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Abstract: Arsenopyrite (FeAsS) is one of the most typical As-bearing sulfide minerals
and bio-oxidation of arsenopyrite is a process of particular scientific interest, due to its
broad application in gold mineral processing as well as the release of toxic As. This
study aimed to enhance the dissolution of arsenopyrite (as well as of Fe(Ill)/As-bearing
oxidation products) via a sequential two-step process comprising aerobic bio-oxidation
and reductive dissolution under anaerobic conditions, both catalyzed by
Acidithiobacillus (At.) thiooxidans DSM 504: (i) during aerobic bio-oxidation, 67.7 and
64.9% As was extracted from arsenopyrite in a basal salts medium (BSM) and acid
mine drainage (AMD) respectively. A double passivation layer (comprising jarosite and
a dense outer layer) formed on the mineral surface in BSM, inhibiting further bio-
oxidation, while an oxidation layer with a more permeable amorphous nanosheet
structure (composing of tooeleite) was formed in AMD. (ii) Subsequently, the reductive
dissolution process effectively eliminated the double passivation layer (composed of S°,
amorphous ferric arsenate, K-jarosite, tooeleite, and scorodite), with 47.2 and 91.9%
Fe reduced in 16 days of anaerobic bio-oxidation of S° and S,0s%, respectively. The
proposed two-step bio-oxidation process has the potential to contribute to the
development of improved extractive technologies, and avoid the accumulation of
unstable As pollution sources. Additionally, the data indicate that a replacement of
growth media with AMD could reduce the elevated costs of the technology capable of

alternating aerated and anoxic bio-oxidation stages.

Keywords: Arsenopyrite; Bio-oxidation; Reductive dissolution; Acidithiobacillus

thiooxidans; Acid mine drainage; Sulfur oxidation
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1. Introduction

Arsenopyrite (FeAsS) is one of the most abundant auriferous sulfidic ores. Gold
(Au) is often associated with the mineral in the form of micro-fine particles, which
complicates the extraction of the precious metal (Cabri et al., 2000; Vikentyev 2015).
Several approaches have been used to promote the dissolution of arsenopyrite,
including pyrometallurgy flotation (Brittan, 1995), pressure oxidation (Ng et al., 2022),
and leaching with strong inorganic acids (Rogozhnikov et al., 2021). The above
techniques are costly (due to a high energy consumption and equipment requirements),
and present serious environmental hazards (caused by large amounts of potentially
hazardous wastes and emissions generated, and/or the use of harsh chemicals).

Bioleaching (and bio-oxidation) is considered a cost-effective and environmentally
sustainable alternative to the traditional extractive techniques, and is suitable for the
recovery of valuable metals from a range of minerals and waste materials (Roberto and
Schippers, 2022; Zeng et al., 2016; Brierley and Brierley, 2013). A number of
acidophilic Fe- and/or S-oxidizing bacteria that are commonly detected in acidic
environments (such as Acidithiobacillus spp.) have been applied in arsenopyrite bio-
oxidation (Ramirez-Aldaba et al., 2016; Dave et al., 2008). Under aerobic conditions,
biogenic Fe** and H,SOy4 are the primary chemical agents mediating the dissolution of
arsenopyrite. To further enhance the dissolution process, different culture media (e.g.,
9K, basal salts medium (BSM)) and effectors have been studied, with the latter
including minerals (e.g., pyrite, Deng et al., 2020), organic compounds (e.g., humic

acid, Zhang et al., 2020), and metal ions (e.g., Fe’*, Ag", Cu**, etc) (Pathak et al., 2017).
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Arsenopyrite bio-oxidation is a (bio)chemically complex process that is further
affected by the presence of metal ions (additions of which increase the mineral
processing costs). Additional metal ions may support bacterial growth, but can also
promote the accumulation of a variety of secondary products, thus affecting the
mobility of aqueous chemical species (Lengke et al., 2009) and potentially inhibiting
the dissolution of arsenopyrite through the formation of a passivation layer (Zhang et
al., 2021; Tabelin et al., 2020). Inorganic ions commonly used in culture media
(especially, K" and NH4") enhance the formation of K-jarosite and ammoniojarosite,
which can lead to immobilization of metal(loid)s (including As) via adsorption and/or
co-precipitation (Ryu and Kim, 2022). The As-rich by-products are often generated in
large amounts, and are commonly stored in tailings storage facilities or deposited in
heaps (Shaw et al., 2013). Such mine waste storage practices present a great threat to
the surrounding environment, particularly due to the low stability of the wastes, which
may significantly contribute to the generation of AMD rich in As.

The potential of many microorganisms (including fungi, archaea, and heterotrophic
and autotrophic bacteria) has been explored for reductive dissolution of Fe(III) minerals
(Sharma and Eisele, 2021; Marrero et al., 2015; Osorio et al., 2013). Jarosites, which
are among the most common by-products and metal(loid) sinks in bioleaching
processes, can be dissolved via anaerobic microbial processes that utilize organic matter,
hydrogen, or reduced inorganic sulfur compounds as electron donors (Chen et al., 2022;
Castro et al., 2013; Ohmura et al., 2002). However, limited knowledge exists about

microbially catalyzed reductive dissolution of bio-oxidized arsenopyrite residues



(BOARS) that accumulate during aerobic bioleaching processes. Besides S° and As-
bearing jarosites, these processes generate large amounts of As(III/V)/Fe(Ill)-bearing
phases (e.g., amorphous ferric arsenate and scorodite).

This study is the first to describe efficient dissolution of arsenopyrite and its
secondary products through sequential bio-oxidation comprising an aerobic and an
anaerobic step, both catalyzed by a single strain of A¢. thiooxidans. The main aims of
the novel approach were to enhance arsenopyrite dissolution and mitigate the
generation of potentially hazardous Fe(Ill)/As-bearing oxidation products. Compared
to previous studies, the use of an improved (Fe-free) growth medium lowered the
accumulation of secondary products, and would significantly reduce process costs in
larger-scale operations. As part of the research, the promising potential of AMD to
enhance arsenopyrite bio-oxidation was also evaluated. On a larger scale, the findings
could contribute to the development of novel mineral processing technologies with

improved leaching kinetic, as well as reduced costs and environmental impacts.

2. Materials and methods

2.1. Bacterial strain and culture conditions

The bacterial strain At. thiooxidans DSM 504, capable of anaerobic Fe’" reduction
coupled to S oxidation (as postulated by Chen et al., 2022), was obtained from the Key
Laboratory of Biometallurgy of the Ministry of Education of China, Changsha, China.
To adapt the strain to elevated As concentrations that occur during arsenopyrite bio-

oxidation, 10 g/L arsenopyrite was added to a basal salts medium (BSM; pH 2.0,



adjusted using 5 M H>SO4) containing (in g/L): (NH4)2SO4, 3.0; MgSOs4, 0.5; K;HPO4,
0.5; KCI, 0.1; Ca(NO3)2, 0.01. Prior to the adaption, BSM was autoclaved (121 °C, 30
min) and arsenopyrite was sterilized by washing in alcohol (for 10 min), followed by
ultrasonic cleaning (three times 1 min), triple rinsing in water, and drying (150 °C, > 6

hours). Finally, the adaption flask was inoculated with At. thiooxidans and cultivated at

30 °C and 170 rpm.

2.2. Materials

Arsenopyrite used in the bio-oxidation experiments was collected from a Carlin
type Au deposit in the Guangxi province, China. The mineral sample was ground and
sieved (using a 200-400 mesh) to obtain a fine particle fraction (38-75 um diameter).
The X-ray diffraction (XRD) analysis of the mineral sample confirmed the main phase
comprised arsenopyrite (Fig. S1). An elemental composition analysis by inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) showed the contents of Fe,
As, and S in the arsenopyrite were 33.3, 43.9, and 19.54 wt.%, respectively. Besides the
major constituents, minor contents of the following elements were detected (in wt.%):
0.98 Al, 0.61 Si, 0.39 Cu, and 0.24 Ca.

To explore the feasibility of using AMD as a growth medium to further reduce
mineral processing costs, aerobic bio-oxidation of arsenopyrite by At. thiooxidans in
AMD, besides BSM, was investigated. The AMD sample was collected from the
Dabaoshan Mine area (24°34'28"N, 113°43'42"), which is the largest polymetallic mine

in South China (Chen et al., 2020). The main dissolved elements detected in AMD were



(in g/L): 0.67 Fe, 0.37 Ca, 0.41 Al, 0.23 Zn, 0.11 Mn, 0.06 Na, 0.04 Cu, 0.04 Si, and
0.02 K. The bulk pH and oxidation reduction potential (ORP) values determined in the
collected AMD were 2.03 and +537 mV, respectively. Prior to use in bio-oxidation
experiments, the AMD sample was centrifuged (12,000 g, 10 min) and filtered (0.22

um), to remove fine materials and bacteria.

2.3. Sequential bio-oxidation of arsenopyrite by At. thiooxidans

2.3.1. Aerobic bioleaching

Aerobic bioleaching experiments were carried out in 250 mL Erlenmeyer flasks
containing 10 g/L sterile arsenopyrite in 100 mL sterilized BSM (pH 2.0) or AMD. At.
thiooxidans was inoculated at an initial concentration of 1.2 x 10® cells/mL. The
bioleaching assays were cultivated in a shaking incubator at 30 °C and 170 rpm. Un-
inoculated flasks served as abiotic controls. All assays were performed in triplicate, and
kinetic parameters were regularly monitored. After 15 days of aerobic bioleaching, the
solid residues were collected and analyzed for composition. Additionally, the
accumulated Fe(III)-rich solids from the BSM assay (below referred to as BOAR) were

used in the following reductive dissolution step.

2.3.2. Anaerobic sulfur bio-oxidation coupled to BOAR reductive dissolution

To determine the ability of At. thiooxidans to dissolve BOAR and to investigate the
mechanism of Fe reduction coupled to S bio-oxidation, the subsequent anaerobic

reduction step was performed in a separate system, which prevented inhibition of the



bacterium by elevated concentrations of oxidation products. The reductive dissolution
was performed in 150 mL serum bottles containing 10 g/ BOAR in 50 mL sterile BSM
(pH 2.0). The serum bottles were inoculated with At. thiooxidans to an initial cell
density of 1.2 x 10% cells/mL. Two inorganic sulfur compounds, S° or Na>S,0s (at
concentrations corresponding to 1, 2, and 3 g sulfur/L), were used as electron donors
for the anaerobic growth of At. thiooxidans with Fe*" (supplied in BOAR) serving as
electron acceptor. The assays were performed in duplicate, and incubated in a
thermostatic shaker at 30 °C and 170 rpm. Control flasks were carried out without sulfur

compounds under similar conditions as described above.

2.4. Analytical methods

To monitor the kinetics of the bio-oxidation processes, liquid samples were
collected from the assays every 1 to 2 days. The pH and ORP values were determined
in the samples using a pH meter (PB-10, Beijing Sartorius Scientific Instrument Co.
Ltd., China) and potentiometer (PHSJ-4F, Shanghai Inesa Scientific Instruments Co.
Ltd., China), with a reference Ag/AgCl electrode. The concentrations of total soluble
iron ([Fe']aq) and Fe** ([Fe*']aq) during aerobic bioleaching were determined using the
S-sulfosalicylic acid colorimetric method (Karamanev et al., 2002). In samples
collected from the anaerobic assays, [Fe’']aq and [Fe']q were measured using the
ferrozine method (Lovley and Phillips, 1987). The concentration of total dissolved As
([As"]aq) was analyzed using ICP-MS (7700x, Agilent Technologies, USA) and soluble

As speciation ([As(III)]aqgand [As(V)]aq) was determined using high-performance liquid



chromatography combined with ICP-MS (HPLC-ICP-MS) using an anion exchange
column. The concentration of sulfate ([SO4>aq) in liquid samples was analyzed using
the barium sulfate turbidimetric method (Zhu et al., 2011).

Prior to characterization of bioleaching residues, the solids were gently washed
twice using deionized water (with pH adjusted to that of the leaching solution), kept at
-80 °C for more than 12 hours and then freeze-dried. The surface morphology and
elemental composition of the solid samples were investigated using field-emission
scanning electron microscopy (FE-SEM; TESCAN MIRA3, Czech Republic). The
sample mineralogy was determined using X-ray diffraction (XRD; D8 ADVANCE,
Bruker, Germany). The valence state of sulfur was determined by X-ray photoelectron
spectroscopy (XPS; K-Alpha 1063, Thermo Fisher Scientific, USA), using Al Ko X-
ray as an excitation source. The speciation of As and Fe in solid samples was
determined using As K-edge and Fe L-edge X-ray absorption near edge structure
(XANES) spectroscopy, conducted in 1W2B and 4B7B beamlines respectively at
Beijing Synchrotron Radiation Facility (BSRF), Beijing, China. Athena software was
used for the normalization of XANES spectra and linear combination fitting (LCF)
analysis, and the goodness of fit was evaluated by the reduced chi-square value (Ravel

and Newville, 2005; Datta et al., 2012).

3. Results and discussion

3.1. Kinetics of arsenopyrite bioleaching under aerobic conditions

The changes in pH during aerobic bioleaching of arsenopyrite were affected mainly



by S and Fe oxidation catalyzed by At. thiooxidans, but also by the formation of
secondary products passivating the mineral surface. The pH value in the BSM assay
(Fig. 1a) increased slowly at the beginning and this increase accelerated after day 2 due
to rapid oxidation of Fe*" (Eq. (1)). A maximum pH value (~2.4) was reached on day 6,
followed by a decrease. In the AMD assay, a decrease in both pH (Fig. 1a) and ORP
(Fig. 1b; mainly determined by [Fe*"]ag/[Fe* Jaq, Zhang et al., 2015) was observed in
the first 2 days, due to the attack of Fe*" on arsenopyrite surface generating H" and Fe?*
(Eq. (2)). Similar changes in pH and ORP were observed in the sterile controls (Fig.
S2a, b). An additional supply of iron (which undergoes active redox cycling in
arsenopyrite bioleaching systems) present in AMD, explained a higher cell density in
AMD compared to BSM (Fig. 1¢). The main cause of the pH decrease observed after 6
days in both BSM and AMD was the generation of H" during S bio-oxidation (Eq. (3);
sulfate production showed in Fig. S3), as well as during the formation of Fe(IlI)- and/or
As-bearing phases such as jarosites (MFe3(SO4)2(OH)s, where M is K, NH4", Na*, or
H30") (Eq. (4)) and tooeleite (Fes(AsO3)4(SO4)(OH)s-4H20) (Eq. (5)) (shown in Fig.
3).
bioti
4Fe?* + 4H* + 0, — 4Fe3* + 2H,0 (1)
abiotic
5Fe3* + FeAsS + 3H,0 —— 6Fe?* + H3AsO; +S° + 3HT  (2)
biotic 2 "
2S5+ 30, + 2H,0 — 2S0,“” + 4H 3)
34 2_ " abiotic +
3Fe’* 4+ 250, + M* + 6H,0 —— MFe;(S0,),(0H)¢ + 6H 4)
34 3— 2 abiotic +
6Fe°" + 4As05;”°" + S0,“” + 8H,0 —— Fe4(As03),(S0,)(OH), - 4H,0 + 4H
)
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Fig. 1d shows that [Fe']aq in both BSM and AMD biotic assays gradually increased
due to progressing dissolution of arsenopyrite. In the BSM assay, soluble Fe occurred
mainly as Fe*" during the whole bioleaching process, and reached a maximum
concentration (1.13 g/L) on day 9, followed by a slight decrease due to precipitation of
Fe(IlI) minerals. In the AMD assay, Fe*" was the dominant form of soluble Fe during
the first 4 days of arsenopyrite bioleaching, while no Fe** was detected after day 6. The
extensive iron oxidation affected the color of the AMD assay, turning it darker yellow
compared to the BSM assay (shown in Fig. 1b). No significant increase in [Fe']sq or
iron oxidation were detected in the BSM and AMD abiotic assays during the time course
of the incubation (Fig. S2c). The above results confirmed the catalytic role of At.
thiooxidans in S/Fe oxidation and arsenopyrite dissolution under acidic conditions, as
described by others (Rohwerder et al., 2003).

Fig. le shows [As']aq gradually increased with the progression of aerobic
bioleaching of arsenopyrite, with As(III) dominating in both (BSM and AMD) assays.
Fe** present in AMD promoted arsenopyrite dissolution, leading to enhanced release of
As in the first 7 days, compared to BSM. However, from day 9, [As']sq in the AMD
assay was lower than that in BSM, likely due to precipitation of tooeleite facilitated by
the elevated Fe(IIl)/As(IIl) ratio (Chai et al., 2016; Duquesne et al., 2003). The
maximum rates of As bioleaching from arsenopyrite were 67.7 and 64.9% in the BSM
and AMD assays respectively, determined on day 15 (Fig. 1f), with the As solubilization
rate in AMD likely to be underestimated, due to rapid precipitation of tooeleite

(discussed below). In any case, these values were significantly higher than those in
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abiotic controls (which reached 5.1 and 7.6% in BSM and AMD respectively; Fig. 1f

and Fig. S2d).
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Fig. 1. Changes in (a) pH, (b) ORP, (c) cell density, (d) [Fe']ag and [Fe*'ag, and (e)
[AsT]aq and [As(IIl)]aq during aerobic bioleaching of arsenopyrite catalyzed by At.
thiooxidans in BSM and AMD; and (f) the proportions of As in solution (reflecting both
arsenopyrite dissolution and subsequent precipitation of secondary minerals) in biotic

and abiotic assays.

3.2. Characterization of solid products after aerobic bioleaching of arsenopyrite

The SEM results show that after 4 days of aerobic bioleaching, a thin fine oxidation
layer was formed on the surface of arsenopyrite in both BSM (Fig. 2a) and AMD (Fig.
2e). It is likely that this layer hampered the direct contact between At. thiooxidans and
arsenopyrite, considering a significant number of cells were observed on the oxidation
layer outer surface. The attachment of acidophilic bacteria to the surface of sulfidic ores

is a crucial process in Fe/S bio-oxidation, particularly in the initial stage (Tributsch,
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2001). In general, indirect bioleaching by biogenic Fe*" gains importance in the later
stages of the mineral dissolution process. The results of this study showed a presence
of a thick layer of accumulated Fe/S/As-bearing phases on the mineral surface in the
BSM assay after 8 days of bioleaching (Fig. 2b). A significantly different surface
structure of the arsenopyrite residue was observed in the AMD assay, with the initial
fine product layer developing into structures of aggregated nanosheets (Fig. 2f).

With prolonged bioleaching (15 days), two distinctive layers were formed on the
mineral residue surface in the BSM assay. The inner layer was well-crystallized, and
comprised aggregated disk-like microstructures (~1 pm diameter) corresponding to
jarosite. The inner layer was coated by a fine and dense outer layer composed of (wt.%):
354 0, 31.3 Fe, 25.8 As, 6.2 S, and 1.3 K (Figs. 2c and S4a). In the AMD assay, the
morphological features of arsenopyrite were not observed on the surface of the leaching
residue after 15 days, and small aggregated nanosheets were formed, with high contents
of As (30.2%) and S (8.1%) (Figs. 2g and S4b). Compared to the residue from the
abiotic BSM assay (shown in Fig. 2d), more extensive corrosion was observed on the
surface of arsenopyrite in the AMD sterile assay (Fig. 2h). The above results indicate
that AMD could be a suitable alternative to growth media used in bioleaching of sulfidic
minerals. Using AMD instead of BSM could significantly reduce the costs of large-

scale industrial mineral processing.

13



Dissolution of arsenopyrite in BSM
Biotic assay, daya b Biotic assay, day 8 Bibtic assay, day 15 Sterile contrél, day 15
a A B :
- ! e \ - " g

WS L

¥
- - N
T ‘f Bacteria

Fig. 2. SEM images of precipitates collected from (a-d) BSM and (e-f) AMD assays
after 4 (a, e), 8 (b, f), and 15 (c, g) days of arsenopyrite bioleaching under aerobic
conditions; SEM images of arsenopyrite residues collected from (d) BSM and (h) AMD

sterile controls after 15 days.

The analysis of solids confirmed the above hypothesis, indicating a greater rate of
microbially catalyzed arsenopyrite dissolution occurred in the AMD assay (Fig. 3b)
compared to BSM (Fig. 3a) (both under aerobic conditions), together with more
extensive accumulation of S” and tooeleite [Fe's(As™03)4(SO4)(OH)s-4H,0] (Fig. 3b).
The content of jarosites (mainly K-jarosite, identified by EDS; Fig. S4a) was higher in
the BSM precipitate after 4 days of arsenopyrite bioleaching, compared to the AMD
bioleaching assay. After 15 days of bioleaching, tooeleite, S° and jarosites were the
dominant phases in the BSM residue, with low amounts of arsenopyrite still present
(Fig. 3a). In contrast, no arsenopyrite was detected in the precipitate recovered from the

AMD bioleaching system, and poorly crystalline substances were abundant in the XRD
14



pattern (Fig. 3b). Commonly, S° and jarosites are the main components of mineral
passivation layers that mitigate further mineral dissolution catalyzed by bacteria and/or
Fe’" (Hol et al., 2011). It has been postulated that the structure of an oxidation layer has
a great impact on sulfide bioleaching, including arsenopyrite (McGuire et al., 2001). In
this study, the presence of the double layer on the BSM residue surface hampered the
attachment of bacterial cells to and attack by Fe®" on the mineral surface, resulting in
arsenopyrite dissolution inhibition (as shown in the left schematic in Fig. 3c). The
amorphous nanosheet structure formed on the surface of the residue in the AMD assay,
on the other hand, allowed the attack of Fe’" on the mineral surface, leading to
significantly more extensive arsenopyrite dissolution in AMD (Fig. 3c right) compared
to BSM. Only arsenopyrite phases were present in the XRD patterns of solids collected

from abiotic controls (Fig. S5).
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Fig. 3. XRD patterns of solid residues after 4, 8, and 15 days of aerobic arsenopyrite

bioleaching in (a) BSM and (b) AMD; (c) Effects of the structure of the surface
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passivation layer on arsenopyrite dissolution in BSM (left) and AMD (right).

3.3. Transformations of S, As, and Fe species in arsenopyrite bioleaching residues

Based on the S 2P3p» spectra (Fig. 4a-d) and fitting results (Table S1), the main
surface S species in the arsenopyrite residues after 4 days of bioleaching were (AsS)%,
Sn?, SY, and SO4* in both BSM (Fig. 4a) and AMD (Fig. 4b). The greater proportion of
S% (12.5%) and lower proportion of (AsS)* (7.98%) in the AMD residue confirmed a
greater rate of S oxidation in AMD compared to BSM. Progressing dissolution of
arsenopyrite led to a decrease in the proportion of (AsS)? in the BSM solids from 9.76
to 4.45% from day 4 to 15, together with an increase in SO4>" content from 59.31 to
74.07%. In contrast, the (AsS)* peak was not detected in the spectrum of the residue in
the AMD assay (Fig. 4d), which was in agreement with the above XRD data. The results
indicate that the formation of Fe(Ill)-hydroxysulfate secondary minerals in BSM
passivated the surface of arsenopyrite and hindered its dissolution, while this was not
observed in AMD.

Significant differences were observed between the As K-edge XANES spectra of
the BSM and AMD residues collected after 15 days of bioleaching (Fig. 4¢). Dissimilar
peak positions and intensities indicated different arsenopyrite dissolution mechanisms,
and therefore As fate, were likely to occur in the two assays. A strong peak
corresponding to As(III) (at 11,871.3 eV) and a weak shoulder peak for As(V) (at 11,875
eV) were observed in the AMD spectrum, showing that As precipitated in the reduced

form. The LCF results indicated the tooeleite proportion was 87.5%, with only minor
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contents of AFA (8.9%) and Na;AsO3 (3.6%) in the AMD residue (Fig. 4g). As(IlI)
precipitation can alleviate inhibition of arsenopyrite dissolution, as well as reduce the
toxic effects of dissolved As(IIl) on At. thiooxidans cells. In contrast, As(V)-bearing
phases dominated in the BSM bioleaching residue, with amorphous ferric arsenate
(AFA) constituting 81.1% (and tooeleite and crystalline scorodite proportions reaching
11.6 and 7.3% respectively) (Fig. 4f). Fe(IlI) was a dominant Fe species in both BSM

and AMD solid residues (Fig. S6).
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Fig. 4. (a-d) XPS spectra of S species on the surface of the residues collected from the
BSM (a, ¢) and AMD (b, d) assays after 4 (a, b) and 15 (c, d) days of aerobic
arsenopyrite bioleaching; (¢) As K-edge XANES spectra of solid residues after 15 days
of arsenopyrite bioleaching (together with those of As-bearing references), and LCF
results for the (f) BSM and (g) AMD precipitates. Legend: AFA = amorphous ferric

arsenate.

In summary, it can be concluded that AMD is a suitable substitute for culture media
(such as BSM and 9K) in arsenopyrite bioleaching under aerobic conditions. The
amorphous layer (composing mainly of tooeleite and minor amounts of AFA) formed
on the arsenopyrite surface in AMD exhibited a permeable nanosheet structure, which

did not inhibit the contact between arsenopyrite and leaching agents (i.e., Fe** and H"),
17



thus enabling continuous dissolution of the mineral. In contrast, the arsenopyrite
surface in BSM was completely passivated at the later bioleaching stages. The
passivation layer comprised an inner layer (composed of K-jarosite and tooeleite) and
outer layer (S° and AFA), and this structure effectively suppressed further arsenopyrite

oxidation.

3.4. Sulfur oxidation coupled with BOAR reductive dissolution catalyzed by At.

thiooxidans

To eliminate the Fe(Ill)-bearing secondary products accumulated on the
arsenopyrite surface and to further improve mineral bio-oxidation rate, reductive
dissolution of BOAR from the BSM assay was performed, catalyzed by At. thiooxidans
oxidizing S° and S>03%. As shown in Fig. 5a, an increase in [Fe']., was observed
during the reductive bioleaching process, indicating gradual dissolution of BOAR, with
higher efficiencies achieved in assays containing 1 and 2 g/L of sulfur in the form of
S,03%, compared to assays with corresponding amounts of S° (Fig. 5d). A higher
amount of $>03% (3 g S/L) did not result in a higher BOAR dissolution rate (Fig. 5d).
The changes in [Fe?'laq (Fig. 5b), cell density (Fig. 6a), and [SO4>] (Figs. 6b, c)
followed the above-described changes in [Fe']a, indicating that dissimilatory iron
reduction coupled to sulfur bio-oxidation (DIRSO) catalyzed by At. thiooxidans
enhanced the dissolution of BOAR. The changes in the concentration of solubilized As
(Fig. 6d) during the reductive dissolution of BOAR tallied with the changes in Fe
concentration, implying that Fe/As-bearing secondary products (i.e., FeAsO4 (AFA and

scorodite), and Fes(AsO3)4(SO4)(OH)44H20), were the primary electron acceptors in
18



DIRSO.
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Fig. 5. Changes in (a) [Fe]ag, (b) [Fe*']ag, (c) color changes in the assay solutions and
residues, and (d) the extent of reductive dissolution of bio-oxidized arsenopyrite residue
(BOAR) under anaerobic conditions, catalyzed by At. thiooxidans oxidizing different
concentrations of S° and NaxS;0;, based on Fe dissolution data; (e) a schematic

showing anaerobic dissolution of BOAR without sulfur compounds added.
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Fig. 6. Changes in (a) cell density, (b, ¢) [SO4*Tag, and (d) [As]aq during reductive
dissolution of bio-oxidized arsenopyrite residues (BOARSs) catalyzed by At. thiooxidans
oxidizing different concentrations of S° (a,b,d) and Na,S,0s (a,c,d).

Fig. 5¢ shows the color changes in the anaerobic assays. The colors of the assays
containing S° and S»03% became lighter after 6 days compared to those observed in the
initial stage (shown in Fig. S7). The lightest color (indicating the greatest rate of
reductive dissolution of BOAR) was detected in the assay with 1 g/L S (S205%).
However, after 12 (Fig. S7) and 16 days (Fig. 5a), the most profound color change was
observed in the assay with 2 g/L S (S203%). This was supported by dissolved Fe
concentration data analyzed after 16 days, showing the dissolution of BOAR reached
71.3, 91.9, and 57.4% in assays containing 1, 2, and 3 g/L S (S205%), respectively.
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Lower values of Fe solubilization were determined in assays with S° (reaching 32.0,
45.5, and 47.2%, respectively) (Fig. 5d). Both S® and S,03>" are common intermediates
occurring during sulfidic ore bioleaching processes (Vera et al., 2013). It has been
previously described that S>03?” can serve as an electron donor during anaerobic
oxidation coupled to Fe** reduction (Chen et al., 2022). The reduced bacterial growth
and BOAR dissolution observed in assays with excessive S:03>" (3 g S/L) were
ascribed to elevated pH caused by the electron donor addition.

Interestingly, in the assay without sulfur compounds, the rate of BOAR dissolution
reached 7.2% in 16 days, with soluble Fe existing predominantly as Fe** (Figs. 5a, b).
The intensity of the S° diffraction peak in BOAR XRD spectrum (Fig. S8) decreased
after reductive bioleaching, correlating with the tooeleite and jarosite peak intensity
decreases. The above findings indicate that A¢. thiooxidans can oxidize a portion of the
SY present in BOAR coupled to reduction of Fe*" (mainly present in tooeleite
precipitated in BOAR), resulting in partial dissolution of BOAR without additional

sulfur sources (Fig. Se).
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Fig. 7. (a, b) SEM images and (c) XRD pattern of BOAR residue after 16 days of
reductive dissolution catalyzed by At. thiooxidans oxidizing S° (2 g S/L), together with
a schematic showing the oxidation-reduction process; (d-f) SEM-EDS images of
BOAR residue after 16 days of reductive dissolution catalyzed by At. thiooxidans
oxidizing Na;S>03 (2 g S/L); (g) schematic diagram of reductive dissolution of BOARs
by At. thiooxidans oxidizing Na>S>03, showing direct S,03* oxidation (left) and S°

(generated from S,03%") oxidation (right) processes involved.

Adsorption of bacterial cells onto the surface of S particles is crucial for sulfur

bio-oxidation under both aerobic and anaerobic conditions (Nguyen and Lee, 2015;
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Zhang et al., 2022). Fig. 7a, b shows that in the biotic assay with 2 g S/L (S°), extensive
dissolution of BOAR was observed, with numerous corrosion pits and adhered At.
thiooxidans cells visible on the surface of S° particles. A solid phase composition
analysis (Figs. 7c and S10a) showed a significant decrease in jarosite content and
complete absence of tooeleite after 16 days of BOAR bioleaching under anaerobic
conditions. These results confirm that reductive dissolution of BOAR proceeds via
reduction of Fe** in Fe(Ill)- and/or As(V/IIl)-bearing phases (i.e., tooeleite, AFA,
scorodite, and K-jarosite) to Fe?’, using electrons generated through S oxidation
catalyzed by S-oxidizing chemolithotrophs, such as At. thiooxidans (Egs. (6-10)). These
processes disrupt the equilibrium between Fe*" in solution and in the solid phase, thus
accelerating BOAR dissolution (Banwart et al., 1989; Marrero et al., 2015).
Feg(As03)4(S0,)(OH), 4H,0 + 16H* < 6Fe3* + 4H;As0; + SO,%~ 4+ 8H,0  (6)
FeAsO, + 3H* & Fe3t + H3As0, (7)

KFe3(S0,),(0OH)¢ + 6H* © 3Fe3* + K* +250,%” + 6H,0  (8)

S0+ 4H,0 T 50,27 4 8HY + 60 (9)

Fe3* + e~ - Fe?*  (10)

The typical morphological features of BOAR mostly disappeared after 16 days of
reductive dissolution in the biotic assay with 2 g/L S (S203%). Instead, irregularly
shaped particles were formed composing mainly of S, with bacterial cells attached to
the surface (Figs. 7e, f). Fig. 7d shows that many of the bacterial cells were adsorbed

on the inside of the residual oxidation layer of BOAR (which composed of (in wt.%):

43-75 S, 19-32 O, and 5-18 Fe, with minor proportions of As and K), and corrosion pits
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were observed in the vicinity of the bacteria. The predominance of S in the residual
oxidation layer further confirmed BOAR dissolution. Furthermore, XRD results (Fig.
S9b) indicated complete dissolution of tooeleite and jarosite in the assay with 2 g/LL S
(S205%), while the dissolution of jarosite was partially inhibited in assays with higher
[3 g/LS (S203%)] or lower [1 g/L S (S205%)] sulfur contents. These results indicate that
jarosite was more difficult to bio-dissolve under anaerobic conditions than Fe(III)/As-
bearing compounds such as tooeleite and scorodite.

Based on the above findings, a model is suggested for BOAR dissolution via S203*
oxidation coupled to Fe** reduction, catalyzed by At. thiooxidans (Fig. 7g). The process
follows Eq. (11), with oxidation of S>03* proceeding via S° (Egs. (12, 13)). The
bacterial cells then attach to the S° particle surface, and catalyze reduction of Fe*" in

BOAR.

At.thiooxidans

S;0527 + 8Fe3* + 5H,0 ————— 250,2” + 8Fe?* + 10H*  (11)
S,0,*” + 2H* - H,S,0;  (12)

H,S,05 —» SO, +S° + H,0  (13)

The generated Fe?* and residual S could be used as electron donors for acidophilic
chemolithotrophs to enhance subsequent bio-oxidation of the sulfidic minerals under
aerobic conditions. Such sequential bio-oxidation using alternating aerobic and
anaerobic phases could facilitate improved Au extraction with efficiently eliminate

unstable Fe(II1)/As-bearing secondary products.
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4. Conclusions

Two-step sequential bioleaching catalyzed by At. thiooxidans was performed to
enhance arsenopyrite bio-oxidation. Firstly, an aerobic bioleaching step was performed.
The oxidation layer (composing of S°, AFA, K-jarosite, tooeleite, and scorodite) formed
on the arsenopyrite surface in BSM passivated the surface and inhibited further
dissolution. Improved arsenopyrite bioleaching was achieved in AMD, leading to the
formation of an amorphous nanosheet structure (comprising mainly tooeleite) on the
mineral surface, which did not obstruct the contact of chemolithotrophic bacteria and
Fe*" with the mineral. The findings show that AMD can be used as a cost-effective
alternative to growth media in bio-oxidation processes. Secondly, reductive dissolution
of the residual arsenopyrite was performed via enhanced sulfur oxidation catalyzed by
At. thiooxidans using external S® and S>03?" as electron donor under anaerobic condition.
The reductive process successfully removed the passivation layer. On an industrial scale,
enhanced Au extraction could be achieved via improved kinetics of arsenopyrite
dissolution. Further research could investigate the efficiency of sequential leaching with
a higher number of alternating aerobic and anaerobic phases, as well as upscaling of
the two-step process. The elevated costs of a large-scale technology allowing
alternating aerated and anoxic bio-oxidation steps could be reduced by the use of AMD

instead of a growth medium.
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