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a b s t r a c t

Pyrite weathering often occurs in nature and causes heavy metal ion pollution and acid mine drainage
during the process. Humic acid (HA) is a critical natural organic material that can bind metal ions, thus
affecting metal transfer and transformation. In this work, in situ electrochemical techniques combined
with spectroscopic analysis were adopted to investigate the interfacial processes involved in pyrite
weathering with/without HA. The results showed that the pyrite weathering mechanism with/without
HA is FeS2 / Fe2þ þ 2S0 þ 2e�. The presence of HA did not change the pyrite weathering mechanism,
but HA adsorbs on the pyrite surface and inhibits the further transformation of sulfur. Furthermore, HA
and Fe(II) ions can form complex at 45.0 �C. Increased concentration of HA, decreased HA solution acidity
or decreased environmental temperature would all weaken the pyrite weathering, for the above con-
ditions cause pyrite weathering to have a larger resistance of the double layer and a larger passive film
resistance. Pyrite will release 73.7 gm�2$y�1 Fe2þ to solution at pH 4.5, and the amount decreases to
36.8 gm�2$y�1 in the presence of 100mg/L HA. This study provides an in situ electrochemical method for
the assessment of pyrite weathering.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Pyrite is one of themost abundant sulfideminerals in the Earth's
crust. It is associated with coal and metal ore deposits, and it affects
the associated minerals' geochemical processes in nature
(Badrzadeh et al., 2011). As an important mineral resource, pyrite
has been broadly adopted in newmaterials studies (Cui et al., 2017;
Streltsov et al., 2017), new energy systems (Jin and Caban-Acevedo,
2015), sensors (Wang et al., 2018) and other emerging industries
(Gao et al., 2017). Especially of interest, pyrite has semiconducting
properties and a positive rest potential. When pyrite contacts metal
or conductive minerals, galvanic interaction occurs. In the field of
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resources, this character is always used for leaching gold (Bas et al.,
2018; Martens et al., 2018) or other conductive minerals (Han et al.,
2017; Santos et al., 2016). In the environmental field, pyrite has
attracted significant research interest, most commonly because
pyrite can easily weather, releasing heavy metal ions following acid
mine drainage (AMD) (Ferreira et al., 2016; Nieva et al., 2018;
Romero-Freire et al., 2016). A region famous for its AMD environ-
mental issues is the Iberian Pyrite Belt in southwestern Spain
(Sarmiento et al., 2009; Grande et al., 2018). Generally, the AMD
progress can be summarized by the following equations (Weber
et al., 2004):

FeS2 þ 7/2O2 þ H2O / Fe2þ þ 2SO4
2� þ 2Hþ (1)

Fe2þ þ l/4O2 þ Hþ / Fe3þ þ1/2H2O (2)

Fe3þ þ 3H2O / Fe(OH)3 (s) þ 3Hþ (3)

FeS2 þ 7Fe2(SO4)3 þ 8H2O / 15FeSO4 þ 8H2SO4 (4)
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Humic acids (HAs) are widely distributed in soil, water and
sediment. They are often characterized by two functional groups:
phenolic and carboxylic groups, and thus become the most chem-
ically active fractions of humified natural organic matter (Loffredo
and Senesi, 2008). In solution, HA can dissociate and bind metal
ions (Lu et al., 2017; Zheng et al., 2018), affecting their mobility,
toxicity and bioavailability (Ding, 2018a, 2018b). The HA and metal
ion binding is affected by the character and electronic structure of
metal ions and may produce two different complexes with a same
metal ion. For instance, Pb2þ and HA form both bridging and
unidentate complexes (Jerzykiewicz, 2004). At present, AMD and
heavy metal ion pollution issues are arousing broad attention,
especially with respect to sulfide mineral mines. HA has been
identified as a potential efficient material to prevent these issues
for its passivation and complexation characters (Sahoo et al., 2013).
The metal ions (Fe3þ, Cu2þ, Pb2þ and Zn2þ) that bind to HA are
ubiquitous (Gao et al., 1999). Therefore, a proper understanding of
the binding of HA-metal ion complexes is highly desired. He et al.
(2016) confirmed that Cu2þ and HA fractions could bind, and the
binding characteristics were well modelled by the bi-Langmuir
model. Carboxyl and phenolic groups were responsible for the
Cu2þ sorption on the HA fractions. Yuan et al. (2018) revealed that
compost-derived HAs could facilitate Fe(III) oxide reduction, and
further suggested that compost-derived HAs could influence the
geochemical behaviours of heavy metals, organic pollutants and
nutrient elements in natural environments by facilitating the
reduction of Fe(III) oxides. Xiong et al. (2018) studied the effect of
adsorbed soil HA on Pb binding to goethite. The results showed
that, for Pb at low levels, nearly 100% was bound as Pb bridges for
HA; with increased humic substance loading, more Pb was bound
to adsorbed humic substances and less to goethite.

As mentioned above, pyrite is often weathered under natural
conditions and releases metal ions during this process. Meanwhile,
HA may bind metal ions and thus affect metal transfer and trans-
formation. To be sure, HA must affect pyrite weathering when both
are exposed to the same near-surface oxidizing conditions, and
these conditions are often present in sulfide mines. To date, when
pyrite and HAwere both present in a solution, the previous reports
were focused on pyrite being passivated by HA (Acai et al., 2009)
and the adsorption mechanism on the pyrite surface (Huang et al.,
2018). Acai et al. (2009) pointed out that pyrite treatment by humic
acids can be used as natural environmentally friendly method for
coating mining wastes. Huang et al. (2018) confirmed that the
adsorption fitted with a quasi-second order kinetic equation and
was in accordance with Freundlich adsorption model. It is well-
known that pyrite weathering is an electrochemical process
(Rimstidt and Vaughan, 2003). However, the electrochemical
progress of pyrite weathering at the presence of HA, and the HA
effects on pyrite weathering remains unclear.

It is well known that HA-metal complexes are involved in
electron transfer processes. In this work, pyrite weathering be-
haviours under different concentrations, acidities and tempera-
tures of HAwere investigated depending on in situ electrochemical
techniques and Fourier transform infrared (FTIR) spectra and
Raman spectral analysis. We hope to (1) reveal the pyrite weath-
ering behaviours in HA in situ, and (2) quantitatively determine
how and to what extent the HA concentration, acidity and tem-
perature affect the pyrite weathering.

2. Experimental methods

2.1. Pyrite electrode preparation

Pyrite samples were collected from Dongchuan PbeZn 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 confirmed that
the Fe and S contents (in wt. %) of the pyrite samples are 46.89 and
52.96%, while Ni and others are 0.0015 and 0.00485%, respectively
(Zheng et al., 2017). The pyrite samples were cut into an approxi-
mately cubic shape to guarantee their bottom surface, the working
area, was 0.25 cm2. Then, the samples were connected to a copper
wire using silver paint on the upper surface and sealed with epoxy
resin, keeping only the working surface exposed to the solution.
Mu~noz et al. (1998) reported this detailed electrode preparation
method. Prior to each test, the mineral electrode was polished with
1200# carbide paper to obtain a fresh surface, degreased using
alcohol, rinsed with deionized water and dried in a stream of air.

2.2. Humic acid electrolyte preparation

Humic acid (CAS 1415-93-6, Shanghai Aladdin Bio-Chem Tech-
nology Co., LTD) acts as an electrolyte. First, humic acid was dis-
solved in water to obtain 0.00, 10.0 and 100mg/L solutions of
electrolytes. Then, HNO3 and NaOH solutions were used to adjust
the pH of the electrolyte solutions to 2.50, 4.50 and 7.00 (Liu et al.,
2018).

2.3. Electrochemical measurements

As stated previously, pyrite weathering is an electrochemical
process. Therefore, its weathering character and parameters could
be detected through electrochemical testing. Electrochemical
measurements were performed using a computer-controlled elec-
trochemical measurement system (PARSTAT 2273, Princeton
Applied Research) with a conventional three-electrode electrolytic
cell that included a platinum auxiliary electrode, a pyrite working
electrode and a saturated calomel reference electrode (SCE). All
other potentials in this study are quoted with respect to the SCE
(0.242 V vs. standard hydrogen electrode), if not 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.

In this work, polarization curves and electrochemical imped-
ance spectroscopy (EIS) were used to investigate the electro-
chemical character of pyrite weathering. We can easily get the
pyrite weathering rate depend on the polarization curve, and
obtain the information about the interface, structure and the re-
actions taking place on the pyrite interface. The polarization curves
were obtained by changing the electrode potential automatically
from �250 to þ250 mV (vs. open current potential, OCP) at a scan
rate of 10mV s�1. The EIS tests were performed using the OCP in the
frequency range of 0.001e10,000 Hz with a peak-to-peak ampli-
tude of 10mV. Then, the ZSimpWin 3.20 (2004) software was used
to fit the impedance data. To ensure reproducibility, identical ex-
periments were repeated at least three times (the random errors of
the results of all three identical experimental were within toler-
ance), and all the reported results in this paper were averaged. The
experiments were conducted in constant temperature baths at 25,
35 and 45± 1 �C.

Prior to the polarization curves and EIS tests, OCP tests were
performed. During the OCP progress, the electrode potential in-
creases for 5min. After this, it reaches a quasi-steady state, where
the steady-state is defined here as a change of less than 2mV per
5min. Then, the electrode was stabilized for 400 s, and the poten-
tial was recorded as the OCP. When the second and third identical
experiments were performed, if the potential was not within
±5mV (compared to the first test) when the quasi-steady state was
reached, the OCP test ceased. Then, a new repeated test was per-
formed to obtain the same OC potential as the first test when
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stabilized for approximately 400 s. In this work, experimental re-
sults with variations of no more than 3% were reported.

2.4. Surface characterization measurements

The surface morphologies of corroded samples were investi-
gated by Fourier transform infrared (FTIR) spectral analysis and
Raman spectral analysis.

Five 200 mesh (~74 mm) pyrite samples were used for FTIR
spectral analysis. The five pyrite samples were immersed in five
different HA solutions: (1) 45.0 �C þ pH 4.50 þ 100 mg/L HA; (2)
35.0 �Cþ pH 4.50þ 100 mg/L HA; (3) 25.0 �Cþ pH 4.50þ 100 mg/L
HA; (4) 25.0 �C þ pH 2.50 þ 100 mg/L HA; and (5) 25.0 �C þ pH
7.00 þ 100 mg/L HA. All the samples were weathered for 10 weeks
and then characterized using FTIR spectra. FTIR spectra were
collected on a Bruker Vertex 70 Fourier transform infrared spec-
trometer with an Attenuated Total Reflectance (ATR) accessory. The
scanning range is 600e4000 cm�1 with a resolution of 4 cm�1 and
16 scans.

Six 1.0 cm� 1.0 cm� 0.2 cm pyrite samples were used for sur-
face analysis. The six pyrite samples were immersed in six different
solutions: (1) 45.0 �C, pH 4.50 with 100mg/L HA, (2) 35.0 �C, pH
4.50 with 100mg/L HA, (3) 25.0 �C, pH 4.50 with 100mg/L HA, (4)
25.0 �C, pH 2.50 with 100mg/L HA, (5) 25.0 �C, pH 7.00 with
100mg/L HA and (6) 25.0 �C, pH 4.50 with 10.0mg/L HA. After
weathering for 10 weeks, the six pyrite samples were characterized
using Raman spectroscopy (British Renishaw inVia Reflex type
microscopic confocal laser Raman spectrometer) at a wavelength of
514 nm with a collection time of 10 s. The laser power was 50mW
to avoid the destruction of the pyrite samples.

3. Results and discussion

3.1. Polarization curves study

To estimate the environmental effect of a material, two ques-
tions must be understood. One is the stability of the material in
terms of thermodynamics; another is the reaction rate in terms of
Fig. 1. Polarization curves of the pyrite electrodes in different conce
kinetics. For conductive minerals, the polarization curve parame-
ters corrosion potential (Ecorr) and corrosion density (icorr) reflect
the above two factors. A more positive Ecorr suggests that the ma-
terial has a better corrosion resistance, and a larger icorr reflects a
faster corrosion rate of the material.

Fig. 1 shows the polarization curves of the pyrite electrode in
different concentrations, different acidities and at different tem-
peratures of humic acid solutions. The polarization curves show
that the pyrite electrode showed similar polarization profiles in all
conditions, suggesting the same electrochemical interaction
mechanism occurs at these conditions. According to Tafel extrap-
olation theory (Bard and Faulkner, 2001), on a single electrode the
Tafel equation can be stated as: E ¼ A lnði=i0Þ, where E is the
overpotential, A is the Tafel slope, V, i is the current density, A/m2,
and i0 is exchange current density, A/m2. The anodic Tafel slope (ba)
is the tangent line (blue line) of Tafel curve at anode (ia), and the
cathodic Tafel slope (bc) is the tangent line (blue line) of Tafel curve
at cathode (ic). The point of intersection of the anodic and cathodic
curves is the value of Ecorr and icorr, respectively. Fig. 2 is a schematic
drawing that illustrates the Tafel plot for anodic and cathodic
process. The icorr, Ecorr including Tafel slopes of anode (ba) and
cathode (bc) can observe from the polarization curves based on the
extrapolation methods, and Rp, can calculate from the Stern-Geary
equation Rp¼ babc/[2.3 icorr (ba þ bc)] (Koga et al., 2018). The
detailed polarization results are listed in Table 1.

When electrolytes have different concentrations of HA, the
experimental results showed that a higher concentration of HA
caused a lower corrosion density (icorr), suggesting that HA inhibits
pyrite weathering by increasing the pyrite polarization resistance.
When the concentration of HA was increased from 0.00mg/L to
10.0mg/L, the pyrite corrosion density (icorr) decreased from 0.81 to
0.59 mA cm�2 and then decreased to 0.40 mA cm�2 at the HA con-
centration of 100mg/L. These results mean that increasing the
concentration of HA inhibits pyrite weathering, and the inhibiting
efficiencies (h) were 27.2% and 50.6%. In material science, h is
defined as h ¼ ðicorr � i0corrÞ=i0corr (Solmaz et al., 2008), where i0corr
and icorr are the corrosion current densities when the electrolyte is
without and with HA, respectively. The reaction involved in the
ntrations (a), acidities (b) and temperatures (c) of HA solutions.



Fig. 2. Tafel slope of the anodic and cathodic process.
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natural weathering of pyrite is undoubtedly an electrochemical
process, and the anodic reaction is expressed as reaction (5) (Müller
et al., 2014). In reaction (2), O2 is reduced on the cathode when the
electrolyte is acidic. As mentioned previously, HA has two polar
functional groups, a phenolic group and a carboxylic group. HA can
ionize and release Hþ andeCOO- ions. A higher concentration of HA
releases higher concentrations of Hþ and eCOO- ions. At the cath-
ode, the higher concentration of Hþ is favourable for O2 reduction
(Reaction (6)), and this is why the cathodic Tafel slope (bc) is
decreased. At the anode, the higher concentrations of eCOO- ions
favour the oxidation reaction of the complexation of eCOO- and
Fe2þ (Reaction (7)). This complexation causes the anodic Tafel slope
(ba) to decrease. It seems that the higher concentration of HA
promotes pyrite electrochemical corrosion, but other facts cannot
be ignored. When the complexation of eCOO- and Fe2þ is
enhanced, more S0 is also produced. The end results from the
higher concentrations of HA are that more HA and S0 are absorbed
on the electrode surface and passivate the pyrite electrode. This
passivation results in an increase in the pyrite electrode polariza-
tion resistance (Rp), which causes the pyrite corrosion current
density to decrease, and the pyrite weathering is weakened. The
pyrite corrosion potential changed more negatively with increasing
HA concentration, suggesting that pyrite easily be eroded when
there is a higher concentration of HA.

The corrosion density (icorr) results suggesting that higher con-
centration of HA inhibits the pyrite weathering, however, its
corrosion potential (Ecorr) changed more negatively, suggesting
pyrite easily be eroded. These two results seem conflict but are not
contradictory. From thermodynamic view, themore negatively Ecorr
reflects a bigger reaction possibility of the pyrite weathering, but
not means the pyrite have faster weathering rate. From kinetic
view, the smaller icorr of pyriteweathering reflects a slower reaction
Table 1
Electrochemical parameters of the pyrite electrode under different concentration, acidity

Influence factors pH T (�C) CHA (mg/L) Ecorr (mV)

Concentration 4.50 25.0 0.00 79.8
4.50 25.0 10.0 75.5
4.50 25.0 100 62.9

Acidity 2.50 25.0 100 219
4.50 25.0 100 62.9
7.00 25.0 100 7.30

Temperature 4.50 25.0 100 62.9
4.50 35.0 100 123
4.50 45.0 100 172

Ecorr: corrosion potential; icorr: corrosion current density; ba: anode Tafel slope; bc: catho
rate, and the cause is more HA and S0 absorbed on the electrode
surface and passivate the pyrite electrode.

FeS2 / Fe2þ þ 2S0 þ 2e� (5)

O2 þ 4Hþ þ 4e� / 2H2O (6)

ReCOO2- þ Fe2þ/ ReCOOFe (7)

When the electrolytes have different acidities, the experimental
results showed that a higher pH value is a disadvantage to pyrite
weathering in HA solution. When the HA solution pH changed from
2.50 to 4.50, the pyrite corrosion density (icorr) decreased from 0.58
to 0.40 mA cm�2, then decreased to 0.39 mA cm�2 at pH 7.0. The
inhibiting efficiencies (h) were 31.0% and 32.8%, respectively. The
causes are as follows: at the cathode, Hþ ions participate in O2
reduction via Reaction (2). Thus, reducing the acidity (the pH
changing from 2.50 to 4.50 and to 7.00) was unfavourable for O2
reduction, and that change in acidity was why the cathodic Tafel
slope (bc) increased. At the anode, pyrite was oxidized via Reaction
(1). When the HA solution pH changed from 2.50 to 4.50, the HA
ionization changed more strongly, releasing more Hþ and eCOO-

ions. This release provoked the complexation of eCOO- and Fe2þ

ions, resulting in a polarization resistance decrease. However, the
greater amount of passivated S0 produced inhibited the pyrite
anodic oxidation. This, in turn, resulted in the increase of the anodic
Tafel slope (ba).

When the electrolytes have different temperatures, the experi-
mental results showed that a higher temperature promotes pyrite
weathering in HA solution. When the temperature of HA increased
from 25.0 �C to 35.0 �C, the pyrite corrosion density (icorr) increased
from 0.40 to 0.71 mA cm�2, then increased to 1.24 mA cm�2 at
45.0 �C, and the promotion efficiencies (h) were 77.5% and 210%,
respectively. This behaviour is explained by the fact that increasing
temperature decreases the anodic and cathodic Tafel slope, and
thus decreasing the polarization resistance.

3.2. Electrochemical impedance spectroscopy (EIS) study

To further understand the fundamental processes of diffusion
and the faradaic reaction at the pyrite electrode, EIS studies were
performed. Fig. 3(aec) and Fig. 3 (a'-c') present the Nyquist and
Bode plots, respectively, for pyrite in different concentrations,
different acidities and different temperatures of humic acid solu-
tions. The similar Bode plots revealed that they are all composed of
two capacitive loops, meaning that they have the same electro-
chemical corrosion mechanism. The loop at high frequencies is
attributed to the charge transfer resistance (Rt) corresponding to
the resistance between the pyrite and the outer Helmholtz plane.
The loop at low frequencies, which is slightly distorted, is related to
the combination of the pseudo-capacitance impedance (because of
the passive layer) and the resistance Rf. The deviation from an ideal
and temperature of HA.

icorr (mA$cm�2) bc (mV) ba (mV) Rp (KU$cm2) h

0.81 169 544 69.3
0.59 167 405 87.4 27.2%
0.40 144 358 111 50.6%
0.58 134 232 65.1
0.40 144 358 111 31.0%
0.39 145 445 122 32.8%
0.40 144 358 111
0.71 137 346 59.7 77.5%
1.24 131 335 32.9 210%

de Tafel slope; Rp: polarization resistance.



Fig. 3. Nyquist plots (aec) and Bode plots (a'-c') for the pyrite electrodes in different concentrations, acidities and temperatures of HA solutions, where (B, , and� ) represent the
experimental values while (e) represents simulated values.

K. Zheng et al. / Environmental Pollution 251 (2019) 738e745742
semicircle is attributed to the frequency dispersion and the in-
homogeneities of the passive layer surface. The electrochemical
equivalent circuit (EEC) shown in Fig. 4 was used to model the
pyrite/electrolyte interface (Zheng et al., 2018). In this EEC, Rs is the
ohmic resistance of the solution, Rt is the charge transfer resistance,
Rf is the passive film resistance, and CPEt and CPEf represent the
constant phase element used to replace the charge transfer
capacitance at the double layer (Ct) and the passive film capacitance
(Cf), respectively. The impedance of the CPE is given by Macdonald
(1985) as:

ZCPE ¼ 1
Y0ðjuÞn

(8)

Here, ZCPE is the impedance of the constant phase element (U$cm2),
u is the angular frequency of the AC voltage (rad$s�1), Y0 is the
Fig. 4. Equivalent circuit for pyrite weathered in HA solution.
magnitude of admittance of the CPE (U�1$cm�2$S�n), and n is a
dimensionless number that defines how different the interface is
from an ideal capacitor; when n¼ 1, the capacitance is considered
ideal. The impedance parameters obtained by fitting the EIS data to
the equivalent circuit are listed in Table 2.

Comparing the pyrite electrochemical parameters in different
concentrations, different acidities and different temperatures hu-
mic acid solutions, we can see that a higher concentration of HA, a
higher pH value or a lower temper leads to an increase in the Rt
value and a decrease in the double-layer capacitance (CPEt, Y0). The
increase in the Rt value indicates that ions change after transport
through the double-charge layer, and the decrease in CPEt, Y0 can be
attributed to the decrease in the local dielectric constant of the
electrical double layer.

The lower capacitance and the greater resistance of the double
layer indicate that the increased concentration of HA, decreased HA
solution acidity or decreased environmental temperature weak-
ened the pyrite electrochemical oxidation. Furthermore, the
increased concentration of HA, decreased HA solution acidity or
decreased environmental temperature caused a greater passive
film resistance (Rf) and a smaller passive capacitance (CPEf, Y0). The
smaller capacitance and the greater resistance of the film on the
electrode surface indicate a tighter passive film. All of these results
agree with the polarization results.
3.3. Surface characterization measurements

To analyse the interaction between Fe(II) and HA particles, FTIR
spectra of HA-Fe(II) were obtained and compared with the FTIR
spectrum of HA. Raman spectrawere used to investigate the surface
products.



Table 2
Equivalent circuit model parameters for galena in electrolyte without and with 100mg/L HA.

Influence factors pH T (�C) CHA (mg/L) CPEt, Y0 (S$cm�2$s-n) n Rf (U$cm2) CPEf, Y0 (S$cm�2$s-n) n Rt (U$cm2)

Concentration 4.50 25.0 0.00 3.69E-3 1.00 2.22E4 1.75E-4 0.71 4.14E4
4.50 25.0 10.0 2.84E-3 1.00 2.86E4 1.68E-4 0.73 4.19E4
4.50 25.0 100 1.38E-3 0.83 2.92E4 1.66E-4 0.83 5.18E4

Acidity 2.50 25.0 100 5.20E-3 0.81 6.91E3 1.82E-4 0.68 3.47E4
4.50 25.0 100 1.38E-3 0.83 2.92E4 1.66E-4 0.83 5.18E4
7.00 25.0 100 1.38E-4 0.87 1.68E5 6.66E-5 0.84 1.49E5

Temperature 4.50 25.0 100 1.38E-3 0.83 2.92E4 1.66E-4 0.83 5.18E4
4.50 35.0 100 1.63E-3 0.81 5.23E3 1.72E-4 0.70 5.13E4
4.50 45.0 100 1.78E-3 0.79 4.46E3 1.77E-4 0.53 3.78E4

Rt: charge transfer resistance; Rf: passive film resistance; n: dimensionless number; CPEt: constant phase element of double layer; CPEf: constant phase element of passive film.

Fig. 6. Raman spectra of the pristine and weathered pyrite samples after weathering in
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Fig. 5 (a) shows the FTIR of the pristine pyrite. The FTIR spec-
troscopic data show two peaks in the region of 200e2000 cm�1.
The peak at 407 cm�1 in the FTIR spectrum corresponds to the Fe2þ-
[S2]2- stretching vibration, and the broad peak at 1081-1089 cm�1

might be attributed to the SeS stretching vibration of pyrite
(Golsheikh et al., 2013; Rouchon et al., 2012).

Fig. 5 (b) shows the FTIR of the massive pyrite electrodes after
weathering in 100mg/L HA solutions at different acidities and
temperatures. The FTIR spectroscopic data of the raw HA show that
it has three different functional groups, namely, carboxyl at
1585 cm�1 (eCOOe stretch and possibly aromatic C¼C stretch), and
phenol at 1385 and 1035 cm�1 (Baes and Bloom, 1989; Niemeyer
et al., 1992). When the soaking solution contained humic acid, af-
ter pyrite weathering for 10 weeks, the FTIR spectroscopic data
showed two different wavenumber bands. (1) Most FTIR spectra at
the experimental conditions are similar; that is, they have 5 peaks,
where three peaks (1585,1385 and 1035 cm�1) are attributed to the
functional groups of HA, and two peaks (1089e1100 and 407 cm�1)
are attributed to the fingerprint spectrum of pyrite. The results
showed that no new spectral peak occurred, meaning that pyrite
(or its weathered products) and HA did not produce a chemical
reaction or that its production could not be detected by FTIR at
these conditions. (2) However, at the conditions of 45.0 �C and pH
4.50, in contrast to the above result, 1585 cm�1 for the HA carboxyl
group shifted to a unresolved band at approximately 1618 cm�1,
possibly from the formation of HA-Fe(II) complexes. These FTIR
spectra results reveal that pyrite was weathered and released Fe2þ

ions; when Fe2þ ions and HA reach a high concentration at a proper
pH, Fe2þ ions and HA can form complexes, which was also
confirmed by Szilagyi (1971) and Xiong et al. (1987). However, at
most conditions, Fe2þ ions and humic acid are difficult to complex
(Gao et al., 1999).

Fig. 6 shows the Raman spectra of pristine and weathered pyrite
samples. In the pristine samples, only two Raman peaks at 342 and
Fig. 5. FTIR spectra of the massive raw pyrite sam
378 cm�1 were observed. The Raman peaks at 342 and 378 cm�1

are two of the five theoretical Raman-active modes of pyrite
(Mcguire et al., 2001). After the samples were weathered in solu-
tions with different acidities and concentrations of HA, all the
Raman spectra have similar characteristic peaks, that is, except for
the two pyrite characteristic peaks 342 and 378 cm�1, there were
another three Raman peaks at 432, 1379 and 1590 cm�1. Li et al.
(1992) reported the Raman peak at 432 cm�1 was assigned to the
vibration mode of the SeS bond of elemental sulfur. In addition,
ples (a) and HA-eroded pyrite samples (b).

different acidic solutions of HA.



Fig. 8. The pH values of pyrite pulp in various concentrations of HA solutions.
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broad difference bands are observed at approximately 1379 cm�1

and 1590 cm�1. These bands can be assigned to -(CeC) and -(COO�)
in the carboxylate groups of aromatic moieties and to -(CeO) of the
phenols and phenolate groups of the HA structure (Roldan et al.,
2011). These characteristic Raman peaks suggesting that S was
formed during the pyrite weathering progress, and HA can easily
adsorb on the pyrite surface. These results agree well with the
above electrochemical results.

4. Electrochemical mechanism and environmental
implications

As stated above, Fig. 7 shows the weathering mechanism of
pyrite with and without HA via electrochemical and surface ana-
lyses. The mechanism shows that pyrite weathering releases Fe2þ

and causes heavy metal ion pollution. HA can bind Fe2þ ions, and
even passivate on the pyrite surface. Therefore, the environmental
issues from pyrite weathering must be affected by the presence of
HA.

(1) Acid mine drainage is a serious environmental issue in metal
sulfide mineral mines. The accumulated Hþ ions will accel-
erate pyrite weathering and aggravate heavy metal ion
pollution. Fig. 8 shows the pH values of pyrite pulp in various
concentrations of HA solutions. The results showed, at the
initial step the higher concentration of HA led to a stronger
acidity, however, its acidity would change smaller ultimately.
The presence of HA can inhibit pyrite weathering release of
Hþ ions and thus alleviate environmental pollution inmining
districts and the surrounding areas.

(2) Depending on the corrosion current density icorr, we can
determine pyrite weathering rate according to the Faraday

equation, v ¼ Micorr
nF (Gunawarman et al., 2016), where v is the

weathering rate, g$m�2$h�1, icorr is the corrosion current
density, mA$cm�2, M is the atomic weight, g$mol�1, n is the
valence state, and F is the Faraday constant, 96487 Cmol. For
example (Table 1), in a solution at pH 4.5 without HA, the
pyrite icorr was 0.81 mA cm�2, meaning that the pyrite
weathering rate was 0.00842 gm�2$h�1. That is, when the
pyrite area is 1m2, it will release 73.7 g Fe2þ to the solution in
a year. When solution contained 100mg/L HA, the pyrite icorr
decreased to 0.40 mA cm�2, the pyrite weathering rate was
0.00420 gm�2$h�1, and the release of Fe2þ decreased to
36.8 g per year at the same conditions. Generally, higher
acidity or higher alkalinity promotes pyrite corrosion, results
in more serious environmental issues during pyrite weath-
ering process. In the future, the HA, especially after
Fig. 7. The weathering mechanism of pyrite in acidic solution without/with HA.
modification, may be a good adsorbent to prevent these
environmental issues.

(3) Temperature is an important factor affecting pyrite weath-
ering. At 25 �C, when pyrite was in 100mg/L pH 4.50 HA
solution, its icorr was 0.40 mA cm�2, corresponding to the
release of 36.8 g Fe2þ (1.0m2 area) to the solution in a year.
When the environmental temperature increased to 35.0 �C, it
reached 65.2 g per year at the same conditions. The natural
parameters of latitude, elevation, season and others can
affect the environmental temperature to considerably influ-
ence pyrite weathering.
5. Conclusions

The pyrite weathering process with/without humic acid was
studied using in situ electrochemical techniques and surface anal-
ysis. The polarization curves results showed that increased con-
centration of HA, decreased HA solution acidity or decreased
environmental temperature all weakened pyrite electrochemical
oxidation, and the EIS results revealed that the above conditions
cause pyrite weathering to have a lower capacitance and a larger
resistance of the double layer, including a smaller passive capaci-
tance and a larger passive film resistance. Raman spectrum
revealed that the presence of HA did not change the pyrite
weathering mechanism, but HA adsorbed on the pyrite surface and
inhibited the further transformation of sulfur. FTIR spectra
confirmed that HA and Fe(II) ions formed complexes at 45.0 �C. The
Pyrite weathering mechanism with/without HA is FeS2 / Fe2þ þ
2S0 þ 2e�, and thus, pyrite's environmental effects with/without
HA can be assessed with in situ electrochemical techniques.
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