
Citation: Barahona, S.; Herrera, E.;

Jara, A.; Castro-Severyn, J.; Gallardo,

K.; Fuentes, G.; Dorador, C.;

Saavedra, C.; Remonsellez, F.

Arsenopyrite Dissolution and

Bioscorodite Precipitation by

Acidithiobacillus ferrivorans ACH

under Mesophilic Condition.

Minerals 2022, 12, 520. https://

doi.org/10.3390/min12050520

Academic Editor: Naoko Okibe

Received: 28 January 2022

Accepted: 14 April 2022

Published: 22 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Arsenopyrite Dissolution and Bioscorodite Precipitation by
Acidithiobacillus ferrivorans ACH under Mesophilic Condition
Sergio Barahona 1,2,†, Erick Herrera 1,3,†, Andrea Jara 1,2, Juan Castro-Severyn 1,4, Karem Gallardo 4,
Gerardo Fuentes 5, Cristina Dorador 6 , Claudia Saavedra 7 and Francisco Remonsellez 1,4,*

1 Laboratorio de Microbiología del Desierto y Ambientes Extremos, Departamento de Ingeniería Química,
Universidad Católica del Norte, Antofagasta 1240000, Chile; barahona.sergio.l@gmail.com (S.B.);
eherrera.icm@gmail.com (E.H.); ajarasandoval@gmail.com (A.J.); jsevereyn@gmail.com (J.C.-S.)

2 Programa de Doctorado en Ingeniería de Procesos de Minerales, Facultad de Ingeniería,
Universidad de Antofagasta, Antofagasta 1270300, Chile

3 Programa de Magister en Ciencias de la Ingeniería Mención Metalurgia, Universidad Católica del Norte,
Antofagasta 1240000, Chile

4 Centro de Investigación Tecnológica del Agua en el Desierto-CEITSAZA, Universidad Católica del Norte,
Antofagasta 1240000, Chile; kgallardo@ucn.cl

5 Universidad Tecnológica de Chile, INACAP, Santiago 8320000, Chile; gfuentesc@inacap.cl
6 Laboratorio de Complejidad Microbiana y Ecología Funcional, Departamento de Biotecnología,

Facultad de Ciencias del Mar y Recursos Biológicos, Universidad de Antofagasta,
Antofagasta 1270300, Chile; cristina.dorador@uantof.cl

7 Laboratorio de Microbiología Molecular, Facultad de Ciencias de la Vida, Universidad Andrés Bello,
Santiago 8370186, Chile; csaavedra@unab.cl

* Correspondence: fremonse@ucn.cl
† These authors contributed equally to this work.

Abstract: Arsenopyrite is the most abundant arsenic-bearing sulfide mineral in the lithosphere,
usually associated with sulfide gold ores. The recovery of this highly valuable metal is associated
with the release of large quantities of soluble arsenic. One way to mitigate the effects of high
concentrations of arsenic in solution is to immobilize it as scorodite precipitate, a more stable
form. Hence, we addressed the scorodite formation capacity (under mesophilic conditions) of
psychrotolerant Acidithiobacillus ferrivorans ACH isolated from the Chilean Altiplano. Bio-oxidation
assays were performed with 1% arsenopyrite concentrate as unique energy source and produced
solids were evaluated by X-ray diffraction (XRD) and QEMSCAN analysis. Interestingly, the results
evidenced scorodite generation as the main sub-product after incubation for 15 days, due to the
presence of the microorganism. Moreover, the QEMSCAN analysis support the XRD, detecting a 3.5%
increase in scorodite generation by ACH strain and a 18.7% decrease in arsenopyrite matrix, implying
an active oxidation. Finally, we presented the first record of arsenopyrite oxidation capacity and the
stable scorodite production ability by a member of A. ferrivorans species under mesophilic conditions.

Keywords: arsenopyrite; Acidithiobacillus ferrivorans; bioscorodite; precipitation; bio-oxidation

1. Introduction

Arsenopyrite (FeAsS) is the most abundant arsenic-bearing sulfide mineral in the
lithosphere, whereby it has become important for the mineral processing industries that
have been focusing their interest on finding new technologies to recover commercially
valuable metals such as copper, nickel, and gold from these ores with lower economic
and energy costs [1,2]. Low grade refractory sulfide gold ores are usually associated with
high amounts of pyrite and arsenopyrite. In such ores, gold is dispersed as submicro-
scopic particles and the efficient recovery of this finely dispersed metal is very difficult
by conventional methods (e.g., cyanidation) without pretreatment [3]. In this context, the
bio-oxidation of refractory sulfide gold ores prior to cyanidation could be one alternative
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pretreatment. The bio-oxidation enhances gold particles liberation from the sulfide matrix,
increasing the metal recovery [4,5]. Bio-oxidation pretreatment of refractory sulfide ores
prior to cyanidation represents a successful application of biohydrometallurgy, which
has been successfully practiced in several mining industries in Africa, Australia, South
America and Asia [4]. However, the bio-oxidation of arsenopyrite concentrates in turn
increases the soluble arsenic levels, which could strongly affect the microbial activity and
the bio-oxidation processes could be completely arrested [6].

The scorodite (FeAsO4·2H2O) is a crystalline ferric arsenate with low solubility in aque-
ous solutions, relatively high stability and excellent dewatering characteristics; therefore,
it is considered the ideal way to discard arsenic in mining industries [7]. Conventionally,
the scorodite can be either produced by a chemical process such as hydrothermal precipi-
tation or by controlled precipitation under atmospheric pressure [7,8]. Both precipitation
processes require high As(V) [9–11]; however, as the leaching progresses, the soluble As(III)
concentration increases, exceeding the As(V), making the scorodite precipitation gradually
more inefficient in batch process [12].

As the As(III) concentrations are predominant in these As-bearing compounds/solutions,
novel technologies for metallurgical operations are required for their treatment. Hence, a
promising alternative is the microbial scorodite crystallization. Moreover, the bioscorodite
(FeAsO4 2H2O) generation was demonstrated using the iron oxidizing archaea Acidianus sul-
fidivorans in presence of 1.9 g/L of arsenate at 80 ◦C. Furthermore, the produced bioscorodite
showed similar physico-chemical characteristics to those obtained from chemical process,
without the need of As(III) oxidation pretreatments [13]. On the other hand, a mixed
culture of Archaea belonging to the Sulfolobales order was used to produce bioscorodite in
an airlift reactor (at 72 ◦C) yielding 3 g/g of arsenic removal [14]. Additionally, Okibe and
collaborators described that the archaea Acidianus brierleyi was capable of oxidizing arsenite
(As(III)) to arsenate (As(V)), producing bioscorodite (at 70 ◦C) without the presence of any
chemical oxidant [15]. Indeed, this microorganism was capable of oxidizing ferrous iron
(Fe(II)) and arsenite (As(III)) simultaneously to ferric iron (Fe(III)) and arsenate (As(V))
using atmospheric oxygen as electron acceptor, under thermophilic conditions [16].

Given the precipitation process requires high temperatures, most of the reported inves-
tigations has been carried out using thermoacidophilics microorganisms. Nevertheless, the
biomineralization of scorodite during oxidative processing of arsenic-rich cobalt minerals
at mesophilic temperatures has been demonstrated using microbial consortia including iron
and sulfur-oxidizing mesophilic and thermotolerant prokaryotes [17]. Hence, the capacity
of scorodite synthesis by mesophilic organisms like Acidithiobacillus is poorly understood.
This genus is composed by seven species (A. albertensis, A. caldus, A. thiooxidans, A. ferrooxi-
dans, A. ferrivorans, A. ferriphilum and A. ferridurans) which differ from each other by their
tolerance ranges to pH, temperature, heavy metals, and energy source used. Specifically,
Acidithiobacillus ferrivorans is a unique psychrophilic member of this genus (capable of
growth at 4–30 ◦C) and uses iron sulfur or reduced inorganic sulfur compounds as energy
source [18]. Additionally, several groups have described the presence of this microorganism
in diverse cold environments from Russia, Norway, USA, China, Peru and Chile [18–23].
Nevertheless, the focus of these previous reports has been the psychrotolerance features,
but with little focus on understanding the arsenic resistance and scorodite synthesis ca-
pacities. Therefore, in this work, we aimed to evaluate the arsenopyrite refractory mineral
dissolution capacity by Acidithiobacillus ferrivorans ACH under mesophilic conditions, and
to determine the arsenic removal ability from As-bearing minerals to precipitate it as
bioscorodite.

2. Materials and Methods
2.1. Bacterial Strain and Growth Conditions

A. ferrivorans ACH was isolated from an enrichment culture obtained from a shal-
low acid stream (pH < 3) located at 4000 m.a.s.l in the Chilean Altiplano (Cerro Aroma
River-Tarapacá Region) [20]. This strain is capable of growing in the presence of iron,
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sulfur and pyrite as energy source and exhibited a broad range of growth temperatures
ranging between 4–28 ◦C [24], and it is also able to tolerate high Cu(II) concentrations [25].
Following this, A ferrivorans ACH was cultured at 28 ◦C with 120 rpm of constant agitation
in modified 1X Mackintosh (MAC) medium (50X, per liter): 50 mM (NH4)2SO4; 26.65 mL
H2SO4; 7.8 mM K2HPO4; 6.2 mM MgCl2·6H2O; 50 mM CaCl2·2H2O and 50 mL of trace
elements [26].

2.2. Bio-Oxidation Experiments

The bio-oxidation experiments were performed in 500 mL Erlenmeyer shake flasks
containing 200 mL of MAC medium with 1% arsenopyrite pulp (concentrate) as energy
source and 10% bacterial inoculum; incubated for 20 days at 28 ◦C with 120 rpm of constant
agitation. The arsenopyrite concentrate was obtained from the “Comercializadora de
Minerales Viacha” mining company (La Paz–Bolivia, Ciudad de la Paz, Bolivia). Next,
bacterial growth was monitored by planktonic unstained cell counting by phase-contrast
microscope (CX21, Olympus, Tokyo, Japan) using a Neubauer chamber. Additionally, the
redox potential and pH values were measured by an Ag/AgCl electrode (Model 420A,
ORION, Shanghai, China). As and Fe total in solution during the bio-oxidation assays were
obtained using Perkin Elmer Optima 7000 DV model inductively coupled plasma optical
emission spectrometry (ICP-OES, Waltham, MA, USA). The assays were set to recollect the
produced solids after 5, 10, 15 and 20 days of incubation. Additionally, control assays were
prepared exactly the same without the bacteria. Three independent experiments with at
less three technical replicates each were performed.

2.3. Mineralogical Characterization

The control of arsenopyrite pulp and the bio-oxidation solid products were character-
ized by mineralogical identification through different approaches: (i) X-ray diffraction was
carried out with a diffractometer (D5000, Siemens, Munich, Germany). The powder patterns
were analyzed using DiffracPlus and TOPAS (Total Pattern Analysis Software). Crystalline
phases were identified using the database of the International Center for Diffraction Data
(ICDD); (ii) X-ray fluorescence using a spectrometer (SRS 3000, Siemens); (iii) Quantitative
Evaluation of Minerals by Scanning Electron Microscopy analysis—QEMSCAN® (E430,
CSIRO, Canberra, Australia) and (iv) Dual optical microscopy (BX51, Olympus, Japan).

2.4. Search for Arsenic Resistance Genetic Determinants in the ACH Strain Genome

Some known and described arsenic response genes for the Acidithiobacillus genus
were used as reference and queried to identify their presence in the ACH strain genome
(GeneBank Accesion: GCA_018854855.1) using BLAST.

3. Results
3.1. Characterization of Arsenopyrite Concentrate

The preliminary analysis of the arsenopyrite showed a chemical composition of 27.7%
iron, 32.1% arsenic and 18.8% sulfur. In parallel, through optical microscopy, we visualized
the mineralogical species present at the sample (Figure 1), which was composed mainly
by arsenopyrite and pyrite (Figure 1A,B,D), while chalcopyrite and gold particles were
detected in a minor proportion (Figure 1B,C).
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Figure 1. Chemical characterization of arsenopyrite through atomic absorption spectrophotometry 
(upper table) and visualization in an optical microscopy (lower image panels: (A–D)). The white 
arrows indicate the detected mineral species. Ars: arsenopyrite; Py: pyrite; Au: gold; Cpy: chalco-
pyrite. 

Additionally, to corroborate the aforementioned results, we performed an X-ray dif-
fraction (XRD) to the same arsenopyrite pulp to estimate mineralogical composition. The 
diffractogram pattern evidenced the presence of arsenopyrite, pyrite and quartz as the 
main mineralogical species in the sample. The major proportion detected was for arseno-
pyrite with 38.9% followed by pyrite (24.4%) and quartz with a minor proportion of 5.5% 
(Figure 2). 

 
Figure 2. Diffractogram of arsenopyrite pulp used for the experimental bio-oxidation assays. Ob-
tained through X-ray diffractometry analyzed with TOPAS Software. 

In addition, through X-ray fluorescence spectrophotometry we estimated that the 
sample contained trace amounts of nickel (Ni), cobalt (Co), antimony (Sb), copper (Cu), 
zinc (Zn), lead (Pb) and bismuth (Bi) (Table 1). 

Figure 1. Chemical characterization of arsenopyrite through atomic absorption spectrophotom-
etry (upper table) and visualization in an optical microscopy (lower image panels: (A–D)). The
white arrows indicate the detected mineral species. Ars: arsenopyrite; Py: pyrite; Au: gold; Cpy:
chalcopyrite.

Additionally, to corroborate the aforementioned results, we performed an X-ray diffrac-
tion (XRD) to the same arsenopyrite pulp to estimate mineralogical composition. The
diffractogram pattern evidenced the presence of arsenopyrite, pyrite and quartz as the
main mineralogical species in the sample. The major proportion detected was for arsenopy-
rite with 38.9% followed by pyrite (24.4%) and quartz with a minor proportion of 5.5%
(Figure 2).
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Figure 2. Diffractogram of arsenopyrite pulp used for the experimental bio-oxidation assays. Ob-
tained through X-ray diffractometry analyzed with TOPAS Software.

In addition, through X-ray fluorescence spectrophotometry we estimated that the
sample contained trace amounts of nickel (Ni), cobalt (Co), antimony (Sb), copper (Cu),
zinc (Zn), lead (Pb) and bismuth (Bi) (Table 1).
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Table 1. Trace elements of arsenopyrite pulp estimated by X-ray fluorescence spectrophotometry.

Trace Elements Ni Co Sb Cu Zn Pb Bi

Amounts (ppm) 16.71 7.08 671.00 165.00 605.00 138.00 582.00

3.2. Growth of A. ferrivorans ACH Cells Using Arsenopyrite as Energy Source

First, the ACH strain cells were initially adapted to grow in the presence of different
pulp concentrations of arsenopyrite (1, 5, 10 and 12%, respectively; Figure 3) and the
growth rate was negatively affected by concentrations higher than 5%. Additionally, the
iron oxidation capacity decreased, evidenced by the low redox potential values in 5, 10
and 12% pulp concentrations (361 mV, 318 mV and 300 mV, respectively; Figure 3). On
the other hand, the pH values remained close to 1.8 in presence of 1% pulp, while at
higher concentrations of pulp, pH values remained close to 1.8 (Figure 3). Hence, the best
growth rate was obtained with the 1% pulp condition (Figure 4). Furthermore, the cell
growth (exponential phase) started after 5 days of lag phase, reaching between 5.0 × 106–
3.2 × 107 cell mL−1, increasing one order of magnitude after 20 days incubation of growth.
Besides, the redox potential value also increased up to 560 mV by this time (Figure 4).
Thus, according to these results, a 1% pulp was selected as experimental condition for the
bio-oxidation assays.
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3.3. Arsenopyrite Dissolution and Bioscorodite Precipitation by A. ferrivorans ACH

Solid residues recovered from A. ferrivorans ACH bio-oxidation experiments were
characterized by optical microscopy, XRD and QEMSCAN. The dissolution of arsenopyrite
concentrates by ACH action was evidenced by optical microscopy from day 15 onwards, as
we saw the unperturbed mineral structure for the first 10 days (Figure 5A,B). However, after
15 days, the arsenopyrite structure drastically changed, displaying an irregular surface,
due to microbial activity (Figure 5C). Finally, after 20 incubation days, arsenopyrite looked
almost completely dissolved (Figure 5D). This could potentially enhance the release of
more valuable components contained in this refractory matrix.
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Similarly, the XRD pattern suggests that after 5 days of incubation arsenopyrite was
the predominant solid, without any significant change in the mineral matrix (Figure 6A),
despite the fact that an increase in the redox potential values was detected at this period
of time (Figure 4). Subsequently, after 10 days of incubation, the XRD pattern showed
changes in the pulp mineral species, detecting arsenopyrite, elemental sulfur and pyrite
(Figure 6B). Interestingly, after 15 days of incubation, the XRD patterns revealed the pres-
ence of bioscorodite (FeAsO4 2H2O), in addition to arsenopyrite, pyrite, elemental sulfur
and quartz (Figure 6C). Therefore, the bioscorodite precipitated is produced due to the
bacterium ability to oxidize both iron and arsenic contained in the arsenopyrite, generating
a stable precipitate which is rich in both elements. Finally, after 20 incubation days, the
XRD result show that scorodite is one predominant mineral species in the culture, produced
under mesophilic conditions (Figure 6D).
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Additionally, we performed a QEMSCAN analysis on both the arsenopyrite pulp and
the solids obtained during bio-oxidation assays to estimate the percent of arsenopyrite
dissolution and bioscorodite generation by the ACH strain activity. Firstly, the results for
the pulp composition supports those of X-ray fluorescence indicating arsenopyrite as the
main sulfide mineral in the sample with 35.5% followed by other As-Fe-Ni sulfides (15.1%)
and nickel/cobalt associated arsenopyrite sulfides (13.5%) (Table 2). Secondly, the ACH
strain was capable of dissolving the arsenopyrite matrix from 35.5% to 16.8% after 20 days
of incubation. In addition, the microorganism was capable of dissolving other types of
arsenopyrite such as those associated with nickel and cobalt (13.5% to 1.1%), and other
arsenic sulfides (Table 2).

Table 2. Mineralogical composition of the arsenopyrite pulp and the solids obtained after bio-
oxidation of arsenopyrite by A. ferrivorans ACH using a QEMSCAN analysis.

Mineral Mass (%) Arsenopyrite Pulp
without Bacteria

Bio-Oxidation Process

5 Days 10 Days 15 Days 20 Days

Alloys As-Fe 2.2 0.7 0.5 0.9 0.8
Arsenopyrite 35.5 37.7 31.0 23.0 16.8 *
Arsenopyrite

(Ni+Co) 13.5 12.8 9.2 4.2 1.1 *

As-Ni-Fe Sulfides 3.6 2.4 2.8 0.8 1.0 *
As-Fe-Ni Sulfides 15.1 12.3 8.0 2.2 0.3 *
As-bearing Pyrite 1.0 1.5 1.8 2.3 2.9

As-bearing sulfates 7.4 11.4 17.4 32.0 32.1 +
As-bearing silicates 4.1 3.9 5.8 7.0 9.8 +

Scorodite 1.9 2.5 3.3 4.7 5.4 +
Others As minerals 0.1 0.2 0.5 0.9 2.1 +

Pyrite 10.6 9.4 12.1 13.8 15.8
Others 5.0 5.0 8.0 8.0 12.0

*: minerals species with decreased mass percent. +: minerals species with increased mass percent.
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It is important to highlight the mineral mass appearance of As-bearing sulfates, reach-
ing 32% after 15 days of incubation. Interestingly, the scorodite synthesis by the presence of
ACH strain was also determined, increasing the mineral mass from 1.9% to 5.4% (Table 2),
which corroborates the patterns obtained previously by XRD.

Finally, we determined the As and Fe concentrations in solution after the arsenopyrite
bio-oxidation assays (Figure 7). We observed an increase in total Fe and As concentra-
tion over time, both concomitant with the grow of A. ferrivorans ACH showed previously
(Figure 4). This potential means that the ACH strain is capable of tolerating higher con-
centrations of arsenic; however, the respective tolerance tests, as determined by Minimal
Inhibitory Concentrations (MIC), are pending a future study.
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4. Discussion

Some authors have described that the rates of oxidation and dissolution for sulfide
minerals (such as arsenopyrite) are enhanced by microorganism metabolic processes, be-
cause they could use those to generate energy [27–29]. The ability of those organisms
has led to their use for mineral ores pretreatment, which include sulfide ores containing
valuable metals such as gold [29]. Thus, the arsenopyrite dissolution by microorganisms
has been previously reported by many authors [27,28,30]. Additionally, four mechanisms
of action for arsenopyrite dissolution have been suggested according to the following
equations:

2FeAsS + 2.5O2 + 2H2SO4 + H2O→ 2FeSO4 + 2H3AsO3 + 2S0 (1)

2FeSO4 + 0.5O2 + H2SO4 → Fe2(SO4)3 + H2O (2)

2FeAsS + 5Fe2(SO4)3 + 6H2O→ 12FeSO4 + 2H3AsO3 + 3H2SO4 + 2S0 (3)

2S0 + 2H2O + 3O2 → 2H2SO4 (4)

The microorganism grows initially on the surface of arsenopyrite where ferrous
iron (as FeSO4), arsenite (as arsenous acid (H3AsO3)) and elemental sulfur are generated
(Equation (1)). Later, due to increased concentrations of ferrous iron (Fe+2), the microor-
ganisms are capable of oxidizing this to ferric iron (Fe+3) (Equation (2)). Then, the ferric
iron (as Fe2(SO4)3) generated by the microorganism is used for attaching (chemically) to
the mineral surface producing ferrous iron, arsenite, sulfuric acid and elemental sulfur
(Equation (3)). Finally, the elemental sulfur (S0) turns into sulfuric acid to maintain the low
pH values required by the microorganisms (Equation (4)) [31].

The principal microorganisms involved in arsenopyrite dissolution are acidophilic,
iron and/or sulfur oxidizing and capable of resisting high arsenic concentration in solu-
tion [29]. In this context, here we reported for the first time the capacity of Acidithiobacillus
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ferrivorans to use arsenopyrite concentrate as energy source under mesophilic conditions.
However, previous studies have described this species as a psychrotolerant, able to oxidize
iron, sulfur, and reduced inorganic sulfur compounds, and to solubilize pyrite as energy
source [18,19,24]. Moreover, the capacity to grow using arsenopyrite as unique energy
source by ACH strain is evidenced in Figure 4, where the increase in bacterial cellular
density is one order of magnitude after 20 days of incubation. In addition, the increased
redox potential was concomitant with the proliferation of cell number detected in our
assays (Figure 4). Therefore, it can be suggested that bacteria promote an active oxidation
of the arsenopyrite concentrate reported previously in some group of archaea such as
Sulfobacillus and Acidianus. In the particular case of the Acidithiobacillus genus, previous
reports determined the capacities of arsenic resistance, specifically in some A. ferrooxidans
strain grown in the presence of arsenopyrite [32,33], suggesting that this genus is tolerant
to arsenic. In addition, mixed mesophilic adapted culture (enriched in A. caldus and L. fer-
riphilum) have shown high tolerance to arsenic in packed-bed columns and continuous
bioleaching reactors of arsenopyrite from mine tailings [34,35].

Bacterial attachment on minerals increases leaching activities due to a higher interac-
tion space between the cells and mineral surface [36], enhancing the oxidation of refractory
minerals such as arsenopyrite. In this context, our results show the real capacity of ACH
strain to oxidize arsenopyrite, dissolving almost entirely the matrix by action of the ferric
iron generated by the microorganisms after 15 days (Equation (2)) (Figure 5). In addition,
microorganism’s presence generates more drastic changes on the arsenopyrite surface
compared to the use of a Fe2(SO4)3 chemical solution [37]. On the other hand, depending
on the oxidizing conditions, a great number of sub-products could be generated from
the arsenopyrite oxidation, which could inhibit the correct mineral oxidation due to the
formation of surface passivation layers [30]. Additionally, these passivation layers might
be composed by elemental sulfur, arsenolite, jarosite, iron hydroxides, amorphous ferric
arsenate/scorodite and ferric phosphate [38]. Therefore, to describe these sub-products and
understand their possible negative effects, a combination of different approaches (X-ray
diffraction (XRD), scanning electron microscopy (SEM) and QEMSCAN) was the most
convenient strategy to analyze the surface chemistry during arsenopyrite bio-oxidation.

Interestingly, the XRD patterns revealed that the principal sub-products generated
by ACH strain were sulfur, pyrite and scorodite (Figure 6). Additionally, a similar re-
sult reported the presence of ferric arsenates and sulfur on bio-oxidized arsenopyrite
by Acidthiobacillus ferrooxidans [27]. Additionally, the transformation of arsenopyrite to
jarosite, sulfur and ferric arsenate when metabolized by Acidithiobacillus caldus at 45 ◦C
was described [38]. Nevertheless, in none of these cases was scorodite identified; only an
unidentified, amorphous ferric arsenate was reported. Likewise, the formation of jarosite,
sulfur and silica were reported due the presence of A. thiooxidans, due to a mine tailing
(mainly composed by arsenopyrite) oxidation [39]. Additionally, similar results using two
different moderate thermophile bacterial consortia (1: Sulfobacillus thermosulfidooxidans with
A. caldus, and 2: Ferroplasma thermophilum with A. caldus) were described, for which jarosite
and sulfur were the main sub-products generated in both cases [31].

Additionally, the comparative oxidation of arsenopyrite employing three different
systems evidenced the sulfur formation in all the cases. Nevertheless, only in the acidic
systems (sterile acid) was scorodite formation detected after 18 days of incubation [40].
In our work, jarosite formation was not detected; one possible reason is the assays pa-
rameters, such as pH values (below 3 but above 1.5) (Figure 3), as the formation of this
compound requires lower pH values (pH 1.5) [41]. In addition, the QEMSCAN analysis
performed to the solids generated by A. ferrivorans ACH arsenopyrite oxidation corrob-
orate the previously XRD obtained results, detecting a 5.4% scorodite formation after
20 days and an 18.7% arsenopyrite matrix decrease (Table 2). Additionally, we identified
an increase in As-bearing sulfate generated by A. ferrivorans ACH, detecting 32.1% after
20 days. These results could be attributed to the formation of some precipitate of sulfates
such as tooelite (Fe6(AsO3)4(SO4)(OH)4·4H2O), a ferric arsenic sulfate generated by some
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microorganisms capable of oxidizing ferrous iron and not arsenite [42], like our strain. The
biogenic of tooelite by several A. ferrooxidans strains (CC1, B5, B20 and the type strain ATCC
23270) which depend on iron rate oxidation was reported; however, the biogenic tooelite
mechanisms have not been elucidated to date [43].

The microorganism ability to oxidize arsenopyrite should imply their capacity to
tolerate high concentrations of soluble arsenic. In our case, we propose that the ACH strain
can tolerate concentrations over 2 g/L of As, because we determined the As and Fe concen-
trations in solution after the arsenopyrite bio-oxidation assays (Figure 7). We observed that
the increase in total Fe over time is concomitant with bacterial growth (Figure 4), and as
the oxidation process takes place, the bacteria could tolerate higher arsenic concentrations
(Figure 7). It is important to mention that this is the first report describing the ability of an A.
ferrivorans species member to grow in arsenopyrite concentrate, in turn generating scorodite
under mesophilic conditions. Moreover, a preliminary analysis of the A. ferrivorans ACH
genome revealed the presence of the ars operon involved in arsenic resistance, in the five
genes conformation: arsA, arsenical pump-driving ATPase; arsD, arsenical resistant operon
trans-actin repressor; arsC, arsenate reductase; arsR, arsenical resistant operon repressor;
arsB, arsenic efflux pump (Supplementary Table S1) [44]. Hence, the presence of this classi-
cal arsenic resistance operon would provide to the ACH strain the necessary functional
potential to cope with toxic environmental arsenic concentrations. Moreover, the main
mechanism relies on the arsenate (As(V)) reduction to arsenite (As(III)) by ArsC, for its later
expulsion by ArsB. Nevertheless, the presence of an arsenite oxidase was not detected, like
in others Acidithiobacillus genus strain [32], which would be responsible for the As(III) to
As(V) oxidation, which is required for the ferric arsenate (scorodite) precipitate formation
at low pH values [12,15]. However, we have to consider thermodynamic aspects: at low
pH values, the arsenite (As(III)) is found as arsenous acid (H3AsO3), which should be easily
oxidized to arsenate (As(V)) (as arsenic acid, H3AsO4) by the ferric ions action, according
to the following equation:

H3AsO3 + Fe3+ + H2O→ H3AsO4 + Fe2+ + 2H+ (5)

Nevertheless, some authors have reported that the kinetics of the reaction is very
slow and almost no oxidation of As(III) occurs [45]. Conversely, other authors described
that in presence of pyrite, the reaction speed increase and the oxidation of As(III) to As(V)
can be observed [46]. Thus, this observation aligns with our results due to presence of
pyrite (Figure 6 and Table 2). In other words, the capacity of the ACH strain to oxidize
pyrite, could favor the As(III) to As(V) oxidation (Equation (5)) as it has been reported
before [23]. Additionally, the higher concentration of biogenic ferric iron would allow
scorodite precipitation (Equation (6)) [45].

Fe2(SO4)3 + 2H3AsO4 + 2H2O→ 2FeAsO4 · 2H2O(scorodite) + 3H2SO4 (6)

The role of microorganisms is mainly to keep high the redox potential (Eh > 450 mV)
and a high concentration of ferric ion in the solution, catalyzing the reoxidation of ferrous
ion [45]. The chemical mechanisms described previously could be answer as to why the
ACH strain is capable of generating scorodite (biogenic) despite not having an arsenite
oxidase in his genome, potentially enhancing its use in bio-oxidation processes of refractory
ore.

5. Conclusions

In this study, we provided the first evidence of arsenopyrite concentrate oxidation
capacity conducted by the psychrotolerant iron-sulfur oxidizing A. ferrivorans ACH under
mesophilic condition reducing from 35.5% to 16.8% arsenopyrite matrix. This strain was
effectively adapted to high concentrations of As, which was reflected in As concentrations
quantified after the bio-oxidations assays, in turn generating scorodite as sub-products
of the reaction, this being the most stable ways to discard arsenic in mining industries.
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Our ACH strain was capable of generating 5.4% bioscorodite after 20 days of incubation.
On the other hand, we demonstrated that higher pulp concentration effects their bio-
oxidation capabilities, with 1% being the best pulp concentrations assayed. In general,
the bio-oxidation of the gold-containing sulfide ores is used as a pretreatment which can
decrease the consumption of lixiviants used for gold solubilization in subsequent parts
of the operation, ultimately increasing the gold yields. The results of this study suggest
the feasibility of using A. ferrivorans ACH to remove As from As-rich minerals under
mesophilic condition, as an alternative to conventional processes actually employed at
higher temperature. Future studies in this area are required to understand the resistance
mechanisms used by microorganisms to thrive under adverse conditions, which could
be coupled with other advantageous capacities (as bioscorodite precipitation), generating
biotechnological applications to solve industrial problems with a focus on the efficient use
of natural resources, and minimizing environmental impacts.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12050520/s1, Table S1: Sequence of arsenic proteins identified
in A. ferrivorans ACH genome.
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