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Environmental degradation by contaminants is a serious concern in the developing world. The remediation
strategies to overcome the problem of environmental degradation should be assorted for its ecological impacts.
Phytoremediation is a green technology for the removal of pollutants from various environmental compartments
by employing green plants. An ideal phytoremediation plant candidate should possess some characteristic features such as exhibiting stronger growth traits with high biomass, unpalatable nature, exuberant root system,
hyper accumulation of target contaminants accompanied with stress tolerance attributes. The growth of natural
vegetation is prevented by the barren and uncongenial conditions prevailing in the contaminated sites, but
however invasive plants are capable of establishing themselves on those sites due to their opportunistic incursive
nature. Since, it is hard to eradicate an invasive species once after their establishment in a new habitat or
ecosystem, they can possibly be controlled by sustainable management through the way of exploiting them in
contaminant remediation, thus phytoremediation. Therefore, it is of foremost requisite to determine the ability
of invasive species in oﬀering various ecologically viable services including contaminant remediation through
scientiﬁc exploration. In this review, the implications of using invasive plants in contaminant remediation with
accompanying challenges and scopes involved are discussed with the available volume of literatures in contaminant remediation using plants, especially the invasive plants.

1. Introduction
The plants which are capable undergoing proﬁcient proliferation
outside their native boundary are called invasive plants (Richardson
et al., 2000; Daehler, 2003) which has been introduced to an environment where it is non-native, or exotic, and whose introduction
causes environmental or economic damage or harm to human health
(IUCN, 2012). Increasing anthropogenic activities generate soil disturbances which prefers the growth of competitive invasive plant species at the compromise of natives (Hess et al., 2019). Although the
concept of plant invasion across continents dates back to several millennia, it is believed that the global travel by humans after the 16th
century, hastened the intercontinental movement of the species to a
greater extent (Middleton, 2019). When compared to native plants,
invasive plants are probably taller and are capable of demonstrating
more prominence in growth, competitive ability, or fecundity (Daehler,
2003; Thébaud and Simberloﬀ, 2001). The free intercontinental
movement of species created a “New Pangea” and this aggressive

species invasion to new continents is causing the world’s ﬂora to become more and more homogeneous (Middleton, 2019). Thus, invasive
plants are known to attain high abundance to inﬂuence biodiversity and
degrade ecosystem function (Ehrenfeld, 2010; Wei et al., 2018).
Invasive plant species are capable encompassing wide physiological
niches and special functional attributes and is quickly acquainted to
altering environmental conditions (Wan and Wang, 2018). This intrinsic ability of invasive plants enhances them to ﬂourish even in nonnative habitats which in turn constricts the living spaces of native
species (Catford, 2012; Hellmann, 2008; Lowe, 2000; Pyšek, 2012;
Rejmánek, 2015). Intentionally alien plants were introduced to oﬀer
various ecosystem services such as fodder, fuel-wood, medicines, fruits,
shade and aesthetic appeal. However, despite oﬀering these services,
some of these plant species are capable of intruding into the surrounding natural areas, thereby causing disruption and alterations of
ecosystem functions, reducing native biodiversity, and negatively impacts local economies and human well-being (Jeschke et al., 2014; Le
Maitre, 2011; Pejchar and Mooney, 2009; Potgieter et al., 2019).
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it extends its habitat in major parts of south China and represents itself
as one of the worst invader and is one of the 12 most harmful invasive
species in China (Nan et al., 2013; Xu and Ye, 2003; Li and Xie, 2002). It
acquires a strong inherent reproductive capability that it can emerge
from even small fragments and can readily proliferate in new environments (Martin, 2001). It can adapt well to diverse environmental
conditions due to its great phenotypic and morphological plasticity
(Pan et al., 2006).
However, there exists certain concern that claims that the possible
extents of danger by invasive species are exaggerated beyond the actual
truth. For instance, in the United States, over the past 200 years about
50,000 non-native species were introduced. The list includes 5000 plant
species and around only 675 species (14%) were considered to be invasive and, nevertheless, these introduced plants contributed to 98% of
the productive crops grown in the US food system in 1998 (Chafe, 2005;
Pimentel et al., 2000). A few among the 5000 introduced exotic plants
escapes to the natural systems and turn to establish further, exhibiting
themselves as pests and becomes a threat to agriculture or local biodiversity (Zimdahl and Brown, 2018). A comparative analysis of the
invasive histories of species introduced into China and the USA demonstrates that it takes around 100 years for an exotic species to become an invasive species (Gao et al., 2018). For the case of British
animals and plants, just about only 1 in 1000 introduced species have
become pests (Williamson and Fitter, 1996). Therefore, in spite of their
legitimate and watchful concerns invasive plants are rarely troublesome. In fact the invasive plants are capable of exhibiting stronger
growth traits even in lands degraded by contaminants, and consequently can be utilized for contaminant remediation. In this review, an
attempt was made to implicate the use of invasive plants in contaminant remediation by providing an understanding of the current
status and the future direction of contaminant remediation using plants,
especially the invasive plants.

During expansion, there are also several evidenced instances that invasive plants can undergo rapid adaptive evolution. In the United States
around 100 million acres are an abode to invasive plants and it is expanding at a rate of 14 million acres every year (Zimdahl and Brown,
2018). The Invasive plants were supposed to be causing severe threats
to cropland, rangeland, aquatic and wildland habitats (Mullin, 2000).
Considering the threat posed by invasive plants, the European Union,
from January 2016, amended a law that to keep crop, breed, transport,
sell, exchange, or deliberately or unintentionally release 14 non-native
invasive plants is a punishable oﬀense (Zimdahl and Brown, 2018).
China is one among the largest territories and mega diversity (Liu
and Diamond, 2005; Liu, et al., 2003; Xu et al., 2008). In the case of
plant introductions, however, a minor faction has escaped into the
natural areas and impacts the ecosystem by creating several problems
that include competition for resources, hybridization, increased sedimentation and alterations in nutrient, geochemical and hydrological
cycles. As China is expanding its international trade activities, unintentional introductions are now increasing that may pose severe threats
as they are unknown and unexpected. Xu, Qiang (Xu et al., 2012),
presented a comprehensive list of Invasive Alien Species (IAS) in China,
which includes 265 plants, out of which 252 terrestrial, 7 freshwater
and 6 marine plant species. Of the total 265 invasive plant species about
180 species (67.9%) were intentionally introduced for various beneﬁcial purposes. Almost half of all IAS (51.1%) was invaded from North
and South America, 18.3% from Europe, 17.3% from Asia (excluding
China), 7.2% from Africa, 1.8% from Oceania, and the source of the left
4.3% IAS remains unknown. About 48% of the invasive plants were
accidentally released in China, including 25% being brought in via
contaminated seed mixes, such as animal feed, 326 agricultural crops,
oil plants, and green provenders (Gao et al., 2018).
In an inspection of imported materials contained in 349 ships from
30 countries between 1986 and 1990, about 200 species of alien weeds
have been found. Weeds and poisonous grass species have outspread at
the cost of high-quality grass species over as around 90% of China’s
grasslands (Diamond, 2005). Similarly, the perennial salt marsh grass
Spartina alterniﬂora is native to the Atlantic and Gulf coasts of North
America (Wan et al., 2009). The inherent capability of the plant to
undergo rapid adaptive evolution in genotypes or exhibiting phenotypic
plasticity makes the plant a dreadful invader (Lee, 2002; Richards et al.,
2006). In the present scenario, S. alterniﬂora has colonized estuaries and
coastal salt marshes across globe, causing severe impacts on the local
ecosystems (Feng et al., 2017; Ma et al., 2014; Strong and Ayres, 2016).
Primarily, S. alterniﬂora was introduced to China in 1979 through the
concept of Ecol. Eng. to control erosion, soil amelioration, dike protection, seaward expansion of land, etc. (An, 2007; Hong-Xia et al.,
2008). As a result of continuous grafting and natural dispersal, this
plant species has spread to an extent making China the world’s most
prominent Spartina invaded region (Li et al., 2009; Strong and Ayres,
2013; Zheng et al., 2018). This plant is categorized on the ﬁrst published list of the sixteen invasive plants by the State Environmental
Protection Administration of China in 2003 (Wang et al., 2006). Over
the past few decades, these plants are found to be vulnerable to the
mangrove ecosystems of China. For instance the Zhangjiang Mangrove
Estuary was invaded by S. alterniﬂora in the 1990 s. From then on, the
area was rapidly occupied by S. alterniﬂora and the total area of invasion was found to be escalated from 57.94 ha to 116.11 ha (Gao et al.,
2019; Liu et al., 2017; Zhang et al., 2017).
Another important invasive weed, Alternanthera philoxerides, commonly known as alligator weed, is an aquatic and clonal weedy species
native to South America (Buckingham, 1996), and can co-exists abundantly in natural habitats all over the world (Ding et al., 2007). Currently, A. philoxeroides is found to be spreading over a wide range of
temperate, tropical and subtropical areas throughout the world, including USA, Australia, India and China, over large latitudinal gradients
(Lu et al., 2013; Wu et al., 2017). In the 1930s, this plant was being
introduced in China as a forage crop (Dong et al., 2001), and at present

2. Environmental contamination in China
The per capita cultivable land area of China is less than half of the
world average and that of arable water is about one quarter of the
world average (UNESCO, 2012). Thus, the country cannot spare any
more available land or water as a result of increasing pollution (Lu
et al., 2015). At present, soil pollution in China is the most wide and
severe problem in the world. Understanding this, since 2006, the Chinese government has introduced a series of action plans in order to
implement strategies to control, prevent and remediate soil pollution.
The national soil pollution survey of China has taken 8 years and incurred a cost of around 161 million US dollars and the survey report
published in 2014 indicated that about 16.1% of arable land is polluted
with inorganic pollutants, particularly, Cd, Hg, As, Pb and Cr (MEP,
2014) causing the greatest risk to food safety in China (MEP&MLR,
2014). About 10.18% of arable soil was polluted by heavy metals and
consequently resulted in a 13.86% reduction of grain production in
China (Zhang et al., 2015). In 2007, according to the estimates of the
Ministry of Land and Resource in China, the country suﬀered an economic loss of about 3.2 billion dollars as a result of farmland metal
pollution (Gui-chun et al., 2009).
Since the founding of new China to 2012, the country marks an
increased heavy metal emissions by 30 times (Tian et al., 2015). Apart
from heavy metals elevated concentrations of organic pollutants such as
organochlorine pesticides (OCPs), poly-aromatic hydrocarbons (PAHs),
polychlorinated biphenyls (PCBs) and phthalate esters (PAEs), are also
a threat to the agricultural soils across China and there is a need for the
imperative management strategies and integrated cost eﬀective remediation technologies to reclaim the polluted agricultural lands (Sun
et al., 2018). Apart from environmental damage, water scarcity, and
inappropriate use of pesticides, the most crucial factor aﬀecting the
food safety are chemical pollutants and hence, there is a need for integrating food safety policies with soil and water pollution management
29
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with the mediation of rhizosphere microbes.
Phytoremediation is found to be a promising remediation technology for a number of environmental pollutants in China, including
heavy metals (Mahar, 2016; Gao et al., 2015; Ding et al., 2018; Chen
et al., 2004; Wang et al., 2015; Li et al., 2019), organic contaminants
such as PAHs, TPHs, PCBs, OCPs, pthalic acid esters, etc. (Ma et al.,
2012; He et al., 2015; Ye et al., 2014; Teng et al., 2010; Wei and Pan,
2010; Xiao et al., 2015; Feng et al., 2017), and radionuclides (Tang and
Willey, 2003; Wang et al., 2012, 2018; Yan, 2016; Huang et al., 2017).
Recently, Gong, Zhao (Gong et al., 2018) presented an overview of the
recent developments and knowledge on the general principles, technical progress and eﬀectiveness of the ﬁeld scale key remediation
techniques for metal contamination and emphasized that although
physical and chemical remediation methods are applied on ﬁeld scale,
they are known to cause environmental degradation and secondary
pollution issues coupled with high cost and labour. However, bio-remediation methods, particularly phytoremediation techniques are environmentally friendly, safe, least destructive, and cost-eﬃcient. When
compared to the conventional techniques, phytoremediation techniques
oﬀers the beneﬁt of economic feasibility (Tang et al, 2016).
An experiment to determine the cost beneﬁts of a two-year phytoremediation project for soil contaminated with arsenic, cadmium and
lead, demonstrates the method be cost eﬃcient and the beneﬁts of
phytoremediation will countervail the project costs in less than seven
years (Wan et al., 2016). Results from the ﬁeld trials of phytoremediation in China are promising as arsenic contaminated soil in
Hunan and Guangxi Province have been successfully remediated by
Pteris vittata with accompanying costs as low as $3.08 per m3 of contaminated soil (Xie et al., 2010). It is evident from the literature survey
that phytoremediation of soil contaminants is becoming popular in
recent years. For instance, the Chinese National Scientiﬁc Foundation
Council has sanctioned 155 related research projects between 2000 and
2013. As discussed earlier, Cd being the deadly heavy metal contaminant of agricultural soils, most of the sanctioned projects were
aspired for revealing the detailed potential remediation mechanisms of
uptake, transfer and accumulation of Cd by hyper-accumulators as well
as the genes involved (Zhang et al., 2014). Apparently, until 2014, the
State Intellectual Property Oﬃce of China authorised around 60 invention patents out of the total 126 invention patents which primarily
focused on phytoremediation of cadmium enriched soils (Yao-mei,
2013).

policies in China (Lu et al., 2015). Environmental management strategies in China are very challenging due to the rapid socio-economical
advancement and the furtherance of these challenges will drive the
country’s environmental management in future (Duan, 2016). In 2014,
the Chinese Central Government has announced major policies in the
area of pollution control and remediation (Han et al., 2016). Furthermore, in order to implement the policies regarding soil pollution prevention and control on a legal ﬂight, the country has introduced the
People's Republic of China soil pollution prevention and control law in
2017 (Zhang et al., 2018).
3. Phytoremediation – Concepts and applications
The remediation strategies to overcome the problems of environmental degradation should be percolated for its ecological impacts. The
removal of environmental pollutants from contaminated soil, sediments, sludge and water by employing green plants is termed as phytoremediation. This is a green technology, which is eﬃcient in remediating a variety of environmental pollutants. Plant rhizosphere
interactions with contaminants, are the key factor in phytoremediation
technologies. Plants take up the metals from the rhizosphere as follows:
Heavy metal mobilization in soil and subsequent uptake by plant roots,
translocation of the accumulated metals from roots to aerial tissues
followed by sequestration of the metals in plant tissues and tolerance.
The uses of plants in contamination remediation have been tested since
the 1970s, and in the 1980s the governmental and commercial sectors
started recognizing the concept of phytoremediation (Liu et al., 2018).
Gradually this technology has been widely explored over the years and
there are over 100 soil heavy metal remediation pilot/ﬁeld projects
using the phytoremediation technology have been reported (USEPA,
2016). Based on the applicability, phytoremediation techniques are
subdivided into diﬀerent classes (Ali et al., 2013; Khalid, 2017; Mahar,
2016; Rezania et al., 2016; Yadav et al., 2018), which are:
i) Phytoextration
Involves the use of plant roots to uptake contaminants from the soil
and subsequent translocation of contaminants to the aerial parts of the
plant where it gets accumulated followed by the biomass harvest for
safe disposal of accumulated contaminants.
ii) Phytovolatilization

4. The mechanism of contaminant uptake and accumulation by
invasive plants

Plants uptake of contaminants from the soil and the subsequent
conversion and release of toxic contaminants to less toxic vapours into
the atmosphere through transpiration process of the plants.

Invasive plants are usually hyperaccumulaters which are capable of
accumulating pollutants beyond their metabolic needs with concentrations ranging upto thousands of ppm (Keeran et al., 2019; Rai,
2008; Fernando et al., 2016; Ting et al., 2018). The diﬀerent non-mutually exclusive hypotheses available in the literature describe hyperaccumulators as plants possessing increased tolerance against pollutants, resistance against herbivores and pathogens, drought tolerance
and allelopathy (Boyd and Martens, 1992). As a matter of fact, invasive
plants are known to demonstrate all the desirable characters of hyperaccumulators: increased tolerance to pollutants (Michalet, 2017;
Yang et al., 2007), protection against herbivores or pathogens (Mangla
and Callaway, 2008; Joshi and Vrieling, 2005), drought tolerance
(Turner et al., 2017; Filippou et al., 2014), and allelopathy (Bibi and
Abu-Dieyeh, 2016; Chengxu et al., 2011). A database called PHYTOREM compiled by the environment biotechnology applications division
of Environment Canada, have listed some of the invasive plants are
capable of accumulating four or more metals individually and some of
which was recorded to exhibit the highest accumulated values of heavy
metals (McIntyre, 2003).
Hyperaccumulators exhibits a much greater potential in taking up
heavy metals from the soil; a faster and eﬀective translocation of metals

iii) Phytoﬁltration
The use of plants biomass to ﬁlter out pollutants from contaminated
water systems.
iv) Phytostabilization
The process of employing plants to stabilize pollutants by reducing
their mobility and bioavailability thereby preventing their migration
into the nearby environments and food chain.
v) Phytodegradation
The process through which plants uptake organic xenobiotics followed by the degradation with the help of enzymes.
vi) Rhizodegradation
The process of enhanced biodegradation of pollutants associated
30
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eﬀects of pollutants present and, this makes invasive plants, the better
candidates for phytoremediation. Biological invasions are an ecosystem
level problem in restoration. Non-native exotic species hinder the restoration of many natural areas and impacts ecological changes that
may be irreversible and thus forbidding successful restoration (Doren
et al., 2009). However, there exists certain management strategies and
conceptual ecological models through which this problem can be
overruled (Doren et al., 2009; Doren et al., 2009; D'antonio, C. and L.A.
Meyerson, 2002). In fact, it becomes possible to improve the reclamation of degraded site with non-invasive native and economic species
when the site is ameliorated to some extent by invasive species in the
large-scale ecosystem restoration programs (Pandey, 2012).
Zimdahl and Brown (Zimdahl and Brown, 2018), suggested that
amidst few exceptions, attempts to eradicate invasive species are a
waste of money, labor and eﬀort as invasive species are opportunists
and it can be controlled to some extent and cannot be eradicated fully.
The desirable management option for invasive species will not be its
eradication (Bonanno, 2016) and that will not necessarily ensure the
restoration of ecosystems to their pre-invasive status (Rodewald et al.,
2015). Invasive species can also be beneﬁcial and in many cases, the
likely beneﬁts of invasive species are under-reported (Bonanno, 2016;
Chapman, 2016). There are also instances where invasive plants were
found to have contributed positively to economical, social and ecological services (Wagh and Jain, 2018; Richardson and Van Wilgen, 2004;
Le Maitre et al., 2000). Understanding the economic use of invasive
plants can be an eﬀective approach to control their proliferation. The
risk of invasiveness while using exotic plants for biofuel production can
be undermined by the use of global databases and screening tools for
distinguishing high-risk species, the design and constellation of plantations to reduce spread risk, and the use of biological control to reduce
invasiveness (Richardson and Blanchard, 2011). Similar management
strategies can be adopted while choosing exotic plants for phytoremediation.
Furthermore, this is not a problem of recent times as species invasions dates back to historic times and therefore it is necessary to implement holistic assessments appropriate for management strategies
and decision-making, by understanding the positive and negative impacts of appropriating uncontrolled invasions compared to controlled
introductions (Chapman, 2016). Integration of scientiﬁc knowledge
with decision-making related to eco-restoration of problematic environments would greatly beneﬁt from the perceptivities that species
which come up spontaneously should respond to assisted spontaneous
restoration (Pandey, 2013). Perhaps the best management strategy for
invasive species is to ﬁnd them some eﬃcient usage such as phytoremediation. Invasive plants based phytoremediation is getting popular
these days, due to its environmentally friendly and cost-eﬀectiveness
for removal of potentially toxic elements from soils (Yousaf et al.,
2018).
Many invasive plants were investigated for the purpose of phytoremediation, some of which were given in Table 1. Among the investigated plants, Eichhornia crassipes also known as water hyacinth,
attracts special attention among researchers. It is very diﬃcult to eradicate this notorious weed (Patel, 2012), however, its ability to uptake
contaminants has given a conceivable management route for its use in
phytoremediation (Rezania et al., 2015). The resilience of this plant to a
wide range of climatic conditions and its possession of a high biomass
turnover within a single growing season, associated with its inherent
tolerance to elevated concentrations of organic and inorganic water
contaminants, makes this worst weed, the most widely tested plants for
phytoremediation (Ting et al., 2018; Rezania et al., 2015; Mishra and
Maiti, 2017; Newete et al., 2016). Recently Goswami and Das
(Goswami and Das, 2018), demonstrated that E. crassipes successfully
removes 55–57% of Cu from test water and the eﬃcacy of the phytoremediation was established by catﬁsh bioassay evidencing the edible
part of ﬁsh reared in remediated water had Cu within FAO recommended levels. In a one year long phytoremediation study on a

from root to above ground aerial parts, and a remarkable potential to
detoxify and sequester of accumulated heavy metals (Verbruggen et al.,
2009; Yang et al., 2005; Rascio and Navari-Izzo, 2011). Trace elements
in the environment have been taken up by the plants through the
processes of absorption, transport and translocation. Transporters
mediate the uptake of metal ions in plants and some of the identiﬁed
transporters include ZIP1-4, ZNT1, IRT1, COPT1, AtVramp1/3/4 and
LCT1 on the plasma membrane-cytosol interface; ZAT, ABC type,
AtMRP, HMT1, CAX2 and RAN1 (Shah and Nongkynrih, 2007). Chelators impart the detoxiﬁcation of accumulated metals by buﬀering
cytosolic metal concentrations, whereas chaperones speciﬁcally disseminate metal ions to organelles and metal requiring proteins. Two
cysteine-rich peptides, the metallothioneins (MTs) and phytochelatins
(PCs) were found to play a notable role in the sequestration of thio –
reactive metals (Meagher, 2000).
The tolerance of plants to pollutants is the key prerequisite mechanism of plants for phytoremediation (Ali et al., 2013; Clemens,
2001; Jabeen et al., 2009; Singh et al., 2019; Tong et al., 2004). Cell
wall binding followed by the active transport of metal ions into the
vacuole and chelation through the triggering of metal-binding peptides
and the formation of metallocomplex are the key mechanisms governing the heavy metal tolerance in plants (Mejáre and Bülow, 2001;
Memon and Schröder, 2009). Chelation of metals by low molecularweight proteins such as metallothioneins and the phytochelatins were
found to be the key mechanism of metal detoxiﬁcation observed in
plants (Memon and Schröder, 2009). Heavy metal-binding molecules,
such as phytochelatins, amino acids, glutathione, and metallothionein
plays a important role in mitigating the metal toxicity by forming metal
chelate complexes (Ali et al., 2013; Singh et al., 2019). Hyperaccumulators mitigate the toxicity due to the high concentrations of
heavy metals by storing it in the vacuoles of large epidermal cells as
they are the organells with low metabolic activity and hence major
metabolic activities cannot be inhibited (Ali et al., 2013; Leitenmaier
and Küpper, 2011). In this way, the hyperaccumulators manage to keep
the metal levels in the mesophyll cells and cytoplasm within the safe
limits, thereby protecting the activities of important enzymes and
photosynthesis from heavy metal toxicity (Leitenmaier and Küpper,
2011). Despite, eﬀective detoxiﬁcation of metal ions occurs through the
segregation of these metal chelate complexes into the subcellular location through transporters (Leitenmaier and Küpper, 2013).
Transmembrane transporter proteins comprising of proton pumps,
cotransporters, antitransporters, and channels present in the plasma
membrane are involved in ion uptake and translocation (Singh et al.,
2019; Hall and Williams, 2003). Infact, hyperacculators are ascertained
to have exhibit an elevated expression of transporter genes when
compared to that of non accumulators (Leitenmaier and Küpper, 2011;
Pence et al., 2000; Verbruggen et al., 2009). In the case of organic
pollutants a family of ATP-binding cassette (ABC) transporters called
the glutathione-S-conjugate pump discerns the oxidized diglutathione
(GS-SG), glutathione conjugates of organics, conjugates of diverse highmolecular-weight toxic organic xenobiotics, and peptide-metal complexes such as phytochelatins (Lu et al., 1998; Tommasini et al., 1998).
Herbicides and endogenous organic compounds are transported out of
cells or accumulated into vacuoles (Li et al., 1997; Lu et al., 1997) for
their subsequent chemical degradation and mineralization into harmless biological compounds (Meagher, 2000).
5. The use of invasive plants in phytoremediation – Challenges
and scopes
Plants employed for the purpose of phytoremediation should possess some speciﬁc characteristic features such as rapid growth with high
biomass, unpalatable nature, exuberant root system and hyper accumulation of target contaminants accompanied with stress tolerant attributes to a wide range of environmental parameters. Alas, many
plants are incapable to survive in contaminated sites due to the toxic
31
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Table 1
Invasive plants employed for phytoremediation technologies.
Invasive Plant(s)

Contaminant(s)

Process

Medium

Country

References

Eichhornia crassipes

Phragmites australis, Typha latifolia
Phragmites australis
Arundo donax

Ag, Cd, Cr, Cu, Hg, Ni, Pb, and Zn
Nitrogen
Fe, Mn, As, Au, Cu, Hg, U and Zn
Al, As, Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn
Zn, Mn, Cu, Pb, Cd, Cr and Ni
Boron
Benzimidazole anthelmintics
Se

Phytoﬁltration
Phytoﬁltration
Phytoﬁltartion
Phytoextraction
Phytoextraction
Phytoﬁltration
Phytodegradation
Phytoextraction

Water
Water
Water
Soil
Soil
Eﬄuent
Culture medium
Soil

Phytoextraction

Bauxite-derived
red mud

Odjegba and Fasidi, 2007
Fox et al., 2008
Newete et al., 2016
Bonanno and Cirelli, 2017
Pandey et al., 2014
Türker et al., 2013
Podlipná et al., 2013
Domokos-Szabolcsy et al.,
2018
Alshaal et al., 2013

Chromolaena odorata
Ipomoea carnea
Ipomoea aquatica

Improved pH, EC, OC, microbial counts and soil
enzyme activities and uptake Cd, Pb, Co, Ni and
Fe
Cd and Zn
Crude oil and Cd, Ni, Zn
Cd, Pb, Cu, Cr,Mn and Ni
Pb

Nigeria
USA
South Africa
Italy
India
Turkey
Czech Republic
Hungary, USA and
Spain Ecotypes
Hungary

Phytoﬁltartion
Phytoextraction
Phytoextraction
Phytoﬁltration

Water
Soil
Fly ash deposits
Water

Slovakia
South Africa
India
India

Amaranthus spinosus
Agrostis capillaries
Elodea canadensis
Egeria densa
Hydrocharis morsus-ranae

Cu, Zn, Cr, Pb and Cd
Multi-metal contaminants
Co
Se
Co, Cu, Hg, K, Mn, and Ni.

Phytoextraction
Rhizodegradation
Phytoﬁltration
Phytoﬁltration
Phytoﬁltartion

Soil
Soil
Water
Eﬄuent
Water

India
Germany
Romania
India
Poland

Myriophyllumaquaticum
Tithonia diversifolia
Pistia stratiotes
Pluchea indica
Spartina densiﬂora
Spartina alterniﬂora
Alternanthera philoxeroides

nutrients and organic matter
Zn and Pb
Ag nanoparticles
40
K and 262Ra, and Pb
Co
Cr, Cu, Pb, Fe and Zn
Textile dye

Phytoﬁltration
Phytoextraction
Phytoﬁltration
Phytostabilisation
Phytostabilisation
Phytoextraction
Phytodegradation

Water
Soil
Water
Soil
Soil
Soil
Eﬄuents

Brazil
NIgeria
USA
Thailand
Spain
USA
India

Dürešová et al., 2014
Atagana, 2011
Pandey, 2012
Bedabati Chanu and Gupta,
2016
Chinmayee et al., 2012
Langella et al., 2014
Mosoarca et al., 2018
Ohlbaum et al., 2018
Polechońska and SameckaCymerman, 2016
Souza et al., 2013
Adesodun et al., 2010
Hanks et al., 2015
Kaewtubtim et al., 2018
Cambrollé et al., 2011
Salla et al., 2011
Rane et al., 2015

Typha latifolia

of A. donax can be utilised to remediate and restore arsenic contaminated soils (Mirza, 2011). Similarly A. donax were examined for its
phytoextraction eﬃciency in As contaminated synthetic wastewater
and was found to tolerate upto 600 µg L-1 and hence the plant can be
exploited to treat As contaminated waters (Mirza, 2010). The extent of
tolerance demonstrated by A. donax to a range of contaminants could
be used to exploit contaminated sites for biomass production for energy
purposes (Papazoglou, 2007). Thus, invasive plants have the potential
to be used as bioenergy crops simultaneously while remediating contaminated sites. Nevertheless invasive plants can also be explored in the
management of problematic environments. For instance ﬂy ash deposits
originating from coal based thermal power plants are one such concern
worldwide. Uncongenial conditions prevailing in ﬂy ash basins prevent
the natural colonization of ﬂora, but however invasive plants are capable of exhibiting spontaneous growth in such sites. It was found that
invasive plants such as Typha latifolia, Ipomoea carnea and Ricinus
communis exhibits tolerance to such stress conditions and proved to be
the potential candidates of phytoremediation of Flyash deposits
(Pandey, 2012, 2013, Pandey et al., 2014).
Some of the major studies in China that deals invasive plants for the
purpose of phytoremediation are given in Table 2. In China, the use of
water hyacinth and water lettuce for phytoremediation of water bodies
gained signiﬁcant importance. A combination of both these macrophytes was recommended for the phytoremediation of domestic
sewages contaminated by nitrogen and phosphorous (Qin et al., 2016).
Water hyacinth could serve as an eﬃcient, economical and ecological
alternative for the phytoremediation of agro-industrial wastewater
polluted with pesticides (Xia and Ma, 2006). The environmental performance and the economic feasibility of using water hyacinth to produce biogas coupled with their phytoremediation eﬃciency to reduce
simultaneous nutrient stock in eutrophic water bodies was found to be
applicable (Wang and Calderon, 2012). The invasive bioenergy crop
Riccinus communis has great potential for the phytoremediation of soils
co-contaminated by DDTs and Cd (Huang et al., 2011). Phytoremediation through three invasive aquatic plants viz., Eichhornia

polluted river, it was found that the water hyacinth reduces ammoniacal nitrogen from 5.2 mg/L to 3.5 mg/L, equivalent to 48.6% of
contaminant removal eﬃciency (Wang et al., 2011). Another study
using water hyacinth in a polluted river of 5000 m2 with 90% of water
hyacinths’ coverage accomplished a higher ammoniacal nitrogen removal eﬃciency of 86.5% (Hu et al., 2012).
Another invasive aquatic macrophyte Pistia stratiotes, also known as
water lettuce was also widely recognized for its hyperaccumulative
capability of various organic and inorganic contaminants. Also these
plants were found to be eﬃcient in reducing silver nanoparticles and
silver ions from contaminated wastewaters to lower levels than the
WHO’s maximum contamination limit (Hanks et al., 2015). A phytoﬁltration lagoon with P. stratiotes is very viable within the bioreﬁnery
for providing biomass year-round and for treating the polluted water
very eﬀectively (Olguín, 2017). A laboratory experiment to elucidate
the phytoremediation eﬃciency of waste water toxicity using E. crassipes and P. stratiotes demonstrated a reduction of 58.87% of ammonium, 50.04% of PO43-, 82.45% of COD and 84.91% of BOD. In addition, the metal contents in treated wastewater after 15 days of
experiment marked a percent reduction of 97.56% for E. crassipes and
93.51% for P. stratiotes tanks. Further, the study ascertained that E.
Crassipes has higher remediation potential than P. stratriotes with the
eﬄuents treated by E. Crassipes sustains the survival of ﬁsh beyond 24 h
of exposure (Victor et al., 2016).
Arundo donax, also known as giant reed is a noxious invasive weed
and its utilitarian role in phytoremediation aspect is being investigated
widely (Fernando et al., 2016; Nassi o Di Nasso et al., 2013; Fiorentino
et al., 2010). Giant reed is found to be promising crop for the phytoremediation of potentially toxic elements (Fiorentino et al., 2017) including selenium and it can be used in the phytoremedition of problematic Se-rich soils in China and USA (El-Ramady, 2015). In a
laboratory experiment, A. Donax was found to be tolerant against
higher concentrations of arsenic. It was found that, in addition to
bioaccumulation, the plant volatilizes 7.2 – 22% of arsenic in concentrations ranging from 300 to 1000 µg L-1 and this intrinsic capability
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Table 2
Invasive plants employed for phytoremediation technologies in China.
Invasive Plant(s)

Contaminant(s)

Process

Medium

References

Alternanthera philoxeroides
Ambrosia artemisiifolia
Arundo donax
*Ageratum conyzoides, Bidens pilosa, Senecio scandens, Imperata cylindrical, Buddleja
davidii
Chromolaena odorata, Bidens pilosa and Praxelis clematidea
Eichornia crassipes and Pistia stratiotes
Phragmites australis
Polygonum perfoliatum
Eichhornia crassipes
Eichornia crassipes, Pistia stratiotes and Myriophyllum spicatum
Spartina alterniﬂora

Cd
As, Cd, Cr, Cu, Mn, Ni, Pb, V, and Zn
As and Pb
Cd, Pb and Zn

Phytoextraction
Phytoextraction
Phytoextraction
Phytoextraction

Soil
Soil
Soil
Soil

Li et al., 2018
Yousaf et al., 2018
Liu et al., 2017
Zhu et al., 2018

Cd
N and P
U, Th, Ba and Pb
Mn
Ethion
Nutrients
Cu, Zn, Pb, and Cr

Phytoextraction
Phytoﬁltration
Phytoextraction
Phytoextraction
Phytoﬁltration
Phytoﬁltration
Phytostabilization

Soil
water
Soil
Soil
Water
Water
Sediment

Wei et al., 2018
Qin et al., 2016
Li et al., 2011
Liu et al., 2010
Xia and Ma, 2006
Lu et al., 2018
Zhang et al., 2019

(Verma et al., 2007). The biomass of macrophytes such as Eichhornia
sp., Typha sp. and A. donax constitutes lignin (10–25%), hemicelluloses
(20–30%), cellulose (30–50%), hydrogen (5%), lipids, and mineral
matter, thereby characterising themselves as a viable option for bioenergy, and other bio-products in addition to phytoremediation (Dipu
et al., 2011; Bhattacharya and Kumar, 2010). Owing to its competitive
bioethanol yield over other agronomic energy crops, A. donax demonstrates more energy output and can be considered a potential alternative for bioreﬁneries using poplar or similar hardwood feedstock’s
(Bura et al., 2012; Nsanganwimana et al., 2014). The production of
electricity from invasive plant biomass is ﬁnancially feasible in South
Africa, as determined by the net present value (NPV) of up to US$2.7
million, compared to diesel generators which have negative NPV of up
to -US$2.3 million (Staﬀord and Blignaut, 2017).
In China, the beneﬁcial role of invasive plants in various aspects
including contaminant remediation is evolving and its needs further
development through scientiﬁc exploration. The invasive Spartina alterniﬂora has got high carbon storage abilities and exhibit signiﬁcant
ecological function for the carbon cycle and carbon sink in China’s
ocean ecosystem (Liao, 2007). Furthermore, S. alterniﬂora is also proposed as a bioenergy crop complying with the strategic goal of China’s
bioenergy industry (Lu and Zhang, 2013). Although the expansion of
the invasive Spartina alterniﬂora in the salt marshes aﬀects the native
ﬂora, total salt marsh area extent will increase due to its fast expansion,
suggesting that the distribution and extent of invasive species are of
great importance to understand its eﬀects on local ecosystems (Gu,
2018). Accumulation and output of heavy metals by the invasive plant
Spartina alterniﬂora in a coastal salt marsh of northern Jiangsu Province,
China was studied and found that the plant exhibits temporary storage
of heavy metals and can be used for phytomining of metals, but however, the output of heavy metals released by S. alterniﬂora to the environment cannot be ignored, that S. alterniﬂora may be considered a
source of metal contaminants and therefore it becomes essential to
consider the balance between metal absorption and export, while
choosing a plant for phytoremediation (Chen et al., 2018). Recently,
Wei, Huang (Wei et al., 2018), determined the possibility of using three
invasive plant species viz., Chromolaena odorata, Bidens pilosa and
Praxelis clematidea and recommended that the examined plants were
potential candidates for soil Cd phytoremediation due to their high
accumulative capacity and advantageous growth and tolerance traits.
However, the authors also suggested that certain preventive ﬁeld
management strategies should be adopted such as the early harvest of
plants before they produce seeds in order to prevent their outspread to
the untargeted neighboring areas. Due to their inherent adaptability
even in harsh environments, such as degraded lands, invasive plants
will serve as potential candidates to remove contaminants. Therefore,
instead of considering their disadvantages, invasive plant species with
relatively stronger growth traits can be used for sustainable contaminant remediation with suitable ﬁeld management strategies.

crassipes, Pistia stratiotes, Myriophyllum spicatum was found to be a
promising technology for in situ remediation of severely polluted rural
rivers in developing countries, including China (Lu et al., 2018). In an
experiment to remediate of two commonly used pesticides by exotic
wetland plants viz., Typha latifolia, Phragmites australis, Iris pseudacorus,
it was found that the plants are capable of metabolising the pesticides
after uptake (Lv, 2016). The invasive weed Alternanthera philoxeroides
can be used for the phytoremediation of Cd in their invaded water
bodies (Li et al., 2018).
Invasive plants are managed through three diﬀerent categories of,
containment, reduction or nuisance control and eradication (Hussner,
2017). However, the invasive species are hard to eradicate once after
their establishment in a new habitat or ecosystem nevertheless, either
prevent them from getting a foothold or learn to live with them (Chen
et al., 2016). Therefore, the advantages of invasive plants should be
taken into account rather than their disadvantages so that they can be
properly controlled through exploitation with the way of sustainable
development (Lu and Zhang, 2013). For instance, the water hyacinth,
Eichhornia crassipes, is an extremely problematic aquatic weed for its
unpleasant growth in water bodies. However, its inherent tendency of
absorbing nutrients has made this weed a fascinating candidate in
phytoremediation of watersheds, through which the weed can be sustainable managed in combination with herbicidal control, integrated
biological control and also by curbing nutrient supply to control its
growth. In addition to waste water treatment, this plant can add up to
oﬀering useful by-products such as animal and ﬁsh feed, power plant
energy (briquette), ethanol, biogas, composting and ﬁber board making
(Rezania et al., 2015). The major drawback in the phytoremediation
technology is the time span required to achieve an eﬀective result and it
can be made an economically sustainable option by possibly harvesting
additional beneﬁts such as bioenergy production and phytomining
(Harris et al., 2009; Licht and Isebrands, 2005; Vocciante et al., 2019).
It is to be noted that owing to their invasive nature, both water
hyacinth and water lettuce should be conﬁned within the remediation
system for their ample utilisation of pollutant scavenging ability
without bestowing undue environmental impacts. As invasive plants are
opportunistic in nature, they produce more biomass than non-invasive
plants. The number and biomass of water hyacinth can double in 6 to
15 days under optimal conditions (Lindsey and Hirt, 1999). Proper and
complete utilisation approach on a large scale basis can be a viable
option for the control of water hyacinth. Being a biomass source of
cellulose and hemicellulose the plant can be utilized to develop value
added by-products. The water content and a favourable C/N ratio
marks this macrophyte an ample source to produce biogas through
anaerobic digestion (O'Sullivan, 2010; Singhal and Rai, 2003). It can
provide an appropriate gas yield of around 0.34 m3 kg−1 total solid,
much higher than that of other agricultural residuals (Huang and Fang,
1999). The biogas produced contains 60% methane content, which can
be utilized as fossil fuel in boilers. The resultant leftover slurry contains
high N, P and K content, which can be utilised for agricultural purposes
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6. Conclusion
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Biological invasions are a widely discussed topic over many decades. Although there exists concerns regarding the role of invasive
species in altering ecosystem functions and making the world’s ﬂora
more homogenous, there are many instances in which invasive plants
are certainly found to be useful as most of the invasive plants are intentionally introduced to oﬀer various agricultural and horticultural
services. In addition, invasive plants are opportunists and cannot be
eradicated completely once after its establishment in a naturalized
environment. Therefore, it is of foremost requisite to determine its
ability in oﬀering ecologically viable services for the achievement of
holistic ecosystem management in coexisting environmental settings.
Phytoremediation of contaminants using invasive plants is found to be a
promising option as invasive plants are generally tolerant to a wide
variety of stress attributes and can ﬂourish even in lands degraded by a
variety of pollutants. It is evident from the literature survey that most of
the contamination remediation experiments using invasive plants are
found to be successful and therefore invasive plants can be used as
potential candidates for phytoremediation. It is also agreed that the use
of invasive plants should not be approached passively and appropriate
management strategies are necessarily practiced to avoid undue range
extension of invasive plants to the untargeted neighboring areas.
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