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A B S T R A C T   

Arsenopyrite (FeAsS) oxidative dissolution provides an important source for the occurrence of high arsenic in 
acid mine drainage (AMD). Biochar is a potent material that can dramatically sequestrate an array of heavy 
metals in water. However, little is known about the role of biochar on the fate of As from arsenopyrite in AMD. 
This study investigates the effects of biochar concentrations, AMD acidities, and temperatures on the release of 
As from arsenopyrite in a simulated AMD over a range of environmentally relevant conditions. Results show that 
biochar inhibits As release and further acidification without changing the arsenopyrite weathering mechanism. 
Arsenopyrite is first oxidized to Fe(II), As(III) and S0 and ultimately oxidized to Fe(III), As(V) and SO4

2-, 
respectively. Higher concentration, temperature or higher acidity promotes the arsenic release rate. Electro-
chemical studies showed that biochar inhibited As release and acidification for reduced the charge transfer 
resistance at the double layer and film resistance at the passivation layer, which was mainly attributed to Fe(III) 
ions in AMD being adsorbed, oxidized, and As complexed to biochar-Fe-As(V). This study reveals the release 
mechanism of As from arsenopyrite weathering in AMD and suggests the applicability of biochar in mitigating 
arsenic pollution and further acidification in sulfide mineral mine drainage.   

1. Introduction 

Water arsenic (As) contamination is a global environmental problem 
(Lombard et al., 2021). Podgorski et al. (2017) estimated that approxi-
mately 150 million people around the world are at the risk of arsenic- 
contaminated groundwater water. The release of As from arsenic- 
bearing mines through geological and anthropogenic processes is the 
major source of high arsenic in the water (Rajpert et al., 2016; Rebello 
et al., 2021; Tabelin et al., 2021). Arsenopyrite (FeAsS) is the most 
common As-bearing mineral, which broadly distribute in mineralized 
areas (Tabelin et al., 2020, 2021), also distribute in groundwater and 
civil works for resource utilization (Huyen et al., 2019; Park et al., 
2019), and its oxidation is the widespread mechanism for the distribu-
tion of arsenic into the environment (Flora, 2015). In the Alexander 
mine (New Zealand), the As-enriched tailings comprise a ~1m thick 
package of finely laminated (mm-scale) sediments, which results in the 
tailings sediments being As-rich (up to 5000 mg⋅kg− 1) due to relict 
arsenopyrite and As-bearing pyrite (Tay et al., 2021). In Snow Lake 
(Canada), there are approximately 250,000 tons of cyanide-treated, 

refractory arsenopyrite ore concentrate. As released to pore water dur-
ing the oxidation of arsenopyrite and other sulfide minerals, adjacent 
water has concentrations of >20 mg⋅L-1 As(T) (Salzsauler et al., 2005). 
Consequently, there is increasing public concern about arsenic 
contamination in water from arsenopyrite and provides important im-
plications for the prevention and control of As pollution in mine 
drainage (Genc-Fuhrman et al., 2005; Hong et al., 2021). 

As a semiconducting mineral, the process of arsenopyrite oxidizing 
and releasing arsenic is an electron transfer process, i.e., it is an elec-
trochemical process in nature. Consequently, many studies have been 
carried out to understand the arsenic release mechanism of arsenopyrite 
oxidation depending on electrochemical techniques. Fernandez et al. 
(1996) confirmed that arsenopyrite can be oxidized in dilute acid and 
that the oxidation was controlled by an electrochemical surface reaction 
step with an apparent activation energy of 33 kJ⋅mol− 1. Then, Lázaro 
et al. (1997) further revealed that the oxidation of arsenopyrite in acidic 
media first produced As2S2 and Fe2+ and subsequently transformed to 
H3AsO4 and Fe3+. However, the intermediate process of the above 
transformation is still controversial, i.e., they may elemental sulfur, 
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polysulfides, metal-deficient sulfide Fe1-xAs1-yS or As-S groups (Buckley 
and Walker, 1988; Costa et al., 2002; McGuire et al., 2001). With the 
development of synchrotron-based radiation technology, Mikhlin and 
Tomashevich (2005) confirmed an As- and Fe-rich overlayer with an S- 
enriched layer of arsenopyrite oxidized in acidic solutions by synchro-
tron X-ray absorption near the edge structure. To natural conditions, 
previous studies have shown that the presence of strong oxidants (Ma 
et al., 2014), the pH of environmental media (Lara et al., 2016), ions 
with the ability to penetrate or complexate (Zheng et al., 2020), phos-
phate (Park et al., 2021), metal–organic complexes (Park et al., 2018) 
and organic matter (Wang et al., 2021) all affect arsenic release and 
transformation from arsenopyrite weathering. In arsenopyrite mines, 
acid mine drainages (AMDs) are broadly distributed, and the source 
determines that AMDs contain many Fe3+ ions (She et al., 2021). In 
contrast, the numerous strongly oxidizing Fe3+ ions in AMD will greatly 
influence arsenic release (McKibben et al., 2008), including more phase 
transitions from arsenopyrite oxidation (Neil and Jun 2015). However, 
the mechanism of arsenic release, especially the thermodynamic and 
kinetic data of arsenopyrite oxidation in AMD remains unknown. 

In recent years, many studies have shown that biochar is an excellent 
material for repairing heavy metal pollution in water and soil (Ahmad 
et al., 2014; Yang et al., 2020), due to the large specific surface area, 
high porosity, strong ion exchange capacity, and complexation with 
oxygen-containing functional groups (Zhang et al., 2020a). For the 
removal of arsenic, biochar may not be an ideal absorbent because most 
biochar are negatively charged (Yaashikaa et al., 2019). In certain water 
environments, biochar is a potential absorbent for the oxidation and 
fixation of As(III) (Niazi et al., 2018). Because AMD has arsenic and a 
high concentration of Fe3+ ions, Fe3+ ions may obviously be adsorbed by 
biochar. With metal sulfide mineral resources are exploited, transferred 
and utilized, more and more arsenopyrite enter into the soil and water 
around the mining area, even around metallurgical refinery, resulting in 
high arsenic-contaminated, acidic drainage and heavy metal pollution. 
Due to forest fires (Preston and Schmidt, 2006), especially biochar is 
widely used in environmental pollution improvement (Veselska et al., 
2022; El-Naggar et al., 2021), there are many natural environments in 
which arsenopyrite and biochar coexist. However, whether arsenic ions 
may complex with biochar or complex with biochar via Fe3+ ions re-
mains unknown. 

The objectives of this study are therefore to determine to what extent 
and how biochar influences the fate and transport of As during the 
oxidation of arsenopyrite in AMD. For these purposes, the effects of 
biochar concentration, environmental temperature and the acidity of 
AMD on As release were explored during arsenopyrite oxidation by 
different electrochemical and surface analysis measurements. Under-
standing the mechanism of As release from arsenopyrite oxidation in the 
presence of biochar at AMD conditions can supplement the knowledge of 
As geochemical cycling in AMD, and provide optimized biochar usage 
for acidic drainage for the remediation and management of As-bearing 
sites affected by mining activities. 

2. Materials and methods 

2.1. Arsenopyrite electrode, biochar and AMD preparation 

Arsenopyrite specimens were obtained from the Xingwen mine of 
Sichuan Province, China. X-ray diffraction (Empyrean, Panaco of 
Netherlands) indicated that the selected minerals were pure and ho-
mogeneous (Fig. S1). Electron microprobes showed that they mainly 
consisted of Fe 34.28 %, As 46.44 % and S 18.96 % (wt. %). Block 
specimens were selected as working electrode. First, they were cut into 
0.5 × 0.5 × 0.9 cm3 cuboids. Then, the cube upper surface was attached 
to a copper conductor with silver paint, while the rest was sealed with 
epoxy resin, exposing only the lower surface in contact with the elec-
trolyte. MuñOz et al. (1998) showed the detailed and specific electrode 
fabrication method. 

The source of the biochar used in this experiment was straw. After 
oven drying at 80 ◦C for 24 h, the raw material was cut into thin slices of 
10 cm and placed in a muffle oven to heat to 550 ◦C at a rate of 20 ◦C per 
min. After keeping the raw material warm for an hour, slow pyrolysis 
was used to transform it into biochar. The biochar was then ground and 
screened to obtain a sample with a particle size of 200 meshes. The 
sample was then put into an oven and dried at 105 ◦C to obtain a con-
stant weight. The physical and chemical properties of the obtained 
biochar are shown in Table S1, which has a 10.5 m2⋅g− 1 specific surface 
area. The biochar has a 19.98 Å pore size and its detailed porosities by 
N2 adsorption isotherm are shown in Table S2, and the pore size dis-
tribution by NLDFT are shown in Fig. S2. The preparation of biochar has 
been provided in Cheng et al. (2017). Acid mine drainage (AMD) was 
collected from the Xingwen mine of Sichuan Province, China. The AMD 
was first filtered with a 0.45 μm membrane, then, it was boiled in an 
airtight container for 3 h to sterilize acidophilic microorganism. The 
AMD mainly consisted of Fe3+, Fe2+, SO4

2- and Cl- at a pH of 2.99. To 
investigate the influence of acidity, H2SO4 and NaOH solutions were 
used to obtain pH 1.99, pH 3.99 and pH 4.99 (Table S3). Meanwhile, the 
prepared biochar was added to the AMD solution at varying weights to 
obtain AMD solutions with varying concentrations of biochar (0.4 g⋅L-1, 
0.8 g⋅L-1 and 1.2 g⋅L-1). 

2.2. Immersion experiments 

Eight block arsenopyrite specimens (each 0.5 cm × 0.5 cm × 0.05 
cm, sealed with epoxy resin exposing only one surface) and eight- 
arsenopyrite powder specimens (each 0.3 g) were divided into two 
groups. Then, they were dipped into 60 mL AMD with different con-
centrations of biochar (0 g⋅L-1, 0.4 g⋅L-1, 0.8 g⋅L-1 and 1.2 g⋅L-1) for 2 
months. The volume of the reactor is 100 mL, and 2 mL of solution was 
collected in each reactor during sampling to detect various ions in the 
solution. The Zeta potential of the AMD solution at different concen-
trations of biochar or arsenopyrite are shown in Table S4. Prior to the 
immersion experiments, the block arsenopyrite specimens were polished 
with silicon carbide sandpaper (1000, 3000, 5000 mesh) to obtain a 
mirror-like surface, then, degreased using alcohol, cleaned ultrasoni-
cally using deionized water and dried in nitrogen. The arsenopyrite 
powder specimens were crushed and ground to 200 mesh using an agate 
mortar and pestle with an alcohol solvent, then dried in nitrogen. 

2.3. Characterization and analysis 

The eroded block arsenopyrite specimens were studied using scan-
ning electron microscopy (SEM) (JSM-6460LV) (JEOL ltd.), and energy 
dispersive spectroscopy (EDS) (Oxford Instruments Co.). The eroded 
power arsenopyrite specimens were characterized by Raman spectros-
copy (British Renishaw) and Fourier transform infrared spectroscopy 
(FTIR). The As and S speciation transformations on the arsenopyrite 
surfaces were analyzed by X-ray photoelectron spectroscopy (XPS) (PHI 
Quantera SXM) analysis. The soluble arsenic ions were measured by 
atomic fluorescence spectrophotometry (AFS) (AFS − 2202E, Beijing 
Haiguang Instrument Co.). The pH values of the soak solutions with 
different concentrations of biochar were continuously monitored by a 
pH meter (PHSJ-4A). The details of the characterization are shown in 
Text S1. 

2.4. Electrochemical tests 

Electrochemical experiments were performed on an electrochemical 
workstation (PARSTAT 2273) using a three-electrode system. The 
arsenopyrite electrode, saturated calomel electrode and platinum elec-
trode acted as the working electrode, reference electrode and auxiliary 
electrode, respectively. AMD without/with biochar prepared as the 
above acted as electrolyte. The three electrodes were immersed in about 
30 mL solution to adjust different experimental temperatures via a 
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constant temperature incubator. Temperature is one of the important 
factors that affect arsenopyrite weathering. In this work, four typical 
ambient temperatures 5 ◦C, 15 ◦C, 25 ◦C and 35 ◦C were selected as 
experimental temperatures. All the potentials reported in this work are 
relative to the SCE (0.245 V versus standard hydrogen electrode at 
25 ◦C) unless otherwise stated. 

Cyclic voltammetry (CV), polarization curves and electrochemical 
impedance spectroscopy (EIS) were adopted for electrochemical mea-
surements. CV experiments were carried out at a scanning rate of 20 
mV⋅s− 1, from the open circle potential (OCP) to 750 mV, then reverse 
scanned to − 750 mV, and finally returned to OCP as the final potential. 
In this work, two cycles were carried out, and only the second cycle was 
reported. Polarization curve measurements were carried out from 
− 0.25 V to + 0.25 V (vs OCP) at a scanning rate of 10.0 mV⋅s− 1. EIS tests 
were performed at the OCP with frequencies ranging from 10-3 to 104 Hz 
with an amplitude of 10.0 mV. The experiments were carried out in 
triplicate to ensure reproducibility, and the average results were re-
ported in this study. 

3. Results and discussion 

3.1. Dissolution experiments immersion experiments 

After erosion for 2 months, the AFS measurements (Table 1) show 
that the element As of arsenopyrite transformed to As(III) and As(V) 
ions, and the concentration of As(V) was dominant. The presence of 
biochar dramatically removed As(III) and As(V) ions, and the removal 
efficiency reached 90.39 % and 95.38 %, respectively, when there was 
1.2 g⋅L-1 biochar. Acidity as the main indicator of AMD was also 
investigated. 

Fig. 1 shows the variation in pH with time for the weathering of 
arsenopyrite in AMD in the presence of different concentrations of 
biochar at 25 ◦C. In the first 10 min, all the pH values of AMD 
dramatically decreased and gradually gently decreased until approxi-
mately 2 days. Afterwards, to that AMD without biochar, the pH value 
first gradually increased, then gradually decreased, and reached a 
relatively flat pH value of 2.75 at approximately 55–65 days. To those 
AMD with biochar, all the pH values gradually increased until reaching 
flat pH values of approximately 3.5–4.0, and a larger concentration of 
biochar corresponded to a higher pH value. All of the results revealed 
that biochar increased the pH of AMD, and the cause was biochar inhibit 
arsenopyrite oxidization, besides biochar presents alkaline (pH 9.7) it-
self (Buss et al., 2018; Pandit et al., 2018). The detailed explains will be 
revealed in the electrochemical analysis section. 

3.2. Surface morphology, element composition and phase analysis 

The surface morphologies of pristine and eroded arsenopyrite were 
observed by SEM (Fig. 2). 

The surface of arsenopyrite before erosion was smooth and clean. 
After weathering for 2 months, all of them showed the presence of 
micro-particles with sizes between 200 nm and 1000 nm, and the degree 
of corrosion gradually decreased with increasing biochar concentration. 
The EDS results show that the corrosion products were comprised of Fe, 
As, S, O, and C when electrolyte had biochar (Table 2). Furthermore, 

with increasing concentrations of biochar, there was a decrease in 
elemental content (At. %) for Fe, As, S and O, suggesting that biochar 
inhibits the oxidation of arsenopyrite. Fig. S3(a1-e1) and Table S5 
display the XPS Fe 2p (3/2) spectra and corresponding fitting results of 
original and weathered arsenopyrite. The references for these XPS peaks 
are shown in Table S6. The results show that the composition of pristine 
arsenopyrite is 67.52 % at Fe(II) - AsS and 32.49 % at Fe(III) - AsS, 
meaning that the pristine arsenopyrite almost not be oxidized. After 
corrosion for two months, the content of Fe(II) increased from 18.00 % 
to 39.06 % and the content of Fe(III) decreased from 82.00 % to 60.94 % 
with biochar concentration increased to 1.2 g⋅L-1. In addition, Fe(III) - O 
also decreased from 23.77 % to 15.4 %. All of the results confirmed the 
inhibition of biochar on arsenopyrite oxidation. 

Fig. S3(a2-e2, a3-e3) and Tables S7- S8 show the XPS As 3d(5/2) and S 
2p(3/2) spetra and the corresponding fitting results of arsenopyrite and 
weathered arsenopyrite. For pristine arsenopyrite, in terms of the 
arsenic species, As(-I)-S accounts for the highest content, reaching 
70.20 %. 

In terms of the sulfur species, S2- and (AsS)2- account for the main 
contents, which are 27.05 % and 48.65 %, respectively. After weath-
ering for 2 months, the content of As(-I)-S in the eroded arsenopyrite was 
significantly lower than that in the pristine arsenopyrite, while the 
content of As(V)-O was higher than that in the pristine mineral. With 
increasing biochar concentration in the solution, there was a gradual 
increase in the content of As(-I)-S, while the content of high-valence As 
(V)-O decreased significantly. Also, an increase in the total content of 
low oxidation state arsenic (As(-I)-S, As(0), and As(I)-O) and a decrease 
in the high oxidation state arsenic (As(III)-O and As(V)-O) total content 
were indicated. Moreover, the content of (AsS)2- increased distinctly 
with increasing biochar concentration, from 36.73 % to 47.98 %, while 
the content of SO4

2- decreased from 14.33 % to 6.38 %. The fitting results 
confirmed that the presence of biochar inhibited the oxidation of 
arsenopyrite. 

Fig. 3(a) shows the Raman spectra of the biochar and the pristine and 
eroded arsenopyrite specimens. Pristine arsenopyrite showed four peaks 
at 244, 274, 388 and 407 cm− 1, which are spectral characteristic peaks 
of arsenopyrite (Lara et al., 2016; McGuire et al., 2001; Mernagh and 
Trudu, 1993). For biochar, two main overlapping bands at approxi-
mately 1350–1370 cm− 1 and 1580–1600 cm− 1 corresponded to the in- 
plane vibrations of sp2-bonded carbon structures with structural de-
fects (D band) and to the in-plane vibrations of the sp2-bonded graphitic 
carbon structures (G band), respectively (Zhang et al., 2018). 

After weathering for 2 months, all the eroded arsenopyrite acquired 
four additional peaks at 155, 220, 470 and 845 cm− 1. The three peaks at 
155, 220, and 470 cm− 1 correspond to elemental sulfur S (Murciego 

Table 1 
Concentration of arsenic ions in AMD solutions with different concentrations of 
biochar.  

cbiochar 

(g⋅L-1) 
cAs(III) 

(μg⋅L- 

1) 

As(III) removal 
efficiency 
(%) 

cAs(V) 

(μg⋅L-1) 
As(V) removal 
efficiency 
(%) 

0  707.25  –  1303.80  – 
0.4  456.25  35.49  740.55  43.20 
0.8  92.45  86.93  161.40  87.62 
1.2  67.95  90.39  60.30  95.38  

Fig. 1. The variation of pH with time during leaching of arsenopyrite in AMD 
with different concentrations of biochar. 
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et al., 2019), while 845 cm− 1 is derived from the asymmetric stretching 
mode of ferric arsenate FeAsO4 (Murciego et al., 2011). Meanwhile, 
when the AMD solution contained different concentrations of biochar, 
peaks at 1350–1370 cm− 1 and 1580–1600 cm− 1 also appeared, sug-
gesting the adsorption of biochar on the arsenopyrite surface. Fig. 3(b) 
shows the FTIR spectra of biochar, pristine and eroded arsenopyrite in 
AMD. The biochar exhibited five absorption peaks, the C–H bond vi-
brations in aromatic compounds at 750, 815 and 875 cm− 1 (Niazi et al., 
2018), the –OH of phenols and/or carboxyl peaks at 1035 and 1380 
cm− 1 (Niemeyer et al., 1992; Amir et al., 2010), and the carboxyl peak at 
1600 cm− 1 (COO–, C––O stretching and possibly aromatic C––C skeletal 
vibrations) (Amir et al., 2010). In the pristine arsenopyrite FTIR spectra, 
the peak at 1637 cm− 1 is a characteristic peak of arsenopyrite (Wang 
et al., 2021). After weathering in AMD for 2 months, there was no new 

peak except at 815 cm− 1 for the C–H bond vibration in aromatic 
compounds from biochar. Fig. 3(c) shows the spectra of 40 mg biochar 
immersed in 20 mL solution with pH 5.0 containing 0.0048 mol⋅L-1 As 
(V) and/or 0.0048 mol⋅L-1 Fe(III) ions. When the immersion solution 
contained Fe(III) ions, two new peaks appeared: one peak was attributed 
to Fe-O at 600 cm− 1 (Zhang et al., 2021), and the other peak was the 
–OH of phenols and/or carboxyl peak at 1035 cm− 1 shifted to 1130 
cm− 1, meaning that the –OH groups of biochar complexed with Fe(III) 
(Sharma et al., 2010). When the immersion solution contained As(V) 
ions, no FTIR peak of arsenic complexing with biochar was detected, 
probably because its surface was negatively charged (the zeta potentials 
of AMD with 0.4, 0.8 and 1.2 g⋅L-1 biochar were − 2.48, − 4.30 and 
− 5.80 mV, respectively) and thus had limited ability to adsorb As(V) 
ions (Hu et al., 2015). When the immersion solution contained Fe(III) 
and As(V) ions, a new peak at 827 cm− 1 appeared for the As(V)/Fe/ 
biochar system and was attributed to an asymmetric νas(As-O-Fe) vi-
bration from a compound peak of scorodite/ferric arsenate (Tabelin 
et al., 2019; Zhang et al., 2021). In addition, the COO– peak at 1600 
cm− 1 shifted to 1615 cm− 1 in the Fe-biochar system, indicating As(V) 
binding with Fe-biochar(–OH) and forming a ternary complex As(V)-Fe- 
biochar through metal bridge mechanisms (Sharma et al., 2010). In this 
work, when arsenopyrite weathered in AMD, peaks from biochar com-
plexations were not observed, perhaps due to the amount of arsenic and 
iron ions from arsenopyrite weathering being too small to detect. 

Fig. 2. SEM and EDS images of the pristine arsenopyrite (a, a’) and eroded arsenopyrite (b-e, b’-e’) in AMD with different concentrations of biochar for 2 months. 
Condition: 25 ◦C, pH 2.99. 

Table 2 
EDX for the pristine and the eroded arsenopyrite in pH 2.99 AMD with different 
concentration of biochar (25 ◦C, pH 2.99).  

Specimen Element content (At. %) 

Fe As S O C 

Pristine arsenopyrite  33.6  32.3  34.1  –  – 
Eroded arsenopyrite, 0 g⋅L-1 biochar  25.4  24.0  24.0  26.7  – 
Eroded arsenopyrite, 0.4 g⋅L-1 biochar  15.4  13.6  18.3  11.6  41.2 
Eroded arsenopyrite, 0.8 g⋅L-1 biochar  14.0  13.0  18.0  8.7  46.3 
Eroded arsenopyrite, 1.2 g⋅L-1 biochar  12.0  12.1  13.2  4.3  58.5  
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3.3. Electrochemical analysis 

3.3.1. Cyclic voltammetry study: Arsenic transformation 
Cyclic voltammetry provides rapid information on thermodynamic 

redox processes, on the kinetics of heterogeneous electron-transfer re-
actions, and on coupled chemical reactions or adsorption processes 
(Gosser, 1993), and hence is widely used to acquire qualitative and 
quantitative information about electrochemical reactions. 

Fig. S4 shows the cyclic voltammetry curves of arsenopyrite in AMD 
at different biochar concentrations (a), different temperatures (b) and 
different acidities (c). All these curves had two anodic peaks (A1, A2) 
and two cathodic peaks (C1 and C2), indicating a similar oxida-
tion–reduction mechanism of arsenopyrite under these conditions. 
During the anodic scanning process, the appearance of the first anodic 
peak A1 at approximately 200 mV was due to the oxidation of arseno-
pyrite and transformation to AsO3

3-, Fe2+ and S0 (Lázaro et al., 1997). 
With a further increase in potential towards the positive direction, 

another anodic peak A2 appeared at 600–700 mV, which was attributed 
to further oxidation of AsO3

3-, Fe2+ and S0 to AsO4
3-, Fe3+ and SO4

2-, 
respectively (Zhang et al., 2020b). During reverse scanning in the 
negative direction, the first cathodic peak C1 appeared at approximately 
400 mV, corresponding to the reduction of Fe3+, while the reduction of 
S0 generated the second cathodic peak C2 at approximately − 650 mV 
(Tu et al., 2017).  

A1: FeAsS + 3H2O → AsO3
3-+ Fe2+ + S0 + 6H+ + 5e-(1)                          

A2: AsO3
3- + H2O → AsO4

3- + 2H+ + 2e-(2)                                              

S0 + 4H2O → SO4
2- + 8H+ + 6e-(3)                                                          

Fe2+→ Fe3+ + e-(4)                                                                                

C1: Fe3+ + e- → Fe2+(5)                                                                         

C2: S0 + 2H+ + 2e- → H2S(6)                                                                 

3.3.2. Polarization curve study: Arsenic releases kinetic and 
thermodynamic parameters 

Under the natural conditions, the arsenopyrite weathering tendency 
and arsenic release rate are of great concern. The polarization curve 
provides information on the corrosion likelihood and rate; in this 
respect, it is a very effective means to answer the concerned questions 
(Mansfeld, 2005). In this work, four temperatures (5, 15, 25 and 35 ◦C), 
four pH values (pH 1.99, 2.99, 3.99 and 4.99) and four different con-
centrations of biochar (0, 0.4, 0.8, 1.2 g⋅L-1) were used to investigate 
their effects on the weathering of arsenopyrite. 

Fig. S5 shows the polarization curves of arsenopyrite in AMD with 
different biochar concentrations at natural temperatures of 5 ◦C, 15 ◦C, 
25 ◦C and 35 ◦C. All these curves had similar shapes, indicating similar 
oxidation mechanisms. Furthermore, the curves shift to the lower left 
with increasing biochar concentration, meaning that a higher concen-
tration of biochar results in a more negative corrosion potential (Ecorr) 
and larger corrosion current density (icorr). Here, the values of Ecorr and 
icorr can be obtained employing the method of Tafel extrapolation (Bard 
and Faulkner, 2001). Furthermore, the weathering rate of arsenopyrite 
can be further achieved by Faraday’s equation using the corrosion cur-
rent density icorr, namely, ν = Micorr

nF , where v is the weathering rate, 
mg⋅cm− 2•h− 1; M is the atomic weight, g⋅mol− 1; n is the valence state of 
the element; and F is the Faraday constant, 96,485C⋅mol− 1. The detailed 
weathering parameters of arsenopyrite in AMD in the presence of 

Fig. 3. Raman (a), FTIR (b) spectra of pristine biochar, pristine and eroded arsenopyrite, and FTIR (c) spectra of Biochar dropped with As(V) and/or Fe(III).  
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different concentrations of biochar are listed in Table 3. 
In real environment, the parameter icorr reflects the weathering rate 

of arsenopyrite, that is, a larger icorr meaning faster weathering rate. The 
parameter Ecorr is related to the weathering possibility, i.e., a more 
positive value of Ecorr meaning arsenopyrite is difficult to erode. Taking 
25 ◦C as an example, increasing the biochar concentration from 0 to 0.4 
g⋅L-1 resulted in a shift in Ecorr from 264.61 to 250.25 mV, ultimately 
reaching 228.45 mV when the biochar concentration was increased to 
1.2 g⋅L-1. Meanwhile, the corresponding value of vAs(III) decreased from 
1.46E to 3 to 8.74E-4 mg⋅cm− 2⋅h− 1, ultimately reaching 5.79E-4 
mg⋅cm− 2⋅h− 1. The results indicated that biochar inhibited arsenopyrite 
weathering, and the higher the concentration of biochar was, the more 
inhibited the oxidative dissolution of arsenopyrite. The reason can be as 
follows: in the AMD media, arsenopyrite acted as the anode, and reac-
tion (1) took place. At the cathode, reduction of Fe3+ ions and dissolved 
O2 would take place as per reaction (5) and reaction (7). 

In comparison with the concentration of Fe3+ ions in the AMD, the 
concentration of dissolved O2 is smaller (8.0–8.5 mg⋅L-1 at room tem-
perature), and Fe3+ ions also have stronger oxidizing capability than O2. 
Hence, the reduction reaction of Fe3+ ions is dominant. With the addi-
tion of biochar, some Fe3+ ions are absorbed, complexed to Fe-OH 
(biochar) and As(V)-O-Fe, as previously mentioned, and even reduced 
to Fe2+ by biochar (Chen et al., 2016; Kappler et al., 2014; Xu et al., 
2019). Fig. S6 and Table S9 show the various absorption and reduction 
efficiencies of biochar to Fe3+ ions. The results confirmed the strong 
sorption and reduced effect of Fe3+ ions caused by biochar; by com-
parison, its absorption efficiency was dominant. The higher the con-
centration of biochar, the larger the absorption and reduction 
efficiencies. Obviously, the decreasing concentration of Fe3+ ions is 
disadvantageous for its reduction and further inhibits the oxidation of 
arsenopyrite. 

Thus far, the pH variation of arsenopyrite AMD with different con-
centrations of biochar shown in Fig. 1 can be explained. That is, during 
this initial stage, arsenopyrite was strongly oxidized in the presence of 
Fe3+ ions, released a large amount of H+ as reaction (1) and resulted in a 
dramatic decrease in the pH value. Due to oxygen has a large over-
potential and oxygen be reduced (reaction (7)) is a several steps 4-elec-
tron reaction. When Fe3+ ions decreased to a very small concentration, 
oxygen would participate in the cathode reaction and gradually 
consumed H+ ions; meanwhile, the increase in the S0 and FeAsO4 
passivation films caused the oxidation of arsenopyrite to become 
increasingly difficult. All these causes resulted in the concentration of 
H+ ions decreasing, i.e., the pH value increasing. Finally, with the 
termination of the weathering process of arsenopyrite, the pH value of 

AMD would reach relatively flat pH values, the higher concentration of 
biochar caused the larger pH value, for higher adsorption capacity to H+

ions and higher adsorption/reduction capacities to Fe3+ ions as the 
above mentioned with biochar concentration increasing. Interestingly, 
to that AMD without biochar, its pH value reached a maximum and 
gradually decreased before reaching a relatively flat pH value. The cause 
was as follows: when there was 1 mol electron transfer, arsenopyrite 
weathering would release 1.2 mol H+ ions (reaction (1)) while 
consuming only 1.0 mol H+ ions (reaction (7)), i.e., more H+ ions 
accumulated in the AMD.  

O2 + 4H+ + 4e- → 2H2O(7)                                                                   

Fig. S7 and Table S10 show the polarization curve and Tafel pa-
rameters of arsenopyrite in AMD at different temperatures, and the re-
sults showed that higher temperatures promoted arsenopyrite 
weathering. The reason is the greater transformation of internal energy 
to electrochemical energy at higher temperatures. Fig. S8 and Table S11 
are the polarization curve and Tafel parameters of arsenopyrite in AMD 
at different acidities, and the results suggest a smaller weathering ten-
dency and a faster weathering rate at high acidity. The reason is that 
higher acidity promotes cathodic reduction of O2 as the reaction (8). To 
describe the inhibition effect of biochar more intuitively, “inhibiting 
efficiency (η)” is defined as η = (icorr − i0corr)/i0corr, which is often used in 
material science (Solmaz et al., 2008). Here, i0corr and icorr are the 
corrosion current density before and after the change of condition, 
respectively. The inhibiting efficiency η of biochar concentration, tem-
perature, and AMD acidity are listed in Table 3, Table S10 and 
Table S11. Fig. S9 shows the As(III) inhibiting efficiency of biochar at 
different concentrations and temperatures. The results show that a 
larger concentration of biochar inhibits the weathering of arsenopyrite 
at the same environmental temperature; however, with a continuous 
increase in biochar concentration, the amplitude of the inhibiting effi-
ciency will decrease. For the same concentration of biochar, the pro-
motion efficiency increased with increasing temperature, and with a 
continuous increase in temperature, the amplitude of the promotion 
efficiency increased. The above results show that there is an optimal 
consumption of biochar for inhibiting arsenic ion release from arseno-
pyrite weathering, and this will be discussed in the next section. 

Arsenic ion release rate is a very important dynamic parameter for 
investigating the environmental effect of arsenopyrite weathering. Ac-
cording to Table 3, Table S10 and Table S11, the relationships of the As 
(III) release rate (vAs(III)) from arsenopyrite weathering and the con-
centration (c) of biochar, environmental temperature (T), and AMD 
acidity (pH) are listed in Fig. 4 (a-c). The results show that (1) at 
experimental temperatures of 5 ◦C, 15 ◦C, 25 ◦C or 35 ◦C, the As(III) 
release rate (vAs(III)) and the concentration (c) of biochar had a negative 
linear correlation (Fig. 4a). Based on these relationships, it can be 
deduced that the optimal consumption of biochar for the weathering 
rate tends to zero. Taking 25 ◦C as an example, the optimal consumption 
of biochar for AMD from the Xingwen mine was 2.79 g⋅L-1. The As(III) 
release rate (vAs(III)) and environmental temperature (T) had a negative 
linear correlation (Fig. 4b), meaning that a higher temperature promotes 
arsenic ion release. For the fitted linear curve of the As(III) release rate 
(vAs(III)) and the acidity of AMD (Fig. 4c), the R2 was 0.8399, suggesting a 
nonlinear relationship. The reason is Fe3+ ions in AMD, like H+ ions, also 
participated in the cathode reaction. Especially, during the electro-
chemical processes, the reduction of Fe3+ ions was dominant for its large 
concentration. 

The activation energy (Ea), activation enthalpy (ΔH*) and activation 
entropy (ΔS*) are three important parameters that reflect the thermo-
dynamic stability of arsenopyrite weathering in AMD. Based on the 
Arrhenius equation, activation energies (Ea) can be calculated by linear 
regression between lnv and 1/T as In ν = (− Ea

RT )+In A (Arrhenius, 1889). 
where v is the reaction rate constant, mg⋅cm− 2⋅h− 1; Ea is the activation 
energy, J⋅mol− 1; R is the gas constant, 8.314 J⋅mol− 1⋅K− 1, T is the 

Table 3 
Tafel parameters of arsenopyrite in AMD at different concentrations of biochar, 
and the As(III) releases rate and biochar inhibiting efficiency.  

Temperature 
(◦C) 

cBiochar 

(g⋅L-1) 
Ecorr 

(mV) 
icorr 

(µA⋅cm− 2) 
vAs(III) 

(mg⋅cm− 2⋅h− 1) 
η 

5 0  303.46  0.651 6.07E-4  – 
0.4  270.98  0.438 4.08E-4  32.78 
0.8  247.85  0.375 3.49E-4  42.50 
1.2  239.35  0.343 3.20E-4  47.28 

15 0  282.35  1.183 1.10E-3  – 
0.4  252.88  0.751 7.00E-4  36.36 
0.8  243.28  0.621 5.79E-4  47.36 
1.2  234.52  0.536 4.99E-4  54.64 

25 0  264.61  1.568 1.46E-3  – 
0.4  250.25  0.938 8.74E-4  40.14 
0.8  239.68  0.794 7.40E-4  49.32 
1.2  228.45  0.621 5.79E-4  60.34 

35 0  253.89  2.308 2.15E-3  – 
0.4  233.78  1.221 1.14E-3  46.98 
0.8  223.35  0.946 8.81E-4  59.02 
1.2  209.12  0.824 7.68E-4  64.28 

Ecorr: corrosion potential; icorr: corrosion current density; vAs(III): release rate of 
As(III); η: inhibiting efficiency. 
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absolute temperature and A is the pre-exponential factor. According to 
the results shown in Table 3, the activation energies (Ea) of arsenopyrite 
weathering in AMD at different concentrations of biochar were calcu-
lated by using linear regression between lnv and 1/T, and the results are 
listed in Table 4. 

The results indicate a decreasing trend of activation energy when the 
concentration of biochar was increased. Here, the activation energy (Ea) 
of arsenopyrite weathering in AMD absence of biochar was 29.15 
KJ⋅mol− 1, corresponding to the result of arsenopyrite oxidation in dilute 
acid at an apparent activation energy of 33 kJ⋅mol− 1 (Fernandez et al., 
1996). Especially, all these activation energies were higher than 20 
kJ⋅mol− 1 when the biochar concentration in AMD no>0.8 g⋅L-1. Ac-
cording to reaction kinetic theory, the rate of oxidation of arsenopyrite is 
controlled by surface interaction (Lasaga, 1998). When the biochar 
concentration in AMD was 1.2 g⋅L-1, the Ea decreased 19.85 kJ⋅mol− 1 

(<20 kJ⋅mol− 1), meaning that the rate of oxidation of arsenopyrite is 
controlled by mass transport of dissolve species (diffusion control). The 
shift of rate-determining step of arsenopyrite oxidation further 
confirmed that high concentration of biochar can effectively “remove” 
(adsorbed, oxidized and complexed, etc.) the ions involved in the anode 
reaction. 

According to transition state theory, the activation enthalpy (ΔH*) 
and activation entropy (ΔS*) of arsenopyrite weathering can be calcu-
lated from the linear regression between ln(v/T) and 1/T (Fig. S10) as 
In (ν

T) = (In( R
NAh) + (ΔS*

R )) − ΔH*

RT (Hegazy et al., 2012). where v is the 
corrosion rate, mg⋅cm− 2⋅h− 1; T is the absolute temperature, K; NA is 
Avogadro’s number, 6.02E23 mol− 1; h is Planck’s constant, 6.626E-34 
J⋅S; R is the universal gas constant, 8.314 J⋅mol− 1⋅K− 1. Data in Table 4 
represent the values of ΔH* and ΔS*. The values of ΔH* > 0 for all the 
conditions indicate the endothermic nature of the weathering process of 
arsenopyrite and reflect that high temperature is conducive to the 

weathering of arsenopyrite (Refaey et al., 2004). Moreover, the value 
ΔH* decreased with increasing biochar concentration, signifying that 
more biochar is beneficial for the adsorption and Fe3+ ion reduction 
process. ΔS* < 0 suggested that the activation process was associated 
rather than dissociated in the rate-determining step; that is, disorder was 
reduced from the reactant to the transition state/activated complex 
(Benabdellah et al., 2006). 

3.3.3. Electrochemical impedance spectroscopy (EIS) study: arsenopyrite- 
AMD surface passivation mechanism 

As an important electrochemical technique based on the interfacial 
reaction at the electrode surface, EIS technique has been widely used in 
mineral corrosion studies to obtain information about the electro-
chemical reactions that occur on the surface of minerals, such as the 
internal resistance and coating layers. Fig. 5 shows the Nyquist (a-c) and 
Bode (a’-c’) plots for arsenopyrite weathering in AMD at different bio-
char concentrations, temperatures, and acidities. All these Nyquist plots 
showed two capacitor loops. The capacitance loop at high frequency 
corresponds to the pseudo-capacitance and resistance of the surface 
layer, while at low frequency, it is attributed to the double-layer 
capacitance and charge transfer resistance between the solution/min-
eral interfaces. Electrochemical equivalent circuit (EEC) represents an 
approach to describe the electrochemical processes that occur at the 
electrode and/or electrolyte interface. Macdonald (1985) pointed out 
that any model derived from them is only tentative. For this reason, the 
selected EEC must be effectively explaining the electrochemical pro-
cesses, and has the best fit results. The EEC shown in Fig. 5 (d) was used 
to simulate the electrochemical process. 

Here, Rs is the ohmic resistance of the solution, and Rf is the 
passivation film resistance. Rt is the charge transfer resistance at the 
double layer. CPE is a constant phase element used to substitute 
capacitance for loops deviating from an ideal semicircle, where CPEf 
represents capacitance of the passivation film and CPEdl represents 
capacitance of the double layer. The model parameters for arsenopyrite 
weathering in AMD under different conditions are shown in Table 5. 
When arsenopyrite was weathered in AMD with different concentrations 
of biochar, the results showed that transfer resistance Rt increased while 
passivation film resistance Rf decreased with increasing concentration of 
biochar, besides, the values of Rt were larger than that of Rf, which 
confirmed that higher concentration of biochar inhibited the oxidation 
of arsenopyrite for more Fe3+ ions were absorbed or reduced by biochar. 

Fig. 4. Variation in corrosion rate of arsenopyrite with biochar concentration (a), temperature (b) and acidity (c).  

Table 4 
Activation parameters for arsenopyrite in pH 2.99 AMD with different concen-
trations of biochar.  

cBiochar (g⋅L-1) Ea (KJ⋅mol− 1) ΔHads* (KJ⋅mol− 1) ΔSads* (J⋅mol− 1⋅K− 1) 

0  29.15  26.72  − 209.39 
0.4  23.62  21.19  –232.43 
0.8  21.68  19.25  − 237.29 
1.2  19.85  17.42  − 244.81  
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Fig. 5. Nyquist (a, b, c) and Bode plots (a′, b′, c′) for arsenopyrite in AMD at different concentrations of biochar (a, a′), temperature (b, b′), acidities (c, c′), and 
equivalent circuit (d), where ○, □ and × represent the experimental values and ─ represents simulated values. 
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For arsenopyrite weathering in AMD at different temperatures, the re-
sults showed that with increasing temperature, there was a decrease in 
the value of Rt at the double layer, while the value of Rf was increased. 
The reason was that higher temperature promotes ion transfer at the 
double layer, which was advantageous for the oxidation of arsenopyrite, 
and simultaneously, more S0 and FeAsO4 would be produced, which will 
cover the surface of arsenopyrite. It is interesting to note that the value 
of Rf at 35 ◦C was larger than that at 25 ◦C, which is due to the loosening 
of the passivation film as a consequence of enhanced penetration of Cl- 

ions with increased temperature. When arsenopyrite was weathered in 
AMD at different acidities, the results showed that the value of Rt in the 
double layer and Rf decreased and increased, respectively, with 
increasing acidity. The results confirmed that higher acidity (more H+

ions) promotes charge transfer at the double layer, which was beneficial 
for the oxidation of arsenopyrite and thus more S0 and FeAsO4 covering 
the surface of arsenopyrite. 

3.4. The weathering mechanism of arsenopyrite and biochar inhibition 
mechanism 

Combining the electrochemical experiments and surface analysis 
results, the weathering mechanism of arsenopyrite in AMD with/ 
without biochar is summarized in Fig. 6. 

Arsenopyrite weathering takes place via the following steps: FeAsS 
acts as an anode, is oxidized to low-valence Fe2+, AsO3

3- and S0, and 
releases H+ ions under the action of water molecules, which aggravates 
acid pollution. Fe2+ and AsO3

3- are further oxidized to high-valence Fe3+

and AsO4
3-, and S0 transforms to SO4

2- via the intermediate product of 
SO3

2-. Fe3+ and O2 in AMD act as oxidizing agents and are reduced at the 
cathode. The presence of biochar adsorbs and reduces the stronger 

oxidizing agent Fe3+ and thus inhibits the further weathering of arse-
nopyrite. Meanwhile, biochar can also complex As(V) to biochar-Fe-As 
(V) through metal bridges. Then, Fe3+ and AsO4

3- combine to form 
FeAsO4 due to its low solubility. FeAsO4 and S0 may form passivation 
films and inhibit arsenopyrite further weathering. Higher temperature 
or stronger acidity promotes arsenopyrite weathering without changing 
its oxidation mechanism. 

4. Environmental implications 

The results show that arsenopyrite is readily weathered under AMD 
conditions, resulting in the release of arsenic and H+ ions, thus 
prompting the spread of heavy metals to the surrounding environment. 
Higher acidity promotes arsenopyrite weathering, suggesting that the 
accumulation of H+ will further deteriorate the surrounding environ-
ment if not dealt with in time. With biochar present it can be observed 
that the biochar can adsorb Fe3+ ions, bind with Fe and As(V) to form Fe- 
biochar(–OH) and ternary complex As(V)-Fe-biochar, thus inhibiting 
arsenopyrite weathering and also reducing the toxicity of arsenic. Thus, 
biochar may be a potential material for AMD purification when there is 
arsenopyrite. In situ electrochemical techniques will be simple but 
effective means to determine the optimal amount of biochar according 
to real chemical composition, acidity of AMD and environmental tem-
perature. It can be predicted that electrochemical technology will play 
an important role in the evaluation and treatment of AMD in complex 
geological environment. 

5. Conclusions 

In this work, the effects of biochar, temperature and acidity of AMD 

Table 5 
Equivalent circuit model parameters for arsenopyrite in AMD at different conditions.  

cBiochar 

(g⋅L-1) 
Temperature 
(◦C) 

pH CPEf, Y0 

(S⋅cm− 2⋅s-n) 
n Rf 

(Ω⋅cm2) 
CPEdl, Y0 

(S⋅cm− 2⋅s-n) 
n Rt 

(Ω⋅cm2) 
χ2 

0 25  2.99 9.545E-5  0.725 4.107E3 1.356E-3  0.554 3.846E3 6.994E-5 
0.4 25  2.99 1.627E-4  0.641 1.360E3 3.329E-4  0.538 7.133E3 1.627E-4 
0.8 25  2.99 8.056E-5  0.748 4.443E2 2.423E-4  0.484 1.050E4 5.085E-5 
1.2 25  2.99 6.312E-5  0.779 3.047E2 2.233E-4  0.481 1.361E4 5.271E-5 
0 5  2.99 1.553E-4  0.734 1.237E3 5.422E-4  0.478 1.244E4 1.570E-4 
0 15  2.99 2.446E-4  0.598 2.237E3 8.774E-4  0.599 4.096E3 3.211E-4 
0 25  2.99 9.545E-5  0.725 4.107E3 1.356E-3  0.554 3.846E3 6.994E-5 
0 35  2.99 1.893E-4  0.631 2.194E3 9.654E-4  0.496 2.253E3 1.893E-4 
0 25  4.99 4.792E-5  0.786 1.365E2 1.754E-4  0.492 1.175E4 4.068E-4 
0 25  3.99 6.434E-5  0.780 2.612E2 2.214E-4  0.506 9.279E3 5.567E-5 
0 25  2.99 9.545E-5  0.725 4.107E3 1.356E-3  0.554 3.846E3 6.994E-5 
0 25  1.99 2.680E-5  0.633 6.763E3 2.111E-3  0.595 2.496E3 6.419E-4 

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. 

Fig. 6. Scheme of the inhibition mechanism of biochar for arsenopyrite weathering in AMD.  
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on As release from arsenopyrite were investigated using electrochemical 
and surface analysis techniques. In AMD, FeAsS is first oxidized to Fe2+, 
AsO3

3- and S0 and releases H+ ions under the action of water molecules, 
which aggravates acid pollution. Fe2+ and AsO3

3- are further oxidized to 
Fe3+ and AsO4

3-, and S0 transforms to SO4
2- via the intermediate product 

SO3
2-. Higher temperature or higher acidity accelerates As release. The 

presence of biochar inhibits As release from arsenopyrite weathering 
without changing the weathering mechanism. The mechanisms 
responsible for the biochar inhibition of As release and acidification are 
Fe3+ ions being adsorbed and oxidized to Fe2+ ions and As(V) being 
complexed to biochar-Fe-As(V) through metal bridge mechanisms. The 
positive activation enthalpy (ΔH*) and negative activation entropy 
(ΔS*) indicate the endothermic nature of the arsenopyrite weathering 
process, and the activated process was associated rather than dissociated 
in the rate determining step. These experiments provided a demon-
stration of a rapid and quantitative calculation for arsenic pollution 
using electrochemical techniques for arsenopyrite around mining sites. 
They also showed significance in assessing the risks of arsenopyrite in 
AMD and gave the optimal amount of biochar for AMD pollution control. 
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