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• Pyrite weathering generates γ-FeOOH 
and α-Fe2O3 with lesser environmental 
impacts. 

• Pyrite weathering decreases the alka
linity of alkaline soils. 

• Pyrite weathering prone to saline 
(91.87 g/m2/y) than meadow (71.18 g/ 
m2/y) soil. 

• Impure pyrite releases heavy ions 
pollute alkaline soil. 

• T promotes weathering as vMeadow =

-3.37E5/T + 1.25E3, vSaline = -2.73E5/ 
T + 1.07E3.  
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A B S T R A C T   

Pyrite is the most common metal sulfide mineral in the crust and readily weathers under natural circumstances to 
release H+ to acidify surrounding groundwater and soil, resulting in heavy metal ions in the surrounding 
environment (e.g., meadow and saline soils). Meadow and saline soils are two common, widely distributed 
alkaline soils and can affect pyrite weathering. Currently, the weathering behaviors of pyrite in saline and 
meadow soil solutions have not been systematically studied. Electrochemistry coupled with surface analysis 
methods were employed to study pyrite weathering behaviors in simulated saline and meadow soil solutions in 
this work. Experimental results suggest that saline soil and higher temperatures increase pyrite weathering rates 
due to the lower resistance and greater capacitance. Surface reactions and diffusion control the weathering ki
netics, and the activation energies for the simulated meadow and saline soil solutions are 27.1 and 15.8 kJ mol− 1, 
respectively. In-depth investigations reveal that pyrite is initially oxidized to Fe(OH)3 and S0, and Fe(OH)3 
further transforms into goethite γ-FeOOH and hematite α-Fe2O3, while S0 ultimately converts into sulfate. When 
these iron compounds enter alkaline soils, the alkalinity of soil changes, and iron (hydr)oxides effectively reduce 
the bioavailability of heavy metals and benefit alkaline soils. Meanwhile, weathering of natural pyrite ores 
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containing toxic elements (such as Cr, As, and Cd) makes these elements bioavailable and potentially degrades 
the surrounding environment.   

1. Introduction 

Pyrite (FeS2) is the most abundant and widespread metal sulfide on 
earth. Pyrite readily oxidizes in nature and causes acid mine drainage 
(AMD), heavy metal contamination and environmental pollution [31]. 
Currently, AMD and heavy metal contamination have attracted 
increasing attention. Li et al. [23] investigated the geochemical gradient 
characteristics of AMD from abandoned pyrite mines. Liu et al. [25] 
studied the source of heavy metal pollution in AMD by isotope analysis 
and principal component analysis technology and concluded that 
groundwater is significantly affected by soluble metals produced by 
pyrite oxidation. Naturally, pyrite oxidation is an electrochemical pro
cess [50], and thus, most previous studies focused on transformations of 
S and Fe to understand how pyrite behaved electrochemically. The 
consensus view of pyrite behavior [1,13] starts with pyrite oxidizing to 
elemental sulfur that ultimately transforms into sulfate. However, the 
intermediate sulfur species of pyrite oxidation are still controversial, 
with two prevailing viewpoints. One involves a polysulfide pathway and 
dissociation of S–S bonds to form an S2- and S0 passive film accompa
nied by further transformation to Sn

2- [37]. The other involves a thio
sulfate pathway; elemental S oxidizes to a passive S0 layer with the 
simultaneous release of S2O3

2- into the solution, which rapidly converts 
to SO3

2-, polythionates (SnO6
2-), and ultimately sulfate (SO4

2-) [43,44]. 
Bare ground pyrite weathering under natural conditions causes an 

increase in heavy metal ions and acidity in the surrounding environment 
and leads to the potential deterioration of the surrounding environment. 
With the rapid development and utilization of metal sulfide minerals 
[7], pyrite weathering under natural conditions has attracted growing 
scientific interest. Rigby et al. [35] investigated the influences of bac
teria and organic matter on pyrite weathered soil using kinetic experi
ments and confirmed that organic matter could mitigate the pyrite 
oxidation rate. Wang et al. [46] reported the weathering behavior of 
arsenopyrite under humic acid and concluded that higher temperature, 
concentration and acidity were more favorable for weathering. Caldeira 
et al. [5] pointed out that the composition of the solution affected the 
properties of the oxidation products of pyrite in alkaline solution, spe
cifically, hematite was the main phase in the hydroxide medium and 
iron hydrate was the main phase in carbonate media. Meadow and saline 
soil are two common alkaline soils worldwide [49] that contain many 
inorganic substrates (e.g., Na+, Cl-, SO4

2-, and HCO3
- ). The content of 

pyrite in alkaline soils increases significantly with increasing mining 
activities [17,42], and in return, the Cl- and HCO3

- of alkaline soils affect 
the pyrite weathering behavior. To date, the weathering behaviors of 
pyrite in alkaline soil have not been reported regarding pyrite weath
ering thermodynamics, kinetics, and reaction mechanisms. 

In this study, different electrochemical measurements combined 
with different surface analysis techniques were used to investigate the 
weathering behavior of pyrite in simulated meadow and saline soils, 
with the following purposes: (1) reveal transformations of Fe and S from 
pyrite weathering, (2) quantitatively identify the pyrite weathering rate, 
and (3) ultimately determine whether pyrite is hazardous or helpful in 
alkaline soil remediation. 

2. Materials and methods 

2.1. Preparation of pyrite samples, meadow, and saline soil solutions 

Pyrite samples, including single crystal and impure pyrite, were 
obtained from the Xingwen pyrite mine, Sichuan Province, China. X-ray 
diffraction (Empyrean, Panaco of Netherlands) confirms that the single 
crystal samples are pyrite, and electron microprobe (JXA-8230, JEOL) 

results show that pyrite contains Fe (46.89, wt%) and S (52.96, wt%). 
Levels of trace metal elements in the impure pyrite samples are listed in 
Table S1. 

The pyrite single-crystal specimens were cut into rectangles (0.5 cm 
(a) × 0.5 cm (b) × 1.0 cm (h)), the upper surface was attached to a 
copper conductor using silver paint, and the other parts were sealed with 
epoxy resin. The epoxy resin of the underside was ground to expose the 
pyrite electrode surface. Other pyrite specimens were crushed, selected, 
ground, and ultimately yielded 80 µm pure pyrite powders. 

The simulated meadow soil and saline soil solutions were prepared 
according to the physicochemical properties of meadow soil and saline 
soil (GB50021-2008; [24]). Their chemical compositions are listed in 
Table S2; H2SO4 and NaOH solutions were used to adjust the pH levels to 
7.4 and 8.6, respectively. All electrolytes were prepared using ultrapure 
water and analytical-grade chemicals. Temperature is one of the 
important factors that affect pyrite weathering. In this work, five typical 
ambient temperatures of 5 ◦C, 15 ◦C, 25 ◦C, 35 ◦C and 45 ◦C related to 
different longitudes, latitudes, and seasons were selected as experi
mental temperatures. 

2.2. Batch immersion experiments 

During the block pyrite batch immersion experiments, twenty poly
ethylene bottles were filled with the simulated solutions. Ten poly
ethylene bottles contained 60 mL of simulated meadow soil, and the 
other ten contained 60 mL of simulated saline soil solution. A polished 
block pyrite sample (0.5 cm × 0.5 cm × 0.05 cm) was immersed in each 
solution. After weathering for 3 and 10 weeks, they were analyzed by 
scanning electron microscopy (SEM) and energy-dispersive X-ray spec
troscopy (EDS). 

The powder immersion experiments involved adding 0.5 g of pyrite 
powder samples into each solution. After the powder samples were 
weathered for 10 weeks, they were analyzed by Fourier transform 
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS). Avantage 5.948 and XPSPEAK41 software were used to fit and 
analyze the related chemical state distributions and elemental content 
(at%) data corrected by the C1 s peak at 284.8 eV. S 2p spectra were 
fitted by doublets with the same full width at half maximum and in
tensity ratios of 2:1 and spin-orbit splitting of 1.18 eV, and Fe 2p spectra 
were fitted by the theoretical core p level multiplet structures for free 
transition metal ions (GS multiplets). 

The pH levels for all solutions were continuously monitored until the 
immersion experiments concluded. All bottles were sealed with a 
semipermeable membrane to maintain free airflow and reduce water 
evaporation. A digital thermostatic water bath maintained temperatures 
at 5 ± 0.1, 15 ± 0.1, 25 ± 0.1, 35 ± 0.1, and 45 ± 0.1 ◦C. All soaking 
experiments were performed in duplicate. 

2.3. Electrochemical experiments 

A PARSTAT 2273 electrochemical workstation coupled to a three- 
electrode system was used to perform all electrochemical experiments. 
A platinum electrode and a saturated calomel electrode (SCE) acted as 
the counter electrode and reference electrode, respectively, and the 
pyrite electrode was used as the working electrode. All potentials are 
reported relative to the SCE (0.245 V vs. standard hydrogen electrode at 
25 ◦C). All electrochemical tests were initiated only after the open circuit 
potential (OCP) achieved a quasi-steady state (< 1.0 mV per 150 s). The 
cyclic voltammetry (CV) potential sweep from − 1.2 to 0.6 V at a rate of 
5.0 mV s− 1. Polarization measurements were carried out at a sweep rate 
of 10.0 mV S− 1 from − 0.25 V to + 0.25 V (vs. OCP). Electrochemical 
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impedance spectroscopy (EIS) tests were conducted at the OCP in a 
frequency range from 10− 3 to 105 Hz with an amplitude of 10.0 mV. 
Polarization and impedance data were fitted by PowerSuit and ZSimp
Win software, respectively. At least three parallel experiments ensured 
repeatability, and the error was less than 3 %. 

2.4. Physicochemical characterizations 

Pristine and eroded pyrite samples were used for characterization 
analysis. SEM images were obtained using a JSM-6460LV equipped with 
EDS and used to observe and identify surface morphology changes, 
including elemental composition analysis. Raman spectra were collected 
on a British Renishaw (Reflex type microscopic confocal laser Raman 
spectrometer) instrument with the following instrument parameters: <
30 s laser time, 514 nm wavelength, 50 mW (5 %) power to avoid laser 
damage to the sample surface. FTIR measurements were performed from 
400 to 4000 cm− 1 (Bruker Vertex 70). XPS data were obtained on an 
ESCALAB 250XI X-ray photoelectron spectrometer coupled with a 
monochromatic Al-Ka X-ray (1486.6 eV). 

3. Results and discussion 

3.1. Effect of temperature on pyrite weathering 

The environmental conditions (e.g., temperature) of soils profoundly 
influence the pyrite weathering process. The OCP value reflects the 
thermodynamic properties of the system, and a more negative OCP 
signifies that pyrite erodes more readily. How the OCP varied with time 
for pyrite electrodes in meadow and saline soil solutions at different 
temperatures is shown in Fig. 1(a, c). In both solutions, pyrite reaches a 
quasi-steady state after ~ 30 min, suggesting that the pyrite surface has 
spontaneously formed a passive film [1]. Regardless of meadow or saline 
soil solutions, OCP values become more negative at higher tempera
tures, which indicates that pyrite is weathered more readily at high 
temperatures. OCP values in saline soil solution were always more 
positive than those in meadow soil solutions at the same temperature; 

thus, pyrite eroded more readily in meadow soil than in saline soil 
(Table 1). 

Pyrite weathering releases metal ions and increases environmental 
acidity. The weathering rate is a key parameter to evaluate the envi
ronmental impact of pyrite weathering on soil over time, and tempera
ture is the most important external influence factor. Polarization curves 
provide information on the electrolytic process and how various factors 
affect the electrode [27], with a particular emphasis on the rates of ions 
leaving the material surface [38]. These curves were used to obtain 
pyrite weathering rates. 

The similar E-i profiles of pyrite samples suggest that pyrite weathers 
in the same way (Fig. 1(b, d)). Moreover, the curves shift dramatically to 
the lower right as the temperature increases, implying that higher 
temperatures induce a greater corrosion current density and a more 
negative corrosion potential. The corrosion current density (icorr) and 
corrosion potential (Ecorr) were known from polarization curves based 
on the Tafel extrapolation theory [3]. The weathering rate of pyrite can 
be obtained via the Faraday equation [12]. 

v =
Micorr

nF
(1)  

Where v (g m− 2 y− 1) is the weathering rate, icorr (µA cm− 1) represents 
the corrosion current density, M (g mol− 1) is the molecular mass, n 
(dimensionless) is the metal valence, and F (C mol− 1) is the Faraday 
constant. 

Table 2 lists the weathering rates (v) of pyrite in the simulated 
meadow and saline soil solutions. The polarization curve results show a 

Fig. 1. OCP study (a) and Polarization curves study (b) in simulated meadow soil solutions at different temperatures; OCP study (c) and Polarization curves study (d) 
in simulated saline soil solutions at different temperatures; Variations in the weathering rate (e) and ln(v) (f) with 1/T. 

Table 1 
OCP of pyrite in the simulated meadow and saline soil solutions at different 
temperatures.   

Temperature (◦C) 5 15 25 35 45 

OCP(mV) Meadow  70.6  44.3  20.4 5.47  -27.1 
Meadow  76.9  59.6  45.9 22.7  -21.3  
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linear relationship between the weathering rate (v) and the temperature 
(1/T) (Fig. 1c): vMeadow = -3.37E5/T + 1.25E3 (R2 = 0.9751) and vSaline 
= -2.73E5/T + 1.07E3 (R2 = 0.9707), respectively. These results 
confirm that higher temperatures accelerate pyrite weathering and that 
pyrite weathered faster in saline soil regardless of the soil solution. Using 
25 ◦C as an example, the vMeadow of pyrite was 71.18 g m− 2 y− 1, 
meaning 71.18 g Fe(III) was released yearly when the FeS2 area was 
1 m2 at 25 ◦C. In contrast, saline soil releases 91.87 g of Fe(III). 

EIS was further used to explain the different weathering rates, as it 
can reveal the electrochemical kinetics of processes, resistances, and 
capacitances of electrochemical reactions [22]. Fig. 2 shows Nyquist and 
Bode plots of pyrite in the simulated meadow and saline soil solutions. 
Both Nyquist plots (Fig. 2(a, d)) consist of two capacitive loops that 
correspond to the Bode plots (Fig. 2(b, e)) of two time constants. The 
first (high frequency) capacitive loop corresponds to the passive film 
resistance Rf and can be ascribed to pseudo-capacitance impedance 
coupling. The second (low frequency) involves the charge transfer 
resistance Rt and represents the resistance between the electrode and 
outer Helmholtz layer [47]. Fig. S1 shows the equivalent 

electrochemical circuit, which simulates the pyrite/electrolyte interface. 
Rs represents the solution resistance, while CPEf and CPEdl are constant 
phase elements replacing the passive film capacitance and the charge 
transfer capacitance at the double layer, respectively. For both solutions, 
as the temperature increases, pyrite exhibits smaller Rf and Rt values but 
larger CPEf and CPEdl levels (Table 3). These results reveal that higher 
temperatures accelerated pyrite weathering in alkaline soil by dramat
ically decreasing the charge migration resistance between the double 
layer and the passivation film. Furthermore, when comparing pyrite Rf 
and Rt values, Rt for either meadow or saline soil solutions is similar at 
the same temperature; however, the Rf in saline soil is much smaller than 
that in the meadow solution and suggests that smaller passivation 
resistance is the primary factor responsible for the faster pyrite erosion 
in the saline soil. 

3.2. Pyrite weathering activation energy 

Activation energy is the minimum amount of energy required to 
convert a normal stable molecule into a reactive molecule. According to 
the Arrhenius equation, the activation energy (Ea) is expressed as: 

lnv = −
Ea

RT
+ lnA (2)  

where v (mol L− 1 s− 1) represents the reaction rate constant, A (mol L− 1 

s− 1) is the pre-exponential factor, R (J mol− 1 K− 1) is the molar gas 
constant, e (dimensionless) represents the Napierian base, T (K) denotes 
the absolute temperature and Ea (J mol− 1) is the activation energy. 

Fig. 1f shows a linear relationship between lnv and 1/T: lnvMeadow 
= -3263.85/T + 15.581 (R2 = 0.9871) and lnvSaline = -1903.7/ 
T + 11.352 (R2 = 0.993). The activation energies of pyrite weathering 
in the simulated meadow and saline soil solutions are 27.1 and 
15.8 kJ mol− 1, respectively. Both Ea values are < 40 kJ mol− 1, indi
cating that pyrite weathering readily occurs in alkaline soils [2]. Laidler 
[19] noted that lower activation energies corresponded to faster 

Table 2 
Electrochemical parameters of pyrite electrodes in meadow and saline solutions 
at different temperatures.  

Alkaline soil T (◦C) Ecorr (mV) icorr (µA cm− 2) v (g m− 2 y− 1) 

Meadow 5 -4.40  0.520 47.46 
15 -45.2  0.720 65.71 
25 -52.2  1.17 106.77 
35 -68.9  1.75 159.71 
45 -111  2.10 191.65 

Saline 5 -50.7  1.00 91.26 
15 -73.5  1.27 115.90 
25 -82.5  1.51 137.80 
35 -108  2.01 183.43 
45 -163  2.33 212.64 

Ecorr: corrosion potential; icorr: corrosion current density; v: weathering rate. 

Fig. 2. Nyquist plots (a), Bode plots (b) and CV curves (c) for pyrite in simulated meadow soil solutions at different temperatures; Nyquist plots (d) and Bode plots (e) 
and CV curves (f) for pyrite in simulated saline soil solutions at different temperatures, where ○, □ and × represent the experimental values and – represents the 
simulated values. 
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reaction rates. A previous study [21] showed that an Ea over 
20 kJ mol− 1 meant the reaction was controlled by the surface, while an 
Ea less than 20 kJ mol− 1 indicated a diffusion control process. Hence, 
the obtained Ea of pyrite weathering in meadow soil is 27.1 kJ mol− 1, 
which suggests that pyrite weathering in meadow soil is controlled by 
surface reactions, whereas for pyrite weathering in saline soil, Ea 
(15.8 kJ mol− 1) < 20 kJ mol− 1, suggesting that pyrite weathering was 
diffusion controlled. These results are in accordance with previous EIS 
results, that is, a very small Rf in saline soil benefits ion diffusion. In 
contrast, the large Rf for the simulated meadow soil promotes a charge 
aggregate on the pyrite surface. 

3.3. Cyclic voltammetry study 

Cyclic voltammetry (CV) provides information about the redox re
action taking place at the electrode interface. In this work, CV was used 
to study the specific weathering process of pyrite under various soil 
conditions. CV curves of pyrite electrodes in the simulated meadow and 
saline soil solutions at various temperatures are presented in Fig. 2(c, f). 
All curves show similar E-I profiles, indicating the same electrochemical 
interaction mechanism. Higher temperatures cause a larger corrosion 
current at the same sweep potential, and thus, higher temperatures 
accelerate pyrite weathering. There are four anodic and three cathodic 
peaks on these curves. During the positive scan, the first anode peak (A1) 
appeared at approximately 0.4 V, likely caused by the oxidation of py
rite to form ferric hydroxides with elemental sulfur, as shown in Reac
tion (3) [1,13]. The second anodic peak (A2) appears at ~ 0.6 V, 
corresponding to further oxidization of pyrite to ferric hydroxides and 
sulfates at higher potentials, as shown in Reaction (4) [1,40]. During the 
negative scan, the first cathodic peak (C1) appears at approximately 
0.3 V due to iron hydroxide reduction [15], the second (C2) is located at 
− 0.6 V due to the reduction of elemental sulfur [13], and the third (C3) 
appears at approximately − 1.1 V owing to the reduction of pyrite itself. 
FeS exists as a stable precipitate in neutral or alkaline solutions [40]. 
During the positive return sweep, the third anodic peak (A3) observed at 
− 1.0 V is ascribed to the oxidation of elemental iron [13]. The last 
anodic peak, A4 ~ − 0.1 V is due to the oxidation of HS- [1]. The 
pertinent reactions are shown below.  

A1: FeS2 + 3H2O → Fe(OH)3 + 2S + 3H+ + 3e-                                (3)  

A2: FeS2 + 11H2O → Fe(OH)3 + 2SO4
2- + 19H+ + 15e-                       (4)  

C1: Fe(OH)3 + e- → Fe(OH)2 + OH-                                                 (5)  

C2: S0 + 2e- + H2O → HS- + OH-                                                    (6)  

C3: FeS2 + 2e- + H2O → FeS + HS- + OH-                                       (7)  

FeS2 + 4e- + 2H2O → Fe + 2HS- + 2OH-                                          (8)  

A3: Fe + 2OH- → Fe(OH)2 + 2e-                                                      (9)  

Fe + OH- + HS- → FeS + H2O + 2e-                                              (10)  

A4: HS- → H+ + S0 + 2e-                                                             (11)  

3.4. Pyrite surface morphology analysis 

The variation in the morphology of pyrite during weathering was 
then investigated with SEM measurements. The pristine pyrite is 
smooth, clean, and homogeneous (Fig. S2). After being weathered for 3 
weeks, all the pyrite surfaces (Fig. 3) appear rough and inhomogeneous, 
which is accompanied by corrosion pitting and prominent drusy areas, 
especially noticeable in some cracks on the surface. Higher temperatures 
increase the number and size of the micro-particles on the pyrite surface. 
After weathering for 10 weeks, all pyrite specimens (Fig. S3) show sig
nificant erosion and are covered with a thick flocculent film and deep 
honeycomb holes instead of perfect crystalline features. Using pyrite 
weathered in saline soil solution as an example, the corrosion film on the 
pyrite surface is almost crystalline at 5 ◦C, then changes to a flocculent 
film at 15 ◦C, and gradually grows larger as the temperature increases to 
45 ◦C. 

Table S3 shows the elemental composition of the pristine and 
weathered pyrite specimens. The results reveal that pristine pyrite 
contains Fe (31.8 at%) and S (68.2, at%), agreeing with the molar ratios 
of Fe and S in pyrite. Eroded pyrite specimen analyses indicate that the 
surface precipitates consist of O, S, and Fe, and higher temperatures 
result in higher levels of atomic oxygen and lower levels of atomic sul
fur. Notably, Fe levels (at%) decrease at lower temperatures (from 5 to 
25 ◦C) and increase at higher temperatures (from 25 to 45 ◦C). This is 
due to the prominent formation of iron polysulfides and relatively few 
iron oxides at low temperatures. However, higher temperatures favor 
iron oxides, and polysulfides are less stable, which is further confirmed 
by Raman and XPS analyses. Furthermore, pyrites weathered in the 
saline soil solution always contain more oxygen and less sulfur at the 
same temperature than those in the meadow soil solution, which sug
gests that pyrite suffers more significant erosion in saline soil than in the 
meadow soil solution. All results are in line with the electrochemical 
data. 

3.5. Mineralogical phase analysis 

Raman spectra of initial pyrite samples and weathered samples are 
presented in Fig. 4(a, c). The peaks appearing at 338 and 372 cm− 1 are 
the characteristic pyrite Raman peaks in the initial pyrite sample [20, 
41]. After weathering in meadow soil solutions, three new peaks appear 
at ~ 220, 280, and 596 cm− 1. The peak at ~ 220 cm− 1 can be ascribed 
to sulfur (S0), and the other two peaks belong to goethite (γ-FeOOH) [6, 
10,48]. Pyrite weathered in saline soil solutions at 5, 15 and 25 ◦C af
fords Raman spectra identical to those weathered in the meadow soil. 
However, at 35 or 45 ◦C, two additional peaks appear: one at 
443–475 cm− 1 is assigned to polysulfide (Sn

2-) [32], and the other at 

Table 3 
Equivalent circuit model parameters for pyrite in meadow and saline solutions at different temperatures.  

Soil T (◦C) CPEf, Y0 (S cm− 2 s-n) n Rf (Ω cm2) CPEdl, Y0 (S cm− 2 s-n) n Rt (Ω cm2) χ2 

Meadow 5 2.10E-4  0.709 6.38E4 2.03E-4  0.742 1.65E5 1.42E-4 
15 2.50E-4  0.790 3.72E4 7.40E-4  0.757 6.65E4 1.40E-3 
35 2.63E-4  0.765 5.62E3 1.21E-3  0.443 4.60E4 2.37E-3 
45 3.17E-4  0.766 3.61E3 1.67E-3  0.568 1.52E4 3.19E-3 

Saline 5 2.60E-4  0.700 4.81E3 1.58E-4  0.690 1.18E5 6.34E-4 
15 2.89E-4  0.801 3.42E3 2.44E-4  0.520 9.09E4 1.34E-3 
25 3.07E-4  0.829 1.30E3 2.57E-4  0.444 7.52E4 3.04E-4 
35 3.63E-4  0.835 5.80E2 4.32E-4  0.524 3.07E4 3.88E-4 
45 4.24E-3  0.800 4.87E2 5.24E-4  0.640 1.59E4 1.25E-3 

Rf: passive film resistance; Rt: charge transfer resistance; n: dimensionless number. 
CPEdl: constant phase element of double layer; CPEf: constant phase element of passive film. 
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612 cm− 1 is attributed to hematite (α-Fe2O3) [20,39]. Table S4 sum
marizes the Raman peak positions for FeS2, S0, Sn

2-, γ-FeOOH, and 
α-Fe2O3. 

Fig. 4(b, d) shows the FTIR spectra of the pristine and weathered 
pyrite specimens. For pristine pyrite, absorption bands at 420 cm− 1 and 
1081–1089 cm− 1 are attributed to Fe–S and S–S stretching vibrations in 
the pyrite lattice [45]. The bands at 3430 and 1630 cm− 1 are due to O-H 
stretching vibrations associated with adsorbed water molecules [5]. All 

weathered pyrite samples result in identical FTIR spectra. The multiple 
bands observed between 1040 and 1210 cm− 1 are ascribed to the 
asymmetric sulfate S-O stretch, which normally splits into doubly or 
triply degenerate peaks from 1040 to 1210 cm− 1 [11]. The peak at 
762 cm− 1 corresponds to goethite (γ-FeOOH) [9], and the peak at 
650 cm− 1 corresponds to hematite (α-Fe2O3) [5]. Table S5 summarizes 
the FTIR spectra from this work and previous studies. 

Fig. 3. SEM images of the pyrite after weathered for 3 weeks. (a) 5 ◦C, (b) 15 ◦C, (c) 25 ◦C, (d) 35 ◦C, (e) 45 ◦C in simulated meadow soil solutions; (f) 5 ◦C, (g) 15 ◦C, 
(h) 25 ◦C, (i) 35 ◦C, (j) 45 ◦C in simulated saline soil solutions. 

Fig. 4. Raman (a) and FTIR (b) spectra of the pristine and weathered pyrite in simulated meadow soil solutions; Raman (c) and FTIR (d) spectra of the pristine and 
weathered pyrite in simulated saline soil solutions. 
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3.6. Surface elemental composition analysis 

Fig. 5 and Table S6 display the Fe 2p and S 2p spectra and binding 
energy states for pristine and weathered pyrite. For the Fe 2p(3/2) of 
pristine pyrite, one obvious peak is observed at a binding energy (BE) of 
707.0 eV, which agrees with ferrous ions from lattice pyrite [28], and a 
minor peak at 708.5 eV is due to iron from ferric monosulfide [43,44]. 
After weathering, additional peaks are observed at 708.8, 709.4, 710.6, 
711.8, and 713.4 eV, which can be attributed to Fe(II)O or Fe(III)O 
formed by pyrite oxidation. Specifically, peaks at 708.8 and 709.4 eV 
correspond to Fe(II)O [43,44]. The peak at 710.6 eV is assigned to he
matite (α-Fe2O3) [8], while peaks at 711.8 and 713.4 eV are assigned to 
goethite (γ-FeOOH) and ferric hydroxide (Fe(OH)3) [4] and are likely 
due to iron hydroxide instability and its subsequent conversion into 
relatively stable ferric oxides. Ferrous ion levels decrease as the tem
perature increases, which indicates that more ferrous ions are converted 
to ferric ions. These results agree well with electrochemical tests, 
Raman, and FTIR measurements. 

For the S 2p spectra of both pristine and weathered pyrite, five pairs 
of characteristic double peaks appear at BEs of 161.8, 162.7, 163.6, 165, 
and 168.9 eV, which can be indexed to mono-sulfide (S2-) [30], disulfide 
(S2

2-) [30], sulfur (S0) or polysulfide (Sn
2-) [20], sulfite (SO3

2-) [4] and 
sulfate (SO4

2-) [8], respectively. 
For pristine pyrite, the major doublet at 162.7 eV is assigned to di

sulfide from pyrite itself. The peak at 161.8 eV is ascribed to FeS formed 
by the fracture of S–S bonds, as shown in reaction (12) [29], and is 
likely due to weaker S–S bonds relative to Fe–S bonds, which makes S- 

ions more susceptible to disproportionation reactions, as shown in 

reaction (13) [26]. Subsequently, S2- readily oxidizes to sulfate due to its 
instability [37]. The additional peak at 163.6 eV is likely due to S0 or Sn

2-, 
and it is difficult to distinguish and separate due to their overlapping 
binding energy positions [28]. Combined with the above Raman results, 
we conclude that the oxidation products of FeS2 contain both elemental 
sulfur and polysulfide produced via reaction (14) [26]. The slight peak 
at 165 eV is thought to be SO3

2-, which exists as an intermediate product 
but in extremely low concentration. The peak at 168.9 eV is attributed to 
SO4

2-, which is the final and most thermodynamically stable oxidation 
product and is confirmed by the accumulation of SO4

2- on the surface as 
the temperature increases.  

Fe-S-S→ Fe(III)-S + S-                                                                  (12)  

2S-→ S0 + S2-                                                                               (13)  

S2- + S0
n-1→Sn

2-                                                                              (14)  

3.7. Summary of the pyrite weathering mechanism 

Based on the results obtained and discussed above, Fig. 6 presents the 
pyrite weathering mechanism. The element Fe of FeS2 is first oxidized to 
hydroxides (reaction (3)), then transforms to goethite (γ-FeOOH) via 
reaction (15) [34] and is terminally oxidized to hematite (α-Fe2O3). 
Many researchers believe the process is shown as reactions (16) and (17) 
[18]. In this study, the Raman peaks at 280 and 596 cm− 1 are ascribed to 
goethite (γ-FeOOH), and the peak at 612 cm− 1 is attributed to hematite 

Fig. 5. XPS spectrum of the pristine and weathered pyrite at different temperatures. (a) Fe 2p spectrum in simulated meadow soil solutions; (b) S 2p spectrum in 
simulated meadow soil solutions; (c) Fe 2p spectrum in simulated saline soil solutions; (d) S 2p spectrum in simulated saline soil solutions. 
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(α-Fe2O3). The peak at 762 cm− 1 corresponds to goethite (γ-FeOOH) [9], 
and the peak at 650 cm− 1 corresponds to hematite (α-Fe2O3) [5] in the 
FTIR spectra. In XPS analysis, the observed peaks at 708.8, 709.4, 710.6, 
711.8, and 713.4 eV are attributed to Fe(II)O or Fe(III)O formed by 
pyrite oxidation.  

Fe(OH)3 + 3H+ → γ-FeOOH + 3H2O                                              (15)  

8γ-FeOOH → 4γ-Fe2O3 + 4H2O → 4α-Fe2O3 + 4H2O                        (16)  

2γ-FeOOH → 2α-FeOOH → α-Fe2O3 + H2O                                     (17) 

Meanwhile, the element S of FeS2 is oxidized to the S0 passivation 
film (reaction (2)). During the oxidized progress of element S, the re
action products polysulfide (Sn

2-) occur via reactions (12)–(14), and the 
S0 passive film ultimately transforms to stable sulfate (SO4

2-) as reaction 
(18) [30]. In this work, S0 can be observed from the Raman and XPS 
data, Sn

2- can be observed from the Raman spectra, SO3
2- can be observed 

from XPS data, and SO3
2- can be observed from FTIR and XPS spectra. 

Thus, we think that the intermediate sulfur conversion pathway includes 
both the thiosulfate pathway [43,44] and the polysulfide pathway [37].  

2S0 + 3O2 + 2H2O → 2SO4
2- + 4H+ (18) 

Furthermore, H+ ions also released out with the element Fe and S 
oxidized from reactions (3), (4), and (11). Above all, higher temperature 
only accelerated the oxidative dissolution without changing the inter
action mechanism. Furthermore, H+ ions are also released with the el
ements Fe and S oxidized from reactions (3), (4), and (11). Above all, 
higher temperature only accelerated oxidative dissolution without 
changing the interaction mechanism. 

4. Environmental implications 

4.1. Pyrite weathering affects surroundings pH 

One well-known environmental problem associated with pyrite 
weathering is acid drainage pollution. Fig. 7 shows how pH varied with 
time as 0.5 g pyrite weathered in 60 mL simulated soil solutions. Both 
pH values decrease dramatically during initial pyrite weathering 
(20 min), and the pH levels for both simulated solutions gradually 
decrease and stabilize after approximately 50 days. A large amount of 
pyrite was used to better reflect the release of hydrogen ions from pyrite 
in alkaline solutions and resulted in a relatively short interval for the 
solution to change from alkaline to acidic. These results reveal that 
pyrite weathering in alkaline soil releases H+ to acidify surrounding 
circumstances, such as groundwater and soil, which may neutralize the 
soil or turn it acidic if pyrite levels are sufficient. Higher temperatures 
promote the pH shift in alkaline soil toward increased acidity and might 
open an avenue for alkaline soil remediation. 

4.2. Pure vs. impure pyrite weathering: potential remediation or heavy 
metal ions pollution? 

Weathering of pure pyrite involves transformations into iron hy
droxides Fe(OH)3, goethite γ-FeOOH, and hematite α-Fe2O3. Goethite 
and hematite have stronger biological activities due to their reactive 
surface functional groups and high specific surface area [14]. They offer 
the potential for effective remediation of heavy metal-contaminated 
soils by reducing the bioavailability of heavy metals in soil and water 
that result from partial dissolution and adsorption/precipitation re
actions between amendments and metal(loid)s [16]. Moreover, these 
modifications have positive effects on bacterial diversity in soil, and 
many researchers have shown that soil function improves as bacterial 
diversity increases [33]. Iron oxide particles also play an important role 
in biomedical applications due to their semiconductor characteristics, 
magnetic properties, and lack of toxicity [36]. 

Using pyrite ores from the Xingwen mine (a famous “pyrite mine” of 
Sichuan province, China) as an example of impure pyrite (Table S1), 
weathering transforms pyrite into iron hydroxides and iron oxide par
ticles with a concomitant release of heavy metal ions into the alkaline 
soils. Polarization results indicated Fe(III) release rates of 71.18 and 
91.87 g m− 2 y− 1 for simulated meadow and saline soil solutions at 
25 ◦C. Additionally, chromium and nickel, two common heavy metals 
found in Xingwen Mine pyrite ores, are also released (0.1747 and 
0.2254 g of Cr; 0.03474 and 0.04483 g of Ni from meadow and saline 
soils, respectively), which indicates that impurities released from pyrite 
ore weathering pose potential pollution problems. 

Fig. 6. The weathering mechanism of pyrite in simulated alkaline 
soil solutions. 

Fig. 7. The pH variation of pyrite weathering with time in simulated meadow (a) and saline (b) soil solutions.  
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5. Conclusions 

Electrochemistry coupled with surface analysis methods was 
employed to investigate the pyrite weathering mechanism under simu
lated meadow and saline soil solutions. The OCP and polarization curves 
showed that pyrite weathered faster in simulated saline soil or at higher 
temperatures. Weathering rates were 31.64 and 127.76 g m− 2 y− 1 in 
meadow soil at 5 and 45 ◦C, respectively; for saline soil, the weathering 
increased to 60.84 and 141.76 g m− 2 y− 1. EIS results revealed that the 
causes were the smaller resistance and greater capacitance, and pyrite 
weathering was related to surface interactions in meadow soil and 
diffusion-controlled saline soil. CV and surface analysis data showed 
that pyrite was initially oxidized to Fe(OH)3 and S0 and released H+ ions 
that lowered the pH of the alkaline soil. Fe(OH)3 was further trans
formed into γ-FeOOH and α-Fe2O3, while S0 was ultimately transformed 
into sulfate. These results showed that pure pyrite decreased the alka
linity of alkaline soils, while γ-FeOOH and α-Fe2O3 effectively reduced 
the bioavailability of heavy metals with positive effects on bacterial 
diversity and a lack of toxicity and may find use in future remediation 
processes. However, heavy metal impurities from impure pyrite scatter 
into alkaline soils and become potentially problematic pollution sources. 

Environmental Implication 

Pyrite weathering in alkaline soil would releases H+ to surrounding 
circumstances, which may neutralize the soil or turn it acidic and 
generate acid mine drainage (AMD) if pyrite levels are sufficient. Be
sides, heavy metal impurities from impurity pyrite scatter into alkaline 
soils and become potentially problematic pollution sources. In this 
article, in-situ electrochemical techniques were first used to investigate 
the weathering behavior of pyrite. To meadow and saline soils envi
ronments, the thermodynamics, kinetics and reaction mechanism of 
pyrite weathering, and amounts of heavy metal ions released in a certain 
period were obtained. The environmental implications of pyrite 
weathering were also suggested. 
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