen.

As a prelude to surface analysis to try to identify the species responsible for the
sphalerite flotation, bulk precipitates formed from iron salt and xanthate solutions under
various conditions were obtained and analysed. Analysis techniques included ultraviolet

spectroscopy, infrared spectroscopy, x-ray diffraction and Mdssbauer spectroscapy.

It was tentatively concluded that the bulk precipitates contained three ferric compo-

nents: two hydroxy xanthates, Fe(OH),X and Fe(OH)X, and an iron oxide, FeO,.

Iron xanthate precipitates prepared over the pH range 6-12 showed a flotation re-

sponse and electrokinetic behaviour similar to those of Fe*'/xanthate-treated sphalerite.

An ex situ X-ray photoelectron spectroscopic (XPS), ex situ infrared (DRIFTS) and
in situ infrared (ATR) investigation of the interaction of sphalerite with ferrous, ferric and
xanthate ions at pH 10 was undertaken. The formation of the hydrophobic surface specics
was found to involve initial adsorption of Fe?', followed by oxidation to Fe’* and subse-

quent reaction with xanthate. There was no significant incorporation of Fe**,

A three-step reaction mechanism is proposed to account for Fe?* jon activation of
sphalerite: (i) adsorption of Fe(OH)", (ii) oxidation to Fe(OH)** on the surface, (iii) reac-
tion with xanthate to form Fe(OH),X or Fe(OH)X,.
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RESUME

On a étudié la flottation de la sphalérite avec du xanthate, en fonction du pH, en
présence d'ions de fer. Entre un pH de 8 et 11, la sphalérite flotte facilement en présence
d'ions ferreux, mais non en présence d'ions ferriques, On a démontré que les facteurs af-
fectant la flottation sont : la concentration en ions Fe*', le pH et la concentration en oxy-
géne. Des mesures électrocinétiques ont indiqué que ia charge de surface s'accreit en
présence d'ions Fe?* et d'oxygene, et décroit lorsque l'on ajoute du xanthate et en présence

d'ions Fe** en I'absence d'oxygéne.

Précédent l'analyse des sulfures et afin d'identifier les espéces responsables de la
flottation de la sphalérite, on a produit, sous différentes conditions, et analysé des précipi-
tés en vrac formés a pactir de scls ferriques et de solutinns de xanthates. On a utilisé les
méthodes analytiques suivantes : la spectroscopie ultraviolette, la spectroscopie a in-

frarouge, la diffraction X et la spectroscopiec Mossbauer.

On a conclu expérimentalement que les précipités en vrac contenaient trois com-
posantes ferriques : deux xanthates hydroxyliques, Fe(OH),X et Fe(OH)X, et un oxyde de
fer, FeO,.

Les précipités de xanthate de fer, préparés a un pH entre 6-12, ont démontré des
réactions & la flottation et des comportements électrocinétiques similaires 3 ceux de la

sphaicrite traitée au Fe**/xanthate.

A pH 10, on a entrepris des recherches sur l'interaction de la sphalérite avec des
ions ferreux, ferriques ¢t de xanthates en utilisant la spectroscopie par photoélectron
rayons-X ex situ (XPS), par infrarouge ex situ (DRIFTS) et par infrarouge in situ (ATR).
La formation des especes hydrophobiques 4 la surface provient d'une adsorption initiale de
Fe?', suivie d'une oxydation en Fe** et subséquemment une réaction avec le xanthate, 1l

n'y a aucune incorporation significative de Fe**.

Pour cxpliquer I'activation de la sphalérite par des ions Fe?, un mécanisme impli-

quant une réaction en trois étapes a ét€ proposée : (i) une adsorption de Fe(OH)", (ii) une
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oxydation 2 la surface en Fe(OH)*, (iii) une réaction avec du xanthate pour former du

Fe(OH),X ou du Fe(OH)X,.



iv

ACKNOWLEDGEMENTS

I am indebted specially to two people: Prof. J. A. Finch for his advise, enthusiasm,
keen interest and constant support throughout the research program, and Prof. Z. Xu for
his friendship, his invaluable input to this work, and for the hours of fruitful discussions on

surface chemistry.

I am also indebted to Dr. S, H. R. Brienne and Dr. S. R. Rao for their interest, en-

couragement, criticism and advice throughout this project.

I would like to thank Prof. D. Ryan, Physics Department of McGill University who
performed Massbauer measurements and interpreted the spectra, and Dr, S. Poulin, Ecole

polytechnique de Montréal for help in obtaining and interpreting the XPS spectra.

As well, I want to thank all members of the Department of Mining and Metallurgi-
cal Engincering, especially Ms. M. Riendeau for her invaluable help in the laboratory and
Mr. Leroux for translation of abstract. I want to thank Prof. A. R. Laplante for his sugges-

tions during this project. I am also indebted to all my colleagues in the mineral processing

group.



TABLE OF CONTENTS

..................................................... i
RESUME ... ... iveetoseansatonnseerannsascassesssnanansassnsasansnsas ii
ACKNOWLEDGEMENT S ...ttt eeennnasensassarsossssssssanss iv
TABLE OF CONTENT S & .ttt iittttnsennsseanssossasnsassssesnsasrns v
NOMENCLATURE .....iiittteeeesnnsnsasasosssassnsasossssnnsans xi
LIS T OF FIGURES ..ttt rtitiinnneneasatannssasnsnsssnsssnasnanss XV
LIST OF TABLES ...t tvtteterenseeeensssassasssesanenssnsssnsssea XX
LIST OF APPENDICE S &t iittititttrneneeonsnsassssanssasonassannns xxi
CHAPTER 1
mTRODUCTION * & 9 8 & & & % % % 9" % & 88 %t e B E B s et N l
1.1 SPHALERITE CRYSTALLOGRAPHY .....c0ivevennencnnensenns 1
1.2FLOTATIONOF SPHALERITE ......00ivitirnvennnnnsonscanse 2
1.2.1 General OBServations ..........eeeieiinevecrssenasoncranssnncne o . 2
L22With ACHVAHOM «..oooovieinnrriieirinennrecnssnsessosssassances oo . 4
1.2.3 Without (Deliberate) Activation ...............ocevviviiiviaanes o . 5

1.3 STATEMENT OF THE PROBLEM AND OBJECTIVES ............. 7

CHAPTER 2

SURFACE ANALYSIS TECHNIQUES AND
APPLICATIONS .......ciiiiiiienineeeese 8

2.1 INFRARED SPECTROSCOPY (TR) ..vcviveraonronnsaosesnanons 8
2.1.1 Transmission IR SPectroScopy .....eeeeeveneirarisrnconsrsassas vas 8

2.1.2 Attenuated Total Reflection ...............coouuns. eeeveessiaeas . 10



TABLE OF CONTENTS vi

2.1.3 Emission IR Spectroscopy ..........ccicoiiviveaiiiiencinecanes o . 11
2.1.4 Fourier Transform Infrared (FTIR) .............ccocivviiciien . 11
2.1.5 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) «ueerniiiiiiiiiiiiiiiiiriaciiiiaratiiasnnsarienarane o . 12
2.2 PHOTO-ACOUSTIC SPECTROSCOPY (PAS) .. .ccvivenvninnnnnn 14
2.3 MODERN VACUUM TECHNIQUES ........coiiinvnnurnansraans 16
2.2.1 Photoemission Spectroscopy ........oecvecivsonerasssssersacsss . 17
2.2.2 Auger Electron Spectroscopy (AES) .vovvvvvriirevieiiniiainns o . 19
2.2.3 Secondary Ion Mass Spectrometry (SIMS) .........cocoviiiinnns . 20
2.2.4 Laser Induced Mass Spectrometry (LIMS) ............coocivinnn . 22
2.2.5 Other (Vacuum) Techniques .............ccovvevivrnrncienaens o . 23
2.4 RAMAN SPECTROSCOPY .. ....vivennennnnaanns L
2.5 SUMMARY ...... Ceereeasaanannas Chtateriiiasseranaae s ver 26
CHAPTER 3

EXPERIMENTAL MATERIALS AND
APPARATUS ... iiiiiiiiiiiiiinneneess 29

3.1 MATERIALS ....... creneas ceevesesnnvsronnatorerarerosennn 29
S LISphalerife .....oooviiiiiiiiiiiiiiiiiiiiiiiii it eiia e o . 29
3.1.2 Bulk Precipitates from Iron and Xanthate Solution ............. . 29
J LI Reagents ......covuneiurnniiiiiiisesiirssesssctansacssssnsesnss oo 30

3.2 FLOTATION AND SURFACE CHARGE APPARATUS ........ eees 30
3.2.1 Microflotation ....... Ceeeseieeseesassenssantasiatanrsataarsiess e 30
3.2.2 Mobile Mini Continuous Flotation System ........ cessren cersus .. 31

3.2.3 Zeta Potential MeaSurement ............cceeeeesvesssnscananens o 35



TABLE QF CONTENTS vii

3.3 BULK ANALYSIS APPARATUS ... . ittt a it ans 36
3.3.1 UV-vis Spectrophotometry .............civviiiiiiiniinianainnns o . 36
3.3.2 Infrared Spectroscopy ..........ovovviiiuniiiiiiiiiiiiianninnen o . 36
3.3.3 XeRay Diffraction ..........cooiieiiiiiieniinirieeicniisninnnas o . 36
3.3.4 Mossbauer Spectroscopy .........ccoiiiiiiiiiiiiiiiiiiiaaiiee s . 37

3.4 SURFACE ANALYSIS APPARATUS .......cititiiincnnnnaanans 37
2R A . ¢ 2\ S . 37
34 2DRIFTS ottt iiiiiiiniiiaetsansettiaestsaacioraneissne s 37
3 4IATR oottt it sii it ta st et s . 38

CHAPTER 4
EXPERIMENTAL RESULTS ................ 39

4.1 FLOTATION AND ZETAPOTENTIAL .......cciiivennnrennnses 39
4.1.1 Single Mineral (Micro) Flotation .............ccccooveiieveenas . 39
4.1.2 Continuous (Minicell) ..........covvvieiivniiiiiinciininiiienes s . 41
4.1.3 Zeta Potential Measurements ...........coocvivvviinenninnivnnns .. 44
4.1.4 Adsorption of Ferrous Ions ...........c.ccivveiievnaiiiinniiana, @ . 47
4.1.5 Iron Xanthate Precipitates ........o.covveeiuieeiinniiiienniienns o . 47

4.2 X-RAY PHOTOELECTRON SPECTROSCOPY .............. vene 47

A3DRIFTS ....iiitirnitnnrenrorarerasnnssannanns ceensassneess S5

44 ATR .....ccivieieinnnn Ceesaisesseseraneresataeacannan vese 57

4.5 ULTRA-VIOLET SPECTRA ............ Ceerreennens -

4.6 INFRARED ABSORPTION SPECTRA ......cvctvvernsosnaaanss 61
407X‘RAYD]FFRACTION P I S I O A I A B R A BRI BN R RN AN A I N 63

4.8 MOSSBAUER MEASUREMENTS ...... Y . |



TABLE OF CONTENTS viii

CHAPTER 5

SURFACE IONIZATION AND
COMPLEXATION AT THE
SPHALERITE/WATER INTERFACE ....... 66
S1INTRODUCTION ..0\iiininiiiiineeeeaiineeernneeennnnems 66

5.2 SURFACE IONIZATION EQUILIBRIA AND THE ELECTRICAL

DOUBLELAYER ... .i0tiiititninnncrunocccnsnsnosssssasonas 67
S53SITE-BINDINGMODEL .....ciiiiiinieninticnnnsnncncnsnanns 68
S4THE CHARGEBALANCE ......c.uiiiiiiiiininnecenncnansnnaas 70

5.4.1 Surface Mass Balance ............cc.ooiiiiiiiiiiiiiiiiiiiine. . . 71

5.4.2 Double Layer Theories ..........cccoviiveinieniieineroncnnianns o . 71

S.S NUMERICALPROCEDURES .......iiiiuitiiiinnnarnnnsnnnns 72

S.ODISCUSSION ... iiuiuitirtennrerarorasnanrossnsssnrssnsns 77

5.6 CONCLUDING REMARKS .....cctiiuriintnrnnsnonnncnsssnnans 80
CHAPTER 6

DEVELOPMENT OF MECHANISM OF IRON
ACTIVATION OF SPHALERITE .........._ 82

6.1 FLOTATION .....iiiiiirenninnrenscencnesonsasnssnsansanas 82
6.2SURFACECHARGE ......ciiiiiitinninstesnnsatocnsnsnnanes 82
6.3 IRON XANTHATE PRECIPITATE ......ccvviietienncancnacaes 85
6.3.1 Infrared Studies ........c..oooiiiieiiinivnaiiiiieisnsenienniens o . 85
6.3.2 Other Studies (Mossbauer, UVand XRD) ........cooivivvvvnnes oo 86

6.3.3 Suggested Compounds .............c.ooivieiiiiiiiensniaanacins oo 86



TABLE OF CONTENTS

6.3.4 Hydrophobicity ...........coviiriiiiiiiiiiiiiiiiiiiiiiiiainan . 87
6.4 PROPOSEDMECHANISM . .......ciiiiiiiiiiniiitnnnencnannn 87
6.5 THE MECHANISM AND SURFACE ANALYSIS ................. 88
CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR
FUTURE WORK .......... ..ot 90
T1CONCLUSIONS ...t itiiiinetnsnusssssssassnsasssssssanns 90
ZLIFlotation .......vvenniiiienrnineraciisnrnseasasasstssisnsneses o . 90
7.1.2 Bulk Flotation and Analysis ...............ccooiviiiiiiiiiinean & . 96
7.1.38urface AnQIysis .....oooiiiiiiiiiiiiiiiiiiiiii it . 91
7.1.4 Proposed Mechanism of Sphalerite Flotation with Fe'* Ions .... .. 91
7.1.5 Surface Complexation at Sphalerite/Water Interface ............ .. 91
7.2 CLAIMS FOR ORIGINAL RESEARCH ........cciiiiiiiianaiens 92
7.3 SUGGESTIONS FORFUTUREWORK ......cccnvieennnnnnsass 92
REFERENCES ........... tiessecsaaaraenas 93
APPENDIX 1
DETERMINATION OF ELECTROPHORETIC
MOBILITIES USING MASS TRANSPORT
METHOD:
THE ZETA POTENTIAL ANALYZER ....... 113
GENERAL DESCRIPTION . ...itviinitnatresssannsscnsnsasansns 113
THEORY ... ttriiiiirirnetranssasnsnsasssssrensnnssersnnnns 114



TABLE OF CONTENTS X

APPENDIX 2

MATLAB™ PROGRAM ON SURFACE
IONIZATION AND COMPLEXATION AT
THE SPHALERITE/WATER INTERFACE .. 118

SINGLE SPHALERITE SYSTEM .. ... ..tititticinoennnnnsnsennas 118
MATLABSCRIPTM-FILE .......0iiieiiiiennnstnncnnnnonnnnas 119
Zetacall. M .....ooivnviiiiiiienriitiiiiriiasiiarstiastatasasisniinas . 119
Zetafunl. M ... .oooiviiiiiiiiiiiiiiiiiiir ittt raaaa . 120
Zetafun2 M ......ooiiiiiiiiiiiiiiiiiiintriiitcte et e titteer e naaias . 120
L0 L . 121

FIUBIM i iiiiiiraiiitietnanietestnnsenntossnsasstostanannnns . 132



NOMENCLATURE

0 the terms in square brackets refer to concentrations, mol/l
AES Auger clectron spectroscopy

ATR attenuated total reflectance

B the conversion factor from moV/l to C/m’ of charge

c the concentration of the supporting electrolyte, mol/l

c' the concentration of sphalerite, g/dm’

C, the capacitance of the inner region of the compact layer, F/m?
C, the capacitance of the outer region of the compact layer, F/m?
D the diclectric constant of the liquid

DRIFTS diffuse reflectance infrared Fourier transform spectroscopy

e electron charge, C

E, the binding energy of the electron corresponding to the energy level

from which the electron is excited

EDC energy distribution curve

Ex the kinetic energy of the emitted clectron
EELS electron energy loss spectroscopy

ESCA electron spectroscopy for chemical analysis
EXAFS extended x-ray absorption fine structurc

f the modulation frequency, (Hz)

F Faraday constant, C/mol

FTIR Fourier transform infrared

i.e.p. the isoelectric point, 6,=0
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xii
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N
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SIMS

the current, A
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faser induced 1onization mass spectroscopy
near extended x-ray absorption fine structure
the total number of surface sites available, sites/m?
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photo-acoustic spectroscopy

photoelectron energy spectrum
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the scattering coefficient
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t
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CHAPTER 1
INTRODUCTION

1.1 SPHALERITE CRYSTALLOGRAPHY

Sphalerite (Zn,[Fe]S) is the principal mineral of zinc, and is very widely distrib-
utcd. In the sphalerite crystal, the S atoms are close-packed and the Zn atoms are in half
the tetrahedral interstices. This arrangement is explained in terms of a donor-acceptor
mechanism, Zn?* losing two valence s-clectrons at the expense of S%, retaining ten d-
clectrons and nceding eight electrons in order to achieve a krypton-like configuration. The
four pairs are formed from four neighboring 8% anions in a tetrahedral arrangement (Kos-
tov, 1982a). Each S is in turn tetrahedrally coordinated by Zn. The bonds have a large co-
valent character. In the cubic system, the Zn and S atoms are cach in a face-centered cubic
lattice, displaced from each other in the (111) direction. In the hexagonal type, the Zn at-
oms are in a lattice like that of the S atoms, but displaced along the c-axis. The S-S dis-
tance is larger than the ionic diameter of sulphur, 3.68 A, so that direct S-S covalence may
be neglected (Shuey, 1975). The surface concentration of Zn on a two zinc atoms per
plane of the unit cell is 11.4 pmoles/m® (Ronngren et al., 1991). The structure of sphalerite
1s shown in Fig. 1.1, and crystallographic data (Shuey, 1975 and Kostov, 1982b) are given
in Table 1.1.

Figure 1.1, Structure of sphalerite
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Table 1.1 Crystallographic data

System: - Cubic Hexagonal
~$pace group: 216; T, 186; C',,
- Zn$ per ce: 2.52x10%
Cozms: | 2344

88 | 3s2A

Sphalerite is resinous in appearance and varies in color from light tan to black, de-
pending upon the content of substitutional iron. The mineral is refetred to as marmatite
when the ratio of Fe:Zn exceeds 1:8; above 5:6 the sphalcrite structure no longer exists
(Mason, 1968).

1.2 FLOTATION OF SPHALERITE

1.2.1 General Observations

The flotation characteristics of sphalerite have reccived considerable attention both
in the absence and presence of activating metal ions (Gaudin, 1930; Ralston et al., 1930;
Wark and Wark, 1936; Gaudin et al,, 1959; Steininger, 1968; Girczys and Laskowski,
1972; Stewart and Finkelstein, 1973), However, a full understanding of thc mechanisms
involved in activation, xanthate adsorption and flotation is still lacking. This is especially
true in the absence of deliberately added activating ions: For example, sotne investigators
have observed flotation with xanthates whereas others have not (Wilkinson, 1935; Stein-
inger, 1968; Girczys and Laskowski, 1972). These differences in flotation responsc may
have been due to the differences in solution contaminants, iron content of the mineral or in

the oxidation characteristics of the specimen involved.

Sphalerite commonly occurs in association with galena, chalcopyrite, pyrite and
pyrrhotite. Consequently, the flotation of sphalerite is largely concerned with the problems
encountered in separating it from these other sulphide minerals, A common approach is
first to remove chalcopyrite and galena by flotation in a moderately alkaline pulp, with the

simultaneous depression of sphalerite by one or other of sulphur dioxide, cyanide or zinc
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sulphate. Sphaleritc 1s subsequently activated with copper sulphate in a pulp made alkaline

with lime and floated with a xanthate collector.

Altcrnatively, sphalerite can be activated by the addition of copper sulphate and
collected 1n a bulk concentrate with the copper and lead sulphides. Sphalerite is then deac-
tivated with cyanide and the components of the bulk concentrate can be scparated accord-
ing to the same principles as mentioned in above paragraph (Lozyk, 1978; Hall et al.
1990). In practice, the production of clean zinc sulphide concentrates at high recovery is a

difficult problem, and is the subject of much research.

It is common practice to float zinc sulphides at a rougher pH 8.5 to 11.5 with
cleaning at a pH above 10. However, some different routes for selective flotation of
sphalerite have been considered. Labonté et al. (1989) illustrated the application of novel
approaches based on an understanding of the system chemistry, including collectorless flo-
tation of chalcopyrite, reverse flotation of pyrite from zinc concentrate, the use of N, and
column flotation, all designed to increase recoveries and separation of sphalerite from
complex ores. Some of these approaches have shown a clear potential in practice or plant

trials (Kizilirmakli, 1989; Bogdanov et al., 1991; Xu et al., 1992).

In addition to alternative processes, new collectors with improved selectivity may
eventually play an important role in the treatment of complex ores. In sulphide mineral
flotation, two new collector families have been characterized by Klimpel and Fee (1993),

one based on chelation chemistry, the other on sulphur association chemistry.,

Chelate-forming compounds have long been known to selectively complex metal
cations and are widely used in analytical chemistry. Marabini et al, (1993) synthesized a
new class of collectors, Mercapto-Benzo-Oxazoles (MBO), which showed sclective action
on copper sulphides in the presence of Pb-Zn-Fe sulphides. The collectors have a mixed
aliphatic-aromatic structure and contain functional groups which form chelates with cop-
per. The results obtamned showed that the synthesized collector was much better than
potassium-amylxanthate (KAX) as regards flotation rate and selectivity towards Pb and Zn
sulphides. Moreover, it is possible to work at natural pH (6-7). However, the stability and

industrial application of these new reagents have yet to be investigated thoroughly.
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A potentially important rescarch finding reported on sulphide minerals has been the
tendency for certain minerals to exhibit self-induced floatability (Gardner and Woods,
1579; Fuerstenau and Sabacky, 1981; Yoon, 1981; Luttrcl and Yoon, 1984; Walker ct al,,
1986). This phenomena is often referred to as collectorless flotation and is related to con-
trolling the electrochemical potential during the flotation process. Many studies have cor-
roborated the fact that sulphur has a significant effect on the increased hydrophobic nature
of sulphides i1n the absence of normal collecting reagents; however, the presence of ele-
mental sulphur on the mineral surface has not always been detected on the minerals recov-
ered by collectorless flotation (Yoon, 1981). From this fact, it is then assumed that the
phenomena is related to the development of hydrophobic species, such as metal deficient
sulphide species and/or polysulphides as proposed by Hayes and Ralston (1988), on the
mineral surface as oxidation proceeds from initial reducing conditions in grinding to the

final oxidation state reached in flotation.

Self-induced (or collectorless) floatability of sphaleritc was apparently first re-
ported by Rey and Formanek (1960); other examples were reported by Boyce et al. (1970),
and Stewart and Finkelstein, (1973). It is, however, more commonly encountered for ga-
lena, PbS (Boyce et al., 1970; Sen et al., 1975), and especially for chalcopyrite, CuFeS,
(Stewart and Finkelstein, 1973; Lepetic, 1973; Finkelstein et al., 1975; Heyes and Trahar,
1977; Leroux et al., 1989). There are some references also to self-induced floatability of
pyrite, FeS, (Stewart and Finkelstein, 1973; Finkelstein et al., 1975). There is at least onc
case where collectorless flotation was practiced on a plant scale, namely the flotation of
ZnS and PbS at the Tsumeb mine in S.W. Africa (Boyce et al., 1970). However, the S-
enrichment mechanism appears to have been excluded as the cause of self-induced float-
ability in that case (Finkelstein et al., 1975), which means one must look elsewhere for an

explanation of this unusual behavior.

1.2.2 With Activation

The flotation of sphalerite in the presence of Cu®* ions has been reviewed in detail
by Gaudin (1957), Finkelstein and Allison (1976) and Fuerstenau (1982). In the case of

ethyl xanthate the amount adsorbed on the surface of Cu-activated sphalerite was small
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reaching only about 15% with respect to the statistical monolayer (Gaudin, 1957; Yo-
nezawa, 1961; Pomianowski and Leja, 1964; Allison et al, 1972; Pomianowski et al,,
1975). It was also found that the adsorption product formed could be easily washed off

with water.,

Yelloji and Natarajan (1989) studied the effect of galvanic interaction between
grinding media and sphalerite on flotation. They found that contact of sphalerite with steel
grinding medium lowered its floatability due to the iron contamination of the mineral sur-
face brought about by electrochemical, i.e. galvanic, interaction. However, the presence of
a sufficient concentration of an activator (like Cu**) during the galvanic contact helped in
minimizing the deleterious effect of the galvanic interaction. The presence of a collector,
either alone or before the addition of the activator, effectively prevented such a modifica-

tion process.
1.2.3 Without (Deliberate) Activation

It was observed in the work of Yelloji and Natarajan (1989) that some of the
sphalerite samples became floatable just after addition of a short-chain xanthate. Such be-
havior of sphalerite may be due to accidental activation e.g. by Cu?* derived from soluble,

oxidized copper minerals (Gaudin, 1957 and Bogdanov et al., 1965).

In 1990, Yellon and Natarajan found that the flotation of sphalerite after contacting
with galena for upto 4 hrs in the presence of oxygen was enhanced from its initial value of
53% (in the absence of contact) to about 77% for conditions where the sphalerite was
floated in the presence of collector alone. The flotation recovery of sphalerite after 4 hr
contact with both chalcopyrite and galena in the presence of oxygen was found to be in-
creased to about 91% from the initial value of 53%, for the conditions where the sphalerite
was floated in the presence of collector alone after contact with steel. Interestingly they did

not give an explanation for the initial 53% recovery of sphalerite.

In practice, in addition to the Tsumeb mine in S.W. Africa cited before, the Zink-
gruvan concentrator of the Vieille Montagne Company in Sweden is another example of

sphalerite flotation without intentional activation (Mellberg, 1982). It was assumed that
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sphalerite floated due to autogenous activation by Pb** ions, released in the primary grind-
ing stage. However, it 1s difficult to explain the separation between galena and icad-

activated sphalerite achieved in the separation circuit.

Flotation of sphalerite without deliberate Cu addition is usually attributed to acci-
dental activation by Cu or Pb ions. In some instances, however, this explanation is not

adequate,

Girczys and Laskowski (1972) observed good flotation of sphaleritc which was in
contact with ethyl or amyl xanthate in acidic solution. They explained this phenomenon by
the presence of iron {1.7%) in the sample catalyzing the oxidation of the xanthate to dixan-
thogen, which was considered responsible for the sphalerite flotation; this explanation has

not been confirmed.

Similar conclusions to those of Girczys and Laskowski were reached by Mukherjee
and Sen (1976). They discovered that a serics of sphalerites of varying iron content were
floatable with potassium ethyl xanthate and diethyl xanthogen as collectors without using
an activator in acid solution. The high iron samples were more floatable than low iron
samples with ethyl xanthate; when using diethyl xanthogen as collector, reverse results

were obtained (i.e. the low iron samples floated more readily).

Since Mukherjee and Sen did not present the experimental data, their interpretation
was criticized. As can be concluded, even from the work of Mukherjee and Sen, the influ-
ence of iron in the sphalerite structure cannot be too critical to sphalerite flotation. The
change in iron content from 0.13 to 3.9 wt.%, i.e. a thirty fold increase, caused a change in
recovery from 45 to 55% only (Mukherjee and Sen, 1976). Finkelstein and Allison (1976)
(reporting on work of Clifford (1971)) did not find differences in floatability of samples
having 0.3 to 8.8% of iron. Also Fuerstenau et al. (1974) did not obscrve differences in

flotation between sphalerite and marmatite (the high Fe end member).

Finkelstein and Allison (1976) suggested that the sphalerite floatability and xan-
thate adsorption reported in the studies of Girczys and Laskowski (1972) resulted from the

occurrence of copper in the ore, which activated the sphalerite. Unfortunately, neither
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Girczys and Laskowski (1972) nor Mukherjee and Sen (1976) reported on the copper

content.

There is some circumstantial evidence that alkaline pH alone is capable of signifi-
cant sphalcrite flotation. McTavish (1980}, for example, at Brunswick Mining found ele-
vated pH caused Zn loss to the Cu/Pb bulk concentrate,

Leroux et al. (1987) found that sphalerite could be floated by xanthate from a
Pb/Zn ore without Cu activation: They found a combination of xanthate, pH 9.5 to 11 and
iron ions were required. A mechanism based on activation by Fe(OH),, the Fe** ions being
derived from superficial oxidation of the pyrite in the ore, was suggested. Possible flota-

tion due to natural floatability or self-induced flotation was ruled out.

This Ph. D. research originated from the findings of Leroux et al.
1.3 STATEMENT OF THE PROBLEM AND OBJECTIVES

From this review of sphalerite flotation, it can be seen that sphalerite is one of the
minerals which requires activation for effective adsorption of xanthate and flotation. The
most commonly used activator is Cu®* derived generally from CuSO,. Certain other heavy
metal ions have also been used as activators (Sutherland and Wark, 1955; Gaudin, 1957,
Finkelstein and Allison, 1976). In some cases, sphalerite is accidentally activated by metal-
lic ions in the pulp: one suck ion, which has received limited attention, appears to be Fe**

(Leroux et al., 1987).

To better control the flotation of sphalerite, and to develop new strategies or new
reagents for improving separation efficiency from other sulphide minerals, in particular
galena, chalcopyrite and pyrite, it is necessary to understand the role of metal ions in acti-

vating sphalerite,

The objective of this research program, therefore, is to determine the mechanism of

sphalerite flotation in the presence of iron ions.

To this end the following were employed: flotation tests (micro, batch and con-

tinuous), electrophoresis; and surface analysis using various spectroscopic techniques.



CHAPTER 2

SURFACE ANALYSIS TECHNIQUES AND
APPLICATIONS

Surface properties play the essential role in many mineral processing systems such
as flotation, selective flocculation, bioleaching, etc. In particular, an understanding of in-
teraction mechanisms of different reagents (collectors, regulators, flocculants, etc.) with
the mineral surface in an aqueous medium is of crucial importance in achieving systcmatic

advances 1n the technology.

The general definition of a surface is that of a boundary layer of one phasc at its
interface with another. Surface analysis involves the use of vibrational, clectron or ion
spectroscopic and microscopic techniques for the study of material at the atomic/molecular
level. Solid-vacuum interfaces provide ready access to a number of spectroscopic probes.
On the other hand, interfacial phenomenon in a system involving two solid phascs are par-
ticularly difficult because in most cases both phases are opaque to the available probes.
The mineral-solution interface poses an intermediate level of difficulty. The relatively few
techniques available for in situ analysis of mineral-water interfaces, often makc it neces-

sary to use a combination of methods.

2.1  INFRARED SPECTROSCOPY (IR)

Infrared spectroscopy is employed to study the structure of molecules. It permits
identification of substances from their chemical and crystalline character (Farmer, 1974),
and some aspects are well documented in books by Little (1966) and Hair (1967). Infrared

spectroscopy can be performed in transmission, reflection and emission modes (Fig. 2.1).
2.1.1 Transmission IR Spectroscopy

In transmission mode, the part of the radiation that travels through the sample is

detected. Absorption at the surface and in the bulk is thus ascertained. Therefore, to obtain
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Reflected photons

(IR)
Auger ¢lectrons Scattered electrons
(AES SEXAFS) (EELS, REELS Ay
EXELFS ELNS) ccondary fons

Photo ¢lectrons (SIMS)

(UPS,XPS,SEXAFS)

Photo acustic
waves (PAS)
Transmitted Photo
(IR, EXAFS,NEXAFS)

Sccondary electrons
(SEXAFS)

Emitted photons
aR)

Surface

Figure 2.1 Schematic picture of spectroscopic techniques

information on the surface, the surface/volume ratio must be maximized. For this reason,
the techniques most commonly adopted, namely KBr pellets and Nujol mull, utilize (dry)
powdered solid samples. It is not possible to obtain in sifu measurements since the absorp-
tion spectrum of the water obscures a good part of the analytical range of the experimental
spectrum. Many studies on mineral surface/collector interaction have been performed ex
situ, by comparing treated with untreated minerals (Marabini and Rinelli, 1982; Garbassi
and Marabint, 1986). From major changes such as shifting, and the formation and/or dis-
appearance of peaks in the experimental spectrum, IR transmission spectroscopy provides
an indication of chemical bond formation between the mineral and the collector (Marabini
and Cozza, 1988). One of the main drawbacks, in the case of chemisorption phenomena, is
that the solid residue may contain not only the mineral and the surface-adsorbed species
but also any agglomerates formed in solution and precipitated in bulk form. In order to
avoid this limitation, Marabini and Cozza (1988) developed a double filtering method and
used it to clarify the adsorption of potassium cthyl xanthate on cerussite by highlighting

breakaway and corrosion phenomena that would not otherwise be revealed.



CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 16

2.1.2 Attenuated Total Reflection

The Attenuated Total Reflectance (ATR) method is the one most commonly used
for the surface study of mineral/aquecus-solution intcractions because, being an in situ
technique, it permits control of the solid-liquid interface to be maintained. To make the
measurements, the sample is placed in contact with a crystal (gencrally Ge, AgCl, or ZnS)
whose refractive index is higher than that of the sample. The radiation is incident on the
crystal in such a manner that total reflection occurs at the crystal-sample intcrface (Fig.
2.2). When total reflection occurs, an evanescent wave, whose electric field falls off expo-
nentially with the distance from the surface crystal, 1s present. Typically the depth of pene-
tration, depending on the optical characteristics of the system, is some ten monolayers
(Gniffiths and Haseth, 1986; Harrick, 1967).

Solution
b
\/\ a

Solution

Key:

a = Germanium reflection element

b = Thin layer of evaporated mineral
¢ = Adsorbing reagent

Figure 2.2 ATR infrared cell for adsorption studies of the
mineral-aqueous solution interface

Studies have been made to investigate the products obtained by adsorption of rca-
gents on minerals. A comparison of qualitative and quantitative results obtained with elec-
trochemical measurements has been reported (Mielczarski et al. 1979, 1983). Mielczarski
et al. have characterized both chemical and physical adsorption in a study on the floatabil-
ity of fluorite treated with sodium dodecyl sulphate.



CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 11

2.1.3 Emission IR Spectroscopy

Emission IR spectroscopy can be used for surface studies because the emitting part
of the solid consists mainly of the outer surface layers. It is easy, therefore, to obtain infor-
mation on the surface elements even in regions where the bulk absorption bands are pre-
dominant. The characteristic sample penetration depth is two to four monolayers. This
technique can be used to advantage when it is necessary to analyze samples at tempera-

tures well above ambient conditions (typically 200-250 °C).

For infrared emission studies, the sample to be investigated is deposited on an inert
support, If the latter is highly reflective, it is a poor emitter and does not contribute to the
obscrved emission spectrum. The best conditions for this technique are at elevated tem-
peratures, which not many mineral/reagent systems can handle. To the best of the author's
knowledge, infrared emission spectra have rarely been reported in the literature on
mineral-reagent systems. Primet et al. (1979) reported on an infrared emission spectro-
scopic study of V,0;, suggesting that this technique is sufficiently sensitive to be consid-
ercd for ex situ investigation of mineral-reagent interactions in flotation systems, A Fourier
transform spectrometer was used in the study with multiple scans to enhance the relatively

weak signal and ratio the emission spectrum against a black body spectrum.
2,1.4 Fourier Transform Infrared (FTIR)

The instruments generally used in the past were dispersion spectrometers that con-
sisted of a polychromatic radiation source, a inonochromator and a detector. However,
more recently this type of apparatus has been superseded by interferometers which have
greater potential and provide a considerable number of advantages. The most significant
advantages of a Fourier Transform Infrared (FTIR) interferometer compared with a disper-
sion spectrometer are accuracy and precision in wavelength determinaticn. Moreover the
entire spectrum is acquired with one single measurement thus permitting a great saving in
time, and resolution is constant throughout the spectrum. Last but not least, the sensitivity
(i. sensitivity of detector, ii, better signal/noise ratio from the IR interferometers) of the

FTIR interferometer is two orders of magnitude higher than that of the older apparatus,
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This ensures more accurate determination of trace substances, which is vital in the study of
surface interactions when the adsorbate has characteristic peaks in spectral regions where

the influence of the bulk is marked.

For the characterization of adsorbates on mineral surfaces, various studics have
been made using FTIR interferometers and conventional apparatus for ex sit and in siftu
measurements using the KBr-disc (Hu et al,, 1986) and ATR techniques (Termes and
Richardson, 1986) respectively.

In more recent years, IR and FTIR spectroscopy have found many applications re-
lating to adsorption of collectors on mineral surfaces, De Donato et al. (1990), Cases ct al.
(1989; 1990a, b) and Kongolo et al. {1990) studied the influence of grinding , pH and oxi-
dation on the adsorption of ethyl-xanthate and amyl-xanthate on galena and pyrite. In situ
FTIR spectroscopy was used by Cross et al. (1991) to study the conformation of adsorbed
species on fluorite and alumina and to determine the adsorption density of collectors on the
mineral surface, Similar studies have been performed by Leppinen et al. (1989) on adsorp-

tion of ethyl-xanthate on chalcocite, chalcopyrite, pyrite and galcna.
2.1.5 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse reflection results from the multiple scattering and partial absorption of the
light flux impingement on (ideally) a matte-finish surface (Wendlandt and Hecht, 1966;
and Kortiim, 1969). For a perfect diffuse reflector, the reflected radiation is unpolarized
and its angular distribution is isotropic. In practice, since an ideal diffuse reflector does not
exist, the reflected radiation also has a specular component which arises from mirror or

regular reflection and is therefore polarized.

The dependence of diffuse reflection on the optical absorption coefficient and the

scattering properties of the sample can be related to the relative reflectance
Yo = Fsam/Trer= S/R by use of the Kubelka-Munk (K-M) equation

ks = (1 —r.)2/2r. el

where K is the optical absorption coefficient and s is the scattering coefficient. The K-M
theory assumes an infinitcly thick sample (a condition that is usually met for scattering
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powders 1-3 mm thick), diffuse illumination, and the complete absence of specular reflec-
tion. The right side of eq. 2.1 is commonly referred to as the K-M function. A plot of this
function vs. concentration is linear with a slope of s’ for a limited range of concentra-
tions. The K-M function is dominated by the absorption coefficient for strongly absorbing
samples and by the scattering coefficient for weakly absorbing materials. The absorption
and scattering coefficients also determine the effective depth of penetration of the incident
light into the sample. For weakly absorbing materials, an increase in scattering signifi-
cantly decrcases the depth of penetration and results in a decrease in the fraction of light
available for absorption. This causes an increase in the relative reflectance. For strongly
absorbing samples, the depth of penetration is small (ca. 0.1 pm) and is relatively unaf
fected by changes in scattering or absorption. When this is the case, the DR spectrum can

be considered to be optically saturated.

Persson etc. (1991) analysed the chemical composition of galena, sphalerite and
pyrite surfaces after dry and wet grinding, and after treatment with water and aqueous so-
lutions by DRIFTS. They declared that lead alkylxanthate is formed as the only detectable
alkylxanthate species on galena surface; chemisorbed complexes of ethylxanthate ions are
formed on sphalerite surfaces in aqueous and acetone slurries; and dialkyl dixanthogen is
formed as the only surface species in the reaction between oxidized pyrite and aqueous so-
lution of potassium alkylxanthate, They also proposed that the oxidation products of the
disulfide ion in pyrite, e.g. 5,0, and S,0,% are responsible for the oxidation of alkylxan-
thate ions to dialkyl dixanthogen.

Cases ete. (1993) used DRIFTS and XPS to study the reactions involved in the
adsm'ption-abstract.ion of K-amyl xanthate on pyrite after fine grinding in a special stain-
less steel laboratory rod mill. After investigation of floated and non-floated products, they
concluded that, for all samples prepared after grinding under basic conditions (pH between
9.0 and 12.0; regulators were NaOH and Ca0), only diamyl dixanthogen was present on
the pyrite surface after flotation. Hence dixanthogen was considered responsible for the
hydrophobicity of the surface. It was demonstrated that in basic conditions, iron com-
pounds and sulphoxy species are responsible for the process of oxidation of xanthate to

dixanthogen.
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2.2 PHOTO-ACOUSTIC SPECTROSCOPY (PAS)

A variety of difficulties encountered for mincral samples, such as highly opaque
solutions, and optically diffusing samples make analysis difficult with the common optical
spectroscopy techniques (UV, VIS, IR). This fact has led to the development of Photo-
Acoustic Spectroscopy (PAS), which uses transformation of radiant encrgy into thermal

energy to obtain the spectrum for the sample surface.

The solid sample to be investigated by PAS is enclosed 1n an acoustically isolated,
sealed cell, which is filled with helium gas and fitted with a microphone and a window
through which the sample is

irradiated.

The photo-acoustic signal
is generated when the sample ab-

sorbs modulated electromagnetic

radiation of a specific wave-

length. The energy thus absorbed

by the sample is converted into

heat by non-radiative de-
Figure 2.3 Schematic view of a photoacoustic cell.

(Ph) primary photon beam; (W) window;
incident radiation is modulated, (G) gas; (S) sample; (AT) acoustic transducer

excitation processes. Since the

the thermal energy created in the

sample will be periodic, at the frequency of the modulation frequency, creating thermal
waves that move towards the boundary of the sample. The periodic variation in the tem-
perature at the surface of the sample generates an acoustic wave in the gas surrounding the
sample. The acoustic wave propagates through the volume of the cell, and is detected by

the microphone (Fig. 2.3).

In general, the PA signal is directly proportional to the power of the incident light
flux, the energy of the incident photons, and, in favorable cascs, the optical absorption co-

efficient. In addition to being related to the sample's optical propertics, the PA signal is



CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 15

also dependent on its thermal properties, specifically the thermal diffusivity, o, which is

defined as

o=%/pC @.2)
where  is the thermal conductivity, p the density, and C the specific heat of the sample
material. These properties are used, in addition to the modulation frequency, f{Hz), to de-

finc a thermal diffusion length, p,
1, = (o/mf)? 2.3)

which is the depth below the sample surface beyond which damping of the photon-
gencrated thermal wave renders the heat produced ineffective for modulating the surface
temperature. Thus, only light that is absorbed within. the thermal diffusion length contrib-
utes to the PA signal. The thermal propertics of the transfer gas and, for thermally thin
samples, the thermal and optical properties of the substrate or backing material also affect

the PA signal.

As the principal effect of the physical phenomenon involved is on the solid-gas
contact zone where the thermal energy transfer occurs, the particular feature of the tech-
nique is that it mainly investigates the surface. Another aspect of the technique is that it
offers the possibility of obtaining depth profiles of the solid by varying the modulation fre-
quency of the incident radiation which is related to the depth of penetration of the incident
radiation in the sample. By varying the modulation frequency from 100 Hz to 20 Hz, sam-
pling depths in the range 0.1-100 pm can be investigated (Pao, 1977).

So far, most of the reported PAS studies on solids and related surface effects, use
the frequencies in the ultraviolet, visible, and near-infrared domains. The absorption peaks
of adsorbed specics in this region of the electromagnetic spectrum are broad, structureless,
and not very informative. In contrast, Low and Parodi (1980) found sharp, well-defined
peaks in this region with PAS for certain adsorbates on silica with a surface arca of 300
m’/g. Less well-defined peaks were observed for adsorbents with smaller surface areas of

50 and 80 m’/g, The infrared-PAS studies require an infrared laser of sufficient intensity
| over the whole of the range of infrared frequencies. However, this problem may be over-

come by the use of Fourer-transform infrared PAS, which has been used on solids
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(Rochley, 1980; Vidrine, 1980) and shows considerable promise for surface studics (Ro-
chley and Delvin, 1980).

Childers ete. (1986) made a direct comparison of the capabilities of photoacoustic
(PA) and diffuse reflectance (DR) spectroscopies in the ultraviolet, visible, and ncar-
infrared spectral regions by collecting both types of spectra under ncarly identical condi-
tions. In terms of signal-to-noise ratio and spectral definition, the two techniques arc virtu-
ally indistinguishable for weakly absorbing, finely divided powders. DRS is slightly more
sensitive but has a lower saturation himit than does PAS and 1s more severely affected by
changes in particle size. For particles larger than 100 um, DR spectra are distorted and
spectral definition is degraded. In terms of sample preparation, especially when only quali-
tative results are desired, PAS is clearly superior. For quantitative results both techniques

require carcful control of particle size, packing density, and total absorption.

So far few PAS studies have been reported on adsorbed species related to flotation.
To what extent the generally low surface areas of minerals will be a limiting factor re-
mains to be seen. The relative ease in preparation of the samples should nevertheless en-

courage some investigation in this direction.

2.3 MODERN VACUUM TECHNIQUES

Over the past few years, many different techniques arising out of the usc of differ-
ent excitations and emission analyses have accumulated. In most such techniques, the solid
is placed in an ultra high vacuum (UHV), <10 torr, and bombarded by photons, electrons,
neutrons or ions and the emitted photons, electrons, neutrons or ions are analyzed (Fig.
2.1). In the low photon energy region (hv < 50 ¢V) the technique is called Ultraviolet Pho-
toemission {or Photoelectron) Spectroscopy, UPS; in the high encrgy region (Av > 1 keV),
it is called X-ray Photoclectron Spectroscopy, XPS (also known as Electron Spectroscopy
for Chemical Analysis, ESCA). Other common techniques, considered most useful in char-
acterizing the mineral surface, are Auger Electron Spectroscopy, AES, and Secondary Ton

Mass Spectroscopy, SIMS, These techniques are ofien complementary.
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The significance of these techniques is that they provide information on surface
composition and chemical state (e.g. oxidation state, bonding type) for individual particles
and complex mineral mixtures as a function of depth through the surface layers. The prin-
cipal difficulty in their application is that they are ex situ tecliniques that operate in high
vacuum creating some uncertainty in the relationship between the measured compositions

or chemical states and those prevailing in the original pulp in the flotation circuit.
2.2.1 Photoemission Spectroscopy

In a typical photoemission apparatus, the energy of the photon source is fixed and
the energy distribution of the photoemitted electrons i1s measured. This method of data ac-
quisition goes by the name of Energy Distribution Curve, EDC (also called Photoclectron

Energy Spectrum, PES).

The valence region, mainly investigated using an ultraviolet photon source in the
UPS technique gives information on the structure of the valence band. In the XPS tech-
nique, the X-ray is used to excite electron emission from core and valence energy levels of
the atoms in a solid surface. The kinetic energies of the emitted electrons are analysed in

the spectrometer. The basic equation is:
hv=Ep+Ex+¢ 2.4)

where Av is the energy of the exciting X-ray,

Ej is the binding energy of the electron corresponding to the energy level from

which the electron is excited,

Ey 1s the kinetic energy of the emitted electron, and

¢ 1s the werk function of the spectrometer.

This equation allows the E; of the particular energy level of a given atom to be cal-
culated, which helps in determining the electronic structure of the solid, Although core
electrons are not involved in chemical bonding, the core energy levels of atoms are sensi-
tive to structure and bonding. The value of the core level binding energy is determined by
the type of atoms present in the solid and the chemical shifts give information on the

chemical bonds of the elements, e.g. difference in the oxidation state, difference in
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molecular environment, and difference in lattice site, Moreover, quantitative information
on the atomic ratio between an element and its environment is given by measurement of
the peak area. However, only emitted electrons close to the surface can escape from the
solid, those electrons dislodged deeper in the solid are retarded by the material and arc un-
able to escape. Therefore, XPS is a surface sensitive technique, capable of revealing the

elemental and chemical composition of the surface and near surface down to a maximum
depth of about 50 to 100 A.

XPS has been used to characterize surfaces of sulphide minerals, particularly the
effect of their exposure to air (oxygen) and water. Since this technique requires an ultra-
high vacuum, only an ex situ investigation is possible. Nevertheless, some useful insight
into the surface chemical reactions and products during flotation can be obtained. Unfortu-
nately, direct answers are often obscured by extrancous effects arising from the method

used or by the complexity of the chemical systems studied.

Clifford et al. (1975), using XPS, investigated ten natural sulphide mincrals. Sur-
face analyses of these minerals were carried out after they had been given the following
treatment: (a) comminution in an atmosphere of air and nitrogen; (b) the adsorption of
xanthate and dithiophosphate collectors; and (c) the adsorption of modifiers such as

Na,Cr,0;, SO,, starch, sodium cyanide, and CuSO,.

Predali et al. (1979) have used XPS to study the pyrite depression mechanism dur-
ing flotation of a copper-zinc-lead-pyrite ore. They showed that depression occurs through
the formation of an iron-oxy-hydroxide or hydroxide on the mineral surface with depres-
sants like CaQ. No significant formation of sulphur or oxidized sulphur on the pyrite sur-
face was observed. Surface copper and zinc were also detected on the pyrite surface but
these did not seem to be a factor in flotation. Similar characterization studies have been

performed by Cecile et al. (1980) on the depression of galena with chromale ions after flo-

tation with xanthate.

Brion (1980) used XPS to characterize the surface of pyrite, chalcopyrite,
sphalerite and galena on exposure to air and to water, On their exposure to air, the ratc of

surface sulphation decreased in the order: FeS, > CuFeS, > PbS > ZnS. On their exposurc
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to watcr, however, FeS,, PbS and ZnS did not exhibit any surface degradation, and only

CuFeS, showed the formation of iron oxy-hydroxide or hydroxide within the first layers.

Ranta et al. {1981) have reported on XPS studies of xanthate adsorption on sul-
phides. Special care was taken to improve the resolution of XPS spectra by using a mono-
chromatic X-ray source. Further, more care was taken than in the previous studies to
prepare the samples and to work at a lower vacuum. These precautions gave a better indi-

cation of the potential of XPS in studying xanthate adsorption on sulphide minerals,

Smart (1991) has used XPS and other surface-sensitive techniques to study the sur-
face layers on metal sulphides as single minerals, mixed minerals, synthetic ores and real
ores from eight Australian concentrator operations. He found substantial hydroxide content
on the sulphide surfaces in three different chemical and physical forms, namely thin (~
5-80 nm) layers; oxidised fine particles (0.1-5 pm); and colloidal iron hydroxide spheroids
formed by precipitation from solution. He also developed a sampling methodology to in-

troduce slurry to the spectrometer to minimize air exposure of the mineral surfaces.

Xanthate adsorption on various mineral surfaces, galena (Pillai et al., 1983; Page
and Hazell, 1989; Buckley and Woods, 1990; Buckley and Woods, 1991), pyrite (Pillai et
al., 1985), metals (Johansson et al., 1986; Laajalehto et al., 1988; Mielczarski et al., 1989)
and sulphides (Mielczaski and Suoninen, 1984; Johansson et al., 1986) has been studied.
The adsorption mechanism for xanthate on metals (Laajalehto et al.,, 1988} and on sul-
phides (Mielczarski and Suoninen, 1984), is found to consist of relatively rapid formation
of a well-oriented monolayer on the surface substrate. The same mechanism has been
found by Miclczarski and Minni (1984) for the adsorption of diethyldithiophosphate on

sulphide minerals.

These examples illustrate the potential use of XPS to gain insight into mineral sur-

face chemistry.,
2.2.2 Auger Electron Spectroscopy (AES)

The Auger process involves the non-radiative de-excitation of a core hole (created

by an XPS event): the hole is filled by an electron from an upper energy level, releasing an



CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 20

amount of energy which can be used to photoeject another electron, the so-called Auger
electron (Briggs and Riviere, 1983). The Auger electron is then cjected with kinetic encrgy
that is dependent only on the atomic energy level involved in the process and not on the

characteristics of the excitation source.

As mentioned above, this technique requires high energy electrons to irradiate the
sample, Auger clectron spectroscopy is concerned with analysis of the encrgics of the sec-
ondary electrons, superimposed on other inelastically scattered electrons. Like in XPS, the
emitted Auger electron can only escape from the upper surface layers, to a maximum
depth of 30 A, making it a surface-sensitive technique. The energy of the Auger clectron is
characteristic of tiic atom from which it originates. Thus, AES cnables a chemical analysis
of surface elements, although identification of different atomic environments, ie., a
chemical shift effect, is not so pronounced as in XPS, In contrast, lateral resolution with
AES is much better than for XPS, and scanning AES has become a valuable tool in surface
characterization. X-rays are also capable of producing Auger clectrons and are, therefore,
observed in XPS spectra. Generally Auger is more surface sensitive than XPS. The elec-
tron beam used in AES is more destructive than the X-ray used in XPS, and more likely to

induce surface change (Hall et al., 1985).

It is easier to detect different surface-chemical species of the same clement by XPS
than AES. It is therefore expected that XPS will be more uscful in the study of adsorbed
species on mineral surfaces in flotation systems. The use of AES has its place, however.
For example, Chadwick and Hashemi (1979), investigated surfacc films formcd by
2-mercaptobenzthiazole, MBT, (a corrosion inhibitor and flotation collector) on copper by
XPS and X-ray induced AES. The latter technique was more useful in establishing the for-

mation of a compound on the surface than XPS.
2.2.3 Secondary Ion Mass Spectrometry (SIMS)

In this technique the solid surface is bombarded with energetic heavy ions (typi-
cafly low keV), noble gas ions, Cs" or O". These ions, which have a mean free path about

150 A, produce a collision cascade of lattice atoms with a final emission of particles from
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the solid surface. The ion fraction of the emitted particle is detected and analyzed by a

mass spectrometer (Fig, 2.1).

This tcchnique permits the detection of all the elements present in the sample, in-
cluding H and Li, with sensitivity of the order of ppm-ppb. It also permits isotope selectiv-
ity, mapping of the surface of the sample with a resolution of 1 pm, and a depth profile
detection of the elements, A SIMS instrument can be used in either static or dynamic
modes, depending on the current density of the primary ions. In the static mode, the pri-
mary ion current density is ~1 nA/cm® which ensures a sputtering rate of some nm per
hour. Static SIMS analyses only the outermost surface layer and is employed when it is
wished to modify the sample as little as possible. With dynamic SIMS a primary ion cur-

rent density of some pA/cm’ permits depth profiles of a few pm per hour.

Explicitly, static SIMS has the potential capability of providing the following:
> Detection of all elements including hydrogen. -
> Extremely high sensitivity for all elements and compounds, Detection limits:
<10"® monolayers, a thousand times more sensitive than XPS and AES,
> Isotope sensitivity.
> Very good lateral resolution.

The disadvantages are:
> Large differences in sensitivities for different surface structures.
> Problems in quantitative interpretation of molecular fragments.

> Jon-induced surface reactions.

The more complex the reagent adsorbed on the (mineral) surface, the more difficult
will be the spectral interpretation, including by static SIMS. Studying mineral surfaces,
prior to reagent addition, will therefore, presumably be necessary. SIMS provides a surface
technique complementary to XPS or AES, identifying species that cannot be distinguished
by the latter methods. It is an extremely sensitive technique and developments should be

followed by those interested in mineral surface chemistry.
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2.2.4 Laser Induced Mass Spectrometry (LIMS)

LIMS has been used to study the surface composition of mineral particles in rela-
tion to understanding fundamental principles of flotation and phenomena observed in basc
metal sulphide flotation circuits. The presence or absence and the relative concentration of
inorganic surface elements on mineral particulates 20 - 100 um in size, can be determined
by probing several spots (5 - 10 pm in diameter) per particle. The analytical depth resolu-

tion is estimated to be only a few atomic layers,

Laser probe microanalysis has certain advantages: {irst, a small beam size, permit-
ting the analysis of individual mineral grains as small as 5 -10 pm across; second, a neutral
primary beam, which means that the analysis of insulating particles does not prescnt a
problem; third, flexibility in terms of available laser wavelengths, permitting the analysis
of adsorbed organic as well as increased sensitivity for a particular trace clement (c.g. Au
adsorbed on activated carbon); and, fourth, the power of the primary laser is adjustable,
giving control over sampling depth. Perhaps the most significant advantage of the tech-
nique, however, is the rapidity of analysis (less than 1 min.), which means that the surface
compositions of a large number of grains can be characterized 1n a reasonable short time -
typically, 40 grains can be analysed in an hour which, in return, ensures that the data have

the necessary statistical credibility.

Chryssoulis et al. (1992) studied the loss of selectivity in the differential flotation
of a base-metal ore and the different floatabilities of coarse- and fine-grained pentlandite
from a Cu-Ni ore with this laser-probe microanalysis technique. They found that the
sphalerite grains recovered to the Cu-Pb concentrate had more Pb on their surface than
grains in the Zn circuit, They also found that the surface concentration of Fe on sphalerite
was higher in the grinding circuit and that sphalerite from the Zn rougher concentrate car-
ried more surface Fe than sphalerite from the tails. They combined time-of-flight secon-
dary ion mass spectrometry (TOF-SIMS) to map the distribution of elements on the

surface of mineral particulates.
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2.2.5 Other (Vacuum) Techniques

EELS:

High-resolution clectron energy loss spectroscopy (EELS) has been successfully
used to characterize adsorbed species on metal surfaces used as catalysts (Ibach et al.,
1977; Chesters and Sheppard., 1981). The EEL spectrum yields information on the vibra-
tional mode of the adsorbate and is complementary to the infrared spectrum, like a polar-

ized IR reflectance spectrum.

The advantage of the EEL spectrum over the infrared spectrum is the high sensitiv-
ity and the wide spectral range, 200 to 3600 cm™ that can be scanned within 20 min. Fur-
ther, vibrational spectra of the adsorbate, down to about 200 cm™ are observed without any
difficulty with interfering bands of the substrate. The disadvantage of EELS over infrared
transmission spectra is its relatively poor resolution. The electron beam reflection requires

a high-vacuum system and is generally a more complicated and expensive apparatus.

To what extent EELS could be applied to adsorbed species on mineral surfaces re-
mains to be seen. It should complement infrared studies. The ability with EELS to over-
come the broad, interfering adsorption bands of the adsorbate (mineral), (also, as
mentioned, overcome with infrared emission spectroscopy), seems an inviting prospect.
Whether sufficient resolution of EEL spectra will be obtained when the electron beam is
reflected from a mineral surface, remains an open qucstiqn, however. Indeed, with broader
vibrational bands in EELS, analysis of complicated spectra will be difficult. EELS is con-

ducted in a high vacuum and is thus an ex sifu technique.

EELS spectroscopy has been used in mineralogy for chemical and valence studies
(Rask et al., 1987; Hawthorne, 1988; Wang and Cowley, 1988). In various minerals, dif-
ferent Mn (Rask et al., 1987; Wang and Cowley, 1988), Ti and Fe (Otten et al., 1985) oxi-
dation states have been observed. Chemical shift as a function of the oxidation state has
been determined for Ti (2 ¢V), Mn (3 €V) and Fe (2 eV) (Otien ct al., 1985).
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Maissbauer Spectroscopy:

Massbauer spectroscopy 1s mainly used to study recoilless nuclcar resonant absorp-
tion or fluorescence. The Mossbauer effect is of fundamental importance in that it provides
a means of measuring some of the comparatively weak interactions between the nucleus
and surrounding electrons. Although the effect is only observed in the solid state, it is pre-
cisely in this area that some of the most exciting advances in materials scicnce arc being
made, Because it 1s specific to a particular atomic nucleus, the technique has been applied
to determine the electronic structure of impurity atoms in alloys, the after-cflects of nu-

clear decay, and the nature of the active sites in iron-bearing proteins.

One of the examples applying this technique to mineral processing is the investiga-
tion of the precipitates formed when solutions of iron ions are mixed with cthyl xanthate
solutions by Sheikh and Leja (1977). They suggested the formation of ferric hydroxyl xan-

thate from a combination of Mossbauer and IR spectroscopy.
24 RAMAN SPECTROSCOPY

In contrast to infrared spectroscopy, which provides a powerful tool to investigate
the molecular structure characterized by "polar" bonds and vibrations that change the mo-
lecular dipole, Raman spectroscopy is generally more sensitive to non-polar bonds and

changes in the bond polarisibility.

Takenaka (1979) reviewed the application of Raman spectroscopy to surface chem-
istry. Paul and Hendra (1976} gave a detailed discussion on the principles and experimen-
tal techniques. One of the most important aspects in the elucidation of the surfacc
chemistry of flotation, is its applicability to aqueous solutions, since water is a weak Ra-
man scatterer. In this regard the work reported by Yamamoto (1980) using Raman spec-
troscopy to study the reaction of xanthate and sulphide ions in aqueocus media is

illustrative.

Few Raman spectroscopy studies related to mineral-reagent adsorption have been

conducted. Raman spectroscopy uses an intense laser beam of a well defined wavelength
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to induce the Raman scattering effect. A problem in obtaining Raman spectra is encoun-
tcred when traces of impurities, or the sample itself, emit fluorescent background radiation
upon which the Raman spectrum is superimposed. Treatment of the mineral to eliminate or
reducc the inherent fluorescence (Sheppard et al., 1971) may make it unsuitable for flota-
tion rescarch. In addition, scattered Raman radiation is very weak, so that large surface ar-
eas, ~300 m%g, (Morrow, 1977) are required for detecting adsorbed species. The generally
small specific surface areas of minerals, mitigates against the use of Raman spectroscopy
in mineral systems, unless its sensitivity can be increased. This is possible in certain types

of Raman spectroscopy.

The possible use of the resonant Raman effect for studying flotation systems
should be considered. Raman intensities can be increased by a factor of 10°, For this to be
achicved, it is necessary for the laser wavelength to lie within an electronic absorption
band of the molecule to be investigated. Nakanaga and Takenaka (1977) and Takenaka and
Nakanaga (1976) used this technique to measure the Raman spectra of a monolayer of sur-
factant at the interface between an aqueous solution and carbon tetrachloride. The use of a
colored surface-active dye, or the formation of a colored complex between the surface-
active agent and a dye, is essential under certain conditions if the resonant Raman condi-
tion is to be satisfied. In such studies, the orientation of the molecule of the surface-active
agent at the interface may be ascertained from the Raman spectra. If suitable dyes could be
found that did not affect flotation of the mineral, obtaining resonance Raman spectra of
such systems could be an interesting possibility: the small surface areas of minerals would

then no longer be an obstacle.

Surface-enhanced Raman spectroscopy (SERS) has been used to study adsorbates
on certain metal electrodes, colloids and metallic silver films (Otto, 1980). The intensity of
the scattered Raman spectrum is enhanced by a factor of 10°, The physical origin of the
enhancement effect, which is observed for metal-adsorbate combinations, and other mole-
cules close to the adsorbate surface, is a matter of vigorous debate at present. Whether this

cffect could be used to study mineral-reagent interaction is not clear.



CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 26

The Raman molecular microprobe (Dhamelincourt et al,, 1979; Etz, 1979; Ro-
sasco, 1980), which has been uscful in analyzing fine dust particles could also be useful in
analyzing mineral particles in flotation systems. (The Raman microprobe is also known as
MOLE, which is the acronym for Molecular Optics Laser Examiner.) This technique com-
bines a conventional optical microscope with a Raman spectrometer. The source of irradia-
tion is a laser, which is focused on a small particle, which can be up to a few microns in
diameter. The Raman scattered radiation from the sample is then focused via lenses onto
the entrance slit of a monochromator and then to a photomultiplicr tube (PMT) that re-
cords the spectrum. Unlike scanning electron-microscopy or electron-microprobe analysis,
which supplies elemental analysis of points in a sample, the Raman microprobe, via the
Raman spectra, furnishes information about the molecules at the points analyzed. It is
therefore possible to proceced with the mapping of molecular species in larger samples.
One good application of the technique is the detection and localization of .liquid inclusions
in certain minerals. Some idea of the anticipated problems in detecting organics on a min-
eral surface by Raman microprobe analysis can be obtained by consulting the report by
Blaha et al. (1978) who used the Raman microprobe to study carbonaceous material asso-
ciated with ajr-borne dust particles. It was found that under the high laser irradiance, or-
ganics tended to decompose or polymerize. It remains to be seen whether the experimental
technique can be improved to overcome these difficulties in order to study the presence of

collectors and other reagents adsorbed on mineral surfaces.
2.5 SUMMARY

Giesekke (1983) tabulated some spectroscopic techniques from a practical point of
view including cost on a scale of 1 to 5, indicating very difficult, poor, fair, good and very
good, respectively. This table is shown in Table 2.1. The column listing the minimum sur-
face arca needed for studying the adsorbed species was taken from instances in the litera-
ture where such successful experiments were reported on adsorbed specics on mineral or
similar surfaces. This is also taken as an indication of .thc sensitivity of the particular tech-

nique. It is tempting to add the scores and compare the techniques, but this may be
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misleading. A realistic evaluation of the techniques would be to compare scores of similar

tecchniques, or to sce how all the techniques score on one aspect of evaluation.

Marabini et al. (1993) made another comparison of spectroscopic techniques used
in mineral processing studies in the terms of function and information obtained. This table

is reproduced in Table 2.2.

Table 2.1 Comparison of various spectroscopic techniques
in flotation studies (Giesekke, 1983)

Transilssion 'ATR Refléction Emisslon - FI-PAS’|§atter S AES  SIMS:
4 1 2 2 5 4 3 5 3 3 3
3 3 3 3 3 3 2 4 4 2 1
s 4 4 2 2 2 1 1
3 5 4 5 4 4 4 2 2
1 1 1 1 BO 300 ? 19 |01 01 >»01

Table 2.2 Comparison of spectroscopic techniques available

in mineral processing studies (Marabini et al., 1993)
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The obvious advantage of using more than one spectroscopic measurement to study
surfaces has hardly been exploited. Different studiecs complement cach other as seen in the
Cu-MBT studies (XPS and AES) discussed in the text. As another example, Gardella and
Hercules (1981) used SIMS, XPS and ion scattering spectroscopy to study surfaces of
acrylic fibers. The work presented in this thesis is another example of using combinations

of spectroscopic techniques.

This chapter has outlined the most common spectroscopic techniques used in the
study of mineral surfaces and reagent interaction involved in mineral processing. There are
some other spectroscopic techniques which are widely used in other areas of surface chem-
istry. Two which may have application in flotation research are Extended X-ray Absorp-
tion Fine Structure (EXAFS) and Near Extended X-ray Absorption Fine Structure
(NEXAFS) (also known as XANES, X-ray Absorption Near Edge Structure). These tech-
niques have been applied in mineralogy by Brown et al. (quoted in Hawthorne, 1988) and
Calas et al. (1984). Topological studies by EXAFS on Mn and Fe have been performed by
Morrison et al. (1981), Waychunas et al. (1986) and Manceau and Combes (1988). Way-
chunas et al. (1986) obtaincd the X-ray K-edge absorption spectra of Fe mincrals using

synchrotron radiation,



CHAPTER 3
EXPERIMENTAL MATERIALS AND APPARATUS

3.1 MATERIALS

3.1.1 Sphalerite

A sample of copper-lead-zinc ore from Brunswick Mining and Smelting, New
Brunswick, Canada, was ground and the -100+200 Tyler mesh fraction (74-150 um) was
isolated and subjected to repeated processing on a shaking table and Mozley separator. The
resulting sphalerite sample was acid-cleaned with 5% HCI at room temperature three times
to leach out alkaline gangue (calcite, dolomite) present, then was washed first with acetone
(to remove any sulphur formed during the acid treatment) followed by deoxygenated-
deionized water. It was dried in a vacuun: oven at a temperature of ~70 °C and stored un-
dcr nitrogen in a dessicator. Chemucal analysis of the sample showed 63.8% Zn, 2.8% Fe,

0.38% Pb and <0.1% Cu.

The cleancd sample was ground in an agate mortar: for microflotation tests, the
size range -74+37 pm was selected; for zeta-potential and spectroscopy measurements, the

size range was -37 um.
3.1.2 Bulk Precipitates from Iron and Xanthate Solution

A number of 'iron xanthate' precipitates were prepared in open atmosphere by mix-
ing 1 M solutions of sodium isopropyl xanthate and ferrous sulphate over the pH range
2.5-13 using the procedure of Sheikh and Leja (1977). The precipitates were washed with

distitled water at 80 °C to remove any ions adsorbed at the precipitate surface.

Precipitates were also prepared in the absence of xanthate from both ferric sulphate
and ferrous sulphate solutions by ratsing the pH to 10: In the case of ferrous, oxygen was

used to oxidize the product.
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Microflotation was performed after decanting fluid to remove suspended particles;
zeta potential and ex situ spectroscopy (XRD, IR, UV and Mossbauer) mecasurements were

conducted on samples prepared by filtering and drying at room tempcerature.

3.1.3 Reagents

Sodium isopropyl xanthate from Cyanamid was purificd by dissolving in acctonc
and recrystallizing from petroleum ether following the siandard method (Rao, 1971). Dix-
anthogen was prepared from purified xanthate by oxidation with a stoichiometric amount
of agueous 10dine (with potassium iodide) followed by extraction into ether and removal
of the solvent, Its UV spectrum showed the characteristic peak of dixanthogen (Leja,
1982). Methyl isobutyl carbinol (MIBC, laboratory grade) was uscd as frother; HCI and
NaOH (both Fisher reagent grade) were the pH regulators.

Ferrous sulphate was used as the source for Fe**, and ferric sulphate for Fe', The

salts were Fisher reagent grade products.

3.2 FLOTATION AND SURFACE CHARGE APPARATUS

3.2.1 Microflotation

Tests were conducted with 1 g samples of sphalerite or iron xanthate precipitate in
a modified Hallimond tube (Fuerstenau, 1957). 30 ml deoxygenated-deionized water (to
minimize side reactions) was used and flotation conducted for 2 minutes with 74 ml/min.
air. In the case of sphalerite, 1 minute of conditioning was allowed afler adding any

reagents,

The effect of the supporting NaCl electrolyte, as used in the zeta potential measure-
ments, was tested by conducting flotation in the presence of NaCl in the concentration

range 10° Mto 1 M.
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3.2.2 Mobile Mini Continuous Flotation System

This flotation system was constructed at McGill University, with the help of the
donation of two 5 L mini flotation cells from the Noranda Technology Center and funds
from NSERC and Liquid Air Canada. Figure 3.1 schematically illustrates one part of the

system.

1. underflow and [evel control

2. mini cell

3. launder water

4. gas flowmeter

5. engine feagents
6. feeder to minicell —
7. level controller and output
8. conditioning tank

9. reagent pump

Figure 3.1 Schematic illustration of the continuous mini flotation system

Feed slurry, drawn by a Masterflex pump from a selected part of the plant circuit,
enters a feeder, which stabilizes the slurry flowrate to the conditioning tank. This feeder
consists of a mixer, overflow pipe and adjustable output, The flowrate to the feeder is set
larger than the flowrate to the conditioning tank (50 L). Fluctuations in sample collection

rate can by smoothed out by this arrangement.

The conditioning tank includes a mixer, a reagent pump and a gas injection system.

Baffles were installed to provide slurry mixing. The reagent pump can inject up to 8
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rcagents continuously and each flowrate can be individually adjusted. There are two out-
puts from the conditioning tank, which can provide two different conditioning times for a

given flowrate, Gas via a flowmeter and nozzle can be injected into the conditioning tank.

The ratio of flotation cell surface area to volume is similar to that of an industrial
cell. The discharge pipe from the cell is used to regulate the pulp level in the cell. There is
a mechanism for launder water addition. Gas to the cell is injected through a flowmeter

and the impeller shaft. Baffles are installed at the bottom of the cell.

A control box to operate the mixers, launder water addition, reagent pump and the

minicell impeller speed was constructed and attached on the back of the minicell.

Electrodes for pH, dissolved oxygen concentration (DO) and pulp potential (Ep)
were installed on the side of the cell (these electrodes can also be inserted into the condi-
tioning tank). The signals went through transmitters and were amplified and sent to the
computer. The measuring system is composed of 6 transmitters (Fig. 3.2). Each transmitter

is for one electrode and has temperature compensation. The signal from the clectrode was

Ep

8

pH Do

temporaturn
probe

/

tranamitter

lmu-zsuv
. 24v »

power supply

Figure 3.2 Measuring system of pulp potential, pH and dissolved oxygen
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froin-400 to 400 mV converted to 4 to 20 mA by the transmitter. The mA signal was con-
verted to volts by a precise resistance of 440 ohm. This signal was then sent to the A/D
board and computer. A Quick BASIC program was used to operate the measuring system
for pH, DO and Ep.

The minicell circuit for Zn flotation is shown in Fig. 3.3 (two cells in series). Feed
slurry from the plani circuit (Fig. 3.4) was pumped to the conditioning tank where reagents
were added. Slurry was fed to the first flotation cell by gravity, with the tail from the first
cell then pumped to the second flotation cell: pH, DO and Ep in the two flotation cells
were measured during flotation. Once the operation reached steady state (usually judged
by stability of signals), five sample were collected as indicated in Fig. 3.3 (one feed, two

concentrates and two tails).

Ca0 (pH=8,11)
317B (16,0 gh)
fosd DF250 (1g/t)
CuSO04 (151,303,0 g/))

l /| feea Cell No. 2

conditioning
tank

Cone. #2

Conc. #1

Figure 3.3 Minicell circuit for Zn flotation

The feed flowrate was varied from 1.0 to 3.5 L/min, to give different flotation

times for constructing cumulative grade/recovery curves.
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A simplified flowsheet of Kidd Creek B and C divisions is shown in Fig. 3.4. No
Zn circuit reagents had been added to the pulp at the point of sampling. The feed to the Zn
circuit contains about 2.5-5% Zn and 10-15% Fe (major sulphide minerals arc sphalerite
and pyrite). Collector, frother, lime and SO, had been added into the Cu circuit for Cu

flotation.

rod mili feed

Grinding Clrcuit

Cu Circuit

sample to
minicells

Zn Circuit

Zn conc

Figure 3.4 Simplified flowsheet of Kidd Creek B and C divisions and minicell sample locaiton
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3.2.3 Zeta Potential Measurement

The measurements were made with a zeta potential analyzer manufactured by the
Micromeritics Instrument Corporation, U. S. A.. The instrument determines the conductiv-
ity of the suspension and net change of mass of the cell due to the mobility of particles in
an clectric field. To try to minimize contamination, both electrodes were coated with gold.
For this test, 1 g of mineral or precipitate of 'iron xanthate' was conditioned with deionized
water in a 200 ml beaker for 2 minutes. The ionic strength was controlled by NaCl addi-
tion. The effect of NaCl concentration was determined over the range 10° M to 107 M.
The zeta potential value decreased with increasing electrolyte concentration until 107 M.
There was no further obvious change at higher concentration, Measurements were con-

ducted using a concentration of 10" M NaCl.

The conductivity of the slurry was measured and specific conductance was calcu-
lated by knowing the cell constant for the system (1.01 c¢m™). The suspension was then
transferred to the analyzer cell and reservoir. The mass of the cell was measured. After an
clectric field was applied for 5 minutes, the mass of the cell was measured again and the
nct change in mass due to migration of the particles was determined. The zeta potential of
the mineral is calculated (assuming that particles are in dilute suspension and liquid spe-
cific viscosity and diclectric constant do not change with the supporting electrolyte) from
the following:

AW

C= 3708 orpnD

3.1

Detailed description and calculations are given in Appendix I. Each experiment

was repeated at least four times and the average and standard deviation calculated.
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3.3 BULK ANALYSIS APPARATUS

3.3.1 UV-vis Spectrophotometry

The mineral samples were exposed to a certain concentration of xanthate (usually
10® M) solution for a limited time. The slurries were then filtered and residucs werce
washed with deionized water. After that the mineral samples were mixed in acetone to dis-
solve the organic species on the mineral surface, and the solutions were put in 10 mm
quartz UV cells and analyzed on a Milton Roy spectronic 1201, single beam, UV-vis spce-
trophotometer. This UV-vis spectrophotometer was driven by an IBM computer with

Spec-Scan™ software.
3.3.2 Infrared Spectroscopy

The IR spectra (4000 to 200 cm™) were obtained with a Perkin-Elmer 1330 infra-
red spectrophotometer. Samples were dispersed with KBr in the ratio of 1:600 to make the
pellet.

3.3.3 X-Ray Diffraction

The instrument used was a Model Max 3100 (American Instruments Inc.) X-ray
generator, equipped with a PW 1710 diffractometer control system, PW 1386/55 automatic
divergence slit (specimen length: 12.5 mm), PW 1752/00 monochromator, PW 1711/10
proportional detector and MICRO/PDP-11 computer system. The generator settings were
40 XV and 20 mA with the Cu-Ko wavelength of 1.54060 A, The peak angle range was
5-100 degree while the range in D spacing was 1-18 A. The crystal peak width range was
set between 0.00 and 2.00 degree. To simplify comparisons, only the spectrum between
5-60 degree was used because there were few peaks after 60 degree. The sample powder

fraction used in the measurements was minus 37 pm.
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3.3.4 Missbauer Spectroscopy

Room tempcrature Missbauer spectra were obtained on a conventional constant
acceleration spectrometer (manufactured by Wissel) with a 25 mCi ¥Co Rk source also at
room temperature. The spectrometer was calibrated using o-Fe foil at room temperature;
isomer shifts are given relative to the centroid of this spectrum. All spectra were fitted us-
ing a standard nonlinear least-squares routine with variable line width, isomer shift and

quadrupole splitting.

3.4 SURFACE ANALYSIS APPARATUS

3.4.1 XPS

X-ray photoelectron spectroscopy (XPS) spectra were obtained on an ESCALAB
Mark-1II instrument equipped with a non-monochromated Mg K anode (Av = 1253.6 eV)
at a take off angle of 90°. The instrument was calibrated against the C,, band (284.5 eV)

and exhibited an energ’ resolution of 0.7 eV. Samples investigated by XPS were prepared
by pressing the solid powders onto an adhesive-backed copper foil. The samples were
maintained at the instrumental background pressure of 10 torr for about one hour before
spectra were obtained. Spectra presented in this thesis were corrected for background
charging by determining the C,, core level of saturated hydrocarbons at 284.5 eV (Wagner
et al., 1979) both at the outset and the end of a series of narrow scans for each sample. No
significant charging was found to occur, No smoothing procedure was used to modify the
measured spectra. Band fitting and spectral deconvolution were performed using the pro-
gram Surf-soft™: A non-linear background was subtracted and the line shapes of the indi-

vidual peaks were fitied by a gaussian line function using a non-linear least square fitting
method.

3.4.2 DRIFTS

Mineral samples investigated by DRIFTS (Nicolet Advanced Diffuse Reflectance
Accessory) employed a Bruker IFS 88 FTIR spectrometer equipped with a narrow band
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MCT detector. A sample of finely crushed KBr was used as the background. DRIFTS
spectra were obtained from the dried mineral powders and were usually the result of coad-

dition of 1000 scans at a nominal resolution of 3.0 cm’.

343 AIR

ATR spectra were obtained using a sphalerite (ZnS) ATR clement with a Specac
(PN 11160) accessory modified with a Teflon seal so that solutions could be introduced
and removed without demounting the cell from the spectrometer. The total volume of
solution contained in the fluid circuit was 10 mL. The crystal was cleaned before usc by
rinsing with ethanol and distilled water, followed by irradiation with a low pressurc Hg
lamp to remove any organic contaminants. Finally, the crystal was washed with dcionized
water at pH 2 and followed by a thorough wash with distilled water before assembly of the
cell. The crystal was hydrophilic after this treatment and spectra obtained afier this treat-
ment showed no evidence of organic contaminants. ATR spectra were obtaincd as the co-
addition of 500 scans using a Bruker IFS 48 spectrometer equipped with a DTGS detector
at a nominal resolution of 3.0 cm™. No attempt was made to vary the polarization of the
infrared radiation. ATR spectra presented here, were normalized against the bending en-
ergy of a water molecule, but not baseline corrected, nor smoothed, nor subjected to spec-

tral subtraction.



CHAPTER 4
EXPERIMENTAL RESULTS

4.1 FLOTATION AND ZETA POTENTIAL

4.1.1 Single Mineral (Micro) Flotation

The results under different conditions are shown in Figs. 4.1-4.3. Tt can be seen that
sphalerite did not float when alone or just in the presence of xanthate (Fig. 4.1). Ferrous
ions, however, in the presence of xanthate, promoted flotation in the range pH 8-11 al-
though ferric ions had no effect (Fig. 4.1). The concentration of ferrous ions affected the
flotation results (Fig. 4.2); when the concentration of ferrous ions was over ~ 2 ppm, the

activation effect decreased. The presence of oxygen is also shown to be a factor (Fig. 4.3).

100
o @ ~—= No metal ious,no xanthate i
| | e ll— Xmthate, no metal ions i
—— == Ferric ions (1 ppm) + aenthate !
oe= === Ferrous fons {1 ppm) + xanthate |
80 -
X
e
é 60 |
Q
&)
§ 49 -
20 -
0 ) J 1 1

pH

Figure 4.1 The relationship between recovery of sphalerite
and pH with 1 x 10~ M sodium isopropyl
xanthate under various conditions
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Figure 4.2 The relationship between recovery of sphalerite and
the concentration of ferrous ions with 1 x 104 M
sodium isopropy! xanthate

100
—¥ Ferrous ions (1 ppm) + xanthate
1n air
=4 Ferrous ions (1 ppm) + xanthate
%0 |- in nitrogen
© 60
P
é
Q 40
5
20 -
) | m .
6 8 10 12
pH

Figure 4.3 The relationship between recovery of sphalerite
and pH with 1 x 10~ M sodium isopropyl xanthate:
effect of air and nitrogen
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4.1.2 Continuous (Minicell)

At Kidd Creek, Cu circuit tails are typically at pH 8 while the Zn circuit is at pH
11. Figurc 4.4 shows that raising the pH over this range enhances sphalerite flotation - Zn
rccovetrics increased by about 30% at similar grades. In these tests, no collector (317B i.e.
sodium isobutyl xanthatc) was added (residual collector from the Cu circuit is presumably

present, however).

100
no CuS0O4
no 317B
80 air flotation

pH=8
pH=11

=)
=]
I

40 -

Cumulative Zn Recovery (%)

20 |-

[1] N I N 1 N I N L N
0 10 20 30 40 50
Cumulative Zn Grade (%)

Figure 4.4 Cumulative Zn grade/recovery curves in Zn
concentrate (Zn feed grade= 4-4.5%)
(continuous minicell tests)

Flotation of sphalerite at pH 11 is further confirmed in Fig. 4.5 where Zn recovery
is 40-60 % without CuSO, addition. Performance, however, was clearly superior with
CuSO,. The flotation gas here was 50% O,: gas composition was varied to test a proposed

mechanism of sphalerite flotation at alkaline pH, which is discussed later,

Reviewing all the data (Xu et al,, 1991), a consistent finding was that raising pH
did induce sphalerite flotation but with CuSO,, the performance was superior. The CuSQ,

notably gave improved Zn/Fe separation. This is illustrated in Fig. 4.6: over a similar Zn
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Figure 4.5 Cumulative Zn grade/recovery curves in Zn concentrate (Zn feed grade=3-4%)
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N O no CuSO 4
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Figure 4.6 Zn recovery vs. the difference in recovery between Zn and Fe
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rccovery range, the difference in Zn and Fe recovery is greater in the presence of CuSO,.

The flotation response of sphalerite to alkaline pH alone detected here is generally masked

by the addition of CuSO,.

In the single sphalcrite mineral flotation tests, changing the oxygen content of the
flotation air was found to be important (Fig. 4.3). In-plant tests were conducted to explore
this. Figure 4.7 shows that Zn (and Fe) recovery increasc slowly with oxygen content in

the gas, which offers some agreement with the single sphalerite mineral results.

The response in DO, pH and pulp potential (Ep) during the flotation is shown in
Fig. 4.8 for one test: the pH remained constant; Ep was roughly constant above 20% O,;
but, the DO changed significantly (exceeding the scale above 50% O,). This large increase
in DO might have been expected to give more than the observed modest effect on Zn re-
covery. It is possible that the higher gas/pulp ratio in in-plant tests results in less sensitivity

to the oxygen level compared to the single mineral tests,

317B (16g/)
80 CaO (pH=11)
DF250 (1g/t) °
no CuSO4

70

Zn or Fe Recovery (%)

0 bl 40 60 .80 100

Oxygen Content in Mixed Gas (%)

Figure 4.7 Zn and Fe recoveries vs oxygen content
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oxygen percentage in mixed gas
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Figure 4.8 pH, DO and Ep in the first cell (test No.C3-1204)

4.1.3 Zeta Potential Measurements

The zeta potential of sphalerite was predominantly negative over the cntirc pH
range with an isoelectric point (iep) of ~ 2.5' (Fig. 4.9). With incrcasing pH, the zcta po-

tential became progressively more negative, reaching -40 mV at pH 12.

When xanthate was added in the absence of Fe®* ions, therc was no significant
" change in the value of the zeta potential (Fig. 4.9). When the mincral was treated with Fe**
ions, the zeta potential became less negative than that of sphalerite alone over the pH range
8-10.5. When xanthate was added to this Fe?*-treated sphalerite, the zeta potential became
more negative over the same pH range. The last two observations are compatible with a

model of Fe** adsorption followed by xanthate (X°) adsorption.

T Note: The point of zero charge (pzc) is defined as the negative logarithm (base 10) of the concentration
of potential-determining ions at which the surface charge density equals zcro,
The iso electric point (icp) is defined as the negative logarithm (basc 10) of the concentration of
potential-determing ions at which the electrokinetic potential becomes zero.
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Figure 4.9 The zeta potential of sphalerite as a function of pH in the presence of
xanthate and ferrous ions (ionic strength controlled by 1x10-! NaCl)
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—i— sphaletite alone

- jo~~2— gsphalerile + 1x10- M xanthate
~——X~— sphalerite + 1 ppm ferric ions
A —— sphalerite + 1 ppm fervic ions
+ 1x10** M xanthate

ZETA POTENTIAL (mv)

Figure 4.10 The zeta potential of sphalerite as a function of pH in the
presence of xanthate and ferric ions (ionic strength
controlled by 1x10-1 NaCl)
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In contrast to Fe** ions, treatment with Fe** ions did not significantly alicr the zcta

potential (Fig. 4.10).

Figurc 4.11 shows the cffect of concentration of Fe** ions on the zcta potential.
The zeta potential passed through a maximum at about 2-4 ppm Fe**: at pH 6.38, the zceta

potential was esscntially zero in this range of ferrous ion concentration.

Figure 4.12 shows the effect of oxygen on the zeta potential of sphalerite in the
presence of 10 ppm Fe** (10 ppm was selected to determine if the decrease in zeta poten-
tial relative to that at 2 ppm was related to dissolved oxygen content). Conditioning with
N, lowered the zeta potential (although it was still significantly greater than that for

sphalerite alone) while conditioning with O, raised it, even reversing the charge at pH <9,

[ ]
o

-8

U
[uy
(=21

ZETA POTENTIAL (mv)

¥
™
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o

'R I T (NN N VPN O NS TR ST S TN SN YO M SN
0 2 4 6 8 10 12 14 16 18 20

ppm
Figure 4.11 The relationship between zeta potential of sphalerite and
the concentration of ferrous ions added at different pH
(ionic strength controlled by 1x10-! NaCl)
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Figure 4.12 The relationship between zeta potential of sphalerite and
pH in the presence of 10 ppm of ferrous ions (ionic
strength is controlled by 1 x 10~ M NaCl)

4.1.4 Adsorption of Ferrous Ions

To investigate further the role of ferrous ions and oxygen, the concentration of fer-
rous ions, zinc lons and oxygen was measured in solution as a function of time of contact
with sphalerite (Fig. 4.13). The results show the concentration of Fe** and oxygen de-
creased, but there was no significant variation in pH or the concentration of Zn** (which

rematned less than 0.1 ppm).
4.1.5 Iron Xanthate Precipitates

The microflotation and zeta potential results are given in Figure 4.14: they show a

similar behavior to that of sphalerite in the presence of Fe** ions and xanthate,
4.2 X-RAY PHOTOELECTRON SPECTROSCOPY

The XPS spectra were obtained on a sphalerite sample that had been: a) treated
with distilled water, b) treated by Fe*, c) treated by Fe**, d) washed, and then contacted
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Figure 4.13 The change in ferrous ion (1 ppm initially), zinc ion and oxygen
concentration and solution pH ( initially pH 10 ), as a function
of contact time with sphalerite ( 1 g in 50 ml)
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Figure 4.14 The properties of iron xanthate precipitate prepared
by mixing 1 M ferrous sulphate with 1 M sodium
isopropyl xanthate at different pH

(ionic strength controlled by 1 x 10-'M NaCl)

with sodium isopropyl xanthate (110" mol/L) before washing and filtration. Narrow-

range scans of the elements Zn (2p), Fe (2p) and S (2p) are presented in Figs, 4.15, 4.16
and 4.17, respectively. The positions of bands in the XPS spectra are tabulated in Table

4.1.

Table 4.1 Band maxima (eV) and widths obtained from XPS data

not detected
161.9 530.1 1021.9 711.1

165.9 531.6 - -
1617 528.1 1021.9 711.1
162.5 530.3 - -

- 3316 - -

162.6 532;4_ 1021.9 not detected
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Figure 4.15 XPS spectra of the ang region of sphalerite samples treated with: (a) distilled
water, (b) 1 X 102 mol/L. Fe*, (c) 1 X 10? mol/L, Fe**, {d) 1 x 107 mol/L Fe**, fol-
lowed by 1 % 10° M xanthate,
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Figure 4.16 XPS spectra of the Fe,, region of sphalerite samples treated with: (a) distilled
water, (b) 1 x 10 mol/L Fe**, (c) 1 x 107 mol/L Fe**, (d) 1 x 10 mol/L. F¢**, fol-
lowed by 1 x 10° M xanthate.
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Figure 4.17 XPS spectra of S,, region of sphalerite samples treated with: (a) distilled wa-
ter, (b) 1 X 102 mol/L Fe*, (c) 1 x 10 mol/L Fe*', (d) 1 % 10 mol/L Fe*, fol-
lowed by 1 % 10™ M xanthate,

It is evident that the spectral features attributable to zinc (2p,, at 1021.9 ¢V, Fig,
4.15) do not vary to any great extent with changes in method of treatment (Fig. 4.15 (a) -
(d)). It should also be noted that the binding energy found in this work agrees well with
published values (1021.6 V) (Mukherjee and Sen, 1976; Rao, 1971), and the binding en-
crgy difference (23.1 €V) between the -pin-doublet splitting(2p,, and 2p,, states) is also
similar to that determined previously (23.5 €V) for ZnS (Limouzin-Maire, 1981). The
presence of a band that is insensitive to the method of treatment at this position in the
spectrum is reasonable since little variation is expected in the state of oxidation of the Zn

atom with the treatments described in this work.

Figure 4.16 shows the narrow scan over the binding energy range corresponding to
Fe (2p,,) (McIntyre and Zetaruk, 1977; Limouzin-Maire, 1981). There is no detectable

iron for the sphalerite sample without treatment with Fe ions, in spite of the iron being
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present as an impurity (2.8%) in the sample used in this investigation. This indicates that
no appreciable surface iron species are present in the original sphalcrite, The absence of
spectral features in the Fe 2p,, region of sphalerite that has been treated with Fe** (Fig.
4.16 (b)) suggests that ferric 1ons are not adsorbed into the sphalerite surface. This obscr-
vation is consistent with the previous flotation results, in which it was found that the pres-
ence of solution-phase Fe’* did not activate the sphalerite. In contrast, a distinct spectral
feature at binding energy of 711.1 eV appeared for the sphalerite samples that had becn
treated with Fe** (Fig. 4.16 (c)). The presence of this spectral feature clearly suggests an
uptake of Fe?* by sphalerite at the pH value used in this experiment (pH=10). This is con-
sistent with previous investigations: namely, that activation occurred only with Fe* ions
and there was a decrease in the solution-phase concentration of Fe** when this solution was

in contact with powdered sphalerite.

A more detailed analysis of the binding energy (Fe 2p,, 711.1 ¢V) and the spin-
doublet splitting (Fe 2p,, and Fe 2p,,) of 13.1 ¢V of iron adsorbed onto the sphalcrite sur-
face, indicates that the form of iron on the surface is ferric, i.e. it is in the 3+ oxidation
state (McIntyre and Zetaruk, 1977; Limouzin-Maire, 1981). This finding suggests that the
Fe* is oxidised once adsorbed into the surface, resulting in the formation of Fe', The
presence of Fe** at the surface of the mineral could have resulted from exposure of the
mineral to the atmosphere prior to spectral acquisition; however, the presence of Fe'* is
compatible with the observed need for an oxidizing condition for flotation (Fig. 4.3). From
iron binding energy and the spin-doublet splitting observed, it is suggested that the surface

species is iron oxide(s). Further cvidence for this is discussed below.

The sulphur region in the XPS spectrura (Fig. 4.17) shows a distinct peak assign-
able to the S, band at a binding energy of ca. 162 eV (Miclczarski, 1986). This peak is
asymmetric due to the presence of a splitting of 1.18 eV, which is just below the instru-
mental resolution of the XPS specirometer used in the present investigation. This band is
assignable to the sulphur present as the sulphide ion in the sphalerite lattice by comparison
with the XPS spectra of clean sphalerite that has not been treated. The position and band-
shape of this peak does not change cither for sphalerite that has been freshly ground or for

sphalerite treated with deionized water. This suggests that no large degree of surface
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oxidation is induced by the treatments undertaken in this investigation, A weak, broad
peak at higher binding energy, ca. 169 eV (Fig. 4.17 (c)), is observed when sphalerite is
treated with a solution containing Fe**, with SO,” as the counterion. The low intensity of
this peak indicates that the atomic percentage of the species causing this spectral feature is
small. This peak is assigned to sulphur present as sulphate (169.4 €V, Limouzin-Maire,
1981). The uptake of sulphate by sphalerite may be due to the requirements of charge neu-
tralization (i.e. to balance the Fe** that is adsorbed). The sulphur present as sulphate was
not observed in sphalerite samples treated with Fe*, suggesting that the sulphate was on
the surface through true adsorption rather than arising from sulphate initially present on
the surface. This was confirmed by noting that no XPS bands due to sulphate were ob-

served in spectra obtained with untreated sphalerite.

The sulphate inferred from the XPS spectrum of sphalerite that had been treated
with Fe?* is not as evident after being brought into contact with xanthate sclution as it was
prior to treatment (Fig. 4.17 (d)). This observation suggests that the xanthate replaces the
sulphate on the surface. It is expected that the xanthate ion exchange is favorable as the
iron xanthate complex has a much lower solubility product (pKsp ~ 35, Critchley and
Hunter, 1986) than the iron sulphate species (pKsp ~ 24, Critchley and Hunter, 1986)
(Zhang el al.,, 1992). The FWHM (full width at half maximum) for the sulphur peak at
163.2 eV (ca. 4 ¢V) is increased on incorporation of the xanthate (Fig. 4.17), again sug-

gesting that another sulphur environment is present.

The feature in the XPS spectrum assigned to the S,, peak in the presence of xan-
thate can be fitted by two components (Fig. 4.18), one of which is assignable to the sul-
phur present in the sulphide mineral (161.7 €V), and the other at higher binding energy is
assignable to the sulphur in xanthate (162.9 ¢V). These peaks are consistent with the re-
sults from previous studies in which the binding energies were given as 162.0 and 162.6
eV, respectively (Miclczarski, 1986b). Peaks may also be fitted by three components;
however, this necessitates a peak at a lower binding energy than the sulphur present as sul-
phide in sphalerite. This is not favored as it requires a sulphur environment that is more
reduced than sulphide. The presence of one additional peak at higher binding energy rela-

tive to the mineral sulphide band implies that the xanthate may be co-ordinated in a
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symmetrical fashion. It can therefore be inferred that other, asymmetric oricntations of the
xanthate relative to the central metal, as for cxample in the case of adsorption products of
xanthate on galena (Laajalehto ct al.,, 1993), are not obscrved here. The orientation of the

xanthate 1s further considered below.,

Counts (x10°)
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Figure 4.18 XPS spectrum of the S, region of sphalerite that has been treated with 1 %

102 mol/L Fe**, followed by 1 x 10 M xanthate, showing the deconvolution of

the band into components assignable to xanthate and sulfide (higher and lower
binding) energies, respectively).

The XPS spectrum cobtained in the O,, region for sphalerite that has been treated
with Fe®* is presented in Fig. 4.19. Two components, with band maxima at 530.1 and
531.6 €V, can be fitted to the experimental peak, These two peaks may be assigned to oxy-
gen present as an oxide and a hydroxide, respectively, by comparison with the XPS spec-
trum of o-FeOOH in which spectral features are at 530.3 and 531.4 eV (McIntyre and
Zetaruk, 1977). The nature of the surface oxide will be discussed in further detail below.
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Figure 4.19 XPS spectra of the O, region of sphalerite sample treated with 1 x 102 mol/L
Fe**, followed by 1 x 10 M xanthate, The component at higher () and lower (II)

binding energies are assigned to oxygen present as hydroxide and oxide,
respectively,

4.3 DRIFTS

The IR spectra obtained by this method exhibit a selectivity to species that are pre-
sent on the surface and complements the XPS data described above. The presence and spe-

ciation of an Fe*" oxide at the surface from the above XPS results can be further

investigated using DRIFTS.

DRIFTS spectra for sphalerite which has been treated with Fe** and Fe® in the ab-
sence of xanthate are presented in Fig. 4.20 (a) and (b), respectively. It is evident that the
peaks in the region 1050 - 700 cm present in the Fe** treated mineral (Fig. 4.20 (a)) are
not present in the Fe’* treated sample (Fig. 4.20 (b)). This is consistent with the findings
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from the XPS data that there is no evidence of Fe present on the surface when sphalerite is

treated with Fe**.

Kubelka Munck Units

2,000 1,800 1,600 1,400 1,200 1,000 800 600
Wavenumber cm? :

Figure 4.20 DRIFT spectra of sphalerite samples treated with: (a) 1 x 107 mol/L Fe**
showing the presence of y-FeOOH and (b) sphalerite treated with 1 x 107 mol/L
Fe*,

The identity of the product at the surface may be investigated by DRIFTS. Clean
surfaces of sphalerite exhibit features (669 and 636 cm’) which are associated with the
sulphide in the lattice and these features are present in similar positions for all the
sphalerite samples, irrespective of the treatment conditions. Peaks at 1020 and 740 cm™ for
sphalerite treated with solution phase Fe®* are in a similar position to those found previ-
ously for ¥-FeOOH (1025 and ca. 750 cm™") and assigned to 8(OH) and v(FcO) vibrations,
respectively (Barton et al., 1990 and Poling, 1969). The presence of speciral features in
similar positions to that of -FeOOH suggest that iron in the 3+ oxidation state is prescat
as a hydro-oxide on the surface for the Fe** activated sphalerite. This observation is consis-
tent with that obtained from the above XPS characterization of Fe,, (Fig. 4.17(c)) and the
0,, (Fig. 4.19) regions, in which for the latter, oxygen environments corresponding to both

oxide and hydroxide were observed.
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4.4 ATR

XPS and DRIFTS arc ex situ techniques and therefore the results are potentially
scnsitive to artifacts arising from the absence of the aqueous environment. This limitation
1s partially ovcrcome by use of the ATR technique. ATR spectroscopy has been used pre-
viously in the investigation of minerals (Lippenen, 1990; Lippenen et al., 1989 and Ray et
al., 1973). The tcchnique is also useful for obtaining spectra from strongly absorbing sam-
plcs, such as aqueous media. The short penctration depth of the evanescent wave, ex-
ploited by this technique, allows a degree of surface sensitivity to be achieved in the

presence of water (Knoll, 1991; Debe, 1987; Christensen and Hamnett, 1990).

Experiments were performed on a sphalerite ATR element and the results are pre-
sented in Fig. 4.21. All spectra have been normalized to the 1624 cm™ band assigned to the

bending mode of water,

ATR Units

1,400 1,350 1,300 1,250 1,200 1,150 1,100 1,050 1,000 950 300

Wavenumber cm-1

Figure 4.21 ATR spectra obtained from a sphalerite crystal treated with: (a) distilled wa-
ter, (b) 1 x 10° mol/L xanthate, (c) washed from (b) and 1 x 10% moV/L Fe**
added, (d) washed from (c) followed by addition of 1 x 10 M xanthate, (¢) wash-
ing with distilled water from (d) showing the presence of intense bands due to a
surface bound complex, (f) as for (¢) but Fe** used in step (c) instead of Fe**
showing no bands associated with a surface-bound complex.
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As shown in Fig. 4.21, no evidence of adsorbed specics was noted with cleancd
sphalerite in the presence of distilled water. On addition of a 1 % 10" mol/L xanthate solu-
tion, low intensity broad peaks were observed (ca. 1265, 1080 and 1010 cm™). These
broad peaks are typical of xanthate compounds in the solution phase. The position of the
solutton-phase peaks correspond to that of xanthate in the solid state (get resolved spec-
trum cm’, respectively). The frequency shifts observed arc comparable to displacement
observed in the IR spectra of ethyl xanthate in aqueous media (1175, 1161, 1147, 1117 and
1046 cm™) from the solid state (1172, 1159, 1139, 1117, 1100 and 1049 cm’*, respectively
(Leppenen et al., 1989)). Thesec spectral features were completely removed by flushing
with distilled water, which confirms that the bands arising from this compound are associ-
ated with the solution phasec and are not from species adsorbed strongly onto the ATR
crystal. This result is consistent with previous work which showed that xanthate does not

adsorb onto sphalerite under these conditions.

Spectra collected after the addition of 1 % 10 mol/L. Fe** shows a weak peak cen-
tered at 1089 cm™ (Fig. 4.21(c)). This is in a similar position to that obscrved for sulphatc
(ca. 1100 cm™) (Nakamoto, 1970; Miller and Wilkins, 1952). This weak spectral feature
disappeared after flushing with distilled water, which suggests that the compound giving
rise to this band in the spectrum is associated with a solution phase specics. (The abscnce
of any discemnible residual bands in the spectrum after this treatment of sphalerite, how-
ever, does not mean that the Fe®* is absent from the surface, only that the Fe?* is not detect-
able in the frequency range covered. To examine the presence of the Fe?* on the surface
with the ATR technique, the Far-IR region, in which lattice vibration modes are present,
must be used.) Addition of 1 x 10 mol/L xanthate at this stage immediately caused the
appearance of six sharp bands at 1267, 1253, 1140, 1089, 1028 and 1007 cm™. These
bands may be provisionally assigned to the coupled vibrations of the C-O and C-S bonds
in the xanthate molecule (Leppenen, 1990 and Ray et al,, 1973). An important obscrvation
is that thcse peaks were not removed by flushing with distilled water, suggesting that the
species present were strongly bound to the surface. On removal of the crystal, the surfacc
was observed to be markedly hydrophobic, in contrast to the hydrophilic nature of the sur-

face observed prior to treatment. No evidence was found in these studies to suggest that
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bands arc not due 10 a symmetrically coordinated xanthate complex as only three intense
bands have been attributed to the ethyl xanthate complex present on Cu,S surfaces (Lep-
penen, 1990; Leppenen et al., 1989; Nakamoto, 1970). The structure of this hydrophobic

complex and its molecular orientation may be determined by polarisation studies.

Similar cxperiments with Fe’* as the source of iron did not give any of the spectral

featurcs observed for Fe?* in solution.

The in situ ATR technique indicates that the xanthate collector is bonded to the
sphalerite surface after treatment with Fe**, This observation is consistent with the findings

that the presence of xanthate is necessary to achieve flotation of Fe?*~treated sphalerite.
4.5 ULTRA-VIOLET SPECTRA

To study the properties of surface species further, precipitates were prepared by
reacting different xanthate and iron solutions. The precipitates were then treated with ace-
tone. Approximately 70% of the bulk precipitates prepared at pH 5-6 dissolved in acetone
decreasing to about 50% for those formed at pH 12.

The UV spectra of the acetone solutions derived from the bulk precipitates pre-
pared under three conditions are shown in Fig. 4.22. All the samples showed similar UV
absorption propertics with maxima at 212 nm and 324 nm. Compared to the UV spectra of
xanthate and dixanthogen 1n acetone (Fig. 4.23), the spectra in Fig. 4.22 are close to those

of xanthate and show no evidence of dixanthogen.

From Fig. 4.23, the characteristic pcaks of xanthate in pure acetone at 327 nm and
212 nm are shified from the standard values in water at 301 nm and 226 nm, respectively,
and the ratio of these two peak maxima is no longer 2:1 (Leja, 1982). (In a 30% acetone
solution, the two peaks shift back toward the 301 nm and 226 nm values,) The slight shift
of the peak at 327 nm (Fig. 4.23) to 324 nm (Fig. 4.22) could indicate the presence of an
OH group in an iron Xanthate (Kiselev A.V. and Lygin V.1., 1975).
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Figure 4.22 UV spectra of acetone solution derived from
bulk precipitates prepared at three pHs
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Figure 4.23 UV spectra of acetone solutions of xanthate and
dixanthogen in different acetone concentrations
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4.6 INFRARED ABSORPTION SPECTRA

Figure 4.24 shows the infrared spectrum of sodium isopropyl xanthate. The assign-
ment of frequencies to specific bonds related to the xanthate group, according to Nakanishi
(1977) is: the strong 1617 cm’’ band corresponds to vibration of the C-C-C bonds (this is
also reflected in the bands at 1170 and 1145 cm™); the 1020-1070 ¢cm™ band is the C=S
stretch; the two strong bands at 1180 cm™ and 1120 cm™ are vibrations of the C-O-C link-
ages; and, the 880 cm™ band is the asymmetric siretching mode of C-S. The absorption
bands at 1460 cm’, 1380 cm™ and 1320 cm™, with the 1380 cm™ band being the strongest,
suggest C-C-O-. The absorption bands evident at less than 600 cm™ indicate interactions
between metal 1ons (Na in this case), and an organic polar group (Nakamoto, 1963). These
assignments are consistent with those of Poling (1961) and Goold and Finkelstein (1969).
The characteristic absorption band of dixanthogen, at 1240-1270 cm” (Leja, 1982), is

clearly abscnt.
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Figure 4.24 Infrared spectrum of sodium isopropyl xanthate
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Figures 4.25 and 4.26 show the infrared spectra of bulk precipitates formed from
ferrous sulphate and xanthate solutions at pH 8 and 10, respectively: There is not much

difference between them.
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Figure 4.25 Infrared spectrum of precipitate formed from ferrous
sulphate and sodium isopropyl xanthate solution
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Figure 4.26 Infrared spectrum of precipitate formed from ferrous
sulphate and sodium isopropyl xanthate solution at pH 10
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4.7 X-RAY DIFFRACTION

Figurc 4.27 shows the X-ray diffraction (XRD) patterns of the precipitates pre-
pared from both ferrous and ferric sulphate solutions and the residue of bulk precipitate
prepared from ferrous sulphate and xanthate afier dissolution in acetone. It was observed
that the XRD pattern of precipitate from ferrous sulphate was the combined pattern of that

of the precipitate from ferric sulphate and that of ti:e residuc of the bulk precipitate.

The XRD pattern did not correspond to any of the reference patterns in the com-
puter database (Fe,O, and Fe(OH), patterns are shown to illustrate this lack of fit); thus the
general designation FeO, (Mielczarski, 1986) will be adopted.

Figure 4,28 shows the XRD pattern of bulk precipitate, the residue and, by differ-
ence, the inferred spectrum of the dissolved (i.c. organic-containing) fraction of the bulk
precipitate. The XRD pattern of the latter is taken to be that of ferric hydroxy xanthate
which the IR results suggest is the likely compound.
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e-OH-X bulk precipitate
v ated with acetone (the part
E’ hich can not be dissolved)
=
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Figure 4.27 Precipitate x-ray diffraction patterns
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Figure 4.28. Fe-OH-X precipitate x-ray diffraction pattern

4.8 MOSSBAUER MEASUREMENTS

Figure 4.29 shows the Mossbauer spectra of bulk precipitates preparcd from ier-
rous sulphate and xanthate solutions at pH 6.1 and 12: They are similar. The isomer shifls
are consistent with high spin Fe’* compounds (Stevens and Shenoy, 1981) although the
quadrupole splittings are larger than expected. From a fitting routine, the presence of three
ferric compounds 1s suggested with the main component {over 80%) decreasing shightly as

the pH increases while the other two components increase (Fig. 4.30).
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Figure 4.29 Maéssbauer spectra of bulk precipitates from
ferrous sulphate and xanthate solution at
different pH
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Figure 4.30 Summary of Mssbauer spectrum fits



CHAPTER 5

SURFACE IONIZATION AND COMPLEXATION AT
THE SPHALERITE/WATER INTERFACE

5.1 INTRODUCTION

Complexation at the mineral/water solution interface plays an important role in
both the solution and surface chemistry of sulfide mineral flotation systems. Understand-
ing the nature of the surface functional groups is essential to elucidating the mechanism

of adsorption.

The surface reactivity of a mineral in a solution derives from the chemical behav-
ior of its surface functional groups. A surface group is a chemically reactive unit bound
to a solid, which can interact with species in solution, The surface groups cannot (cxcept

by “surface diffusion’) migrate like the solute molecules.

Solid surfaces in water develop an electrical double layer. Many electrical double
layer and associated adsorption models have been proposed. Some emphasize the impor-
tance of the electrical double layer structure and physical interactions of major clectrolyle
ions with solid surfaces (James, 1972 [a, b, ¢]; Bowden, 1973). Others stress the specific
chemical or coordinative interactions of solutes with solid surfaces (Dugger, 1964;
Schindler, 1976; Hohl etc., 1976; and Stumm etc., 1976) to describe the distribution of

dilute solutes between solid surfaces and solution.

In the past decade, a number of studies devoted to chemical modeling of the inter-
facial region between an oxide or hydroxide solid and an aqueous solution have been car-
ried out, Those studies have produced successful quantitative models accounting for both
cation and anion adsorption phenomena. However, few studics have been carried out for
sulphide minerals except for some pioneering work on pyrite performed by Fornasicro
and Ralston (1992). From their calculations, the mechanism of the function of iron

hydroxide-xanthate complexes in pyrite flotation was obtained.
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The present approach has been developed from electrical double layer properties
measurcd under controlled conditions with single sphalerite mineral. The model is rea-
sonably compiete in that both physical and chemical interactions were considered simul-
tancously in the calculation of surface and solution equilibria for the major electrolyte
ions and dilute solutes. An improvement in calculation over the usual approach (MIN-
EQL devcloped by Westall et al. (1976), modified and used by some researchers (Davis,
1978[a,b]; Wood, Fornasiero and Ralston (1990); Fornasiero and Ralston (1992);
Schecher, 1992)) is accomplished through the use of MATLAB™' software which made
the calculations simpler and gave relatively better fitting. From the calculations, a good
prediction of the surface charge - pH relationship from the zeta potential - pH experimen-
tal data can be obtained because the relationship between the surface charge and zeta po-
tential is defined in the double layer theory, and this relationship is reflected in the

calculation procedure.

5.2 SURFACE IONIZATIGN EQUILIBRIA AND THE ELECTRICAL DOUBLE
LAYER

According to Ronngren et al. (1991), on a sphalerite surface in water three differ-
ent surface species (SH,, ZnSH" and ZnOH') are formed with different equilibrium

constants.

To obtain a reliable and accurate description of the electrical double layer, it is
necessary to formulate (1) the reactions that lead to the development of surface charge on

the solid, and (2) the structure of the potential and charge relationships at the interface.

Significant advances in double layer theory for ionizable surfaces have come
from the formulation of the surface charge—surface potential relationship. Using an
electric double layer model, experimental surface potential (i.e. zeta potential) data can
yield information about (1) the stoichiometry of the surface ionization reactions, and (2)
the value of the ionization constants. A model of the double layer structure is required to
complete the equations necessary to relate the surface and solution equilibria. Sun (1991)

studicd sphalerite surface equiiibria by potentiometric titration and confirmed the

1 MATLAB is the trademark of MathWorks, Inc.
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importance of H' and OH' in controlling charge at the sphaleritc/water interface. He also
assumed that the hydrated ZnS surface contains both OH and SH groups that originatc
from a dissociative adsorption of water molecules. Based on his work, a site-binding

model is developed here.
5.3 SITE-BINDING MODEL

The site-binding model describes the electrical double layer at the solid-aqueous
solution interface, The electrical double layer around each particle is schematically repre-

sented in Fig. 5.1 (Hunter, 1981).

From the studies performed by Sufice ootz Hemheltz
plano plane plane
Wright and Hunter (1973) and chugs  go as aa
sbsotbed I+ Zn?* Nat

Westall and Hohl (1980), it is evi- o 'i“' or
dent that only this triple layer b
model can reproduce both the 'fg

Pl

o,/pH and the {/pH curves with

reasonable values for the parame-

. . 0 B d di
ters. In the present study, this tri- fron uco

le layer model is also taken to Figure5.1 Schematic representation of the electrical
ple fay double layer around the sphalerite particle
represent the electrical double

layer at the sphalerite surface. The surface is considered to be covered with specific
groups or sites which can become charged by reacting with protons in a similar manner
to metal oxides. Adsorption of ions occurs in the inner region with potential-determining
ions, H', OH and Zn®*, adsorbing on available sites, |SZn and |ZnS shown in Fig. 1.1,
according to (sce NOMENCLATURE)

® |SZn + 2 H' = |SH, + Zn®*

_ [IsHaMZn*), _ [ISH,}[Zn®]
U= Tlszayt)? — [1szolH'2

where

[Zn?*]; = [Zn™*]exp(~2ewo/kT)  and [H*], = [H)exp(—eyo/kT)
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so that [ISH,] = K‘—”[S;T“z“]iﬁ 5.1)
(ii) ISZn + H,0 = |SZnOH + H'
Ky= “?E’gﬁggl’ = llsz?EZi[H+] exp(—eWo/kT)
ie. [1SZnOH"] = -’%"—] expleyo/kT) (5.2)
(iii) [ZnS + H' = [ZoSH'
_ _llznSH*1 _ [lZnaSH') exp(eio/kT)

37 lzaS)HY:  [1ZaSIHY)

ie. [1ZnSH*] = K3[|ZnS][H*]exp(~ewo/kT) (5.3)

For colloids of reversible electrode systems the total potential difference between
phases is determined by the equality of electrochemical potential of the potential deter-
mining ions (p.d.i.) in the interior of both phases. However, for electrochemically irre-
versible colloids, e.g., many oxides (Davis, James and Leckie, 1978), where ions are
distributed only between the solution and surface, the surface potential results in a com-

plex manner from the adsorption and dissociation reactions of the surface sites,

(iv) ISZnOH + Zn®* = |SZnOH—Zn**

_ [ISZaOH~—Zn*] _ [ISZnOH—Zn?]
K= iszmomiz, = Uszmor iz XP(2ewp/kT)

ie. [1SZnOH~ ——Zn?*] = K4[|SZnOH"][Zn? Jexp(-2eyp/kT)  (5.4)

In addition to the affinity of the 10ns for the surface, these ions are also subject to

an attractive or a repulsive ¢lectrical interaciion following the Boltzmann distribution,
c.g., exp(Fzey/kT).

Electrolyte ions (Na" and CI') are also adsorbed in the inner region and form a

complex with the charged surface sites according to

) |SZnOH' + Na* = |SZnOH—Na*
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_ [ISZnOH"—Na*] _ [SZnOH"—Na*) '
K's = {szom ey, = fszaomimar; SXPEWHAT)

ie. [ISZnOH" - —Na*] = Ks[|SZnOH~]{Na*]exp(—evp/kT) 5.5)
(vi) |ZnSH™ + CI' = [ZnSH—CI
_ [lZnsH*—CI7] _ (|ZnSH*—CI7]
Ke= flzaSHACr) — (ZaSH*(CIT) exp(-eyp/kT)
ie. [1ZnSH* - —CI"} = K[| ZnSH*)[CI-Jexp(eyp/kT) (5.6)
5.4 THE CHARGE BALANCE

The formation of surface complexes readjusts the equilibrium and affects the pro-
ton balance. The surface charge defined from the proton balance, G, represents the net
number of protons released or consumed by all surface reactions including ion binding
reactions as well as 1onization of the surface to form the species |ZnSH' and |SZnOil.
For example, increases in background electrolyte concentration causc additional binding
of counter-ions until equilibrium is reestablished subject to the effects of the clectrostatic
field. In this manner, surface complexation also provides a development of surface
charge in addition to the role of protons and hydroxyl ions. Hence the surface charge is
given by

6o = B{[1ZnSH*] + [|1ZnSH* ——CI"] - [|SZnOH ] — [ISZnOH~ —-Na*] 5.7
—[1$ZnOH™ —-Zn*1} )

and the specifically adsorbed charge 1s
op = B{[|SZnOH" —-Na*] +2[|SZnOH~ - ~Zn?*] —[|ZnSH* - -CI-1} (5.8)

with B=F/(Sa c’). B is a conversion factor from surface concentration (mole per liter) to
surface charge density (coulombs per square meter). These charges must be compensated
by an equivalent amount of opposite charge, O, in the diffuse layer to satisfy clectrical

ncutrality i.e.

GCo +0p +G4=0 (5.9
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From the Gouy-Chapman-Stern diffuse layer theory, this charge can be cxpresscd
as (Hunter, 1991)

Ga=-0.1174z /C sinh(19.462y,) Cim? (5.10)
where ¢ and z are the bulk concentration and charge of the supporting clectrolyte

counter-ion in the diffuse layer, respectively.

5.4.1 Surface Mass Balance

The surface specic - “ributcd among the Lotal number of sites available, N,
sites/m’,
N. S U+ TISH,] + [1SZaOH ] + {1ZnSH*] + [ | ZnSHY — —CI7]

+[|S20OH™ —=Na*} + [ISZnOH™ ——Zn*']}
5.11)

wr el entany charge.
Y Doub{e Layer Theories

Defining z = z, = - z_ (.. z is always positive), the differential capacitance of the

diffuse double layer, C,, can be defined by (Hunter, 1991)

Ca= jj—j =2.285z /¢ cosh(19.462y.) F/m® (5.12)

in water at 25 °C, for ¢ in mol/L and y, in volts.

Potential and charge relationship in the compact double layer arc given by
(Hunter, 1991)

o =C1 (Yo —WYp) (5.13)

and

6a=Co(ya—yp)=Ca(G—yp)  with <ys=¢> (5.19)
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where €, and C, are the integral capacitances of the inner region and outer region (see
Fig. 5.1) respectively. As the inner region is more compact than the outer regions, C, was

assumed constant while capacity C, changes with y, as given by equation 5.12.
5.5 NUMERICAL PROCEDURES

From Egs. 5.13 and 5. 14, the following equations are obtained

Wo=Z+yp and  yp=g-7 (5.15)

Equations 5.7, 5.8 and 5.9 can be combined to give
04 =—B{[|ZnSH*] - [|SZnOH"} + [|SZnOH~ ~ —Zn**]}
which allows the concentration of [|[SZnOH—Zn**] to be solved as

[1SZnOH~ ——Zn?*] = [|SZnOH-] - [|ZnSH*] - 6.4/B (5.16)

Combining Egs. 5.7 and 5.11, the concentration of [[ZnSH'—CI] can be solved

from the following
Ga +N, - e = B{[ISZn] +[|ZnS] + [ISH,] + 2[|ZnSH*] + 2{|ZaSH* ——CI-]}
and,

[|ZnSH* - —CI] = }{(00 + N.e)/B—[1SZn] - [|1ZnS] - [|SH.] - 2[|ZnSH*1} (5.17)

From Equation (8), the concentration of [|SZnOH—Na'] can be expressed as

[ISZnOH~ ——Na*] = 6p/B — 2[|ISZnOH~ — -Zn?*] +[1ZnSH* - —Ci~] (5.18)

The entire set of equations can be solved simultaneously at any pH and electrolyte
concentration by a numerical method (constrained nonlinear optimization). The algo-
rithm employed was the Broyden-Fletcher-Goldfarb-Shanno (BFGS) updated Quasi-
Newton method with a mixed guadratic and cubic line search procedure (Bazaraa et. al.,
1993 and MATLAB manual, 1992). This algorithm proved to be numerically stable on
farge-scale problems, and capable of finding the global minimum from scveral local ones

without the need to carefully select the initial values,
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A TLAB SCl'lpt program was Constants: ¢, kT, Ns, B, NaCl
Ind Parameters: Ky, .., Ka Cy

written to fit the experimental { = F (pH) Ind. Varaibles: G and a
curve using the set of equations above. In R e D
this program, {, pH, and [NaCl] arc the (i &, . iwﬂ«——
g
variables whilst the equilibrium constants (1) Tnitial dats handling £ )
) (2) Multiparametric curve fitting | -§
K, through K, surface charge density o, (3) Regression matrix amlysis gl 3
| S
. . =
and the inner Helmholtz capacity C, are § g

fitted parameters, The program simulta-

neously adjusts the value of the parame- [ Experimenal

ters and the free species concentration =

untii a minimum is found in the sums of *Y

the squares of the deviations between the Results

experimental and calculated curves. The Figure 5.2 Strategy of the program

strategy of the calculations i1s shown in

Fig. 5.2

The settings of termination tolerance for X (variables) and F (objective function)
are important for obtaining accurate results. Exploratory calculations showed that < 10*
termination tolerance was required to obtain satisfactory results. In the present work, the

termination tolerance of both X and F was set to 107>

It is worth mentioning how negative variable and independent parameters are
treated: When a negative value is found, the program sets the gradient for this scarch step

to positive and reverses the search direction.

The vest-fit parameters are listed in Table 5.1, and the fitting results are shown in
Fig. 5.3. The “goodness of fit” may be judged by comparing the experimental data with
the calculated curve. The calculated species distribution as a function of pH is shown in

Fig. 5.4.



CHAPTER 5 SURFACE IONIZATION AND COMPLEXATION AT THE SPHALERITE/WATER
INTERFACE 74

Table 5.1 Best-fit parameters for the surface-charge and zeta-potential
calculation of sphalerite using computational method with

MATLAB software

Electrolyte pK, PK; PK, pK. PK; PK, C,
Concentration (M) F/m®

0.1 -1.45 453 -1.16 -3.25 -3.51 -3.05 0.7
0.01 -1.45 452 -1.15 -3.24 -3.49 -3.05 0.68
0.001 -1.43 4.5 -1.13 -3.23 -3.49 -3.05 0.68
0.0001 -1.43 451 -1.14 -2.22 -3.48 -3.06 0.67
0.000001 -i.44 4.5 -1.13 -3.24 -3.48 -3.05 0.56

=10

ZETA POTENTIAL (mv)
8

-40
X M~ 1046 M NaCl
B------ TR 10A4 M NaCl
- - [ TR ep— @ 403 M NaCl
mosssmrmiee ol 1002 M NaCl
L He——€ 101 MNaC)
50 n [} 1 1 1 1 | N 1
2 4 ] a 10 12 14

Figure 5.3 The zeta potential of sphalerite as a function of
pH at different NaCl concentrations
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Figure 5.4 A fractional distribution diagram of the species on
sphalerite surface as a function of pH

There are a few points here that need to be noted: (1) [|ZnSH'— CI7 is not in-
cluded because its concentration is found to be not significant; (2) [|SZnOH—- Na'] and
{ISZnOH — Zn*'] are not included cither for the purpose of clarity because the concen-

trations are too large to be shown on the present scale.

To check further the versatility of this approach, some experimental data on
boehmite-water interface generously provided by Wood, Fornasicro and Ralston (1990)
were examined. The result of fitting is given in Figure 5.5a with Figure 5.5b being the
same except for a change in surface arca from 44 m’/g to 0.044 m’/g. (This alteration of
the area was found to improve the fit and it is known that estimating a surface arca rcle-
vant to modeling the zeta potential is difficult (Hunter, 1981).) The fitted parameters,
compared to those given by Wood, Fornasicro and Ralston are given in Table 5.2a and

Table 5.2b. The species distribution diagram is given in Figure 5.6. It can be scen that the
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Figure 5.5a Surface charge density and zeta potential of boehmite
as a function of pH (Surf. area: 44 m2/g)
(The data were provided by authors (Wood, Fornasiero and Ralston, 1990))
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Figure 5.5b Surface charge density and zeta potential of boehmite
as a function of pH (Surf. area: 0.044 m2/g)
(The data were provided by authors (Wood, Fornasiero and Ralston, 1990))
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6,{pH, [KNO,]} curve can be predicted from fitting the {{pH, [KNO,]} curve because
the relationship between G, and { has been well defired in the equations 5.9, 5.13 and
5.14. The predicted 6,{pH, [KNO,]} curve does not change with different initial values.

This observation means that, with the present minimization algorithm and search method,

the solution is stable and closely bound to the defined equations.

Table 5.2s Best-fit parameters for the surface-char nd zeta-potential cal -
tion of boehmite using computational method with MATLAB software

(Sa=44 m%/g)
Electrolyte Pk, pK, P*K, K, C,
Concentration (M) F/m?
0.0t 6.4 11.5 7.2 9.8 0.6
0.001 6.3 10.9 7.8 9.5 0.55
(Wood, Fornasicro and 6.3 11.9 7.5 9.6 cl =059
Ralston, 1990) c2=0.19

Table 5.2b Best-fit parameters for the surface-charge and zeta-potential calcula-

tion of boehmite using computational method with MATLAB software
(Sa=0.044 mzl'g)
Electrolyte pK, pK, P*K, p*K, C,
Concentration (M) Fim?
0.01 6.9 10.1 8.05 8.4 0.373
0.001 6.8 10.2 8.2 8.6 0.34
5.6 DISCUSSION

The agreement between experimentai and calculated data, including those from
‘Wood, Fornasiero and Ralston (1990), confirms the site-binding model and calculation
procedure. The success of this approach does not preclude the applicability of other clec-

trical double layer models (Sposito, 1983; Koopal etc., 1987; Hiemstra ctc., 1989).

The equilibrium constants determined using this computational method do not
agree with those obtained (pK, = -9.65, pK, = 10.29 and pK, = 7.14) by Sun (1991) for

sphalerite using the FITEQL fitting program for the potentiometric titration curve. The

difference appears to reside in the capacity values.
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Figure 5.6 A fractional distribution diagram of the species
on boehmite surface

The values of the capacitances C, and C,, are inversely proportional to the dis-
tance separating the surface from the inner Helmholtz plane, and from the inner to outer
Helmbholtz planes, respectively. They are also proportional to the dielectric constant of
the medium between these planes. In the site-binding model, the distance between two
successive planes depends on the size of the adsorbed electrolyte 1ons and of the water
molecules surrounding them. The value of C, calculated in this study (0.68 F/m?) is much
smaller than that obtained by Sun (2100 F/m?). The capacitance value obtained here
scems more realistic being within the range (0.2 to 2.4 F/m®) of literature values found
for various oxides and hydroxides (Davis and Leckie, 1978; Koopal, etc., 1987; Gibb, et
al., 1990, Wood, Fornasiero and Ralston, 1990). Fornasiero, Eijt and Ralston (1992) ob-
tained C,=2.0 F/m’ for pyrite in an argon environment. This value will be reduced neat to
the value calculated with this new approach afier taking account of the dielectric coefi-

cient of water medium.
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The experimental data on bochmite-water interface provided by Wood, Forna-
siero and Ralston was fitted with two different surface area scttings, their surface arca of
44 m*/g and one adjusted to 0.044 m%g. From comparison of the results, it can be scen
that the fitting for both zeta potential and surface charge is better using 0.044 m*/g as sur-
face area. A surface area of 44 m¥g is very large corresponding to particles about 0.045
pm in diameter. The surface area was measured by the BET method and bochmite might
be porous. It is questionable whether the area measured with the BET mcthod is applica-
ble to the development of zeta potential. Measurement of the surface arca of a solid is by
no means a trivial problem. Lyklema (1977) points out that dircct (clectron microscopic)
measurements of average irregular particle sizes may underestimate the area because of
surface roughness and 1nay even collapse the surface on a hydrous oxide or a “spongy”
organic colloid. Hunter (1981) also notes that any procedure which requires a dry sample
(e.g. BET adsorption) may give an area which for all its accuracy bears little relationship
to the effective area in solution. A more detailed discussion of surface area detcrmination
is given in the review by James and Parks (1980). If the resultant fit is taken as the crite-
rion, it can be tentatively concluded that 0.044 m%g is closer to the effective arca related
to the measurement of zeta potential than 44 m¥/g. The uncertainty associated with sur-
face area is not a major handicap, however, as the reasonably stable fit over the 3-order
of magnitude change in area here implies. In the sphalerite case, the surface arca was set

to 0,056 m*/g calculated from the mean particle size of 25 pm.

In the present calculations, the surface site density was taken as a constant with a
crystal standard value of 5.87 x 10'® sites/fm* To investigate the sensitivity of the calcu-
lated parameters to the site density, calculations with + 50% of this value were per-
formed. Similarly good fits were obtained with a maximum variation in the cquilibrium

“constant of only 0.2 pK units. This agrees with the conclusion of Wood ct al. (1990) that
the zeta potential calculations are relatively insensitive to variations in site density. This

is possibly the result of only a small proportion of available surface sites being occupied.

It is noted that the equilibrium constants for Na* and CI" arc not the same. It may
be possible that the point-of-zero-charge (p.z.c.) and the isoelectric point (i.c.p.) of the

sphalerite are different (Somasundaran, 1975). Both experimental and calculated i.c.p.
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were at pH about 2.5, which 1s much lower than that of 8.5 given by Sun (1991). This
difference may be the result of diffcrent sample pretreatments: As mentioned by Forna-
siero, Eijt and Ralston (1992), “the 1so electric point has been shown to shift, as oxida-

tion procecds, to high pH values closc to the 1.e.p. of the corresponding metal oxide”.

The important improvement of the numerical procedure used in present work
over those previously published is that the experimental data on surface charge density is
not required in calculations. This improvement is fulfilled by the use of the eq. 5.12 in
which the capacitance of the outer region of compact layer is varied with the zeta poten-
tial. It is realized that the changes in counter-ion concentrations do affect the double layer
charge distributions, as a consequence, the capacitances in different layers, especially the
outer region of the compact layer changes, The numerical approach with a varied outer
region capacitance is closer to the reality than those with a fixed outer region capaci-
tance. This point is supported by the good fitness shown in present work. Another benefit
from this approach is the prediction of the surface charge density, which was shown to fit

the experimental data closely.

From the predicted species distribution on the mineral surface (sphalerite, Fig.
5.4; boehmite, Fig. 5.6), a picture of the surface sites and surface groups is obtained. This
will help in understanding the surface reactions with solution reagents and species, for
cxample, the interaction of sphalerite with Fe** ions. This information lies at the heart of

madeling the chemistry of flotation, something which remains a notable challenge.
5.6 CONCLUDING REMARKS

A site-binding model provided a good description of the chemistry of the
sphalerite/water interface. The calculated zeta potential values were in good agreement
with the experimental data. The equilibrium constants of the surface reaction and the
site-binding parameters were obtained using a computational method. The BFGS Quasi-
Newton method with a mixed quadratic and cubic line search procedure has been shown
to be effective for solving surface and solution equilibria including charge and mass bal-

ances. However, with the present approach, a unique zeta potential, surface charge and
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surface species’ concentrations at a certain pH can be solved. Further information about
the surface (1.c. G,) is required to confirm the parameters obtained. By obscrving the fit
of the experimental data of Wood, Fornasiero and Ralston (1990), good agreement be-
tween the predicted o {pH, [KNO,]} curve and experimental data was obtained. This
self-consistent calculation for the surface and solution equilibria simultancously allows
the prediction of surface charge, diffuse layer potential and distribution of solution and
surface species by fitting the {{pH, [NaCl]} curve using double layer theory. This inte-
grated approach provides a better understanding of the effects of supporting clectrolyte
ions on the development of surface charge and provides a background model for the con-
sideration of dilute 1on adsorption on sulphide surfaces. This method also reveals which
parameters are sensitive in controlling the zeta potential. The differcnt affinitics of the

electrolyte cations and anions for the sphalerite surface may contribute to a suspected dif

ference between p.z.c and i.e.p.



CHAPTER 6
DEVELOPMENT OF MECHANISM OF IRON
ACTIVATION OF SPHALERITE

6.1 FLOTATION

The flotation results have established that: (i) iron must be in the ferrous not fer-

ric state (Fig. 4.1), (i) oxygen must be present (Fig. 4.3), and (iii) xanthate is required.

The results clearly re-confirm the observation of Leroux et al. (1987) that ferrous
ions can 'activate' sphalerite at moderately alkaline pH. Leroux et al. suggested Fe(OH),
as a possible activating species, but they did not confirm this, The concentration of fer-
rous hydroxy specics over a pH range 6-12 has been determined by Fuerstenau (1976)
and more recently by Acar and Somasundaran (1992). The latter results (Fig. 6.1) show
that FeOH" is the dominant species around pH 8-11 over a total iron concentration from
10° M to 10 M (i.e. 0.56~560 mg/l), which covers the range in this work. It is suggested
that FeOH" is the activating species between pH 8-11.

The flotation results show that Fe** ions do not activate sphalerite. The reason is
probably because Fe’* is precipitated as Fe(OH), at pH > 3.5 (Fig. 6.2) and so Fe™' is ef-

fectively removed from solution.

The role of oxygen in the flotation is discussed below along with the interpreta-

tion of the surface charge data.
6.2 SURFACE CHARGE

The surface charge of sphalerite alonc was negative for most of the pH range with
a pzc ~ pH 2.5. Published values of pzc show a wide variation of results (Bender and
Mouquin, 1952; Popov et al,, 1989. This variation in part reflects the different Fe content
of the sphalerite samples (Gigowski et al., 1991). The actual pzc of sphalerite does not,

however, affect the interpretation of the results in the pH range 6-12 which is the focus



CHAPTER 6 DEVELOPMENT OF MECHANISM OF IRON ACTIVATION OF SPHALERITE 83

1E-5 -

( Fe(O1 D?.{uq)

1E-6

1E-7

CONCENTRATION (M)

1E-8
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Figure 6.2 Logarithmic concentration diagram for 1 x 10° M Fe*
Equilibrium data from Butler, 1964,
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of this work.

The variation in surface charge over the pH range of intcrest can be summarized
as follows:
1 The surface charge increases with Fe** and oxygen concentration,
2 It decreases with increasing xanthate ion (X°) concentration and excess Fe*
in the absence of oxygen.
3 It changes insignificantly with Fe** ions.
4 Aftcr Fe*'/xanthate treatment, it is similar to the surface charge of iron xan-

thate precipitate.

Adsorption of Fe(OH)" into the clectrical double layer is a reasonable explanation
of the increase in charge. Certainly Fe** ions are extracted from solution (without release
of Zn* ions, Fig. 4.13). The role of oxygen may be to oxidize this species to Fe(OH)**
which would cxplain the further increase in charge (Fig. 4.12): it is evident that oxygen
is consumed (Fig. 4.13). The decrease in charge with excess Fe** concentration may be
related to: (i) the change in predominant species from Fe(OH)" to Fe(OH), when ferrous
ion concentration is greater than about 5 x 10° M (2.8 mg/1) (Bacs et al., 1976); and/or
(i1) the consumption of oxygen by oxidation of Fe** to Fe** species in solution and thus
depletion of the oxygen available for the Fe(OH)' to Fe(OH)*" reaction on the surface.
Subscquent reaction of Fe(OH)** with xanthate ion (X°) to form a neutral species, for ex-
ample, Fe(OH),X (Wang et al. 1989), could account for the decrease in charge upon add-
ing xanthate. No particular significance is attached to the fact that the Fe**/xanthate
treatment returns the surface charge to that of untreated sphalerite; it may reflect the neu-
tralization of the Fe(OH)" by X thus leaving the surface charge dictated by the other
ions/species which remain present. Indirect evidence supporting formation of Fe(OH)*" is
that the solubility product of Fe(OH),X is lower than the corresponding ferrous com-
pound (Wang ct al. 1989).

The lack of response of surface charge to Fe** ions is again probably related to
their removal as Fe(OH), precipitates. The pze of Fe(OH), precipitates is about pH 7-8

(Parks, 1967) so heterocoagulation with sphalerite at pH < 7, with a consequent effect on
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surface charge, may be expected. The small concentration of Fe*' ions, however, may

mean any effect 1s negligible.

The similarity to the surface charge of the iron xanthate precipitate prepared at

alkaline pH strongly suggests it is the specics responsible for the surface charge varia-

tions of sphalerite in the presence of Fe** ions and xanthate,

6.3 IRON XANTHATE PRECIPITATE

6.3.1 Infrared Studies

From the infrared spectra of pure xanthate (Fig. 4.24) and tron xanthate precipi-
tates (Figs. 4.25, 4.26), some obscrvations can be made:

* The absorption peak at 1617 cm” is suppressed.

+ The 1380 cm™ band is split indicating the effect of OH on a dialkyl group, i.c.
isopropyl in this case; this is supported by the enhancement of 1140 cm™ band ab-
sorption and the skeletal vibrations at 1175 and 1120 cm™ with a reduced intensity
(Nakanishi, 1977).

+ The absorption peak at 1230 em™ is enhanced suggesting a covalent bond with a
trivalent metal (for divalent metals the band is at 1200 cm™.) (Farmer, 1975; Leja,
1982).

* The dixanthogen characteristic absorption band at 1270 cm™ is not sccn.

* The absorption peak at 355 cm™ became more prominent suggesting introduction
of OH into the xanthate structure (Ferraro, 1971). Absorption at 464 cm™' is the
M-O (Fe**-O in this case, Nakamoto, 1963) stretching vibration coupled weakly
with the C-S stretching vibration.

From the above, it can be concluded that the precipitates formed from interaction
of ferrous sulphate with sodium isopropyl xanthate at pH 8 and 10 are the same in mo-
lecular structure and different from that of xanthate alone in that; (1) the precipitates
have a stronger polar group (from the suppression of 1617 cm™ band, splitting of 1380
cm” band and the sharpness of C=S peak); (2) there are ionicaily bonded trivalent metal
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ions in the precipitates (1230 cm™” band); and, (3) there are OH groups in the precipi-

latcs. These observations are consistent with ferric hydroxy xanthate,
6.3.2 Other Studies (Mossbauer, UV and XRD)

The Mssbauer spectra of the bulk precipitate are essentially the same as those of
Sheikh and Leja (1977) (whose sample preparation procedure was followed). They how-
cver, interpreted the spectra as only one compound, ferric hydroxy xanthate. In our case
the spcetra show three components are presented. UV spectra results showed presence of
xanthate and OH group but no sign of dixanthogen. The XRD patterns revealed a com-

plex picture of these precipitates but gave no clear interpretation.
6.3.3 Suggested Compounds

The characteristics of the bulk precipitate formed at alkaline pH from ferrous sul-
phate and xanthate solutions appear to be as follows:

1 There are three compounds present: The evidence is from (a) the Mossbauver
and (b) the XRD which shows at lcast two compounds,

2 There is xanthate in at least one compound (from UV and IR spectra) and
one compound is an iron oxide (FeQ,) (from XRD).

3 The iron in the compounds is in the ferric state. This can be seen from (a) the
absorption peak at 1230 cm™ in the IR spectra and, (b) the Mbssbauer
spectra.

4 There are OH groups in the ferric/xanthate compound. This is shown in (a)
the slight shift in the 327 nm peak to 324 nm in the UV spectra and, (b) the
splitting of 1380 cm™ in the IR spectra.

5 There is no dixanthogen, The evidence is the lack of corresponding peak in
either the UV or IR spectra,

The bulk precipitate from the interaction of ferrous sulphate and xanthate, formed
under conditions similar to those used in sphalerite flotation, is tentatively concluded to
be a mixture of Fe(IlT)O, , Fe(OH),X and Fe(OH)X,
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Regardless of its exact nature, the precipitate is shown to be hydrophobic and
have a surface charge similar to that of Fe/X trcated sphalerite (Fig. 4.14). This provides
strong circumstantial evidence that a ferric hydroxy xanthate is responsible for the ob-

served flotation of sphalerite.
6.3.4 Hydrophobicity

The hydrophobicity of ferric hydroxy xanthate is controversial. Critchley and
Hunter (1986) considered them (Fe(OH),X specifically) to be not hydrophobic and unim-
portant as a collector species. Leja (1982) suggested they were weakly hydrophobic and
possibly responsible for flotation of pyrite at alkaline pH. Others have suggested the for-
ric hydroxy xanthate, while weakly hydrophobic itself, could act as a contact site for ad-
sorption of xanthate 1ons (Wang and Forssberg, 1991) and/or dixanthogen (Wang and
Forssberg, 1991; Hodgson and Agar, 1989), the resulting species being strongly hydro-
phobic. This possibility 1s not ruled out here, but as far as the authors can determine, the
degree of hydrophobicity of ferric hydroxy xanthates is not actually known so invoking
co-adsorption may not be necessary. The suggestion from this work is they are hydropho-

bic enough to cause the flotation observed.

From the results above, a mechanism of sphalerite flotation in the presence of fer-

rous ions can be proposed.
6.4 PROPOSED MECHANISM

The mechanism suggested comprises three steps:

Step 1. Adsorption of FeOH', the dominant ferrous specics in solution at pH

8-11, resulting from:

Fe** +H,0 =FeOH" +H' pK, =9.5 6.1)
(the value of pK is selected from Baes, 1976).

Step 2. After adsorption, FEOH" undergoes anodic oxidation at the mineral

surface:
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Fe(OH)},,, —e = Fe(OH)Z,, AG® =-68.88 Kcal (6.2)
(the value of AG® is from Natl. Bur. Standards Circ. 560, U.S. Dept. Commerce (1952)).

The corresponding cathodic reaction is;
70, +7H;0 + e = OH~ (6.3)
Another possible reaction is:

Fe(OH)% + OH™ =Fe(OH); AG® =-59.66 Kcal (6.4)

S,

(the value of G® is from Natl. Bur. Standards Circ. 500, U.S, Dept. Commerce (1952)).

Step 3. The xanthate reacts with the ferric hydroxy species forming ferric hy-
droxy xanthate:

Fe(OH)#* +2X~ = Fe(OH)X, pKisp =305 (6.5)
or

Fe(OH)3 +X~ =Fe(OH)X PKagp =34.6 (6.6)
(the values of pK, and pK, are from Wang et al. (1989) and Palsson et al. (1989)).

A fourth step, adsorption of X or X, onto the ferric hydroxy xanthate is not in-
cluded, although the possibility is recognized.

The three-step mechanism can now be analysed in view of the surface analysis

results,
6.5 THE MECHANISM AND SURFACE ANALYSIS

The incorporation of iron into the surface of sphalerite was observed by XPS and
DRIFTS only when solution phase Fe** was used. This is consistent with the first step of
the mechanism which requires adsorption of Fe?*, The XPS and ATR spectra showing no
xanthate on the surface unless Fe?* was used is further support. The reason Fe** does not
adsorb is consistent with its removal from solution as the hydroxide. The presence of Fe**
(XPS, ATR), in the form of -FeOOH (DRIFTS) on the surface of sphalerite that had
been treated with Fe** suggests that oxidation of the iron takes place on the mineral sur-
face. This observation is consistent with the second step of the mechanism, namely that

an oxidizing medium is required for flotation to occur. (A note of caution is worth
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introducing, however, that the ex situ techniques may have contributed to the oxidation

as an artifact of the sample presentation technique.)

The role of the collector was demonstrated in the in siti ATR technique in which
xanthate was shown to form an nsoluble, surface-bound complex only on the sphalerite
treated with Fe®'. This result is consistent with part of the third step, namely the finding
that the presence of xanthate is essential to achieve flotation. The spectra, however, do

not permit the nature of the species to be determined.

The surface analysis findings here are in good agreement with the proposcd

mechanism of iron activation of sphalerite.

Understanding the mechanism may lead to deliberate exploitation but more likely
it will be of concern as a possible source of unintentional activation. One remedy, if this
occurs, is to ensure that the iron in solution is oxidized to Fe** prior to contact with
sphalerite. This may require, for example, maintaining oxidizing conditions during size-
reduction (usually by wet-grinding) where most iron (and other) ions appear to be re-

leased into solution.



CHAPTER 7
CONCLUSIONS AND SUGGESTIONS
FOR FUTURE WORK

7.1 CONCLUSIONS

7.1.1 Flotation

1.

Sphalerite can be floated with xanthate 1n the pH range 8-11 in the presence of

ferrous (but not ferric) 1ons and oxygen.

7.1.2 Bulk Flotation and Analysis

1.

The iron-xanthate precipitates formed over the pH range 6-12 are
hydrophobic.

The flotation properties of Fe**/xanthate-treated sphalerite are almost the same
as those of the iron-xanthate precipitates.

There are three compounds present in the iron-xanthate bulk precipitates: The
evidence is from (a) Mossbauer and (b) XRD which shows at least two
compounds.

In the iron-xanthate precipitates, there is xanthate in at least one compound
(from UV and IR spectra) and one compound is an iron oxide (FeO,) (from
XRD).

The iron in the iron-xanthate precipitates is in the ferric state, This can be seen
from (a) the absorption peak at 1230 cm™ in the IR spectra and, (b) the Moss-
bauer spectra,

There are OH groups in the iron-xanthate precipitates, This is shown in (a) the
shight shift in the 327 nm peak to 324 nm in the UV spectra and, (b) the split-
ting of 1380 cm™ in the IR spectra.
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7. There is no dixanthogen. The evidence is the lack of corresponding pcak in
either the UV or IR spectra.

8. The precipitate formed from the interaction of ferrous sulphate and xanthate,
under conditions similar to those used in sphalerite flotation, 1s tentatively
concluded to be a mixture of Fe(III)O, , Fe(OH),X and Fe(OH)X,

7.1.3 Surface Analysis

1. The surface charge of sphalerite increases with a low concentration of Fe**
ions (less than 2 ppm), but decrease at higher concentration unless oxygen is
introduced; the surface charge decreased upon xanthate addition after Fe?* ion
additions.

2. The surface charge of Fe*'/xanthate-treated sphalerite is almost the same as
that of the ferric xanthate precipitate,

3. Solution phase Fe* but not Fe** is adsorbed onto the surface of sphalcrite at
pH 10.

4. The conversion of Fe** to Fe** on the surface, possibly as the oxide-hydroxide,
is suggested by the XPS and DRIFTS experiments,

5. On the basis of the in situ ATR results, xanthate forms an insoluble hydropho-

bic surface species with Fe**,

7.1.4 Proposed Mechanism of Sphalerite Flotation with F&** Ions

. Adsorption of Fe(OH)" (the dominant Fe** species at pH 8-11).

Oxidation to Fe(OH)** on the surface {explaining the nced for oxygen).
Reaction with xanthate (X'} to form Fe(OH),X or Fe(OH)X, (which arc in-
soluble and shown to be hydrophobic).

7.1.5 Surface Complexation at Sphalerite/Water Interface

1.

The equilibrium constants of the surface complexes at the sphalerite/water in-

terface and the site-binding parameters can be obtained using a computational

method.
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2. The BFGS Quasi-Newton method with a mixed quadratic and cubic line
search procedure was shown to be effective for solving surface and solution
equilibria including charge and mass balance.

3. Only experimental zata potential data was needed to characterize the sphalerite
surface complexation.

4. The surface charge density can be predicted and was shown in the case of
bochmite to be close to that experimentally determined.

5. Surface ion species distribution can be pictured in different conditions with

calculated equilibrium constants of the surface complexes.

7.2 CLAIMS FOR ORIGINAL RESEARCH

1. The effect of iron ions on the flotation of sphalerite was interpreted.

2. Powerful mathematic tools and double layer thecries were combined to char-
acterize the sphalerite complexes at the surface/water interface. This technique
gave a picture of the surface ion species distribution at the mineral surface as a
function of pH.

3. An improvement was made to the surface cbmplexation model by choosing a
variable outer Helmhotz region capacitance which is more realistic than in

prior modelling where it was treated as constant.

7.3 SUGGESTIONS FOR FUTURE WORK

1. Study of Fe interaction with pyrite should be done to complete the picture of
the role of Fe ions in sphalerite / pyrite selective flotation.

2. Other metal ion effects need to be investigated, especially those of copper and
calcium.

3. The iron, xanthate species need to be included in the complexation model to
complete the modeling of the sphalerite system.

4. The means to control the iron, or other metal lon concentrations to the: benefit

of mineral separation should be investigated.
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APPENDIX 1

DETERMINATION OF ELECTROPHORETIC MO-
BILITIES USING MASS TRANSPORT METHOD:

THE ZETA POTENTIAL ANALYZER

GENERAL DESCRIPTION

The Zeta Potential Analyzer consists of a special container cell for the particle-
liquid system under investigation and an electronic control moedule. Two electrodes are lo-
cated opposite one another in the mass-transport chamber, Onc clectrode, shown on the
left in the exploded view of the mass-transport chamber (Fig. Al), is accessible to the bulk
of the particle-liquid system. The electrode on the right is located at the closed end of a
cell that has a restricted tubular opening located directly between the two clectrodes. The
clectrode in the cell is electrolytically reversible. Standard electrodes are made of zinc.
During a test, the suspension container is usually rotated (25 or 30 rpm) to minimize the

gravitational settling of coarse particles.

To measure electropho- RESERVOIR
retic mobility of suspended parti- i
cles with the device, the cell and
chamber reservoir are filled with
the colloid or suspension to be

studied. When a potential differ-

ence is applied between the two

electrodes, particles having an O-RiNG

electric charge (%) will migrate Figure Al. Exploded view of mass-transport chamber
either into, or out of the cell, de-
pending on the polarity of the cell electrode. Afier a certain time period, there will be a
change in the particle concentration of the cell contents because of their migration from

the reservoir toward the electrodes, This charge can be determined by analysis (usually
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gravimetrically), and from it, the mobility and the zeta potential are calculated. Typically,

the time of the voltage gradient application is a few minutes.
THEORY

The electrophoretic mobility of particles is measured with the Zeta Potential Ana-
lyzer by determining the rate at which particles migrate into or out of the sample cell. Usu-
ally, the particles have a significantly different density from that of the suspending liquid,
and the change of their concentration in the cell with time is most easily determined gra-
vimetrically. The following derivation is based on a gravimetric determination. Changes
nccessitated by use of other analytical techniques will become readily apparent. In this
derivation, it is also assumed that particles migrate into the cell rather than out of it. Again,
it will become readily apparent how the treatment should be altered when the opposite is

the case.

The particles of mass W, entering the cell per unit time ¢ due to electrophoretic mi-
gration can be expressed by

LZov.4.C (AL1)

where
v = velocity of migration;
A = cross sectional area of the entry passageway (hole);

C = mass concentration of particles in the slurry.

Particles entering the cell displace an equivalent volume of suspending liquid.

Therefore, the liquid of mass W, leaving the cell per unit time is
W Py
Bov-4-C(%) (A12)

where

p: = density of the liquid at given temperature;
pp = density of the particles in the slurry.
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The net change of mass AW in the cell is the difference between the mass entering
and leaving the cell, thus

AW _ PPt
T—U'A'C‘;p (AL3)
or,
AW-pp
T e Ald
+4-C(pp=p)) ( )

Particle velocities are established by their electrophorctic velocity component into
the chamber and the liquid velocity component coming from the chamber. Under steady
flow conditions, this can be expressed by

V=FE - (Ve—V)) (AL.5)

where

E = potential gradient

Ve = electrophoretic mobility

v; = liquid velocity from the cell.
Rearranged, cquation A1.5 becomes

v+Ey

Ve = =% (AL.6)

The liquid velocity is determined by the rate at which liquid is displaced divided by
the cross-scctional area of the cell passageway available for liquid flow expressed by
A(1 - ¢), where the volume fraction of dispersed matter is ¢. This gives

=20

V1 =1y (AL7)

Substituting equation A1.7 and A1.4 into equation 6 and rearranging gives

AW-(1—¢+E-
Ve = (1-¢+E-¢)

= FEAS(-0(ppp)) (ALS)

The potential gradient E cannot be determined reliably from the overall applied po-
tential because of polarization effects and because of changes in cell resistance duc to the

deposition of solids on the electrode of opposite sign to that of the particles. However,
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when a constant current flow (I) is maintained through the suspension chamber, the effec-

tive potential gradient across the cell entranceway 1s given by
!
E=35 (AL9)
wheie,
I =current
A = specific conductance.

Hence, upon substituting equation Al.9 into equation Al.8, one obtains the
expression

_ AW [LA(1-0)+$}
€T rLA9-(1-9){pp-p)

(A1.10)

which relates the electrophoretic mobility to quantitics readily determined with the

Zcta Potential Analyzer. The electrophoretic mobility is expressed in units of centimeter /
sccond per volt/centimeters, t in seconds, [ in amperes, ¢ as volume fraction of dispersed
matter, and both and in grams/cubic centimeter.

The zecta potential { of particles in dilute preparations is related approximately to
their electrophoretic velocity Ve by the expression

VTR
g =" (AL11)

where
1 = liquid specific viscosity;
D =liquid diclectric constant,

hence, both are dimensionless. Substituting equation A1.7 and A1.10 into equation A1.5 to
arrive at an expression for v and then substituting the result, with equation Al.9, into
equation Al.11 gives

4m-AW-AM

= ToGp)D (AL.12)

which expresses the zeta potential in terms of readily measurable quantities. The zeta po-

tential is obtained from equation A1.12 in electrostatic unit (e.s.u.) volts.

The ¢.s.u. volts are converted to absolute volts by a constant 300 volt/e.s.u., result-

ing in
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_ AW
6= 3'77:-I-¢-(Pp—pn-D

x 103 (AL.13)
where
1 =poise =g em’ sec’;

D = dielectric constant is dimensionless.

Note that all these measurements are to be made isothermally at a given tempera-
ture of interest. The values of p, and D of water as a function of temperature within the
range of 15-35 °C are tabulated in the Table Al.

Table Al. Physical constants of water as a function of temperature

olute Denslly,glcm’ : ‘:fi}\o"lﬁcci'slty,‘fmlse_': "7 Dlolectrie Constaut,

0.998595 0.010559 BL.1
0.998405 0.010299 80.74
0.998203 0.01005 80.36
0.997992 0,0098° 80

0.99777 0.009579 79.63
0.997538 0.009358 79.27
0.997296 0.009142 78.89
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MATLAB™ PROGRAM ON SURFACE IONIZATION
AND COMPLEXATION AT THE
SPHALERITE/WATER INTERFACE

SINGLE SPHALERITE SYSTEM

MATLAB™ works with essentially one kind of object, a rectangular numerical
matrix {in special cases, a matrix may be a scalar or a vector)., The equations and parame-
ters are formed into matrices, which are listed as followings,

+ Concentration matrix

K A matrix from expe:imcnt dataset 1to 6 d
ISH, soe ISH,
|]SZn0H' ese l|szn0H"
ZnSH* von ZnSH*
CONC= |SZnOH™ ——Zn* oo ISZnOH™ —-Zn*
|SZnOH ™ ~-Na* cee |SZnOH™ - —Na*
|ZaSH ——CI™ (ZnSH* ——C1™

v

L -

* Physical constant matrix, and Equilibrium constant matrix

B 7

— Kl
i e K,
kT K,
CONS=| Ns CSTK =| K,
B Ks
| NaCl | Ks
L G

* alocal charge variable matrix for calculating zeta potential

gl [ 11 ] GG
Co, ®** Oy,
VABS =| SZn(y e** SZn
Zna) .se Zl‘l?ﬁ)

| ZnSu) soe ZDS(s) ]




APPENDIX 2. MATLAB™ PROGRAM ON SURFACE IONIZATION AND COMPLEXATION AT

THE SPHALERITE/WATER INTERFACE 119
MATLAB SCRIPT M-FILE
Zetacall M
cls
% This program fits the zcta potential with several parameters unknown to a set of data.

% we'll use a function called CONSTR that implements BFGS Quasi-Newton method

% with mixed quadratic and cubic line search algorithm for minimizing a nonlincar function
% of several variables with a matrix of constraints.
global Data CONS
% Experiment Data
Data =[2.43 0.00681
4.46 -0.00586

7.62 -0.00767

9.94 -0.01262

113 -0.02365

12.5 -0.03923];
% Physical constants e, kT, Ns, B, NaCl
CONS=[1.60e-19;1.38e-23*298;6.87¢18;9.65e4/(0.056*5);0.01];
% Initial independent parameter values K1, K2, K3, K4, K5, K6, C1
CSTKINI=[25;0.0000285;13.80384;1716.328;3081.101;1.09¢3;0.6858];

options(1)=1; % Set display parameter to on.
options(2)=1e-16; % Termination tolerance on X.
options(3)=1e-16; % Termination tolerance on F,
options(14)=10000; % Maximum number of iterations,
VLB=zeros(7,1}); % Lower bounds X>0.

VUB=[]; % No upper bounds.

[x,0ptions]=constr('zetafunl’,CSTKINLoptions,VLB,VUB);
% The 6 Ks and C, values have been obtained

X

% The total error of curve fitting is

options(R)

save zns X options(8)

quit



pH=Data(;,1)"
Sigmad=-0.1174*sqrt(CONS(5))*sinh(19.46*VABS(1,:));
Capacity2=2.285*sqrt(CONS(5))*cosh(19.46* VABS(1,:));
Phi_B=VABS(1,:)-Sigmad./Capacity2;
Phi_0=VABS(2,:)/CSTK(7)+Phi_B;
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Zetafunl. M
function [f,g] = zetafun1{CSTK)
% ZETAFUNI is used by ZETACALIL. ZETAFUN1(CSTK) returns the error between the
% zela potential experimental data and those computed by the current functions with current
% variables.
% ZETAFUNI uses a function called FMINU for calculating the zeta potential and
% cquilibrium concentrations of all specics by satisfying mass balance, charge balance and
% site balance simultancously
% Initiat Experiment Fitting Data Zeta, Sigma_0, SZn, Zn, ZnS
VABSINI=[ ...
0.00068 -0.0048 -(.0088 -0.012 -0.025 -0.04
0.000466  -0.001562 -0.00666  -0.00866 -0.04 -0.074
0.001 0.0008 2e-6 2e-8 3e-8 le-7
0.0012 0.0007 3ec-5 6e-6 8¢-7 3e-8
0.0006 le-5 0.0006 le-8 3e-10 2e-11
L
options(1)=1; % Sct display parameter on
options(2)=1e-16; % Termination tolerance on X
options(3)=le-16; % Termination {olerance on F
[Z,0ptions]=fminu(‘zetafun2',VABSINLoptions,[],CSTK);
y=Data(:,2)";
f=sum((y-Z(1,:)).2);
g=l);
Zetafun2. M
function f'= zetafun2(VABS,CSTK)
% ZETAFUN2 is used by ZETAFUNI. ZETAFUN2(VABS,CSTK) returns the error
% between the data and the values computed using mass balance, charge balance and site
% balance by ihe current function with current variables. ZETAFUN2 uses following
% equations
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al=logl 0(CSTK(1))+1ogl0(VABS(3,:))-2* pH-log L 0(VABS{4.)));

b1=1ogl O(CSTK(2))+og1 0(VABS(3,)) +pH+CONS(1)* Phi_0/(2.303* CONS(2)):

¢1=10g10(CSTK(3))+log10(VABS(S,:))-pH-CONS(1)* Phi_0/(2.303* CONS(2));

d1=log1 0(CSTK(4))+b1+log1 0(VABS(4,))-2* CONS(1)* Phi_B/(2.303* CONS(2));
e1=1og10(CSTK(5))+b1+log 1 0(CONS(5))-CONS(1)* Phi_B/(2.303* CONS(2));

f1=log1 0(CSTK(6))+c1+log 1 0{CONS(5))+CONS(1)*Phi_B/(2.303*CONS(2));
CONC(1,))=10 AMal);

CONC(2,:)=10 .A(b1);

CONC(3,:)=10 Acl);

CONCEST(1,:)=10 .A(dl);

CONCEST(2,:)=10 ,Ael);

CONCEST(3,:)=10 .A(f1);

CONC(4,)=CONC(2,)-CONC(3,:)-Sigmad/CONS(4);

CONC(6,)=0.5*((VABS(2,:) + CONS(3)* CONS(1)*ones(pH))y/CONS(4) - VABS(3,)) - ...

VABS(5,:) - CONC(1,:) - 2*CONC(3,2));

CONC(5,:)=-(VABS(2,:)+Sigmad)/CONS(4)-2*CONC(4,: H-CONC(6,);
f=sum{(CONCEST(1,:)-CONC(4,:)).*2 -+ (CONCEST(2,:)}-CONC(5,:)).A2 + (CONCEST(3,:) - ...
CONC(6,:)).°2);

Constr.M

function [x, OPTIONS,lambda,
HESS]=constrf(FUN,x,0PTIONS,VLB,VUB,GRADFUN,P1,P2 P3,P4,P5,P6,P7,P8,PO,P10,P11,P12,
P13,P14,P15)

%CONSTR Finds the constrained minimum of a function of several vanables.

% X=CONSTR('FUN'X0) starts at X0 and finds a constrained minimum to

% the function which is described in FUN (usually an M-file: FUN.M).

% The function 'FUN' should return two arguments: a scalar value of the

% function to be minimized, F, and a matrix of constraints, G:

% [F,G]=FUN(X). F is minimized such that G < zeros(G).

% X=CONSTR({'FUN'X,OPTIONS] atlows a vector of optional parameters to
% be defined. For more information type HELP FOPTIONS.

% X=CONSTR('FUN' X, OPTIONS,VLB,VUB) dcfines a sct of lower and upper
% bounds on the design variables, X, so that the solution is always in

% the range VLB <X < VUB,
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% X=CONSTR('FUN'X,0PTIONS,VLB,VUB,'GRADFUN") allows a function
% *GRADFUN' to be entered which returns the partial derivatives of the
% function and the constraints at X: [gf,GC} = GRADFUNX).
% Copyright (c) 1990 by the MathWorks, Inc.
% Andy Grace 7-9-90.
% Modified by Qingsong Zhang, 1994
% X=CONSTR('FUN'X,OPTIONS,VLB,VUB,GRADFUN,P1,P2,..) allows
% cocfTicients, P1, P2, ... to be passed directly to FUN:
% [F,GJFFUN(X,P1,P2,...). Empty arguments ([]) arc ignored.
global OPT_STOP OPT_STEP; OPT_STEP = 0; OPT_STOP = 0;
% Sct up parameters. XOUT(:)=x;
il ~any(FUN<438) % Check alphanumeric
ctype=1;
evalstr = [FUN,];

evalstr=[evalstr, '(x'];

for i=1:nargin - 6

ctype = 2;
evalstr = [evalstr,,P'int2str(D)];

end

cvalstr = [evalstr, ")'];
else
ctype = 3;

evalstr=[FUN,"; g=g();'l;
end
if nargin < 3, OPTIONS=[]; end
if nargin <4, VLB=[]; end
if nargin < 5, VUB=[}; end
if nargin < 6, GRADFUN=[]; end
VLB=VLEB(); lenvlb=length(VLB);
VUB=VUB(); lenvub=length(VUB);
bestf = Inf:
nvars = length(XOUT);
CHG = le-T*abs(XOUT)+1e~7*ones(nvars,1);
if lenvlb*lenvib>0

if any{VLB(l:lenvub)>VUB}, error(Bounds Infeasible"), end

end

MATLAB™ PROGRAM ON SURFACE IONIZATION AND COMPLEXATION AT
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fori=1:lenvlb
if lenvib>0,if XOUTG)<VLB(i) XOUT()=VLB(i)+1¢-4; end,end
end for i=1:lenvub
if lenvub>0,if XOUT{{)>VUB(),XOUT({)=VUB(i);CHG(i)=-CHG(i):cnd,end

end
% Used for semi-infinite optimization:
s = nan; POINT =[]; NEWLAMBDA =[]; LAMBDA =[[; NPOINT =[]; FLAG = 2;
x(:) =XOUT;
ifetype == 1,

[f, ()] = feval(FUN.);
elseif etype ==

if, g(:)1 = eval{cvalstr);
clse
cval{evalstr);
end
ncstr = length(g);
if nestr ==

g=-1;

nestr = 1;

ifetype ~=3

evalstr = ['[f,g] =, evalstr, ';}'];
ctype = 3;
end

evalstr = [evalstr,'g=-1:"];

end
if length(GRADFUN)
if ~any(GRADFUN<48) % Check alphanumeric
gtype = 1;

evalstr2 = [GRADFUN,'(x'];
fori=1:nargin- 6

gtype=2;

cvalstr2 = [evalstr2,,P",int2str(i)];
end
cvalstr2 = [evalstr2, )'];

else

gtype = 3;
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evalstr2=[GRADFUN,";'l;
end
cnd
OLDX=XO0UT;
OLDG=g;
OLDgf=zecros(nvars,1);
gf=zeros(nvars,1);
OLDAN=zcros(ncstr,nvars);
LAMBDA=zeros(ncstr,1);
sizep = length(OPTIONS);
OPTIONS = foptions(CPTIONS);
if lenvib*lenvib>0
if any(VLB(l:lenvub)>VURBY), error('Bounds Infcasible'), end
end
fori=l:lenvlb
if lenvlb>0,if XOQUT{({)<VLB(1),XOUT(@{)=VLB(i)+eps; end,end
end
OPTIONS(18)=1;
if OFTIONS(1)>0
disp("}
disp(fFCOUNT FUNCTION MAX({g}  STEP Procedures’);
end
HESS=¢yc¢(nvars,nvars);
if sizep<1 |OPTIONS(14)==0, OPTIONS(14)=nvars* 100;end
OPTIONS(10)=1;
OFTIONS(11)=1;
GNEW=1¢8*CHG;

% Main Loop
status = 0;
while status ~= 1
L GRADIENTSwmmmemeeenaann

if ~length(GRADFUN) | OPTIONS(9)
% Finite Difference gradients

POINT = NPOINT;

oldf = f,
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oldg = g;

nestr = length(g);

FLAG = 0; % For semi-infinite

ge = zeros(nvars, nestr); % For semi-infinite

% Try to make the finite differences cqual to le-8.

CHG = -1¢-8./(GNEW+c¢ps);
CHG = sign(CHG+eps). * min(max(abs(CHG),0PTIONS(16)),0PTIONS(17));
OPT_STEP = 1;
for gent=1:nvars
if gcnt == nvars, FLAG =-1; cnd
temp = XOUT{(gcnt);
XOUT(gent)= temp + CHG(gent);
x() =XOUT;
ifetype==1,
[f, 2(:)] = feval(FUN x);
elseif etype == 2
[£, 2(:)] = eval{cvalstr);
clse
cval(evalstr);
end
OPT_STEP = 0;

% Wext ling used for problems with varying number of constraints
if nestr~=length(g), diff=length(g); g=v2sont{olde,g); end
gf{gent,1) = (f-oldf)/CHG(gent);
ge(gent,:) = (g - oldg)/CHG(gcent);
XOUT(gent) = temp;

end
% Gradient check
if OPTIONS(9) ==
gfFD = gf;
g8FD = gg;
x(:)=XOUT;
ifgtype==1
[ef(:), gg] = feval(GRADFUN, x);
elseif gtype ==
[f()), gg] = eval(cvalstrl),
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clse
cval(evalstr2);
end
disp('Function derivative')
graderr(g{FD, gf, evalstr2);
disp('Constraint derivative')
graderr(ggFD, gg, evalstr2);
OPTIONS(9) = 0;
end
FLAG = 1; % For semi-infinitc
OPTIONS(10) = OPTIONS(10) + nvars;
f=oldf;
g=oldg;
clse

% Uscr-supplied gradients

if gtype ==
[ef(?), eg] = feval(GRADFUN, x);
clscif gtype ==
ief(), gel = eval(evalstr2);
else
eval{evalstr2);
end
end
AN=gg;
how=",;
Yg=memmmennme-SEARCH DIRECTION-ecmcaemeaeaen
for i=1:0PTIONS(13)
schg=AN(,:)*gf;
if schg>0
AN(,)=-ANG,);
g(i)=-g(;
end
end

if OPTIONS(11)>1 % Check for first call
% For equzlity constraints make gradient face in

% opposite direction to function gradient.
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if OPTIONS(7)-=5,
NEWLAMBDA=LAMBDA,;
end
[ma,na] = size(AN);
GNEW=gf+AN"*NEWLAMBDA;
GOLD=0LDgf+OLDAN*LAMBDA;
YL=GNEW-GOLD;
sdift=X0OUT-OLDX;
% Make sure Hessian is positive definite in update.
if YL™*sdiff<OPTIONS(18)"2* 1e-3
while YL"sdiff<-1e-5
[YMAX,YIND]=min(YL.*sdifT);
YL(YIND)=YL(YIND)/2;
end
if YL"*sdiff < (eps*norm(HESS,'fro"));
how="mod Hess(2)";
FACTOR=AN"g - OLDAN"OLDG;
FACTOR=FACTOR.*(sdiff.* FACTOR>0).*(YL.*sdiff<=cps);
WT=1e-2;
if max(abs(FACTOR))==0; FACTOR=1c-5*sign{sdiff); end
whils YL™sdiff < (cps*norm(HESS,'fto")) & WT < 1/eps
YL=YL+WT*FACTOR;
WT=WT*2,
end
else
how="mod Hess";
end
end
%genemnunaa-Perform BFGS Update If YL'S s Positive--saee-ve
if YL'*sdiff>eps
HESS=HESS+(YL*YL'¥(YL'"*sdifT)-(HESS*sdifT*sdifP*HESS')/(sdi{I'"* HESS*sdifT};
% BFGS Update using Cholesky factorization of Gill, Murray and Wright.
% In practice this was less robust than above method and slowsr.
% R=chol(HESS);
% s2=R*S; y=R\YL;
% W=eye(nvars,nvars)-(s2*s2)\(s2*52") + (y"*s2)\(y*¥");
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% HESS=R"W*R;
clse
how=[how,’ (no update)'];
end
clse % First call
OLDLAMBDA=(eps+gf™*gf)*ones(ncstr,1}./(sum{AN"*AN")+eps) ;
end % if OPTIONS(11)>1
OPTIONS(11)=OPTIONS(11)+1;
LOLD=LAMBDA;

OLDAN=AN;

OLDgf=gf:

OLDG=g;

OLDF=f;

OLDX=XOUT;

XN=zcros(nvars,1);

if (OPTIONS(7)>0&0OPTIONS(7)<5)

% Minimax and attgoal problems have special Hessian:
HESS(nvars, l:nvars)=zcros(1,nvars);
HESS(1:nvars,nvars)=zeros(nvars,1);
HESS(nvars,nvars)=1e-8* norm(HESS,'inf");
XN(nvars)=max(g); %% Make a feasible solution for gp

end if lenvib>0,

AN=[AN;-cye(lenvlb,nvars)];
GT=[g;-XOUT(1L:lenvlb}+VLB];
clse
GT=g;
end
if lenvub>0
AN=[AN;eye(lenvub,nvars)];
GT=[GT;XOUT(1:lenvub)-VUBJ;
cnd

[SD,lambda,howap}=qp(FHESS,gf,AN,-GT, {}, [1, XN,OPTIONS(13),-1);

lambda(1:OPTIONS(13)) = abs{lambda(1:0OPTIONS(13)));

ga=[abs(g(1:OPTIONS(13)));2(OPTIONS(13)+1:ncstr)];
mg=max(ga);

if OPTIONS(1)>0
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if howgp(1l) == "o"; howgp ="' "; end

disp([sprintf{'%5.0f %12.6g % 12.6¢ ',OPTIONS(10),f,mg), sprintf{"%12.3g

' OPTIONS(18)),how, ' " howap]);

cnd

LAMBDA=1lambda(l:ncstr);
OLDLAMBDA=max({LAMBDA';0.5*(LAMBDA+OLDLAMBDAY]) ;
Yommmmmmssmeeenns LINESEARCH-ceeeneamncanee....

MATX=XOUT;

MATL = f+sum(OLDLAMBDA. *{ga>0).*ga) + 1¢-30;

infeas = (howqp(l) =="i";

if OPTIONS(7)==0 | OPTIONS(7) ==

% This merit function locks for improvement in cither the constraint

% or the objective function unless the sub-problem is infeasible in which
% casc only a reduction in the maximum constraint is toleraicd.

% This less "stringent” merit function has produced faster convergence in

% a large number of problems,

ifmg>0
MATL2 = mg;
elseif £>=0
MATL2 =-1/(f+1);
else
MATL2 =0;
end
if~infeas & £<0
MATL2 =MATL2 +£- 1;
end
clse
% Merit function used for MINIMAX or ATTGOAL problems.
MATL2=mg+f;
end
ifmg < eps & £< bestf
bestf =1}
bestx = XOUT;
end

MERIT = MATL +1;
MERIT2 = MATL2 + 1;
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OPTIONS(18)=2;

while (MERIT2 > MATL2) & (MERIT > MATL) & OPTIONS(10) < OPTIONS(14)

OPTIONS(18)=CPTIONS(18)/2;
if OPTIONS(18) < le-4,
OPTIONS(18) = -OPTIONS(18);
% Semi-infinite may have changing sampling interval
% so avoid too stringent check for improvement
if OPTIONS(7) == 5,
OPTIONS(18) = -OPTIONS(18);
MATL2 = MATL2 + 10;
end
end
XOUT = MATX + OPTIONS(18)*SD;
x(:)=XO0UT;
ifetype==1,
{f, 2(:)] = feval(FUN,x);
elseif ctype ==
L£, g(:)] = eval(evalstr);
clse
cval(evalstr);
end
OPTIONS(10) = OPTIONS(10) + 1;
ga=[abs(g(1:OPTIONS(13)));2(OPTIONS(13)+ L:length(g))};
mg=max(ga);
MERIT = f+sum(OLDLAMBDA. *(ga>0).*ga);
if OPTIONS(7)==0 | OPTIONS(7) ==
ifmg>0
MERIT2 = mg;
clseif f>=0
MERIT2 = -1/(f+1);
clse
MERIT2 = 0;
end
if~infeas & <0
MERIT2 = MERIT2 + f. 1;

end
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else

MERIT2=mg+{;

end
end
Yprnmmmamme=-Finished Line Scarch----vaaecee---
if OPTIONS(7)~=5
mf=abs(OPTIONS(18));
LAMBDA=mM* LAMBDA+(1-mf)*LOLD;
end
if max(abs(SD))<2*OPTIONS(2) & abs(gl*SD)<2*OPTIONS(3) & (mg<OPTIONS(4) | (howqgp(l)
=% &mg>0))

if OPTIONS(1)>0
disp{[sprintf(*%5.0f %12.6g %12.6g ', OPTIONS(10),f,mg),sprintf('%12.3g
LOPTIONS(18)),how, ' " howqp]);
if howgp(l) ~= "'
disp('Optimization Terminated Successfully’)
disp(’Active Constraints:'),
find(LAMBDA>0)
end
end
if (howap(1Y=="' & mg > 0)
disp('Warning: No feasible solution found.”)
end
status=1;
clse
% NEED=[LAMBDA>0]|G>0
if OPTIONS(10) >= OPTIONS(14) | OPT_STOP
XOUT = MATX;
f=OLDF;
if~QPT_STOP
disp("Maximum number of iterations exceeded)
disp('increase OPTIONS(14)")
clse
disp('Optimization terminated prematurely by uscr’)
end
status=1;
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end
end cnd
% If a better unconstrained solution was found earlier, use it: if £> bestf
XOUT = bestx;
= bestf:
end
OPTIONS(8)=f;
x(:) =XOUT;

FminuM

function [x,OPTIONS] = fminu(FUN,x,OPTIONS,GRADFUN,P1,P2,P3,P4,P5,F6,P7,P8,P9,P10)

%IFMINU Finds the minimum of a function of several variables.

% X=FMINU('FUN',X0) starts at the matrix X0 and finds a minimum to the
% function which is described in FUN (usually an M-file: FUN.M),

% The function 'FUN' should return a scalar function vatue: F=FUN(X).

% X=FMINU('FUN' X0,0PTIONS) allows a vector of optional parameters to
% be defined. OPTIONS(1) controls how much display output is given; sct
% to 1 for a tabular display of results, {default is no display: 0).

% OPTIONS(2) is a measure of the precision required for the values of
% X at the solution. OPTIONS(3) is a measure of the precision

% required of the objective function at the solution.

% Far more information type HELP FOPTIONS,

% X=FMINU(FUN'X0,0PTIONS,'GRADFUN") enables a function' GRADFUN'
% to be entered which returns the partial derivatives of the function,

% dffdX, at the point X: gf = GRADFUN(X).

% The default algorithm is the BFGS Quasi-Newton method with a
% mixed quadratic and cubic line search procedure.

% Capyright (c) 199C by the MathWorks, Inc.
% Andy Grace 7-9-90.

% Modified by Qingsong Zhang, 1994

b (111 171 R 17:111] | PRR———

XOUT=x(:);

nvars=length(XOUT);

cvalstr = [FUN};
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if ~any(FUN<48)
evalstr=[evalstr, '(x'];
fori=1:nargin - 4
cvalstr = [evalstr, , PLint2str(i)];
end
evalstr = [evalstr, )'];
end
if nargin < 3, OPTIONS=[]; end
if nargin < 4, GRADFUN=[]; end
if length{GRADFUN)
evalstr2 = [GRADFUN];
if ~any(GRADFUN<48)
evalstr2 = [evalstr2, '(x'];
for i=1:nargin - 4
evalstr2 = [evalstr2, P"int2str(i)];
end
evalstr2 = [evalstr2, V)'];
end
end
= eval(evalstr);
n=length(XOUT);
GRAD=zeros(nvars,1);
OLDX=XOUT;
MATX=zeros(3,1);
MATL~[£0;0];
OLDF=f;
FIRSTF=f;
{OLDX,OLDF,HESS,OPTICNS}=optint(XOUT,f,OPTIONS),
CHG = je-T*abs(XOUT)+1¢-7*ones(nvars,1);
8D = zeros(nvars,1);
diff = zeros(nvars,1);
PCNT=0;
OPTIONS(10)=2; % Iteration count (add 1 for last evaluation)
status =-1;
while status ~=1
% Work Out Gradients
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if ~length(GRADFUN) | OPTIONS(9)
OLDF=f;
% Finite difference perturbation levels
% First check perturbation level is not less than search direction.
f = find(10*abs(CHG)>abs(SD));
CHG(f) = -0.1*SD(f);
% Ensure within user-defined limits
CHG = sign(CHGeps). *min{max(abs(CHG),0PTIONS(16)),0PTIONS(17));
for gent=1:nvars
XOUT(gent,1)=X0OUT(gent)+CHG(gent);
x(:) = XOUT; f = eval(cvalstr);
GRAD(gent)=(f~-OLDF)/(CHG({gent));

if f<OLDF

OLDF=f;
else XOUT(gent)=XOUT(gcnt)-CHG(gent);
end

end
% Try to set difference to 1e-8 for next iteration
% Add eps for machines that can't handle divide by zero.
CHG = 1e-8./(GRAD + ¢ps);
f=OLDF;
OPTIONS(10)=OPTIONS(10)+nvars;
% Gradient check
if OPTIONS(9) ==
GRADFD = GRAD;
x()=XOUT; GRAD(:) = cval(evalstr2);
graderr(GRADFD, GRAD, evalstr2);
OPTIONS(9)=0;

end
clse
OPTIONS(11)=OPTIONS(11)+1;
X(:)=XOUT; GRAD(:) = eval(evalstr2);
end
Ypammmmmaanm-ae=-Initialization of Scarch Direction------eeeean=nnms
if statug == -

SD=-GRAD,
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FIRSTF=f;
OLDG=GRAD;
GDOLD=GRAD"SD;

% For initial step-size guess assume the minimum is at zcro.
OPTIONS(18) = max(0.001, min([1,2*abs(fFGDOLD)]));
if OPTIONS(1)>0

disp([sprintf('%5.0f %12.6g %12.6g

LOPTIONS(10),f,0PTIONS(18)),sprintf('"%12.3g ',GDOLD)));
end
XOUT=XOUT+OPTIONS(18)*SD;
status=4;
if OPTIONS(7)==0; PCNT=1; end

else

Vommmmamammanan Direction Updatg=--m=mmmmeve-ne—
gdnew=GRAD™SD;
if OPTIONS(1)>0,

num={sprintf{'"%5.0f %12.6g %12.6¢
" OPTIONS(10),f,0PTIONS(18)),sprintf('%12.3g '.gdnew)];
end
if (gdnew>0 & £>FIRSTF)|~finite(f) % Case 1: New function is bigger than last and
gradient w.r.t. SD -ve
% interpolate.
how='inter";
[stepsize]=cubicil{f,FIRSTF,gdnew,GDOLD,OPTIONS(18));
if stepsize<0lisnan(stepsize), stepsize=OPTIONS(18)2; how="C1f"; cnd
if OPTIONS(18)<0.1&0PTIONS(6)==0
if stepsize*norm(SD)<eps
stepsize=exp(rand(1,1)-1)-0.1;
how="RANDOM STEPLENGTH';
status=0;
else
stepsize=stepsize/2;
cnd
end
OPTIONS(18)=stepsize;
XOUT=0LDX;
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clseif f<FIRSTF
[newstep,fbest] =cubici3(f,FIRSTF,gdnew,GDOLD,OPTIONS(18));
sk=(XOUT-OLDX)"*(GRAD-OLDG);
if sk>1e-20
% Casc 2: New function less than old fun. and OK for updating HESS
% .... update and calculate new direction.
how=";
if gdnew<0
how="incstep';
if newstep<OPTIONS(18), newstep=2*OPTIONS(18)+1¢-5;
how=[how,’ IF']; end
OPTIONS{18)=min({max([2,1.5*OPTIONS(18)}),1+sk+abs(gdnew)+max({0,OPTIONS(18)-1]),
(1.2+0.3*(~OPTIONS(7)))*abs(newstep)l);
clse % gdnew>0
if OPTIONS(18)>0.9
how="int_st";
OPTIONS(18)=min([1,abs(newstep)]);
end
end %if gdnew
[HESS,SD]=updhess(XOUT,OLDX,GRAD,OLDG,HESS,OPTIONS);
gdnew=GRAD"SD;
OLDX=XOUT;
status=4;
% Save Variables for next update
FIRSTF=f;
OLDG=GRAD;
GDOLD=gdnew;
% If mixed interpolation set PCNT
if OPTIONS(7)==0, PCNT=1; MATX=zeres(3,1);
MATL(1)=f, end
elscif gdnew>0 Y%sk<=0
% Case 3: No good for updating HESSIAN .. interpolate or halve step length.
how="inter_st";
if OPTIONS(18)>0.01
OPTIONS(18)=0.9*newstep;
XOUT=0LDX;
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end
il OPTIONS(18)>1, OPTIONS(18)=1; end
clse
% Increase step, replace starting point
OPTIONS(18)=max([min{| newstep-OPTIONS(18),3]),0.5*OPTIONS(18)]);
how="incst2’;
OLDX=XOUT;
FIRSTF=f;
OLDG=GRAD;
GDOLD=GRAD"SD;
OLDX=XOUT;
end % if sk>
% Case 4: New function bigger than old but gradient in on
% ..Teduce step length.
clse Y%gdnew<0 & F>FIRSTF
if gdnew<0&f>FIRSTF
how="red_step";
if norm(GRAD-0OLDG)<1e-10; HESS=cyc(nvars);
end
if abs(OPTIONS(18))<eps
SD=norm(nvars,1)*(rand(nvars,1)-0.5)
OPTIONS(18)=abs(rand(1,1)-0,5)* 1e-6;
how="RANDOM SD";
clse
OPTIONS(18)=-OPTIONS(18)/2;
end
XOUT=0LDX;
end Yogdnew>0
end % if (gdnew>0 & F>FIRSTF)|~finite(F)
XOUT=XOUT+OPTIONS(18)*SD;
if OPTIONS(1)>>0, disp([num,how]),end
end %----------End of Dircction Update-s-menmmemnzan-an
% Check Termination
if max(abs(SD))<2*OPTIONS(2) & (-GRAD'*SD) < 2*OPTIONS(3)
if OPTIONS(1) >0
disp(‘'Optimization Terminated Successfully’)
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disp('Gradient less than options(2)")
disp([' NO OF ITERATIONS=", int2str(OPTIONS(10))]);
end
status=1;
clseif OPTIONS(10)>OPTIONS(14)
if OPTIONS(1)>=0
disp(Warning: Maximum number of iterations has been exceeded');
disp(' - increase options(14) for more iterations.")
end
status=1;
clsc
% Linc scarch using mixed polynomial interpolation and extrapolation.
if PCNT~=0
while PCNT > 0
x(:) = XOUT; f = eval(evalstr); OPTIONS(10)=0PTIONS(10)+1;
[PCNT,MATL,MATX steplen,f,
howj=searchq(PCNT,f,0LDX,MATL,MATX,SD,GDOLD,OPTIONS(18), how);
OPTIONS(18)=steplen;
XOUT=0LDX+steplen*SD;
end
else
x(:)=XOUT; f = eval(cvalstr); OPTIONS(10)=0PTIONS(10)+1;
end
end
end
x(:)=XOUT;
f=cval(evalstr);
if f> FIRSTF
OPTIONS(8) = FIRSTF;
x()=0LDX;
else
OPTIONS(@) =1,

end





