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Abstract
Mining is an important activity for many countries, especially some in development, such as Chile, where it is a pillar of its
economy. However, it generates large impacts that are undesirable for the population such as the generation of polluting solid
and effluents with a high content of heavy metals and metalloids, which are traditionally accumulated in deposits. In recent years,
bionanomining emerged as a cutting-edge scientific-technological development associated with the application of micro- and
macro-organisms to generate nanotechnological products by using mining and industrial wastes and wastewaters. Biomass of many
species of bacteria, plants, algae and fungi have the ability to reduce or oxidise cations, which can physically be deposited as
nanometric materials such as the nanoparticles. Nanoparticles are materials that are increasingly used, and therefore, their demand
increase, based on the high surface area characteristics to improve thermal, electrical and optical properties of materials, andmetallic
ones have also antimicrobial activity. This review addresses the biosynthesis of metal nanoparticles, focusing on mining waste
recovery strategies, which is an emerging reality in mining countries. Transformation of potentially hazardous waste into a valuable
product through techniques that are eco-friendly is an opportunity to develop sustainably depressed or polluted sites.
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Introduction

Mining is an important activity that provides critical raw ma-
terials for the human development, and also, it is an economic
driver for several countries, especially for some developing
(Moreno et al. 2014). Within the most exploited mineral re-
sources are the metals, which are extracted with different mag-
nitudes, but whose global production trend has been increas-
ing, as shown in Table 1. The leading metal producers for the
metals that concentrate the exploration activities are China,
Australia, Chile, South Africa and Indonesia (Brown et al.
2019; US Geological Survey (USGS) 2018). In the case of
Chile, it is well known that it supports much of its economy in
the mining industry, representing 13% of its GDP. In addition

to copper, other minerals in which Chile occupies a leading
position are lithium, iodine, silver and molybdenum. In the
case of copper, 31% of the metal traded in the world comes
from Chile (5,700,000 Mt) (COCHILCO 2013; Moreno et al.
2017; US Geological Survey (USGS) 2018).

There are two main processes for base metal extraction:
hydrometallurgical and pyrometallurgical methods (Fig. 1).
The first use aqueous solutions to dissolve soluble species,
and on the other side, the second one works with very high
temperature to melt materials. In the hydrometallurgy, the dis-
solution of the oxidised ores is performed by using acid or alkali
at high or low temperature and pressure, or even can be bacte-
rially assisted (bioleaching). The conditions of processing are
basically defined according to the composition of the ore. The
obtained solution is subsequently concentrated and purified by
solvent extraction and electro-winning. Pyrometallurgical oper-
ations join melting, refining, casting and alloying processes.
However, due to the concentration of metal in the ore are typ-
ically low, the direct smelting treatment is not economically
feasible. For this reason, minerals must be physically concen-
trated before passing, in the case of copper, below 1 to about
30%. The concentration is conducted by intensive
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comminution and froth flotation, where the copper-containing
minerals are separated from the rest of the ore.

Despite the important benefits that mining brings to the
country and surrounding communities in which it operates,
it also generates large impacts that are undesirable for the
population and that require treatment or mitigation strategies,
such as intensive use of soil and water, emission of particulate
material, generation of polluting effluents with a high content
of heavy metals and metalloids, among others (Adiansyah
et al. 2015). It is estimated that globally, there are about
3500 active deposits of mining waste around the world, which
consist in rock and tailing dumps, with a generation rate that
rounds 100,000 million tonnes per year (Starke 2002; Lébre
and Corder 2015; Rankin 2015). Waste rocks contain coarse
or crushed material that can produce acid mine drainage
(AMD) by the oxidation of sulphide minerals. The increasing
demand for essential metals, the increasingly diminution of
ore grades and the extraction of complex ore bodies have
resulted in the generation of greater quantities of tailings that
require strategies to handle in order to diminish the risks to
environment (Chryss et al. 2012; Jeldres et al. 2018).

On the other hand, nanotechnology is a promising discipline
in modern technology processes and material construction, due
to that it has as main basis the ability to work at a molecular
level in order to create large structures with a new molecular
organisation. Today, nanotechnology progresses as cutting-
edge technology with numerous interdisciplinary applications,
including physics, chemistry, biology, engineering and medi-
cine (Mansoori 2017). The properties of nanomaterials, such as

physical, chemical, optoelectrical, mechanical, magnetic and
thermal, are very different from their macro-materials. These
differences mainly provoked two effects: surface (large surface
area of the atom, large surface energy and reduced imperfec-
tions) and quantum (discontinuous behaviour due to spatial
confinement in materials with delocalised electrons) (Buzea
et al. 2007; Narayanan and Sakthivel 2010).

In terms of the size, materials with sizes less than 100 nm
are termed as nanomaterials and can be classified in different
ways, depending on their composition, origin and dimensions.
By composition, nanomaterials are carbon-, inorganic-,
organic- and composite-based. The classification by origin
considers the source used to obtain the nanomaterials, which
can be synthetic or natural. On the other hand, the dimension
of nanomaterial is very dependent of the level of electron
movement and the movement sense, so nanomaterials are cat-
egorized as 0D, 1D, 2D and 3D (Jeevanandam et al. 2018);
within the last are included the nanoparticles. The concepts of
nanoparticle, nanorod and nanoplate are differentiated among
them through the relation between their dimensions.

Synthesis of nanoparticles and the incursion
of biotechnology

Traditional methods of synthesis

Nanoparticles (NPs) are traditionally synthesized using top-
down or bottom-up methods (Fig. 2). The top-down methods

Table 1 Global production of
main metal resources and leading
world producers

Metal resource Type 2014 2015 2016 2017 Leading producer country

Iron*, Mt Ferrous 3390 3308 3317 3332 China

Copper, Mt Base 18.6 19.4 20.7 20.2 Chile

Aluminium**, Mt Base 54.2 57.9 59.6 60.1 China

Nickel, Mt Base 2.1 2.1 1.9 2.1 Indonesia

Gold, t Precious 3060 3140 3210 3330 China

PGMs, t Precious 377 457 462 446 South Africa

*Iron ore

**Primary aluminium
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gradually break down bulk materials to nanometre-sized ma-
terials. It is usually applied in the electronics industry.
However, it has some drawbacks, as it is challenging to gener-
ate uniform nanoparticles; introduce internal stresses, structural
defects, and contaminants; and consume a large quantity of
energy (Su and Chang 2018). On the other hand, in the
bottom-up method, atoms or molecules are combined to form
molecular structures in the nanometre-sized range using chem-
ical or physical forces (Rotello 2004). It is possible to control
the size and shape of the nanoparticle depending on the final
application through variations in the precursor concentrations
and reaction conditions such as temperature and pH (Virkutyte
and Varma 2013). Whilst physical and chemical treatments of
bottom-up are extensive in the traditional synthesis of nanopar-
ticles, this method has the disadvantage that the usage of toxic
chemicals limits its application in sensitive fields, such as med-
icine (Ahmed et al. 2016; Duan et al. 2016).

Biosynthesis of nanoparticles

In the search for synthesis processes that mean lower environ-
mental and economic costs, the biosynthesis, which uses bio-
logical sources, emerged. Although biosynthesis is a kind of
bottom-up process, it is generally handled as a third route
since it has noted differences in the scope and requirements
than conventional bottom up, i.e. natural synthesis and ab-
sence of intensive chemical and energy requirements (Singh
et al. 2010). The nanoparticles produced by biological ways
have demonstrated better biocompatibility due to the capping
or encapsulation activity on the metallic cores with non-toxic
and biodegradable materials. For this reason, the biosynthesis
of metallic nanoparticles (as part of the bionanotechnology)
have gained increasingly attention, facing the challenges to

develop non-toxic, reliable, eco-friendly, easy scaling up,
and well-defined nanostructures (Whitesides 2003).

Bionanotechnology uses plants, algae and microorganisms
such as bacteria, fungi and yeast, to biosynthesise nanoparti-
cles with different types, forms and distribution in a broad
spectrum of pH, temperature and use of precursors (Gan and
Li 2012; Vena et al. 2016; Wadhwani et al. 2018). Metallic
nanoparticles such as gold, silver, platinum, aluminium, zinc,
titanium, palladium, iron and copper have been biogenically
synthesised (Hulkoti and Taranath 2014). Additionally, oxide
and sulphide nanoparticles have been studied because they
have important applications as semiconductors, reagents for
cancer treatments and additives for the improvement of the
thermochemical properties of phase change materials in ener-
gy storage (Sanghi and Verma 2009; Ramanathan et al. 2011).

The biosynthesis mediated by microorganisms can be intra
and extracellular, being the latter more practical due to the
recovery of nanoparticles that does not require additional pro-
cessing. In both cases, the reduction of the metals is catalysed
by enzymes and other organic substances that can be secreted
in the cell wall or outside the cell. Although current studies
have not yet completely deciphered the mechanisms by which
biological sources synthesise metal nanoparticles, there is a
consensus that the main pathways involve enzymatic oxida-
tion, reduction, adsorption and chelation with peptides or
polysaccharides of cell walls.

The biosynthesis of NPs could be classified as a bottom-up
approach because NPs are formed through oxidation or reduc-
tion reactions between ions and chemical derivatives from the
cell. The uptake of metal ions by biomass and the subsequent
transformation to their elemental form are dynamic processes.
In the intracellular biosynthesis, the ions are incorporated into
the cell, for which, the process is controlled by the cell wall
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and plasma membrane activity; carrier proteins, reductive en-
zymes and cofactors are involved (Li et al. 2011; Salunke et al.
2016). In the cytoplasm, the ions are reduced as a consequence
of the metabolic reactions with enzymes, e.g. nitrate reduc-
tase. On the other side, the extracellular biosynthesis can be
performed by the union of metal ions with functional chemical
groups on the cell wall (biosorption process) and/or with se-
creted metabolites (Fig. 3). The intracellular NP biosynthesis
is frequently metabolism dependent because it is required that
the cell has the conditions for growth and for developing bio-
logical activity; for this reason, the microorganisms must be
alive. This has operational considerations like control of tem-
perature, pressure, salinity, culture medium, contamination
and concentration of metals during the biosynthesis. One of
the advantages of this type of pathway is the possibility to
obtain metal oxides and metal sulphides NPs.

On the other hand, in the extracellular biosynthesis, it is not
necessary that cells are alive during biosynthesis, which from
an industrial perspective, seems to be a better option for the
bioreduction of metals, because the operational conditions and
control are simpler, e.g. dead cells have less toxicity, readily
recovery of biosorbed metals and the biomass can be regen-
erated and reused (Bishnoi and Garima 2005). As mentioned
above, obtaining metal nanoparticles from biological sources
has characteristics that make it convenient to face the chal-
lenge of generating highly specialised products through clean-
er and less expensive techniques.

Biosynthesis develops in simpler systems than chemical or
physical synthesis, given that the operational conditions since
biosynthesis can be carried out using live or dead biomass and
generally works at ambient (and near) ambient temperatures
and pressure. If biosynthesis requires the use of live biomass,
for example, for the generation of NPs of metal oxides (met-
abolically active cells that produce oxidase enzymes are need-
ed), greater attention in cell culture conditions must be pro-
vided to achieve growth and biosynthesis (Ghorbani et al.
2015; Singh 2015). When biosynthesis occurs inside cells
(depending on metabolism), the recovery of NPs is done by
cell lysis (Lee et al. 2004; Gahlawat and Choudhury 2019). If,
on the other hand, biosynthesis is performed under extracel-
lular mechanisms, obtaining NPs is facilitated and reduced to
solid-liquid separation operations such as centrifugation and
filtration (Salvadori et al. 2014). The availability of a growing
literature has demonstrated the feasibility of synthesising
many types of metal nanoparticles (metals, metal oxides and
sulphides), varying the type of metal salt and the microorgan-
ism, demonstrating the versatility of the method. A key aspect
for the application of nanoparticles has to do with their
stabilisation since due to their small size, they tend to agglom-
erate, which affects their performance. In the case of biosyn-
thesis from microorganisms or plants (and their extracts),
nanoparticles are generated accompanied by stabilising and
covering agents, which prevent the grouping of NPs (David
et al. 2019; Rufus et al. 2019). In the case of traditional

Fig. 3 Mechanisms of NP
biosynthesis. There are two
recognized mechanisms by which
microorganisms synthesise
nanoparticles. Intracellular
biosynthesis is carried out by
means of proteins, enzymes and
cofactors. Extracellular
biosynthesis can be mediated by
secreted biomolecules and by the
interaction with functional groups
on the cell wall (Salunke et al.
2016)
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synthesis, the use of stabilizers such as BSA (bovine serum
albumin) (Chakraborty and Parak 2019;Wang et al. 2019) and
glycerol (Parveen et al. 2019) is added.

Simpler operational conditions, lower demands on pres-
sure, temperature and use of chemical agents have an effect
on the synthesis costs being considerably lower (Fig. 4).
Additionally, another advantage of nanoparticle biosynthesis
is that it generates very few toxic residues. The main waste of
the process corresponds to biomass, which in many cases can
be reused for new cycles of biosynthesis. Among the main
disadvantages of working with biosynthesis is the low volume
of nanoparticles generated and the high synthesis time, com-
pared with conventional techniques. The use of experimental
designs to optimise operating conditions, such as the amount
of biomass, the volume of solution and the concentration of
metal in the solution, is useful for achieving the best condi-
tions. Thus, the use of not only residual solids as bioreductive
agents (agroindustrial waste, stabilised sludge, etc.) but also
industrial effluents as a metallic source for the biosynthesis of
nanoparticles (mining tailings, industrial waters, etc.).

The use of toxic chemicals in the process of synthesis via
the bottom-up methodology generally leaves toxic residues on
the surface of the nanoparticles and non-polar solvents, and
this limits its applications, especially in the medical and bio-
technological areas. Because of this, there has an increase in
the use of biomass for the synthesis of nanoparticles as it
corresponds to a clean, friendly environment and economical
method. The microorganisms have proved to be highly effi-
cient biofactories for the generation of NPs of different com-
positions, shapes and sizes. Although chemical processes are
capable of producing large amounts of NPs, the nanoparticles
produced by a biogenic enzymatic process are much superior,

in various ways, since almost any metallic element, metal
oxides and metal sulphides can be produced (Tiquia-
Arashiro and Rodrigues 2016).

Current scientific and technological development
about the biosynthesis of metal NPs

From a bibliometric approach, the research associated with
nanoparticle biosynthesis dates back to the beginning of
2000, resulting in the production of 981 articles, distributed
in 382 indexed journals (Fig. 5). However, the rate of publi-
cations on nanoparticle biosynthesis has experienced remark-
able and sustained growth since 2009. This is how it has
happened since the 225 articles published between the 2009
and 2013 period and the 615 articles between 2014 and 2018.
So far in 2019, the number of articles amounts to 124, which
should be projected as the year of the greatest amount of
scientific contributions in the field. Publications related to
the biosynthesis of nanoparticles bring together the generation
of nanomaterials not only metallic but also those based on
organic compounds, such as nanopolymers. Focusing only
on the context of the biosynthesis of metal nanoparticles, these
correspond to one-third of the total publications, and the
metals that concentrate the biogenesis studies are with dis-
tance silver (79%) and gold (59%), due to the growing new
applications that have been discovered for their use in medical
therapies. The countries that lead the generation of basic and
applied knowledge in the field of biosynthesis of metal nano-
particles are India, Iran and the USA.

Undoubtedly, the concepts that appear most in the titles of
the publications are “nanoparticle” (which also considers its
plural version) and “synthesis” and “biosynthesis”. It is inter-
esting to note that there is a tendency of the authors to build
the title of their work with the concept of “synthesis” and not
to put the prefix bio. It is also noted that the most studied metal
for biosynthesis corresponds to silver and then gold. The stud-
ies tend to closely relate biosynthesis with the concepts of eco-
friendly and green since its protocols dispense with the use of
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contaminating chemical reagents and the use of energy-
intensive techniques. The most reported biological agents to
produce metal nanoparticles correspond to plants (and their
extracts), bacteria and fungi. The activities that are most fre-
quently carried out in the works are the characterisation and
analysis of their properties as catalysts and as antibacterial (or
antimicrobial) agents (Fig. 6).

The impact of the works, from the point of view of cita-
tions, goes hand in hand with the growing trend of publica-
tion, obtaining average increases in the citation rate of 425
citations/year. The accelerated growth in the volume of
knowledge related to the biosynthesis of metal nanoparticles
has not had the same impact on technological transfer, which
can be seen in the less number of invention patents related to
nanoparticle biosynthesis processes, in total 66 patents since
2003 (Fig. 5). The various patent search engines frequently
issue a greater number of patents, but they include other as-
pects such as the application of nanoparticles to achieve bio-
logical activity effects, which is not in line with the study of
biosynthesis. In this work, an exhaustive filter in the scope of
patents was made. The amount of invention patents on bio-
synthesis demonstrates that the scientific development of this
technology is still, for the most part, in an experimental vali-
dation stage. Despite the foregoing, in recent years, it has been
observed that the trend of intellectual protection has achieved
promising rates since only in the last 3 years, 42% of the
patents awarded on metal nanoparticle biosynthesis have been
concentrated. USA and China are the countries whose patent
offices have granted the highest number of patents.

Bionanomining = mining +
bionanotechnology

The application of biotechnologies in mining processes has
been carried out for years, through, for example, bioleaching,
where the solubilisation of metals from minerals is sought
from the catalytic activity that some microorganisms exert,
mainly bacteria and archaea. Multiple studies about the phys-
iology of microorganisms, the operational conditions and the

influence of the mineral processing reagents on the growth
and oxidation activity have been performed (Watling 2006;
Jafari et al. 2019). On the other side, the commercial applica-
tion of copper bioleaching has had an important review, due to
the ability to treat secondary minerals of low grade by bacte-
rial leaching in heaps. Recently, Yin et al. (2018) compiled
studies about the heap bioleaching of copper mines, including
the isolation and identification of bacterial strains, the im-
provement of mechanisms and interface reactions, multistage
percolation, and also the projection to use bioleaching micro-
organisms in the recovery of metals from electronic waste,
which is a novel application with increasing demand.

Beyond the development of bioleaching as the most com-
mon of the biotechnological strategies that are related to min-
ing, there are other more recent, and therefore, less developed
applications that seek the recovery or removal of metallic spe-
cies from solutions produced by mining, which usually corre-
spond to waste streams or effluents. Several methods for metal
immobilisation that are used in the treatment of mining and
industrial effluents are biosorption and bioaccumulation. In that
line, microorganisms with biosorbent potential for the removal
of heavy metals have been studied, determining the sequestra-
tion mechanisms of metals and biosorption capabilities
(Ayangbenro and Babalola 2017). It is frequent that the strains
used in the biosorption experiments have been isolated from
the same places where the mines operate due to that they have
proved tolerance to metals present at high concentrations.
Cadmium and zinc have been bioaccumulated by bacteria iso-
lated from a zinc mine, locating the metal species on their cell
walls (Limcharoensuk et al. 2015).

On the other hand, the biosynthesis of metal NPs can be
studied and even applied under different approaches. After lab
level researches focusing the biogenic reduction of metals and
the conditions that are optimal for the natural reactions be-
tween biomass and ions, the second derivative is the use of
residual biomasses like agro-waste solids and effluents as re-
ducing agents (Adelere and Lateef 2016). In other level, the
use of biomass obtained by microbiological procedures is
used to bioreduce metals that are contained in industrial or
mining effluents, the latter being related to the concept of

Fig. 6 Word cloud of scientific
articles associated with metal NPs
biosynthesis. Larger text denotes
higher frequency of writing in
work titles
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bionanomining, i.e. obtaining biologically synthesised
nanomaterials from mining resources or wastes.

The main challenge in the valorisation of mining or indus-
trial wastes is that the metal species are frequently present in
low concentration. The recovery of metal species frommining
effluents has been traditionally addressed by expensive or pol-
lutant methods, such as precipitation (sulphate and hydrox-
ide), adsorption, membrane filtration, ion exchange, solvent
extraction and electrochemical processes (He and Kappler
2017; Isosaari and Sillanpää 2017). In this context, the emer-
gence of biotechnological processes and the experience gath-
ered in the various research on bioremediation provide funda-
mental information about the natural interaction between bio-
mass and metals and give the opportunity to develop low-cost
and eco-friendly techniques to treat extractively industrial ef-
fluents (Gadd 2009; Bharagava 2017).

In most studies, the experimental biosynthesis of nanopar-
ticles uses a synthetic metal source prepared in the laboratory
at known concentration and chemically designed according to
pre-obtained optimal conditions. Few scientific contributions
apply biomass to deal with actual and multi-species solutions.
The idea to obtain metal nanoparticles from mining wastes is,
securely, a challenging task, due to the complex composition
of these types of effluents. In terms of the treatment of mining
waste, tailings and leached solutions generally have low pH
and many ionic species (Table 2).

The abiotic synthesis of nanoparticles from mining waste
was firstly reported by Kumar et al. (2015), who synthesise
magnetite NPs from iron ore tailings that were previously
leached with hydrochloric acid to dissolve the iron fraction.
The magnetite NPs were used as carrier to support silver

coating that has proved antibacterial properties. The use of
nanostructured magnetite particles allows improving the ex-
traction process once NPs is applied in the treatment of bac-
terial diseases, avoiding silver toxification problems in the
host organism.

On the other hand, approaching the valorisation of indus-
trial waste by NP biosynthesis, more recent researches have
also focused on the synthesis mediated by microorganisms. In
order to protect metals from corrosion, materials are frequent-
ly electroplated with chromium. However, this process also
generates effluents charged in heavy metals and chromium,
which are very toxic to humans. In this context, several au-
thors have treated electroplating wastewater and produced
Cr(III) NPs by using the Cr-resistant bacteria Bacillus subtilis
(Kanakalakshmi et al. 2017). The cytotoxicity and antibacte-
rial properties of the obtained NPs were evaluated and satis-
factorily described.

A poor handling of dump heaps and tailing deposits or the
abandonment of metal mines can lead to the generation of acid
mine drainage (AMD), which is one of the most severe envi-
ronmental problems of the mining industry (Akcil and Koldas
2006). The reaction between sulphide minerals and the water
in aerobic conditions produces the releasing of sulphuric acid
(as sulphate) that acidifies natural watercourses and ground-
water and increase the level of metals by their leaching, be-
coming a potential source of pollution and toxicity for inhab-
itants, animal and plants (Favas et al. 2011). One of the bio-
technological ways to treat these undesired reactions is by
bioremediation using sulphate-reducing bacteria (SRB).
These bacteria use sulphate as terminal electron acceptor and
finally induce the precipitation of metal sulphides. Authors

Table 2 Types of mining waste
and chemical composition of
several metals that can be
potentially recovered by
biotechnological approaches

Type of mining
waste/operation

Cu Ni Zn Fe S TiO2 Al Reference

Low-grade ore

Malanjkhand, India 0.27 0.23 0.05 3.9 2.8 0.6 91.2 Singh et al. (2011)

Antofagasta, Chile 0.36 0.02 4.9 0.4 7.6 Torres et al. (2015)

Arizona, USA 0.68 3.5 3.1 Muñoz et al. (2007)

Dexing, China 0.68 4.7 2.3 13.8 Yin et al. (2008)

Tailings

Bor, Serbia 0.20 0.003 8.7 10.6 8.5 Antonijević et al. (2008)

Lanzhou, China 0.25 0.23 10 Xie et al. (2005)

Taltal, Chile 0.24 0.003 6 0.4 8.4 Own data

Chile* 0.07 0.01 0.260 19 0.6 0.6 10.7 Sernageomin (2016)

Slag

La Caridad, Mexico 2.50 43 Schlesinger et al. (2011)

Potrerillos, Chile 8.00 38 Schlesinger et al. (2011)

Moun Isa, Australia 2.60 41 Schlesinger et al. (2011)

Palabora, South Africa 0.70 35 Schlesinger et al. (2011)

*Mean of 22 copper ore tailings deposits
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have used the continuous process of bioreduction of sulphate
with SRB and carefully control the treatment, obtaining metal
sulphur nanocomposites, as ZnS and TiO2 (Vitor et al. 2015,
2016). This work is the first attempt to biosynthesise NPs and
nanocomposites coupled with a bioremediation process of ac-
tual effluents in a columnar system. The produced
nanomaterials have industrial application as semiconductors
or photocatalysts. It is remarkable that this work states that
from bioremediation, not only environmental benefits but also
economic benefits are obtained. In the same way, other au-
thors have used the AMD effluents coming from an aban-
doned gold mine to produce gold nanoparticles by using the
SRB-mediated bioremediation process (the main bacteria is
Desulfovibrio desulfuricans) (Assunção et al. 2016). They
also prove that the type of metal precursor (or solution) has
a critical influence on the type of product obtained after
bioreduction; thus, if Au (III) solution is used, the bacteria
produced AuS NPs, whilst when AMD is used, AuNPs are
obtained. The AuNPs have a high economic value and wide
range of applications, such as medicine, optics and catalysts.

In the treatment of AMD, one of the recent approaches for
the removal of metals and metalloids released as a result of the
acid leaching produced by this solution is the application of
metal nanoparticles, which act as nucleating agents. This tech-
nique has been used for the significant removal of Al, Mg, Mn
and Zn from AMD using magnetite and Co ferrite NPs
(Kefeni et al. 2017). NPs also are applied for soil remediation,
e.g. Fe and goethite NPs are recently described as good fixa-
tion agents for arsenic, reducing the phytotoxicity and improv-
ing the quality of soils (Baragaño et al. 2020).

In other approach, several industries like mining,
electroplating, pigments, fertilizers and batteries produce
effluents charged with cadmium, a metal that is accumulated
in the food chain and that its exposition causes cancer.
Traditionally, there are numerous methods reported for the
removal of cadmium and other heavy metals, such as
chemical reduction, electrochemical treatment, ion exchange
and precipitation. There is an emergent approach to treat these
Cd effluents and produce economically valued products
chained to biorestoration or remediation processes. Vena
et al. (2016) describe several experimental efforts that use
microorganisms to biosynthesise nanocrystals of Cd chalco-
genides from toxic effluents. Cd chalcogenides (CdS, CdSe
and CdTe) are a group that in nanostructured form are also
named as quantum dots (QDs), which have high technological
demand in bioimaging and as sensors and electronic devices.
The works reviewed byVena et al. (2016) are initial laboratory
attempts that support the idea of industrial effluent recovery,
but definitely, there are still elements to touch for leading
higher level of development.

Recently, bioreduction of copper nanoparticles from treated
tailings was reported by using the bacterial biomass of
Pseudomonas stutzeri (DSM 5190), which is a strain

previously described in the biosynthesis of silver nanoparti-
cles. Characterisation of biogenic CuNPs revealed that they
were spherical with an average size of 60 nm. The study
showed also that the bioreduction occurs extracellularly, since
CuNPs are attached on the cell wall or in the solution. The
oxidation state of nanoparticles was determined by X-ray pho-
toelectron spectroscopy (XPS), detecting the coexistence of
the three oxidation states of copper, indicating that the main
nanomaterial obtained was Cu(0), but also Cu(I) and Cu (II),
which may be related with oxidised or sulphurised nanoparti-
cles (Ordóñez and Wong 2019; Wong et al. 2019).

Other mine waste that is environmentally important is the
coal tailings, containing sulphur species that eventually lead to
metal leaching of metals. In a recent investigation, coal tail-
ings were treated with bacteria Rhodococcus erythropolis
ATCC 4277 to biosynthesise Fe NPs as part of the strategy
to improve the environment with added value (Maass et al.
2019). Although the conversion obtained is relatively low,
about 19%, it corresponds to the first bionanotechnological
initiative for this type of waste, which represents a starting
point to get new methodologies for adding coal mining waste
value.

The pyrometallurgical route for mineral beneficiation pro-
duces high volume of particulate matter that generally is com-
posed by multiple heavy metals and metalloids in large con-
centrations and that are spread by wind (Yasipourtehrani et al.
2020). The solid by-product obtained from smelters is the
slag. Experimental techniques have been evaluated to recover
selectively copper from the metallurgical sludge using sugar-
cane bagasse as biosorbent, obtaining a solution with Cu con-
centration of 95.4% (Xie et al. 2018). Although biosorption
tests have not led to bioreduction activity, it is a contribution to
the recovery of valuable/polluting species from very complex
matrices, due to the high presence of metals, which is a chal-
lenging issue for almost all mining wastes.

The knowledge about the biovalorisation of actual effluents
by using bacteria or other higher organism is still in the early
stages of research. More investigations in a multidisciplinary
way are required to propose competitive and sustainable
methods for biosynthesis of nanoparticles; however, the trend
in this research field is growing and increasingly intense in the
environmental-extractive applications.

Conclusions

There is a growing interest in having nanomaterials that allow
to solve increasingly specific problems or substantially im-
prove new applications in high-tech industries and medical
treatments. On the other hand, various intensive industrial
activities, such as mining, generate a large amount of waste
that, if not treated or confined, can generate unwanted impacts
for the population and the environment. Thus, under a new
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concept of circular economy applied to these wastes consid-
ering them as resources, and given the increasing evidence of
the capacity of certain prokaryotic and eukaryotic biomasses
to bioreduce metallic species in nanomaterials, the concept of
bionanomining emerges. The thematic of this work is novel
due to although the biosynthesis of nanoparticles is increas-
ingly studied, the most part of the research is focused on a
fundamental approach by performing lab experiments and or
using synthetic solutions.

In this sense, the challenges and projections of the
bionanomining, especially in developing countries that based
their economy in the exploitation of mineral resources, are
very important in the diversification of productive matrix,
even more considering that the nanomaterials are expensive
products with high demand, e.g. 1 kg of bulk copper is inter-
nationally traded at 6 US$ whilst the same mass of copper
nanoparticle is valued in 500 US$, depending of its homoge-
neity and particle size. In addition, bionanoming offers cheap
synthesis processes that are more environmentally friendly
than traditional top-down and bottom-up methods for produc-
tion of nanomaterials.

Notwithstanding the multiple-approach advances that are
in progress, it is necessary that certain aspects reach a higher
level of development, in order to achieve an industrial appli-
cation. It is expected that by addressing the challenges, in the
future, the number of invention patents associated with nano-
technological products produced by biotechnology, and par-
ticularly by bionanomining, will increase. Some of the chal-
lenging issues are

& Extraction and purification processes: This is undoubtedly
one of the main aspects that have been less studied and
that becomes critical for the potential industrial applica-
tion of biosynthesis processes. Whilst the separation of
NPs from cells becomes simpler when extracellular sepa-
ration repeatedly used centrifugation, which has a poten-
tial binding of NPs. On the other hand, in intracellular
biosynthesis, cell lysis can cause aggregation, precipita-
tion and sedimentation of NPs, together with an increase
in costs if the enzymatic breakdown is evaluated.

& Stabilization: The stabilization of biosynthesised nanopar-
ticles must also be improved to take advantage of the
natural property of biosynthesis processes to generate
more stabilized NPs than physicochemical processes.
The duration of biosynthesisedNPs has not yet been wide-
ly determined with precision.

& Scaling-up from the laboratory to industrial plants:
Although many types of bacteria used to produce various
types of NPs are recognized, what will happen in biosyn-
thesis tests carried out under less controlled conditions
(laboratory) at pilot level remains to be validated and com-
pared if biosynthesis processes could efficiently replace
traditional synthesis processes.

& Optimization in the conditions of cell growth and
bioreduction: Biosynthesis will in the future points to the
use of enzymes and nano synthetic proteins that avoid
using microorganisms. However, for this, together with
the determination of the various organic substances in-
volved, the conditions that allow for optimum reaction
yields must be established. At present, the identification
of strains resistant to high levels of heavy metals and with
high growth rates has been evaluated for biosynthesis.
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