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Abstract

In recent years, microbiological treatment to remediate contamination by heavy metals has aroused public
attention as such pollution has seriously threatens ecosystems and human health and impedes sustainable
development. However, the aspect of actual industrial wastewater and solid waste remediation by microorganisms
is not explored sufficiently. And what we focus on is technical field of microbial remediation. Therefore, in this
review, we discuss and summarize heavy metal treatment via microbiological approaches in different media,
including wastewater, solid waste from industrial factories and polluted sites. We also clarify the technical
applicability from the perspective of biosorption, bioleaching, biominerization, etc. In particular, the exploration of
the combination of microbiological approaches with chemical methods or phytoextraction are scrutinized in this
review relative to real waste heavy metal remediation. Furthermore, we highlight the importance of
hyperaccumulator endophytes.
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1 Introduction
Heavy metals are usually released by different anthropo-
genic sources such as nonferrous metallurgical industry,
mining, mineral processing, electroplating, leather tan-
ning, chemical industry, etc. [1–3]. The contamination
by heavy metals has received global attention as water
contamination has caused serious negative effects on hu-
man health through bioaccumulation in the food chain.
Large volumes of wastewater originated from the metal-
lurgical processes, and the effluent produced by the non-
ferrous metallurgical industry are around 730 million
tons per year in China [4, 5]. Therefore, wastewater from
nonferrous metallurgical industry is the major source of
heavy metals. Approximately 10 million tons of electro-
plating sludge are produced annually in China [6], which
is the secondary solid waste arising out of the precipita-
tion of rinse water and spent electrolytes/etchants in the

electroplating treatment industries [7, 8]. Tannery sludge
contains diverse undesirable substances such as organics,
inorganics, metallic elements [9, 10]. It is currently a
huge challenge to remediate tannery sludge consists of
high concentration chromium [11].
Recently, a series of technologies, such as chemical

precipitation, electrochemical treatment, reverse osmo-
sis, ion-exchange, physical adsorption and membrane fil-
tration have been developed to remove heavy metal ions
from liquid waste, which focus on reducing metal bio-
availability by transforming the heavy metal to the a less
toxic state [3, 12]. Several treatment schemes have been
proposed for solid waste, such as landfilling [13], chem-
ical leaching [14], stabilization/solidification [15], extrac-
tion [16], etc. However, most of technologies appear to
be expensive, inefficient, or the treatment process lacks
selectivity, and are especially ineffective at low metal
concentrations. Bioremediation is a promising technol-
ogy that uses living green plants or microorganisms to
remove pollutants from soils, surface water and ground-
water. Microorganisms can also detoxify metals by bior-
eduction, biosorption, bioleaching, biomineralization,
etc. Biosorption/bioaccumulation is the most widely
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biotechnique to remove metal ions form effluent, among
which pollutants could be adsorbed onto the walls of
microbial cell by (1) precipitation, (2) chelation, (3) com-
plexation, or (4) ionic interactions [17, 18]. Recently,
bioleaching is developed to recycle different metals in
the treated leachate or residues via leaching them from
solid wastes [19, 20]. In addition, biomineralization
usually refers to a process of precipitation of mineral
materials, by which microbes transform aqueous metal
ions into amorphous or crystalline precipitates [21].
Hitherto, biological technologies based on microorgan-

isms for heavy metal waste treatment has received
considerable and growing attention over the years [22,
23], because of outstanding advantages, including high ef-
ficiency, low cost, and environment friendly. The meta-
bolic diversity and activity of microorganisms has allowed
their commercial exploitation in the field of waste clean-
up (Fig. 1). Previous studies focused on the isolation and
application of microbes with heavy metal resistance in
synthetic heavy metal solutions. Nevertheless, nowadays
researchers prefer pilot or large-scale waste treatment in
actual (i.e., real) case, or using pollutants from industrial
plants and contaminated sites. As a result, we have sum-
marized the heavy metal treatment by microbial technol-
ogy in both wastewater and discharged solid pollutants
from industrial plants and polluted sites. Likewise, we
need to focus on the biotechniques applicability from the

perspective of technical field of microbial remediation.
Subsequently, the exploitation of hyperaccumulator endo-
phytes as an efficient bioremediation strategy is discussed.

2 Biological treatment of heavy metal in different
types of waste
2.1 Electroplating effluent and sludge
The electroplating industry produces a variety of metallic
coatings, ranging from technological to decorative
applications, discharges large amounts of wastewater con-
taminated with heavy metals, which is of environmental con-
cern due to their high toxicity [24, 25]. However, most of
traditional techniques for electroplating effluent treatment
have drawbacks such as low removal efficiency and produc-
tion of large amounts of sludge, which has been identified as
hazardous waste because of the high-concentration of poten-
tially toxic metals [26, 27]. Therefore, a combination of bio-
logical and conventional approach is a proper strategy to
decontaminate metal pollutant for the remediation of elec-
troplating wastewater and sludge.
Several studies have been conducted on the treatment

of metals in electroplating effluent using different bio-
logical methods, as summarized in Table 1. Ye et al. [29]
reported metal removal from aqueous solutions (includ-
ing Cr, Cu, Ni and Zn) by the mixture of Candida lipo-
lytica and dewatered sewage sludge. The biosorption of
Cr increased the live C. lipolytica extracellular secreta

Fig. 1 The advantages of functional microorganisms for heavy metal (HM) treatment by biological technology (BET: BET surface area; RO:
Reverse osmosis)
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Table 1 Assessment and biological treatment of heavy metals in different liquid/solid waste

Microbes or mixtures Pollution
source

Capacity/Efficiency Effect/
Mechanisms

Reference

Mixtures of
microbes

Leptospirillum ferriphilum CS13,
Acidithiobacillus caldus S2, Sulfobacillus
acidophilus S5,

Electroplating
sludge

Removal rate of various heavy metals
was over 99%

Bioleaching [28]

Mixtures of
microbes and
sludge

Water treatment sludge Electroplating
wastewater

Cu2+ and Cr6+ adsorption capacities
are about 1.7 and 3.5 mg g−1

Biosorption [21]

Mixture of Candida lipolytica and sewage
sludge

Electroplating
wastewater

6.66 mg g− 1 Bioreduction and
biosorption

[25]

Sulfate-reducing bacteria (43.3% of
Desulfovibiro) enriched sludge

Electroplating
effluent

100% within 3 d Biological
precipitation

[26]

Main bacteria
strains

Acidithiobacillus ferrooxidans Dewatered
metal plating
sludge

Metal solubilization: 97% of Zn, 96%
of Cu, 93% of Ni, 84% of Pb, 67% of
Cd and 34% of Cr in 20 days

Bioleaching [27]

Acidithiobacillus ferrooxidans Electroplating
sludge

Cr: 80.9% and Ni: 65.8% (with acid
leaching) + 6.0% Cr and 11.7% Ni
(additional extraction by bioleaching)

Combined
bioleaching and
acid leaching

[29]

Single culture Arthrobacter sp. X34 Simulated
groundwater

0 Biomineralization [20]

Bacillus sp. Y9–2 73% precipitated in 5 days

Rahnella sp. Y9602 95% precipitated in 5 days

Mixtures of
microalgae
and
bioresource

Chlorella vulgaris and calcined eggshells Acid mine
drainage

99.7% of Fe, 99.5% of Cu, 99.9% of Zn,
99.8% of Mn, 100% of As, and 100%
of Cd in 6 days

Biosorption [30]

Mixtures of
microbes

Sulfate-reducing bacteria Underground
mine drainage

90.5% of Cd,
89.3% of Zn

Biomineralization [31]

Single culture Acidithiobacillus ferrooxidans Synthetic acid
mine drainage

53.62% of Fe
17.27% of As

Biomineralization [32]

Mixtures of
microbes

Bacillus subtilis ITSUKMW1, Acinetobacter junii
VITSUKMW2, and Escherichia coli
VITSUKMW3

Synthetic Cr6+

solution
99% reduction of Cr6+ (100 mg L− 1) in
64 h

Bioreduction [33]

Mixtures of
microbes

Ferrovum, Thiomonas, Gallionella,
Leptospirillum

Sb-rich mine
water

90% of total Sb,
80% of Sb (III)

Biological
precipitation and
biotransformation

[34]

Single culture
or mixtures

Bacillus cereus Pseudomonas putida Tannery
effluent

51.9% of Cr (VI) Bioreduction [35]

Immobilized
fungi Mixtures

Cladosporeum perangustum, Penicillium
commune, Paecilomyces lilacinus, Fusarium
equiseti

Tannery
wastewater

100% of Cr (VI), 99.92% of total Cr,
95.91% total Pb, 100% of Pb (II)

Biosorption [36]

Mixtures of
microbes

Acidithiobacillus ferrooxidans LX5,
Acidithiobacillus thiooxidans TS6

Bioleachate
derived from
tannery
sludge

Chromium-iron agent was bioleached
from bioleachate

Bioleaching and
recycling

[37]

Actinomycete
single culture

Kitasatosporia sp Tannery
wastewater

100% of Cr (VI)
98% of Cr (III) precipitation

Biosorption and
chemical
precipitation

[38]

Mixed
microbes

Stenotrophomonas sp. WY601, Proteus
mirabilis, Microbacterium paraoxydans,
Bacterium FX2, Bacillus tequilensis

Tannery
sludge

90% of Cr (VI) within
65 h (single culture of WY601)

Bioreduction [39]

Mixed plants
and
endophytic
bacteria

Mixture of Leptochloa fusca and Pantoea
stewartii ASI11, Microbacterium arborescens
HU33, Enterobacter sp. U38,

Tannery
effluent

135 ± 4.2, 19 ± 1.3, 8550 ± 42, 450 ±
9.5, 174 ± 3.1, 15 ± 0.72, 11 ± 0.21, 5 ±
0.29, 7 ± 0.65 (mg kg− 1 Root)

Bioaccumulation
and
phytoextraction

[40]

Mixed plants
and
endophytic
bacteria

Pantoea sp. strain TYRI15, Microbacterium
arborescens TYSI04; Bacillus endophyticus
PISI25, Bacillus pumilus PIRI30, Bacillus sp

Textile effluent 97% of Cr, 89% of Fe, 88% of Ni, 72%
of Cd

Bioaccumulation
and
phytoextraction

[41]
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slime layers and decreased the intracellular synthesis of
metal binding proteins or peptides. However, only
aluminum-based water treatment sludge was assessed
for removal of high concentrations of Cu and Cr (VI)
from an electroplating wastewater along with other
heavy metals [24]. Two continuous-flow pilot-scale sys-
tems were used to demonstrate that sulfate-reducing
bacteria-based metal process could not only remove sul-
fate and nickel with low cost and less sludge, but also fa-
cilitate the subsequent removal of total phosphorus and
nitrogen [28]. The main genera in the sulfate-reducing
bacteria community were Desulfovibiro (relative abun-
dance of 43.3%). In summary, the microbes enriched
from activated sludge is a better choice for treatment of
actual plating wastewater containing various wastes.
Electroplating sludge is a potential secondary resource.

Earlier, to compare the microbial and chemical leaching
technique to recover heavy metals in dewatered electro-
plating sludge, Bayat and Sari [42] studied the bioleach-
ing of sludge involving Acidithiobacillus ferrooxidans in
a completely mixed batch reactor. Their results illus-
trated that Zn, Cu, Ni and Pb had good solubilization ef-
ficiency (84–97%) during the bioleaching process, but
Cd and Cr solubilization was relatively low (67% and
34%, respectively). Recently, combined microbial and
acid leaching was followed for sludge treatment because
acid leaching could reduce the toxicity of heavy metals
in electroplating sludge [43]. The solubilized Cr content
(80.9%) was improved compared to the former research
(Table 1). The bio-treatment of electroplating sludge
was also investigated for bioleaching of metals by mixed
microbes (Leptospirillum ferriphilum CS13, Acidithioba-
cillus caldus S2, Sulfobacillus acidophilus S5) at semi-
pilot scale [44]. A 300 L aerated packed reactor was de-
signed to effectively leach heavy metals from electroplat-
ing sludge within a few hours using the mixed microbial
stock solution.

2.2 Pollution of mining waste
The booming economy in China has led to scale expan-
sion of mining in the past decades. Nonferrous mining
can impact water and soil quality according to the chem-
ical composition of the ores and waste dump materials
[30]. Mining wastewater is a kind of mine impacted water
composed of mine drainage, open cast mining and waste
rock yard drainage, most of which contains high concen-
trations of sulfate and heavy metals. Mine impacted waters
can be acidic (acid mine drainage, AMD), or with pH
values ranging from 6 to 9 defined as neutral mine drain-
age (NMD) [31]. Moreover, mine impacted waters could
be treated by abiotic and biotic means which can be classi-
fied as active and passive treatments [32].
Many research reports are available on the heavy metal

pollution from mine areas worldwide, as summarized in

Table 1. AMD is a major environmental problem that is
greatly contaminating water bodies in and around aban-
doned mine area. A pilot scale AMD treatment plant
was built at the Yongdong mine located in South Korea.
The effluent contained excess Fe, Cu, Zn, Mn, As, and
Cd. A hybrid system containing calcined eggshells and
microalgae was used to remove heavy metals from AMD
in a 40-L bioreactor [45]. The results showed that the
simultaneous removal of Fe, Cu, Zn, Mn, As, and Cd
from the AMD effluent was 99 to 100% in 6 days. A
semi-passive experiment mimicking the belowground in-
situ conditions was carried out at Silver King mine site
in Canada, where leaching of Zn and Cd occurs. Metals
were removed from underground mine drainage (it was
NMD) fed into the 200 L bioreactors, Zn and Cd re-
moval extent was 20.9% and 39% in winter, respectively.
However, the Zn and Cd removal efficiency increased to
89.3% and 90.5% in summer, respectively [34]. Given
that the influent average concentration of Zn and Cd
was 640.4 μg/L and 10.5 μg/L respectively, this biological
approach could only be applied in the low metal concen-
tration for groundwater treatment. In order to enhance
lime neutralization with AMD by reducing the produc-
tion of ferric hydroxide and waste gypsum, a microbial
enhanced-lime neutralization passive treatment technol-
ogy was developed for AMD on a semi-pilot scale [33].
This system promoted As (III) in solution adsorption by
minerals and transformation of soluble Fe and SO4

2−

into secondary iron minerals by biomineralization with
A. ferrooxidans.
There are more than 114 Sb mines in China, account-

ing for approximately 90% of global Sb production [46].
Thus, remediation of Sb-rich mine water is generally
regarded as a priority issue for local government. Sun
et al. [47], designed an onsite field-scale bioreactor sys-
tem (consisted of five treatment tanks) to passively treat
Sb mine contaminated water in Southwest China. The
polluted water came from an active upstream Sb mine
that produces 8–25m3/d of mine water with up to 7
mg/L soluble Sb (III). With the aerobic tanks inoculated
with indigenous mine water microorganisms, the bio-
reactor removed more than 90% of total soluble Sb and
80% of soluble Sb (III). Three indigenous bacteria were
isolated from chromite mining sites in India. The devel-
opment of sequential processes (isolated → acclimatized
→consortia) improving Cr (VI) resistant isolates, proved
to be a feasible microbial reduction approach for the
specific chromite mine [48].

2.3 Leather tanning effluent and sludge
Both leather production and consumption are develop-
ing fast in China. In order to convert raw skin/hides into
leather, approximately 80% of chromium-containing
tanning agents have been utilized in the leather-based
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industries [49, 50]. The enforceable maximum contam-
inant level of total chromium in drinking water and pub-
lic water systems is 50–100 μg/L [51], whereas
chromium in industrial discharge ranges from 0.1 to
400 mg/L. [52] Consequently, treatment of tanning efflu-
ent for contamination alleviation becomes urgent and
necessary. Chromium is a transition metal with wide in-
dustrial application, existing in oxidation states of bi-
valent to hexavalent. The trivalent and hexavalent forms
are the most stable among the major oxidation states of
chromium [53]. Compared with Cr (III), Cr (VI) is con-
sidered to be more toxic due to its high solubility and
mobility. In addition, Cr (VI) is both genotoxic and car-
cinogenic, identified as one of the chemicals causing a
threat to human health [35]. Several studies have shown
that Cr (III) compounds at high concentrations cause
oxidatively-generated DNA damage [36]. Hence, any
form of chromate removal/recycling is an alternative op-
tion to the conventional reduction of chromium, espe-
cially the treatment of whole real tannery waste, as
summarized in Table 1.
For every 20% of leather produced from raw material,

more than 72% of the chromium from tanning agents is
converted into solid and liquid waste [38]. Thus, micro-
bial reduction of Cr (VI) from tannery solid and liquid
waste has been studied by many researchers. Nutrients
required for microbial metabolism, such as carbon/en-
ergy and nitrogen sources are scanty in real tannery ef-
fluent. Supplementation with such nutrients was proved
to increase the efficiency of bioremediation [37]. Tan-
nery effluent decolorization, dechlorination, and Cr6+ re-
mediation were obtained with 0.8% glucose and 0.2%
ammonium chloride (w/w) in 3:1 diluted wastewater
within 3 d of Bacillus cereus incubation. Simultaneously,
effluent bioremediation was attempted with an immobi-
lized coculture of B. cereus and Pseudomonas putida,
which enhanced the remediation of Cr6+ (51.9%) com-
pared to the single culture removal (41.7%). Apart from
bacteria, filamentous fungi are an attractive option for
tanning waste treatment. High-strength tannery waste-
waters treatment by nylon mesh immobilized fungal in-
ocula in a stirred tank bioreactor demonstrated good
reduction in different contamination parameters within
120 h, e.g. COD (82.52%), color (86.19%), Cr (VI)
(100%), Total Cr (99.92%), Pb (II)(100%), Total Pb
(95.91%) and NO3

−(9.94%) [39].
Some researches focused on developing effective re-

source utilization of leather waste. For example, a com-
bined chemical–biological system was designed for Cr
remediation and reclamation. Lime and cement dust
were used for chemical precipitation of Cr (III) that was
recycled in the leather tanning, while the actinomycete
Kitasatosporia sp. was used in a vertical glass column
filled with porous media for Cr (VI) adsorption [54]. Ma

et al. [55] reported chromium recovery of bioleachate
derived from tannery sludge by microbial leaching
and its reuse, and a chromium-iron tanning agent
was developed to reduce the costs of Cr and Fe sep-
aration. Chromium-iron tanned leather showed
equivalent to around one year’s natural aging of heat
aging properties after hot air aging tests. Resource
utilization of leather processing wastes is probably a
potential way in the future. Due to microbial con-
sumption of organic matter, the amount of the tan-
nery sludge was decreased by 27% with culturing
mixed bacteria (five Cr resistant strains) anaerobically
for 14 d [56]. Chromate (VI) reductase was found to
be localized inside the extracellular membrane or
adsorbed to its surface. This is probably a mechanism
for the removal of Cr (VI) via Stenotrophomonas sp.

3 Exploitation of hyperaccumulating endophytic
microbes as an efficient heavy metal
bioremediation strategy
3.1 Endophytes isolation and characterization
Heavy metal hyperaccumulators, particularly those inha-
biting in contaminated areas, are plant species capable of
absorbing much larger amounts of metal compounds than
general plants. Endophytic microbes inhabit internal tis-
sues of hyperaccumulators and form a range of different
relationships with the host plant, including symbiotic, mu-
tualistic, and trophobiotic without causing disease. In such
plant-bacteria combination, plants support the microbial
community, and in return, microbes improve plant growth
and pollutant detoxification. Hence, these hyperaccumula-
tor endophytes also exhibit higher heavy metal toler-
ance and accumulating abilities compared to other
microorganisms [57–59]. Endophytes from heavily pol-
luted sites with radionuclides and other toxic heavy
metals may be potentially rich bioresources in heavy
metal decontamination. We can exploit the endophytic
microorganisms as an effective bioremediation strategy.
Earlier, a bacterium strain LRE07 (Serratia sp.) was iso-
lated from the root of the cadmium hyperaccumulator
Solanum nigrum L., which could bind cadmium and
zinc efficiently in its growing microbial cells both in
single-ion and multi-ions system [58]. However, S.
nigrum L. inoculated with an endophyte Pseudomonas
sp. Lk9 isolated from its host plant, increased phytoex-
traction rates of all metals from multi-metal contami-
nated soils (17.4%, 48.6% and 104.6% for Cd, Zn and
Cu, respectively) [59]. A total of 14 bacterial endo-
phytes were isolated from Alnus firma root and assayed
for tolerance to lead, among which isolate MN3–4 was
identified as Bacillus sp. [60]. Moreover, Bacillus
MN3–4 could produce siderophores and indoleacetic
acid to transform the Pb form in soils or increase Pb
accumulation by plants.
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3.2 Endophytes with plant growth promoting properties
Plant growth promoting endophytes (PGPE), identified
as precious bioresources in bioaugmentation with phy-
toremediation, promote plant growth and heavy metal
uptake via various mechanisms. Many isolates from
hyperaccumulators have been proved for their plant
growth promoting (PGP) features as well as their resist-
ance to different heavy metals [61–63]. Four Cd-
resistant endophytic strains assisted their host plants to
cope with toxicity stress responses. They produced
indole-3-acetic acid (IAA),1-aminocyclopropane-1-car-
boxylic deaminase, phosphate solubilizing activity and
siderophores, which were identified as plant growth pro-
moting mechanisms [40]. Multiple heavy metal-resistant
(Cd, Zn, Pb and Cu) PGPE from root nodules of Robinia
pseudoacacia in a mining area were selected to improve
phytoremediation efficiency. Mesorhizobium loti HZ76
and Agrobacterium radiobacter HZ6 were symbiotic
with the highest potential for heavy metal resistance and
PGP properties [41]. Besides bacteria, the stress-
mitigating effects of endophytic fungi have been investi-
gated. Penicillium funiculosum LHL06, isolated from
soybean roots, could help the host plants to modulate
physio-biochemical, molecular, and proteomic responses
to multiple heavy metals (Ni, Cu, Pb, Cr, and Al) toxicity
[64]. Fungus LHL06 can upregulate gibberellins, IAA
production and downregulate heavy metal ATPase genes
in its host plants compared to non-fungi-inoculated
plants.

3.3 Application of endophytic microbes in real
contaminants
A plant-bacterial system with constructed wetlands
(CWs) was developed for the efficient remediation of
tannery effluent, among which three different endo-
phytic bacteria were used for bioaugmentation [65]. The
results showed that the combined use of plants and en-
dophytes lead to enhanced performance of heavy metal
(Cr, Fe, Mn, Ni, Pb, Ba, Cd, and Co) removal from
wastewater compared to the plants only, as summarized
in Table 1. The combined utilization of the salt-tolerant
plant Leptochloa fusca and the chromium-resistant en-
dophytes Prosopis juliflora (bacteria from another plant)
for tannery effluent treatment was the highlight of this
study. Another pilot-scale vertical flow constructed wet-
lands setup was likewise implemented to treat dye-rich
real textile effluent for one year. The endophyte-assisted
CWs promoted a substantial removal of heavy metals
(Cr 97%, Fe 89%, Ni 88%, Cd 72%), simultaneously, de-
creased chemical oxygen demand (81%), biochemical
oxygen demand (72%), color (74%), nitrogen (84%) and
phosphorus (79%) [66]. The above-mentioned study
could likely be applied in future field-scale and time-
effective bioremediation of real industrial effluent

consisted of organic and inorganic contaminants. Plants
inoculated with different consortia were used to carry
out an endophyte-assisted phytoremediation experiment
in a metal contaminated mine soil [67, 68]. Inoculation
of endophytes improved the plants’ physiological status
by increasing the chlorophylls and carotenoids content.
Moreover, positive influence of plant growth and endo-
phyte inoculation on soil characteristics were reflected
in PGB features, such as higher values of acid phosphat-
ase activity, microbial community diversity, etc. The
phytoremediation of vanadium-contaminated soil was el-
evated via affecting the rhizosphere and endosphere
microecosystem by endophyte inoculant.

4 Biological technique patterns applicable
principles
As shown in Table 2, we analyzed and organized the
techniques applicability, heavy metal form, and concen-
tration range involved in this study. Biosorption can be
applied using live or dead organism, which include bac-
teria, fungi, algae, actinomycete. Microorganism com-
bine with different bioresource as biosorbents adsorb
and accumulate heavy metals (soluble form) from waste-
water or acid mine drainage under low to moderate con-
centration. Microbial leaching is suitable for extracting
metals (insoluble form) from secondary resources. Bio-
leaching not only decrease the amount of sludge to be
disposed of but also prevent release of metals into the
environment. Acidithiobacillus ferrooxidans and Acid-
ithiobacillus thiooxidans are widely employed in the bio-
leaching process [42, 43, 55]. But various microbes like
Pseudomonas fluorescens [69], Leptospirillum ferriphilum
[70], and Aspergillus niger [71] have been tested for
metals bioleaching. Biomineralization, ubiquitous in na-
ture, is a process of mineral crystal formation induced/
controlled by microbes. Sulfate-reducing bacteria, A. fer-
rooxidans and urease-positive fungi play a potential role
in the synthesis of novel biominerals (schwertmannite,
calcite, otavite) that can remove toxic metal As or Cd
[33, 34, 72]. Microorganisms can also detoxify metals by
bioreduction (e.g., Cr (VI) to Cr (III), SeO4

2− to Se), the
valence of metal ions is transformed during the process.
In cleaning up heavy metal-contaminated water or soils
(soluble form), phytoextraction is typically employed to-
gether with bioaccumulation by endophytes. The ap-
proach is suitable for large, low contamination areas in
situ.

5 Conclusions
We have compared the advantages and disadvantages of
biological approaches in Table 2. Biological or other
technologies for purifying or recycling real wastes con-
taining heavy metals have their own strength and weak-
ness. Thus, the future trend is to develop treatment of
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heavy metals by the combination of multiple approaches
to exploit the optimum experimental protocol which
benefit from the vantage and avoid the shortcomings. In
addition, a very limited number of field applications have
been performed for heavy metal bioremediation. Conse-
quently, research for future technology enhancement
should be aimed at evaluating the feasibility of industrial
waste treatment at large scale and application of on-site
treatment systems. Then try to resolve problems of field
engineering application.
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