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Abstract: To control acid mine drainage (AMD) at source, biochar, a new green and environmentally
friendly passivator has been introduced to passivate pyrite. However, the raw material and pyrolysis
temperature largely determine the physical and chemical properties of biochar, the causal relationship
between biochar and pyrite and the underlying mechanism are still unknown. Here, biochar materials
(rice-straw biochar (RSB) and sugarcane bagasse biochar (SBB)) at different pyrolysis temperatures
(300–600 ◦C) were utilized for the passivation of pyrite. The results of our investigations revealed
that the passivation ability of RSB was superior to that of SBB. The addition of RSB with higher
pyrolysis temperatures could greatly enhance the passivation efficiency of pyrite. RSB-500 (produced
at a pyrolysis temperature of 500 ◦C) achieved the best passivation effect on pyrite. RSB can form
Fe-O bonds through C=O bonding with pyrite. Moreover, the addition of RSB created a reducing
environment in the mixture system because of its strong electron-donation capacity (EDC) and altered
the energy-band structure of pyrite, which promoted the transfer of electrons from biochar to pyrite.
On the contrary, the addition of SBB did not result in the formation of Fe-O bonds with pyrite. In
addition, the EDC of SBB was also lower than that of RSB and it had almost no effect on the band
structure of pyrite. Hence it did not alter the direction of the electron migration. These findings shed
light on the mechanism of biochar passivation of pyrite and provide a theoretical foundation for
selecting suitable biochar materials for AMD prevention at source.

Keywords: pyrite; biochar; AMD; surface passivation; band bending

1. Introduction

Pyrite (FeS2) is one of the most abundant sulfide minerals in the earth’s crust and
is readily oxidized to form acid mine drainage (AMD), which contains many heavy
metals [1,2]. In addition, other toxic elements in tailings are released with AMD, which
will eventually threaten human and animal health after migration and transformation [3,4].
Therefore, the environmental problems caused by AMD need to be addressed.

Surface passivation is widely utilized as a source treatment technology because it is
simple and effective for inhibiting pyrite oxidation [5–8]. A large number of passivation
agents have been reported, including phosphate, humic acid, TETA, PropS-SH [9] and
PSHT [10]. However, each of them has its limitations. For instance, phosphate could cause
eutrophication, humic acid may not be effective in highly acidic conditions [11], TETA is
toxic and costly, and low concentrations of Props-SH can produce micro-cracks [12,13].
To overcome the above-mentioned difficulties, it is necessary to find a more suitable
passivation agent which is green, safe and environmentally friendly.

As an efficient, cost-effective and environmentally friendly material, biochar is widely
used in environmental remediation [14–16]. Numerous research results have indicated that
the addition of biochar can prevent the migration of toxic heavy-metal elements [17] and
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promote the benign growth of plants [18,19]. Wang et al. [20] added 5% rice-straw biochar
and 5% alkali-modified rice-straw biochar to soil and the materials reduced available Zn
contents in the soil by 28.96% and 36.86%, respectively. José Álvarez-Roge et al. [19] used
biochar in sewage sludge and biochar from pruning trees as soil amendments to reduce
water-soluble metals in acid mine soils and to improve plant growth. These results show
that the addition of biochar materials is beneficial for reducing soil pollution. Due to
the different compositions of minerals and mineral-bearing soils, their mechanisms of
reaction are different. Moreover, it has been confirmed that biochar has electron-transport
ability [21,22]. Zhang et al. [23] confirmed that the graphitic structure in biochar enhanced
biological redox reactions by shuttling electrons. However, the effect of the electron-
transport ability of biochar on the passivation of pyrite is unknown. In addition, pyrolysis
temperature largely influences the surface functional groups of biochar [24,25]. The effect of
the pyrolysis temperature of biochar on the passivation of pyrite is also unclear. Moreover,
it is as yet unclear whether the band structure of pyrite, as a semiconductor, affects the
passivation action of biochar.

In this study, rice straw and bagasse with similar structural compositions [26] were
used as raw materials, these two biochar sources being widely available, cheap and clean.
They are widely used in the field of soil heavy-metal pollution [14,19,20]. Biochar materials
prepared from these sources at different pyrolysis temperatures were used to passivate
pyrite. We conducted experiments to investigate the passivation ability and reaction mech-
anisms of biochar on pyrite. The experimental contents are as follows: (1) the passivation
effect of the two biochars on pyrite at different pyrolysis temperatures, (2) the bonding
mechanisms between the biochars and pyrite, (3) the effect of electron transfer from the
biochars on the band structure of pyrite in passivation. The results revealed the passivation
mechanism of biochar with respect to pyrite and that electron transfer from and the pyroly-
sis temperature of biochar affect the passivation of pyrite, enriching understanding of the
application of biochar to semiconductor minerals.

2. Materials and Methods
2.1. Pyrite Pretreatment

The natural pyrite used in the experiment was purchased from Shangbao, Hunan Province.
After grinding with a grinder, the samples were screened through a 100 mesh. Using deionized
water, the samples were then washed at 1.0 g:10 mL solid–liquid run ratio 5 times, 10 min/time.
The supernatants were removed and placed in 50 mL beakers and frozen in a freezer at −20 ◦C
for 12 h. The samples were dried for 48 h in a vacuum freeze-dryer and preserved in a dryer
for later use. All chemical reagents used were of analytical grade, and the water used in the
experiments was ultrapure water.

2.2. Preparation of Biochar Materials

For the experiments, the rice straw was obtained from Donghai, Jiangsu Province,
and the bagasse from Chongzuo, Guangxi Province. The biochar materials were prepared
via oxygen limitation and the temperature-control method. The raw materials bought
back were first dried in an oven at 80 ◦C, then crushed with a grinder, screened through
a 100 mesh, sealed and dried. Specifically, the straw and bagasse raw materials were put
into a crucible, compacted and covered, then put into a Muffle furnace and heated to
300–600 ◦C for 2 h at a rate of 10 ◦C/min. Then, the samples were fetched out after cooling
to room temperature. The biochar was crushed and screened through a 100-mesh screen for
sealing and preservation. The straw and bagasse biochars were denoted RSB300-RSB600
and SBB300-SBB600, respectively.

2.3. Coating Processing

Pyrite samples of 0.1 ± 0.0005 g were accurately weighed and placed in 100 mL
beakers. RSB and SBB prepared at different pyrolysis temperatures of 150% were added
and mixed with the samples. The mixtures were called P-R300—P-R600 and P-S300—



Processes 2022, 10, 2148 3 of 12

P-S600, respectively. We added 30 mL ultrapure water to each of the above beakers, then
stirred and mixed them. After 5 min of ultrasound, the pyrite samples were left for 24 h and
then preserved. The dissolution experiment was carried out under ambient temperature
and atmospheric pressure. Finally, the filtrates were taken out with a 0.45 µm needle filter
for the determination of total Fe (TFe), Fe2+ and Fe3+. The original pyrite was used as the
control group, named PY, and three parallel samples were set for all experiments.

2.4. Testing and Analysis

The iron ion test employed the method for determining iron ions in coal-mine wa-
ter (MT/T 368-2005). The ICS-1000 ion chromatograph produced by DIONEX in the
United States was used for sulfate ion detection. The standard curve was made with
a standard sample of pure sodium sulfate solution, and the standard deviation coef-
ficient was R2 > 0.999. The instrument used for Zeta potential determination was a
Malvern Nano ZS90. The elemental contents of the pyrolyzed biochars were analyzed
with a Series II CHNS/O.Alyzer-2400 elemental analyzer produced by the PE Company
in the United States. Gas-adsorption-method specific surface area analysis (BET) was
performed using the American McTristar II 3020 specific surface area analyzer. The
crystal properties of pyrite were analyzed by X-ray diffraction (XRD; PANalytical B.V.,
Almelo, The Netherlands). The results, shown in Figure S1, indicated that the purity of the
pyrite used in the experiment was high [27,28]. A Fourier transform infrared spectrometer
(FTIR, IS10, Thermo Fisher Scientific, Madison, WI, USA) was used to determine the in-
frared spectra of the biochars. UV–vis–NIR spectra were analyzed using a PerkinElmer
Lambda750 spectrometer, with the analysis of pure BaSO4 powder in the background.
Electron-acceptance capacity (EAC) and electron-donation capacity (EDC) tests were per-
formed according to Yuan [29] and Bi [30]. Electrochemical impedance spectroscopy (EIS)
and corrosion current tests were conducted according to Liu [12].

2.5. Preparation of Pyrite and Composite Working Electrode

F-doped SnO2(FTO) with a resistance of 7 Ω was obtained from the NSG Company
of America. The FTO was cut into small glass pieces of 1 × 3 cm2 and 1 × 2 cm2 during
sample preparation. Then, 50 mg pyrite samples were weighed and evenly scattered on
the conductive surface of 1 × 3 cm2 indium-coated FTO, compacted with 1 × 2 cm2 glass
and fixed with copper conductive adhesive. A length of copper wire with a diameter of
1.5 mm was used to connect the glass sheet and the crocodile clip. In the same way, pyrite
ore was used to prepare the control samples. Three parallel samples were taken for each
test group. The CHI660 electrochemical workstation was used for electrochemical and
photoelectrochemical experiments, with a three-electrode system. The saturated calomel
electrode was used as the reference electrode, the 1 × 1 cm2 platinum electrode was used
as the auxiliary electrode, and a 0.01 M HCl solution was used as the electrolyte.

3. Results and Discussion
3.1. Ion Leaching of Pyrite

The passivation ability of RSB with respect to pyrite is superior to that of SBB. As
shown in Figure 1, the inhibition effect of RSB on iron ion leaching of pyrite increased with
the increase in pyrolysis temperature (Figure 1a). In particular, the leaching inhibition rate
of total Fe (Total) of pyrite was 79.1% when the pyrolysis temperature of RSB was 500 ◦C.
It can be concluded that RSB showed excellent inhibition ability with respect to pyrite
(Table 1). On the contrary, the inhibition effect of SBB on the iron ion leaching of pyrite
decreased with the increase in pyrolysis temperature (Figure 1b). The inhibition rate of SBB
with respect to iron ion leaching of pyrite at different pyrolysis temperatures was generally
30%—much lower than that of RSB (Table 1). In conclusion, RSB has a better inhibition
effect on iron ion leaching than SBB. In addition, the change in pyrolysis temperature
for RSB had a great influence on the leaching of iron ions of pyrite, while the change in
pyrolysis temperature for SBB had almost no effect on the leaching of iron ions of pyrite.
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Figure 1. Leaching amounts of Fe(total), Fe (II) and Fe (III) of pyrite in the mixtures with the two
biochars ((a) rice–straw biochar; (b) bagasse biochar) at different pyrolysis temperatures (300–600 ◦C).

Table 1. Inhibition rates of different biochars on Fe(total) leaching from pyrite.

Samples P-R300 P-R400 P-R500 P-R600 P-S300 P-S400 P-S500 P-S600

Inhibition rate 12.1% 25.9% 79.1% 72.9% 31.5% 32.3% 30.9% 18.0%

Sulfate ion leaching was also selected as an indicator to evaluate the passivation
effect of pyrite, with the results shown in Figure 2. As for the pyrite coated with RSB,
the leaching amounts of sulfates decreased with the increase in pyrolysis temperature.
When the pyrolysis temperature of RSB increased to 500 ◦C, the dissolution of sulfate ions
decreased significantly (Figure 2a), while the leaching amount of sulfate ions in the P-S
system increased with the increase in pyrolysis temperature (Figure 2b). It can be seen that
the passivation ability of RSB is stronger than that of SBB. This result is consistent with the
experimental results for iron ion leaching. Comparing Figure 2a,b, it can be concluded that
different biomass sources can have great influences on the passivation effects of pyrite. In
addition to biomass species, the pyrolysis temperature of biochar is also very important for
the passivation effect.

Figure 2. Leaching concentrations of sulfate ions of pyrite in the mixtures with the biochars ((a) rice–
straw biochar; (b) bagasse biochar) at different pyrolysis temperatures (300–600 ◦C).

To further verify the passivation effect of biochar on pyrite, EIS tests (Figure 3) and
corrosion current tests (Table S1) were carried out on the different systems. The electrochem-
ical impedances of P-R 300–600 and P-S 300–600 were higher than that of pyrite. P-R500
showed high interfacial transfer resistance, which enhanced the passivation effect on pyrite.
When the pyrolysis temperature was higher than 500 ◦C, the P-R system corrosion current
decreased, which improved the corrosion resistance of pyrite in acidic environments. On
the contrary, the corrosion current in the P-S system was higher than that in the original
pyrite, which indicated that the addition of SBB is not conducive to the passivation effect of
pyrite. The results are consistent with the leaching rates of iron ions and sulfate ions in the
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chemical-leaching experiments, indicating that the passivation ability of RSB is superior to
that of RSB.

Figure 3. EIS test results for pyrite and biochars ((a) rice–straw biochar; (b) bagasse biochar) and the
mixtures with biochars at different pyrolysis temperatures (300–600 ◦C).

3.2. The Bonding Mechanism between Pyrite and Biochar

To better understand the mechanism of the effect of biochar on pyrite, we conducted an
investigation using FTIR measurements, as shown in Figure 4. RSB combined with pyrite
to form Fe-O bonds, while P-S could not form Fe-O bonds. Pyrite has a characteristic peak
at 1090 cm−1, which may be the stretching vibration of super-phase Fe-S [31]. Additionally,
the P-R system retains the rich surface functional groups of the original biochar. The band at
3407 cm−1 was attributed to O-H stretching vibration peaks in cellulose/hemicellulose. The
peaks observed at 2925 cm−1 and 2855 cm−1 were attributed to the aliphatic C-H stretching
vibration peaks, while the bands at 1630 cm−1, 1438 cm−1 and 1399 cm−1 were attributed
to the stretching vibration peaks of C=C and O=C-O on carboxyl groups, respectively.
The peaks at 1097 cm−1 and 792 cm−1 were attributed to the stretching vibration peaks
of C-O and Si-O [32–34]. In addition to the above common characteristic peaks, a new
characteristic peak containing Fe was found at 695 and 561 cm−1, which corresponded
to the stretching characteristic peak of the Fe-O group that is mainly attributed to the
formation of iron oxide [32,35]. P-S also retained the rich surface functional groups of the
original biochar. However, there was no Fe-O formation observed in the P-S compared
with P-R. The above results indicated that RSB can combine with pyrite to form Fe-O to
prevent the oxidation of pyrite, while SBB may have a physical shielding effect, which
factors may contribute to the difference in passivation ability between RSB and SBB.

Figure 4. FTIR of pyrite and biochars ((a) rice–straw biochar; (b) bagasse biochar) and the mixtures
with biochars at different pyrolysis temperatures (300–600 ◦C).

The pyrolysis temperature can affect the functional groups of biochar and then affect
the bonding of biochar and pyrite. The oxygen-containing functional groups on the surface
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of biochar were divided into C=O and C=C to represent the main oxidation groups and
reducing groups, respectively. The selected characteristic intervals of C=O and C=C of
1800–1000 cm−1 were quantitatively analyzed by FTIR (Figure S2). The main functional
groups in the wavelength range of 1800–1000 cm−1 were mainly C=O and C=C. According
to the test results, the C=O content in RSB was greater than the C=C content, while
the opposite was the case for SBB. Compared with the original biochar, the content of
C=O functional groups in P-R500 decreased, while the content of C=C functional groups
increased. The content of C=O functional groups in P-S500 increased, and the content of
C=C functional groups decreased. In addition, with the increase in pyrolysis temperature,
the H/C ratio gradually decreased (Table S2), indicating that the hydrophobicity of P-S
was enhanced [36,37], which affects passivation, and RSB pyrolysis at a high temperature
promoted the passivation of pyrite.

3.3. Effects of Electron Transfer of Biochar and the Band Structure of Pyrite on Passivation
3.3.1. Effect of Electron Transfer of Biochar on Passivation

Biochar contains various redox groups and has electron-transfer ability, which may
have effects on the passivation of pyrite. To explore the effect of electron transfer of biochar
on passivation, we studied the electron-acceptance capacities (EACs) and electron-donation
capacities (EDCs) of RSB and SBB (Figure 5). The EAC and EDC of RSB were much higher
than those of SBB (Figure 5), indicating that RSB has a higher electron-transfer capability
(Figure 5). The RSB had a higher EDC than SBB, indicating that RSB more readily provides
a reductive environment that favors the passivation of pyrite. The above results indicated
that RSB is more conducive to promoting the passivation of pyrite than SBB because RSB
has a higher electron-donation capacity.

Figure 5. Electron–exchange capacity (EEC) of biochar at different pyrolysis temperature
(300–600 ◦C): the EAC/EDC results for the biochars ((a) rice–straw biochar; (b) bagasse biochar) and
the proportions of EEC for the biochars ((c) rice–straw biochar, (d) bagasse biochar).

Pyrolysis temperature can affect the electron-transfer capacity of biochar and then
affect the passivation of pyrite. To explore the effect of pyrolysis temperature on biochar,
we determined the electron-exchange capacity of biochar at different pyrolysis tempera-
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tures. It can be seen that the EDC at high pyrolysis temperatures (500–600 ◦C) was higher
than that at low pyrolysis temperatures (300–400 ◦C) for RSB, indicating that RSB with
high-temperature pyrolysis more readily provides a reducing environment. Due to the
desorption, recombination and transformation of functional groups of biochar that occurs
with the increase in pyrolysis temperature [38–40], the RSB with high-temperature pyrolysis
had higher C=C contents and lower C=O contents (Figure S2), indicating that biochar with
a high pyrolysis temperature has a stronger reducing capacity and thus is more conducive
to the passivation of pyrite.

To understand whether biochar can facilitate electron transfer to pyrite and inhibit
pyrite oxidation, the redox potentials of biochar and pyrite were measured in electro-
chemical experiments (Table S3). The redox potential of biochar was lower than the redox
potential of pyrite, indicating that the electrons in biochar can be transferred to pyrite. The
redox potential of RSB was lower than that of SBB at the pyrolysis temperature of 500 ◦C.
This may have been due to the different number of oxygenic functional groups in the raw
materials. The above results indicated that a built-in internal electric field may be created
which greatly facilitates electron transfer [41] between biochar and pyrite. Electrons from
RSB are more easily transferred to pyrite than those of SBB, which is conducive to the
inhibition of pyrite oxidation. In addition, the redox potential of P-R 300–600 becomes
more negative with increasing pyrolysis temperature. The reason is that RSB, after high-
temperature pyrolysis, had a higher C=C content (Figure S2). This indicated that RSB
at high pyrolysis temperatures more readily donates electrons to the surface of pyrite.
This result is consistent with the results for the iron ion leaching experiments and the
electron-donation capacities of P-R 300–600.

3.3.2. Effect of the Energy-Band Structure of Pyrite on Passivation

To understand whether the band structure of pyrite can affect the electron-migration
capacity in the mixed system, we investigated the band structure of pyrite before and after
the passivation. The flat-band potential for each species was obtained from the intercept
of a Mott–Schottky plot (Figure 6); the surface electron density could be obtained from
the slope [42]. The presence of electron donors or acceptors can alter the surface electron
density of a semiconductor [43], causing the energy-band bending of the semiconductor
and leading to change in the flat band potential position (Table S3). The flat band potentials
of P-R 500 and P-S 500 were negative to that of pyrite, indicating that RSB and SBB acted as
electron donors to enhance the reduction capacities of the mixed systems. Among them,
the flat band potentials of P-R 300–600 were more negative than those of P-S 300–600. This
showed that RSB and SBB can negatively shift the flat band potential of pyrite, so that
electrons are transferred to pyrite, and improve the reducibility of the system, which is
beneficial for inhibiting the oxidation of pyrite.

High pyrolysis temperatures will promote a negative shift in the flat band potential of
the P-R system, while low pyrolysis temperatures will promote a positive shift in the flat
band potential of the P-R system. Compared with the original pyrite, the flat band potential
moved in a positive direction in P-R 300–400, and the results for electron-transfer capacities
showed that RSB300 and RSB400 acted as electron acceptors, leading to the enhancement
of oxidation capacity, which was not conducive to inhibition of the oxidation of pyrite.
When the pyrolysis temperature of RSB was 500–600 ◦C, the flat band potential moved in a
negative direction, indicating that RSB500 and RSB600 acted as electron donors, leading to
enhanced reduction abilities, which promoted passivation. The above results show that
biochar with high pyrolysis temperatures negative the flat band potential of pyrite in mixed
systems and facilitate the passivation effect.

In order to further understand the band structure of pyrite, we obtained the band
gap of pyrite before and after passivation by UV–vis–NIR spectroscopy (Figure 7). Pyrite
had two absorption edges in the UV range (240 nm and 390 nm), indicating that PY has a
strong UV absorption capacity (Figure 7a,b). After the addition of RSB300 and RSB400, the
absorption edge in the ultraviolet region disappeared, and the absorption edge appeared
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at 570 nm and 580 nm in the visible region (Figure 7a). P-R 500 and P-R 600 exhibited
absorption edges not only in the ultraviolet region (300 nm), but also in the visible region
and even in the near-infrared region (840 nm) (Figure 7a). These results indicate that RSB500
and RSB600 extended the light absorption range of PY and enhanced the ability of PY to
generate photocarriers. Conversely, the addition of SBB did not change the light absorption
range of PY, so the ability to generate photocarriers was almost unchanged (Figure 7b). The
band gaps of P-R and P-S are shown in Figure 7c,d. According to relevant studies in the
literature, the bandgap widths (Figure 7c,d) for each material are to be calculated according
to the formula Eg = 1240/λMax, where λMax is the first exciton peak [44].

Figure 6. Mott–Schottky curves of substances in each system: (a) mixture of pyrite and straw biochar;
(b) mixture of pyrite and bagasse biochar; (c) straw biochar; (d) bagasse biochar.

As shown in Figure S3, EF and Eg represent flat band potentials and band gapwidths,
respectively. The addition of RSB500 and SBB500 made the conduction band of pyrite
bend upward, which improved the reducing ability of the system and was beneficial for
creating a reducing environment in the system. Compared with P-S 500, the conduction
band of P-R 500 was more negative. This result indicated that P-R is more reductive
and better at passivating pyrite. The forbidden band width of P-R is higher than that
of P-S, so P-R can prevent pyrite from generating carriers to cause self-oxidation, which
is beneficial for passivation. The above results indicated that RSB can change the band
structure so that electrons from the biochar are continuously transferred to pyrite, and the
P-R 300–600 systems are more reducible, which is beneficial for the passivation of pyrite.

The RSB at high pyrolysis temperatures made the conduction band of the hybrid
system negative relative to the RSB at low pyrolysis temperatures. RSB at low pyrolysis
temperatures made the valence band of pyrite bend downward, while RSB at high pyrolysis
temperatures made the conduction band of pyrite bend upward. This showed that low-
temperature RSB enhanced the oxidation of the mixed system and was detrimental to
passivation, while RSB at a high pyrolysis temperature made the system reductive and
facilitated passivation. These results are consistent with the results of the leaching tests.
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However, the addition of SBB at different pyrolysis temperatures did not change the energy-
band structure of pyrite, and its weak passivation may be due to the surface coverage of
SBB, which may be only the effect of shielding.

Figure 7. UV–vis–NIR results for pyrite and pyrite–biochar mixtures: (a) with the addition of
rice–straw biochar; (b) with the addition of bagasse biochar. Plots of (αhv)2 versus the bandgap
(eV) for pyrite and pyrite–biochar mixtures: (c) with rice–straw biochar added; (d) with bagasse
biochar added.

3.3.3. The Passivation Mechanism between Biochar and Pyrite

When Fe-O bonds were formed between the biochar and pyrite, the energy-band
structure changed significantly. The formation of Fe-O bonds can influence the redox
activities of biochar [45]. Fe-O bonds can promote electron transfer between biochar and
pyrite [46], such that, because the redox potential of RSB was lower than that of pyrite,
RSB had a higher electron-donation capacity and electrons from RSB were continuously
transferred to pyrite. Due to electron transfer, biochar and pyrite generate electric fields,
which cause the band structure of pyrite to bend [47]. Electrons constantly accumulate
on pyrite, resulting in a change in band structure and upward bending of the conduction
band. The more negative the conduction band is, the stronger the reducing ability of the
hybrid system. In the P-R 500 system, the conduction band is negative to pyrite, and the
bandgap is larger than that of pyrite. The change in band structure makes it more difficult
for pyrite auto-oxidation to occur. The electrons accumulated in the mixed system are more
susceptible to redox reactions with oxygen, which slows down the redox process of Fe ions.
This is beneficial for the passivation of pyrite and inhibits the oxidation of pyrite.

4. Conclusions

To control acid mine drainage (AMD), biochar, a new green and environmentally
friendly passivator was introduced to passivate pyrite. The passivation effect of biochar
on pyrite and the underlying mechanism were demonstrated in this paper, confirming
that RSB was more effective for pyrite passivation than SBB. This difference was mainly
attributed to the differences in functional-group structures and electron-donation capacities
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(EDCs) between the two types of biochar. RSB could create a reducing environment in the
system because of its strong EDC and could alter the energy-band structure of pyrite, which
promoted the transfer of electrons from biochar to pyrite. In addition, RSB, produced at
higher pyrolysis temperatures, is characterized by a higher EDC and more C=C bonding
as well as less C=O bonding, which facilitates the passivation of pyrite. This study has
developed the surface passivation mechanism, revealed the non-negligible roles of the
energy-band structure of pyrite and the electron-donation capacity of biochar in surface
passivation, and has also provided a theoretical basis for selecting appropriate biochar
materials to control acid mine drainage at source.
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spectra in the range of 1800–1000 cm−1 were fitted: (a) RSB; (b) SBB; (c) P-R; (d) P-S; Figure S3: The
positions of conduction bands, valence bands and Fermi energy levels for each material (vs. SCE);
Table S1: Corrosion currents of probiochar and pyrite–biochar mixtures; Table S2: pH and elemental
contents of biochar and pyrite–biochar mixtures; Table S3: Redox potentials and flat band potentials
of pyrite and pyrite–biochar mixtures.
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