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ABSTRACT: Oxidation dissolution of arsenopyrite (FeAsS) is
one of the important sources of arsenic contamination in soil and
groundwater. Biochar, a commonly used soil amendment and
environmental remediation agent, is widespread in ecosystems,
where it participates in and influences the redox-active geo-
chemical processes of sulfide minerals associated with arsenic and
iron. This study investigated the critical role of biochar on the
oxidation process of arsenopyrite in simulated alkaline soil
solutions by a combination of electrochemical techniques,
immersion tests, and solid characterizations. Polarization curves
indicated that the elevated temperature (5−45 °C) and biochar
concentration (0−1.2 g·L−1) accelerated arsenopyrite oxidation.
This is further confirmed by electrochemical impedance spectros-
copy, which showed that biochar substantially reduced the charge transfer resistance in the double layer, resulting in smaller
activation energy (Ea = 37.38−29.56 kJ·mol−1) and activation enthalpy (ΔH* = 34.91−27.09 kJ·mol−1). These observations are
likely attributed to the abundance of aromatic and quinoid groups in biochar, which could reduce Fe(III) and As(V) as well as
adsorb or complex with Fe(III). This hinders the formation of passivation films consisting of iron arsenate and iron (oxyhydr)oxide.
Further observation found that the presence of biochar exacerbates acidic drainage and arsenic contamination in areas containing
arsenopyrite. This study highlighted the possible negative impact of biochar on soil and water, suggesting that the different
physicochemical properties of biochar produced from different feedstock and under different pyrolysis conditions should be taken
into account before large-scale applications to prevent potential risks to ecology and agriculture.
KEYWORDS: arsenopyrite, biochar, simulated alkaline soils, electrochemical techniques, arsenic contamination

■ INTRODUCTION
Arsenic (As) is a toxic trace element that causes various
cancers and blood disorders in humans due to long-term
chronic exposure.1 The bioavailability, mobility, and toxicity of
As are tightly related to its speciation, in particular, trivalent
arsenic is 60 times more toxic than pentavalent.2 Elevated
arsenic in groundwater, surface water, and agricultural soils is a
global environmental problem that has threatened the health of
millions of people.3 As-bearing sulfide minerals, e.g.,
arsenopyrite and As-rich pyrite, and As-rich iron (oxyhydr)-
oxide are the dominant As-containing geogenic minerals,
which are the main minerals responsible for As contamination
in the environment through natural activities such as oxidative
weathering of minerals or anthropogenic releases of As.4,5 As
the most common As-containing sulfide mineral, the redox
dynamic of arsenopyrite significantly affects the geochemical
behavior of arsenic.

Biochar is a carbon-rich material originating from pyrolyzing
biomass under oxygen-limited conditions, which is used
extensively as a soil amendment by enhancing soil fertility,
water retention, and mediating soil pH.6 Such a wide range of

applications had led to the prevalence of biochar in nature that
can participate in various geochemical processes.7 It has been
demonstrated that biochar is a redox-active substance that can
either donate or accept electrons due to the abundance of
aromatic and quinoid functional groups, potentially mediating
abiotic and biotic reactions. Because biochar can absorb and
release hundreds of micrograms of electrons,8 it can reduce
Fe(III), adsorb or complex Fe(III)/Fe(II), thus promoting the
reductive dissolution of iron (oxyhydr)oxides and enhancing
the release and transport of As.9−11

As a semiconductor material, the oxidative dissolution of
arsenopyrite is essentially an electrochemical reaction proc-
ess.12−14 It has been demonstrated that under near-neutral or
even weakly acidic (pH > 4) conditions, the iron released
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during the oxidation process would rapidly oxidize to iron
(oxyhydr)oxides on the mineral surface,15,16 hindering the
oxidation of arsenopyrite. Additionally, the iron arsenate
generated by the interaction of arsenic and iron can also
passivate the oxidation of arsenopyrite. Furthermore, previous
studies have revealed that the low molecular weight organic
acids such as citrate can expedite the oxidation of arsenopyrite
and As-rich pyrite, alongside with the release of arsenic.4,17

Further, humic acid has also been proven to promote the
biological oxidation of arsenopyrite,18 while our recent work
has confirmed its ability to accelerate abiotic oxidation and
mitigate hydrogen ion contamination using electrochemical
techniques.19

The recent literature reports that soil alkalization has
become progressively more severe. Specifically, there are 1
billion hectares of saline soils widely distributed in the world,
which are the main cause of land degradation.20 Emerging
research demonstrates that the addition of biochar to saline
soils can promote carbon turnover and improved nutrient and
chemical properties, as well as land reclamation.21,22

Furthermore, biochar can be effectively applied to meadow
soils for degradation restoration and productivity enhance-
ment.23 Arsenopyrite polluted alkaline soils are widely
distributed in the world and are increasing with mining
activities.24−26 However, the effect of biochar on the oxidation
behavior of arsenopyrite in alkaline soils and the fate and
transport of Fe and As species that are released during the
oxidation process remain unclear.

The objectives of this work were to understand how and to
what extent biochar influences the oxidation of arsenopyrite in
simulated alkaline soil solutions, as well as the fate and
transformation of As and Fe species. To this end, different
electrochemical techniques and surface detection methods
were used to characterize the oxidative dissolution of
arsenopyrite as a function of biochar concentration, alkaline
soil type, and temperature. Understanding the mechanism of
arsenopyrite oxidation in the presence of biochar, coupled with
the fate of As and Fe, can shed light on the possible negative or
positive impacts of biochar on soil and environmental ecology
quality. The findings gained from this work could also provide
practical guidance for electrochemical methods as a new
technique for solving environmental problems with similar
conductive minerals.

■ MATERIALS AND METHODS
Mineral Sample. The mineral sample used in this study

was obtained from a Carlin-type gold deposit, Guangxi, China.
X-ray diffraction (XRD) indicated that the mineral was pure
arsenopyrite,19 and the main composition was approximately
43.56% As, 34.78% Fe, and 20.14% S, as determined by energy
dispersive spectroscopy (EDS). The arsenopyrite powder was
ground to 200 meshes with an agate mortar and alcohol. After
drying in a nitrogen atmosphere, it was sealed in a plastic bag
and stored in a vacuum drying box to minimize the oxidation
of the powder.
Biochar and Simulated and Real Alkaline Soil

Solution Preparation. Biochar was prepared by pyrolyzing
wheat straw at a heat treatment temperature of 550 °C. In the
pyrolysis process, the heating rate was maintained at 20 °C·
min−1, and the holding time was 1 h.27 Detailed character-
izations of the physical and chemical properties of biochar are
listed in Table S1 in the Supporting Information (SI). To
obtain a homogeneous size of the biochar, an agate mortar and

alcohol were used to grind the biochar to 200 meshes.
According to the physicochemical properties of meadow soil
and saline soil in the “Code for investigation of geotechnical
engineering (GB50021-2008)”,28 a simulated alkaline soil
(SAS) solution was prepared. The composition of simulated
meadow soil included NaCl, Na2SO4, and NaHCO3
concentrations of 0.028, 0.19, and 0.11 (g·L−1). Accordingly,
the simulated saline soil solution consisted of 1.81 NaCl and
17.74 Na2SO4 (g·L−1). The pH of the simulated meadow and
saline soil solution was adjusted to 7.4 and 8.6 using H2SO4
and NaOH solutions, respectively.28 In parallel, real meadow
and saline soils were collected, and they were performed in
electrochemical experiments to compare the results obtained
from simulated soil solutions. The pH values of the meadow
and saline soils were 7.58 and 8.59, respectively. The content
of dissolved organic carbon in the leachate of real meadow and
saline soils was 32.48 and 22.27 mg·L−1. Detailed pH test and
leachate preparation methods are provided in SI Section S1,
and the selected chemical compositions of real soil leachates
are shown in Table S2. In this work, two other alkaline
solutions were additionally prepared to reveal the reason for
the different weathering rates of arsenopyrite in the SAS
solution and real soil leachates. Detailed solution preparations
are provided in SI Section S2. Analytical grade and deionized
water were employed in all experiments.
Electrochemical Methods. An electrochemical work-

station (PARSTAT 2273) equipped with a personal computer
was used to conduct all electrochemical experiments. A
traditional three-electrode cell was used, including an
arsenopyrite electrode as the working electrode, platinum
auxiliary electrode, and saturated calomel electrode (SCE) as
the reference electrode. The surface of the arsenopyrite
electrode exposed to the electrolyte was 0.5 cm × 0.5 cm,
with an area of 0.25 cm2. A copper wire was connected to the
upper surface of the electrode, and the electrode was sealed
with epoxy resin to isolate other surfaces from the environ-
ment. Prior to each electrochemical test, the exposed surface
was continuously polished with 1000, 3000, and 5000 mesh
silicon carbide sandpaper to obtain a mirror-like surface, which
helped to ensure the repeatability of the experiment. In this
experiment, unless otherwise mentioned, all potentials were
relative to the SCE (0.242 V at 25 °C versus standard
hydrogen electrode). Electrochemical techniques including
cyclic voltammetry (CV), polarization curve, and impedance
spectroscopy (EIS) were used to investigate the weathering of
arsenopyrite in the SAS solution.

The CV tests were initiated to begin at the open-circuit
potential (OCP) in a positive-going direction at 20 mV·s−1.
The potential range of the scan was −700 mV to 700 mV. In
the polarization curve test, the potential was scanned from
−250 mV to 250 mV (versus OCP) at a rate of 10 mV·s−1. EIS
experiments were conducted at OCP with 10 mV perturbation
in a frequency range of 0.01−10000 Hz and using ZSimpWin
3.20 (2004) to fit the experimental data based on the suitable
electrochemical equivalent circuit (EEC). Additional informa-
tion on electrochemical measurements is provided in SI
Section S3. Before each of the above tests, the open circuit
potential of the arsenopyrite electrode must be tested first to
ensure the stability of the electrode−solution system, and the
criterion is that the OCP changes no more than 2.0 mV within
5 min. To ensure reproducibility and stability, all tests were
conducted at least in triplicate.
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Immersion Experiments. Based on the form of minerals
(powder versus block), immersion experiments were con-
ducted to characterize the mineral surface and liquid phase.
The powder immersion experiment examined the effects of
different temperatures and biochar concentrations on the
weathering of arsenopyrite by adding 1 g of arsenopyrite
powder and 100 mL of the SAS solution in an Erlenmeyer
flask. We set up experiments with different system temper-
atures to explore the quantitative effects of variations in
ambient temperature due to different latitudes and seasons on
arsenic release from arsenopyrite. In experiments with
temperature as a variable, no biochar was added to the two
SAS solutions, and five sets of temperature gradients were set
up with temperature as the variable: 5, 15, 25, 35, and 45 °C.
Similarly, to investigate the impact of biochar dosage on the
oxidative dissolution of arsenopyrite, four SAS solutions
containing different biochar concentrations (0, 0.4, 0.8, and
1.2 g·L−1) were set up at 25 °C.

Meanwhile, another set of parallel immersion experiment
was set up to examine the changes in the liquid phase of
different biochar concentrations in influencing the oxidation of
arsenopyrite, such as the species and content changes of As
(As(T), As(III)) and Fe (Fe(T), Fe(II)). To further examine
the biochar effect obtained in the SAS solution, an additional
set of immersion experiments was carried out using real soil
leachates with different biochar concentrations, and the change
of As(T) content in the liquid phase was monitored. Fe
concentrations were determined by a modified ferrozine
method.29 As concentrations were determined by a liquid
chromatography-atomic fluorescence spectrometer (LC-AFS
9700). The specific experimental operations and detailed
measurement procedures for Fe and As concentrations are
provided in SI Section S4.

A pH meter was used to measure the pH changes of the SAS
solutions and real soil leachates at 25 °C. In addition, the block
immersion test is designed to probe changes in mineral surface
morphology after biochar addition. Block arsenopyrite (5 × 5
× 3 mm) was immersed in the SAS solutions at 25 °C with
different biochar concentrations (0, 0.4, 0.8, and 1.2 g·L−1).

To verify the adsorption and reduction effect of biochar on
Fe(III) as established in the previous literature,11,30,31 we
conducted a separate soaking experiment. Biochar (10 g·L−1)
and Fe2(SO4)3 (Fe3+ = 300 mg·L−1) were placed in a 100 mL
Erlenmeyer flask under aerobic conditions, and the content of
Fe(II) and Fe(III) in the solution was measured after 24 h

using a ferrozine method. To exclude the effect of hydroxide
ions on the precipitation of iron ions by simply examining the
effect of biochar, the pH of the solution was adjusted to 2.0 in
the experiment. Similarly, additional immersion experiments
were performed to verify the adsorption and reduction of
As(V) by biochar, and the concentrations of As(T) and As(III)
in the liquid phase were measured after 24 h of immersion.
Besides, another group of immersion test was designed to
detect the changes in the structure of biochar before and after
contacting with Fe(III) and/or As(V). The experiments were
set up in four groups: biochar, biochar + As(V), biochar +
Fe(III), and biochar + Fe(III) + As(V). The concentration of
biochar was fixed at 2.0 g/L, and the concentration of Fe(III)
and As(V) was 4.8 mM, where the pH of the solution was
adjusted to 5.0. All immersion experiments were performed at
least in duplicate.
Characterization. After being immersed for 80 days, the

eroded arsenopyrite powers were analyzed by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250XI), and the
surface structure of biochar was detected by Fourier transform
infrared spectroscopy (FTIR, Bruker Vertex 70). The
morphology and composition of blocks were characterized
by Raman spectroscopy (British Renishaw) and scanning
electron microscopy (SEM, JSM-6460LV). XPS was equipped
with an Al Kα radiation source (1486.68 eV), and Avantage
5.948 software was used to fit the peaks. In the process of
fitting XPS peaks, all As 3d and S 2p were assigned as doublets
that had spin−orbit splitting values of 0.68 and 1.19 eV with
intensity ratios of 3:2 and 2:1 and the same full width half-
maximum in doublet peaks, respectively. Three peaks were
conducted to fit the Fe(II) bonding with As−S, and Fe(III)
contained four major multiplet peaks, separating peaks at 0.96
and 1.0 eV, which were based on theoretical core p level
multiplet structures for free transition metal ions.32 The
binding energy correction was based on the C1 s peak (284.8
eV). In fitting the XPS spectra, we referred to the data of
previous studies.14,32,33 The range of FTIR spectra was 400−
4000 cm−1, and the resolution was 4 cm−1. The Raman
instrument was equipped with 50 mW laser power (514 nm),
and the acquisition time was 10 s.

■ RESULTS AND DISCUSSION
Electrochemical Analysis. Cyclic Voltammetry Study.

Figure 1 shows the CV curve of arsenopyrite in the simulated
meadow and saline soil solutions. The similar shape of the

Figure 1. CV for arsenopyrite in simulated alkaline soil solutions at different temperatures and biochar concentrations.
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spectrum and the peak positions of the oxidation and
reduction peaks under different conditions indicate that the
change in temperature and the addition of biochar did not
change the type of chemical reaction occurring at the
arsenopyrite/electrolyte interface. However, increasing the
temperatures (5, 15, 25, 35, and 45 °C) or the biochar
concentration (0, 0.4, 0.8, and 1.2 g·L−1) could promote the
weathering process of arsenopyrite, as reflected by the larger
current density in the CV plots (Figure 1). Furthermore, we
found that the simulated saline soil solution had a larger rate of
arsenopyrite weathering than the simulated meadow soil and
that the influence of temperature on the weathering rate was
more significant compared to biochar.

During the anodic scan, the first oxidation peak A1 appeared
at approximately 250 mV, which corresponds to the
preliminary oxidation dissolution of FeAsS (Reaction 1).34

When the potential was scanned to 500−600 mV, the product
of reaction 1 was further oxidized (A2, Reactions 2-4). After
scanning in the reverse direction, three reduction peaks were
successively detected at 350−400 mV (C1, Reaction 5),35

100−150 mV (C2, Reaction 6),36 and −550 mV (C3, Reaction
7),12 which were assigned to the reduction of oxides formed in
the anodic scan. In particular, the C2 peak was more obvious
in the simulated meadow soil solution than in the saline soil,
which may be due to the lower pH of the meadow soil
solution. At about −130 mV, oxidation peak A3 (Reaction 8)
appeared in the forward scan of the potential switching, which
can be attributed to the reverse reaction of reaction 7.
Moreover, Figure 1 shows the imbalance of the current value
between the oxidation and reduction processes, which also

implies that most of the oxidation products of FeAsS are
soluble.37

+ + + + ++ +A1: FeAsS 3H O AsO Fe S 6H 5e2 3
3 2 0

(1)

++ +A2: Fe Fe e2 3 (2)

+ + ++S 4H O 8H SO 6e0
2 4

2
(3)

+ + ++AsO H O AsO 2H 2e3
3

2 4
3

(4)

++ +C1: Fe e Fe3 2 (5)

+ + ++C2: AsO 2H 2e AsO H O4
3

3
3

2 (6)

+ ++C3: S 2H 2e H S0
2 (7)

+ ++A3: H S S 2H 2e2
0 (8)

Polarization Curves and Dissolution Rate Study. Polar-
ization curve technology is usually used to detect the corrosion
rate and corrosion resistance of materials.38 In this study, we
obtained the corrosion potential (Ecorr) and corrosion current
density (icorr) of arsenopyrite in a SAS solution through the
polarization curve and further calculated the relevant kinetic
and thermodynamic parameters during the weathering process.
Figure 2 shows the polarization curves of arsenopyrite in SAS
solutions without biochar at different temperatures and with
various biochar concentrations. The fitting results, Ecorr and
icorr, which are obtained by extrapolating the polarization curve,
are listed in Table 1. Results show that the curve shifts

Figure 2. Polarization curves of arsenopyrite in simulated alkaline soil solutions at different temperatures without biochar (a, b) and at 25 °C with
various biochar concentrations (c, d).
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significantly to the lower right as the temperature increases,
which means a lower Ecorr and an increase in icorr (Table 1).
Ecorr indicates the chemical stability of the mineral; the smaller
the value of Ecorr, the more unstable the minerals. The value of
icorr reflects the degree of corrosion rate, and the data show that
the increase in temperature accelerates the weathering of
arsenopyrite and arsenic released into the SAS solution.

As indicated by the data in Figure 2c,d and Table 1, the
presence of biochar resulted in negative Ecorr and larger icorr,
suggesting that biochar promoted the oxidative dissolution of
arsenopyrite. These observations may be related to the redox
activity of biochar, which can abiotic reduce Fe(III), and
adsorb or bind Fe(III)/Fe(II) for its unique structure.10,11,30

The reduction of Fe(III) promotes the anodic oxidation
reaction of arsenopyrite because Fe(III) is one of the products
of the anodic reaction. This decreases the formation of
passivation films that contain the iron arsenate phase and iron
(oxyhydr)oxide phase on the mineral surface. Such processes
promoted the dissolution of arsenopyrite. By comparison, the
icorr, saline was larger than the value of icorr, meadow, reflecting that
arsenopyrite had a faster weathering rate in saline soil solution.

Based on the Faraday formula and the value of icorr, we
calculated the release rate of arsenic from arsenopyrite
weathering, thereby quantitatively estimating the degree of
arsenic pollution of arsenopyrite polluted alkaline soil. The
Faraday formula is =v Mi

nF
corr , where v is the As(III) release rate

(g·m−2·h−1), n is the valence state, F is the Faraday constant (1
F = 26.80 A·h·mol−1), and M is the arsenic atomic weight (g·
mol−1). Our results show that biochar enhanced the release
rate of As(III) from both the simulated meadow soil solution
(4.25 × 10−8 mol·m−2·s−1 without biochar versus 6.39 × 10−8

mol·m−2·s−1 with 1.2 g·L−1 biochar) and saline soil solution
(1.21 × 10−7 mol·m−2·s−1 without biochar versus 1.53 × 10−7

mol·m−2·s−1 with 1.2 g·L−1 biochar). This suggests that the
content of As entered into soil increased from 100.35 to 150.94
g for meadow soil and 285.67 to 361.33 g for saline soil,
respectively, assuming taking 1 m2 arsenopyrite and a year for
example.

The polarization curves were further used to delineate the
effect of biochar content on the oxidative dissolution of
arsenopyrite in real alkaline soil leachates, real alkaline soil
leachates with Cl− added (with the same Cl− content as the
SAS solutions), and low-Cl− alkaline solutions (containing
only Cl− and with the same content as real alkaline soil
leachates) (Figure S1, Table S3). The icorr values obtained in
real soil leachates and real alkaline soil leachates with Cl−
added were lower than that in the simulated solution, which
may be due to the interference from the abundant Ca ions in
real soil leachates (Table S2). The As released from the
weathering of arsenopyrite could bind with Ca to form
different kinds of arsenic−calcium deposits,39,40 forming a
passivating effect on the oxidation of mineral, thereby

Table 1. Electrochemical Parameters of Arsenopyrite Electrodes in Simulated Alkaline Soil Solutions at Different
Temperatures and Biochar Concentrations

Alkaline soil Influence factors T (°C) cbiochar (g·L−1) Ecorr (mV) icorr (μA·cm−2) Dissolution rate (mol·m−2·s−1)

Meadow

Temperature

5 0 −55.12 0.552 1.14 × 10−8

15 0 −70.67 0.910 1.89 × 10−8

25 0 −121.22 2.049 4.25 × 10−8

35 0 −146.56 3.147 6.52 × 10−8

45 0 −179.73 3.707 7.68 × 10−8

Concentration

25 0 −121.22 2.049 4.25 × 10−8

25 0.4 −125.74 2.233 4.63 × 10−8

25 0.8 −129.70 2.683 5.56 × 10−8

25 1.2 −133.53 3.082 6.39 × 10−8

Saline

Temperature

5 0 −82.51 1.898 3.93 × 10−8

15 0 −83.75 2.458 5.09 × 10−8

25 0 −121.78 5.833 1.21 × 10−7

35 0 −149.06 7.577 1.57 × 10−7

45 0 −177.50 9.128 1.89 × 10−7

Concentration

25 0 −121.78 5.833 1.21 × 10−7

25 0.4 −127.11 6.329 1.31 × 10−7

25 0.8 −131.05 6.979 1.45 × 10−7

25 1.2 −139.18 7.378 1.53 × 10−7

Table 2. Equivalent Circuit Model Parameters for Arsenopyrite in Simulated Alkaline Soil Solutions at Different Temperatures

Soil Temp (°C) CPEf, Y0 (S·cm−2·sn) n Rf (Ω·cm2) CPEdl, Y0 (S·cm−2·sn) n Rt (Ω·cm2) χ2

Meadow

5 5.258 × 10−5 0.754 4.843E4 9.326 × 10−5 0.557 2.965E5 3.09 × 10−4

15 7.202 × 10−5 0.763 7.759E3 1.805 × 10−5 0.558 3.090E5 5.37 × 10−4

25 4.925 × 10−4 0.587 4.946E3 3.644 × 10−4 0.593 2.921E5 2.62 × 10−3

35 1.072 × 10−4 0.764 3.100E3 3.997 × 10−4 0.604 2.448E5 9.48 × 10−4

45 1.287 × 10−4 0.731 2.209E3 7.839 × 10−4 0.694 2.018E5 5.92 × 10−4

Saline

5 6.439 × 10−5 0.770 1.210E3 1.143 × 10−4 0.633 2.858E5 7.80 × 10−4

15 7.561 × 10−5 0.769 1.134E3 1.834 × 10−4 0.577 2.291E5 4.93 × 10−4

25 2.543 × 10−4 0.748 1.028E3 8.689 × 10−4 0.632 2.032E5 2.32 × 10−3

35 1.573 × 10−4 0.740 1.001E3 4.773 × 10−4 0.637 1.112E5 8.30 × 10−5

45 1.910 × 10−4 0.769 8.936E2 9.503 × 10−4 0.659 6.721E4 6.97 × 10−4
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decreasing the weathering rate of arsenopyrite. Further,
comparing the icorr values in real soil leachates and low-Cl−
alkaline solutions, it can be found that the difference is not
significant. This suggests that Cl− is the most important factor
affecting the weathering of arsenopyrite. However, all our
results clearly show the significant role of biochar in promoting
the oxidative dissolution of arsenopyrite in both SAS solutions
and real soil leachates (Table S3).
Electrochemical Impedance Spectroscopy Study. Electro-

chemical impedance spectroscopy is a nondestructive analysis
technique that can provide a variety of physical information on
the electrode/solution interface such as surface passivation,
mass transfer, kinetics, and reaction mechanisms.41 Figure S2
presents the Nyquist and Bode plots for arsenopyrite in SAS
solutions without biochar. The Bode diagram shows two time
constants, consistent with the two capacitive loops of the
Nyquist diagram. The capacitive loops at high-frequency were
associated with pseudocapacitance and resistance of the surface
passive layer, while the double-layer capacitance and charge
transfer resistance of the mineral/solution interface corre-
sponded to the capacitive loop at low frequency. For this
reason, the equivalent circuit listed in Figure S3a was used to

fit the EIS data at different temperatures without biochar, and
the obtained fitted parameters are tabulated in Table 2. The χ2

value, which lies on the order of 10−3−10−5,42 shows that the
experimental data and the fitted value have a higher degree of
agreement. Rs, Rf, and Rt in Figure S3a represent the solution
resistance, passive film resistance, and charge transfer
resistance, respectively. Due to the inhomogeneity and
roughness of the electrode surface, constant phase elements
CPEf and CPEdl were employed to replace the ideal capacitors
of the surface passive film and double layer. By comparing the
parameter values in Table 2, we found that the values of Rf and
Rt decrease with increasing temperature, showing that the
increase in temperature destroys the passivation film on the
mineral surface and accelerates the transmission of ions,
thereby expediting the weathering of arsenopyrite in SAS
solutions.

Figure 3 shows the Nyquist and Bode plots for arsenopyrite
in SAS solutions with various biochar concentrations. With soil
solutions’ presence of biochar, the Bode plots show another
time constant, which may be attributed to the biochar
adsorption layer. Inspection of Figure S3 plots with and
without biochar indicated that there was an additional CPEal

Figure 3. Nyquist (a, b) and Bode plots (a′, b′) for arsenopyrite in simulated alkaline soil solutions at different biochar concentrations at 25 °C,
where ○, □, and × represent the experimental values and − represents the simulated values.

Table 3. Equivalent Circuit Model Parameters for Arsenopyrite in Simulated Alkaline Soil Solutions at Different Biochar
Concentrations at 25 °C

Soil
Cbiochar
(g·L−1)

CPEf, Y0
(S·cm−2·sn) n

Rf
(Ω·cm2)

CPEal, Y0
(S·cm−2·sn) n

Ral
(Ω·cm2)

CPEdl, Y0
(S·cm−2·sn) n

Rt
(Ω·cm2) χ2

Meadow 0.4 3.895 × 10−4 0.722 4607 2.341 × 10−4 0.798 348.1 9.036 × 10−4 0.681 2.175E5 3.56 × 10−4

0.8 4.397 × 10−4 0.741 4554 2.013 × 10−4 0.780 621.1 1.133 × 10−3 0.719 1.878E5 1.48 × 10−4

1.2 5.052 × 10−4 0.752 2217 2.031 × 10−4 0.776 640.3 1.077 × 10−3 0.708 1.832E5 2.77 × 10−4

Saline
0.4 6.633 × 10−4 0.736 958 2.154 × 10−4 0.720 320 1.329 × 10−3 0.714 1.791E5 3.26 × 10−4

0.8 7.584 × 10−4 0.715 947 2.429 × 10−4 0.723 413 1.308 × 10−3 0.725 1.660E5 1.94 × 10−4

1.2 6.958 × 10−4 0.711 934 1.309 × 10−4 0.781 421 9.312 × 10−4 0.655 1.624E5 4.32 × 10−4
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and Ral, which represent the capacitance and resistance of the
biochar adsorption layer. The fitting results reflect that biochar
significantly reduces Rf and Rt (Table 3). The decrease in Rf
implies that the presence of biochar reduces the passivation
effect of the film or hinders the production of the passivation
layer, which is consistent with the results of the polarization
curves. Additionally, the lower Rt predicts that the biochar
enhances the ion transport on the mineral/solution interface.
Although the Ral increased slightly with increasing biochar
concentration, the total resistance (Rf + Ral + Rt) value
gradually decreased; that is, the oxidation rate of arsenopyrite
was accelerated by degrees. The EIS results of parallel
experiments conducted in real soil leachates reflected trends
consistent with those in the SAS solution (Figure S4, Table
S4). In addition, the results of Tables 2 and 3 reveal that the
weathering rate of arsenopyrite in the simulated saline soil
solution was higher than that in the meadow soil, regardless of
the presence of biochar. This is likely due to the higher Cl− in
the saline soil solution, which can destroy the passivation layer
on the mineral surface and expedite the weathering process.34

The EIS results can well explain the conclusions of the above
polarization curves.
Activation Thermodynamic Parameters. To better

visualize the effect of biochar on the weathering reaction of
arsenopyrite, we calculated the activation energy (Ea) of the
oxidation process of arsenopyrite in SAS solutions based on
the following Arrhenius formula

= +k
E

RT
Aln lna

(9)

where k is the weathering rate, R is the gas constant, T is the
absolute temperature, and A is the frequency factor. Based on
the Faraday’s law mentioned above, it is clear that there is a
proportional relationship between icorr and k, so the icorr
(Tables 1 and S5, Figure S5) can be used instead of k and
displays a linear curve of ln icorr and 1/T. After the linear
regression of the curves (Figure 4a), the activation energy can
be determined according to the slope of the curve. Table S6
demonstrates the Ea of arsenopyrite oxidation in the SAS
solution at different biochar concentrations. The results
manifested that higher biochar concentration reduced the Ea,
demonstrating that biochar was beneficial for arsenopyrite
oxidation. By comparison, the Ea of arsenopyrite oxidation in
saline soil was always smaller than that in meadow soil under
the same conditions, further confirming that arsenopyrite
would occur more seriously eroded in saline soil.

According to reaction kinetic theory and the calculated
activation energies (>20 kJ·mol−1), the rate of arsenopyrite
oxidation is controlled by surface interaction.43 Further, the
activation enthalpy (ΔH*) of arsenopyrite weathering was
calculated based on the transition state theory44 and the drawn
straight lines as shown in Figure 4b
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where NA is Avogadro’s number, h is Planck’s constant, and
ΔS* is the activation entropy. The result tabulated in Table S6
and the positive ΔH* indicate that the weathering of
arsenopyrite is an endothermic process, further confirming
the notion that increasing the temperature can promote
weathering. The presence of biochar also reduces the ΔH* of
the weathering reaction, which reduces the energy demand,
making the weathering process easier to occur.
Surface Characterization. The Raman results (Figure S6)

reveal that within the experimental temperature range, the
oxidation products of iron arsenate and iron (oxyhydr)oxide
(Reaction 11) could always be detected, regardless of biochar
concentration. Consistent with previous studies, the presence
of secondary phase products, ferric arsenate, and iron
(oxyhydr)oxides hindered further oxidation of arsenopyrite.5,45

+ + ++Fe 3OH FeOOH H O 0.5 Fe O 1.5H O3
2 2 3 2

(11)

For the raw biochar, FTIR spectra (Figure S7) show a sharp
spectral band at 1600 cm−1, which was assigned to the carboxyl
C�O stretching vibration,46 and aromatic C−C/C−O
stretching of conjugated quinones.47 The small peaks at 1385
and 1035 cm−1 were attributed to the −OH vibration of
phenols and COO−.48,49 Three small but obvious peaks at 875,
815, and 750 cm−1 were ascribed to C−H bond vibrations in
aromatic compounds.49 The spectra show that after
interactions between the biochar and metal ions, the peaks
of organic functional groups underwent a shift in position or a
change in peak intensity, which was due to the formation of
organically metal complexes through ligand exchange or
surface adsorption on biochar. In the biochar and Fe(III)
systems, the shift of peak from 1035 to 1130 cm−1 suggests the
formation of biochar-Fe complexes and the bending mode of
Fe−OH.50 In addition, a new peak appears at 600 cm−1, which
may be attributed to the formation of Fe−O bonds.51 The
peak at 1600 shifted slightly to 1615 cm−1 in the biochar and

Figure 4. Relationship of ln i versus 1/T (a) and ln (i/T) versus 1/T (b) for arsenopyrite in simulated alkaline soil solutions without and with
different biochar concentrations.
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Fe(III)/As(V) systems, which may be due to the formation of
biochar−Fe-As complexes via carboxyl groups. The appearance
of a new peak at 827 cm−1 indicates the presence of As−O−
Fe,51,52 which could be the formation of amorphous iron
arsenate or arsenate adsorbed on iron (oxyhydr)oxide. In the
system with biochar and As(V), no shift in the peak position or
appearance of new peaks was detected, implying little or no
complexation or adsorption of arsenic on biochar. These
observations confirmed that biochar can adsorb Fe ions in
solution and that the presence of aromatic and quinoid groups
in biochar could reduce Fe(III) (see details in the next
section). Consequently, biochar reduces the content of Fe(III)
in the solution, thereby impeding the production of passivation
films, such as iron arsenate and iron (oxyhydr)oxide, and

facilitating the oxidation and dissolution of arsenopyrite. The
SEM (Figure S8) results also confirmed that the higher the
concentration of biochar was, the rougher and more
heterogeneous the surface of the mineral after weathering in
solution.

To more intuitively determine the influence of temperature
and biochar concentration changes on the oxidation degree of
arsenopyrite, the XPS spectrum was carried out on the surface
of the reacted arsenopyrite (Figures S9−S112, Tables S7−S9).
The XPS spectra of pristine arsenopyrite (Figure S10a) show
that the Fe species consists mainly of Fe(II)-AsS, Fe(III)-AsS,
and Fe(III)-O, while the As species contains As(-I)-S, As(0),
As(I)-O, As(III)-O, and As(V)-O, and for the S species it
contains six chemical forms, identified as S2−, (AsS)2−, Sn

2−, S0,

Figure 5. Changes of solution parameters during arsenopyrite oxidation in simulated alkaline soil solutions with the addition of different amounts
of biochar. As(T) (a, b), Fe(T) (c, d), Fe(II) (e, f).
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SO3
2−, and SO4

2−. Specifically, the dominant content of species
for Fe, As, and S was that of the reduced state species, Fe(II)-
AsS (68.39%), As(-I)-S (70.29%), and (AsS)2− (45.03%),
respectively. This shows a slight oxidation of the surface of the
pristine arsenopyrite in the air. The fitted result of Fe (Table
S7), As (Table S8), and S (Table S9) attested that the content
of oxidized species (Fe(III)-SO, As(V)-O, and SO4

2−)
gradually increased with increasing temperature and biochar
concentration, indicating that the degree of oxidation on the
surface of arsenopyrite gradually deepens. This is consistent
with the electrochemical results showing that the elevated
temperature and biochar concentration enhanced the icorr and
oxidation rate of arsenopyrite.
Immersion Test Analysis. In the separate immersion

experiment, the amount of Fe(II) and Fe(III) remaining in the
Fe(III) (Fe3+ = 300 mg·L−1) solution after 24 h of biochar
addition was measured. The results (Table S10) show that
about half of the Fe(III) remained after reaction, and
approximately 55 mg/L of dissolved Fe(II) was detected.
Consistent with FTIR results, the immersion results show that
biochar can reduce Fe(III), possibly act as an electron donor,
and bind or adsorb Fe. This is likely due to the unique
structural feature of biochar itself and the abundant redox-
active functional groups,9,53 including aromatic and quinone
groups. To further verify the adsorption and reduction of
As(V) on biochar, another immersion experiment was
conducted. Results showed a very weak adsorption but a
significant reduction of As(V) by biochar (Table S11).54 These
observations are consistent with the previous notion showing
that unmodified or pristine biochar has little or no adsorption
on As(V).55

The changes of As and Fe species in the liquid phase during
the oxidation of arsenopyrite in SAS solutions are illustrated in
Figures 5 and S13. It can be demonstrated that the addition of
biochar significantly promoted the oxidative dissolution of
arsenopyrite and the release of As(T) and As(III) into the
ecological environment, exacerbating the As contamination,
consistent with the electrochemical results as described above.
The comparison of total As and total Fe content showed that
biochar remarkably adsorbed Fe from the solution, while
Fe(II) accounted for the majority of total Fe, which indicated
the reduction and adsorption of Fe by biochar. The results
(Figure S14) of leaching experiments in real soil leachates also
showed that the addition of biochar promoted the weathering
of arsenopyrite, facilitating arsenic migration and contami-
nation.

Figure S15(a, b) and Figure S15(c, d) show the variation in
pH with time during arsenopyrite power leaching in the SAS
solutions and real soil leachate without/with 1.2 g·L−1 biochar,
respectively. Compared to the SAS solution, the pH change in
the real leachate was clearly lower, e.g. in the real meadow soil
leachate, the pH initially decreased and then returned to the
original value. This is attributed to the fact that the natural
organic matter in the soil acts as a natural buffer and
potentially controls the pH.56 However, the aforementioned
polarization curve test still proved that the existence of biochar
could intensify the oxidation of arsenopyrite in the real soil
leachate. The process of arsenopyrite oxidation in a neutral
environment involves multiple steps and intermediate
products. In the simulated meadow soil solution (Figure
S15a), there was a slight increase in pH after about 30 min of
the initial reaction, which could be due to the consumption of
hydrogen ions in the oxidation of Fe(II) to Fe(III). However,

the pH drops due to release of protons are conducive to the
subsequent transformation of Fe(III) to iron (oxyhydr)oxide
and the oxidation of S0 to SO3

2− and SO4
2−.57 It can be found

that the pH change in the meadow soil solution is gentler than
that in the saline (Figure S15b), which may be attributed to
the bicarbonate (0.11 g·L−1) as a pH buffer in the simulated
meadow soil solution. In contrast, the higher Cl− (1.81 g·L−1)
ion concentration destroys the passivation film on the surface
and promotes the dissolution of minerals, resulting in a lower
pH in saline soil solutions. Furthermore, the addition of
biochar enhanced the weathering of arsenopyrite and lowered
the pH of the solution, which aggravates hydrogen ion
pollution in the surrounding environment.
Weathering Mechanism of Arsenopyrite in the

Absence/Presence of Biochar. According to electro-
chemical measurements, immersion tests, and surface charac-
terization, this study demonstrated the effect of biochar on
arsenopyrite weathering in simulated alkaline soil solutions and
real alkaline soil leachates and summarized the corresponding
weathering mechanism (Figure 6). In the absence of biochar,

the As and Fe ions released by the oxidation of arsenopyrite
could generate iron arsenate (FeAsO4) adhering to the surface
of the mineral. In addition, the Fe(III) ions were also partially
converted to iron (oxyhydr)oxide (FeOOH and α-Fe2O3)
under weak alkaline conditions. The formation of iron arsenate
and iron (oxyhydr)oxide inhibited the oxidative dissolution of
arsenopyrite. In stark contrast, the presence of biochar reduced
Fe(III) and As(V) along with the adsorption of Fe ions owing
to its redox activity and special physical structure, thus
diminishing the loading of iron used to generate the
passivation film. The decrease of passivation film, including
iron arsenate and iron (oxyhydr)oxide, not only reduces the
adsorption of arsenic but also more significantly expedites the
weathering of arsenopyrite.
Environmental Implication. This study proposes a new

environmental process, that is, biochar accelerates the release
of arsenic in soil. Biochar has the redox activity of reducing
Fe(III) and As(V), perhaps as an electron donor, and can
adsorb iron to decrease the content of iron. Therefore, it
suppressed the formation of the passivation layer, such as iron
arsenate and iron (oxyhydr)oxide, which significantly promotes
the oxidative dissolution of arsenopyrite and arsenic release.
Our results extend the knowledge of the effect of biochar on
arsenic migration and transformation. Previous studies have
confirmed that biochar can promote the reductive dissolution
of iron (oxyhydr)oxides that can adsorb arsenic,58,59 and the
inherent components of biochar, including dissolved organic
carbon, silicates, and phosphate,60,61 can directly compete with

Figure 6. Scheme of the weathering mechanism for arsenopyrite in
alkaline soil solutions.
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oxyanion arsenic on iron (oxyhydr)oxide for adsorption, thus
enhancing the mobility and boosting the liberation of arsenic
into the soil and water. Furthermore, our study not only
substantiated the promoting effect of biochar on the
weathering dissolution of arsenopyrite as the main arsenic
source but also quantitatively calculated the amount of arsenic
released under different biochar concentrations. The activation
thermodynamic parameters, Ea and ΔH*, for arsenopyrite
oxidation calculated by electrochemical methods showed a
continuous decrease with increasing concentrations of
coexisting biochar. The successful application of electro-
chemical technology in this study provides a meaningful and
reference means for solving similar environmental problems.
While the arsenopyrite weathering rate was larger in the
simulated alkaline soil solutions than the real alkaline soil
leachates, our results clearly demonstrate the critical role of
biochar in promoting the weathering of arsenopyrite under the
conditions tested. The higher weathering rate of arsenopyrite
in the SAS solution compared to real soil leachates is likely due
to the presence of high Cl− in SAS solutions, which destroy the
passivation layer on the mineral surface. In addition to Cl−,
other factors, such as microorganisms and multiple cations in
real soil environment, could also affect the interaction of
biochar with arsenopyrite. Future study is required to examine
the effect of biochar on the oxidation mechanism of
arsenopyrite and, more importantly, on the release and
transport of arsenic in the actual soil environments under the
coupling of multiple variable factors.
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