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The accumulation of mine tailings on Earth is a serious environmental challenge. The importance for the recovery of heavy metals,
together with the economic benefits of precious and base metals, is a strong incentive to develop sustainable methods to recover
metals from tailings. Currently, researchers are attempting to improve the efficiency of metal recovery from tailings using
bioleaching, a more sustainable method compared to traditional methods. In this work, the research status of using biological
leaching technologies to recover heavy metals from tailings was reviewed. Furthermore, CiteSpace 5.7.R2 was used to visually
analyze the keywords of relevant studies on biological leaching of tailings to intuitively establish the current research hotspots.
We found that current research has made recent progress on influencing factors and microbial genetic data, and innovations
have also been made regarding the improvement of the rate of metal leaching by biological leaching combined with other
technologies. This is of great significance for the development of bioleaching technologies and industrial production of heavy
metals in tailings. Finally, challenges and opportunities for bioleaching provide directions for further research by the scientific
community.

1. Introduction

Rapid social and industrial developments have resulted in an
increased demand for metals. As a result of rapid industrial
development combined with increased exploitation of large
quantities of mine resources, the environmental pollution
of tailings is expanding at an alarming rate. The environmen-
tal impacts of tailings will eventually directly or indirectly
threaten the human health (Figure 1). In soil and sediment,
chemical pollutants caused by human activities have accu-
mulated over 2,000 years. An early example of such pollution
is heavy-metal mining waste. The environmental challenges
posed by huge volumes of tailings and tailings dumps are
often overshadowed by the economic benefits of mining.
Tailings contain harmful quantities of toxic substances that
can potentially pose serious health and environmental prob-
lems through air dispersion of air-dried tailings, leaching of
potentially toxic chemical species, erosion and uptake by
the aquatic system, and bioaccumulation [1].

Heavy metal contamination from tailings is detrimental
to the human and environmental health [2]. The Luhun Res-
ervoir, Henan Province, China, is located downstream of a
molybdenum mining area. A recent study assessing the pol-
lution of the reservoir found that molybdenum was the main
pollutant in the overlying water of the reservoir, with the sin-
gle element pollution factor (Pi) of molybdenum which is the
highest among all heavy metals, at a mean value of 2.05 [3].
Similarly, there are a large number of gold mine tailings in
the Welkom and Virginia areas of the Free State Province
in South Africa. According to the World Health Organiza-
tion and the South African National Drinking Water Stan-
dard, an analysis of the groundwater quality in the target
area found that 40% of the analyzed samples contained lead
exceeding the drinking water quality standard limit, 63%
contained iron exceeding the standard limit, 100% contained
faecal coliform bacterial counts noncompliant with the cur-
rent guidelines, and 50% contained E. coli counts exceeding
the standard limit [4]. Because groundwater is the main
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source of drinking water for the local population, this pollu-
tion poses a serious threat to their health. Furthermore, envi-
ronmental pollution indirectly harms other organisms. In the
city of Vicosa do Ceara/CE in northeastern Brazil, Fabio et al.
(2021) assessed the impact of an abandoned copper mine on
the environmental quality of the ecosystem through a com-
prehensive ecological and biogeochemical analysis. Their
results showed that there was still a large amount of copper
in the waste rock of the abandoned copper mine after 30
years of weathering, and drainage from the mine significantly
reduced the aquatic macroinvertebrates and increased the
copper content in living organisms [5].

Heavy metal pollution from tailings also seriously dam-
ages local land resources. Heavy metal mining and process-
ing activities in southern Poland led to heavy zinc pollution
and moderate lead pollution of the local agricultural land
and thus agricultural production in these areas; as a result,
the planting of green leafy vegetables was banned, which
has led to significant economic losses [6].

As discussed above, the environmental risks of heavy
metals from mining are very severe. However, tailings are
also an important secondary resource. Gold, silver, lead,
zinc, sulphur, indium, gallium, cadmium, germanium, sele-
nium, tellurium, and other associated elements recovered
from Chinese copper ore during the processing and smelt-
ing process account for 44% of the total output value of
the raw materials; associated gold accounts for more than
35% of China’s gold reserves, of which 76% of gold and
32.5% of silver is produced by copper mines [7]. Moreover,
rare earth elements are essential components of high-tech
electronic and electrical materials, and reserves of natural
rare earth elements are limited worldwide, except in China
[8]. However, many mine tailings are rich in mineral-
associated rare earth elements, and such tailings are thus
an important source. Therefore, in order to solve the
shortage of metal resources and the problem of tailing
pollution, suitable, effective, and economical technologies
are needed for recovery and removal of heavy metals from
mine tailings [9].

Fortunately, various methods have been developed in
recent years to recycle tailings, including the promising tech-
nique of bioleaching, chemical extraction remediation tech-
niques, and electrochemical repair techniques, that convert
waste into value. Chemical extraction is limited by soil com-
plexity and extractants. Electrochemical repair techniques
are expensive and require complex operations. However, bio-
leaching is a low-cost, green technology for leaching metals
from a variety of minerals and waste materials [10]. In the
early 1950s, Colmer was the first to extract copper from a
mine dump at the Kennecott Copper Corporation using
microorganisms [11]. Thus, bioleaching technology opened
the era of microbial metallurgy. Biological leaching refers to
the direct action of some microorganisms in nature or the
indirect action of their metabolites to produce oxidation,
reduction, complexation, adsorption, or dissolution, by
which processes certain insoluble components (such as
heavy metals and other metals) are separated from the solid
phase. The microorganisms used in biological leaching are
mainly eosinophilic, inorganic autotrophic bacteria. Acid-
ithiobacillus ferrooxidans, Acidithiobacillus thiooxidans,
and Leptospirillum ferrooxidans are the most widely used.
Currently, most minerals and ores are processed at the
industrial scale using bioleaching [12]. For example, approx-
imately 20–25% of the world’s total copper are produced
using bioleaching [13]. However, biological leaching tech-
nology has its limitations, such as the microbial leaching effi-
ciency and reaction cycle.

Advances in molecular biology techniques and their
applications in biosynthesis to detect and identify organisms
have expanded our understanding of the interactions of
metallic microbes and their important role in metal extrac-
tion and recovery [14]. This provides a good impetus for
the industrial application of heavy metals from biological
leaching of tailings.

This review provides an overview of the mechanisms and
influencing factors of bioleaching technologies and provides
a general understanding of the current status of the bioleach-
ing of copper, iron, and zinc tailings, rare earth elements, and

Waste of resources

�reat to human health

�e environmental pollution

Water pollution Soil pollution

Contamination of
drinking water

Agricultural land
pollution 

Tailing

Figure 1: The harm of tailing pollution.
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four toxic metals. The challenges and opportunities for the
recovery of heavy metals from tailings by biological leaching
are also discussed, which will provide a valuable reference for
the full exploitation and utilization of secondary resources
and the industrial development of the recovery of heavy
metals from tailings using biological leaching technologies.

2. Progress

2.1. Mechanisms and Methods

2.1.1. Biological Leaching Mechanism. The essence of the bio-
logical leaching process is that Thiobacillus acquires the
energy needed for growth by oxidizing reduced sulphur com-
pounds, which leads to a decrease in the pH value and
changes in the redox environment of the environmental sys-
tem, thus changing the state of the heavy metals in the system
from the original organic matter-bound state to the free state.
Since the early 1950s, Fe/S-oxidizing bacteria have been used
in industrial-scale processes to extract metals from sulphide
ores [11]. The first isolated and most widely studied Fe/S-oxi-
dizing bacteria are A. ferrooxidans; therefore, most of the
research on the mechanism of bioleaching has been limited
to the behavior of A. ferrooxidans in the bioleaching of
sulphide minerals [15]. The mechanisms of bioleaching of
sulphide ore by A. ferrooxidans are divided into direct and
indirect mechanisms.

Direct mechanisms: the microorganisms oxidize sulphide
minerals through direct attack on the mineral surface [16]
and possibly by the cell’s unique oxidase system that directly
oxidizes sulphide minerals. Hydrogen ions are produced
simultaneously, resulting in a decrease in the pH of the envi-
ronmental system and an increase in the redox potential and
thus the formation of soluble sulphates [17]. However, it is
difficult to distinguish between the bacterial cell wall and
the molecular film of sulphide; therefore, this mechanism is
more suitable for contact leaching [18]. This can be expressed
in terms of the following reaction equation (1):

MS + 2O2 ��������������������!A:ferrooxidans;A:thiooxidans MSO4: ð1Þ

Indirect mechanisms: metabolites of Fe/S-oxidizing bac-
teria are used in redox reactions that occur with sulphide
minerals, and finally, a redox circulatory system is formed.
The sulfuric acid produced reduces the pH of the environ-
mental system to approximately 2.0 and greatly promotes
the dissolution of heavy metals [19]. Indirect mechanisms
can be summarized by the following reaction equation (2)
(taking pyrite as an example):

4FeS2 + 15O2 + 2H2O ���������!A:ferrooxidans 2Fe2 SO4ð Þ3 + 2H2SO4:

ð2Þ

Another approach is to complement the indirect mecha-
nism by characteristics of bacterial attachment to mineral
surfaces, in which the attached cells oxidize ferrous ions into
iron ions within a layer of bacteria and extracellular poly-

meric substances, and the ferric ions within this layer leach
the sulphide [20].

In summary, all previous studies have found that the key
to the exploration of the mechanism of biological leaching
lies in microorganisms. Only by thoroughly studying the
behavior of microorganisms in the leaching process can the
mechanism of biological leaching be accurately and system-
atically interpreted, which will also depend on developments
in molecular biology and other disciplines.

2.1.2. Microbe Overview. Bioremediation technology has
attracted increasing attention in the field of environmental
protection. At its core, the mechanism and species selection
of microorganisms in pollution remediation have become
the focus of research. In bioleaching, bacteria play a catalytic
role [18], which is key to the industrialization of recovering
heavy metals from tailings by biological leaching. Using
microorganisms to extract heavy metals from tailings is more
ecologically friendly, which not only controls tailings pollu-
tion but also alleviates the shortage of primary resources
and will not produce harmful gases to form secondary pollu-
tion during the entire reaction process. A. ferrooxidans, A.
thiooxidans, and L. ferrooxidans are the most commonly
used microorganisms in bioleaching of heavy metals from
tailings. Their physicochemical properties are presented in
Table 1. As for energy sources, A. ferrooxidans, A. thiooxi-
dans, and L. ferrooxidans get their energy from iron, sulphur,
and iron, respectively.

Regarding the selection of microbial species, natural
microorganisms (indigenous microorganisms) show better
adaptability and have a higher leaching rate; therefore, the
majority of studies to date used indigenous microbes [21,
22]. For example, indigenous bacteria can mediate electro-
chemical morphology and thus significantly improve arsenic
leaching from tailings; thus, without effective treatment of
arsenic-containing tailings, enhanced arsenic migration by
indigenous bacteria will increase the risk of environmental
contamination [23].

In terms of the selection of microbial diversity, mixed
bacteria leaching is more efficient, and the majority of studies
to date focused on the use of mixed bacteria leaching [24, 25].
In a study of bioleaching of heavy metals from copper and sil-
ver mine tailings in the Philippines, the microbe cultures
used were single bacterial and mixed cultures, respectively.
The results showed that the leaching rate of copper and arse-
nic of the mixed bacteria was higher than that of the single
bacteria, and the single bacteria and the mixed bacteria medi-
ated the occurrence pattern of heavy metals in different ways
[26]. Due to the synergistic effect of mixed bacteria, higher
bacterial concentrations and copper extraction rates could
be obtained in the biological leaching, and the highest copper
extraction rate of mixed bacteria (73.7%) was significantly
higher than that of any single bacterial culture [27]. One
study proposed that the highest bioleaching rate of valuable
metals could be obtained using a natural consortium of
drainage water combined with iron-oxidizing L. ferrooxidans
Teg [28].

The whole process of biological leaching can be summa-
rized from the aspects of microbial species, diversity, bacterial
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density, activity, and distribution as follows [29–31]: Biologi-
cal leaching is a continuous reaction process, and the best
microorganisms are selected according to the characteristics
of these processes; generally, mixed strains and indigenous
strains have high leaching rates, and the higher the number
and activity of microorganisms, the higher the leaching rate;
microorganisms are uniformly distributed in stirred tank reac-
tors, but not in leaching heaps, which are one of the reasons
why the industrial application of biological leaching of heavy
metals from tailings is limited.

In the future, the microorganism selection related to bio-
leaching needs to be further improved in several aspects [32]:
(1) seeking a microorganism that can achieve oxidation reac-
tions in alkaline environments is conducive to the extraction
of alkaline minerals, and the application of biological leach-
ing could be expanded; (2) to strengthen the tracking of
microbial morphology and species changes before and after
leaching, to better explore the microbial mechanism and
improve leaching efficiency [33]; and (3) identification and
development of chlorine-tolerant organisms can promote
the utilization of seawater or brackish water in bioleaching,
reduce the cost, and at the same time benefit the reality of
freshwater resource shortages.

2.1.3. Bioleaching Methods. The commonly used experimen-
tal equipment and their functions in biological leaching of
heavy metals from tailings are listed in Table 2.

Biological leaching methods for the treatment of elec-
tronic waste can be divided into three types according to
the type of biomass exposure to the waste: one-step, two-step,
and spent-medium [34]. In the study of biological leaching of
heavy metals from tailings, the operation steps are generally
as follows (Figure 2): first, the tailing samples are collected
and treated, and physical and chemical analyses are carried
out; second, the bacterial strains are screened and identified,
enriched in a sterile environment, and the bacterial solution
is preacidified; finally, a certain amount of tailing sample

and bacterium fluid is placed in a 250mL conical flask, the
blank control group is set up, and all conical flasks are placed
in a constant temperature oscillating shaker at an appropriate
temperature for the bioleaching experiment. The specific
experimental conditions are selected according to the species
and mineral types. Any evaporated water in the experiment is
replenished with ultra-pure water, and the pH and redox
potentials are measured daily. Furthermore, the supernatant
is collected daily to analyze the heavy metal content in the
solution. All instruments used in the experiment should be
sterilized by such techniques as high-temperature steriliza-
tion, adding sodium azide, etc.

2.2. Analysis of Factors Influencing Biological Leaching

2.2.1. pH and Redox Potential. The pH is an important phys-
ical and chemical parameter in biological leaching. In the
study of bioleaching of heavy metals from tailings, iron/sul-
fur-oxidizing bacteria are more likely to undergo redox reac-
tions under acidic conditions. The effect of pH on the
optimum leaching rates of different metals is different. In
one study, when the slag particle size was less than
0.83mm, the smelting slag of lead/zinc on copper, iron, lead,
zinc, and other metals was highly dependent on pH, but the
pH had little influence on the solubilization of manganese
[35]. Before the bioleaching reaction took place, the pH of
the bacterial solution was adjusted to reach the optimum
pH range for the microorganisms. During the reaction, the
change in pH will affect the microbial activity and thus the
metal leaching rate; therefore, it is very important to monitor
the change in pH during the reaction. One study found that
preacidification treatment was needed to ensure the leaching
rate of heavy metals [36], but not all biological leaching
experiments need preacidification treatment, and another
study found that when there was no preacidification treat-
ment, the addition of an right amount of substrate impart a
buffering action to make the pH of the reactor more stable
and gradually decreased [37].

Table 1: Physical and chemical properties of microorganisms.

Strain Shape Optimum pH Optimum temp (°C)

Acidithiobacillus ferrooxidans Rod-shaped 2-3 30-35

Acidithiobacillus thiooxidans Rod-shaped 1.5-2.0 28-30

Leptospirillum ferrooxidans Vibrioid-shaped 1.5-2.0 25-35

Table 2: Experimental equipment and functions commonly used in biological leaching experiment.

Instruments or methods Functions

Inductive coupled plasma atomic emission spectrometry (ICP-OES) Determination of metal content

Atomic absorption spectrophotometer (AAS) Determine the concentration of metal in solution

pH meter and redox potential analyzer Determine pH values and redox potential Eh

Fourier transform infrared spectrometers (FTIR) Qualitative and quantitative analysis of samples

X-ray diffractometer (XRD) Mineralogical analysis

Phenanthroline spectrophotometry Determination of ferrous ion and total iron concentration

16S rRNA gene sequencing Monitor microbial distribution
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A different study showed that the reduction potential of
the solution had a great influence on the leaching rate of
pyrite, and the influence degree was much greater than the
number and activity of bacterial cells [38]. A high
oxidation-reduction potential (ORP) reflects high biomass
concentration, and the bioleached chalcopyrite was con-
trolled by ORP under high pH [39].

2.2.2. Temperature. Temperature is one of the important
influencing factors in the process of bioleaching. It mainly
affects the microbial activity during the process of biological
leaching, which then affects the leaching of heavy metals
from tailings. Experiments were carried out to examine the
effect of temperature on heavy metal leaching in the temper-
ature range of 7–42°C, in which the growth rate of acidophilic
bacteria varied with pH, but the degree of change depended
on the temperature [40]. Maintaining a constant temperature
during large-scale operations is also a problem to be consid-
ered in the industrialization process of bioleaching of heavy
metals from tailings.

2.2.3. Pulp Density. Previous studies on pulp density are
scarce, but current studies show that pulp density mainly
affects the leaching of heavy metals by affecting the pH.
The larger the pulp density, the greater the pH decline [9].
The effects of mineral pulp densities of 5, 10, and 30 g/L on
bacterial activity for different bacteria were investigated in a
batch reactor. For A. thiooxidans, the higher the pulp density,
the higher the pH, while for P. putida, the change in pulp
density had no effect on the pH [41]. Because a high pulp
density significantly inhibits microbial activity, when the
pulp density was greater than 15%, it had a great influence
on the leaching rate of copper and zinc [35, 42].

2.2.4. Oxygen and Carbon Dioxide. A continuous oxygen
supply is required during biological leaching. The oxygen
and carbon dioxide contents are closely related to the activity
of the microorganisms and affect the progress of the redox
reaction. The monitoring of dissolved oxygen showed that
the demand for oxygen increases with an increase in pulp
density [43]. An empirical model of dimensionless parame-
ters showed that biological leaching of manganese minerals
by heterotrophic microorganisms occurred only under

oxygen-limiting conditions [44]. The use of a higher dissolved
oxygen concentration (above 4.1mg/L) inhibits the oxidation
rate of ferrous ions. The optimal carbon dioxide concentration
of ferrous oxidation ranges between 7 and 17% (V/V), and the
oxidation rate of iron is severely limited when the carbon diox-
ide concentration is lower than 7% [45].

2.2.5. Other Factors. In addition to the above common fac-
tors, there are the following new findings. For example, the
leaching rate of heavy metals from tailings decreases with
an increase in the solid concentration [46]. Furthermore,
the activity of acidophilic bacteria in a stirred tank reactor
under high pressure was studied for the first time, and the
bacteria were found to remain active at a low oxygen partial
pressure of +40 bar [47]. In a different study, ore particles
of similar particle size fractions but different amounts of
microcracks were prepared to investigate the influence of
microcracks on bacterial activity, and the results showed that
a larger number of microcracks were beneficial to bacterial
growth and increased the bioleaching efficiency of copper
by about 12.2% [48]. The effect of salinity was also investi-
gated, and it was shown that low levels of salinity (≤5 g/L
sodium chloride) have a positive effect on the bioleaching
efficiency [49]. These new influencing factors are also impor-
tant limiting conditions for the industrial production of
heavy metals from biological leaching of mine tailings.
Continuous research should be carried out to determine the
optimal conditions for each factor to obtain the best metal
leaching rate.

2.3. Research Hotspots of Biological Leaching Technologies.
CiteSpace (5.7.R2) provides data visualization and network
analysis capabilities [50]. Based on co-authors, cowords,
and cluster analysis functions, CiteSpace can point out new
trends and hot topics in a research area [51]. CiteSpace
(5.7.R2) was used to analyze the research hotspots of bio-
leaching technologies with high objectivity of the results in
this study. The core collection database of Web of Science
was selected for basic retrieval. The retrieval topics were
bioleaching and tailings, and a total of 157 records were
retrieved. All data were exported, and CiteSpace was used
for the visual analysis of keyword co-occurrence (Figure 3).
Nodes in the graph shown in Figure 3 represent keywords,

Microbial collection Prepare medium

Collect tailing sample

Strain screening and identification

Microbial enrichment

Physical and chemical
analysis of samples 

Leaching experiment of tailings by microorganism

Figure 2: Technical flow of heavy metals from bioleaching tailings.
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edges represent the relationship between keywords, and cir-
cles represent the frequency of keywords. The main keywords
shown are bioleaching, iron, heavy metals, Acidithiobacillus
ferrooxidans, bacteria, extraction, and copper and are thus
the current research hotspots. Table 3 shows the count,
centrality, and earliest occurrence year of the keywords
(arranged by frequency size).

Subsequently, a cluster analysis was conducted by select-
ing the label clusters with the indexing term function
(Figure 4). On the resulting scale from 0 to 5, the smaller
the number, the more keywords are included in the cluster.
The results showed that biocyanidation is the keyword with
the largest storage capacity, and thus related research on this
hot spot will be discussed below.

2.4. Overview of Biological Leaching of Tailings

2.4.1. Biological Leaching of Copper, Zinc, and Nickel Tailings.
Copper was one of the first metals used by humans. Today, it
is the most commonly used material for cables, electronics,
electrical components, and construction; therefore, the
demand for copper will continue to grow. Primary resources
have been overexploited, and for sustainable development of
resources, the development and utilization of tailings have
become urgent. A survey of the copper content in tailings
of theMusina mine, an abandoned copper mine in the north-
ern Limpopo Province, showed that the residual copper cur-
rently stands at 8,555 tons [52]. As ore grades continue to
decline, the byproducts of foam flotation are expected to pro-
duce copper tailings that still contain large amounts of unre-
covered copper [53]. The tailings of Serbian copper ore were
biologically leached with thermophilic acidophilus bacteria at
40°C, and the best copper leaching rate obtained was 84%
[54]. Analysis of copper ore obtained from the new base of
Qarashoshaq in northern Zhylandy (Kazakhstan) showed
that the highest extraction rate of copper was 95% by biolog-
ical leaching and 66.8% by chemical leaching, indicating that

the leaching rate of copper was higher for biological leaching
[55]. At present, the biological leaching of oxide ores has not
been thoroughly studied; however, Pseudomonas aeruginosa,
a heterotrophic bacterium, has been used for biological leach-
ing of copper oxide ores and zinc oxide ores, and 47% and
41% of copper and zinc were extracted, respectively [56].
Although the mechanism of combined leaching needs to be
studied further, the recovery rate of copper under alkaline
conditions was significantly improved when ammonia solu-
tion, and new alkaline bacteria were used [57]. In a study
on the effect of magnetic induction intensity on the leaching
rate of heavy metals, it was shown that the leaching rate of
copper and arsenic increased with the increase of magnetic
induction intensity, and when the magnetic induction inten-
sity was 11mT, the metal leaching rate reached the best [58].

Metallic zinc is not only an irreplaceable material for bat-
teries but also an essential trace element for the human body.
Zinc resources mainly exist in the form of lead-zinc ore; thus,
it is necessary to recover zinc from secondary resources. The
potentially high mobilization and dispersion of zinc found in
mine tailings in central Mexico can potentially harm the sur-
rounding ecosystem [59]. Therefore, using bioleaching to
recover zinc from tailings would solve two problems with
one action. The zinc leaching rate was found to increase with
an increase in temperature, reaching 96.96% at a temperature

Iron
Bioleaching

Acidithiobacillus ferrooxidan

Heavy metal Aspergillus niger
Concentrate

Ferrooxidan
CopperMechanism

Acid mine drainage
Gold

Extraction

BacteriaChalcopyrite

Figure 3: Research hotspots of bioleach technology (keywords co-
occurrence).

Table 3: Count, centrality, and earliest occurrence year of keywords.

Count Centrality Year Keywords

26 0.10 2009 Bioleaching

10 0.15 2009 Iron

10 0.05 2010 Heavy metal

10 0.31 2009 Acidithiobacillus ferrooxidan

8 0.20 2011 Bacteria

7 0.10 2012 Extraction

7 0.12 2009 Copper

#5 biocyanidation

Aspergillus niger

Extraction
Copper

Heavy metal
EnhancementFerrooxidan

Acidithiobacillus ferrooxidan
BioleachingAcid mine drainage

Gold

Chalcopyrite Iron

Mechanism

Acid
Biofilm

#4 recovery of mn

#2 re-inoculation
#0 optimization

#3 dissolution kinetics
#1 heap bioleaching

Figure 4: Analysis of label clusters with indexing terms.
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of 39.85°C; based on Arrhenius’s law of thermodynamics, the
activation energy of the zinc bioleaching reaction was
39.557 kJ/mol [60]. Moreover, the leaching rate of zinc was
found to vary depending on the bacterial species and bacte-
rial diversity. Analysis on an ore sample from a gold mine
in northeastern Thailand showed a leaching rate of zinc that
was six times higher with acidic thiobacillus ferric oxide as
the microorganism than without the microorganism [61].
The tailings dam of the Kooshk lead-zinc mine was found
to contain approximately 3.64% zinc, and more than 90%
of sphalerite was leached within 14 days using mixed bacte-
ria, but only 44% of zinc was extracted without bacteria
[62]. In a study on the extraction of zinc from low-grade zinc
concentrate by biological leaching, the results showed that
the leaching rate of zinc was increased by 36% by thermo-
philic bacteria [63]. Yet, another study showed that the addi-
tion of starch and shredded newspaper increased the zinc
bioleaching rate. In the presence of shredded newspaper
and starch, the zinc leaching rates were 88% and 95%, respec-
tively, and the bioleaching time was reduced from 18 days to
10 days and 13 days, respectively [64].

Nickel was used as an excellent iron material in the early
days. To control nickel tailing pollution, legume trees were
planted on nickel tailings in the tropical area of Zimbabwe.
After 20 and 40 years of restoration, different degrees of fer-
tility islands were formed under the canopy of the legume
plants [65]. A study of the bioleaching of tailings from the
Tram Heap leaching plant in Finland found that some of
the nickel dissolved in the primary heap reprecipitated and
was retained in secondary ore, indicating that the nickel
release was very rapid compared with abiotic experiments
[66]. Biological leaching experiments were also carried out
on ore samples of Brazilian nickel iron ore using a Bacillus
subtilis strain. After 7 days, approximately 8.1% Ni (0.7mg
Ni/g ore) was extracted. Meanwhile, pretreatment with
microwave heating increased the biological extraction rate
of nickel from 8% to 26% (2.3mg Ni/g ore) [67]. A study ana-
lyzing pyrite and bentonite showed that, based on mineralog-
ical characteristics, Ni is locked in pyrite and bentonite, and
nickel leaching is thus related to the solubility of pyrite and
bentonite; comparison of the leaching rate of nickel under
aerobic and anoxic conditions at a pH of 1.5 showed that
the optimal nickel leaching rate was obtained under aerobic
conditions [68]. The bioleaching recovery of nickel from
low-grade nickel-copper sulphide tailings was found to be as
high as 91.5%; furthermore, the nickel in the leaching mixture
obtained by precipitation of sodium ettringite was enriched in
the form of sulphide precipitation with a metal content of 8%
[69]. However, the industrial application of bioleaching sul-
phide ores has made little progress. A new study showed that
aerobic reductive dissolution (AeRD) using an A. thiooxidans
and A. ferrooxidans consortium was able to extract 53–57% of
nickel in just 7 days; this method not only uses less acid, thus
reducing processing costs, but also includes a process of aero-
bic acid regeneration [70].

2.4.2. Biological Leaching of Rare and Precious Metals. The
contents of rare earth elements in minerals are not as high
as those of copper, zinc, iron, and other metals, but the

unique optic, catalytic, electronic, and magnetic properties
of rare earth elements make them invaluable in a number
of advanced technological fields, especially their thermal sta-
bility, good electrical conductivity, and corrosion resistance
[71]. With the rapid industrialization and modernization,
technologies that rely heavily on rare earth elements, such
as autocatalysts, rare earth magnets, rechargeable batteries,
screens, hybrid cars, and low-energy lighting, are also devel-
oping rapidly, and the resources of rare earth elements have
become insufficient [72]. While the development of second-
ary resources is a concern, so are the limitations of recycling
technologies. Currently, many recycling technologies are
based on biological leaching, continuous improvement, and
innovation.

China has the world’s largest rare earth element reserves
by the mining value. In terms of global production, China
(85%) dominates, followed by Australia (10%), Russia (2%),
India (1%), Brazil (1%), Malaysia, and Vietnam [73]. Rare
earth elements play important roles in industry, medicine,
military, and agriculture, and the consumption of rare earth
element resources is very large worldwide; so, they have a cer-
tain economic value. According to the European Union and
the US Department of Energy, a shortage of rare earth ele-
ments would have serious adverse economic effects [74].
The current rare earth element recovery research mostly
focuses on electronic waste; however, some rare earth ele-
ments coexist with other minerals, and thus tailings will also
become an important source of rare earth elements. Rare
earth elements are commonly found in tungsten carbide,
monazite, xenon ore, and recently adsorbed ion clays; there-
fore, acidic or alkaline recovery routes are required [75, 76].
Both autotrophic and heterotrophic microorganisms can be
used to leach rare earth elements [77, 78]. In particular, Pseu-
domonas, Enterobacter, Serratia, and Bacillus have remark-
able rare earth element recovery abilities in monazite ores
[79, 80]. In one study, different strain types and growth
media were used to extract rare earth elements from rare
earth element ore in China, and the results showed that the
leaching efficiency of Streptomyces sp. FXJ1.172 was the
highest, and the bioleaching efficiency of rare earth elements
was improved by maximizing the carrier and acidity of real
iron [81]. In addition to the selection of microorganisms,
changes in the leaching conditions can also result in different
leaching rates. Various rare earth elements can also be recov-
ered effectively by using a high Eh and low pH leaching solu-
tion [82]. Bauxite contains complex and diverse rare earth
elements, and organic acid bioleaching, reductive bioleach-
ing, and oxidizing bioleaching were used in one study to
recover its rare earth element content; the final recovery rate
for the rare earth elements from neodymium to gadolinium
was the highest, and the leaching rate of single rare earth ele-
ments ranged between 26.2% and 62.8% [83]. Furthermore,
rare earth elements are also present in coal combustion
residual fly ash and in one study were extracted from fly
ash by Candida bombicola, Phanerochaete Chrysosporium,
and Cryptococcus curvatus [84].

Biological leaching of precious metals occurs mainly
through complexation and decomposition mechanisms of
cyanogenic bacteria [85]. A pulp density of 20% (W/V) can

7Adsorption Science & Technology



result in a gold leaching rate of approximately 95%, and the
recovery of gold after biological oxidation can be as high as
95.7% [86]. Precious metals are often lost in tailings owing
to encapsulation of the precious metal particles in the ores.
To solve this problem, tailing samples are pretreated by bio-
logical leaching before cyanide leaching, which has increased
the leaching rate of gold to 95% and the leaching rate of silver
to over 98% [87]. However, cyanide is toxic and poses envi-
ronmental risks. In order to mitigate these risks, leaching
methods using thiosulfate or halogen compounds instead of
cyanide have been developed, and dump or heap bioleaching
technologies also have a certain commercialization prospect
[88]. Using an initial bacterial oxidation process, one study
improved the leaching rate of gold from flotation tailings
through biochemical leaching; 72% gold was extracted, 7%
more than through the expensive sodium peroxide method,
and 10% more than through the traditional cyanidation
method [89]. Based on the latest literature, the recovery of
gold from minerals is no longer achieved through the use of
bioleaching technologies only, but through a combination
with oxidation of microorganisms or the addition of new
leaching agents in the bioleaching technologies, which greatly
increases the recovery rate of gold. Further research will lead
to the formation of a combined leaching method that is
environmentally friendly and has a high leaching rate.

Similar to gold, silver has very little associated content,
and biological leaching alone does not yield good leaching
results. The silver tailings in Coahuila, Mexico, contain a
large amount of silver mining waste, and the leaching effi-
ciency of silver was found to be 40–67% using indigenous
microbial leaching [90]. Lead and zinc tailings contain small
amounts of valuable metals. To make full use of this second-
ary resource, high-temperature roasting combined with bio-
logical leaching was used to recover silver. At 900°C, the
leaching rate of silver reached 84.39%, and the recovery
amount of the leaching solution was 9.98mg/L [91]. In a
recent study, a pyrite-enhanced chlorination roasting tech-
nology achieved optimal gold and silver recoveries of
98.56% and 87.92%, respectively, and reduced the emission
of harmful gases compared with other additives [92]. The lat-
est research results show that the recovery of silver has
improved through the application of innovative technologies
such as high-temperature roasting and chlorinated roasting
of pyrite.

Uranium is radioactive, has a very long half-life, and is
mainly used as nuclear fuel. Uranium resources are mainly
distributed in the United States, Canada, and South Africa.
Although large amounts of uranium exist in the Earth’s crust,
it is difficult to exploit these reserves due to technical limita-
tions. However, uranium metal is an important raw material
in nuclear physics, and primary uranium mineral resources
have been overexploited. Thus, future exploration will be
focused on the secondary recovery of waste resources such
as tailings. The recovery of uranium from ores and tailings
using bioleaching technologies would exceed the economic
value of underground mining [93]. The current maximum
leaching rate (69%) was achieved within 60 days in a large
column bioleaching experiment of 100 kg and 2 t from an
Indian uranium mine [94]. A summary of recent studies

indicates that uranium ore is mainly treated by stacking, heap
leaching, stope, and in situ biological leaching. Because
uranium deposits contain rare earth elements, future bio-
leaching applications are likely to focus increasingly on these
deposits, allowing for the full exploitation of metallic
resources [93, 95].

2.4.3. Biological Leaching of Lead, Chromium, and Arsenic.
Lead, chromium, and arsenic are toxic heavy metal pollut-
ants. In the past, due to a lack of regulation and environmen-
tal protection consciousness, tailings piled up at random and
caused widespread pollution of these metals, triggered a wide
range of endemic diseases, thus posing a serious threat to
human health. Today, pollution control of tailings is there-
fore mainly focused on these three metals.

In a study of lead concentrations in a 300-year-old aban-
doned mine tailings dam in Zacatecas, Mexico, the average
level of lead was found to be 2,621 ± 53mg/kg, significantly
above international standards, with a risk of contamination
mobility and possible inclusion in the food chain [96]. Lead
can be recovered effectively from tailings using improved
bioleaching technologies. Increasing the salt concentration
and temperature can promote the recovery of lead; therefore,
biological leaching combined with brine leaching can remove
lead from lead and zinc tailings. Using only biological leach-
ing under the best conditions to recover lead yielded 4.12%
lead, while the addition of sodium chloride at a concentration
of 150 g/L to the biological leaching residues at 25°C recov-
ered 94.70% of lead and at 50°C as much as 99.46% [97].

Treatments of chromium have mainly been developed to
reduce hexavalent chromium to trivalent chromium, or to
prevent the oxidation of trivalent chromium. Oxides of hex-
avalent chromium do not degrade by themselves and will
accumulate in organisms for a long time. The industrial
wastewater standard defines hexavalent chromium as a
first-class pollutant, and many countries even prohibit prod-
ucts of hexavalent chromium electroplating from entering
the market. The treatment of chromium pollution in tailings
using bioleaching technologies is constantly being updated.
Chromium-containing tailings are abundant in the Sukinda
Valley, India. In a study on bioleaching of chromium, during
the bioleaching process, the total chromium was initially
extracted in the form of hexavalent chromium due to phos-
phate in the medium and was subsequently reduced due to
hexavalent chromium adsorption and reduction to trivalent
chromium [41].

An investigation of the metal content in agricultural soil
near abandoned metal mines revealed that arsenic has a more
profound impact on agricultural soil than the migration
behavior of cadmium, lead, and zinc; therefore, the recovery
of arsenic from tailings is crucial [98]. Experiments using the
GEOCOAT™ technology to remove arsenic from arsenic-
rich tailings showed a column bioleaching rate of more than
95% and no effect of temperature on the arsenic leaching rate
[99]. The biological leaching of arsenic from high-
concentration arsenic tailings by A. ferrooxidans was found
to be mainly affected by the pulp density and pH. When
the initial pH was changed from 2.0 to 2.2, the leaching rate
decreased by 45%, and when the pulp density increased from
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2.0% to 4.0%, the leaching rate decreased by 55%; thus, the
pH range should be controlled, and the appropriate pulp
density should be selected when leaching high-
concentration arsenic tailings [100]. In another biological
leaching study of arsenic from tailings with the high arsenic
content (approximately 34,000mg/kg), the leaching rate
was mainly influenced by temperature and the solid concen-
tration, with the leaching rate being the highest at 25°C and
the lowest at 40°C, and decreased with increasing solid
concentration [101]. The differences in the factors affecting
the bioleaching of arsenic in the two studies were due to the
different leaching microorganisms used.

3. Challenges and Opportunities for Bioleaching

3.1. Challenges. In addition to laboratory-scale studies, treat-
ment of tailings using bioleaching technologies has been per-
formed at the industrial scale [102]. Industrial bioleaching
processes are divided into irrigation-based principles (dump
and heap bioleaching and in situ bioleaching) and vat- and
stirred-tank bioleaching [93]. However, some factors limit
industrialization.

Whether or not there is biomining or biofouling, the
leaching mechanism between microorganisms and minerals
is still complex [103]. The training period of microbes at
the laboratory scale is long, and it is greatly influenced by
other experimental conditions. Therefore, the key to improv-
ing the ease of operation of bioleaching technologies in large-
scale industrial production is to improve existing bioleaching
microorganisms so that they can remain highly active under
more complex reaction conditions. In addition, regarding the
microbial challenge [104], biological leaching heaps of only a
handful of genes in the derivative of acidophilic microorgan-
isms have been published. Although some bacterial genomes
from acid mine drainage (AMD) and acidic environments
have been used to build replacements, these models cannot
fully show the leaching potential; at the same time, it is diffi-
cult for researchers to obtain samples of microbes from
actual production, making further research difficult.

Cadmium in tailing soil is mainly bound to organic
matter and appears in different mineral phases. The bioavail-
ability sequence of lead and cadmium in soil is
cadmium > lead > zinc, with the highest content of cadmium
in the soil at around 200–400m of tailings [105]. Cadmium
inhibits the decomposition of leaf litter by affecting the activ-
ity of earthworms and leads to the degradation of soil fertility
[106]. Therefore, the treatment of cadmium-containing tail-
ings is very important. A literature review revealed that due
to the low efficiency of cadmium bioleaching, there are cur-
rently few studies on bioleaching of cadmium pollution in
tailings, but those carried out mainly used acid washing,
phytoremediation, and other technologies [107, 108]. In the
future, it will be necessary to further improve cadmium bio-
leaching technologies to obtain a higher leaching rate accord-
ing to the characteristics of cadmium.

Increasing the size of instruments is also a challenge. The
small reaction equipment in laboratories enables reactions to
be carried out fully, but in large-scale industrial production,
the reaction containers are large, and the pH, oxygen concen-

tration, and microbial distribution of the solution cannot be
maintained, which leads to a decrease in bioleaching rates.

Following biological leaching, the filter residue may still
contain unleachable heavy metals; therefore, follow-up treat-
ment of the filter residue is also a challenge.

3.2. Opportunities. Compared with traditional physical and
chemical techniques, biotechnology is characterized by more
creative options for metal extraction and processing [109]. In
tailings treatment, the emergence of biological leaching tech-
nologies has made up for the shortcomings of physicochem-
ical remediation technologies. However, these technologies
still have a high potential for growth.

At present, the indigenous microorganisms used in bio-
logical leaching experiments provide excellent genetic data.
These data can be used to synthesize microorganisms that
meet the requirements of industrial-scale biological leaching
of heavy metal tailings through gene recombination to
improve the leaching efficiency, reduce industrial costs, and
make full use of tailing resources [110]. Future advances in
biogenomics will overcome microbial constraints. It will also
greatly promote the development of microbial leaching and
chlorine-resistant organisms in alkaline environments.

Additional factors influencing biological leaching of
heavy metals from tailings have been found recently, which
creates new opportunities to improve metal leaching rates.
Most of the factors affect the leaching rate by affecting micro-
bial activity. Therefore, future research can build on this
breakthrough to enable microorganisms to have genes such
as resistance to high pressure and salinity to obtain a greater
leaching rate of heavy metals.

Leaching technologies for rare earth elements have also
been developed. Owing to the low content of rare earth ele-
ments in tailings, biological leaching alone cannot maximize
the exploitation of such secondary resources. Innovative
technologies such as high-temperature roasting combined
with biological leaching, cyanide leaching combined with
biological leaching, and bacterial oxidation combined with
biological leaching have thus been developed. In addition,
through the development of enzymes for biological leaching
reactions, heavy metals can be selectively leached from tail-
ings, which can not only improve the metal leaching rate
and economic value but also carry out effective treatment
for metal pollution [111].

The residue from biological leaching of tailings has also
been studied further. One study reported that following
recovery treatment of an arsenic/nickel/cobalt leaching resi-
due, the leaching rates of copper, cobalt, nickel, zinc, and
arsenic reached 96.31%, 97.23%, 98.56%, 98.46%, and
93.84%, respectively, which is conducive to the effective utili-
zation of resources and reduces the waste of mineral
resources [112].

4. Conclusion

Bioleaching is a sustainable method for metal recovery from
tailings and controlling their pollution, which can help save
nonrenewable energy consumed in the mining industry and
make full use of this secondary resource. In this review,
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previously published results obtained in the field of bioleach-
ing of tailings were reviewed and presented, including the
bioleaching mechanism, the type of influencing factors, and
the type of tailings. This review shows that the technologies
used for the bioleaching of tailings are mature. In addition
to the conventional influencing factors, research on factors
such as pressure, microcracks, and salinity has provided
new paths for improving the rates of metal leaching. The
application of CiteSpace (5.7R2) intuitively visualized that
the research hotspots of bioleaching of tailings mainly
include biocyanidation, the recovery of manganese, and
dissolution kinetics. The discovery of new leaching microor-
ganisms, development of biogenomics, and combination of
biocyanidation are new opportunities for the industrial pro-
duction of heavy metals from bioleaching tailings. The main
future development directions identified in this review are
the development of the industrial production of heavy metal
recovery through biological leaching of mine tailings, while
constantly optimizing the process, and to create higher eco-
nomic and ecological benefits.
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