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Abstract Biomining is an applied biotechnology for
mineral processing and metal extraction from ores and
concentrates. This alternative technology for recovering
metals involves the hydrometallurgical processes known as
bioleaching and biooxidation where the metal is directly
solubilized or released from the matrix for further solubi-
lization, respectively. Several commercial applications of
biomining can be found around the world to recover mainly
copper and gold but also other metals; most of them are
operating at temperatures below 40-50 °C using meso-
philic and moderate thermophilic microorganisms.
Although biomining offers an economically viable and
cleaner option, its share of the worlds production of metals
has not grown as much as it was expected, mainly con-
sidering that due to environmental restrictions in many
countries smelting and roasting technologies are being
eliminated. The slow rate of biomining processes is for sure
the main reason of their poor implementation. In this sce-
nario the use of thermophiles could be advantageous
because higher operational temperature would increase the
rate of the process and in addition it would eliminate the
energy input for cooling the system (bioleaching reactions
are exothermic causing a serious temperature increase in
bioreactors and inside heaps that adversely affects most of
the mesophilic microorganisms) and it would decrease the
passivation of mineral surfaces. In the last few years many
thermophilic bacteria and archaea have been isolated,
characterized, and even used for extracting metals. This
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paper reviews the current status of biomining using ther-
mophiles, describes the main characteristics of ther-
mophilic biominers and discusses the future for this
biotechnology.
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Introduction

Metals are useful for several and different purposes; they
have industrial applications and also they are present in
multiples devices in the daily life. Due to the increase in
population and in the diversification of the applications of
metals, their consumption has dramatically increased in
recent decades; for example in the case of copper, even
when it has been partially displaced for new engineering
materials in some applications, the current production is
40-fold higher than it was a century ago although the
worlds population only increased from 1 to about 7 billion
in the same period of time. Most metals occurring as sul-
fides are concentrated through flotation process and finally
recovered by pyrometallurgical extraction. Roasting of
metal sulfides consumes great amount of energy and in
addition releases polluting gases such as sulfur dioxide and
eventually carbon dioxide contributing to two serious
environmental problems: acid rain and greenhouse effect,
respectively. Although these gases can be retained and
even re-utilized, only a few modern plants around the
world have incorporated such modifications. Low-grade
ores (up to a cutoff typical for each metal) can not be cost-
effectively concentrated by flotation and in these cases
acidic solutions (very useful for leaching oxide ores) or
oxidizing agent must be utilized. Depending of several
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factors such as market price, grade of the ore, mineralog-
ical species and metal, hydrometallurgical extraction
methods might be neither profitable nor suitable. Nowa-
days it is possible to enhance the efficiency of chemical
leaching by microbial catalysis. These biohydrometallur-
gical processes (included in biomining processes) use
direct and indirect microbial actions to recover metals from
minerals. Most of the biomining microorganisms belong to
the domains Bacteria or Archaea and present similar
metabolic characteristics: iron and/or sulfur oxidizing
activity, acidophilia, and in many case authotrophy
(Schippers 2007). Biohydrometallurgy includes two dif-
ferent oxidative processes, bioleaching and biooxidation,
although the microbial action in both cases is the same.
During a bioleaching process the valuable metal is solu-
bilized while in a biooxidation process it remains in the
solid phase. Metal sulfides, especially those of zinc, nickel,
and cobalt, are submitted to bioleaching processes for
metal recovery. Biooxidation is an alternative to other
more polluting technologies (roasting, pressure oxidation)
for pretreating refractory ores prior the cyanidation. These
pre-treatments allow gold exposure, which can not be
oxidized by traditional biomining microorganisms and
occurs as microparticles within a sulfidic matrix in those
ores (Rawlings et al. 2003; Schippers et al. 2014; Dold
2014; Johnson 2014).

Mechanisms of bioleaching/biooxidation

The overall process involved in the bioleaching of mineral
sulfides implies their oxidation to metal ions and sulfate in
a reaction catalyzed by microorganisms. Usually this pro-
cess occurs under aerobic conditions where oxygen is the
terminal acceptor for electrons. It can be represented by:

MS(S) + 202(g) — MSO4(3C) (1)

This reaction is catalyzed by acidophilic microorgan-
isms capable of oxidizing iron(II) and/or sulfur-compounds
according to the following equations

2Fe) + Y2Oug + 2H — ey + H,0 )

0.125Sg(5) + 11/ Oaq) + HoO — HySOy) (3)

Sand et al. (1995) proposed that during bioleaching pro-
cesses iron(Ill) and protons are the only agents dissolving
the metal sulfides. In these currently accepted mechanism
microorganisms only have the role of regenerating iron(III)
and/or protons.

The oxidative dissolution for sulfides non soluble in acid
(such as pyrite, molybdenite, and tugstenite) proceeds
through several steps (with iron(Ill) as oxidizing agent)
where thiosulfate is the main intermediate released to the
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solution and in turn can be biotic or abiotically oxidized to
sulfate. These processes constitute the thiosulfate mecha-
nism (Schippers and Sand 1999) which is represented in
the following equations for the case of pyrite

FeSy() + 6Fe§a+c) + 3H,0 — szog(;w) + 6H(+ac>

+ TFe(y) (4)

$,03" + 8Fe*™ 4+ 5H,0 — 2S0;™ + 8Fe*™ + 10H'. (5)

On the other hand, sulfides which are partially soluble in
non oxidizing acid, can be oxidized by iron(Ill) (or even
protons) in several steps that can be simplified as:

3 2 2
nMS( + 2(n — 1) Fe{) — nM{, + Si)

+2(n— 1) Fef (n>2)
(6)
0.5H,S, 4+ Fe*™ — (0.0625.n) Sg + Fe?" + H™. (7)

The products sulfur and iron(Il) can suffer a further
microbial oxidation. As polysulfide is the main interme-
diate species, this mechanism is known as polysulfide
pathway (Schippers and Sand 1999). In this case, not only
iron- but also sulfur-oxidizing microorganisms can cat-
alyze the dissolution of such sulfides while in the first case,
only iron oxidizers are suitable. More details on both
mechanisms can be found in the literature (Gehrke et at.
1998; Sand and Gehrke 2006; Donati and Sand 2007; Vera
et al. 2013).

From a physical point of view, contact and non-contact
mechanisms can be distinguished (Sand et al. 2001; Tri-
butsch 2001). In the first case, cells are attached to the
surface of the minera through different interactions and
most of them can grow and generate biofilms. Biofilm
formation comprises successive phases where the irre-
versible attachment of cells is the next crucial step.
Exopolymers (EPS) excreted by microorganisms and also
some inorganic precipitates (such as jarosite—MPFes(-
S0,4),(OH)¢—among others) form matrices where the cells
are entrapped constituting the biofilms on the mineral
surfaces. In the contact mode, all the processes ocurr within
the microenvironment of the biofilm; in the non-contact
mode cells are not in direct contact with the surfaces and
the biooxidation processes take place mainly in the solution
while the chemical dissolution of sulfides occur on the
surface.

Commercial applications

Commercial applications can be classified in two main
engineering designs; in one of them the ore is disposed in
an irrigated heap or dump while in the other the ore is feed
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into a stirred—tank reactor (Olson et al. 2003; Rawlings
et al. 2003; Watling 2006; Orell et al. 2010; Jerez 2011;
Brierley and Brierley 2013; Gentina and Acevedo 2013;
Schippers et al. 2013; Johnson 2014). In the first case the
process is relatively inexpensive and practically does not
need to be monitored; however it takes several months or
years and it is usually applied only for metals with low-
market value. It is typically used for leaching low-grade
copper ores although it has been also used for recovering
cobalt, nickel, uranium, gold, and zinc at different scales.
In the case of stirred-tank reactors the process takes only a
few days, however it is expensive basically because the
mineral must be finely milled and results economically
suitable only for recovering high-value metals. Stirred
reactors are mainly used for the pretreatment process
(biooxidation) in the recovery of gold from refractory
concentrates. BIOX® technology was developed for treat-
ing refractory gold ores using mesophilic microorganisms
(up to about 40 °C) and later the license was sold to dif-
ferent commercial plants around the world (Clark et al.
2006). Furthermore BIOX® technology was adapted to be
applied to concentrates containing other metals (nickel and
copper) although mainly at pilot scale. The most successful
example of bioleaching of other metal than copper is
Kasese plant, in Uganda, where BRGM process using
mesophiles allows cobalt recovery from pyritic
concentrates.

At the present time, approximately 10-15 % of total
production of copper, 4-5 % of total production of gold,
and smaller percentages for other metals (cobalt, nickel,
zinc) come from biomining processes (Schippers et al.
2013; Johnson 2014). Although these amounts are not
negligible, some years ago the expectations were much
higher. Among other significant reasons, low bioleaching
rates could be the main limiting step to extend the tech-
nology beyond the current state (Clark et al. 2006).
Increasing the temperature in biomining operations would
elevate the reaction rates and would allow the efficient
dissolution of some refractory mineral species; besides the
use of thermophiles would minimize the cooling costs
needed to keep suitable temperatures for mesophilic
microorganisms due to the oxidation of sulfide minerals is
an exothermal process. Bioleaching at elevated tempera-
tures requires suitable thermophilic microorganisms to
replace the mesophilic and moderately thermophilic bac-
teria generally used in commercial applications. Also tanks
and/or heaps should be aconditionated to operate at high
temperature. Working with thermophiles would allow
overcoming the bottleneck of copper biomining because
chalcopyrite, the most abundant copper-bearing mineral
(representing more than 70 % of the Earths copper) is
highly refractory to the attack of mesophilic microorgan-
isms (d’Hugues et al. 2002; Pradhan et al. 2008).

Additionally, a succesfull bioleaching operation requires
microorganisms able to develop at more acidic conditions
(close to pH 1 or even lower) usually used in leaching
operations to avoid ferric iron compounds (such as jarosite
and goethite) precipitation (Kaksonen et al. 2014; Rawlings
2002). In conclusion, polyextremophiles capable of oxi-
dizing iron(I) and/or sulfur at temperatures higher than
60 °C and pH values close to 1 are essencial to achieve
successful leaching processes at high temperatures and low
pH values.

Extremophiles

Extremophilic microorganisms, generally named extremo-
philes, are adapted to live in environments where one or
more physicochemical parameters are outside the range
considered normal for human life. The extremophiles most
relevant for biomining applications are able to grow at low
pH values, high temperatures and can tolerate high con-
centrations of heavy metals. The thermophiles are the
microorganisms growing best at temperatures over 50 °C
while the hyperthermophiles (mainly archaea) need tem-
peratures over 80 °C for optimal growth. The acidophiles
are the microorganisms that live at pH values lower than
5.5. The extreme acidophiles that grow at pH values lower
than 3 actually need that extracellular condition to develop
(Baker-Austin and Dopson 2007).

Microorganisms with such characteristics can be found
in natural environments, typically geothermal areas, or in
sites that had become acidic and/or of elevated temperature
as a result of anthropogenic activities (Fuchs et al. 1995;
Ehrlich et al. 2015). In the first case there are many
examples, especially reports of assessments done by
molecular ecology techniques, where acidophilic and
thermophilic species dominate hot acidic natural environ-
ments all over the world (Chan et al. 2015; Lantican et al.
2011; Reigstad et al. 2010). Volcanic areas are rich in a
variety of sulfur compounds due to their geological origin
(Ehrlich et al. 2015) and are the natural habitats of aci-
dophiles and thermophiles with potential applications in
biomining. In Argentina the geothermal area of Caviahue-
Copahue, located in Cordillera de Los Andes, is dominated
by the still active Copahue volcano and presents a great
diversity of pools, ponds and hot springs of different pH
and temperature conditions where acidophiles and ther-
moacidophiles have been detected by molecular ecology
techniques (Urbieta et al. 2012, 2014) and also by culturing
(Urbieta et al. 2015; Giaveno et al. 2013). Copahue has
proven to be the habitat of novel species of archaea with
enormous potential in biomining applications (Giaveno
et al. 2011). Such is the case of Acidianus copahuensis, a
novel thermoacidophilic crenarchaeota autochthonous of
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Copahue, capable of oxidizing sulfur compounds and fer-
rous iron at high temperatures and at rates that make it an
excellent candidate for bioleaching operations (Giaveno
et al. 2013).

An interesting feature of extremophiles is the genetic,
biochemical, and metabolical adaptations they present in
other to thrive with the unfriendly environmental condi-
tions of their habitats. In the case of thermophiles and
hyperthermophiles the major challenge is to maintain
proteins, especially enzymes, stabilized and functional at
elevated temperatures. To achieve this goal thermophiles
present a series of modifications in their proteins, such as
an increase in overall superficial charge by increasing the
use of charged residues and decreasing uncharged polar
ones, increase of ionic interactions in the structure and
hydrophobicity in the core of the protein, substitution of
thermolabile amino acids (cysteine, asparagines, aspartic
acid) in the surface of the protein, increase in the volume of
residues that provide tighter packing, higher isoelectric
point and more salt bridges, ion pairs and networks of salt
bridges (Reed et al. 2013; Taylor and Vaisman 2010; Zhou
et al. 2008). These modifications are not essentially at the
primary structure level; it has been proven that only few
changes in key locations can modify protein structure and
folding to make them stable at high temperatures. Ther-
mophiles also have to ensure the stability and the semifluid
state of their cellular membranes at high temperatures; in
this case the modifications, comparing with mesophiles,
involve the use of ether bond between glycerol and fatty
acids that is much more resistant to heat and acid hydrol-
ysis than ester bond and the inclusion of more saturated
fatty acids which form a stronger hydrophobic structure
(Koga 2012; Driessen and Albers 2007). Most of the
hyperthermophiles are archaea which do not present fatty
acids in the conformation of their membranes but have
hydrocarbons of 40 carbon atoms (C40) made of repetitions
of isoprene units (C5) named biphytanyl that form tetra-
ether lipids. These C40 lipids are long and pass across the
membrane bilayer covalently linking the two sides thus it
can be considered as a monolayer (Madigan et al. 2010).
This kind of structure is more rigid and allows membranes
to tolerate extreme conditions. However, high temperature
adaptation does not require the tetraether lipids, while the
adaptation of thermophiles to acidic environment requires
the tetraether polar lipids (Ulrih et al. 2009).

Acidophiles also present modifications in their cells
constituents to avoid damage by the high protons concen-
tration of their environments. Among the most studied
representatives it can be highlighted the fact that they have
shorter genomes which decrease acid damaging of the
genetic material, the existence of many genes with DNA
repairing function and an enormous metabolic effort to
maintain the cytoplasm pH near neutrality. The last point is
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achieved by cellular membranes more impermeable to
protons by increased content of cyclopropane, an inverse
membrane potential (positive in the inner side generated by
the influx of potassium ions to the cytoplasm) which acts as
a chemostatic barrier for the entrance of protons, an
increase in concentration of buffering compounds in the
cytoplasm, the activation of degradative pathways of
organic acids, and a great number of bombs that pump
protons out of the cell (Dhakar and Pandey 2016; Slon-
czewski et al. 2009; Baker-Austin and Dopson 2007). For
most acidophiles the maintenance of a pH gradient of
approximately 5 units across the membrane (environmental
pH of 2, intracellular pH of 6.5-7) is fundamental for their
energetic balance as it is the main component of the proton
motive force that guide ATP synthesis by FOF1 ATPase
(Baker-Austin and Dopson 2007).

Biomining operations entail the accumulation of metals,
especially heavy metals, in the liquors; consequently tol-
erance and/or resistance to these conditions are essential
for biomining microorganisms. The cellular mechanisms to
such tolerance/resistance are not well known, particularly
for thermophilic microorganisms, although it is established
that they implicate diverse groups of proteins and enzymes
involved in mobilization, chelation, or modification of the
metal species that are not coded in defined cluster of genes
(Dopson et al. 2003). Even more, the exposure to toxic
metals might trigger stress responses that are not metal
specific, but improve the protection of the cell against their
noxious effects (Bini 2010). Resistance to copper is of
special interest as thermoacidophilic microorganisms are
promising candidates for effective bioleaching of different
copper sulfides including chalcopyrite (Abdollahi et al.
2014; Qin et al. 2013). The cop gene cluster, described by
the first time in S. solfataricus (Ettema et al. 2006),
encodes a potential copper resistance system formed by a
P-type cation transporting ATPase (CopA), which has been
proposed to mediate efflux of copper, among other heavy
metal cations such as zinc and cadmium (Nies 2003), a
putative metallochaperone (CopM), and an archaeal
specific transcriptional regulator (CopT). The same kind of
system was found in S. metallicus and Ferroplasma aci-
darmanus (Orell et al. 2013). In them the polycistronic
copMA transcript accumulates in response to growth-in-
hibiting concentrations of copper and cadmium and CopT
binds to copMA promoter in response to copper concen-
trations, suggesting that the resistance mechanism is related
to copper efflux (Orell et al. 2010). An alternative mech-
anism of metal tolerance is the sequestration of metal
cations by inorganic polyphosphates (polyP) and the pos-
terior excretion of the complex (Navarro et al. 2013). The
genes involved in polyP metabolism in Crenarchaeota (the
phylogenetic group that includes most of the thermoaci-
dophilic archaea) include inorganic polyphosphate/ATP-
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NAD kinases, exopolyphosphatases and a series of proteins
capable of exporting the polyP-metal complex together
with phosphate transport regulation proteins and phosphate
uptake regulators. An enzyme with polyP synthase activity
has not been reported in Crenarchaeota but it has been
fully characterized in Acidithiobacillus ferrooxidans and
other bacteria known to cope with high concentrations of
metals (Orell et al. 2012).

The use of extremophilic microorganisms in biotech-
nological processes, especially novel species of environ-
mental origin, requires their isolation and thorough
characterization. Culturing and isolation of extremophilic
microorganisms is not always an easy and successful task;
growth conditions (temperature, pH, media composition)
are most of the times uncertain which makes it a matter of
trial and error. Besides growth can be very slow increasing
contamination risk and/or deterioration of culture media.
The cultivation of thermophiles and acidophiles in solid
media, fundamental to obtain single colonies, represents an
extra challenge. For the former the use of regular gelling
agents, such as agar or agarose, it is not possible because
they melt over 55 °C. To overcame this problem Lindstrom
and Sehlin (1989) described a procedure using a double
layer of Gelrite as a solidifying agent (a supporting gel of
0.8 % wt/vol and an overlay soft gel of 0.4 % wt/vol in
which the colonies are grown) that increased the plating
efficiency to 100 % and it is still used (Giaveno et al.
2013). Acidophiles also cannot be grown in agar plates
because they are susceptible to the hydrolysis products of
agar caused by the acidic media. In this case the overlay
technique described by Johnson and Hallberg (2007)
improved the plating efficiency of a variety of acidophiles
by incorporating a lower layer with a heterotrophic aci-
dophile that eliminates toxic organic material produced by
the acidic hydrolysis. More recently Tsudome et al. (2009)
developed a solidified media that employ a porous matrix
of nanofibrous cellulose that can support the growth of
diverse extremophiles, including thermoacidophiles. The
authors claim that use of nanofibrous cellulose plates have
several advantages for culturing polyextremophiles over
conventional solidified media using agar or gellan gum
highlighting  versatility, stability and simplicity in
preparation.

Biomining using thermophiles

Numerous studies of bioleaching by mesophilic microor-
ganisms in pure cultures or in consortia, at laboratory and
field scale, have been reported in the last 30 years and
excellent reviews of the main results have been published
(Rawlings et al. 2003; Watling 2006; Jerez 2011; Schippers
et al. 2013; Vera et al. 2013; Johnson 2014; Watling 2014).

Although increasing in recent years, the number of papers
about studies on bioleaching by moderate or extreme
thermophiles is markedly lower.

Moderately thermophilic bacteria such as At. caldus and
some Leptospirillum species are used in some biomining
operations at moderate temperatures. Many BIOX® stirred
tanks operated at 42-45 °C in different locations are
dominated by species of Acidiplasma and Ferroplasma,
while Sulfobacillus species were found to dominate in
several reactors at the BIOX® plant in Ghana operated at
45 °C (van Hille et al. 2011). Furthermore, different
moderate thermophilic consortia have been used in
monophasic or biphasic bioleaching studies on
monometallic and polymetallic concentrates (Brierley and
Brierley 2001; Patel et al. 2012; Brierley and Brierley
2013; Watlings 2014).

Biomining processes above 60 °C generally involve
extremely thermophilic sulfur and iron oxidizing archaeal
species. They belong mainly to the genera Sulfolobus,
Acidianus, Metallosphaera, and Sulfurisphaera. Ther-
mophilic archaea have shown to be advantageous for
bioleaching copper from primary copper sulfides, such as
chalcopyrite, enargite, and covellite (Castro and Donati
2016a; Takatsugi et al. 2011; Watling et al. 2016). The
passivation and formation of diffusional layers over chal-
copyrite surface appear to be reduced using extremely
thermoacidophilic microorganisms (Li et al. 2013; Norris
et al. 2013; Panda et al. 2015). At redox potentials higher
than 600-700 mV (vs SHE), the surface of chalcopyrite is
passivated, even at high temperatures. Although there is no
general consent about the nature of the passivation, the
formation of one or more layers limits the reactivity of the
surface and decreases the copper extraction rate (Watling
2006). Elemental sulfur, metal-deficient sulfides, polysul-
fides, and iron precipitates (Cordoba et al. 2008) have been
proposed as the components of the limiting layers. To
alleviate this problem of passivation and to allow a faster
chalcopyrite leaching rate, the redox potential should be
maintained below 600 mV (vs SHE) (Cdrdoba et al. 2008;
Gericke et al. 2010; Li et al. 2013; Watling 2013; Zhao
et al. 2015). Recently, bioleaching studies with A.
copahuensis have demonstrated that this novel archaeal
species is able to keep low redox potential achieving a high
copper recovery from chalcopyrite (Castro and Donati
2016a). The low capability of A. copahuensis to oxidize
ferrous iron keeps a low redox potential where chalcopyrite
dissolution is favored without the necessity of external
redox potential control.

Liang et al. (2010) showed a great dissolution of copper
in chalcopyrite bioleaching by A. manzaensis YN-25 with
the addition of L-cysteine. The addition of L-cysteine
greatly improves the bioleaching rate of a Cu-Ni sulfide by
a mixture of four acidophilic thermophiles, A. brierleyi, A.
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manzaensis, M. sedula, and S. metallicus (Li et al. 2014).
Recently, Watling et al. (2016) showed that the oxidation
rates of ferrous iron and tetrathionate by thermophilic
microorganisms were reduced in the presence of chloride
levels below chloride concentrations in seawater, limiting
the applicability of these microorganisms in the bioleach-
ing of chalcopyrite with saline water.

In the case of chalcopyrite-bearing molybdenite, ther-
moacidophiles can selectively remove copper leading to
improvement of molybdenite flotation concentrates, with
very low molybdenum dissolution (Abdollahi et al. 2014).
Assays performed to study the bioleaching of enargite
using thermoacidophilic archaea showed that these species
can selectively solubilize copper, while the arsenite (very
toxic form of arsenic) released from the enargite is
immediately oxidized to arsenate (the lesser toxic form of
arsenic) precipitating as scorodite, thus alleviating the toxic
effect of arsenic (Takatsugi et al. 2011).

A pilot-scale bioleaching of chalcopyrite using ther-
mophiles was carried out at Chuquicamata Mine (Chile),
the process operated at 78 °C with concentrates not suit-
able for pyrometallurgy due to the high content of arsenic
(Batty and Rorke 2006). Also, bioleaching of low-grade
nickel-copper sulfide concentrate in a pilot-scale was
demonstrated at the Aguablanca Mine in Spain (Neale et al.
2009). BHP Billiton thermophilic tank bioleaching process
(BioCyn™) has been licensed to GoldFields for applica-
tion at the Fairview mine in Barberton, South Africa (Du
Plessis et al. 2007).

Most reports on biomining by thermophiles refer to
copper recovery, however there are some interesting and
successful studies on the use of thermophilic microorgan-
isms in the bioleaching of low-grade and polymetallic ores
to recover nickel (Cruz et al. 2010; Norris et al. 2012; Li
et al. 2014) and zinc (Castro and Donati 2016b) and in the
biooxidation of refractory gold-bearing ores (Lindstrom
et al. 2003; Clark et al. 2006; Astudillo and Acevedo 2009;
Watling 2014).

The advatage of thermophilic conditions in biomining is
the higher rate of oxidation resulting in smaller reactor size
and favorable reactor operating costs. The use of ther-
mophilic consortia in commercial operations could have
other advantages; for example, in the application to metal
sulfide concentrates, since thermophiles seem to be more
tolerant to heavy metal concentrations than mesophiles,
major product concentrations in the liquor could be achieved
before extracting the metal with solvents and electrowin-
ning. Besides, using higher temperatures in biooxidation
plants would allow decrease the formation of thiocianate and
consequently the cyanide comsumption (Clark et al. 2006).

Biomining operations at high temperature entail certain
difficulties; materials such as ceramics or special stainless
steels are needed for the reactors in order to avoid the steel
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corrosion under oxidizing conditions at high temperature, the
low gas solubility requires the replacement of air by oxygen
(in order to increase its dissolution) and the addition of car-
bonate rock to provide carbon dioxide for authotrophs, also
special design is required to reduce evaporation, etc. Finally,
thermophiles seem to be more sensitive to stress under high
pulp densities than mesophiles.

Due to the above mentioned problems, new develop-
ments are being implemented in heaps (much cheaper to
operate than tank reactors) in order to make them suit-
able for working at high temperatures with thermophiles
and consequently improve the metal solubilization rate.
Within these new developments, the use of thermofilms to
cover and isolate the heap allows increasing the tempera-
ture for an adequate thermophiles growth. Moreover aer-
ation and irrigation can be controlled to provide enough
oxygen and carbon dioxide with low evaporation losses.
The improvement of heap-leaching processes could sub-
stantially reduce the time for metal solubilization and it
could even make it suitable for high-value metals. A
modification of the traditional heap technology intercalat-
ing layers of milled ore within layers of inert rock has been
successfully proved not only for the pretreatment of
refractory gold minerals but also for the bioleaching of
nickel, copper, cobalt and zinc (Clark et al. 2006; Brierley
and Brierley 2013). In this technology the inoculum is
sprayed during the stacking of the heap over the layer of
the ore of interest. Although aeration with oxygen or
oxygen-enriched gas instead of air could increase solubility
of oxygen at high temperatures, part of the heap could be
under anaerobic conditions; however, even in such condi-
tions, chemical attack by iron(Ill) and protons would
continue and also certain microorganisms, such as A.
copahuensis, could enhance the dissolution by oxidizing
sulfur with iron(IIT) as the final electron acceptor.

Summarizing, although the number of studies at labora-
tory and pilot scale is increasing, commercial application of
thermophilic bioleaching is still in development stage.
Screening at extreme natural environments to detect and
isolate novel thermoacidophilic species and deeper studies
on thermophiles are still necessary to achieve a flexible and
robust biotechnology for leaching ores at high temperatures.
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