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Abstract: Arsenopyrite (FeAsS) is a typical gold-bearing sulfide mineral. It usually encapsulates the
gold particles and seriously inhibits the leaching of gold, so oxidation pretreatment of arsenopyrite is
prerequired for the effective leaching of gold. However, the oxidation of arsenopyrite is accompanied
by arsenic mobility, potentially resulting in serious environmental issues. An eco-friendly oxidant,
δ-MnO2, was herein used to effectively oxidize arsenopyrite and control the fate of arsenic under
acidic conditions. Via characterization of the variation of leaching parameters, morphology change,
and elemental speciation transformation on the mineral surface, it was found that adding δ-MnO2

significantly provoked the oxidation of Fe(II) and As(−I) to Fe(III) and As(V), and mediated the
speciation transformation of Fe/As to FeAsO4. δ-MnO2 dosage remarkably controlled the oxidation
efficiency of arsenopyrite and arsenic speciation transformation, efficiently regulating arsenic fate.
These results suggest that δ-MnO2 could simultaneously promote the dissolution of arsenopyrite
and the immobilization of arsenic, which could have implications for the oxidation pretreatment of
refractory gold minerals and the source management of arsenic-contaminated environments.

Keywords: arsenopyrite; chemical oxidation; δ-MnO2; speciation transformation; arsenic immobilization

1. Introduction

Arsenopyrite, as a critical gold-bearing mineral with a potential risk of arsenic re-
lease, has attracted more and more attention in gold production and arsenic pollution
remediation [1]. As a refractory gold ore, a large proportion of finely disseminated gold is
encapsulated in the sulfide matrix of arsenopyrite, resulting in inefficient gold recovery via
the conventional leaching techniques [2,3]. Therefore, the pretreatment is a prerequisite to
the effective extraction of gold via subsequent processes [4]. Numerous researchers have
demonstrated that oxidation techniques, including roasting, pressure oxidation, chemical
oxidation, and biological oxidation, can effectively enhance gold leaching rates via oxi-
dizing arsenopyrite to expose gold and increase the contact area between the gold and
leaching agents [4–7]. However, environmental contamination is the primary concern
of these methods. Thus, developing efficient and eco-friendly methods of oxidation of
arsenopyrite and in-depth investigation into the mechanisms of the redox reaction could
have significant economic and environmental benefits.

Manganese dioxide (MnO2) is a crucial amphoteric manganese oxide that is insoluble
in acids and a fundamental pyrolusite component [8]. Its crystal lattice structure is com-
plicated, with the main α-MnO2, β-MnO2, and δ-MnO2 crystalline forms. Among these,
δ-MnO2 has a more robust oxidant capability than other manganese oxides do due to its
incomplete crystallization degree and layered structure, making its oxidation sites more
prone to interlayer Mn(IV) and Mn(III) oxidation [9–11]. For the reasons mentioned above,
it has been demonstrated that δ-MnO2 is a powerful oxidizing agent for chemical species
such as As(III), Fe(II), and organic pollution [12]. Many studies have shown that the As(III)
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is chemically oxidized to As(V) in minutes to hours with the reduction of birnessite to
Mn(II) [13–16]. Thus, it is a powerful, oxidizing and potent As(III) agent that helps remove
arsenic from the environment.

In addition, the oxidation reaction between Mn(IV) oxides and As(III) consumes H+,
increasing solution pH [16–18]. This suggests that δ-MnO2 may be a cost-effective oxidizing
agent for managing the source of arsenopyrite and the fate of arsenic. Extensive research
has focused on the biological and chemical oxidation dissolution of arsenopyrite [2,19]. The
authors of this research discovered that the oxidation kinetics of arsenopyrite was effectively
accelerated and that the toxicity of arsenic is not only proportional to its concentration
but is also significantly influenced by its speciation, being subjected to the environmental
factors (pH, temperature, and ORP) [20], microorganisms [21], metal ions (Fe3+, Fe2+,
Ag+, Cu2+) [22–24], minerals (pyrite, pyrolusite) [25,26], dissolved organic matter (humic
acid) [27], and chemical agents (H2O2, chlorine dioxide) [28,29]. This process becomes
significantly complicated due to the formation of a new phase when the δ-MnO2 is added.
There is little doubt that such a complex evolution in elemental speciation transformation
and its relationship to the fate of arsenic has occurred. However, this subject has not yet
been studied systematically to date.

The aims of this study were (i) to evaluate the effect of δ-MnO2 on the oxidation
dissolution of arsenopyrite and the speciation of Fe/As/S using ICP-AES, SEM, XRD,
XANES, and XPS, and (ii) to determine the effect of δ-MnO2 and As(V) on the local atomic
coordination environment of As after sorption by the Fe–Mn complexes using EXAFS
spectroscopy. Based on the results of this study, the influence mechanism of δ-MnO2 on the
oxidation dissolution of arsenopyrite was clarified, and new methodological information
for the oxidation pretreatment of refractory gold minerals and a novel concept for the
source management of arsenic-contaminated environments were promoted.

2. Materials and Methods
2.1. Minerals and Particle Preparation

The arsenopyrite samples used in this study were provided by the School of Minerals
Processing and Bioengineering, Central South University, Changsha, China. Figure 1
presents the X-ray diffraction (XRD, TTR III, Rigaku Corporation, Tokyo, Japan) pattern
and scanning electron microscopy (SEM, NovaTM NanoSEM 230, FEI company, Hillsboro,
USA) graph of the arsenopyrite samples. The chemical composition analysis showed that
the samples contained 45.09% As, 34.80% Fe, and 14.57% S.
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2.2. Preparation of δ-MnO2 Nanoparticles and Their Characterization

The δ-MnO2 nanoparticles were prepared in accordance with the methods described
by Subramanian [30]. The sample was washed with double-deionized water and then
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freeze-dried. The dried sample was lightly ground. The morphological properties, phase,
particle sizes, and functional groups of δ-MnO2 were characterized via SEM (Figure 2a)
and XRD (Figure 2b), respectively.
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Figure 2. The XRD pattern (a) and SEM image (b) of the δ-MnO2 nanoparticles.

2.3. Experimental Procedure

The experiments were performed in 250 mL Erlenmeyer flasks containing 100 mL
of a sterilized 9 K medium at a pulp density of 1%. The initial pH of the medium was
adjusted to 2.0 with 1 M sulfuric acid. Different amounts of δ-MnO2 (0 g, 0.1 g, 0.2 g, 0.5 g,
0.7 g, and 1.0 g) were added to each flask (the mass of arsenopyrite was fixed at 1.0 g).
The cultures were incubated in a high-temperature-bath rotary shaker at 170 rpm at a
temperature of 70 ◦C. Triplicate experiments were performed under identical conditions.
Water evaporation was compensated for with sterilized distilled water, and the loss due to
sampling for analyses was replaced with a sterilized fresh medium.

To further investigate the mechanism of the role of δ-MnO2 in the chemical oxida-
tion dissolution of arsenopyrite, two experimental systems (δ-MnO2—Fe(II)—As(III) and
δ-MnO2—Fe(III)—As(V)) were prepared to study the interaction of As(III) and As(V) with
Fe and Mn based on the relevant experimental results of the above experiments, and
the incubation conditions were identical to those of the chemical oxidation dissolution
experiments described previously.

2.4. Analytical Method

The solution samples were collected daily during the chemical oxidation dissolution
process. The pH of the solution was measured with a pH meter (PHS-3C). Redox potential
was measured with a platinum electrode using a calomel electrode (Hg/Hg2Cl2) as a
reference. The [As]T, [Mn]T, and [As(III)] contents (concentration of total As; total Mn
and As(III)) were measured via inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Spectro Blue II, SPECTRO, Kleve, Germany). The [Fe]T and [Fe3+] (concentration
of total Fe and Fe3+) contents were determined via 5-sulfosalicylic acid spectrophotom-
etry [31]. The [SO4

2−] (concentration of SO4
2−) content was determined via the barium

sulfate turbidimetric method [32].
The particle size distribution of the chemically oxidized residues was measured with

a laser particle size analyzer (LPSA, Mastersizer 2000, Malvin, UK), and the results of
5 measurements were averaged. The infrared spectroscopy tests were carried out via FTIR
((Nexus 670, Thermo Nicolet Corporation, Madison, USA) in the range of 4000–400 cm−1.

The surface of the morphology of the solid samples was observed via SEM. FT-IR
was used to characterize the functional groups. XRD indicated the phase compositions.
The As and S species was characterized with an X-ray photoelectron spectroscope (XPS,
Thermo Kalpha, Thermo Fisher Scientific, Waltham, MA, USA) equipped with an Al Kα

X-ray source (15 KeV), and the voltage and current of the X-ray were 12 kV and 6 mA,
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respectively. After the XPS tests, the spectra were calibrated using the reference energy
value of 284.8 eV for the C 1s. The quantitative analysis of XPS data was performed using
CasaXPS 2.3.16 software (Casa Software Ltd., Wuxi, China).

The iron speciation was performed via Fe L-edge X-ray absorption near-edge-structure
(XANES) spectra at the beamlines 4B7B, at the Beijing Synchrotron Radiation Facility
(BSRF), Beijing, China. The Fe L-edge XANES spectra were recorded in the total electron
yield (TEY) mode from 696 eV to 728 eV at a step of 0.1 eV. Then, the Athena software
was used to normalize the XANES spectra and perform linear combination fitting (LCF)
analysis [33].

Extended X-ray absorption fine-structure (EXAFS) spectroscopic data for As, Fe, and
Mn were collected at the Beijing synchrotron radiation facility (BSRF) on beamline 1W1.
The monochromator consisted of double flat crystals of Si(111) with a vertical entrance slit
separation of 0.5 mm. The Fe and Mn K-edge were collected in transmission mode, and the
As K-edge was collected in fluorescence mode. The EXAFS spectra of As, Fe, and Mn were
acquired in the energy range from −100 to 800 eV relative to the K-edge of As of 11867 eV,
that of Fe of 7112 eV, and that of Mn of 6539 eV. The EXAFS data were analyzed with the
program package IFEFFIT [33].

3. Results and Discussion
3.1. Oxidative Dissolution of Arsenopyrite Mediated by δ-MnO2

The addition of δ-MnO2 significantly altered the oxidative dissolution of arsenopyrite
(Figure 3). Figure 3a shows that the pH sharply rose and reached a maximum at day 1
due to the acid-consuming process, the chemically oxidative dissolution of arsenopyrite
(Equation (1)), and chemical oxidation of dissolved Fe2+ (Equations (2) and (3)) that was
released by the arsenopyrite dissolution (Equation (4)). Then, the pH dropped gradu-
ally at day 1 to 7. The pH decrease was caused by sulfur oxidation (Equation (5)), and
the formation of ferric arsenate (Equation (7)). The XRD and XPS could also confirm
these trends.

FeAsS + 4MnO2 + 8H+ → 4Mn2+ + FeAsO4 + S0 + 4H2O (1)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (2)

2Fe2+ + MnO2 + 4H+ → 2Fe3+ + Mn2+ + 2H2O (3)

4FeAsS + 11O2 + 6H2O→ 4Fe2+ + 4H3AsO3 + 4SO2−
4 (4)

2S0 + 3O2 + 2H2O→ 2SO2−
4 + 4H+ (5)

S0 + 3MnO2 + 2H2O→ SO2−
4 + 3Mn2+ + 4OH− (6)

Fe3+ + H3AsO4 → FeAsO4 + 3H+ (7)

Figure 3b shows the ORP (oxidation–reduction potential), which plays a crucial role
in the dissolution of the mineral [34] and is correlated with the c(Fe3+) to c(Fe2+) ratio
and solution pH [35,36]. In this study, the ORP was mainly determined via the solution
pH because the iron ions in the solution were Fe2+ (Figure 3c,d). The ORP was sharply
decreased at day 0 to 1, likely due to the sharp rise in pH (Figure 3a), which was reflected by
the rapid increase in [Mn]T (Figure 3e) (Equations (1), (3) and (5)). Additionally, then, the
ORP increased gradually on the following day, in good agreement with the pH variation.
It can be seen that the increase in δ-MnO2 content led to a rise in pH and a decrease
in ORP. For the assay without the δ-MnO2 addition, both [SO4

2−] (Figure 3f) and [Fe]T

(Figure 3c) contents increased dramatically from day 0 to 1, while the [SO4
2−] content

remained relatively stable, and the [Fe]T increased gradually on the following days, most
likely due to the arsenopyrite oxidative dissolution (Equation (4)). However, the addition
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of δ-MnO2 resulted in a constant rise in the [SO4
2-] content (Equation (6)) and a decrease in

the [Fe]T content.
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Figure 3g shows that maximum [As]T reached 1.29, 1.09, 0.92, and 0.13 when 0, 1, 2,
and 5 g/l of δ-MnO2 were added, respectively, and notably, the [As]T content reached the
maximum at day 1 when 5 g/l of δ-MnO2 was added (Figure 3g). Clearly, the [As]T content
decreased with the increasing amounts of δ-MnO2, while there was no detectable arsenic in
the solution after the addition of more δ-MnO2 (7, 10 g/l). Comparing the [As]T content
with the [As(III)] content (Figure 3h), it could be found that the arsenic in the solution was
mainly As(III) during arsenopyrite chemical oxidative dissolution with the addition of
δ-MnO2. This suggests that δ-MnO2 can promote the oxidative dissolution of arsenopyrite
as well as the oxidation of As(III) and Fe2+ to As(V) and Fe3+, resulting in the formation of
iron arsenate precipitates [37].

The particle size distributions of the arsenopyrite and chemically oxidized residues
were analyzed. The results are depicted in Figure 4 and listed in Table 1. According to
the particle size distribution curves, the particle size of the arsenopyrite mineral ranged
from 0.2 to 954 µm, and exhibited a wide distribution. The size of 90% of particles was
smaller than 176.06 µm. In the absence of δ-MnO2, the particle size distribution curve
indicated that the proportion of arsenopyrite particles featuring sizes in the range of
1~10 µm, 70~100 µm, and 400~1000 µm decreased. In contrast, the proportion of mineral
particles exhibiting sizes in the range of 10~60 µm increased significantly. According to
these findings, elevated temperatures promote the oxidative dissolution of arsenopyrite. As
the δ-MnO2 concentration increased, the Dv(10), Dv(50), and Dv(90) values of the samples
decreased. This indicates that the fraction of fine particles in the oxidized residues increased,
the proportion of the coarse particles decreased, and the particle size distribution became
more concentrated. As the amount of δ-MnO2 increased, the proportion of fine minerals
increased while the proportion of coarse minerals decreased. This demonstrated that
δ-MnO2 promoted the oxidation dissolution of minerals synergistically, and the continued
redox reaction led to the elimination of the mineral coating.
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Table 1. Particle size distribution of the residues after chemical oxidation for 7 days with the addition
of 0, 1, 2, 5, 7, and 10 g/l of δ-MnO2.

Samples Dv(10), µm Dv(50), µm Dv(90), µm

Original arsenopyrite 3.46 30.94 176.06
0 9.21 21.65 50.94
1 3.24 9.66 56.44
2 4.59 14.78 90.33
5 0.87 8.52 35.91
7 0.82 7.07 26.66
10 1.31 10.51 35.53

3.2. Changes in the Morphology and Mineralogical Phase during the Oxidative Dissolution
of Arsenopyrite

The chemically oxidized residues of various amounts of δ-MnO2 (Figure 5a–f) were
analyzed by SEM. For the assay without the δ-MnO2 addition, the mineral particles became
smaller. It could be observed that some new products were completely coated on the
surface after chemical oxidation dissolution for 7 days (Figure 5a), which were identified
as elemental sulfur via the XRD method. When varying amounts of δ-MnO2 are added,
the mineral particle grain size is constantly reduced, and intact mineral particles cannot be
observed on the surface. Their surface is covered by a granular structure, forming a loose
and porous structure. In conjunction with the chemical oxidation behaviors, it is evident
that arsenopyrite, as an acid mineral, favors the oxidative dissolution of arsenopyrite at
high temperatures in the presence of oxygen or with the addition of δ-MnO2.
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The FT-IR spectra for the oxidized residues without and with δ-MnO2 at day 7 are
depicted in Figure 6a. The results show that the peak intensities for S=O (SO4

2−) at 1045
cm−1 and As(V)–O–Fe at 827 cm−1 of the amorphous ferric arsenate in the oxidized residues
increased significantly with the addition of δ-MnO2 supplement [38,39]. This indicated that
the surface of oxidized residue was an enriched sulfate and an amorphous ferric arsenate.
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The chemical phase of the oxidized residues of various amounts of δ-MnO2 was
studied via XRD, and the results are depicted in Figure 6b. The XRD pattern of the
original arsenopyrite indicated that the sample comprised FeAsS (Figure 1a). For the
assay without the δ-MnO2 addition, new diffraction peaks corresponding to significant
amounts of elemental sulfur appeared. In addition, the diffraction peaks of the oxidized
residues with the δ-MnO2 addition were similar to those of the oxidized residue without
the δ-MnO2 addition and no additional diffraction peaks were observed. In conjunction
with the changes of solution parameters and FT-IR results (Figures 3 and 6a), this indicated
that the newly formed solid products existed as amorphous ferric arsenate precipitates, and
no crystals were formed. Notably, for the assay with the δ-MnO2 addition, the diffraction
peaks of arsenopyrite and elemental sulfur gradually weakened. This result indicated that
the arsenopyrite disappeared rapidly, the elemental sulfur was eliminated and precipitates
of amorphous ferric arsenate were formed. In addition, it is further stated that the loose
porous structure is composed of a small amount of elemental sulfur and a considerable
amount of amorphous ferric arsenate precipitates. These results suggest that the addition
of δ-MnO2 promotes the accumulation of amorphous precipitates and the elimination of
elemental sulfur on the surface of arsenopyrite.

3.3. Speciation Transformation of As, Fe and S during Oxidative Dissolution of Arsenopyrite

The atomic concentrations of iron, arsenic, and sulfur on the original arsenopyrite and
chemically oxidized residues’ surfaces were determined via XPS, and the obtained results
are summarized in Table 2. The results show that, for the assay with the amount of δ-MnO2
of ≤2 g/L, the oxidized residues’ surfaces were enriched in sulfur and arsenic, whereas,
for the assays with the amount of δ-MnO2 of ≥5 g/L, the surface was enriched in iron and
arsenic, consistently with the solution results.
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Table 2. Particle size distribution of the residues after chemical oxidation for 7 days with the addition
of 0, 1, 2, 5, 7, and 10 g/l of δ-MnO2.

Samples Fe As S Fe/S Fe/As As/S

Original arsenopyrite 25.32 36.05 38.63 0.66 0.70 0.93
0 26.28 43.09 30.63 0.86 0.61 1.41
1 34.66 48.20 17.10 0.72 0.72 2.03
2 26.60 42.56 30.80 0.86 0.63 1.38
5 24.33 61.90 13.80 1.76 0.39 4.49
7 28.38 59.60 12.00 2.37 0.48 4.97
10 26.80 61.00 12.20 2.20 0.44 5.00

The distribution of arsenic species derived from the As 3d XPS spectra for the chemi-
cally oxidized residues for 7 days are depicted in Figure 7. The spectra were fitted according
to the data reported in the literature [40–43]. The oxidized residues on the surface are com-
posed of As(−I) (41.5 ± 0.2 eV), As(III) (44.9 ± 0.2 eV), and As(V) (45.9 ± 0.2 eV). It can be
found that the arsenic species with different valences and bonding states mainly included
As(−I), As(III), and As(V) in these assays, indicating that arsenic oxidation occurred in all
tests. For the assays with the δ-MnO2, the percentages of As(−I) species were 4.8%, and
0.3%, respectively, until the amount of δ-MnO2 of ≥5 g/L was added, at which point the
As(−I) species could no longer be detected, the percentage of which was lower than that for
the assay without δ-MnO2 (11.7%). Simultaneously, the percentages of As(V) species were
increased, and were obviously greater than those for the assay without δ-MnO2 (54.1%).
This indicated that adding δ-MnO2 is an efficient method for promoting arsenic oxidation.
Notably, for the assays with the amount of δ-MnO2 of ≥5 g/L, the Mn3p peaks appeared at
approximately 48.8 eV, indicating the presence of the Mn species on the oxidized residues’
surface [44], which is consistent with the solution results.
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The XPS spectra of the S 2p for the chemically oxidized residues for 7 days are depicted
in Figure 8. The peak representative of the As–S bond is hard to distinguish from that of S–S
because of their high similarity [42]. Thus, (AsS)2− in the present study refers to the sum
of (AsS)2− and S2

2− species. The oxidized residues’ surface sulfur species for the assays
were mainly S2

2−/(AsS)2− (162.3± 0.3 eV), S0 (164.4± 0.4 eV), and SO4
2− (168.5 ± 0.2 eV).

By comparing the distributions of these sulfur species in the chemically oxidized residue
without δ-MnO2 being added (Figure 8a), it can be found that the sulfur oxidation was
obviously enhanced when ≥1 g/L of δ-MnO2 was added (Figure 8b–f). According to the
fitted results (Figure 8), the surface of the oxidized residue was enriched in elemental sulfur,
which is consistent with the XRD results.
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The Fe L-edge spectra for the chemically oxidized residues for 7 days are depicted
in Figure 9. Both the L3-edge peaks at 706.8 eV and 708.3 eV and the two L2-edge peaks
at 719.9 eV and 721.9 eV could be attributed to ferrous sulfate (Fe(II)) and ferric sulfate
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(Fe(III)), respectively [45]. For the chemically oxidized arsenopyrite, the peak area ratios
of Fe(II) to Fe(III) for the L2,3 edges reflect the conversion of Fe(II) speciation into Fe(III)
speciation [46], i.e., the area of the peak for Fe(II) decreased with the increase in the area
of the peak for Fe(III). This result indicates that Fe(II) was gradually oxidized to Fe(III)
on the mineral surface, and such oxidation was accelerated by the addition of ≥1 g/L of
δ-MnO2. These results indicated that the presence of δ-MnO2 promotes the transformation
of Fe(II) to Fe(III) on the mineral surface during the chemical oxidation of arsenopyrite.
Combined with the changes of solution parameters (Figure 3c,d) and phase transformation
(Figure 6), this clearly indicate the presence of δ-MnO2 makes the iron oxidation on the
arsenopyrite surface.
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The EXAFS spectra of As, Fe, and Mn are shown in Figure 10. The fit results are
listed in Table 3. The similarity between the experimental Mn χ(k) spectra of all samples
indicates that the Mn atomic environment did not changed (Figure 10a and Table 3). In
both systems, the Mn–O and Mn–Mn distance and coordination numbers were found to be
remarkably constant after fitting the EXAFS spectra. This result indicated that the δ-MnO2
was structurally stable in both systems, and that the Mn in the core layer was stable as
δ-MnO2, preserving the octahedral structure of the hydromanganese ore [47].
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Table 3. Particle size distribution of the residues after chemical oxidation for 7 days with the addition
of 0, 1, 2, 5, 7, and 10 g/l of δ-MnO2.

Element Samples Path N R (Å) σ2 (Å2) ∆E0 (eV) R factor

Mn
δ-MnO2–Fe(II)–As(V)

Mn–O 3.3 1.95 0.002
5.23 0.024Mn–Mn 3.9 2.94 0.003

δ-MnO2–Fe(II)–As(III)
Mn–O 3.1 1.95 0.001

4.78 0.018Mn–Mn 3.7 2.94 0.002

Fe

δ-MnO2–Fe(II)–As(V)
Fe(III)–O 2.6 1.92 0.0009

6.11 0.032Fe(III)–O 0.7 3.29 0.002
Fe(III)–Fe(III) 0.8 3.37 0.001

δ-MnO2–Fe(II)–As(III)
Fe(III)–O 2.6 1.92 0.001

5.47 0.027Fe(III)–O 0.7 3.27 0.003
Fe(III)–Fe(III) 0.8 3.36 0.004

As
δ-MnO2–Fe(II)–As(V)

As(V)–O 3.3 1.68 0.0008
3.94 0.019As(V)–Fe(III) 2.4 3.38 0.002

δ-MnO2–Fe(II)–As(III)
As(V)–O 3.2 1.71 0.003

5.18 0.017As(V)–Fe(III) 2.1 3.40 0.004

Notes: N = number of neighbors; R = atomic spacing; σ2 = disorder factor.

The comparison of experimental Fe χ(k) spectra revealed that the atomic environment
of Fe had been slightly altered (Figure 10b and Table 3). The Fe radial distribution functions
(RDF) consisted of three main peaks of up to 4 Å. For both systems, the first peak was
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caused solely by Fe(III)–O bonds with an average distance of 1.92. The second peak of the
RDF corresponded to the contribution of Fe(III)–O bonds. In the case of the δ-MnO2–Fe(II)–
As(III) system, the intensity of the second peak increased, and the second coordination
sphere consisted of the Fe(III)–O distance decreasing from 3.29 to 3.27. The third peak of
the RDF corresponded to the contribution of Fe(III)–Fe(III) bonds. The second coordination
sphere consisted of one Fe shell with the Fe(III)–Fe(III) distance decreasing from 3.37 to
3.36. It indicated that Fe(III)–O formed on the surface, and the oxidation of Fe2+ to Fe3+

by δ-MnO2.
A comparison of the experimental As χ(k) spectra reveals that the atomic environment

of Fe was significantly altered (Figure 10c and Table 3). The As RDF was composed of three
main peaks of up to 3 Å. In both systems, the first peak in both systems was solely caused
by As(V)–O bonds, which had an average distance of 1.68 Å and 1.71 Å, respectively. The
second peak of the RDF corresponded to the contribution of Fe(III)–As(V) bonds. In the
case of the δ-MnO2–Fe(II)–As(III) system, the intensity of the second peak increased, and
the second coordination sphere consisted of the Fe(III)–As(V) distance increasing from
3.38 to 3.4. This clearly demonstrates that δ-MnO2 can oxidize As(III) to As(V) in solution
due to the change in the bond distance between each coordination shell [48].

It is worth noting that the average bond distance of the first and second coordination
shells in both systems is comparable to that of ferric arsenate. However, their atomic
coordination numbers (3.3, 2.4, and 3.2, 2.1) are significantly lower than those of crystalline
ferric arsenate (4, 4), indicating the formation of amorphous or poorly crystalline ferric
arsenate during the oxidation process [49,50]. These results are consistent with those of
Scott [16].

3.4. Mechanisms of Arsenopyrite Oxidative Dissolution and Arsenic Immobility Mediated
by δ-MnO2

Based on the findings above, the mechanisms involved in the oxidative dissolution of
arsenopyrite mediated by δ-MnO2 can be proposed as depicted in Figure 11.
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At the very beginning, little Fe2+ and As(−I) was released from arsenopyrite into
the leachate as a result of acid dissolution. Compared to arsenopyrite, the Fe2+ ions were
preferentially oxidized by δ-MnO2, and the regenerating Fe3+ was more easily involved in
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the oxidation of arsenopyrite. As a cycle, δ-MnO2 mediated the oxidation of arsenopyrite
by constantly reborning Fe3+. The dissolved As(−I) was rapidly oxidized to As(III) by Fe3+

and then to As(V) by δ-MnO2, resulting in a gradual accumulation of As(III).
The accumulated Fe3+ could be adsorbed onto the surface of the residual δ-MnO2.

Due to the high affinity of As(V) to Fe(III), δ-MnO2 adsorbed As(V) on the surface with the
assistance of Fe3+ as the bridge. During this process, the δ-MnO2 mediated the accumulation
of Fe(III) and As(V) and the generation of amorphous FeAsO4 on the surface, as evidenced
via SEM, XRD, XPS, and XANES.

The generated FeAsO4 covered the particle surface with a loose and porous structure,
thus facilitating the oxidative dissolution of arsenopyrite. Notably, with the addition
of δ-MnO2, the pH rapidly approached 7 and the concentration of iron and arsenic in
the solution decreased continuously until the addition exceeded 5 g/L, at which point
the arsenic and iron were almost undetectable. The large amounts of ferric arsenate
accumulated on the particle surfaces. The Gibbs free energy indicates that the resultant
amorphous ferric arsenate was relatively stable (Figure 12). These factors result in the
immobilization of arsenic and the reduced mobility of arsenic in the environment.
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4. Conclusions

The present study’s findings clarify that the presence of δ-MnO2 could effectively
promote the oxidative dissolution of arsenopyrite and affect the species transformation of
arsenic, iron, and sulfur. The conclusions are as follows:

i. δ-MnO2, as a strong oxidant, could oxidize arsenopyrite under acid conditions, while
controlling arsenic release.

ii. The addition of δ-MnO2 significantly altered arsenic precipitation and the solution’s
chemistry, thereby influencing the fate of arsenic.

iii. The addition of δ-MnO2 significantly accelerated the oxidation dissolution of ar-
senopyrite, and the formation of amorphous ferric arsenate, which is advantageous
for the immobilization of arsenic.

iv. The addition of an increased amount of δ-MnO2 (≥5 g/L) resulted in a significant
increase in the solution pH, and the iron and arsenic concentrations decreased to
almost zero. Small amounts of elemental sulfur and large amounts of amorphous
ferric arsenate formed a porous structure on the surface of the mineral precipitate.
Consequently, the dissolution of arsenopyrite continued, and the released arsenic was
completely precipitated.
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v. δ-MnO2 rapidly oxidized As(III) and Fe2+ on the adsorbed surface to As(V) and Fe3+,
and As(V) and Fe3+ further rapidly generated amorphous ferric arsenate precipitates.

Overall, this study provides new methodological information on the oxidative pretreat-
ment of refractory gold minerals, and suggests a novel concept for the source management
of arsenic-contaminated environments.
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