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Abstract

Accelerated urbanization has induced the accumulation of toxic substances in urban soils, calling for sustainable remedia-
tion methods such as phytoremediation. Here, we review the phytoremediation of contaminants in urban soils with focus on
species selection for remediation, mechanisms of remediation, and strategies for enhancing remediation. Plants can remove
up to more than 95% of contaminants in soils. The choice of plants varies depends on the specific pollutants present in the
soil. For instance, Bidens pilosa L. can be utilized to remove cadmium, while Pelargonium roseum is effective in removing
nickel and lead. The mechanisms of phytoremediation involve absorption, translocation, stabilization, and volatilization
of contaminants by plants. The phytoremediation efficiency can be enhanced by the addition of microorganisms, chelating

agents, and biochar in soils, and by genetic engineering and nanotechnology.

Keywords Phytoremediation - Remediation efficiency - Microbiological - Green chelate - Foliar spray - Multi-process
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Introduction

Social development has unfortunately been accompanied
by irreversible natural resource destruction. The pursuit of
a higher standard of living leads to the generation of con-
siderable amounts of waste, which has detrimental conse-
quences for the soil environment. The expansion of urban
areas encroaches upon previously forested and agricultural
lands, thereby exacerbating the problem (Qin et al. 2019;
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Shabbir et al. 2020). Given the contamination of urban
soil and its potential to cause illness, particularly in those
with weakened immune systems such as children (Shifaw
2018; Wu et al. 2018), it is paramount to investigate viable
solutions to address this issue. Table 1 shows the impact of
soil contaminants on human health. Phytoremediation has
emerged as a promising approach to address complex and
diverse pollutants in urban soil. This technique can play an
instrumental role in restoring ecological equilibrium and
mitigating the negative effects of urbanization.
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Table 1 Impact of soil contaminants on human health

Pollutants Sources of exposure Symptoms Mechanism(s) References

Cadmium (Cd) Cigarettes, food, factories ~ Emphysema The increase in cad- Zhao et al. (2010), Ganguly
mium (Cd) caused the et al. (2018)
downregulation of lysyl
oxidase

Lead (Pb) Mining, paint Nervous system injury The activity of pyruvate Lepper et al. (2010), Murg-
kinase and creatine ueytio et al. (1998)
kinase was decreased

Chromium (Cr) Electroplating, painting Respiratory system injury By activating Gli transcrip- Huang et al. (2017a, b),

Arsenic (As)

Potable water, food

Skin disease

tion factors and inhibit-
ing autophagy

Change the level of person
thioredoxinl

Overall deoxyribonucleic

Scarselli et al. (2012)

Oberoi et al. (2014), Li et al.
(2012)

Jietal. (2010)

Benzene (C4Hg) Car exhaust, industrial Leukaemia
exhaust
Bisphenol A Plastic product Reproductive system

problems

Polyaromatic hydrocar- Automobile exhaust
bons Gli transcription

factors

Cutaneous inflammation

acid (DNA) hypometh-
ylation

Decrease serum testoster-
one concentration

Zhang et al. (2023)

Aryl-hydrocarbon receptor  Tauchi et al. (2005)
mediated transcription is

activated

Certain heavy metals can potentially harm soil environ-
ments and negatively impact metabolic functions even in
small quantities (Antoniadis et al. 2021; Kumar et al. 2022;
Qin et al. 2021). Urban soil pollution is primarily caused by
organic pollutants such as pesticides that are mainly derived
from agricultural land. Soil ecosystems can be disrupted by
pesticides, resulting in potentially harmful consequences
(Table 1). As these pollutants travel through the food chain,
they can be transferred directly or indirectly to humans (Raj-
mohan et al. 2020).

Understanding the sources of contaminants in urban
soil is crucial for remediating soil pollution and ensuring a
healthy environment for citizens. These contaminants can
either be human-made or caused by natural disasters. How-
ever, urban soil pollution is mainly anthropogenic (Shifaw
2018), resulting from a combination of “three wastes” gener-
ated by factories, direct discharge of sewage, pesticide use,
smelting operations of high metal ores, burning fossil fuels,
and leaching from municipal waste landfills (Sharma 2021).
Certain contaminants such as pesticides, heavy metals, and
emissions from manufacturing plants (Fig. 1) pose a signifi-
cant threat to urban soil health. It has been observed that the
soil in urban areas still contains traces of pollutants, specifi-
cally heavy metals and non-biodegradable pesticides. How-
ever, stringent government regulations have been enacted to
address this issue and efforts have been made to effectively
control anthropogenic emissions to mitigate the impact of
these harmful substances.

Numerous elements present in soil can be toxic to living
organisms with heavy metals being the most prevalent and
harmful (Antoniadis et al. 2021; Wieczorek et al. 2020).

@ Springer

Inorganic pollutants are particularly challenging to degrade
using chemical induction methods due to their unique
properties (Khalid et al. 2017). Quasi and trace metals can
accumulate to dangerous concentrations in soil due to vari-
ous factors, including the rapid expansion of the industrial
sector, municipal waste, disposal of high metal wastes,
pesticides, coal combustion residues, tailings, lead-free
gasoline, paint, synthetic fertilizers, wastewater and manure
discharges, irrigation, petrochemical spills, atmospheric
deposition, and sewage sludge (Haider et al. 2021). Heavy
metal pollutants in soil have been identified as significant
contributor to soil pollution (Qin et al. 2021). Additionally,
biological solids represent another source of soil pollution
that may contain various forms of toxic elements (Antoni-
adis et al. 2021; Ashraf et al. 2019; Rinklebe et al. 2020;
Shaheen et al. 2020; Tayang and Songachan 2021; Wang
et al. 2020a, b). Heavy metal pollution typically stems from
urban soil mining and oil processing activities. As cities
continue to expand, urban soils often contain a combina-
tion of contaminated materials with varying characteristics,
including fertilizers and pesticides, resulting from a combi-
nation of natural and man-made substances. It was revealed
that anthropogenic sources often surpass geological and
soil sources in terms of metal loads, with soil abundances
and contamination levels exhibiting significant differences
(Sodango et al. 2018; Wieczorek et al. 2020). Other factors
such as urban transportation emissions and different land
uses may also contribute to soil pollution (Liu et al. 2016).

The issue of heavy metal pollution is a serious concern
for environmental health especially toxic elements such as
lead (Pb) and arsenic (As). Arsenic and its derivatives are
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Fig. 1 Urban soil pollution is caused by various sources, with persistent organic pollutants and toxic elements being the most prominent. The
sources of these pollutants are represented by symbols a-h in the accompanying figure

listed as the primary human carcinogens that capable of dis-
rupting the human genetic structure and leading to severe
physical ailments (Abbas et al. 2018). Inorganic arsenic
poisoning has significant health impacts including cancer
and other diseases affecting multiple body organs (Alka
et al. 2021; Souri et al. 2020). Lead (Pb) is recognized as
a hazardous element present in urban soil that poses a risk
to human health (Zajecka and Swiercz 2021). Exposure to
lead (Pb) can result in a range of adverse effects including
reduced mobility and memory loss, impaired learning and
work performance, and hearing impairment due to neurotox-
icity. International attention was given to the Hunan blood
lead (Pb) incident in China, which affected more than 300
children with elevated blood lead (Pb) levels (Sharma et al.
2018). Moreover, the issue of soil contamination with lead
(Pb) has been a longstanding concern for many stakeholders
(Li et al. 2016). In addition to lead (Pb), other heavy metals
like copper (Cu), cadmium (Cd), chromium (Cr), mercury
(Hg), and nickel (Ni) are also commonly found in urban soil,
leading to soil degradation and posing a serious health risk
to humans (Usman et al. 2020).

Various organic pollutants can be found in urban soil
including pesticides, fertilizers, herbicides, fungicides, and
flame retardants (Chang et al. 2022; Lucas et al. 2021). It is
worth noting that residues of organochlorine pesticides remain
prevalent in the environment (Song et al. 2020). The urban soil
may also contain pollutants such as petroleum, polychlorinated
biphenyls, phenols, and industrial waste. These organic pol-
lutants can be found in various sources including wastewater
treatment plants, biosolids, and firefighting foam (Bolan et al.
2021). Specifically, removing fluorinated organic chemicals
from soils contaminated with polyfluoroalkyl substances can

be a very challenging task (Kumar et al. 2022). The deter-
mination of total petroleum hydrocarbons in a mixed state
involves the analysis of various hydrocarbons that are highly
refractory and widely spread globally (Patowary et al. 2017).
The presence of benzene, phenols, long-chain hydrocarbons
(C10-C40), and polycyclic aromatic hydrocarbons makes the
pollutant complex and challenging to manage. Additionally,
the composition of alkane, olefin, alkyne, aromatic hydro-
carbons, and other substances that are difficult to decompose
influences the persistence of total petroleum hydrocarbons
(Hoang et al. 2021; Truskewycz et al. 2019). Polycyclic aro-
matic hydrocarbons are characterized by their multiple dense
aromatic rings, which are commonly found in sediments, the
atmosphere, water, and soil. These hydrocarbons have gar-
nered significant attention from the scientific community
in recent decades due to their prevalence as soil pollutants
(Zhang and Chen 2017). As urban development continues,
plastic waste has also become a significant source of soil pollu-
tion. Microplastics are particularly problematic as they pose a
more serious threat to the environment and human health than
conventional plastics. These microplastics have been detected
in the atmosphere, ocean, and soil and have the potential to
cause tumors, chronic diseases, and other harmful symptoms
if ingested by humans (Birch et al. 2020; Chia et al. 2021).

Urban soil remediation techniques
Various soil remediation techniques are currently available
including physical, chemical, chemical bioremediation,

and biological techniques (Al Chami et al. 2015). Physi-
cal remediation techniques include thermal treatment, soil
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replacement methods, electrical remediation, vitrification
techniques, and soil washing. The thermal treatment elimi-
nates soil contaminants by subjecting them to high tempera-
tures, which causes them to vaporize. The resulting vapors
are then slowly condensed and solidified through a recovery
process. This method effectively decomposes soil pollutants
by exposing them to elevated temperatures. Additionally,
thermal desorption can also be achieved at lower tem-
peratures (Ashraf et al. 2019; Zhang et al. 2017). Thermal
remediation allows greater control of operating parameters
such as heating time and temperature. This provides rapid
removal of contaminants, enhanced mobility, and minimiza-
tion of contaminant toxicity. However, this method requires
more infrastructure and machinery, resulting in increased
costs and changes in soil properties (O'Brien et al. 2018).
Additionally, excessively high or low temperatures can
destroy humus in the soil and reduce its ability to retain
fertilizers (Sharma et al. 2018).

Soil replacement involves replacing contaminated soil
with healthy soil or diluting pollutant concentrations. A
key principle underlying this method is to minimize the
impact of pollutants on the surrounding environment by
isolating contaminated soil. While soil replacement meth-
ods are effective, they are often costly and typically applied
to smaller areas of highly contaminated soil (Sharma et al.
2018). Electrical repair is a remediation technique that fol-
lows electrodynamic principles, whereby an electric current
is introduced to the contaminated area to confine the pollut-
ants near the electrodes for recovery. Electroremediation is a
viable option for removing pollutants from low-permeability
clays or sediments. This process involves breaking down,
mineralizing and moving contaminants as well as boasting
shorter intervals. Electroremediation techniques are particu-
larly suitable for clay and chalky soils, complexes, and the
simultaneous removal of other soil pollutants. However, it
is important to note that waste disposal and the movement
of insoluble and chelated compounds remain significant dis-
advantages of this technique (He et al. 2015; Wang et al.
2020a, b). Furthermore, in situ electrokinetic techniques
have improved efficiency in removing contaminants from
field soils with surfactants, co-solvents, and solubilizers like
cyclodextrins (Kuppusamy et al. 2017).

Vitrification is a thermal treatment process that involves
the liquefaction of soil contaminants followed by rapid
solidification. The resulting glassy solid vitrification
product can effectively trap and immobilize contami-
nants, thereby isolating them from the surrounding envi-
ronment (Sharma et al. 2018). Vitrification is well-suited
for treating soils with low metal concentrations (He et al.
2015). Soil washing has emerged as a promising remedia-
tion technique for soils contaminated with high molecular
weight polycyclic aromatic hydrocarbons (Kuppusamy
et al. 2017). The development of alternative detergents that
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are more environmentally and economically friendly for
soil rinsing has garnered significant interest. The objective
is to enhance soil contaminant removal efficiency while
also considering specific characteristics of the treated soil.
Despite its proven efficacy, soil washing has the potential
to generate secondary liquid waste and potentially lead to
recontamination (Gusiatin et al. 2020).

Soil amendments utilizing chemical methods involve
the application of cement, silica, and lime to decrease the
solubility of pollutants in the soil. As a result, pollutants
are effectively sealed within the soil, stabilizing it and
making it easier for heavy metals to be restored, particu-
larly chromium (Cr). Research findings indicate that cal-
cined bird clam shells combined with lime can effectively
fix heavy metals in soil. Additionally, studies have shown
that calcined cockle shells could serve as a low-cost soil
amendment (Islam et al. 2017). The chemical immobili-
zation of a contaminant involves precipitating or adsorb-
ing the mobile portion of the contaminant using chemical
reagents. This process, also known as “in situ” stabiliza-
tion, is designed to immobilize or capture the contaminant.
Alternatively, chemical fixation involves integrating the
contaminant into the underlying structure rather than uti-
lizing the soil to repair it. This can be achieved by adding a
binder to the contaminated soil, which renders it into solid
chunks (Rajendran et al. 2022). For instance, straw and
fly ash mixtures have proven effective in stabilizing met-
als (Hu et al. 2014). Pollutants can be limited by chemi-
cal fixation, but they cannot be eliminated. Moreover, the
possibility of removing captured contaminants becomes
less viable once external factors damage the solid block
(El-Naggar et al. 2018; Khan et al. 2021).

There is extensive research on using physicochemical
methods for treating soil and wastewater contaminated by
various pollutants. Among these methods, ion exchange has
been identified as a therapeutic approach to physical-chemi-
cal processes (Alka et al. 2021). This process involves the
exchange of pollutant cations and anion ions in the soil,
which has proven to be an effective means of treating waste-
water pollutants. However, it should be noted that not all
pollutants require ion exchange treatment, particularly heavy
metals that do not pollute the soil. In such instances, remedi-
ation of co-contaminated soils can be achieved by exchang-
ing cations with other matching matrix solutions, thereby
maintaining the charge transfer balance. Studies have shown
that natural zeolites are highly effective at facilitating the
exchange of various contaminants, including copper (Cu),
cobalt (Co), zinc (Zn), and manganese (Mn), across two or
more contaminated environments. While synthetic resin is
often utilized as a substrate in this process through organic
ion exchange, there are certain drawbacks associated with
this method, such as pH sensitivity and membrane contami-
nation (Rajendran et al. 2022). Therefore, natural zeolites
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have been favored in various studies due to their superior
ion exchange capacity and stability.

The ultrasonic treatment process in acidic solvents to
remove pollutants from the soil is commonly referred to as
leaching. This technique involves using ultrasonic waves to
break apart soil particles, which results in the dispersion
of pollutants from the soil into the acidic solution. While
these methods may effectively solve the problem quickly
and temporarily, they are often accompanied by high costs,
damage to soil properties, and the potential for secondary
pollution (Ali et al. 2013; Ullah et al. 2015). Remedia-
tion of contaminated soils has been made possible through
physical-biological approaches, which integrate both physi-
cal and biological methods. Various techniques have been
developed to effectively eliminate heavy metal pollutants
from soil, including bioelectrical and bioleaching methods.
Recent studies demonstrate that the long-term application
of bioelectrical and bioleaching techniques can efficiently
detoxify soil contaminants (Huang et al. 2017a, b). Biologi-
cal adsorption is a passive technique that utilizes organisms
to remove pollutants from the environment efficiently. This
method offers several advantages over other approaches,
including stabilizing and enhancing biomass performance
when encapsulated, as well as its reusability and potential
for large-scale applications. The immobilization of micro-
bial biomass in a polymer matrix also provides added ben-
efits such as increased rigidity, heat resistance, and optimal
porosity for practical use. As a result, immobilization tech-
niques that effectively eliminate residual pollutants from soil
and improve industrial wastewater treatment efficiency are
gaining popularity (Sharma et al. 2018).

Bioremediation methods utilizing solar energy and pre-
serving natural soil characteristics (Ullah et al. 2015) are
increasingly recognized as a more promising approach
to pollution control than other methods due to their cost-
effectiveness, efficiency, and safety (Kuppusamy et al. 2017,
Sodango et al. 2018). This technique involves microbial and
phytoremediation, with microbial remediation being a par-
ticularly significant environmentally friendly method for
managing soil pollution and fostering a sustainable environ-
ment. As microorganisms degrade pollutants, they acquire
energy for metabolism and carbon, which are essential com-
ponents of all cell structures (Varjani 2017). Microbial reme-
diation operates on the principle of absorbing, oxidizing,
and recovering pollutants in the soil through life structures,
inhalation, biological conversion, metabolism, and ulti-
mately eliminating or diluting pollutants. Microorganisms
possess a robust metabolic function, enabling them to func-
tion as catalysts for transforming soil pollutants. Extensive
research has demonstrated that these microorganisms can
endure extremely harsh environmental conditions, such as
contaminated soil, and convert soil contaminants into non-
toxic forms. As a result, microorganisms play a vital role in

controlling soil pollutants and recovering biological adsor-
bents from the soil. Various biosorbents, including algal,
bacterial, and fungal, have been demonstrated to eliminate
heavy metal contaminants from soil, with algae display-
ing superior adsorption capabilities (Ubando et al. 2021).
Microbial adsorption of pollutants is considered a promising
approach for treating contaminated soil without secondary
pollution (Sodango et al. 2018). Specifically, Micrococcus
luteus and Chromolaena odorata have proven to be effective
in bacteria-assisted phytoremediation of mixed polluted soil
under saline-alkali soil conditions, as they tolerate heavy
metals, petroleum, and saline-alkali soil (Jampasri et al.
2020).

Phytoremediation has emerged as a promising eco-
friendly approach that offers numerous benefits in the
remediation of extensive areas of soil contaminated with
harmful substances, particularly heavy metals. This method
entails utilizing plants that absorb contaminants from the
soil and neutralize their toxic effects by converting them
into non-toxic compounds (Khan et al. 2022). Consequently,
accumulated pollutants can be removed through various
physicochemical or biological techniques. The growth of
plants has a significant impact on the physical and chemical
characteristics of the soil. Plant roots create channels facili-
tating water and air penetration, enhancing soil fertility and
alleviating soil stress (Gerhardt et al. 2017). This process is
crucial in restoring microbial communities with minimal
nutrient inputs, thus conserving valuable resources (Alka
et al. 2021). Phytoremediation employs specific plant spe-
cies to accumulate or degrade pollutants in the soil, which
can effectively purify soil pollutants (Gavrilescu 2022). The
biomass generated during this process has numerous ben-
efits, including fertilizer and biofuel cogeneration, which
positively impact health, the environment, and cost manage-
ment (Cristaldi et al. 2017). It was found that plants remove
up to 97% of the atrazine and organic hydrocarbons from the
soil, thus providing a sustainable and effective approach to
soil remediation (Wei et al. 2021).

The metabolic processes of plants enable them to remove,
purify, and decompose organic pollutants continuously from
the soil. The rhizosphere microorganisms are thus pro-
vided with energy and their activities are stimulated by this
approach. Phytoremediation effectively removes soil organic
pollutants, but its efficiency varies depending on the loca-
tion of contamination, which necessitates a variety of plant
options. The phytoremediation process involves converting
organic pollutants into a non-hazardous form that is safe
for the environment and human health, thereby avoiding
secondary pollution (Wei et al. 2021). Furthermore, plant
roots can take up ionic compounds, creating an inter-root
ecosystem that contributes to biological efficacy and soil fer-
tility (Yan et al. 2020). In contrast to traditional remediation
techniques, phytoremediation facilitates the conservation of
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soil biospheres and quality changes while adhering to envi-
ronmental laws and regulations. Moreover, phytoremediation
costs significantly less than other technologies (Liu et al.
2018).

Selection of phytoremediation species

Phytoremediation is an effective soil conservation technique
that protects structural integrity and properties from poten-
tial harm (He et al. 2015). The success of phytoremediation
depends on selecting appropriate plant species with the nec-
essary traits, such as pollution tolerance, rapid growth, and
significant biomass (Gerhardt et al. 2017). The suitability
of a plant for phytoremediation is determined by its abil-
ity to thrive in contaminated soil, as outlined in Table 2.
However, not all plant species can serve this purpose, and
only highly enriched and tolerant plants are suitable for this
process (Gavrilescu 2022). The vesicle plays a critical role
in storing contaminant ions within the hyper-enrichment
apparatus. The compartmentalization of the vesicular zone
is a crucial criterion for screening super-enriched plants
and is considered an essential mechanism for plant enrich-
ment (Guan et al. 2018). Additionally, microorganisms or
plant metabolites can enhance phytoremediation by directly
degrading certain volatile polycyclic aromatic hydrocarbons,
phenols, and other pesticide components (Gerhardt et al.
2017; Henner et al. 1999). Table 2 presents a list of plants
with potential urban soil remediation.

Table 2 Plants with potential for urban soil remediation

Mechanisms of soil remediation by plants

Chelating compounds have gained widespread usage due
to their efficacy in improving various processes (Yan
et al. 2020). Specifically, chelating compounds have been
employed as enhancers to expedite certain processes
(Angulo-Bejarano et al. 2021). Organic amendments can
mobilize contaminants in soil. The addition of these amend-
ments leads to the transfer of contaminants to the solution,
thereby increasing their mobility (Kumar et al. 2022). Plant
hormones are vital as endogenous molecules that modify
physiological and molecular responses and are essential
for plant survival under pollutant stress. Plant hormones
can stimulate enzyme activity, alter plant characteristics,
and regulate reproductive capacity even at low concentra-
tions (Fig. 2). For instance, abscisic acid can function under
unfavorable conditions, thus supporting plant survival (Sytar
etal. 2019).

Uptake of pollutants by plants

The process of pollutant absorption by plants is reliant on
the bioavailability of pollutants in the root zone. The root
system is the primary entry point for pollutants to infiltrate
plants. Plant root metabolites provide nutrients to soil micro-
organisms and other beneficial substances (Li et al. 2020).
When contaminants infiltrate the root cell, they may bind
with various chelating agents to form complexes. These
complexes including precipitated carbonates, sulfates, and
phosphates, become immobilized in specific regions with
the vesicle being one such storage location (Ali et al. 2013;
Sharma 2021). Pollutant uptake occurs through root cells
(Angulo-Bejarano et al. 2021), while root hairs provide ade-
quate space for contaminants to accumulate. Additionally,

Pollutants Plant species Soil/water Accumulation (dry weight)/removal References

rate (%)
Cadmium (Cd) Bidens pilosa L Soil 405.91 mg g’l Dai et al. (2017)
Cadmium (Cd) Bidens pilosa L Water 1651.68 mg g’l Dai et al. (2017)
Cadmium (Cd) Miscanthus sinensis Water 10.796 mg g’1 Guo et al. (2016)
Cadmium (Cd) Chamaecrista fasciculata Soil 2.3156 mg g’1 Henson et al. (2013)
Mercury (Hg) Lupinus albus L Soil 4550 pg g7t Quinones et al. (2021)
Mercury (Hg) Cyrtomium macrophyllum Soil 36.44 mg kg™ Xun et al. (2017)
Nickel (Ni) Pelargonium roseum Soil 30,994 mg kg’1 Mahdieh et al. (2013)
Lead (Pb) Pelargonium roseum Soil 90,982 mg kg’1 Mahdieh et al. (2013)
Cadmium (Cd) Crassocephalum crepidioides Soil 291.2 mg kg’l Zhu et al. (2022)
Chromium (Cr) Nopalea cochenillifera Soil 25,263.396 +1722.672 mg kg’l Adki et al. (2013)
Benzene, toluene, ethylben- Canna X generalis Soil 21% BTEX in 80 days Boonsaner et al. (2011)

zene and xylenes (BTEX)
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Fig.2 Soil contamination
caused by human activities

in urban areas is a significant
environmental concern. Fortu-
nately, an eco-friendly solution
called phytoremediation utilizes
plants to remove pollutants from
the soil. This process involves
plants taking up contaminants
through their roots, then stor-
ing and converting them into
non-toxic substances. The red
dots in the illustration represent
pollutants, while the yellow dots
indicate contaminants converted
into non-toxic forms. This
method is effective and sustain-
able, making it an ideal solution
for soil remediation

Earthworm assistance

AN

contaminants can combine with root metabolites to form
ligands that facilitate their entry into the root epidermis. This
is critical for pollutant translocation across the root plasma
membrane (Bartoli et al. 2018). It has been observed that
plants can adsorb pollutants to the root skin and cross the
cell membrane into the root cell. Furthermore, root secre-
tions bind to or precipitate soil pollutants, enabling them
to adsorb on the soil surface (Yan et al. 2020). These com-
plexes comprise various chemical forms such as carbon-
ates, sulfates, and phosphate precipitates, with different root
secretions exhibiting distinct adsorption patterns for pollut-
ants (Yang et al. 2021). Metal ions can become anchored in
the extraplasmic cell wall or the coplasmic compartment,
where they are subsequently isolated within a vesicle. From
there, they can be translocated into the stela and ultimately
transferred to the branch via the xylem vessels, following
their passage through the root coplasm and the xylem stream
(Yan et al. 2020).

When plants receive signals indicating the presence of
heavy metal, they activate defense mechanisms by releasing
organic acids derived from mitochondria. These acids then
form complexes with metal ions outside the root cell. Addi-
tionally, transporter proteins within the roots facilitate heavy
metal absorption. An example is the arsenate absorption by
Arabidopsis roots through a phosphate transporter (Castrillo
et al. 2013; Kamiya et al. 2013; Zhao et al. 2022). Contami-
nant ions bind to protein chelators within the cytoplasmic

Contaminant uptake by plants

Plant transformation

'4"" V /

N \
J/)« a\

Microbial assistance

aﬁ‘&\“‘

environment, forming complexes that are transported to vesi-
cles and other apparatus by transporters. Transport proteins
enable contaminants in the soil to be carried to the xylem,
eventually reaching the branches. They may also be intro-
duced into the cytosol, golgi, and chloroplasts via transport
proteins (Fig. 3) (Angulo-Bejarano et al. 2021; Kikkert and
Berkelaar 2013).

Selenium absorption by plants varies across different
soil types. The two primary bioavailable forms of selenium
(Se) in soil are SeO42_ and SeO32_. In environments where
oxygen is abundant, SeO,>" is the predominant form of sele-
nium, whereas SeO;>” is more commonly found in areas
with limited oxygen. Furthermore, certain soils may contain
organic compounds, such as selenium and amino acids (El
Mehdawi et al. 2015), which can be readily absorbed by
plant root systems (Kikkert and Berkelaar 2013). Plant roots
can uptake both selenite and selenate ions. The absorption
of selenate occurs via sulfate transporter proteins, while sel-
enite is absorbed through phosphate transporter proteins and
water channel proteins (Schiavon and Pilon-Smits 2017).
Despite rapid metabolism after ingestion, selenite remains
throughout the plant (Trippe and Pilon-Smits 2021). Plants
with a low bioaccumulation capacity tend to retain these ions
predominantly in root vesicles while highly accumulating
plants rely on vacuum transport proteins to transfer heavy
metals and immobilize them in leaf vesicles (Gavrilescu
2022; Kosakivska et al. 2021; Sharma et al. 2016). During
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Fig.3 The process of uptake
and transportation in plants is a
crucial mechanism that enables
them to absorb and retain
nutrients and other substances,
including pollutants in the soil.
The red dots in the figures rep-
resent pollutants in the soil, and
the blue dots represent organic
acids. The numbers 1-3 denote
the key structures involved in
the process, namely vacuoles,
golgi apparatus, and chloro-
phyll. These structures play a
pivotal role in storing pollutants
by transporting chelators and
other substances, thereby con-
tributing to the overall health
and well-being of the plant

this process, metal ions are temporarily stored in the cyto-
plasm before being transferred upwards through effective
xylem mechanisms to disperse throughout stems, leaves, and
other organs, and ultimately separated into ions (Gavrilescu
2022). The amino acids present in cytosine contribute to the
detoxification of soil contaminants via phytochelin (Sharma
et al. 2021).

Transport and transfer by plants

Plant contamination is usually mediated by molecular
transduction and the transport of proteins and coordination
compounds. Root membrane transporters in plants play
a crucial role in absorbing pollutants from the soil. For
instance, heavy metals are absorbed by the roots of plants
and subsequently distributed to various organs via carrier
proliferation, symbiotic relationships, or transmembrane
carriers (Gerhardt et al. 2017). Compounds are also trans-
ported between cells via plasma processing in the sym-
biotic pathway. Moreover, the vascular system of plants
is essential in pollutant transportation and can work in
conjunction with transporters (Manoj et al. 2020). In the
transcellular transport process, pollutants are transmit-
ted through neighboring cell membranes, and some plant
species can facilitate this process with transport proteins
(Alka et al. 2021; Banda et al. 2019; Fujita and Inui 2021),
enabling pollutants to be transported to other locations
(DalCorso et al. 2019). Effective transport of pollutants
from roots to buds is essential to transfer contaminants
from underground to above ground (Zhao et al. 2022).
Transport enzymes play a crucial role in transporting
heavy metals, including maintaining metal state stabil-
ity. Overexpression of the HMA4 gene has been shown
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to increase cadmium (Cd) and zinc (Zn) efflux from root
coplasm to xylem vessels, thereby promoting metal tol-
erance. The addition of another set of transport proteins
significantly enhances the stability of cadmium (Cd) and
zinc (Zn) states, further promoting their tolerance. Vesi-
cles located in cysts and plasmates are also related to plant
tolerance for pollutants and accumulation extent. Further-
more, natural resistance-related macrophages and other
transport mechanisms are involved in the transportation
of pollutants (Angulo-Bejarano et al. 2021; Girdhar et al.
2014; Yan et al. 2020).

Plants can transfer organic pollutants to their aerial
parts through the cohesive forces of water within their
xylem vessels. In addition, the phloem produces wood
pieces, phlotin acids, and alkalinity. The xylem vessels
are particularly significant due to their ability to combine
with organic pollutants under acidic conditions (Fujita and
Inui 2021). Upon entering the plant root system, pollutants
form compounds with organic acids and other chelating
agents to be fixed in the extracellular cell wall or intracel-
lular space. These pollutant ions isolated within the vesi-
cles will translocate through the root of the xylem stream
and are subsequently transferred to the branch in the xylem
stream, where they are transported and distributed in the
leaf through the extraplastid or coplasmic body. Finally,
they are separated by the extracellular or cooriginal body
in the plant vacuole to prevent accumulation in the solu-
tion (Bastow et al. 2018; Yan et al. 2020). The highest
accumulation of pollutants is found in roots followed by
stems and leaves (Marrugo-Negrete et al. 2016). Studies
have shown that the cortex and leaf meat tissue are the
main accumulators of cadmium (Cd), which is primarily
found in vesicles (Yang et al. 2021).
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Plant detoxification and transformation

Phytoremediation is an important process in which plants are
used to detoxify organic pollutants and heavy metals. Studies
have shown that various low molecular weight organic acids,
such as oxalic acid, can be leached from plants particularly
those associated with agriculture in the presence of harm-
ful pollutants. This chelates pollutants and mitigates plant
damage (Ma et al. 2016a, b). Plant vesicles contain metal-
lothionein, glutathione, oxalic acid, and citric acid, which
play a crucial role in managing the harmful effects of pollut-
ants on plant cells (Guo et al. 2012). There are two primary
approaches to controlling the adverse impact of pollutants on
plants: avoidance and tolerance mechanisms. Various strate-
gies have been employed to achieve this such as limiting the
uptake of pollutants and restricting their movement through
root cells to plant tissues (Yasseen and Al-Thani 2022). In
case of an excess accumulation of pollutants in the cytoplas-
mic lysate, plants adapt by chelating and reducing the pollut-
ant concentration to a relatively low level (Yan et al. 2020).

Certain plant species contain free amino acids that serve
as osmotic pressure regulators, facilitating the reduction in
toxic pollutants and their associated toxicity levels (Koca-
man 2022; Li et al. 2022; Lwalaba et al. 2020; Okunev
2019). Glutathione and glutathione-S-transferase have been
identified as effective detoxification agents in plant roots
contaminated with cadmium (Cd)-laden soil (Ashraf et al.
2019). Additionally, two forms of cysteine-rich peptides,
metal sulfides and chelate proteins, have been observed to
play a significant role in pollutant detoxification. The pro-
cess of detoxifying cadmium (Cd) concentration variation
involves the participation of phytochelatin synthase, which
acts as a Cd-binding peptide through carboxyl and sulthydryl
residues (Chai et al. 2013). Additionally, the detoxification
process is facilitated by reactive oxygen species and antioxi-
dant enzymes (Mahajan and Kaushal 2018). The presence
of citric and oxalic acids in rhizobia has been observed to
promote the availability of molecular pollutants and poly-
cyclic aromatic hydrocarbons, which can increase the bio-
availability of organic pollutants in plant roots (Fujita and
Inui 2021; Yoshihara et al. 2014).

Plants possess various mechanisms that confer resistance
to pollutants, including plasma membranes, antioxidant
systems, cell chelation, and compartmentalization. Metal-
lothioneins and phytochelatins play a key role in detoxify-
ing contaminants such as copper (Cu). Recent studies have
shown that phytochelatins are more efficient detoxifiers than
metallothioneins, thereby preventing cellular damage (Liang
et al. 2017; Ma et al. 20164, b). In plants with high cadmium
(Cd) accumulation levels, detoxification occurs through vesi-
cle sequestration or cysteine-rich protein binding in which
the Cd** is chelated into vesicles and removed from cell
cytoplasmic lysates. The detoxification of pollutants within

vesicles entails the utilization of a multitude of metabolites
in the cytoplasm. This process is facilitated by exchange
transporters and ATPase, which sequesters the pollutants in
vesicles (Mahajan and Kaushal 2018). Additionally, plants
can convert the pollutants they absorb into non-toxic and
volatile compounds that are subsequently released into the
environment. These mechanisms are commonly referred to
as plant volatilization (Gavrilescu 2022).

Improving the efficiency
of phytoremediation

Recent studies have demonstrated that incorporating support
from plants, biochar, and microorganisms can significantly
enhance the potential for plant restoration (Patra et al. 2020).
However, it has been observed that pollutants can negatively
impact plant functional ability when soil concentrations
are high. Therefore, it is imperative to explore and imple-
ment solutions that complement phytoremediation, enhance
remediation efficiency, and establish an ecological balance
(Diaconu et al. 2020; Gavrilescu 2022; Khalid et al. 2021).
Currently, some of the most promising approaches include
microorganisms, chelating agents, biochar, and composting.

Microbiome

The optimization of plant repair efficiency is a multifaceted
process that necessitates a combination of microbial and
plant repair techniques. By synergizing their efforts, bac-
teria can enhance their operational capacity and mitigate
plant stress from soil pollution (Gavrilescu 2022). Certain
bacterial strains, such as Pseudomonas aeruginosa, Escheri-
chia, and Bacillus, exhibit remarkable efficacy in address-
ing heavy metal contamination by secreting organic acids
and polysaccharides that improve their solubility (Sharma
2021). In addition, the utilization of plant-growth-promoting
bacteria has been shown to produce growth hormones that
aid in the absorption of pollutants and enhance overall plant
growth (Gavrilescu 2022; Ma et al. 2016a, b). Furthermore,
the results of strain K1 and zinc oxide (ZnO) nanoparti-
cles have been observed to be influenced by the presence
of chromium (Cr) stress, which can alter wheat develop-
ment and defense systems (Ahmad et al. 2022). In addi-
tion, various fungi (mycorrhizae) can significantly contrib-
ute to phytoremediation due to their extensive network of
mycorrhizal hyphae that can penetrate small soil pores and
enhance contamination uptake (Garcia-Sanchez et al. 2018).
The mycorrhizae in clumps help to regulate the distribution
of pollutants by inhibiting their transport from underground
to the ground. Additionally, mycorrhizae increase the endur-
ance of the plant for pollutants and push pollutants to the top
of the plant (Gavrilescu 2022).
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Current research into microbially assisted phytoreme-
diation has been primarily focused on identifying effective
hydrocarbon-degrading biosurfactants that can improve pol-
lutant degradation. One promising candidate is Ochrobac-
trum intermedium CN3, which has been found to produce
a highly efficient biological compound that can facilitate
petroleum degradation. The dynamics of biomes have dem-
onstrated remarkable tolerance to unfavorable conditions
such as high temperatures and have been shown to produce
a significant amount of oil sludge degradation in a relatively
short period. These findings suggest that biosurfactants hold
great potential as a future trend in developing biological
solutions for repairing oil-polluted soils (Bezza et al. 2016;
Lim et al. 2016). Plant phytoremediation efficiency is sig-
nificantly influenced by inter-root activity and metal bio-
availability. The chemical form of contaminants is closely
related to their bioavailability. Plant growth-promoting
Rhizobacteria strains can modify the properties and dynam-
ics of contaminants in a trans-root environment by producing
metabolic compounds, thus improving plant phytoremedia-
tion and phytostabilization efficiency (Manoj et al. 2020).
In addition, root secretions such as organic acids, enzymes,
and sugars would support microbial growth and enhance
root area microbial activity. Moreover, root microorganisms
can absorb plant nutrients or reduce plant oxidative stress to
assist plants in degrading pollutants while interacting with
plants (Harvey et al. 2002; Hoang et al. 2021).

The identification of appropriate mycorrhizal types is a
critical aspect of phytoremediation in contaminated soil.
The inoculation of host plants with ectomycorrhizal or
tussock mycorrhizal fungi can enhance, reduce, or leave
them unaffected by the accumulation of contaminants (Ma
et al. 2014). The selection of appropriate mycorrhizal fungi
promotes contaminant uptake in host plants and improves
phytoremediation efficiency (Leudo et al. 2020; Shi et al.
2019). Furthermore, microorganisms that produce iron car-
riers or chelating agents play a significant role in bioreme-
diation (Ashraf et al. 2019). For instance, the use of spores
of Bacillus megaterium BM18-2 as a biofertilizer has been
shown to improve the growth and contaminant tolerance of
cadmium (Cd) hyperaccumulator hybrid Pennisetum (Kamal
et al. 2021). Additionally, it has been observed that plants
can have a beneficial impact on the microorganisms present
in their environment. This is exemplified by the capability
of mango grass to enhance the diversity of soil microbial
populations (Bourgeois et al. 2015).

Chelating agents
The utilization of cheating agents has been investigated as
a viable approach to remediate contaminated soils. Studies

have demonstrated that chelating agents can effectively
augment pollutant absorption at the plant roots, thus
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facilitating chelating-based phytoremediation methods
(Bartoli et al. 2018). Additionally, non-super accumula-
tors can also benefit from chelating agents to stimulate
phytoextraction and enhance plant extraction (Patra et al.
2020). The interaction between chelates and pollutants
plays a significant role in the translocation of pollutants
across cells. This is primarily due to the formation of
uncharged complexes, which alter the solubility of pollut-
ants and enhance plant absorption (Gerhardt et al. 2017).
For instance, due to its favorable complexation constant,
ethylene diamine tetraacetic acid has been used to improve
pollutant migration (Jiang et al. 2019; Yan et al. 2020). It
was demonstrated that this acid can elevate copper (Cu)
and cadmium (Cd) levels in alfalfa plants, making it a
potent heavy metal chelator for plant extraction (Chen
et al. 2022; Muhlbachova et al. 2012). Besides, ethylen-
ediaminedisuccinic acid has also been shown to improve
the bioavailability of pollutants such as copper (Cu), with
a higher degree of bioavailability than the pollutants them-
selves (Song et al. 2016). Moreover, triacetic acid nitrate is
a chelate that improves plant efficiency in extracting pol-
lutants. This non-toxic substance degrades easily without
polluting the soil, making it a safe option for extracting
pollutants (Ashraf et al. 2019).

Genetic engineering

Genetic engineering techniques demonstrate consider-
able potential in reducing environmental toxins (Sharma
2021). Phytoremediation can be enhanced through genetic
engineering to improve plant tolerance and accumulation.
Studies indicate that genetically modified plants can sta-
bilize and gather pollutants. Scientists have developed
genes that facilitate the absorption of metals from the
soil into the roots, the transfer of pollutants from roots to
sprouts, and the introduction of chelating agents to explore
analogous methods for organic contaminants (Gerhardt
et al. 2017). Recent studies have shown promising results
regarding genetic engineering to enhance plant resistance
to pollutants. In particular, tobacco plants expressing
TaVP1 which encodes wheat vacuolar H-pyrophosphatase,
displayed increased vesicular storage. This increase con-
tributed to the production of hydrogen (H) gradients and a
driving force of pollutant transfer, resulting in a transgenic
material that is more resistant to pollutants (Fasani et al.
2018; Khoudi et al. 2012). Additionally, the genetic modi-
fication of Brassica napus has led to a significant increase
in cadmium resistance, with engineered plants exhibiting
16 times greater resistance than their non-modified ones
(Muthusaravanan et al. 2018). These findings suggest that
genetic engineering may hold potential for developing
more resilient plants.
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Nano-restoration

Studies have demonstrated that nano-phytoremediation rep-
resents a promising approach to contaminated soil reme-
diation by harnessing the properties of nanotechnology
and plant-based remediation (Alka et al. 2021). The incor-
poration of nanomaterials into plants has shown remark-
able potential in providing numerous benefits, including
enhanced purification, detoxification, and elimination of
toxic pollutants. Recent studies have demonstrated that
nano-silica can significantly improve lead (Pb) absorption
by plant roots (Moameri and Khalaki 2019). Additionally,
various nanoparticles have been found to facilitate plant
growth and development while also promoting the conver-
sion or direct reaction of harmful pollutants such as gold
(Au) and magnesium (Mg) nanoparticles into less harmful
forms. Notably, nanometer-scale zero-valent iron particles
are highly effective at remediating heavy metals (Alka et al.
2021). These findings highlight the promising potential of
combining nanomaterials with plants for tackling environ-
mental pollutants with greater efficacy.

Nanomaterials can remediate soil and increase plant pro-
tein levels, which ultimately promotes the growth of benefi-
cial microorganisms in the soil and root zone. This in turn
enhances the capability of plants to absorb pollutants and
improves soil fertility (Elkhatib et al. 2018). The incorpo-
ration of nanotechnology in soil remediation has brought
about a significant shift in the management of biological
solids, resulting in a more efficient and effective cleanup of
pollutants. For instance, the use of carbonization in heavy
metal pollution remediation can decrease organic solute pro-
duction, allowing plants to grow normally (Chai et al. 2013;
Wei et al. 2021). These findings highlight the potential of
nanotechnology-based approaches in addressing diverse soil
pollution challenges.

Biochar, composting, vermicomposting, foliar spray

At present, researchers have developed cost-effective tech-
niques aimed at soil remediation. The utilization of water,
biochar, and bagasse represents an excellent option for man-
aging contaminated urban soil (Al Chami et al. 2015). Bio-
char, a carbon-rich material derived from plant materials,
possesses distinct physicochemical properties that enhance
pollutant adsorption and increase pollutant bioavailability
(Paz-Ferreiro et al. 2014). Biochar is a highly effective reme-
diation technique, particularly when combined with other
methods (Liu et al. 2013). This is partly due to its ability to
enhance the activity of microorganisms essential for opti-
mal plant growth. Additionally, the high cation exchange
capacity of biochar inhibits the growth of disease-causing
microorganisms, thereby promoting a healthy environment
for plant growth (Patra et al. 2020).

Composting has been widely recognized as a highly effec-
tive method for stabilizing soil contaminants. This process
has been found to significantly reduce the bioavailability
of pollutants, which in turn minimizes their uptake by
plants. Furthermore, composting has been shown to effec-
tively decrease the mobility of pollutants in soils, thereby
serving as an effective pollutant modifier (Ferreyroa et al.
2019). Recent studies have demonstrated that compost
made from woodchips and biosolids can be particularly
effective in reducing the activity of pollutants in the soil
while also improving soil nutrient content (Lebrun et al.
2020). Research has shown that the combination of biochar
and compost can yield superior results when it comes to
enhancing soil properties and promoting the growth of wil-
low plants. Compared to amendments that employ iron sand,
these agents can also elevate soil potassium levels and pH
(Qin et al. 2021). Both biochar and compost have demon-
strated efficacy in improving soil organic matter content and
pH. Specifically, biochar has been found to mitigate enzyme
activity, which can then be restored to normal levels with
composting (Tang et al. 2020). Overall, the application of
biochar, compost, or a combination of both can transform
the physical and chemical properties of contaminated soil.

The existence of certain pores in soil may pose a chal-
lenge to the penetration of microorganisms which are vital
for controlling pollutants. Earthworms, through their contin-
uous “digging action,” can expand the pore spaces, thereby
enhancing the infiltration of microorganisms and conse-
quent remediation of pollutants. Additionally, earthworms
can assimilate toxic pollutants into their bodies to undergo
transformation or degradation, subsequently leading to neu-
tralization. These activities positively impact all facets of the
soil ecosystem (Kuppusamy et al. 2017). The implementa-
tion of vermicomposting practices within smallholder farm-
ing systems in China presents a promising opportunity for
improved sustainability outcomes (Sodango et al. 2018). The
combination of bioremediation technologies has been shown
to further enhance the remediation of polycyclic aromatic
hydrocarbons by up to 50% (Huang et al. 2004; Kuppusamy
et al. 2017). Detoxification agents applied to soil or plant
leaf surfaces can also mitigate the toxic effects of pollutants,
with foliar spraying offering a particularly effective means of
promoting plant growth (Qin et al. 2021). For example, the
sulfur application has improved plant lead (Pb) resistance
(Xu et al. 2023). Moreover, the application of phosphorus
can effectively enhance the arsenic (As) pollution remedia-
tion by Isatis cappadocica (Karimi and Souri 2015).

Combined repair technique
The use of phytoremediation in conjunction with other reme-

diation techniques has demonstrated improved efficacy in
remediating lead (Pb) contamination. This comprehensive
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remediation approach can address varying degrees of pol-
lution and soil challenges by combining plant and microbial
remediation with physical and chemical methods or solely
physical and chemical methods (Zheng et al. 2022). This
method can reduce overall remediation expenses and shorten
remediation time while reducing the environmental impact
of clean-up operations.

Conclusion

The urbanization process has had a consequential impact
on ecosystem services, primarily due to changes in land
usage. As aresult, there is an urgent need to focus on urban
soil safety, given the prevalence of environmental pollution.
Considerable research has been conducted on soil pollu-
tion in urban areas, with the primary objective of finding
cost-effective and environmentally sustainable remediation
methods. After analyzing various remediation techniques
employed locally and internationally, it has been determined
that phytoremediation is the most efficacious method for soil
remediation. The present review focuses on utilizing vari-
ous plant species to remediate diverse soil pollutants and
the mechanisms that underlie plant-mediated soil pollution
remediation. It is worth noting that relying solely on plants
for soil remediation can be time-consuming. It is impera-
tive to integrate auxiliary measures such as microorganisms,
chelating agents, and foliar sprays to enhance phytoremedia-
tion efficiency. Current advancements in genetic engineer-
ing, nanotechnology, composting, and vermicomposting
are being actively pursued to identify more effective ways
of supporting phytoremediation, with the ultimate goal of
safeguarding our urban soil environment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10311-023-01663-6.

Acknowledgements The authors would like to thank the Ministry of
Higher Education, Malaysia, under the Fundamental Research Grant
Scheme (FRGS) Phase 1/2022 for supporting this project (Reference
No: FRGS/1/2022/TK08/UMT/01/1), Vot No: 59703). The manuscript
is supported by the Program for Innovative Research Team (in Science
and Technology) in the University of Henan Province (No. 21IRT-
STHNO020) and Central Plain Scholar Funding Project of Henan Prov-
ince (No. 212101510005). The authors would like to thank Saveetha
Institute of Medical and Technical Sciences for the facilities and sup-
port provided.

Author contributions YZ contributed to data curation, validation,
writing—original draft, methodology, and writing—review & edit-
ing. HG contributed to methodology and writing—review & editing.
HL contributed to methodology and writing—review & editing. SSL
contributed to methodology, writing—review & editing, and supervi-
sion. CS contributed to writing—review & editing. MV contributed
to writing—review & editing. HSN contributed to writing—review &
editing. RKL contributed to writing—review & editing. WP contributed
to funding acquisition, writing—review & editing, and supervision.

@ Springer

Funding The authors have not disclosed any funding.
Data availability Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest The authors declare no conflict of interest in this
paper.

Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

References

Abbas G, Murtaza B, Bibi I, Shahid M, Niazi NK, Khan MI, Amjad M,
Hussain M, Natasha (2018) Arsenic uptake, toxicity, detoxifica-
tion, and speciation in plants: physiological, biochemical, and
molecular aspects. Int J Environ Res Public Health 15(1):59.
https://doi.org/10.3390/ijerph15010059

Adki VS, Jadhav JP, Bapat VA (2013) Nopalea cochenillifera, a poten-
tial chromium (VI) hyperaccumulator plant. Environ Sci Pollut
Res 20:1173-1180. https://doi.org/10.1007/s11356-012-1125-4

Ahmad S, Mfarrej MFB, El-Esawi MA, Waseem M, Alatawi A, Nafees
M, Saleem MH, Rizwan M, Yasmeen T, Anayat A, Ali S (2022)
Chromium-resistant Staphylococcus aureus alleviates chromium
toxicity by developing synergistic relationships with zinc oxide
nanoparticles in wheat. Ecotoxicol Environ Safe 230:113142.
https://doi.org/10.1016/j.ecoenv.2021.113142

Al Chami Z, Amer N, Al Bitar L, Cavoski I (2015) Potential use of
Sorghum bicolor and Carthamus tinctorius in phytoremediation
of nickel, lead and zinc. Int J Environ Sci Technol 12:3957-3970.
https://doi.org/10.1007/s13762-015-0823-0

Ali H, Khan E, Sajad MA (2013) Phytoremediation of heavy metals-
concepts and applications. Chemosphere 91:869-881. https://doi.
org/10.1016/j.chemosphere.2013.01.075

Alka S, Shahir S, Ibrahim N, Ndejiko MJ, Vo DVN, Abd Manan F
(2021) Arsenic removal technologies and future trends: a mini
review. J Clean Prod 278:123805. https://doi.org/10.1016/j.jclep
r0.2020.123805

Angulo-Bejarano PI, Puente-Rivera J, Cruz-Ortega R (2021) Metal and
metalloid toxicity in plants: an overview on molecular aspects.
Plants 10:28. https://doi.org/10.3390/plants 10040635

Antoniadis V, Shaheen SM, Stark HJ, Wennrich R, Levizou E, Merbach
I, Rinklebe J (2021) Phytoremediation potential of twelve wild
plant species for toxic elements in a contaminated soil. Environ
Int 146:106233. https://doi.org/10.1016/j.envint.2020.106233

Ashraf S, Ali Q, Zahir ZA, Ashraf S, Asghar HN (2019) Phytoremedia-
tion: environmentally sustainable way for reclamation of heavy
metal polluted soils. Ecotoxicol Environ Safe 174:714-727.
https://doi.org/10.1016/j.ecoenv.2019.02.068

Banda J, Bellande K, von Wangenheim D, Goh T, Guyomarc’h S,
Laplaze L, Bennett MJ (2019) Lateral root formation in arabidop-
sis: a well-ordered LRexit. Trends Plant Sci 24:826-839. https:/
doi.org/10.1016/j.tplants.2019.06.015

Bartoli F, Royer M, Coinchelin D, Le Thiec D, Rose C, Robin C, Eche-
varria G (2018) Multiscale and age-dependent leaf nickel in the
Ni-hyperaccumulator Leptoplax emarginata. Ecol Res 33:723—
736. https://doi.org/10.1007/s11284-018-1594-0


https://doi.org/10.1007/s10311-023-01663-6
https://doi.org/10.3390/ijerph15010059
https://doi.org/10.1007/s11356-012-1125-4
https://doi.org/10.1016/j.ecoenv.2021.113142
https://doi.org/10.1007/s13762-015-0823-0
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.jclepro.2020.123805
https://doi.org/10.1016/j.jclepro.2020.123805
https://doi.org/10.3390/plants10040635
https://doi.org/10.1016/j.envint.2020.106233
https://doi.org/10.1016/j.ecoenv.2019.02.068
https://doi.org/10.1016/j.tplants.2019.06.015
https://doi.org/10.1016/j.tplants.2019.06.015
https://doi.org/10.1007/s11284-018-1594-0

Environmental Chemistry Letters (2024) 22:355-371

367

Bastow EL, de la Torre VSG, Maclean AE, Green RT, Merlot
S, Thomine S, Balk J (2018) Vacuolar iron stores gated by
NRAMP; and NRAMP, are the primary source of iron in ger-
minating seeds. Plant Physiol 177:1267-1276. https://doi.org/
10.1104/pp.18.00478

Bezza FA, Beukes M, Chirwa EMN (2016) Application of bio-
surfactant produced by Ochrobactrum intermedium CN; for
enhancing petroleum sludge bioremediation. Process Biochem
50:1911-1922. https://doi.org/10.1016/j.procbio.2015.11.006

Birch QT, Potter PM, Pinto PX, Dionysiou DD, Al-Abed SR
(2020) Sources, transport, measurement and impact of nano
and microplastics in urban watersheds. Rev Environ Sci Bio
19:275-336. https://doi.org/10.1007/s11157-020-09529-x

Bolan N, Sarkar B, Yan YB, Li Q, Wijesekara H, Kannan K, Tsang
DCW, Schauerte M, Bosch J, Noll H, Ok YS, Scheckel K,
Kumpiene J, Gobindlal K, Kah M, Sperry J, Kirkham MB,
Wang HL, Tsang YF, Hou DY, Rinklebe J (2021) Remediation
of poly-and perfluoroalkyl substances (PFAS) contaminated
soils—to mobilize or to immobilize or to degrade? J Hazard
Mater 401:123892. https://doi.org/10.1016/j.jhazmat.2020.
123892

Boonsaner M, Borrirukwisitsak S, Boonsaner A (2011) Phytoremedia-
tion of BTEX contaminated soil by Canna x generalis. Ecotoxi-
col Environ Safe 74:1700-1707. https://doi.org/10.1016/j.ecoenv.
2011.04.011

Bourgeois E, Dequiedt S, Lelievre M, van Oort F, Lamy I, Maron
PA, Ranjard L (2015) Positive effect of the Miscanthus bioen-
ergy crop on microbial diversity in wastewater-contaminated
soil. Environ Chem Lett 13:495-501. https://doi.org/10.1007/
s10311-015-0531-5

Castrillo G, Sanchez-Bermejo E, de Lorenzo L, Crevillen P, Fraile-
Escanciano A, Mohan TC, Mouriz A, Catarecha P, Sobrino-Plata
J, Olsson S, del Puerto YL, Mateos I, Rojo E, Hernandez LE,
Jarillo JA, Pineiro M, Paz-Ares J, Leyva A (2013) WRKY6 Tran-
scription factor restricts arsenate uptake and transposon activa-
tion in arabidopsis. Plant Cell 25:2944-2957. https://doi.org/10.
1105/tpe.113.114009

Chai MW, Shi FC, Li RL, Liu LM, Liu Y, Liu FC (2013) Interac-
tive effects of cadmium and carbon nanotubes on the growth
and metal accumulation in a halophyte Spartina alterniflora
(Poaceae). Plant Growth Regul 71:171-179. https://doi.org/10.
1007/s10725-013-9817-4

Chen L, Beiyuan J, Hu WF, Zhang ZQ, Duan CJ, Cui QL, Zhu XZ,
He HR, Huang XG, Fang LC (2022) Phytoremediation of poten-
tially toxic elements (PTEs) contaminated soils using alfalfa
(Medicago sativa L.): a comprehensive review. Chemosphere
293:133577. https://doi.org/10.1016/j.chemosphere.2022.133577

Chang, J.N., Fang, W., Liang, J.S., Zhang, P.Y., Zhang, G.M., Zhang,
H.B., Zhang, Y.J., Wang, Q.Y., 2022. A critical review on inter-
action of microplastics with organic contaminants in soil and
their ecological risks on soil organisms. Chemosphere. 306.
https://doi.org/10.1016/j.chemosphere.2022.135573

Chia RW, Lee JY, Kim H, Jang J (2021) Microplastic pollution in soil
and groundwater: a review. Environ Chem Lett 19:4211-4224.
https://doi.org/10.1007/s10311-021-01297-6

Cristaldi A, Conti GO, Jho EH, Zuccarello P, Grasso A, Copat C,
Ferrante M (2017) Phytoremediation of contaminated soils by
heavy metals and PAHs. A brief review. Environ Technol Innov
8:309-326. https://doi.org/10.1016/j.eti.2017.08.002

Dai HP, Wei SH, Twardowska I, Han R, Xu L (2017) Hyperaccumu-
lating potential of Bidens pilosa L. for Cd and elucidation of
its translocation behavior based on cell membrane permeability.
Environ Sci Pollut Res 24:23161-23167. https://doi.org/10.1007/
s11356-017-9962-9

DalCorso G, Fasani E, Manara A, Visioli G, Furini A (2019)
Heavy metal pollutions: state of the art and innovation in

phytoremediation. Int J Mol Sci 20:3412. https://doi.org/10.
3390/ijms20143412

Diaconu M, Pavel LV, Hlihor RM, Rosca M, Fertu DI, Lenz M, Corvini
PX, Gavrilescu M (2020) Characterization of heavy metal toxic-
ity in some plants and microorganisms-a preliminary approach
for environmental bioremediation. New Biotechnol 56:130-139.
https://doi.org/10.1016/j.nbt.2020.01.003

El-Naggar A, Shaheen SM, Ok YS, Rinklebe J (2018) Biochar affects
the dissolved and colloidal concentrations of Cd, Cu, Ni, and Zn
and their phytoavailability and potential mobility in a mining soil
under dynamic redox-conditions. Sci Total Environ 624:1059—
1071. https://doi.org/10.1016/j.scitotenv.2017.12.190

El Mehdawi AF, Lindblom SD, Cappa JJ, Fakra SC, Pilon-Smits EAH
(2015) Do selenium hyperaccumulators affect selenium specia-
tion in neighboring plants and soil? an x-ray microprobe analysis.
Int J Phytoremediat 17:753-765. https://doi.org/10.1080/15226
514.2014.987374

Elkhatib EA, Sherif F, Kandil M, Mahdy A, Moharem M, Al-Basri
AA (2018) Using nanoparticles from water treatment residuals
to reduce the mobility and phytoavailability of Cd and Pb in
biosolid-amended soils. Environ Geochem Health 40:1573-1584.
https://doi.org/10.1007/s10653-018-0072-5

Fasani E, Manara A, Martini F, Furini A, DalCorso G (2018) The
potential of genetic engineering of plants for the remediation
of soils contaminated with heavy metals. Plant Cell Environ
41:1201-1232. https://doi.org/10.1111/pce.12963

Ferreyroa GV, Cid CV, Verdenelli RA, Dominchin MF, Meriles JM,
Pignata ML, Rodriguez JH (2019) Availability of lead in agri-
cultural soils amended with compost of biosolid with wood shav-
ings and yard trimmings. Environ Sci Pollut R 26:30324-30332.
https://doi.org/10.1007/s11356-019-06190-y

Fujita K, Inui H (2021) How does the Cucurbitaceae family take up
organic pollutants (POPs, PAHs, and PPCPs)? Rev Environ Sci
Bio 20:751-779. https://doi.org/10.1007/s11157-021-09578-w

Ganguly K, Levanen B, Palmberg L, Akesson A, Linden A (2018) Cad-
mium in tobacco smokers: a neglected link to lung disease? Eur
Respir Rev 27:8. https://doi.org/10.1183/16000617.0122-2017

Garcia-Sanchez M, Kosnar Z, Mercl F, Aranda E, Tlustos P (2018) A
comparative study to evaluate natural attenuation, mycoaugmen-
tation, phytoremediation, and microbial-assisted phytoremedia-
tion strategies for the bioremediation of an aged PAH-polluted
soil. Ecotoxicol Environ Safe 147:165-174. https://doi.org/10.
1016/j.ecoenv.2017.08.012

Gavrilescu M (2022) Enhancing phytoremediation of soils polluted
with heavy metals. Curr Opin Biotechnol 74:21-31. https://doi.
org/10.1016/j.copbio.2021.10.024

Gerhardt KE, Gerwing PD, Greenberg BM (2017) Opinion: taking phy-
toremediation from proven technology to accepted practice. Plant
Sci 256:170-185. https://doi.org/10.1016/j.plantsci.2016.11.016

Girdhar M, Sharma NR, Rehman H, Kumar A, Mohan A (2014) Com-
parative assessment for hyperaccumulatory and phytoremedia-
tion capability of three wild weeds. 3 Biotech 4:579-589. https://
doi.org/10.1007/s13205-014-0194-0

Guan MY, Zhang HH, Pan W, Jin CW, Lin XY (2018) Sulfide alleviates
cadmium toxicity in Arabidopsis plants by altering the chemical
form and the subcellular distribution of cadmium. Sci Total Envi-
ron 627:663-670. https://doi.org/10.1016/j.scitotenv.2018.01.245

Guo HP, Hong CT, Chen XM, Xu YX, Liu Y, Jiang DA, Zheng BS
(2016) Different growth and physiological responses to cadmium
of the three Miscanthus species. PLoS One 11(4):e0153475.
https://doi.org/10.1371/journal.pone.0153475

Guo JB, Xu WZ, Ma M (2012) The assembly of metals chelation by
thiols and vacuolar compartmentalization conferred increased
tolerance to and accumulation of cadmium and arsenic in trans-
genic Arabidopsis thaliana. J Hazard Mater 199:309-313. https://
doi.org/10.1016/j.jhazmat.2011.11.008

@ Springer


https://doi.org/10.1104/pp.18.00478
https://doi.org/10.1104/pp.18.00478
https://doi.org/10.1016/j.procbio.2015.11.006
https://doi.org/10.1007/s11157-020-09529-x
https://doi.org/10.1016/j.jhazmat.2020.123892
https://doi.org/10.1016/j.jhazmat.2020.123892
https://doi.org/10.1016/j.ecoenv.2011.04.011
https://doi.org/10.1016/j.ecoenv.2011.04.011
https://doi.org/10.1007/s10311-015-0531-5
https://doi.org/10.1007/s10311-015-0531-5
https://doi.org/10.1105/tpc.113.114009
https://doi.org/10.1105/tpc.113.114009
https://doi.org/10.1007/s10725-013-9817-4
https://doi.org/10.1007/s10725-013-9817-4
https://doi.org/10.1016/j.chemosphere.2022.133577
https://doi.org/10.1016/j.chemosphere.2022.135573
https://doi.org/10.1007/s10311-021-01297-6
https://doi.org/10.1016/j.eti.2017.08.002
https://doi.org/10.1007/s11356-017-9962-9
https://doi.org/10.1007/s11356-017-9962-9
https://doi.org/10.3390/ijms20143412
https://doi.org/10.3390/ijms20143412
https://doi.org/10.1016/j.nbt.2020.01.003
https://doi.org/10.1016/j.scitotenv.2017.12.190
https://doi.org/10.1080/15226514.2014.987374
https://doi.org/10.1080/15226514.2014.987374
https://doi.org/10.1007/s10653-018-0072-5
https://doi.org/10.1111/pce.12963
https://doi.org/10.1007/s11356-019-06190-y
https://doi.org/10.1007/s11157-021-09578-w
https://doi.org/10.1183/16000617.0122-2017
https://doi.org/10.1016/j.ecoenv.2017.08.012
https://doi.org/10.1016/j.ecoenv.2017.08.012
https://doi.org/10.1016/j.copbio.2021.10.024
https://doi.org/10.1016/j.copbio.2021.10.024
https://doi.org/10.1016/j.plantsci.2016.11.016
https://doi.org/10.1007/s13205-014-0194-0
https://doi.org/10.1007/s13205-014-0194-0
https://doi.org/10.1016/j.scitotenv.2018.01.245
https://doi.org/10.1371/journal.pone.0153475
https://doi.org/10.1016/j.jhazmat.2011.11.008
https://doi.org/10.1016/j.jhazmat.2011.11.008

368

Environmental Chemistry Letters (2024) 22:355-371

Gusiatin ZM, Kulikowska D, Klik B (2020) New-generation washing
agents in remediation of metal-polluted soils and methods for
washing effluent treatment: a review. Int J Environ Res Public
Health 17:6220. https://doi.org/10.3390/ijerph17176220

Haider FU, Cai LQ, Coulter JA, Cheema SA, Wu J, Zhang RZ, Ma W],
Farooq M (2021) Cadmium toxicity in plants: impacts and reme-
diation strategies. Ecotoxicol Environ Safe 211:111887. https://
doi.org/10.1016/j.ecoenv.2020.111887

Harvey PJ, Campanella BF, Castro PML, Harms H, Lichtfouse E,
Schaffner AR, Smrcek S, Werck-Reichharts D (2002) Phytore-
mediation of polyaromatic hydrocarbons, anilines and phenols.
Environ Sci Pollut R 9:29-47. https://doi.org/10.1007/b£029
87315

He F, Gao J, Pierce E, Strong PJ, Wang HL, Liang LY (2015) In situ
remediation technologies for mercury-contaminated soil.
Environ Sci Pollut R 22:8124-8147. https://doi.org/10.1007/
s11356-015-4316-y

Henner P, Schiavon M, Druelle V, Lichtfouse E (1999) Phytotoxicity
of ancient gaswork soils. Effect of polycyclic aromatic hydrocar-
bons (PAHs) on plant germination. Org Geochem 30:963-969.
https://doi.org/10.1016/S0146-6380(99)00080-7

Henson TM, Cory W, Rutter MT (2013) Extensive variation in
cadmium tolerance and accumulation among populations of
Chamaecrista fasciculata. PLoS One 8:€63200. https://doi.org/
10.1371/journal.pone.0063200

Hoang SA, Lamb D, Seshadri B, Sarkar B, Choppala G, Kirkham MB,
Bolan NS (2021) Rhizoremediation as a green technology for
the remediation of petroleum hydrocarbon-contaminated soils.
J Hazard Mater 401:123282. https://doi.org/10.1016/j.jhazmat.
2020.123282

Hu XM, Yuan XS, Dong L (2014) Coal fly ash and straw immobi-
lize Cu, Cd and Zn from mining wasteland. Environ Chem Lett
12:289-295. https://doi.org/10.1007/s10311-013-0441-3

Huang JP, Wu G, Zeng R, Wang JT, Cai R, Ho JCM, Zhang JR, Zheng
YF (2017a) Chromium contributes to human bronchial epithelial
cell carcinogenesis by activating Gli2 and inhibiting autophagy.
Toxicol Res 6:324-332. https://doi.org/10.1039/c6tx00372a

Huang T, Peng QK, Yu L, Li DW (2017b) The detoxification of heavy
metals in the phosphate tailing-contaminated soil through
sequential microbial pretreatment and electrokinetic remedia-
tion. Soil Sediment Contam 26:308-322. https://doi.org/10.1080/
15320383.2017.1299685

Huang XD, El-Alawi Y, Penrose DM, Glick BR, Greenberg BM (2004)
A multi-process phytoremediation system for removal of poly-
cyclic aromatic hydrocarbons from contaminated soils. Environ
Pollut 130:465—-476. https://doi.org/10.1016/j.envpol.2003.09.
031

Islam MN, Taki G, Nguyen XP, JoYT KIJ, Park JH (2017) Heavy metal
stabilization in contaminated soil by treatment with calcined
cockle shell. Environ Sci Pollut R 24:7177-7183. https://doi.
org/10.1007/s11356-016-8330-5

Jampasri K, Pokethitiyook P, Poolpak T, Kruatrachue M, Ounjai P,
Kumsopa A (2020) Bacteria-assisted phytoremediation of fuel
oil and lead co-contaminated soil in the salt-stressed condition
by chromolaena odorata and Micrococcus luteus. Int J Phytore-
mediat 22:322-333. https://doi.org/10.1080/15226514.2019.
1663482

Jiang MY, Liu SL, Li YF, Li X, Luo ZH, Song HX, Chen QB (2019)
EDTA-facilitated toxic tolerance, absorption and translocation
and phytoremediation of lead by dwarf bamboos. Ecotoxicol
Environ Safe 170:502-512. https://doi.org/10.1016/j.ecoenv.
2018.12.020

Ji Z, Zhang L, Peng V, Ren X, McHale CM, Smith MT (2010) A
comparison of the cytogenetic alterations and global DNA hypo-
methylation induced by the benzene metabolite, hydroquinone,

@ Springer

with those induced by melphalan and etoposide. Leukemia
24:986-991. https://doi.org/10.1038/leu.2010.43

Kamal N, Liu ZW, Qian C, Wu JZ, Zhong XX (2021) Improving hybrid
Pennisetum growth and cadmium phytoremediation potential
by using Bacillus megaterium BM18-2 spores as biofertilizer.
Microbiol Res 242:126594. https://doi.org/10.1016/j.micres.
2020.126594

Kamiya T, Islam MR, Duan GL, Uraguchi S, Fujiwara T (2013) Phos-
phate deficiency signaling pathway is a target of arsenate and
phosphate transporter OsPT1 is involved in As accumulation in
shoots of rice. Soil Sci Plant Nutr 59:580-590. https://doi.org/
10.1080/00380768.2013.804390

Karimi N, Souri Z (2015) Effect of phosphorus on arsenic accumula-
tion and detoxification in arsenic hyperaccumulator, Isatis cap-
padocica. J Plant Growth Regul 34:88-95. https://doi.org/10.
1007/500344-014-9445-x

Khalid M, Ur-Rahman S, Hassani D, Hayat K, Zhou P, Hui N (2021)
Advances in fungal-assisted phytoremediation of heavy metals: a
review. Pedosphere 31:475-495. https://doi.org/10.1016/s1002-
0160(20)60091-1

Khalid S, Shahid M, Niazi NK, Murtaza B, Bibi I, Dumat C (2017)
A comparison of technologies for remediation of heavy metal
contaminated soils. J Geochem Explor 182:247-268. https://doi.
org/10.1016/j.gexplo.2016.11.021

Khan AU, Khan AN, Waris A, Ilyas M, Zamel D (2022) Phytoremedia-
tion of pollutants from wastewater: a concise review. Open Life
Sci 17:488-496. https://doi.org/10.1515/biol-2022-0056

Khan S, Naushad M, Lima EC, Zhang SX, Shaheen SM, Rinklebe J
(2021) Global soil pollution by toxic elements: Current status
and future perspectives on the risk assessment and remediation
strategies-A review. ] Hazard Mater 417:126039. https://doi.org/
10.1016/j.jhazmat.2021.126039

Khoudi H, Maatar Y, Gouiaa S, Masmoudi K (2012) Transgenic
tobacco plants expressing ectopically wheat H*-pyrophosphatase
(H*-PPase) gene TaVPI show enhanced accumulation and toler-
ance to cadmium. J Plant Physiol 169:98-103. https://doi.org/10.
1016/j.jplph.2011.07.016

Kikkert J, Berkelaar E (2013) Plant uptake and translocation of inor-
ganic and organic forms of selenium. Arch Environ Contam
Toxicol 65:458-465. https://doi.org/10.1007/s00244-013-9926-0

Kocaman A (2023) Combined interactions of amino acids and organic
acids in heavy metal binding in plants. Plant Signal Behav
18(1):2064072. https://doi.org/10.1080/15592324.2022.2064072

Kosakivska IV, Babenko LM, Romanenko KO, Korotka IY, Potters
G (2021) Molecular mechanisms of plant adaptive responses to
heavy metals stress. Cell Biol Int 45:258-272. https://doi.org/
10.1002/cbin.11503

Kumar M, Bolan N, Jasemizad T, Padhye LP, Sridharan S, Singh L,
Bolan S, O’Connor J, Zhao HC, Shaheen SM, Song H, Siddique
KHM, Wang HL, Kirkham MB, Rinklebe J (2022) Mobilization
of contaminants: potential for soil remediation and unintended
consequences. Sci Total Environ 839:156373. https://doi.org/10.
1016/j.scitotenv.2022.156373

Kuppusamy S, Thavamani P, Venkateswarlu K, Lee YB, Naidu R,
Megharaj M (2017) Remediation approaches for polycyclic aro-
matic hydrocarbons (PAHs) contaminated soils: technological
constraints, emerging trends and future directions. Chemosphere
168:944-968. https://doi.org/10.1016/j.chemosphere.2016.10.
115

Lebrun M, De Zio E, Miard F, Scippa GS, Renzone G, Scaloni A,
Bourgerie S, Morabito D, Trupiano D (2020) Amending an As/
Pb contaminated soil with biochar, compost and iron grit: effect
on Salix viminalis growth, root proteome profiles and metal(loid)
accumulation indexes. Chemosphere 244:125397. https://doi.org/
10.1016/j.chemosphere.2019.125397


https://doi.org/10.3390/ijerph17176220
https://doi.org/10.1016/j.ecoenv.2020.111887
https://doi.org/10.1016/j.ecoenv.2020.111887
https://doi.org/10.1007/bf02987315
https://doi.org/10.1007/bf02987315
https://doi.org/10.1007/s11356-015-4316-y
https://doi.org/10.1007/s11356-015-4316-y
https://doi.org/10.1016/S0146-6380(99)00080-7
https://doi.org/10.1371/journal.pone.0063200
https://doi.org/10.1371/journal.pone.0063200
https://doi.org/10.1016/j.jhazmat.2020.123282
https://doi.org/10.1016/j.jhazmat.2020.123282
https://doi.org/10.1007/s10311-013-0441-3
https://doi.org/10.1039/c6tx00372a
https://doi.org/10.1080/15320383.2017.1299685
https://doi.org/10.1080/15320383.2017.1299685
https://doi.org/10.1016/j.envpol.2003.09.031
https://doi.org/10.1016/j.envpol.2003.09.031
https://doi.org/10.1007/s11356-016-8330-5
https://doi.org/10.1007/s11356-016-8330-5
https://doi.org/10.1080/15226514.2019.1663482
https://doi.org/10.1080/15226514.2019.1663482
https://doi.org/10.1016/j.ecoenv.2018.12.020
https://doi.org/10.1016/j.ecoenv.2018.12.020
https://doi.org/10.1038/leu.2010.43
https://doi.org/10.1016/j.micres.2020.126594
https://doi.org/10.1016/j.micres.2020.126594
https://doi.org/10.1080/00380768.2013.804390
https://doi.org/10.1080/00380768.2013.804390
https://doi.org/10.1007/s00344-014-9445-x
https://doi.org/10.1007/s00344-014-9445-x
https://doi.org/10.1016/s1002-0160(20)60091-1
https://doi.org/10.1016/s1002-0160(20)60091-1
https://doi.org/10.1016/j.gexplo.2016.11.021
https://doi.org/10.1016/j.gexplo.2016.11.021
https://doi.org/10.1515/biol-2022-0056
https://doi.org/10.1016/j.jhazmat.2021.126039
https://doi.org/10.1016/j.jhazmat.2021.126039
https://doi.org/10.1016/j.jplph.2011.07.016
https://doi.org/10.1016/j.jplph.2011.07.016
https://doi.org/10.1007/s00244-013-9926-0
https://doi.org/10.1080/15592324.2022.2064072
https://doi.org/10.1002/cbin.11503
https://doi.org/10.1002/cbin.11503
https://doi.org/10.1016/j.scitotenv.2022.156373
https://doi.org/10.1016/j.scitotenv.2022.156373
https://doi.org/10.1016/j.chemosphere.2016.10.115
https://doi.org/10.1016/j.chemosphere.2016.10.115
https://doi.org/10.1016/j.chemosphere.2019.125397
https://doi.org/10.1016/j.chemosphere.2019.125397

Environmental Chemistry Letters (2024) 22:355-371

369

Lepper TW, Oliveira E, Koch GDW, Berlese DB, Feksa LR (2010)
Lead inhibits in vitro creatine kinase and pyruvate kinase
activity in brain cortex of rats. Toxicol Vitro 24:1045-1051.
https://doi.org/10.1016/j.tiv.2009.11.012

Leudo AM, Cruz Y, Montoya-Ruiz C, Delgado MD, Saldarriaga
JF (2020) Mercury phytoremediation with Lolium perenne-
Mycorrhizae in contaminated soils. Sustain 12:3795. https://
doi.org/10.3390/su12093795

Li FL, Qiu YH, Xu XY, Yang F, Wang ZW, Feng JR, Wang JD
(2020) EDTA-enhanced phytoremediation of heavy metals
from sludge soil by Italian ryegrass (Lolium perenne L.). Eco-
toxicol Environ Safe. 191:110185. https://doi.org/10.1016/j.
ecoenv.2020.110185

Li JH, Jia CJ, Lu Y, Shim H (2016) Using phosphorus and zeolite to
immobilize lead in two contrasting contaminated urban soils.
Pol J Environ Stud 25:1589-1593. https://doi.org/10.15244/
pjoes/61901

Li X, Li BQ, Zheng Y, Luo LD, Qin XS, Yang YP, Xu JC (2022) Physi-
ological and rhizospheric response characteristics to cadmium of
a newly identified cadmium accumulator Coreopsis grandiflora
Hogg. (Asteraceae). Ecotox Environ Safe 241:113739. https://
doi.org/10.1016/j.ecoenv.2022.113739

Li YY, Gao YH, Zhao LJ, Wei YD, Feng HQ, Wang C, Wei W, Ding
YP, Sun DJ (2012) Changes in serum thioredoxin among indi-
viduals chronically exposed to arsenic in drinking water. Toxicol
Appl Pharm 259:124-132. https://doi.org/10.1016/j.taap.2011.
12.016

Liang LC, Liu WT, Sun YB, Huo XH, Li S, Zhou QX (2017) Phy-
toremediation of heavy metal contaminated saline soils using
halophytes: current progress and future perspectives. Environ
Rev 25:269-281. https://doi.org/10.1139/er-2016-0063

Lim MW, Von Lau E, Poh PE (2016) A comprehensive guide of reme-
diation technologies for oil contaminated soil-Present works and
future directions. Mar Pollut Bull 109:14-45. https://doi.org/10.
1016/j.marpolbul.2016.04.023

Liu R, Wang ME, Chen WP, Peng C (2016) Spatial pattern of heavy
metals accumulation risk in urban soils of Beijing and its influ-
encing factors. Environ Pollut 210:174—-181. https://doi.org/10.
1016/j.envpol.2015.11.044

Liu LW, Li W, Song WP, Guo MX (2018) Remediation techniques for
heavy metal-contaminated soils: Principles and applicability. Sci
Total Environ 633:206-219. https://doi.org/10.1016/j.scitotenv.
2018.03.161

Liu XY, Zhang AF, Ji CY, Joseph S, Bian RJ, Li LQ, Pan GX, Paz-
Ferreiro J (2013) Biochar’s effect on crop productivity and the
dependence on experimental conditions-a meta-analysis of lit-
erature data. Plant Soil 373:583-594. https://doi.org/10.1007/
s11104-013-1806-x

Lucas JM, Sone BS, Whitmore D, Strickland MS (2021) Antibiotics
and temperature interact to disrupt soil communities and nutri-
ent cycling. Soil Biol Biochem 163:108437. https://doi.org/10.
1016/j.s0ilbio.2021.108437

Lwalaba JLW, Zvobgo G, Mwamba TM, Louis LT, Fu LB, Kirika
BA, Tshibangu AK, Adil MF, Sehar S, Mukobo RP, Zhang GP
(2020) High accumulation of phenolics and amino acids confers
tolerance to the combined stress of cobalt and copper in barley
(Hordeum vulagare). Plant Physiol Bioch 155:927-937. https://
doi.org/10.1016/j.plaphy.2020.08.038

MaY, Oliveira RS, Freitas H, Zhang C (2016) Biochemical and molec-
ular mechanisms of plant-microbe-metal interactions: relevance
for phytoremediation. Front Plant Sci 7:918. https://doi.org/10.
3389/fpls.2016.00918

Ma Y, Rajkumar M, Zhang C, Freitas H (2016b) Beneficial role of
bacterial endophytes in heavy metal phytoremediation. J Environ
Manage 174:14-25. https://doi.org/10.1016/j.jenvman.2016.02.
047

Ma YL, He JL, Ma CF, Luo J, Li H, Liu TX, Polle A, Peng CH, Luo
ZB (2014) Ectomycorrhizas with paxillus involutus enhance cad-
mium uptake and tolerance in populus x canescens. Plant Cell
Environ 37:627-642. https://doi.org/10.1111/pce.12183

Mahajan P, Kaushal J (2018) Role of phytoremediation in reducing
cadmium toxicity in soil and water. J Toxicol 2018:4864365.
https://doi.org/10.1155/2018/4864365

Mahdieh M, Yazdani M, Mahdieh S (2013) The high potential of Pel-
argonium roseum plant for phytoremediation of heavy metals.
Environ Monit Assess 185:7877-7881. https://doi.org/10.1007/
s10661-013-3141-3

Manoj SR, Karthik C, Kadirvelu K, Arulselvi PI, Shanmugasundaram
T, Bruno B, Rajkumar M (2020) Understanding the molecular
mechanisms for the enhanced phytoremediation of heavy met-
als through plant growth promoting rhizobacteria: a review. J
Environ Manage 254:109779. https://doi.org/10.1016/j.jenvm
an.2019.109779

Marrugo-Negrete J, Marrugo-Madrid S, Pinedo-Hernandez J, Durango-
Hernandez J, Diez S (2016) Screening of native plant species for
phytoremediation potential at a Hg-contaminated mining site.
Sci. Total. Environ. 542:809-816. https://doi.org/10.1016/j.scito
tenv.2015.10.117

Moameri M, Khalaki MA (2019) Capability of Secale montanum
trusted for phytoremediation of lead and cadmium in soils
amended with nano-silica and municipal solid waste compost.
Environ Sci Pollut R 26:24315-24322. https://doi.org/10.1007/
s11356-017-0544-7

Muhlbachova G, Szakova J, Tlustos P (2012) The heavy metal availa-
bility in long-term polluted soils as affected by EDTA and alfalfa
meal treatments. Plant Soil Environ 58:551-556. https://doi.org/
10.17221/524/2012-pse

Muthusaravanan S, Sivarajasekar N, Vivek JS, Paramasivan T, Naushad
M, Prakashmaran J, Gayathri V, Al-Duaij OK (2018). Phytore-
mediation of heavy metals: mechanisms, methods and enhance-
ments. Environ. Chem Lett 16:1339-1359. https://doi.org/10.
1007/s10311-018-0762-3

Murgueytio AM, Evans RG, Roberts D (1998) Relationship between
soil and dust lead in a lead mining area and blood lead levels. J
Expo Anal Environ Epidemiol 8:173-186

Oberoi S, Barchowsky A, Wu F (2014) The global burden of disease
for skin, lung, and bladder cancer caused by arsenic in food.
Cancer Epidemiol Biomark 23:1187-1194. https://doi.org/10.
1158/1055-9965.Epi-13-1317

O’Brien PL, DeSutter TM, Casey FXM, Khan E, Wick AF (2018)
Thermal remediation alters soil properties—a review. J Environ
Manag 206:826-835. https://doi.org/10.1016/j.jenvman.2017.
11.052

Okunev RV (2019) Free amino acid accumulation in soil and tomato
plants (Solanum lycopersicum L.) associated with arsenic stress.
Water Air Soil Pollut 230(11):253. https://doi.org/10.1007/
s11270-019-4309-4

Patowary R, Patowary K, Devi A, Kalita MC, Deka S (2017) Uptake
of total petroleum hydrocarbon (tph) and polycyclic aromatic
hydrocarbons (PAHs) by Oryza sativa L. grown in soil contami-
nated with crude oil. Bull Environ Contam Toxicol 98:120-126.
https://doi.org/10.1007/s00128-016-1990-5

Patra DK, Pradhan C, Patra HK (2020) Toxic metal decontamination
by phytoremediation approach: concept, challenges, opportuni-
ties and future perspectives. Environ Technol Inno 18:100672.
https://doi.org/10.1016/j.eti.2020.100672

Paz-Ferreiro J, Lu H, Fu S, Mendez A, Gasco G (2014) Use of phy-
toremediation and biochar to remediate heavy metal polluted
soils: a review. Solid Earth 5:65-75. https://doi.org/10.5194/
se-5-65-2014

Qin GB, Wu JF, Zheng XM, Zhou RW, Wei ZQ (2019) Phosphorus
forms and associated properties along an urban-rural gradient in

@ Springer


https://doi.org/10.1016/j.tiv.2009.11.012
https://doi.org/10.3390/su12093795
https://doi.org/10.3390/su12093795
https://doi.org/10.1016/j.ecoenv.2020.110185
https://doi.org/10.1016/j.ecoenv.2020.110185
https://doi.org/10.15244/pjoes/61901
https://doi.org/10.15244/pjoes/61901
https://doi.org/10.1016/j.ecoenv.2022.113739
https://doi.org/10.1016/j.ecoenv.2022.113739
https://doi.org/10.1016/j.taap.2011.12.016
https://doi.org/10.1016/j.taap.2011.12.016
https://doi.org/10.1139/er-2016-0063
https://doi.org/10.1016/j.marpolbul.2016.04.023
https://doi.org/10.1016/j.marpolbul.2016.04.023
https://doi.org/10.1016/j.envpol.2015.11.044
https://doi.org/10.1016/j.envpol.2015.11.044
https://doi.org/10.1016/j.scitotenv.2018.03.161
https://doi.org/10.1016/j.scitotenv.2018.03.161
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.plaphy.2020.08.038
https://doi.org/10.1016/j.plaphy.2020.08.038
https://doi.org/10.3389/fpls.2016.00918
https://doi.org/10.3389/fpls.2016.00918
https://doi.org/10.1016/j.jenvman.2016.02.047
https://doi.org/10.1016/j.jenvman.2016.02.047
https://doi.org/10.1111/pce.12183
https://doi.org/10.1155/2018/4864365
https://doi.org/10.1007/s10661-013-3141-3
https://doi.org/10.1007/s10661-013-3141-3
https://doi.org/10.1016/j.jenvman.2019.109779
https://doi.org/10.1016/j.jenvman.2019.109779
https://doi.org/10.1016/j.scitotenv.2015.10.117
https://doi.org/10.1016/j.scitotenv.2015.10.117
https://doi.org/10.1007/s11356-017-0544-7
https://doi.org/10.1007/s11356-017-0544-7
https://doi.org/10.17221/524/2012-pse
https://doi.org/10.17221/524/2012-pse
https://doi.org/10.1007/s10311-018-0762-3
https://doi.org/10.1007/s10311-018-0762-3
https://doi.org/10.1158/1055-9965.Epi-13-1317
https://doi.org/10.1158/1055-9965.Epi-13-1317
https://doi.org/10.1016/j.jenvman.2017.11.052
https://doi.org/10.1016/j.jenvman.2017.11.052
https://doi.org/10.1007/s11270-019-4309-4
https://doi.org/10.1007/s11270-019-4309-4
https://doi.org/10.1007/s00128-016-1990-5
https://doi.org/10.1016/j.eti.2020.100672
https://doi.org/10.5194/se-5-65-2014
https://doi.org/10.5194/se-5-65-2014

370

Environmental Chemistry Letters (2024) 22:355-371

southern China. Water Sui 11(12):2504. https://doi.org/10.3390/
w11122504

Qin GW, Niu ZD, Yu JD, Li ZH, Ma JY, Xiang P (2021) Soil heavy
metal pollution and food safety in China: effects, sources and
removing technology. Chemosphere 267:129205. https://doi.org/
10.1016/j.chemosphere.2020.129205

Quinones MA, Fajardo S, Fernandez-Pascual M, Lucas MM, Pueyo JJ
(2021) Nodulated white lupin plants growing in contaminated
soils accumulate unusually high mercury concentrations in
their nodules, roots and especially cluster roots. Horticulturae
7(9):302. https://doi.org/10.3390/horticulturae7090302

Rajendran S, Priya TAK, Khoo KS, Hoang TKA, Ng HS, Munawaroh
HSH, Karaman C, Orooji Y, Show PL (2022) A critical review
on various remediation approaches for heavy metal contaminants
removal from contaminated soils. Chemosphere 287:132369.
https://doi.org/10.1016/j.chemosphere.2021.132369

Rajmohan KS, Chandrasekaran R, Varjani S (2020) A review on occur-
rence of pesticides in environment and current technologies for
their remediation and management. Indian J Microbiol 60:125—
138. https://doi.org/10.1007/s12088-019-0084 1-x

Rinklebe J, Shaheen SM, El-Naggar A, Wang HL, Du Laing G, Alessi
DS, Ok YS (2020) Redox-induced mobilization of Ag, Sb, Sn,
and TI in the dissolved, colloidal and solid phase of a biochar-
treated and un-treated mining soil. Environ Int 140:105754.
https://doi.org/10.1016/j.envint.2020.105754

Scarselli A, Binazzi A, Di Marzio D, Marinaccio A, Iavicoli S (2012)
Hexavalent chromium compounds in the workplace: assessing
the extent and magnitude of occupational exposure in Italy. J
Occup Environ Hyg 9:398-407. https://doi.org/10.1080/15459
624.2012.682216

Schiavon M, Pilon-Smits EAH (2017) The fascinating facets of plant
selenium accumulation—biochemistry, physiology, evolution and
ecology. New Phytol 213:1582-1596. https://doi.org/10.1111/
nph.14378

Shabbir Z, Sardar A, Shabbir A, Abbas G, Shamshad S, Khalid S,
Natasha Murtaza G, Dumat C, Shahid M (2020) Copper uptake,
essentiality, toxicity, detoxification and risk assessment in soil-
plant environment. Chemosphere 259:127436. https://doi.org/10.
1016/j.chemosphere.2020.127436

Shaheen SM, Antoniadis V, Kwon E, Song H, Wang SL, Hseu ZY, Rin-
klebe J (2020) Soil contamination by potentially toxic elements
and the associated human health risk in geo- and anthropogenic
contaminated soils: a case study from the temperate region (Ger-
many) and the arid region (Egypt). Environ Pollut 262:114312.
https://doi.org/10.1016/j.envpol.2020.114312

Shi WG, Zhang YH, Chen SL, Polle A, Rennenberg H, Luo ZB (2019)
Physiological and molecular mechanisms of heavy metal accu-
mulation in nonmycorrhizal versus mycorrhizal plants. Plant Cell
Environ 42:1087-1103. https://doi.org/10.1111/pce.13471

Shifaw E (2018) Review of heavy metals pollution in china in agricul-
tural and urban soils. J Health Pollut 8:180607. https://doi.org/
10.5696/2156-9614-8.18.180607

Sharma, S.S., Dietz, K.J., Mimura, T., 2016. Vacuolar compartmentali-
zation as indispensable component of heavy metal detoxification
in plants. Plant. Cell. Environ. 39:1112-1126. https://doi.org/10.
1111/pce.12706

Sharma P (2021) Efficiency of bacteria and bacterial assisted phy-
toremediation of heavy metals: an update. Bioresource Technol
328:124835. https://doi.org/10.1016/j.biortech.2021.124835

Sharma S, Tiwari S, Hasan A, Saxena V, Pandey LM (2018) Recent
advances in conventional and contemporary methods for reme-
diation of heavy metal-contaminated soils. 3 Biotech 8:1-18.
https://doi.org/10.1007/s13205-018-1237-8

Sodango TH, Li X, ShaJ, Bao Z (2018) Review of the spatial distribu-
tion, source and extent of heavy metal pollution of soil in China:

@ Springer

impacts and mitigation approaches. J Health Pollut 8:53-70.
https://doi.org/10.5696/2156-9614-8.17.53

Song Y, Ammami MT, Benamar A, Mezazigh S, Wang HQ (2016)
Effect of EDTA, EDDS, NTA and citric acid on electrokinetic
remediation of As, Cd, Cr, Cu, Ni, Pb and Zn contaminated
dredged marine sediment. Environ Sci Pollut R 23:10577-10586.
https://doi.org/10.1007/s11356-015-5966-5

Song, C., Sarpong, C.K., He, J.S., Shen, F., Zhang, J., Yang, G., Long,
L.L., Tian, D., Zhu, Y., Deng, S.H., 2020. Accelerating phytore-
mediation of degraded agricultural soils utilizing rhizobacteria
and endophytes: a review. Environ. Rev. 28:115-127. https://doi.
org/10.1139/er-2019-0020

Souri, Z., Karimi, N., Norouzi, L., Ma, X.M., 2020. Elucidating the
physiological mechanisms underlying enhanced arsenic hyper-
accumulation by glutathione modified superparamagnetic iron
oxide nanoparticles in Isatis cappadocica. Ecotox. Environ. Safe.
206. https://doi.org/10.1016/j.ecoenv.2020.111336

Sytar O, Kumari P, Yadav S, Brestic M, Rastogi A (2019) Phyto-
hormone priming: regulator for heavy metal stress in plants.
J Plant Growth Regul 38:739-752. https://doi.org/10.1007/
s00344-018-9886-8

Tang JY, Zhang LH, Zhang JC, Ren LH, Zhou YY, Zheng YY, Luo L,
Yang Y, Huang HL, Chen AW (2020) Physicochemical features,
metal availability and enzyme activity in heavy metal-polluted
soil remediated by biochar and compost. Sci Total Environ
701:134751. https://doi.org/10.1016/j.scitotenv.2019.134751

Tauchi M, Hida A, Negishi T, Katsuoka F, Noda S, Mimura J, Hosoya
T, Yanaka A, Aburatani H, Fujii-Kuriyama Y, Motohashi H,
Yamamoto M (2005) Constitutive expression of aryl hydrocar-
bon receptor in keratinocytes causes inflammatory skin lesions.
Mol Cell Biol 25:9360-9368. https://doi.org/10.1128/mcb.25.21.
9360-9368.2005

Tayang A, Songachan LS (2021) Microbial bioremediation of heavy
metals. Curr Sci India 120:1013-1025. https://doi.org/10.18520/
cs/v120/i6/1013-1025

Trippe RC, Pilon-Smits EAH (2021) Selenium transport and metabo-
lism in plants: Phytoremediation and biofortification implica-
tions. J. Hazard. Mater. 404. https://doi.org/10.1016/j.jhazmat.
2020.124178

Truskewycz A, Gundry TD, Khudur LS, Kolobaric A, Taha M, Aburto-
Medina A, Ball AS, Shahsavari E (2019) Petroleum hydrocar-
bon contamination in terrestrial ecosystems-fate and microbial
responses. Molecules 24(18):3400. https://doi.org/10.3390/molec
ules24183400

Ubando, A.T., Africa, A.D.M., Maniquiz-Redillas, M.C., Culaba, A.B.,
Chen, W.H., Chang, J.S., 2021. Microalgal biosorption of heavy
metals: A comprehensive bibliometric review. J. Hazard. Mater.
402, 15. https://doi.org/10.1016/j.jhazmat.2020.123431

Ullah A, Heng S, Munis MFH, Fahad S, Yang XY (2015) Phytore-
mediation of heavy metals assisted by plant growth promoting
(PGP) bacteria: a review. Environ Exp Bot 117:28-40. https://
doi.org/10.1016/j.envexpbot.2015.05.001

Usman K, Al Jabri H, Abu-Dieyeh MH, Alsafran M (2020) Compara-
tive assessment of toxic metals bioaccumulation and the mecha-
nisms of chromium (Cr) tolerance and uptake in Calotropis pro-
cera. Front Plant Sci 11:883. https://doi.org/10.3389/fpls.2020.
00883

Varjani SJ (2017) Microbial degradation of petroleum hydrocarbons.
Bioresource Technol 223:277-286. https://doi.org/10.1016/j.
biortech.2016.10.037

Wang LW, Hou DY, Cao YN, Ok YS, Tack FMG, Rinklebe J,
O’Connor D (2020) Remediation of mercury contaminated soil,
water, and air: a review of emerging materials and innovative
technologies. Environ Int 134:105281. https://doi.org/10.1016/j.
envint.2019.105281


https://doi.org/10.3390/w11122504
https://doi.org/10.3390/w11122504
https://doi.org/10.1016/j.chemosphere.2020.129205
https://doi.org/10.1016/j.chemosphere.2020.129205
https://doi.org/10.3390/horticulturae7090302
https://doi.org/10.1016/j.chemosphere.2021.132369
https://doi.org/10.1007/s12088-019-00841-x
https://doi.org/10.1016/j.envint.2020.105754
https://doi.org/10.1080/15459624.2012.682216
https://doi.org/10.1080/15459624.2012.682216
https://doi.org/10.1111/nph.14378
https://doi.org/10.1111/nph.14378
https://doi.org/10.1016/j.chemosphere.2020.127436
https://doi.org/10.1016/j.chemosphere.2020.127436
https://doi.org/10.1016/j.envpol.2020.114312
https://doi.org/10.1111/pce.13471
https://doi.org/10.5696/2156-9614-8.18.180607
https://doi.org/10.5696/2156-9614-8.18.180607
https://doi.org/10.1111/pce.12706
https://doi.org/10.1111/pce.12706
https://doi.org/10.1016/j.biortech.2021.124835
https://doi.org/10.1007/s13205-018-1237-8
https://doi.org/10.5696/2156-9614-8.17.53
https://doi.org/10.1007/s11356-015-5966-5
https://doi.org/10.1139/er-2019-0020
https://doi.org/10.1139/er-2019-0020
https://doi.org/10.1016/j.ecoenv.2020.111336
https://doi.org/10.1007/s00344-018-9886-8
https://doi.org/10.1007/s00344-018-9886-8
https://doi.org/10.1016/j.scitotenv.2019.134751
https://doi.org/10.1128/mcb.25.21.9360-9368.2005
https://doi.org/10.1128/mcb.25.21.9360-9368.2005
https://doi.org/10.18520/cs/v120/i6/1013-1025
https://doi.org/10.18520/cs/v120/i6/1013-1025
https://doi.org/10.1016/j.jhazmat.2020.124178
https://doi.org/10.1016/j.jhazmat.2020.124178
https://doi.org/10.3390/molecules24183400
https://doi.org/10.3390/molecules24183400
https://doi.org/10.1016/j.jhazmat.2020.123431
https://doi.org/10.1016/j.envexpbot.2015.05.001
https://doi.org/10.1016/j.envexpbot.2015.05.001
https://doi.org/10.3389/fpls.2020.00883
https://doi.org/10.3389/fpls.2020.00883
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1016/j.biortech.2016.10.037
https://doi.org/10.1016/j.envint.2019.105281
https://doi.org/10.1016/j.envint.2019.105281

Environmental Chemistry Letters (2024) 22:355-371

371

Wang YM, Zhang LX, Wang JN, Lv JS (2020) Identifying quantitative
sources and spatial distributions of potentially toxic elements
in soils by using three receptor models and sequential indicator
simulation. Chemosphere 242:125266. https://doi.org/10.1016/j.
chemosphere.2019.125265

Wei ZH, Le QV, Peng WX, Yang YF, Yang H, Gu HP, Lam SS, Sonne
C (2021) A review on phytoremediation of contaminants in air,
water and soil. J Hazard Mater 403:123658. https://doi.org/10.
1016/j.jhazmat.2020.123658

Wieczorek K, Turek A, Szczesio M, Wolf WM (2020) Comprehensive
evaluation of metal pollution in urban soils of a post-industrial
city-a case of Lodz. Molecules, Poland. https://doi.org/10.3390/
molecules25184350

Wu W, Wu P, Yang F, Sun DL, Zhang DX, Zhou YK (2018) Assess-
ment of heavy metal pollution and human health risks in urban
soils around an electronics manufacturing facility. Sci Total Envi-
ron 630:53-61. https://doi.org/10.1016/j.scitotenv.2018.02.183

XuC,QinL, LiY, Zu YQ, Wang JX (2023) Effects of different sul-
fur compounds on the distribution characteristics of subcellular
lead content in Arabis alpina L. var. parviflora Franch under lead
stress. Plants-Basel. 12:11. https://doi.org/10.3390/plants1204
0874

Xun Y, Feng L, Li YD, Dong HC (2017) Mercury accumulation plant
Cyrtomium macrophyllum and its potential for phytoremediation
of mercury polluted sites. Chemosphere. 189:161-170. https://
doi.org/10.1016/j.chemosphere.2017.09.055

Yan A, Wang YM, Tan SN, Yusof MLM, Ghosh S, Chen Z (2020) Phy-
toremediation: a promising approach for revegetation of heavy
metal-polluted land. Front Plant Sci 11:359. https://doi.org/10.
3389/fpls.2020.00359

Yang GL, Zheng MM, Tan AJ, Liu YT, Feng D, Lv SM (2021)
Research on the mechanisms of plant enrichment and detoxifi-
cation of cadmium. Biology 10(6):544. https://doi.org/10.3390/
biology 10060544

Yasseen BT, Al-Thani RF (2022) Endophytes and halophytes to reme-
diate industrial wastewater and saline soils: perspectives from
Qatar. Plants 11(11):1497. https://doi.org/10.3390/plants1111
1497

Yoshihara R, Matsuo S, Iwata T, Inui H (2014) Effect of amending
soil with organic acids on perylene uptake into Cucurbita pepo. J
Pestic Sci 39:162-164. https://doi.org/10.1584/jpestics.D14-054

Zajecka E, Swiercz A (2021) Biomonitoring of the urban environ-
ment of kielce and olsztyn (poland) based on studies of total
and bioavailable lead content in soils and common dandelion
(Taraxacum officinale agg). Minerals 11(1):52. https://doi.org/
10.3390/min11010052

Zhang MJ, Ma BC, Yang S, Wang JL, Chen JX (2023) Bisphenol A
(BPA) induces apoptosis of mouse leydig cells via oxidative
stress. Environ Toxicol 38:312-321. https://doi.org/10.1002/
t0x.23690

Zhang P, Chen YG (2017) Polycyclic aromatic hydrocarbons con-
tamination in surface soil of China: a review. Sci Total Environ
605:1011-1020. https://doi.org/10.1016/j.scitotenv.2017.06.247

Zhao FJ, Tang Z, Song JJ, Huang XY, Wang P (2022) Toxic metals
and metalloids: Uptake, transport, detoxification, phytoremedia-
tion, and crop improvement for safer food. Mol Plant 15:27-44.
https://doi.org/10.1016/j.molp.2021.09.016

Zhao YZ, Chen LJ, Gao S, Toselli P, Stone P, Li WD (2010) The criti-
cal role of the cellular thiol homeostasis in cadmium perturbation
of the lung extracellular matrix. Toxicology 267:60-69. https://
doi.org/10.1016/j.tox.2009.10.021

Zheng WK, Cui T, Li H (2022) Combined technologies for the reme-
diation of soils contaminated by organic pollutants. A review
Environ Chem Lett 20:2043-2062. https://doi.org/10.1007/
s10311-022-01407-y

Zhu GX, Zhao JJ, Chen Q, Guo QJ, Cheng DD, Bijaya GCD, Li WJ
(2022) The comparative potential of four compositae plants for
phytoremediation of karst lead/zinc mine tailings contaminated
soil. Bioresources 17:2997-3013. https://doi.org/10.15376/
biores.17.2.2997-3013

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1016/j.chemosphere.2019.125265
https://doi.org/10.1016/j.chemosphere.2019.125265
https://doi.org/10.1016/j.jhazmat.2020.123658
https://doi.org/10.1016/j.jhazmat.2020.123658
https://doi.org/10.3390/molecules25184350
https://doi.org/10.3390/molecules25184350
https://doi.org/10.1016/j.scitotenv.2018.02.183
https://doi.org/10.3390/plants12040874
https://doi.org/10.3390/plants12040874
https://doi.org/10.1016/j.chemosphere.2017.09.055
https://doi.org/10.1016/j.chemosphere.2017.09.055
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.3389/fpls.2020.00359
https://doi.org/10.3390/biology10060544
https://doi.org/10.3390/biology10060544
https://doi.org/10.3390/plants11111497
https://doi.org/10.3390/plants11111497
https://doi.org/10.1584/jpestics.D14-054
https://doi.org/10.3390/min11010052
https://doi.org/10.3390/min11010052
https://doi.org/10.1002/tox.23690
https://doi.org/10.1002/tox.23690
https://doi.org/10.1016/j.scitotenv.2017.06.247
https://doi.org/10.1016/j.molp.2021.09.016
https://doi.org/10.1016/j.tox.2009.10.021
https://doi.org/10.1016/j.tox.2009.10.021
https://doi.org/10.1007/s10311-022-01407-y
https://doi.org/10.1007/s10311-022-01407-y
https://doi.org/10.15376/biores.17.2.2997-3013
https://doi.org/10.15376/biores.17.2.2997-3013

	Phytoremediation of contaminants in urban soils: a review
	Abstract
	Introduction
	Urban soil remediation techniques
	Selection of phytoremediation species
	Mechanisms of soil remediation by plants
	Uptake of pollutants by plants
	Transport and transfer by plants
	Plant detoxification and transformation

	Improving the efficiency of phytoremediation
	Microbiome
	Chelating agents
	Genetic engineering
	Nano-restoration
	Biochar, composting, vermicomposting, foliar spray
	Combined repair technique

	Conclusion
	Acknowledgements 
	References




