
Current Applied Science and Technology          e-ISSN: 2586-9396 
 
Curr. Appl. Sci. Technol. ….., Vol... (No...), e0268001 
 

Review article  
 
 

_________________________________________ 
*Corresponding author: E-mail: sangeethamenon@kristujayanti.com 
https://doi.org/10.55003/cast.2026.268001 
Copyright © 2024 by King Mongkut’s Institute of Technology Ladkrabang, Thailand. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

 

Phytoremediation: Stratagem Against Heavy Metal 
Contamination 

 
Arpita Mishra, Reena Josephine Chellaiah Mesiadhas, Sangeetha 

Menon*, Bhagyalakshmi Unnikrishnan and Ayisha Simla  
 
Department of Life Sciences, Kristu Jayanti College, K Narayanpura, Kothanur, Bangalore, 

Karnataka, 560077, India 
 

Received: 12 June 2025, Revised: 6 January 2026, Accepted: 30 January 2026, Published: 15 May 2026 
 

Abstract 
 
The concentration of heavy metals in soil has significantly risen due to a number of natural 
and anthropogenic processes. Heavy metals are indigestible by plants, persisting in the 
environment, can enter the diet through agricultural crops, and ultimately accumulate in the 
human body through biomagnification. Additionally, their toxic properties have caused a 
serious problem for both human well-being and the biosphere. This makes remediation of 
contaminated soil a vital issue. Serious drawbacks to many physical and chemical 
techniques employed in remediation include high cost, labor-intensive nature, change in 
soil qualities, and disruption of the soil's natural microbiota. Phytoremediation is a practical 
and ecologically favorable mitigation solution for the cost-effective revegetation of heavy 
metal-polluted soil. It involves reducing the negative impacts or levels of contaminants in 
the environment by utilizing plants and associated soil microbes. Furthermore, genetically 
engineered plants or microbes are used in combination with plants to enhance their 
capacity for phytoremediation. To increase efficiency, it is important to know the underlying 
mechanism behind the buildup of heavy metals and plant tolerance. In this review, we have 
tried to discuss the ways in which plants absorb, move, and eliminate heavy metals from the 
environment. We have attempted to focus on techniques that improve the efficiency of 
phytoremediation solutions aided by genetic engineering and microbes. 
 
Keywords: heavy metals; biomagnification; soil contamination; phytoremediation; genetic 
engineering 
 

1. Introduction 
 
Heavy metals are a class of metallic chemical elements that have relatively large densities, 
atomic weights, and atomic numbers. The most prevalent heavy metals/metalloids are zinc 
(Zn), copper (Cu), nickel (Ni), mercury (Hg), lead (Pb), arsenic (As) and cadmium (Cd). 
These heavy metals/metalloids can be found in both biological and inorganic sources, 
including sewage sludge, metal smelting and mining, and chemical fertilizers (especially  
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phosphate compounds), and fossil fuels (Alloway, 2013; Rafique & Tariq, 2016; Hatamian 
et al., 2018; Souri et al., 2018). They are found in a variety of environmental matrixes at 
extremely low concentrations (parts per billion to less than 10 parts per million), classified 
as trace elements (Zhang et al., 2019). Heavy metals, including As, Hg, Cd, Cu and Zn are 
highly noxious due to their oxidative stress and their persistence in human body. They pose 
serious health hazards because of their toxicity, which is dependent on the heavy metal 
type, concentration, and oxidation state (Table 1) (Su et al., 2014; Hatamian et al., 2019). 
Heavy metal-polluted soil can be restored using several techniques. Actions like cleaning 
soil and application of an electric field mostly depend on physio-chemical or mechanical 
processes (Wuana & Okieimen, 2011). While these methods are considered effective in 
eliminating dangerous metals from the environment, their application may be costly and 
challenging, and it can significantly alter the properties of soil and its productivity. Using 
plants to absorb and eliminate elemental contaminants or reducing their persistence in soil 
is known as phytoremediation (Cunningham & Ow, 1996). It is a "green" method to remove 
toxic metals from tainted water and soil. Radionuclides and organic contaminants are also 
eliminated by this technique (Raskin et al., 1997; Ali et al., 2013). In addition to existing 
physical and chemical techniques, this approach can be utilized to eliminate excess heavy 
metals from the soil (Garbisu & Alkorta, 2001; McGrath et al., 2001). Phytoremediation 
includes several techniques like phytoextraction, rhizofiltration, and phytodegradation. This 
review gives a comprehensive understanding of phytoremediation, and its components and 
the mechanism of action. Reducing the possibility of releasing or introducing toxins into the 
environment is the main goal of remediation of contaminated soil. Soil properties, extent of 
contamination, regulatory restrictions, available technology, and financial investment all 
play a role in choosing the best remediation technique (Zheng et al., 2024). Table 1 lists a 
few plants employed in heavy metal remediation. 
 

2. Sources of Soil-based Heavy Metals 
 
Even though heavy metals are known to be components of soil, their presence in plants 
and soil can have several detrimental effects on the environment, plants, animals, and 
microbes (Lasat, 1999; Bhunia et al., 2017). Heavy metals get into the soil largely through 
man-made and natural activities. The major natural processes are erosion, volcanic 
activity, and mineral weathering. Human activities that are the major anthropogenic 
sources of contamination include pesticide and fertilizer use, mining, smelting, 
electroplating, air pollution, industrial discharge, sludge disposal and vehicle emissions 
(Figure 1) (Souri et al., 2019; Fattahi et al., 2021). 
 

3. Mechanism of Detoxification 
 
Plants protect themselves from the harmful effects of heavy metals through avoidance or 
tolerance (Figure 2) (Dalvi & Bhalerao, 2013). 
 
3.1 Avoidance 
 
The term "heavy metal avoidance strategy" refers to the ability of plants to limit the uptake 
of heavy metals and inhibit their entry into root cells. This is an extracellular first layer of 
defense and acts via several mechanisms, including metal ion precipitation, metal 
exclusion, and root sorption. A number of root exudates have the ability to change the pH  
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Table 1. List of key plants used for heavy metal remediation 

Heavy Metal Effect on Health Sources Plant Species 
used in 

Remediation 

Reference 

Mercury  CNS injuries, 
Renal 
dysfunction, GI 
ulceration, 
Hepatotoxicity 

Medical waste and 
release of Au- Ag 
from coal 
combustion 

Cicer arietinum, 
Hordeum spp.   
Silene vulgaris 

Rodriguez et 
al., 2003; Wang 
et al., 2012 

Lead  Brain damage, 
liver malfunction, 
decreased lung 
capacity 
malfunction of 
heart 

Emissions caused 
by burning fuel, 
pesticides, 
herbicides 

Brassica juncea, 
Brassica nigra, 
Helianthus 
annuus 

Koptsik, 2014 

Cadmium Renal failure, 
respiratory 
illnesses 

Mining and smelting, 
the use of 
phosphate fertilizers, 
sewage sludge 
application, and 
industrial process 
like electroplating 
and manufacturing 

Azolla pinnata, 
Arabis 
gemmifera 

Kristanti et al., 
2021 

Copper Damage to the 
kidney and brain, 
cirrhosis of liver, 
intestinal irritation 

Pesticides, 
Fertilizers 

Ipomoea alpine, 
Pteris vittata 

Sakakibara et 
al., 2011; Wang 
et al., 2012; 
Sheoran et al., 
2009; Wuana & 
Okieimen, 2011 

Chromium Hair loss Tanneries, industry, 
fly    ash 

Pteris vittate, 
Brachiaria mutia, 
Leptochloa fusca 

Kalve et al., 
2011; Salem et 
al., 2000 

Nickel Allergy, cancer, 
neurotoxicity, 
genotoxicity, 
nephrotoxicity, 
hepatotoxicity 

Automobile battery 
steel alloys, 
household 
appliances 

Phyllanthus 
serpenti, 
Alyssum murale 

Cunningham 
Ow, 1996; 
Chaney et al., 
2010; Bani et 
al., 2010; Khan 
et al., 2007; 
Das et al., 2008 

Arsenic Allergic dermatitis 
nephrotoxicity, 
hepatotoxicity. 

Semiconductors, 
petroleum refining 

Corrigiola 
telephiifolia, 
Pteris spp. 

Kalve et al., 
2011 

Zinc nephrotoxicity, 
hepatotoxicity. 

Electroplating, 
smelting and refining 

Noccaea 
caerulescens, 
Eleocharis 
acicularis 

Sakakibara et 
al., 2011 
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Figure 1. Sources of heavy metals in nature 
 

 
 

Figure 2. Mechanism of detoxification of heavy metal: (a) Avoidance (b) Tolerance 
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of the rhizosphere, precipitating heavy metals and thus limiting negative  
consequences (Dalvi & Bhalerao, 2013; Souri & Hatamian, 2019). To prevent harmful   
heavy metals from being absorbed and transported from root to shoot, metal exclusion 
method separates the root and shoots systems. Arbuscular mycorrhizae can limit heavy 
metal uptake via absorption, adsorption, or chelation in the rhizosphere (Dhalaria et al., 
2020). These processes limit the concentration of heavy metals that can enter the roots. 
Plants may survive excessive level of heavy metals by using the protective layer of their 
cell walls (Memon & Schröder, 2009). Pectins are anionic heteropolysaccharides that 
contain polygalacturonic acids. Carboxylic groups on these galacturonic acid units are 
negatively charged that can bind to positively charged heavy metals ions. By acting as a 
cation exchanger, the cell wall keeps heavy metal ions outside of the cell (Ernst et al., 
1992). 
 
3.2 Tolerance 
 
Plants have a tolerance mechanism in place to address the buildup of hazardous heavy 
metal ions that can enter plant cytoplasm. These mechanisms act as the cell's second line 
of defense, performing a range of functions such as chelation, compartmentalization, and 
heavy metal ion inactivation (Dalvi & Bhalerao, 2013). The organic materials used in heavy 
metal ion chelation include amino acids, cell wall proteins, phytochelatins (PCs), 
metallothioneins (MTs), organic acids, and pectins (Hall, 2002; Sharma & Dietz, 2006; 
Gupta et al., 2013). When heavy metals interact with organic acids in cells, their 
bioavailability to plants decreases, preventing the metals from staying as unbound ions 
within the cytosol. For example, citric acid promotes Ni chelation in T. goesingense leaves 
(Krämer et al., 2000). During chelation, heavy metals are continually transported from the 
cytoplasm to inactive regions such as vacuoles and are safely maintained there. 

 
4. Methods of Phytoremediation 

 
During phytoremediation, green plants remove, sequester, or retain dangerous substances 
from polluted water and soil (Pivetz et al., 2019). It employs a variety of methods for 
breaking down, removing, or immobilizing contaminants. The methods include 
rhizofiltration and phytoextraction for accumulation, phytovolatilization for dissipation, 
phytostabilization and hydraulic control for immobilization, and phytodegradation and 
rhizodegradation for decomposition (Pivetz, 2001). Plants may employ some of these 
strategies to reduce soil and water pollution, depending on the toxins. Some of the methods 
used in phytoremediation are discussed in Figure 3. 
 
4.1 Phytostabilization 
 
Metal-contaminated soil is inactivated via a plant-based technique called 
phytostabilization, phytorestoration, and phytoimmobilization (Bolan et al., 2011). These 
techniques involve the use of heavy metal tolerant plants to keep heavy metals out of 
groundwater by limiting their biological availability and movement (Epelde et al., 2009; 
Khalid et al., 2017). This approach chemically and physically immobilizes metal pollutants 
by amending various additives into the soil (Wuana & Okieimen, 2011). The most  
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Figure 3. Various approaches to phytoremediation 

 
productive soil additions for immobilizing heavy metals include clay minerals, biosolids, and  
organic matter (Flathman & Lanza, 1998). Given that metal pollutants are persistent in the 
soil after phytostabilization, it is therefore considered as a temporary process. Examples 
of plants include Acanthus ilicifolius, Agrostis capillaris, Arundo donax, Iris lactea, Dahlia 
pinnata, Salix purpurea (Lone et al., 2008) 

 
4.2 Phytodegradation 
 
Phytodegradation is the process by which pollutants are absorbed by plants and 
transformed into less toxic substances. Pesticides, chlorinated solvents, and other 
pollutants that are both organic and inorganic can be decomposed by these methods 
(Newman & Reynolds, 2004). The capability to degrade chemicals varies with the species 
and is dependent on the plant's phytochemical characteristics (Khandare & Govindwar, 
2015). Water hyacinth has been shown to remove pollutants from industrial wastewater 
(Paz-Alberto & Sigua, 2013). Enzymes involved in the process include nitrilase, laccase, 
dehalogenase, peroxidase, and nitroreductase. The plant Myriophyllum aquaticum 
(aquatic) that produces nitroreductase enzyme, reduced the concentration of trinitrotoluene 
(TNT) in the soil within one week (Hoehamer et al., 2006). Lately, genetically modified 
plants such as Liliodendron tulipifera and Brassica juncea have been utilized for 
phytoremediation (Kärenlampi et al., 2000). Few other plants include Populus spp., Nitella 
spp., Armoracia rusticana, Spirodela polyrhiza and Salix spp. (Mahjoub, 2013).  

 
4.3 Rhizofiltration 
 
Rhizofiltration is a technique used to recover wastewater and low- polluted ground and 
surface fluids by using plant roots (Mukhopadhyay & Maiti, 2010). Plants are first cultivated 
to have a big root system before being moved to the contaminated site. Apart from roots, 
the techniques where shoots and seedlings are used are termed as caulofiltration and 
blastofiltration, respectively. These methods reduce the quantity of toxins discharged into 
groundwater by absorbing, precipitating, or adsorbing them. Salvinia minima, Eichhornia 
crassipes, Hydrilla verticillata, Ceratophyllum demersum, Azolla pinnata, Lemna minor are 
few examples of the plants utilizing rhizofiltration to remediate the polluted soil (Kristanti et 
al., 2021). 
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4.4 Phytoextraction 
 
Through their roots, plants absorb pollutants from the soil, water, or sediments. These 
pollutants are then carried to the biomass above ground, where they are built up in areas 
like the shoots and other plant components that can be eaten. The effectiveness of 
phytoextraction as a potential environmental cleansing technique depends on a few 
parameters, including heavy metal speciation, soil characteristics, heavy metal 
bioavailability, and the plant's capacity to absorb metals and accumulate aboveground 
components (Yan et al., 2020). The fundamental concept of phytoextraction for 
contaminated environments is to grow appropriate plant species close by, harvest the 
heavy metal-containing biomass and then refine the material to reduce its size and density. 
The resulting heavy metal-enriched biomass has high concentrations of contaminant 
metals; it is either carefully removed as harmful waste or, if economically feasible, used for 
trace element re-extraction (Sheoran et al., 2009; Suman et al., 2018). The method is 
widely used for maintaining soil properties and lowering the levels of metal pollutants in the 
roots and shoots of plants (Van Nevel et al., 2007). Arabidopsis thaliana, Brassica juncea, 
Crotalaria juncea, Cynodondactylon, Parthenium integrifolium, Phragmitis communis, Bixa 
orellana, and Lemna valdiviana are among the plants that are used for phytoextraction 
(Zhuang et al., 2007; Saraswat & Rai, 2009). 
 
4.5 Phytovolatilization 
 
Heavy metal pollutants are taken up by plants through a process called phytovolatilization, 
which transforms them into volatile, non-toxic forms through transpiration. Certain 
hazardous metals, including arsenic and mercury, can decompose into volatile compounds 
like mercuric oxide and dimethyl selenide. This bioremediation technique is still problematic 
since the converted mercuric oxide and dimethyl selenide discharged into the surroundings 
continue to affect biological systems (Sakakibara et al., 2010). Heavy metal absorption has 
been shown to occur in musk grass (Chara canescens), Indian mustard (Brassica juncea), 
and Arabidopsis thaliana, which then releases the metals into the atmosphere in gaseous 
form (Ghosh & Singh, 2005). Due to its long half-life of over 327,000 years, selenium 
pollution in the soil poses a serious environmental risk and phytovolatilization can be used 
to degrade it (Sharma et al., 2015). Similarly, mercury from the soil is absorbed through 
roots and converted into a volatile form and eventually transpired. Since there is minimal 
chance that the gaseous volatilized products would return to or near the site, one way to 
conceptualize phytovolatilization is as a long-term site solution. Other examples include 
Polypogon monspeliensis, Juncus effuses, Phragmites australis, Myriophyllum brasiliense, 
Juncus xiphioides, Typha latifolia (Kafle et al., 2022). 
 Although there are various methods of phytoremediation, the technique to be used 
for any type of remediation will depend on its applicability and the type of pollutants 
involved. Table 2 summarizes the advantages and disadvantages of various 
phytoremediation techniques. 
 

5. Factors affecting Phytoremediation 
 
Heavy metal phytoremediation is influenced by numerous factors. One of the most crucial 
elements in the phytoremediation process is the selection of plant species. Plant species 
with large biomass results in increased efficiency in phytoremediation. Examples of plants  
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Table 2. Comparison of various phytoremediation techniques 

Phytoremediation 
Technique 

Description Key Advantages Key Disadvantages 

Phytoextraction Plants accumulate 
contaminants 
(typically heavy 
metals) in their 
harvestable shoots. 

Cost-effective; 
aesthetically 
pleasing; reduces 
waste volume; 
potential for metal 
recovery. 

Slower process 
(years); limited to 
shallow 
contamination; plant 
specific; biomass 
disposal required. 

Phytostabilization Plants reduce 
contaminant mobility 
in soil/water through 
root absorption, 
adsorption, or 
precipitation. 

Prevents 
contaminant 
migration (leaching, 
erosion); reduces 
bioavailability; 
effective for large 
areas; rapid 
vegetative cover. 

Contaminants 
remain in situ; 
regular monitoring 
required; does not 
remove 
contaminants; may 
require soil 
amendments. 

Phytovolatilization Plants absorb 
contaminants (e.g., 
volatile organic 
compounds, some 
metals like Se, Hg) 
and release them 
into the atmosphere 
as less harmful 
volatile forms. 

Contaminants are 
removed from 
soil/water; can be 
effective for large, 
diffuse 
contamination. 

Contaminants are 
released into 
atmosphere 
(potential air 
pollution); less 
control over 
contaminant fate; not 
suitable for all 
contaminants. 

Phytodegradation Plants or their 
associated 
microorganisms 
break down organic 
contaminants within 
plant tissues 
(rhizosphere or 
endophytic). 

Destroys 
contaminants 
completely; 
effective for various 
organic pollutants; 
less invasive. 

Slower process; 
limited to specific 
organic compounds; 
effectiveness 
depends on plant-
microbe interactions. 

Rhizofiltration Plant roots (usually 
in hydroponic 
systems) absorb, 
adsorb, or precipitate 
contaminants from 
wastewater. 

Effective for 
treating industrial 
effluents/ 
wastewater; faster 
than terrestrial 
methods; can treat 
large volumes of 
water. 

Requires hydroponic 
setup; root biomass 
disposal needed; 
sensitive to high 
contaminant 
concentrations; 
requires pH control. 
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utilized for phytoremediation of contaminated soils include sunflower, sorghum, and maize. 
Research has shown that root zone, rooting depth, the quantity of contaminants that are 
transmitted from roots to shoots, as well as plant species, all influence each other. pH 
significantly impacts phytoremediation capacity, as it influences the adsorption of 
environmental pollutants. High soil pH increases the efficiency of adsorption, with metal 
pollutants being temporarily less soluble (Souri & Hatamian, 2019). Microbial activity in the 
rhizosphere impacts plant growth and metal absorption. Phosphate solubilizing bacteria 
has shown to amplify Cd bioavailability and phtyoextraction in Brassica juncea. 
Concentration of heavy metals and their chemical characteristics in soil affect 
phytoremediation too, as it competes with micronutrients like P, Ca, Mg, or Fe making it 
more difficult for plants to absorb or break down pollutants (Hatamian et al., 2020). Factors 
that limit pollutant uptake or prevent plant growth may make some sites unsuitable for 
phytoremediation (Figure 4) (Ahmad et al., 2024). 

 

 
Figure 4. Factors affecting bioremediation 

 
6. Recent Advances in Phytoremediation 

 
6.1 Genetically engineered plants 
 
The process of phytoremediation is improved by the use of genetically modified plants 
(Heaton et al., 1998; Eapen & D'Souza, 2005). Hyper-accumulator plants that have 
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undergone genetic modification may yield increased biomass production and soil metal 
extraction (Gisbert et al., 2003). Genetically engineered Arabidopsis demonstrated 
increased ability to accumulate lead, cadmium, and mercury, among other heavy metals. 
Thlaspi goesingense metal tolerance protein 1 (TgMTP1 transporter gene) has been 
suggested to play an important role in Zn hyperaccumulation in T. goesingense (Gustin et 
al., 2009). Similarly, AtZAT/AtMTP1 gene from Arabidopsis, which codes for a vacuolar 
zinc transporter, affects zinc detoxification (Van der Zaal et al., 1999). The OsMTP1 
transporter from rice, expressed in tobacco showed enhanced metal tolerance (Menguer 
et al., 2013). Transgenic tobacco overexpressing rice metal tolerance protein gene 
OsMTP1 demonstrated a markedly higher tolerance to Cd in terms of cell survival, lipid 
peroxidation, membrane stability, and biomass and plant growth (Das et al., 2016). A 
transgenic Arabidopsis plant expressing mercuric ion-binding protein (MerP) exhibited 
superior metal-accumulating capacity (Hsieh et al., 2008). 
 
6.2 Phytohormone-assisted phytoremediation 
 
The process known as "plant growth regulators (PGR)-assisted phytoremediation" 
presents a viable way to lessen the accumulation of heavy metals in tissues of plants. 
Numerous investigations have demonstrated the ways in which these phytohormones may 
augment heavy metals accumulation and strengthen plant resistance and tolerance to 
stress. For example, the addition of auxin has demonstrated potential to increase tolerance 
to Cd in tomato seedlings (Liu et al., 2024). Moreover, it has shown that by preventing the 
absorption of Cd, the detrimental effects of Cd stress in Trigonella foenum-graecum can 
be lessened by adding 10 and 100mM IAA to nutritional solutions, which controlled the 
ascorbate-glutathione cycle (Bashri & Prasad, 2016). Furthermore, it has demonstrated that 
supplementing Solanum nigrum with 1000 mgL−1 gibberellic acid 3 (GA3) greatly increased 
the plant's biomass and phytoremediation effectiveness (Ji et al., 2015). Likewise, it has 
been noted that the application of 5, 10, and 15 μM ABA can lessen the negative effects of 
Cd on the development of mung bean (Vigna radiate) plants (Zhao et al., 2023). Controlling 
antioxidative defense systems and preventing membrane lipid peroxidation were 
connected to this growth-promoting effect of ABA. 
 
6.3 Microbial-assisted phytoremediation  

 
Plant growth-promoting bacteria (PGPB) primarily enhance plant growth and tolerance to 
stress, and also helps in the breakdown, immobilization, or transformation of contaminants 
like heavy metals, pesticides, and hydrocarbons, aiding the process of remediation. These 
microbes can break down toxic materials or change them into simpler forms (Zulfiqar et al., 
2023). Numerous PGPB have been shown to enhance the capacity of plants root systems 
to absorb heavy metals. For example, Arthrobacter infected Ocimum gratissimum helps 
remove Cd from soil by promoting its uptake through roots (Prapagdee & Khonsue, 2015). 
The detoxification of heavy metals depends on these microorganisms because they 
release a variety of chemicals such as organic acids and siderophores (chelators) that raise 
the heavy metal availability and reduce soil pH (Pande et al., 2022). It was observed that 
Pseudomonas sp. LK9-inoculated Solanum nigrum showed a 46% increase in Cd 
absorption (Chen et al., 2014). Moreover, a variety of bacteria release polymeric 
substances, including glomalin and polysaccharides, which lessen heavy metal mobility 
and aid in phytostabilization. In particular, PGPR are essential to phytoremediation 
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procedures because they can increase the pace at which plants detoxify, encourage the 
release of root enzymes that hasten the breakdown of pollutants, or pH change in the soil. 
 
6.4 AMF inoculation-assisted phytoremediation 

 
Through their connections with their host plants' roots, arbuscular mycorrhizal fungi (AMF), 
a kind of mutualistic fungus, increases the amount of phosphorus available. AMF produces 
chelating compounds to immobilize heavy metals by lowering the pH of the soil and/or 
changing the root exudate (Ma et al., 2022). For instance, the use of AMF decreased the 
pH and chemical fractions of the Cd-polluted soil, which greatly elevated phytoavailability 
and Cd buildup in the tissues of the roots and shoots (Wang et al., 2020). Alternatively, 
phytoextraction of heavy metals may be made possible by enhanced plant growth and 
increased absorption in the rhizosphere. For instance, by preventing Cd from being 
transported to aerial sections, AMF injections significantly boosted Cd tolerance in Cassia 
alata (Silva et al., 2018). The mutually beneficial connection between Glomus mosseae 
fungus and Festuca arundinacea plants promoted metallothionein and ABC transporter 
gene expression in addition to increasing Ni translocation (Shabani et al., 2016). 
 
6.5 Earthworm-assisted phytoremediation 

 
Earthworms, which are sometimes referred to as "ecosystem engineers", are essential for 
improving soil conditions, cycling nutrients, and breaking down organic matter. Since 
earthworms help to reduce soil pH, more nutrients and heavy metals are available in the 
rhizosphere under their activity (Cao et al., 2015). They achieve this by using their gut flora 
to secrete specific organic acids like fulvic and humic acids. Incorporating earthworms into 
the culture medium improves Solanum nigrum's ability to detoxify lead (Pb). The capability 
for phytoextraction through Canavalia ensiformis plants was increased when Rhizoglo 
musclarum and earthworms (Eisienia andrei) were combined with sandy soil polluted with 
Cu (Santana et al., 2019). Moreover, combining Eisenia fetida earthworm with Brassica 
juncea plants greatly increased the effectiveness of Cd detoxification (Kaur et al., 2018). 
 
6.6 Nanoparticles-assisted phytoremediation 

 
One novel and creative method to improve the effectiveness of heavy metal removal is to 
use nanoparticles (NPs) (Zhou et al., 2020). As such, these particles possess the capacity 
to augment phytoremediation via several mechanisms, including but not limited to 
adsorption or redox processes involving heavy metals, encouraging plant development, or 
assisting heavy metal phytoremediation (Moharem et al., 2019; Cao et al., 2020). Through 
electrostatic adsorption, nanoparticles can help plants stabilize heavy metals, among many 
other chemical interactions. Through their interactions with rhizospheric fungi and bacteria, 
NPs can stimulate plant development. Several studies have shown how beneficial 
nanoparticles are for improving phytoremediation. For instance, it has been shown that 
introducing nano-TiO2 particles to soil polluted with Cd improves soybean’s (Glycine max) 
capacity to extract Cd (Ike et al., 2007). 
 

7. Challenges of Phytoremediation 
 

Phytoremediation is now being widely used because of its practical, affordable, and 
environmentally beneficial qualities. However, it suffers from several disadvantages over 
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conventional cleanup techniques (Adeoye et al., 2022). It is a labor-intensive procedure 
that might take years to complete and depends on biological cycles to rebuild soil. It may 
also include numerous crop cycles. Even though it can reduce phytotoxicity and encourage 
plant development in mildly to moderately contaminated areas, major limitations include 
shallow root depth, insufficient aboveground biomass, and sluggish plant growth. 
Hyperaccumulator plants may collect massive amounts of metals but their limited biomass 
and slow development rate make them less successful (Skuza et al., 2022). Metal-related 
soil pollutants are difficult for plants to absorb due to their limited bioavailability. Many 
synthetic chelating compounds, such as citric acid, EGTA, EDTA, CDTA, and DTPA, which 
are commonly utilized to address metal mobilization and bioavailability issues, have drawn 
criticism for their toxicity, non- biodegradability, and persistence in the soil. Furthermore, 
climate and temperature parameters are required for plants to participate in long-term 
phytoremediation (Mahar et al., 2016). Significant logistical problems also arise in the 
management, preservation, and appropriate disposal of phyto-biomass generated from 
metals. Compaction and composting can result in less phyto-biomass bulk and less 
transportation expenses, but they can also cause more dissolved metal-organic compound 
leaching. Harvested biomass decomposes naturally if it is disposed of in unlined landfills 
or kept on-site in uncovered stacks. The removal of biomass from hyperaccumulators is a 
crucial bottleneck, according to Sas-Nowosielska et al. (2004). According to the study, 
basic landfilling raises the possibility of uncontrolled leaching, in which organic acids 
created during plant decomposition make heavy metals more soluble and mobile, perhaps 
contaminating groundwater. According to Ghosh & Singh (2005), phytoremediation may 
result in "trophic transfer" in the absence of a specific disposal chain. Toxins like lead and 
cadmium can infiltrate the food chain and biomagnify in higher predators when local fauna 
grazes on the metal-enriched plants. Although it is a popular technique for reducing the 
amount of contaminated biomass, incineration poses serious threats to air quality. In his 
investigation on the thermal treatment of metal-contaminated willow, Keller et al. (2005) 
discovered that although the volume is decreased by 90%, certain metals, such as zinc 
and cadmium, can volatilize at high temperatures. These metals are discharged into the 
air as fine particles in the absence of sophisticated scrubbers. There is a logistical window 
for environmental mishaps when significant amounts of "hot" (very contaminated) biomass 
are transported from a location to a processing plant. Reducing volume is frequently the 
aim of disposal, but this leads to a "waste-within-waste" issue. It is challenging and costly 
to locate landfills capable of handling such high quantities of particular toxins, which results 
in "orphan waste" that is kept in temporary storage indefinitely. Thus, maintaining the long-
term management of phyto-biomass in phytoremediation continues to be a major concern. 
 

8. Conclusions 
 
Food safety and agricultural production are seriously threatened by heavy metal pollution 
because of its detrimental impacts and rapid ecological spread. Numerous strategies have 
arisen to reduce contamination from heavy metals and restore damaged soil have been 
researched. With its many benefits and track record of successfully restoring heavy metal-
contaminated soil, phytoremediation is unique among physicochemical methods. There 
are currently hundreds of heavy metal hyperaccumulating plants identified, making this one 
of the most straightforward kinds of phytoremediation. In addition to other techniques, 
reducing the soil's pH can make metals more bioavailable and bio-augmented acidified 
manure can enhance plant absorption of heavy metals. Moreover, phytoremediation can 
recover important metals from heavily polluted places while simultaneously enhancing the 
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quality of the soil. By creating plants with enhanced ability to collect the heavy metals, 
genetic engineering and molecular science research might greatly increase the 
effectiveness of phytoremediation. To improve soil remediation and metal accumulation in 
plants, this strategy can be enhanced by adding chelating agents and microorganisms to 
increase the bioavailability of heavy metals. More investigation is necessary to completely 
comprehend how different catalysts affect the effectiveness of phytoremediation, 
increasing their suitability for environmental restoration. Numerous plant species have 
significant possibilities for heavy metal bioaccumulation and can be used successfully in 
phytoremediation initiatives, according to earlier studies. 
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