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Abstract: Acidithiobacillus ferrooxidans is a Gram-negative bacterium that thrives in extreme acidic
conditions. It has emerged as a key player in biomining and bioleaching technologies thanks to its
unique ability to mobilize a wide spectrum of elements, such as Li, P, V, Cr, Fe, Ni, Cu, Zn, Ga, As, Mo,
W, Pb, U, and its role in ferrous iron oxidation and reduction. A. ferrooxidans catalyzes the extraction
of elements by generating iron (III) ions in oxic conditions, which are able to react with metal sulfides.
This review explores the bacterium’s versatility in metal and elemental mobilization, with a focus on
the mechanisms involved, encompassing its role in the recovery of industrially relevant elements from
ores. The application of biomining technologies leveraging the bacterium’s natural capabilities not
only enhances element recovery efficiency, but also reduces reliance on conventional energy-intensive
methods, aligning with the global trend towards more sustainable mining practices. However, its
use in biometallurgical applications poses environmental issues through its effect on the pH levels in
bioleaching systems, which produce acid mine drainage in rivers and lakes adjacent to mines. This
dual effect underscores its potential to shape the future of responsible mining practices, including
potentially in space, and highlights the importance of monitoring acidic releases in the environment.

Keywords: Acidithiobacillus ferrooxidans; acidophiles; biomining; bioleaching; biorecovery; chemical
elements
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Attribution (CC BY) license (https:// Extreme acidophilic microorganisms, which thrive in highly acidic conditions with a
creativecommons.org/licenses/by/  pH below 2.5 [1], are of particular importance in the biometallurgy context because they

40/). facilitate the mobilization of a diverse array of elements, including transition metals. This is
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achieved as a result of a spectrum of reactions involving various elements from the periodic
table, through a process known as bioleaching [2-5]. Extremophiles are optimal microor-
ganisms for developing mining applications on Earth [6-8], as well as in space [9-11]. For
instance, as shown by Cockell et al. (2020), the extremophilic Cupriavidus metallidurans and
the mesophilic Sphingomonas desiccabilis, through experiments with simulated Mars and
Earth gravity on the International Space Station (ISS), have demonstrated key biomining
capabilities of economically fundamental elements in space [9]. On the other hand, Tonietti
et al. (2023) recently reported a shift in focus to acidophiles as the future avenue of space
biomining, with Acidithiobacillus ferrooxidans being the prime candidate [11].

The Acidithiobacillaceae family, part of the Gammaproteobacteria class, encompasses
acidophilic bacteria adept at surviving in extremely acidic environments [12]. These
chemolithoautotrophs derive energy through the oxidation of inorganic compounds and
fix carbon dioxide as their carbon source, significantly contributing to the biogeochemical
cycling of sulfur and iron [13]. A. ferrooxidans and other members of the Acidithiobacillaceae
family are widely acknowledged for their ability to mobilize a variety of elements, including
metals and metalloids, amidst extreme conditions [12,14]. Their metabolism harnesses
inorganic energy sources, such as Fe?*, H,S, S, and molecular hydrogen, to sustain their
metabolic activities [15] (Figure 1A).

Among the Acidithiobacillaceae, A. ferrooxidans (formerly known as Thiobacillus ferroox-
idans) is notably well studied. This Gram-negative, rod-shaped gammaproteobacterium is
renowned for its ability to oxidize ferrous iron to ferric iron and different reduced forms of
sulfur compounds to sulfate. This organism was first isolated from the acidic water and
sediments of a coal mine drainage in 1947. It was identified due to its ability to oxidize
ferrous iron and sulfur compounds, leading to the production of acid which contributes
to the acidic condition of the mine drainage environment. A. ferrooxidans thrives in highly
acidic environments, typically within a pH range of 1.5 to 2.5. Its genome encodes enzymes
critical for iron and sulfur oxidation, as well as mechanisms for adapting to acidic condi-
tions [12]. The metabolism of the organism can be divided into different sections starting
from the outer membrane, in which the process of iron oxidation occurs thanks to the
presence of a specific electron transfer cytochrome c protein known as Cyc2. Many other
different electron transfer molecules are used, such as the cytochrome c4, the cytochrome
¢552, the bcl complex, and the cytochrome aa3 oxidase. All of these systems are part of
the electron transport chain (ETC), in which electrons from Fe?* are transferred to the
inner membrane where the ETC is located. Within the oxidation of iron, A. ferrooxidans is
also able to oxidize reduced sulfur compounds such as elemental sulfur, thiosulfate, and
tetrathionate through different enzymes, e.g., the sox system (soxAX, soxB, soxCD, and
soxYZ), sulfide oxidoreductase (SQR), and sulfur dioxygenase (SDO). Being an autotroph,
the carbon source is the carbon dioxide (CO;), which can be used through the Calvin-
Benson-Bassham cycle (CBB). Ecologically, Acidithiobacillaceae are predominantly found
in environments such as acid mine drainage, sulfuric hot springs, and sulfide mineral
deposits [16]. They are key players in biomining, facilitating the extraction of metals from
ores through bioleaching. A. ferrooxidans is frequently associated with mine tailings and
acidic drainage waters, contributing significantly to the oxidation of pyrite and other sulfide
minerals [17], playing a crucial role in the formation and maintenance of acidic conditions.
In these environments, A. ferrooxidans coexists with other hyperacidophiles, including other
Acidithiobacillus species and members of the archaeal genera such as Ferroglobus and Thermo-
plasma [18]. Specifically, A. ferrooxidans has several adaptations to survive in these kinds of
environments, such as acid-resistant proteins that are adapted to function optimally at low
pH, the presence of proton pumps and antiporters to expel protons and maintain internal
pH homeostasis, e.g., the presence of genes coding for K* /H* transporting ATPase and
the Na*/H* antiporter gene, and the ability to produce biofilms on the mineral surface,
providing a micro-environment that can help in pH regulation and nutrient acquisition [5].
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Figure 1. General mechanisms for acidophile tolerances and immobilization of metals from the
environment. (A) In the upper left, osmotolerance with proteins and transporters. In the upper right,
acid tolerance highlighting membrane transport proteins and the principal mechanisms involving
proton transport. In the lower left, thermotolerance is displayed, and in the lower right, tolerance to
heavy metals such as Pb, Zn, and Hg is illustrated. The main processes of metal immobilization found
in acidophilic organisms such as A. ferrooxidans. (B) Clockwise from the top, bioaccumulation involves
the internalization of heavy metals into the cell as aquo-ions, followed by bioprecipitation where
hydrated metals are precipitated into their respective hydrogen phosphate, sulfide, and carbonate
forms. Bioreduction entails the precipitation of soluble metals as solid metals through redox processes.
Finally, biosorption processes involve the absorption of soluble metals by the cell in the form of solids,
such as phosphates, or in compatible molecules, e.g., amines, organic acids, or hydroxides.

The metabolic activities of these microorganisms are pivotal in bioleaching and biore-
covery processes. A. ferrooxidans, along with its consortia partners, leads to the generation
of sulfuric acid. This acid production is essential in the leaching of heavy metals from
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mine tailings, contributing to the environmental impact observed in mining areas [19,20].
The interactions between A. ferrooxidans and other hyperacidophiles in these consortia are
complex and involve synergistic relationships that enhance the overall efficiency of mineral
oxidation and acid production. Thanks to these kinds of processes, A. ferrooxidans is able
to derive energy by oxidizing inorganic compounds that release electrons which can be
transferred through the ETC, creating a proton motive force that drives the ATP synthesis.

2. General Bioleaching Process

A. ferrooxidans thrives in either aerobic or anaerobic conditions. Under aerobic condi-
tions, Fe>* and/or reduced sulfur compounds in the ores undergo oxidation, resulting in the
formation of Fe?* and sulfuric acid (H,SO,) [17]. In aerobic conditions (Figure 2A), the re-
dox coupled reactions of A. ferrooxidans’s metabolism can be summarized from Equation (1)
to Equation (5):

4Fe* + O, + 4H* — 4Fe** + 2H,0 1)

(
2H, + O, — 2H,0 )
S2~ + 2H,0 + 20, — SO42 "+ 4H" 3)
2CO, + O, + 4H* — 2HCOOH + 2H,0 4)
2NADH + O, + 2H* — 2NAD* + 2H,0 (5)

All of the above-mentioned reactions show the oxidation of different elements, e.g.,
Fe, H, S, CO,, and NADH coupled with the reduction of oxygen to produce water. The
resultant oxidation products, Fe?* and H,SO, (Equations (1) and (3)), engage in chemical
interactions with metal sulfide minerals and native metals within ores, leading to the
dissolution and/or production of metal cations and the elimination of sulfur [21,22].

The conversion of sulfur/sulfide to sulfuric acid (Equation (3)) culminates in the for-
mation of an intensely acidified medium, due to the production of HySO4 [23]. This process
facilitates the abiotic and biotic leaching of sulfides in mines, leading to the acidification of
waters and the generation of acid mine drainage [24]. Moreover, oxidation and reduction
processes can also be found in immobilization and mobilization processes (Figure 1B).

In the absence of oxygen (Figure 2A), A. ferrooxidans undergoes anaerobic growth,
performing the reductive dissolution of ferric iron (Fe**) oxy-hydroxide through the ox-
idation of elemental sulfur (S° to S,0327). This reaction assumes pivotal significance in
the “Ferredox” process, exemplified by the extraction of nickel from lateritic ores [25,26].
The major coupled reactions involved in the anaerobic metabolism can be summarized as
follows [12,21]:

2Fe** + Hp — 2Fe?* + 2H* 6)

S"+H, —» 8> +2H" )

2Fe** + NADH — 2Fe?* + NAD" + H* (8)
4Fe% 280 1+ 2H,0 — 4Fe” + 5,052~ +4H* 9)
2Fe> + CO, + 2H" — 2Fe** + HCOOH (10)

In natural environments, sulfide minerals undergo abiotic oxidation by the presence
of O, or chemical oxidants together with water or moist air [27]. Microorganisms instead
utilize Fe?* and sulfur for metabolic processes, leading to the formation of Fe>* and sulfate
ions. This metabolic activity results in a higher concentration of these ions, subsequently
intensifying the dissolution of sulfide minerals and augmenting the volume of acidic
water [28]. A quintessential illustration of this bioleaching phenomenon is the process
involving chalcopyrite (CuFeS;) microbial-mediated dissolution (Equation (11)) [29]:

CuFeS; + 2Fe;(S04)3 — CuSOy + 5FeSO, + 28° (11)

which is driven by the following abiotic reactions (Equations (12)—(14)):
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CuFeS, + 2H,0 + 30, — Cu?* + Fe?* + 2H,S0, (12)
CuFeS, + HySO4 — Cu®* + FeSO, + 2H* + 28° (13)
CuFeS, + 4H" + O, — Cu?* + Fe?* + 2H,0 + 28° (14)

In the presence of A. ferrooxidans, the FeSO4 produced by the abiotic reaction
(Equation (13)) is oxidized at the expenses of oxygen in Fe;(SO4)3 by the microbe metabolism
(Equation (15)), releasing further acidity that supports the overall reaction.

3FeSO4 + H2804 + 0.502 — Fez(SO4)3 + FeSO4 + HZO (15)

B
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Figure 2. Mobilization mechanisms for A. ferrooxidans. (A) Aerobic and anaerobic protein pathway
for iron oxidation and reduction. Under aerobic conditions, the transition from Fe(II) to Fe(III) occurs
through hydrogen oxidation, NAD* reduction, ATP production, and sulfur oxidation. In anaerobic
conditions, the electron transport chain is mostly understood, except for an unidentified protein (?)
responsible for the transformation of Fe(III) to Fe(II). (B) Planktonic and sessile cells permanently
or non-permanently attached to the substrate. In the case of planktonic or floating cells, leaching
occurs in the space between the rock and the organism via a series of redox reactions, while in the
case of sessile cells, adherence to the substrate occurs due to extracellular polymeric substance (EPS)
production, and leaching is termed direct or contact leaching. Rocks are generally sulfides, but not
exclusively. Bioleaching can also be cooperative, wherein sessile and planktonic cells collaborate in
metal mobilization between the acidic medium, substrate, and cells. Cell attachment to the substrate
can be irreversible if EPS has already been produced, or reversible if not yet produced, and the
process by which cells can adhere or detach from the substrate is termed absorption or dispersion.
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The resultant primary sulfur product in the process of metal sulfide dissolution is
related to the specific sulfide mineral being subjected to bioleaching, subsequently undergo-
ing chemical or biological transformations into elemental sulfur and sulfate [30]. Disulfides,
such as FeS;, MoS;, and WS,, can undergo oxidation through thiosulfate (S,0527) as the
principal intermediate of the reaction [31]. Only Fe®* ions, arising from the microbial oxi-
dation of Fe?*, serve as oxidative agents for solubilization. The oxidation of $,052" leads
to the formation of SO,42~, with elemental S° generated as a by-product. This elucidates
why exclusively Fe?"-oxidizing bacteria possess the capability to oxidize these specific
metal sulfides. Two main mechanisms contribute to the enhancement of metal leaching
from mineral ores by microbial activity: direct and indirect action [31]. Direct action can be
summarized as in Equations (16) and (17) (M is a bivalent metal):

MS + H,S0, + 0.50, — MSO, + S° + H,O (16)

8% +1.50, + H,O — H,S04 (17)

while indirect action uses Fe®* as an oxidizing agent; microbes regenerate Fe®* from Fe?*
(Equations (18) and (19)):

MS + 2Fe>* — M?* + 2Fe?* + S0 (18)

2Fe?* +0.50, + 2H* — 2Fe3* + H,O (19)

The leaching of mineral sulfides in natural ecosystems is probably a combination of
both direct and indirect mechanisms (Figure 2B) [32].

Bacteria, in the bioleaching of sulfide ores, can be momentarily or permanently con-
nected to the mineral substrate, forming a biofilm which often plays a key role in the
extraction process (Figure 2B) [33,34]. Extra-polymeric substances (EPSs) facilitate the
adhesion of bacteria to metal sulfides, offering a survival advantage in adverse environ-
ments [35]. The adsorption affinity of A. ferrooxidans can be strengthened by hydrophilic
substrates. This indicates that the geobiological affinity of the organism derives from
the properties of the different substrates [36]. EPSs render apolar surfaces more polar,
facilitating water infiltration through rocks and minerals. The EPSs primarily comprise
neutral sugars and lipids, releasing H* and Fe>* ions [35]. The EPSs concentrate Fe>* ions
complexed with glucuronic acid at the mineral surface [37]. To summarize, in the direct
mechanism (contact mechanism), A. ferrooxidans directly oxidizes the sulfide minerals or
native metals, utilizing its enzymatic pathways to convert metal sulfides into soluble metal
ions, e.g., sulfates. This process is facilitated by the bacteria’s ability to create EPSs. In the
indirect mechanism (non-contact mechanism), A. ferrooxidans oxidizes ferrous iron to ferric
iron from the environment and not directly from the mineral substrate. The ferric iron then
acts as an oxidizing agent, attacking and solubilizing the sulfide minerals indirectly. This
dual approach enhances the efficiency of bioleaching, making it a valuable method for
metal extraction from environmental alkali cations and sulfate ions (Equation (20)):

3Fe’* +25047" + 6H0 + M" — MFe3(SO4)2(OH)s + 6H* (20)

where M = K*, Na*, or NH*. The precipitation of Jarosite (Equation (20)) is responsible
for the passivation of certain minerals. The formation of a secondary mineral layer on
the mineral surface serves as a diffusion barrier for reactant and product fluxes [38]. The
principal contribution of A. ferrooxidans to metal extraction arises from its ability to convert
insoluble sulfides into corresponding soluble sulfur-metal compounds [30].

A. ferrooxidans has potential applications in biorecovery, e.g., addressing challenges
associated with abiotic acid mine drainage (AMD) production at mining sites and recov-
ering heavy metals and other elements from contaminated sites [39]. Its efficacy in the
removal of various metals from contaminated sources has been actively explored at the
laboratory scale [40,41]. A mercury-resistant strain of A. ferrooxidans facilitated the recovery
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of mercury compounds from sediments and polluted fluids [42]. A. ferrooxidans has been
employed in the bioremediation and biorecovery of Cr®* and Cr** from electroplating
waste [43]. The bacterium also plays a crucial role in arsenic bioremediation, leveraging
its resistance mechanisms conferred by genes on its chromosome to participate in arsenic
precipitation [44]. Regarding electronic waste (E-waste), the sulfuric acid produced by
chemolithotrophic organisms, including A. ferrooxidans, serves as a leaching agent [45],
increasing the acidity of the system and causing possible further releases of fundamental
industrial chemical elements, e.g., lithium, into solution [46]. Due to this ability, the metals
can be recovered with a feedback mechanism in which the acidity is increased, causing
further acidification of the AMDs. This, on one hand, increases the risk of environmental
damage, but on the other allows the recovery of toxic metals in confined systems.

Chemical Elements Mobilized by A. ferrooxidans

Biomining and bioleaching are arising as some of the best tools in the context of In
Situ Resource Utilization (ISRU) for space exploration, particularly utilizing extremophiles,
e.g., A. ferrooxidans, or heterotrophic/chemolithoautotrophic organisms, e.g., S. desiccabilis,
B. subtilis, or C. metallidurans. Bioleaching has been proposed as a technique for extract-
ing valuable resources from regolith on Solar System bodies [10]. Regolith, a crucial in
situ resource, contains elements such as oxygen, water, and trace metals that can help
life-supporting devices and fuel production [47]. Bioleaching is a promising approach
for extracting metals from regolith with a two-fold advantage for the space missions:
(1) minimizing their cost, limiting the need for resources; (2) mitigating their logistical
complexities [9,10]. Bioleaching in ISRU operations can contribute to optimizing the se-
lection of landing sites in the frame of human planetary exploration and infrastructure
development in space [48]. Biomining and bioleaching processes coupled with biosensors
for space applications and new space technologies will be future methods to perform
mineral extraction procedures on planets, asteroids, and moons [49-51]. All the techniques
that have been proposed to be applied in space will need to rely on resources taken from
the Earth, such as oxygen supply, nutrients, and chemicals to support microbial growth.
Some of these can be obtained directly from the minerals present on other planetary bodies,
while others must be brought from our planet.

Biomining and bioleaching present different ways to maximize economic perfor-
mance in the mining industry. In the case of polymetallic ore, the achieved recover-
ies of metals are the following, Cu 90%, Au 90%, Ag 80%, Zn 72%, and Pb 90%, and
the values per Net Present Value (NPV) and the Internal Rate of Return (IRR) are USD
21.927 million and 12.55%, respectively. Moreover, a report made by Credence Research
(www.credenceresearch.com), an industry involved in data analysis in the changing global
industry landscape, has shown that during the economic challenges of the pandemic
(COVID-19), biomining showed revenues of USD 1500 million in 2020. Additionally, the
projection for the future of biohydrometallurgical processes is promising, with a Com-
pound Annual Growth Rate (CAGR) of over 13%. This trajectory positions biomining and
bioleaching processes to reach an estimated value of USD 3600 million by 2027.

A. ferrooxidans is capable of mobilizing or affecting the mobilization of many different
elements in the periodic table (Table 1), utilizing biochemical strategies depending on the
specific element and the mineral/ore involved. The aim of this review is to report a compre-
hensive and updated list of elements which are mobilized by A. ferrooxidans, including its
biochemical leaching mechanisms, and highlighting applications and limitations (Table 2).
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Table 1. List of main elements, minerals, chemical compositions, and chemical reactions involved in
bioleaching processes through A. ferrooxidans.

Element Mineral Chemical Formula Reactions
i . . . . 3LizO*2K20*5A1203*108102*2811:"4 + 20H2804 d 3Li2804 +
Li Lepidolite KLiz Al(Si4010)(FOH)2 2K,S0; + 5A15(SO4); + 11Si0, + H,SiFg + 18H,0 + 2HF
P P-Sludge Ca3(PO)y 3H,S04 + Caz(POy); — 2H3PO4 + 3CaSOy
e . V03 + 2Fe3* + 2H* —2VO?* + 2Fe?t + H,O
v Vi xiﬁiﬁ and  Ti) Fe2*Fed*,0, and V505 VO, + Fe3* — VO,* + Fe?*
10VO, + 10Fe3* + 8H,O — HVOy5°~ + 10Fe2* + 15H*
Cr Cr-Slug CazAly(H4Oy4, CrOy)3 Crf* + 3Fe?t — Cr3* + 3Fe3*
Ni Ni-Sludge Ni? Fey(SO4)5 + Ni? — NiZ* + S042~ + 2FeSO,
CuFeSz + 2F62(SO4)3 — CHSO4 + 5FeSO4 + 250
CuFeS, + 2H,0 + 30, — Cu?* + Fe2* + 2H,S0,
Cu Chalcopyrite CuFeS; CuFeS, + H,SO, — Cu?* + FeSO, + 2H* +25°
CuFeS, + 4H* + Oy — Cu?* + Fe?* + 2H,0 + 250
3FeSO4 + H2804 + 0‘502 i Fez(SO4)3 + FeSO4 + Hzo
4Fe? + Oy + 4H* — 4Fe3* + 2H,0
AsySy + 6Fe3* — 2As3 + 250 + 6Fe?t
As Realgar As)S; or alpha AssSy H3AsO3 + HbO — H3AsO4 + 2H" + 2e~
H3AsOy + Fe3* — FeAsO, + 3H*
AsyS; + 14H,0 — 2H3AsO3 + 2HSO, ™ + 20H* +18e~
Mo Mo Sulfide MoS, 4MoS, + 4Fe3* + 16H,0 — 4M0O,42~ + 4Fe?* + 32H + 85°
W Tungstate Salts WO,2~ H,SO4 + FeWOy — FeSO4 + HyWO,
Au Au Ores Au® 4Au® + 8NaCN + 2H,0 + O, — 4NaAu(CN), + 4NaOH
. HgS + 2Fe3* — Hg?* + 2Fe?t + S°
Heg Cinnabar HgS 2HgS + 4Fe3* +1.50, +2H,0 — 2Hg?* + 4Fe?* + 2H,SO,
U U Oxide U0, UM, + 2Fe3* — UVDO,2* + 2Fe?t
Table 2. Selected bioleached elements by A. ferrooxidans. A = Acidithiobacillus ferrooxidans, B = other
organisms, and C = consortia. 1. According to the literature, the estimated copper extraction through
biohydrometallurgy is about 30% worldwide. For the other metals, there are no clear data in the
literature. * All the biomining experiments made in space refer to microgravity conditions on the ISS
or simulated environments. d—estimates according to British Geological Survey.
o . Extraction . .
Element  Main Alloys Aplg.l 1;:;1011 Pl\flett.a ! Electronics Yield anélmtrﬁg l?losm mm§ Biorecovery References
1elds rinting (ktons/year) d on Ear n Space
. Aerospace,
Ti Alphlal/ BetaTi Construction, Yes Major (hardware) 6300 Yes (A) No Yes (A,B,C) [52]
atloys Automobile
v Ferrovanadium Fuig)ﬁ{ueﬁor No (semii\g;r:j":mrs) 81 Yes (A) Yes(B)  Yes(ABC)  [9,10,53-56]
FeCr, Automobile, Minor
Cr Stainless High Yes (anticorrosive 38,600 Yes (A) No Yes (A,B,C) [43,57-59]
steel Temperature coating)
Construction,
Fe Steel, Inox Automobile, Yes Major (solder) 3,040,000 Yes (A,B,C) Yes (B) Yes (A,B,C) [9,10,22]
Aerospace,
Medical,
Aerospace, Mi lati
Ni NiCrFe Energy, Isolators, Yes inor (p :‘ ng 2700 Yes (A) Yes (B) Yes (A,B,C) [9,10,60]
Automotive, agent)

Cables
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Table 2. Cont.
Application Metal Extraction Biominin, Biominin
Element  Main Alloys PE. .. Electronics Yield & . § Biorecovery References
ields Printing (ktons/year) 4 on Earth in Space
Construction,
Br Marine,
Cu Brom Automotive, Yes Major (cables) 20,700 Yes (A,B,C) 1 Yes (B) Yes (A,B,C) [9,10,61]
ronze .
Medical,
Aerospace
GaAlZn Semiconductors, . .
Ga alloys Diodes, Circuits No Major (diodes) 0.380 Yes (A) No No [62,63]
As As Bronze ﬁ“tom‘?b?le' No Minor (batteries) NA Yes (A,B,C) No Yes (A,B,C) [44,64]
mmunition
W,Ni,Cu and Aerospace, Minor (light
w W,Ni,Fe Medical, Yes & 91.5 Yes (A) No Yes (A,B,C) [65-67]
K bulbs)
alloys Automobile
Increasing
Au AuPt alloys Corrosion No Major (connector) 33 Yes (A) No No [68-71]
Resistance
Automobile,
Pb PbCu, alloys Ammunition, No Major (solder) 4700 Yes (A,C) No Yes (A,B,C) [72,73]
Batteries
Increasing
U Mulberry Corrosion No None 53 Yes (A) No Yes (A,B,C) [74-76]

Resistance

3. Alkali Metals: Lithium

The alkali metals (Group 1 of the periodic table) constitute a highly reactive group
of elements: lithium, sodium, potassium, rubidium, cesium, and francium. These metals
share common characteristics: low melting points, high reactivity with water, tendency to
form ionic compounds, and ability to readily donate electrons, leading to the formation of
alkali metal cations with a + 1 charge [77]. Regarding bioleaching processes performed by
the acidophile A. ferrooxidans, only lithium can be actively leached.

Being the lightest alkali metal, and due to its distinctive electrochemical reactivity,
lithium finds extensive applications in metallurgy, aerospace, ceramics, battery technology,
and fuel cells [78]. The utilization of Li-ion batteries for powering portable devices and
electric vehicles has led to an escalating demand for lithium [79]. Naturally occurring
sources of lithium include lake brines, pegmatites ore bodies, and sedimentary rocks, with
over 80% of the current global production being derived from brines [80]. Developing
technologies capable of extracting lithium from solid ores holds significant importance in
addressing future lithium demand [81].

In comparison to brine extraction, the process of obtaining lithium from rocky sources
is notably more intricate. This procedure encompasses a series of distinct operations,
including roasting rocks in sulfate or carbonate environments to render lithium into water-
soluble species [82].

One of the primary industrial minerals for lithium extraction is spodumene (LiAlSi,Og),
a Li-bearing pyroxene found in pegmatites, i.e., coarse-grained igneous rocks rich in lithium,
with a relatively low occurrence of other metals. Lepidolite (3LiO*2K,O0*5Al,05*10Si0,*2SiFy),
a form of pegmatite, member of the mica group, represents the most abundant lithium ore,
with a distribution far surpassing that of Li-brines [83]. The Li,O content in lepidolite ranges
from 3.0% to 7.7% by weight (1.39-3.58% Li), comparatively lower than that of spodumene,
6-8% by weight as shown by Sedlakova-Kadukova et al. (2020). Lepidolite exploitation in
industrial processes is constrained by the elevated costs associated with lithium recovery
from the mineral, necessitating high concentrations of acid in purification procedures [84].
The adoption of alternative technology has gained importance due to its potential for
cost reduction, heightened efficiency, and environmentally sustainable processing [85].
A bio-extraction approach utilizing a consortium of different bacterial strains—namely,
A. ferrooxidans, A. thiooxidans, as well as the heterotrophic fungus Aspergillus niger and
yeast Rhodotorula mucilaginosai—has been investigated [86]. These microorganisms play
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integral roles in processes such as the bio-weathering of rocks, mobilization of metals
from minerals, metal precipitation, and deposition [87]. For this reason, they have been
extensively employed in biohydrometallurgical practices.

The mechanisms underlying lepidolite bioleaching by bacteria remain undisclosed.
Nevertheless, it has been observed that, apart from H* ions, no other substance contributes
to the dissolution of Li* ions. This implies that the dissolution of lithium in lepidolite is
facilitated by acidic conditions [86,88]. Presumably, the primary reaction involved in the
bioleaching of mixed alkali metals can be expressed through Equation (21), in which the
metal oxide is converted into a soluble sulfate.

Mzo + H2SO4 — MzSO4 + Hzo (21)

where M presents alkali metals. Metals inside the mineral can be dissolved to form the
sulfate counterpart, resulting in lepidolite dissolution [86]. The reaction of lepidolite
bioleaching in sulfuric acid produced by bacteria can be seen in Equation (22):

3Li, O*2K,0*5A1,03*10Si0,*2SiF, + 20H,SO4 — 3LipSO4 + 2K,SOy4 + 5A12(SO4)3 (22)
+ 11Si0, + H;SiFg + 18H,0 + 2HF
In bacterial involvement, the composition of the medium emerged as the predominant
factor influencing lithium bioleaching. The authors of [89] report that, within a nutrient-
rich medium tailored for acidophilic chemoautotrophic acidithiobacilli, featuring essential
energy sources in the form of ferrous ions and elemental sulfur, no lithium bioleaching
was observed throughout the entire duration of the process. Conversely, in a medium with
restricted nutrient content and limited energy sources, comprising solely sulfuric acid and
elemental sulfur, the presence of Li* ions was discernible within a matter of days. This
suggests that bacteria, essential for lithium bioleaching from lepidolite, as no lithium was
detected in abiotic control samples, may have been compelled to directly utilize nutrients
vital for their sustenance from the leached material. Lithium extraction, achieved through
bacterial intervention, necessitates at least 22 days to occur [86].

4. Non-Metals: Phosphorus

Non-metals encompass a variety of elements critical for chemical reactions and biolog-
ical processes [90]. Non-metals, characterized by their lack of metallic luster, malleability
and conductivity, such as oxygen, nitrogen, and carbon, are included in compounds essen-
tial for life, i.e., water, proteins, and DNA [91]. They contribute significantly to the Earth’s
atmosphere, with oxygen being a crucial component for sustaining aerobic life [90]. Phos-
phorus (P) is the only non-metal of industrial interest bioleached by A. ferrooxidans, which
can actually metabolize other non-metal elements such as carbon, nitrogen, and sulfur.

Phosphorus (P), a crucial plant nutrient, has attained increasing importance as a
natural resource, given its finite supply [92]. The leaching of phosphorus into superficial
waters poses a significant environmental challenge. Sewage sludge represents a substantial
reservoir of phosphorus and, considering its substantial quantities generated globally daily,
projections indicate a surge production attributable to population growth [93]. The disposal
of such large volumes of sewage sludge raises substantial environmental apprehensions. Its
application on agricultural land emerges as an attractive option, offering nutrient recycling
and augmentation of soil organic content [94]. However, this approach confronts several
constraints, as sludge (1) harbors numerous pathogens, (2) may contain elevated levels of
heavy metals, and (3) is bulky and has associated transport costs, which pose logistical
challenges [95].

Phosphorus recovery from sewage sludge in the form of phosphoric acid is facilitated
by the use of sulfuric acid. Nevertheless, the process entails the costly steps of sludge
drying and the utilization of significant quantities of commercial acid [96]. Active phos-
phorus extraction from P-sludge, deriving from the metabolic activities of acidophiles, is
well connected with environmental recovery challenges, linking bioleaching and biore-
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covery. The bioleaching of rock phosphate employing acid-generating microorganisms
has been extensively investigated [97,98]. The biochemical approach offers distinct ad-
vantages regarding eco-friendly approaches and biorecovery techniques [99]. The de-
velopment of a biochemical process for phosphorus recovery from sludge is a highly
advantageous endeavor.

A. ferrooxidans and A. thiooxidans present viable candidates for the recovery and bi-
oleaching of P-rich sludge [100]. These microorganisms possess the capability to generate
sulfuric acid through the oxidation of reduced sulfur compounds, allowing for the estab-
lishment of an acidic pH level, potentially below 1. This produced sulfuric acid serves to
solubilize the phosphorus content. A. thiooxidans demonstrates the capacity to recover 94%
of phosphorus from rock phosphate, while A. ferrooxidans can be employed to solubilize
phosphorus from desiccated sewage sludge [101]. The chemical reactions governing the
leaching of phosphorus from the sludge are delineated by Equations (23) and (24):

3H2804 + Ca3(PO4)2 — 2H3PO4 + 3CaSO4 (23)

3H2504 + 2F6P04 — 2H3PO4 + Fe2(SO4)3 (24)

The process takes circa 63 days to recover 92% of the phosphorus from the sludge. The
extracted phosphoric acid can be used for different purposes, including the production
of ammonium phosphate [101]. Being a technique based on microorganisms and not on
expensive industrial processes, the operation is time-consuming but allows the recovery of
phosphorus from wastes.

5. Transition Metals

Transition metals exhibit distinctive electronic configurations, with partially filled
d-orbitals contributing to their characteristic properties. Their ability to form stable co-
ordination complexes makes them essential in fields such as catalysis, where they play
a crucial role in accelerating chemical reactions [102]. Transition metals are known to
be fundamental to many organisms; in microbes, they drive the global biogeochemical
cycling of elements [103,104]. Today, 25% of the total transition metals can be mobilized by
A. ferrooxidans.

5.1. Vanadium

Vanadium (V) represents a prototypical redox-sensitive transition metal widely em-
ployed in industries, including metallurgy, manufacturing, and petroleum refining [105].
Vanadium serves as a catalytic agent in denitrification processes, acting as a metallic co-
factor within enzymes responsible for catalyzing such reactions [106]. Vanadium redox
batteries present a further potential application in addressing the escalating global energy
demand [107].

A significant proportion of the world’s vanadium production stems from slags gener-
ated during steelmaking operations employing V-titanium magnetite [108]. Conventional
methods for vanadium extraction are marked by high costs and inefficiencies, accompanied
by pronounced environmental challenges, encompassing alkali melting, chloridizing roast-
ing, acid leaching, water leaching, and deposition [109]. Bioleaching has been successfully
employed for the solubilization of vanadium from solid waste sources, including spent
refinery catalysts and oil-fired ash [110], and thus, its integration with established processes
holds considerable promise. Successful bioleaching of vanadium through heterotrophic
organisms has been demonstrated in microgravity conditions aboard the International
Space Station (ISS) [111]. The incorporation of vanadium into steel enhances critical at-
tributes such as hardness, tensile strength, and fatigue resistance, thereby elevating overall
performance. Therefore, vanadium holds a key role in future space exploration by its
possible use in the manufacturing of rovers, pressurized buildings, superconducting mate-
rials, batteries, and alloys for nuclear reactors. Being sufficient on Earth for the next few
decades or centuries, it would be fundamental to find a way to extract it locally on other
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planetary bodies to reduce the environmental and economic cost associated with space
transportation [111].

Minerals conducive to vanadium extraction encompass V-titanium magnetite
((V, Ti),Fe?*Fe3*,0,), maghemite (a specific variant of magnetite characterized by a low Fe?*
concentration), bixbyte (containing vanadium along with (Mn, Fe),03)), vanadium oxide,
and jacobsite, typically (Mn, Mg)Fe,O4 [52]. A prominent participant in the interaction with
these mineral types for vanadium extraction is A. ferrooxidans, catalyzing the conversion of
Fe?* to Fe** under acidic conditions (Equation (19)); following the oxidation of iron, the
resulting Fe>* can be used to oxidize vanadium in Equations (25)—(27) [112,113]:

V5,05 + 2Fe** + 2HY —-2VO?* + 2Fe?* + H,0O (25)
VO, + Fe®* — VO,* + Fe?* (26)
10VO; + 10Fe** + 8H,O — HV;90,5°~ + 10Fe** + 15H* (27)

Presumably, V°* represents the predominant speciation in the leachate. Vanadium
manifests three principal valence states in natural aqueous solutions, with V°* prevailing
as the most prevalent form in oxidizing environments [114]. V°* can be readily retrieved
from the leachate through NH4Cl precipitation [115]. In summary, A. ferrooxidans proves
highly effective in the recovery of vanadium from both raw minerals and intermediate
materials utilized in vanadium extraction processes. The average recovery efficiency is
estimated to be approximately 30% [113].

5.2. Chromium

Chromium (Cr) slags represent a category of hazardous waste characterized by the
prevailing toxicity of Cr®*. This hexavalent chromium species possesses a robust oxidizing
potential toward living cells and has been associated with gene mutations and carcinogenic
effects in animal studies (Sharma et al., 2022 [57]). In specific chromium slag compositions,
such as CagAly(H4O4, CrOy4); and Cag Al (OH)12(CrO4)3*26H,0, approximately 20-25%
of the total mass is constituted by hexavalent chromium [58]. Chromium salts are exten-
sively employed in the leather industry for tanning processes, a treatment that safeguards
leather against various environmental stressors, including microbial degradation and mois-
ture [116]. An estimated 90% of tanneries employ chromium salts as a principal tanning
agent. Chromium exhibits limited biodegradability and tends to accumulate within biolog-
ical organisms, resulting in severe health ailments. Disposal methods for tannery sludge
encompass incineration, solidification, landfills, and ocean dumping, with the last two
facing mounting scrutiny in numerous countries due to environmental considerations [59].

The recovery of chromium from sludge can be facilitated through the action of sulfur-
and iron-oxidizing bacteria. This microbiological approach enables the ready solubilization
of metals via the oxidation of metal sulfides into soluble sulfates, or through acid dissolution
employing sulfuric acid [117]. Subsequently, released chromium can be efficiently removed.
Chromium is naturally occurring in minerals such as the Cr-bearing phase of goethite
Fe3*O(OH), or in limonite deposits [118]. The liberation of chromium from sludge or
rocks is contingent upon redox processes. The indirect activity of A. ferrooxidans mediates
the oxidation of iron from Fe?* to Fe3*, thereby facilitating the reduction of Cr®* to the
less toxic and water-insoluble Cr>* species, increasing biorecovery processes [119]. In
this process, FeZ*, reduced sulfur, and organic matter constitute the principal sources of
electrons. These electrons released by the oxidation of iron through indirect mechanisms
carried out by A. ferrooxidans are able to reduce the chromium in solution, leaving it free to
be recovered in industrial processes. The reduced Fe?* can serve as a reducing agent for
Cr®*. The Fe3* formed in the oxidation of Fe?* is capable of accepting electrons from Cr*,
thereby reducing chromium. The Fe3* can be further reduced back to Fe>* by the microbial
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activity or other reducing agents present in the environment, maintaining a cycle that can
continuously facilitate the reduction of Cré*.

Cré + 3Fe*t — Cr®* + 3Fe3* (28)

The reduction of chromium under experimental conditions [120] is a process that
iron-oxidizing bacteria, such as A. ferrooxidans, A. thiooxidans, and P. putida, can mediate.

5.3. Iron

Iron (Fe) is a fundamental element in various industrial processes, serving as a critical
component in the production of steel, alloys, and numerous other materials essential for
modern infrastructure. The demand for iron in industry underscores the significance of
efficient extraction methods. Iron is also fundamental in household applications, e.g.,
refrigerators, stoves, washing machines, and packaging [121].

A. ferrooxidans exhibits the ability to oxidize ferrous iron to ferric iron, a process crucial
for the solubilization of iron minerals in ore deposits. This metabolic proficiency includes
iron oxidases, cytochromes, and electron transport chains within the bacterial cell. The
unique redox chemistry of A. ferrooxidans enables it to thrive in highly acidic environments,
where conventional mining operations are impractical [22]. The oxidation of ferrous iron
by A. ferrooxidans can be seen in Equation (19).

The use of A. ferrooxidans in iron biomining from pyrite and iron sulfides, such as
bornite (CusFeSs), offers several significant environmental advantages. Unlike traditional
mining practices, which often result in extensive environmental degradation and habitat
destruction, biomining is a less-impacting process [122]. By harnessing the metabolic
capabilities of A. ferrooxidans, the extraction of iron from ore deposits can be achieved with
minimal disturbance to surrounding ecosystems in a controlled environment. The reduction
in chemical reagents and energy consumption associated with biomining contributes to
lower carbon emissions compared to conventional mining techniques [39].

The application of A. ferrooxidans in iron biomining holds immense potential for the
mining industry. With advancements in biotechnology and microbial engineering, there is a
growing opportunity to optimize the efficiency and scalability of this process [123]. Ongoing
research efforts are focused on expanding the repertoire of biomining microorganisms,
potentially unlocking new niches for the extraction of valuable metals from diverse mineral
resources [14].

The unique metabolic capabilities of A. ferrooxidans in iron biomining hold promise
for extraterrestrial applications. In space exploration, the availability of essential resources
such as iron is of paramount importance for construction, habitat development, and various
technological endeavors. Leveraging A. ferrooxidans in biomining processes could facilitate
the sustainable extraction of iron from planetary bodies, reducing reliance on resource-
intensive transportation from Earth [11].

5.4. Nickel

Nickel (Ni) plays a prominent role in the manufacturing of electronic devices, which
are subject to heightened demand driven by planned obsolescence and rapid market pen-
etration. This results in a substantial accumulation of electronic waste (E-waste), which
constitutes a vital reservoir of metals relevant for industry and rare elements [124]. Printed
circuit boards (PCBs) account for approximately 3% of the total E-waste mass [125]. PCBs
encompass notable quantities of Cu (10-20%), Ni (1-3%), Fe (1-4%), and Pb (1-5%), as
well as precious metals (0.3-0.4%) including Au, Ag, and Pt, rendering them a valuable
secondary metal resource [126]. Metal recovery from E-waste stands as a more sustainable
and resource-efficient endeavor in terms of energy utilization, environmental protection,
and overall sustainable resource management [125]. While hydrometallurgical and py-
rometallurgical processes present notable drawbacks, e.g., concentrated acidic effluents,
high energy consumption and big volumes of hazardous waste, [127,128], bioleaching
contributes to the conservation of non-renewable energy [129].
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Nickel and its compounds exert detrimental effects on the human heart and liver [130].
Coupling nickel’s hazards with its high demand in the electronics industry, bioleaching
emerges as a promising method for its recovery from waste sources. In oxygen-rich
environments and under acidic conditions, A. ferrooxidans through the oxidation of iron
(Equation (19)) is able to produce Fe3*, which can be used in nickel oxidation [60].

In this manner, Ni® present in E-waste undergoes oxidation through ferric ions, which
are subsequently reduced to ferrous ions as in Equation (29):

Fey(SO4)3 + M? — M2 + SO4%~ + 2FeSO; M[Cu, Ni, Ga] (29)

In this specific case, M is nickel. The ferrous ions are oxidized back to ferric ions
through A. ferrooxidans activity: a recurrent iron cycle is instituted within the nickel bi-
oleaching process, whose efficiency depends on pH adjustment (88.9% with pH adjustment
vs. 92.1% without it) [131]. Arshadi and Yaghmaei (2020) demonstrated the generation of
jarosite and goethite, [60] see Equation (20).

5.5. Copper

Copper (Cu), a vital element in various industries, including electronics, construction,
and transportation, necessitates efficient extraction methods to meet global demands.
It is a fundamental material for electrical wiring, power transmission, and electronic
components due to its superior conductivity, making it essential for powering homes,
industries, and electronic devices [61]. Copper is also widely employed in plumbing,
roofing, and architectural elements. Its corrosion resistance and durability make it a
preferred choice for water pipes, roofing materials, and decorative features in buildings.
Copper is used in transportation and the automotive industry and intensely in industrial
machinery and equipment [132]. The presence of Fe?* acts as an electron donor in this redox
process, enabling the sustenance of A. ferrooxidans in highly acidic environments [133]. The
bioleaching of copper minerals, e.g., chalcopyrite, can be represented by Equations (11)—(14)
(see also Table 1). By harnessing the metabolic capabilities of A. ferrooxidans, the extraction
of copper can be achieved with reduced ecological impact. The decreased dependence on
harsh chemical reagents and energy-consuming methods results in a smaller environmental
footprint relative to traditional mining techniques [134].

Biohydrometallurgy processes, including bioleaching, account for approximately
20-25% of the world’s copper production [135]. These processes involve the microbial
oxidation of sulfide minerals, converting insoluble metal sulfides into soluble metal sulfates
according to Equation (11). This approach is particularly efficient for low-grade ores, which
are economically unfeasible to process using traditional methods. Traditional methods, such
as smelting, require high energy input and produce significant environmental pollution.
In contrast, bioleaching operates at ambient temperatures and pressures, utilizing natural
microbial processes to extract metals with minimal environmental disruption [136].

The efficiency of bioleaching in low-grade ore deposits makes it an invaluable tool
for mining operations. These deposits, often overlooked due to their low metal content,
become viable sources of copper through bioleaching. This not only maximizes the utiliza-
tion of available resources but also minimizes waste and environmental impact, aligning
with sustainable mining practices [137]. Consequently, bioleaching with A. ferrooxidans
represents a cost-effective, environmentally friendly alternative to conventional methods,
contributing significantly to the global supply of copper.

Copper can also be extracted from many different minerals such as chalcocite (Cu,S)
and covellite (CuS), with a total copper recoveries of 65-80%, and from enargite (CuzAsSy),
with a recovery rate between 7.3 and 27.1%. Furthermore, the addition of particular
cations to the reaction e.g., Ag", Hg2+, Bi2*, Cu?*, and Co?*, can decrease the time re-
quired for the bioleaching process. They reported that the majority of studies are focused
on Ag* in copper-bearing ore and chalcopyrite leaching. The addition of Ag*, at a cat-
alytic concentration, led to the formation of a thin layer of silver sulfide (Ag,S) on the
mineral surface, minimizing passivation throughout the process and enhancing electron
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transfer to the oxidant. The chemical reactions behind this process can be seen from
Equations (30)—(32):

CuFeS, + 4Ag" — Cu®* + Fe?" + 2Ag,S (30)
2AgyS + 4Fe>" — 4Ag* + 4Fe?" + 280 (31)
CuFeS, + 4Fe** — Cu®* + 5Fe** + 28° (32)

Elemental silver can also be formed as in Equation (33):
CuFeS, + 4Ag* — Cu®* + Fe?* + 4Ag” + 28° (33)

The main role of A. ferrooxidans in this process is the conversion of Fe?* to Fe>*, which
is capable of oxidizing the Ag,S layer.

In general, the addition of 7.1 g of Ag™ per Kg of minerals to the reaction led to a final
yield of recovery of 89.3% of Cu compared to the traditional one of 28% without a catalyst.
Similar results can be also obtained for Hg?" (80% recovery after addition of the cation
compared to 25% without), and Bi%* (90% vs. 80% recovery ratio) [61,132-137].

5.6. Zinc

Zinc (Zn) is a critical element in the galvanizing, cosmetic, die-casting, and manufac-
turing sectors. With a global production exceeding 8 x 10° tons, zinc is primarily extracted
utilizing sulfide ores through hydro-metallurgical processes (roasting, leaching, and electro-
winning), with the leaching kinetics playing a key role in the smelting procedure [138]. Zinc
sulfide ores, especially sphalerite (ZnFe)S, are suitable and useful sources for Zn extraction
as they are easily separated and concentrated by flotation from waste rocks [139]. Due to
the increasing demand for zinc and Zn compounds, new zinc sources, e.g., low-grade oxide
ores, have been considered.

The leaching of zinc ores with sulfuric acid has been investigated [140]. The zinc
general chemical mobilization from ores can be summarized following Equation (16), in
which M can be substituted by zinc.

Fowler and Crundwell (1998) experimentally disentangled two A. ferrooxidans zinc
extraction mechanisms, direct and indirect, demonstrating that the indirect mechanism
plays a central role in the leaching of zinc sulfide [141].

5.7. Molybdenum

Molybdenum (Mo) is an important element in sectors such as metallurgy, aerospace,
and electronics [142]. Molybdenum is known for its exceptional heat resistance and high
melting point, making it a crucial component in alloys that withstand extreme temperatures.
Its ability to facilitate electron transfer makes it indispensable in electronics and electrical
applications. Molybdenum finds extensive use in the production of steel and other alloys,
contributing to enhanced strength and corrosion resistance [143]. Given its increasing
demand, efforts have been made for the recovery of molybdenum from waste sources,
contributing to sustainable resource management [144]. Bioleaching presents a promising
avenue for molybdenum recovery: A. ferrooxidans has shown potential in solubilizing
molybdenum from various sources, offering advantages in terms of safety, environmental
sustainability, and energy efficiency [145].

Molybdenum is oxidized from Mo** to Mo®* through the activity of A. ferrooxidans
(Equation (34)). The ferrous ions released from Equation (34) are further oxidized to ferric
ions, establishing a recurring iron cycle within the process. The soluble molybdenum can
then be readily extracted, contributing to the efficient recovery of molybdenum from waste
materials [145].

4MoS, + 4Fe*t + 16H,0 — 4Mo0O4>~ + 4Fe®* + 32H" + 85 (34)
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This reaction leads to the dissolution of molybdenum sulfide minerals, releasing
molybdenum ions (MoQO427) into the solution [146]. A. ferrooxidans contributes to the pre-
cipitation and immobilization of molybdenum through biomineralization processes [145].
Under appropriate conditions, molybdenum ions in solution can react with other elements
to form various Mo-containing minerals. For example, the reaction between molybdenum
ions and calcium ions (Ca?*) can lead to the formation of calcium molybdate CaMoOy [147].

5.8. Tungsten

Among others metal ions (iron, copper, nickel, zinc, and molybdenum) tungsten (W)
serves as an essential component of various metalloenzymes, playing pivotal roles in biolog-
ical processes [104]. Some bacteria have evolved the capability to synthesize metal-binding
proteins, facilitating the storage of these crucial metal ions within the cell [148]. Tungsten
exhibits multiple oxidation states (e.g., WO+ W4 W2+ and WY), with limited knowledge
regarding its speciation in natural environments. Wolframite—(Fe,Mn)WO4—an iron, man-
ganese, and tungstate mineral, alongside scheelite (CaWO,), represents a primary source
of tungsten ore [65]. Wolframite undergoes instability in acidic and oxidizable conditions,
leading to the formation of HyWOQj as the prevalent secondary tungsten mineral [66]. In
acidic and reducing environments, the dominant tungsten species are W*" and metallic
WO. The leaching process of wolframite is a two-step reaction (Equations (35) and (36)),
occurring after the oxidation of sulfides and necessitating interaction with the product of
the first step of the reaction, HySO4 [67].

H,S04 + FeWO, — FeSO, + HyWO4 (35)

HzSO4 + MnWO4 — MI'ISO4 + H2W04 (36)

The activity of acidophiles can result in the release of natural organic compounds,
which have the potential to significantly enhance the mobility of tungsten in the envi-
ronment [149]. These organic compounds can co-precipitate with ferrihydrite, Fe(OH)3,
across a wide pH range (from 4 to 11), potentially interfering with the interaction between
soluble tungstate oxyanions (WO,427) and ferrihydrite [150]. The activity of acidophiles
plays a pivotal role in the decomposition of wolframite and the mobilization of tungsten
in mining waste environments [151]. During the initial stages of wolframite weathering
under acidic conditions, free tungstate ions may bind with various cations, giving rise to a
diverse array of secondary tungsten minerals, e.g., gallium-rich tungstate and sanmartinite
(Zn,Fe)WOy [152]. This phenomenon could potentially restrict the availability of tungsten
in the environment.

The activity of A. ferrooxidans and acidophilic organisms holds significant potential for
bioleaching tungsten minerals, primarily wolframite. The efficiency of this process is highly
contingent on the microbial composition of the environment and the specific speciation
of tungsten, which is thermodynamically influenced by the in situ redox state and other
environmental variables [66].

5.9. Gold

Gold (Au) has played a key role in the development of human civilization, as the
basis for decorative, ceremonial, and religious artifacts. Due to the physical and chemical
properties of gold, such as its ability to not chemisorb oxygen, or the fact that it does not
corrode, makes it an excellent catalyst. It is widely used in industrial applications by both
homogeneous and heterogeneous gold catalysis [153]. The recovery of gold from rock
mostly relies on the cyanidation process, Equation (37):

4AW0 + 8NaCN + 2H,0 + O — 4NaAu(CN), + 4NaOH (37)

The use of cyanide for the dissolution of gold poses harsh environmental risks
while bioleaching for gold recovery reveals promising avenues for more sustainable prac-
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tices. Cyanide-producing bacteria autonomously convert cyanide to the less toxic form
B-cyanoalanine [154]. A. ferrooxidans in the bioleaching of gold is part of the indirect method
towards the elimination of interfering metal sulfides from ores containing precious metals.
In gold ores, minute gold particles are encapsulated or tightly bound within a sulfide min-
eral, typically pyrite, arsenopyrite, or a combination of both [68]. To achieve satisfactory
gold recovery, it is important to first oxidize the sulfide minerals prior to subjecting the ore
to cyanide treatment for gold dissolution [69,155].

5.10. Mercury

Mercury (Hg) is produced globally, with the European contribution led by the Spanish
mining industry. The Americas and Asia, particularly Kyrgyzstan, Russia, and China,
also play significant roles in mercury extraction [156]. The 20th century saw a spike in
global production, driven by industrial use, especially in the chlor-alkali industry, where
mercury cells are used for electrolysis [157,158]. Beyond industry, mercury has been used
in dentistry for over a century, with dental amalgam making up a significant portion of its
usage in the USA and Sweden. Despite alternatives and known environmental impacts,
international efforts against Hg in dental amalgam are lacking [158].

Cinnabar (HgS) has a long history of use as a natural pigment and in medicine and
preservation for thousands of years [159]. The dissolution of cinnabar was found to be
closely related to iron concentration, particularly influenced by ferric iron generated by
A. ferrooxidans [160]. Although natural oxidation of cinnabar is limited [161], ferric iron
catalyzes the reaction as in Equation (38):

HgS + 2Fe®" — Hg?* + 2Fe?" + S° (38)

During prolonged reactor operation with immobilized cells, it has been observed that a
significant number of cells emerge into the liquid medium; this process has been explained
by the adhesion of A. ferrooxidans on sulfur particles, with it becoming hydrophilic [162].
Thermodynamically, the free energy of adhesion is determined by interfacial tensions
between bacteria, liquid, and sulfur phases [163]. Hydrophobic secretion by A. ferrooxidans
enhances contact and adhesion [164]. The adhered sulfur particles are further oxidized
by A. ferrooxidans (Equation (17)). This reaction inhibited ferric iron hydrolyzation [165],
maintaining oxidant (ferric iron) concentration [166]. Substituting this into the cinnabar
oxidation equation in Equation (39) yields the following:

2HgS + 4Fe>" +1.50, +2H,0 — 2Hg?* + 4Fe?" + 2H,S0, (39)

A. ferrooxidans rapidly oxidizes ferrous iron. The oxidation process led to a reduction
in H* concentration, thereby aiding in the dissolution of cinnabar. The detected change in
surface area pre- and post-bioleaching suggested a smoother particle surface prior to the
reaction, which subsequently became more fragmented. This transformation was attributed
to the indirect catalytic effect of ferric iron produced by A. ferrooxidans and the direct
oxidation function that supplied energy for the growth of the bacteria [162]. By utilizing
A. ferrooxidans, the toxic cinnabar can be broken down, reducing its environmental impact
and recovering the mercury present in it.

6. Post-Transition Metals

Beyond the classical distinction between metals and nonmetals, a diverse group known
as post-transition metals comprise elements found between the transition and metalloid
regions. Post-transition metals, including aluminum and gallium, showcase a diversity of
properties, encompassing malleability, conductivity, and varied oxidation states [167]. Their
presence in alloys, combined with their unique reactivity patterns, makes them essential
in the manufacturing of diverse materials, from lightweight alloys to corrosion-resistant
coatings [168].
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6.1. Gallium

The demand for Gallium (Ga) is projected to undergo rapid escalation from 2014
to 2050 [62,169] due to development of light-emitting diodes (LEDs) [63]. Bioleaching
presents distinct advantages for Gallium recovery, characterized by its enhanced safety,
environmental friendliness, and energy-efficient processes, enabling the leaching of metals
even at relatively low concentrations. An adapted strain of A. ferrooxidans demonstrated the
capacity to leach approximately 60% of the gallium content from powdered LEDs [170]. The
efficacy of A. ferrooxidans for augmenting gallium bioleaching from LED powder establishes
a suitable path for gallium recovery from LED waste [171]. The general bioleaching process
can be summarized following Equation (29), in which M is gallium.

6.2. Lead

Lead (Pb) holds a long history of human use dating back many centuries. Its mal-
leability and resistance to corrosion have made it a valuable metal for various applications,
including pipes and paints, since the time of the Romans [172]. Lead found application e.g.,
in lead glazes for pottery and insecticides, despite being recognized for its carcinogenic
properties; it is still utilized in the production of car batteries, pigments, ammunition, cable
sheathing, radiation shielding, and soldering [72]. The primary mineral source of lead
is galena (PbS), which is processed through roasting [173], and among others is Angle-
site (PbSOy) [174]. Bioleaching using A. ferrooxidans and A. thiooxidans is a noteworthy
alternative to conventional roasting and smelting processes for lead extraction [73]. The
precipitation of Pb?*, released by galena as lead sulfate, concurs with elemental sulfur and
sulfides undergoing oxidation by A. ferrooxidans, resulting in SO42~ [175], as can seen from
Equations (40)—(45):

PbS + HpSOy4 + 0.50, — PbSO, + H,O + S° (40)
280 + 2H,0 + 30, — 250,42~ + 4H* (41)
PbS + 2Fe3* — Pb?* + 2Fe?t + S0 (42)
Pb%* +SO4%~ — PbSOy (43)

PbS + HpSO,4 — PbSOy + H,S (44)

2H,S + O, — 28° + 2H,0 (45)

A. ferrooxidans and microbial consortia can facilitate the biorecovery of lead through
various mechanisms such as the ones shown in Equations (40)—-(45) and through biosorption,
bioaccumulation, and biomineralization, effectively reducing the toxicity and mobility of
lead in contaminated environments.

7. Metalloids: Arsenic

Arsenic (As) exhibits a pervasive presence, ranking 20th in abundance within the
Earth’s crust, 14th in seawater, and emerging as the 12th most prevalent element within
the human body [64]. Since its initial discovery, As has found diverse applications encom-
passing medicine, agriculture, metallurgy, and even as a potent poisonous substance for
various organisms [176]. Arsenic is a known toxicant; nevertheless (1) it holds therapeutic
potential as a frontline chemotherapeutic agent against specific hematopoietic cancers [177];
(2) some prokaryotes thrive and endure elevated As concentrations [178]. Among the
mineral deposits, sulfide mineral realgar (alpha-As4S,) stands out due to its notably high
arsenic content [179].

Among metalloids, arsenic is efficiently mobilized by A. ferrooxidans, which exhibits
resilience to arsenic concentrations in the gram per liter range—an amount considered
poisonous for numerous organisms. The catalytic conversion of Fe?* to Fe3* in an acidic so-
lution instigates the generation of cationic As, as illustrated from Equations (46)—(50) [180]:
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4Fe®t + O, + 4H' — 4Fe** + 2H,0 (46)
AsySy + 6Fe3™ — 2As%t + 280 + 6Fe?* (47)
H3AsO3 + HyO — H3AsOy + 2H* + 2e~ (48)
H3AsO, + Fe** — FeAsOy + 3H* (49)
In the presence of A. ferrooxidans:
AsS; + 14H,0 — 2H3As03 + 2HSO, ™ + 20H* +18e~ (50)

Bioleaching of arsenic and precipitation and oxidation of arsenite or reduction to arsen-
ate are some valid processes involved in biorecovery activities and in treating contaminated
environments such as AMDs, industrial wastewater, and polluted soils.

8. Actinides: Uranium

Uranium (U) is the only known actinide to be mobilized by A. ferrooxidans. The
actinides, or actinide series, elements with atomic numbers ranging from 89 to 103, are
situated beneath the lanthanide series. From uranium to lawrencium, each actinide brings
its own set of intriguing features, making the study of this series crucial for understanding
nuclear reactions, reactor design, and the behavior of radioactive materials [181].

Uranium finds applications in nuclear energy generation, the production of uranium
oxide (U3Og), the formulation of anti-corrosive alloys, and coloring agents for glass and
porcelain [74]. The conventional extraction of uranium relies on a process that utilizes
acids as leaching agents [75]. Extracting uranium from low-grade ores through chemical
leaching is often economically unfeasible [182]. In contrast, bioleaching is recognized for
its economic viability and environmental compatibility [183]. A. ferrooxidans stands out
in bioleaching for uranium extraction, leveraging its indirect oxidation capabilities as in
Equation (51) [76,184]:

UM, +2Fe* — UMO,*" + 2Fe® (51)

Uranium exhibits limited solubility in an aqueous medium when it is in the +4 oxida-
tion state. However, within an acidic environment, the ferric ion facilitates the oxidation of
U* to U®*, a form that readily dissolves. In a complementary reaction to the oxidation of
U**, the ferric ion undergoes reduction to become the ferrous ion. Under the influence of
A. ferrooxidans oxidation function, it is subsequently re-oxidized back to the ferric state. This
enables it to once again engage in the oxidation of uranium [76]. Particularly, A. ferrooxidans
sp. FJ2is able to extract uranium by modulating the operon gene rus by 100% in 13 days [76].
The expression of some operons such as rus and petl, both involved in iron oxidation, are
enhanced in the presence of radioactive minerals and after gamma-irradiation. Moreover,
after exposure to gamma-rays, it was shown that this type of radiation does not affect the
pH or the electrochemical parameters of the whole reaction, but increases the expression
of all the genes encoded by the aforementioned operons without significant changes in
uranium extraction rate [76].

9. Conclusions

A. ferrooxidans stands as a cornerstone in trace element bioleaching and in the bio-
mining and biorecovery industry (Figure 3) [185]. Its specialized metabolic pathways,
particularly in the oxidation of ferrous iron and sulfur compounds, combined with its abil-
ity to thrive and contribute to hyperacidic conditions, empower the efficient solubilization
of diverse valuable trace elements from mineral deposits [12]. This microorganism has
demonstrated remarkable proficiency in boosting metal (including alkali and transition
metals, Figure 2) recovery rates, revolutionizing conventional mining methodologies. Its
use significantly reduces the environmental footprint of mining operations, representing a
critical step towards sustainable and eco-friendly mining practices [185]. This underscores
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the transformative potential of A. ferrooxidans in the journey toward sustainability [14], in-
creasing our ability to recover critical metals from low-grade ore deposits, recycle E-wastes,
and bioremediate contaminated sites.

Peering into the future, the application of A. ferrooxidans holds exciting prospects in
space exploration. Its unique adaptability and capacity to facilitate metal extraction on
Earth represents a groundbreaking future opportunity for resource utilization on other
planetary bodies. By mitigating the challenges of resource transport from our home planet,
the use of A. ferrooxidans may support future space missions, catalyzing the extraction of
key elements for the development of extraterrestrial habitats and advancing technological
frontiers [11].

c 3 S0 o o . . .
Alkali Li Lithium dissolution through sulfuric acid produced by the microbe
Metals e for battery production, electronics and aerospace materials
15 o] . . . .
Non- b Phosphorus solubilization through sulfuric acid for nutrient
Metals Phosphors recovery, fertilizer production and waste treatment
33
: Arsenic oxidation and
Metalloids As S . .
e precipitation for bioremediation
23 24 26 28 29
\' Cr Fe Ni Cu
o[ | e | s || | S | Direct and indirect Leaching
Transition B - : i | : R ; I
Metals = - — = — or mining, E-waste recycling
Zn Mo w Au Hg and space exploration
Zinc Molybdenum Tungsten Gold Mercury
Transition Metal Transition Metal Transition Metal Transition Metal Transition Metal
CriD 31 82 . . .« . . .
PostTransition||  Gq Pb Biosorption and precipitation for electronics,
Metals || calion || tead batteries and environmental remediation
92
e U Indirect oxidation of uranium for nuclear fuel
ey recovery and bioremediation of radioactive waste

Figure 3. Periodic table of A. ferrooxidans-mobilized elements with main involved processes in
elemental extraction techniques divided by chemical group. The periodic table of A. ferrooxidans is
presented in bold.

One major concern with bioleaching and biomining is the production of acid mine
drainage, a process that leads to significant environmental challenges [39]. However, bi-
oleaching operations can be carefully controlled and optimized to minimize contamination
risks and mitigate environmental impacts. Strategies such as monitoring pH, optimizing
microbial consortia, and designing contained bioreactors or controlled leaching systems
ensure that bioleaching processes can be sustainable. To counteract these negative impacts,
it can be useful to employ biorecovery strategies, e.g., the usage of either naturally occurring
or deliberately introduced microorganisms to consume and break down environmental
pollutants, which are considered essential [186]. The effectiveness of biomining relies on the
intricate interactions among the microbial communities involved. A deep comprehension
of these interactions is strictly related to the effective management and optimization of
the microbial consortia to enhance biomining efficiency [187], since the majority of current
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biomining activities use naturally occurring microbial populations [188]. It is worth noting
that the dangers associated with the discharge of the bioremediating microorganisms into
the surrounding environment to counteract acid mine drainage production are considered
minimal, because these organisms are already present in the ecosystem [189,190]. As a
consequence, while bioleaching and biomining present forward-thinking solutions for
extracting metals, it is important to address their environmental repercussions and ensure
sustainable resource recovery, aligning with the objectives of a circular economy [14].

The application of bioleaching to E-waste holds significant potential for enhancing
social development and bolstering the economies of developing nations. The utilization
of mesophilic and acidophilic/hyperacidophilic bacteria, particularly A. ferrooxidans, rep-
resents a substantial stride towards advancing base metal recovery both on Earth and
potentially in extraterrestrial environments, e.g., planets (Mars), moons (Moon, Enceladus,
Europa), and asteroids (Lutetia, Kleopatra). As we delve deeper into the intricacies of
microbial-driven biomining processes, it is imperative to acknowledge the multifaceted
contributions of A. ferrooxidans. From bolstering metal recovery rates on Earth to poten-
tially revolutionizing resource extraction in space, this remarkable bacterium exemplifies
the transformative potential of biotechnology in mining and beyond. With ongoing re-
search and technological advancements, we are poised to further harness the capabilities
of A. ferrooxidans, propelling us toward a future marked by sustainability, innovation, and
abundant resources.

Author Contributions: Conceptualization, L.T., A.R. and D.G.; methodology, L.T. and M.E.; vali-
dation, L.T., A.R. and D.G,; formal analysis, L.T., M.E., M.C., and B.B.; investigation, L.T. and M.E.;
resources, L.T.; data curation, L.T.; writing—original draft preparation, L.T., M.E., M.C. and B.B.;
writing—review and editing, L.T., M.E.,, M.C,, B.B,, SE, M.TM.T,, TS,,RS,,G.C,, A.C, AR.and D.G;;
visualization, L.T. and D.G.; supervision, A.R.,, D.G., and G.C.; project administration, A.R. and D.G.;
funding acquisition, A.R. and D.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This work has been conducted thanks to the following funding: the PhD program PON
“Ricerca e Innovazione” 2014-2020, DM n. 1061 (10 August 2021) and n. 1233 (30 July 2020) by the
Ministero dell’Universita e della Ricerca (MUR); the ASI-INAF agreements 1/024/12/0 and 2020-4-
HH.0, by the Italian Space Agency (ASI). This work was supported by funding from the European
Research Council (ERC) under the European Union’s Horizon 2020 research and innovation program
(Grant Agreement No. 948972—COEVOLVE—ERC-2020-STG).

Data Availability Statement: No new data were created.

Acknowledgments: We thank MUR (Ministero dell'Universita e della Ricerca) for the PhD program
PON “Ricerca e Innovazione” 2014-2020, DM n.1061 (10 August 2021) and n. 1233 (30 July 2020).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Merino, N.; Aronson, H.S.; Bojanova, D.P,; Feyhl-Buska, J.; Wong, M.L.; Zhang, S.; Giovannelli, D. Living at the Extremes:
Extremophiles and the Limits of Life in a Planetary Context. Front. Microbiol. 2019, 10, 780. [CrossRef] [PubMed]

2. Bosecker, K. Bioleaching: Metal solubilization by microorganisms. FEMS Microbiol. Rev. 1997, 20, 591-604. [CrossRef]

3. Ilyas, S.; Anwar, M.A,; Niazi, S.B.; Ghauri, M.A. Bioleaching of metals from electronic scrap by moderately thermophilic
acidophilic bacteria. Hydrometallurgy 2007, 88, 180-188. [CrossRef]

4. Navarro, C.A,; von Bernath, D.; Jerez, C.A. Heavy metal resistance strategies of acidophilic bacteria and their acquisition:
Importance for biomining and bioremediation. Biol. Res. 2013, 46, 363-371. [CrossRef]

5. Zhao, F.; Wang, S. Chapter 7—Bioleaching of Electronic Waste Using Extreme Acidophiles. In Electronic Waste Management and
Treatment Technology; Prasad, M.N.V,, Vithanage, M., Eds.; Butterworth-Heinemann: Oxford, UK, 2019; pp. 153-174.

6. Niehaus, F; Bertoldo, C.; Kdhler, M.; Antranikian, G. Extremophiles as a source of novel enzymes for industrial application. Appl.
Microbiol. Biotechnol. 1999, 51, 711-729. [CrossRef]

7. Watling, H.R.; Shiers, D.W.; Collinson, D.M. Extremophiles in Mineral Sulphide Heaps: Some Bacterial Responses to Variable
Temperature, Acidity and Solution Composition. Microorganisms 2015, 3, 364-390. [CrossRef] [PubMed]

8.  Giovanella, P; Vieira, G.A.; Otero, . V.R,; Pellizzer, E.P; Fontes, B.d.].; Sette, L.D. Metal and organic pollutants bioremediation by

extremophile microorganisms. J. Hazard. Mater. 2020, 382, 121024. [CrossRef]


https://doi.org/10.3389/fmicb.2019.00780
https://www.ncbi.nlm.nih.gov/pubmed/31037068
https://doi.org/10.1111/j.1574-6976.1997.tb00340.x
https://doi.org/10.1016/j.hydromet.2007.04.007
https://doi.org/10.4067/S0716-97602013000400008
https://doi.org/10.1007/s002530051456
https://doi.org/10.3390/microorganisms3030364
https://www.ncbi.nlm.nih.gov/pubmed/27682094
https://doi.org/10.1016/j.jhazmat.2019.121024

Microorganisms 2024, 12, 2407 22 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

Cockell, C.S.; Santomartino, R.; Finster, K.; Waajen, A.C.; Eades, L.J.; Moeller, R.; Rettberg, P.; Fuchs, EM.; Van Houdt, R.V; Leys,
N.; et al. Space station biomining experiment demonstrates rare earth element extraction in microgravity and Mars gravity. Nat.
Commun. 2020, 11, 5523. [CrossRef] [PubMed]

Santomartino, R.; Zea, L.; Cockell, C.S. The smallest space miners: Principles of space biomining. Extremophiles 2022, 26, 7.
[CrossRef]

Tonietti, L.; Barosa, B.; Pioltelli, E.; Giovannelli, D.; Covone, G.; Di Donato, P.; Cordone, A.; Inno, L.; Magliano, C.; Fiscale, S.; et al.
Exploring the Development of Astrobiology Scientific Research through Bibliometric Network Analysis: A Focus on Biomining
and Bioleaching. Minerals 2023, 13, 797. [CrossRef]

Valdés, J.; Pedroso, I.; Quatrini, R.; Dodson, R.J.; Tettelin, H.; Blakell, R.; Eisen, ].A.; Holmes, D.S. Acidithiobacillus ferrooxidans
metabolism: From genome sequence to industrial applications. BMC Genom. 2008, 9, 597. [CrossRef] [PubMed]

Wang, R.; Lin, ].-Q.; Liu, X.-M.; Pang, X.; Zhang, C.-J.; Yang, C.-L.; Gao, X.-Y;; Lin, C.-M.; Li, Y.-Q.; Li, Y;; et al. Sulfur Oxidation in
the Acidophilic Autotrophic Acidithiobacillus spp. Front. Microbiol. 2019, 9, 3290. [CrossRef] [PubMed]

Kaksonen, A.H.; Petersen, ]J. The Future of Biomining: Towards Sustainability in a Metal-Demanding World. In Biomining
Technologies: Extracting and Recovering Metals from Ores and Wastes; Johnson, D.B., Bryan, C.G., Schlémann, M., Roberto, EF, Eds.;
Springer International Publishing: Cham, Switzerland, 2023; pp. 295-314.

Ibéfiez, A.; Garrido-Chamorro, S.; Coque, J.J.R.; Barreiro, C. From Genes to Bioleaching: Unraveling Sulfur Metabolism in
Acidithiobacillus Genus. Genes 2023, 14, 1772. [CrossRef] [PubMed]

Baker, B.J.; Banfield, J.F. Microbial communities in acid mine drainage. FEMS Microbiol. Ecol. 2003, 44, 139-152. [CrossRef]
[PubMed]

Pedersen, T.F. Shouldn’t We Be Putting Our Sulphide-Rich Mine Tailings in the Ocean or in Lakes Rather than on Land? In Waters
in Peril; Bendell-Young, L., Gallaugher, P, Eds.; Springer: Boston, MA, USA, 2001; pp. 151-162.

Hafenbradl, D.; Keller, M.; Dirmeier, R.; Rachel, R.; Rossnagel, P.; Burggraf, S.; Huber, H.; Stetter, K.O. Ferroglobus placidus gen.
nov., sp. nov., A novel hyperthermophilic archaeum that oxidizes Fe>* at neutral pH under anoxic conditions. Arch. Microbiol.
1996, 166, 308-314. [CrossRef] [PubMed]

Nguyen, VK.; Lee, J.-U. Effect of sulfur concentration on microbial removal of arsenic and heavy metals from mine tailings using
mixed culture of Acidithiobacillus spp. |. Geochem. Explor. 2015, 148, 241-248. [CrossRef]

Bruscella, P.; Appia-Ayme, C.; Levican, G.; Ratouchniak, J.; Jedlicki, E.; Holmes, D.; & Bonnefoy, V. Differential expression of two
bcl complexes in the strict acidophilic chemolithoautotrophic bacterium Acidithiobacillus ferrooxidans suggests a model for their
respective roles in iron or sulfur oxidation. Microbiology 2007, 153 Pt 1, 102-110. [CrossRef]

Quatrini, R.; Appia-Ayme, C.; Denis, Y.; Ratouchniak, J.; Veloso, F,; Valdes, J.; Lefimil, C.; Silver, S.; Roberto, E; Orellana, O.;
et al. Insights into the iron and sulfur energetic metabolism of Acidithiobacillus ferrooxidans by microarray transcriptome profiling.
Hydrometallurgy 2006, 83, 263-272. [CrossRef]

Zhan, Y.; Yang, M.; Zhang, S.; Zhao, D.; Duan, J.; Wang, W.; Yan, L. Iron and sulfur oxidation pathways of Acidithiobacillus
ferrooxidans. World ]. Microbiol. Biotechnol. 2019, 35, 60. [CrossRef]

Liu, H.-L,; Lan, Y. Optimal production of sulphuric acid by Thiobacillus thiooxidans using response surface methodology. Process.
Biochem. 2004, 39, 1953-1961. [CrossRef]

Fortin, D.; Davis, B.; Southam, G.; Beveridge, T.J. Biogeochemical phenomena induced by bacteria within sulfidic mine tailings. J.
Ind. Microbiol. 1995, 14, 178-185. [CrossRef]

Pronk, ].T.; de Bruyn, J.C.; Bos, P.; Kuenen, J.G. Anaerobic Growth of Thiobacillus ferrooxidans. Appl. Environ. Microbiol. 1992, 58,
2227-2230. [CrossRef] [PubMed]

Plessis, C.A.D.; Slabbert, W.; Hallberg, K.B.; Johnson, D.B. Ferredox: A biohydrometallurgical processing concept for limonitic
nickel laterites. Hydrometallurgy 2011, 109, 221-229. [CrossRef]

Akcil, A.; Koldas, S. Acid Mine Drainage (AMD): Causes, treatment and case studies. ]. Clean. Prod. 2006, 14, 1139-1145.
[CrossRef]

Gonzalez-Paz, ].R.; del Carmen Monterrubio, M.; Ordaz, A.; Garcia-Pefia, E.I.; Guerrero-Barajas, C. Influence of Fe?* and Fe3* on
the Performance and Microbial Community Composition of a MFC Inoculated with Sulfate-Reducing Sludge and Acetate as
Electron Donor. |. Chem. 2022, 2022, e5685178. [CrossRef]

Coérdoba, E.M.; Mufioz, ].A.; Blazquez, M.L.; Gonzalez, F,; Ballester, A. Leaching of chalcopyrite with ferric ion. Part I: General
aspects. Hydrometallurgy 2008, 93, 81-87. [CrossRef]

Vera, M.; Schippers, A.; Hedrich, S.; Sand, W. Progress in bioleaching: Fundamentals and mechanisms of microbial metal sulfide
oxidation—part A. Appl. Microbiol. Biotechnol. 2022, 106, 6933-6952. [CrossRef]

Sand, W.; Gehrke, T.; Jozsa, P.-G.; Schippers, A. (Bio)chemistry of bacterial leaching—Direct vs. indirect bioleaching. Hydrometal-
Ilurgy 2001, 59, 159-175. [CrossRef]

Suzuki, I. Microbial leaching of metals from sulfide minerals. Biotechnol. Adv. 2001, 19, 119-132. [CrossRef]

Van Gerven, T.; Moors, J.; Dutré, V.; Vandecasteele, C. Effect of CO, on leaching from a cement-stabilized MSWI fly ash. Cem.
Concr. Res. 2004, 34, 1103-1109. [CrossRef]

Liu, Y;; Fang, J.; Liu, S.; An, X.; Kang, Y.; Wang, L. Effect of Different CO, Treatments on the Metal Leaching in Steel Slag Binders.
Front. Energy Res. 2021, 9, 765519. [CrossRef]


https://doi.org/10.1038/s41467-020-19276-w
https://www.ncbi.nlm.nih.gov/pubmed/33173035
https://doi.org/10.1007/s00792-021-01253-w
https://doi.org/10.3390/min13060797
https://doi.org/10.1186/1471-2164-9-597
https://www.ncbi.nlm.nih.gov/pubmed/19077236
https://doi.org/10.3389/fmicb.2018.03290
https://www.ncbi.nlm.nih.gov/pubmed/30687275
https://doi.org/10.3390/genes14091772
https://www.ncbi.nlm.nih.gov/pubmed/37761912
https://doi.org/10.1016/S0168-6496(03)00028-X
https://www.ncbi.nlm.nih.gov/pubmed/19719632
https://doi.org/10.1007/s002030050388
https://www.ncbi.nlm.nih.gov/pubmed/8929276
https://doi.org/10.1016/j.gexplo.2014.10.008
https://doi.org/10.1099/mic.0.2006/000067-0
https://doi.org/10.1016/j.hydromet.2006.03.030
https://doi.org/10.1007/s11274-019-2632-y
https://doi.org/10.1016/j.procbio.2003.09.018
https://doi.org/10.1007/BF01569901
https://doi.org/10.1128/aem.58.7.2227-2230.1992
https://www.ncbi.nlm.nih.gov/pubmed/16348735
https://doi.org/10.1016/j.hydromet.2011.07.005
https://doi.org/10.1016/j.jclepro.2004.09.006
https://doi.org/10.1155/2022/5685178
https://doi.org/10.1016/j.hydromet.2008.04.015
https://doi.org/10.1007/s00253-022-12168-7
https://doi.org/10.1016/S0304-386X(00)00180-8
https://doi.org/10.1016/S0734-9750(01)00053-2
https://doi.org/10.1016/j.cemconres.2003.11.022
https://doi.org/10.3389/fenrg.2021.765519

Microorganisms 2024, 12, 2407 23 of 28

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Vu, B.; Chen, M.; Crawford, R.J.; Ivanova, E.P. Bacterial Extracellular Polysaccharides Involved in Biofilm Formation. Molecules
2009, 14, 2535-2554. [CrossRef] [PubMed]

Tan, S.N.; Chen, M. Early stage adsorption behaviour of Acidithiobacillus ferrooxidans on minerals I: An experimental approach.
Hydrometallurgy 2012, 119, 87-94. [CrossRef]

Maluckov, B. The Catalytic Role of Acidithiobacillus Ferrooxidans for Metals Extraction from Mining-Metallurgical Resource.
Biodivers. Int. ]. 2017, 1, 1-12. [CrossRef]

Nazari, B.; Jorjani, E.; Hani, H.; Manafi, Z.; Riahi, A. Formation of jarosite and its effect on important ions for Acidithiobacillus
ferrooxidans bacteria. Trans. Nonferrous Met. Soc. China 2014, 24, 1152-1160. [CrossRef]

Jerez, C.A. Biomining of metals: How to access and exploit natural resource sustainably. Microb. Biotechnol. 2017, 10, 1191-1193.
[CrossRef]

Metal Removal by Acidithiobacillus ferrooxidans Through Cells and Extra-Cellular Culture Supernatant in Biomachining-
ScienceDirect. Available online: https://www.sciencedirect.com/science/article/pii/S1755581712000181 (accessed on 20
March 2024).

Cai, G.; Ebrahimi, M.; Zheng, G.; Kaksonen, A.H.; Morris, C.; O’'Hara, L.M.; Zhang, Z. Effect of ferrous iron loading on
dewaterability, heavy metal removal and bacterial community of digested sludge by Acidithiobacillus ferrooxidans. ]. Environ.
Manag. 2021, 295, 113114. [CrossRef] [PubMed]

Takeuchi, F; Sugio, T. Volatilization and recovery of mercury from mercury-polluted soils and wastewaters using mercury-
resistant Acidithiobacillus ferrooxidans strains SUG 2-2 and MON-1. Environ. Sci. Int. ]. Environ. Physiol. Toxicol. 2006, 13,
305-316.

Cabrera, G.; Viera, M.; Gémez, ].M.; Cantero, D.; Donati, E. Bacterial removal of chromium (VI) and (III) in a continuous system.
Biodegradation 2007, 18, 505-513. [CrossRef]

Camm, G.S,; Glass, H.J.; Bryce, D.W,; Butcher, A.R. Characterisation of a mining-related arsenic-contaminated site. Cornwall, UK.
J. Geochem. Explor. 2004, 82, 1-15. [CrossRef]

Adetunji, A.L; Oberholster, PJ.; Erasmus, M. Bioleaching of Metals from E-Waste Using Microorganisms: A Review. Minerals
2023, 13, 828. [CrossRef]

Hubau, A.; Bryan, C.G. Metal Recovery from E-wastes. In Biomining Technologies: Extracting and Recovering Metals from Ores and
Wastes; Johnson, D.B., Bryan, C.G., Schlémann, M., Roberto, FF., Eds.; Springer International Publishing: Cham, Switzerland,
2023; pp. 239-259.

Hadler, K.; Martin, D.J.P,; Carpenter, J.; Cilliers, J.].; Morse, A.; Starr, S.; Rasera, ].N.; Seweryn, K.; Reiss, P.; Meurisse, A. A
universal framework for Space Resource Utilisation (SRU). Planet. Space Sci. 2020, 182, 104811. [CrossRef]

Gumulya, Y.; Zea, L.; Kaksonen, A.H. In situ resource utilisation: The potential for space biomining. Miner. Eng. 2022, 176, 107288.
[CrossRef]

Cinti, S.; Singh, S.; Covone, G.; Tonietti, L.; Ricciardelli, A.; Cordone, A.; Iacono, R.; Mazzoli, A.; Moracci, M.; Rotundi, A.; et al.
Reviewing the state of biosensors and lab-on-a- chip technologies: Opportunities for extreme environments and space exploration.
Front. Microbiol. 2023, 14, 1215529. [CrossRef] [PubMed]

Della Corte, V.; Ferretti, S.; Piccirillo, A.M.; Zakharov, V.; Di Paolo, F.; Rotundi, A.; Ammannito, E.; Amoroso, M.; Bertini, I.; Di
Donato, P; et al. DISC-the dust impact sensor and counter on-board Comet Interceptor: Characterization of the dust coma of a
dynamically new comet. Adv. Space Res. 2023, 71, 3457-3467. [CrossRef]

Magliano, C.; Covone, G.; Dobal, R.; Cacciapuoti, L.; Tonietti, L.; Giacalone, S.; Vines, ].L; Inno, L.; Jenkins, ].S.; Lissauer, ].].; et al.
A systematic validation of hot Neptunes in TESS data. Mon. Not. R. Astron. Soc. 2023, 519, 1562-1577. [CrossRef]

Peng, Z.; Wang, Z.; Han, Z.; Zhu, Y,; Li, Y.; Xie, K. Vanadium-Titanium Magnetite Concentrate, Calcium-Magnesium Composite
Roasting and Sulfuric Acid Leaching for Vanadium Extraction from Pellets. Metals 2023, 13, 1135. [CrossRef]

Hao, L.; Zhang, B.; Feng, C.; Zhang, Z.; Lei, Z.; Shimizu, K.; Cao, X.; Liu, H.; Liu, H. Microbial vanadium (V) reduction in
groundwater with different soils from vanadium ore mining areas. Chemosphere 2018, 202, 272-279. [CrossRef]

Shi, C.; Cui, Y,; Lu, ].; Zhang, B. Sulfur-based autotrophic biosystem for efficient vanadium (V) and chromium (VI) reductions in
groundwater. Chem. Eng. ]. 2020, 395, 124972. [CrossRef]

Tambat, V.S.; Patel, A.K.; Chen, C.-W.; Raj, T.; Chang, ].-S.; Singhania, R.R.; Dong, C.-D. A sustainable vanadium bioremediation
strategy from aqueous media by two potential green microalgae. Environ. Pollut. 2023, 323, 121247. [CrossRef]

Zhang, B.; Zhang, H.; He, ].; Zhou, S.; Dong, H.; Rinklebe, J.; Ok, Y.S. Vanadium in the Environment: Biogeochemistry and
Bioremediation. Environ. Sci. Technol. 2023, 57, 14770-14786. [CrossRef] [PubMed]

Sharma, P.; Singh, S.P.; Parakh, S.K.; Tong, Y.W. Health hazards of hexavalent chromium (Cr (VI)) and its microbial reduction.
Bioengineered 2022, 13, 4923-4938. [CrossRef] [PubMed]

Liu, S.; Chen, L.; Gao, Y. Hexavalent Chromium Leaching Influenced Factors in the Weathering Chrome Slag. Procedia Environ.
Sci. 2013, 18, 783-787. [CrossRef]

Garg, S.K,; Tripathi, M.; Srinath, T. Strategies for chromium bioremediation of tannery effluent. Rev. Environ. Contam. Toxicol.
2012, 217, 75-140. [PubMed]

Arshadi, M.; Yaghmaei, S. Advances in bioleaching of copper and nickel from electronic waste using Acidithiobacillus ferrooxidans:
Evaluating daily pH adjustment. Chem. Pap. 2020, 74, 2211-2227. [CrossRef]


https://doi.org/10.3390/molecules14072535
https://www.ncbi.nlm.nih.gov/pubmed/19633622
https://doi.org/10.1016/j.hydromet.2012.02.001
https://doi.org/10.15406/bij.2017.01.00017
https://doi.org/10.1016/S1003-6326(14)63174-5
https://doi.org/10.1111/1751-7915.12792
https://www.sciencedirect.com/science/article/pii/S1755581712000181
https://doi.org/10.1016/j.jenvman.2021.113114
https://www.ncbi.nlm.nih.gov/pubmed/34171779
https://doi.org/10.1007/s10532-006-9083-5
https://doi.org/10.1016/j.gexplo.2004.01.004
https://doi.org/10.3390/min13060828
https://doi.org/10.1016/j.pss.2019.104811
https://doi.org/10.1016/j.mineng.2021.107288
https://doi.org/10.3389/fmicb.2023.1215529
https://www.ncbi.nlm.nih.gov/pubmed/37664111
https://doi.org/10.1016/j.asr.2023.01.049
https://doi.org/10.1093/mnras/stac3404
https://doi.org/10.3390/met13061135
https://doi.org/10.1016/j.chemosphere.2018.03.075
https://doi.org/10.1016/j.cej.2020.124972
https://doi.org/10.1016/j.envpol.2023.121247
https://doi.org/10.1021/acs.est.3c04508
https://www.ncbi.nlm.nih.gov/pubmed/37695611
https://doi.org/10.1080/21655979.2022.2037273
https://www.ncbi.nlm.nih.gov/pubmed/35164635
https://doi.org/10.1016/j.proenv.2013.04.105
https://www.ncbi.nlm.nih.gov/pubmed/22350558
https://doi.org/10.1007/s11696-020-01055-y

Microorganisms 2024, 12, 2407 24 of 28

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Li, B;; Li, H,; Dong, Z.; Ly, Y.; Liu, N.; Hao, X. The global copper material trade network and risk evaluation: A industry chain
perspective. Resour. Policy 2021, 74, 102275. [CrossRef]

Lu, E; Xiao, T.; Lin, J.; Ning, Z.; Long, Q.; Xiao, L.; Huang, F.; Wang, W.; Xiao, Q.; Lan, X,; et al. Resources and extraction of
gallium: A review. Hydrometallurgy 2017, 174, 105-115. [CrossRef]

DenBaars, S.P; Feezell, D.; Kelchner, K.; Pimputkar, S.; Pan, C.-C.; Yen, C.-C.; Tanaka, S.; Zhao, Y.; Pfaff, N.; Farrell, R.; et al.
Development of gallium-nitride-based light-emitting diodes (LEDs) and laser diodes for energy-efficient lighting and displays.
Acta Mater. 2013, 61, 945-951. [CrossRef]

Mandal, B.K.; Suzuki, K.T. Arsenic round the world: A review. Talanta 2002, 58, 201-235. [CrossRef]

Boury, C.; Green, S.R.; Allanore, A. Production of Metallic Tungsten and Tungsten Carbide from Natural Wolframite and Scheelite
via Sulfide Chemistry. Met. Mater. Trans. B 2023, 54, 3270-3287. [CrossRef]

Han, Z.; Levett, A.; Edraki, M.; Jones, M.\W.M.; Howard, D.; Southam, G. Accelerating bioleaching of tungsten mining wastes
using indigenous acidophilic bacteria. J. Hazard. Mater. 2023, 454, 131490. [CrossRef] [PubMed]

Hallstrom, L.; Alakangas, L.; Martinsson, O. Scheelite weathering and tungsten (W) mobility in historical oxidic-sulfidic skarn
tailings at Yxsjoberg, Sweden. Environ. Sci. Pollut. Res. 2020, 27, 6180-6192. [CrossRef] [PubMed]

El-Midany, A. Gold recovery from sulphide minerals: A bioprocessing approach. Afinidad-Barc. 2012, 68, 62-68.

Medina, D.; Anderson, C.G. A Review of the Cyanidation Treatment of Copper-Gold Ores and Concentrates. Metals 2020, 10, 897.
[CrossRef]

Sen, C. Bioleaching of Gold: An alternative green mining technology for 21st century. Microbiol. World 2015, 3, 11-20.

Isildar, A.; van de Vossenberg, J.; Rene, E.R.; van Hullebusch, E.D.; Lens, PN.L. Two-step bioleaching of copper and gold from
discarded printed circuit boards (PCB). Waste Manag. 2016, 57, 149-157. [CrossRef] [PubMed]

Flora, G.; Gupta, D.; Tiwari, A. Toxicity of lead: A review with recent updates. Interdiscip. Toxicol. 2012, 5, 47-58. [CrossRef]
Kamoldeen, A. Bioleaching of Lead from Nigerian Anglesite Ore by Acidithiobacillus ferrooxidans. Trends Appl. Sci. Res. 2012, 8,
5591-5598.

Chen, L.; Liu, J.; Zhang, W.; Zhou, J.; Luo, D.; Li, Z. Uranium (U) source, speciation, uptake, toxicity and bioremediation strategies
in soil-plant system: A review. J. Hazard. Mater. 2021, 413, 125319. [CrossRef]

Costine, A.; Nikoloski, A.N.; Costa, M.D.; Chong, K.F.; Hackl, R. Uranium extraction from a pure natural brannerite mineral by
acidic ferric sulphate leaching. Miner. Eng. 2013, 53, 84-90. [CrossRef]

Pal, S.; Pradhan, D.; Das, T.; Sukla, L.B.; Chaudhury, G.R. Bioleaching of low-grade uranium ore using Acidithiobacillus ferrooxidans.
Indian |. Microbiol. 2010, 50, 70-75. [CrossRef] [PubMed]

Dye, J.L. The alkali metals: 200 years of surprises. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2015, 373, 20140174. [CrossRef]
[PubMed]

Garcia, L.V;; Ho, Y.-C.; Thant, M.ML.M.; Han, D.S; Lim, J.W. Lithium in a Sustainable Circular Economy: A Comprehensive
Review. Processes 2023, 11, 418. [CrossRef]

Wang, T.-W,; Liu, T.; Sun, H. Direct recycling for advancing sustainable battery solutions. Mater. Today Energy 2023, 38, 101434.
[CrossRef]

Ding, T.; Zheng, M.; Peng, S; Lin, Y.; Zhang, X.; Li, M. Lithium extraction from salt lakes with different hydrochemical types in
the Tibet Plateau. Geosci. Front. 2023, 14, 101485. [CrossRef]

Vikstrom, H.; Davidsson, S.; Ho6k, M. Lithium availability and future production outlooks. Appl. Energy 2013, 110, 252-266.
[CrossRef]

Marcinov, V.; Klimko, J.; Takacova, Z.; Pirogkova, J.; Miskufova, A.; Sommerfeld, M.; Dertmann, C.; Friedrich, B.; Orac, D. Lithium
Production and Recovery Methods: Overview of Lithium Losses. Metals 2023, 13, 1213. [CrossRef]

Szlugaj, J.; Radwanek-Bak, B. Lithium sources and their current use. Gospod. Surowcami Miner.-Miner. Resour. Manag. 2022, 38,
61-87.

Guo, H.; Kuang, G.; Wan, H.; Yang, Y.; Yu, H.; Wang, H. Enhanced acid treatment to extract lithium from lepidolite with a
fluorine-based chemical method. Hydrometallurgy 2019, 183, 9-19. [CrossRef]

Moazzam, P.; Boroumand, Y.; Rabiei, P; Baghbaderani, S.S.; Mokarian, P.; Mohagheghian, F. Lithium bioleaching: An emerging
approach for the recovery of Li from spent lithium ion batteries. Chemosphere 2021, 277, 130196. [CrossRef]
Sedlakova-Kadukova, J.; Marcincakova, R.; Luptakova, A.; Vojtko, M.; Fujda, M.; Pristas, P. Comparison of three different
bioleaching systems for Li recovery from lepidolite. Sci. Rep. 2020, 10, 14594. [CrossRef] [PubMed]

Biswal, B.K.; Balasubramanian, R. Recovery of valuable metals from spent lithium-ion batteries using microbial agents for
bioleaching: A review. Front. Microbiol. 2023, 14, 1197081. [CrossRef] [PubMed]

Xin, B.; Zhang, D.; Zhang, X,; Xia, Y.; Wu, E; Chen, S; Li, L. Bioleaching mechanism of Co and Li from spent lithium-ion battery by
the mixed culture of acidophilic sulfur-oxidizing and iron-oxidizing bacteria. Bioresour. Technol. 2009, 100, 6163-6169. [CrossRef]
[PubMed]

Mishra, D.; Kim, D.-J; Ralph, D.E.; Ahn, J.-G.; Rhee, Y.-H. Bioleaching of metals from spent lithium ion secondary batteries using
Acidithiobacillus ferrooxidans. Waste Manag. 2008, 28, 333-338. [CrossRef]

Yao, B.; Kuznetsov, V.L.; Xiao, T.; Slocombe, D.R.; Rao, C.N.R.; Hensel, F.; Edwards, PP. Metals and non-metals in the periodic
table. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2020, 378, 20200213. [CrossRef]


https://doi.org/10.1016/j.resourpol.2021.102275
https://doi.org/10.1016/j.hydromet.2017.10.010
https://doi.org/10.1016/j.actamat.2012.10.042
https://doi.org/10.1016/S0039-9140(02)00268-0
https://doi.org/10.1007/s11663-023-02906-1
https://doi.org/10.1016/j.jhazmat.2023.131490
https://www.ncbi.nlm.nih.gov/pubmed/37121042
https://doi.org/10.1007/s11356-019-07305-1
https://www.ncbi.nlm.nih.gov/pubmed/31865574
https://doi.org/10.3390/met10070897
https://doi.org/10.1016/j.wasman.2015.11.033
https://www.ncbi.nlm.nih.gov/pubmed/26704063
https://doi.org/10.2478/v10102-012-0009-2
https://doi.org/10.1016/j.jhazmat.2021.125319
https://doi.org/10.1016/j.mineng.2013.07.010
https://doi.org/10.1007/s12088-010-0015-z
https://www.ncbi.nlm.nih.gov/pubmed/23100810
https://doi.org/10.1098/rsta.2014.0174
https://www.ncbi.nlm.nih.gov/pubmed/25666067
https://doi.org/10.3390/pr11020418
https://doi.org/10.1016/j.mtener.2023.101434
https://doi.org/10.1016/j.gsf.2022.101485
https://doi.org/10.1016/j.apenergy.2013.04.005
https://doi.org/10.3390/met13071213
https://doi.org/10.1016/j.hydromet.2018.10.020
https://doi.org/10.1016/j.chemosphere.2021.130196
https://doi.org/10.1038/s41598-020-71596-5
https://www.ncbi.nlm.nih.gov/pubmed/32884068
https://doi.org/10.3389/fmicb.2023.1197081
https://www.ncbi.nlm.nih.gov/pubmed/37323903
https://doi.org/10.1016/j.biortech.2009.06.086
https://www.ncbi.nlm.nih.gov/pubmed/19656671
https://doi.org/10.1016/j.wasman.2007.01.010
https://doi.org/10.1098/rsta.2020.0213

Microorganisms 2024, 12, 2407 25 of 28

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.
103.
104.
105.
106.
107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.
118.

119.

Jomova, K.; Makova, M.; Alomar, S.Y.; Alwasel, S.H.; Nepovimova, E.; Kuca, K.; Rhodes, C.J.; Valko, M. Essential metals in health
and disease. Chem. Interactions 2022, 367, 110173. [CrossRef] [PubMed]

El Wali, M.; Golroudbary, S.R.; Kraslawski, A. Circular economy for phosphorus supply chain and its impact on social sustainable
development goals. Sci. Total. Environ. 2021, 777, 146060. [CrossRef]

Daneshgar, S.; Buttafava, A.; Callegari, A.; Capodaglio, A.G. Simulations and Laboratory Tests for Assessing Phosphorus Recovery
Efficiency from Sewage Sludge. Resources 2018, 7, 54. [CrossRef]

Mabrouk, O.; Hamdi, H.; Sayadi, S.; Al-Ghouti, M.A.; Abu-Dieyeh, M.H.; Zouari, N. Reuse of Sludge as Organic Soil Amendment:
Insights into the Current Situation and Potential Challenges. Sustainability 2023, 15, 6773. [CrossRef]

Tytta, M. Assessment of Heavy Metal Pollution and Potential Ecological Risk in Sewage Sludge from Municipal Wastewater
Treatment Plant Located in the Most Industrialized Region in Poland—Case Study. Int. J. Environ. Res. Public Health 2019, 16, 2430.
[CrossRef]

Jama-Rodzeriska, A.; Sowiniski, J.; Koziel, ].A.; Biatowiec, A. Phosphorus Recovery from Sewage Sludge Ash Based on Cradle-to-
Cradle Approach—Mini-Review. Minerals 2021, 11, 985. [CrossRef]

Priha, O,; Sarlin, T.; Blomberg, P.; Wendling, L.; Mdkinen, J.; Arnold, M.; Kinnunen, P. Bioleaching phosphorus from fluorapatites
with acidophilic bacteria. Hydrometallurgy 2014, 150, 269-275. [CrossRef]

Calle-Castafieda, S.M.; Marquez-Godoy, M.A.; Hernandez-Ortiz, J.P. Phosphorus recovery from high concentrations of low-grade
phosphate rocks using the biogenic acid produced by the acidophilic bacteria Acidithiobacillus thiooxidans. Miner. Eng. 2018, 115,
97-105. [CrossRef]

Chi, R.; Xiao, C.; Gao, H. Bioleaching of phosphorus from rock phosphate containing pyrites by Acidithiobacillus ferrooxidans.
Miner. Eng. 2006, 19, 979-981. [CrossRef]

Cortés, M.P,; Acunia, V.; Travisany, D.; Siegel, A.; Maass, A.; Latorre, M. Integration of Biological Networks for Acidithiobacillus
thiooxidans Describes a Modular Gene Regulatory Organization of Bioleaching Pathways. Front. Mol. Biosci. 2020, 6, 155.
[CrossRef] [PubMed]

Pradhan, S.K.; Heinonen-Tanski, H.; Veijalainen, A.-M.; Perdniemi, S.; Torvinen, E. Phosphorus Recovery from Sewage Sludge
Using Acidithiobacilli. Int. J. Environ. Res. Public. Health 2021, 18, 7135. [CrossRef] [PubMed]

Durrant, M.C. Transition Metal Chemistry; past, present and future. Transit. Met. Chem. 2019, 44, 1-3. [CrossRef]

Giovannelli, D. Trace metal availability and the evolution of biogeochemistry. Nat. Rev. Earth Environ. 2023, 4, 597-598. [CrossRef]
Mele, B.H.; Monticelli, M.; Leone, S.; Bastoni, D.; Barosa, B.; Cascone, M.; Migliaccio, F.; Montemagno, F.; Ricciardelli, A.; Tonietti,
L.; et al. Oxidoreductases and metal cofactors in the functioning of the earth. Essays Biochem. 2023, 67, 653-670.

White, D.; Levy, L. Vanadium: Environmental Hazard or Environmental Opportunity? A Perspective on Some Key Research
Needs. Environ. Sci. Process. Impacts 2021, 23, 527-534. [CrossRef]

Yang, B.; He, J.; Zhang, G.; Guo, J. (Eds.) Chapter 15—Vanadium catalysts. In Vanadium; Elsevier: Amsterdam, The Netherlands,
2021; pp. 415-443.

Zhang, C.; Zhang, L.; Ding, Y.; Peng, S.; Guo, X.; Zhao, Y.; He, G.; Yu, G. Progress and prospects of next-generation redox flow
batteries. Energy Storage Mater. 2018, 15, 324-350. [CrossRef]

Odebiyi, O.S.; Gao, F; Du, H.; Liu, B.; Wang, S. Theoretical Modeling and Experimental Evaluation of Vanadium Recovery from
Mechanical Activation-Assisted Vanadium Titano-Magnetite Ore (NH,),C,O, Leaching. Min. Met. Explor. 2023, 40, 2505-2517.
[CrossRef]

He, D.; Feng, Q.; Zhang, G.; Ou, L.; Ly, Y. An environmentally-friendly technology of vanadium extraction from stone coal. Miner.
Eng. 2007, 20, 1184-1186. [CrossRef]

Rastegar, O.; Mousavi, S.M.; Shojaosadati, S.; Sarraf-Mamoory, R. Bioleaching of V, Ni, and Cu from residual produced in oil fired
furnaces using Acidithiobacillus ferrooxidans. Hydrometallurgy 2015, 157, 50-59. [CrossRef]

Cockell, C.S.; Santomartino, R.; Finster, K.; Waajen, A.C.; Nicholson, N.; Loudon, C.-M.; Eades, L.J.; Moeller, R.; Rettberg, P.; Fuchs,
F.M.; et al. Microbially-Enhanced Vanadium Mining and Bioremediation Under Micro- and Mars Gravity on the International
Space Station. Front. Microbiol. 2021, 12, 641387. [CrossRef] [PubMed]

Bredberg, K.; Karlsson, H.; Holst, O. Reduction of vanadium(V) with Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans.
Bioresour. Technol. 2004, 92, 93-96. [CrossRef]

Li, J.; Zhang, B.; Yang, M.; Lin, H. Bioleaching of vanadium by Acidithiobacillus ferrooxidans from vanadium-bearing resources:
Performance and mechanisms. J. Hazard. Mater. 2021, 416, 125843. [CrossRef] [PubMed]

Shearer, C. K.; McKay, G.; Papike, J.; Karner, ]. M. Valence state partitioning of vanadium between olivine-liquid: Estimates of the
oxygen fugacity of Y980459 and application to other olivine-phyric Martian basalts. Am. Miner. 2006, 91, 1657-1663. [CrossRef]
Peng, H. A Literature Review on Leaching and Recovery of Vanadium. J. Environ. Chem. Eng. 2019, 7, 103313. [CrossRef]
Zeiner, M; Rezi¢, I.; Ujevi¢, D.; Steffan, I. Determination of total chromium in tanned leather samples used in car industry. Coll.
Antropol. 2011, 35, 89-92.

Anekwe, LM.S.; Isa, Y.M. Bioremediation of acid mine drainage—Review. Alex. Eng. . 2023, 65, 1047-1075. [CrossRef]

Santos, A.L.; Dybowska, A.; Schofield, PF,; Herrington, R.J.; Cibin, G.; Johnson, D.B. Chromium (VI) Inhibition of Low pH
Bioleaching of Limonitic Nickel-Cobalt Ore. Front. Microbiol. 2022, 12, 802991. [CrossRef] [PubMed]

Meruane, G.; Vargas, T. Bacterial oxidation of ferrous iron by Acidithiobacillus ferrooxidans in the pH range 2.5-7.0. Hydrometallurgy
2003, 71, 149-158. [CrossRef]


https://doi.org/10.1016/j.cbi.2022.110173
https://www.ncbi.nlm.nih.gov/pubmed/36152810
https://doi.org/10.1016/j.scitotenv.2021.146060
https://doi.org/10.3390/resources7030054
https://doi.org/10.3390/su15086773
https://doi.org/10.3390/ijerph16132430
https://doi.org/10.3390/min11090985
https://doi.org/10.1016/j.hydromet.2014.08.002
https://doi.org/10.1016/j.mineng.2017.10.014
https://doi.org/10.1016/j.mineng.2005.10.003
https://doi.org/10.3389/fmolb.2019.00155
https://www.ncbi.nlm.nih.gov/pubmed/31998751
https://doi.org/10.3390/ijerph18137135
https://www.ncbi.nlm.nih.gov/pubmed/34281070
https://doi.org/10.1007/s11243-019-00306-6
https://doi.org/10.1038/s43017-023-00477-y
https://doi.org/10.1039/D0EM00470G
https://doi.org/10.1016/j.ensm.2018.06.008
https://doi.org/10.1007/s42461-023-00871-6
https://doi.org/10.1016/j.mineng.2007.04.017
https://doi.org/10.1016/j.hydromet.2015.07.006
https://doi.org/10.3389/fmicb.2021.641387
https://www.ncbi.nlm.nih.gov/pubmed/33868198
https://doi.org/10.1016/j.biortech.2003.08.004
https://doi.org/10.1016/j.jhazmat.2021.125843
https://www.ncbi.nlm.nih.gov/pubmed/33865106
https://doi.org/10.2138/am.2006.2155
https://doi.org/10.1016/j.jece.2019.103313
https://doi.org/10.1016/j.aej.2022.09.053
https://doi.org/10.3389/fmicb.2021.802991
https://www.ncbi.nlm.nih.gov/pubmed/35087502
https://doi.org/10.1016/S0304-386X(03)00151-8

Microorganisms 2024, 12, 2407 26 of 28

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.
144.

145.

146.

147.

148.
149.

Bolafios-Benitez, V.; Van Hullebusch, E.D.; Lens, PN.L.; Quantin, C.; Van de Vossenberg, ].; Subramanian, S.; Sivry, Y. (Bio)leaching
Behavior of Chromite Tailings. Minerals 2018, 8, 261. [CrossRef]

Teixeira, A.; Tristao, J.; Araujo, M.; Oliveira, L.C.; Moura, F,; Ardisson, J.; Amorim, C.C.; Lago, R.M. Iron: A versatile element to
produce materials for environmental applications. J. Braz. Chem. Soc. 2012, 23, 1579-1593. [CrossRef]

Zhang, L.; Qiu, G.; Hu, Y;; Sun, X; Li, J.; Gu, G. Bioleaching of pyrite by A. ferrooxidans and L. ferriphilum. Trans. Nonferrous Met.
Soc. China 2008, 18, 1415-1420. [CrossRef]

Watling, H. Microbiological Advances in Biohydrometallurgy. Minerals 2016, 6, 49. [CrossRef]

Manikandan, S.; Inbakandan, D.; Nachiyar, C.V.; Namasivayam, S.K.R. Towards sustainable metal recovery from e-waste: A mini
review. Sustain. Chem. Environ. 2023, 2, 100001. [CrossRef]

Qiu, R; Lin, M,; Ruan, J.; Fu, Y.; Hu, J.; Deng, M.; Tang, Y.; Qui, R. Recovering full metallic resources from waste printed circuit
boards: A refined review. J. Clean. Prod. 2020, 244, 118690. [CrossRef]

Priya, A.; Hait, S. Extraction of metals from high grade waste printed circuit board by conventional and hybrid bioleaching using
Acidithiobacillus ferrooxidans. Hydrometallurgy 2018, 177, 132-139. [CrossRef]

Cui, J.; Zhang, L. Metallurgical recovery of metals from electronic waste: A review. J. Hazard. Mater. 2008, 158, 228-256. [CrossRef]
[PubMed]

Rossini, G.; Bernardes, A.M. Galvanic sludge metals recovery by pyrometallurgical and hydrometallurgical treatment. J. Hazard.
Mater. 2006, 131, 210-216. [CrossRef] [PubMed]

Rendoén-Castrillon, L.; Ramirez-Carmona, M.; Ocampo-Lépez, C.; Gomez-Arroyave, L. Bioleaching Techniques for Sustainable
Recovery of Metals from Solid Matrices. Sustainability 2023, 15, 10222. [CrossRef]

Genchi, G.; Carocci, A.; Lauria, G.; Sinicropi, M.S.; Catalano, A. Nickel: Human Health and Environmental Toxicology. Int. ].
Environ. Res. Public. Health 2020, 17, 679. [CrossRef] [PubMed]

Arshadi, M.; Mousavi, S.M. Multi-objective optimization of heavy metals bioleaching from discarded mobile phone PCBs:
Simultaneous Cu and Ni recovery using Acidithiobacillus ferrooxidans. Sep. Purif. Technol. 2015, 147, 210-219. [CrossRef]

Seck, G.S.; Hache, E.; Bonnet, C.; Simoén, M.; Carcanague, S. Copper at the crossroads: Assessment of the interactions between
low-carbon energy transition and supply limitations. Resour. Conserv. Recycl. 2020, 163, 105072. [CrossRef]

Rawlings, D.E. Characteristics and adaptability of iron- and sulfur-oxidizing microorganisms used for the recovery of metals
from minerals and their concentrates. Microb. Cell Factories 2005, 4, 13. [CrossRef]

Lennox, J.; Blaha, T. “Leaching of Copper Ore” by Thiobacillus Ferrooxidans. Am. Biol. Teach. 1991, 53, 361-368. [CrossRef]
Schippers, A.; Hedrich, S.; Vasters, J.; Drobe, M.; Sand, W.; Willscher, S. Biomining: Metal Recovery from Ores with Microor-
ganisms. In Geobiotechnology I: Metal-Related Issues; Schippers, A., Glombitza, F., Sand, W., Eds.; Springer: Berlin/Heidelberg,
Germany, 2014; pp. 1-47.

Villares, M.; Isildar, A.; Beltran, A.M.; Guinee, ]. Applying an ex-ante life cycle perspective to metal recovery from e-waste using
bioleaching. J. Clean. Prod. 2016, 129, 315-328. [CrossRef]

Yi, Q.; Wu, S.; Southam, G.; Robertson, L.; You, F; Liu, Y.; Wang, S.; Saha, N.; Webb, R.; Wykes, ].; et al. Acidophilic Iron- and
Sulfur-Oxidizing Bacteria, Acidithiobacillus ferrooxidans, Drives Alkaline pH Neutralization and Mineral Weathering in Fe Ore
Tailings. Environ. Sci. Technol. 2021, 55, 8020-8034. [CrossRef]

Hussain, S.; Khan, M.; Sheikh, TM.M.; Mumtaz, M.Z.; Chohan, T.A.; Shamim, S.; Liu, Y. Zinc Essentiality, Toxicity, and Its
Bacterial Bioremediation: A Comprehensive Insight. Front. Microbiol. 2022, 13, 900740. [CrossRef] [PubMed]

Picazo-Rodriguez, N.G.; de ], M.; Martinez-Luévanos, A.; Almaguer-Guzman, I.; Chaidez-Félix, J.; Carrillo-Pedroza, FR. Direct
Acid Leaching of Sphalerite: An Approach Comparative and Kinetics Analysis. Minerals 2020, 10, 359. [CrossRef]

Xu, H.; Wei, C; Li, C,; Fan, G.; Deng, Z.; Li, M.; Li, X. Sulfuric acid leaching of zinc silicate ore under pressure. Hydrometallurgy
2010, 105, 186-190. [CrossRef]

Fowler, T.A.; Crundwell, EX. Leaching of Zinc Sulfide by Thiobacillus ferrooxidans: Experiments with a Controlled Redox Potential
Indicate No Direct Bacterial Mechanism. Appl. Environ. Microbiol. 1998, 64, 3570-3575. [CrossRef]

Oehlerking, F.; Stawovy, M.T.; Ohm, S.; Imandoust, A. Microstructural characterization and mechanical properties of additively
manufactured molybdenum and molybdenum alloys. Int. J. Refract. Met. Hard Mater. 2022, 109, 105971. [CrossRef]

Huang, X.-Y.; Hu, D.-W.; Zhao, F.-J. Molybdenum: More than an essential element. . Exp. Bot. 2022, 73, 1766-1774. [CrossRef]
Xu, G.; Wang, J.; Liu, L.; Wang, Y.; Xiao, H. Negligible emissions and highly efficient recovery of Mo, V, and Al from spent
hydroprocessing catalysts through alkaline leaching and solvent extraction. J. Environ. Chem. Eng. 2023, 11, 111052. [CrossRef]
Pistaccio, L.; Curutchet, G.; Donati, E.; Tedesco, P. Analysis of molybdenite bioleaching by Thiobacillus ferrooxidans in the absence
of iron (II). Biotechnol. Lett. 1994, 16, 189-194. [CrossRef]

Aracena, A.; Azocar, A.; Ibafiez, ].P; Jerez, O. Mechanism and leaching kinetics of molybdenite concentrate in a hydrogen
peroxide-acid system. Physicochem. Probl. Miner. Process. 2018, 55, 140-152.

Wan, H.; Yang, W.; Cao, W.; He, T.; Liu, Y.; Yang, J.; Guo, L.; Peng, Y. The Interaction between Ca%* and Molybdenite Edges and
Its Effect on Molybdenum Flotation. Minerals 2017, 7, 141. [CrossRef]

Permyakov, E.A. Metal Binding Proteins. Encyclopedia 2021, 1, 261-292. [CrossRef]

Nguyen, T.H.; Won, S.; Ha, M.-G.; Nguyen, D.D.; Kang, H.Y. Bioleaching for environmental remediation of toxic metals and
metalloids: A review on soils, sediments, and mine tailings. Chemosphere 2021, 282, 131108. [CrossRef] [PubMed]


https://doi.org/10.3390/min8060261
https://doi.org/10.1590/S0103-50532012005000039
https://doi.org/10.1016/S1003-6326(09)60018-2
https://doi.org/10.3390/min6020049
https://doi.org/10.1016/j.scenv.2023.100001
https://doi.org/10.1016/j.jclepro.2019.118690
https://doi.org/10.1016/j.hydromet.2018.03.005
https://doi.org/10.1016/j.jhazmat.2008.02.001
https://www.ncbi.nlm.nih.gov/pubmed/18359555
https://doi.org/10.1016/j.jhazmat.2005.09.035
https://www.ncbi.nlm.nih.gov/pubmed/16297539
https://doi.org/10.3390/su151310222
https://doi.org/10.3390/ijerph17030679
https://www.ncbi.nlm.nih.gov/pubmed/31973020
https://doi.org/10.1016/j.seppur.2015.04.020
https://doi.org/10.1016/j.resconrec.2020.105072
https://doi.org/10.1186/1475-2859-4-13
https://doi.org/10.2307/4449327
https://doi.org/10.1016/j.jclepro.2016.04.066
https://doi.org/10.1021/acs.est.1c00848
https://doi.org/10.3389/fmicb.2022.900740
https://www.ncbi.nlm.nih.gov/pubmed/35711754
https://doi.org/10.3390/min10040359
https://doi.org/10.1016/j.hydromet.2010.07.014
https://doi.org/10.1128/AEM.64.10.3570-3575.1998
https://doi.org/10.1016/j.ijrmhm.2022.105971
https://doi.org/10.1093/jxb/erab534
https://doi.org/10.1016/j.jece.2023.111052
https://doi.org/10.1007/BF01021669
https://doi.org/10.3390/min7080141
https://doi.org/10.3390/encyclopedia1010024
https://doi.org/10.1016/j.chemosphere.2021.131108
https://www.ncbi.nlm.nih.gov/pubmed/34119723

Microorganisms 2024, 12, 2407 27 of 28

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.
178.

179.

Zelin, X.; Hu, M.; Zhang, H.; Peacock, C.; Liu, X.; Nie, N.; Xue, Q.; Lei, M.; Tie, B. Natural organic matter decreases uptake of
W(VI), and reduces W(VI) to W(V), during adsorption to ferrihydrite. Chem. Geol. 2020, 540, 119567.

Han, Z.; Levett, A.; Edraki, M.; Jones, M.; Howard, D.; Southam, G. Microbially Influenced Tungsten Mobilisation and Formation
of Secondary Minerals in Wolframite Tailings. |. Hazard. Mater. 2023, 445, 130508. [CrossRef]

Martins, ].I. Leaching Systems of Wolframite and Scheelite: A Thermodynamic Approach. Miner. Process. Extr. Met. Rev. 2014, 35,
23-43. [CrossRef]

Ciriminna, R.; Falletta, E.; Della Pina, C.; Teles, ].H.; Pagliaro, M. Industrial Applications of Gold Catalysis. Angew. Chem. Int. Ed.
2016, 55, 14210-14217. [CrossRef] [PubMed]

Alvillo-Rivera, A.; Garrido-Hoyos, S.; Buitrén, G.; Thangarasu-Sarasvathi, P.; Rosano-Ortega, G. Biological treatment for the
degradation of cyanide: A review. J. Mater. Res. Technol. 2021, 12, 1418-1433. [CrossRef]

Wang, J.; Faraji, F.; Ramsay, J.; Ghahreman, A. A review of biocyanidation as a sustainable route for gold recovery from primary
and secondary low-grade resources. J. Clean. Prod. 2021, 296, 126457. [CrossRef]

Hylander, L.D.; Meili, M. 500 years of mercury production: Global annual inventory by region until 2000 and associated emissions.
Sci. Total. Environ. 2003, 304, 13-27. [CrossRef]

Sznopek, J.L.; Goonan, T.G. The Materials Flow of Mercury in the Economies of the United States and the World; Circular/1197; U.S.
Geological Survey: Reston, VA, USA, 2000.

Hylander, L.D.; Meili, M. The Rise and Fall of Mercury: Converting a Resource to Refuse After 500 Years of Mining and Pollution.
Crit. Rev. Environ. Sci. Technol. 2005, 35, 1-36. [CrossRef]

Feng, X. Mercury Pollution in China—An Overview. In Dynamics of Mercury Pollution on Regional and Global Scales; Pirrone, N.,
Mahaffey, K.R., Eds.; Springer: Boston, MA, USA, 2005; pp. 657-678.

Schippers, A.; Sand, W. Bacterial Leaching of Metal Sulfides Proceeds by Two Indirect Mechanisms via Thiosulfate or via
Polysulfides and Sulfur. Appl. Environ. Microbiol. 1999, 65, 319-321. [CrossRef] [PubMed]

Zhou, X.; Zeng, K.; Wang, Q.; Yang, X.; Wang, K. In vitro studies on dissolved substance of cinnabar: Chemical species and
biological properties. ]. Ethnopharmacol. 2010, 131, 196-202. [CrossRef] [PubMed]

Wang, Y.J.; Yang, Y.J.; Li, D.P; Hu, HE,; Li, H.Y.; He, X.H. Bioxidative dissolution of cinnabar by iron-oxidizing bacteria. Biochem.
Eng. J. 2013, 74, 102-106. [CrossRef]

Devasia, P.; Natarajan, K.A. Adhesion of Acidithiobacillus ferrooxidans to mineral surfaces. Int. . Miner. Process. 2010, 94, 135-139.
[CrossRef]

Kinzler, K.; Gehrke, T.; Telegdi, J.; Sand, W. Bioleaching—A result of interfacial processes caused by extracellular polymeric
substances (EPS). Hydrometallurgy 2003, 71, 83-88. [CrossRef]

Yujian, W.; Xiaojuan, Y.; Wei, T.; Hongyu, L. High-rate ferrous iron oxidation by immobilized Acidithiobacillus ferrooxidans with
complex of PVA and sodium alginate. J. Microbiol. Methods 2007, 68, 212-217. [CrossRef] [PubMed]

Breed, A.W.; Hansford, G.S. Effect of pH on ferrous-iron oxidation kinetics of Leptospirillum ferrooxidans in continuous culture.
Biochem. Eng. J. 1999, 3, 193-201. [CrossRef]

Wang, Y.; Zhao, Y.; Ding, X.; Qiao, L. Recent advances in the electrochemistry of layered post-transition metal chalcogenide
nanomaterials for hydrogen evolution reaction. J. Energy Chem. 2021, 60, 451-479. [CrossRef]

Tang, S.; He, T.; Yu, H.; Ou, Z; Ren, Z.; Li, M.; Sheng, W. A novel coating to avoid corrosion effect between eutectic gallium-indium
alloy and heat sink metal for X-ray optics cooling. Rev. Sci. Instrum. 2022, 93, 123102. [CrossRef]

Ueberschaar, M.; Otto, S.J.; Rotter, V.S. Challenges for critical raw material recovery from WEEE—The case study of gallium.
Waste Manag. 2017, 60, 534-545. [CrossRef]

Pourhossein, F.; Mousavi, S.M. Enhancement of copper, nickel, and gallium recovery from LED waste by adaptation of
Acidithiobacillus ferrooxidans. Waste Manag. 2018, 79, 98-108. [CrossRef] [PubMed]

Maneesuwannarat, S.; Vangnai, A.S.; Yamashita, M.; Thiravetyan, P. Bioleaching of gallium from gallium arsenide by Cellulosimi-
crobium funkei and its application to semiconductor/electronic wastes. Process Saf. Environ. Prot. 2016, 99, 80-87. [CrossRef]
Ghazi, A.M.; Millette, ].R. 4-Lead. In Environmental Forensics; Morrison, R.D., Murphy, B.L., Eds.; Academic Press: Burlington,
ON, Canada, 1964; pp. 55-79.

Cheriton, L.W.; Gupta, ].P. Building Materials. In Encyclopedia of Analytical Science, 2nd ed.; Worsfold, P., Townshend, A., Poole, C.,
Eds.; Elsevier: Oxford, UK, 2005; pp. 304-314.

Grant, R M. Lead Production. In Encyclopedia of Materials: Science and Technology; Buschow, K.H.J., Cahn, R.W.,, Flemings, M.C.,
Ilschner, B., Kramer, E.J., Mahajan, S., Veyssiere, P, Eds.; Elsevier: Oxford, UK, 2001; pp. 4439-4442.

Jiang, L.; Zhou, H.; Peng, X.; Ding, Z. Bio-oxidation of galena particles by Acidithiobacillus ferrooxidans. Particuology 2008, 6, 99-105.
[CrossRef]

Paez-Espino, D.; Tamames, J.; de Lorenzo, V.; Canovas, D. Microbial responses to environmental arsenic. Biometals Int. ]. Role Met.
Ions Biol. Biochem. Med. 2009, 22, 117-130. [CrossRef]

Liu, J.; Waalkes, M.P. Liver is a Target of Arsenic Carcinogenesis. Toxicol. Sci. 2008, 105, 24-32. [CrossRef] [PubMed]

Zargar, K.; Hoeft, S.; Oremland, R.; Saltikov, C.W. Identification of a Novel Arsenite Oxidase Gene, arxA, in the Haloalkaliphilic,
Arsenite-Oxidizing Bacterium Alkalilimnicola ehrlichii Strain MLHE-1. |. Bacteriol. 2010, 192, 3755-3762. [CrossRef]

Chen, P,; Xu, R.; Yan, L.; Wu, Z; Wei, Y.; Zhao, W.; Wang, X.; Xie, Q.; Li, H. Properties of realgar bioleaching using an extremely
acidophilic bacterium and its antitumor mechanism as an anticancer agent. Biol. Res. 2017, 50, 17. [CrossRef]


https://doi.org/10.1016/j.jhazmat.2022.130508
https://doi.org/10.1080/08827508.2012.757095
https://doi.org/10.1002/anie.201604656
https://www.ncbi.nlm.nih.gov/pubmed/27624999
https://doi.org/10.1016/j.jmrt.2021.03.030
https://doi.org/10.1016/j.jclepro.2021.126457
https://doi.org/10.1016/S0048-9697(02)00553-3
https://doi.org/10.1080/10643380490492485
https://doi.org/10.1128/AEM.65.1.319-321.1999
https://www.ncbi.nlm.nih.gov/pubmed/9872800
https://doi.org/10.1016/j.jep.2010.06.018
https://www.ncbi.nlm.nih.gov/pubmed/20600770
https://doi.org/10.1016/j.bej.2013.02.013
https://doi.org/10.1016/j.minpro.2010.02.003
https://doi.org/10.1016/S0304-386X(03)00176-2
https://doi.org/10.1016/j.mimet.2006.07.013
https://www.ncbi.nlm.nih.gov/pubmed/16979768
https://doi.org/10.1016/S1369-703X(99)00018-2
https://doi.org/10.1016/j.jechem.2021.01.021
https://doi.org/10.1063/5.0127785
https://doi.org/10.1016/j.wasman.2016.12.035
https://doi.org/10.1016/j.wasman.2018.07.010
https://www.ncbi.nlm.nih.gov/pubmed/30343816
https://doi.org/10.1016/j.psep.2015.10.008
https://doi.org/10.1016/j.partic.2007.11.004
https://doi.org/10.1007/s10534-008-9195-y
https://doi.org/10.1093/toxsci/kfn120
https://www.ncbi.nlm.nih.gov/pubmed/18566022
https://doi.org/10.1128/JB.00244-10
https://doi.org/10.1186/s40659-017-0122-y

Microorganisms 2024, 12, 2407 28 of 28

180.

181.
182.

183.

184.

185.

186.

187.

188.

189.
190.

Chen, P; Yan, L.; Li, H. Optimal parameters for bioleaching of realgar using Acidithiobacillus ferrooxidans under different growth
conditions and mathematical analysis. Biocatal. Biotransformation 2013, 31, 33-41. [CrossRef]

Allard, B.; Olofsson, U.; Torstenfelt, B. Environmental actinide chemistry. Inorganica Chim. Acta 1984, 94, 205-221. [CrossRef]
Vazquez-Campos, X.; Kinsela, A.S.; Collins, R.N.; Neilan, B.A.; Waite, T.D. Uranium extraction from a low-grade, stockpiled,
non-sulfidic ore: Impact of added iron and the native microbial consortia. Hydrometallurgy 2017, 167, 81-91. [CrossRef]
Kaksonen, A.H.; Lakaniemi, A.-M.; Tuovinen, O.H. Acid and ferric sulfate bioleaching of uranium ores: A review. J. Clean. Prod.
2020, 264, 121586. [CrossRef]

Ruiz, L.M.; Castro, M.; Barriga, A.; Jerez, C.A.; Guiliani, N. The extremophile Acidithiobacillus ferrooxidans possesses a c-di-GMP
signalling pathway that could play a significant role during bioleaching of minerals. Lett. Appl. Microbiol. 2012, 54, 133-139.
[CrossRef] [PubMed]

Romero-Gonzalez, M.; Nwaobi, B.C.; Hufton, ].M.; Gilmour, D.]. Ex-situ Bioremediation of U(VI) from Contaminated Mine Water
Using Acidithiobacillus ferrooxidans Strains. Front. Environ. Sci. 2016, 4, 39. [CrossRef]

Jerez, C.A. 3.60-Bioleaching and Biomining for the Industrial Recovery of Metals. In Comprehensive Biotechnology, 2nd ed.;
Moo-Young, M., Ed.; Academic Press: Burlington, ON, Canada, 2011; pp. 717-729.

Johnson, D. The Biogeochemistry of Biomining. In Geomicrobiology: Molecular and Environmental Perspective; Springer: Dordrecht,
Germany, 2010; pp. 401-426.

Brune, K.D.; Bayer, T.S. Engineering microbial consortia to enhance biomining and bioremediation. Front. Microbiol. 2012, 3, 203.
[CrossRef] [PubMed]

Johnson, D.B.; Hallberg, K.B. Acid mine drainage remediation options: A review. Sci. Total Environ. 2005, 338, 3-14. [CrossRef]
Gomes, H.I; Funari, V.; Ferrari, R. Bioleaching for resource recovery from low-grade wastes like fly and bottom ashes from
municipal incinerators: A SWOT analysis. Sci. Total. Environ. 2020, 715, 136945. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3109/10242422.2012.756476
https://doi.org/10.1016/S0020-1693(00)88006-8
https://doi.org/10.1016/j.hydromet.2016.11.002
https://doi.org/10.1016/j.jclepro.2020.121586
https://doi.org/10.1111/j.1472-765X.2011.03180.x
https://www.ncbi.nlm.nih.gov/pubmed/22098310
https://doi.org/10.3389/fenvs.2016.00039
https://doi.org/10.3389/fmicb.2012.00203
https://www.ncbi.nlm.nih.gov/pubmed/22679443
https://doi.org/10.1016/j.scitotenv.2004.09.002
https://doi.org/10.1016/j.scitotenv.2020.136945

	Introduction 
	General Bioleaching Process 
	Alkali Metals: Lithium 
	Non-Metals: Phosphorus 
	Transition Metals 
	Vanadium 
	Chromium 
	Iron 
	Nickel 
	Copper 
	Zinc 
	Molybdenum 
	Tungsten 
	Gold 
	Mercury 

	Post-Transition Metals 
	Gallium 
	Lead 

	Metalloids: Arsenic 
	Actinides: Uranium 
	Conclusions 
	References

