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Abstract We investigated the electrochemical corrosion be-
havior of pyrite in simulated acid rain with different acidities
and at different temperatures. The cyclic voltammetry, polar-
ization curve, and electrochemical impedance spectroscopy
results showed that pyrite has the same electrochemical inter-
action mechanism under different simulated acid rain condi-
tions, regardless of acidity or environmental temperature.
Either stronger acid rain acidity or higher environmental tem-
perature can accelerate pyrite corrosion. Compared with acid
rain having a pH of 5.6 at 25 °C, the prompt efficiency of
pyrite weathering reached 104.29% as the acid rain pH de-
creased to 3.6, and it reached 125.31% as environmental tem-
perature increased to 45 °C. Increasing acidity dramatically
decreases the charge transfer resistance, and increasing tem-
perature dramatically decreases the passivation film resis-
tance, when other conditions are held constant. Acid rain al-
ways causes lower acidity mine drainage, and stronger acidity
or high environmental temperatures cause serious acid drain-
age. The natural parameters of latitude, elevation, and season
have considerable influence on pyrite weathering, because
temperature is an important influencing factor. These experi-
mental results are of direct significance for the assessment and
management of sulfide mineral acid drainage in regions re-
ceiving acid rain.

Keywords Pyrite . Simulated acid rain .Weathering . pH
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Introduction

Pyrite is the most abundant terrestrial sulfide mineral occur-
ring in the Earth’s crust (Peters and Majima 1968). During
natural geochemical processes or human mineral extraction
exploitation, pyrite can easily be oxidized, causing environ-
mental issues or affecting its use in industrial applications.
Hence, researchers have concentrated on its oxidizing behav-
ior. Very large numbers of studies have reported on pyrite’s
industrial processes and applications, which include industrial
mineral beneficiation processes, such as noble metal flotation
(Ivanova et al. 2015; Rabieh et al. 2016) and leaching (Nicol
2016; Mitsunobu et al. 2016), sensors (Stanić and Dimić
2013; Simic et al. 2010; Mihajlović et al. 2009), and fuel cells
(Reinholz et al. 2016; Xiao et al. 2013).

Under natural conditions, pyrite occurs as raw ore and
mining industry waste rocks and tailings. When exposed to
air and water, it undergoes atmospheric and aqueous oxi-
dation, which is the so-called weathering phenomenon in
geology. It then releases elemental S, polysulfide, and Fe3+

oxidized species (Donato et al. 1993) and ultimately causes
acid mine drainage (AMD). Moreover, pyrite often accom-
panies other sulfides, coal, and uranium ores (McKibben
and Barnes 1986). The final result is the release of heavy
metal ions release following the acid mine drainage. With
increased awareness of the need for environmental protec-
tion, environmental issues related to pyrite weathering, in-
cluding acid mine drainage and pollution by heavy metal
ions, are currently attracting increasing attention.
Therefore, a large number of studies have attempted to
discover the processes and mechanisms of pyrite
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weathering under natural conditions (Hindshaw et al.
2016; Meng et al. 2016; Droste and Wisotzky 2015;
Nordstrom 2015). It is worth pointing out that pyrite
weathering is an electrochemical process (Rimstidt and
Vaughan 2003). Much research has shown that factors that
often affect electrochemical interactions, such as tempera-
ture (Lefticariu et al. 2006), the degree of acidity or alka-
linity of the solution (Todd et al. 2003), and stress (Liu
et al. 2013), as well as external environmental conditions,
including glaciation (Hindshaw et al. 2016) and climate
(Root et al. 2015; Caraballo et al. 2016), etc., will also
affect pyrite weathering. Among these factors, rainfall is
one of the important factors that affect pyrite weathering
and the accompanying environmental issues, such as AMD
and heavy metal ion pollution. On the one hand, rainfall
creates an electrolyte medium for pyrite weathering; on the
other hand, rainfall facilitates the transfer of ions via water-
rock interactions. Yamaguchi et al. (2015) investigated the
chemistry and flow of water in an abandoned sulfide mine,
taking into account seasonal variations in rainfall. The
results show that the water becomes acidic as dissolved
oxygen oxidizes pyrite. Along the flow path through the
rocks, the redox potential of the water becomes reducing,
such that pyrite becomes stable and the pH of the mine
drainage becomes neutral. Upon leaving the mine, the
drainage becomes acidic again due to the oxidation of
pyrite in the rocks. Rainfall affects pyrite mine AMD and
the quantities of dissolved elements. Davies et al. (2011)
characterized the acid mine drainage in a high rainfall
mountain environment. They quantified the AMD and dis-
charge in real time and showed that the runoff from ex-
treme rain events has low pH, showing that water-rock
reactions occur on a time scale of minutes to days.
Smuda et al. (2007) studied the element mobility from a
sulfide-rich waste rock dump called Excelsior, which con-
tains >60 wt% pyrite and <5 wt% calcite/dolomite. The
data suggest that, during the dry winter season, rapid evap-
oration of outcropping pore solutions and the subsequent
precipitation of efflorescent salts results in heavy metal
enrichment at the base of the Excelsior waste rock dump.
During the wet summer season, rain events caused the dis-
solution of most of the efflorescent salts, removed the en-
richment at the base, and resulted in a washout of acid
solutions rich in Fe, Mn, Zn, Cu, Cd, As, and S.

Acid rain (acidic deposition) is caused by emissions of SO2

(principally from fossil-fuel power stations, metal smelters,
and other stationary sources) and NOx (from mobile sources,
industrial sources, and power plants) that form sulfuric and
nitric acid in precipitation (Likens et al. 1972). Acid rain has
been one of the major international environmental issues. It
pollutes soil, aquatic ecosystems (Evans et al. 2001;
Skjelkvale et al. 2001), and even threatens human health
(Gerhardsson et al. 1994). As a particular kind of rainfall, its

effect on pyrite weathering will clearly be more serious.
Previous studies (Kucha et al. 1996) revealed that acid rain
will mobilize metal elements from metal sulfides themselves
in sulfide mines. Moreover, where pyrite is a main gold-
bearing mineral, the presence of acid rain could lead to the
chemical transport and precipitation of gold in anoxic surface
waters, reconciling evidence for fluvial deposition with evi-
dence suggesting hydrothermal-like chemical reactions
(Heinrich 2015). In nature, pyrite raw ore or contain pyrite
sulfide mine tailings are often seen at the surface of the crust
or at shallow depths in the crust, and they often suffer acid rain
washing. Taking China as an example, in the three famous and
large mines where sulfide minerals are extracted from de-
posits, Fankou (in Guandong Province), Jinding and
Dongchuan (in Yunnan Province), the sulfide mineral deposits
all lie in areas that experience serious acid rain in China
(Zhang et al. 2012).

As mentioned above, studies seldom concentrate on pyrite
weathering under acid rain, and previous studies have never
characterized the mechanism of pyrite weathering under acid
rain conditions. In fact, pyrite weathering is an electrochemi-
cal process. Therefore, in this study, the electrochemical be-
havior of pyrite from an area experiencing serious acid rain
pollution, Dongchuan (Yunnan Province, China), under sim-
ulated acid rain (SAR) was studied. The primary objectives of
this study were (1) to understand the responses of pyrite
weathering mechanisms to SAR and (2) to quantitatively in-
vestigate the effects of SAR on pyrite weathering.

Experimental methodology

Preparation of pyrite electrodes

Pyrite samples were collected from Dongchuan Pb-Zn mine
(Yunnan Province, China). Reflected light microscopy and X-
ray diffraction analysis indicated that the samples existed as a
pure, homogeneous phase. Electron microprobe analysis con-
firmed that the Fe and S contents (in wt%) of the pyrite sam-
ples are 46.89 and 52.96%, Ni and others are 0.0015 and
0.00485%, respectively. These pyrite samples were also used
for soaking study. The pyrite samples were cut into approxi-
mately cubic shapes, and their bottom surfaces were guaran-
teed to represent a working area of 0.25 cm2. The samples
were then connected to a copper wire using silver paint on
the upper surface and sealed by epoxy resin, keeping only
the working surface exposed to the solution. Munoz et al.
(1998) described the electrode preparation method in detail.
Prior to each test, the mineral electrode was polishedwith 1.0-,
0.3-, and 0.05-μm alumina powder in sequence to obtain a
fresh surface. The electrode was then degreased using alcohol,
rinsed with deionized water, and dried in a stream of air.
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Simulated acid rain

According to monitoring data on acid rain from 2005 to
2011 in China, the type of acid rain was mainly sulfuric
acid rain, and the contribution of nitrate to precipitation
acidity increased each year. The annual pH value was
approximately the same as that observed in the USA, as
well as in Japan and other East Asian countries. However,
the deposition flux of the major acidic ions was at a high
level (Xie et al. 2012). This is particularly true in
Dongchuan (Yunnan Province, China), one of the areas
experiencing serious acid rain in China. According to
the Dongchuan Environmental Monitoring Station’s mon-
itoring data (An 2015), the average pH of rain in
Dongchuan was 4.42~6.51 between 2006 and 2013, and
the average proportion of the concentrations (mol/l) of
SO4

2− and NO3
− is 3.39:1. To mimic the characteristics

of acid rain in China, especially in Dongchuan, according
to the above analysis, first, a dilute solution containing
CaSO4, (NH4)2SO4, MgSO4, NaNO3, NH4Cl, NaCl, and
KF with a mole ratio of 20:9:5:10:2:2:4 was prepared. In
this solution, the mole ratio of SO4

2− to NO3
− was 3.39:1.

Then, three types of acid rain with pH values of 5.6, 4.6,
and 3.6 were prepared by adjusting the solution pH with a
solution containing H2SO4 and HNO3 with a mole ratio of
SO4

2− to NO3
− of 3.39:1. The detailed ionic composition

of the SAR is listed in Table 1.

Electrochemical study

Electrochemical measurements were performed using a
computer-controlled electrochemical measurement system
(PARSTAT 2273, Princeton Applied Research) with a con-
ventional three-electrode electrolytic cell that included a plat-
inum auxiliary electrode, a pyrite working electrode, and a
saturated calomel reference electrode (SCE). All other poten-
tials in this study are quoted relative to the SCE (0.242 V vs.
standard hydrogen electrode), unless otherwise stated. To
minimize the resistance of the solution between the working
electrode and the reference electrode, the reference electrode
was connected to a Luggin capillary.

The electrolyte was SARwith a pH of 5.6, 4.6, or 3.6 (refer
to BSimulated acid rain^ section), respectively, and 25 ml of
electrolyte was used in each test. The working, auxiliary and

reference electrodes were situated in the same locations in
each test to ensure a uniform spatial relationship. The exper-
iments were conducted at 25 ± 1 °C, and this temperature was
maintained using a water bath.

Cyclic voltammetry (CV) experiments were carried out
at a scan rate of 5 mV·s−1. The sweep initiated in the pos-
itive direction, and the potential was measured starting
from the open circuit potential (OCP, Eoc) to 0.8 V (Eλa,
vs. SCE). The scan was then reversed to reach −1.2 V (Eλc,
vs. SCE) and was finally returned to the OCP as the final
potential (Ef). Polarization curves were obtained by chang-
ing the electrode potential automatically from −250 to
+250 mV (vs. the Eoc) at a scan rate of 10 mV·s−1.
Electrochemical impedance spectroscopy (EIS) tests were
performed at the OCP and in the frequency range of
0.001~10,000 Hz with a peak-to-peak amplitude of
10 mV. ZSimpWin 3.20 (2004) software was then used to
fit the impedance data. To ensure reproducibility, identical
experiments were repeated at least three times to ensure
that the reported results were reproducible (i.e., that the
random errors of all three identical experimental results
were within tolerance), and all the reported results in this
study were averaged.

Prior to the CV experiments, polarization curves, and EIS
tests, OCP tests were performed. During each OCP test, the
electrode potential was increased for 600 s before reaching a
quasi-steady-state; the steady-state was defined here as a
change of less than 2 mV per 300 s. Then, the electrode was
stabilized for 400 s, and the potential was recorded as the OCP.
During the second and third identical experiments, if the po-
tential was not within ±5 mV (compared with the first test) at
the quasi-steady-state, then the OCP test was terminated, and a
new test was performed until the same OCP as the first test
was obtained when stabilized for ~400 s.

Soaking study

First, the massive pyrite samples were crushed into 20–40
mesh size, and pure pyrite particles were selected out
under a microscope; then, these pyrite particles were
ground to 200-mesh powder using an agate mortar under
ethyl alcohol surrounding conditions; finally, these pyrite
powders were dried in a stream of nitrogen and reserved
in a vacuum chamber for the subsequent soaking experi-
ments. Nine Erlenmeyer flasks were each filled with 0.5 g
of pyrite powder and were divided into three equal
groups. Every group SAR was 60 ml, having pH values
of 3.6, 4.6, and 5.6, and subjected to a temperature of
25 ± 1, 35 ± 1, and 45 ± 1 °C, respec t ive ly.
Experimental temperature was conducted by a water bath.
The pulp pH was measured every 5 min for the first
30 min after the SAR was poured into each flask, then

Table 1 Ions concentrations of simulated acid rain (μmol/l)

pH Ca2+ NH4
+ Mg2+ K+ Na+ Cl− F− SO4

2− NO3
−

5.6 40 40 10 8 24 8 8 70 21

4.6 40 40 10 8 24 8 8 87 26

3.6 40 40 10 8 24 8 8 262 77
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every 10 min during the second 30 min, an hour later, and
then every 2 days up to 70 days.

Results and discussion

Cyclic voltammetry studies

Figure 1 show the cyclic voltammogram obtained from the
pyrite with the sweep potential starting from the open circuit
potential, Eoc. The comparison of the cyclic curves of the
pyrite at different acidities and different temperatures
showed that they had similar E-i profiles, except that the
pyrite current changed more strongly under higher tempera-
tures or stronger acidity at the same scan potential, which
means that the pyrite had the same electrochemical interac-
tion mechanism under these SAR conditions. In all these
cyclic curves, following the potential from OCP to more
positive values, the oxidation rate increased quickly. The
first anodic current peak A1 occurs at a potential of 0.6–
0.65 V. Biegler and Swift (1979), Giannetti et al. (2001), and
Antonijevic et al. (2005) noted that it corresponds to the
oxidation of pyrite to ferric ions, sulfur, and sulfate as shown
in reaction (1).

A1 : FeS2 þ 8H2O→Fe3þ þ 2SO4
2− þ 16Hþ þ 15e− ð1Þ

In the reverse scan, two redox peaks occur. Peak C1
occurs near 0.4 V and corresponds to the reduction of
Fe3+ as in reaction (2) (Ahlberg and Broo 1997). Peak
C2 occurs near −0.4 V and corresponds to the reduction
of S0 as in reaction (3) (Yin et al. 1999). When the po-
tential scan reaches approximately −0.7 V, another redox
peak C3 occurs, due to the reduction of pyrite as in reac-
tion (4), which is consistent with the result of Tao et al.
(2003). FeS generated in reaction (4) will then dissolve in
SAR environments, as in reaction (5).

C1 : Fe3þ þ e−→Fe2þ ð2Þ

C2 : S0 þ 2Hþ þ 2e−→H2S ð3Þ
C3 : FeS2 þ 2Hþ þ 2e−→FeSþ H2S ð4Þ

FeSþ 2Hþ ¼ Fe2þ þ H2S ð5Þ

As the potential sweep reverses in direction at −1.2 V, the
current swings positive at about −0.1 V, and a second anodic
peak A2 can be observed. This peak is attributed to the oxi-
dation of H2S (Nava et al. 2002), where the H2S is produced
during the cathodic sweep as in reactions (3), (4), and (5).

A2 : H2S→S0 þ 2Hþ þ 2e− ð6Þ

Polarization curve studies

Figure 2 shows the polarization curves of the pyrite electrode
using SAR with pH values of 3.6, 4.6, and 5.6 under different
temperatures at a scan rate of 10mV·s−1. All these polarization
curves display a similar E-i profile, whichmeans the pyrite has
the same electrochemical interaction mechanism under these
conditions. Moreover, there are two obvious tendencies,
which are as follows. Decreasing the pH at the same temper-
ature, or increasing the temperature at the same pH, will cause
these curves shift toward higher densities of current and lower
values of potential. These results are consistent with the ten-
dency of the CV curves.
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Fig. 1 Typical cyclic voltammograms obtained on pyrite electrode in
different acidities and temperatures SAR solutions. Ei = EOC,
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Fig. 2 Potential-time relationships of pyrite electrode in pH 3.6 (black
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For the electrochemical analyses, the first and most impor-
tant parameters are the corrosion current density (icorr) and
corrosion potential (Ecorr). The parameter icorr reflects the cor-
rosion rate of the material. Specifically, the higher the density
of current is, the faster the corrosion rate will be, while Ecorr is
related to the corrosion possibility of the material. A negative
value of Ecorr means the material is difficult to corrode. The
icorr, Ecorr, including Tafel slopes of anode (ba) and cathode
(bc) can observe from the polarization curves based on the
extrapolation methods (Bard and Faulkner 2001).
Furthermore, the polarization resistance, Rp, can be calculated
from the Stern-Geary equation Rp = babc/[2.3 icorr (ba + bc)]
(Stern and Geary 1957). The experimentally determined po-
larization results for the pyrite electrode under SAR of differ-
ent acidities and at different temperatures are summarized in
Tables 2 and 3, respectively.

The influence of SAR acidity

When pyrite suffered erosion by SAR at the same tempera-
ture, such as at 25, 35, or 45 °C, the polarization results
(Table 2) suggest that the pyrite has a similar tendency, i.e.,
the icorr of the pyrite increases and the Ecorr becomes more
positive as SAR acidity increases. As previously mentioned,
a larger value of icorr indicates a large corrosion rate, and a
positive value ofEcorr indicates that corrosion ismore difficult.
All these results showed that increasing acidity promotes the
electrochemical corrosion of pyrite. These phenomena can be
explained in that, at these SAR conditions, the pyrite acted as
the anode and was oxidized as in reactions (7). S0 was pro-
duced and absorbed onto the pyrite’s surface. Obviously,
stronger acidity is favorable for S0 dissolution; furthermore,
the pyrite corrosion potential became more positive as the
acidity of the SAR increased. Higher corrosion potential
would lead to pyrite anode dissolution (Alloway and Ayres
1998). These two causes led the Tafel slope of the anode (ba)
to decrease dramatically when the acidity of the SAR in-
creased, indicating that the pyrite anodic oxidization process

was accelerated. At the cathode, O2 was reduced as in reaction
(8). According to reaction (8), increases in the concentration
of H+ seem favorable for the cathodic reduction of O2.
However, it remains a fact that, following increases in the
concentration of H+, the SO4

2− and NO3
− concentrations of

the simulated acid rain also increase, resulting in a decrease in
the solubility of the oxygen (Moslemi et al. 2011), which is
unfavorable for cathodic reduction of O2. Therefore, the cor-
ollary of the above is that the Tafel slope of the cathode (bc)
first increases and then decreases in this work. To overcome
these two Tafel slopes, the general result is that the polariza-
tion resistance Rp decreases. That is, increases in acidity pro-
mote the electrochemical corrosion of pyrite. The promotion
efficiency (η) was 3.12 and 8.48%, 31.14 and 40.23%, as well
as 53.74 and 104.29%, respectively, corresponding to in-
creases in acidity from 5.6 to 4.6 and then to 3.6 at 25, 35,
and 45 °C, respectively. The promotion efficiency is defined
by η ¼ icorr−i0corr

� �
=i0corr � 100%, which is often used as the

inhibition efficiency in materials science (Solmaz et al. 2008;
Wang et al. 2011). Comparing these promoting efficiencies,
we can observe that environmental temperature has an impor-
tant effect on pyrite weathering, even when pyrite suffers ero-
sion under SAR with the same acidity. The higher the envi-
ronmental temperature is, the bigger the promoting efficiency
will be when the SAR experiences the same acidity increase.
Specifically, the largest promotion efficiency reached
104.29% at 45 °C when the SAR acidity increased from
pH 5.6 to pH 3.6.

Anode : FeS2→Fe2þ þ 2S0 þ 2e− ð7Þ
Cathode : O2 þ 4Hþ þ 4e−→2H2O ð8Þ

The influence of temperature

When pyrite suffered erosion under SAR with the same acid-
ity, such as pH values of 3.6, 4.6, and 5.6, the polarization
results (Table 3) suggest that the pyrite has a similar tendency,

Table 2 Electrochemical
parameters of the pyrite electrode
in SAR at a same different and
different pH values

Temperature (°C) pH Ecorr (mV) icorr (μA·cm
−2) bc (mV) ba (mV) Rp (Ω·cm

2) η (%)

25 5.6 24.0 0.448 135.8 381.6 9.72 × 104

4.6 110.1 0.462 160.5 280.6 9.60 × 104 3.12

3.6 164.5 0.486 140.2 255.2 8.09 × 104 8.48

35 5.6 19.7 0.517 143.6 358.3 8.62 × 104

4.6 107.6 0.678 204.0 268.8 7.43 × 104 31.14

3.6 162.8 0.725 126.9 243.1 5.00 × 104 40.23

45 5.6 7.9 0.536 148.6 355.8 8.50 × 104

4.6 95.5 0.824 216.4 256.7 6.19 × 104 53.74

3.6 150.3 1.095 117.5 240.3 3.13 × 104 104.29
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i.e., the icorr of pyrite increases and the Ecorr becomes more
negative as the SAR temperature increases. These results also
revealed that increases in temperature promote the electro-
chemical corrosion of pyrite. These phenomena can be ex-
plained by the following. At the anode (reaction (7)), the
clearly higher temperature causes the conversion of internal
energy into electrochemical energy, which is unfavorable for
the development of a S0 cover on the pyrite surface, and hence
causes the Tafel slope of the anode (ba) to decrease, i.e., the
anodic polarization resistance of the pyrite decreased. To the
cathode reaction, the increase in temperature causes two dif-
ferent effects. The higher temperature accelerates O2 diffusion
and hence promotes the cathodic reduction of O2, and in re-
verse leads to a decrease in dissolved oxygen, weakening the
cathodic reduction of O2. The final results of the effects of
temperature coupled to the dissolved oxygen are as follows.
(1) The effect of O2 diffusion is dominant when the SAR has a
high acidity (pH 3.6 in this work). This is because a high
concentration of H+ ions causes a drop in dissolved oxygen.
Clearly, a low concentration of O2 is advantageous for its
diffusion, and this is why the Tafel slope of the cathode (bc)
is reduced at pH 3.6 when the temperature increases from 25
to 35 °C and finally to 45 °C. (2) The effect of dissolved
oxygen becomes less dominant when the SAR has a low acid-
ity (pH 4.6 and pH 5.6). The reason is, compared with high
acidity SAR (pH 3.6), the concentration of dissolved oxygen
at low acidity (pH 4.6 and pH 5.6) is bigger. Obviously, the
greater concentration of dissolved oxygen is unfavorable for
its diffusion, which results in an increase in the Tafel slope of
the cathode (bc) when the temperature increases from 25 to
35 °C and finally to 45 °C. To overcome these two Tafel
slopes, the general result is the polarization resistance Rp de-
creases, that is, increasing temperature promotes the electro-
chemical corrosion of pyrite at the same acidity. The promo-
tion efficiencies were 49.17 and 125.31%, 46.75 and 78.35%,
as well as 15.40 and 19.64%, respectively, corresponding to
the temperature increased from 25 to 35 °C and finally to
45 °C at pH values of 3.6, 4.6, and 5.6, respectively.
Comparing the estimated promotion efficiency, we can also

observe that the SAR acidity has an important effect on the
weathering of pyrite when the pyrite experiences the same
environmental temperature. The more acidic the SAR is, the
bigger the promotion efficiency will be when the environmen-
tal temperature increases at the same acidity. In particular, the
greatest promotion efficiency in this work, 125.31%, was
achieved at a pH of 3.6 when the environmental temperature
increased from 25 to 45 °C.

Electrochemical impedance spectroscopy study

EIS is one of several effective electrochemical techniques that
can reveal the characteristics of electrodes and electrochemi-
cal reactions.

Figure 3 shows the Bode (a) and Nyquist plots (b) for pyrite
at the OCP at different SAR acidities and temperatures. The
Bode plots reflect two time constants and the Nyquist plots
resemble distorted capacitive loops suggest two capacitive
loops. The first, which is obtained at high frequencies, is at-
tributed to the charge transfer resistance (Rt) that corresponds
to the resistance between the pyrite and the outer Helmholtz
plane. The second, which is obtained at low frequencies, is
related to the combination of pseudo-capacitance impedance
(due to the passive layer) and a resistance Rp. The deviation
from an ideal semicircle is generally attributed to frequency
dispersion, as well as to the inhomogeneities of the passive
layer surface. The related electrochemical equivalent circuit
(EEC) used to model the pyrite/electrolyte interface is shown
in Fig. 3c, where Rs is the resistance of the electrolyte and
other ohmic resistance, Rt is the charge transfer resistance,
Rp is the film resistance, CPEdl represents the constant phase
element that replaced the double layer capacitance, and CPEp

represents the constant phase element that replaced the passive
film capacitance (Cp).

The impedance parameters for the pyrite electrode under
SAR of different acidities and different temperatures are pre-
sented in Tables 4 and 5.

When pyrite corrodes in SAR at the same temperature
(25 °C), the impedance parameters shown in Table 4 show

Table 3 Electrochemical
parameters of the pyrite electrode
in SAR at a same pH value and
different temperatures

pH Temperature (°C) Ecorr (mV) icorr (μA·cm
−2) bc (mV) ba (mV) Rp (Ω·cm

2) η (%)

3.6 25 164.5 0.486 140.2 255.2 8.09 × 104

35 162.8 0.725 126.9 243.1 5.00 × 104 49.17

45 150.3 1.095 117.5 240.3 3.13 × 104 125.31

4.6 25 110.1 0.462 160.5 280.6 9.60 × 104

35 107.6 0.678 204.0 268.8 7.43 × 104 46.75

45 95.5 0.824 216.4 256.7 6.19 × 104 78.35

5.6 25 24.0 0.448 135. 8 381.6 9.72 × 104

35 19.7 0.517 143.6 358.3 8.62 × 104 15.40

45 7.9 0.536 148.6 355.8 8.50 × 104 19.64
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that increased acidity results in decreases in the charge transfer
resistance (Rt) and the passivation resistance (Rp), which
means that increased acidity is favorable for charge transfer
at the double layer and makes it difficult to form a passivation
film. These are the causes that explain why increases acidity
prompts pyrite weathering, which is in agreement with the
polarization curve results. When acidity increased from
pH 5.6 to 4.6 and then to 3.6, note that the rates of pyrite

charge transfer resistance decrease ηt (ηt is defined as ηt ¼
Rt−R0

t

� �
=R0

t � 100% ) were 77.58 and 80.45%, whereas
the rates of passivation film resistance decrease ηp (ηp is de-

fined as ηp ¼ Rp−R0
p

� �
=R0

p � 100% ) were 22.46 and

30.26%, respectively. These results reveal the main cause by
which increased acidity prompts pyrite weathering; that is, it
dramatically decreases the charge transfer resistance. As one
of the reactants, the effect of H+ is realized mainly through the
double layer effect, which corresponds to the mechanism de-
scribed by reaction (8).

When pyrite suffers corrosion in SAR of the same acidity
(pH 3.6), the impedance parameters shown in Table 5 show
that increased temperature cause decreases in the charge trans-
fer resistance (Rt) and the passivation resistance (Rp), which
means increased temperature favors charge transfer at the dou-
ble layer and makes it difficult to form a passivation film. As a
result, when temperature increased from 25 to 35 °C and then
to 45 °C, the rates of charge transfer resistance (ηt) decrease
for pyrite were 9.69 and 33.33%, and the rates of passivation

film resistance (ηp) decrease were 45.09 and 51.19%, respec-
tively. These results reveal the main cause by which increases
in temperature prompt pyrite weathering; that is, the passiv-
ation film resistance dramatically decreases. In other words,
increased environmental temperature mainly disadvantageous
for passivation film formation and hence accelerates pyrite
weathering.

Soaking

In this section, to what extent the environmental temperature
and the acidity of acid rain affect pyrite weathering, especially
in terms of their ability pyrite release H+ ions, was investigat-
ed. Figure 4 shows the dynamic pH changes of 0.1 g (200-
mesh) pyrite pulp in a 60-ml different acidities (pH 5.6, 4.6, or
3.6) and temperatures (25, 35, or 45 °C) SAR solutions. The
nine dynamic pH curves show three stages similar varying
tendency, the first stage, the pyrite pulp pH had a Bsharply^
decrease at the initial no more than 60 min acid rain erodes,
the second stage, the pyrite pulp pH had a Bdramatically^
decrease, and the third stage is changed to flatten. Detailed
tendency of the three stages are shown as following.

The first stage, the pyrite pulp had a Bsharply^ decrease at
the initial 60 min when they soaked in the SAR solution, here,
the Bsharply^ is defined as pH falling range exceed 0.1 per
hour, no matter the SAR acidity or environmental tempera-
ture. This is because that when 0.1 g 200-mesh pyrite particles
were soaked in 60 ml acid rain, the pyrite was oxidized as

Table 4 Equivalent circuit model parameters for pyrite in SAR at 25 °C
and under different acidities

pH Rt (Ω·cm
2) η Rp (Ω·cm

2) η

5.6 1.32 × 105 4.23 × 104

4.6 2.96 × 104 77.58 3.28 × 104 22.46

3.6 2.58 × 104 80.45 2.95 × 104 30.26

Table 5 Equivalent circuit model parameters for pyrite in pH 3.6 SAR
at different temperatures

Temperature (°C) Rt (Ω·cm
2) η Rp (Ω·cm

2) η

25 2.58 × 104 2.95 × 104

35 2.33 × 104 9.69 1.62 × 104 45.09

45 1.72 × 104 33.33 1.44 × 104 51.19
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Fig. 3 Bode plots (a), Nyquist plots (b), and equivalent circuit (c) of the pyrite electrode in different acidities and temperatures SAR solutions
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reaction (7) and released off H+ ions, as for the pyrite particles
was 200-meshes, i.e., the total surface area of the 0.1 g pyrite
surface would be very large, the pyrite particles and the dis-
solved oxygen in the SAR would have sufficient contact area,
and hence set out large number of H+ ions in a shorty time to
the 60 ml solution. The pyrite pulp pH values in different
acidities and temperatures SAR are show in Table 6. From
this table we can see, when the pyrite particles are in an iden-
tical environmental temperature, a smaller pH acid rain cause
a smaller pulp, while when pyrite particles eroded by a same
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Fig. 4 pH-time relationships of pyrite pulp in different acidities and temperatures SAR solutions

Table 6 The pyrite pulp
pH after soak 60 min in
different acidities and
temperatures SARs

SAR pH Temperature (°C)

25 35 45

5.6 3.87 3.81 3.67

4.6 3.82 3.63 3.57

3.6 3.51 3.48 3.45
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acidity acid rain, the higher environmental temperature result-
ed in a smaller pulp pH after eroded 60 min. These results
reveal that strong acidity or high environmental temperature
accelerate the pyrite weathering and cause it to release more
H+ ions. The biggest and smallest pulp pH values were 3.87
and 3.45, respectively, and these values correspond to a SAR
pH of 3.6 at 45 °C and a SAR pH of 5.6 at 25 °C. All these
results agree well with previously measured electrochemical
results.

During the second stage, the pyrite pulp displayed a
Bdramatic^ decrease. Here, a Bdramatic^ decrease is defined
as a rate of decrease in pH exceeding 0.01 per day. The cause
was that S0 was produced and adsorbed onto the pyrite article
surfaces, which decreased the pyrite surface. Detailed pyrite
pulp pH values and the number of days after which the pulp
terminated its Bdramatic^ decrease are shown in Table 7. The
results show that, when pyrite erodes in acid rain media, the
Bdramatic^ decrease stage changed more permanently when
acid rain had a stronger acidity or occurred at a higher tem-
perature. Furthermore, the pyrite pulp had a smaller pH at the
terminated stage. In this work, the pyrite pulp Bdramatic^
decrease days were 9 and 53 days, and their terminated stage
pH values were 3.84 and 2.73, respectively, for pH values and
temperatures of 5.6 and 25 °C and 4.6 and 45 °C, respectively.

During the third stage, the pulp pH decreased only slightly.
The cause is that, with more and more S0 produced by pyrite
oxidation (reaction (7)), this species would cover the pyrite
surface and form a passivation membrane, thereby inhibiting
pyrite oxidation. When the pyrite articles suffered erosion
from acid rain at an identical acidity, the higher environmental
temperature caused a smaller pulp pH during the measured
70 days (Table 8). In particular, when the environmental tem-
perature increased by 10 °C, the terminal pulp pH has obvi-
ously decreased, meaning that increased temperature clearly
results in accelerated pyrite corrosion and the release of addi-
tional H+ ions. These results were in agreement with previous
electrochemical results. When the pyrite articles suffered ero-
sion in acid rain at the same temperature, the higher acidity
acid rain led to a smaller pulp pH at 25 °C, whereas the acidity
of the acid rain did not have an obvious effect at 35 and 45 °C
during this stage. These observations could be explained by
the decrease in dissolved oxygen with increasing acid rain

acidity (leading to larger contents of SO4
2− and NO3

−, as pre-
viously explained). In particular, at higher temperatures (such
as 35 or 45 °C in this work), the dissolved oxygen changed by
a smaller amount. When pyrite is at these high temperatures,
acid rain that has a stronger acidity (such as pH 3.6 in this
work) might be thought to enhance pyrite corrosion; unfortu-
nately, a decrease in oxygen in the acid rain inhibits pyrite
corrosion. Note that the S0 passivation film is not a terminal
product; it will gradually transform into SO4

2− in acidic envi-
ronments as time passes.

Implication for sulfide mine environments

In a sulfide mineral mine that is in a region affected by acid
rain, the exposed, raw pyrite ore or tailings will suffer acid rain
erosion, causing mine drainage of higher acidity, regardless of
the acid rain’s acidity. Acid rain with higher acidity results in
serious acid mine drainage pollution. Environmental temper-
ature greatly influences pyrite weathering, meaning that the
latitude, elevation, and season have substantial influence on
pyrite weathering. Generally, when sulfide mines are at low
latitudes or in low elevation regions, as well as during warmer
seasons, higher temperatures occur and will intensify the
weathering of pyrite, causing more serious environmental
pollution.

Conclusions

Based on the established electrochemical parameters and the
dynamic changes in pH and pyrite behavior in simulated acid
rain of different acidities and at different environmental tem-
peratures, the following conclusions can be derived:

(1) Cyclic curve studies revealed that pyrite has the same
electrochemical interaction mechanism under different
simulated acid rain conditions, regardless of acidity or
environmental temperature.

(2) Polarization curve studies revealed that either more acid-
ic acid rain or higher environmental temperatures can
accelerate pyrite corrosion. Within the investigated
ranges of acidity (pH 5.6~3.6) and temperature
(25 °C~45 °C), compared with conditions including

Table 7 The pyrite pulp pH values and the number of days that the pulp
terminated Bdramatically^ decreased in different acidities and
temperatures SARs

SAR pH pH Time (day)

25 °C 35 °C 45 °C 25 °C 35 °C 45 °C

5.6 3.84 3.17 2.81 9 30 43

4.6 3.30 3.00 2.78 25 41 48

3.6 3.17 2.93 2.73 31 46 53

Table 8 The pyrite pulp
pH values that the pulp
slowly decreased in
different acidities and
temperatures SARs
during the measured
70 days

SAR pH Temperature (°C)

25 35 45

5.6 3.25 2.82 2.69

4.6 3.19 2.82 2.70

3.6 3.11 2.81 2.64
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temperatures of 25 °C and an acid rain pH of 5.6, the
pyrite weathering prompt efficiency reached 104.29% as
the acid rain pH increased from 5.6 to 3.6, and 125.31%
as the environmental temperature increased from 25 to
45 °C when the other conditions were kept the same.
Measurements made using EIS revealed that the main
causes were a dramatic decrease in the charge transfer
resistance and the passivation film resistance.

(3) Acid rain causes higher acidity mine drainage, regardless
of the acid rain acidity and environmental temperature.
Furthermore, stronger acidity or higher environmental
temperatures cause serious acid drainage. The natural
parameters of latitude, elevation, and season have con-
siderable influence on pyrite weathering, because tem-
perature is an important influencing factor.
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