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ABSTRACT

" In order to foster the development of advanced coal cleaning technologies, fundamental

studies of the initial stages of pyrite oxidation have been initiated. This work is being done on

pyrite surfaces that are freshly fractured in an electrolyte solution. This procedure produces

surfaces that are initially unoxidized, allowing the subsequent oxidation processes to be studied

in detail. It is shown that freshly fractured pyrite electrodes instantaneously (at fracture) assume

a rest potential several hundred millivolts more negative than the usual open-circuit potential.
i

i A finite, anodic photocurrent, is also observed on the fractured electrodes. Following cleavage,
.

the rest potential increases, indicating an oxidation reaction occurring on the electrodes. The

photocurrent is relatively insensitive to this oxidation process, and to moderate anodic and

cathodic polarization. However, strong cathodic polarization to about-0.76 V (SHE) at pH 9.2

causes the photocurrent to decrease to zero. No reversal in the sign of the photocurrent is

observed and it is believed that the flat band potential occurs near -0.76 V, i.e., where the

photocurrent goes to zero. Voltammetry indicates that pyrite also undergoes cathodic

decomposition at -0.76 V. This establishes that pyrite must be cathodically decomposed to reach

the flat band potential.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
encc herein to any specific commercial product, prt'_.css,or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

,,| United States Government or any agency thereof.

ii

=

z

...... ,, , , , , , , , , ii ,, , ,



II ,,,II,,, ,, , .... Jh , iu ,,_,ili/m ,,, _,,,,

b t

,: TABLE OF CONTENTS

ABSTRACT ................................................ i

TABLE OF CONTENTS ........................................ ii

LIST OF FIGURES ........ .................................... iii

INTRODUCTION ............................................. 1

EXPERIMENTAL ............................................ 2

RESULTS AND DISCUSSION .................................... 3

G

ii CONCLUSIONS ............................................ I0

I
J

REFERENCES ............................................. 11

i

; iii

............ ' ' ' III ' ' '



d L

LIST OF FIGURES

Figure 1: Schematic of experimental set-up for photocurrent measurements.

Figure 2: Open-circuit potential vs. time for a freshly fractured pyrite electrode.
Insert, anodic current passed when fracturing a pyrite electrode held at
-0.135 V(SHE).

Figure 3: Voltammetry of freshly fractured pyrite electrode.

Figure 4: Photocurrent of a fractured pyrite electrode obtained simultaneously with
voltammetry cutn,e of Fig. 3.

Figure 5: Photocurrent of pyrite electrode during the first negative and subsequent
positive potential sweeps after fracture. Electrode held at-0.135 V(SHE)
during fracture.

Figure 6: Voltammetry of a fractured pyrite electrode in 3.3 mM Na2S. Sweep rate
is 5 mM/Sec.

Figure 7: Photocurrent of a fractured pyrite electrode in 3.3 mM/sec Na2S. Curve
ti obtained simultaneously with the voltammetry curve of Fig. 6.
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INTRODUCTION

The superficial oxidation of pyrite creates a problem in removing pyrite from coal using flotation

or oil agglomeration processes. This problem is related to the hydrophobic nature of the

oxidation products. Flotation induced by superficial oxidation of sulfides is referred to as self-

induced or collectorless flotation. Self-induced flotation has only recently been recognized as

significant in sulfide flotation (1,2), and essentially results from the superficial oxidation of

sulfide minerals producing a sulfur-rich surface; the excess sulfur is in the form of elemental

Ii. sulfur or polysulfides depending on the pH. These sulfur oxidation products are naturally

hydrophobic and, therefore, render sulfide minerals hydrophobic. Thz identification of these

products has resolved the long-standing controversy over whether sulfide minerals are naturally

hydrophobic. With the exception of the sulfides with layer structures that are held together by

London Van der Waal dispersion forces, it is believed that most sulfides, including pyrite, are

naturally hydrophilic but become hydrophobic upon superficial oxidation. In the case of coal

pyrite, the kinetics of oxidation depends on the origin of pyrite, possibly because of the

differences in solid-state properties. In general, coal-pyrite oxidizes faster than ore-pyrite (3),

and self-induced flotation is difficult to suppress.

This project is directed at obtaining a better understanding of pyrite oxidation and developing

methods of inhibiting pyrite oxidation. CCMP has recently developed (4) a photoelectrochemical

technique of studying incipient oxidation of freshly-fractured pyrite. This technique uses

chopped illumination to induce transient photovoltages or photocurrents in semiconducting

minerals such as pyrite. The photoresponse is used in studying the initial stages of pyrite
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oxidization; determining if the source of pyrite (semiconducting property) affects its oxidation;

and developing new methods of preventing or controlling pyrite oxidation.

The objective of the research conducted during the first quarter was to build a suitable cell

with an optical window, refine the measurement technique of obtaining photocurrents on

fractured electrodes, and to begin to quantify the relationship between the photocurrent and the

oxidation of pyrite.

EXPERIMENTAL

A conventional three compartment electrochemical cell with the compartments containing

the pyrite working electrode, reference electrode, and platinum counter electrode has been

designed and built. The cell contains a quartz window for illumination.

The photocurrent is induced by illumination of the sample with white light from a 100 watt

tungsten-halogen lamp. The light is chopped at 40 to 90 Hertz using a chopper built in our lab.

The photocurrents are 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.

: Initial experiments have been conducted on mineral pyrite samples from Peru. The samples

are cut with a slow speed diamond saw to dimensions of approximately 2x4xl0mm 3. An

electrical lead is attached to one 2x4mm 2 face using conducting silver epoxy or indium solder.
=

_" The electrode is then attached to a 7 mm glass tube with a non-reactive epoxy (Torr seal, Varian

Industries). When attaching the electrode to the glass tube, approximately one half of the sample
is encapsulated with epoxy, the other half projecting out of the epoxy. After insertion in the

, .
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: cell, a sharp tap on a glass rod resting on the projecting portion of the sample is sufficient to
i

_, fracture the electrode. Usually the fracture occurs flush with, or just beneath, the epoxy so that
!

the entire electrode surface exposed to the electrolyte after fracture represents the unoxidized

surface.

Figure 1 schematically illustrates the experimental setup.

RESULTS AND DISCUSSION

Task 1 - Quantification of the photoresponse of in situ fractured pyrite as a direct, in situ
i measurement of the semiconducting properties of pyrite.

The open-circuit potential of pyrite at the instant of, and following, fracture at pH 9.2 is

shown in Fig. 2. A newly fractured pyrite surface has an initial open-circuit potential near -0.4

V(SCE), which is consistent with the literature (5). Following fracture, the surface oxidizes

with the potential increasing to the usual mixed potential value. In some experiments, it was

desirable to prevet_t or minimize pyrite oxidization following fracture. For this purpose, the

electrodes were potentiostated in the range -0.135 to -0.185 V(SHE) during fracture. The insert

of Fig. 2 shows the current measured while potentiostating the pyrite electrode at -0.375 V

during fracture. The current is anodic, establishing that a fresh pyrite surface oxidizes even at

such a low potential. When the electrodes are potentiostated at -0.185 V during fracture, a

cathodic current is observed, establishing that the fresh surface becomes slightly reduced. The

exact potential at fracture is difficult to determine and may vary slightly from sample to sample,

but it is very close to -0.16 V at pH 9.2. The amount of charge passed when holding the

electrodes between -0.11 V and -0.185 V during fracture is less than a monolayer.
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Fig. 3 shows a voltammetry curve on a fractured pyrite electrode. It is known that the

anodic peak at -0.116 V represents the formation of ferric hydroxide and the cathodic peak at

-0.31 V its reduction to ferrous-hydroxide (6). The ferric hydroxide is believed to form by

reaction with elemental iron produced during the cathodic sweep.

On the positive sweep above 0.24 V, pyrite oxidizes by the reactions:

FeS2 + 31120 = Fe(OH)3 + 2S + 3H . + 3e, and (1)

FeS 2 + l lH20 = Fe(OH)3 + 2S0_- + 19H . + 15e. (2)

The amount of elemental sulfur produced by reaction 1 decreases, while the amount of sulfate

by reaction 2 increases with increasing anodic potential (6). More recently, it has been

I suggested from XPS and electrochemical studies that the product of reaction 1 is not elemental

I sulfur but a metal polysulfide (7) or a metal deficient sulfide (8).
|

On electrodes held at -0.135 V during fracture and then subjected to a negative going sweep,

the cathodic peak at -0.31 V is not observed, consistent with the assignment of this peak to the

reduction of a ferric hydroxide formed during the prior positive sweep.

The increase in current on the negative going sweep below -0.56 V represents the reduction

of pyrite by reactions of the form (6-9)'

FeS 2 + H" + 2e = FeS + HS-, (3)

FeS z + xH + + 2e = FeS2_x + xHS-, and (4)

FeSz + 2H" + 4e = Fe + 2HS-. (5)

Figure 4 shows the photocurrent-potential curve obtained simultaneously with the cyclic

4



voltammetry curve of Figure 3. With the pyrite samples from this source, only anodic

photocurrents are observed over the potential range of-0.76 to 0.64 V, indicating that the energy

bands of pyrite are bent upwards. The maximum magnitude of the photocurrent on most

samples was 10 to 15 percent of the current on the cyclic voltammetry curves. The photocurrent

goes to zero when the electrodes are held for several minutes at -0.76 V, or during negative

potential sweeps to about -0.96 V.

In general, the photocurrent indicates the band bending at the surface and the location of the

redox potential of species in solution relative to the band edges of pyrite. The potential where

a zero photocurrent is observed is often taken as the flat band potential, although trapping and

recombination of photogenerated carriers in surface states may shift the zero photocurrent away

from the flat band potential (Vn,). It can be assumed that the samples are highly n-type because

of the lack of cathodic photocurrents at large negative potentials. The photocurrents therefore

involve minority carriers (holes) from the valence band. The necessity to cathodically

decompose pyrite at -0.76 V to reduce the photocurrent to zero establishes that the surface

composition of pyrite must be altered (via reactions 3-5) _o attain the flat band potential.

When potentiostating pyrite electrodes in the range of-0. l 1 to -0.185 V during fracture, a

finite anodic photocurrent appears to be spontaneously present. It should be noted that at these
_

potentials, pyrite does not oxidize to form Fe(OH)3. With subsequent cyclic sweeps between

-0.135 and -0.66 V, the photocurrent remains nearly constant, with the cathodic branch slightly

larger than the anodic branch (Fig. 5). By preventing pyrite oxidation to Fe(OH)3, _ost of the

structure on the voltammetry curves and on the photocurrent curves during reduction is=

eliminated.
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The well-defined peak in the photocurrent near -0.31 V on the negative going sweep (Fig.

4) occurs only after pyrite has been oxidized to form ferric hydroxide. A comparison of Figs.

!

3 and 4 indicates that the photocurrent peak is related to the voltammetry peak attributed to the

reduction of ferric- to ferrous-hydroxide. This process occurs in the dark through charge

exchange with the conduction band:

Fe(OH)3 + e_b= Fe(OH)2 + OH- (6)

Holes generated in the valence band by the chopped illumination are believed to reoxidize Fe(II)

by the reaction,
Ji

I Fe(OH)2 + OH- + h_,b = Fe(OH) 3, (7)
giving rise to the photocurrent peak during the negative sweep.

In addition, FeOH + or HS may be a reduction product during the negative going sweep that

is produced by capture of a conduction band electron. The associated anodic photocurrent would

then represent the re-oxidation of these species by capture of photogenerated holes from the

valence band.

Several characteristics of the photocurrent behavior of pyrite suggest that an intrinsic surface

state, possibly modified by hydroxide adsorption, dominates the interfacial behavior of pyrite.

These characteristics are:

i) spontaneous anodic photocurrents on electrodes that are potentiostated, at

fracture, under conditions where only slight oxidation or slight reduction

occurs,

II 6
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ii) weak dependence of the photocurrent on electrode potentials from -0.135

to -0.66 V, and

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

potential.

This behavior is consistent with an intrinsic surface state that produces a net negative charge

on the surface and an underlying depletion layer (positive space charge layer on the n-type

electrodes). The charge in the surface state is not readily neutralized; to the contrary,

neutralization requires cathodic decomposition of the surface region of pyrite. Thus, the Fermi

energy at the surface is pinned over a wide potential range ( _--0.66 to 0.44 V), causing a quasi-

metallic behavior where changes in electrode potential occur primarily across the Helmho!tz

layer.

The existence of an intrinsic surface state was suggested by Pettenkofer et al. (10) from

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

on the vacuum cleaved (100) surface of pyrite: two attributed to FeS2 at the surface 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 from the reduced symmetry at the surface. From XPS measurements they

reported that both the iron and sulfur 2p levels show chemical shifts from the $22 in FeS2 to S2

in FeS, with Fe remaining nominally as Fe(II).

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

of pyrite with the redox couples V2+/V3., Fe2+/Fe 3+, Br/Bh, and CI/C12. Jaegermann and

Tributsch (11) and Salvador et al. (12) studied the anodic photocurrents for these redox couples

and found that the results were consistent with the band edges shifting with the reversible
II

i
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.. potential of the redox couples, implying 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 FeqS 3
_

|

lattice impurities. Mishra and Osseo-Asare (12; 15) observed similar shifts in the band edges of

pyrite in acetonitrile with ferrocene and N,N,N',N'-tetramethyl-p-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 surface states could not be attributed to hydrogen

| or hydroxyl ion adsorption.
I
| In order to further investigate the relationship between the intrinsic surface state on pyrite[]

and the composition of the surface, sulfur was deposited on an electrode by oxidizing HS. Fig.

6 shows a cyclic voltammetry curve in the presence of 3.3x10 3 M HS, and Fig. 7 the

simultaneous photocurrent curve. The anodic peak near 0.04 V (Fig. 7) represents the oxidation

of HS to S, and the cathodic peak at -0.61 the reverse process (16). At potentials between -0.76

and -0.16 V on the positive potential sweep, the photocurrent is similar to the behavior observed

in the absence of hydrosulfide, i.e., zero photocurrent induced by cathodic dissolution of pyrite

at -0.76 V and a gradual increase in photocurrent with increasing potential; however, sulfur

deposition causes a sudden decrease in the photocurrent at potentials greater than -0.06 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

in references (11,12)), or to the formation of a passivating sulfur layer at the surface, which

inhibits charge transfer. The decrease in current on the voltammetry curve with sulfur

deposition indicates a passivated surface.

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

commencing at -0.16 V which precedes the reduction of the sulfur deposited on the positive

scan, possibly representing the reduction of an adsorbed sulfur species as a precursor to the

reduction of elemental sulfur. In the absence of HS, Fe(OH)3 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 increases before the dominant sulfur reduction process

occurs. The overall behavior suggests that sulfur deposition neutralizes the charge in intrinsic

surface states on pyrite, relaxing the upward bent bands and thereby decreasing the photocurrent.

With sufficient neutralization of the charge in surface states, an apparent positive shift of about

i 1 V occurs in the flat band potential. This is the same behavior observed by others for several

i different redox couples (11-15). It should be noted that the photocurrent does not go entirelyto zero with sulfur deposition; thus, the actual flat band potential is not determined. A shift to

more positive values is inferred from the decrease in photocurrent.

Polysulfides (7), a metal deficient layer surface layer (8), and elemental sulfur (17) have ali

been postulated as oxidation products that produce excess sulfur on pyrite. The neutralization

ii of the charge in the intrinsic surface state by the oxidation of pyrite to produce excess sulfur at

the surface may offer an explanation for the apparent shifts in the band edges of pyrite with the

potential of various redox couples.

Finally, 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 intensifies. Because the

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

' system, no attempt was made to further quantify how polishing affects the reactivity of the

9
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electrodes for charge transfer processes; however, polishing produces defect states at the surface

and deep beneath the surface. These states obviously act as recombinatio,.a centers, reducing the

lifetime of photogenerated holes and hence the photoresponse, and also act as trapping centers,

providing additional charge storage capacity at and beneath the surface which causes further

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

Fermi level pinning, shortened carrier lifetimes, and new surface energy levels caused by

polishing defects could conceivably alter charge transfer reactions at pyrite surfaces. Most

research in sulfide electrochemistry related to flotation utilizes polished electrodes. Fractured

surfaces are probably more similar to the surfaces produced by comminution; therefore, the

effect of polishing on adsorption and charge transfer processes at sulfide surfaces is an area that

should receive some attention. Controlling the flotation of sulfide minerals often involves the

adsorption of relatively small quantities of surfactants. It is the submonolayer quantifies that

would likely be sensitive to surface defects.

I
CONCLUSIONS

Transient photocurrent measurements show that a depletion layer forms spontaneously on

freshly fractured pyrite surfaces, in contrast to galena, which assumes the fiat band potential at

cleavage and a depletion layer by subsequent oxidation (18). The characteristics of the

photocurrent as a function of electrode potential indicate that the depletion layer arises from an

excess of negative charge associated with an intrinsic, acceptor-like surface state on the fractured
i

surface. To obtain a fiat band potential on pyrite, the electrode has to be cathodically

decomposed at potentials where sulfur is removed from the surface. Alternatively, the

I0
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deposition of sulfur on pyrite surfaces from a hydrosulfide solution causes an apparent 1 V shift

in the flat band potential, which may not represent a true shift in the flat band potential but

rather a partial neutralization of the charge in the intrinsic surface state that causes a large

decrease in band bending.

The existence of a surface state on pyrite surfaces can logically be assumed to be important

in the flotation of pyrite because the surface states control how a change in interfacial potential

is distributed between the Helmholtz layer and the space charge layer of pyrite. The distribution

of this potential can be expected to regulate the energetics and kinetics of pyrite oxidation as

i
well as the adsorption of reagents used in flotation.

It is also shown that polishing introduces defect centers at the surface and in the space

charge region of pyrite, greatly reducing the photoresponse of the electrodes and may also have

unknown effects on the electrochemical reactivity of pyrite.
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Fig.3. (top) Voltammetry of freshly fractured pyrite electrode.

Fig.4. (bottom) Photocurrent of a fractured pyrite electrode obtained
sinlultaneously with voltammetry curve ofFig.3.
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i POTENTIAL, V(SHE)Fig.5. Photocurrent of pyrite electrode during the first negative and subsequent

I positive potential sweeps after fracture. Electrode held at -0.134 V(SHE)
during fracture. Sweep rate is 5 mV/sec.
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Fig.6. (top) Voltammetry of a fractured pyrite electrode in 3.3 mM NaaS.
Sweep rate is 5 mV/sec.

Fig.7. (bottom) Photocurrent of a fractured pyrite electrode in 3.3 mM
Na2S. Curve obtained simultaneously with the voltammetry curve

:a_i!i[ of Fig.6.
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