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Abstract

Pyrite oxidation in chloride solutions was investigated with cyclic voltammetry, a.c. impedance and potential step
techniques. The oxidation reactions of pyrite were examined by cyclic voltammetric technique and a two-step
reaction with a passivation film forming as a first-step product was proposed. An equivalent circuit was then
postulated based on the oxidation reactions. Parameters indicated in the equivalent circuit such as reaction resistance
and pseudo-capacitance caused by the passivation film, were determined by a.c. impedance measurements. A
mathematical formula was derived from the concept of the equivalent circuit to explain the depression of the
semicircle in the complex plane plot. When the semicircle is depressed, the mathematical formula indicates that the
reaction resistance should be obtained from the intersection of the semi-circle with Z’-axis instead of the semicircle
diameter. Potential step chronoamperometric technique was then applied to measure the charging current, which is
caused by the pseudo-capacitance of the passivation film, to examine the proposed equivalent circuit. The peak
charging current densities at 1.10 and 0.90 V vs SHE obtained from the equivalent circuit and the a.c. impedance
measurements are 110 and 75 mA cm~2, respectively. They are consistent with the peak current densities of 105 and
69mA cm~2 at 1.10 and 0.90 V, respectively, determined by the potential step chronoamperometric measurements.

1. Introduction

Pyrite is the most abundant sulfide mineral; it is very
common in coals, hydrothermal veins, contact meta-
morphic deposits and sedimentary rocks. It is frequently
associated with valuable sulfide minerals, gold, and coal;
thus, it has been the subject of extensive research in view
of coal processing, extractive metallurgy as well as acid
mine drainage [1-6]. The pyrite-bearing coals emit sulfur
dioxide when combusted and the emission causes
environmental concerns. When pyrite in mines or wastes
is oxidized, acid mine drainage is produced and has to
be treated. Pyrite also interferes with gold and base
metal extraction processes. The kinetic data obtained in
this study may be used to estimate the pyrite oxidation
rate and hence to assist pyrite removal processes in coal
processing, extractive metallurgy and acid mine drain-
age treatments.

Electrochemical measurements, cyclic voltammetry in
particular, have been employed to study the oxidation of

pyrite. The measurements were obtained mainly to study
oxidation reactions and reaction mechanisms. In the
oxidation of pyrite, SO3~, Fe(OH); and Fe’* were
suggested as the reaction products with elemental sulfur
as an intermediate [6-10]. Recently, Li et al. confirmed
the formation of elemental sulfur and polysulfide
over a wide range of pH using in situ Raman spectros-
copy [11].

Impedance measurements of electrochemical process-
es have been widely adopted in the study of corrosion
engineering since the early 1980s. The technique was
employed in corrosion engineering, mainly to investigate
corrosion kinetics and to predict corrosion rates [12—13].
More recently, this technique has been applied to
mineral dissolution processes [14—15]. The reported
complex plane plots at various electrolytes were de-
pressed with an angle along the Z’-axis. The depression
was also observed in this study and the effect of the
depression on the determination of the kinetic param-
eters is discussed.
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In the present study, oxidation reactions are postu-
lated based on cyclic voltammetry. The electrochemical
characteristics of the reactions are also examined by
analysing the data obtained by cyclic voltammetry. An
equivalent circuit is postulated based on the oxidation
reactions. Related kinetic parameters, as indicated in the
equivalent circuit, are determined by a.c. impedance
measurements. The equivalent circuit and some param-
eters are then examined by a potential step chrono-
amperometry.

2. Experimental details

A pyrite sample with relatively high purity, originating
from Custer, South Dakota, was obtained from Ward’s
Natural Science Establishment, Inc. Pyrite cylinders
were prepared from the pyrite sample to make working
electrodes. The surface area of the pyrite electrode
exposed to the electrolyte was 14.3 mm?. The procedure
for preparing the working electrode is described else-
where [17]. The working electrode was pretreated by
polishing with 0.05 yum aluminium powder and washed
with distilled water. Microscopic examinations of the
electrode revealed that a trace amount of quartz might
occasionally appear in the electrode. Chemical analysis
indicated that a trace amount of copper and nickel exist.
Immediately before starting each test, the electrode was
pretreated again.

An H-type three-electrode cell with a sintered Pyrex
disc of fine porosity was provided by EG&G Princeton
Applied Research. A platinum electrode and a saturated
calomel eclectrode served as the auxiliary and the
reference electrodes, respectively. The electrolyte in the
cell was thermostated in a water bath and was controlled
by a J-KEM temperature controller. An EG&G potent-
iostat (model 273A) and a lock-in amplifier (EG&G,
model 5210) were employed for the electrochemical
measurements. A PS/2 computer was used to command
the tests. The schematic diagram of the set-up is given
elsewhere [16].

Ultra-high purity nitrogen was used for purging the
electrolyte for 30 min before each test and as a shielding
atmosphere in the cell during the tests. The electrolyte
contained 4.5 M NaCl and 0.5 M HCI unless otherwise
stated. Sodium chloride and hydrochloric acid were of
analytical grade. The electrolyte temperature was main-
tained at 25°C for all tests.

The solution ohmic drop was compensated by the
positive feedback method in the electrochemical mea-
surements. Potentials were reported with respect to the
standard hydrogen electrode (SHE) unless otherwise
stated.

3. Results and discussion
3.1. Cyclic voltammetry

The objects of the cyclic voltammetric study are to
postulate the related oxidation reactions and to charac-
terize the nature of the reactions.

Cyclic voltammetry tests were conducted in quiescent
electrolytes at various scan rates. A typical cyclic
voltammogram of the pyrite oxidation in this study is
given in Figure 1. Three cycles were scanned for each
voltammetric test and the third cycle was reported as the
cyclic voltammogram. In the cyclic voltammetric tests,
the potential was scanned from 0.10 V (vs SHE) to
1.20 V and back to 0.10 V. The peak current density, ip,
at the peak potential E, appears in the cyclic volta-
mmogram. £, varied from 0.75 to 0.95V vs SHE
depending on the scan rate. A similar peak was observed
in this potential range for pyrite oxidation in a weak
alkaline solution and was attributed to the formation of
ferric hydroxide or a sulfur film [7, 8]. The proposed
reaction is

FeS, + 3H,0 = Fe(OH); +2S° + 3H" + 3¢~ (1)

Due to the high acidity of the electrolyte (0.5 M HCI) in
the present research, a ferric hydroxide film is unlikely.
A sulfur film or polysulfides, products of the first-step
reaction, thus caused the appearance of the peak. The
sulfur and the polysulfides were then further oxidized to
sulfate at a higher potential. Sulfate was the predomi-
nant final product. The sulfur film was chosen to
represented the first-step reaction and the simplified
anodic reactions can be written as
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Fig. 1. Voltammogram of pyrite oxidation at 20mVs~'.



First-step

FeS, = Fe?" +28" 4+ 2¢~ (2)
Second-step

S” +4H,0 =S0; +8H" +6e- (3)

Obviously, Reaction 3 is a simplified reaction and
intermediate products exist before sulfate is produced.
The sulfur film was very thin; an examination of the
reacted electrode by a microprobe technique failed to
identify the presence of the film. However, the existence
of sulfur has been confirmed in a similar system using
in situ Raman spectroscopy [11]. The thickness of the
film is a characteristic of the dynamic equilibrium
between Reactions 2 and 3; thus, it is a function of the
applied potential. At a higher potential, the oxidation of
sulfur to sulfate (Reaction 3) is faster. On the other
hand, the production of sulfur (Reaction 2) is also faster
at a higher potential, especially when part of the sulfur
film is rapidly oxidized at high potentials.

Both i, and E,, were found to be a function of the scan
rate, v. A plot of i, against v'/> shows a linear
relationship, as indicated in Figure 2. Thus the reaction
corresponding to the peak is controlled by diffusion and
the mathematical formulation of this linear relation has
been given elsewhere [17]. The current drop at E, is
considered to be due to the passivation of the sulfur film.
The diffusion of either electrons or ferric ions is thus
retarded. As shown in Figure 3, a linear relationship
was also observed in a plot of £, against the logarithm
of scan rate (log v). The linear relationship indicates that
the reaction is irreversible [17].
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Fig. 2. Linear relationship between peak current density and square
root of the scan rate.
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Fig. 3. Linear relationship between peak potential and logarithm of the
scan rate.

In separate tests, rotating speeds of 200 and 500 rpm
were applied to the working electrode using the rotating
disc technique. No difference in the magnitude of i, was
observed between the two rotation speeds at 1.10 V.
Thus, the diffusion is unlikely to be external diffusion;
rather, it is diffusion through a passive film. This is
consistent with the proposed oxidation reactions.

3.2. Impedance measurements

Where the data obtained in the cyclic voltammetry study
was used to propose the related reactions, the a.c.
impedance spectroscopy was applied to determine the
kinetic parameters in the corresponding equivalent
circuit.

Alternating current impedance measurements were
performed at 0.9 and 1.1 V vs SHE with frequencies
ranging from 5 to 10° Hz. The a.c. amplitude was 5 mV.
The complex plane plots (Nyquist plots) of the a.c.
impedance measurements are given in Figures 4 and 5,
where Z' and Z” are real and imaginary parts of the
impedance, respectively.

Based on the proposed oxidation reactions, an equiv-
alent circuit of the overall reaction was postulated. The
equivalent circuit is shown in Figure 6, where R; is the
solution resistance; R; and R, are the resistance of
Reactions 2 and 3, respectively; C, is the pseudo-
capacitance of the film; and Cy is the double-layer
capacitance on the electrode-solution interface.

The solution resistance was compensated by the
positive feedback method and Cyq4 was insignificant as
compared to C, [16]. In both Figures 4 and 5, the
semicircle of the complex plane plot is depressed at
an angle « against the Z'-axis. It has been suggested
that the depression is caused by the uneven distribu-
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Fig. 4. Complex plane plot with a.c. amplitude of 5 mV at 1.10 V vs SHE in the frequency range of 5 to 10° Hz.

o
E160
(8]
_0-0—0 -~ — —
.g 80 00" ° ° =~
o /o/ = ~
A o° ~
;!\l 0 &? 1 1 1 1 B T | 1 1 1 LN 3 1 1 1
AN
0 80 160 240 320 400 480 \560 640
\
Z'/ ohm cm? N
\
\
\
1
|
1
!
/l
/
/
/
/
/
/

Fig. 5. Complex plane plot with a.c. amplitude of 5 mV at 0.90 vs SHE in the frequency range of 5 to 10° Hz.

tion of the electric field on the electrode-solution

R
,\?v: ’_J\/ii,_’_ interface [18]. To take into account the uneven
" L“i distribution of the electric field, a resistance of a/w,
N Cp - in parallel with the capacitance, was added to the
equivalent circuit, where w is the frequency and «a is a
L constant depending on the characteristics of the
é; electrode surface. Thus, the simplified equivalent
circuit can be presented by the diagram shown in

Figure 7.

Fig. 6. Equivalent circuit of pyrite oxidation.
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Fig. 7. Simplified equivalent circuit.

The impedance Z can be expressed as [19]

z=7 —-jiz" (4)
where j = (=1)"/2.

For the simplified equivalent circuit Z can be expres-
sed as [20]

1
(Riz + %] +joC,
Rya(a+ wRy)
(a + oRy)* + (aRy0Cp)
PRE0Cyj

- (a+ CORz)2 + (aszCp)2 )

Z=R; +

=R+

Thus, the real and the imaginary parts of the impedance
are

Z, _ R] + Rza(a + G)Rz) (6)
(a + ®Ry)* + (aRy0Cp)’
and
2R2oC
Z// _ a 5o P (7)

(a + 0Ry)* + (aRywC,p)?

Since R, is the pivot of the depression of the semicircle in
the complex plane plot, it can be neglected temporarily
with (R;,0) as the new origin point and the impedance
can be expressed in polar coordinates, as shown in
Figure 8, where

a?R3wC, aR,oC,
tan 0 = Rya(a+ wRy)  a+ wR, ®)
1 tan 0
co_thanH/(Cp— p > )

and
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Fig. 8. Impedance expressed in polar coordinates.
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+ 2 2
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2p2
a‘R;

= 10
(a + oR)* + (aRCp)? (10)

It is obvious that, as shown in Figure 8,

2R2
rsin 0 = @ RyoGy = PwC, (11)
(a + CORQ) + (achon)
and hence
sin 6

= 12
e (12)

By substituting Equation 9 into Equation 12, Equation
13 is obtained.

1 .
r_Rz(cose—Emn@) (13)
Equation 15 is obtained if we let
L tan o (14)
aC, N
r=R, (cos OCOS ¥ _ S sin 0)
cosa  cosu
_ R cos(0 + ) (15)
~ cosa
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Equation 15 is an equation of the semicircle in polar
coordinates with a depression angle of « against Z’-axis
and R, /cos o is the diameter of the semicircle.

From equation 14, when a =0, « is equal to £n/2.
Since the complex plane plot was constructed on the first
quadrant instead of the fourth quadrant by using —Z”
instead of Z” (Figs 4 and 5), thus « was taken as 0. Then
Equation 15 becomes

r=Rycos 0 (16)
Equation 16 represents a typical impedance semicircle
without depression in polar coordinates. In Equation 15,
r = Ry when 0 is equal to 0. Thus, R, is the intersection
of the semicircle with the Z’-axis instead of the entire
length of the diameter of the semicircle. When R; is
taken into consideration, the intersections of the semi-
circle with the Z’-axis are R; and R; + R,, respectively
(Fig. 9).

The pseudo-capacitance, C,, can be calculated
through Equation 12, where the corresponding values
of r and 6 with respect to a particular w can be obtained
from the complex plot. The constant a can then be
calculated according to Equation 14, where « is mea-
sured from the complex plane plot. The results for
1.10 V vs SHE are given in Table 1.

The double-layer capacitance per unit electrode area,
Cq4, is about 20 uFcm~2 [21]. The resulting pseudo-
capacitance, Cp, is 260 uF cm~2 at 1.10 V, which is an
order of magnitude greater than Cy. The assumption of
the insignificance of C4 as compared to C,, made in
simplifying the equivalent circuit, is therefore valid. R is
equal to 10 Qcm? and R, =420 — 10 =410 Q cm?
(Fig. 5). The depression angle « was measured to be
29° and the constant a was calculated to be 6.9 x
103 cm? uF 1.

At 090 V, R; and R, were determined to be 12 and
480 Q cm?, respectively. The depression angle was
measured as 44°. The depression angle, as expressed in

Zu

Ri/ % Rit Ry
° \)

Fig. 9. Depressed semicircle with R; taken into consideration.

Table 1. Results obtained from complex plane plot at 1.10 V vs SHE

Points indicated w 0 r Cp

in Fig. 4 /57! /deg. /Q cm? JuF cm™2
1 5 22 301 2.49 x 10?
2 7 27 256 2.53 x 102
3 10 34 214 2.61 x 10?
4 15 40 168 2.55 x 102
5 20 45 135 2.66 x 102
6 30 50 96 2.65 x 10%
7 40 52 75 2.62 x 10?
8 60 55 53 2.57 x 10%
9 90 60 38 2.53 x 102
10 120 63 29 2.56 x 102

Equation 14, is a function of aC,. The smaller depres-
sion angle at 1.10 V clearly is caused by the larger aC,
than that at 0.90 V.

Based on the simplified equivalent circuit shown in
Figure 7, the peak charging current density at ¢t = 0" for
1.10 V was calculated to be i. = E/R; = 110mA cm~2.
At 0.90 V, the peak charging current density was found
to be 75mA cm 2.

3.3. Potential step chronoamperometric measurements

While the kinetic parameters in the equivalent circuit,
and hence the charging currents have been determined
by the a.c. impedance measurements, it is desirable that
the charging currents should be confirmed experimen-
tally by another technique. The potential step chrono-
amperometric measurement was designed to do this.

In a potential step experiment, a potential pulse was
applied to the electrode to transfer instantaneously the
potential from an initial value where no faradaic current
was flowing to an end potential where the surface
concentration of the electrochemically active species was
effectively zero. The duration of the final potential was
controlled at 0.1 s. The results of the potential step
measurement with the initial potential of 0.24 V and the
final potential of 1.10 V are shown in Figure 10.

Both the charging and faradaic currents were clearly
observed in Figure 10. During the initial 0.002 s, the
charging current dominates and then the faradaic current
becomes predominant when the capacitance is charged.
At 1.10 V vs SHE, the faradaic current at t = 0" was
determined to be 6 mA, using the method described by
Lin and Zheng[17]. At 1.10 V, the observed peak current
is 21 mA atz = 0.001 s. Thus the peak charging current is
15 mA and the peak charging current density is
105mA cm 2, which is comparable to the value of
110 mA cm~2 obtained from the equivalent circuit cou-
pled with the a.c. impedance measurements. In the
potential step chronoamperometric measurement with
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Fig. 10. Anodic current against transient time at 1.10 V in potential step measurement.

the end potential of 0.90 V, a peak charging current
density of 69 mA cm~? was obtained, which is compara-
ble to that of the a.c. impedance measurement.

Pyrite is a well-known semiconductor with a band gap
of about 0.9 eV. The semiconductor characteristic of
pyrite is unlikely to have a significant impact on the a.c.
impedance and the potential step chronoamperometric
measurements when a relatively large potential is
applied to the electrode.

4. Conclusions

Based on the cyclic voltammetric study, a two-step
reaction model was proposed for the oxidation of pyrite.
The first-step reaction involves the oxidation of pyrite to
sulfur starting at 0.6 V. The second-step reaction is the
oxidation of the sulfur to sulfate starting at 0.9 V. The
peak shown in the voltammogram is caused by the
passivation of the sulfur film, a product of the first
reaction step. The reaction is controlled by the diffusion
of ferric ions or electrons through the passivation film.
This conclusion is consistent with the data plots of i,
against v'/2 and i, against disc rotating speed.

An equivalent circuit based on the oxidation reactions
was postulated with the consideration of an uneven
distribution of the electric field on the solution—electrode
interface. The first-step and the second-step reaction
resistances, and the pseudo-capacitance, as indicated in
the equivalent circuit, have been determined to be
10 Q cm?, 410 Q cm? and 260 uF cm ™2, respectively, at
1.10 V by the a.c. impedance measurements. At 0.90 V,
the first-step and the second-step reaction resistances
were determined to be 12 and 480 Q cm?, respectively.

In the a.c. impedance measurements, depressed semi-
circles were observed in the complex plane plots. A
frequency-dependent resistance has been incorporated
into the equivalent circuit and a mathematical formula
has been derived to explain the depression of the
semicircles. It is clearly demonstrated that the reaction
resistance should be obtained from the intersection of
the semicircle with the Z’-axis instead of the diameter
when the semicircle is depressed. Reaction resistance,
pseudo-capacitance, and depression angle of the semi-
circle have been obtained from the measurements and
the mathematical formulas. The obtained pseudo-
capacitance of 260 uFcm™2, a magnitude greater than
a typical electrical double-layer capacitance of
20 uF cm~2, suggests that a passivation film forms on
the surface of the electrode.

The equivalent circuit was then checked by using
the potential step chronoamperometric technique. The
peak charging current densities, which appear at
t =0T, were calculated to be 110 and 75mA cm 2
at 1.10 and 0.90 V, respectively, based on the
proposed equivalent circuit and the a.c. impedance
measurements. These current densities are comparable
to the measured peak charging current densities of
105 and 69mA cm~2 at 1.10 and 0.90 V, respectively,
from the potential step chronoamperometric experi-
ments.
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