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Abstract

A previously reported methodology applied to evaluate the factors affecting the reactivity pyrite and pyritic samples

under simulated weathering conditions is now utilized to analyze pyrrhotite reactivity at different environmental alter-

ation stages. The methodology is based on the comparison of the voltammetric responses of the mineral obtained

through the alteration process; changes in the electrochemical behavior are associated with changes in the surface state

of the mineral and finally are related with changes of the mineral reactivity. The results of an initial study of the electr-

ochemical behavior of pyrrothite before alteration suggest that its alteration involves the formation of 3 surface layers

(in agreement with previous reports): (1) in immediate contact with pyrrhotite corresponding to a metal-deficient sul-

fide; (2) an intermediate layer corresponding to elemental S, and; (3) the most external layer, consisting of precipitates

of Fe oxy-hydroxides, like goethite. The pyrrhotite reactivity seems to be controlled by the formation of oxidation prod-

uct layers that coat and passivate the pyrrhotite surface, where the elemental S layer has most significance. The results

confirm the advantage of incorporating cyclic voltammetry as an auxiliary method for acid rock drainage prediction,

due to its demonstrated capacity to describe the factors that influence sulfide mineral reactivity which are not evaluated

by other predictive techniques.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Pyrite (FeS2) and pyrrhotite (Fe1�xS) are the most

common and abundant sulfide minerals present in min-

ing wastes from the processing of base-metals or pre-

cious metal ores. Under environmental conditions, Fe

sulfide oxidation can result in the generation of acid
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rock drainage (ARD). Several studies have been con-

cerned with the oxidation mechanism of pyrite and pyr-

rhotite, and the chemical and structural factors affecting

the dissolution of these minerals (Hamilton and Woods,

1981; Steger, 1982; Doyle and Mirza, 1990; Nicholson

et al., 1990; Evangelou, 1995; Laajalehto et al., 1997;

Janzen et al., 2000). In addition, many studies have been

reported about the surface alteration of pyrite and pyr-

rhotite under acidic conditions and when these minerals

are exposed to moist or dry air (Buckley and Woods,

1985a,b; Buckley et al., 1988; Sasaki, 1994; Nesbitt
ed.
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and Muir, 1994; Sasaki et al., 1995; Thomas et al., 2001;

Mikhlin et al., 2002). In these studies, a large amount of

data have been obtained by application of XRD and

several spectroscopic techniques (i.e., XPS, AES, FTIR,

Mösbauer). The generalized mechanism for pyrite oxi-

dation at advanced stages is via thiosulfate formation,

which is later oxidized to SO2�
4 , while the Fe is dissolved

as Fe(II) and oxidized to Fe(III) with consequent forma-

tion of Fe(III) sulfate or oxide (Lowson, 1982; Sand et

al., 1999). In addition, pyrrhotite dissolution studies un-

der differing conditions have been carried out by electr-

ochemical and spectroscopic techniques (Buckley and

Woods, 1985a; Buckley et al., 1988; Nesbitt and Muir,

1994; Thomas et al., 2001; Mikhlin et al., 2002). In most

of these studies the formation of a nonstochiometric,

nonequilibrium or metaestable layer (Fe1� x� yS, subse-

quently referred as NL) has been proposed as a result of

the preferential dissolution of Fe relative to S, such as is

indicated in the following reactions:.

Fe1�xSþ 0:5yO2 þ 2yHþ ! yFe2þ þ yH2Oþ Fe1�x�yS

ð1Þ

Fe1�xSþ 0:75yO2 þ 1:5yH2O

! yFeðOHÞ3 þ Fe1�x�yS ð2Þ

Iron precipitates have been identified as Fe oxyhy-

droxide covering the NL. The composition and char-

acteristics of the NL are extremely widespread

depending on the conditions under which the altera-

tion takes place. Jambor (1994) has observed various

alteration sequences for pyrrhotite in different tailing

impoundments: pyrrhotite to marcasite, pyrrhotite to

Fe sulfate and to Fe oxyhydroxide and pyrrhotite to

S. From this observation, it was concluded that the

diversity of products noted in spectroscopic studies

also appears in pyrrhotite from weathered tailings. De-

spite the knowledge acquired by the previous studies

no thorough analysis of the evolution of pyrite and

pyrrhotite reactivity, which could be used in the pre-

diction of acid rock drainage has been performed. In

a previous study a methodology for the analysis of

factors affecting the pyrite reactivity has been pre-

sented (Cruz et al., 2001). In this study, it was con-

cluded that in the initial stages of the alteration, the

galvanic interactions between sulfide minerals present

in the pyritic samples, is the main factor affecting pyr-

ite reactivity. However, for pyrrhotite there is no in

depth study about the factors affecting its reactivity

under environmental conditions. Therefore, in the pre-

sent work, a similar methodology to that applied to

the pyrite reactivity study, is applied to analyze the ef-

fect of pyrrhotite surface state evolution, since this

seems to be the main factor affecting the reactivity

of this mineral.
2. Materials and methods

2.1. Mineral

The pyrrhotite sample used in this study was ob-

tained from the El Monte Pb–Zn–Ag skarn type deposit

(Zimapan, Hgo., Mexico). The sample was received in

massive fragments of pyrrhotite and reduced to a parti-

cle size below 6 mm using a laboratory jaw crusher. Pyr-

rhotite particles not containing inclusions of other

visible minerals or oxidized surface layers were selected

using stereoscopic microscopy. An agate mortar was em-

ployed to crush pyrrhotite particles that were classified

per sizes using standard Tyler sieves; for this study, only

the particles ranging between 105 and 150 lm were used.

The crushed and classified mineral was later conserved

in an inert atmosphere, in the presence of N2, within a

desiccator to avoid alteration.
2.2. Electrochemical analysis

The electrochemical analyses were carried out on pyr-

rhotite both unleached and after different times of leach-

ing. These analyses were accomplished by a cyclic

voltammetry technique using an inert medium with the

aim of characterizing the changes in the electrochemical

behavior of the mineral. An EG&G PAR 273 potentio-

stat coupled to a PC with the M 270 software was used

to impose a sweep rate of 20 mV s�1 and record the vol-

tammetric response. A 3-electrode system was used con-

sisting of a carbon paste electrode (CPE-pyrrhotite, 50

wt%) as the working electrode, a graphite rod (AlfaÆsar,

99.999% purity) as a counter electrode and a saturated

sulfate electrode (SSE) (E = 0.615 V/SHE, standard

hydrogen electrode) as a reference electrode. All poten-

tials in this investigation are referenced to the SSE. The

CPE feasibility and the details of its preparation have

been previously reported by Lazaro et al. (1995).

The electrode system was placed in a Pyrex� glass

cell containing an electrolyte solution of 0.1 M NaNO3

at pH 6.5. This electrolyte does not interfere with electr-

ochemical reactions of sulfides; it offers an excellent

medium for the electrochemical reactivity characteriza-

tion of Fe sulfides (Cruz et al., 2001). Even though the

electrolyte was not buffered, the changes in pH were

not considerable, since the voltammetric experiments

were performed under microelectrolysis conditions.

Nitrogen was bubbled through the solution for 45 min

before starting the experiments to eliminate dissolved

O2. Afterwards, the inert atmosphere was kept in the cell

throughout the course of the experiments.

All voltammograms were initiated from the open-cir-

cuit potential (OCP) of the CPE-pyrrhotite in the elec-

trolytic solution, which was necessary to achieve

reproducibility of results (Hojo and Peters, 1981). The



R. Cruz et al. / Applied Geochemistry 20 (2005) 109–121 111
interval of electroactivity determined for CPE-pyrrhotite

in the electrolytic solution was �1.5 to 0.8 V/SSE.

2.3. Alteration device for weathering of pyrrhotite

The alteration device and procedure were designed to

promote pyrrhotite oxidation under simulated environ-

mental conditions through a cyclic procedure which

alternates leaching stages and aeration stages to generate

reaction rates similar to those obtained by the humidity

cell procedure (ASTM, 1996; Morin and Hutt, 1997).

The device consisted of 5 cm diameter polyethylene

Büchner Funnels�. Twenty grams of mineral sample

were placed in each funnel. A 0.45 lm paper filter was

placed at the bottom of the container to retain the sul-

fide particles.

The leaching procedure is cyclic. It consists of one

day of leaching, followed by 3 days under environmental

conditions. After this, another day of leaching was fol-

lowed again by two days under environmental condi-

tions. Each leaching cycle was carried out by adding

15 mL of leach solution to each sample container, so

as to completely cover the mineral sample. The samples

were left inundated with the leach solution for 3 h during

each leaching cycle. Leach solution was extracted from

each device by vacuum suction, re-filtered (0.45 lm)

and analyzed (for pH and dissolved metals as indicated

below). The leach solution was formulated to simulate

rainwater: distilled water with a pH adjusted to 5.5 by

the addition of purified CO2. A calculated amount of

solution was prepared immediately prior to its use. A

sample of mineral was taken in each leaching device just

before the leaching procedure at 1, 2, 4, 6, 8 and 10

weeks for cyclic voltammetry analysis, SEM observa-

tions and X-ray diffraction analysis.

2.4. Chemical and mineralogical characterization

The pyrrhotite sample was characterized mineralogi-

cally and chemically to determine the stoichiometric

composition of the pyrrhotite and the contents of miner-

alogical impurities, i.e., the chemical impurities in the

pyrrhotite crystal lattice as well as the mineralogically

associated impurities (inclusions and intergrowths).

Mineral surfaces were characterized before any altera-

tion and after several alteration cycles. Mineralogical

observations were made using a Phillips XL30 scanning

electron microscope (SEM) under backscattered elec-

tron image. X-ray microanalyses were performed using

an EDAX 4Dix energy dispersive X-ray spectrometer

(EDS) coupled to a SEM. X-ray microanalyses were per-

formed with 20 keV electron energy, 3–5 nA beam cur-

rent and 100 s of collection time. Conventional

standard ZAF correction was carried out automatically

for each microanalysis. The characterization of the sec-

ondary mineral phases, formed during the pyrrhotite
alteration process, was complemented by X-ray diffrac-

tion (XRD) using a Rigaku DMAX 2200 X-ray

diffractometer.

The chemical analysis of the pyrrhotite involved a di-

gest step with a mixture of HNO3 (85%) and HClO4

(15%) prior to AA analysis. The AA analyses were per-

formed with a Perkin–Elmer 5000 Atomic Absorption

Spectrometer; and for total S by inductive coupled-plas-

ma spectrometry, using a Jarell Ash Iris 25 Spectrome-

ter. The leachates obtained during the alteration

process were analyzed for pH using a Beckman /320
pH meter with a combined electrode (4 N AgCl satu-

rated). Meanwhile, analysis of dissolved metals was car-

ried out using the same Perkin–Elmer 5000 AA

Spectrometer. The limit of detection for AA analyses

is 0.1 lg g�1for solid samples and 0.1 mg L�1for solu-

tion samples.
3. Results and discussion

3.1. Chemical and mineralogical composition of pyrrhotite

Mineralogical reconstruction of the sample was per-

formed from its chemical and mineralogical analyses.

In this way, the pyrrhotite sample was determined to

contain 97.9% pyrrhotite (Fe1� xS), 0.9% sphalerite

(ZnS), 0.7% galena (PbS), 0.1% arsenopyrite (FeAsS)

and 0.4% of non-sulfide minerals (principally quartz

SiO2). These minerals occur as inclusions in the pyrrho-

tite particles. The study of the content of impurities in

the pyrrhotite crystal lattice indicates that pyrrhotite

crystals contain Cu (0.17%), Sb (45 ppm), Co (30

ppm) and Ni (10 ppm). The mean atomic relation Fe:S

is 0.89. According to this atomic relationship, the pyr-

rhotite has an hexagonal structure, which was confirmed

by the corresponding XRD pattern. Its low Fe causes

the formation of positive charge carriers, which should

favor pyrrhotite oxidation (Shuey, 1975).

3.2. Voltammetric study of pyrrhotite

Since the aim of this study is to characterize pyrrho-

tite reactivity as a function of changes in its surface state,

an electrochemical study of fresh pyrrhotite (before

alteration) was carried out in order to establish a refer-

ence for the initial surface state of the mineral (i.e.,

electrochemical behavior of fresh pyrrhotite). This refer-

ence analysis will be later used as a basis for comparison

to evaluate the reactivity evolution of pyrrhotite during

its alteration process under environmental conditions. It

is important to emphasize that, the electrochemical

study of pyrrhotite, here presented, does not pretend

to simulate its process of natural alteration, but it is used

as a tool to characterize the evolution of its surface state

under oxidating conditions.
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Figs. 1(a) and (b) show voltammetric responses ob-

tained for pyrrhotite when the potential sweep is initi-

ated in positive and negative direction, respectively.

When the sweep is initiated in a positive direction, an
(a)

(b)

Fig. 1. Typical cyclic voltammograms of CPE-pyrrhotite in 0.1 M N

(a) positive direction; (b) negative direction m = 20 mV s�1. Inset figu

responses.
oxidation peak (O1) starting at �0.3 V is observed

(Fig. 1(a)). This peak represents a passivation process

followed by a transpassive oxidation (OT). When the

sweep direction is inverted, several reduction processes
aNO3, when potential scan was initiated in different directions:

res show low-current zones of the corresponding voltammetric
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R1 (0.04 V), R2 (�0.2 V), HR (�0.8 V), R3 (�1.05 V)

and R4 (�1.3 V) take place. Due to the low current in-

volved in processes R1 and R2, their peaks are hardly

visible in the current interval used in Fig. 1. Finally,

when the potential cycle is about to be completed, a sec-

ond oxidation peak (O2) appears at approximately

�0.47 V (Fig. 1(a)).

When the potential sweep is initiated in a negative

direction (Fig. 1(b)), a small reduction process is ob-

served at approximately �1.3 V. When the sweep direc-

tion is inverted, a small oxidation peak similar to O2 is

observed, whereas the principal oxidation peak (O1)

represents different behavior from that seen when the

sweep is initiated in a positive direction. It is important

to point out that the reduction process, R1, is more

clearly observed when the potential sweep is initiated

in a negative direction.

On comparison of Figs. 1(a) and (b), it is observed

that peaks R1–R4 correspond to reduction processes

of species formed during the anodic scan, and that the

surface of unleached pyrrhotite is free of these oxidized

species. It is important to note that the initial reduction

process observed during the negative direction scan

potential could be associate with the reduction of pyr-

rhotite to stiochiometric FeS by Eq. (3) (Nicol and

Scott, 1979)

1:12Fe0:89Sþ 0:24Hþ þ 0:24e� ! FeSþ 0:12H2S ð3Þ

or to the reduction of some oxidized species performed

during the handling and preparation of samples (Buck-

ley and Woods, 1985a).

An intensive study of the voltammetric behavior of

pyrrhotite was carried out by Ek+ variation analysis

and the data has been published elsewhere (Cruz,

2000). On the basis of this study and data reported by

other authors (Hamilton and Woods, 1981; Buckley

et al., 1988; Mikhlin, 2000) it can be suggested that the

electrochemical oxidation process of pyrrhotite in 0.1

M NaNO3, takes place in three stages, which are de-

scribed as follows.

The first stage takes place at potential ranging be-

tween 0.1 and 0.25 V/SSE, which may be related to the

formation of a metal-deficient sulfide, according to

Fe0:89S ! Fe0:89�xSþ xFe2þ þ 2xe� ð4Þ

The reduction of this product is associated with the

R4 peak at approximately �1.2 V/SSE, according to

Fe0:89�xSþ 2:24xHþ þ 2:24xe�

! ð1� 1:12xÞFe0:89Sþ 1:12xH2S ð5Þ

The reduction process could be related to the low

cathodic current observed in the voltammogram ob-

tained when the scan is initiated in a negative direction

(Fig. 1(b)).
The continuous loss of metal results in the formation

of elemental S (S0) on the mineral surface in accordance

with

Fe0:89�xS ! ð0:89� xÞFe2þ þ S0 þ 2ð0:89� xÞe� ð6Þ

The amount of S0 increases until it forms a passivat-

ing layer at potentials �0.5 V. The Ek+ analysis showed

that the reduction peak R3 is associated with reduction

of S, likely following the reaction

S0 þ 2Hþ þ 2e� ! H2S ð7Þ

In a recent study Mikhlin (2000) observed the reduc-

tion of a non-stoichiometric non-equilibrium layer (NL)

formed on pyrrhotite surface by HCl etching, as a lone

reduction process, which involved the reduction of var-

ious S species ðS�
0 ; S�

1 ; ðS2Þ2�n Þ, to H2S. The comparison

of voltammograms of pyrrhotite with and without etch-

ing suggested that similar processes are involved during

the electrochemical reduction of unetched pyrrhotite.

However, the data shown in the current work, suggests

that the reduction process of electrochemically oxidized

pyrrhotite involves the reduction of S and metal-defi-

cient sulfide in two independent processes (R3 and R4).

At potentials greater than 0.4 V, the released Fe2+

will oxidize according to the following reaction:

Fe2þ þ 3H2O ! FeðOHÞ3 þ 3Hþ þ e� ð8Þ

This was demonstrated by the appearance of the

reduction process characteristic of soluble Fe(III) spe-

cies (peak R2). The very small size of the peak R2 is

due to the fact that soluble electroactive species migrate

from the interface toward the bulk solution.

Iron and S present in the electrode interface may

form a Fe sulfide different from pyrrhotite, according to

FeðOHÞ3 þ 3Hþ þ e� ! Fe2þ þ 3H2O ð9Þ

S0 þ Fe2þ þ 2e� ! FeS ð10Þ

The electrochemical formation of this Fe sulfide must

occurs at potentials that are very close to the S0 reduc-

tion, and could be associated to the HR process.

The last stage of the pyrrhotite electrochemical oxi-

dation consists of the rupture of the elemental S passi-

vating layer at potentials over 0.55 V, which occurs

due to the S0 oxidation in accordance with

1:12S0 þ 4H2O ! 1:12SO2�
4 þ 8Hþ þ 6e� ð11Þ

It is important to mention that the S0 in the interface

is formed again when the potential scan is reversed, as

indicated by the oxidation peak appearing at potentials

�0.5 V in the oxidation process O1.

The oxidation process O2, whose peak potential is

��0.47 V, may be related to the oxidation of H2S

formed by the reduction processes R4 and R3 (Eqs.

(5) and (7)).
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The data obtained in this preliminary electrochemical

study of unaltered pyrrhotite will allow analysis of how

the alteration of this mineral affects each electrochemical

stage and these changes will be associated with changes

in mineral reactivity at different times of the alteration

process of pyrrhotite.

3.3. Chemical evolution of the leachate

Fig. 2 presents the chemical evolution of the leachate

(pH and dissolved Fe) depending on the time of pyrrho-

tite alteration. During the first 3 weeks, a fast decrease in

pH is observed, followed by an important instability in

the pH between 3 and 6 weeks (Fig. 2(a)). After 6 weeks,

the pH constantly increases until reaching a value close

to 5.5 at 10 weeks of alteration. At the beginning, the Fe

dissolution shows an important and constant increase

until reaching a maximum value near 650 mg/L at 3.5

weeks of leaching, a period after which the concentra-

tion of Fe dissolved in the leachate constantly diminishes

(Fig. 2(b)).

3.4. Electrochemical analysis of the evolution of the

pyrrhotite surface state

Considering that the evolution of the pyrrhotite sur-

face state, associated with the alteration process, must

have important effects on the mineral reactivity, a vol-

tammetric study of pyrrhotite samples was performed

immediately after 1, 2, 4, 8 and 10 weeks of alteration.

The objective of this study was to monitor the changes

in the electrochemical behavior of pyrrhotite during its

alteration process, and associate them with the reactivity

evolution of the mineral sample.

Fig. 3 shows the evolution of pyrrhotite voltammetric

behavior, starting in the positive-going direction, after 2,

4, 6 and 10 weeks of alteration. It can be observed that

after 2 weeks of alteration (Fig. 3(b)), the oxidation

process O1 decreases, while the potential, at which this

process starts, displaces toward lower values. The mag-
(a) (b)

Fig. 2. Chemical evolution of leachate for: (a) pH; (b) dissolv
nitude of reduction peaks R1 and R2 increase and trend

to form a single peak, as happens with R3 and R4 (R 0).

Since the magnitude of the current involved in the reduc-

tion processes increases in accordance with the time of

leaching, it could be considered that the species formed

in the electrochemical process O1 (reactions (4), (6) and

(8)) are similar to those formed during the alteration

process in minicells. At 4 weeks of alteration (Fig.

3(c)), important changes are observed in the pyrrhotite

voltammetric behavior, the pyrrhotite oxidation process

starts at lower potentials (�0.19 V) and a significant de-

crease in the magnitude of the current involved may be

observed. In addition, a new oxidation peak (O3) is ob-

served at �0.85 V/SSE.

As can be observed in Fig. 3(c)–(e), the pyrrhotite

after 4, 6 and 10 weeks of alteration, shows very similar

voltammetric behavior. However, the limited reproduci-

bility observed for these alteration times suggests a high

heterogeneity at the sample surfaces. The trend in vol-

tammetric behavior of these samples is the decrease of

the oxidation process O1 and the increase of the current

involved during all reduction processes and the O2 and

O3 oxidation processes.

Fig. 4 shows the evolution of voltammetric behavior,

starting in negative direction, after pyrrhotite was sub-

jected to different alteration times. Fig. 4(a)–(e) show

the voltammograms obtained for unaltered pyrrhotite

and after 2, 4, 6 and 10 weeks of alteration. It can be

seen that after 2 weeks of alteration (Fig. 4(b)) a reduc-

tion process (R3) appears. This peak starts at approxi-

mately �1.1 V and is additional to the peak reported

for unaltered pyrrhotite (at approx. �1.3 V), which at

the same time increases its associated current (R4).

When the scan changes direction, an oxidation peak ap-

pears at a potential similar to that of the oxidation proc-

ess O2. Both the current associated with the oxidation

peak O1 and the potential at which this process initiates

decreases considerably. This may be associated with the

appearance of another oxidation process (O4), prior to

peak O1. It is worth noting the similarity between the
ed Fe as a function of the alteration time of pyrrhotite.
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cathodic zones of the positive direction voltammogram

of unleached pyrrhotite (Fig. 3(a)) and the negative

direction voltammogram of pyrrhotite after 2 weeks of

leaching (Fig. 4(b)), which could also be considered as

a sign that the species formed in the electrochemical

process (reactions (4), (6) and (8)) are similar to those

formed during the chemical alteration process.

Corresponding to the voltammetric study initiated in

the positive direction, the pyrrhotite sample shows

important changes in voltammetric behavior after 4
weeks of alteration (Fig. 4(c)). The reduction processes

becomes a single peak (R 0) and its associated current in-

creases significantly. In addition, an oxidation peak O3

appears at �0.85 V and the current involved in the oxi-

dation process O4 increases provoking a decrease of the

potential at which the oxidation process O1 initiates.

The voltammetric responses of the pyrrhotite after 6

and 10 weeks (Figs. 4(d) and (e)) show behavior similar

to that obtained for the pyrrhotite after 4 weeks of

alteration.
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From the previous description, the pyrrhotite vol-

tammetric behavior is strongly affected by the alteration

process; in fact, evidence shows that the mechanism of

alteration follows a mechanism similar to that of the

mineral electrochemical oxidation. However, it is diffi-

cult to establish which stage of the electrochemical oxi-

dation mechanism is being favored according to the

time of alteration. This is because the electrochemical

oxidation process of the altered samples does not exhibit

specific changes for each superficial layer chemically

formed on pyrrhotite. For the purpose of establishing

which of the electrochemical and chemically formed

products has the more significant effect in the reactivity

of the pyrrhotite, an analysis of the different superficial

species formed during the alteration process was carried

out.
3.5. Species formed on pyrrhotite surface during the

alteration process

According to prior electrochemical results, if it is as-

sumed that the first stage of the pyrrhotite electrochem-

ical oxidation mechanism is associated with the

formation of a metal-deficient sulfide, then the voltam-

metric response obtained for the samples after 2 weeks

of alteration must correspond mainly to the voltammet-

ric response of the metal-deficient sulfide formed during

this alteration period. On the other hand, the decrease in

the global slope of the oxidation process may be related

to the formation of a layer that limits the mass transport

from the bulk solution to the reactive surface. This layer

must be a porous layer of Fe precipitates, formed from

the Fe dissolved from the first stages of alteration, such
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as indicated by the maximum in the Fe concentration

around 4 weeks of alteration (Fig. 2). Finally, the

marked difference between voltammetric responses for

pyrrhotite with alteration times greater than 4 weeks,

suggests that important changes in the pyrrhotite surface

state must have occurred at this alteration stage. These

changes must have been caused by the formation of sur-

face layers additional to the Fe oxy-hydroxide and met-

al-deficient sulfide layers. This new surface state must be

related to the formation of elemental S provoked by the

Fe release from the structure of metal-deficient sulfide

according to reaction (6).

The presence of these 3 layers on the pyrrhotite sur-

face was also demonstrated by SEM (Fig. 5). This figure

shows images of pyrrhotite particles after 2, 4 and 10

weeks of alteration. After 2 weeks of alteration (Fig.

5(a)), the surface of the pyrrhotite shows a lamellar

structure zone (point 1, Fig. 5(a)) and a surface layer
Fig. 5. SEM images of pyrrhotite particles after different times of alte

sample after 10 weeks of alteration. Po, pyrrhotite. The numbers on th

than that of pyrrhotite; (2 ) Fe- and O-rich phase and (3) phase of m

particle polished sections.
covering this zone (point 2, Fig. 5(a)). The EDS micro-

analysis of these points revealed that the lamellar zone

shows a decrease in Fe concentration against pyrrhotite

bulk (Po), and that the most superficial layer (point 2)

corresponds to a Fe–O rich compound. For samples

after 4 week and longer alteration periods, the thickness

of these 2 layers increases and a third layer (botroidal as-

pect zone) appears between them (point 3, Fig. 5(b) and

(c)). The EDS microanalyses of this zone revealed that

this is a S rich layer.

In order to analyze the effect of these oxidation prod-

ucts on the electrochemical behavior of the sample, vol-

tammetric studies were performed on the 10 weeks

alteration sample. The oxidized species were removed

through selective leaching procedures. Hence, the Fe

oxide layer was removed using a mixed solution of oxa-

lic acid and ammonium oxalate, which is selective for Fe

oxy-hydroxide species (Bousserrhine, 1995). The S layer
ration: (a) 2 weeks, (b) 4 weeks and (c) 10 weeks and (d) washed

e images indicate: (1) lamellar structures with Fe content lower

ostly S composition. The images were obtained from mineral
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was washed out using carbon disulfide. The effective

elimination of the Fe-rich and S-rich layers was proved

by X-ray diffraction (Fig. 6) and SEM observations

(Fig. 5(d)). The X-ray diffraction results obtained for

the washed samples indicate that the remaining material

had a structure similar to a Fe sulfide with a pyrrhotite

structure. The SEM observation shows that the washed

pyrrhotite surface exhibits a lamellar structure (Fig.

5(d)).

The comparison between the voltammogram ob-

tained for the washed and unwashed 10 weeks alteration

samples of pyrrhotite is shown in Fig. 7. From this com-

parison it can be seen that when the Fe oxide layer has

been removed, the electrochemical oxidation processes

are similar to the unwashed sample and only the current

associated with this process undergoes a decrease (Fig.

7), this fact confirms that the layer of Fe oxy-hydroxides
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Fig. 6. X-ray diffractograms of pyrrhotite sample (a) before alterat

hydroxide and the S have been removed: Po, pyrrhotite; Gt, goethite
represents only a diffusion barrier during the electro-

chemical oxidation. When the S layer was also elimi-

nated the sample exhibited important changes in its

voltammetric behavior (Fig. 7). Once the S and Fe

oxy-hydroxide layers have been removed, it would be

supposed that the Fe-deficient sulfide layer would be

the only alteration product remaining on the pyrrhotite

surface. It would be expected that the voltammetric re-

sponse obtained for this sample would exhibit a similar

behavior to that obtained for a sample with 1 or 2 weeks

of alteration (the alteration time when Fe-deficient sul-

fide is presumably formed). Hence, the voltammetric re-

sponses obtained for the sample with 2 weeks of

alteration and the washed sample show very similar

behavior during the reverse scan (peaks R1, R3 and

R4), but it is important to note that they differ in the

anodic processes (peak O1). The differences in the ano-
Po

Po

Po

(c) 10 weeks
washed sample

55 65 75 85 95

Po
Gt

Gt

Gt

(b) 10 weeks

Po

Po Po

(a) before
alteration

2- Θ (˚)

ion (b) after 10 weeks of alteration and (c) after the Fe oxy-

; S, elemental sulfur.



Fig. 7. Cyclic voltammetric response of CPE-pyrrhotite with 10 weeks of leaching before surface phase elimination (a), after

eliminating the surface layer of Fe oxy-hydroxide (b) and after eliminating S and Fe oxy-hydroxide (c). The potential scan was initiated

in positive direction, at 20 mV s�1.
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dic processes are due to the high specific area for the

washed sample (Fig. 5(d)), which avoids the pasivation

process of the surface, across the potential range

analyzed.
Fig. 8. SEM image of pyrrhotite particle from historic impoundmen

numbers indicate: (1) lamellar structures with Fe content lower than

obtained from mineral particle polished sections.
3.6. Factors affecting pyrrhotite reactivity

Several authors have reported the high reactivity of

pyrrhotite (Buckley and Woods, 1985a; Jambor, 1994;
t (sample was weathered in humidity cells). Po, pyrrhotite. The

that of pyrrhotite; (2) Fe- and O-rich phase. The images were
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Janzen et al., 2000). In the present work, this reactivity

was shown by fast Fe dissolution in the first stages of

the alteration process (Fig. 2(b)). However, after sub-

jecting pyrrhotite to the alteration process over 3 weeks,

the concentration of dissolved Fe in the leachate de-

creased significantly. This decrease was due to the for-

mation of Fe precipitates (i.e., FeOOH) on the

pyrrhotite surface. In this work the presence of these

Fe precipitates resulting from pyrrhotite oxidation is

proposed on the basis of the electrochemical study and

corroborated by the SEM-EDS study. With the infor-

mation obtained through the electrochemical study it

was also possible to establish that in addition to the

FeOOH precipitates, metal-deficient sulfide and elemen-

tal S layers are formed on the surface of the mineral dur-

ing the alteration of pyrrhotite under simulated

weathering conditions. The formation of similar layers

on the mineral surface has been observed for pyrrhotite

in mining residues showing weathering alteration ob-

tained in the field, and in humidity cells (Fig. 8). This

fact could be considered as a validation of the results

here obtained.

With surface characterization through voltammetric

analysis of the sample with and without superficial oxi-

dation products, it was observed that the S layer actually

governs voltammetric behavior of pyrrhotite after more

than 4 weeks of alteration. These results suggest that the

formation of the passivating S layer affects the reactivity

of pyrrhotite more significantly than the diffusion bar-

rier of the FeOOH layer. It is worth noting that the cou-

pled effect of these layers must represent an important

effect on the reactivity of the pyrrotite sample at ad-

vanced alteration stages, such as is suggested by the

increasing pH and the low metal dissolution observed

after 10 weeks of leaching (Fig. 2).
4. Conclusions

Cyclic voltammetry using C-paste electrodes repre-

sents an useful tool in the analysis of the reactivity of

pyrrhotite under weathering conditions. The results of

an initial voltammetric analysis of pyrrhotite before

alteration was used as a reference for the characteriza-

tion of the evolution of pyrrhotite reactivity during, lab-

oratory simulated conditions of environmental

alteration.

The systematic study of cyclic voltammetry of lea-

ched mineral samples in a mini-cell device, combined

with chemical analysis and conventional techniques of

mineralogical characterization (XRD and SEM-EDS),

allowed the study of the evolution of pyrrhotite reactiv-

ity during the alteration process. Because of this study it

was possible to establish that pyrrhotite alteration under

environmental conditions follows a mechanism similar

to that suggested by the voltammetric study. The results
of this study suggest that pyrrhotite oxidation involves

the formation of 3 surface layers: (1) in immediate con-

tact with pyrrhotite corresponding to a metal-deficient

sulfide; (2) an intermediate layer corresponding to ele-

mental S, and; (3) the most external layer, consisting

of precipitates of Fe oxy-hydroxides, like goethite. Sim-

ilar results have been observed for pyrrhotite occurring

in weathered mining sites and pyrrhotite under simu-

lated weathering conditions in humidity cell procedures.

The formation of surface layers of Fe oxy-hydroxides

and elemental S during the alteration process of pyrrho-

tite seems to be the principal factor that affects the pyr-

rhotite reactivity. The effect of the appearance of these

layers on the pyrrhotite reactivity could be difficult to

show using conventional methodologies of ARD predic-

tion. However, because of the advantages of the pre-

sented methodology to monitor the mineral surface

state evolution, it could be used to determine how the

surface state has evolved and thus the affect on the min-

eral reactivity. This fact is indicative of the potential

application and contribution of this methodology as a

supporting tool in the study and prediction of ARD gen-

erated by alteration of sulfide mining residues with high

pyrrhotite content.
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