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Abstract

Toxic metal contamination is a serious concern nowadays due to their per-
sistence, toxicity, and bioaccumulation properties. These metals cause 
severe effects on human health and the environment, and even at low 
concentrations, they may contribute to severe diseases, including cancer. 
Phytoremediation is one of the eco-friendly and cost-effective methods for 
the remediation of toxic metals. Hyperaccumulator plants absorb and tol-
erate higher concentrations of toxic metals through various mechanisms, 
including chelation, antioxidant defense, compartmentalization, uptake, and 
storage in their tissues. The mitigation of toxic metal contamination through 
phytoremediation is a cost-effective approach. However, it must include 
thorough assessments of its impacts on herbivores and humans during and 
after the remediation process. Herbivores eating these hyperaccumulators 
may develop toxic metal accumulation, which could lead to neurological, 
developmental, and other disorders. Post-phytoremediation strategies for 
managing biomass include incineration, pyrolysis, gasification, and com-
posting. Biomass management, such as thermal treatments like pyrolysis or 
biological methods like composting are used to prevent contaminants from 
re-entering the soil. However, the risk of secondary pollution persists if han-
dling protocols are not strictly regulated. Though phytoremediation presents 
an encouraging solution to the problem of toxic metal pollution, successful 
phytoremediation projects require the management of post-remediation bi-
omass. This review article focuses on the concept of phytoremediation of 
toxic metal contamination, including the mechanism of metal binding and 
sequestration in hyperaccumulator plants. It also focuses on sustainable 
strategies for environmental protection and economic feasibility to promote 
informed decision-making in phytotechnologies.
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Introduction
The rapid industrial growth in recent decades has led to a substantial increase in the presence of toxic 
metals in the environment, raising significant concerns worldwide (Angon et al., 2024). Toxic metals 
such as cadmium (Cd), lead (Pb), chromium (Cr), arsenic (As), and mercury (Hg) persistently accu-
mulate, posing risks and causing adverse effects on both plants and animals (Alsafran et al., 2021; 
Habiba et al., 2019; Xu et al., 2024). These metals enter the environment from different sources, both 
natural and human‑made, including oil and gas industries, building infrastructure, mining, smelting 
practices, coal-fired power plants, synthetic fertilizers’ production, agricultural practices, etc. (Al-Thani 
& Yasseen, 2020; Wan et al., 2024; Yan et al., 2020). In response to these challenges, understanding 
the dynamics of toxic metal accumulation in plants is crucial. Strategies for accumulation and tolerance 
depend on various factors, such as metal type and plant species. The excess accumulation of toxic 
metals in plants results in a reduction of stomatal conductance, transpiration rates, growth, disruptions 
in metabolism, etc. (Saifullah et al., 2014; Vasilachi et al., 2023).

Plants can remediate toxic metals through four key processes, i.e., exclusion, stabilization, removal, and 
distinct organ localization. Permissible accumulation limits are crucial, and beyond the permissible limits, 
toxic metals begin to accumulate and magnify within the food chain, which emphasizes the importance 
of environmental preventive measures (Abid et al., 2025; Sharma & Pandey, 2014; Singh & Kalamdhad, 
2011; Wuana & Okieimen, 2011). Cadmium (Cd) exposure causes the Itai-itai disease in humans, and 
chromium (Cr) exposure causes cancer (Zohdi et al., 2012), and excess arsenic (As) may disrupt the im-
mune system (Islam, 2023; Duruibe et al., 2007). Remediation of toxic metal sites is a top priority, because 
it reduces health-related risks and protects the soil from further degradation to sustain the production of 
food.

Consequently, there is an immediate need for the development of highly economical remediation 
technologies that are efficient and cost-effective. Global efforts to eliminate toxic metals often in-
volve high costs and pose risks of environmental contamination. Phytoremediation is a promising 
environmental approach that effectively removes toxic metals from polluted soil in a sustainable and 
cost-effective way (Deng et al., 2024).

Phytoremediation with hyperaccumulator plants is an effective method in which plants use their root 
systems to stabilize, move, or translocate, or sequester nonessential metals from soil (Liu et al., 
2020). It depends on a number of processes, including phytoextraction, phytovolatilization, phyto-
stabilization, and phytofiltration to excrete or neutralize harmful pollutants (Kafle et al., 2022). Plants 
employ one or more of these mechanisms to minimize the toxic metals concentration in the soil. 
Despite this, toxic metals may persist in the edible parts of hyperaccumulator crops even after phy-
toremediation, posing risks to human health by entering the food chain. Thus, strict safety regulations 
to monitor metal levels in food items are crucial to preventing the consumption of contaminated veg-
etables, thereby protecting public health at the national and international levels.

The growing use of hyperaccumulator plants in pollution sites requires complete knowledge of post-phy-
toremediation processes to maintain the longevity of this remediation method. This review paper dis-
cusses the relationships between hyperaccumulator plants and the toxic metals they absorb and their 
possible health effects on human beings. It mainly deals with the identification and characterization of hy-
peraccumulator edible plants, mechanisms of action of phytoremediator plants, and the fate of pollutants 
in post-phytoremediation conditions. It also further highlighted the possibility of tapping into nature-based 
remediation that would benefit sustainable agriculture by utilizing natural detoxification methods.
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Methodology
This review was conducted using a structured systematic review framework based on the PRISMA guide-
lines (Page et al., 2021).  A comprehensive literature search was performed across multiple electron-
ic databases, including PubMed, Scopus, Web of Science, ScienceDirect, SpringerLink, and Google 
Scholar. The search covered studies published between 2000 and 2026. Boolean operators (AND, OR) 
were used with keywords such as: “phytoremediation”, “heavy metals”, “toxic metals”, “hyperaccumulator 
plants”, “phytoextraction”, “phytostabilization”, “phytovolatilization”, “phytofiltration”, “edible hyperaccumu-
lators” “phytoremediation of heavy metals”, and “Potentially Toxic Elements.” To ensure a rigorous and 
focused review, the study was guided by specific inclusion and exclusion criteria designed to isolate the 
most relevant data. We prioritized peer-reviewed research articles and high-impact reviews that specif-
ically investigated the remediation of toxic metalloids, namely Cadmium (Cd), Lead (Pb), Mercury (Hg), 
Arsenic (As), and Chromium (Cr) within terrestrial edible plants. This focus allows for a critical analysis 
of both the phytoremediation mechanisms and the subsequent food safety implications. Conversely, we 
excluded non-terrestrial species like aquatic plants and mosses, as well as studies centered solely on es-
sential micronutrients (Zn, Fe, Cu) or purely technical remediation methods like bioadsorption, ensuring 
the findings remain applicable to soil-to-crop contamination scenarios. A total of 7800 records were initial-
ly identified. After removing duplicates, 5600 articles were screened based on title and abstract. Following 
a full-text assessment, 240 studies were included in the final analysis. A PRISMA flow diagram has been 
included (Figure 1) to illustrate the study selection process.

Figure 1. PRISMA flow diagram for literature search of the study (Page et al., 2021).
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Origin and impact of toxic metal contaminants on plant 
and human health
Toxic metals are metallic elements or metalloids that harm living organisms even at low exposure, 
typically having high density and atomic numbers above 20, though toxicity mainly depends on dose 
and chemical form. Although naturally occurring in soil, they can accumulate to high levels and cause 
toxicity in various living organisms, such as plants, animals, humans, and microbes (Ahmed et al., 
2021). Essential metals such as Fe, Mn, Co, Zn, and Mo are required in trace amount and are crucial 
for supporting a broad range of biological processes (Bhattacharya et al., 2016), and also non-es-
sential toxic metals, including Hg, As, Cd, Cr, and Pb are considered pollutants and are harmful to 
the environment (Sumiahadi & Acar 2018). 

Toxic metals are consistently introduced into the soil and water through natural processes of the 
earth’s crust. However, anthropogenic activities, such as industrial waste accumulation, urbaniza-
tion, mining, atmospheric deposition, sludge dumping, smelting, electroplating, and the extensive 
use of pesticides and chemical fertilizers in agriculture containing toxic metals, have significantly in-
creased their release into the ecosystem (Abdelsalam et al., 2019; Angon et al., 2024; Adamu et al., 
2013). Many of these metals accumulate in plants, enter the food chain, and subsequently transfer to 
consumers, adversely affecting consumer health (Awa and Hadibarata, 2020). The different sources 
and impact of toxic metals on plants and human beings are shown below in Figure 2.

The exposure of plants to toxic metals induces changes in physiological and biochemical properties. 
Plants must evolve or adopt a sequence of methods to cope with the detrimental effects of toxic met-
als toxicity. For example, Imran et al. (2013) reported a reduction in plumule and radicle length in 
Helianthus annuus L. seedlings exposed to As. Additionally, As has been reported to reduce photosyn-
thetic pigments, destroy chloroplast membranes, reduce enzyme activity, and modify nutrient balance 
and protein metabolism (Martínez-Castillo et al., 2022; Li et al., 2006; Singh et al., 2009; Ahsan et al., 
2010. Similarly, Hernández et al. (2012) observed that AlfaAlfa roots exposed to toxic metals such as 
Hg and Cd induce oxidative stress and glutathione depletion. Furthermore, Chatterjee et al. (2004) re-
ported that the accumulation of Pb caused negative impacts on biochemical and physiological process-
es responsible for grain quality in Oryza sativa. Pb not only disrupts cell organelle integrity, including 
the membrane stability index, but also lowers the concentration of chlorophyll in leaves and reduces 
the number and size of leaves, tillers, and inflorescence. The adverse effects of toxic metals are not 
only limited to the botanical world but also impact human health significantly. Plant exposure to these 
metals not only determines the physiology and biochemical reactions of plants, but also predetermines 
possible consequences of the impact on the wider ecosystem. High concentrations of toxic metals 
disrupt human metabolic processes, entering the body through food, skin contact, or inhalation. Park et 
al. (2004) have shown that exposure of human beings to dust and mist of hexavalent chromium Cr(VI) 
is associated with life risks of lung cancer and possible death. Postmenopausal breast cancer is more 
likely when people consume Cd-contaminated rice and other foods (Itoch et al., 2014). Similarly, As ex-
posure causes different health issues such as respiratory, renal, neurological, and cardiovascular (Lin 
et al., 2013). Table 1 provides a summary of anthropogenic sources and adverse effects of selected 
toxic metals on plant and human health.

Toxic metal contaminants have complex interactions with plant physiology and human health, high-
lighting the need for a detailed understanding of these environmental challenges. The high level of 
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toxic metal concentration is a great threat to life. The cellular dynamics underlying the uptake of toxic 
metals in eukaryotic cells is essential to understand the mechanisms by which metals interact with 
living systems in providing an enlightenment on how these contaminants are absorbed, transported 
and detoxified in the cells.

Figure 2.  Sources of  Toxic  Metals and Their  Impact on Plants and 
Human being.

Table 1. Human-induced origins and detrimental impact of specific Toxic metals on plant and human 
health.

Toxic 
Metals

Threshold 
limits (soil 
(mg/kg)

Source Harmful impact on 
plant health

Harmful Impact 
on Human 
Health

References

Arsenic 
(As)

20 Industrial 
activities 
and trans-
ferred by air

Usage of 
pesticides 
and wood 
preserva-
tives.

Disturb the normal 
functioning of plant 
metabolism. 

Stunted growth and 
low crop productivity.

Carcinogen, 
cellular damage, 
and cell death

Chen & Olsen, 
2016; 
Kabir et al., 2016 
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Cadmium 
(Cd)

0.8 Batteries, 
ceramics, 
electronic 
and met-
al-finishing 
industries, 
electro-
plating 
industries, 
pigments, 
petroleum 
products, 
textiles, in-
secticides, 
television 
sets, met-
allurgical 
industries.

Decreases seed 
germination, lipid con-
tent, and plant growth.

Disturb enzyme ac-
tivities.

Interfere with the 
symbiosis between 
microbes and plants.

Increase plant pre-
disposition to fungal 
invasion.

Causing irrevers-
ible damage to 
the renal tubules

Laghlim et al., 
2015; Pulford & 
Watson 2003; 
Rubio et al., 2018; 
WHO 1996 

Mercury 
(Hg)

0.1-1.0 Mining, pet-
rochemical, 
painting 
industries,  
fertilizers, 
and medical 
instruments

Conflicts with electron 
transport. Disrupt ox-
idation reactions and 
the photosynthesis 
process.

   
Neurological and 
renal disorders

Rezae et al., 2005; 
Wang et al., 2012; 
Ha et al., 2017  

 

Lead (Pb) 85  Melting 
and smelt-
ing of ores,  
automo-
biles, 
pesticides, 
urban soil 
waste

Reduces chlorophyll.  

Chlorosis, Necrosis.

Inhibit root and shoot 
growth.

Less biomass produc-
tion.

Affect seed germina-
tion.

Respiratory, 
cardiac, neuro-
logical, and renal 
disorders.

Laghlim et al., 
2015; Zulfiqar et 
al., 2019; WHO 
1996

Chromium 
(Cr)

100 Leather 
tanning, 
metallurgy, 
electroplat-
ing, and 
refractory

Stunted plant growth.  
Causes membrane 
damage

Chlorosis

Root damage.

Skin disorders Laghlim et al., 
2015; Almeidaa 
et al., 2019; WHO 
1996 

Toxic metal uptake and its intracellular dynamics in eu-
karyotic cells 
Certain elements such as Zn, Cu, and Fe are essential micronutrients required in trace amounts, 
whereas metals such as Cd, Cr, Pb, Hg, and As have no known biological function and are toxic 
even at low concentrations and disturb biochemical and physiological activities by destabilizing the 
enzymatic reactions and acting reactively (Cheng et al., 2025; Tchounwou et al., 2012; Rahman et 



156
w w w . e u c h e m b i o j r e v i e w s . c o m

Euchembioj Rev., 2(2), Article e26007 (2026)

al., 2012). Plants that exhibit a greater ability to absorb and transport the toxic metal into their shoot-
ing system are termed hyperaccumulators (Akinbile & Mbohwa, 2025). These plants have devel-
oped internal and complex mechanisms, including uptake, transportation, and detoxification of toxic 
metals. A comprehensive array of investigations has been undertaken on Thlaspi caerulescens and 
Arabidopsis halleri, by considering these as a model organism for elucidating toxic metal tolerance 
strategies (Milner & Kochian 2008; Frérot et al., 2010). Existing evidence claims that hyperaccu-
mulation is attributed to the differential expression of shared genes in both hyperaccumulator and 
non-hyperaccumulator plants, rather than arising from the presence of novel genes (Verbruggen et 
al., 2009). The comprehensive elucidation of the intricate mechanisms governing toxic metal uptake, 
transportation, and detoxification in eukaryotic cells is further explained in the subsequent section.

Uptake and transport of toxic metals
Hyperaccumulator plants have a remarkable ability to absorb toxic elements, even under varied 
concentrations of toxic metals in the soil. This uptake process is influenced by multiple factors, in-
cluding pH, soil moisture content, soil physical conditions, and the presence of organic substances 
(Tangahu et al., 2011). A study indicates that organic acid substances released from the rhizosphere 
impact the solubility of Cd by forming Cd complexes (Krishnamurti et al., 1997). Consequently, the 
pH and organic acid compounds released from a hyperaccumulator rhizosphere stimulate toxic met-
al absorption, thereby increasing their uptake (Pan et al., 2010). Additionally, transporters located in 
the plasma membrane play a crucial role in facilitating the uptake of toxic metal ions from the soil. 
Specifically, transporters from the ZIP family (ZRT–IRT-like proteins) are involved in the accumu-
lation of toxic metals through the uptake and transport of various cations, such as Fe2+, Mn2+, and 
Zn2+, from the root to the shoot (Guerinot 2000). Hyperaccumulator plants like T. caerulescens and 
A. halleri have increased Zn uptake in comparison to non-hyperaccumulator plant species, a phe-
nomenon associated with increased expression of several ZIP family members in hyperaccumula-
tors (Assunção et al., 2001). Another important metal transporter family, named P1B-type ATPases 
of toxic metal transporting ATPases (HMAs), is widely present across different taxa, dependent on 
the transportation of toxic metals such as Zn, Cd, Co, and Pb, playing an essential role in metal 
tolerance (Axelsen & Palmgren 2001; Williams & Mills 2005). The HMA4 transporter is involved in 
the translocation of Zn and Cd from the root to the shoot of the plant.  The Cd and Zn efflux from the 
root system into xylem vessels enhanced the metal tolerance due to the overexpression of HMA4 
(Verret et al., 2004). Further, NRAMPs (naturally resistant associated macrophage proteins), a type 
of transporters, utilize the proton gradient in the transmembrane to facilitate transportation of divalent 
cations like Mn2+ and Fe2+ to the cytoplasm (Cailliatte et al., 2010). It has been demonstrated that the 
iron transporter found at the plasma membrane of Oryza sativa, regulated by OsNramp1, exhibits 
Cd influx activity (Takahashi et al., 2011).  Additionally, another type of transporter named the metal 
transporter proteins (MTPs) family are involved in the transportation of Zn and Ni towards the internal 
cell chamber and extracellular space (Gustin et al., 2011).  Zn accumulation and its tolerance are 
regulated by MTP1, a vacuolar Zn2+/H+ antiporter that is situated at both the vacuolar and plasma 
membrane (Desbrosses-Fonrouge et al., 2005). In Thlaspi goesingense, the members of the MTP 
family are engaged for Ni vacuolar storage (Persans et al., 2001). Furthermore, cation exchanger 
(CAX) transporters situated at the tonoplast are involved in vacuolar accumulation/sequestration 
of Cd (Sharma et al., 2016). The expression of CAX4 and CAX2 in Nicotiana tabacum plays an 
important role in Cd transport and its selectivity in tonoplast vesicles (Koren’Kov et al., 2007). Lead 
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(Pb) is available to plants through natural and anthropogenic sources. Several studies demonstrat-
ed that root hairs have a high capability to adsorb Pb due to its association with polysaccharides of 
root epidermal cells (Nareshkumar et al., 2015).  Various plant species, including Brassica juncea, 
Vigna unguiculata, and Festuca rubra, have provided insights into the absorption of lead (Pb) on 
their root surfaces (Pourrut et al., 2011). Ca-permeable channels are the primary route through which 
Pb enters the root (Kumar et al., 2017). Transgenic tobacco plants overexpress a protein named 
calmodulin-binding protein 4 (NtCBP4), which has a possible role in Pb uptake across the plasma 
membrane (Zeng et al., 2015).

Detoxification / Efflux of toxic metal ions

Detoxification of toxic metals is an indispensable mechanism for phytoremediation (Thakur et al., 
2016). In case there is excessive assembly of toxic metal ions in the cytosol, the plants are obligated 
to get rid of them through detoxification to minimize their detrimental effects (Manara 2012). This 
process works through chelation, where toxic metal ions bind with ligands to form stable complex-
es.  In the cytoplasm, several organic and inorganic ligands are present to facilitate the chelation of 
toxic metal ions. The organic compounds, such as organic acids, amino acids, phytochelatins (PCs), 
and metallothioneins (MTs), are engaged in toxic metal ion chelation (Hall 2002; Sharma and Dietz 
2006). Organic acids present inside the cells neutralize the effect of toxic metals as free ions in the 
cytoplasm by minimizing their bioavailability to plants. For instance, in the leaves of T. goesingense, 
citrate mediates the chelation of Ni (Krämer et al., 2000), whereas in the leaves of Solanum nigrum, 
acetic and citric acids bind to Cd (Sun et al., 2006). Moreover, chelation of Zn in A. halleri through 
malate organic acid (Sarret et al., 2002). Similarly, stress from toxic metals induces the accumulation 
of various types of amino acids. For instance, in Arabidopsis thaliana, the production of cysteine can 
be stimulated by Cd (Domínguez‐Solís et al., 2004), whereas the production of proline is stimulated 
by high stress of Cd, Pb, Zn, and Cu (Roy and Bera 2002). These aforementioned amino acids have 
the competency to remove toxic metals through chelation inside the cells and xylem sap (Rai 2002). 
After chelation, toxic metal ligand complexes are actively transported from the cytosol into dormant 
compartments, such as the vacuole, where they are stored without any harmful effect (Tong et al., 
2004). The harmful effects of toxic metals are reduced by sequestration and vacuolar compartmen-
talization that aids the flushing out of toxic metals from cellular sites involved in metabolic processes 
(Sheoran et al., 2010). 

Furthermore, various genes are involved in the detoxification mechanism of toxic metals.  For exam-
ple, in O. sativa nodulin 26-like intrinsic protein 2:1 (OsNIP2:1) is involved in the uptake as well as 
removal of As3+ (Zhao et al., 2010). Similarly, Saccharomyces cerevisiae exhibits ACR3 proteins for 
the removal of As3+ (Wysocki et al., 1997). One of the transporters located at the plasma membrane 
of the cell, named P1B-type heavy metal ATPases (HMAs), play an essential role in metal homeo-
stasis. For example, in O. sativa, OsHMA9 is associated with the efflux of various metals such as 
Zn, Pb, and Cu (Lee et al., 2007). The gene for the cucumber CsMTP9 member of the MTP family, 
is a plasma membrane-bound antiporter that effluxes Mn2+ and Cd2+ from the endodermis into the 
vascular tissue by the influx of hydrogen ions (Pedas et al., 2014). Apart from this, the detoxification 
of toxic metals in a hyperaccumulator also depends on gene overexpression associated with antioxi-
dant activity, such as reduced glutathione (GSH), cysteine, and O-acetylserine (Anjum et al., 2008). A 
study revealed that in Noccaea goesingense, overexpression of NgSAT resulted in increased levels 
of GSH that help in the tolerance of Ni, Co, Zn (Freeman et al., 2004). 
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Toxic metal uptake and intracellular dynamics in eukaryotic cells involve complex mechanisms, 
but these strategies have limitations when environmental metal levels become too high. The 
insufficiency of these strategies highlights the need for more comprehensive remediation ap-
proaches. Phytoremediation technology has emerged as a promising and environmentally friend-
ly, sustainable solution to combat the escalating challenges posed by toxic metal pollution. By 
leveraging the unique capabilities of hyperaccumulator plants, phytoremediation offers a green 
strategy that goes beyond intracellular processes, addressing the broader ecological impact of 
toxic metal contamination.

Phytoremediation technology: a green solution to the 
problem of toxic metal contamination
Phytoremediation is a feasible and eco-friendly green technology that can effectively reduce toxic 
metal pollution in soil. It is an environmentally friendly method because it reduces the risk of contam-
inant spread and maintains primary or individual ecotypes without excavation (Yan et al., 2020; Kafle 
et al., 2022; Cristaldi et al., 2017). The future of phytoremediation lies in harnessing the potential of 
hyperaccumulator plant species that can accumulate a wide range of toxic metals (Reeves et al., 
2008). The new solution involves not only the use of hyperaccumulator plants but also rhizospheric 
microbes to transform, mobilize, or even sequester elemental pollutants within the soil (Cao et al., 
2025; Liu et al., 2020). Hyperaccumulator plants, due to their remarkable competency, employ di-
verse mechanisms to absorb elemental pollutants from the environment, thus mitigating detrimental 
effects on consumers. The comprehensive details of hyperaccumulator plants are given below (Table 
2 & S1)

Among these hyperaccumulator plants, the Brassicaceae family has gained recognition and is 
displaying its significance in the phytoremediation process, with numerous hyperaccumulator spe-
cies. The extensive use of Brassicaceae in phytoremediation is also emphasized in various studies 
(Ali et al., 2017; Gurajala et al., 2019). Research found that Brassica juncea can absorb lead (Pb) 
at a concentration of 10300 mg/kg via phytoremediation (Koptsik 2014; Yan et al., 2020). The po-
tential of other species, e.g., B. carinata, B. napus, B. nigra, B. rapa, B. oleracea, to accumulate 
toxic metals has been explored as well (Zeremsk et al., 2021). Moreover, varied species, including 
Sedum alfredii, which has a high capacity to accumulate Cd (Zhou and Qiu 2005), and Trifolium 
alexandrinum, can absorb toxic metals, including Cd, Pb, Cu, and Zn through phytoremediation 
(Ali et al., 2012), are also illustrations of the vast possibilities of this remediation process. The 
emerging popularity and societal acceptance of phytoremediation over the past decades’ under-
score soil remediation research.

Strategies of phytoremediation
The remediation of toxic metal-polluted soil through phytoremediation involves a number of plant-driv-
en strategies. The effectiveness of these strategies is intricately linked to the metals’ chemical com-
position, with the bioavailability of these pollutants playing a crucial role in achieving effective reme-
diation outcomes (Usman et al., 2020). Phytoremediation encompasses a spectrum of techniques, 
including phytoextraction (or phytoaccumulation), phytofiltration, phytostabilization, and phytovolatil-
ization (Aryal, 2024; Usman et al., 2018; Wei et al., 2021). Different phytoremediation strategies for 
toxic metals’ removal are shown below (Figure 3).
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Phytoextraction  

Phytoextraction, a fundamental component of phytoremediation, involves the use of plants to absorb 
elemental pollutants or toxic metals from the soil through their root systems. These metals are subse-
quently translocated and accumulate in the aboveground parts of the plants (Jacob et al., 2018; Yan 
et al., 2020). This strategic approach has gained significance as an important method for reclaiming 
potentially toxic elements (PTEs) or toxic metals from contaminated soil (Ali et al., 2013; Sarwar et 
al., 2017). In this process, toxic metals undergo efficient extraction, accumulation, and transportation 
to the aerial parts of the plant. Notably, phytoextraction presents an advantageous alternative to oth-
er remediation methods, permitting the extraction of toxic metals from the aboveground plant com-
ponents (Jeyasundar et al., 2021). Numerous plant species exhibit proficiency in the phytoextraction 
of specific toxic metals, exemplified by Pteris vittata for As and Cr (Salido et al., 2003), Pelargonium 
hortorum for Pb (Manzoor et al., 2020), and Thlaspi caerulescens for Cd and Zn (Cosio et al., 2004). 

Phytostabilization

Phytostabilization involves the use of plant species with high metal tolerance to induce inactivation or 
immobilization of toxic metals, either within the roots or in the rhizosphere. This process is utilized to 
reduce the bioavailability of toxic metals, blocking their migration into the ecosystem and mitigating 
the entry of elemental pollutants into the food chain (Alsafran et al., 2022). The mechanism involves 
the stabilization of toxic metals in the soil through various processes, including the adsorption of met-
als by the root cell wall, reduction of metal valence in the rhizosphere, and sequestration of metals in 
the root tissue (Gerhardt et al., 2017; Kumpiene et al., 2012). Despite its advantageous properties, 
phytostabilization is less prevalent in practice compared to phytoextraction, mainly due to the tem-
porary immobilization of toxic metals (Radziemska 2018). Various studies indicate that numerous 
plant species exhibit phytostabilization of potentially toxic elements, such as Silene vulgaris for Hg, 
Cd (Pérez-Sanz et al., 2012; Gardea-Torresdey et al., 2004), Poa pratensis for Hg (Sas-Nowosielsk 
et al., 2008), Athyrium wardii for Pb (Zhao et al., 2016), etc. 

Phytofiltration 

Phytofiltration is a method for extracting toxic metals from contaminated wastewater by using plant 
roots (rhizofiltration), shoots (caulofiltration), or seedlings (blastofiltration) (Jadia and Fulekar, 2009). 
In this technique, plant roots absorb or adsorb toxic metals, and root exudates play a pivotal role in 
altering the pH of the rhizosphere, leading to the precipitation of toxic metals on plant roots (Javed et 
al., 2019). Consequently, this process reduces the mobility of toxic metals in groundwater or surface 
water. For effective rhizofiltration, plants must possess characteristics such as a compact root sys-
tem, hyperaccumulator traits, and high biomass production. Numerous aquatic plant species, includ-
ing water hyacinth, Azolla, and duckweed, demonstrate proficiency in rhizofiltration (Hooda 2007). 
Additionally, terrestrial plants like B. juncea and Helianthus annuus exhibit rhizofiltration capabilities 
due to their dense hairy roots and ability to accumulate toxic metals (Dhanwal et al., 2017; Rezania 
et al., 2016).

Phytovolatilization

Phytovolatilization stands as a phytoremediation strategy wherein plants absorb toxic metal pollut-
ants from the soil, subsequently converting them into volatile forms and releasing them into the atmo-
sphere (Zhakypbek et al., 2024). This technique finds applicability for organic pollutants and specific 
potentially toxic elements such as Se, Hg, and As (Mahar et al., 2016). B. juncea is recognized as 
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a proficient phytovolatilizer of Se (Zhang et al., 2020). A distinctive advantage of phytovolatilization 
over other techniques lies in its capacity to extract toxic metals from the soil and disperse them in 
gaseous forms into the atmosphere. It is essential to note that phytovolatilization does not result in 
the complete removal of pollutants, as these toxic elements persist in the environment.

The list of different hyperaccumulator plants along with their methods used for the remediation of 
toxic metals is given in Table 2.

Figure 3.  Different phytoremediat ion strategies for  toxic metals re-
moval .

Table 2. List of the top toxic metal accumulator plants along with their phytoreme-
diation mechanism (Other accumulator plant details in Supplementary file S1). 
 
S.No. Plants Name Family Heavy 

metals
Max. con-
centration 
of H.M. 
accumu-
lated (mg/
kg)

Type of 
Plant

Mechanism of 
phytoremedi-
ation

Reference

1 Solanum pho-
teincarpum

Solanaceae Cd 544,132 Muthusaravanan 
et al., 2018 

2 Medicago sa-
tiva

Fabaceae Pb 43,300 Edible Phytoextraction Koptsik 2014 

3 Thlaspi 
caerulescens 

Brassicaceae Zn 39,600 Edible Phytoextraction Cosio et al., 
2004
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4 Dicoma nicco-
lifera

Asteraceae Cr 30,000 Thangavel and 
Subbhuraam 
2004 

5 Arabidopsis 
halleri

Brassicaceae Zn 30,000 Weed Phytoextraction Cosio et al., 
2004 

6 Minuartia verna Caryophyllaceae Pb 20,000 Perennial 
herb

Thangavel and 
Subbhuraam 
2004 

7 Leptospermum 
scoparium

Myrtaceae Cr 20,000  Edible 
medicinal

Thangavel and 
Subbhuraam 
2004 

8 Aeollanthus 
biformifolius

Lamiaceae Cu 13,700 Phytoextraction Chaney et al., 
2010 

9 Agrostis tenuis Poaceae Pb 13,490 Weed (Thangavel and 
Subbhuraam 
2004. 

10 Ipomoea alpine Convolvulaceae Cu 12,300 Weed Phytoextraction Lasat 2002

11 Alyxia rubri-
caulis

Apocynaceae Mn 11500 Phytoextraction Koptsik 2014 

12 Phytolacca 
american

Phytolaccaceae Cd 10,700 Weed Phytoextraction Peng et al., 
2008 

13 Brassica juncea Brassicaceae Pb 10,300 Edible Phytoextraction Koptsik, 2014 

14 Pteris vittate Pteridoideae  Cr 10,232 Fern Phytoextraction Salido et al., 
2003; Kalve et 
al., 2011 

15 Haumaniastrum 
roberti

Lamiaceae Co 10200 Phytoextraction Sheoran et al., 
2010; Lasat, 
2002 

The compiled dataset encompasses 120 hyperaccumulator plant species exhibiting diverse phy-
toremediation capabilities, including phytoextraction, rhizofiltration, and phytostabilization. Among 
these, 6 species are aromatic, 55 are edible, and 24 possess medicinal value. In terms of metal 
specificity, cadmium (Cd) hyperaccumulation is most prevalent (34 species), followed by lead (Pb) 
(22 species), arsenic (As) (8 species), mercury (Hg) (6 species), and selenium (Se) (3 species). 
Edible hyperaccumulators are predominantly distributed across the families Brassicaceae (18 spe-
cies), Lamiaceae (11 species), and Asteraceae and Poaceae (7 species each). From the total 
dataset, top 15 metal hyperaccumulator plants (>10,000 mg/kg) are presented in Table 1 while the 
remaining 105 are provided in Supplementary File S1. Table 2 highlights key high-capacity accu-
mulators, with Solanum photeinocarpum showing exceptionally high Cd accumulation (544,132 
mg/kg). The findings emphasize phytoextraction as the dominant remediation mechanism across 
major plant families such as Solanaceae, Fabaceae, and Brassicaceae. Importantly, the inclusion 
of edible species like Medicago sativa and Brassica juncea underscores both their remediation 
potential and associated food safety concerns. Additionally, the dataset spans plants of varied 
utility, including medicinal species like Prosopis laevigata and common weeds such as Phytolacca 
americana, indicating that effective phytoremediation can be achieved across diverse ecological 
and functional plant groups.
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Post-phytoremediation effects of toxic metals accumula-
tor edible plants on consumers
Various technologies are being employed to eliminate toxic metals from contaminated soil, and phy-
toremediation stands out as a major one among them. This method relies on hyperaccumulator plant 
species known for their capacity to withstand toxic metals in the environment and contaminated 
soil. Hyperaccumulator plants demonstrate a high ability to translocate and accumulate toxic met-
als in roots and shoots. It facilitates the movement of toxic metals from roots to shoots for subse-
quent harvesting (Nedjimi, 2021). However, it’s imperative to recognize the numerous limitations of 
phytoremediation for edible plants, as it may potentially have adverse effects on consumer health. 
One significant concern lies in the risk of unintended consequences related to the bioaccumulation 
process. Even though hyperaccumulator plants are adept at concentrating toxic metals, there is a 
possibility that certain contaminants might be stored in edible parts of the plant in forms that are still 
harmful to humans. Inadequate understanding of the complex interactions between different metals, 
soil conditions, and plant physiology could lead to the unintentional introduction of toxic elements into 
the food chain. Furthermore, the long-term effects of consuming hyperaccumulator plants need thor-
ough examination, as chronic exposure to even low levels of certain toxic metals can have adverse 
health consequences.  The success of phytoremediation with hyperaccumulator edible plants also 
depends on careful monitoring and management to prevent contamination of surrounding areas and 
water sources (Tamma et al., 2025). Thus, the understanding of the constraints and potential risks 
associated with utilizing these plants in edible crops is crucial.

In this context, several case studies have been explored to elucidate the post-phytoremediation neg-
ative impacts on consumers. One such case study involved Colocasia esculenta, a hyperaccumulator 
plant grown in mercury (Hg) contaminated soil. After 28 days of planting, the concentration of Hg in 
the soil decreased. However, the toxic metal Hg accumulated in the plant tissue, and the translocation 
factor (TF) was calculated, revealing higher TF in the shoot part compared to other plant parts. The 
average Hg concentration in this study was 42.7 μg/kg body weight, considerably exceeding the stan-
dard Hg value of 1.6 μg/kg body weight. This study suggests that the consumption of C. esculenta may 
pose toxicity risks to humans and be hazardous to human health (Asare et al., 2021). The exposure of 
Hg to humans may cause autoimmune disease, anxiety, hair loss, and fatigue (Ali et al., 2013). Another 
research study was conducted on Ocimum basilicum that was grown on metal-polluted soil. The levels 
of Cd and Pb were found beyond the permitted limit, i.e., 0.3 mg/kg and 10 mg/kg, respectively. The Cd 
and Pb accumulated in mature plant leaves are highly toxic. These toxic metals constitute a constraint 
for human consumption of the studied plant (Dinu et al., 2020). If Cd is consumed by humans, it can 
cause lung disease or accumulate in the kidneys & damage the filtration mechanism, and cause osteo-
porosis (Fatima et al., 2019). Similarly, if there is prolonged exposure to Pb, it may decrease the poten-
cy in males, affecting the cardiovascular and central nervous system (Debnath et al., 2019). There are 
several members of the family Brassicaceae, which include important vegetables consumed across the 
world and play a vital role in the human diet (Cartea et al., 2010). These vegetables, such as B. oler-
acea, B. rapa, and B. napus, absorb toxic metals from contaminated soil. A case study conducted on 
irrigated urban and industrial wastewater, soil, and vegetables for the presence of toxic metals revealed 
that the levels of Cr2+, Pb2+, and Cd2+ in vegetables exceeded the allowed threshold value, indicating the 
possible threat to human health, routing via food chain contamination (Mahmood & Malik et al., 2014). 
When the quantity of Cr reaches a significant level, it becomes toxic and carcinogenic to humans 
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(Achmad et al., 2017). Another empirical data explains that two varieties of Brassica crops, such as 
B. oleracea var. Italica (broccoli), and B. oleracea var. Gemmifera (Brussels sprouts), when irrigated 
with municipal wastewater, the concentration of toxic metals was found to be above the permissible 
limit. The value of toxic metals found in broccoli as: Ni 3.91– 4.15 mg/g, Pb 9.82–10.4 mg/g, whereas, 
in brussels sprouts, Cd 0.8–1.17 mg/g, Co 2.35–2.70 mg/g, and Ni 5.70–6.17 mg/g, which was found 
quite high. These aforementioned concentrations of toxic metals in Broccoli and Brussels sprouts are 
detrimental for human consumption (Kalavrouziotis et al., 2008). The highly polluted ecosystem by Ni 
gives rise to different pathogenic effects in humans, such as lung cancer, headache, nasal cancer, and 
epigenetic disorders (Genchi et al., 2020). Literature data have revealed that various crops, including 
Z. mays (corn), Lycopersicon esculentum (tomato), B. oleracea (cabbage), and B. chinensis (pakchoi), 
grown in soils contaminated with electronic wastes, exhibit varying levels of toxic metal accumulation. 
Specifically, it has been observed that B. chinensis accumulates high quantities of toxic metals such as 
Pb, Cd, and Cu above the established threshold limits. The elevated presence of these toxic metals, 
namely Pb, Cd, and Cu, can lead to multiple chronic diseases or comorbidities in humans. This accu-
mulation poses a risk as these contaminants may enter the food chain, posing health threats to con-
sumers. (Liu et al., 2012; Liu et al., 2012a). Therefore, caution is advised to prevent the adverse health 
effects associated with the consumption of crops grown in soils contaminated with electronic waste.

In light of the findings presented in the aforementioned studies, it is essential to recognize the po-
tential risks associated with the consumption of hyperaccumulator plants used in phytoremediation 
strategies. The elevated concentration of toxic metals in the edible parts of these plants poses health 
hazards to consumers, necessitating an urgent need to effectively address these issues. Considering 
the intricate interplay between environmental sustainability, agricultural practices, and human health, 
the following section explores proposed solutions to mitigate the adverse effects of utilizing hyper-
accumulator plants and provides insights into achieving a balance between phytoremediation efforts 
and safeguarding public health. In conclusion, although the use of hyperaccumulator edible plants 
for phytoremediation is an innovative approach, the potential negative impacts on consumers and 
ecosystems underscore the importance of thorough research, regulation, and responsible implemen-
tation to ensure the overall success and safety of this strategy.

Strategies for sustainable management of hyperaccu-
mulator plant biomass: post-phytoremediation
Phytoremediation contributes to soil stabilization by eliminating pollutants, improving the quality of 
soil, and deterring soil erosion (Aftab et al., 2021; Afzal et al., 2019). The successful use of these 
phyto-technologies, which are environmentally friendly, however, depends on the effectiveness of 
the post-phytoremediation measures regarding the biomass containing toxic metals (Khan et al., 
2021). Several technologies target this problem by placing the accent on the economic valorization of 
biomass by means of bioenergy production (Gomes 2012). Incineration, pyrolysis, gasification, com-
bustion, and composting are some of the techniques used in the treatment of contaminated biomass. 

Incineration 

It is the process of burning forced air with the combustion reaction to the biomass of the plant that 
contains toxic metals, and it is a process of high-pressure oxidation. The product of this process is 
lighter ash, which is easy to transport and store. But, incineration creates fly ash that has hazardous 
toxic metals that cause secondary pollution. According to Wu et al. (2021), the total weight of S. al-
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feradii declined to 58.6 percent following the procedure of incineration. Furthermore, Hazotte et al. 
(2020) found that the Ni hyperaccumulator plant, Odontarrhena chalcidica, generated ash with Ni 
content of 13.5g/kg compared to the fresh biomass with Ni content of about 10 g/kg. Generally, as 
the temperature for incineration rises, the rate of toxic metal vaporization will also increase, leading 
to a higher concentration of toxic metals in fly ash. As the toxic metal content in fly ash surpasses the 
permissible limit set by authorities, therefore, fly ash is unsuitable for subsequent reuse.  Meanwhile, 
Zhu et al. (2019) revealed that by increasing the incineration temperature, leaching of toxic metals 
might be reduced. Additives such as kaolin, zeolite, and montmorillonite are used to increase the 
retrieval of toxic metals in bottom ash and reduce the transportation to gas-phase fly ash. Lu et al. 
(2015) showed that the addition of kaolin in fly ash removed 91.2 and 88.1% of Cd and Zn, respec-
tively, from the fly ash, with the increased sequestration efficacy attributed to physical and chemical 
adsorption mechanisms of toxic metal sequestration during incineration.

Pyrolysis

Another technique that is being used to manage contaminated hyperaccumulated plant biomass is py-
rolysis. Pyrolysis is the oxygen-free degradation of hyperaccumulated biomass of plants at elevated tem-
peratures, which yields bio-oil, biochar, and pyrolysis gases (H2, CO2, CO) depending on the time and 
temperature (Tayibi et al., 2021). Although effective, a couple of challenges are present in pyrolysis, such 
as high operational costs and technological complexity. The potential offsets to economic impact are 
possible products such as biochar and bio-oil. However, (Alcazar-Ruiz et al., 2022). Hyperaccumulator 
biochar presents a necessity to assess the authenticity of toxic metals’ toxicity. Zhang et al. (2021) carried 
out research on the hyperaccumulator plant Sedum plumbizincicola for Cd and Zn by pyrolysis treatment 
to determine the pyrolysis risk assessment on biochar towards the environment. They demonstrated 
that 80.95 percent Cd and 95.56% Zn recovery were achieved at a pyrolysis temperature of 350 oC, and 
this highlighted the high efficiency of the pyrolysis treatment in enclosing the toxic metals in the biochar. 
Certain additives, such as calcium dihydrogen phosphate, sodium hydroxide, calcium carbonate, and iron 
(III) chloride, are able to mitigate the amount of toxic metals leeching throughout the process of pyrolysis 
to stable compounds (Liu et al., 2020; Liu et al., 2020a). Pyrolysis of the cotton stalk biomass was cata-
lyzed by additives, like potassium carbonate, that accelerated the rate of the reaction, leading to a remark-
able increase in the lead (Pb) content by 51.5 to 93.4%, an effect due to the formation of a stable lead 
hydroxide (Wang et al., 2021). The disadvantages of pyrolysis are that it requires low moisture (<10%) 
to achieve favorable yields and calorific values, and high expenses on rehabilitating blocked pipelines 
because of tar formation, which inhibits its adoption at an industrial scale.

Gasification

It is an important process in the search for sustainability in the management of hyperaccumulator 
plant biomass following phytoremediation. The process entails exposing solid substances to high 
temperatures, which causes them to convert into syngas, a mix of carbon monoxide and hydrogen. 
Significantly, the generated syngas are utilized in gas turbines or fuel cells to generate electricity. Cui 
et al. (2018) have shown that the gasification of the Sedum alfredii in a range of temperatures, 500 
to 800 oC produced a syngas with an optimal ratio of hydrogen and carbon monoxide (1.26 to 2.46), 
which was later used in the Fischer Tropsch process in producing a sustainable fuel. The transfor-
mation and migration of toxic metal content in the biomass plant in the gasification process should 
be thoroughly studied to ensure the sustainability of the phytoremediation efforts. Duan et al. (2017) 
studied the behavior of transformation of arsenic (As) in ladder brake (Pteris vittata L.) during gas-
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ification, revealing a significant release of about 60% of As at a temperature of 600 °C. Additionally, 
Zhang et al. (2019 & 2019a)  highlighted the advantages of incorporating iron oxide compounds 
during the gasification of stonecrop (Sedum plumbizincicola) and ladder brake (Pteris vittata L.), 
enhancing gas yields of hydrogen and carbon monoxide while efficiently removing toxic metals using 
activated carbon. To secure the sustainable management of hyperaccumulator plant biomass, it is 
crucial to conscientiously tackle the challenges linked to the formation of excessive tar dust contain-
ing toxic metals during the gasification process. Such challenges can lead to energy waste, reduced 
gasification efficiency, as well as corrosion and blockage of gas pipelines (Cui et al., 2018).

Compaction

Apart from the above-mentioned methods, compaction emerges as an alternative disposal method for the 
post-phytoremediation sustainable management of hyperaccumulator plant biomass. This is carried out 
by pressing the contaminated plant biomass, and the subsequent collection of the leachates separately. 
The resulting particulate discarded products, however, have a large quantity of toxic metals, which require 
additional treatment as hazardous waste at an appropriate disposal site. It is interesting to note that as-
sessment studies have not been done on the recovery of valuable toxic metals by utilizing the leachate 
obtained during the compaction of contaminated plant biomass (Oladoye et al., 2022). Further research 
activities can be very helpful in trying to come up with a way to retrieve toxic metals in the collected leach-
ate to add to the overall sustainability of hyperaccumulator plant biomass handling techniques.

Composting

It is another methodology that is used in the sustainable management of hyperaccumulator plant biomass. 
The biochemical conversion of concentrated and compacted toxic metal-enriched portions of the plant 
biomass. Composting is done by reducing the volume and weight through the digestion process. This pro-
cedure promises to be cost-effective in transportation. Although it has historically been used on agricultural 
waste, regardless of the current application, compost processing is vulnerable to the remobilization of toxic 
metals due to microbial activities and solid waste (leachates). An appropriate confinement procedure is of 
the utmost concern to reduce the potential of leaching toxic metals (Viaene et al., 2016; Mohanty, 2016; 
Muthusaravanan et al., 2020). Song and Park (2017) conducted a research study that included the devel-
opment of compost made with the plant biomass of Phragmites australis and Typha angustifolia after phy-
toremediation. The outcome of this process was better soil qualities, in particular, soil moisture. Microbial 
decomposition was found to increase nitrogen availability, which is beneficial to plant growth. Even though 
the biomass of hyperaccumulator plants that have undergone phytoremediation may be utilized as com-
post to increase the fertility of soil, more studies are required since the biomass of plants is structurally 
complex and is degraded by microbial communities in a diverse way (Wei et al., 2012).

Metal oxide nanoparticles synthesis 

The green synthesis of metal oxide nanoparticles (MONP) through the utilization of phytoremedia-
tion plants has gradually emerged as a novel approach for managing the biomass generated after 
the phytoremediation process. Wang et al. (2016) accomplished the successful synthesis of zinc 
oxide nanoparticles using the Zn hyperaccumulator, S. alfredii. The resulting zinc oxide nanoparti-
cles demonstrated the ability of photocatalytic degradation. Even though little to no research activity 
is being carried out on the theme of green synthesis of MONP using hyperaccumulator plants en-
dowed with toxic metals following phytoremediation. Current research efforts are more focused on 
giving general accounts of the incorporation of plant extracts and phytochemicals into green synthet-
ic processes, without explaining the mechanisms underlying these reactions. Therefore, transition-
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ing bench-scale production of green-synthesized MONP to an industrial scale might be challenging 
unless proper direction of engineering factors, such as a stoichiometric ratio and mass balance, is 
provided (Ying et al., 2022). In addition to this, the quality of MONP produced by the green synthesis 
process using hyperaccumulator plants may also vary widely in terms of size and shape. This fluctu-
ation may pose a challenge in industrial application, where the deliberate control of the particle size 
and crystallinity of the production process is of high necessity (Xu et al., 2020). Therefore, conven-
tional synthesis processes remain popular and widely used by industries.

In summary, the effective application of phytotechnologies in consideration of post-phytoremediation 
solutions to toxic metals contaminated biomass depends on the efficacy of diverse approaches. 
Among them, incineration, pyrolysis, gasification, combustion, and composting address the issue of 
money-making, sustainable biomass valorization by means of bioenergy. There are critical issues in 
dealing with post-phytoremediation strategies that must be resolved to facilitate the sustainable man-
agement of hyperaccumulator plant biomass, which should not only be environmentally beneficial 
but also economically sustainable. Figure 4 shows the post-phytoremediation biomass management 
strategies. Further research and technological innovations also contribute to the further optimization 
of these strategies and their general applicability in real practice.

Figure 4.  Post-phytoremediat ion biomass management strategies.
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Challenges and future prospects
Phytoremediation is widely recognized as a cost-effective and environmentally sustainable approach 
for remediating toxic metal-contaminated soils; however, its large-scale application remains con-
strained by several biological, environmental, and operational limitations (Ali et al., 2013; Mahar et 
al., 2016; Yan et al., 2020). A major challenge lies in its inherently slow remediation rate, as metal 
uptake typically requires multiple growing cycles and is strongly influenced by climatic conditions, 
soil chemistry, and plant developmental stages (Mohamed et al., 2025). While hyperaccumulator 
species demonstrate exceptional capacity for metal sequestration, their practical applicability is often 
limited by low biomass production, creating a trade-off between accumulation efficiency and total 
metal removal (Eissa et al., 2025). Furthermore, phytoremediation efficiency is highly metal-spe-
cific. It is generally more effective for relatively mobile elements such as Cd, Ni, and Zn, whereas 
its performance is significantly reduced for poorly mobile metals like Pb and Cr (Yan et al., 2020). 
This limitation is compounded by soil-related factors, including low metal bioavailability, variable pH, 
high organic matter content, and the presence of competing ions (Mocek-Płóciniak et al., 2023). 
Although soil amendments can enhance metal mobility and uptake, their application remains contro-
versial, as they may increase the risk of metal leaching and secondary contamination (Wang et al., 
2020). These contrasting findings highlight that phytoremediation outcomes are highly site-specific 
and require careful optimization rather than generalized application. Plant physiological responses to 
contaminated environments further complicate remediation efficiency. Exposure to high metal con-
centrations often induces phytotoxic effects such as reduced leaf area, impaired photosynthesis, and 
stunted growth, ultimately limiting biomass production and metal uptake (Jarin et al., 2025). 

Beyond in-field limitations, post-remediation biomass management represents a critical and often 
underestimated challenge. The accumulation of high metal concentrations in harvested plant tissues 
effectively transforms biomass into hazardous waste (Yan et al., 2020). If not properly managed, this 
biomass can act as a secondary source of pollution through metal leaching or atmospheric release. 
Although incineration is commonly employed, it requires strict regulatory control, and the resulting 
metal-rich ash must be safely disposed of or processed for recovery (Mohamed et al., 2025). In re-
gions lacking adequate infrastructure or regulatory frameworks, these logistical and economic con-
straints significantly hinder large-scale implementation. 

Despite these limitations, phytoremediation continues to hold strong future potential, particularly with 
the integration of emerging technologies. Advances in genetic engineering, including CRISPR-based 
genome editing and molecular breeding, offer opportunities to develop plant varieties with enhanced 
metal tolerance, deeper root systems, and increased biomass production (Oubohssaine & Dahmani, 
2024). Similarly, rhizosphere engineering, through plant growth-promoting rhizobacteria and my-
corrhizal associations, has shown promise in improving metal bioavailability while reducing plant 
stress (Karnwal et al., 2025). Emerging interdisciplinary approaches further expand the scope of 
phytoremediation. Nanotechnology, precision agriculture, and remote sensing can enhance remedi-
ation efficiency and enable real-time monitoring (Gao et al., 2021; Mahmud et al., 2025). In addition, 
phytomining offers a novel pathway for recovering valuable metals such as Ni and Co, transforming 
remediation into a resource-generating process (Eissa et al., 2025). However, the economic feasi-
bility and large-scale applicability of such approaches remain insufficiently explored. While phytore-
mediation holds significant promise, its successful implementation will depend on addressing key 
technical, ecological, and regulatory challenges. Future efforts must integrate biological innovations 
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with safe biomass management strategies and robust policy frameworks to enable its transition from 
experimental application to a scalable solution for contaminated land restoration.

Conclusion
Phytoremediation has emerged as a promising, eco-friendly approach for mitigating toxic metal con-
tamination in soils, with several plant species demonstrating significant potential for metal uptake and 
sequestration. This review highlights that while hyperaccumulator plants, particularly those with high 
biomass and efficient translocation capacity, can effectively remove or immobilize contaminants such 
as Cd, Pb, As, and Cr, their performance is highly species-specific and influenced by environmental 
factors, including soil chemistry and metal bioavailability. A critical insight from this analysis is that 
phytoremediation does not eliminate metals but redistributes them into plant biomass. This shift neces-
sitates careful post-harvest management, as metal-enriched biomass constitutes a secondary source 
of contamination if improperly handled. Contrary to earlier generalized assumptions, practices such as 
uncontrolled composting or open burning are not safe disposal strategies, as they may lead to metal 
leaching into soil and groundwater or atmospheric emissions. Instead, controlled approaches such as 
pyrolysis, gasification, or regulated incineration should be prioritized to minimize environmental and 
health risks. The use of edible plants in phytoremediation presents a complex risk–benefit scenario. 
Although such species may offer practical advantages in terms of cultivation and biomass yield, the 
accumulation of toxic metals in edible tissues poses significant food safety concerns. Therefore, their 
application must be strictly restricted to non-food purposes unless metal concentrations are demon-
strably below established international safety limits (e.g., WHO/FAO guidelines). Comprehensive risk 
assessment frameworks and continuous monitoring are essential before considering their deployment 
in contaminated sites. Despite notable progress, several research gaps remain. There is a lack of long-
term, field-scale validation studies, limited standardization in biomass disposal protocols, and insuffi-
cient integration of phytoremediation with advanced technologies such as genetic engineering, rhizo-
sphere manipulation, and nanotechnology. Future research should focus on developing high-efficien-
cy, high-biomass plant systems, improving metal bioavailability, and establishing clear regulatory and 
safety guidelines for both application and biomass management. The most critical takeaway from this 
review is that while phytoremediation offers a sustainable remediation strategy, its success depends 
not only on plant performance but also on the safe handling of contaminated biomass and careful con-
sideration of human health risks, particularly when edible plant species are involved.
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