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AB8TRACT

Flotation of sphalerite with xanthate in the presence of iron ions has heen 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 Fe2+ ion concentration, pH and oxygen concen

tration were shown to he factors in controlling 110tation. Electrokinetic measurements indi

cated that the surface charge increased in the presence of Fe2+ ions and oxygen, and

decreased upon adding xanthate and in the presence of Fe2+ ions with the absence 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 spectroseopy, x-ray diffraction and Mossbauer spcctroseopy.

Il was tentatively concluded that the bulk precipitates eontained three ferric compo

nents: Iwo hydroxy xanthates, Fe(OH)2X and Fe(OH)X2and an iron oxide, FeO••

Iron xanthate precipitates prepared over the pH range 6-12 showed a 110tation re

sponse and electrokinetic hehaviour simi!ar to those of Fe2+/xanthate-treated sphalerite.

An ex situ X-ray photoe!ectron spectroscopie (XPS), ex situ infrared (DRIFTS) and

in situ infrared (ATR) investigation of the interaction of spha!erite with ferro\Js, ferrie and

xanthate ions at pH 10 was undertaken. The formation of the hydrophobie surface spccies

was found to invo!ve initia! adsorption of Fe2+, fol1owed by oxidation to FeJ+ and subse

quent reaction with xanthate. There was no significant incorporation of Fe3+.

A three-step reaction rnechanism is proposed to account for Fe2+ion activation of

spha!erite: (i) adsorption of Fe(OH)+, (ii) oxidation to Fe(OH)2+ on the surface, (iii) reac

tion with xanthate to form Fe(OH)2X or Fe(OH}X,.
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RÉSUMÉ

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 Il, 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 Fe2" le pH et la concentration en oxy

gène. Des mesures élcctrocinétiques ont indiqué que la charge de surface s'accroît en

présence d'ions Fe2+et d'oxygène, et décroît lorsque l'on ajoute du xanthate et en présence

d'ions Fe'+ en l'absence d'oxygène.

Précédent l'analyse des sulfures et afin d'identifier les espèces responsables de la

flottation de la sphalérite, on a produit, süus différentes conditions, et analysé des précipi

tés en vrac formés à partir de sels ferriques et de solutions de xanthates. On a utilisé les

méthodes analytiques suivantes : la spectroscopie ultraviolette, la spectroscopie à in

frarouge, la diffraction X et la spectroscopie Mossbauer.

On a conclu expèrimentalement que les précipités en vrac contenaient trois com

posantes ferriques: deux xanthates hydroxyliques, Fe(OH)2X et Fe(OH)X2et un oxyde de

fer, FeOx'

Les précipités de xanlhate de fer, préparés à un pH entre 6-12, ont démontré des

réactions à la flottation et des comportements électrocinétiques similaires à ceux de la

sphaiérite traitée au Fe2+/xanthate.

A pH 10, on a entrepris des recherches sur l'interaction de la sphalérite avec des

Ions ferreux, ferriques et 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 espèces hydrophobiques à la surface provient d'une adsorption initiale de

Fe2" suivie d'une oxydation en Fe3+et subséquemment une réaction avec le xanthate. TI

n'y a aucune incorporation significative de Fe3+.

Pour expliquer l'activation de la sphalérite par des ions Fe2+, un mécanisme impli

quant une réaction en trois étapes a été proposée: (i) une adsorption de Fe(OH)+, (ii) une



oxydation à la surface en Fe(OH)2+, (iii) une réaction avec du xanthate pour former du

Fe(OH)~ ou du Fe(OH)X2"•
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CHAPTER 1

INTRODUCTION

SPHALERITECRYSTALLOGRAPHY

Sphalerite (Zn,[Fe]S) is the principal minerai of zinc, and is very widely distrib

uted. In the sphalerite crystal, the S atorns arc c1ose-packed and the Zn atorns arc in half

the tetrahedral interstices. This arrangement is explained in terrns of a donor-acceptor

mechanism, Zn2' losing Iwo valence s-electrons at the expcnse of S2., retaining ten d

electrons and needing eight electrons in order to achieve a krypton-like configuration. The

four pairs arc forrncd from four neighboring S2. anions in a tetrahedral arrangement (Kos

tov, 1982a). Each S is in tum tetrahedrally coordinated by Zn. The bonds have a large co

valent character. In the cubic system, the Zn and S atoms arc each in a face-centered cubic

lattice, displaced from each other in the (III) direction. In the hexagonal type, the Zn at

oms a.."'e 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 Â, so that direct S-S covalence may

be neglected (Shuey, 1975). The surface concentration of Zn on a Iwo zinc atoms pcr

plane of the unit ccII is Il.4 llmoles/m2(Ronngren et al., 1991). The structure of sphalerite

is shown in Fig. 1.1, and crystallographic data (Shuey, 1975 and Kostov, 1982b) arc given

in Table 1.I.

Figure 1.1. Structure of sphalerite•

1
1
1
1
1
1
1 1
1 -T
1 1
1 / 1

• 1

1
1
1
1
1
1
1
1
1
1-./

/

• S
• Zn

III••
ISZn



CHAPTER 1 INTRODUCTION 2

• Table 1.1 Crystallographic data

System: Cubic Hexagonal

Space group: 216; T', 186;Cw

ZnS perce: 2.52x 10"

Zn-8: . 2.34 A

S-S: 3.82 A

Sphalerite is resinous in appearance and varies in color from light tan to black, dc

pending upon the content of substitutional iron. The minerai is rcfcrred to as marmatitc

when the ratio of Fe:Zn exceeds 1:8; above 5:6 the sphalcrite structure no longer exists

(Masan, 1968).

1.2 FLOTATION OF SPHALERITE

•

•

1.2.1 General Observations

The flotation characteristics of sphalerite have received 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 the mechanisms

involved in activation, xanthate adsorption and flotation is still lacking. This is espccially

true in the absence of deliberately added activating ions: For example, some investigators

have observed flotation with xanthates whereas others have not (Wilkinson, 1935; Stein

inger, 1968; Girczys and Laskowski, 1972). These differences in flotation rcsponse may

have been due to the differences in solution contaminants, iron content orthe mineraI 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 minerais. 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



sulphate. Sphalerite is subsequently activated with copper sulphate in a pulp made alkaline

with lime and floated with a xanthate collector.•
CHAPTER 1 INTRODUCTION 3

•
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Alternatively, sphalerite can he activated by the addition of copper sulphate and

collectcd in a bulk concentrate with the copper and lead sulphides. Sphalerite is then deac

tivatcd with cyanide and the components of the bulk concentrate can he separated 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 ofmuch research.

Il is common practice to float zinc sulphides at a rougher pH 8.5 to 11.5 with

cleaning at a pH above 10. However, sorne different routes for selective flotation of

sphalcrite have heen considered. Labonté et al. (1989) illustrated the application of novel

approaches based on an understanding of the system chemistry, including collector1ess flo

tation of chalcopyrite, reverse flotation of pyrite from zinc concentrate, the use of N2 and

column flotation, ail designed to increase recoveries and separation of ~phalerite from

complex ores. Some of these approaches have shown a c1ear potential in practice or plant

trials (Kizi1irmakli, 1989; Bogdanov et al., 1991; Xu et al., 1992).

In addition to alternative processes, new collectors wilh improved selectivity rnay

eventually play an important role in the treatment of complex ores. In sulphide mineraI

flotation, two new collector families haVI: heen characterized by K1impel and Fee (1993),

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

Chelate-fonning compounds have long heen known to selectively complex metal

cations and are wide1y used in analytical chemistry. Marabini et al. (1993) synthesized a

new class of collectors, Mercapto-Benzo-Oxazoles (MBO), which showed selective action

on copper sulphides in the presence of Pb-Zn-Fe sulphides. The collectors have a mixed

a1iphatic-arornatic structure and contain functional groups which forro chelates with cop

pero The resu1ts obtained showed that the synthesized collector was much hett.er than

potassium-amylxanthate (KAX) as regards flotation rate and se1ectivity 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 he investigated thoroughly.



A potentially important research finding reported on sulphide mineraIs has been the

tendency for certain mineraIs to exhibit self-induced floatability (Gardner and Woods,

1979; Fuerstenau and Sabacky, 1981; Yoon, 1981; Luttrel 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 eITect on the increased hydrophobic nature

of sulphides in the absence of normal collecting reagents; however, the presence of e1e

mental sulphur on the mineraI surface has not always been detected on the mineraIs recov

ered by collector1ess flotation (Yoon, 1981). From this fact, it is then assumed that the

phenomena is related to the development of hydrophobic spccies, such as metal deficient

sulphide spccies and/or polysulphides as proposed by Hayes and Ralston (1988), on the

mineraI surface as oxidation proceeds from initial reducing conditions in grinding to the

final oxidation state reached in flotation.

•
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Self-induced (or collector1ess) floatability of sphalerite was apparently tirst re

ported by Rey and Formanek (1960); other examples were reported by Boyce ct al. (1970),

and Stewart and Finkelstein, (1973). Il is, however, more commonly encountered for ga

lena, PbS (Boyce et al., 1970; Sen et al., 1975), and espccially for chalcopyrite, CuFeS2

(Stewart and Finkelstein, 1973; Lepctic, 1973; Finkelstein ct al., 1975; IIeyes and Trahar,

1977; Leroux et al., 1989). There are some references also to self-induced floatability of

pyrite, FeS2 (Stewart and Finkelstein, 1973; Finkelstein et al., 1975). There is at least one

case where collector1ess flotation was practiced on a plant scale, narncly the flotation of

ZnS and PbS at the Tsumeb mine in S.W. Africa (Boyce et al., 1970). However, the S

enrichrnent mechanism appcars to have been excluded as the cause of self-induced float

ability in that case (Finkelstein et al., 1975), which means one must look elscwherc for an

explanl1tion of this unusual behavior.

1.2.2 With Activation

The flotation of sphalerite in the presence of Cu2
+ ions has been reviewed in detail

by Gaudin (1957), Finke1stein and Allison (1976) and Fuerstenau (1982). In the case of

ethyl xanthate the amount adsorbed on the surface of Cu-activated sphalerite was small



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). Il was also found that the adsorption product formed could 00 easily washed off

wilh water.

•
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Yel10j i and Natarajan (1989) studied the effect of galvanic interaction OOtween

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 mineraI sur

face brought about by electrochemical, i.e. galvanic, interaction. However, the presence of

a sufficient concentration of an activator (like Cu2j during the galvanic contact helped in

minimizing the deleterious effect of the galvanic interaction. The presence of a collector,

either alone or OOfore the addition of the activator, effectively prevented such a modifica

tion process.

1.2.3 Without (Deliberate) Activation

1t was observed in the work of Yel10ji and Natarajan (1989) that sorne of the

sphalerite samples OOcame floatable just aller addition of a short-chain xanthate. Such 00

havior of sphalerite may 00 due to accidentaI activation e.g. by Cu2
+ derived from soluble,

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

ln 1990, Yel10ji and Natarajan found that the flotation of sphalerite aller 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 col1ector alone. The flotation recovery of sphalerite aller 4 br

contact with both chalcopyrite and galena in the presence of oxygen was found to 00 in

creased to about 91% from the initial value of 53%, for the conditions where the sphalerite

was floated in the presence of col1ector alone aller contact with steel. Interestingly they did

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

ln practice, in addition to the Tsumeb mine in S.W. Africa cited OOfore, the Zink

gruvan concentrator of the Vieille Montagne Company in Sweden is another example of

sphalerite flotation without intentional activation (MellOOrg, 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 is difficult to explain the separation hetween galena and lead

activated sphalerite achieved in the separation circuit.

Flotation of sphalerite without deliherate Cu addition is usually attributed to acci

dentai activation by Cu or Pb ions. In sorne instances, however, this explanation is not

adequate.

Girczys and Laskowski (1972) observed good flotation of sphalerite which was in

contact with ethyl or arnyl xanthate in acidic solution. They explained this phenornenon by

the presence ofiron (1.7%) in the sample eatalyzing the oxidation of the xanthate to dixan

thogen, whieh was eonsidered responsible for the sphalerite flotation; this explanation has

not heen confirrned.

Similar conclusions to those of Girczys and Laskowski were reaehed by Mukherjee

and Sen (1976). They discovered that a series of sphalerites of varying iron content were

floatable with potassium ethyl xanthate and diethyl xanthogen as eol1eetors 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 eol1ector, reverse results

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

Sinee Mukherjee and Sen did not present the experirnental data, their interpretation

was eritieized As can he concluded, even from the work of Mukherjee and Sen, the influ

ence of iron in the sphalerite structure cannot he too critieal to sphalerite flotation. The

change in iron content from 0.13 to 3.9 wt.%, i.e. a thirty fold increase, eaused a change in

reeovery from45 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. Aiso Fuerstenau et al. (1974) did not observe differences in

flotation hetween sphalerite and marrnatite (the high Fe end rnemher).

Finkelstein and Allison (1976) suggested that the sphaleritc floatability and xan

thate adsorption reported in the studies of Girezys and Laskowski (1972) resultcd from the

occurrence of eopper in the ore, which activatcd the sphalerite. Unfortunatcly, neither



Girczys and Laskowski (1972) nor Mukherjee and Sen (1976) reported on the copper

content.•
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There is sorne circumstantial evidence that alkaline pH alone is capable of signifi

cant sphalerite flotation. McTavish (1980), for example, at Brunswick Mining found ele

vated pH caused Zn loss to the CuiPb bulk concentrate.

Leroux et al. (1987) found that sphalerite could he floated by xanthate from a

Pb/Zn ore without Cu activation: They found a combination ofxanthate, pH 9.5 to Il and

iron ions were required. A rnechanism based on activation by Fe(OH)z, the Fe'+ ions heing

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 he seen that sphalerite is one of the

minerais which requires activation for effective adsorption of xanthate and flotation. The

most commonly used activator is Cuz+derived generally from CuS04• Certain other heavy

rnetal ions have also heen used as activators (Sutherland and Wark, 1955; Gaudin, 1957;

Finkelstein and Allison, 1976). In sorne cases, sphalerite is accidentally activated by metal

lic ions in the pulp: one such ion, which has received limited attention, appears to he Fez+

(Leroux et al., 1987).

To hetler control the flotation of sphalerite, and to develop new strategies or new

reagents for improving separation efficiency from other sulphide minerais, 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

sphaleriteflotation in the presence ofiron ions.

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

tinuous), electrophoresis; and surface analysis using various spectroscopic techniques.
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CHAPTER2

SURFACE ANALYSIS TECHNIQUES AND
APPLICATIONS

Surface properties play the essential role in many minerai processing systems such

as flotation, selective flocculation, bioleaching, etc. In particular, an understanding of in

teraction rnechanisms of different reagents (collcctors, regulators, 110cculants, etc.) with

the minerai surface in an aqueous medium is of crucial importance in achieving systcmatic

advances in the technology.

The general definition of a surface is that of a boundary layer of onc phase at its

interface with another. Surface analysis involves the use of vibrational, electron or ion

spectroscopie and microscopie techniques for the study of material at the atomic/molecular

leveI. Solid-vacuum interfaces provide ready access to a number of spectroscopie probes.

On the other hand, interfacial phenornenon in a system involving Iwo solid phases are par

ticularly difficult because in most cases both phases are opaque to the availablc probes.

The mineral-solution interface poses an interrnediate levcl of difficulty. The relative1y fcw

techniques available for in situ analysis of mineral-water interfaces, often make it neces

sary to use a combination of methods.

2.1 INFRARED SPECTROSCOPY (IR)

Infrared spectroscopy is employed to study the structure of molecules. 1t permits

identification of substances from their chemical and crystalline character (Farrner, 1974),

and sorne aspects are well docurnented in books by Little (1966) and Hair (1967). Infrared

spectroscopy can be perforrned in transmission, rel1ection 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. Thereforc, to obtain
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Figure 2.1 Schematic picture of spectroscopie 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 situ measurements since the absorp

tion spectrum of the water obscures a good part of the analytical range of the experimental

spectrum Many studies on minerai surface/collector interaction have been performed et

situ, by comparing treated with untreated minerais (Marabini and Rinelli, 1982; Garbassi

and Marabini, 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 minerai and the collector (Marabini

and Cozza, 1988). One of the main drawbacks, in the case of chemisorption phenomena, is

that the solid residue rnay contain not only the minerai and the surface-adsorbed species

but also any agglomerates formed in solution and precipitated in bulk fOfln In order to

avoid this limitation, Marabini and Cozza (1988) developed a double filtering method and

used it to clarify the adsorption of potassium ethyl xanthate on cerussite by highlighting

breakaway and corrosion phenomena that would not otherwise be revealed.
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The Attenuated Total Reflectance (ATR) rnethod is the one most commonly uscd

for the surface study of mineral/aqueous-solution interactions becausc, being an in situ

technique, it permits control of the solid-liquid interface to be maintained. To make the

rneasurements, the sample is placed in contact with a crystal (generally Ge, Agel, 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 interface (Fig.

2.2). When total reflection occurs, an evanescent wave, whose eleetric field falls olT expo

nentially with the distance from the surface crystal, is present. Typically the depth of pene

tration, depending on the optieal eharacteristics of the system, is sorne ten monolayers

(Griffiths and Raseth, 1986; Rarric\(, 1967).

J=:;:====;===::::;:===;::::B;------;f-~ b
~I----.. a

--I~C

Key:
a = Gennanium reflection element
b =Thin layer ofevaporated minerai
c =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 rea

gents on mineraIs. A eomparison of qualitative and quantitative results obtained with elec

trochemieal measurernents has been reported (Mielczarski et al. 1979, 1983). Mielezarski

et al. have characterized bath chernical and physical adsorption in a study on the floatabil

ity offluorite treated with sodium dodeeyl sulphate.
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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. Il is easy, therefore, to obtain infor

mation on the surface e1ements even in regions where the bulk absorption bands are pre

dominant. The characteristic sample penetration depth is !wo to four monolayers. This

technique can be used to advantage when it is necessary to analyze samples at tempera

tures weil above ambient conditions (typically 200-250 OC).

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

observed emission spectrum. The best conditions for this technique are at elevated tem

peratures, which not many mineraVreagent 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

scopie study of V205' suggesting that this technique is sufficiently sensitive to be consid

ered for ex situ investigation of mineral-reagent interactions in flotation systems. A Fourier

transforrn 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 monochromator 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 Transforrn Infrared (FTIR) interferometer compared with a disper

sion spectrometer are accuracy and precision in wavelength determination. 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, il. better signaVnoise ratio from the IR interferometers) of the

FTIR interferometer is !wo orders of magnitude higher than that of the older apparatus.



This ensures more accurale detennination of trace substances, which is vital in the study of

surface interactions when the adsorbate has characteristic peaks in spectral regions wherc

the influence of the bulk is marked.

•
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For the characterization of adsorbates on minerai surfaces, various studies have

been made using FTIR interferometers and conventional apparatus for ex situ and in Sitll

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 colleetors on minerai surfaces. De Donato et al. (1990), Cases et 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 ct al. (1991) to study the conformation of adsorhed

speeies on fluorite and alumina and to detennine the adsorption density of collectors on the

minerai surface. Similar studies have been performed by Leppinen et al. (1989) on adsorp

tion ofethyl-xanthate on chalcocite, chalcopyrite, pyrite and galena

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 Kortüm, 1969). For a perfect diffuse reflector, the reflected radiation is unpolari7.ed

and its angular distribution is isotropic. In practice, since an ideal diffuse reflector does not

exist, the reflected radiation also has a speeular 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

r_ = rsamlrre/= SIR by use ofthe Kubelka-Munk (K-M) equation

(2.1)

where 1C is the optical absorption coefficient and s is the scattering coefficient. The K-M

theory assumes an infinitely thick sample (a condition that is usually met for scattering



powders 1-3 mm thiek), 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·l 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 a:'sorbing materials, an increase i!l scattering signifi

cant1y decreases 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 !-lm) and is relatively unaf

fected by changes in scattering or absorption. When tbis is the case, the DR spectrum can

he considered to he optically saturated.

Persson etc. (1991) analysed the chemical composition of galena, sphalerite and

pyrite surfaces ailer dl)' and wet grinding, and ailer treatment with water and aqueous so

lutions by DRIFTS. They declared that lead alkyIxanthate is formed as the only detectable

alkyIxanthate species on galena surface; chemisorhed complexes of ethyIxanthate ions are

formed on sphalerite surfaces in aqueous and acetone slurries; and dialkyl dixanthogen is

formed as the only surface species in the reaction hetween oxidized pyrite and aqueous so

lution of potassium alkyIxanthate. They also proposed that the oxidation products of the

disulfide ion in pyrite, e.g. spt and spt are responsible for the oxidation ofalkyIxan

thate ions to dialky1dixanthogen.

Cases etc. (1993) used DRIFTS and XPS to study the reactions involved in the

adsorption-abstraction of K-amyl xanthate on pyrite ailer fine grinding in a special stain

less steel laboratol)' rod mil!. Ailer investigation of floated and non-floated products, they

concluded that, for ail samples prepared ailer grinding under basic conditions (pH hetween

9.0 and 12.0; regulators were NaOH and CaO), only diamyl dixanthogen was present on

the pyrite surface ailer 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.

•

•

•

CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS 13



•
CHAPTER 2 SURFACE ANALYSIS TECHNIQUES AND APPLICATIONS

2.2 PHOTO-ACOUSTIC SPECTROSCOPY (PAS)

14

Schematic view ofa photoacoustic cell.
(Ph) primary photon beam; CW} window;
(O) gas; (S) sample; (AT) acoustic transducer
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A variety of difliculties encountered for minerai samples, such as highly opaquc

solutions, and optically diffusing samples make analysis diflicult with the common opticnl

spectroscopy techniques (UV, VIS, IR). This fact has Icd to the dcvelopment of Photo

Acoustic Spectroscopy (PAS), which uses transformation of radiant encrgy into thcrmal

energy to obtain the spectrum for the sample surface.

The solid sample to he investigated by PAS is enclosed in an acoustically isolatcd,

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 e1ectromagnetic

radiation of a specific wave-
Ph

length. The energy thus absorhed

by the sample is converted into

heat by non-radiative de

excitation processes. Since the Figure 2.3

incident radiation is modulated,

the thermal energy created in the

sample will he periodic, at the frequency of the modulation frequency, creating thcrmal

waves that move towards the boundary of the sample. Thc periodic variation in thc tcm

perature at the surface ofthe sample generates an acoustic wave in the gas surrounding the

sample. The acoustic wave propagates through the volume of thc cell, and is dctcctcd by

the microphone (Fig. 2.3).

In general, the PA signal is directly proportional to the power of thc incidcnt light

flux, the energy of the incident photons, and, in favorable cases, the optical absorption co

efficient. In addition to heing related to the sample's optical properties, the PA signal is



also dcpcndcnt on its thcrmal propcrties, specifically the thermal diffusivity, a, which is

dcfincd as•
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a=xtpC
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(2.2)

whcf'.: X is thc thcrmal conductivity, p the dcnsity, and C the specific heat of the sample

malcrial. Thcsc propcrties are uscd, in addilion to the modulation frequency,j{Hz), to de-

finc a thcrmal diffusion lenglh, I!.

1/2
Ils = (wrrfJ (2.3)

•

•

which is the deplh helow the sample surface heyond which damping of the photon

gencralcd thermal wave renders lhe heat produced ineffective for modulating the surface

lempcralure. Thus, only light that is absorhed withir. the thermal diffusion length contrib

ules to the PA signal. The thermal properties cf the trdfisfer gas and, for therrnally thin

samples, thc thcrmal and optical properties of the substrate or backing material also affect

lhe 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 deplh 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 I!m can he 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 dornains. The absorption peaks

of adsorhed species 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 area of 300

m2tg. Less well-defined peaks were observed for adsorhents with smaller surface areas of

50 and 80 m2tg. The infrared-PAS studies require an infrared laser of sufficient intensity

over the whole of the range of infrared frequencies. However, this problem may he over

come by the use of FO:lrier-transform infrared PAS, which lias been used on solids



(Rochley, 1980; Vidrine, 1980) and shows considerable promise for surface studics (Ro

chley and Delvin, 1980).•
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Childers etc. (1986) made a direct comparison of the capabilities of photoacoustic

(PA) and diffuse reflectance (DR) spectroscopies in the ultraviolet, visiblc, and ncar

infrared spectral regions by collecting bath types of spectra under nearly idcntical condi

tions. In terms of signal-to-noise ratio and spectral definition, the Iwo tcchniques are virtu

ally indistinguishable for weakly absorbing, finely divided powders. DRS is slightly more

sensitive but has a lower saturation limit than does PAS and is more sevcrely alTected by

changes in particle size. For particles larger than 100 flm, DR spectra are distortcd 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 careful control of particle size, paclang density, and total absorption.

So far few PAS studies have heen reported on adsorhed species relatcd to flotation.

To what extent the generally low surface areas of mineraIs will he a limiting faclor re

mains to he seen. The relative ease in preparation of the ;;amplcs should ncvertheless en

courage sorne investigation in this direction.

2.3 MODERN VACUUM TECHNIQUES

Over the past few years, many different techniques arising out of the use of dilTcr

ent excitations and emission analyses have accumulated. In most such techniques, the solid

is placed in an ultra high vacuum (UHV), <10'6 torr, and bombardcd by photons, electrons,

neutrons or ions and the emitted photons, electrons, neutrons or ions are analyzcd (Fig.

2.1). In the low photon energy region (hv < 50 eV) the technique is called Ultraviolet Pho

toemission (or Photoelectron) Spectroscopy, UPS; in the high energy region (hv > 1 kcV),

it is called X-ray Photoelectron Spectroscopy, XPS (also known as Electron Speclroscopy

for Chemical Analysis, ESCA). Other common techniques, considered most useful in char

acterizing the mineraI surface, are Auger Electron Spectroscopy, AES, and Sccondary Ion

Mass Spectroscopy, SIMS. These techniques are often complernentary.



The significance of these techniques is that they provide infonnation on surface

composition and chemical state (e.g. oxidation state, bonding type) for individual particles

and complex minerai mixtures as a function of depth through the surface layers. The prin

cipal difficulty in their application is that they are ex situ techniques 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,

•
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2.2.1 Photoemission Spectroscopy

In a typical photoemission apparatus, the energy of the photon source is flXed and

the energy distribution of the photoemitted electrons is measured This method of data ac

quisition goes by the name of Energy Distribution Curve, EDC (also called Photoelectron

Energy Spectrum, PES).

The valence region, mainly investigated using an ultraviolet photon source in the

UPS technique gives infonnation 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:

(2.4)

•

where hv is the energy ofthe exciting X-ray,

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

which the electron is excited,

&e is the kinetic energy ofthe emitted electron, and

$ is the wcrk function of the spectrometer.

This equation allows the~ ofthe particular energy level of a given atom to he 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 chernical shifts give information on the

chernical bonds of the elements, e.g. ditTerence in the oxidation state, ditTerence in



molecular environment, and difference in lattice site. Moreovcr, quantitative information

on the atomic ratio hetween an e1ement 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.

•
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XPS has heen used to characterize surfaces of sulphide minerais, particularly thc

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, sorne useful insight

into the surface chemical reactions and products during flotation can he obtained. Unfortu

nately, direct answers are often obscured by extraneous 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 minerais. Sur

face analyses of these minerais were carried out after they had hecn 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

NlI:!Crz0 1, SOz, starch, sodium cyanide, and CuS04•

Predali et al. (1979) have used XPS to study the pyrite dcpression mechanism dur

ing flotation of a copper-zinc-Iead-pyrite ore. They showed that depression occurs through

the formation of an iron-oxy-hydroxide or hydroxide on the minerai surface with depres

sants like CaO. 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 he a factor in flotation. Similar characterization studies have heen

performed by Cecile et al. (1980) on the depression of galena with chromate ions aftcr 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 rate of

surface sulphation decreased in the order: FeSz > CuFeSz > PbS > ZnS. On thcir exposurc



to water, however, feS2, PbS and ZnS did not exhibit any surface degradation, and only

CufeS2 showed the formation of iron oxy-hydroxide or hydroxide within the first layers.•
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Ranta et al. (1981) have reported on XPS studies of xanthate adsorption on sul

phides. Special care was taken to improve the resolution ofXPS speetra by using a mono

chromatic X-ray source. Furthcr, 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 ofXPS in studying xanthate adsorption on sulphide minerais.

Smart (1991) has used XPS and other surface-sensitive techniques to study the sur

face layers on metal sulphides as single minerais, mixed minerais, 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 partic1es (0.1-5 flm); and coIloidal iron hydroxide spheroids

forrned by precipitation from solution. He also developed a sampling methodology to in

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

Xanthate adsorption on various minerai surfaces, galena (Pillai et al., 1983; Page

and HazeIl, 1989; Buck1ey and Woods, 1990; Buck1ey 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 (Mie1czarski and Suoninen, 1984), is found to consist of relatively rapid formation

of a weIl-oriented monolayer on the surface substrate. The same meehanism has been

found by Mielczarski and Minni (1984) for the adsorption of diethyldithiophosphate on

sulphide minerais.

These examples illustrate the potential use ofXPS to gain insight into minerai 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 fiIled by an electron from an upper energy level, releasing an



amount of energy which can be used to photoeject another electron, the so-cal1ed Auger

e1eetron (Briggs and Riviere, 1983). The Auger electron is then ejected with kinetie energy

that is dependent only on the atomic energy level involved in the process and not on the

characteristics of the excitation source.

•
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As mentioned above, this technique requires high energy eleetrons to irradiate the

sarnple. Auger electron spectroscopy is eoncemed with analysis of the energies of the sec

ondary electrons, superimposed on other inelastically seattered e1ectrons. Like in XPS, the

emitted Auger e1ectron ean 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 electron is

eharaeteristic of the atom from which it originates. Thus, AES enables a ehemical analysis

of surface elements, although identification of different atomic environments, i.e., 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 e1ectrons and are, therefore,

observed in XPS spectra General1y 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 (Hal1 et al., 1985).

It is easier to detect different surface-chemieal speeies of the same e1ement by XPS

than AES. It is therefore expected that XPS wil1 be more useful in the study of adsorbed

speeies on mineraI surfaces in flotation systems. The use of AES has its place, however.

For example, Chadwick and Hashemi (1979), investigated surface films formed by

2-mereaptobenzthiazole, MBT, (a corrosion inhibitor and flotation col1ector) 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)

ln this technique the solid surface is bombarded with energetic heavy ions (typi

cal1y low keV), noble gas ions, Cs+ or 0+. 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



the solid surface. The ion fraction of the emitted particle is detected and analyzed by a

mass spectrometer (Fig. 2.1).•
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This technique permits the deteetion of ail the elements present in the sample, in

cluding II and Li, with sensitivity of the order ofppm-ppb. It also permits isotope selectiv

ity, mapping of the surface of the sample with a resolution of 1 JllII, and a depth profile

detection of the elements. A SIMS instrument can he 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 !JAlcm' permits depth profiles of a few J.IlIl per hour.

Explicitly, static SIMS has the potential capability ofproviding the following:

> Detection of ail elements including hydrogen..

> Extremely high sensitivity for ail elements and compounds. Detection limits:

<10-6 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.

> Ion-induced surface reactions.

The more complex the reagent adsorhed on the (minerai) surface, the more difficult

will he the spectral interpretation, including by static SIMS. Studying mineraI surfaces,

prior to reagent addition, will therefore, presumably he necessary. SIMS provides a surface

technique complementary to XPS or AES, identifYing species that cannot he distinguished

by the latter methods. Il is an extremely sensitive technique and developments should he

followed by those interested in minerai surface chemistry.



•
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LIMS has been used to study the surface composition of mineraI particles in rela

tion to understanding fundamental principles of flotation and phenomena observed in base

metal sulphide flotation circuits. The presence or absence and the relative concentration of

inorganic surface elements on mineraI particulates 20 - 100 J.lm in size, can be determined

by probing several spots (5 - 10 /lm in diameter) per particle. The analytical depth resolu

tion is estimated to be only a few atomic layers.

Laser probe microanalysis bas certain advantages: firs\, a sman beam size, permit

ting the analysis of individual mineraI grains as sman as 5 -10 J.lm across; second, a neutral

primary heam, which means that the analysis of insulating particles does not present a

problem; third, flexibility in terms of available laser wavelengths, permitting the analysis

of adsorhed organic as wen as increased sensitivity for a particular trace elcment (c.g. Au

adsorbed on activated carbon); and, fourth, the power of the primary laser is adjustablc,

giving control over sampling depth. Perhaps the most significant advantage of the tech

nique, however, is the rapidity of analysis (Iess than 1 min.), which means that the surface

compositions of a large number of grains can be characterized in a reasonable short time 

typicany, 40 grains can he 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 fme-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 sphaleritc

was higher in the grinding circuit and that sphalerite from the Zn roughcr concentratc car

ried more surface Fe than sphalerite from the tails. They combined time-of-flight Becon

clary ion mass spectrometry (fOF-SIMS) to map the distribution of clements on the

surface of minerai particulates.
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High-resolution e1ectron energy loss spectroscopy (BELS) has been successful1y

used to characterize adsorbed species on metal surfaces used as catalysts (Ibach et al.,

1977; Chesters and Sheppard., 1981). The EEL spectrum yields infonnation 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 œlatively poor resolution. The electron beam reflection requires

a high-vacuum system and is general1y a more complicated and expensive apparatus.

To what extent EELS could be applied to adsorbed species on mineraI surfaces re

mains to be seen. Il should complement infrared studies. The ability with EELS to over

come the broad, interfering adsorption bands of the adsorbate (mineraI), (also, as

mentioned, overcorne 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 mineraI surface, remains an open question, 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 situ 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 mineraIs, dif

ferent Mn (Rask et al., 1987; Wang and Cowley,- 1988), Ti and Fe (Olten et al., 1985) oxi

dation states have been observed. Chemical shift as a function of the oxidation state has

been determined for Ti (2 eV), Mn (3 eV) and Fe (2 eV) (Olten et al., 1985).
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Mossbauer spectroscopy is mainly used to study recoil1ess nuclear resonant absorp

tion or fluorescence. The Mossbauer effect is of fundamental importance in that it providcs

a means of measuring some of the comparatively weak interactions bctween the nucleus

and surrounding electrons. Although the effect is only observed in the solid state, it is pre

cisely in this area that sorne of the most exciting advances in materials science are bcing

made. Because it is specific to a particular atomic nucleus, the technique has bcen applied

to determine the electronic structure of impurity atoms in al1oys, the afier-effects of nu

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

One of the examples applying this technique to mineraI processing is the investiga

tion of the precipitates formed when solutions of iron ions are mixed with ethyl xanthate

solutions by Sheikh and Leja (1977). They suggested the formation of ferric hydroxyl xan

!bate from a combination of Mossbauer and IR spectroscopy.

• 2.4 ~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 general1y 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 experimcn

tal techniques. One of the most important aspects in the elucidation of the surface

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 aqueous media is

illustrative.

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

conducted. Raman spectroscopy uses an intense laser beam of a wel1 defined wavelength



to induce the Raman scattering eITec!. A problem in obtaining Raman spectra is encoun

tcrcd when traces of impurities, or the sample itself, emit fluorescent background radiation

upon which the Raman spectrum is superimposed. Treatment of the minerai to eliminate or

rcduce the inhercnt fluorescence (Sheppard et al., 1971) may make it unsuitable for flota

tion research. In addition, scattered Raman radiation is very weak, so that large surface ar

eas, -300 mZ/g, (Morrow, 1977) arc required for detecting adsorhed species. The generaIly

small specifie surface arcas of minerais, mitigates against the use of Raman spectroscopy

in minerai systems, unless its sensitivity can he increased. This is possible in certain types

of Raman spectroscopy.

•
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The possible use of the resonant Raman eITect for studying flotation systems

should he considered. Raman intensities can he increased by a factor of lOs. For this to he

achieved, it is necessary for the laser wavelength to lie within an electronic absorption

band ofthe molecule to he investigated. Nakanaga and Takenaka (1977) and Takenaka and

Nakanaga (1976) used this technique to measure the Raman spectra ofa monolayer of sur

factant at the interface hetween an aqueous solution and carbon tetrachloride. The use of a

colored surface-active dye, or the formation of a colored complex hetween the surface

active agent and a dye, is essential under certain conditions if the resonant Raman condi

tion is to he satisfied. In such studies, the orientation of the molecule of the surface-active

agent at the interface may he ascertained from the Raman spectra If suitable dyes could he

found that did not aITect flotation of the mineraI, obtaining resonance Raman spectra of

such systems could he an interesting possibility: the small surface arcas of minerais would

then no longer he an obstacle.

Surface-enhanced Raman spectroscopy (SERS) has heen used to study adsorbates

on certain metal electrodes, coIloids and metaIIic silver films (Otto, 1980). The intensity of

the scattered Raman spectrum is enhanced by a factor of lOs. The physical origin of the

enhancement eITect, 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 tbis

eITect could he used to study mineral-reagent interaction is not clear.



The Raman molecular microprobe (Dharnelincourt et al., 1979; Etz, 1979; Ro

sasco, 1980), which has been useful in analyzing fine dust particlcs could also be useful in

analyzing mineraI particles in notation 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 particie, which can be up to a few microns in

diarneter. The Raman scattered radiation from the sample is then focused via lenses onto

the entrance slit of a monochromator and then to a photomultiplier tube (PMT) that re

cords the spectrum. Unlike scanning electron-microscopy or e1ectron-microprobc 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. 1t is

therefore possible to procced with the mapping of mo/ecu/ar species in larger samples.

One good application of the technique is the detection and localization ofliquid inclusions

in certain mineraIs. Sorne idea of the anticipated problems in detecting organics on a min

eraI 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 air-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 experirnental

technique can be improved to overcome these difficulties in order to study the presence of

~ol1ectorsand other reagents adsorbed on mineraI surfaces.

•

•
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2.5 SUMMARY

Giesekke (1983) tabulated sorne 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 colurnn listing the minimum sur

face area needed for studying the adsorbed species was taken from instances in the litera

turc where such successful experiments were reported on adsorbed species on mineraI or

similar surfaces. This is also taken as an indication of the sensitivity of the particular tech

nique. It is tempting to add the scores and compare the techniques, but this rnay bc



misleading. A realistic evaluation of the techniques would he to compare scores of similar

techniques, or to see how ail the techniques score on one aspect ofevaluation.•
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Marabini et al. (1993) made another comparison of spectroscopie techniques used

in mineraI processing studies in the terms of function and information obtained. This table

is reproduced in Table 2.2.

Table 2.1 Comparison of various spectroscopie techniques
in f1otation studies (Giesekke, 1983)
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Table 2.2 Comparison of spectroscopie techniques available
in mineraI processing studies (Marabini et al., 1993)
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The obvious advantage ofusing more than one spectroscopie measurernent to study

surfaces has hardly bcen exploited. Different studies complement each other as seen in the

Cu-MBT studies (xpS and AES) discussed in the text. As another example, GardeIla and

Hercules (1981) used SlMS, XPS and ion scattering spectroscopy to study surfaces of

acrylic fibcrs. The work presented in this thesis is another example of using combinations

of spectroscopie techniques.
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This ehapter has outlined the most eommon spectroscopie techniques used in the

study of mineraI surfaces and reagent interaction involved in mineraI processing. There are

sorne other spectroscopie techniques whieh are widely uscd in other areas of surface ehem

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). Thesc tech

niques have bcen applied in mineralogy by Brown et al. (quoted in Hawthorne, 1988) and

Calas et al. (1984). Topologieal studies by EXAFS on Mn and Fe have bcen performed by

Morrison et al. (1981), Wayehunas et al. (1986) and Manceau and Comœs (1988). Way

ehunas et al. (1986) obtained the X-ray K-edge absorption spectra of Fe mineraIs using

synchrotron radiation.
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CHAPTER3

EXPERIMENTAL MATERIALS AND APPARATUS

3.1 MATERIALS

3.1.1 Sphalerite

A sample of copper-Iead-zinc ore from Brunswick Mining and Smelting, New

Brunswick, Canada, was ground and the -100+200 Tyler mesh fraction (74-150 lIm) 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 tbree times

to leach out alkaline gangue (calcite, dolomite) present, then was washed tirst with acetone

(to remove any sulphur forrned during the acid treatment) fol1owed by deoxygenated

deionizcd water. lt was dried in a vacuum oYen at a temperature of -70 oC and stored un

der nilrogen in a dessicator. Chemical analysis of the sample showed 63.8% Zn, 2.8% Fe,

0.38% Pb and < 0.1% Cu.

The cleaned sample was ground in an agate mortar: for microflotation tests, the

size range -74+37 lIm was selected; for zeta-polential and spectroscopy measurements, the

size range was -37 lIrn.

3.1.2 Bulk Precipitates[rom Iron and Xanthate Solution

A number of 'iron xanlhate' precipitates were prepared in open atmosphere by mÏx

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

distilled water at 80 oC to remove any ions adsorbed at the precipitate surface.

Precipitates were also prepared in the absence ofxanthate from both ferric sulphate

and ferrous sulphate solutions by raising the pH to 10: In the case of ferrous, oxygen was

used to oxidize the product.



Microflotation w~s perfonncd aller decanting fluid to remove suspended particles;

zeta potential and ex situ spectroscopy (XRD, IR, UV and Mossbauer) mcasurements werc

conducted on samples preparcd by fi1tering and drying at room tempcrature.
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3.1.3 Reagents

Sodium isopropyl xanthate from Cyanamid was purified by dissolving in acetone

and recrystallizing from petroleum ether following the s\anàilrd method (Rao, 1971). Dix

anthogen was prepared from purified xanthate by oxidation with a stoichiomctric amount

of aqueous iodine (with potassium iodide) followed by extraction into ether and removal

of the solvent. Ils UV spectrum showed the characteristic peak of dixanthogen (Lcja,

1982). Methyl isobutyl carbinol (MIBC, laboratory grade) was used as frother; HCI and

NaOH (both Fisher reagent grade) were the pH regulators.

Ferrvus sulphate was used as the source for Fe'., and ferric sulphate for FeJ+. 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 deoxygenatcd-deionized water (to

minimize sicle reaetions) was used and flotation conducted for 2 minutes with 74 mlfmin.

air. In the case of sphalerite, 1 minute of conditioning was allowed aller adding any

reagents.

The eITect of the supporting NaCI electrolyte, as used in the zeta potential measure

ments, was tested by conducting flotation in the presence of NaCI in the concentration

range 10.5 M to 1 M
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3.2.2 Mobile Mini Continuous F/otation System

31

This f1otalion system was constructed at McGiIl University, with the help of the

donation of (wo 5 L mini f1otation 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 IC\'e1 control
2. mini cell
3. launder water
4. sas nowmeter
5. engÏDe
6. feeder 10 miniceU
7. Icvtl controUer and ourput
8. coodiliooing laDk
9. reagent pump

~-:;:;;----~@

troed

10. mixer
Il. mixer
12. feeder
13.oulput
14. gas Oowm.eter
15.feedpump
16. elcctrodcs
17. computer
18.1raDSDlitters

•

concennate
wlifiw;

Figure 3.1 Sehernatic illustration of the continuous mini f1otation system

Feed slurry, drawn by a Masterf1ex pump from a selected part of the plant circuit,

enters a feeder, which stabilizes the slurry f10wrate to the conditioning tank. This feeder

consists of a mixer, overf1ow 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 inc1udes a mixer, a reagent pump and a gas injection system

Bames were inslalled 10 provide slurry mixing. The reagent pump can inject up to 8



reagents continuously and each flowrate can be individually adjustcd There are two out

puts from the conditioning tank, which can provide Iwo difTerent conditioning times for a

given flowrate. Gas via a flowmeter and nozzle can be injected into the conditioning tank.
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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 levcl in the ccli. Thcre is

a mechanism for launder water addition. Gas to the cell is injected through a flowmetcr

and the impeller shaft. Bames are installed at the bottom of the ccll.

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

rninice11 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 insertcd into thc condi

tioning tank). The signais went through transmitters and were amplified and sent to the

computer. The measuring system is composed of 6 transmilters (Fig. 3.2). Each transmilter

is for one electrode and has temperature compensation. The signal from the e1ectrode was• Ep pH DO Ep pH DO

IcmpcralUl"ll
pro",--

Figure 3.2 MeasuriDg system ofpulp potential, pH and dissolved oxygen•

power supply AID
terminal



from-400 to 400 mV converted to 4 to 20 mA by the transmiller. The mA signal was con

verted to volts by a precise resistance of 440 ohm. This signal was then sent to the AID

board and computer. A Quick BASIC program was used to operate the measuring system

for pH, DO and Ep.
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The minicell circuit for Zn flotation is shown in Fig. 3.3 (two cells in series). Feed

slurry from the plant 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

ccII 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 signaIs), five sample were collected as indicated in Fig. 3.3 (one feed, two

concentrates and two tails).

•
conditioning

tank

Cao (pR=S.l1)
317B(16,Oglt)
DF250 (lgIt)
CUS04 (151,303,0 st.)

r..d

CeD No. 1

Cone. #1

Cell No. 2

Conc.#2

•
Figure 3.3 Minicell circuit for Zn flotation

The feed flowrate was varied from 1.0 to 3.5 Umin, to give different flotation

times for constructing cumulative grade/recovery curves.



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. Thc feed to the Zn

circuit contains about 2.5-5% Zn and 10-15% Fe (major sulphidc minerais arc sphaleritc

and pyrite). Collector, frother, lime and S02 had been added into the Cu circuit for Cu

flotation.

•
CHAPTER 3 EXPERIMENTAL MATERIALS AND APPARATUS 34

GrimUng Ortull

sampleto
rruoicells

Cu Circuit

Zn Circuit

•

Zn"""c

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

3S

•

Thc mcasurcments wcrc made with a zeta potential analyzer manufacturcd by the

Micromeritics Instrument Corporation, U. S. A.. The instrument determines the conductiv

ity of the suspension and net change of mass of the ccli due to the mobility of particles in

an clcctric field. To try to minimize contamination, bath electrodes werc coated with gold.

For this test, 1 g of mineraI or prccipitate of 'iron xanthate' was conditioned with deionized

water in a 200 ml beaker for 2 minutes. The ionic strength was controlled by NaCI addi

tion. The effect of NaCI concentration was determined over the range 10'5 M to 10,1 M

The zeta potential value decreased with incrcasing electrolyte concentration until 10'2 M

There was no furthcr obvious change at higher concentration. Measurcments were con

ducted using a concentration of 10'1 M NaCI.

The conductivity of the slurry was measured and specific conductance was calcu

latcd by knowing the cell constant for the system (1.01 Cm,I). The suspension was then

transferred to the analyzer ccli and reservoir. The mass of the cell was measured. After an

clectric ficld was applied for 5 minutes, the mass of the cel1 was measured again and the

nct change in mass due to migration of the particles was determined. The zeta potential of

the mincral is calculated (assuming that particles are in dilute suspension and liquid spe

cific viscosity and dielectric constant do not change with the supporting electrolyte) from

the fol1owing:

= 3768 âW·)"·"
ç t-I·~·(pp-PI)·D (3.1)

•

Dctailed description and calculations are given in Appendix 1. 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
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The minerai sarnples were exposed to a certain concentration of xanthate (usually

10'3 M) solution for a limited time. The slurries were then filtered and rcsidues werc

washed with deionized water. After that the minerai sarnples were mixed in acetone to dis

solve the organic species on the minerai surface, and the solutions were put in 10 mm

quartz UV cells and analyzed on a Milton Roy spectronic 1201, single heam, UV-vis spee

trophotometer. This UV-vis spectrophotometer was driven hy an IBM computer with

Spec-ScanTh{ software.

3.3.2 Infrared Spectroscopy

The IR spectra (4000 to 200 em· l
) were obtained with a Perkin-Elmer 1330 infra

red speetrophotometer. 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 Ine.) 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 17H/I0

proportional detector and MICRO/PDP-ll computer system The generator sellings were

40 kV and 20 mA with the Cu-Ka. 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 simplif)r 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 J.Im
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3.3.4 Mossbauer Spectroscopy
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Room temperature Mossbauer spectra were obtained on a conventional constant

accc1eration spectrometer (manufacturcd by Wissel) with a 25 mCi S7Co Rh source also at

room temperature. The spectrometer was calibrated using (X-Fe foil at room temperature;

isomer shifts arc given relative to the centroid of this spectrum AlI 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-II instrument equipped with a non-monochromated Mg Kil anode (hv =1253.6 eV)

at a take off angle of 90·. The instrument was calibrated against the Cio band (284.5 cV)

and exhibited an energ:! resolution of O.7 eV. Samples investigated by XPS were prcpared

by pressing the solid powders onto an adhesive-backed copper foiI. The samples were

maintained at the instrumental background pressure of 10-9 torr for about one hour before

spectra were obtained. Spectra presented in this thesis were corrected for background

charging by determining the Cio core level of saturated hydrocarbons at 284.5 eV (Wagner

et al., 1979) bath 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 perforrned using the pro

gram Surf-soft1M
: A non-linear background was subtracted and the \ine shapes of the indi

vidual peaks were fitted by a gaussian line function using a non-linear least square fitting

rnethod.

3.4.2 DRIFTS

Mineral samples investigated by DRIFTS (Nicolet Advanced Diffuse Reflectance

Accessory) employed a Bruker IFS 88 FTIR spectrorneter equipped with a narrow band



MeT detector. A sample of finely crushed KBr was used as the background DRIl'iS

spectra were obtained from the dried mineraI powders and were usually the result of coad

dition of 1000 scans at a nominal resolution of3.0 cm-'.
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3.4.3 ATR

ATR spectra were obtained using a sphalerite (ZnS) ATR element with a Specac

(PN 11160) accessory modified with a Teflon seal so that solutions could he introduced

and removed without demounting the cell from the spectromctcr. The total volume of

solution contained in the fluid circuit was 10 mL. The crystal was cleaned hefore use by

rinsing with ethanol and distilled water, followed by irradiation with a low pressure Hg

lamp to remove any organic contaminants. Finally, the crystal was washed with deionized

water at pH 2 and followed by a thorough wash with distilled water hefore assembly of the

cell. The crystal was hydrophilic aller this treatment and spectra obtained aller this treat

ment showed no evidence of organic contaminants. ATR spectra were obtained 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 norrnalized against the hending en·

ergy of a water molecule, but not baseline corrected, nor smoothed, nor subjected to spec

tral subtraction.
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CHAPTER4

EXPERIMENTAL RESULTS

4.1 FLOTATION AND ZETA POTENTIAL

4.1.1 Single Mineral (Micro) Flotation

The rcsults under diITercnt conditions arc shown in Figs. 4.1-4.3. Il can he seen that

sphalerite did not float whcn 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 eITect (Fig. 4.1). The concentration of ferrous ions affected the

flotation rcsults (Fig. 4.2); when the concentration of ferrous ions was over - 2 ppm, the

activation effect decreased. The presence ofoxygen is also shown to he a factor (Fig. 4.3).

100 ,..----------------,
r::.::·.=ï~·~·~~~ii~·;~~·~d;~············································1

1

__- Xanlhate, no meta1 Îoas i

.......~ ~~~.Ç~~2~;~ _ ..1
80

60

40

20

pH
Figure 4.1 The relationship between recovery of sphalerite

and pH with 1 x 10-4 M sodium isopropyl
xanthate under various conditions
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Figure 4.2 The relationship between recovery ofsphalerite and
the concentration of ferrous ions with 1x 10-4 M
sodium isopropyl xanthate
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Figure 4.3
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The relationship between recovery of sphalerite
and pH with 1 x 10-4 M sodium isopropyl xanthate:
effect of air and nitrogen .
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4.1.2 COlltilluous (Millicell)

41

At Kidd Creek, Cu circuit tails are typically at pH 8 while the Zn circuit is at pH

Il. Figure 4.4 shows that raising the pH over this range enhances sphalerite flotation - Zn

recoveries increased by about 30% at similar grades. In these tests, no collector (317B i.e.

sodium isobutyl xanthate) was added (residual collector from the Cu circuit is presumably

present, however).

100

no CUS04
.. 3178

'" 80 air notation
~e.. • pH-8
t'.. 0 pH=l1
;.

8 60 0

~

~ 0

~
•

40.. • •:;• e •
=U 20 • •

0':-~--:':--~--:'::-~-f:-~-:'::-~-7.o 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 minicel1 tests)

Flotation of sphalerite at pH Il is further confirmcd 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% 02: gas composition was varied to test a proposed

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

•
Reviewing ail the data (XU et aI., 1991), a consistent finding was that raising pH

did induce sphalerite flotation but with CuSO., the performance was superior. The CuS04

notably gave improved ZnlFe separation. This is iIIustrated in Fig. 4.6: over a similar Zn
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Figure 4.5 Cumulative Zn gradelrecovery curves in Zn concentrate (Zn feed grade=3-4%)
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recovcry range, the difference in Zn and Fe recovery is greater in the presence of CuS04•

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

by the addition of CuS04•
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In the single sphalerite minerai notation tests, changing the oxygen content of the

notation 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 increase slowly with oxygen content in

the gas, which offers sorne agreement with the single sphalerite minerai results.

The response in no, pH and pulp potential (Ep) during the notation is shown in

Fig. 4.8 for one test: the pH remained constant; Ep was roughly constant above 20% 0û

but, the no changed significantly (exceeding the scale above 50% 0,). This large increase

in no might have been expected to give more than the observed modest effeet on Zn re

covery. Il is possible that the higher gas/pulp ratio in in-plant tests results in less sensitivity

to the oxygen level compared to the single minerai tests.

•
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Figure 4.7 Zn and Fe recoveries vs oxygen content
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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 entire pH

range with an isoelectric point (iep) of - 2.5\ (Fig. 4.9). With increasing pH, thc zeta po

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

When xanthate was added in the absence of Fe2+ ions, there was no signilieant

change in the value of the zeta potential (Fig. 4.9). When the mineraI was treated with Fe2+

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 Fe2+-treated sphalerite, the zeta potential bccamc

more negative over the same pH range. The last Iwo observations are compatible with a

model of Fe2+adsorption fol1owed by xanthate (X") adsorption.

tNote: The point o/zero charge (pzc) is defined as the negative logarithm (base 10) of the conccntl1ltion
ofpotential-detennining ions at which the surface charge density equals zero.
The iso electric point (iep) is defined as the negative logarithm (base 10) of the concentl1ltion of
potential·detenning ions at which the e1ectrokinetic potential becomes zero.
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presence of xanthate and ferrlc ions (ionic strength
controlled by IxIO-1 NaCI)



In contrast to Fe'+ ions, treatment with Fe'+ ions did not significantly allcr thc zcta

potential (Fig. 4.10).•
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Figure 4.11 shows the effect of concentration of Fe'+ ions on thc zcta potential.

The zeta potential passed through a maximum at about 2-4 ppm Fe'+: at pH 6.38, the zcta

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

Figure 4.12 shows the effcct of oxygen on the zcta potential of sphalerite in the

presence of 10 ppm Fe'+ (10 ppm was selected to deterrnine if the decrease in zeta poten

tial relative to that at 2 ppm was relaled 10 dissolved oxygen content). Condilioning with

N, lowered the zcta potential (allhough it was still significantly greater than that for

sphalerite alone) while condilioning with 0, raised it, even reversing the charge at pH < 9.
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Figure 4.11 The relationship between zeta potential ofsphalerite and

the concentration offerrous ions added at different pH
(ionic strength controlled by lxl0·1 NaCI)
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Figure 4.12 The rcIationship belWeen zeta potential of'Phalerite and

pH in the presence oflO ppm offerrous ions (ionic
strength is controIled hy 1 x 10 -1 M NaCI)

4.1.4 Adsorption ofFerrous Ions

To investigate further the role of ferrous ions and oxygen, the concentration of fer

rous ions, zinc ions and oxygen was measured in solution as a function of time of contact

with sphalerite (Fig. 4.13). The results show the concentration of Fe2
+ and oxygen de

creased, but there was no significant variation in pH or the concentration of Zn2+ (which

rcmained 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 ofFe2+ ions and xanthate.

4.2 X-RAY PHOTOELECTRON SPECTROSCOPY

• The XPS spectra were obtained on a sphalerite sarnple that had been: a) treated

with distilled water, b) treated by Fe3
" c) treated by Fe2

" d) washed, and then contacted
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with sodium isopropyl xanthate (IXIO" mol/L) befOl'C 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

162.6 532.4 1021.9 not detected

161.9 530.1 1021.9 711.1

169.9 531.6

161.7 529.1 \021.9 711.1

162.5 530.3

• 531.6

.·HHins±rï!~JfH····· 162.6 532.4 1021.9 not detected
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Figure 4.15 XPS spectra ofthe Zn,~ region of sphalerite samples treated with: (a) distilled
water, (b) 1 x 10-' mollL Fe +, (c) 1 X 10" mollL Fe'+, (d) 1 X 10-' mollL Fe'+, fol
lowed by 1 x 10'3 M xanthate.
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Figure 4.16 XPS spectra of the Fe,p region of sphalerite samples treated with: (a) distillcd
water, (b) 1 x 10" mollL Fe3+, (c) 1 x 10" mollL Fe'+, (d) 1 X 10-2 mollL Fe'+, fol
lowed by 1 x 10-3 M xanthate.
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S 2P

d

c

b

a

Figure 4.17 XPS spectra of S'P region of sphalerite samples treated with: (a) distilled wa
ter, (b) 1 X 10-2 moVL Fe'., (c) 1 X 10-2 moVL Fe2

., (d) 1 x 10-2 moVL Fe2., fol
lowed by 1 x 10-' M xanthate.

Il is evident that the spectral features attributable to zinc (2p'l2 at 1021.9 eV, Fig.

4.15) do not vary to any great extent with changes in method oftreatment (Fig. 4.15 (a)

(d». Il should also he noted that the binding energy found in this work agrees weil with

published values (1021.6 eV) (Mukherjee and Sen, 1976; Rao, 1971), and the binding en

ergy "ifference (23.1 eV) hetween the :?in-doublet splitting(2p'l2 and 2Pl12 states) is also

similar to that determined previously (23.5 eV) 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 descrihed in this worle.

•
-172 -168 -164

Binding Energy (eV)

-160 -156

•
Figure 4.16 shows the narrow scan over the binding energy range corresponding to

Fe (2p'l2) (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 heing



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 sphalerite. The absence of

spectral features in the Fe 2P3f2 region of sphalerite that has been treated with Fe'+ (Fig.

4.16 (b» suggests that ferric ions are not adsorbed into the sphalerite surface. This obser

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 spectml

feature at binding energy of 711.1 eV appeared for the sphalerite samples that had been

treated with Fe2+(Fig. 4.16 (c». The presence of this spectral feature elearly suggests an

uptake of Fe2+by sphalerite at the pH value used in this experiment (pH=lO). This is con

sistent with previous investigations: namely, that activation occurred only with Fe2+ ions

and there was a decrease in the solution-phase concentration of Fe2+when this solution was

in contact with powdered sphalerite.

•
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A more detailed analysis of the binding energy (Fe 2p'f2 711.1 eV) and the spin

doublet splitting (Fe 2P3f2 and Fe 2PIf2) of 13.1 eV ofiron adsorbed onto the sphalerite sur

face, indicates that the form of iron on the su.face is ferric, i.e. it is in the 3+ oxidation

state (McIntyre and Zetaruk, 1977; Limouzin-Maire, 1981). This finding suggests that the

Fe2+ is oxidised once adsorbed into the surface, resulting in the formation of Fe'+. The

presence of Fe3+ at the surface of the mineraI could have resuIted from exposure of the

mineraI to the atmosphere prior to spectml acquisition; however, th~ presence of re3+ is

compatible with the observed need for an oxidizing condition for flotation (Fig. 4.3). From

iron hin:!iiig energy and the spin-doublet splitting observed, it is sugge~ted that the surfacc

species is iron oxide(~). Further evidence for this is discussed below.

The sulphur region in the XPS spectrt!"ll (Fig. 4.17) shows a distinct peak assign

able to the S2p band at a binding energy of ca. 162 eV (Mielczarski, 1986). This peak is

asyrnrnetrie due to the presence of a splitting of 1.18 eV, which is just below the instru

mental resolution of the XPS spectrometer used in the present invcstigation. This band is

assignable to the sulphur present as the sulphide ion in the sphalerite lattice by comparison

with the XPS speetra of c1ean sphalerite that has not been treated. The position and band

shape of this peak does not change either for sphalerite that has been freshly ground or for

sphalerite treated with deionized water. This suggests that no largc dcgrcc of surfacc



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 spha1erite is

treated with a solution eontaining Fe2" with sot as the counterion. The low intensity of

this peak indicates that the atomic percentage ofthe species causing this spectral feature is

small. This peak is assigned to sulphur present as sulphate (169.4 eV, Limouzin-Maire,

1981). The uptake of sulphate by sphalerite may be due to the requirernents of charge neu

tralization (i.e. to balance the Fe2+that is adsorbed). The sulphur present as sulphate was

not observed in spha1erite samples treated with Fe'" suggesting that the sulphate was on

the surface through true adsorption rather than arising from su1phate 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.

•
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The sulphate inferred from the XPS speetrum of sphalerite that had been treated

with Fe>+ is not as evident after being brought into contact with xanthate solution as it was

prior to treatrnent (Fig. 4.17 (d)). This observation suggests that the xanthate replaces the

sulphate on the surface. Il is expected that the xanthate ion exchange is favorable as the

iron xanthate eomplex 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 eV) 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 S2p 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 mineraI (161.7 eV), and the other at higher binding energy is

assignable to the sulphur in xanthate (162.9 eV). These peaks are consistent with the re

su1ts from previous studies in which the binding energies were given as 162.0 and 162.6

eV, respectively (Mielezarski, 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 environrnent that is more

reduced than sulphide. The presence of one additional peak at higher binding energy rela

tive to the mineraI sulphide band implies that the xanthate may be co-ordinated in a



symmetrical fashion. Il can therefore be inferred that other, asymmetric orientations of the

xanthate relative to the central metal, as for cxamplc in the case of adsorption products of

xanthate on galena (Laajalehto ct al., 1993), are not observed here. The orientation of the

xanthate is further considered below.

•
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Figure 4.18 XPS spectrum of the Szp region of sphalerite that has been treated with 1 x
lO'z mol/L Fez+, followed by 1 x 10.3 M xanthate, showing the dcconvolution of
the band into eomponents assignable to xanthate and sulfide (higher and lower
binding) energies, respectively).

The XPS spectrum obtained in the 0,. region for sphalerite that has been treated

with Fez
+ is presented in Fig. 4.19. Two components, with band maxima at 530.1 and

531.6 eV, can be fitted to the experimental peak. These Iwo peaks may be assigned to oxy

gen present as an oxide and a hydroxide, respectively, by comparison with the XPS spec

trum of lX-FeOOH in which spectral features are at 530.3 and 531.4 eV (Mclntyre and

Zetaruk, 1977). The nature ofthe surface oxide will be discussed in further detail below.
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Figure 4.19 XPS spectra of the a" region ofsphalerite sample treated with 1 x \0-2 moUL
Fe2" followed by 1 x \0-3 M xanthate. The component at higher CI) and lower (TI)
binding energies are assigned to oxygen present as hydroxide and oxide,
respectively.

4.3 DRIFTS

The IR ripectra obtained by this method exhibit a selectivity to species that are pre

sent on the surface and complements the XPS data descrihed above. The presence and spe

ciation of an Fe3
+ oxide at the surface from the above XPS resuits can he furlher

investigated <Ising DRIFTS.

DRIFTS spectra for sphalerite which has heen treated with Fe2+ and Fe3+ in the ab

sence ofxanthate are presented in Fig. 4.20 (a) and (b), respectively. It is evident that the

peaks in the region 1050 - 700 cm-I present in the Fe2+ treated mineraI (Fig. 4.20 (a)) are

not present in the Fe3
+ treated sample (Fig. 4.20 (b)). This is consistent with the findings



from the XPS data that there is no evidcnce of Fc present on thc surfacc whcn sphalcritc is

treated with Fe3+.•
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Figure 4.20 DRIFT spectra of sphalerite samples treated with: (a) 1 x \0,2 moVL Fc2
+

showing the presence of y-FeOOH and (b) sphalerite treatcd with 1 x \0.2 mol/L
Fe3+.
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The identity of the product at the surface may he invcstigated by DRIFTS. Clcan

surfaces of sphalerite exhibit features (669 and 636 cm') which are associalcd wilh the

sulphide in the lattice and these features are present in similar positions for ail lhc

sphalerite samples, irrespective of the treatment conditions. Peaks at 1020 and 740 cm" for

sphalerite treated with solution phase Fe2
+ are in a similar position to those found previ

ously for y-FeOOH (1025 and ca. 750 cm") and assigned to li(OH) and v(FeO) vibrations,

respectively (Barton et al., 1990 and Poling, 1969). The presence of spectral fcatures in

similar positions to that of y-FeOOH suggest that iron in the 3+ oxidation state is present

as a hydro-oxide on the surface for the Fé+ activated sphalerite. This observation is consis

tent with that obtained from the above XPS characterization of Fe2p (Fig. 4. 17(c)) and the

0,. (Fig. 4.19) regions, in which for the latter, oxygen environments corresponding to bath

oxide and hydroxide were observed.
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XPS and DRIFTS are ex situ techniques and therefore the results are potentially

sensitive to artifacts arising l'rom the absence of the aqueous environment. This limitation

is partially overcorne by use of the ATR technique. ATR spectroscopy has been used pre

viously in the investigation of mineraIs (Lippenen, 1990; Lippenen et al., 1989 and Rayet

al., 1973). The technique is also useful for obtaining spectra l'rom strongly absorbing sam

pIcs, sueh as aqueous media The short penetration depth of the evanescent wave, ex

ploited by this technique, allows a degree of surface sensitivity to be achieved in the

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

Expcriments were pcrformed on a sphalerite ATR e1ement and the results are pre

scnted in Fig. 4.21. Ali speetra have been normalized to the 1624 em-' band assigned to the

bending mode ofwater.

•
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•
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Figure 4.21 ATR spcctra obtained l'rom a sphalerite crystal treated with: (a) distilled wa
ter, Ch) 1 X 10'3 mol/L xanthate, (c) washed l'rom Ch) and 1 x 10-2 mol/L Fe2

+

added, (d) washed l'rom (e) followed by addition of 1 x 10'3 M xanthate, (e) wash
ing with distilled water l'rom (d) showing the presence of intense bands due ta a
surface bound eomplex, (f) as for (e) but Fe3

+ used in step (c) instead of Fe2
+

showing no bands associated with a surface-bound complex.



As shown in Fig. 4.21, no evidence of adsorhed specics was noted with cleaned

sphalerite in the presence of distilled water. On addition of a 1 x 10"3 mollL 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

solu\!on-phase peaks correspond to that of xanthate in the solid state (get resolved spec

trom cm"i, respectively). The frequency shills observed are comparable to disj:'lacement

observed in the IR spectra ofethyl xanthate in aqueous media (1175, 1161, 1147, 1117 and

1046 cm"l) from the solid state (1172, 1159, 1139, 1117, 1100 and 1049 cm"', rcspectively

(Leppenen et al., 1989». These spectral features were completely removed by nushing

with distilled water, which confirms that the bands arising from this compound are associ

ated with the solution phase and are not from species adsorhed strongly onto the ATR

crystal. This result is consistent with previous work which showed that xanthate does not

adsorb onto sphalerite under these conditions.

•
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Spectra collected aller the addition of 1 x 10"2 mollL Fe2
+ shows a weak peak cen·

tered at 1089 cm·1 (Fig. 4.21(c». This is in a similar position to that observed for sulphate

(ca llOO cm"') (Nakamoto, 1970; Miller and Wilkins, 1952). This weak spectral feature

disappeared aller flushing with distilled water, which suggests that the compound giving

rise to this band in the spectrom is associated with a solution phase species. (The absence

of any discernible residual bands in the spectrom aller this treatrnent of sphalerite, how

ever, does not mean that the Fe2
+ is absent from the surface, only that the Fe2

+ is not detect·

able in the frequency range covered. To examine the presence of the Fe2
+ on the surface

with the ATR technique, the Far-IR region, in which lattice vibration modes are present,

must he used.) Addition of 1 x 10"2 mol/L xanthatc at this stage imrnediately caused the

appearance of six sharp bands at 1267, 1253, ll40, 1089, 1028 and 1007 cm"'. These

bands may he provisionally assigned to the coupled vibrations of the C-O and CoS bonds

in the xanthate molecule (Leppenen, 1990 and Rayet al., 1973). An important observation

is that these 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 surface

was observed to he rnarkedly hydrophobie, in contrast to the hydrophilie nature of the sur

face observed prior to treatrnent. No evidence was found in these studies to suggest that



bands are not due to a symmetrical1y coordinated xanthate complex as only three intense

bands have heen attributed to the ethyl xanthate complex present on CUzS surfaces (Lep

penen, 1990; Leppenen et al., 1989; Nakamoto, 1970). The structure ofthis hydrophobic

complex and its molecular orientation may he detcrmined by polarisation studies.

•
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Similar experiments with FeJ+ as the source of iron did not give any of the spectral

fealures observed for Fé+ in solution.

The in situ ATR technique indicates that the xanthate col1ector is bonded to the

sphalerite surface after treatmcnt with Fe'+. This observation is consistent with the findings

that the presence ofxanthate is necessary to achieve flotation of Fé+-treated sphalerite.

4.5 ULTRA-VIOLET SPECTRA

To study the properties of surface speeies further, preeipitates were prepared by

reacting different xanthate and iron solutions. The preeipitates were then treated with aee

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 speetra of the acetone solutions derived from the bulk preeipitates pre

pared under three conditions are shown in Fig. 4.22. AI1 the samples showed similar UV

absorption properties with maxima at 212 nm and 324 nID. Compared to the UV spectra of

xanthate and dixanthogen in acetone (Fig. 4.23), the speetra in Fig. 4.22 are close to those

ofxanthate and show no evidence of dixanthogen.

From Fig. 4.23, the characteristic peaks of xanthate in pure acetone at 327 nm and

212 nm are shifted 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.I., 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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Figure 4_24 shows the infrarcd spectrum of sodium isopropyl xanthate. The assign

ment of frcquencies to specific bonds related to the x:m::,ate group, according to Nakanishi

(I977) is: the strong 1617 cm-' band corresponds to vibration of the C-C-C bonds (this is

also rcflected in the bands at 1170 and 1145 cm-!); the 1020-1070 cm-! band is the C=S

stretch; the Iwo strong bands at 1180 cm-' and 1120 cm-' arc vibrations of the C-O-C link

ages; and, the 880 cm-' band is the asymmetric slretching mode of C-S. The absorption

bands at 1460 cm-t, 1380 cm-' and 1320 cm-t, with the 1380 cm-! band being the strongest,

suggest C-C-O-_ The absorption bands evident at less than 600 cm-! indieate interactions

bclween metal ions (Na in this case), and an organic polar group (Nakamoto, 1963). These

assignmcnts are consistent with those of Poling (1961) and Goold and Finkelstein (1969).

The characteristic absorption band of dixanthogen, at 1240-1270 cm-I (Leja, 1982), is

clearly absent.

70 r-----------------------,

2004006008001000

j

O'-~-'----'-...L-~---l--'---'-~-.I-~--'--~-'-..........___'
1800 1600 1400 1200

60
"""''$.
'-" 50

6...... 40
r/.l
r/.l

~ 30

~ 20

E-< 10

•
WAVE NUMBER (CM-1)

Figure 4.24 Infrared spectrum of sodium isopropyl xanthate



Figures 4.25 and 4.26 show the infrared spectra of bulk prccipitates i"mncd 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 spectnun ofprecipitate forrned from ferrous
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Figure 4.26 Infrared spectrum ofprecipitate formed from ferrous
sulphate and sodium isopropyl xanthate solution at pH 10
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Figure 4.27 shows the X-ray diffraction (XRD) patterns of the precipitat<;ô pre

pared from both ferrous and ferric sulphate solutions and the residue of bulk precipitate

prepared from ferrous sulphate and xanthate after dissolution in acetone. Il was observed

that the XRD pattern of precipitate from ferrous sulphate was the combined pattern of that

of thc precipitatc from fcrric sulphate and that of t\;e residut: of the bulk precipitate.

The XRD pattern did not correspond to any of the reference patterns in the com

putcr database (Fe,o, and Fe(OH), patterns are shown to iIIustrate this lack of fit); thus the

general dcsignation FeO. (Mielczarski, 1986) will he adopted.

•

Figure 4.28 shows the XRD pattern of bulk precipitate, the residue and, by differ

ence, thc inferred spectrum of the dissolved (i.e. organic-containing) fraction of the bulk

precipitate. The XRD pattern of the latter is taken to he that of ferric hydroxy xanthate

which the IR results suggest is the likely compound.

200 r-;;;::::;;;;::=:;:::;:::;:::;;::::;;:::::::::=.:;;::;::;-T-------i
IFe-OH prceipitate from ferrous sulph.tel

100 -

e-OH-X bulk prceipitate
sted wilh acetone (the pa

hicb can not he dissolved)

100 -

200

.r!J
§
o

U

1
1

-S!YWd feC0lD1 peak J?06iÛ Q Q

200 h~~~~~~~~~~~JtL1~~~
lFe.OH prceipitate from feme sulph'lel

1
1

•
10 20 30 40 50 60

Angle

Figure 4.27 Precipitate x-ray diffraction patterns
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200
Fc-OH-X bulk precipitate

100

<Il 100-§
0

I~U
200

~ , ,.J \..
inferred speclnUn ofpart dissolved in acetone

Angle

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 prepared from fer

rous sulphate and xanthate solutions at pH 6.1 and 12: They are similar. The isomer shifis

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

fercie eompounds is suggested with the main component (over 80%) dccreasing slightly as

the pH increases while the other Iwo components increase (Fig. 4.30).



•
CI IAPTER. 4 EXPERIMENTAL RESULTS 65

0

-4

~

'$. -8~

<=
0.--e

-120

'"
~

-16

•
-20_'=2:----_..Ll:-------::0:----l~--2:!:--J

Velocity (mm/s)

Figure 4.29 Môssbauer spectra ofbulk precipitates from
ferrous sulphate and xanthate solution at
different pH

100

• • •80
• Main component •

.--.

'*''-' 60
d
0

'.I:l
(,)
~.... 40.~

• Second component

20 * Third component

• • ••
0

5 6 7 8 9 10 11 12 13

pH

• Figure 4.30 Summary of M6ssbauer spectrum fits



•

•

•

CHAPTER5

~URFACE IONIZATION AND COMPLEXATION AT
THESPHALERITE~ATERINTERFACE

5.1 INTRODUCTION

Complexation at the minerallwater solution interface plays an important role in

bath the solution and surface chemistry of sulfide mineraI flotation systems. Understand

ing the nature of the surface functional groups is essential to elucidating the mechanism

of adsorption.

The surface reactivity of a mineraI 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 (except

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. Sorne emphasizc the impor

tance of the electrical double layer structure and physical interactions of major c1ectrolyte

ions with solid surfaces (James, 1972 [a, b, cl; Bowden, 1973). Others stress the specifie

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 modcling 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 carricd out for

sulphide mineraIs except for sorne pioneering work on pyrite performed by Fomasicro

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 heen developed from electrical double layer properties

measured under controlled conditions with single sphalerite mineraI. The model is rea

sonably complete in that both physical and chemical interactions were considered simul

taneously 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 developed by Westall et al. (1976), modified and used by sorne researchers (Davis,

1978[a,b]; Wood, Fomasiero and Ralston (1990); Fomasiero and Ralston (1992);

Schecher, 1992» is accomplished through the use ofMATLABlMt software which made

the calculations simpler and gave relatively hetler fitting. From the calculations, a good

prediction of the s..rface charge - pH relationship from the zeta potential- pH experimen

tal data can he obtained hecause the relationship hetween the su~fdce charge and zeta po

tential is defined in the double layer theory, and this rebtionship is reflected in the

calculation procedure.

5.2 SURFACE IONIZATlûN EQUILmRIA AND THE ELECTRICAL DOUBLE
LAYER

According to Ronngren et al. (1991), on a sphalerite surface in water three differ

ent surface species (SH2, ZnSI-r and ZnOlf) are formed with different equilibrium

constants.

To obtain û reliable and accurate description of the electrical double layer, it is

necessary to formulate (1) the reactions that lead to the development of surface eharge 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)

studied sphalerite surface equilibria by potentiometric titration and confirmed the

t MATLAB is the trademark ofMathWorks, Inc.
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importance of Ir and OH· in controlling charge at the sphalerite/water interface. He also

assumed that the hydrated ZnS surface contains both OH and SH groups that originate

from a dissociative adsorption of water molecules. Based on his work, a site-binding

model is developed herc.

5.3 SITE-BINDING MODEL

d distanCCl
from JUr&C4l

6o

Vd .
CI C2

SlIlfacc
lm,,~ outer

Hcbnholtz HClnÛloltz,I>n, ,I>n' ,I>n..- Go G, Gd
absorbod H' z.r(.+ "Na+

ions OH" c,·

Figure S.1 Schemalic representation of the electricaI
double layer around the sphaIerile particle

ters. In the present study, this tri

ple layer model is also taken to

represent the e1eetrical double

layer at the sphalerite surface. The surface is eonsidered to be eovered with speeific

groups or sites which ean becorne eharged by reacling with protons in a similar manner

ta metal oxides. Adsorption of ions occurs in the inner rcgion with potential-determining

ions, Ir, OIf and Zn2
., adsorbing on available sites, ISZn and JZnS shawn in Fig. LI,

cr/pH and the Ç/pH curves with

reasonable values for the parame-

The site-binding model describes the eleetrieal double layer at the solid-aqueous

solution interface. The e1ectrical double layer around each particle is schematically repre

sented in Fig. S.1 (Hunter, 1981).

From the studies performed by

Wright and Hunter (1973) and

Westall and Hohl (1980), it is evi

dent that only this triple layer

model ean reproduee both the

•

aecording ta (see NOMENCLATURE)

(i) ISZn + 2 Ir= ISH2 +Zn2
+

•
wherc

[ISH2][Zn2+j

[ISZn][H+J2

and [W]s = [W]exp(-e'l'olk1)
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• so lhat

(ii)

I.e.

ISZn + Hp = ISZnOH· +H'

K - (IsZnOH-][H+], - (ISZnOH-][H+] (- IkD
2 - rlsZnlfH,OI - rlsZnl exp e\jfo

1
- K2rlsZnl

[ SZnOH ] = rH+] exp(e\jfolkD

(5.1)

(5.2)

(iii) IZnS + H> = IZnSI-f

K rIZnSH+I [IZnSH+I ( IkD
3 =rIZnS][W]s =rIZnS][H+] exp e\jfo

I.e. [IZnSW] =K3 [IZnS][W]exp(-e'l'olk1) (5.3)

•
For colloids of reversible electrode systems the total potential difTerence between

phases is dctermined 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

dislributed only between the solution and surface, the surface potential results in a com

plcx manner from the adsOlption and dissociation reactions ofthe surface sites,

(iv) ISZnOH +Zn2+= ISZnOH-Zn2+

K IlsZnon--Zn2+] rISZnOH--Zn2+] (2 IkD
4 =[ISZnOH-][Zn2+]s = rlsZnoH-][Zn2+] exp e\jfp

I.e.

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

an attractive or a repulsive electrical interaction following the Boltzmann distribution,

e.g., exp(:l::ze'l'.Ik1).

Electrolyte ions (Na+ and Cl') are also adsorbed in the ilmer region and form a

complex with the charged surface sites according to

• (v) ISZnOH + Na+ = ISZnOH-Na+
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K - [iSZnOH--Na+]
5 - [iSZnOH-][Na+],

I.e. (5.5)

(vi) IZnSH' + cr = IZnSH'-cr

I.e. (5.6)

•

5.4 THE CHARGE BALANCE

The formation of surface complexe!; rcadjusts the equilibrium and affects the pro

ton balance. The surface charge defined from the proton balance, <ro' represents the net

numbcr of protons rcleased or consumed by ail surface reactions including ion binding

rcactions as weil as ionization of the surface to form the spccies IZnSH' and ISZnOi-r.

For example, inercases in background electrolyte concentration cause additional binding

of counter-ions until equilibrium is reestablished subjeet to the effeets of the electrostatic

field. In this manner, surface complexation also provides a devclopment of surface

charge in addition to the role of protons and hydroxyl ions. Bence thë surface charge is

given by

0'0 = BUIZnSH+] + [IZnSH+ --C1-]-[ISZnOH-]- [ISZnOH- --Na+]
-[ISZnOH- --Zn2+)}

and the spccifically adsorbcd charge is

(5.7)

O'~ =BUISZnOH---Na+] +2[ISZnOH---Zn2+]-[IZnSI-J+--C1-)} (5.8)

with B=F/(Sa c '). B is a conversion factor from surface concentration (mole pcr liter) to

surface charge density (coulombs pcr square meter). These charges must he eompcnsatcd

by an equivalent amount of opposite charge, <rd' in the diffuse layer to satisfy c1ectrical

neutrality i.e.

• 0'0 +O'~ +O'd =0 (5.9)
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From the Gouy-Chapman-Stern diffuse layer theory, this charge can bc exprcsscd

as (Hunter, 1991)

ad = -o.1174z,fë sinh(l9.46zlj/d) (S.10)

wherc c and z arc the bulk concentration and charge of the supporling electrolyte

countcr-ion in the diffuse layer, rcspcctively.

5.4.1 Surface Mass Balance

The surface spcc if .

sites/m2
•

N.

·(ributed among the lotal numher of sites available, N.

.~.:.. ' ·crISH2] +[ISZnOH-] +[IZnSH+] + [IZnSH+ --Cl-]
.,.(iSz:.~OH---Na+] + [ISZnOW --Zn2+)}

(S.11)

• ~ DouM.~ Layer Theories

Defining z = z+ = - z. (i.e. z is always positive), the differcntial capacitance of the

dilTuse double layer, C2, ean he defined by (Hunter, 1991)

C2 =:: = 2.285z,fë cosh(l9.46Z1j1d)

in water at 25 oC, for c in moVL and Ij/d in volts.

(5.12)

Potential and charge relationship in the compact double layer arc given by

(Hunter, 1991)

(5.13)

and

•
(5.14)
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whcre CI and C2 are the intcgral capacitanccs of the inner region and outer region (see

Fig. 5.1) rcspcctivcly. As the inner region is more compactthan the outer regions, CI was

assilmcd constant whilc capacity C2 changes with 'l'd as givcn by equation 5.12.

5.5 NUMERICAL PROCEDURES

From Eqs. 5.\3 and 5.14, the fol1owing equations are obtained

"0
\jIo = - + \jIR

CI P
and (5.1S)

•

Equations 5.7,5.8 and 5.9 can be combincd to give

CId = -8{[IZnSW] - [1 SZnOW] + [1 SZnOW - -Zn2+]}

which al10ws the concentration of [ISZnOR-Zn21to be solved as

(5.16)

Combining Eqs. 5.7 and 5.11, the concentration of [IZnSIr-Cn can be solved

from the fol1owing

CIO +N,' e =B{[ISZn] +[IZnS] + [ISH2] +2[IZnSW] +2[IZnSW --el-]}

and,

[IZnSW --en = HcCIo +N,e)/B- [ISZn] -[IZnS] -[ISH2] -2[IZnSH+]} (5.17)

From Equation (8), the concentration of [ISZnOR-Na1 can be expressed as

[ISZnOW --Na+] = CI~/B -2[ISZnOH- --Zn2+] + [IZnSW --en (5.18)

•

The entire set ofequations 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 quadratic and cubic line search procedure (Bazaraa et. al.,

1993 and MATLAB manual, 1992). This algorithm proved to be numerically stable on

large-scale problems, and capable of finding the global minimum from severallocal ones

without the need to carefully select the initial values.
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The settings ofterrnination 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 wor\e, the

termination tolerance of both X and F was set to 10.15
•

n
"~ n
:; "
:1i ]

'"• :§"li
â •

aN

TV
Results

(1) Initial data hantlling
(2) Multipanunelric CUJ'\'e fiuing
(3) Regression Ill3fri:( lutlllysis

Consl3nls: c. kT. Ns, B, NaCI
Ind. PWllmeters: Kt. .... K6. CI
loli. Vwalliks: çMd 0'0

Figure 5.2 Strategy of the program

A MATLAB script program was

written to fit the experimental ç= F (pI·n

curve using the set of equations above. In

this program, ç, pH, and [NaCI] are the

variables whilst the equilibrium constants

KI through K,;, surface charge density <Jo

and the inner Helmholtz capacity CI are

fitted parameters. The program simulta

neously adjusts the value of the parame

ters and the free species concentration

until a minimum is found in the sums of

the squares of the deviations hetween the

experirnental and calculated curves. The

strategy of the calculations is shown in

Fig. 5.2.•

•

Il is worth mentioning how negative variable and indepcndent pararneters are

treated: When a negative value is found, the program sets the gradient for this search step

to positive and reverses the search direction.

The oost-fit parameters are listed in Table 5.1, and the fitting results are shown in

Fig. 5.3. The "goodness of fit" may he judged by comparing the expcrirnental data with

the calculated curve. The calculated species distribution as a function of pH is shown in

Fig. 5.4.

•



CHAPTER 5 SURFACE IONlZATION AND COMPLEXATION AT THE SPHALER1TEJWATER
...........................~B.f.~Ç.Ç; _._ _ __._ _?~

• Table 5.1 Best-fit parameters for the surface..charge and zeta-potential
ça1culation of sphalerite using computationa) method with
MATLAB software

Electrolyte pK, pK, pK, pK,
1

pK, PK. C,
Concentration (M) F/m2

0.1 -1.45 4.53 -!.l6 -3.25 -3.51 -3.05 0.7

0.01 -1.45 4.52 -!.l5 -3.24 -3.49 -3.05 0.68

0.001 -1.43 4.5 -1.l3 -3.23 -3.49 -3.05 0.68

0.0001 -1.43 4.51 -!.l4 -2.22 -3.48 -3.06 0.67

0.000001 -1.44 1 4.5 -1.l3 -3.24 -3.48 -3.05 0.66

10 r------------------------,

12'0•••

;- · ·· ··..···· ·..·..·· ·· ··· ·1
1 • • '0"-8 M Naci i
1_------·I0"-4MNaCI
l ••.•.-.•.•...•• 1~ M NaCI

! .,.--.----... 10"-2 MNaCI

1 )lE )1( 10"1 M NaCI 1
, ;

2

o .....,....~.~~-----------------_ .

·'0

...

...

•

•

pH

Figure 5.3 The zeta potential ofsphalerite 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 ta he noted: (1) [IZnsIr- Cl"] is not in

c1uded hecause its concentration is found to he not significant; (2) [ISZnOl-r- Na+] and

{ISZnOK - Zn21 are not inc1uded either for the purpose of c1arity hecause the concen

trations are too large to he shawn on the present scale.

•

To check further the versatility of this approach, sorne expcrimcntal data on

boehmite-water interface generously provided by Wood, Fornasiero and Ralston (1990)

were exarnined. The result of fitting is given in Figure S.Sa with Figure S.Sb heing the

same except for a change in surface area from 44 m2/g ta 0.044 m2/g. (This alteration of

the area was found to improve the fit and it is known that estimating a surface area rele

vant ta modeling the zeta potential is difficult (Hunter, 1981).) The filted paramctcrs,

compared ta those given by Wood, Fornasiero and Ralston are given in Table S.2a and

Table S.2b. The species distribution diagram is given in Figure 5.6. Il can he seen that the
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Figure S.Sa Surface charge density and zeta potential ofboehmite

as a function ofpH (Surf. area: 44 m2/g)
(The data were provided by authors (Wood, Fomasiero and Ralston, 1990))
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Figure S.Sb Surface charge density and zeta potential ofboehmite
as a function ofpH (Surf. area: 0.044 m2/g)

(The data were provided by authors (Wood, Fomasiero and Ralston, 1990))
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O"o(pH, [KN03]} curve can be predicted from fitting the Ç(pH, [KN03]} curve because

the relationship between 0"0 and ç has been weil defined in the equations 5.9, 5.13 and

5.14. The predicted O"o(pH, [KN03]} 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 5.2li Best-fit parameters for the surface-charge and zeta-potential calcula
tion of boehmite using comoutational method with MATLAB software
(Sa=44 m2/g)

Electrolyte pK. pK, p*K, p*K. C.
Concentration (M) F/m'

O.O! 6.4 11.5 7.2 9.8 0.6

0.001 6.3 10.9 7.8 9.5 0.55

(Wood, Fomasiero and 6.3 11.9 7.5 9.6 cl = 0.59
Ralstoo, 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=O.044 m2ig)

Electrolyte pK. pK, p*K, p*K. CI
Concentration (M) F/m'

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 expcrimentai 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 preelude the applicability of other elec

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

The equilibrium constants determined using this computational method do not

agree with those obtained (pKt =-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 appcars to reside in the capacity values.
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Figure 5.6 A fractional distribution diagram ofthe species
on boehmite surface•

•

The values of the capacitances CI and c" are inversely proportional to the dis

tance separating the surface from the inner Helmholtz plane, and from the inner to outer

Helmholtz 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 ions and of the water

molecules surrounding them. The value of CI calculated in this study (0.68 F/m2
) is much

smaller than that obtained by Sun (2:100 F/m2
). The capacitance value obtained here

seems more realistic being within the range (0.2 to 2.4 F/m2
) of literature values found

for various oxides and hydroxides (Davis and Leckie, 1978; Koopal, etc., 1987; Gibb, et

al., 1990, Wood, Fomasiero and Ralston, 1990). Fomasiero, Eijt and Ralston (1992) ob

tained CI=2.0 F/m2 for pyrite in an argon environment. This value will be reduced near to

the value calculated with this new approach after taking account of the dielectric coefi

cient ofwater medium.
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The experimental data on boehmitc-watcr intcrfacc providcd by Wood, Forna

siero and Ralston was fittcd with Iwo diffcrent surfacc area settings, thcir surfacc area of

44 m2/g and one adjusted to 0.044 m2/g. From comparison of the results, it can be seen

that the fitting for both zeta potential and surface charge is better using 0.044 m2/g as sur

face area. A surface area of 44 m2/g is very large corresponding to particles about 0.045

f.lm in diameter. The surface area was measured by the BET mcthod and boehmitc might

be porous. Il is questionable whether the area measured with the BET mcthod is applica

ble to the development of zeta potential. Measurement of the surface area of a solid is by

no means a trivial problem. Lyklema (1977) points out that direct (c1ectron microscopie)

measurements of average irregular particle sizes may undcrestimatc the area because of

surface roughness and may even col1apse the surface on a hydrous oxide or a "spongy"

organic col1oid. Hunter (1981) also notes that any procedure which requires a dry sample

(e.g. BET adsorption) may give an area which for al1 its accuracy bears litt1e relationship

to the effective area in solution. A more detailed discussion of surface area dctcrmination

is given in the review by James and Parks (1980). If the resultant fit is taken as the crite

rion, it can he tentatively concluded that 0.044 m2/g is c10ser to the effcctive area related

to the measurement of zeta potential than 44 ro2/g. The uncertainty associated with sur

face area is not a major handicap, however, as the reasonably stable fit ovcr thc 3-ordcr

of magnitude change in area here implics. In the sphalerite case, the surface area was set

to 0.056 m2/g calculated from the mean particle size of25 ).lm.

In the present calculations, the surface site density was taken as a constant with a

crystal standard value of 5.87 x lOIS siteslm2
• To investigate the sensitivity of the calcu

lated parameters to the site density, calculations with ± 50% of this valuc were per

fonned. Sinùlarly good fits were obtained with a maximum variation in thc equilibrium

constant of only 0.2 pK units. This agrees with the concl~Jsion of Wood et al. (1990) that

the zeta potential calculations are relatively insensitive to variations in site density. This

is possibly the result ofonly a smal1 proportion of available surface sitcs bcing occupied.

Il is noted that the equilibrium constants for Na+ and CI' are not the same. Il may

he possible that the point-of-zero-charge (p.z.c.) and the isoelectric point (i.e.p.) of the

sphalerite are different (Somasundaran, 1975). Both experimental and calculated i.e.p.
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wcrc at pH about 2.5, which is much lowcr than that of 8.5 givcn by Sun (1991). This

diffcrcncc may he the rcsult of diffcrcnt samplc prctrcatmcnts: As mcntioncd by Forna

sicro, Eijt and Ralston (1992), "the ISO clcctric point has hecn shown to shift, as oxida

tion procccds, to high pH values close to the i.c.p. of the corrcsponding metal oxide".

The important improvcmcnt of the numcrical procedure used in present work

ovcr those previously published is that the expcrimental data on surface charge density is

not rcquircd in calculations. This improvcment is fulfillcd by the lise of the eq. 5.12 in

which the capacitance of the outer rcgion of compact layer is varicd with the zeta poten

tial. Il is rcalized that the changes in countcr-ion concentrations do affect the double layer

charge distributions, as a consequence, the capacitances in diffcrent layers, espccially the

outer rcgion of the compact layer changes. The numerical approach with a varied outer

rcgion 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 worle. Another henefit

from this approach is the prediction of the surface charge density, which was shown to fit

the expcrimental data closely.

From the predicted spccies distribution on the mineraI surface (sphalerite, Fig.

5.4; bochmite, Fig. 5.6), a picture of the surface sites and surface groups is obtained This

will help in undcrstanding the surface reactions with solution reagents and spccies, for

cxamplc, the interaction of sphalerite with Fe2
+ ions. This information lies at the heart of

mùdcling 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 expcrimental data The equilibrium constants of the surface reaction and the

site-binding pararneters were obtained using a computational method. The BFGS Quasi

Newton method with a mixed quadratic and cubic line search procedure has heen shown

to he effective for solving surfac,e 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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surf'lce species' concentrations at a certain pH can 00 solved. Further information about

the surface (i.e. <Jo) is required to conflrm the parameters obtained. By observing the fit

of the experimental data of Wood, Fornasiero and Ralston (1990), good agreement 00

tween the predicted <Jo{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 fltting the Ç{pH, [NaCI]} curve using double layer theory. This inte

grated approach provides a OOtter understanding of the effects of supporting electrolyte

ions on the developrnent of surface charge and provides a background model for the con

sideration of dilute ion adsorption on sulphide surfaces. This rncthod also reveals which

parameters are sensitive in controlling the zeta potentia\. The different afflnities of the

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

ference OOtween p.z.c and i.e.p.
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CHAPTER6

DEVELOPMENT OF MECHANISM OF IRON

ACTIVATION OF SPHALERITE

6.1 FLOTATlON

The f1otation results have established that: (i) iron must be in the ferrous not fer

ric state (Fig. 4.1), (ii) 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)2

as a possible activating species, but they did not confirm this. The concentration of fer

rous hydroxy species 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 feOI-r is the dominant species around pH 8-11 over a total iron concentration from

10's M to 10.2M (i.e. 0.56-560 mg/I), which covers the range in this work It is suggested

that FeOI-r is the activating species between pH 8-11.

The f1otation results show that Fe3
+ ions do not activate sphalerite. The reason is

probably because Fe3
+ is precipitated as Fe(OH)3 at pH > 3.5 (Fig. 6.2) and so Fe3

+ is ef

fectively removed from solution.

The role of oxygen in the f1otation is discussed below along with the interpreta

tion orthe surface charge data

6.2 SURFACE CHARGE

The surface charge of sphalerite alone 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 ref1ects the different Fe content

of the sphalerite sarnples (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
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of this worle.

The variation in surface charge over the pH range of interest ean he summarized

as follows:

The surface charge increases with Fe2+and oxygen concentration.

2 Il decrcases with incrcasing xanthate ion (X) concentration and excess Fe>+

in the absence of oxygen.

3 Il changes insignificantly with Fe'+ ions.

4 Aller Fe"/xanthate treatment, it is similar to the surface charge of iron xan

thate prccipitate.

Adsorption of Fe(OHr into the e1ectrical double layer is a reasonable explanation

of the inercase in charge. Certainly Fe2+ions are extracted from solution (without release

of Zn2+ ions, Fig. 4.13). The role of oxygen may he to oxidize this species to Fe(OH)2+

which would explain the further incrcase in charge (Fig. 4.12): it is evident that oxygen

is consumed (Fig. 4.13). The decrcase in charge with excess Fe2+concentration may he

related to: (i) the change in predominant species from Fe(OHt to Fe(OH)2 when ferrous

ion concentration is grcater than about 5 x 10.5 M (2.8 mg/l) (Baes et al., 1976); and/or

(ii) the eonsumption of oxygen by oxidation of Fe2+to Fe3+ species in solution and thus

depletion of the oxygen available for the Fe(OH)' to Fe(OH)2+ reaction on the surface.

Subsequent reaction of Fe(OH)2+ with xanthate ion OC') to form a neutral speeies, for ex

ample, Fe(OH)2X (Wang et al. 1989), eould account for the decrease in charge upon add

ing xanthate. No partieular significance is atlached to the faet that the Fe2+/xanthate

trcatment retums the surface charge to that of untreated sphalerite; it may refleet 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 ofFe(OH)2+ is

that the solubility product of Fe(OH)2X is lower than the eorrcsponding ferrous com

pound (Wang et al. 1989).

The laek of response of surface charge to Fe'+ ions is again probably related to

their removal as Fe(OH), precipitates. The pzc of Fe(OH), precipitates is about pH 7-8

(Parks, 1967) so heteroeoagulation with sphalerite at pH < 7, with a consequent effect on
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surface charge, may he expccted. The sma\l concentration of Fel' ions, however, may

mean any effect is negligible.

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

alkaline pH strongly suggests it is the species responsiblr 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 iron xanthate precipi

tates (Figs. 4.25, 4.26), sorne observations can he made:

• The absorption peak at 1617 cm' I is suppressed.

• The 1380 cm'\ band is split indicating the effect of OIf on a dialkyl group, i.e.

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- I with a reduced intensity

(Nakanishi, 1977).

• The absorption peak at 1230 cm-' is enhanced suggesting a covalent band with a

trivalent metal (for divalent metals the band is at 1200 cm- I
.) (Farmer, 1975; Lcja,

1982).

• The dixanthogen characteristic absorption band at 1270 cm" is not seen.

• The absorption peak at 355 cm-\ hecame more prominent suggesting introduction

of OH into the xanthate structure (Ferraro, 1971). Absorption at 464 cm' I is the

M-O (Fel+-O in this case, Nakamoto, 1963) stretching vibration coupled weakly

with the CoS stretching vibration.

From the abave, it can he 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- I band and the sharpness of C=S peak); (2) there are ionica\ly banded trivalent rnctal
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ions in the pn:cipitatcs (1230 cm-] band); and, (3) thcre are OH" groups in the precipi

tatcs. Thcse observations an: consistent with ferric hydroxy xanthate.

6.3.2 Other Studies (Miissbauer, UV and XRD)

The Mossbauer spectra of the bulk precipitate arc essentially the same as those of

Shcikh and Leja (1977) (whose sample preparation procedure was followed). They how

evcr, interpn:ted the spectra as only one compound, ferric hydroxy xanthate. In our case

the spectra show thrce components are presented. UV spectra results showed presence of

x:mthate and OH" group but no sign of dixanthogen. The XRD patterns revealed a com

plcx picture of these precipitates but gave no clear interpretation.

6.3.3 Suggested Compounds

The charactcristics of the bulk precipitate formed at alkaline pH from ferrous sul

phate and xanthate solutions appear to he as follows:

1 There arc thrce compounds present: The evidence is from (a) the Mossbauer

and (b) the XRD which shows at least Iwo compounds.

2 There is xanthate in at least one compound (from UV and IR spectra) and

one compound is an iron oxide (FeO.) (from XRD).

3 The iron in the compounds is in the ferric s!ate. This can he seen from (a) the

absorption peak at 1230 cm-' in the IR spectra and, (b) the Mossbauer

spectra.

4 There arc 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- I 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

he a mixture of Fe(ID)O. , Fe(OH)2X and Fe(OH)X2
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Regardless of its exact nature, the preeipitate is shown to bc hydrophobie and

have a surface charge similar to that ofFelX treated sphalerite (Fig. 4.14). This provides

strong eireumstantial evidenee that a ferrie hydroxy xanthate is responsible for the ob

served flotation of sphalerite.

6.3.4 Hydrophobicity

The hydrophobieity of ferrie hydroxy xanthate is eonlroversia1. Critehley and

Hunter (1986) eonsidered them (Fe(OH)2X speeifieally) to bc not hydrophobie and unim

portant as a eolleetor speeies. Leja (1982) suggested they were weakly hydrophobie and

possibly responsible for flotation of pyrite at alkaline pH. Olhers have suggesled the fer

rie hydroxy xanthate, while weakly hydrophobie itself, eould aet as a contact site for ad

sorption of xanthate ions (Wang and Forssbcrg, 1991) and/or dixanthogen (Wang and

Forssbcrg, 1991; Hodgson and Agar, 1989), the resu1ting speeies bcing strongly hydro

phobie. This possibility is not ruled out here, but as far as the authors ean deterrnine, the

degree of hydrophobieity of ferrie hydroxy xanthates is not aetually known so invoking

eo-adsorption may not bc neeessary. The suggestion from this work is they are hydropho

bie enough to cause the flotation observed.

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

rous ions ean bc proposed.

6.4 PROPOSED MECHANISM

The meehanism suggested comprises three steps:

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

8-11, resu1ting from:

Step 2. After adsorption, FeOH' undergoes anodie oxidation at the mineraI

surface:•
Fe'+ +Hp = FeOH' +II' pK,., = 9.5

(the value ofpK is seleeted from Baes, 1976).

(6.1)
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Fe(OH);;'rf -e= Fe(OH);;'f LlGo = -68.88 Keal (6.2)

(the value ofLlGo is from Natl. Bur. Standards Circ. 500, V.S. Dept. Commerce (1952».

The corresponding cathodic reaction is:

~02+îH20 + e = OW

Another possible reaction is:

(6.3)

Fe(OH);:rf+ OW = Fe(OH)i LlGo = -59.66 Keal (6.4)
~if

(the value of GO is from Natl. Bur. Standards Circ. 500, V.S. Dept. Commerce (1952».

Step 3. The xanthate reacts with the ferric hydroxy species fonning fercic hy

droxy xanthate:

or

Fe(OH)2+ + 2X- = Fe(OH)X2 pKlsp =30.5 (6.5)

•

•

Fe(OII)i +X- = Fe(OH)2X pK2sp = 34.6 (6.6)

(the values ofpK, and pK, are from Wang et al (1989) and Pâlsson et al. (1989».

A fourth step, adsorption of X· or X2 onto the fercic hydroxy xanthate is not in

cluded, although the possibility is recognized.

The three-step mechanism can now he 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 Fe2+ was used. This is consistent with the first step of

the mechanism which requires adsorption of Fe2
+. The XPS and ATR spectra showing no

xanthate on the surface unless Fe2
+ was used is further support. The reason Fe3

+ does not

adsorb is consistent with its removal from solution as the hydroxide. The presence ofFe3+

(XPS, ATR), in the forrn of -FeOOR (DRIFTS) on the surface of sphalerite that had

been treated with Fe2
+ suggests that oxidation of the iron takes place on the mineraI sur

face. This observation is consistent with the second step of the mechanism, narnely 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 col1ector was demonstrated in the in sitll ATR technique in which

xanthate was shown to form an insoluble, surface-bound complex only on the sphalcritc

treated with Fc2
+. This result is consistent with part of the third stcp, namcly the finding

that the presence of xanthate is essential to achieve flotation. The spcctra, howcver, do

not permit the nature ofthe species to he 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 deliherate exploitation but more likely

it will he of coneem as a possible source of unintentional activation. One remedy, if this

oecurs, is to ensure that the iron in solution is oxidized to FeJ+ prior to contact with

sphalerite. This may require, for example, maintaining oxidizing conditions during size

reduction (usual1y by wet-grinding) where most iron (and other) ions appear to he re

leased into solution.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

FOR FUTURE WORK

7.1 CONCLUSIONS

7.1.1 Flotation

1. Sphalerite ean he floated with xanthate in the pH range 8-11 in the presence of

ferrous (but not ferric) ions and oxygen.

7.1.2 Bulk Flotation and Analysis

1. The iron-xanthate precipitates forrned over the pH range 6-12 are

hydrophobie.

2. The flotation properties of Fe2+/xanthate-treated sphalerite are almost the same

as those of the iron-xanthate precipitates.

3. There are three compounds present in the iron-xanthate bulk preeipitates: The

evidence is from (a) Mossbauer and (b) XRD which shows at least Iwo

compounds.

4. 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).

S. The iron in the iron-xanthate precipitates is in the ferric state. This ean he seen

from (a) the absorption peak at 1230 em'! in the IR spectra and, (b) the Moss

bauer speetra

6. There are OK groups in the iron-xanthate precipitates. This is shown in (a) the

slight shift in the 327 nm peak to 324 nm in the UV speetra and, (b) the split

ting of 1380 cm'! in the IR spectra.



7. There is no dixanthogen. The evidence is the lack of corresponding peak in

either the UV or IR spectra

8. The precipitate fonued from the interaction of ferrous sulphate and xanthate,

under conditions similar to those uscd in sphalerite 110tation, is tentatively

concluded to bc a mixture of Fe(III)Ox , Fe(OH)2X and Fe(OH)X2
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7.1.3 Surface Analysis

1. The surface charge of sphalcrite increases with a low concentration of Fe2+

ions (Iess than 2 ppm), but decreasc at higher concentration unless oxygen is

introduced; the surface charge decreased upon xanthate addition aOer Fe2+ ion

additions.

2. The surface charge of Fe2+/xanthate-treated sphalerite is almost the same as

that ofthe ferric xanthate precipitate.

3. Solution phase Fe2+ but not Fe3+ is adsorbcd onto the surface of sphalerite at

pH 10.

4. The conversion of Fe'+ to Fe3+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 fonus an insoluble hydropho

bie surface species with Fe3+.

7.1.4 Proposed Mechanism ofSphalerite Flotation with Ft!+ Ions

1. Adsorption of Fe(OHr (the dominant Fe2+species at pH 8-11).

2. Oxidation to Fe(OH)2+ on the surface (explaining the nced for oxygcn).

3. Reaction with xanthate (X") to fonu Fe(0H)2X or Fe(0H)X2 (which are in

soluble and shown to bc hydrophobie).

7.1.5 Surface Complexation at SphaleriteIWater Interface

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

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

method.



2. The BFGS Quasi-Newton method with a mixed quadratic and cubic line

search procedure was shown to he effective for solving surface and solution

equilibria inc1uding charge and mass balance.

3. Only experimental â,ta potential data was needed to characterize the sphalerite

surface complexation.

4. The surface charge density can he predicted and was shown in the case of

boehmite to he close to that experimentally determined.

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

calculated equilibrium constants ofthe surface complexes.
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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 theories 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 mineraI surface as a

function ofpH.

3. An irnprovement was made to the surface complexation model by choosing a

variable outer Helrnhotz 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 he done to complete the picture of

the role of Fe ions in sphalerite / pyrite selective flotation.

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

calcium.

3. The iron, xanthate species need to he inc1uded in the complexation model to

complete the modeling ofthe sphalerite system.

4. The means to control the iron, or other metal ion concentrations to th(; henefit

of mineraI separation should he 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 module. Two electrodes are 10

cated opposite one another in the mass-transport ehamber. One electrode, shown on the

left in the exploded view of the mass-transport chamber (Fig. AI), is accessible to the bulk

of the partiele-liquid system. The electrode on the right is located at the closcd end of a

cell that has a restricted tubular opening located directly between the two cleetrodes. The

eleetrode 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 minimizc the

gravitational settling of coarse particles.

Figure Al. Exploded view ofmass-trnnsport chambcr
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To measure electropho

retic mobility of suspended parti

cles with the device, the cell and

chamber reservoir are filled with

the eolloid or suspension to be

studied. When a potential differ

ence is applied between the two

electrodes, particles having an

electrie charge (±) will migrate

either into, or out of the cell, de-

pending on the polarity of the cell e1ectrode. After a certain time period, there will he a

change in the particle concentration of the cell contents becausc 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

Iyzer by deterrnining the rate at which particles migrate into or out of the sarnple eeU. Usu

ally, the particles have a signifieant1y 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 gravimetrie determination. Changes

neeessitated by use of other analytical techniques wiU hecome readily apparent. In this

derivation, it is also assumed that particles migrate into the cell rather than out of it. Again,

it will hecome readily apparent how the treatment should he altered when the opposite is

the case.

The partieles of mass Wp entering the eell per unit time t due to electrophoretie mi

gration can he expressed by

where

WP=u·A·C
1

'Il =velocity of migration;

A = cross sectional area of the entry passageway (hole);

C = mass concentration of particles in the slurry.

(AU)

Partieles entering the eeU displace an equivalent volume of suspending liquid.

Therefore, the liquid of mass W, leaving the eeU per unit time is

•
where

W, = u .A .C(l:!.)
1 pp

p, = density of the liquid at given temperature;

pp = density of the particles in the slurry.

(Al.2)
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The net change of mass tJ.W in the cell is the difTerence between the mass entering

and leaving the cell, thus

(AU)

or,

(At.4)

Particle velocities are established by their electrophoretic vclocity component into

the chamber and the liquid velocity component coming from the chamber. Undcr stcady

flow conditions, this can be expressed by

(At.5)

•
where

E = potential gradient

'Il. = electrophoretic mobility

'Il/ = liquid velocity from the cell.

Rearranged, equation Al.5 becomes

1l+E·u,
U·=-E- (Al.6)

The liquid velocity is deterrnined by thc ratc at which liquid is displaccd divi{;cd by

the cross-sectional area of the cell passageway availablc for liquid llow expresscd by

A(l - $), where the volume fraction ofdispersed mattcr is $. This givcs

(AI.7)

Substituting equation Al.7 and Al.4 into equation 6 and rearranging givcs

(AU)

•
The potential gradient E cannot be deterrnined reliably from the ovcrall applied po

tential because of polarization efTects and because of changes in ccll 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 currcnt f10w (1) is maintained through the suspension chamber, the effec..

tive potential gradient across the cell entranceway is given by

where,

1= eurrcnt

E-L
- ),.-A (Al.9)

Â. = specifie conductance.

Renee, upon substituting equation A1.9 into equation A1.8, one obtains the

expression

(Al.lO)

•
which relates the electrophoretic mobility to quantities readily determined with the

Zeta Potential Analyzer. The electrophoretic mobility is expressed in units of centimeter 1

second per volt/centimeters, t in seconds, 1 in amperes, <il as volume fraction of disperscd

matter, and both and in gramslcubic centimeter.

The zeta potential ç of particles in dilute preparations is related approximately to

their eleetrophoretic velocity '\lt by the expression

4·1l''''Tj'),.-A (AU1)ç= D·I

where

11 = liquid specifie viscosity;

D =liquid dielectrie constant,

hence, both are dimensionless. Substituting equation AL? and Al.lO into equation A1.5 to

arrive at an expression for '\l and then substituting the result, with equation A1.9, into

equation ALlI gives

4·1l·ÀW·1.·Tj

ç = t.J·~·(PrPI)·D (Al.12)

•
which expresses the zeta potential in terrns of readily measurable quantities. The zeta po

tcntial is obtaincd from cquation A1.12 in e1cctrostatic unit (c.s.u.) volts.

The e.s.u. volts arc converted to absolutc volts by a constant 300 volt/c.s.u., result-

ing in
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(AU3)

where

D = dielectric constant is dimensionless.

Note that aIl these measurements are to he made isothermaIly at a givcn tcmpcra

!ure of interest. The values of p, and D of water as a function of tempcraturc within the

range of 15-35 oC are tabulated in the Table Al.

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

•

•

0.998595

0.998405

0.998203

0.997992

0.99777

0.997538

0.997296

Viscodty/poise

0.010559

0.010299

0.0\005

O.0098~

0.009579

0.009358

0.009142

DIllleetrk: Coast.lI4

81.1

80.74

80.36

80

79.63

79.27

78.89
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MATLAB™ PROGRAJVI ON SURFACE IONIZATION
AND COMI'LEXATION AT THE

SPHALERITE~ATERINTERFACE

SINGLE SPHALERITE SYSTEM

MATLABlM 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

A matrix from experiment data sel 1 to 6

ISHz ••• ISHz
ISZnOH- ••• ISZnOW
IZnSW ••• IZnSH+

CONC=
ISZnOH- --ZnZ+ ISZnOH- --ZnZ+•••
1SZnOH- - -Na+ ••• ISZnOH- --Na+
IZnSH+--Cr ••• IZnSH+ --Cl-

• Physical constant matrix, and Equilibrium constant matrix

e
kT

CONS = Ns
B

NaCI

KI
Kz
K3

CSTK= K4

Ks
K6

CI

• a local charge variable matrix for calculating zeta potential

Çl ••• Ç6

crOt ••• cro,
VABS= SZn(l) ••• SZn(6)

• Znt) ••• Zn(6)

ZnS(I) ••• ZnS(6)
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MATLAB SCRIPT M-FILE

Zetacall.M

cls

% This program fits the zeta potential with several parameters unknown ta a set ofdata.

% we'lI use a function called CONSTR that implemcnts BFGS Quasi-Newton method

% with mixed quadratic and cubic Hne search algorithm for minimizing a nonlincar function

% ofsevcral variables with a matrix ofconstraints.

global Data CONS

% Experiment Data

Data = [2.43 0.00681

4.46 -0.00586

7.62 -0.00767

9.94 -0.01262

11.3 -0.02365

12.5 -0.03923];

% Physical constants e, kT, Ns, B, NaCI

CONS=[ 1.60e-19;1.38e-23"298;6.87e18;9.65e4/(0.056"5);0.01];

% Initial independent parameter values KI, K2, K3, K4, KS, K6, CI

CSTKINl=[25;0.0000285;13.80384;1716.328;3081.101;1.0ge3;0.6858];

options(I)=I;

options(2)=le.16;

options(3)=le-16;

options(14)=10000;

VLB=zeros(7,1);

VUB=[);

% Set display parameter to on.

% Tennination tolerance on X.

% Termination tolerance on F.

% Maximum number ofiterations.

% Lower bounds X>O.

% No upper bounds.

•

[x,options]=constr('zetafunl',CSTKINI,options,VLB,VUB);

% The 6 Ks and C, values have been obtained

x

% The total error ofcurve fitting is

options(8)

save zns x options(8)

quit
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Zetafunl.M

function [f,g) = zelafunl(CSTK)

% ZETAFUNI is uscd by ZETACALI. ZETAFUN1(CSTK) rcturns the errorbetween the

% zeta potential experimental data and those computed by the currcnt functions with currcnt

% variables.

% ZETAFUNI uses a function called FMINU forcalculating the zeta potentialand

% equilibrium concentrations ofail species by satisfying mass balance, charge balance and

% site balance simultaneously

% Initial Experiment Filling Data Zeta, Sigma_O, SZn, Zn, ZnS

VABSINI=[ ...

0.00068 -0.0048 -0.0088 -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 1e-7

0.0012 0.0007 3e-S 6e-6 8e-7 3e-8

0.0006 1e-S 0.0006 1e-8 3e-10 2e-11

);

options(I)=I; % Sel display parameler on

options(2)=le-16; % Terrninalion tolerance onX

oplions(3)=le-16; % Terrnination tolerance on F

[Z,options]=fminu('zetafun2',VABSINI,options,[),CSTK);

y=Data(:,2)';

f=sum«y-Z(l,:»."2);

g=[];

Zetafun2.M

function f = zctafun2(VABS,CSTK)

% ZETAFUN2 is used by ZETAFUNI. ZETAFUN2(VABS,CSTK) rcturns the error

% between the data and the values computed using mass balance, charge balance and site

% balance by the current function with current variables. ZETAFUN2 uses following

% cquations

pH=Data(:,I)';

Sigmad=-O.l 174*sqrt(CONS(S»*sinh(19,46*VABS(l,:»;

Capacity2=2.28S*sqrt(CONS(S»*cosh(19.46*VABS(1,:»;

PhCB=VABS(1,:)-Sigmad.lCapacity2;

PhCO=VABS(2,:)/CSTK(7)+PhCB;
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al =logl O(CSTK(I»+logl O(VABS(3,:»-Z' pH-logl O(VABS(4,:»;

b1=logl O(CSTK(Z»+log1O(VABS(3,:»+pH+CONS(1)'Phi_O/(Z.3 03'CONS(Z));

el=logl 0(CSTK(3»+log1O(VABS(S,:»-pH-CONS(1)'Phi_O/(Z.303 'CONS(Z»;

dl =Iog1O(CSTK(4»+b1+log1O(VABS(4,:»-Z' CONS(1)'Phi_B/(Z.3 03'CONS(Z»;

el=Iog1O(CSTK(S»+b1+log1O(CONS(S»-CONS(1)'Phi_B/(Z.303' CONS(Z»;

fi=Iog10(CSTK(6»+e1+Iog1O(CONS(S»+CONS(1)'Phi_B/(Z.3 03 'CONS(Z»;

CONC(I,:)=IO.A(al);

CONC(Z,:)=IO,A(bI);

CONC(3,:)=IO.A(el);

CONCEST(I,:)=IO.A(dl);

CONCEST(Z,:)=IO.A(e!);

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

CONC(4,:)=CONC(Z,:)·CONC(3,:)-SigmadiCONS(4);

CONC(6,:)=0.5'«(VABS(Z,:) + CONS(3)'CONS(I)'ones(pH»/CONS(4) - VABS(3,:) - ...

VABS(S,:) - CONC(I,:) - Z'CONC(3,:));

CONC(S,:)=-(VABS(Z,:)+Sigmad)/CONS(4)-Z'CONC(4,:)+CONC(6,:);

f=sum«CONCEST(I,:)-CONC(4,:».AZ + (CONCEST(Z,:)-CONC(S,:».AZ + (CONCEST(3,:) - ...

CONC(6,:».AZ);

Constr.M

funetion [x, OPTIONS,lambda,

HESS)=eonstr(FUN,x,OPTIONS,VLB,VUB,GRADFUN,P l ,PZ,P3 ,P4,PS ,P6,P7,P8,P9,P1O,P1l ,P IZ,

PI3,PI4,PIS)

%CONSTR Finds the eonstrained minimum of a function of several variables.

%

%

%

%

%

%

%

%

%• %

X=CONSTR('FUN',xO) starts at XO and finds a eonstrained minimum to

the funetion whieh is described in FUN (usually an M·file: FUN.M).

The funetion 'FUN' should retum Iwo arguments: a sealarvalue of the

function ta be minimized, F, and a matrix ofconstraints, G:

[F,G)=FUN(X). Fis minimized sueh that G < zero,(G).

X=CONSTR('FUN',x,OPTIONS) allows a veetor of optional param~ters to

be defined. For more infonnation type HELP FOPTIONS.

X=CONSTR('FUN',x,OPTIONS,VLB,VUB) defines a set oflower and upper

bounds on the design variables, X, so thatthe solution is always in

the range VLB < X < VUB.
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% 'GRADFUN' to he entcrcd which rctums the partial derivatives orthe

% function and the constraints at X: [gf.GC] = GRADFUN(X).

% Copyright (c) 1990 by the MathWorks. Inc.

% Andy Grace 7-9-90.

% Modificd by Qingsong Zhang. 1994

% X=CONSTR('FUN',x,OPTIONS.VLB.VUB.GRADFUN.Pl.P2•..) allows

% coefficients. Pl. P2•... to be passed dircctly to FUN:

% [F,GJ=FUN(X,PI,P2•... ). Empty arguments (ID arc ignorcd.

global OPT_STOP OPT_STEP; OPT_STEP = 0; OPT_STOP = 0;

% Set up parameters. XOUT(:)=x;

• % X=CONSTR('FUN',x,OPTIONS.VLB.VUB,'GRADFUN') allows a function

% Check alphanumeric

•

•

if-any(FUN<48)

ctype = 1;

evalstr = [FUN.J;

evalstr=[evalstr. '(x'];

for i=l:nargin - 6

etype = 2;

evalstr = [evalstr,'.P'.int2str(i)];

end

evalstr = [evalstr. ')'J;

cise

etype = 3;

evalstr=[FUN,'; g=g(:);'J;

end

ifnargin < 3. OPTIONS=[]; end

if nargin < 4. VLB=[]; end

ifnargin < 5. VUB=[]; end

if nargin < 6. GRADFUN=[]; end

VLB=VLB(:); lenvlb=length(VLB);

VUB=VUB(:); lenvub=length(VUB);

bestf= Inf;

nvars = length(XOUT);

CHG = le-7*abs(XOUT)+ le-7*ones(nvars.I);

iflenvlb*lenvlb>O

if any(VLB(I :lenvub»VUB). error('Bounds Infeasible'). end

end
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for i=l:lenvlb

iflenvlb>O,ifXOUT(i)<VLB(i),xOUT(i)=VLB(i)+ le.4; end.end

end for i=l:lenvub

iflenvub>O,ifXOUT(i»VUB(i),xOUT(i)=VUB(i);CHG(i)=-CHG(i);end,end

end

% Used for senù~infinite optimizalion:

s = nan; POINT =[J; NEWLAMBDA =[J; IAMBDA = [J; NPOINT =(1; FIAG = 2;

x(:) =XOUT;

ifetype == l,

If, g(:)) = feval(FUN,x);

elseif etype == 2

If, g(:)] = eval(evalstr);

cIse

eval(evalstr);

end

nestr = length(g);

ifnestr ==°
g = -1;

ncstr = 1;

ifetype -= 3

evalstr = nf,g] =', evalstr, ';'J;

etype = 3;

end

evalstr = [evalstr,'g=-l; '1;

end

iflength(GRADFUN)

if-any(GRADFUN<48) % Check alphanumerie

gtype = 1;

evalstr2 = [GRADFUN,'(x'l;

for i=l:nargin - 6

gtype = 2;

evalstr2 = [evalstr2,',P',int2str(i)l;

end

evalstr2 = [evalstr2, ')'];

else

gtype = 3;
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cvalstr2=[GRADFUN,';'];

cnd

end

OLDX=XOUT;

OLDG=g;

OLDgf=zcros(nvars,1);

gf=zc:ros(nvars,1);

OLDAN=zc:ros(ncstr,nvars);

LAMBDA=zc:ros(ncstr,I);

sizcp = length(OPTIONS);

OPTIONS = foptions(OPTIONS);

iflcnvlb*Ienvlb>O

if any(VLB(l :lcnvub»VUB), error('Bounds InfeasibIe'), end

end

for i=I:lenvlb

iflcnvlb>O,ifXOUT(i)<VLB(i),xOUT(i)=VLB(i)+eps; end,end

end

OPTlONS(lS)=I;

ifOPTIONS(I»O

disp(")

•

disp('f·COUNT FUNCTION MAX(g}

end

HESS=eye(nvars,nvars);

ifsizep<I[OPTlONS(14)==O,OPTIONS(14)=nvars*IOO;end

OPTlONS(IO)=I;

OPTIONS(II)=I;

GNEW=leS*CHG;

%•••••--••••••••••••------••••••••Main Loop···_-···········_--_.-_····.

status:= 0;

while status -= 1

%·_-_············GRADIENTS--·············-

if-iength(GRADFUN) 1OPTIONS(9)

% Finite Difference gradients

POINT = NPOINT;

oldf= f;

STEP Procedures');
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01dg = g;

ncstr = length(g);

FLAG = 0; % For semiwinfinite

gg =zeros(nvars. nestr); % For scrni.infinitc

% Try ta make the finite differences cquai ta le-S.

CHG = -lc-S.I(GNEW+cps);

CHG = sign(CHG+eps).*min(max(abs(CHG),OPTIONS(16)),OPTIONS(I7));

OPT_STEP = 1;

for gcnt=l:nvars

ifgent == nvars, FLAG = -1; end

temp = XOUT(gcnt);

XOUT(gcnt)= temp + CHG(gcnt);

x(:)=XOUT;

ifetype == l,

(f, g(:)) = fevaI(FUN,x);

elseif etype == 2

[f, g(:)) = cval(evaIstr);

else

eval(evaIstr);

end

% Next line used for problems with varying number ofconstrainls

ifncstr-=Iength(g), diff=Iength(g); g=v2sort(oldg,g); end

gf(gcnt,l) = (f-oldf)/CHG(gcnt);

gg(gcnt,:) = (g - oldg)'/CHG(gcnt);

XOUT(gcnt) = temp;

end

% Gradient check

ifOPTIONS(9) == 1

gfFD = gf;

ggFD = gg;

x(:)=XOUT;

ifgtype == 1

[gf(:), gg] = feval(GRADFUN, x);

eiseifgtype == 2

[gf(:), gg} = eval(evaIstr2);
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else

eval(evalstr2);

end

disp('Funetion derivative')

graderr(gfFD, gf, evalstr2);

disp('Constraint derivative')

graderr(ggFD, gg, evalstr2);

OPTIONS(9) = 0;

end

FLAG = 1; % For semi-infinite

OPTIONS(lO) = OPTIONS(lO) + nvars;

f=oldf;

g=oldg;

•

•

else

% User-supplied gradients

ifgtype == 1

[g~:), gg] = feval(GRADFUN, x);

elseif gtype == 2

[g~:), gg) = eval(evalstr2);

else

eval(evalstr2);

end

end

AN=gg';

hOW=II;

%-------------SEARCH DIRECTION--------------

for i=1:OPTIONS(13)

sehg=AN(i,:)*gf;

ifsehg>O

AN(i,:)=-AN(i,:);

g(i)=-g(i);

end

end

ifOPTIONS(lI»l % Chcckforfirsteall

% For equElity eonstraints make gradient faee in

% opposite direction ta function !;Tadient.
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ifOPTIONS(7)-=S,

NEWLAMBDA=LAMBDA;

end

[ma,na] = size(AN);

GNEW=gf+AN'*NEWLAMBDA;

GOLD=OLDgf+OLDAN'*LAMBDA;

YL=GNEW-GOLD;

sdiff=XOUT-OLDX;

% Make sure Hcssian is positive dcfinite in update.

ifYL'*sdiff<OPTIONS(18)"2* le-3

while YL'*sdiff<- le-S

[YMAX,YlND]=min(YL.*sdifi};

YL(YlND)=YL(YlND)/2;

end

ifYL'*sdiff < (eps*nonn(HESS,'fro'));

how=' mod Hess(2)';

FACTOR=AN'*g - OLDAN'*OLDG;

FACTOR=FACTOR.*(sdiff.*FACTOR>O).*(YL.*sdiff<=cps);

WT=le-2;

if max(abs(FACTOR))==O; FACTOR= 1c-S*sign(sdi fi}; end

whilc YL'*sdiff< (eps*nnnn(HESS,'fro')) & WT < lIeps

YL=YL+WT*FACTOR;

WT=WT*2;

end

else

hOW=' med Hess';

end

% R=chol(HESS);

end

%----------Perfonn BFGS Update IfYL'S Is Positive--------

ifYL'*sdifl>eps

HESS=HESS+(YL*YL')/(YL'*sdifi}-(HESS*sdiff*sditr*HESS')/(sditr*HESS*sdilT);

% BFGS Update using Cholesky faetorization ofOiIl, Murray and Wright.

% In practice this was less robust than above method and slower.

• %

%

s2=R*S;y=R'\YL;

W=eye(nvars,nvars)-(s2"s2)\(s2*s2') + (y'*s2)\(y*y');
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• % HESS=R'*W*R;

cise

end

cise % First call

how=[how,' (no update)'];

•

•

OLDLAMBDA=(eps+gf*gO*ones(ncstr,I).I(sum(AN'.*AN')'+cps) ;

end % ifOPTIONS(1 1» 1

OPTIONS(I 1)=OPTIONS(I 1)+1;

LOLD=LAMBDA;

OLDAN=AN;

OLDgf=gf;

OLDG=g;

OLDF=f;

OLDX=XOUT;

XN=zcros(nvars,I);

if(OPTIONS(7»O&OPTlONS(7)<S)

% Minimax and allgoal problems have special Hessian:

HESS(nvars,1 :nvars)=zeros(l ,nvars);

HESS(l:nvars,nvars)=zcros(nvars,I);

HESS(nvars,nvars)=le-g*norm(HESS,'inf);

XN(nvars)=max(g); % Make a feasible solution for qp

end iflenvlb>O,

AN=[AN;.eye(lenvlb,nvars));

GT=[g;·XOUT(l:lenvlb)+VLB];

else

GT=g;

end

iflenvub>O

AN=[AN;eye(lenvub,nvars)];

GT=[GT;XOUT(l:lenvub)-VUB);

end

[SD,lambda,howqp)=qp(HESS,gf,AN,-GT, li, Il, XN,OPTIONS(13),-I);

lambda(1:OPTIONS(13)) = abs(lambda(I:OPTIONS(13)));

ga=[abs(g(1 :OPTIONS(13)));g(OPTlONS(13)+1:ncstr));

mg=max(ga);

ifOPTlONS(l»O
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ifhowqp(l) == '0'; howqp =' '; end

disp([sprintf('%S.Of%12.6g % 12.6g ',OPTIONS(IO),f,mg), sprintf('%12.3g

',OPTIONS(l8)),how,' ',howqp]);

end

LAMBDA=lambda(l:nestr);

OLDLAMBDA=max([LAMBDA';O.S*(LAMBDA+OLDLAMBDA)'])' ;

%------------·--LINESEARCH--------·-----------

MATX=XOUT;

MATL = f+sum(OLDLAMBDA.*(ga>O).*ga) + le-30;

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

ifOPTIONS(7)==O 1OPTlONS(?) == 5

% This ment function looks for improvement in cither the constraint

% or the objeetive function unless the sub-problem is infeasible in which

% case only a reduction in the maximum constraint is toleratcd.

% TIùs less "stringent" ment function has produccd raster convergence in

% a large number ofproblems.

ifmg> 0

MATL2 = mg;

elseiff>=O

MATL2 = -1/(f+I);

else

MATL2=0;

end

if-infeas & f < 0

MATL2=MATL2+f-l;

end

else

% Merit function used for MlNlMAX or ATTGOAL problems.

MATL2=mg+f;

end

ifmg < eps & f< bestf

bestf= f;

bestx = XOUT;

end

MERIT=MATL+ 1;

MERlU = MATL2 + 1;
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OPTIONS(IS)=2;

while (MERIT2 > MATL2) & (MERIT > MATL) & OPTIONS(l 0) < OPTlONS(14)

OPTIONS(lS)=OPTIONS(IS)/2;

ifOPTIONS(lS) < le-4,

OPTIONS(IS) = -OPTIONS(lS);

% SeIIÙ-infinite may have ehanging sampling interval

% sa avoid tao stringcnt check for improvement

ifOPTIONS(?) == 5,

OPTIONS(lS) = -OPTIONS(lS);

MATL2 = MATL2 + 10;

end

end

XOUT = MATX + OPTIONS(lS)*SD;

x(:)=XOUT;

if etype == 1,

If, g(:)) = feval(FUN,x);

elseif etype == 2

If, g(:)] = eval(evalstr);

cise

eval(evalstr);

end

OPTIONS(IO) = OPTIONS(IO) + 1;

ga=[abs(g(l :OPTIONS(13)));g(OPTIONS(13)+1:length(g)));

mg=max(ga);

MERIT = f+sum(OLDLAMBDA.*(ga>O).*ga);

ifOPTIONS(?)==O 1OPTIONS(?) == 5

ifmg> 0

MERIT2 = mg;

elseiff>=O

MERIT2 = -1/(f+I);

cise

MERIT2 = 0;

end

if-infeas & f< 0

MERIT2 = MERIT2 + f - 1;

end
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else

MERIT2=mg+f;

end

end

%------------Finished Line Search-------------

ifOPTIONS(7)-=5

mf=abs(OPTIONS(18»;

LAMBDA=mf*LAMBDA+(I-mt)*LOLD;

end

ifmax(abs(SD»<2*OPTIONS(2) & abs(gr*SD)<2*OPTIONS(3) & (mg<OPTIONS(4) 1(howqp(I)

== 'i' & mg > 0) )

ifOPTIONS(I»O

disp([sprintf('%5.0f% I2.6g % I2.6g ',0PTIONS(1O),f,mg),sprintf('% 12.3g

',OPTIONS(18»,how, ",howqp));

ifhowqp(l) -= 'i'

disp('Optimization Tenninated Succcssfully')

disp('Active Constraints:'),

find(LAMBDA>O)

end

end

if(howqp(I) == 'i' & mg > 0)

disp('Waming: No feasible solution found.')

end

status=I;

cIse

% NEED=[LAMBDA>OlIG>O

ifOPTIONS(I 0) >= OPTIONS(I4) IOPT_STOP

XOUT=MATX;

f=OLDF;

if-OPT_STOP

disp('Maximum number of iterations exceeded')

disp('increase OPTIONS(14)')

else

disp('Optimization tenninated prematurely by user)

end

status=I;
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• end
end end

% If a better unconstrained solution was found ear!ier, use il: if f> bestf

XOUT = bcstx;

f= bestf;

end

OPTIONS(S)=f;

x(:)=XOUT;

Fminu.M

%FMINU

%

%

%

%• %

%

%

%

%

%

%

%

%

%

•

function [x,OPTIONS) = fminu(FUN,x,OPTIONS,GRADFUN,PI,P2,P3,P4,P5,P6,P7,PS,P9,PIO)

Finds the minimum ofa function of several variables.

X=FMINU('FUN',xO) starts at the matrixXO and linds a minimum to the

function which is described in FUN (usually an M·file: FUN.M).

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

X=FMINU('FUN',xO,OPTIONS) allows a vector ofoptional parameters to

be delinecL OPTlONS(I) controls how much display output is given; set

to 1 for a tabular display ofresults, (default is no display: 0).

OPTlONS(2) is a measure of the precision required for the values of

X at the solution. OPTlONS(3) is a measure orthe precision

required of the objective function at the solution.

For more information type HELP FOPTIONS.

X=FMINUCFUN',xO,OPTIONS,'GRADFUN') enables a funetion'GRADFUN'

to be entered which returns the partial derivatives of the function,

df7dX, atthe point X: gf= GRADFUN(X).

The default algorithm is the BFGS Quasi.Newton method with a

% mixed quadratic and cubic !ine search procedure.

% Copyright (c) 1990 by the MathWorks, Inc.

% Andy Grace 7·9·90.

% Modilied by Qingsong Zhang, 1994

% ••••••••••••Initialization•••••••••••••••

XOUT=x(:);

nvars=length(XOUT);

evalstr = [FUN);
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if-any(FUN<48)

evalstr=(evalstr, '(x'];

fori=l:nargin - 4

evalstr = [evalstr,',P',int2str(i)];

end

evalstr = (evalstr, 'l'];

end

ifnargin < 3, OPTlONS=[); end

ifnargin < 4, GRADFUN=[); end

ifIength(GRADFUN)

evalstr2 = [GRADFUN];

if-any(GRADFUN<48)

evalstr2 = (evalstr2, '(x'];

fori=l:nargin - 4

evalstr2 = [evalstr2,',P',int2str(i»);

end

evalstr2 = (evalstr2, 'l'];

end

end

f= eval(evalstr);

n = length(XOUT);

GRAD=zeros(nvars,1);

OLDX=XOUT;

MATX=zeros(3,1);

MATL=[f;O;O);

OLDF=f;

FlRSTF=f;

(OLDX,OLDF,HESS,OPTIONS)=olltint(XOUT,f,OPTIONS);

CHG= le-7*abs(XOUT)+le-7*ones(nvars,I);

SD = zeros(nvars,I);

difr= zeros(nvars,I);

PCNT=O;

OPTlONS(IO)=2; % Iteration count (add 1 for last evaluation)

status =-1;

while status -= 1

% Work Out Gradients
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if-Iength(GRADFUN) IOPTIONS(9)

OLDF=f;

% Finite difTerence perturbation levels

% First check perturbation levcl is not less than seareh direction.

f= find(IO·abs(CHG»abs(SD»;

CHG(O = -O.I·SD(O;

% Ensure within user-defined limits

CHG = sign(CHG+eps).·min(max(abs(CHG),OPTIONS(16»,OPTIONS(17»;

for gcnt=l:nvars

XOUT(gcnt,I)=XOUT(gcnt)+CHG(gcnt);

xe:) = XOUT; f= eval(evalstr);

GRAD(gcnt)=(f-OLDF)/(CHG(gcnt»;

iff<OLDF

OLDF=f;

end

% Try to set difTerence to le-S for next iteration

% Add cps for machines that can't handle divide by zero.

CHG = le-S.I(GRAD + eps);

f=OLDF;

OPTIONS(10)=OPTIONS(10)+nvars;

% Gradient check

•
cIse

end

XOUT(gcnt)=XOUT(gcnt)..CHG(gcnt);

•

ifOPTlONS(9) == 1

GRADFD = GRAD;

x(:)=XOUT; GRAD(:) = eval(evalstr2);

graderr(GRADFD, GRAD, evalstr2);

OPTIONS(9) = 0;

end

cIse

OPTlONS(II)=OPTlONS(II)+1;

x(:)=XOUT; GRAD(:) = eval(evalstr2);

end

%~.-.--------...Initialization ofSeareh Direction----·-·...------

if status == -1

SD=-GRAD;
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FIRSTF=f;

OLDG=GRAD;

GDOLD=GRAD'*SD;

% For initial step~size guess assume the minimum is at zero.

OPTIONS(lS) = max(O.OOl, min([l,2*abs(f/GDOLD)]));

ifOPTIONS(l»O

disp([sprintf('%5.0f%I2.6g %12.6g

',OPTIONS(10),f,OPTIONS(lS)),sprintf('%12.3g ',GDOLD)]);

end

XOUT=XOUT+OPTIONS(lS)*SD;

status='!;

ifOPTIONS(?)==O; PCNT=l; end

cIse

%-------------Direction Update-----------------

gdnew=GRAD'*SD;

ifOPTIONS(I»O,

num=[sprintf('%5.0f% I2.6g % 12.6g

',OPTIONS(IO),f,OPTIONS(IS)),sprintf('%12.3g ',gdnew)];

end

if (gdnew>O & t>FIRSTF)I-finite(l) % Case 1: New function is bigger than last and

gradient w.r.t. SD ove

% ...interpolate.

how:='inter';

[stepsize)=cubiciI(f,FIRSTF,gdncw,GDOLD,OPTIONS(IS));

ifstepsize<Olisnan(stepsize), stepsize=OPTIONS(lS)/2; how='Clf'; end

ifOPTIONS(IS)<0.I&OPTIONS(6)==0

if stepsize*norm(SD)<eps

stepsize=exp(rand(l,1)-1)-0.1;

how='RANDOM STEPLENGTH';

status=O;

else

stepsize=stepsizei2;

end

end

OPTIONS(IS)=stepsize;

XOUT=OLDX;
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elseif f<FIRSTF

[newstep,fbest) =cubici3(f,FIRSTF,gdnew,GDOLD,OPTIONS(I8»;

sk=(XOUT-OLDX)'·(GRAD-OLDG);

ifsk>Ie-20

% Case 2: New function less than old fun. and OK for updating HESS

% .... update and calculate new direction.

hOW=I1;

ifgdnew<O

how=lincstep';

ifnewstep<OPTIONS(I8), newstep=2·0PTIONS(18)+le-S;

how=[how,' IF]; end

oPTIONS(18)=min([max([2,1.s·0PTIONS(18»)),1+sk+abs(gdnew)+max([O,OPTIONS(18)-1)),

(1.2+0.3·(-OPTIONS(7»)·abs(newstep»));

else % gdnew>O

ifOPTIONS(18»O.9

how='int_st';

OPTIONS(18)=min([1,abs(newstep»));

end

end %ifgdnew

[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;

% Ifmixed interpolation set PCNT

ifOPTIONS(7)==O, PCNT=l; MATX=zeros(3,l);

MATL(l)=f; end

elseif gdnew>O %sk<=O

% Case 3: No good for updating HESSlAN .. interpolate or halve step length.

how='inter_st';

ifOPTIONS(18»O.Ol

OPTIONS(18)=O.9·newstep;

XOUT=OLDX;
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end

ifOPTIONS(lS»I, OPTIONS(IS)=!; end

cise

% Increase step, replace starting point

OPTIONS(IS)=max([min(lnewstep·OPTIONS(IS),3]),0.S*OPTIONS(lS)D;

how=lincst21
;

OLDX=XOUT;

FIRSTF=f;

OLDG=GRAD;

GDOLD=GRAD'*SD;

OLDX=XOUT;

end % ifsk>

% Case 4: New function bigger than old but gradient in on

% ...reduce step Iength.

else %gdnew<O & F>FIRSTF

if gdnew<O&f>FIRSTF

hOW=lred_step';

if norm(GRAD·OLDG)<1e-lO; HESS=cyc(nvars);

end

if abs(OPTIONS(lS»<cps

SD=norm(nvars,1)*(rand(nvars,1).0.5)

OPTIONS(1S)=abs(rand(1 ,1)-0.5)* le-6;

how='RANDOM SD';

else

OPTIONS(IS)=·OPTIONS(lS)/2;

end

XOUT=OLDX;

end %gdnew>O

end % if (gdnew>O & F>FIRSTF)I-finite(F)

XOUT=XOUT+OPTIONS(lS)*SD;

ifOPTIONS(I»0, disp([num,howD,end

end %··········End ofDirection Update···················

% Check Tencination

ifmax(abs(SD»<2*OPTIONS(2) & (·GRAD'*SD) < 2*OPTIONS(3)

ifOPTIONS(l) > 0

disp('Optimization Terminaled Successfully')
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disp('Gradient less than options(2)')

disp([' NO OF ITERATIONS;', int2str(OPTIONS(IO))]);

end

status=l;

elseifOPTIONS(10»0l'TIONS(14)

ifOPTIONS(l»;O

disp('Waming: Maximum number of iterations has been exeeeded');

disp(' - inercase options(14) for morc iterations.')

end

status=l;

•

•

else

% Line search using mixed polynomial interpolation and extrapolation.

ifl'CNT-;O

while PCNT > 0

x(:); XOUT; f; eval(evalstr); OPTIONS(IO);OPTIONS(IO)+l;

[PCNT,W.ATL,MATX,steplen,f,

how];searchq(I'CNT,f,OLDX,MATL,MATX,SD,GDOLD,OPTIONS(IS), how);

OPTIONS(IS);steplen;

XOUT;OLDX+steplen*SD;

end

else

x(:);XOUT; f; eval(evalstr); OPTIONS(lO);OPTIONS(lO)+1;

end

end

end

x(:);XOUT;

f; eval(evaIstr);

iff> FIRSTF

OPTIONS(S) ; FIRSTF;

x(:);OLDX;

clse

OPTIONS(S) ; f;

end




