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Abstract: This systematic review presents the current state of research in the last five years on
contaminants in soils, especially in leachates from solid waste landfills, with emphasis on biological
remediation. In this work, the pollutants that can be treated by microorganisms and the results
obtained worldwide were studied. All the data obtained were compiled, integrated, and analyzed
by soil type, pollutant type, bacterial type, and the countries where these studies were carried
out. This review provides reliable data on the contamination of soils worldwide, especially soils
contaminated by leachate from municipal landfills. The extent of contamination, treatment objectives,
site characteristics, cost, type of microorganisms to be used, and time must be considered when
selecting a viable remediation strategy. The results of this study can help develop innovative and
applicable methods for evaluating the overall contamination of soil with different contaminants
and soil types. These findings can help develop innovative, applicable, and economically feasible
methods for the sustainable management of contaminated soils, whether from landfill leachate or
other soil types, to reduce or eliminate risk to the environment and human health, and to achieve
greater greenery and functionality on the planet.

Keywords: bioremediation; landfill; soil; leachate

1. Introduction

Inadequate management and disposal of solid waste (SW) is, at best, sent to landfills
regulated by environmental standards. However, this is not always the case, because
in many developing countries open landfills and dumpsites are widespread, where the
majority of all waste generated is disposed of in an unsanitary manner [1]. These open
dumps are exposed to a variety of toxins and substances derived from various forms
of waste management such as open dumps and open burns, which can cause various
health effects in the population ranging from acute health effects such as odor nuisance,
headaches, allergies, and skin rashes to more serious and chronic diseases such as respi-
ratory problems, congenital and developmental disorders, and cancer. The link between
the increased incidence of disease and exposure to open dumps has been demonstrated
by epidemiological and scientific studies [2]. In addition, these open dumps are severely
impacted by the pollution of the environment from landfill leachate generated by precipita-
tion, surface runoff, and infiltration water that percolates through the waste. Leachate can
move horizontally through the soil, contaminating the soil and damaging vegetation, or it
can infiltrate vertically into the soil, often reaching groundwater and aquifers, depending
on topographic, geohydrologic, and soil structural conditions. Landfill leachate is the
most important secondary pollutant generated by conventional waste treatment. Landfill
leachate has high complexity and biotoxicity. It has gradually become a potential threat to
environmental safety and human health [3,4].

Remediation technologies include any process that alters the properties of hazardous
wastes or contaminants to reduce their toxicity through the application of physiochem-
ical and biological processes [5]. In contrast, biological treatments have attracted much
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attention in recent years as an effective biotechnological tool for the degradation, rede-
position, and transformation of hazardous wastes [6,7]. These biological treatments usu-
ally have very little impact on the environment. For example, bioventing, biosparning,
bioaugmentation, and microbial bioremediation, which are described in the following
section. Project-specific implementation of soil treatment techniques depends on a variety
of variables, including the site and its contaminants, bioremediation goals, remediation
performance, cost-effectiveness, time, suitability of the public, type of soil, technique, type
of microorganisms, sampling methodology, and development of the experiment, which
may be laboratory, pilot plant, in situ, or ex situ. Treatability assessments help select the
right bioremedial approaches [8]. The results summarized in this systematic review can
help develop innovative and applicable methods for assessing global soil pollution. In
addition, these results can help develop innovative, applicable, and economical methods
for the sustainable management of contaminated soils to mitigate risks to the environment
and human health.

1.1. Definition of Bioremediation

Bioremediation is a process that uses biological organisms to remove or re-treat an
environmental pollutant through metabolic processes and plants to eradicate hazardous
pollutants and restore the ecosystem to its original condition [9]. These strategies include
natural attenuation, bioaugmentation, or biostimulation, involving microscopic organisms
such as fungi, algae, and bacteria. Microorganisms are found in a variety of habitats. They
thrive in soil, water, plants, animals, deep water, and ice. Biological mediation technology
is widely used and is currently growing exponentially [10].

1.2. Bioremediation Techniques

Bioremediation techniques have been the subject of numerous studies and experiments
to evaluate their effectiveness and applicability in the removal of certain pollutants. This
systematic review focuses mainly on the techniques most suitable for the bioremediation of
specific pollutants such as heavy metals, hydrocarbons, polymers and their derivatives, and
finally organic pollutants. In the wider applicability of the studies mentioned here, it was
found that the use of microbial consortia for the bioremediation of heavy metals [11–16] and
hydrocarbons [17–23] gave satisfactory results with significant removals. For the biodegrada-
tion of polymers, it was found that certain bacterial strains were able to biodegrade plastics in
soil [19,24–28], in contrast to other studies that used bacterial consortia [29–32], resulting in a
significant reduction in these contaminants as well as a reduction in biodegradation time by
90 days [30] and 30 days [31], demonstrating that the symbiotic capacity of bacteria can be a
viable option. Finally, there is the bioremediation of organic matter, the most commonly used
techniques were the isolation of bacteria [33,34], and some studies specifically investigated
the bioremediation capacity of Pseudomonas [35–37] and bacterial mixtures [38–41].

The analysis conducted in this systematic review showed that the most commonly
used techniques for bioremediation of soils contaminated by leachate are mainly bioaug-
mentation, microbiological bioremediation, and phytoremediation, which are discussed
in the results section. Each technique has its own advantages and disadvantages, and
the choice of a particular technique depends on several factors, such as the nature of the
contaminants, the availability of resources, and the degree of soil contamination.

Figure 1, shows several remediation methods, among which phytoremediation [3,42–48]
and microbial bioremediation [43,44,46,49,50] stand out, followed by biostimulation and bioaug-
mentation [17] among other techniques that are discussed in detail in this systematic review. The
importance of the selection of the bioremediation technique, the selection of the microorganisms,
the target pollutant, and the experimental scale will be addressed as they directly affect the
results obtained. The analysis will focus on empirical studies conducted between January
2017 and January 2023. Although there is no single technique that can remediate different
types of soils, there are autochthonous (indigenous) microorganisms that, in symbiosis
with inoculated microorganisms, produce results with successful pollutant removal rates.
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They are the key to solving most problems related to biodegradation and bioremediation
of pollutants, provided that environmental conditions are suitable for their growth and
metabolism [10,51]. In this study, the importance of the most commonly used biological
techniques today is highlighted in order to provide an objective comparison and to promote
the development of innovative, applicable, and economically viable methods.

Figure 1. Remediation techniques [45].

1.2.1. Bioventing technique

The bioventing technique requires controlled stimulation of airflow and small amounts
of oxygen to release pollutants into the atmosphere through biodegradation by increasing
the activities of indigenous microorganisms. This technique has gained popularity [51,52].
Bioventing is limited by the inability to oxygenate the polluted soil and the inadequate
aeration of the surface contamination [10,20,45].

1.2.2. Biosparging Technique

In this technique, air is blown below the water table to raise the oxygen content of the
groundwater and accelerate bacterial bioremediation of contaminants [53]. Both techniques,
bioventing and biosparging, have been used simultaneously to ensure the efficient removal
of soil contaminants despite unfavorable conditions. Biosparging can also combine soil
and groundwater to reduce the concentration of dissolved oil compounds in groundwater
mixed with soil below the water table and within the capillary fringe. It is a simple and
cost-effective method with great flexibility [10].
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1.2.3. Bioaugmentation Technique

In bioaugmentation, there are specific sites where microorganisms are needed to extract
the pollutants. They are also able to displace indigenous microorganisms, which means
they can clean the site quickly. The removal of toxic chemicals through bioaugmentation
has already been reported in environments such as soil and water. However, a number
of limitations have also been documented [54]. For example, it has been observed that
the number of exogenous microorganisms decreases after their addition to a polluted site
due to abiotic and biotic stresses. These arise from inadequate growth nutrients such as
substrates, temperature fluctuations, and pH, and competition between introduced and
indigenous microorganisms [55,56].

1.2.4. Microbial Bioremediation

Bacteria and fungi are the most commonly used microorganisms to remove heavy met-
als from contaminated soils; although, yeasts and algae are also often used. Bioremediation
using microorganisms will be successful when the cultivation of a single strain is replaced
by clusters of bacterial strains. The microbes/bacteria used for bioremediation are more
than 25 genera that have great potential for Municipal Solid Wastes (MSW) [8,45].

For these reasons, the objective of this review is to provide a background on the
involvement of microorganisms in the decontamination of leachate-contaminated soils and
their subsequent bioremediation. In addition, the factors limiting the growth of bacteria
depending on the environmental conditions are highlighted. Finally, the strategies to
improve the decontamination of leachate-contaminated soils based on recently published
reports were evaluated through a systematic analysis of the available scientific evidence on
the subject over the last five years, highlighting their principles, advantages, limitations,
and possible solutions. The prospects for bioremediation are also discussed.

1.3. Phytoremediation Technology

Phytoremediation technology is gradually being accepted and used as an effective
method for regulating ecological stability and purifying water quality [57]. Phytoreme-
diation techniques purify contaminated soil, water, and groundwater through various
pathways, such as phytoextraction, phytofiltration, phytostabilization, phytovolatilization,
and phytodegradation (Figure 1) [3,45].

With over 500 million years of evolution, plants have developed highly regulated
mechanisms to mitigate toxicity. Some of these heavy metal wastes such as zinc, copper,
manganese, nickel, and cobalt are essential trace elements for plant growth [58], or through
the unique and selective absorption, transport, and bioaccumulation of plant roots to
achieve pollutant degradation and removal. Therefore, phytoremediation has also been
frequently combined with other methods.

The efficiency of phytoremediation is often influenced by many factors, such as plant
type, pollutant concentration, composition, accumulation, degradation site, auxiliary meth-
ods, and even the genotype of the same plant [59].

According to the available research, different plant species have different abilities
to remove pollutants, and different genotypes of the same plant have different cleaning
efficiency. It was found that broadleaf, composite, sunflower, hemp, and other plants were
among the efficient plant metal storage plants, but their cleaning efficiency was closely
related to the characteristics of plant species [60].

1.4. Theoretical Basis

Obtaining information about platforms is useful. However, keywords are useful for
selecting large amounts of information and refining the search methodology to obtain
accurate results [61].

Currently, there are different methods and strategies depending on the area in dif-
ferent parts of the world. Common methods include biostimulation, bioaugmentation,
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biopiles, and bioeradication. All bioremediation techniques have their own advantages
and disadvantages, as they have their own specific application [62].

This paper deals with the applications of bioremediation of leachate-contaminated
soils treated with microorganisms and the efficiency of each type of strain used, and is
organized as follows:

The paper includes a description of different bioremediation techniques with microor-
ganisms and a classification of specific soil types, as well as an analysis of the information
and discussions. Finally, the conclusions indicate the contributions of the article and
suggestions for future work on bioremediation systems with results according to the mi-
croorganisms or strains used, and the most recommended to obtain better treatment results
in soils contaminated with landfill leachate.

2. Materials and Methods

This paper presents a comprehensive systematic review of the published scientific
literature on bioremediation of leachate-contaminated soils in terms of techniques used
and percent removal of contaminants potentially harmful to living organisms. PRISMA
guidelines were followed at various stages in the preparation.

2.1. Initial Search

For this systematic review, a search was conducted for English-language journal
articles published between January 2017 to January 2023 in the Scopus, Science Direct, and
PubMed databases and in Google Scholar using combinations of the Boolean operators
AND, OR, and NOT, as appropriate. These searches yielded a substantial number of results,
many of which were repetitive or not very useful to the review, but they provided an
overview of the breadth of the topic and allowed us to verify that only one non-systematic
review had previously been conducted on this topic [63].

2.2. Selection of Articles

Various combinations of terms were used for this search using Boolean operators for
each of the selected search platforms, using the combination that yielded the best results in
the advanced search engines, as shown in Table 1.

Table 1. Search strategy with Boolean operators.

Database Combination of Terms and Boolean Operators Articles Found

Scopus

(TITLE-ABS-KEY (soil AND bioremediation AND
leachate) OR TITLE-ABS-KEY (soil AND

bioremediation AND landfill) OR TITLE-ABS-KEY
(soil AND bioremediation AND techniques AND

leachate AND landfill) AND NOT TITLE-ABS-KEY
(hydrocarbons)) AND PUBYEAR > 2016 AND

PUBYEAR > 2016

289

Web of Science

soil bioremediation AND leachate (All Fields) or soil
bioremediation AND landfill (All Fields) or soil
bioremediation techniques AND leachate AND

landfill (All Fields) not Hydrocarbons

106

PubMed

(soil bioremediation AND leachate) OR (soil
bioremediation AND landfill) OR (soil

bioremediation techniques AND leachate AND
landfill) NOT (hydrocarbons)

108

Google Scholar

“soil bioremediation” + “leachate” OR “soil
bioremediation” + “landfill” OR “soil

bioremediation techniques” + “leachate” + “landfill”
− “hydrocarbons”

200
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A total of 703 results were obtained. Before starting the selection of articles, the
inclusion and exclusion criteria were defined.

2.2.1. Inclusion Criteria of the Search

• They must be empirical research and reviews, not single case studies, books, or manuals.
• They must use experimental techniques with scientifically sound results.
• The articles or reviews must be studied in a biological context.
• Results and conclusions must be clear to avoid confusion in synthesis and interpreta-

tion of objectives.
• Published between 2017 and 2023.

2.2.2. Exclusion Criteria

• Studies related to the bioremediation of hydrocarbon soils.
• Studies that address remediation of soils without the use of biotechnology.
• Research that addresses bioremediation in contexts other than bioremediation of

leachate-contaminated soils, landfills, or other approaches that are not within the
scope of this systematic review.

2.3. Systematical Search

Using these criteria, duplicate articles were first checked so that 138 articles could be
excluded. Then, the titles of each article were reviewed, and 219 articles were excluded
because they were unrelated or had no relevant contribution to this study. For the eligi-
bility review, each abstract was read, resulting in 152 articles that were included in the
analysis of this systematic review. Figure 2 shows a summary of the selection stages of the
articles studied.

Figure 2. A diagram of the selected items, n is the number of articles. The complete list is shown in
Supplementary Material Table S1.
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The bioremediation of soils contaminated with leachate is a subject that has not yet
been studied in depth; although, there are scientific publications that demonstrate the
presence of various pollutants that are potentially hazardous to water, soil, and air, and
therefore harmful to living organisms [35].

Figure 3 shows the articles reviewed and considered in the last 5 years according to
the PubMed, Web of Science, Scopus, and Google Scholar platforms. The figure shows
the increase in research papers in the last 2 years, which is due to the fact that in the last
decades, the need for remediation of contaminated soils has arisen.

Figure 3. Articles published in the last 5 years (January 2017 to January 2023) on bioremediation of
leachate-contaminated soils by treatment with microorganisms.

2.4. Data Classification

Parameters were extracted from each of the articles included for this systematic
review: technique, microorganism, contaminant, methodology, and percent removal of
contaminant.

The search results of the 152 articles are discussed in detail below, beginning with
studies on bioremediation of leachate-contaminated soils in landfills, the countries that
have contributed to research on bioremediation of leachate-contaminated soils, and the
predominant techniques and types of microorganisms most commonly used.

3. Results and Discussion

Of the 152 articles selected for this systematic review, only 21 studies deal 100% with
soils contaminated with open dump leachate, showing different types of contaminants
affecting the environment. These were classified according to the type of pollutant targeted
for bioremediation. Therefore, it is important to understand the definition of incubation and
inoculation and the isolation of bacteria. Incubation and inoculation are terms commonly
used in the field of microbiology and biotechnology. Incubation refers to the process of
creating optimal conditions for the growth and multiplication of microorganisms. This may
include the regulation of temperature, humidity, pH, and nutrients in the culture medium.
Incubation is commonly used in microbiological studies to grow microorganisms so that
they can be analyzed and characterized [26,64].

Inoculation is the addition of microorganisms to a culture medium or substrate to
allow their growth and multiplication. In the scientific literature, inoculation is used
in a variety of contexts, including biomass biofuel production, environmental remedia-
tion, and fermented food production. The inoculation process is a central component of
biotechnology and applied microbiology [65,66]. On the other hand, bacterial isolation
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in soil bioremediation refers to the separation of specific microorganisms for use in the
degradation of contaminants in soil [66]. The technique involves the isolation and identifi-
cation of specific microorganisms such as bacteria and fungi that are capable of degrading
contaminants in soil [67].

Bioremediation is a sustainable and effective approach to remediate contaminated
soils, and isolation of bacteria is an important technique to improve the effectiveness of
bioremediation. This technique selects and cultivates specific strains of microorganisms
capable of degrading specific contaminants. Some studies have shown that isolation of
bacteria improves the effectiveness and efficiency of bioremediation. For example, the
study by Hassan et al. (2019) presented in Table 2 shows that bacterial isolation of specific
microorganisms improves the efficiency of bioremediation of soils contaminated with
heavy metals. Table 3 lists the bacteria and techniques used for polymers, plastics, and
phthalates. The latter are used as additives in plastic manufacturing and have been able to
leach into the soil, posing enormous risks to the environment and human health. Plastics,
in turn, are environmental pollutants that are produced in large quantities [68]. Fortunately,
there is sufficient scientific evidence for the existence of bacteria that degrade these types
of pollutants. For example, the study by Kumar et al. (2021) shows that the isolation of
bacterial consortia is successful for the degradation of plastics such as polyethylene (PE),
polyethylene terephthalate (PET), and polystyrene (PS), which suggests that the isolation of
bacteria is a potential technique. It is known that there are a variety of hydrocarbons, such
as aromatic hydrocarbons, whose physical and chemical properties can vary depending on
the source of the reservoir. Hydrocarbons or organic compounds are extremely insoluble in
water.

Microorganisms can oxidize or ferment hydrocarbons, depending on whether these
metabolic pathways are present. Industrial activities, petroleum and its derivatives, and
incomplete combustion of fossil fuels cause environmental pollution. In fact, petroleum
and its derivatives have very serious environmental impacts on contaminated marine
and terrestrial habitats [22,69]. For example, the study by Swati et al. (2020) presented in
Table 4 shows that the technique of isolation and inoculation of specific bacteria such as
Pseudomonas sp. can remove 97% of pynene, and in Table 5, Liu et al. (2020) show that 20 to
40% of contaminants, such as particulate organic matter, can be removed (POM).

Table 2. The removal rate of Heavy Metals.

Year Microorganism
Used Scale Contamination

in Soil Method Used
Results/Percentage

Removal of
Contaminant

Reference

2017 Gram-positive Laboratory metals Isolation and
Inoculation

The microbes
demonstrated the
ability to tolerate
and resist metals

at different
concentrations

[70]

2017
Bacillus sp.,

Lysinibacillus sp.,
and Rhodococcus sp.

Laboratory heavy metal Bioaugmentation

Remediation
percentage

between 41% and
88%

[71]

2017
Bacillus sp.,

Lysinibacillus sp.
and Rodococcus sp.

Laboratory heavy metal Isolation and
inoculation

Difficult
bioremediation

for the individual
microbes,

efficiency (above
50%) except when

blended in the
appropriate
formulation.

[72]
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Table 2. Cont.

Year Microorganism
Used Scale Contamination

in Soil Method Used
Results/Percentage

Removal of
Contaminant

Reference

2019 Eisenia fetida Sav In Situ Heavy metal Zooremediation

High resistance to
contamination,

which was
confirmed by

the study.

[73]

2019

Perenniporia
subtephropora,

Daldinia starbaeckii,
Phanerochaete

concrescens, and
others

Laboratory Heavy metal Isolation and
Inoculation

Remediation
percentage between

38% and 62%
[74]

2020 Bacillus sp. Laboratory Cr (VI) Isolation and
Inoculation

Effective
remediation of toxic

Cr (VI)
[75]

2020 Ascomycota,
Basidiomycota Laboratory metals and

metalloid Bioaugmentation
Remediation

percentage between
52% and 77%

[76]

2020 Basidiomycota,
Ascomycota Laboratory Heavy metal Isolation and

Inoculation

Remediation
percentage between

36% and 52%
[77]

2022 Festuca arundinacea In Situ Pb Phytoremediation
Remediation

percentage between
83% and 89%

[78]

Table 3. The removal rate of polymers and phthalate.

Year Microorganism
Used Scale Contamination

in Soil Method Used
Results/Percentage

Removal of
Contaminant

Reference

2019 Pseudomonas sp. Laboratory Diethyl Phthalate
(DEP)

Isolation and
Inoculation

Degradation
capability

500 mgL−1 in 12 h
[29]

2019 Paenibacillus sp. Laboratory
Low-density
polyethylene

(LDPE)

Isolation and
Inoculation

This isolate could
be used for

bioremediation as a
promising tool for

polyethylene
degradation.

[79]

2021

Proteobacteria,
Bacteroidetes,

Firmicutes, and
Actinobacteria

Laboratory

Polyethylene (PE),
polyethylene
terephthalate

(PET), and
polystyrene (PS).

Isolation and
Inoculation

Further studies are
required for

reconstruction of
the genome to

determine potential
role in plastic waste

degradation

[25]

2022 Paenarthrobacter sp. Laboratory Phthalic acid
esters Incubation

Degradation
capability

1000 mgL−1 in 15 h
[80]
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Table 4. The removal rate of Hydrocarbons.

Year Microorganism
Used Scale Contamination

in Soil Method Used
Results/Percentage

Removal of
Contaminant

Reference

2019

Proteobacteria,
Bacteroidetes,
Firmicutes,

Cyanobacteria,
and others

Laboratory
Polycyclic
aromatic

hydrocarbons

Natural
attenuation and
biostimulation

Up to 66.6% [19]

2020 Pseudomonas sp. Laboratory Pyrene Isolation and
Inoculation

Degrade upto 97%
of pyrene [81]

2022
Daphnia magna
and Allivibrio

fischeri
Laboratory

Petroleum
hydrocarbons

(TPH),
poly-aromatic
hydrocarbons

(PAHs)

pyrolysis
method

Remediation
percentage 99% [82]

Table 5. The removal rate of Organic pollutants, atmospheric pollutants, and others.

Year Microorganism
Used Scale Contamination

in Soil Method Used
Results/Percentage

Removal of
Contaminant

Reference

2020 Firmicutes and
Proteobacteria Laboratory

Particulate
organic matter

(POM)

Isolation and
Inoculation

Remediation
percentage between

20% and 40%
[37]

2020
Bacterial

community.
Not specified

Laboratory/In
Situ

H2S, NH3, and
VOCs. biochar

Remediation
percentage between

95.43% and 100%
[83]

2020 Typha latifolia Laboratory Na(+) and
Cl(−)

Isolation and
Inoculation

high efficiency of
hydro-ponic

system for nutrient
and salinity

removal.

[84]

2020

Autochthonous
fungi,

Aspergillus
flavus,

Aspergillus niger,
Fusarium solani,

and others

Laboratory Organic
pollutants

Isolation and
Inoculation

Remediation
percentage between

22% and 34%
[39]

2022
Gram-positive

and
Gram-negative

Laboratory
toxic elements

in the
environment

Isolation and
Inoculation

Remediation
percentage: 33.35% [85]

In summary, the isolation and inoculation of bacteria in soil bioremediation is an
important technique to improve the effectiveness and efficiency of bioremediation. This
technique involves the isolation and identification of specific microorganisms capable of
degrading certain contaminants in soil. The study by Qin et al. (2020) shows that pollutants
such as H2S, NH3, and volatile organic carbon can be removed even 100%, which depends
on the technique and bacteria used.
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3.1. Contamination of Leachate-Contaminated Soils Worldwide

As shown in Tables 2–5 of the previous section, landfill leachate contains a variety of
pollutants, most of which are harmful to human health and the environment. Some of the
major pollutants found in landfill leachate are:

Heavy metals: such as lead, mercury, cadmium, and arsenic, which, in some cases,
cause neurological damage, liver damage, cancer, and other health problems [47,86,87].

Toxic organic compounds: such as benzene, toluene, chloroform, and other solvents,
which cause central nervous system damage, respiratory diseases, and other health prob-
lems [7,88,89].

Bacteria and viruses: which can cause infectious diseases such as hepatitis A, typhoid,
and typhus [90,91].

Industrial chemicals: such as solvents, pesticides, and other chemicals that are harm-
ful to human health and the environment [92,93].

Persistent organic compounds (POPs): such as dioxins and furans, which can cause
cancer and other health problems [93,94]. For example, Rogers et al. (2021) describe a
systematic approach to prioritizing landfill contaminants based on their toxicity. The
approach uses a risk assessment model that considers factors such as acute and chronic
toxicity, persistence, and bioaccumulation of contaminants.

The article highlights the importance of identifying and prioritizing landfill contam-
inants to inform decision making for leachate management and treatment. The authors
suggest that this approach can be used by landfill operators, environmental agencies, and
other stakeholders to identify contaminants of greatest concern and prioritize actions to
reduce their impacts. The study also identifies some limitations and opportunities for
future research in this area, such as the need to expand the landfill contaminant toxicity
database, improve the accuracy of risk assessment models, and develop more effective
strategies for managing landfill leachate. Overall, the article highlights the importance of
a systematic approach to landfill leachate management and suggests that the proposed
approach would be useful to improve environmental management and decision making
for a bioremediation project for leachate-contaminated soils. The presence of these con-
taminants in leachate from landfills can have serious environmental and human health
consequences. It is important to take measures to reduce and control the contamination of
soil and groundwater by landfill leachate [95,96].

As discussed in this review, soil contamination by leachate is a major problem world-
wide [85,96,97]. Leachate is a toxic liquid that seeps through waste in landfills and other
waste disposal facilities and can contaminate nearby soil and groundwater [95]. The extent
and severity of soil contamination by leachate vary by country and region. However, it
is estimated that millions of tons of waste accumulate in landfills and other waste dis-
posal facilities worldwide, which means that soil pollution by leachate is a widespread
problem [98,99].

Table 6 provides a list of useful information for the scientific community, listing coun-
tries that have conducted research on the bioremediation of leachate-contaminated soils,
mostly soils from open dumps or municipal soils; in some other cases, soils for agricultural
structuring purposes, and in other cases, bioremediation of industrial soils. Developed
countries have taken measures to reduce the amount of waste and to better manage the
waste generated. However, as shown in Table 6, waste management in developing and
underdeveloped countries is still inadequate, which increases the risk of soil contamination
by leachate. In general, soil contamination by leachate is a major problem that requires
global prevention and control measures. These include the use of safer and more sustain-
able waste disposal techniques and the development of waste management strategies that
promote waste reduction, reuse, and recycling [98,99].
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Table 6. Different pollutants studied in different countries with different soil types around the world.

Year Country Soil Type/Soil Use Contaminant Reference

2017 Malaysia Landfill soil NH(3)-N [40]

2017 Malaysia Landfill soil Al, Cu, Cd, Mn, and Pb [71]

2017 China Agricultural soil Di-(2-ethylhexyl) phthalate
(DEHP) [100]

2017 Malaysia Landfill soil Al, Cd, Cr, Fe, Ni, Pb, and Zn [72]

2017 Spain Not specified Cu, Zn, Ni, Pb, and Cd [101]

2017 Malaysia Landfill soil Pb, Al, and Mn [70]

2017 Malaysia Municipal soil Pb, Al, and Cu [102]

2017 Bulgaria Landfill soil Methane [41]

2017 Malaysia Landfill soil Pb, As, Mn, Ni, and Cr [103]

2017 India Municipal soil Cadmium and chromium [104]

2018 Sri Lanka Landfill soil Fe, Mn, Cu, Ni, Cd, Zn, and Pb [16]

2018 UK Landfill soil As and Hg [105]

2018 Italy Agricultural soil trace elements and organic
compounds [34]

2018 India Landfill soil Fe, Mn, Zn, and Cu [106]

2018 India Landfill soil Polyhydroxybutyrate [24]

2018 India Landfill soil Nickel, cadmium, and
chromium [11]

2018 China Landfill Calcium chloride and urea [107]

2018 Philippines Landfill soil Silver [12]

2018 India Not specified Selenium [13]

2018 Pakistan Industrial soil Chromium and arsenic [108]

2018 Malaysia Landfill soil Mg, Al, Si, Cr, Mn, Cu, Ni, Co,
Zn, As, Ag, Cd, Hg, and Pb [109]

2018 Ireland Landfill soil Ammonia [110]

2018 China Landfill soil Petroleum [17]

2018 Romania Industrial soil Petroleum hydrocarbons [111]

2018 Italy Natural soil Hydrocarbon [112]

2019 China Landfill soil Cr, Ni, Pb, Mn, Cu, Zn, and Cd [15]

2019 Mexico Natural soil polyacrylic and polyester
polyurethane [113]

2019 United States Natural soil Escherichia coli and Rhodococcus
erythropolis [114]

2019 China Landfill soil Diethyl phthalate (DEP) [29]

2019 Slovakia Not specified Zn [115]

2019 Switzerland Landfill soil As, Mn, Cu, Cr, and Fe [74]

2019 India Industrial soil (textile) Color removal [116]

2019 China Industrial soil Polycyclic aromatic
hydrocarbons [18]

2019 Brazil Landfill soil Polyethylene [79]

2019 India Landfill soil Pyrene [117]
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Table 6. Cont.

Year Country Soil Type/Soil Use Contaminant Reference

2019 China Not specified
Per- and polyfluorinated alkyl

substances (PFAS) and lead
and antimony

[118]

2019 China Landfill soil Ammonia [33]

2019 Nigeria Landfill soil Cu and Pb [119]

2019 China Landfill soil 1-naphthol [120]

2019 Australia Landfill soil Polycyclicaromatic
hydrocarbon [19]

2020 Canada Landfill soil Na and Cl [84]

2020 China Landfill soil Particulate organic matter
(POM) [37]

2020 China Landfill H(2)S, NH(3), and VOC [83]

2020 China Natural soil Pb, Cr, Cd, Cu, Mn, and Zn [87]

2020 Morocco Not specified Organic pollutants [39]

2020 Malaysia Landfill soil Fe, Cu, and Cr [76]

2020 India Industrial soil Petroleum hydrocarbons [20]

2020 Malaysia Municipal soil Di-(2-ethylhexyl) [30]

2020 Poland Cultivated soil
Polylactide (PLA) and

polyethylene terephthalate
(PET)

[31]

2020 Bangladesh Landfill soil Chromium (VI) [75]

2020 Mexico Mining soil As, Pb, Cu, Mn, and Fe [121]

2020 Egypt Landfill soil Cr, Cu, Fer, Mn, Ni, Pb, and Zn [122]

2020 Iran Landfill soil Copper [123]

2020 China Natural soil

Polyethylene (PE), polystyrene
(PS), polypropylene (PP),
polyvinyl chloride (PVC),
polyurethane (PUR), and

polyethylene terephthalate
(PET)

[32]

2020 China Landfill soil Volatile organic compounds
(VOCs) [35]

2020 India Landfill soil Pyrene [81]

2020 Malaysia Landfill soil Ni, Pb, and Zn [77]

2020 Malaysia Landfill soil Pyrene and cadmium [124]

2020 Nigeria Industrial soil

Polycyclic aromatic
hydrocarbons (PAHs),

pesticides, petroleum products,
volatile organic compounds

(VOCs), organic solvents,
heavy metals (not specified)

[21]

2020 Poland Mixed soil
Polychlorinated biphenyls

(PCBs) and petroleum
hydrocarbons (TPH)

[22]

2021 Spain Landfill soil Cd; Ni, Pb; Cr and
benzo(a)pyrene [125]

2021 Nigeria Landfill soil Cd and Pb [126]
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Table 6. Cont.

Year Country Soil Type/Soil Use Contaminant Reference

2021 India Landfill soil
polyethylene (PE),

polyethylene terephthalate
(PET), and polystyrene (PS)

[25]

2021 Bangladesh Industrial soil Diesel [23]

2021 Indonesia Landfill soil Hg, Cd, Pb, Mg, Zn, Fe, Mn,
and Cu [127]

2021 Slovakia Artificial soil Pb, Zn, Cu, or Ni [128]

2021 India Municipal solid Methane [36]

2021 Iran Landfill soil Low-density polyethylene [26]

2021 Peru Agricultural soil Pb [129]

2021 India Municipal soil Decabrominated diphenyl
ether [27]

2021 Taiwan See soil Cd [130]

2021 Italy Landfill soil Low-density polyethylene [131]

2021 Taiwan Not specified Petroleum hydrocarbon [132]

2021 China Natural soil Total petroleum hydrocarbons
(TPH) [133]

2021 China Not specified Di-(2-ethylhexyl) phthalate
(DEHP) [134]

2022 Mexico Landfill soil Phenolic compounds and
phthalates [28]

2022 Spain Garden soil Pb [78]

2022 India Municipal soil Cd [14]

2022 Germany Landfill soil Dibutyl phthalate [80]

2022 Malaysia Landfill soil As, Cr, Cu, Fe, Mn, Ni, Pb,
and Zn [135]

2022 Pakistan Natural soil Pb, Cu, Zn, Fe, and Cr [136]

2022 Korea Landfill soil Oil and hydrocarbons [82]

2022 India Landfill soil Low-density polyethylene
(LDPE) [137]

2022 Mexico Mining soil As [138]

2022 Italy Landfill soil
Polyethylene, polyvinyl

chloride, and polyethylene
terephthalate

[139]

2022 Malaysia Landfill soil Pb, Cu, As, Mn, Cr, Zn, Fe,
and Ni [140]

2022 Canada Agricultural soil Pesticide [38]

2022 China Natural soil Polycyclic aromatic
hydrocarbon (PAH) [141]

2023 India Landfill soil Cd, Pb, Ni, and Cr [142]

In this study, the prevalence of target contaminants for bioremediation was 53% for
heavy metals. This is consistent with several authors [45–47,50,54,126,143], which are dis-
cussed in more detail in the following section. Although the type of heavy metals selected
for bioremediation and the techniques used in each study vary, it is a fact that heavy metals
are the pollutant of most concern worldwide. In second place, accounting for 26% of the
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cases of bioremediation of soils contaminated with leachate studied, are hydrocarbons.
Although this is a widely studied issue, the cases of contamination by hydrocarbons pre-
sented here are limited to contamination by leachate, both in landfills and municipal soils,
as shown in Table 6, the problem is broad and ranges from petroleum, methane, aromatic
hydrocarbons, to pyrene, etc., each treated with different microorganisms, different tech-
niques, and specific soils. Plastics or polymers are presented in 13% of the case studies in
this systematic review. It is known that more than 300 million tons of plastics are produced
in the world annually [144–146]. Currently, bioremediation of this type of pollutant is
of great importance, since various microorganisms have been discovered that are able to
biodegrade plastics of different classifications, such as polyethylene (PE), polyethylene
terephthalate (PET), and polystyrene (PS), low-density polyethylene, as well as compounds
used for its preservation. For example, dibutyl phthalate, also known as DBP, is an organic
compound used in industry as a plasticizer, but also as an additive in adhesives, printing
inks, and cosmetic products [80]. Another compound of this group, diethyl phthalate
(DEP), is a colorless liquid with an unpleasant bitter taste. This synthetic compound is
commonly used to add flexibility to plastics. It is used in products such as toothbrushes,
car parts, tools, toys, and food packaging [29]. Finally, 8% of the case studies in this thesis
are organic substances that are very diverse in nature and whose presence in soils is due
to very different human activities such as agriculture, industry, transport, etc. The most
common cause of universal contaminants is agriculture, since they are used to control
parasites and plant diseases, to protect crops from harmful influences, even if they are
not parasites, and to improve the quality and quantity of production, such as pesticides,
herbicides, and fertilizers [147].

The studies listed in Table 6 show that bioremediation is an effective and sustainable
option for treating contaminated soils. The results of these studies show that bioremediation
is a promising technique for reducing contamination with heavy metals, hydrocarbons,
polymers, and organic pollutants in soils.

3.1.1. Heavy Metals

The studies reviewed indicate that bioremediation is effective in eliminating certain
heavy metals, either individually or for specific groups. Forty-seven percent of the studies
listed in Table 6 specifically address the bioremediation of heavy metals. In some of
these studies, specific bacterial strains, mostly Pseudomonas, were isolated to treat soils
contaminated with heavy metals [70–72,77,108,109,124,135] resulting in a high capacity of
bacteria in bioremediation of mostly a specific contaminant. Compared to other studies
using microbial consortia [11–16,101,103] where they showed promising results in the
removal of a specific pollutant group or pollutant, in some cases, even symbiosis studies
were performed with indigenous soil bacteria. Other studies investigated bioremediation
using the accumulation and tolerance capacity of plants for the bioremediation of heavy
metals [13,104,106], and the results indicated that it is a technique that can achieve high
accumulation and tolerance capacity for this type of pollutant.

In other studies, such as Sedlakova-Kadukova et al. (2019), it was found that the
combination of different bioremediation approaches, such as phytoextraction and rhizore-
mediation, was effective in reducing the levels of various heavy metals. However, some
studies suggest that bioremediation may have limitations in terms of efficacy and treatment
duration. For example, Elbehiry et al. (2020) found that bioremediation using bacteria was
effective in reducing cadmium concentrations in contaminated soils, but the process was
relatively slow and required a longer time to achieve significant reductions.

3.1.2. Polymers and Their Derivatives

Nineteen percent of the studies listed in Table 6 deal with the bioremediation of
soils contaminated with plastics, polymers, and their derivatives. This topic is of great
environmental interest due to the amount of plastic waste generated today. The studies
presented here demonstrate the effectiveness of various bioremediation techniques to
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degrade these contaminants in soils. Studies have found that the application of isolated
bacterial strains along with the addition of nutrients significantly increases the degradation
of these types of pollutants [100]. Moreover, studies in which a specific bacterium was
used to degrade these types of pollutants [19,24–28] showed efficient bioremediation for a
specific pollutant. Other studies showed that the use of a bacterial consortium increased the
biodegradation potential [29–32], with a significant decrease in the amount of plastic after
a 60-day treatment. Some other studies investigated the potential of an isolated bacterium
and obtained a significant reduction in these compounds present in the soil [113]. An
important result is the study conducted by Bardají et al. (2019), in which they demonstrated
that oil-degrading bacteria have the potential to degrade polymers as well.

3.1.3. Hydrocarbons

Eighteen percent of the studies listed in Table 6 address the bioremediation of soils
contaminated with hydrocarbons, and although they use different strategies, all conclude
that bioremediation is a viable and effective option for removing this type of contaminant.
Most of these studies investigated the degradation capacity of this type of contaminant us-
ing bacterial consortia [17–23], which produced effective results in the removal of aromatic
hydrocarbons and volatile organic compounds. In other studies, the degradation capacity
of specific bacterial strains was evaluated by isolation and inoculation [132], showing a
pollutant degradation capacity of up to 81% after 60 days [111]. Other studies have shown
that phytoremediation in combination with bacterial strains could be a viable and effective
alternative for the removal of hydrocarbons with removal up to 86.4% after 90 days, with
plants and bacteria specific to the type of hydrocarbon to be removed [19].

3.1.4. Organic Matter

The studies described below address the bioremediation of soils contaminated
with organic pollutants using a variety of microorganisms and techniques, accounting
for 16% of the case studies in Table 6. Most of these studies focus on evaluating the
efficiency of bioremediation by bacterial consortia [38–41]. Some of these studies used
pseudomonas [35–37] and other studies selected specific bacteria [33,34], which generally
resulted in a high degradation capacity of these contaminants.

Overall, the studies evaluated indicate that bioremediation is a promising and effec-
tive technique for reducing the concentration of heavy metals and hydrocarbons and for
biodegrading polymers and organic pollutants. However, the results depend on the type
of pollutant and the specific soil conditions, and the effectiveness of bioremediation may
depend on the specific treatment strategy and the combination of different bioremedia-
tion approaches.

3.2. Bioremediation in Different Countries around the World

As shown in Figure 4, China is the country with the most bioremediation stud-
ies on contaminated soils [105,107], followed by India [11,25,104,137,142], and third is
Malaysia [30,70]. All these studies were conducted in most cases in industrial or municipal
landfills or simply in synthetically contaminated soils to investigate bacterial behavior and
biodegradation as a function of the specific contaminant selected, with heavy metals being
the most commonly studied contaminants.
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Figure 4. Percentage of research studies conducted by country of study.

3.3. Impact of Heavy Metals

Heavy metals are toxic pollutants that can have significant adverse effects on the
environment and human health. In the case of soils contaminated by leachates containing
heavy metals, they can have negative effects on soil quality, microbial activity, and the health
of surrounding ecosystems [91,138,148]. When heavy metals enter the soil via leachates,
they can accumulate at the soil surface or penetrate into deeper layers, resulting in reduced
soil fertility and microbial activity. Heavy metals can also accumulate in plants, which
can affect their growth and nutrient quality, and they can be transferred through the food
chain [15,113,149,150]. In humans, exposure to heavy metals can lead to a number of health
problems, such as respiratory, cardiovascular, renal, and neurological diseases. In addition,
heavy metal exposure can also be carcinogenic and mutagenic [95,143,151,152]. Enzyme
activity in soils contaminated with heavy metals is significantly reduced (10–50 times)
compared to non-contaminated soils [152]. Some examples of common heavy metals in this
systematic review are Al, Co, Pb, As, Cr, Ni, Zn, Cd, and Cu [44,45,47,122,126,142]. Heavy
metals remain in the soil for a considerable period of time [54,114,136,149]. Therefore, it is
important to take measures to prevent the contamination of soils by leachates containing heavy
metals and to remediate them when necessary. This may include the use of bioremediation
strategies, phytostabilization, and other techniques to reduce soil toxicity and improve soil
quality and microbial activity. In addition, it is important to continuously monitor soils near
landfills and other waste sites to mitigate and prevent contamination by heavy metals and
other toxic pollutants [47,102,153].

Figure 5 shows that heavy metals are among the pollutants of greatest concern world-
wide and are the most studied pollutants, accounting for 53% of the total cases in this
systematic review. The second most studied pollutants are hydrocarbons, which were
included in this review because the majority of them deal with landfill soils (26% of all
cases in this review). The third most studied pollutants in this report are organic pollutants
with 13% of the case studies. Recently, some bacteria capable of biodegrading plastics such
as polyethylene, polyethylene terephthalate, polystyrene, and others were discovered (8%
of case studies) and offer promising applications for the future.
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Figure 5. Types of pollutants studied for biological soil remediation.

4. Conclusions

The concentrations and types of contaminants in soils around the world vary consider-
ably. This is also true for the type of soil; although, they are mainly concentrated in landfills
for all types of wastes, such as industrial, municipal, or urban. Different contamination
rates have been analyzed for heavy metals, polymers, plastics, and organic pollutants. This
systematic review contains results that depend on the type of bacteria or microorganisms
used and the contaminant to be bioremediated, so it is subjective to ensure that a single
bacterial species can bioremediate all contaminants presented here. However, this review
provides a general overview of the types of bacteria that might be useful for a particular
type of contaminant. It is necessary that soil contamination assessment and research be
regulated worldwide, because it depends on the bioremediation needs of each site how the
necessary components are used to achieve the expected result. Here, we have reviewed and
presented a series of tables with all countries known to date to be subject to contamination,
according to the PRISMA of a systematic review that has been used. The distribution of
contamination worldwide is effectively demonstrated by the tables shown here. Different
bioremediation strategies have been applied to reduce the negative impact on the soil and
to preserve the ecological properties of these contaminated soils. This systematic review
addresses bioremediation, specifically studies using microorganisms. Strategies to remedi-
ate toxic soil contaminants include chemical, biological, physical, electrical, and/or thermal
mechanisms. The figures and tables in this systematic review summarize the importance of
bioremediation in the world and the percentage of studies conducted in each country for the
benefit of the soils in question. Soil bioremediation by isolation and inoculation of bacteria
can be performed either in situ or ex situ; although, in most cases, it has been performed in
controlled environments such as the laboratory. In some studies, bioaugmentation is rec-
ommended to achieve a higher percentage removal of the selected contaminant, especially
in agricultural soils, as even 100% removal is possible and fertile soils can be achieved. The
application of specific soil treatment techniques for each project depends on a variety of
variables, such as the site and its contaminants, removal, mineralization, or elimination
goals, cost-effectiveness, time, and cost. The variety of treatment methods helps in selecting
the right bioremediation methods to use before conducting a large-scale remediation. The
results summarized in this systematic review can help to develop innovative and applicable
methods for assessing global soil contamination. In addition, these results can contribute
to the development of innovative, applicable, and economically viable methods for the
sustainable management of contaminated soils, whether from landfill leachate or other soil
types, to reduce or eliminate risks to the environment and human health and to create a
greener and more functional habitat on the planet.

As for future prospects, bioremediation remains an important technique for the reme-
diation of contaminated soils. It is expected that new technologies will be developed and
existing techniques will be improved to increase the effectiveness of bioremediation. One
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of the most important bioremediation techniques is biodegradation, which involves the
use of microorganisms to degrade contaminants. To improve the results of biodegradation,
techniques such as bioaugmentation (addition of microorganisms specifically selected to
degrade contaminants) or biostimulation (addition of nutrients to increase microbial activ-
ity) can be used. Another important technique is phytoremediation, in which plants are
used to absorb and degrade contaminants in the soil. In the future, it is expected that even
more effective plants will be developed for phytoremediation and used in combination
with biodegradation techniques.

In addition, the use of soil amendments can also improve the results of bioremediation.
Soil amendments can improve soil conditions so that microorganisms can break down
contaminants more effectively. In summary, bioremediation will continue to be an impor-
tant technique for remediating contaminated soils in the future. Improved techniques of
biodegradation, phytodiet, and the use of soil amendments will contribute to better biore-
mediation results in the future. The use of bacterial consortia could be an effective strategy
for the bioremediation of soils contaminated by leachate, provided that the appropriate
bacterial species are selected and environmental conditions are optimized to promote their
growth and degradation activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms11040857/s1. Table S1. Studies selected for the
systematic review.
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73. Jóźwiak, M.A.; Jóźwiak, M.; Kozłowski, R.; Żelezik, M. Zooremediation of leachates from municipal waste using Eisenia fetida
(SAV). Environ. Pollut. 2019, 254, 112871. [CrossRef]

74. Hassan, A.; Pariatamby, A.; Ahmed, A.; Auta, H.S.; Hamid, F.S. Enhanced Bioremediation of Heavy Metal Contaminated Landfill
Soil Using Filamentous Fungi Consortia: A Demonstration of Bioaugmentation Potential. Water Air Soil. Pollut. 2019, 230, 215.
[CrossRef]

75. Karim, M.E.; Sharmin, S.A.; Moniruzzaman, M.; Fardous, Z.; Das, K.C.; Banik, S.; Salimullah, M. Biotransformation of chromium
(VI) by Bacillus sp. isolated from chromate contaminated landfill site. Chem. Ecol. 2020, 36, 922–937. [CrossRef]

76. Hassan, A.; Pariatamby, A.; Ossai, I.C.; Hamid, F.S. Bioaugmentation assisted mycoremediation of heavy metal and/metalloid
landfill contaminated soil using consortia of filamentous fungi. Biochem. Eng. J. 2020, 157, 107550. [CrossRef]

77. Hassan, A.; Periathamby, A.; Ahmed, A.; Innocent, O.; Hamid, F.S. Effective bioremediation of heavy metal–contaminated landfill
soil through bioaugmentation using consortia of fungi. J. Soils Sediments 2019, 20, 66–80. [CrossRef]

78. Espada, J.; Rodríguez, R.; Gari, V.; Salcedo-Abraira, P.; Bautista, L.F. Coupling phytoremediation of Pb-contaminated soil and
biomass energy production: A comparative Life Cycle Assessment. Sci. Total. Environ. 2022, 840, 156675. [CrossRef] [PubMed]

79. Bardají, D.K.R.; Furlan, J.P.R.; Stehling, E.G. Isolation of a polyethylene degrading Paenibacillus sp. from a landfill in Brazil. Arch.
Microbiol. 2019, 201, 699–704. [CrossRef]

80. Shariati, S.; Ebenau-Jehle, C.; Pourbabaee, A.A.; Alikhani, H.A.; Rodriguez-Franco, M.; Agne, M.; Jacoby, M.; Geiger, R.;
Boll, M. Degradation of dibutyl phthalate by Paenarthrobacter sp. Shss isolated from Saravan landfill, Hyrcanian Forests, Iran.
Biodegradation 2021, 33, 59–70. [CrossRef]

81. Kumari, M.; Ghosh, P.; Thakur, I.S. Evaluation of a biosurfactant producing bacterial strain Pseudomonas sp. ISTPY2 for efficient
pyrene degradation and landfill soil bioremediation through soil microcosm and proteomic studies. Bioresour. Technol. Rep. 2020,
12, 100607. [CrossRef]

82. Choi, B.; Yu, J.S.; Kang, G.Y.; Jeong, T.Y.; Jho, E.H.; Lee, S.J. Pyrolytic Remediation and Ecotoxicity Assessment of Fuel-Oil-
Contaminated Soil. Toxics 2022, 10, 245. [CrossRef]

83. Qin, L.; Huang, X.; Xue, Q.; Liu, L.; Wan, Y. In-situ biodegradation of harmful pollutants in landfill by sludge modified biochar
used as biocover. Environ. Pollut. 2019, 258, 113710. [CrossRef] [PubMed]

84. Xu, Q.; Renault, S.; Goltz, D.; Yuan, Q. Phytoremediation of waste dumping site soil and landfill leachate by using cattail (Typha
latifolia). Environ. Technol. 2018, 41, 1101–1106. [CrossRef]

85. Garcete, L.A.A.; Martinez, J.E.R.; Barrera, D.B.V.; Bonugli-Santos, R.C.; Passarini, M.R.Z. Biotechnological potential of microor-
ganisms from landfill leachate: Isolation, antibiotic resistance and leachate discoloration. An. Acad. Bras. Cienc. 2022, 94, 3.
[CrossRef]

86. Lebrazi, S.; Fikri-Benbrahim, K. Rhizobium-Legume Symbioses: Heavy Metal Effects and Principal Approaches for Bioremediation
of Contaminated Soil. In Legumes for Soil Health and Sustainable Management; Springer: Singapore, 2018; pp. 205–233. [CrossRef]

http://doi.org/10.3390/mi13060944
http://doi.org/10.17352/ojeb.000007
http://doi.org/10.1145/3209978.3210020
http://doi.org/10.1007/s10163-021-01239-y
http://doi.org/10.1016/j.wasman.2016.12.039
http://doi.org/10.1007/s42770-021-00493-4
http://www.ncbi.nlm.nih.gov/pubmed/33871825
http://doi.org/10.18502/ijm.v11i1.707
http://doi.org/10.1016/j.envpol.2022.119600
http://www.ncbi.nlm.nih.gov/pubmed/35691442
http://doi.org/10.4172/2157-7463.1000102
http://doi.org/10.1016/j.ibiod.2016.10.053
http://doi.org/10.1016/j.gexplo.2016.10.002
http://doi.org/10.1007/s12665-017-6739-x
http://doi.org/10.1016/j.envpol.2019.07.039
http://doi.org/10.1007/s11270-019-4227-5
http://doi.org/10.1080/02757540.2020.1799992
http://doi.org/10.1016/j.bej.2020.107550
http://doi.org/10.1007/s11368-019-02394-4
http://doi.org/10.1016/j.scitotenv.2022.156675
http://www.ncbi.nlm.nih.gov/pubmed/35716747
http://doi.org/10.1007/s00203-019-01637-9
http://doi.org/10.1007/s10532-021-09966-7
http://doi.org/10.1016/j.biteb.2020.100607
http://doi.org/10.3390/toxics10050245
http://doi.org/10.1016/j.envpol.2019.113710
http://www.ncbi.nlm.nih.gov/pubmed/31838388
http://doi.org/10.1080/09593330.2018.1521474
http://doi.org/10.1590/0001-3765202220210642
http://doi.org/10.1007/978-981-13-0253-4_7


Microorganisms 2023, 11, 857 23 of 25

87. Li, D.; Li, R.; Ding, Z.; Ruan, X.; Luo, J.; Chen, J.; Zheng, J.; Tang, J. Discovery of a novel native bacterium of Providencia sp. with
high biosorption and oxidation ability of manganese for bioleaching of heavy metal contaminated soils. Chemosphere 2020, 241,
125039. [CrossRef] [PubMed]

88. Sharov, P.; Abbasov, R.; Temnikova, A. Remediation of soil contaminated with persistent organic pollutants in Sumgait, Azerbaijan.
Environ. Monit. Assess. 2019, 191, 464. [CrossRef] [PubMed]

89. Aguelmous, A.; El Fels, L.; Souabi, S.; Zamama, M.; Yasri, A.; Lebrihi, A.; Hafidi, M. Petroleum sludge bioremediation and its
toxicity removal by landfill in gunder semi-arid conditions. Ecotoxicol. Environ. Saf. 2018, 166, 482–487. [CrossRef] [PubMed]

90. Joung, Y.S.; Ge, Z.; Buie, C.R. Bioaerosol generation by raindrops on soil. Nat. Commun. 2017, 8, 14668. [CrossRef] [PubMed]
91. Steffan, J.J.; Brevik, E.C.; Burgess, L.C.; Cerdà, A. The effect of soil on human health: An overview. Eur. J. Soil Sci. 2017, 69,

159–171. [CrossRef] [PubMed]
92. Rather, I.A.; Koh, W.Y.; Paek, W.K.; Lim, J. The Sources of Chemical Contaminants in Food and Their Health Implications. Front.

Pharmacol. 2017, 8, 830. [CrossRef] [PubMed]
93. Ashraf, M.A. Persistent organic pollutants (POPs): A global issue, a global challenge. Environ. Sci. Pollut. Res. 2015, 24, 4223–4227.

[CrossRef]
94. Ren, X.; Zeng, G.; Tang, L.; Wang, J.; Wan, J.; Liu, Y.; Yu, J.; Yi, H.; Ye, S.; Deng, R. Sorption, transport and biodegradation—An

insight into bioavailability of persistent organic pollutants in soil. Sci. Total. Environ. 2018, 610–611, 1154–1163. [CrossRef]
95. Rogers, E.R.; Zalesny, R.S.; Lin, C.-H. A systematic approach for prioritizing landfill pollutants based 1 on toxicity: Applications

and opportunities. J. Environ. Manag. 2021, 284, 112031. [CrossRef]
96. Masoner, J.R.; Kolpin, D.W.; Furlong, E.T.; Cozzarelli, I.M.; Gray, J.L. Landfill leachate as a mirror of today’s disposable society:

Pharmaceuticals and other contaminants of emerging concern in final leachate from landfills in the conterminous United States.
Environ. Toxicol. Chem. 2015, 35, 906–918. [CrossRef]

97. Mojiri, A.; Zhou, J.L.; Ratnaweera, H.; Ohashi, A.; Ozaki, N.; Kindaichi, T.; Asakura, H. Treatment of landfill leachate with
different techniques: An overview. Journal. Water Reuse Desalination 2020, 11, 66–96. [CrossRef]

98. Vaverková Landfill Impacts on the Environment—Review. Geosciences 2019, 9, 431. [CrossRef]
99. Chen, D.M.-C.; Bodirsky, B.L.; Krueger, T.; Mishra, A.; Popp, A. The world’s growing municipal solid waste: Trends and impacts.

Environ. Res. Lett. 2020, 15, 074021. [CrossRef]
100. Zhao, H.-M.; Hu, R.-W.; Huang, H.-B.; Wen, H.-F.; Du, H.; Li, Y.-W.; Li, H.; Cai, Q.-Y.; Mo, C.-H.; Liu, J.-S.; et al. Enhanced

dissipation of DEHP in soil and simultaneously reduced bioaccumulation of DEHP in vegetable using bioaugmentation with
exogenous bacteria. Biol. Fertil. Soils 2017, 53, 663–675. [CrossRef]

101. González-Núñez, R.; Rigol, A.; Vidal, M. Assessing the efficacy over time of the addition of industrial by-products to remediate
contaminated soils at a pilot-plant scale. Environ. Monit. Assess 2017, 189, 223. [CrossRef]

102. Emenike, C.U.; Liew, W.; Fahmi, M.G.; Jalil, K.N.; Pariathamby, A.; Hamid, F.S. Optimal Removal of Heavy Metals From Leachate
Contaminated Soil Using Bioaugmentation Process. Clean. Weinh. 2017, 45, 2. [CrossRef]

103. Jayanth, B.; Emenike, C.U.; Agamuthu, P.; Fauziah, S.H. Potential of Cordyline sp. Plant for Remediation of Metal-Leachate
Contaminated Soil. Int. J. Chem. Eng. Appl. 2017, 8, 199–202. [CrossRef]

104. Awasthi, A.K.; Pandey, A.K.; Khan, J. A preliminary report of indigenous fungal isolates from contaminated municipal solid
waste site in India. Environ. Sci. Pollut. Res. 2017, 24, 8880–8888. [CrossRef]

105. Rajasekar, A.; Sekar, R.; Medina-Roldan, E.; Bridge, J.; Moy, C.K.S.; Wilkinson, S. Next-Generation Sequencing Showing Potential
Leachate Influence on Bacterial Communities Around a Landfill in China. Can. J. Microbiol. 2018, 64, 537–549. [CrossRef]

106. Sharma, V.; Pant, D. Biocompatible metal decontamination from soil using Ageratum conyzoides. Environ. Sci. Pollut. Res. 2018,
25, 22294–22307. [CrossRef] [PubMed]

107. Rajasekar, A.; Wilkinson, S.; Sekar, R.; Bridge, J.; Medina-Roldán, E.; Moy, C.K. Biomineralisation Performance of Bacteria Isolated
from a Landfill in China. Can. J. Microbiol. 2018, 64, 945–953. [CrossRef] [PubMed]

108. Jamil, A.; Akhtar, M.S.; Munir, S.; Ahmed, I.; Khalid, A.; Hayat, R. Raoultella and Enterococcus species identified as high chromium
and arsenic tolerant bacteria. Biointerface Res. Appl. Chem. 2018, 8, 3.

109. Zainun, M.Y.; Simarani, K. Metagenomics profiling for assessing microbial diversity in both active and closed Landfills. Sci. Total.
Environ. 2018, 616–617, 269–278. [CrossRef] [PubMed]

110. Paskuliakova, A.; McGowan, T.; Tonry, S.; Touzet, N. Phycoremediation of landfill leachate with the chlorophyte Chlamydomonas
sp. SW15aRL and evaluation of toxicity pre and post treatment. Ecotoxicol. Environ. Saf. 2018, 147, 622–630. [CrossRef] [PubMed]

111. Popa, R.G.; Schiopu, E.C.; Pecingina, I.-R.; Ramona, C.V. Section Ecology and Environmental Protection application of biore-
mediation in the decontamination of polluted soil with petroleum hydrocarbons. In Proceedings of the 18th International
Multidisciplinary Scientific GeoConference SGEM 2018, Albena, Bulgaria, 2–8 July 2018. [CrossRef]

112. D’Imporzano, G.; Re, I.; Spina, F.; Varese, C.; Puflisi, E.; Spini, G.; Adani, F. Optimizing Bioremediation of Hydrocarbon polluted
Soil by Life Cycle Assessment (LCA) Approach. Environ. Eng. Manag. J. (EEMJ) 2019, 18, 2155–2166.

113. Vargas-Suárez, M.; Fernández-Cruz, V.; Loza-Tavera, H. Biodegradation of polyacrylic and polyester polyurethane coatings by
enriched microbial communities. Appl. Microbiol. Biotechnol. 2019, 103, 3225–3236. [CrossRef]

114. Sepehrnia, N.; Bachmann, J.; Hajabbasi, M.A.; Rezanezhad, F.; Lichner, L.; Hallett, P.D.; Coyne, M. Transport, retention, and
release of Escherichia coli and Rhodococcus erythropolis through dry natural soils as affected by water repellency. Sci. Total. Environ.
2019, 694, 133666. [CrossRef]

http://doi.org/10.1016/j.chemosphere.2019.125039
http://www.ncbi.nlm.nih.gov/pubmed/31606568
http://doi.org/10.1007/s10661-019-7560-7
http://www.ncbi.nlm.nih.gov/pubmed/31243613
http://doi.org/10.1016/j.ecoenv.2018.09.106
http://www.ncbi.nlm.nih.gov/pubmed/30312947
http://doi.org/10.1038/ncomms14668
http://www.ncbi.nlm.nih.gov/pubmed/28267145
http://doi.org/10.1111/ejss.12451
http://www.ncbi.nlm.nih.gov/pubmed/29430209
http://doi.org/10.3389/fphar.2017.00830
http://www.ncbi.nlm.nih.gov/pubmed/29204118
http://doi.org/10.1007/s11356-015-5225-9
http://doi.org/10.1016/j.scitotenv.2017.08.089
http://doi.org/10.1016/j.jenvman.2021.112031
http://doi.org/10.1002/etc.3219
http://doi.org/10.2166/wrd.2020.079
http://doi.org/10.3390/geosciences9100431
http://doi.org/10.1088/1748-9326/ab8659
http://doi.org/10.1007/s00374-017-1208-y
http://doi.org/10.1007/s10661-017-5864-z
http://doi.org/10.1002/clen.201500802
http://doi.org/10.18178/ijcea.2017.8.3.656
http://doi.org/10.1007/s11356-017-8472-0
http://doi.org/10.1139/cjm-2017-0543
http://doi.org/10.1007/s11356-018-2343-1
http://www.ncbi.nlm.nih.gov/pubmed/29808403
http://doi.org/10.1139/cjm-2018-0254
http://www.ncbi.nlm.nih.gov/pubmed/30148972
http://doi.org/10.1016/j.scitotenv.2017.10.266
http://www.ncbi.nlm.nih.gov/pubmed/29117585
http://doi.org/10.1016/j.ecoenv.2017.09.010
http://www.ncbi.nlm.nih.gov/pubmed/28926816
http://doi.org/10.5593/sgem2018/5.2
http://doi.org/10.1007/s00253-019-09660-y
http://doi.org/10.1016/j.scitotenv.2019.133666


Microorganisms 2023, 11, 857 24 of 25

115. Sedlakova-Kadukova, J.; Kopcakova, A.; Gresakova, L.; Godany, A.; Pristas, P. Bioaccumulation and biosorption of zinc by a
novel Streptomyces K11 strain isolated from highly alkaline aluminium brown mud disposal site. Ecotoxicol. Environ. Saf. 2018,
167, 204–211. [CrossRef]

116. Daniel, D.; Jegathambal, P.; Bevers, B. In Situ Bioremediation of Textile Dye Effluent-Contaminated Soils Using Mixed Microbial
Culture. Int. J. Civil. Eng. 2019, 17, 1527–1536. [CrossRef]

117. Ghosh, P.; Thakur, I.S. Biodegradation of pyrene by Pseudomonas sp. ISTPY2 isolated from landfill soil: Process optimisation using
Box-Behnken design model. Bioresour. Technol. Rep. 2019, 8, 100329. [CrossRef]

118. Silvani, L.; Cornelissen, G.; Smebye, A.B.; Zhang, Y.; Okkenhaug, G.; Zimmerman, A.R.; Thune, G.; Sævarsson, H.; Hale, S.E. Can
biochar and designer biochar be used to remediate per- and polyfluorinated alkyl substances (PFAS) and lead and antimony
contaminated soils? Sci. Total. Environ. 2019, 694, 133693. [CrossRef] [PubMed]

119. Oziegbe, O.; Aladesanmi, O.T.; Awotoye, O.O. Effect of biochar on the nutrient contents and metal recovery efficiency in sorghum
planted on landfill soils. Int. J. Environ. Sci. Technol. 2018, 16, 2259–2270. [CrossRef]

120. Hu, W.; Min, X.; Li, X.; Liu, J.; Yu, H.; Yang, Y.; Zhang, J.; Luo, L.; Chai, L.; Zhou, Y. Enhanced degradation of 1-naphthol in landfill
leachate using Arthrobacter sp. Environ. Technol. 2017, 40, 835–842. [CrossRef] [PubMed]

121. Herrera-Quiterio, A.; Toledo-Hernández, E.; Aguirre-Noyola, J.L.; Romero, Y.; Ramos, J.; Palemón-Alberto, F.; Toribio-Jiménez, J.
Antagonic and plant growth-promoting effects of bacteria isolated from mine tailings at El Fraile, Mexico. Rev. Argent. Microbiol.
2020, 52, 231–239. [CrossRef]

122. Elbehiry, F.; Elbasiouny, H.; Ali, R.; Brevik, E.C. Enhanced Immobilization and Phytoremediation of Heavy Metals in Landfill
Contaminated Soils. Water Air Soil. Pollut. 2020, 231, 204. [CrossRef]

123. Arab, B.; Hassanpour, F.; Arshadi, M.; Yaghmaei, S.; Hamedi, J. Optimized bioleaching of copper by indigenous cyanogenic
bacteria isolated from the landfill of e-waste. J. Environ. Manag. 2020, 261, 110124. [CrossRef]

124. Salehi, N.; Azhdarpoor, A.; Shirdarreh, M. The effect of different levels of leachate on phytoremediation of pyrene-contaminated
soil and simultaneous extraction of lead and cadmium. Chemosphere 2020, 246, 125845. [CrossRef]

125. Urionabarrenetxea, E.; Garcia-Velasco, N.; Anza, M.; Artetxe, U.; Lacalle, R.; Garbisu, C.; Becerril, T.; Soto, M. Application of in
situ bioremediation strategies in soils amended with sewage sludges. Sci. Total. Environ. 2020, 766, 144099. [CrossRef]

126. Oziegbe, O.; Oluduro, A.O.; Oziegbe, E.J.; Ahuekwe, E.F.; Olorunsola, S.J. Assessment of heavy metal bioremediation potential of
bacterial isolates from landfill soils. Saudi J. Biol. Sci. 2021, 28, 3948–3956. [CrossRef]

127. Imron, M.F.; Kurniawan, S.B.; Abdullah, S.R.S. Resistance of bacteria isolated from leachate to heavy metals and the removal of
Hg by Pseudomonas aeruginosa strain FZ-2 at different salinity levels in a batch biosorption system. Sustain. Environ. Res. 2021,
31, 14. [CrossRef]

128. Cimermanova, M.; Pristas, P.; Piknova, M. Biodiversity of actinomycetes from heavy metal contaminated technosols. Microorgan-
isms 2021, 9, 1635. [CrossRef] [PubMed]

129. Cabello-Torres, R.J.; Romero-Longwell, J.R.; Valdiviezo-Gonzales, L.; Munive-Cerrón, R.; Castañeda-Olivera, C.A. Biochar derived
from pig manure with ability to reduce the availability of Pb in contaminated agricultural soils. Sci. Agrop. 2021, 12, 461–470.
[CrossRef]

130. Huang, M.L.; Yen, P.L.; Liao, V.H.C. A combined approach to remediate cadmium contaminated sediment using the acidophilic
sulfur-oxidizing bacterial SV5 and untreated coffee ground. Chemosphere 2021, 273, 129662. [CrossRef] [PubMed]

131. Spina, F.; Tummino, M.L.; Poli, A.; Prigione, V.; Ilieva, V.; Cocconcelli, P.; Puglisi, E.; Bracco, P.; Zanetti, M.; Varese, G.C. Low
density polyethylene degradation by filamentous fungi. Environ. Pollut. 2021, 274, 116548. [CrossRef]

132. Tran, H.-T.; Lin, C.; Bui, X.-T.; Ngo, H.-H.; Cheruiyot, N.K.; Hoang, H.-G.; Vu, C.-T. Aerobic composting remediation of petroleum
hydrocarbon-contaminated soil. Current and future perspectives. Sci. Total. Environ. 2020, 753, 142250. [CrossRef]

133. Li, X.; Li, J.; Qu, C.; Yu, T.; Du, M. Bioremediation of clay with high oil content and biological response after restoration. Sci. Rep.
2021, 11, 1–14. [CrossRef]

134. Wang, P.; Gao, J.; Zhao, Y.; Zhang, M.; Zhou, S. Biodegradability of di-(2-ethylhexyl) phthalate by a newly isolated bacterium
Achromobacter sp. RX. Sci. Total. Environ. 2020, 755, 142476. [CrossRef]

135. Hassan, A.; Pariatamby, A.; Ossai, I.C.; Ahmed, A.; Muda, M.A.; Wen, T.Z.; Hamid, F.S. Bioaugmentation-assisted bioremediation
and kinetics modelling of heavy metal-polluted landfill soil. Int. J. Environ. Sci. Technol. 2021, 19, 6729–6754. [CrossRef]

136. Iqbal, J.; Javed, A.; Baig, M.A. Heavy metals removal from dumpsite leachate by algae and cyanobacteria. Bioremediation J. 2021,
26, 31–40. [CrossRef]

137. Khan, S.; Ali, S.A.; Ali, A.S. Biodegradation of low density polyethylene (LDPE) by mesophilic fungus ‘Penicillium citrinum’
isolated from soils of plastic waste dump yard, Bhopal, India. Environ. Technol. 2022, 1–15. [CrossRef]

138. Cabrales-González, A.M.; Martínez-Prado, M.A.; Nuñez-Ramírez, D.M.; Melendes-Sánchez, E.R.; Medina-Torres, L.; Parra-
Saldivar, R. Bioleaching of As from mine tailings using an autochthonous Bacillus cereus strain. Rev. Mex. Ing. Química 2022, 21,
Bio2723. [CrossRef]

139. Giangeri, G.; Morlino, M.S.; De Bernardini, N.; Ji, M.; Bosaro, M.; Pirillo, V.; Antoniali, P.; Molla, G.; Raga, R.; Treu, L.; et al.
Preliminary investigation of microorganisms potentially involved in microplastics degradation using an integrated metagenomic
and biochemical approach. Sci. Total. Environ. 2022, 843, 157017. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ecoenv.2018.09.123
http://doi.org/10.1007/s40999-019-00414-5
http://doi.org/10.1016/j.biteb.2019.100329
http://doi.org/10.1016/j.scitotenv.2019.133693
http://www.ncbi.nlm.nih.gov/pubmed/31756810
http://doi.org/10.1007/s13762-018-1843-3
http://doi.org/10.1080/09593330.2017.1408695
http://www.ncbi.nlm.nih.gov/pubmed/29168925
http://doi.org/10.1016/j.ram.2019.08.003
http://doi.org/10.1007/s11270-020-04493-2
http://doi.org/10.1016/j.jenvman.2020.110124
http://doi.org/10.1016/j.chemosphere.2020.125845
http://doi.org/10.1016/j.scitotenv.2020.144099
http://doi.org/10.1016/j.sjbs.2021.03.072
http://doi.org/10.1186/s42834-021-00088-6
http://doi.org/10.3390/microorganisms9081635
http://www.ncbi.nlm.nih.gov/pubmed/34442714
http://doi.org/10.17268/sci.agropecu.2021.050
http://doi.org/10.1016/j.chemosphere.2021.129662
http://www.ncbi.nlm.nih.gov/pubmed/33497987
http://doi.org/10.1016/j.envpol.2021.116548
http://doi.org/10.1016/j.scitotenv.2020.142250
http://doi.org/10.1038/s41598-021-88033-w
http://doi.org/10.1016/j.scitotenv.2020.142476
http://doi.org/10.1007/s13762-021-03626-2
http://doi.org/10.1080/10889868.2021.1884530
http://doi.org/10.1080/09593330.2022.2027025
http://doi.org/10.24275/rmiq/Bio2723
http://doi.org/10.1016/j.scitotenv.2022.157017
http://www.ncbi.nlm.nih.gov/pubmed/35777567


Microorganisms 2023, 11, 857 25 of 25

140. Barasarathi, J.; Auwal, H.; Pariatamby, A.; Hamid, F.S.; Uche, E.C. Phytoremediation of leachate contaminated soil: A biotechnical
option for the bioreduction of heavy metals induced pollution in tropical landfill. Environ. Sci. Pollut. Res. 2021, 29, 22069–22081.
[CrossRef] [PubMed]

141. Gou, Y.; Ma, J.; Yang, S.; Song, Y. Insights into the effects of Fenton oxidation on PAH removal and indigenous bacteria in aged
subsurface soil. Environ. Pollut. 2022, 298, 118872. [CrossRef]

142. Bhagwat, A.; Ojha, C.S.P.; Pant, A.; Kumar, R. Interaction among Heavy Metals in Landfill Leachate and Their Effect on the
Phytoremediation Process of Indian Marigold. J. Hazard. Toxic. Radioact. Waste 2023, 27, 04022039. [CrossRef]

143. Padhan, D.; Rout, P.P.; Kundu, R.; Adhikary, S.; Padhi, P.P. Bioremediation of Heavy Metals and Other Toxic Substances by
Microorganisms. In Soil Bioremediation; Wiley: Hoboken, NJ, USA, 2021; pp. 285–329. [CrossRef]

144. Law, K.L. Plastics in the Marine Environment. Ann. Rev. Mar. Sci. 2017, 9, 205–229. [CrossRef]
145. Rafey, A.; Siddiqui, F.Z. A review of plastic waste management in India—Challenges and opportunities. Int. J. Environ. Anal.

Chem. 2021, 1–17. [CrossRef]
146. Brahney, J.; Hallerud, M.; Heim, E.; Hahnenberger, M.; Sukumaran, S. Plastic rain in protected areas of the United States. Science

2020, 368, 1257–1260. [CrossRef]
147. Flandroy, L.; Poutahidis, T.; Berg, G.; Clarke, G.; Dao, M.-C.; Decaestecker, E.; Furman, E.; Haahtela, T.; Massart, S.; Plovier, H.;

et al. The impact of human activities and lifestyles on the interlinked microbiota and health of humans and of ecosystems. Sci.
Total. Environ. 2018, 627, 1018–1038. [CrossRef]

148. Brevik, E.C.; Slaughter, L.; Singh, B.R.; Steffan, J.J.; Collier, D.; Barnhart, P.; Pereira, P. Soil and human health: Current status and
future needs. Soil. Water Res. 2020, 13, 1178622120934441. [CrossRef]

149. Shrestha, P.; Bellitürk, K.; Görres, J. Phytoremediation of Heavy Metal-Contaminated Soil by Switchgrass: A Comparative Study
Utilizing Different Composts and Coir Fiber on Pollution Remediation, Plant Productivity, and Nutrient Leaching. Int. J. Environ.
Res. Public. Health. 2019, 16, 1261. [CrossRef] [PubMed]

150. Basak, N.; Meena, S.S. Exploring the plastic degrading ability of microbial communities through metagenomic approach. Mater.
Today Proc. 2022, 57, 1924–1932. [CrossRef]

151. Zhang, E.; Yan, H.; Li, C.; Tan, S.; Chen, S.; Gao, H. Tea saponin enhanced bioleaching of Fusarium solani to remove hexavalent
chromium from soil. Environ. Sci. Pollut. Res. 2022, 30, 13508–13520. [CrossRef] [PubMed]

152. Chander, K.; Brookes, P.C.; Harding, S.A. Microbial biomass dynamics following addition of metal-enriched sewage sludges to a
sandy loam. Soil. Biol. Biochem. 1995, 27, 1409–1421. [CrossRef]

153. Li, C.; Zhou, K.; Qin, W.; Tian, C.; Qi, M.; Yan, X.; Han, W. A Review on Heavy Metals Contamination in Soil: Effects, Sources,
and Remediation Techniques. Soil Sediment Contam. 2019, 28, 380–394. [CrossRef]

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

http://doi.org/10.1007/s11356-021-17389-3
http://www.ncbi.nlm.nih.gov/pubmed/34773586
http://doi.org/10.1016/j.envpol.2022.118872
http://doi.org/10.1061/(ASCE)HZ.2153-5515.0000731
http://doi.org/10.1002/9781119547976.ch12
http://doi.org/10.1146/annurev-marine-010816-060409
http://doi.org/10.1080/03067319.2021.1917560
http://doi.org/10.1126/science.aaz5819
http://doi.org/10.1016/j.scitotenv.2018.01.288
http://doi.org/10.1177/1178622120934441
http://doi.org/10.3390/ijerph16071261
http://www.ncbi.nlm.nih.gov/pubmed/30970575
http://doi.org/10.1016/j.matpr.2022.02.308
http://doi.org/10.1007/s11356-022-23133-2
http://www.ncbi.nlm.nih.gov/pubmed/36136193
http://doi.org/10.1016/0038-0717(95)00074-O
http://doi.org/10.1080/15320383.2019.1592108

	Introduction 
	Definition of Bioremediation 
	Bioremediation Techniques 
	Bioventing technique 
	Biosparging Technique 
	Bioaugmentation Technique 
	Microbial Bioremediation 

	Phytoremediation Technology 
	Theoretical Basis 

	Materials and Methods 
	Initial Search 
	Selection of Articles 
	Inclusion Criteria of the Search 
	Exclusion Criteria 

	Systematical Search 
	Data Classification 

	Results and Discussion 
	Contamination of Leachate-Contaminated Soils Worldwide 
	Heavy Metals 
	Polymers and Their Derivatives 
	Hydrocarbons 
	Organic Matter 

	Bioremediation in Different Countries around the World 
	Impact of Heavy Metals 

	Conclusions 
	References

