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ABSTRACT 

It is well known that superficial oxidation of pyrite produces a hydrophobic sulfur-rich 

I 
surface and creates problems in separating the mineral fi-om coal using surface-based processes 

such as flotation and agglomeration. Numerous studies of pyrite oxidation have been conducted 

but most of them were concerned with the advanced stages of oxidation, and as a result it was not 

possible to establish a relationship between oxidation and flotation behavior. A better 

understanding of the mechanisms and kinetics of the incipient oxidation reactions, which may vary 

with the origin, morphology, texture, and solid state properties of pyrite, can lead to the 

development of new processes that can improve pyrite rejection fi-om coal. 

This project is aimed at better understanding of the mechanisms involved during the initial 

stages of pyrite oxidation to foster the development of advanced coal cleaning technologies. 

Studies were conducted by fi-acturing pyrite electrodes in-siiu in an electrochemical cell to create 

virgin surfaces. Electrochemical and photoelectrochemical techniques were employed to 

characterize the incipient oxidation of pyrite in aqueous solutions. Microflotation tests were 

conducted to obtain information on the hydrophobicity of pyrite under controlled Eh and pH 

conditions, and the results were correlated with electrochemical studies. 

Chronoamperometry studies were conducted on fieshly-fiactured pyrite electrodes under 

different potentials. The results were used to identify stable potentials at which pyrite is neither 

oxidized nor reduced. The stable potentials are -0.28 V (SHE) at pH 9.2 and 0 V at pH 4.6. 

Cyclic voltammograms of freshly-fractured electrodes of pyrite showed that the most likely 
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oxidation product during the early stages of oxidation is polysulfide or metal-deficient sulfide, 

which is hydrophobic and renders the mineral floatable. Microflotation tests showed that pyrite 

becomes floatable at potentials above the stable potentials. 

The photocurrent generated at fractured pyrite surfaces by chopped illumination was used 

to determine the semiconducting characteristics of the electrodes. The results indicated that a 

spontaneous depletion layer is formed on the fiesh surfaces of n-type pyrite. The depletion layer 

is attributed to an intrinsic, acceptor-lie surface state. Charge storage in this surface state pins 

the band edges over a wide range of potentials, accounting for the metal-like electrochemical 

behavior. The existence of an intrinsic surface state is consistent with XPS studies on pyrite 

surfaces prepared in vacuum, which revealed an FeS-like species in the surface region. 

Electrochemical impedance spectroscopic studies conducted with freshly-fractured 

electrodes establish that the reactions on pyrite surface are under df is ion control at low 

frequencies and these reactions are under charge transfer control at high frequencies. Highly 

oxidized, abraded pyrite surface possesses a high-resistance, sulfur-rich layer which can be 

removed by aggressive oxidation. The charge transfer resistance of pyrite electrode decreases 

significantly only when the mineral is aggressively oxidized or reduced. It has also been shown 

that the impedance spectra of freshly-fractured pyrite is sensitive to moderate oxidation, whereas 

that of polished electrodes is nearly insensitive to subsequent oxidation. . 
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INTRODUCTION 

The 1990 Clean Air Act Amendments place new and more stringent standards on sulfur 

dioxide emissions fiom coal combustion plants. These standards mandate that in 10 years electric 

utilities reduce SO2 emissions fkom 17.5 MM tondyear to 8.9 MM tondyear. This is to be 

accomplished in two phases, with Phase I requiring 111 plants to reduce their emissions to 2.5 Ib 

S O W  Btu by 1995, and Phase 11 requiring almost all plants to reduce the emission level to 1.2 

Ib S O W  Btu by the year 2000. 

There are several options for electric power plants to reduce their SO2 emissions in order 

to meet new standards. The two most popular are the installation and increased use of wet 

scrubbers and switching to low sulfbr coals. Both options are certain to be employed; however, 

the high costs of scrubbers may make coal switching the more attractive option. This will 

undoubtedly increase the fbture demand for low-sulfur coals. The anticipated increase in the 

demand for low-sulfbr coals has already provided the incentive for companies in the central 

Appalachian region to increase the production of compliance coals by building new preparation 

plants or renovating old plants. 

Advanced coal cleaning technologies based on physical separation of pyrite fkom coal 

offers one of the more practical solutions to reducing the sulfur content of coals. Flotation, in 

particular, is attractive for reducing the sulfur in coal prior to combustion because it is relatively 

inexpensive compared to chemical and microbial processes, has been in use in nearly all segments 

~~ 
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of the minerals industry, and has little or no adverse environmental impact. Despite considerable 

research in the past 15 years, however, it is still dficult to remove more than about 50% of the 

pyrite from coal. This poor pyrite rejection efficiency is a far cry fiom the 80 to 95% rejections 

achieved in most mineral flotation plants. There are two major reasons for the poor su&r 

rejection during coal flotation: 

1) superficial oxihtion of pyrite as an inadvertent corrosion or weathering process that 

occurs during mining, crushing, transportation, storage, and processing of coal, and 

2) incomplete liberation of pyrite fiom coal such that a large fraction of the pyrite 

remains associated, or locked, with the coal as middlings. 

Superjficial oxihtion of pyrite leads to its self-induced flotation, a phenomenon that has 

only recently been recognized as significant in sulfide flotation peyes and Trahar, 1977; Luttrell 

and Yoon, 19841. Sulfide minerals are neither strongly hydrophilic nor strongly hydrophobic and 

minor changes in their surface properties can significantly S e c t  their flotation behavior 

@?inkelstein et al., 19751. Superficial oxidation produces a sulfur-rich surface with the excess 

s u k r  in the form of elemental sulfur or polysulfides, depending on the pH. 

oxidation products are naturally hydrophobic and, therefore, render sulfide minerals hydrophobic. 

These sufir  - 

Incomplete Ziberation of pyrite from coal creates coal-pyrite composites that behave like 

coal during flotation. Because of the strong hydrophobicity of coal, even tiny inclusions in pyrite 

can render the composite particles floatable. Obviously, the hydrophobicity of the middlings may 
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be firther exacerbated by superficial oxidation of the pyrite such that the entire surface of the 

composite particle becomes hydrophobic. 

The present study is directed at obtaining a better’understanding of pyrite oxidation and 

This was accomplished by using a developing methods of inhibiting pyrite oxidation. 

photoelectrochemical technique to study incipient oxidation of freshly-fractured pyrite. This 

technique was developed at the Center for Coal and Minerals Processing (CCMP) at Virginia 

Tech and uses chopped illumination to induce transient photovoltages or photocurrents. The 

photoresponse is a sensitive measure of both the oxidation state and the semiconducting 

properties of pyrite. The oxidation and reduction behavior of freshly-fractured pyrite surfaces 

was characterized by obtaining chronoamperometry curves immediately after fracture and 

subsequent voltammmetry. Impedance spectroscopy measurements were performed on fractured 

and polished electrodes to firther characterize the oxidation reaction processes and the 

consequent products. The effects of superficial oxidation on self.-induced flotation were 

investigated by conducting flotation tests under controlled electrochemical conditions. Finally, 

oxidation inhibition studies were carried out to establish the effectiveness of metal corrosion 

inhibitors for retarding superficial oxidation of pyrite. 
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OBJECTIVES 

The objectives of this project were to improve the rejection of pyrite in coal cleaning 

plants by 1) determining how the source of coal-pyrite and, hence, its differing solid-state . 

properties influences its initial oxidation, 2) determining the hydrophilichydrophobic nature of 

freshly-fractured pyrite and quantifjling the degree of oxidation required to cause self-induced 

flotation, and 3) examine the effectiveness of organic and inorganic corrosion inhibitors in 

minimizing the oxidation of pyrite and preventing its self-induced flotation. 

EXPERIMENTAL 

Mineral Samples 

Pyrite samples fiom Peru, Russia, Illinois, Mexico, Turkey and Taiwan were obtained fiom 

Wards Scientific Company. Chunks of Illinois No. 6, Pittsburgh No. 8, and Chinese coal-pyrite were 

obtained fiom run-of-mine coal samples. Rectangular electrodes of each of the pyrites were prepared 

usiig a slow-speed diamond saw. Samples of each of these pyrites were mounted as electrodes for in 

situ fracture in nitrogen-sparged buffer solutions. 

Photoelectrochemistry of Freshly-Fractured Electrodes 

Figure 1 shows a conventional three-compartment electrochemical cell with the compartments 

containing the pyrite working electrode, reference electrode, and platinum counter electrode. The cell 

was used to study photoelectrochemistry of fieshly-fiactured pyrite electrodes. It contains a quartz 

~~~~~~~ ~ ~ 
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5205 Lock In 
Amplifier 

window for illumination. The photocurrent was induced by illumination of the sample with white light 

fiom a 100-watt tungsten-halogen lamp. The light was chopped at 40 to 90 Hertz with a laboratory- 

built chopper. The photocurrents were amplified by a PAR 273 potentiostat and the root mean square 

of the in-phase component measured with a PAR 5208 phase sensitive detector. The transient 

response of the electrodes can also be analyzed by displaying them on a Tektronix 7613 oscilloscope. 

Reference Sicnnl 

Reference 

1 Recorder 

I 

PAR 273 
Potentiostat 

'1 

Electrode 
7 

0-- - - -  I I \ -- 
I \ Countcr 

I I Computer Elcctrode Optical 
Window 

Figure 1. Schematic illustration of experimental set-up for photocurrent 
measurements and electrochemical studies. 
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The samples were cut with a slow-speed diamond saw to dimensions of approximately 2 x 4 ~  10 

mm. An electrical lead was attached to one 2x4 mm face uSig conducting silver epoxy or indium 

solder. The electrode was then attached to a 7 mm glass tube with a non-reactive epoxy (Torr Seal 

fiom Varian Industries). When attaching the electrode to the glass tube, approximately one half 

of the sample was encapsulated with epoxy, the other half projected out of the epoxy, with a (100) 

hcture surface outlined with the epoxy. After insertion in the cell, a sharp tap on glass rod resting on 

the projecting portion of the sample was sufficient to fracture the electrode. Usually the kcture 

occured flush with, or just beneath the epoxy, so that the entire electrode sucface exposed to the 

electrolyte after fiacture represented the unox idd  surfkce. Potentials were measured against a 

saturated calomel reference electrode ( S C E )  in all electrochemical experiments and converted to the 

standard hydrogen electrode (SHE) scale by adding 0.245 V. 

Electrochemical Impedance Spectroscopy 

Figure 2 illustrates the instrumentation used for conducting electrochemical impedance 

spectroscopy [Jones, 19921. A finction generator was used to apply a wide range of sinusoidal 

potential frequencies to a fast-acting potentiostat, which in turn applied the signal to the working 

electrode. The electrode response was fed back to a digital function analyzer that digitally 

displayed the impedance response and phase angle at each frequency. Data storage, manipulation, 

and display were conducted sepqately through a dedicated microcomputer. 
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Digital transfer 
Potenbostat 

I l l  
I 1 

X-Y 
racorcsr 

I I ’  

AUX WE REF 

Cell 

Figure 2. Schematic instrumentation .for conducting electrochemical 
impedance spectroscopy. 

The impedance, Z(o), is defined as follows: 

Z(o) = V(t) / I(t), 

where o is the angular frequency, t time, V the potential signal, and I is the current response. The 

impedance may be expressed in terms of real, Z’(o), and imaginary, Z”(o), components. The 

impedance behavior of the working electrode can thus be described in Nyquist plots of T(o)  as a 

finction of Zy(o) or in Bode plots of log 121 and log 8 versus log o where 8 is the phase angle. 

Electrochemical impedance spectroscopy can determine findamental parameters relating to 

kinetics of electrochemical reactions, e.g., solution resistance and faradaic reaction resistance. 

Microflotation Tests 

Flotation tests of pyrite were carried out in an electrochemical-microflotation cell that has been 

described by Walker et ai. [1984]. The mineral bed used as the working electrode consisted of a 1.0 g 
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sample of -65+100 mesh particles. The potential of the mineral bed was controlled with a PAR 273 

potentiostat. The effect of galvanic coupling on the floatability of pyrite was studied in a modified 

Partridge and Smith-type microflotation cell partridge and Smith, 19711. The galvanic contact 

between pyrite and sacrificial anodes was accomplished by mixing the pyrite sample with metal 

powders in the flotation cell. Metal powders were cleaned in dilute HCI solution (0.05 M) for 5 

minutes prior to their use for flotation experiments. Pyrite samples were fieshly ground and 

conditioned with emulsified kerosene and MlBC for 2 minutes. Buffer solutions were used in all the 

tests and nitrogen as the purging and flotation carrier gas. 

Potentiodynamic Polarization 

Potentiodynamic polarization curves .of pyrite were obtained by recording the current 

while sweeping the potential at very low sweep rates, usually 0.2-0.3 mV/s. The potential sweep 

began at potentials slightly more negative than the rest potential for anodic polarization and 

slightly more positive for cathodic polarization. Polarization curves were used to evaluate the 

effects of corrosion inhibitors on the oxidation behavior of pyrite. 

RESULTS AND DISCUSSION 

Chronoamperometry on Freshly-Fractured Surfaces 

Figures 3 and 4 show typical chronoamperometry curves, i.e., the current as a function of 

time, after fiacturing mineral pyrite electrodes in pH 4.6 and pH 9.2 buffer solutions. Before 
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discussing these curves, it is worthwhile pointing out the similarity between chronoamperometry 

on a fractured surface to the better-known technique of controlled potential step 

chronoamperometry for studying electroactive species in solution. In the latter, the potential is 

stepped from an electrochemically-inactive region to a value where an electroactive species is 

rapidly reduced or oxidized. This requires, initially, a large current to reduce or oxidize those 

species within the reaction layer at the surface. Charging of the double layer and redox processes 

involving any adsorbed species are also fast processes pa rd  and Faulkner, 19801 that contribute 

to the initial current. The current then decays as a concentration gradient develops that controls 

the d a s i o n  of the electroactive species to the surface. The present experiments 

300 7 
200 - 

- 100 - 
4 
5 - 0 -  

2 
u \ 

CI - L 

u 
L 
k 
u’ -100 - 

-200 - 

pH 4.6 

- 
0 

I 50 - 
, .  

Pigure 3. Chronoamperometry curves obtained on fresh surfaces of mineral- 
pyrite prepared by in-siiu fracture at pH 4.6. Electrodes were 
potentiostated at the potentials indicated on each curve. 
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Figure 4. 

150 

100 

-50 

pH 9.2 

6 
Tlmc (sec) 

-100 I 
. I % . . .  

Ghronoamperometry curves obtained on fresh surfaces of mineral- 
pyrite prepared'by in-situ fiacture at pH 9.2. Electrodes were 
potentiostated at the potentials indicated on each curve. . 

differ from the conventional controlled potential step method in several aspects. First, the 

electroactive species is the pyrite electrode itself. Second, the potential step experienced at 

fracture represents the difference between the applied potential and the potential a newly-created 

surface assumes at the instant of fiacture. Third, fiacture momentarily destroys the pre-existing 

double layer, and a double layer must be formed on the new surface. Based on these 

comparisons, it is believed that the initial spike observed on the current-time curves at the moment 

of fracture represents a Combination of double-layer charging and faradaic oxidation (or 

reduction) of the fiesh pyrite surfaces. Double-layer charging is fast compared to the time scales 
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of Figures 3 and 4, and thus the decay in the current after the initial spike is believed to represent 

primarily faradaic reactions involving pyrite. 

Each of the electrodes was potentiostated at the values indicated on the curves for 10 to 

30 minutes before fiacture to allow residual currents to decay to constant, steady-state values. At 

the more negative potentials, -0.2, -0.1 and 0 V in Figure 3, and -0.55 and -0.35 in Figure 4, there 

was a small and constant residual current arising from the reduction of trace oxygen in the cell. 

At the most positive potential, 0.2 V in Figure 3 and 0.45 V in Figure 4, there was a residual 

current due to oxidation of pyrite. Producing a new surface by fiacture resulted in an 80-90% 

decrease in the area exposed to the electrolyte, relative to the area before fiacture. The decrease 

in area caused a corresponding decrease in the long-term, steady current after fiacture. The area 

effect is clearly shown by curves obtained during fi-acture at -0.1 and -0.2 V (Figure 3). 

The most signifcant features of the current-time curves in Figures 3 and 4 are the 

dependence of both the sign and magnitude of the current on potential and the apparent existence 
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Figure 5. Open-circuit potential vs. time for a iieshly-fractured pyrite 
electrode. Inset is the anodic current passed when fracturing a 
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of a unique potential where new surfaces of pyrite do not react, i.e., the potential where there is 

no current flow at fiacture. This occurs at 0 V at pH 4.6 (Figure 3) and -0.28 V at pH 9.2 

(Figure 4). It has also been found that fiesh pyrite surfaces produced by fiacture on open-circuit, 

i.e., without potentiostating the electrodes, assume an instantaneous potential several hundred 

millivolts more negative than the rest potential. The potential then increases more slowly back to 

the usual rest potential. This finding is shown in Figure 5. It can be reasoned that a fieshly- 

created pyrite surface should instantaneously assume a potential that is within the thermodynamic 

stability domain of pyrite, with the actual value being dependent on soluble ion concentrations at 

the surface. If this instantaneous fiacture potential is known for a given solution, and the 

electrodes are held at this potential during fiacture, a fieshly-created surface should have no 

tendency to react. This is consistent with the results shown in Figures 3 and 4. Surfaces created 

at approximately 0 V at pH 4.6 and at -0.28 V at pH 9.2 appear to be stable, i.e., faradaic 

reactions on these surfaces appear to be negligible as long as the potentials are maintained at these 

unique fiacture potentials. Therefore, the fiacture potentials where no significant current flows 

may be referred to as “stable” potentials. It should be noted that the instantaneous potential at 

fiacture is several hundred millivolts more negative than the steady-state rest potentials. Before 

fiacture the rest potentials were typically -0.3 V at pH 9.2 and -0.6 V at pH 4.6. 

Figure 6 shows an Eh-pH diagram for pyrite where the stable potentials obtained from 

Figures 3 and 4 are plotted. These points clearly lie within the thermodynamic stability domain of 

pyrite. The chronoamperometry technique developed in the present work is sigdicant 
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because it specifies not only a method of obtaining an unreacted pyrite surface, but also a way of 

maintaining an unreacted surface, Le., fracture pyrite while holding its potential in the region 

where pyrite is thermodynamically stable. This procedure overcomes one of the usual dficulties 

of interpreting electrochemical measurements on sulfide electrodes due to the presence of 

oxidized products arising fiom the preparation of the electrodes, e.g., products introduced by 

polishing. For pyrite, pre-oxidation leads to voltammograms that appear to be dominated by 

Feo/J?e2' and Fe2'/r;e3' redox couples. The presence of these species makes it diflicult to 

determine when pyrite itself begins to oxidize to form incipient oxidation products. The 

identification of the sulfur oxidation products, e.g., polysulfides, metal-deficient sulfide, or 

elemental sulfur, is of particular interest in flotation and the reactions leading to these products 

may be masked by iron-containing species. 

The results shown in Figures 3 and 4 are typical of the many pyrite electrodes fiom 

Huanzala, Peru, and Sichuan, China that were studied. Both of these pyrites appear to have the 

same stable potentials at pH 9.2 and 4.6; however, the stable potential of pyrite may be slightly 

different, depending on the sample source. Figure 7 shows chronoamperometry curves obtained 

for pyrite specimens fiom other sources. The electrodes used in these experiments were fieshly- 

fiactured at 0.0 V in the pH 4.6 buffer solution. The zero current change observed in the top curve 

(Peruvian pyrite) during fracture confkms that its stable potential is at 0.0 V. Interestingly, there is a 

finite current at ftacture on each of the other electrodes. The pyrite samples ftom Russia, Illinois, 

Mexico and Turkey exhibit a small oxidizing current immediately after hcture, indicating that the 
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Chronoamperometry curves for fi-eshly-fi-actured &ces of pyrite 
fi-om different sources labeled on curves. 

stable potential for pyrite fi-om these sources is slightly less than 0.0 V at pH 4.6. The pyrite fiom 

Taiwan shows a large reduction current at fi-acture indicating that this electrode has a stable potential 

more positive than 0.0 V. 

The results shown in Figure 7 are interesting and significant because they provide clear 

evidence that the reactivity of pyrite depends on the source of the pyrite. The dependence of the 

reactivity of pyrite on its source can be understood if it is assumed that the electrochemical potential of 
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the electrons (and holes) in pyrite differs for samples fiom different sources, and that the instantaneous 

(stable) potential that pyrite assumes at fiacture represents the difference between the electrochemical 

potential of electrons in pyrite and in solution. The electrochemical potential of electrons in semi- 

conducting electrodes such as pyrite is known to be determined primarily by 1) its exact stoichiometry, 

which can vary slightly fiom a 1:2 iron-to-sulfur ratio and 2) impurities that may be incorporated in the 

lattice of pyrite either substitutionally or interstitially. Vawncies created by variations &om the 

stoichiometric composition and impurities may act as donors that contribute electrons, increasing the n- 

type conductivity of pyrite, or as acceptors that increase its p-type conductivity. One would generally 

expect that excess iron in pyrite would increase its electron concentration, thereby increasing the 

electrochemical potential of electrons (i.e., moving the Fermi level of electrons towards the conduction 

band). Similarly, excess sulfur would be expected to increase the fiee hole concentration and decrease 

the f i e  electron concentration, thereby lowering the electrochemical potential of electrons. The results 

shown in Figure 7 suggest that the pyrite samples fiom Russia, Illinois, Mexico and Turkey are more n- 

type than the samples fiom Peru, while the sample fiom Taiwan is more p-type. 

It is also important to note that if the instantaneous potential that pyrite assumes at hcture 

represents the difference in electrochemical potential between electrons in pyrite and electrons in the 

solution phase, this potential is a true thermodynamic potential. This can be contrasted with the 

steady-state mixed potential that is most often measured for sulfide electrodes. The mixed potential is 

determined solely by the relative hetics of the oxidation of pyrite and the reduction of oxygen, with 

the reaction that has the smallest exchange current determining the potential. 
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Cyclic Voltammetry on Freshly-Fractured Surfaces 

The ability to fkacture pyrite in situ and maintain a fiesh surface at the stable potential provides 

a method to study the initial oxidation and reduction of pyrite using cyclic voltammetry. Figure 8 

shows the &st three voltammetry curves obtained on the fkesh surfixe of Chinese coal-pyrite generated 

by fkacture at -0.28 V, i.e., at the stable potential. The potential sweep started in the anodic-going 

direction fi-om -0.28 V and reversed at 0.25 V on the &-st cycle. The lower potential 
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Voltammograms for an in-situ fractured coal-pyrite electrode at pH 
9.2. The first sweep commenced at the hcture potential of -0.28 V in 
the positive going direction. 
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limit was set at -0.55 V to avoid possible complications that may arise fiom the aggressive reduction of 

pyrite which will be shown later to occur near -0.7 V. On the second potential sweep, the upper 

potential limit was increased to 0.55 V to observe the effect of aggressive oxidation of pyrite on the 

subsequent sweep. 

The most important feature of the voltammograms in Figure 8 is the presence of an oxidation 

process that commences at about -0.20 V on the 6rst sweep and produces an anodic peak at about 0 

V. This peak has been attributed to the oxidation ofFe(OH).L to F e ( 0 q  wchell and Woods, 1978; 

Chander and Briceno, 1987; Ahlberg et al., 1990; Zhu et al., 19911, presupposing that a layer of 

Fe(O@ has been formed on the surface by pyrite oxidation. However, this conclusion is not in 

agreement with other studies. For example, Hamilton and Woods [198l] generated fiesh surfaces of 

pyrite by polishing electrodes under a nitrogen atmosphere. Their voltammogram at pH 9.2 showed an 

anodic peak at approximately 0 V on sweeps commencing at potentials that do not allow the 

production of ferrous hydroxide. This indicated that the peak at 0 V is not neceSSarily associated with 

the oxidation of Fe(OH).L. Mitchell and Woods [1978] analyzed oxidation layers on three pyrite 

surfaces with different roughness by means of X-ray emission spectroscopy and voltammetry. Analysis 

of their data indicates that the quantity of oxide on these pyrite surfkces calculated fiom the charges 

integrated on voltammetry curves are 32%, 18%, and 38% larger than that determined fiom X-ray 

emission measurements for the roughest to the smoothest surfice, respectively. This also suggests that 

the anodic oxidation involves species other than iron hydroxide. 
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Persuasive evidence that pyrite is oxidized at 0 V is provided by the voltammogram obtained 

on the fieshly-fiactured electrodes. Since Figure 8 was obtained on pyrite that was fiactured at -0.28 

V, where it did not undergo oxidation or reduction, the sudace should be fiee of elemental iron or 

ferrous hydroxide. Therefore, the anodic peak at 0 V could only arise fiom the oxidation of pyrite 

itself. 

Further evidence for the oxidation of pyrite occurring near 0 V is provided in Figure 9 which 

shows the first two voltammograms after fiacture at -0.45 V. When the pyrite electrode was fiactured 

at -0.45 V, a significant cathodic current was observed, as shown by the inset in Figure 9. Based on 

the geometric surfixe area of the electrode, this current gave rise to a charge density of 106 mC/cm2 

during the first two minutes after fiacture, which corresponded to a reduction reaction involvjng less 

than a monolayer of pyrite wchardson and Yoon, 19931. The potential sweep started in the anodic- 

going direction to oxidize’reduction products formed following hcture. An anodic current begins at - 
0.25 V and reaches a peak at about 0 V. The charge densityy integrated fiom -0.25 V to 0.25 V on the 

voltammogram, is 241 mC/cm2; considerably larger than 106 rnC/cm2 observed when the electrode 

was fiactured and held at -0.45 V. The larger charge density indicates that the oxidation of pyrite itself 

contributes to the anodic current in this range. 

The above results strongly suggest that fiesh surfaces of pyrite oxidize at a much lower 

potential than reported in literature wchell and Woods, 1978; Chander and Briceno, 1987; Ahlberg et 

al., 1990; Zhu et al., 19911, in agreement with the collectorless flotation of pyrite which has been 

shown to occur at potentials slightly above -0.1 V at pH 9.2 poon  et al., 19911. The agreement 
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between the flotation edge of pyrite and the initial oxidation would be expected ifthe initial oxidation 

reactions produce excess sulfur at the surface by one or more of the following reactions -ton and 

Woods, 1981; Buckley and Woods, 1987; Rao and Finch, 1987; Yoon et al., 19911: 

i 
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FeS, +30H-=2So +Fe(OH), +3e-, (2) 

(3) nFeS, +3(n- 2)OH- =2FeSn +(n- 2)Fe(OH), +3(n- 2)'-, 

and/or 

(4) FeS, + 3xOH- = Fe,-,S2 +xFe(OH), + 3x'-. 

Elemental sulfur (S"), polysulfides Pes,) and metal-deficient sulfide @el-&) are usually referred to as 

So-like or sulfur-rich species -ton and Woods, 1981; Buckley and Woods, 1987; Yoon et al., 

19911 and are believed to enhance the natural hydrophobicity of pyrite and render the mineral floatable 

puckley and Woods, 1987; Yoon et al., 19911. 
J 

The formation of elemental sulfUr was fist suggested by Peters and Majima [1968] for pyrite 

oxidation in acid perchlorate solutions. Rao and Finch [1987] suggested reaction (2) fiom 

measurements ofthe rest potential of pyrite. Hamilton and Woods [1981], f?om voltammetric studies, 

concluded that elemental sulfur forms a monolayer in alkaline solutions and multilayers in acidic 

solutions. 

From XPS studies, Buckley and Woods [1987] established that moderate oxidation of pyrite 

releases iron preferentially fiom normal lattice sites, creating a metal-deficient surfbce @el,S2). 

However, XPS and Laser Raman spectroscopic studies conducted by Yoon et al. [1991], Zhu et al. 

[1992], and Microft et al. [1990] indicated that polysulfides @e&) are the more likely oxidation 

products. Recently, Donato et al. [1993] found that polysulfides may co-exist with elemental sulfur in 

two-dimensional phases. Since the equilibrium potential for reaction (2) is 0.09 V at pH 9.2, i.e., 
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signifhntly above -0.28 V where oxidation of pyrite commences, it can be concluded that incipient 

oxidation of pyrite produces a polysulfide or a metal-deficient sulfide, rather than elemental sulfur. The 

&-pH stability diagram suggests that FeS6 is the most likely polysulfide to be produced in the oxidation 

of pyrite ponato et al., 19931. 

It is interesting to note that the first anodic peak present on the second and third 

voltammograms in Figure 8 is different fiom that on the first voltammogram. The peak on the second 

and third sweeps is larger and occurs at -0.1 V instead of 0 V. Since pyrite is already oxidized at the 

beginning of the second and third sweeps, the peak at -0.1 V is believed to result fiom the oxidation of 

ferrous to ferric hydroxide wchell and Woods, 1978; Chander and Briceno, 1987; Ahlberg, 1990; 

Zhu et al., 19921, 

Fe(OH), + OH- = Fe(OH), + e- (E=0.271-0.059pH). 

The anodic peak at 0 V is not distinct on the second and third voltammograms. This may indicate that 

reaction (5) predominates over reaction (3) or (4). Therefore, it is not surprisiig that the oxidation of 

pyrite itself could not be observed in previously reported studies in which thick layers of iron hydroxide 

were produced on the surface of pyrite due to the use of multiple potential sweeps and/or when using 

polished electrodes. 

The cathodic peak at -0.25 V on the first potential sweep in Figure 8 arises fiom the reduction 

of oxidation products formed during the prior anodic sweep. One of the possible reduction processes 

can be represented by the reverse of reaction (5). In addition, if excess s u b  is present on the surface 

in the form of polysulfides or metal-deficient sulfides, it may also be reduced to FeS-like species, 
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(n-l)Fe(OH), + FeS, + 3(n-l)e- = nFeS + 3(n-1)0H- . 

Hamilton and Woods [1981] suggested a similar reaction in which So, rather than FeS, is considered to 

be available to react. The peak height observed at -0.25 V on the second and third voltammograms is 

larger than that on the fist. The difference can be attributed to the production of more ferric hydroxide 

at higher potentials during the second and third sweeps. 

Figure 10. Voltammograms on Chinese coal-pyrite fieshly-fiactured at 0.25 V at 
.pH 9.2. The inset is the chronoamperometry curve d e r  hcture. 
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Figure 10 shows the first voltammetry curve obtained on the fiesh &ce of pyrite that was 

fiactured at 0.25 V. The inset illustrates the current passed as a fbnction of time after fhcture. The 

charge generated during the first two minutes is approximately 550 mC/cm2. M e r  holding the 

electrode at 0.25 V for approximately four minutes after fbcture, voltammograms were obtained, with 

the potential sweep starting in the negative direction to reduce the oxidation products formed at 0.25 

V. A reduction process begins at about -0.05 V and a cathodic peak occurs at about -0.25 V. "he 

integrated charge between -0.05 and -0.55 V is about 510 mC/cm2. This reduction current c o b  

that the solid oxidation products formed on pyrite during oxidation at 0.25 V can be reduced at -0.05 

V. Since approximately the same charge was consumed at fiacture as on the subsequent negative 

going potential scan, reduction of both the sulfur oxidation products (polysulfide or metal-deficient 

sulfide) and ferric to ferrous hydroxide. This supports the previous suggestion that FeS-like species 

may also be formed by reduction reactions in this region. 

Similar voltammetry studies were performed on mineral- and Pittsburgh No. 8 coal-pyrite. 

Mineral-pyrite fiom Peru possessed electrochemical characteristics close to those observed with 

Chinese coal-pyrite. For example, it exhibited a stable potential near -0.28 V at pH 9.2 and an anodic 

peak at 0 V on the fist voltammogram after fhcture at -0.28 V. Pittsburgh No. 8 coal-pyrite, 

however, demonstrated significant differences fiom the other two pyrite samples. The stable potential 

of its freshly-fractured mfhce was about -0.15 V, rather than -0.28 V. This may indicate that 

Pittsburgh No. 8 coal-pyrite underwent oxidation in the process of mineralization or that it had a 

different stoichiometry or impuriw content than the other pyrites. The voltammograms obtained on 
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Figure 11. Voltammograms for an in-situ fractured coal pyrite electrode at pH 
9.2. The first sweep commenced at the fiacture potential of -0.28 
V in the negative going direction. 

Pittsburgh No. 8 coal-pyrite after hcture differed remarkably in terms of the position and height of the 

peaks, suggesting surface reactions on this pyrite may also be different. 

Figure 11 shows cyclic voltammograms obtained for an electrode made from the Chinese 

coal-pyrite that was fiactured at pH 9.2 at its Gable potential (-0.28 V). The first sweep was 

initiated at -0.28 V in the negative going direction. Based on the same arguments used above, the 
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reduction processes on the fiesh surface represent the reduction of pyrite, as opposed to the 

reduction of pre-existing oxidation products. Two reduction reactions involving pyrite have been 

proposed [peter and Majima, 1968; Ahlberg et al.,1990; Zhu et al., 19911 in the potential range 

from -0.28 to -0.8 V: 

FeS, + H,O + 2e- = FeS + HS- + OH- , (7) 

and 

FeS, +2H20+4e- =Fe +2HS- +20H-. (8) 

According to these reactions, the initial cathodic current observed fiom -0.28 V to -0.7 V 

may be due to the reaction of pyrite to another iron sulfide with a higher iron content, and the 

sharp increase in current below -0.7 V may be due to the aggressive reduction of pyrite to 

elemental iron. However, the initial reduction process may be more complex than reaction (7), as 

will be discussed later. 

Figure 12 shows the first and second sweep voltammetry curves obtained on an electrode 

made fiom the Huanzala, Peru, pyrite at pH 4.6. This electrode was held near the stable potential 

(0.03 V) during fiacture. It is apparent that oxidation commences immediately at 0.03 V on the 

first sweep, giving rise to an anodic peak at 0.15 V. The same reaction is observed on the second 

sweep, although there is a large background current during the second anodic sweep. From the 

Eh-pH diagram (Figure 6), the increasing current above 0.4 V on the positive going scan 

corresponds to the reaction: 

FeSz = Fe2" + 2s" + 2e'. (9) 
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On the negative sweep, So is reduced to H2S at approximately -0.15 V and pyrite to Fe2' and HS' 

at 0.4 V. The additional current observed on the second positive-going sweep is probably due to 
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Figure 12. Voltammograms for an in-situ fiactured mineral pyrite electrode at 
pH 4.6. The first sweep commenced at the fiacture potential of 
0.03 V in the positive going direction. 

the oxidation of Feo first to Fe2' and then to Fe3'. It was observed that multiple sweeps in the pH 

4.6 solution cause an increase in the reactivity of pyrite in the region where its initial oxidation 

occurs. 
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Voltammograms were also obtained on the fieshly-fiactured electrodes of pyrite fiom different 

sources and the results are shown in Figure 13. The electrodes used in these experiments are the same 

as those used in the chronoamperometry experiments shown in Figure 7. The voltammograms shown 

in Figure 13 represent the first negative-going sweeps starting fiom the potential at which the 

electrodes were fractured. There is little difference in the voltammograms obtained on the electrodes 

fiom Peru, Russia, Illinois, Mexico and Turkey. Essentially, the slight differences in the magnitude of 

the voltammetry currents on these electrodes may be attributed to slight differences in the real surface 

area of the electrodes and, possibly, to differences in the Fermi level. However, the voltammogram of 

the electrode made fiom pyrite fiom Taiwan differs considerably fiom the other electrodes. The 

unique character of the voltammogram on the Taiwan pyrite is consistent with its unique 

chronoamperometry behavior at fiacture as shown in Figure 7. As 
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Pigure 13. Voltammograms obtained on fieshly-hctured pyrite electrodes. The 

source of the pyrite is labeled on the curves. 

discussed above, the Taiwanese pyrite is believed to be more p-type than the other samples. Holes in 

the valence band of semi-conducting electrodes are more oxidizing than electrons in the conduction 

band by the band gap energy (0.8 eV for pyrite). Thus, the increased voltammetry current on the 

electrode made fiom pyrite fiom Taiwan is consistent with its increased p-type conductivity. 

Collectorless Flotation 

Microflotation tests were conducted using potentiostatic methods to control the potential 

of pyrite particles. Figure 14 shows the flotation recovery of pyrite obtained in a microflotation- 
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electrochemical cell at pH 4.6 and pH 9.2. Collectorless flotation of pyrite occurs at potentials in the 

range of approximately 0.10 to 0.90 V at pH 4.6 and -0.25 to 0.30 V at pH 9.2. The flotation recovery 

is considerably higher at pH 4.6 than at pH 9.2. The lower flotation edge corresponds well to the 

potential at which the incipient oxidation of pyrite commences, as established with fieshly-hdured 

electrodes of the mineral. 

The presence of the upper flotation edge is d y  attriiuted to the oxidation of sulfbr-rich 

species to sulfate [Ahlberg et al., 19901, which reduces the amount of hydrophobic species on the 

surfkce. However, electrochemical studies of Hamilton and Woods [1981] indicated that the amount 

of elemental sulfur produced in oxidation increased consistently with increasing the potential. It is 

more likely that the upper flotation edge is associated with reaction (lo), 

FeS, +llH,O=Fe(OH), +2SOa2- +19H+ +15e-, (10) 

which represents the aggressive oxidation of pyrite to ferric hydroxide and sulfate. The decrease in 
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Flotation recovery of fieshly ground 100-200 mesh mineral pyrite as a 
function of potential at pH 4.6 and 9.2. 

flotation recovery of pyrite at higher potentials can be explained by the increase in the amount of ferric 

hydroxide formed by reaction (10). Yoon et al. [1991] observed a good correlation between the 

floatability of pyrite and the ratio of hydrophilic iron hydroxide to hydrophobic sulfbr-rich species. 

They concluded that the hydrophobicity of pyrite is determined by the relative abundance of iron 
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hydroxide and sulfur oxidation species. The fact that the flotation recovery is lower at pH 9.2 than at 

pH 4.6 can be explained by the higher concentration of ferric hydroxide on the mineral surface at higher 

PH. 

Figure 15 shows the effects of EDTA and kerosene on the floatability of pyrite at pH 9.2. The 

presence of EDTA significantly increased the flotation recovery of pyrite. Similar results were 

obtained by Ahlberg et al. [1990] and Pang and Chander [1992]. It is believed that EDTA increases 
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Figure 15. Flotation recovery of fieshly ground 100-200 mesh mineral pyrite as a 
function of potential in the presence of EDTA or kerosene at pH 9.2. 

the floatability of pyrite by removing iron hydroxide fiom the mineral surface. The use of kerosene also 

signiscantly increased the flotation recovery of pyrite. This is in agreement with a previous flotation 

study [Olson and A p l q  1981 that showed an oil dosage of 0.35 kg/ton remarkably increased the 

flotation rate constant of pyrite. The increased hydrophobicity of pyrite in the presence of oil may be a 
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result of the hydrophobic interaction p u  and Yoon, 19891 between pyrite and oil and between pyrite 

and coal which may generate a coal coating on the surface of pyrite and render it more floatable [Jiang 

et al., 19931. Most importantly, Figure 15 shows that the flotation edges are not affected by the use of 

EDTA or kerosene. This result supports the aforementioned theory that the hydrophobicity of pyrite 

originates fiom electrochemical reactions that produce hydrophobic sulfix-rich species. EDTA or 

kerosene is not involved in these reactions and has no influence on the flotation edge. Therefore, the 

hydrophobicity of pyrite can be minimized most effectively by preventjng these reactions fiom 

occurring. 

Illinois No. 6 coal-pyrite showed a dependence of floatabiity on pH and Et, similar to that 

shown in Figure 15. However, its flotation recovery was lower than that of mineral-pyrite. Lower 

flotation recovery has been observed with other coal-pyrites, e.g., Pocahontas No. 3 coal-pyrite voon  

et al., 19911, as compared with mineral pyrite. This indicates that there may be less sulfur-rich species 

and/or more iron hydroxides on coal-pyrites than on mineral-pyrite. In fact, electrochemical studies 

performed by Tao et al. [1993] have indicated that Pittsburgh No. 8 coal-pyrite produced higher 

concentration of iron hydroxides on the surface of coal-pyrite. Moreover, coal-pyrite is poorly crystal- 

lized and possesses more defects on the surface. Consequently, it oxidizes faster than mineral-pyrite 

and its metastable hydrophobic sulfur-rich species are more readiiy transformed to soluble sulfiite, 

reducing the hydrophobicity of the surface. 

In industrial flotation processes, pyrite is expected to show stronger floatabiity than that shown 

in Figures 14 and 15. This is because there is only negligiile attrition between particles in the 
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microflotation cell as a result of low solids concentration and negligible hydraulic turbulence. Chander 

et al. [1987, 19911 have suggested that vigorous pulp Stirring and high solids content in industrial 

flotation cells may generate particlepa&le abrasion that is intense enough to remove the hydrophilic 

iron hydroxide layer fiom *e pyrite surface. This will result in the exposure of the underlying 

hydrophobic sulfh-rich layer, considerably increasing the floatabiity of pyrite. 

An important conclusion that can be obtained fiom Figures 14 and 15 is that pyrite can be 

depressed under reducing or strongly oxidizing conditions. However, strongly oxidizing conditions 

cannot be applied to improve pyrite rejection in coal flotation. There are two reasons for this. First, 

under strongly oxidizing conditions, the hydrophobic sulfur oxidation products may still exist, and even 

increases -ton and Woods, 19811. Once femc hydroxide is removed fiom the d a c e ,  pyrite is 

still floatable. Second, coal may also be oxidized under strongly oxidizing conditions, which will 

decrease its hydrophobicity and reduce the selectivity between coal and pyrite. Coal flotation results 

obtained in our recent studies (not shown) have shown that virtually no improvement can be achieved 

in pyrite rejection fiom coal by the use of oxidizing agents, such as KMnOh Na&%, etc. In contrast, 

reducing conditions can prevent the formation of hydrophobic products on the su&w and, therefore, 

eliminate the source of pyrite hydrophobicity. In addition, they will not have adverse effects on the 

floatabiity of coal. It is thus believed that a reducing environment is more appropriate for enhancing 

pyrite rejection fiom coal by flotation. 
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Photoelectrochemistry of Pyrite 

To better understand the initial reactions that occur on fiesh pyrite surfaces and to explore 

the possibility that different pyrite electrodes may differ in their electrochemical reactivity, the 

photoresponse of pyrite fiom Huanzala, Peru, was studied. Pyrite is a d-band semiconductor with 

a band gap of about 1 eV that has been studied as a possible material for photoelectrochemical 

and photovoltaic solar cells [Jaegermann and Tributsch, 1983; Mishra and Osseo-Asare, 1988a, b; 

19921. Measurement of the photocurrent and its variation with electrode potential can be used to 

obtain information on the bulk n- or p-type characteristics of the electrodes and on the sign and 

relative degree of band bending that occurs at various potentials. For example, the potential for 

the onset of an anodic or cathodic photocurrent can be used as an indication of where the bands 

first begin to bend up or down, respectively Pewald, 19591. The position of the band edges at 

the surface may also be sensitive to the extent of oxidation of the surface or to the existence of 

extrinsic or intrinsic surface states. 

Figure 16 illustrates a typical photocurrent-potential obtained on a fractured surface of 

Peruvian pyrite at pH 9.2. The anodic and cathodic limits were restricted to the range of 0.15 to 

-0.55 V to prevent extensive oxidation or reduction in the surface region. The photocurrent is 

anodic in the potential range shown, indicating that a depletion layer ( upward band bending) is 

present on the n-type pyrite (see below). The magnitude of the photocurrent is larger on the 
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Figure 16. 
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Photocurrent-potential , curve on a fractured 
electrode at pH 9.2. 

mineral-pyrite 

negative-going sweeps than on the positive-going sweeps. Similar hysteresis in the photoresponse 

has been reported by Jaegermann and Tributsch [1983] and reflects that 

photogenerated holes have an oxidizing power that is greater than conduction band electrons by 

the band gap energy [Gerischer, 19771. During the negative-going scan, Fe(0H)Z is produced by 

the reaction, 

Fe(OH)3 + e' = Fe(0H)z + OK (11) 

which occurs via the conduction band and is insensitive to illumination on the n-type pyrite. The 

chopped light generates holes, p", in the valence band that re-oxidize a portion of the Fe(Om2 by 

the reaction, 
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Fe(OH)2 + p+ + OK = Fe(OH)3 (12) 

The most significant point concerning Figure 16 is that band edges appear to be strongly pinned 

over the potential range of 0.15 to -0.55 V, with the slight changes in photocurrent during the 

scans arising fiom a change in the concentrations of the photo-oxidizable product via reaction 

(1 I), rather than fkom changes in band bending. 

At large negative potentials, the photocurrent on all of the electrodes approached zero, as 

shown in Figure 17 (bottom). The rise in the photocurrent during the beginning of the scan in this 

figure represents the re-oxidation of the reduction product Fe(Om2, as discussed previously. The 

initial decrease in the photocurrent at -0.5 V represents a decrease in the concentration of 

Fe(OH)2; therefore, a decrease in rate of the re-oxidation process. The continued fall in the 

photocurrent to zero corresponds to the potential where pyrite is reductively decomposed, as 

shown by the top curves of Figure 17. With constant potential polarization, the photocurrent 

goes to zero at approximately -0.6 V at pH 4.6, and at -0.75 V at pH 9.2, which indicates that the 

flat band potentials pewald, 19591 of pyrite are close to these values at the two pHs. 

No reversal in the sign of the photocurrent on pyrite has been observed, even under strong 

negative polarization. This indicates that the Peruvian pyrite is highly n-type, possibly degenerate. 

With strong negative potentials, the Fermi level at the surface approaches the 

conduction band edge at the flat band potential, and the large electron density in the conduction 

band prevents downward band bending and the associated cathodic photocurrent. 
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The depletion layer on pyrite that is responsible for the anodic photocurrent is consistent 

with an acceptor-like surface state that localizes electrons at the surface. In addition, several 
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Figure 17. Photocurrent-potential' curve (bottom) and line& sweep volt-ammetry curve (top) 
for a fractured mineral-pyrite electrode at pH 4.6. The top curves show the 
current on the negative going sweeps of voltammograms for negative potential 
limits of -0.6, -0.7, and -0.8 V; the bottom curves show the photocurrents obtained 
on the negative going sweeps. 

characteristics of the photocurrent discussed above strongly suggest that the depletion layer 

results from an intrinsic surface state, as opposed to an adsorption or reaction process. These 

characteristics are: 
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spontaneous anodic photocurrents on electrodes that are potentiostated at hcture 

ii) 

under conditions where only slight oxidation or reduction occurs, 

weak dependence of the photocurrent on electrode potentials fiom -0.375 to -0.9 V, 

and 

iii) the necessity to cathodically decompose pyrite to reach the flat band potential. 

The existence of an intrinsic surface state was suggested by Pettenkofer et al. [1988] fiom 

photoemission studies on synthetic and natural pyrite. They observed three different sulfbr states on 

the vacuum cleaved (100) surface of pyrite: two attriiuted to FeS2 at the suhce and in the bulk, and 

the third to an FeS-like surface state. They suggested that the FeS-like state represents a Tamm state 

arising fiom the reduced symmetry at the surface. From XPS measurements they reported that both 

the iron and s u k r  2p levels show chemical shifts fiom the S:- in FeS2 to S2' in FeS, with Fe remaining 

nominally as Fe2+. 

An intrinsic surface state is also consistent with studies of the photoelectrochemical behavior of 

pyrite with the redox couples V 2+ N 3+ , Fe2+lFe3+, Br'/Br2, and C17CI2. Jaegermann and Tributsch 

[1983] and Salvador et al. [1991 J studied the anodic photocurrents for these redox couples and found 

the results were consistent with the band edges shifting with the reversible potential of the redox 

couples. These shifts in the band edges with the potential of the redox couple imply that the flat band 

potential also shifts with the redox couple. They attributed the shifts to a high density of band gap 

states associated with FeS3 lattice impurities. Mishra and Osseo-Asare [1988a, b; 19921 observed 

similar shifts in the band edges of pyrite in acetonitrile with ferrocene and N,N,N',N'-tetramethyl-p- 
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phenylenediamine redox couples. They also attributed the quasi-metallic behavior of pyrite, i.e., pinned 

surface Fermi energy and large dark currents to surface states. Since Fermi level pinning was observed 

in the non-aqueous solution, they suggested that the mrfkce states could not be attributed to hydrogen 

or hydroxyl ion adsorption. . 

The pinning of the band edges, as shown in Figure 17, results in pyrite exhibiting a 

metallic-lie electrochemical behavior, with changes in electrode potential occurring primarily 

across the Helmholtz layer, except for a narrow potential region where pyrite is reductively 

decomposed. Cathodic decomposition of pyrite apparently neutralizes the charge in the surface 

state, or possibly removes the surface state. In order to further investigate the relationship between 

the intrinsic surface state on pyrite and the composition of the sufiace, sulfur was deposited on an 

electrode by oxidizing Hs'. Figure 18 (top) shows a cyclic voltammetry curve in the presence of 

3.3~10-~MHS, and Figure 18 (bottom) the simultaneous photocurrent curve. The anodic peak near 

-0.2 V Figure 18, top) represents the oxidation ofHS' to S, and the cathodic peak at -0.85 the reverse 

process [walker et al., 19861. At potentials between -1.0 and -0.4 V on the positive potential sweep, 

the photocurrent is similar to the behavior observed in the absence of HS-, i.e., zero photocurrent 

induced by cathodic dissolution ofpyrite at -1.0 V and a gradual increase in photocurrent with 

increasing potential. However, sulfur deposition causes a sudden decrease in the photocurrent at 

potentials greater than -0.3 V. The decrease may be associated with either a decrease in band bending 

at the surface, i.e., an apparent shift in the flat band potential to more positive potentials, similar to the 

model proposed by Jaegermann and Tributsch [1983] and Salvador and T&a [1991], or to the 

0 

~~ 
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formation of a passivating suKbr layer at the ~ k e ,  which inhibits charge transfer. The decrease in 

current on the voltammetry curve with f i r  deposition indicates a passivated surface. 

However, during the reduction cycle, there is a reduction process on the voltammetry curve 

commencing at -0.4 V which precedes the reduction of the sulfur deposited on the positive scan. This 

may represent the reduction of an adsorbed sulfur species as a precursor to the reduction of elemental 

sulfur. In the absence of HS-, Fe(OE& is also reduced in this potential range, but its formation is not 

likely in the presence of HS'. Interestingly, the photocurrent during the negative-going scan rapidly 
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increases before the dominant sulfbr reduction process occurs. The overall behavior suggests that 

s u k r  deposition neutralizes the charge in intrinsic surface states on pyrite, relaxing the upward bent 
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bands and thereby decreasing the photocurrent. With suflicient neutralization of the charge in surface 

states, an apparent positive shift of about 1 V occurs in the flat band potential. This is the same 

behavior observed by others for several merent redox couples [Jaegermann and Tributsch, 1983; 

Mishra and Osseo-Assare, 1988a, b; 1992; Salvador and Tafalla, 19911. It should be noted that the 

photocurrent does not go entirely to zero with deposition. Thus the actual flat band potential is 

not determined. A shift to more positive values is Xerred fiom the decrease in photocurrent. As 

discussed previously, elemental sumr, poly&des or metal-deficient sulfides are possible sulfur-rich 

oxidation products on the surfixe of pyrite. The neutralization of the charge in the intrinsic surface 

state by the oxidation of pyrite to produce excess sulfur at the surfkce may offer an explanation for the 

apparent shifts in the band edges of pyrite with the potential of various redox couples. 

It should be noted that polishing a fractured surface with 600 grit abrasive reduces the 

photocurrent on pyrite by a factor of 10 to 50, at equivalent light intensities. Because the 

photocurrents after polishing were reduced to approximately the noise level of our measuring system, 

no attempt was made to further quanti@ how polishing affects the reactivity of the electrodes for 

charge transfer processes. However, polishing produces defect states at the sufice and deep beneath 

the surface. These states obviously act as recombination centers, reducing the Wetime of 

photogenerated holes and hence the photoresponse. They can act as trapping centers, providing 

additional charge storage capacity at and beneath the surface which would cause M e r  pinning (above 

that of intrinsic surface states, for example) of the Fermi level at the surface. Fermi level pinning, 

shortened carrier Metimes, and new surface energy levels caused by polishing defects could conceivably 
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alter charge transfer reactions at pyrite surfaces. Most research in &de electrochemistry related to 

flotation utilizes polished electrodes. Fractured surfaces are probably more similar to the surfkes 

produced by comminution. Therefore, the effect of polishing on adsorption and charge transfer 

processes at sulfide surfaces is an area that should receive more attention. Controlling the flotation of 

sulfide minerals often involves the adsorption of relatively small quantities of surfkctants. It is the 

submonolayer quantities that would likely be sensitive to surface defects. 

Effects of pH on the voltammogram and photoresponse of pyrite were studied to better 

understand its response and voltammetry. Figure 19 shows voltammograms obtained on pyrite at 

several pHs between 3.8 and 12.1. For the purposes of the present work, the most interesting feature 

of these voltammograms is the rapidly risiig cathodic current on the negative going sweeps, e.g., at 0.5 

V at pH 3.8 and -0.9 V at pH 10.0. This cathodic current wave represents the cathodic decomposition 

of pyrite by reactions (7) and (8). However, these reactions are for alkaline solutions where HS' is the 

stable reduction product of sufi. In acid solutions, H2S is the expected decomposition product and 

the reactions are: 

It is apparent fi-om Figure 19 that the potential for the cathodic decomposition of pyrite shifts to more 

negative potentials with increasing solution pH. Reactions (7) and (8) suggest that the decomposition 
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Figure 19. Voltammetry curves for a hctured electrode at different pH values. 

potential of pyrite should shift by 0.0295 V for each change in pH in alkaline solutions; reactions 

and (14) suggest that the shift should be 0.059 V in acid solutions. 

April 1996 Center for Coal and Minerals Processing 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 49 

Figure 20 shows the photocurrent-potential curves for the same electrode used in Figure 19 at 

each pH. A comparison ofFigures 18 and 19 shows that the flat band potential (zero photocurrent) of 

pyrite corresponds closely with the potential where pyrite is cathodically decomposed. In the pH range 

fiom 3.8 to 12.1, the shapes of the photocurrent-potential curves do not change much with pH. 

However, there are at least two distinct anodic photocurrent peaks on the negative-going sweep. To 

firther study these anodic photocurrent peaks, voltammograms and photocurrent curves at increased 

current sensitivity were obtained. Figure 21 shows the results at pH 7.9. It is apparent from this figure 

that the two anodic photocurrent peaks are closely associated with the two cathodic peaks that are 

shown on the voltammogram; one reduction peak occurs at -0.2 V, the other at -0.55 V. The close 

correlation between voltammetq and photocurrent peaks indicates that the two anodic photocurrent 

peaks represent the reoxidation of reduction products produced on the negative-going cycle of the 

voltammogram. The reduction process with a peak at -0.2 V represents the reduction of 

ferrio to ferrous-hydroxide; the reduction process with a peak at -0.55 V must represent the reduction 

of a sulfur oxidation product produced on the previous anodic cycle. 

Photocurrent measurements were also carried out on pyrite electrodes fi-om seven different 

sources and the results are listed in Table I. Electrodes for these measurements were all fiactured in 

diu and the measurements were carried out at pH 9.2. For the mineral pyrite samples from Lorgono, 

Spain, and Huanzala, Peru, no dflerence was observed in their photocurrent-potential curves. For the 

pyrite samples from Zacatecas, Mexico, the photocurrent-potential curve is similar to that for the 
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Figure 20. Photocurrent-potential curves for a fi-actured electrode at different pH 
values. 
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Figure21. Voltammetry (top) and photocurrent-potential curves for a fi-actured 
pyrite electrode at pH 7.9. 

above two samples, but the magnitude is 1/3 smaller. No photocurrent was observed for pyrite 

samples fiom Taipai, Taiwaq Black sea region, Turkey; Melissa, Illinois; and Lake Balkhash, Russia. 

It is believed that the absence of a photocurrent on these samples is related to their crystal morphology. 

The external shape of these samples, as obtained, were not nice cubes. Although no visible impurities 

or inclusions were present, their growth conditions must have been much different than the samples 

fiom Peru, Spain and Mexico, whose external shapes were cubes. It is believed that the samples 

without a photoresponse have large concentrations of defects. It is know that defects in 
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TableL Results of the photocurrent measurement on pyrite samples fiom 
different sources. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Lorgono, Spain 

Huanzala, Peru 

Zacatecas, Mexico 

Black Sea area, Turkey 
Melissa, Illinois, USA 

Lake Balkhash, Russia 
Taipei, Taiwan 

. ... 

Anodic photocurrent 

Anodic photocurrent, the magnitude is 
similar to that fiom Spain 
Anodic photocurrent, the magnitude is 
2/3 of that fiom Spain and Peru 

No photocurrent 
No photocurrent 
No photocurrent 
No Photocurrent 

semiconductors often act as recombination centers. Thus, with a large concentration of recombination 

centers, the photogenerated carriers rapidly recombine. The resulting net increase (generation rate 

minus recombination rate) in minority carrier concentration is much less for samples having a high 

concentration of recombination centers. The smaller change in minority carrier concentrations by light 

leads to a smaller photocurrent, or, ifthe direct density is large enough, no observable photocurrent. 

X-ray Photoelectron Spectroscopy (XPS) 

X P S  studies on coal- and mineral-pyrite have been conducted with surfaces prepared by 

It is found that surfaces fracture and scraping in siiu in the spectrometer vacuum system. 

prepared in ultra-high vacuum by either method show neither oxygen nor carbon contamination 
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Figure 22. X P S  S2p spectra for a coal-pyrite surface freshly scraped in ultra 
high vacuum. 

167 IGG 165 164 163 162 161 1 GO 

or oxidation products. The spectra of these surfaces show a well-resolved single S2p(1/2, 3/2) 

doublet with an intensity close to 1 2 ,  but with additional intensity on the low- and high-binding 

energy side of the main doublet. Karthe et al. [1993] and Basilio [1994] obtained a similar result. 

A typical spectra obtained on scraped coal-pyrite is shown in Figure 22, where three 

doublets corresponding to the main S2p doublet in FeS2 and a lower and higher energy doublet 

have been omitted. The high energy doublet is believed to represent energy loss processes. 

The low energy doublet has been attributed to an FeS-like species that is estimated to contribute 

8 to 12% of the total emission intensity. Pettenkofer et al. [1988], from photoemission studies on 

Center for Coal and Minerals Processing April 1996 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 54 

synthetic and natural pyrite, also identified an FeS-like surface state. They found that su&r 2p 

levels show chemical shifts fiom S,”- in FeS2 to S2- in FeS. This chemical shift in the S2p levels is 

consistent with a higher negative charge on sulfur; thus, the FeS-like species may be the origin of 

the intrinsic acceptor+ke state deduced fiom photocurrent studies. 

Electrochemical Impedance Spectroscopy @IS) 

Nyquist plots of the impedance of simple electrical circuits composed of pure capacitances 

and resistances usually produce semicircular curves. They can be analyzed using equivalent 

circuits (Figure 23a) to obtain the parameters of the component resistors or capacitors. 

Electrochemical systems often approximate this behavior at high fiequencies but diverge fiom the 

semicircular behavior at low frequencies where the reactions become limited by reactant dfision 

to the surface, Real electrodes may also exhibit fiequency dependent pseudo-capacitances which 

cause deviations fiom the ideal semicircular behavior (Figure 23b). In addition, semiconducting 

electrodes such as pyrite may have a capacitance associated with the space charge layer and with 

surface states (Figure 23c). These capacitances may also be fiequency dependent. 

To study the effects of oxidation on the EIS spectra of pyrite, Nyquist impedance plots 

were obtained at pH 4.6 at potentials of 0.245, 0.645, 0.845, and 1.045 V with an electrode that 

was fieshly-fiactured at the stable potential 0.0 V. The results are shown in Figure 24. At high 

fiequencies (lower left portions of the curves) the impedance is predominately real and all the 
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curves intercept the real impedance axis at about 40 ohms. This component represents the series 

resistance of the sample and electrolyte and is essentially independent of the reactions at the 

interface. With increasing polarization potential, the impedance spectra assumes a well-defined 
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csc 

Figure 23. The schematic diagrams of equivalent electrical circuits for: 
(a) simple electrochemical system, 
(b) 

(c) 

simple electrochemical system with a product layer on elec- 
trode surface, 
simple electrochemical system with induced lattice defects in 
the space charge region of the electrode surface. 
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Figure 24. Complex plane impedance plots of pyrite as it is 'pqyg-essively 
oxidized at 0.245, 0.645, 0.845, and 1.045 V. Photosensitive pyrite 
fiom Spain with surface prepared by in situ fiacture in pH 4.6 
solution. 

semicircular shape with decreasing diameter. This behavior indicates that the charge transfer 

resistance decreases with increasing polarization potential. It is of interest that the polarization 

resistance of pyrite remains extremely large (linear impedance plots) over a wide range of 

potentials. Essentially, pyrite is nearly inert fiom the stable potential to 0.645 V, and it is not until 

the potential is raised to a value somewhere between 0.645 and 0.845 V that a significant 

decrease in charge transfer resistance, i.e., a significant increase in the oxidation rate of pyrite, 

occurs. 
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Figure 25 shows the effect on the EIS spectra of progressive reduction of pyrite at 

-0.105, -0.455, and -0.605 V. The behavior of the impedance plot is similar to that observed in 

Figure 24 where pyrite was progressively oxidized. Pyrite is essentially inert from the stable 
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Pigure25. Complex plane impedence plots of pyrite as it is progressively 
reduced at potentials of -0.105, -0.455, and -0.605 V. Pyrite 
surface prepared by oxidizing it at 1.045 V. 

potential of 0.0 V to approximately -0.455 V. At -0.455 V a slight decrease in the slope of the 

impedance plot occurs at the lower frequencies. This reflects a slight decrease in the charge 

transfer resistance. With a fbrther reduction to -0.605 V, a distinct semicircle develops, indicating 

a fbrther decrease in charge transfer resistance corresponding to an increase in reactivity. 
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Figures 24 and 25 indicate that pyrite is nearly inert over a wide range of potential fiom 

-0.455 to 0.645 V. This result is consistent with the voltammetry of pyrite in Figure 26, which 

shows that aggressive oxidation of pyrite occurs at potentials more positive than 0.75 V while 

aggressive reduction occurs at potentials more negative than -0.6 V. At potentials corresponding 

to aggressive oxidation and reduction, the impedance shows that the charge transfer resistance 

decreases dramatically. The inset in Figure 26 shows the voltammetry curve of pyrite at the 

increased current sensitivity. It is apparent that there are a number of reactions that occur on 

pyrite over the potential range where the impedance indicates that the electrode is nearly inert. 

The reactions evident on the inset voltammogram represent processes that are limited to about a 

monolayer. 

However, during steady rate polarization used during impedance studies, theses products are not 

detected by the small (5 mV peak to peak) AC signal. This shows that the reactions occuring on 

the voltammetry curves are highly irreversible. 

The peaks representing the reactions appear on dynamic polarization curves. 
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Figure 26. Cyclic .voltammogram for pyrite in pH 4.6 solution. Inset shows 
the voltammogram at a higher current sensitivity. - 

Impedance experiments for fi-eshly-fractured pyrite electrodes were also conducted in pH 

9.2 buffer solution at various potentials. Since the stable potential of pyrite is near -0.28 V at pH 

9.2, the electrode was fractured at -0.28 V and then reduced progressively to -1.0 V in one series 

of tests. In the other series of tests, the electrode was fractured at -0.28 V and then oxidized 

progressively to 0.75 V. Figures 27-29 show the impedance plots for moderate reduction (-0.28 

V to -0.80 V), moderate oxidation (-0.28 V to 0.60 V) and aggressive reduction and oxidation 

(-1 V and 0.75 V), respectively. As can be seen, impedance plots are nearly linear over a wide 

range of potential (-0.80 to 0.40 V), indicating again that pyrite is nearly inert to the AC signal in 

this potential range. It is not until the potential reaches -1.0 V on the reduction side and 0.5 V on 

the oxidation side that impedance plots assume a definite semicircular shape. These results are 
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consistent with the behavior of pyrite in pH 4.6 buffer solution except that the potential range is 

wider and is shifted towards more negative values at pH 9.2. This is due to the fact that the 

surface electrochemical reactions occur at more negative potentials at higher pH. 

Effects of electrode polishing on the EIS spectra of pyrite have been studied under 

different conditions. Figures 30 and 31 show the impedance plots on the fieshly-fractured and 

polished electrodes, respectively, at slightly oxidizing potentials of 0.045, 0.145, and 0.245 V 

. - . .  . . . .  . , ... i- . ., . . . . -  ..._ i . . .. . . '* 

z 

Pigure 27. Complex plane impedance plots of a fieshly-fiactured pyrite electrode that was 
progressively reduced fiom -0.28 to -0.80 V in pH 9.2 buffer solution. 
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Figure 28. Complex plane impedance plots*'of a :i?eshly-fiactured 'pyrite electrodn that was 

prugressively oxidized from -0.28 to 0.40 V in pH 9.2 buffer solution. 
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Figure 29. Complex: plane impedance .plots of a freshly-fiawred pyrite electrode that was 
aggressively reduced at -1.0 V and aggressively oxidized at 0.75 V in pH 9.2 
buffer solution. 

April 1996 Center for Coal and Minerals Processing 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 63 

where incipient oxidation of pyrite occurs. Flotation studies have shown that oxidation of pyrite 

at these potentials results in collectorless flotation. Figure 30 indicates that the impedance plots 

of freshly-fractured pyrite surfaces are sensitive to very moderate oxidation and the charge 

transfer resistance remains very large. The decreasing slope with increasing potential can be 

attributed to either a slight decrease in charge transfer resistance or to the formation of an 

1 oxidation product layer on the surface. However, moderate oxidation of polished electrodes has 

only negligible effects on the impedance plots compared with the freshly-fractured electrodes, as 

shown in Figure 3 1. This provides new evidence that polishing produces an oxidation layer on the 

surface of pyrite electrodes. 

It is interesting to note that the magnitude of the impedance on the freshly-fractured 

electrode is nearly four times larger than that on the polished electrode. The difference is partly 

caused by the change in the surface area as a result of polishing. Assuming that a part of the 

capacitive reactance arises from the double layer, its capacitance should vary as: 

C,, =EA / d, (15) 

where E is the dielectric constant, A the area and d the effective thickness of the double layer. 

Similarly, the resistance should change with area by the relationship: 

R=pd /A, (16) 

where p is the resistivity. The capacitive reactance is given by: 

X, =- j/wC,,, 
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while the ohmic reactance is given by: 

X, =R. 

Figure30. Complex plane impedance plots of a fieshly-fractured Mexican 
pyrite electrode at pH 4.6 as it is progressively oxidized at 
moderate potentials. 
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z' 0 

Figure 31. Complex plane impedance plots of a polished Mexican pyrite electrode at pH 
4.6 as it is progressively oxidized at moderate potentials. 

Thus, for simple electrolyte-solid interfaces, the magnitude of the imaginary and real components 

should decrease with increasing area. Polishing increases the surface area of electrodes, 

decreasing the impedance. However, the impedance plots of polished electrodes cannot be scaled 

up to be identical to those of fractured electrodes. This indicates that polishing changed the 

reactivity of pyrite, possibly by inducing defects in the space charge region. 

To better understand effects of polishing on the impedance of pyrite, more comparative 

studies wereconducted with fi-eshly-fiactured and polished electrodes at -0.60, 0.0, and 0.85 V at 

pH 4.6. Polishing was performed with 600 and 1200 grit silicon carbide paper and 0.3 micron 

a-alumina and 0.05 micron g-alumina micropolish. The results are shown in Figures 32-34. 
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As can be seen in Figure 32, the impedance plots at 0 V are nearly linear, consistent with 

Figures 30 and 31. It is believed that the linear behavior is due to a very large charge transfer 

resistance due to the irreversible behavior of the surface reactions, as discussed previously. At 

-0.6 V, well-defined semicircular impedance plots were obtained (Figure 33). The electrodes 

polished with 1200 grit silicon carbide paper and 0.3 micron a-alumina micropolish showed 

almost the same semicircular plot as the fieshly-fractured electrode. The electrodes polished 

with 600 grit silicon carbide paper or 0.05 micron g-alumina micropolish produced a much smaller 

diameter impedance semicircle, Le., much lower charge transfer resistance. The impedance plots 

obtained at 0.85 V are shown in Figure 34, and also exhibit a well-defined semicircular shape. 

However, polishing had considerably different effects on the impedance plot at 0.85 V than at - 
0.60 V. The diameters of the semicircular impedance plots of electrodes polished with 1200 grit 

silicon carbide paper and 0.3 micron a-alumina micropolish are much 
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Figure 32. Complex plane impedance plots of freshly-fractured and polished 

pyrite electrode at OV in pH 4.6 buffer solution. 
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Figure 33. Complex. .plane -impedance plots of freshly-fractured and polished 

pyrite electrode at -0,6 V in pH 4.6 buffer solution. 
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Figure 34. Complex plane impedance plots of fieshly-fractured and polished 

pyrite electrode at 0.85 Vin pH 4.6 buffer solution. 

smaller than that of the fi-eshly-fractured electrode, in contrast with Figure 33. Both Figures 33 

and 34 indicate that polishing has more profound effects on pyrite electrodes than simply affecting 

the surface area of the electrode. These effects can be better understood with introduction of 

equivalent electrical circuits. 

The equivalent electrical circuit for the simplest electrochemical system consists of three 

components, i.e., &, the series resistance due to solution and electrical connections, Rp, the 

polarization resistance of the surface in parallel with Ca, the double layer capacitance, as shown in 

Figure 23a. The polarization resistance, Rp, is inversely related to the surface reaction rate. The 

double layer capacitance, Ca, consists of the space charge layer capacitance, Helmholtz layer 

capacitance and Gouy layer capacitance. Table 11 shows the impedance values calculated for the 

Center for Coal and Minerals Processing April 1996 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 69 

equivalent circuit fiom the impedance plots in Figures 32-34. The calculations were done using 

Boukamp’s “Equivalent Circuit” s o h a r e  [Boukamp, 19891. The results showed that the 

capacitance values depend on the fiequency, which is usually believed to be associated with the 

surface roughness. 

TableII. The impedance values calculated for the equivalent circuit fiom the impedance 
plots in Figures 32-34 using Boukamp’s ‘Equivalent Circuit’ s o h a r e  [Boukamp, 
19891. 

The series resistance, & , is 50 - 60 W. The units for Rp is ohms and that of YO is (megaoh)-’. 

The reactance of the fiequency-dependent capacitance is given by: 

2, =l/Y,,(ja)” 

where, 

Yo: the admittance, independent of frequency, 

a: the angular fiequency, 

n: a fitting constant used to separate the real and imaginary component of Z,, 
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j: square root of -1, a complex number. 

Analysis of the impedance plots of electrodes polished with 0.3 and 0.05 micron 

micropolish indicates that the simple equivalent electrical circuit (Figure 23 a) is not sufficiently 

representative of the electrochemical system of pyrite in electrolytes. Table II suggests that 

another RC circuit exists in series with the simple electrical circuit. The additional component 

results fiom fine polishing that produces (i) a product layer on the surface which can be 

represented by RXCX (Figure 23b), or (i) the defects in the space charge region, characterized by 

Pigure 35. Complex plane impedance plots of pyrite electrode fieshly-fiactured at 
0 V in pH 4.6 buffer solution. Source of pyrite specimen is labeled. 
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&-CSc (Figure 23c). These defects can trap charge carriers and cause a decrease in the 

impedance (increase in capacitance), as observed with impedance plots for electrodes polished 

with 0.05 micron micropolish. 

Pyrite samples from different sources were examined in EIS studies to investigate effects 

of different pyrite samples on impedance plots. The experiments were conducted at the stable 

potential, i.e., 0.0 V at pH 4.6. The results are shown in Figure 35 for pyrite samples from Peru, 

Mexico, and Turkey. Each of these electrodes has an impedance spectrum characterized by two 

distinct frequency regions. At high frequencies, the response is represented by a partial 

semicircle. The partial semicircle observed at high fiequencies is not sensitive to oxidation and 

reduction of the electrode and, therefore, it is believed to represent the stray impedance of the 

counter electrodes and leads. At low frequencies, the response is nearly hear. Comparison of 

the relative magnitudes of the impedance of different pyrite samples indicates that those with 

photosensitivity (Peru and Mexico) exhibit a larger imaginary component than the pyrite from 

Turkey which exhibits no photosensitivity. The larger imaginary component on the photosensitive 

samples is consistent with these samples having a capacitance contribution from the space charge 

layer. This would suggest that the samples without photosensitivity have a large density of 

electrons or holes that pin the Fermi level at the surface such that the space charge layer does not 

change with polarization (giving no contribution to the capacitance) or with light (not 

photosensitive). 
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Retardation of Pyrite Oxidation by Use of Corrosion Inhibitors 

A corrosion inhibitor is a reagent that reduces the rate of corrosion when added to the 

corrosive environment in a proper concentration. It works by the formation of a protective film 

on the exposed surface that inhibits either anodic oxidation, or cathodic reduction, or both 

processes. There are two major types of corrosion inhibitors: passivation inhibitors (mostly 

inorganic compounds) and non-passivation inhibitors (mostly organic compounds). Passivation 

inhibitors produce an ionically-bonded surface compound that serves as a barrier to corrosion 

reactions [Jones, 19921. Such inhibitors are more than simple oxidizers, e.g. Fe3: that move 

potential into a noble region where the passive film is stable. They also form their own passive 

surface films or enhance the resistance of intrinsic passive films. Organic inhibitors build up a 

protective film of chemisorbed molecules on the metal surface, which provide a barrier to the 

dissolution of the metal in the electrolyte [Schweitzer, 19891. Nitrite is one of the most widely 

used and the most effective passivation inhibitor while benzoate is the most prevalent organic 

inhibitor. The present study on controlling early stages of pyrite oxidation was conducted with 

sodium nitrite and sodium benzoate used as oxidation inhibitors. 

Figure 36 shows first-cycle voltammetry curves of pyrite at pH 9.2 obtained in the 

presence of sodium benzoate (C&&COONa) at a concentration of 500 ppm. The electrode was 

conditioned for different periods of time before potential sweep started. It can be seen that 

sodium benzoate only had marginal effects on voltammetry curves. No signiiicant inhibition of 

pyrite oxidation was .observed. Additional tests were conducted at increased concentrations of 
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sodium benzoate (up to 5000 ppm) and little reduction was achieved on the oxidation rate of 

pyrite. 

40 I I I 1 I I 1 1 I I I I I 

Figure 36. 
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First-cycle voltammetry curves of pyrite at pH 9.2 in the 
presen4absence of 500 ppm sodium benzoate. The electrode was 
conditioned for a specified period of time prior to the potential sweep. 
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Figure 37. Voltammetry curves of pyrite in non-buffer pH 9.2 solutions in the 
presence/absence of 500 ppm sodium benzoate. 
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Figure38. Potentiodynamic anodic polarization curves of pyrite from the rest potential to 
1.05 V at pH 9.2 in the presence/absence of 500 ppm sodium benzoate. 
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Figure 37 shows the effect of sodium benzoate on voltammetry curves of pyrite in 

deoxygenated pH 9.2 non-buffer solutions. The oxidation current was much lower in Figure 37 

than in Figure 36, possibly because of the lower conductivity of non-buffer solutions than borate 

buffer solutions. However, the addition of sodium benzoate did not result in signiiicant reduction 

of pyrite reactivity under this condition. 

Different experimental conditions were examined in an extended series of tests. Variables 

in these tests included solution pH, solution bubbling gas, solution composition, potential sweep 

direction, etc. However, significant inhibition of pyrite oxidation was not achieved by addition of 

sodium benzoate under any condition. Sodium cinnamate, another metal corrosion inhibitor, was 

also used in a number of tests but its effect on pyrite oxidation was similar to that observed with 

sodium benzoate. 

Figure 38 shows potentiodynamic anodic polarization curves of pyrite fiom the rest 

’ potential to 1.05 V at pH 9.2 in the absencelpresence of 500 ppm sodium benzoate. The rest 

potential of pyrite was about 0 V at pH 9.2. In one of these tests, the electrode was held at -0.35 

V during the conditioning with sodium benzoate and the rest potential was -0.15 V after 

conditioning. There are three distinct stages of pyrite oxidation. The first stage begins fiom the 

rest potential to 0.4 V. In this region, oxidation reaction is negligible. The second stage ranges 

fiom 0.4 to 0.9 V. Significant oxidation takes place at these potentials with a moderate reaction 

rate. This range represents early stages of pyrite oxidation, with primary oxidation products being 

polysulfides and elemental sulfur. Sulfate is also formed at higher potentials in this stage. The 
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third stage begins at 0.9 V where the dominant oxidation product is sulfate. The results clearly 

indicate that sodium benzoate does not have significant inhibition effect on the oxidation rate of 

pyrite up to 0.9 V. 

Sodium nitrite (NaNOz) has been examined as an inorganic corrosion inhibitor for its 

effects on oxidation of pyrite. Tests were conducted under various conditions in efforts to 

idente appropriate conditions for inhibiting pyrite oxidation with sodium nitrite. Experimental 

parameters that were varied in those tests included reagent concentration, solution pH, 

conditioning time, bubbling gas, solution composition, etc. However, no significant decrease in 

pyrite oxidation rate was observed under any condition. Apparently, sodium nitrite is not an 

effective oxidation inhibitor for pyrite. Another inorganic corrosion inhibitor, sodium chromate, 

was also tested and results showed that it has negligible effects on pyrite oxidation. 

CONCLUSIONS 

1. 

2. 

3. 

Fresh surfaces of pyrite are stable at approximately -0.28 V at pH 9.2 and 0 V at pH 4.6, at 

which pyrite undergoes neither oxidation nor reduction. 

Initial oxidation of pyrite takes place at potentials slightly positive of the stable potential. This 

oxidation process produces a sulfur-rich surfm and renders pyrite floatable. Metal corrosion 

inhibitors showed no significant retardation of pyrite oxidation. 

The floatability of pyrite is determined by the relative abundance of sulfur-rich species and iron 

hydroxides on the surface, which in turn varies with the pH and of the system. The higher 
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floatability of pyrite at lower pH's may be due to the higher ratio of dfir-to-iron hydroxide on 

4. 

5. 

6. 

7. 

8. 

the surface. 

The thermodynamic potential for the formation of elemental sulfur is substantially higher than 

the stable potential, suggesting that polysulfides (or metal-deficient sulfides) are precursors of 

the more stable oxidation products such as elemental sulfur, thiosulfkte, dfhte, etc.. 

The initial oxidation of pyrite and the oxidation of ferrous to ferric hydroxide occur at 

approximately the same potential. They produce an anodic peak at approximately 0 V on the 

voltammogram at pH 9.2. The voltammetry of polished pyrite electrodes is dominated by the 

oxidation and reduction processes of ferrous and ferric hydroxides. 

Photoelectrochemistry of pyrite indicates that a depletion layer forms spontaneously on fieshly- 

fiactured pyrite sufim. This depletion layer arises fiom an excess of negative charge 

associated with an intrinsic, acceptor-like surface state on the fiactured mrfhce. To obtain a 

flat-band potential on pyrite, the electrode has to be cathodically decomposed at potentials 

where sulfur is removed fiom the surface. 

Polishing introduces defect centers at the surface and in the space charge region of pyrite, 

which greatly reduces the photoresponse of the electrodes and have signiscant effects on the 

electrochemical reactivity of pyrite. 

Electrochemical impedance spectroscopic studies indicated that at low iequencies, the 

reactions on pyrite electrodes in pH 9.2 borate buffer solutions are under diffusion control, 

while at high fiequencies, the reactions are under charge transfer control. Highly oxidized, 
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abraded pyrite surface possesses a high-resistance, sulhr-rich layer which can be removed 

by aggressive oxidation. 

9. Impedance studies show that pyrite is nearly inert over a wide range of potentials 

(approximately 1 V) and that the charge transfer resistance decreases significantly only 

when pyrite is aggressively oxidized or reduced. The impedance spectra of freshly- 

fiactured pyrite is sensitive to moderate oxidation, whereas that of polished electrodes is 

nearly insensitive to subsequent oxidation. 

REFERENCES 

Ahlberg, E., Forssberg, K.S.E., and Wang, X., 1990. J. Appl. Electrochem., 20:1033. 

Bard, AJ. and Fauher, L.K., 1980. Electrochemical Method, John Wdey and Sons. 

Basilio, C., 1993. Unpublished data obtained as a Visiting Scientist, Department of Applied Physics, 
Materials Science, University of Turku, Turku, Finland, August 5-September 30,1993. 

B o u h p ,  B.A, 1989. Equivalent Circuit, University of Twente, the Netherlands, May, 1989. 

Buckley, AN. and Woods, R, 1987. Appl. Surf Sci., 27:437. 

Chander, S., Int. J. Min. Proc, 33 (1991) 121. 

Chander, S. and Briceno, 1987. A, Miner. and Metall. Proc., 4:171. 

Dewald, J.F., 1959. In: The Surface Cheistry of Metals and Semiconductors, Ed. H.C. Gatos, Wdey, 
New York, pp. 205-225. 

Donato, Ph., Mustin, C., Benoit, R and Erre, R, 1993. Appl. Surf Sci., 68:81. 

Finkelstein, N.P., Allison, S.A, Lovell, V.M., and Stewart, B.V., 1975. In: Advances in Interfkcial 
Phenomena of Particulate/Solution/Gas System, Applications to Flotation Research (Am. Inst. 
Chem. Eng. Symp.) Ser. No. 150,71, pp. 165-175. 

Center for Coal and Minerals Processing . April 1996 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 80 

Gerischer, H., 1977. J. Electroanal. Chem., 82:133. 

Hamilton, I.C., and Woods, R, 1981. J. Electroanal. Chem., 118:327. 

Heyes, G.W. and.Trahar, W.J., 1977. Int. J. Miner. Process., 4:317-344. 

Jaegermann, W. and Tributsch, H., 1983. J. Appl. Electrochem.,l3:743. 

sang, C., Wang, X.H., Leonard, J.W. and Parekh, B.K., 1993. In: Processhg and Utilization of High 
Sulfur Coals V, Eds. B.K. Parekh and J.G. Groppo (Elsevier Science Publishers, Amsterdam) pp. 
171-188. 

Jones, D.A, 1992. Principles and Prevention of Corrosion. Macmillan PubIishing Company, 
New York, pp. 504-507. 

Karthe, S., Szargan, R, and Suonhien, E., 1993. Appl. Surf. Sci., 72:157. 

Kocabag, D., ShergoId, HL. and Kelsall, G.H, 1990. Inter. J. of Miner. Process., 2921 1. 

Luttrell, G.H. and Yoon, R.-H., 1984. Colloids Surf., 12:239-254. 

Michell, D. and Woods, R, 1978. Australian J. Chem., 3 1:27. 

Mishra, K.K. and Osseo-Asare, K., 1988a. J. Electrochem. SOC. 135:1898. 

Mishra, K.K. and Osseo-Asare, K., 1988b. J. Electrochem, SOC. 135:2502. 

Mishra, K.K. and Osseo-Asare, K., 1992. J. Electrochem. SOC. 139(3):749. 

Mycroft, J.R, Bancrofl., G.M, McIntyre, N.S., Lorher, J.W., and Hill, LR, 1990. J. Electroanal. 
Chem., 29: 139. 

Olson, T.J. and Aplan, F.F., 1987. In: ProcesSmg and Utilization of High Sulfur Coals It, Eds. Y.P. 
Chugh and RD. Caudle (Elsevier Science Publishers, Amsterdam) pp.71-82. 

Pang, J., Briceno, A, and Chander, S., “A Study of PyritdSolution Intefice by Impedance 
Spectrosc~py.~’ J. Electrochem. Soc.137 p.3447 - 3455,1992. 

Partridge, AC., and Smith, G.W., 1971. Trans. Inst. Min. Metall., Sec C, 80:C199. 

Center for Coal and Minerals Processing April 1996 



Controlling Incipient Oxidation of Pyrite for Improved Rejection Page 81 

Peters, E., and Mijima, H, 1968. Canadian Metall. Quarter., 7:l l l .  

Pettenkofer, C., Jaegermann, W., Tributsch, H., Kuhlenbeck, H., Braun, W. and BernstoB, S., 
1988. In: 5th Proceedings, Latin American Symp. on Surf. Physics, CIF Series, II, Ed. M. 
Cardona and J. Giraldo, pp. 243-255. 

Rao, S.R andFinch, J.A, 1987. CanadianMetall. Quarter., 26:167. 

Richardson, P.E., Li, Y.-Q., and Yoon, R-H, 1992. In: Electrochemistry in Mineral and Metal 
ProcesSig, Eds. R Woods and P.E. Richardson (The Electrochemical Society, Pennington, N.J.) 
pp. 342-353. 

Richardson, P.E. and Yoon, R-H., 1993. In: HYDROMETALLURGY, Fundamentals, Technology 
and Innovations, Eds. J.B. Hiskey and G.W. Warren (Society for Mining, Metallurgy, and 
Exploration, Littleton, Colorado) pp. 101-1 18. 

Salvador, P. and Tdda ,  D., 1991. J. Electrochem. SOC., 138:3361. 

Schweitzer, P.A., 1989. Corrosion and Corrosion Protection Handbook. Marcel Dekker; Inc., 
New York, p. 49. 

Tao, D.P., Richardson, P.E., Luttrell, G.H and Yoon, R-H, 1993. In: Processing and Utilization of 
High Sulfur Coals V, Eds. B.K. Parekh and J.G. Groppo (Elsevier Science Publishers, Amsterdam) 
pp. 219-235. 

Walker, G.W., Stout, J.V., and Richardson, P.E., 1984. Int. J. Min. Proc., 1255. 

Walker, G.W., Walters, C.P. andRichardson, P.E., 1986. Int. J. Miner. Process., 18:119. 

Xu, 2. and Yoon, R-H., 1989. J. CON. Inteface Sci., 134532. 

Yoon, R-H, Lagno, M.L., Luttrell, G.H., and Mielczarski, J . k ,  1991. In: Processing and Utilization 
of High Sulfur Coals IV, Eds. P.R Dugan, D.R Quigley, and Y.A. Attia (Elsevier Science 
Publishers, Amsterdam), pp. 241-253. 

Zhu, X., Wadsworth, ME., Bodily, D.M, and Riley, AM, 1991. In: ProcesSig and Utilization of 
High Sumr Coals IVY Eds. P.R Dugan, D.R Quigley, and Y.k Attia (Elsevier Science Publishers, 
Amsterdam), pp. 205-222. 

Center for Coal and Minerals Processing April 1996 


