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ABSTRACT 

To asscss thc rcsponse of common sultldc minerais to 
oxidizing conditions, an elcctrochcmical approach was 
employcd, lo dctine the intluence of Lhe pyrrholite 
cot1lent in pyritc/pyrrhotite mixtures . The intlucncc of 
the galvanic interactions and local pH on the oxidation 
reaction of pyritc was also investigatcd. With this 
purposc, artificiai two-mineral clcctrodes wcre 
constructcd ranging in conccntration from 20-80% 
pyrrhotitc. Thc resulting cyclic voltammograms were 
analyzed and relative quanlities or oxidation products 
were evaluated. 

INTRODUCTION 

Pyrite and pyrrhotite are minerais common in 
mine cnvironments that cause acid generation. A major 
cause or acid production in t11ese environments is 
sultide mineral weathcring. The exposure or reduccd 
sulfide minerais to t11e environment results in relcase of 
weathering products containing acid due to the 
oxidation and hydrolysis reactions in soil and geologic 
material under carth surface conditions. 
Charactcrization or complex mineral accumulation 
containing S compounds is thercfore critically valuable 
to waste characterization. However, little is known 
about Lhe acid generation characteristics of common 
sulfidc mixtures. 

The objective of tl1is paper is to define Lhe 
intluence or the pyrrhotite content, galvanic intcractions 
and local pH on t11e oxidation reaetion of pyrite. Witl1 
this purposc, two-mineral clectrodes were constructcd 
ranging in concentration from 20-XO'fr, pyrrhotite. The 
goal or this work was to deline the limit conditions, in 
terms or pyrrhotitc content in lhe mixture, tlult 
determine thc S(}/IS ratio ohtained and to descrihe 
some parameters which inlluencc this ratio. 
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EXPERIMENTAL 

The ore pyrite and pyrrhotitc samples 
investigated are from Morro Velho Mine, in Nova 
Lima, Minas Gerais, BnlZil. The minerais werc hand 
ground in an agatc mortar and pestle. This material was 
then sieved to isolate t11e fraction containing particles < 
21 O f..ltn , in size. 

Potentiodynamic measurements wcre carried 
out in a standard electrochernical cell. The carbon paste 
electrodes consisted of 1.0 g graphite and 1.2 g paraftin 
containing 5 mg of ground mineral. The refercncc 
clectrode was an Ag/AgCI electrode placed in a Luggin
Haber capillary and the counter electrode was a 
platinized platinum wirc of large area. The clectrolyte 
buffer, acetic acid/sodium acetate, pH = 4.5 was 
prepared from Merck p.a. grade reagent and triply 
distilled water. Nitrogen was bubbled through the cell to 
deaerate the solution. Potentials values quoted in this 
text are given on the standard hydrogen scale. Ali 

o 
experiments were carried out at 25 C and scan rate of20 
mV s" 1

• 

RESULTS AND DISCUSSION 

As carbon paste electrodes containing ground 
mineral were employcd, voltammograms of each 
mineral were pcrformed in order to compare the data 
obtaincd with that found in litcraturc. A brief discussion 
of lhe processes occurring at each mineral surface is 
also presented to give support to the results concerning 
the mixed-mineral electrodcs. 

Figure I shows lhe cyclic voltammogram 
obtained from the pyritc carhon paste electrodc with lhe 
sweep potential starting from the open circuit potential, 
Eoc· The curve obtained is similar to oU1ers reported in 
literaturc (Halmilton and Woods, 1981; Giannctti ct ai, 
2000) exccpt for the anodic current peak A1 and the 
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open cin:uit potential, which is more negative and 
corresponds to the system Fe(II)/Fe(III). The carbon 
paste electrode containing ground mineral can not be 
polished thus the surface of the pyrite particles may be 
partially covered by iron oxides/hydroxides formed in 
air during grinding. 

The other aspects of the voltammogram of 
pyrite are identical to the voltammograms found in 
literature (Halmilton and Woods, 1981; Giannelti et ai , 
2000) (Fig. 1 ). The oxidation reactions of the mineral 
are fairly discussed in literature and the overall reaction 
may be represented as: 

FeS2 +R H20 ~ Fe3+ + 2 S042- + 16 H++ 15 e- (1) 
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Fig. 1. Voltammogram ofpyrite. 

ln the reverse scan, two current peaks are 
observed. Peak C 1 was attributed to the reduction of the 
iron oxides/hydroxides species formed during the 
oxidation. Pcak C2 was associated to the reduction of 
sulfur species (Hamilton and Woods, 1981; Yin et ai, 
1999) in accordance with the following reac tion: 

S + 2H+ + 2e- ~ H2S (2) 

Figure 2 shows the cyclic voltammogram 
obtained from t11c pyrrhotite carbon paste electrode with 
the sweep potentíal starting from the open circuit 
potential, EOC' The curve obtained is similar to tllat 
obtained by Hamilton and Woods, 1981. Three anodic 
current peaks are observed. The anodic dissolution of 
pyrrhotite rcsults in tlle formation of ferrous ions and an 
iron deficient phase. The anodic peak ai was attributed 
to the elemcntal sulfur formation (Hamilton and Woods, 
1981): 

Fe(l-x)S ~ (1-x) Fe2+ + S + 2 e- (3) 
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Fig. 2. Voltammogram of pyrrhotite 

Increasing the potential, part of the Fe2+ is 
oxidized forming Fe3+ (peak a2, at 0.45 V) . The anodic 
current pcak a3 may he associated to the oxidation of 
the intermediates formed (Equation (4)). ln tl1e reverse 
scan (Fig. 2), thrce catllodic currcnt peaks are observed 
being cl related to t11e reduction of the Fe3+, at 0.2 V. 

S20 32- + 5 H20 ~ 2 S042- + lO H+ + 8 e- (4) 

Current peaks c2 and c3 had been considered 
rclative to the reduction of the layer rich in 
sulfur/intermediates at the electrode surface. (Buckley 
and Woods, 1985). 

The two-mineral electrodes werc made witl1 
pyrite, which has the most known electrochemical 
behavior and pyrrhotite ranging 20-100% by weight. 
Fig. 3 shows tlle cffect of the FeS prcsencc on thc pyrite 
voltammogram. Increasing Lhe pyrrhotite content 
reduces tlle v alue of t11e current a1, i.e. , the electrode 
surface becomes less active . When the pyrrhotite 
content is greater than 40%, tlle current peak c3 appcars. 
This peak was previously ohserved in the 
voltammogram of pure pyrrhotite and was associated to 
initial reduction of the layer rich in sulfur. The current 
peak C2 (Equation 2) increases signiticantly indicating 
that thc pyrite/pyrrhotite comhination favors the sulfur 
production. 
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Fig. 3. Cyclic voltammograms of pyrite/pyrrhotite 
carbon paste clectrodc. 

ln ordcr to quantify the oxidation products 
formcd, the charge passed in the anodic and cathodic 
processes was determined by integration of the arca 
under lhe voltammograms, on the positive-going and 
subscquent rcturn scans, at 20 mV s· 1

• The difference 
between Q, and Qc results from thc solublc species 
formcd during oxidation. 

The sulfate formed ditluses into solution 
(Hamilton and Woods, 191\l) and its reduction does not 
occur in the potential range of this study (Flatt and 
Woods, 1995). Thus, lhe quantity of SO/ formed 
during oxidation may be evaluated from the difference 
betwecn the total anodic and cathodic charges. The 
cathodic chargc associalcd to the reduction of Fe(OH)3 

was estimated in lhe potential range between 0.35 V and 
0.05 V CQc 1) and between 0.35 and 
-0.02 V for pyrrhotite. The chargc due to reaction (2) 
was obtaincd betwecn -0.06 V and -0.4 V (Qc2) for 
pyrite and bctween -0.06 V and -0.5 V for pyrrhotite. 
As tl1e chargc valucs so obtained include the 
contribution of botl1 minerais decomposition, the value 
of the chargc transl'crred during the ncgative-going scan, 
beginning at Eoc was subtracted over this potential 
range. 

The arca of the carbon paste electrodes is 
unknown. Thus; to evaluatc the quantities of SO/, S 
and Fe(OH)3 produced by the electrodes, relative 
quantilies of solublc compounds, ferric hydroxide, and 
elemental sulfur wcre calculatcd as shown in table 1. 
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Fig. 4. Dependence of the ratio QalQc on the anodic 
potential limit: (~) pyrite alone, (•) pyrrhotite alone 
and pyrite plus: (~) 20% pyrrhotite, (O) 40% 
pyrrhotite, (L\) 60% pyrrhotite and (x) 80% pyrrhotite. 

Figure 4 shows lhe variation of the Q.IQc ratio 
with the anodic end point potential, EÀ.a• for pyrite and 

pyrrhotite electrodes (a) and for the two-mineral 
electrodes (b). For potentials more negative than 0.8 V, 
the two-mineral electrodes are less active than the pure 
mineral electrodes and, despite of the surface 
composition, produce simi lar quantities of soluble 
products. There is no linear relationship between the 
activity of the electrodes and the percentage of 
pyrrhotite. 

Tab.l. Evaluation of the relative quantities of oxidation 
products generated by the two-mineral electrodes. 

% E/V 

Fe(OH)3 = (Qc/Q.) 100 Eca::; E::; 1,0 V 

s = (QclfQ.) 1 00 Eca::; E::; l,OV 

so42- [(Q.- Qcl I Q.] 100 E::; 0,85 V 

The pyrite and pyrrhotite electrodes show a 
decrease of the %Fe(OH)3 witl1 increasing the potential 

(Fig. 5). The production of iron hydroxide from the 
pyrrhotite electrode is more intense than that from the 
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cathode with 2 mg simulating a single electrode 
composed by 60% pyrrhotite and 40% pyrite. 

(B) a two-mineral electrode was constructed with the 
anodc (60 1fo pyrrhotite) placed next to the cathode 
(40% pyritc) without homogenization of the 
minerais. 

(C) a two-mineral electrode with mixed 60% 
pyrrhotite and 40% pyrite. 

The results of experiments A, B and C showed 
that the electrodes short-circuited externally do not 
produce sulfur comparable to that obtained when a 
single electrode containing 60% pyrrhotite and 40% 
pyrite (Tab . 2). Meanwhile the two-mineral electrode 
presented the expected results. Thus , the increase in 
sulfur yield is not due to the elcctrical contact the 
pyritelpyrrhotite. This result certainly evidences that 
conclusions based on single mineral studies may be 
quite imprccise. 

Tab. 2. Dcpendence of U1e ratio Qa!Qc and of the 
relative quantities of oxidation products on electrode 
type. 

electrode Qa/Qc % S %sot % Fe(OH)3 

(A) 1,70 52 41 7 

(B) 1,29 76 22 7 

(C) 1,21 74 17 8 

A change in local pH should be anollier factor, 
which may interfere on the ratio so/-IS as the Jack of 
protons near U1e electrode could increase the local pH 
(Paul et al, 197X) favoring the sulfur oxidation to 
thiosult'ate. Measurements of U1e pH of solutions 
containing waterlpyrite and waterlpyrrhotite were 
carried out in order to verify if a local change of pH 
could intluence the sulfur yield of llie two-mineral 
electrodes. The results are shown in Table 3. 

Tab. 3. pH values of aqueous solutions containing 5 g of 
mineral(s) in 25 mi water. 

mineral pH 

pyrite 4,0 

20% pyrrhotite I 80% pyrite 4 ,0 

40% pyrrhotite I 60% pyrite 4,0 

60% pyrrhotite I 40% pyrite 4,0 

80% pyrrhotite I 20% pyrite 4,5 

pyrrhotite 4.5 

When the pyrite content is greater than 40% 
there is no change in llie pH value in relation to that 
measured in a solution containing pyrite atone. The 
dissolution of pyrite results in the production of H+ ions 

which can lower the local pH at the electrode surface. 
Otherwise, the thiosul fate decomposition depends 
considerably on pH, being the kinetics of sulfur 
formation a lirst order reaction in relation to the H+ 
concentration. 

Comparing the results obtained from pH 
measurements with that shown in Fig. 8, it can be 
inferred U1at in region (I), where U1e electrodes contain 
more lhan 40% pyrite, the local pH decreases and the 
decomposition of thiosulfate is favored. 

Thus, more sulfur than sulfate is produced. ln 
region (II), U1e pyrrhotite conlent is greater than 60%, 
and there is an incrcase in the local pH disfavoring the 
thiosulfate decomposition . In addition, whe n the pyrite 
content is less than 40%, llie higher pH next lhe surface 
may promote the oxidation of llie sulfur species and 
hence more sulfate than sulfitr is produced (Mycroft et 
ai, 1990). It is worth noting that an increasc in iron 
hydroxide quantity is also noticed when lhe pyrrhotite 
content is greater than 60% (Fig. 8). Hamilton and 
Woods, 1981, reported U1at the iron oxidcslhydroxides 
inhibit signiticantly thc pyrrhotite oxidation. The iilm 
formed would increase the resistance to llie charge
Lransfer process during the mineral dissolution. 

CONCLUSIONS 

The intluence of pyrrhotite contenl in a 
pyritelpyrrhotite electrodc was examined: 

(I) At potential next to the open circuit potential, the 
reactions producing sulfur and Fe(III) predorninate 
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(2) The presence of pyrrhotite inhibits sulfate 
formation 

(3) Galvanic interactions occur, but the increase in 
sulfur yicld, when E< 0.8 V and % pyrite < 40%, is 
not due to llie electrical contact between pyrite and 
pyrrhotite. 

(4) The presence of more U1an 40% pyrite in the 
mixture enhances the H+ production, which lowers 
the local pH and favors U1iosul fate decomposition. 
Thus, in lhis condilion more sulfate is produced. 

(5) Remediation strategies for disturbed lands 
containing reduced S minerais must tirst consider 
U1e quantily and the nature of sultide minerais 
prescnt. 



VI SHMMT I VIII ENTMME- 2001 -Rio de J aneirof3razil 

ACKNOWLEOGEMENTS 

Financial support from Fundação de Amparo à 
Pesquisa do Estado de São Paulo , FAPESP, is 
gratefull y recognized . Thc autl10rs ais o thank the 
support of Vice-Reitoria de Pesquisa e Pós-Graduação 
da Universidade Paulista . 

REFERENCES 

Buckley, A. N., Woods , R. , 1985. X-Ray photoelectron 
spectroscopy of oxidised pyrrhotite surfaces, I. 
Exposure to air. Applic. of Surf. Sei . 22/23, 280-
287 and 20, 472-480. 

Flatt, J. R., Woods, R., 1995. A voltammetric 
investigation of the oxidation of pyrite in nitric 
acid solutions: relation to treatment of refractory 
gold ores . J. Appl. Electrochcm. 25, 852-856. 

Giannetti, B. F., Bonilla, S. H., Zinola, C. F., 
Rahóczkay, T., 2000. Voltammctric and 
Photoelectrochemical Response of Natural Pyritc 
i n Acetic Acid-Acetate Buffer Solution. 
Hydrometallurgy, in press . 

Hamilton, I.C. ; Woods, R., 1981. An Investigation of 
surrace Oxidation of Pyrite and Pyrrhotite hy 
Linear Potcntial Swccp Vo1tammetry. J. 
Elcctroanal. Chem ., 118, 327-343. 

Holmes , P. R. , Crundwell, F. K., 1995. Kinetic aspects 
of gal vanic interactions hetween minerais during 
disso lution . Hydrometallurgy 39, 353-375. 

Mishra , K. K., Osseo-Asarc, K., 1988. Aspects of the 
1nterfacial Electrochemistry of Semiconductor 
Pyrite (FL:S2). J. Electrochem. Soe., 135, 2502-
2509. 

Mycroft, J.R ., Bancroft, G.M. , Mdntyre, N.S ., Lorimer, 
J .W., Hill , I.R., 1990. DL:tection of Sulfur and 
Polysullides on Electrochemically Oxidized Pyrite 
Surfaces by X-ray Photoclectron-Spectroscopy and 
Raman-Spectroscopy. J. Elcctroanal. Chem., 
292(1-2), 139-152. 

Paul, R . L., Nico!, M. J., Diggle, J. W. , Saunders, A. P., 
1971-: . The elcctrochemical behaviour of galem\ 
(Lead Suphide) I. Anodic dissolution. 
Electrochim. Acta 23, 625-633. 

Yin, Q., Kelsall, G. H., Vaughan, D . J ., Welham, N. J., 
1999. Rotating Ring(Pt)-Disk(FeS2) Electrode 
Behaviou in Hydrocloric Acid . J . Colloid. Interf. 
Sei., 210,375-383. 

379 




