-REVIEW PAPER-

IJIMGE

International Journal of Mining and Geo-Engineering

IJMGE 60-2 (2026) 209-228 DOI: 10.22059/1JMGE.2026.401164.595297

Phytomining: a sustainable approach for heavy metal removal

Ehitua Julius Oziegbe *~, Olubukola Oziegbe " and Ibrahim Ajibola Oladeni

# Department of Geosciences, Faculty of Science, University of Lagos, Nigeria.
b Department of Biological Sciences, Covenant University, Ota, Nigeria.

¢ Department of Geology, Georgia State University, USA.

Article History:

Received: 22 August 2025.
Revised: 08 November 2025.
Accepted: 03 May 2026.

ABSTRACT

Researchers are learning more about how plants fight off the harmful effects of heavy metal pollutants as the environment gets worse with
these pollutants. Also, investigation on how to better manage these pollutants sustainably are on the rise. Phytomining is a phytoremediation
technique that utilizes plants to extract precious heavy metals from mineralized or contaminated soils to generate revenue. This can be
achieved by recovering valuable levels of metals from the biomass of plants. Aside, being a sustainable and cost-effective technique,
phytomining financial viability depends on valuable biomass of obtained from the contaminated environments. Natural heavy metal
hyperaccumulators are currently attracting attention due to the enormous opportunities presented by phytomining. Hyperaccumulator plants
such as Berkheya coddii, Eleocharis acicularis, and Myriophyllum aquaticum are some of the efficient plants for phytomining of heavy metals.
Genetic engineering of specific species of hyperaccumulators of certain heavy metals could improve the efficiency of phytomining technology.
Potential biorefineries using phytomining techniques could be supported by the circular bioeconomy of heavy metals. Thus making
appropriate the reuse of high-value heavy metals (Au, Co, Cu, and Ni) from polluted sites and also concentrating valuable heavy metals within
the plants from mines with low concentration. This review highlights the potential use of phytomining in the cleanup of heavy metal

contaminated sites as well as wealth creation. Thereby, making heavy metal phytomining a promising bioremediation strategy.
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1. Introduction

The earth's crust by nature contains heavy metals, which vary in
concentration depending on the location [1]. High concentrations of
heavy metals have been reported in the overburdens and soils in karst
regions [2-4]. Phytomining a phytoremediation technique make use of
phytoextraction, which is the process of using plants to extract metals
from soils. In phytoremediation, plants absorb and eliminate toxic
metals from heavy metal polluted sites [5-7]. Phytomining offers plant
the potential to extract commercial heavy metals from overburdens,
low-grade ores, mill tailings or mineralized soil that is not profitable by
conventional mining methods [8, 9], as shown in Figure 1. Thus,
Phytomining offers both economic and environmental benefits [10].
This technique involves the production of heavy metal "crop" by
cultivating high-biomass plants that could extract high metal
concentrations [11]. Drying, and combustion of the harvested biomass
yields high-grade bio-ore [12]. For example, in soils with nickel levels
much below the threshold level for traditional mining, Alyssum
Bertolonii and Berkheya coddii might extract more than 100 kg of nickel
per hectare annually [13]. This newer and more sophisticated
phytoremediation technique creates low volume and sulphide-free "bio-
ore" that can melt and retrieved for economical purpose target metal [8].
A plant that can accumulate heavy metal to a concentration 100 times
higher than "normal" plants growing in the same environment is
considered a hyperaccumulator [13, 14]. Table 1 shows different
hyperaccumulators of some heavy metals. Some species of
hyperaccumulator show greater growth possibility in environment with
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higher levels of heavy metals in comparison to their close or distant
family [15]. As a consequence, a number of natural plants have been
classified as the natural accumulators of heavy metals. Phytoremediation
which is a developing technique uses green plants to remove pollutants
from the environment [16, 171. It is thought to be a sustainable and more
affordable option than traditional remediation techniques [18, 191.
Planting in a contaminated matrix by Phytomining helps to eliminate
environmental toxins by promoting the pollutants’ sequestration and/or
breakdown [17]. For in situ metal removal, hyperaccumulator plants
outperform traditional technologies at a lower cost [20].

Heavy metal cleanup is a huge industry; in fact, based on the report
from European Environment Agency (EEA), the overall estimated cost
of cleaning up polluted sites in Europe might vary from EUR 59 to EUR
109 billion [21]. Phytomining is a 34—54 billion US dollar worldwide
phytoremediation business that is growing in wealthy nations, offering
this green technology a chance [20]. It has been an effective economical
method of removing gold from low-grade ores at residual dumps, which
are piles of tailings [22, 23]. Plant species such as Kalanchoe serrata L.
and Helianthus annuus L. are both employed in the phytoextraction of
Au and Cu from mine tailings [24]. Despite the fact that numerous plant
species have exceptional ability for metal biosorption,
hyperaccumulators have significant benefit of being able to thrive in
excessive levels of external metals [25]. Heavy metal hyperaccumulators
are capable of extracting significant levels of contaminants without
exhibiting any sign of toxication [26]. The soil's metal composition,
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plant assimilation of metal, plant biomass, and above all, the metal price
all affect how profitable Phytomining is [8, 9, 27].

Even though soil naturally contains heavy metals, their quantity has
grown due to human activities [28, 29]. Rocks contain heavy metals
because they are present in both primary and secondary minerals as
trace constituents [30].
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Figure 1: Schematic summary of phytomining.

Heavy metals and metalloids are continuously released into the
environment at different rates and amounts from natural materials due
to their existence in minerals and the breakdown of minerals brought
on by chemical weathering [31]. From the soils, heavy metals eventually
enter groundwater and surface waters through leaching and surface
runoffs [29, 32]. Heavy metals can also reach the aquatic environment
from atmospheric deposition as well as human activity brought on by
mining waste, home sewage, and industrial effluents [29, 33]. The
environment contains these heavy metals such as Cr, As, Ni, Cd, Pb, Hg,
Zn, and Cu in varying degrees in soil, water, food and even the air [34].
When these heavy metals exceed the permissible levels, they alter soil
characteristics and damage plants, which lowers crop yield [35]. Heavy
metals cause oxidative stress in cells, which damages organelles, and
they are very poisonous and have a propensity to accumulate in
organisms [36]. Since heavy metals are persistent environmental
contaminants, it is difficult to remove them after they have entered
ecosystems [37]. Instead, they typically travel through the environment
through processes like adsorption, desorption, and leaching [38]. There
is therefore an urgent need for some efficient environmental
management techniques to reduce the threats to ecosystems and human
health because of these increased accumulations in these different
habitats. Controlling the risk of heavy metal contamination and
lowering the dangers of heavy metal exposure requires sustainable
methods for proper waste disposal, and heavy metal recovery. This
review provides a detailed solution to the total elimination of heavy
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metals from polluted sites without further endangering the ecosystem.
Potential biorefineries using phytomining techniques could be
supported by the circular bioeconomy of heavy metals, thus making
appropriate the reuse of high-value heavy metals without producing
secondary damage [39, 40].

2. Effects of some heavy metals on plants

Plants need heavy metals as vital micronutrients, but it may become
toxic when it exceeds a certain threshold [41]. Heavy metals toxicity
causes high accumulation of reactive oxygen species (ROS) and
methylglyoxal (MG) [42]. This can cause peroxidation of lipids, oxidize
proteins, inactivate enzymes, damage DNA, and/or interact with other
essential components of plant cells [42]. By producing reactive oxygen
species (ROS), which impede the majority of cellular activities at various
metabolic levels, exposure to heavy metals (HMs) may cause a variety
of harmful effects in plants [43]. Oxidative stress results from an
increase in ROS production in cells [44]. ROS are extremely reactive
molecules that are significantly harmful to all sorts of cells and cell forms
[45]. Plants, which are subjected to biotic and abiotic stresses, produce,
scavenge and utilize ROS as an adaptive mechanism of overcoming such
stresses [46] which can serve both positive and negative purposes. They
mediate signal transduction that helps maintain cellular homeostasis
and promotes plant acclimatization to stressors [47]. When their
production surpasses threshold levels, they cause oxidative stress in
plants [47]. Thus, plants use antioxidants to keep the balance between
the production of ROS and their quenching [48]. It must be noted that
in plant’s biological system, heavy metals are either redox active or
inactive metals in the plant cells. Free heavy metal cations, whether
redox active or inert, may play a major role in the development and
maintenance of oxidative stress in mitochondria [49]. For example, Cu,
Cr, and Mn are known to partake in plant’s redox reactions while Ni, Al
and Zn, are non-redox active metals [50]. Plants are capable of using
their antioxidative defines system to control ROS levels in both non-
stress and stress settings, such as exposure to excess metals [51].
Excessive quantities of heavy metals cause abscisic acid (ABA) to
accumulate and impact root functioning on several levels [52]. And
according to research, plants use a network of pre-existing signalling
cascades to "report" cellular homeostasis abnormalities to the nucleus,
which will then trigger a wide range of reactions [52]. Multi-metal
hyperaccumulators could be used in the situation of multi-metal
contaminated soils. For example, field trials showed that the
Pelargonium Attar cultivar has the capability to extract Pb, Zn, Cu, Cd,
and As from a heavily polluted soil without exhibiting any signs of
morphophytotoxicity [53]. To resist metal toxicity, plants have unique
cellular mechanisms such vacuolar compartmentization and chelation
of metals [54]. Sequestration within vacuoles play a pivotal role in
regulating heavy metal balance in plants [55]. This rely on vacuolar
proton pumps like V-PPase and V-ATPase, alongside tonoplast
transporters energized by the proton electrochemical gradient as well as
ATP-fueled primary pumps [55]. Common structural alterations in the
vacuoles of plants exposed to heavy metal stress highlight the role of
vesicle transport in this sequestration mechanism [56, 57]. Amino acids
are essential for sequestering, translocating, and detoxifying heavy
metals in plants [58, 591. The use of amino acid-based chelates in place
of traditional organic chelators or fertilizers serves as an economical,
potent, and evidence-based strategy to enhance agricultural
productivity, photosynthetic efficiency, and nutrient quality for crops
cultivated in heavy metal-polluted environments [60].

Heavy metals inhibit plant growth, dry matter buildup, and yield by
disrupting physiological processes such photosynthesis, nutrient
absorption and gaseous exchange [76-78]. Photosynthesis is hampered
by heavy metal stress-induced Mg* substitution in vivo in the
chlorophyll by heavy metals [79]. Also, alleviated seed germination,
decreased plant biomass, decreased root elongation and inhibition of
chlorophyll production are all consequences of heavy metal deposition
in plant tissue [53]. Since the leaf area is the primary organ for
transpiration, the presence of Pb impacts a number of plant mechanisms
[80, 811.
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Table 1: Hyperaccumulators (both natural and engineered) suitable for phytomining applications.

Heavy metal Plant Source
Zn Arabidopsis halleri, Thiaspi, Brassicaceae, Sedum alfredii [61, 621
Cd Solanum nigrum, A. halleri, T.caerulescens, [63 - 65]
Ni B. coddii [66, 671
In, Ag, Pb, Cd, Cu, and Zn Eleocharis acicularis [68]
Zn Myriophyllum aquaticum [69]
Zn Thiaspi caerulescens [70, 711
Au Brassica juncea [72]1
Ni Odontarrhena chalcidica [731
Ni Alyssum murale [74]
Ni Phyllanthus rufuschaneyi [751

This includes the reduction of leaf growth and surface area, which in
turn reduces the plant transpiration process [80, 81]. The effect of Cd
on leaf shape was the indirect cause of P. divaricata’s photosynthetic
efficiency being inhibited under high Cd concentrations in a study by
Hu et al. [78]. Heavy metal (HM) ions, in addition to extreme
temperatures, reactive molecules and other stresses interfere with the
folding of freshly synthesized proteins and also cause pre-existing plant
proteins to misfold [82, 83].

3. Mechanisms of heavy metal chelation in plants

There are numerous options for dealing with the plant's metal
pollution issue. Some plants escape metal contamination by suppressing
its entry into their bodies through defensive morphological adaptations
[84, 85]. On the other hand, some successfully compartmentalize
uptaken heavy metals in intracellular organelles, resulting in a limited
toxicity reaction [55, 86]. Chelation is a chemical phenomenon in which
a central metal atom or ion links with a ligand, resulting in the creation
of a stable, cyclic coordination compound [87]. And it is the primary
detoxification mechanism deployed by plants to withstand high levels
of heavy metals [88]. Phenolic antioxidants perform important role in
the distribution and binding of metals, as well as heavy metal
detoxification in the plant [89]. Additionally, it's likely that multiple
mechanisms work together to lessen a given metal's toxicity [90]. In
general, plants' response to high environmental concentrations of heavy
metals tries to prevent the accumulation of excess metal levels in the
cytosol, which would delay the onset of poisoning symptoms [90].

3.1 Mechanism of mycorrhiza in binding to cell wall and extracellular
exudates

Fungi have some excellent qualities that allow them to tolerate heavy
metal stress and mitigate its negative effects on both the plant growth
and the environment [91]. Mycorrhizal fungi are crucial for metal
accumulation and tolerance because they cover the root system of
numerous plant species that grow in soil contaminated with metals [92].
Arbuscular mycorrhizal (AM) fungus have developed a number of
defense mechanisms against almost all harmful metals when metal ions
are present in excess usually through plasmid encoded means [93]. The
ability of AM fungus to accumulate heavy metals may vary, and Glomus
mosseae species have been found to have high metal accumulating
capacity [94]. Using Redundancy Analysis (RDA), researchers found
that AM symbioses made heavy metal accumulation more effective [95,
96]. Although, Arbuscular mycorrhizal fungi (AMF) are promising
biotechnological technique for enhancing the resistance of plants to
heavy metal-contaminated soils and the effectiveness of
phytostabilization [97]. Plants exhibit a variety of changes as a result of
AMF's influence, including an increase in antioxidant response and
changes in root shape, and their symbiotic relationships promote plant
growth by improving nutrient acquisition [91]. They also serve as a
biofertilizer for plants and a biosorbant for heavy metals, enhancing
plant performance through distinct intrinsic molecular pathways [98,
991. Microorganisms, particularly fungi, also have a protective function
in plants, increasing defense system responses and playing an important
role in conditions involving soil iron deficiency or phosphorus

solubilization [100]. For instance, in the study of Adeyemi et al. [101]
arbuscular mycorrhizal fungi (AMF) was discovered to be more tolerant
in decreasing heavy metal toxicity in soyabeans grown in contaminated
soils. This was achieved by retaining the heavy metals in the roots, thus
reducing translocation of Pb, Zn and Cu. Plant-associated
microorganisms, such as AMF, can thus boost plant growth in both
natural and severe environments [102, 103].

3.2, Efflux pumping and reduced uptake of metals at the plasma
membrane

Membrane transporters known as efflux pumps are responsible for
the particular export of harmful substances from cells [104]. One could
argue that the first "living" structure that heavy metals can harm is the
plasma membrane of plants. Heavy metals can quickly alter plasma
membrane function, as evidenced by increased cell leakage when metal
concentrations are high [105]. The major facilitator superfamily (MFS),
small multidrug resistance (SMR), ATP-binding cassette (ABC
transporter), resistance nodulation division efflux pumps (RND HAE),
and the multidrug and toxic compound extrusion (MATE) transporters
are the five families into which these efflux pumps are divided [106].
The interaction between plants and microorganisms especially bacteria
in heavy metal contaminated environment facilitate plant’s heavy metal
resistance [107]. Efflux pumps maintain the bacterium's internal balance
by expelling harmful substances, quorum-sensing signals
(autoinducers), biofilm-forming compounds, and virulence factors.
(Figure 2). As a result, efflux pumps can provide heavy metal resistance
by exporting metal ions [108].
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Figure 2: Diagram illustrating the biological roles of bacterial efflux pumps. These
pumps are crucial for (a) expelling antibiotics, (b) promoting biofilm
development, (c) modulating host physiology, (d) conferring resistance to metals,
and (e) enhancing virulence [108].

Copper (Cu) and silver (Ag), highly toxic to bacterial cells, have been
noted for potential beneficial roles in the initial phases of biofilm
development [108,109]. The CusABCF pump, a heavy metal RND efflux
pump (HME-RND), reduces their intracellular levels [110], which
appears essential for bacterial survival and maintaining biofilm integrity.

Examination of plasma membrane vesicles from the roots of Cu-
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sensitive and Cu-tolerant Silene vulgaris populations showed that Cu-
tolerant plants can expel copper from the cell through specific plasma
membrane transporters [111]. Plants counteract copper toxicity by
sequestering surplus amounts in removable parts like leaves, cell walls,
and the vacuolar membrane of the root cortex, with this stored copper
capable of being redistributed following copper deficiency [112].

3.3. Heavy metal tolerance genes

Hyperaccumulator plants have some genes that are active during
heavy metal pollution and may therefore localize high concentrations of
heavy metals to their tissues without exhibiting toxicity symptoms [113].
Both chromosomes and plasmids contain genes that impart resistance
to inorganic salts of soft metals [114]. The physiological function of
chromosome-encoded systems may also involve metal ion homeostasis,
whereas plasmid-encoded determinants often confer resistance [115].
Eleven extrachromosomal replicons were analyzed experimentally and
bioinformatically by Dziewit et al. [116], and arsenic, cadmium, cobalt,
mercury, and zinc resistance genes were carried by three plasmids, one
of which was a broad-host-range replicon that contained a Tn3 family
transposon. Bacterial plasmids encode specialized genes that confer
tolerance to poisonous heavy metal ions [117]. For example, in
Escherichia coli and Pseudomonas syringae, plasmid-mediated copper
resistance involves a coordinated set of four distinct protein products
[117]. Certain Escherichia coli strains can endure copper-saturated
conditions that exceed the capacity of their chromosomal copper
regulatory mechanisms [118]. These resilient variants harbour
supplementary plasmid-borne genes that provide enhanced copper
tolerance [118]. While some of these systems are widely distributed and
contribute to the cell's fundamental defines against unnecessary heavy
metals, others are extremely specialized and unique to a small number
of bacteria [119]. Nies [119] demonstrated that the exceptionally heavy
metal resistance of Ralstonia metallidurans was produced by gene
multiplication through duplication and horizontal transfer, function
differentiation, and gene combining into highly effective operations.
The capability of plants to interact positively with microorganisms to
flourish in heavy metal-rich settings and effectively clean contaminated
wastewater is enhanced by genetic engineering [120, 121]. Genetic
engineering has resulted in a variety of transgenic plants that contain
stress response genes and exhibit noteworthy tolerance to harsh
conditions such as drought and heavy metals [122].

3.4. Metals chelation in the cytosol by peptides

In order to separate the vacuole medium and lower the quantity of
free metal ions in the plant cells, metal ions that enter the plant can
combine with phytochelatins to create a stable chelate [123, 124]. In
different species, different metals have varying degrees of effect on
phytochelatins biosynthesis, such that the induction of phenolic
compounds (PC) formation can be both metal-specific and taxon-
dependent [125, 126]. According to a study by Song et al. [127], adding
essential metal ions like Zn (II), Cu (II), and Mn (II) to the transport
assay increased the PC2 transport activity in barley vacuoles. This
suggests that phytochelatins may help maintain the homeostasis of
essential metals and detoxify non-essential toxic metal (loid)s [128].

Phenolic compounds can scavenge molecules of active oxygen
directly or function as metal chelators during periods of high metal
stress [129]. The significant adaptive role that phenolic compounds
(PCs) play in plants' tolerance and responses to heavy metal stress is
determined by their polyfunctionality [130]. Phenolic compounds (PCs)
are a promising class of phytoprotectants that can help plants develop
tolerance to abiotic stressors [131]. Of these PCs, flavonoids have the
ability to chelate metals. Flavonoids, as secondary metabolites, influence
multiple gene expressions by activating different transcription factors
[132,133]. When under stress, plants produce these possible metabolites
to alter their defense system [131]. The ability of phenolics from
different subclasses to chelate various metal(loid)s, metal (loid) oxides,
and metal (loid)-containing nanoparticles is based on binding sites in
their molecules [130].

The ability of the bioligands to bind different metals is a crucial
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characteristic [88, 134]. High-affinity ligands have the potential to be a
crucial mechanism for heavy-metal detoxification and tolerance by
chelating metals in the cytosol [90]. These ligands include organic and
amino acids, as well as two classes of peptides called phytochelatins and
metallothioneins [135]. Intracellular complexation of metals during
cellular surplus and subsequent release of metals to metal-requiring
apoproteins and possibly to ultimate storage locations within cells are
necessary for maintaining metal homeostasis [136]. Measured in plants
cultivated at high concentrations of heavy metals, phytochelatins are
enzymatically produced peptides reported to perform a role in heavy
metal detoxification and accumulation [137]. Due to y-Glu-Cys
peptides’ ability to bind metals, varying levels of metal tolerance among
naturally occurring chosen ecotypes have been investigated [123, 136].

Organic acids like oxalic, citric, malic, tartaric, and succinic acids are
secreted more frequently by plants when under heavy metal stress [138,
139]. One or more carboxyl groups found in organic acids can chelate
with heavy metals to create non-toxic compounds that keep the metals
from getting into the plants [138]. Based on this, a natural remedy for
contamination brought on by both natural and man-made sources on
plants, is the practical option for exogenous application of organic acids
from economic and environmental perspectives. The application of
organic acids to plants enhances morphological traits such as growth,
biomass, leaf surface area, and root elongation, ultimately boosting crop
yield [138, 140]. Figure 3 depicts the overview of physiological pathways
activated by the external addition of organic acids. Compared to other
acids, such amino acids, organic acids are more effective chelating agents
and have a more varied role in plant stress tolerance [141, 142]. The use
of plants in remediation strategies is greatly facilitated by organic acid’s
function in heavy metal detoxification [143]. In a study by Huang et al.
[144] exogenous low molecular weight organic acids (LMWOAs)
considerably raised the amount of Cu that was available in the soil,
which improved the castor bean's ability to extract Cu through
phytoextraction.
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Figure 3: Possible molecular and physiological pathways activated by the external
application of organic acids, enhancing plant resilience to heavy metal stress [138].

3.5. Mechanism for the repair of stress - damaged proteins

Plants have built a comprehensive and incredibly effective system to
adjust to heavy metal toxicity-mediated stress conditions because the
heavy metal ions harm the structural, enzymatic, and non-enzymatic
components of plant cells [145]. This results in a loss of cell viability and
negatively impacts plant growth and development [145]. One of the
main causes of DNA decay in most organisms is exposure to ROS [146].
In plants, endogenous ROS are produced by active reactions to specific
environmental challenges, such as heavy metal intoxication, in addition
to respiration and photosynthesis [147].

A class of proteins known as heat-shock proteins (Hsps) or stress-
induced proteins is produced in response to nearly all stress conditions
[148]. Under induced stress conditions like that posed by a high
presence of heavy metals, stress genes are induced to synthesize a group
of proteins called heat shock proteins [83, 149]. These aid the precise
folding of immature and stress-accumulated misfolded proteins,
preventing protein aggregation or encouraging the selective degradation
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of misfolded or denatured proteins [150, 151]. This help to maintain
cellular homeostasis. By favorably controlling the system of antioxidant
enzymes, HSP also detoxifies reactive oxygen species and improves
membrane stability [152, 153]. Among main antioxidants, glutathione
(GST) supports reduced glutathione (GSH) to minimize
metals/metalloids toxicity by conjugating with them [154]. The
proportion of reduced to oxidized glutathione (GSH/GSSG) is a key
soluble redox pair critical to bioenergetics and the metabolism of
reactive oxygen species (ROS) [155].

This significantly impacts many processes through which plants
adapt to environmental stresses and variations, including exposure to
major heavy metals and metalloids [155]. Plants control the amounts of
ROS by an assortment of enzymatic and non-enzymatic antioxidants
[47, 156]1. ROS also regulate the expression of a lot of genes, thus
controlling numerous activities, including growth, cell cycle,
programmed cell death (PCD), abiotic stress responses, pathogen
defines, systemic signalling, and development [157]. Thus, the role of
signalling molecules in altering antioxidant defences provides unique
insights into techniques for increasing plant resilience [158].

Recent studies on plants showed that glutathione (GSH) and its
related enzymes, such as glutathione S-transferase, dehydroascorbate
reductase, glutathione reductase, glutathione peroxidase, glyoxalase I,
and glyoxalase II, work together to protect against damage from ROS
and methylglyoxal (MG), while also helping to remove and manage
heavy metals (HMs) [42, 1591.

3.6. Metal binding to cell wall

The plant cell wall represents a material with remarkable mechanical
performance and which is utilized as a model for the synthesis of
materials with better qualities [160]. Strains and stresses in the growing
cell wall are increasingly recognized as feedback to cellular mechanisms
that controls the cytoskeleton, auxin transporter vesicular trafficking,
and the cellular machinery involved in cellulose deposition [161]. It is
well recognized that this cell wall accumulates harmful divalent and
trivalent metal cations both when the cell absorbs them from the
surroundings and when they are finally sequestered from the protoplast
[162]. The cell wall's pectic sites, histidyl groups, and extracellular
carbohydrates immobilized heavy metals and prevented them from
entering the cytoplasm [163]. Pectins can enhance cell wall rigidity
during sudden deformations, but their viscous nature leads to rapid
dissipation of pectin-related stresses, transferring forces to more
inflexible cell wall component [161]. The structural variety of pectins,
along with the diverse array of enzymes involved in their synthesis and
modification, are essential for enabling precise and adaptable cell wall
restructuring across various cell types and environmental conditions
[164-166]. Research has shown that the cell wall's chemical
characteristics influence metal uptake as well as metal tolerance [160].
Nishizono et al. [167] in a study found that the cell wall of Athyrium
yokoscense contributes to copper tolerance by binding excess copper
ions. According to studies, higher pectin content and demethylation
boosted Cd chelation onto root cell walls while decreasing Cd levels
entering organelles [168-170]. Yu et al. [169] found that abscisic acid
might mitigate Cd toxicity by boosting Cd uptake, improving Cd
binding to the root cell wall, and triggering defense mechanisms.
Pectinous cell wall thickening is a common plant defensive response for
dealing with Pb [171]. Studies has shown that in copper-tolerant plant
cells, the cell wall acts as a barrier, preventing copper from interfering
with cell metabolism [172]. Thus, at this interface, copper binds with
organic compounds to form a complex, which is then discharged into
the surrounding medium.

3.7. Mechanism involved in the compartmentation of metals in the
vacuole via tonoplast - located transporters

Tolerance plants have evolved a variety of defense mechanisms that
are activated upon exposure to heavy metals in order to prevent the
negative effects of heavy metal toxicity. Sequestration or accumulation
of poisonous heavy metals in a cellular compartment like the vacuole or
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apoplast, which helps in the detoxification, that is, transformation into
nontoxic forms [173].

Tonoplast transporters and their roles in heavy metal homeostasis,
calcium signaling, guard cell motions, cellular pH homeostasis, nitrogen
storage, and salt tolerance have been identified by recent research,
including proteome investigations for a number of plant species [174].
Although heavy metal ions disrupt the cellular and molecular processes
involved in the traffic of the membrane, the structure and makeup of
membranes let them withstand the impacts of heavy metals [56, 175].
This offers more resources for future advancements in
phytoremediation techniques. Plants have developed protective
strategies against Cd toxicity, such as synthesizing phytochelatins and
metallothioneins,

sequestering metals in vacuoles, and increasing antioxidant enzyme
activity to mitigate Cd-related stress [176]. It should be mentioned that
vacuoles are the largest organelles in plants [177]. This makes them ideal
for storing metal ions and chemical compounds, as they occupy more
than 90% of the cellular volume in vegetative tissues [177]. Therefore,
the "buffering pool" function of vacuolar sequestration capacity (VSC)
in plants is to dynamically mediate long-distance metal transport [178].
A system known as "overflow" takes over when exposed to large
concentrations of hazardous metals, notably when a metal's VSC is
depleted, and the excess metal undergoes long-distance root-to-shoot
transfer [179]. Park et al. [180] identified two ABCC-type transporters,
AtABCCI1 and AtABCC2, which are crucial for arsenic detoxification.
These transporters have also been found to be significant vacuolar
transporters that provide tolerance to cadmium and mercury, in
addition to their role in arsenic detoxification [180, 181]. For instance,
rice (Oryza sativa) uses phytochelatins and vacuolar sequestration to
detoxify cadmium, while root exudates like oxalate reduce arsenic
uptake [182].

4 Effects of climatic conditions on the efficiency of
phytomining strategies

Global warming poses a grave danger to plants of different species
across the globe [183]. It manifests through escalating temperatures,
shifting rainfall regimes, more frequent severe weather occurrences, and
higher levels of atmospheric ozone (O3) and carbon dioxide (CO2)
[184]. All these severely endanger biodiversity and the balance of
ecosystems [185, 186].

4.1 Temperature

Temperature affects plant physiology, enzyme activity, and metal
mobility in soils [187], which can either enhance or hinder phytomining.
The impact of temperature on plant growth and development varies by
species, and under escalating climate change, air temperatures are more
likely to surpass the optimal range for numerous species [188]. With
rising global temperatures, alterations in soil temperature and moisture
levels could influence the mobility and chemical reactions of heavy
metals within the soil [189]. Heat stress above 30 °C hampers uptake,
and temperatures below 20 °C hinder metabolism, but around 27 °C,
phytoextraction is optimized by enhancing biomass growth and metal
transport [190]. Thus, impaired function from heat stress, decreased
heavy metal absorption, and suppressed microbial and enzymatic
activities [191]. Optimal temperatures around 27 °C support efficient
heavy metal uptake by hyperaccumulator plants, as they promote
growth and metabolic processes involved in phytoextraction [192].
According to Kudo et al. [193], Cd movement from roots to shoots in
Arabidopsis halleri ssp. gemmifera was strongly influenced by
temperature, with the highest translocation rate observed at 25 °C. Also,
atmospheric temperature can influence soil moisture levels, which may
alter organic matter decomposition and, consequently, the availability
of heavy metals within the soil ecosystem [194].

4.2, Precipitation and water availability

Intense precipitation may cause metals to dissolve and migrate
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downward through the soil profile, thereby elevating their levels in the
soil liquid phase and promoting greater absorption by plants [195]. On
the other hand, dry conditions may limit the mobility of metals, thereby
limiting their availability for plant uptake [195, 196]. Adequate water
availability is essential for plant growth and metal uptake, as drought
stress reduces biomass production and limits the plants' ability to
accumulate metals, thereby lowering the efficiency of phytomining. But
excessive flooding may disrupt ecosystems and dilute metal
concentrations and reduce heavy metal bioavailability by accelerating
the migration process of heavy metals [189]. Variable patterns, such as
drying-rewetting cycles, release bound metals, increasing their
inhibitory effects on soil enzymes and plant health [197, 198]. In
seasonal snow-covered areas like Northeast China, altered precipitation
leads to higher metal contents in tillage layers, elevating pollution risks
but possibly aiding extraction in suitable plants [199, 200].

4.3 Elevated CO:; levels

Elevated atmospheric CO, levels boost photosynthetic carbon
fixation, leading to enhanced carbohydrate synthesis and storage, which
can result in increased biomass, yield, and carbohydrate output under
optimal environmental conditions [201, 202]. In multiple Free-Air CO:
Enrichment (FACE) studies involving diverse plant species, exposure to
heightened CO. levels between 475 and 600 ppm boosts leaf
photosynthesis rates by 40% on average [203]. Plants primarily capture
carbon through photosynthesis, converting atmospheric CO, into
organic compounds such as carbohydrates [204]. This serves as both
structural elements of biomass and energy sources for soil microbial
communities [205]. However, these benefits can be offset by
accompanying warming or drought, leading to variable metal
bioavailability and multi-stress conditions that reduce plant tolerance
[206, 207]. But genetic modification has produced diverse transgenic
plants with introduced genes linked to stress adaptation, demonstrating
significant resilience to both drought and heavy metal exposure [122].
In aquatic-adjacent systems, higher CO: causes acidification, increasing
metal solubility from sediments [208], which could indirectly benefit
coastal phytomining. As carbon dioxide levels rise, the pH in the water
body becomes higher, causing a shift in the chemical forms of heavy
metals [189].

4.4 Humidity and other interactive effects

Plants cultivated in environments with elevated relative air humidity
exhibit dysfunctional stomata that fail to close when exposed to
darkness, abscisic acid (ABA), or drying conditions. [209, 210]. Broader
climate change interactions, including combined warming and altered
precipitation, can alter soil properties (eg. pH and structure) and
rhizosphere microbe-metal interactions [189, 211, 212], complicating
phytomining. For instance, in ultramafic soils suitable for nickel
phytomining, climate change may reduce viable areas for
hyperaccumulators like Alyssum murale by up to 48% by 2070 in
regions like Albania, limiting overall strategy deployment [213].
Sunlight exposure, tied to weather patterns, is also crucial, with
sufficient levels required for optimal performance.

Overall, while some climatic shifts (e.g. moderate CO elevation) can
improve efficiency through increased growth and metal availability,
extreme changes often pose challenges by inducing plant stress and
reducing suitable habitats. Site-specific factors like soil type and plant
species selection are critical for mitigating these effects, and further
research is needed for predictive modeling in phytomining applications.

5. Bioeconomy of heavy metals

Toxic plant biomass derived from phytoremediation can be recycled
and repurposed using the circular bioeconomy strategy to create various
circular bioeconomy byproducts, including charcoal, biogas, bioethanol,
and biodiesel [40]. Through a variety of processes, including anaerobic
digestion, nanomaterial synthesis, incineration, gasification, and
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pyrolysis, the residues from phytoremediated biomass can be
transformed into gaseous (biogas/methane), liquid (biodiesel,
bioethanol, and bio-oil), or solid energy forms (biochar, hydrochar)
[214]. The key mechanisms for converting biomass into biofuels are
summarized in Figure 4. For example, crop residue (CR) is regarded as
a sustainable and renewable carbon-rich resource for a range of bio-
based products, energy sources, and fuels [215]. Recently,
phytoextraction has become the most popular and effective way to clean
up polluted soil. Nanomaterials can help the phytoremediation system
by making pollutants more available to plants, encouraging plant
growth, and directly getting rid of pollutants [216]. In order to properly
remediate heavy metal-polluted soils, plants that can produce large
amounts of biomass and tolerate numerous heavy metals are needed
[217, 218]. Plants grow extremely slowly and produce little biomass,
therefore the process takes a long time. Both plants and rhizosphere
microorganisms, such as plant growth-promoting bacteria and
arbuscular mycorrhizal fungus (AMF), can be used to further improve
this plant-based remediation approach [219]. With the aid of plant
growth-promoting rhizobial (PGPR) bacteria and arbuscular
mycorrhizal fungus (AMF) in their rhizospheres to boost biomass
output, vetiver grass seems to be the answer to achieving this aim [220].
In Cd-contaminated soil, 7rifolium repens grew more when TiO>
nanoparticles (NPs) and PGPR were applied together. This also
improved the plant's ability to absorb and accumulate Cd [221].
Therefore, there is a lot of potential for using PGPR, nanomaterials, and
plants uniquely to remediate soil. According to recent studies, the use of
plant growth-promoting rhizobacteria (PGPR) for bioremediation
activities is becoming more and more significant among the various
microorganisms because of their unique capacities to break down and
detoxify pollutants as well as their beneficial impacts on boosting plant
growth [222]. This can go a long way in boosting bioeconomy. Table 2
shows harvested heavy metal energy output from phytomining of some
plant species. The combination of phytoextraction and thermochemical
biofuel production can enhance phytomining through the recovery of
heavy metals and the production of bioenergy [223].
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Figure 4: Primary methods for transforming biomass into biofuels [214].

5.1 Anaerobic digestion (AD)

According to studies, anaerobic digestion offers a lot of potential for
getting rid of contaminated plants and could be a way to employ the
resources of plants used in restoration [227]. According to Cao et al.
[227] using Oenothera biennis L. in remediation with high Cu levels
(100 mg kg™2) not only speed up anaerobic digestion and made it easier
than using plants with low Cu levels, but it also increased the amount of
methane in biogas. However, researches indicates that heavy metals
have impact on the activity of microorganisms involved in the digestion
of biogas [228 - 230]. The study by Alrawashdeh et al. [230] indicated
that when the concentrations of Fe, Zn, Cr, Pb, Ni, and Cu are less than
29, 0335, 1.211, 0.297, 0.082, and 1406.25 mg/L, respectively, they can
safely enhance the anaerobic digestion (AD) process (with regard to
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Table 2: Phytomining and energy output profit.

Plant Harvested Metals Phytomining and Energy output Profit Source
Aecolanthus biformifolius Cu USD 1592 ha?! [271
Streptanthus polygaloides Ni USD 513 ha' [8]
Berkheya coddii Ni 11,500 AU$/ha/harvest [224]
Brassica juncea Au 26,000 AU$/ha/harvest [224]
Haumaniastrum robertii Co 6723 USD [ ha/ annum [27]
Streptanthus polygaloides Ni USD 513 ha' [271
Alyssum murale Ni Biomass yield of 9 t ha! (USD 1,055) [225]
Alyssum murale Ni [226]

increasing biogas and methane production and increasing total chemical
oxygen demand (TCOD), soluble chemical oxygen demand (SCOD),
volatile solids (VS), and polyphenols removal). Controlling the amount
of heavy metals throughout the digestion process is therefore advised in
order to produce biogas [231]. Lee et al. [232] demonstrated that the
presence of endogenous heavy metals in crop residues did not impede
the anaerobic bacterial activities for the formation of methane gas.
According to their findings, anaerobic digestion may be a viable
substitute disposal technique for phytoremediated wastes from heavy
metal-contaminated areas in terms of energy recovery potential. A study
by Zhang et al. [233] using sludge from anaerobic digestion showed
excellent resistance to heavy metals and may be a viable treatment
solution for wastewater that contains heavy metals.

5.2. Nanomaterial synthesis

Engineered nanoparticles have been found to significantly lessen the
negative effects of heavy metal exposure on various plant species. For
example, nanoscale particles can markedly alleviate the detrimental
impacts of heavy metal toxicity through bolstering enzymatic and non-
enzymatic antioxidant systems, and facilitating metal detoxification
mechanisms [234, 235]. In contrast to other disposal methods,
nanoparticle synthesis can completely eliminate phytoremediation
biomass [236]. The feasibility of employing hyperaccumulator biomass
in the phytoremediation of cadmium has been shown by the
manufacture of nickel oxide nanoparticles using an extract from Lactuca
sativa L. [237]. Selecting the appropriate plant species and nanoparticles
for toxin absorption is also essential for the high-quality and effective
cleanup procedure.

5.3. Incineration

One practical method for treating the plants that are enriched with
heavy metals is incineration. Incineration of plant tissues produces a
'bio-ore' with high residual metal level, which can then be smelted [238].
As thermal processes, such as fluidized bed incineration, appear to be an
effective way to dispose of phytoextraction crops, willow trees
composition permits them to burn in a fluidized bed [239]. The first
method to increase the amount of heavy metals that are volatilized in
the thermal utilization of contaminated biomass is to raise the operating
temperature of the hot cyclone. Co-incineration with other fuels that
contain more sulfur and chlorine can also help increase the amount of
metals that are volatilized [239].

5.4. Gasification/ Pyrolysis

Gasification is a heat-driven chemical reaction that occurs in an
oxygen-limited setting to transform carbon-rich substances, such as
biomass [240, 241]. Compared to incineration under oxidizing settings,
gasification (also known as pyrolysis) under reducing conditions proved
a more effective way to improve volatilization and, consequently,
recovery of Cd and Zn from plants [242]. Biomass gasification and
pyrolysis are preferred over combustion because they lower fly ash
levels [243]. The gasification process involves incomplete combustion
of biomass at high temperatures (700-1200 °C) [244]. Biomass

gasification thus converts diverse biomass fuels into combustible gases
(producer gas) in the presence of a restricted supply of oxygen or
appropriate oxidants like carbon dioxide (CO:) or steam [245].
Advanced gasification of biomasses can be utilized to promote
sustainable development, thereby decreasing the current dependence on
non-renewable energy resources [246].

Pyrolysis is receiving increasing attention in recent years as a
potentially effective and adaptable method of turning biomass into
useful resources. Since it avoids complex processes and dangerous or
flammable substances, the pyrolysis of biomass tainted with heavy
metals, using catalytic effects from metals like copper, nickel, zinc, and
cobalt, to produce carbon-supported metal nanoparticles is more cost-
effective and environmentally friendly [247]. Lignocellulosic biomass
(LB), a renewable carbon resource, can generate green chemical
products during the pyrolysis process, making it a valuable resource for
environmental remediation and energy recovery [248].

6. Process of metal recovery in phytomining

Hyperaccumulator plants, which accumulate valuable metals in
quantities similar to conventional metal ores, can be considerably
enhanced through incineration. There is a motivation to recover these
metals as valuable products to help offset the expenses of handling
contaminated biomass from polluted soils, mine residues, and industrial
byproducts, while also creating income. The dried biomass is burned
and smelted, enabling the processing of resources that would otherwise
remain unused. And in some cases, such as hydrothermal carbonization
(HTC), metals can be recovered without going through the drying
process [249]. Studies have suggested that the adsorption-pyrolysis
procedure is viable for recovering Cd and Cu in solution by
concentrating metals in the bio-ore by predominantly the redox reaction
of Cd and Cu salts, as well as element volatilization [250]. While
hyperaccumulators excel at concentrating heavy metals, their low
biomass production reduces the total metal removal capacity, and their
limited survival in harsh environments like minefields restricts their
practical application [251].

Different methods such as microbial fermentation, hydrometallurgy
and chemical treatments can be utilized for extracting heavy metals
from harvested biomass [252-254]. Studies have shown that Aspergillus
niger and Penicillium simplicissimum, are efficient in the recovery of
heavy metals [255]. Rasoulnia and Mousavi [255] demonstrated that the
metal extraction efficiency of Aspergillus niger surpassed that of
Penicillium simplicissimum forV and Ni. Filamentous fungi, capable of
producing organic acids to dissolve metal ions from solution, can be
used for recovering valuable metals under specific conditions such as
pH, temperature, substrate type, and incubation duration [253]. Zhang
et al. [252] was able extract sulfate and ammonium nickel double salt
hexahydrate from Alyssum murale biomass ash hydrometallurgical
process.

61 Ashing

Ashing is a thermal transformation method that converts gathered
biomass into a reduced amount of ash. According to Krisnayanti et al.
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[256], the ashing temperature for polluted biomass ranges from 300 to
550 °C. Most dry plants are burned to create ash with a high Ni content,
which is subsequently leached into an aqueous solution [257]. For
instance, Zhang et al. [258] found that the best conditions of biomass
combustion for Ni recovery were ashing at 550 °C for a duration of 3
hours. Biomass in its dry form may be processed similarly to activated
carbon, then incinerated within a clay vessel utilizing forced air as a
supplementary oxidizing agent; thorough combustion of every organic
component in the biomass ought to produce a weight decrease
exceeding a factor of 10 [256].

Precipitation is used to recover Ni, which is then converted into salts
or oxide. The energy generated by biomass incineration might be
valorized [259], making phytomining useful for both metal recovery
and energy generation. Combining phytoremediation with the
valorization of plant biomass and the extraction of metals presents
viable and sustainable options over the outright discarding of
contaminated plant material which results in secondary contamination
[260]. Pyrolysis of biomass serves as a critical energy transformation
process that unlocks diverse valorization pathways for biomass laden
with heavy metals [261].

6.2. Pyrometallurgy

Pyrometallurgy involves the thermal chemical treatment of metals at
elevated temperatures, incorporating processes like calcining, roasting,
smelting, and converting [257, 262, 263]. Smelting heavy metal biomass
and bio-ores entails heating them to high temperatures with a reducing
agent to extract metals, a technique used in pyrometallurgy to remove
metals such as iron, copper, and zinc from ores [264]. “Bio-ores” contain
essentially no sulfur, and processing them in a smelter consumes far less
energy compared to sulfide ores [265]. A “bio-ore” exhibits a
substantially higher metal concentration than traditional ores, thus
requiring considerably less storage volume; furthermore, its negligible
sulfur levels ensure that smelting produces minimal contributions to
acid rain [111.

A study by Boominathan et al. [266] used a bench-scale horizontal
tubular furnace to produce nickel-enriched bio-ore from dried biomass
of nickel hyperaccumulator species (Alyssum bertolonii and Berkheya
coddj). This study reported that both the overall mass reduction during
heating and the nickel concentration factor were markedly reduced
under nitrogen purging conditions, underscoring the critical role of
oxidation reactions in nickel enrichment. Nickel metal was easily
extracted from the ash of Alyssum biomass by loading 500 kg of the ash
into a “revert bag” and introducing it into an electric arc furnace [226].

6.3. Hydrometallurgy and biohydrometallurgy

Hydrometallurgy refers to the water-based chemical extraction and
refinement of metals, performed at comparatively mild temperatures,
encompassing leaching, solution purification and concentration, and
final metal recovery [257, 267]. On the other hand, biohydrometallurgy
provides a straightforward and efficient approach to recovering precious
metals (e.g. Cu, Au, Zn, Ni etc.) from low-grade ores, rocks, and waste
streams by harnessing the metal-dissolving and metal-concentrating
capabilities of microbes [268-270]. Zhang et al. [271] developed a
technique for synthesizing a nickel salt, ammonium nickel sulfate
hexahydrate, from the biomass of the hyperaccumulator plant Alyssum
murale. The process involves drying and incinerating the biomass,
removing potassium by rinsing the ash with purified water in a cross-
current method, and extracting nickel through acid leaching. A
bispicolylamine-based chelating resin can be used to extract Ni from
hyperaccumulator plant bio-ores and very acidic bio-ore leachate [272].
Hydrometallurgy and biohydrometallurgy have been discovered to
deliver markedly efficient higher metal recovery vyields than
pyrometallurgy [273, 274]. Certain biohydrometallurgical techniques
for metal extraction and site remediation demand lower energy inputs
than conventional approaches, thus potentially lowering industrial
expenses while bypassing net smelter royalties, refining fees, and
impurity-related penalties tied to smelting operations [273].
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6.4. Hydrothermal carbonization (HTC)

Hydrothermal carbonization (HTC), a type of thermochemical
procedure that uses subcritical water at an average temperature range
(160-260 °C), can transform biomass into valuable carbon-enriched
hydrochar [274, 275]. Lee and and Park [276] investigated transforming
heavy metal-containing sunflower wastes into hydrochar, a carbon-rich
substance that might be used as an alternate solid fuel. The HTC method
reduced heavy metal concentrations in raw sunflower biomass. HTC has
the considerable advantage of not requiring dry starting material and
not requiring large energy input to remove water by evaporation [277].

7. Economical perspective of phytomining

Demand for the key metals needed by the contemporary society to
make goods in order to meet up with the current technological trend
has expanded considerably over the last few decades [278]. This has
resulted in increase of heavy metal extraction to supply this demand,
thereby leading to a depletion of the existing ore grade [278]. Decline
ore grades has been confirmed by several studies [279-282]. Currently,
scientists have predicted that some heavy metal, including Zinc, Silver,
and Gold, will be exhausted over the next 50 years if the present
consumption rate persists [283].

Some metals including heavy metals play critical role in shifting from
today's fossil fuel-dependent society to a sustainable, non-fossil-based
future supporting green energy technologies like wind turbines and
electric vehicles (EVs) [284]. The future demand for EVs appears to
elevate the load on the geological reserves of metals used in the
manufacture of components of electric vehicles [285, 286]1. The current
(2025) prices per metric ton are high for Au, Co, Cu and Ni. Nickel,
cobalt, and platinum group metals hold immense value owing to their
wide array of uses and critical contribution to sustainable technologies
[287]. Therefore, based on the current and future projections,
phytomining may be feasible for Au, Co, Cu, and Ni. According to the
London Metal Exchange (LME), copper (Cu) prices are approximately
US$9,884.00 per ton as of March 27, 2025, while nickel (Ni) prices are
around US$15,785.00 per ton. The cost of a metric ton of cobalt as of
March, 2025, is US$29,742.54. The metal Co can be used as alloys and
superalloys [288]. It is used in the manufacture of lithium-ion batteries
[289], which are a significant component of electric vehicles.

Mine waste, known as tailings, comes from mining around the world
and usually includes clay, sand, crushed rock, and sometimes water,
along with large amounts of leftover heavy metals [290, 291] that are
too small or difficult to extract using regular methods. The global total
volume of metal-containing mine tailings is estimated to be over 18
billion m3/year [292]. A research project by Mohan [22] revealed that
33 million tonnes of accumulated tailings, with gold concentrations of
0.7-0.8 mg/kg, could serve as a viable resource for phytomining,
potentially yielding 24 tonnes of gold. The Kolar Gold Fields (KGF) in
India span 12,500 acres and hold about 33 million tonnes of leftover
material from past gold mining [293], which means it could be a good
place for phytomining. Additionally, phytomining for gold could offer a
practical approach to managing tailings at artisanal and small-scale gold
mining (ASGM) sites, where plants absorb residual gold into their
aboveground biomass [256]. Phytomining of heavy metals from mine
tailing will prevent them from being leached down into the groundwater
system. Mine tailings, often lacking sufficient organic matter or
macronutrients, may hinder the growth and survival of various
organisms, including bacteria, resulting in unvegetated areas [294, 295].
And for phytomining to be effective might require the addition of
organic fertilizer to enhance growth [296, 297].

Large-scale commercial phytomining of nickel is actively taking place
in Europe (eg. the Balkans and France) with Brassicaceae species,
notably Odontarrhena chalcidica (previously Alyssum murale), while
significant trials are ongoing in Malaysia using Phyllanthus rufuschaneyi
[298]. The majority of nickel-hyperaccumulating plants can concentrate
over 1,000 mg of nickel per kilogram in their shoot dry biomass [299].

A recently documented nickel phytomining operation in Malaysia
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was projected to produce an annual production of 170-280 pounds of
nickel per acre, with a gross profit of $3800 per acre [300]. In regions
with low fertility and low farmer productivity, phytomining
agroecosystems can provide a new, fully integrated agromining
agriculture that might span hundreds of km2 and improve soil resource
efficiency [301]. Originating from ultramafic rocks like serpentinite and
peridotite, ultramafic soils are devoid of plant nutrients, unsuited for
agriculture, and extremely concentrated in heavy metals such as Ni, Cr,
and Co [302]. Though laterite and ultramafic soils may contain elevated
nickel levels, they typically support limited plant diversity because of a
low calcium-to-magnesium ratio and deficient phosphorus content in
the soil [301, 303]. For instance, the quantity and extent of mine or ore
processing waste at the Sudbury smelters increased gradually, yet these
areas remained unproductive due to infertility and elevated soil acidity
from sulfide oxidation, which heightened nickel solubility and plant
toxicity [304-306]. Fertilization and limestone treatment resulted in
revegetation on these sites [307]. Many among the world's greatest
surface exposures of ultramafic bedrock are found in Indonesia (the
Sulawesi and Halmahera Islands), where successful lateritic nickel
mining activities are located [299].

The Barberton Greenstone Belt (BGB) is a geologically significant
region renowned for its unique ultramafic soils derived from ultramafic
rocks [308, 309]. These soils, derived from ultramafic rocks such as
peridotite and serpentinite, are characterized by high concentrations of
magnesium, iron, and heavy metals like nickel, chromium, and cobalt,
but low levels of essential nutrients like phosphorus and potassium
[310]. This mix creates a challenging environment for plant growth,
leading to specialized flora adapted to these extreme conditions, and has
already yielded hypernickelophore plants [251]. Hyperaccumulator
Gardens such as that in Sabah, Malaysia, Malaysia’s Kinabalu Park, have
been established to grow and protect high and rare hyperaccumulator
species [311]. Harris et al. [224] found that using the plant Berkheya
coddii to extract nickel from nickel-rich serpentine soils and producing
energy from the collected biomass could earn about 11,500 AU$ for each
hectare per harvest in Australia, while using a method with thiocyanate
on a Brassica juncea crop could potentially earn around $26,000 per
hectare per harvest for Au. Furthermore, the use of heavy metals
contaminated biomass for bioenergy is promising because it minimizes
the release of CO2 [18]. Studies have shown that some plants, such as
the Co/Cu hyperaccumulators of former Zaire in Central Africa, can
accumulate both metals and extract them simultaneously [66].

Heavy metal phytomining will create new economic opportunities,
optimize land usage, lead to the establishment of biomass processing
factories and also help solve the problem of pollution. In addition to
extracting valuable metals from waste, phytomining enhances soil
carbon levels, nutrient content, and microbial activity, supporting the
long-term rehabilitation of mining sites, ecological recovery, and
regrowth of vegetation on degraded soils caused by traditional mining
practices [312].

8. Future perspective

By modifying genes linked to antioxidant defenses, genetic editing
can improve a plant's resistance to heavy metal stress [313]. As a
multigenic trait that is regulated at several levels, plant heavy metal
tolerance might be combined with other desirable traits to create plants
that are more suited to heavy metal-polluted soils once the mechanisms
underlying its genetic regulation are understood [145]. By transferring
metal hyperaccumulating genes from low-biomass wild species to the
higher-biomass-producing farmed species, recent biotechnology
advancements are also anticipated to play a promising role in the
generation of new hyperaccumulators in the future [314]. Determining
the phytochelatin—metal complex transport pathway's origin and
destination can help with the design and/or advancement of
phytoremediation technologies [137].

An alternative approach is to use nanoparticles (NPs) to trigger
substantial modifications in plant biochemical processes, gene activity,
and epigenetic DNA configurations [315, 316], thus promoting the
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creation of enhanced stress response mechanisms. Nanoparticles (NPs)
interact with plants through various mechanisms, influenced by their
chemical makeup, dimensions, surface characteristics, and reactivity
[317]. These interactions lead to significant changes in the plants'
structure, anatomy, and physiological processes, which are essential for
enhancing crop plant development [318]. Certain benefits of employing
nanoparticles in managing abiotic stress involve enhanced plant growth,
increased biomass, higher chlorophyll levels, elevated sugar content,
greater osmolyte buildup, and boosted antioxidant activity [319].
Specific genes associated with aluminium tolerance were found to have
different DNA methylation frequencies in tolerant and susceptible rice
cultivars [320]. Differential methylation patterns may be connected
with epigenetic regulation of rice responses to aluminium stress,
emphasizing epigenetics' importance in specific abiotic stress responses.
Epigenetic alterations, such as deoxyribonucleic acid (DNA)
methylation, histone modifications, and small ribonucleic acid (RNA)
engineering, provide novel approaches for modifying plant responses to
minimize the impact of heavy metal and metalloid stress [321].

9. Conclusion

In the wake of ore reserve depletion, phytomining is a promising
method for recovering important metals from secondary deposits or
low-grade ores. Economically, in recent times, phytomining has
generated income and opened up new study areas for the production of
biofuel which is eco-friendly. If phytomining is connected to the
creation of important biomass products as specified above, it will always
be a potential method for cleaning heavy metal contaminants. One
could argue that the viability of phytomining depends on a number of
resources, including the availability of heavy metals in a given location,
the efficiency of hyperaccumulators, and the type of heavy metal
available. Genetic engineering of specific species of hyperaccumulators
could improve the efficiency of phytomining technology. This could be
achieved by modifying genes linked to antioxidant defenses, genetic
editing to improve plant's resistance to heavy metal stress. Despite
phytomining being an effective and promising method of
phytoremediation, this method has a limited reach because of its
delayed metal extraction, low biomass output, and metal recovery
process. However, current trend of technological advancements could
be of great advantage. Phytomining should target species of plants with
high levels of hyperaccumulation, typically those with high percentages
of metals in foliar dry matter, for wealth generation. This review suggests
that further extensive research be conducted on the selection of
appropriate plant taxa for various sets of conditions, such as
environmental risk assessment, and heavy metal-enriched biomass.
Phytomining technologies should be embraced, most especially by
mining industries, because they have the potential to improve mine site
rehabilitation and provide sustainable post-mining incomes.

References

[1]1. Shahid, M., Arshad, M., Kaemmerer, M., Pinelli, E., Probst, A.,
Baque, D., Pradere, P. and Dumat, C., 2012. Long-term field
metal extraction by Pelargonium: phytoextraction efficiency in
relation to plant maturity. International journal of
phytoremediation, 14(5), Ppp-493-505.
Doi.org/10.1080/15226514.2011.604689

[2]. Levy, D.B, Custis, KH., Casey, W.H. and Rock, P.A, 1997. A
comparison of metal attenuation in mine residue and
overburden material from an abandoned copper mine. Applied
Geochemistry, 12(2), pp.203-211.

[3]. Li, W, Zhu, T, Yang, H, Zhang, C. and Zou, X, 2022.
Distribution characteristics and risk assessment of heavy metals
in soils of the typical karst and non-karst areas. Land, 11(8),
p-1346.

[4]. Chen, M, Li, X, Cao, X, Yang, W., Wu, P., Hao, H,, Fei, Z. and
Gao, Y., 2024. Soil-forming accumulation of heavy metals in



218

geological high background areas: Constraints of structure,
lithology, and overlying soil geochemistry. Journal of
Geochemical Exploration, 263, p.107518.

[5]. Martinez-Alcald, I. and Clemente, R., 2020. Phytoremediation of
metalloid-contaminated soil. Metalloids in Plants: Advances and
Future Prospects, pp.27-46. Doi.org/10.1002/9781119487210.ch3

[6]. Matanzas, N, Afif, E, Diaz, TE. and Gallego, JR., 2021
Phytoremediation potential of native herbaceous plant species
growing on a paradigmatic brownfield site. Water, Air, & Soil
Pollution, 232(7), p.290. Doi.org/10.1007/s11270-021-05234-9

[7]. Janeeshma, E., Sen, A., Aswathi, KR., Johnson, R., Dhankher,
O.P. and Puthur, J.T., 2022. Reclamation and Phytoremediation
of heavy metal contaminated land. /nn Bioenergy crops (pp. 187-
203). CRC Press.

[81. Sheoran, V., Sheoran, A.S. and Poonia, P., 2009. Phytomining: a
review.  Minerals  Engineering, 22(12), pp.1007-1019.
Doi.org/10.1016/j.mineng.2009.04.001

[9]. Bhargava, M. and Singh, V., 2017. Phytomining: principles and
applications. In Biotechnology: Recent trends and emerging
dimensions (pp. 141-159). CRC Press.

[10]. Dang, P. and Li, C, 2022. A mini-review of phytomining.
International Journal of Environmental Science and
Technology,19(12), pp.12825-12838. doi.org/10.1007/s13762-021-
03807-z

[11]. Brooks, R.R., Chambers, M.F., Nicks, L.J. and Robinson, B.H.,
1998. Phytomining. 7Trends in plant science, 3(9), pp.359-362.

[12].van Der Ent, A, Baker, AJ, Reeves, RD. Chaney, RL,
Anderson, CW., Meech, J.A., Erskine, P.D., Simonnot, M.O.,
Vaughan, J., Morel, J L. and Echevarria, G., 2015. Agromining:
farming for metals in the future?. Environ. Sci. Technol 2015, 49,
8, 4773—4780 Doi.org/10.1021/es506031u

[13]1. Anderson, C., Brooks, R., Stewart, R., Simcock, R. and Robinson,
B., 1999, October. The phytoremediation and phytomining of
heavy metals. In Pacrim (Vol. 99, pp. 127-135).

[14]. Rascio, N. and Navari-Izzo, F, 2011. Heavy metal
hyperaccumulating plants: how and why do they do it? And
what makes them so interesting?. Plant science, 180(2), pp.169-
181. Doi.org/10.1016/j.plantsci.2010.08.016

[15]. Xu, W,, Xiang, P, Liu, X. and Ma, L.Q., 2020. Closely-related
species of hyperaccumulating plants and their ability in
accumulation of As, Cd, Cu, Mn, Ni, Pb and Zn. Chemosphere,
251, p.126334. doi.org/10.1016/j.chemosphere.2020.126334

[16]. Garbisu, C,, Allica, J.H., Barrutia, O., Alkorta, I. and Becerril, ] M.,
2002. Phytoremediation: a technology using green plants to
remove contaminants from polluted areas. Reviews on
environmental health, 17(3), pp-173-188.
doi.org/10.1515/REVEH.2002.17.3.173

[17]. Paz-Alberto, AM. and Sigua, G.C., 2013. Phytoremediation: a
green technology to remove environmental pollutants.
American journal of climate change, 2(1), pp.71-86. DOIL:
10.4236/ajcc.2013.21008

[18]. Pandey, V.C. and Souza-Alonso, P., 2019. Market opportunities:
in sustainable phytoremediation. In Phytomanagement of
polluted sites (pp. 51-82). Elsevier. doi.org/10.1016/B978-0-12-
813912-7.00002-8

[19]1. Riaz, U,, Athar, T., Mustafa, U. and Igbal, R., 2022. Economic
feasibility of phytoremediation. /n Phytoremediation (pp. 481-
502). Academic Press. doiorg/10.1016/B978-0-323-89874-
4.00025-X

[20]. Ali, A, Guo, D., Mahar, A, Ping, W., Wahid, F., Shen, F,, Li, R.
and Zhang, Z., 2017. Phytoextraction and the economic
perspective of phytomining of heavy metals. Solid Earth

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

JMGE |}

Discussions, 2017, pp.1-40.

[21]. European Commission, 2002. Communication of 16 April 2002
from the Commission to the Council, the European Parliament,
the Economic and Social Committee and the Committee of the
Regions: Towards a thematic strategy for soil protection.

[22]. Mohan, B.S., 2005. Phytomining of gold. Current science, 88(7),
pp1021-1022.

[231. Wilson-Corral, V., Anderson, CW. and Rodriguez-Lopez, M.,
2012. Gold phytomining. A review of the relevance of this
technology to mineral extraction in the 21st century. Journal of
Environmental Management, 111, pp.249-257.
Doi.org/10.1016/j.jenvman.2012.07.037

[24]. Wilson-Corral, V., Anderson, C., Rodriguez-Lopez, M., Arenas-
Vargas, M. and Lopez-Perez, J., 2011. Phytoextraction of gold and
copper from mine tailings with Helianthus annuus L. and
Kalanchoe serrata L. Minerals Engineering, 24(13), pp.1488-
1494. Doi.org/10.1016/j.mineng.2011.07.014

[25]. Nedelkoska, T.V. and Doran, P.M. 2000. Characteristics of
heavy metal uptake by plant species with potential for
phytoremediation and phytomining. Minerals engineering,
13(5), pp.549-561. Doi.org/10.1016/S0892-6875(00)00035-2

[26]. Emamverdian, A, Ding, Y., Mokhberdoran, F. and Xie, Y., 2015.
Heavy metal stress and some mechanisms of plant defense
response. The scientific world journal, 2015(1), p.756120.
Doi.org/10.1155/2015/756120

[27].Kikis, C., Thalassinos, G. and Antoniadis, V., 2024. Soil
phytomining: recent developments—a review. Soil Systems,
8(1), p.8. Doi.org/10.3390/soilsystems8010008

[28].Abdu, N., Abdullahi, AA. and Abdulkadir, A., 2017. Heavy
metals and soil microbes. Environmental chemistry letters,
15(1), pp.65-84. doi.org/10.1007/510311-016-0587-x

[29]. Oziegbe, O., Oziegbe, E]J. and Ojo-Omoniyi, O. 2025.
Bioremediation of heavy metals in aquatic environment: A
review.  Cleaner ~ Chemical  Engineering,  p100193.
doi.org/10.1016/j.clce.2025.100193

[30]. Bradl, H.B., 2005. Sources and origins of heavy metals. /n
Interface science and technology (Vol. 6, pp. 1-27). Elsevier.

[31]1. Brown Jr, GE, Foster, AL. and Ostergren, J.D., 1999. Mineral
surfaces and bioavailability of heavy metals: a molecular-scale
perspective. Proceedings of the National Academy of Sciences,
96(7), pp-3388-3395. Doi.org/10.1073/pnas.96.7.3388

[321. Schipper, PN.M,, Bonten, L.T.C,, Plette, A.C.C. and Moolenaar,
S.W.,, 2008. Measures to diminish leaching of heavy metals to
surface waters from agricultural soils. Desalination, 226(1-3),
pp-89-96. doi.org/10.1016/j.desal.2007.02.100

[33]. Mishra, S., Bharagava, RN., More, N., Yadav, A, Zainith, S,
Mani, S. and Chowdhary, P, 2018. Heavy metal contamination:
an alarming threat to environment and human health. In
Environmental biotechnology: For sustainable future (pp. 103-
125). Singapore: Springer Singapore. doi.org/10.1007/978-981-10-
7284-0_5

[34].Rahman, Z. and Singh, V.P., 2019. The relative impact of toxic
heavy metals (THMs)(arsenic (As), cadmium (Cd), chromium
(Cr)(VI), mercury (Hg), and lead (Pb)) on the total
environment: an overview. Environmental monitoring and
assessment, 191(7), p.419. doi.org/10.1007/s10661-019-7528-7

[35]. Angon, Prodipto Bishnu, Md Shafiul Islam, Shreejana Kc, Arpan
Das, Nafisa Anjum, Amrit Poudel, and Shaharia Akter Suchi.
"Sources, effects and present perspectives of heavy metals
contamination: Soil, plants and human food chain." Heliyon
(2024). Doi.org/10.1016/j.heliyon.2024.28357

[36]. Xu, W,, Jin, Y. and Zeng, G., 2024. Introduction of heavy metals



JMGE [

contamination in the water and soil: A review on source, toxicity
and remediation methods. Green Chemistry Letters and
Reviews, 17(1), p-2404235.
Doi.org/10.1080/17518253.2024.2404235

[371. Ali, H,, Khan, E. and Ilahi, L, 2019. Environmental chemistry and
ecotoxicology of hazardous heavy metals: environmental
persistence, toxicity, and bioaccumulation. Journal of chemistry,
2019(1), p.6730305. doi.org/10.1155/2019/6730305

[38]. Miranda, L.S., Ayoko, G.A,, Egodawatta, P. and Goonetilleke, A.,
2022. Adsorption-desorption behavior of heavy metals in
aquatic environments: Influence of sediment, water and metal
ionic properties. Journal of Hazardous Materials, 421, p.126743.
Doi.org/10.1016/jjhazmat.2021.126743

[39]1. Iyyappan, J., Baskar, G., Deepanraj, B., Anand, A.V., Saravanan,
R. and Awasthi, MK, 2023. Promising strategies of circular
bioeconomy using heavy metal phytoremediated plants—A
critical review. Chemosphere, 313, p-137097.
Doi.org/10.1016/j.chemosphere.2022.137097

[40]. Mandal, RR,, Bashir, Z., Mandal, J.R. and Raj, D., 2024. Potential
strategies for phytoremediation of heavy metals from
wastewater with circular bioeconomy approach. Environmental
Monitoring and Assessment, 196(6), p-502.
Doi.org/10.1007/s10661-024-12680-5

[41]. Alloway, BJ, 2012. Heavy metals and metalloids as
micronutrients for plants and animals. /n Heavy metals in soils:
trace metals and metalloids in soils and their bioavailability (pp.
195-209). Dordrecht: Springer Netherlands. doi.org/10.1007/978-
94-007-4470-7_7

[42].Hossain, M.A., Piyatida, P., da Silva, J.A.T. and Fujita, M., 2012.
Molecular mechanism of heavy metal toxicity and tolerance in
plants: central role of glutathione in detoxification of reactive
oxygen species and methylglyoxal and in heavy metal chelation.
Journal of botany, 2012(1), p.872875.
Doi.org/10.1155/2012/872875

[43]. Sytar, O., Kumar, A., Latowski, D., Kuczynska, P., Strzatka, K. and
Prasad, M.N.V,, 2013. Heavy metal-induced oxidative damage,
defense reactions, and detoxification mechanisms in plants.
Acta physiologiae plantarum, 35, Pp-985-999.
Doi.org/10.1007/s11738-012-1169-6

[44]. Jakubczyk, K., Dec, K., Katduriska, J., Kawczuga, D., Kochman, J.
and Janda, K., 2020. Reactive oxygen species-sources, functions,
oxidative damage. Polski Merkuriusz Lekarski: Organ Polskiego
Towarzystwa Lekarskiego, 48(284), pp.124-127.

[45]. Sharma, P., Jha, AB, Dubey, RS. and Pessarakli, M., 2012.
Reactive oxygen species, oxidative damage, and antioxidative
defense mechanism in plants under stressful conditions. Journal
of botany, 2012(1), p.217037. doi.org/10.1155/2012/217037

[46]. Nath M, Bhatt D, Prasad R, Gill SS, Anjum NA, Tuteja N. 2016.
Reactive oxygen species regeneration-scavenging and signalling
during plant-arbuscular mycorrhizae and Piriformospora indica
interactions under stress condition. Front Plant Sci 7:1574.
Do0i:10.3389/fpls.2016.01574.

[47]. Sachdev, S., Ansari, S.A, Ansari, MI, Fujita, M. and
Hasanuzzaman, M., 2021. Abiotic stress and reactive oxygen
species: Generation, signaling, and defense mechanisms.
Antioxidants, 10(2), p.277. Doi.org/10.3390/antiox10020277

[48].Das, K. and Roychoudhury, A, 2014. Reactive oxygen species
(ROS) and response of antioxidants as ROS-scavengers during
environmental stress in plants. Frontiers in environmental
science, 2, p.53. doi.org/10.3389/fenvs.2014.00053

[49]. Wang, Y.S., Wang, |, Yang, ZM., Wang, QY. Lu, B, Li, S.Q,, Lu,
YP., Wang, SH. and Sun, X, 2004. Salicylic acid modulates
aluminum-induced oxidative stress in roots of Cassia tora.
ACTA BOTANICA SINICA-ENGLISH EDITION-, 46(7),

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228 219

pp.-819-828.

[50]. Valko, M., Jomova, K., Rhodes, CJ., Kuc¢a, K. and Musilek, K.,
2016. Redox-and non-redox-metal-induced formation of free
radicals and their role in human disease. Archives of toxicology,
90(1), pp.1-37. doi.org/10.1007/s00204-015-1579-5

[51]. Sadiq, M., Akram, N.A., Ashraf, M., Al-Qurainy, F. and Ahmad,
P., 2019. Alpha-tocopherol-induced regulation of growth and
metabolism in plants under non-stress and stress conditions.
Journal of Plant Growth Regulation, 38(4), pp.1325-1340.
doi.org/10.1007/s00344-019-09936-7

[52]. Polle, A. and Schiitzendiibel, A., 2003. Heavy metal signalling in
plants: linking cellular and organismic responses. [n Plant
responses to abiotic stress (pp. 187-215). Berlin, Heidelberg:
Springer Berlin Heidelberg. Doi.org/10.1007/978-3-540-39402-
0.8

[53]. Shahid, M., Khalid, S., Abbas, G., Shahid, N., Nadeem, M., Sabir,
M, Aslam, M. and Dumat, C., 2015. Heavy metal stress and crop
productivity. Crop production and global environmental issues,
pp-1-25. Doi.org/10.1007/978-3-319-23162-4_1

[54]. Kumar, D., Singh, D.P., Barman, S.C. and Kumar, N., 2016. Heavy
metal and their regulation in plant system: an overview. Plant
responses to xenobiotics, pp.19-38. Doi.org/10.1007/978-981-10-
2860-1_2

[55]. Sharma, S.S., Dietz, KJ. and Mimura, T. 2016. Vacuolar
compartmentalization as indispensable component of heavy
metal detoxification in plants. Plant, cell & environment, 39(5),
pp-1112-1126. Doi.org/10.1111/pce.12706

[56]. De Caroli, M., Furini, A, DalCorso, G., Rojas, M. and Di
Sansebastiano, G.P., 2020. Endomembrane reorganization
induced by heavy metals. Plants, 9(4), p482.
Doi.org/10.3390/plants9040482

[571. Jogawat, A., Yadav, B., Chhaya and Narayan, O.P., 2021. Metal
transporters in organelles and their roles in heavy metal
transportation and sequestration mechanisms in plants.
Physiologia plantarum, 173(1), Pp-259-275.
doi.org/10.1111/ppl13370

[58]. Kocaman, A., 2023. Combined interactions of amino acids and
organic acids in heavy metal binding in plants. Plant signaling &
behavior, 18(1), p-2064072.
doi.org/10.1080/15592324.2022.2064072

[591.Li, D, He, T, Saleem, M. and He, G., 2022. Metalloprotein-
specific or critical amino acid residues: Perspectives on plant-
precise detoxification and recognition mechanisms under
cadmium stress. International Journal of Molecular Sciences,
23(3), p.1734. doi.org/10.3390/ijms23031734

[60]. Alsafran, M., Saleem, M.H., Rizwan, M., Al Jabri, H., Usman, K.
and Fahad, S., 2023. An overview of heavy metals toxicity in
plants, tolerance mechanism, and alleviation through lysine-
chelation with micro-nutrients—A novel approach. Plant
Growth Regulation, 100(2), pp.337-354. doi.org/10.1007/s10725-
022-00940-8

[61]. Baker, AJM. and Brooks, R., 1989. Terrestrial higher plants
which hyperaccumulate metallic elements. A review of their
distribution, ecology and phytochemistry. Biorecovery, 1(2),
pp-81-126.

[62]. Yang, XE, Long, XX, Ye, HB.,, He, ZL., Calvert, D.V. and
Stoffella, P.J., 2004. Cadmium tolerance and hyperaccumulation
in a new Zn-hyperaccumulating plant species (Sedum alfredii
Hance). Plant and soil, 259, pp-181-189.
Doi.org/10.1023/B:PLS0.0000020956.24027.f2

[63].Sun, RL, Zhou, QX and Jin, CX, 2006. Cadmium
accumulation in relation to organic acids in leaves of Solanum
nigrum L. as a newly found cadmium hyperaccumulator. Plant



220 E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

and Soil, 285, pp.125-134. Doi.org/10.1007/s11104-006-0064-6

[64]. Bert, V., Macnair, MR, De Laguerie, P., Saumitou-Laprade, P.
and Petit, D, 2000. Zinc tolerance and accumulation in
metallicolous and nonmetallicolous populations of Arabidopsis
halleri (Brassicaceae). The New Phytologist, 146(2), pp.225-233.
Doi.org/10.1046/j.1469-8137.2000.00634.x

[65]. Escarré, J., Lefebvre, C., Gruber, W., Leblanc, M., Lepart, ],
Riviére, Y. and Delay, B, 2000. Zinc and cadmium
hyperaccumulation by Thlaspi caerulescens from metalliferous
and nonmetalliferous sites in the Mediterranean area:
implications for phytoremediation. 7he New Phytologist,
145(3), pp.429-437. Doi.org/10.1046/j.1469-8137.2000.00599.x

[66]. Robinson, B.H., Brooks, R.R., Howes, AW., Kirkman, J.H. and
Gregg, PEH.,, 1997. The potential of the high-biomass nickel
hyperaccumulator Berkheya coddii for phytoremediation and
phytomining. Journal of Geochemical Exploration, 60(2),
pp-115-126. Doi.org/10.1016/S0375-6742(97)00036-8

[67]. Van der Ent, A,, Baker, AJ., Reeves, R.D., Pollard, A.J. and Schat,
H., 2013. Hyperaccumulators of metal and metalloid trace
elements: facts and fiction. Plant and soil, 362, pp.319-334.
Doi.org/10.1007/s11104-012-1287-3

[68]. Ha, N.T.H., Sakakibara, M. and Sano, S., 2011. Accumulation of
Indium and other heavy metals by Eleocharis acicularis: an
option for phytoremediation and phytomining. Bioresource
technology, 102(3), pp.2228-2234.
Doi.org/10.1016/j.biortech.2010.10.014

[69]. Kamal, M., Ghaly, AE., Mahmoud, N. and Cote, R, 2004.
Phytoaccumulation of heavy metals by aquatic plants.
Environment international, 29(8), pp-1029-1039.
Doi.org/10.1016/S0160-4120(03)00091-6

[70]. Whiting SN, Broadley MR, White P]. Applying a solute transfer
model to phytoextraction: Zinc acquisition by Thlaspi
caerulescens. Plant and Soil 2003 Feb;249(1):45-56.
doi.org/10.1023/A:1022542725880

[71]1. El Kheir, S.B.,, Oubbih, J., Saidi, N. and Bouabdli, A., 2008.
Uptake and fixation of Zn, Pb, and Cd by Thlaspi caerulescens:
application in the cases of old mines of Mibladen and Zaida
(West of Morocco). Arabian Journal of Geosciences, 1(2), pp.87-
95. doi.org/10.1007/s12517-008-0007-z

[72]. Anderson, C., Moreno, F. and Meech, J, 2005. A field
demonstration of gold phytoextraction technology. Minerals
Engineering, 18(4), pp-385-392.
doi.org/10.1016/j.mineng.2004.07.002

[731. Hipfinger, C., Rosenkranz, T., Thiiringer, J. and Puschenreiter,
M., 2021. Fertilization regimes affecting nickel phytomining
efficiency on a serpentine soil in the temperate climate zone.
International Journal of Phytoremediation, 23(4), pp.407-414.
doi.org/10.1080/15226514.2020.1820446

[74]. Bani, A, Pavlova, D., Echevarria, G., Mullaj, A, Reeves, RD,,
Morel, J.L. and Sulge, S., 2010. Nickel hyperaccumulation by the
species of Alyssum and Thlaspi (Brassicaceae) from the
ultramafic soils of the Balkans. Botanica Serbica, 34(1), pp.3-14.

[75]. Nkrumah, P.N,, Tisserand, R., Chaney, R.L., Baker, AJ., Morel,
J.L., Goudon, R., Erskine, P.D., Echevarria, G. and van Der Ent,
A., 2019. The first tropical ‘metal farm’: Some perspectives from
field and pot experiments. Journal of Geochemical Exploration,
198, pp.114-122. doi.org/10.1016/j.gexplo.2018.12.003

[76]. Sharma, RK. and Agrawal, M., 2005. Biological effects of heavy
metals: an overview. Journal of environmental Biology, 26(2),
pp301-313.

[77]. Wani, P.A., Khan, M.S. and Zaidi, A,, 2012. Toxic effects of heavy
metals on germination and physiological processes of plants. /zz
Toxicity of heavy metals to legumes and bioremediation (pp. 45-

JMGE |}

66). Vienna: Springer Vienna. Doi.org/10.1007/978-3-7091-0730-
0.3

[78]1. Hu, Z., Zhao, C,, Li, Q., Feng, Y., Zhang, X, Lu, Y., Ying, R,, Yin,
A and Ji, W, 2023. Heavy metals can affect plant morphology
and limit plant growth and photosynthesis processes.
Agronomy, 13(10), p.2601. Doi.org/10.3390/agronomy13102601

[79]1. Kiipper, H., Kiipper, F. and Spiller, M., 1998. In situ detection of
heavy metal substituted chlorophylls in water plants.
Photosynthesis Research, 58, pp123-133.
Doi.org/10.1023/A:1006132608181

[80]. Giannakoula, A., Therios, I. and Chatzissavvidis, C., 2021. Effect
of lead and copper on photosynthetic apparatus in citrus (Citrus
aurantium L) plants. The role of antioxidants in oxidative
damage as a response to heavy metal stress. Plants, 10(1), p.155.
Doi.org/10.3390/plants10010155

[81]. Rahman, S.U,, Qin, A., Zain, M., Mushtaq, Z., Mehmood, F,, Riaz,
L., Naveed, S., Ansari, M.J., Saeed, M., Ahmad, 1. and Shehzad,
M., 2024. Pb uptake, accumulation, and translocation in plants:
Plant physiological, biochemical, and molecular response: A
review. Heliyon, 10(6). doi.org/10.1016/j.heliyon.2024.27724

[82]. Zhou, S., Okekeogbu, I, Sangireddy, S., Ye, Z., Li, H,, Bhatti, S,
Hui, D., McDonald, D.W., Yang, Y., Giri, S. and Howe, K., 2016.
Proteome modification in tomato plants upon long-term
aluminum treatment. Journal of Proteome Research, 15(5),
pp.1670-1684. Doi.org/10.1021/acs jproteome.6b00128

[83]. Hasan, MK, Cheng, Y., Kanwar, MK, Chu, XY., Ahammed, G.J.
and Qi, Z.Y., 2017. Responses of plant proteins to heavy metal
stress—a review. Frontiers in plant science, 8, pl492.
Doi.org/10.3389/fpls.2017.01492

[84]. Taylor, GJ., 1987. Exclusion of metals from the symplasm: a
possible mechanism of metal tolerance in higher plants. Journal
of Plant Nutrition, 10(9-16), pp.1213-1222.

[85]. Wei, S., Zhou, Q. and Wang, X., 2005. Identification of weed
plants excluding the uptake of heavy metals. Environment
International, 31(6), pp-829-834.
Doi.org/10.1016/j.envint.2005.05.045

[86]. Danouche, M., El Ghachtouli, N. and El Arroussi, H., 2021.
Phycoremediation mechanisms of heavy metals using living
green microalgae: physicochemical and molecular approaches
for enhancing selectivity and removal capacity. Heliyon, 7(7). .
Doi.org/10.1016/j.heliyon.2021.e07609

[87]. Kim, ].J., Kim, Y.S. and Kumar, V., 2019. Heavy metal toxicity: An
update of chelating therapeutic strategies. Journal of Trace
elements in Medicine and Biology, 54, pp.226-23l
doi.org/10.1016j.jtemb.2019.05.003

[88]. Anjum, N.A.,, Hasanuzzaman, M., Hossain, M.A., Thangavel, P.,
Roychoudhury, A, Gill, S.S., Rodrigo, MAAM., Adam, V., Fujita,
M, Kizek, R. and Duarte, A.C., 2015. Jacks of metal/metalloid
chelation trade in plants—an overview. Frontiers in Plant
Science, 6, p192. doi.org/10.3389/fpls.2015.00192

[891. Goncharuk, E.A. and Zagoskina, N.V., 2023. Heavy metals, their
phytotoxicity, and the role of phenolic antioxidants in plant
stress responses with focus on cadmium. Molecules, 28(9),
p-3921. Doi.org/10.3390/molecules28093921

[901. Hall, J.A., 2002. Cellular mechanisms for heavy metal
detoxification and tolerance. Journal of experimental botany,
53(366), pp.1-11. Doi.org/10.1093/jexbot/53.366.1

[91]1. Dhalaria, R., Kumar, D., Kumar, H.,, Nepovimova, E., Kuéa, K,
Torequl Islam, M. and Verma, R., 2020. Arbuscular mycorrhizal
fungi as potential agents in ameliorating heavy metal stress in
plants. Agronomy, 10(6), p-815.
Doi.org/10.3390/agronomyl0060815

[92]. Saraswat, S. and Rai, J.P.N., 2011. Mechanism of metal tolerance



JMGE [

and detoxification in mycorrhizal fungi. Biomanagement of

metal-contaminated soils, pp.225-240. Doi.org/10.1007/978-94-
007-1914-9_9

[93]. Turnau, K, Ryszka, P., Gianinazzi-Pearson, V. and Van Tuinen,
D., 2001. Identification of arbuscular mycorrhizal fungi in soils
and roots of plants colonizing zinc wastes in southern Poland.
Mycorrhiza, 10, pp.169-174. Doi.org/10.1007/s005720000073

[94]. Chen, B.D., Zhu, Y.G,, Duan, J., Xiao, X.Y. and Smith, S.E., 2007.
Effects of the arbuscular mycorrhizal fungus Glomus mosseae
on growth and metal uptake by four plant species in copper
mine tailings. Environmental Pollution, 147(2), pp.374-380.
doi.org/10.1016/j.envpol.2006.04.027

[95]. Yang, Y., Liang, Y., Ghosh, A, Song, Y., Chen, H. and Tang, M.,
2015. Assessment of arbuscular mycorrhizal fungi status and
heavy metal accumulation characteristics of tree species in a
lead—zinc  mine  area: potential  applications  for
phytoremediation. Environmental Science and Pollution
Research, 22, pp.13179-13193. DOI: 10.1007/s11356-015-4521-8

[96]. Riaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H,, Yang, G,
Deng, L, Wang, Y., Zhou, Y., Anastopoulos, I. and Wang, X,
2021. Arbuscular mycorrhizal fungi-induced mitigation of heavy
metal phytotoxicity in metal contaminated soils: A critical
review. Journal of Hazardous Materials, 402, p.J123919.
Doi.org/10.1016/j.jhazmat.2020.123919

[97]. Yang, Y., Han, X, Liang, Y., Ghosh, A, Chen, J. and Tang, M.,
2015. The combined effects of arbuscular mycorrhizal fungi
(AMF) and lead (Pb) stress on Pb accumulation, plant growth
parameters, photosynthesis, and antioxidant enzymes in
Robinia pseudoacacia L. PloS one, 10(12), p.e0145726.
Doi.org/10.1371/journal pone.0145726

[981.Berruti, A., Lumini, E., Balestrini, R. and Bianciotto, V., 2016.
Arbuscular mycorrhizal fungi as natural biofertilizers: let's
benefit from past successes. Frontiers in microbiology, 6, p.1559.
doi.org/10.3389/fmicb.2015.01559

[991. Wang, W, Shi, |, Xie, Q. Jiang, Y., Yu, N. and Wang, E., 2017.
Nutrient exchange and regulation in arbuscular mycorrhizal
symbiosis. Molecular  plant, 10(9), pp-1147-1158.
http://dx.doi.org/10.1016/j.molp.2017.07.012

[100]. Prisa, D., Fresco, R. and Spagnuolo, D., 2023. Microbial
biofertilisers in plant production and resistance: A review.
Agriculture, 13(9), p1666. Doi.org/10.3390/agriculturel3091666

[101]. Adeyemi, N.O., Atayese, M.O., Sakariyawo, O.S., Azeez, J.O.,
Sobowale, S.P.A., Olubode, A, Mudathir, R., Adebayo, R. and
Adeoye, S., 2021. Alleviation of heavy metal stress by arbuscular
mycorrhizal symbiosis in Glycine max (L.) grown in copper,
lead and zinc contaminated soils. Rhizosphere, 18, p.100325.

[102]. Khan, A, Ding, Z., Ishaq, M., Khan, I, Ahmed, A.A,, Khan, A.Q.
and Guo, X, 2020. Applications of beneficial plant growth
promoting rhizobacteria and mycorrhizae in rhizosphere and
plant growth: A review. International journal of Agricultural
and  Biological  Engineering, 13(5), pp-199-208.
Doi.org/10.25165j.ijabe. 202013055762

[103]. Inbaraj, M.P., 2021. Plant-microbe interactions in alleviating
abiotic stress—a mini review. Frontiers in Agronomy, 3,
p-667903. Doi.org/10.3389/fagro.2021.667903

[104]. Huang, L., Wu, C,, Gao, H,, Xu, C,, Dai, M., Huang, L., Hao, H,,
Wang, X. and Cheng, G., 2022. Bacterial multidrug efflux pumps
at the frontline of antimicrobial resistance: an overview.
Antibiotics, 11(4), p.520. doi.org/10.3390/antibiotics11040520

[105]. Rahman, S.U., Qin, A.,, Zain, M., Mushtaq, Z., Mehmood, F.,
Riaz, L, Naveed, S., Ansari, M.J., Saeed, M., Ahmad, I. and
Shehzad, M., 2024. Pb uptake, accumulation, and translocation
in plants: plant physiological, biochemical, and molecular
response: a review. Heliyon, Volume 10, Issue 6e27724.

E. J. Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228 221

Doi.org/10.1016/j.heliyon.2024.27724

[106]. Mukhopadhyay, A., 2015. Tolerance engineering in bacteria for
the production of advanced biofuels and chemicals. 7rends in
microbiology, 23(8), pp.498-508.

[107]. Mishra, J., Singh, R. and Arora, N.K, 2017. Alleviation of heavy
metal stress in plants and remediation of soil by rhizosphere
microorganisms. Frontiers in microbiology, 8, p1706.

[108]. Gaurav, A, Bakht, P., Saini, M., Pandey, S. and Pathania, R,
2023. Role of bacterial efflux pumps in antibiotic resistance,
virulence, and strategies to discover novel efflux pump
inhibitors. Microbiology, 169(5), p.001333.
Doi.org/10.1099/mic.0.001333

[109]. Ameh, T., Gibb, M., Stevens, D., Pradhan, S.H., Braswell, E. and
Sayes, CM., 2022. Silver and copper nanoparticles induce
oxidative stress in bacteria and mammalian cells.
Nanomaterials, 12(14), p.2402. Doi.org/10.3390/nanol12142402

[110].Betts, H. D. 2020. An investigation of the chemistry of silver in
biological systems, and the development of silver-containing
materials for use as antibacterial agents.

[1111.Van Hoof, N.A., Koevoets, P.L., Hakvoort, HW., Ten Bookum,
W.M,, Schat, H., Verkleij, J.A. and Ernst, W.H., 2001. Enhanced
ATP-dependent copper efflux across the root cell plasma
membrane in copper-tolerant Silene vulgaris. Physiologia
Plantarum,  113(2), pp.225-232.  Doi.org/10.1034/j.1399-
3054.2001.1130210.x

[112].Zandi, P., Yang, J., Mozdzen, K. and Barabasz-Krasny, B., 2020.
A review of copper speciation and transformation in plant and
soil/wetland systems. Advances in Agronomy, 160(1), pp.249-
293. Doi.org/10.1016/bs.agron.2019.11.001

[113].Miransari, M,  2011. Hyperaccumulators, arbuscular
mycorrhizal fungi and stress of heavy metals. Biotechnology
advances, 29(6), Pp-645-653.
Doi.org/10.1016/j.biotechadv.2011.04.006

[114].Silver, SIM.O.N. and Walderhaug, M.AARK, 1992. Gene
regulation of plasmid-and chromosome-determined inorganic
ion transport in bacteria. Microbiological reviews, 56(1), pp.195-
228. doi.org/10.1128/mr.56.1.195-228.1992

[115].Staehlin, B.M., Gibbons, J.G., Rokas, A., O’'Halloran, T.V. and
Slot, J.C, 2016. Evolution of a heavy metal
homeostasis/resistance island reflects increasing copper stress in
Enterobacteria. Genome biology and evolution, 8(3), pp.811-826.
https://doi.org/10.1093/gbe/evw031

[116].Dziewit, L., Pyzik, A, Szuplewska, M. Matlakowska, R,
Mielnicki, S., Wibberg, D., Schliiter, A., Piihler, A. and Bartosik,
D., 2015. Diversity and role of plasmids in adaptation of bacteria
inhabiting the Lubin copper mine in Poland, an environment
rich in heavy metals. Frontiers in Microbiology, 6, p.152.
Doi.org/10.3389/fmicb.2015.00152

[117].Silver, S. and Misra, T.K,, 1984. Bacterial transformations of and
resistances to heavy metals. Genetic control of environmental
pollutants, pp.23-46. doi.org/10.1007/978-1-4684-4715-6_3

[118]1.Rensing, C. and Grass, G., 2003. Escherichia coli mechanisms of
copper homeostasis in a changing environment. FEMS
microbiology reviews, 27(2-3), pp-197-213.
doi.org/10.1016/S0168-6445(03)00049-4

[1191.Nies, D.H., 2003. Efflux-mediated heavy metal resistance in
prokaryotes. FEMS microbiology reviews, 27(2-3), pp.313-339.
Doi.org/10.1016/S0168-6445(03)00048-2

[120]. Akoijam, N. and Joshi, SR, 2024. Genome Editing and
Genetically Engineered Bacteria for Bioremediation of Heavy
Metals. In Genome Editing in Bacteria (Part 2) (pp. 184-221).
Bentham Science Publishers.
doi.org/10.2174/97898152237981240101



222

[121]. Mandal, RR., Bashir, Z. and Raj, D., 2025. Microbe-assisted
phytoremediation for sustainable management of heavy metal
in wastewater-A green approach to escalate the remediation of
heavy metals. Journal of Environmental Management, 375,
p-124199. Doi.org/10.1016/j.jenvman.2025.124199

[122]. Sharma, P. Jha, AB. and Dubey, RS, 2024 Enhancing
Phytoremediation Efficacy in Plants Cultivated in Heavy Metal-
Contaminated Soil Under Drought Stress: Understanding Plant
Responses and Genetic Engineering Strategies. Water, Air, &
Soil Pollution, 235(7), p.451. Doi.org/10.1007/s11270-024-07239-
6

[123]. Srivastava, N., 2016. Role of phytochelatins in phytore-
mediation of heavy metals contaminated soils.
Phytoremediation: Management of  Environmental
Contaminants, Volume 3, pp.393-419. Doi.org/10.1007/978-3-
319-40148-5_13

[124]. Seregin, 1V. and Kozhevnikova, A.D., 2023. Phytochelatins:
Sulfur-containing metal (loid)-chelating ligands in plants.
International Journal of Molecular Sciences, 24(3), p.2430.
Doi.org/10.3390/ijms24032430

[125]. Ahner, B.A. and Morel, F.M., 1995. Phytochelatin production in
marine algae. 2. Induction by various metals. Limnology and
Oceanography, 40(4), pp.658-665.
Doi.org/10.4319/101995.40.4.0658

[126]. Masmoudi, S., Nguyen-Deroche, N., Caruso, A, Ayadi, H.,
Morant-Manceau, A. and Tremblin, G., 2013. Cadmium, copper,
sodium and zinc effects on diatoms: from heaven to hell—a
review.  Cryptogamie,  Algologie,  34(2), pp.185-225.
Doi.org/10.7872/crya.v34.ss2.2013.185

[127]. Song, W.Y., Mendoza-cdzatl, D.G., Lee, Y., Schroeder, J.I, Ahn,
SN, Lee, HS., Wicker, T. and Martinoia, E., 2014
Phytochelatin—metal (loid) transport into vacuoles shows
different substrate preferences in barley and A rabidopsis. Plaznt,
cell & environmernt, 37(5), pp-1192-1201.
Doi.org/10.1111/pce.12227

[128]. Faizan, M., Alam, P., Hussain, A., Karabulut, F., Tonny, SH,
Cheng, S.H.,, Yusuf, M, Adil, M'F., Sehar, S., Alomrani, S.O. and
Albalawi, T., 2024. Phytochelatins: key regulator against heavy
metal toxicity in plants. Plant Stress, 11, p100355.
doi.org/10.1016/j.stress.2024.100355

[1291. Michalak, A., 2006. Phenolic compounds and their antioxidant
activity in plants growing under heavy metal stress. Polish
Journal of environmental studies, 15(4).

[130]. Fedenko, V.S., Shemet, S.A., Guidi, L. and Landi, M., 2020.
Metal/metalloid-induced accumulation of phenolic compounds
in plants. Metal Toxicity in Higher Plants; Landi, M, Shemet,
SA, Fedenko, VS, Eds, pp.67-115.

[131].Parvin, K., Nahar, K., Mohsin, SM., Al Mahmud, J., Fujita, M.
and Hasanuzzaman, M., 2022. Plant phenolic compounds for
abiotic stress tolerance. Managing plant production under
changing environment, pp.193-237. doi.org/10.1007/978-981-16-
5059-8_8

[132]. Carbone, F, Preuss, A, De Vos, R.C, D'AMICO,
ELE.ON.ORA, Perrotta, G, Bovy, A.G,, Martens, S. and Rosati,
C., 2009. Developmental, genetic and environmental factors
affect the expression of flavonoid genes, enzymes and
metabolites in strawberry fruits. Plant, Cell & Environment,
32(8), pp.1117-1131. Doi.org/10.1111/j.1365-3040.2009.01994.x

[133]. Hichri, I, Barrieu, F., Bogs, J., Kappel, C., Delrot, S. and
Lauvergeat, V., 2011. Recent advances in the transcriptional
regulation of the flavonoid biosynthetic pathway. Journal of
experimental botany, 62(8), Pp-2465-2483.
doi.org/10.1093/jxb/erq442

[134]. Tahara, K., Hashida, K., Otsuka, Y., Ohara, S., Kojima, K. and

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

JMGE |}

Shinohara, K, 2014. Identification of a hydrolyzable tannin,
oenothein B, as an aluminum-detoxifying ligand in a highly
aluminum-resistant tree, Eucalyptus camaldulensis. Plant
Physiology, 164(2), pp.683-693. Doi.org/10.1104/pp.113.222885

[135].Clemens, S., 2001. Molecular mechanisms of plant metal
tolerance and homeostasis. Planta, 212, pp.475-486.
Doi.org/10.1007/s004250000458

[136].Rauser, W.E., 1995. Phytochelatins and related peptides.
Structure, biosynthesis, and function. Plant physiology, 109(4),
p-1141. Doi.org/10.1104/pp.109.4.1141

[137].Pal, R. and Rai, J.P.N., 2010. Phytochelatins: peptides involved in
heavy metal detoxification. Applied biochemistry and
biotechnology, 160, pp.945-963. Doi.org/10.1007/s12010-009-
8565-4

[138].Vega, A, Delgado, N. and Handford, M., 2022. Increasing heavy
metal tolerance by the exogenous application of organic acids.
International Journal of Molecular Sciences, 23(10), p.5438.
Doi.org/10.3390/ijms23105438

[139].Farhad, M., Rana, M.AAK,, Ahmad, R,, Virk, Z.A., Igbal, M,, Ilyas,
MF, Gill, S, Khan, S.A,, Ramzani, PM.A., Afzal, H. and Taugeer,
H.M.,, 2023. Roles of Organic Acids in Plant Stress Tolerance,
Food Security, and Soil Remediation. In Climate-Resilient
Agriculture, Vol 1. Crop Responses and Agroecological
Perspectives (pp. 713-729). Cham: Springer International
Publishing. Doi.org/10.1007/978-3-031-37424-1_32

[140]. Irin, 1J. and Hasanuzzaman, M., 2024. Organic amendments:
enhancing plant tolerance to salinity and metal stress for
improved agricultural productivity. Stresses, 4(1), pp.185-209.
Doi.org/10.3390/stresses4010011

[141].Panchal, P, Miller, AJ. and Giri, J., 2021. Organic acids: versatile
stress-response roles in plants. Journal of Experimental
Botany, 72(11), pp.4038-4052. Doi.org/10.1093/jxb/erab019

[142]. Khan, E.A., Yadav, S., Yadav, M. and Ahmed, H.M., 2023. Role
of low molecular organic acids in regulating physiological and
molecular aspects of plants under abiotic stress. In 7he Role of
Growth Regulators and Phytohormones in Overcoming
Environmental ~ Stress (pp. 289-315). Academic Press.
Doi.org/10.1016/B978-0-323-98332-7.00003-2

[143]. Adeleke, R., Nwangburuka, C. and Oboirien, B., 2017. Origins,
roles and fate of organic acids in soils: A review. South African
Journal of Botany, 108, pp-393-406.
Doi.org/10.1016/j.sajb.2016.09.002

[144]. Huang, G, You, J., Zhou, X, Ren, C, Islam, M.S. and Hu, H,,
2020. Effects of low molecular weight organic acids on Cu
accumulation by castor bean and soil enzyme activities.
Ecotoxicology and Environmental Safety, 203, p.110983.
Doi.org/10.1016/j.ecoenv.2020.110983

[145]. Dutta, S, Mitra, M., Agarwal, P., Mahapatra, K, De, S., Sett, U.
and Roy, S., 2018. Oxidative and genotoxic damages in plants in
response to heavy metal stress and maintenance of genome
stability. Plant signaling & behavior, 13(8), p.e1460048.
doi.org/10.1080/15592324.2018.1460048

[146]. Huang, Z, Chen, Y. and Zhang, Y., 2020. Mitochondrial
reactive oxygen species cause major oxidative mitochondrial
DNA damages and repair pathways. Journal of biosciences,
45(1).

[147]. Moura, DJ., Péres, V.F, Jacques, R.A. and Saffi, J., 2011. Heavy
metal toxicity: oxidative stress parameters and DNA repair. /n
Metal toxicity in plants: Perception, signaling and remediation
(pp. 187-205). Berlin, Heidelberg: Springer Berlin Heidelberg.
Doi.org/10.1007/978-3-642-22081-4_9

[148]. Al-Whaibi, M.H., 2011. Plant heat-shock proteins: a mini review.
Journal of King Saud University-Science, 23(2), pp.139-150.



JMGE [

Doi.org/10.1016/j.jksus.2010.06.022

[149]. Gupta, S.C, Sharma, A. Mishra, M., Mishra, RK. and
Chowdhuri, D.K,, 2010. Heat shock proteins in toxicology: how
close and how far?. Life sciences, 86(11-12), pp.377-384.
Doi.org/10.1016/j1£5.2009.12.015

[150]. Kregel, K.C, 2002. Invited review: heat shock proteins:
modifying factors in physiological stress responses and acquired
thermotolerance. Journal of applied physiology, 92(5), pp.2177-
2186. Doi.org/10.1152/japplphysiol. 01267.2001

[151]. Kumar, V., Roy, S., Behera, BK. and Das, BK., 2022. Heat shock
proteins (Hsps) in cellular homeostasis: a promising tool for
health management in crustacean aquaculture. Life, 12(11),
p-1777. Doi.org/10.3390/1ife12111777

[152]. Chen, Y., Chen, X, Wang, H,, Bao, Y. and Zhang, W., 2014.
Examination of the leaf proteome during flooding stress and the
induction of programmed cell death in maize. Proteome
Science, 12, pp.1-18. Doi.org/10.1186/1477-5956-12-33

[153].ul Hagq, S., Khan, A., Ali, M., Khattak, AM., Gai, W.X,, Zhang,
HX., Wei, AM. and Gong, ZH., 2019. Heat shock proteins:
dynamic biomolecules to counter plant biotic and abiotic
stresses. International journal of molecular sciences, 20(21),
p-5321. doi.org/10.3390/ijms20215321

[154]. Kumar, S. and Trivedi, P.K, 2018. Glutathione S-transferases:
role in combating abiotic stresses including arsenic
detoxification in plants. Frontiers in Plant Science, 9, p.751. Doi:
10.3389/fpls.2018.00751

[155]. Anjum, N.A,, Ahmad, I, Mohmood, I, Pacheco, M., Duarte,
AC, Pereira, E,, Umar, S., Ahmad, A., Khan, N.A, Igbal, M. and
Prasad, M.N.V,, 2012. Modulation of glutathione and its related
enzymes in plants’ responses to toxic metals and metalloids—a
review. Environmental and Experimental Botany, 75, pp.307-
324.. Doi:10.1016/j.envexpbot.2011.07.002

[156]. Panda, SK, Gupta, D., Patel, M., Vyver, C.V.D. and Koyama, H.,
2024. Functionality of reactive oxygen species (ROS) in plants:
Toxicity and control in Poaceae crops exposed to abiotic stress.
Plants, 13(15), p.2071. Doi.org/10.3390/plants13152071

[1571.Gill, S.S. and Tuteja, N., 2010. Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance in crop plants.
Plant physiology and biochemistry, 48(12), pp.909-930.
Doi.org/10.1016/j.plaphy.2010.08.016

[158]. Rahman, M.M., Ghosh, P.K., Akter, M., Al Noor, M.M., Rahman,
M.A. Keya,S.S,, Roni, M.S., Biswas, A. and Bulle, M., 2024. Green
vanguards: Harnessing the power of plant antioxidants, signal
catalysts, and genetic engineering to combat reactive oxygen
species under multiple abiotic stresses. Plant Stress, p.100547.
Doi.org/10.1016/j.stress.2024.100547

[159]1. Li, Z.G., 2016. Methylglyoxal and glyoxalase system in plants:
old players, new concepts. The Botanical Review, 82, pp.183-203.
Doi.org/10.1007/s12229-016-9167-9

[160]. Parrotta, L., Guerriero, G., Sergeant, K., Cai, G. and Hausman,
J.E., 2015. Target or barrier? The cell wall of early-and later-
diverging plants vs cadmium toxicity: differences in the
response mechanisms. Frontiers in plant science, 6, p.133.
Doi.org/10.3389/fpls.2015.00133

[161].Cosgrove, D.J.,, 2016. Plant cell wall extensibility: connecting
plant cell growth with cell wall structure, mechanics, and the
action of wall-modifying enzymes. Journal of experimental
botany, 67(2), pp.463-476. Doi.org/10.1093/jxb/erv511

[162]. Krzestowska, M., 2011. The cell wall in plant cell response to
trace metals: polysaccharide remodeling and its role in defense
strategy. Acta physiologiae  plantarum, 33, pp.35-51
Doi.org/10.1007/s11738-010-0581-z

[163].Manara, A., 2012. Plant responses to heavy metal toxicity. Plants

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228 223

and heavy metals, pp.27-53. Doi.org/10.1007/978-94-007-4441-
72

[164]. Wu, H.C, Bulgakov, V.P. and Jinn, T.L, 2018. Pectin
methylesterases: cell wall remodeling proteins are required for
plant response to heat stress. Frontiers in plant science, 9, p.1612.
Doi.org/10.3389/fpls.2018.01612

[165].Shin, Y., Chane, A., Jung, M. and Lee, Y., 2021. Recent advances
in understanding the roles of pectin as an active participant in
plant  signaling  networks.  Plants, 10(8), p.l1712.
Doi.org/10.3390/plants10081712

[166].Delmer, D., Dixon, R.A., Keegstra, K. and Mohnen, D., 2024. The
plant cell wall—dynamic, strong, and adaptable—is a natural
shapeshifter. The Plant Cell, 36(5), pp1257-131L
Doi.org/10.1093/plcell/koad325

[1671.Nishizono, H., Ichikawa, H., Suziki, S. and Ishii, F., 1987. The
role of the root cell wall in the heavy metal tolerance of
Athyrium yokoscense. Plant and soil, 101, pp.15-20.
Doi.org/10.1007/BF02371025

[168]. Wu, X, Song, H., Guan, C. and Zhang, Z., 2020. Boron alleviates
cadmium toxicity in Brassica napus by promoting the chelation
of cadmium onto the root cell wall components. Science of The
Total Environment, 728, p-138833.
Doi.org/10.1016/j.scitotenv.2020.138833

[1691.Yu, X, Yang, L., Fan, C, Hu, J,, Zheng, Y., Wang, Z., Liu, Y., Xiao,
X, Yang, L, Lei, T. and Jiang, M., 2023. Abscisic acid (ABA)
alleviates cadmium toxicity by enhancing the adsorption of
cadmium to root cell walls and inducing antioxidant defense
system of Cosmos bipinnatus. Ecotoxicology and environmental
safety, 261, p.115101. Doi.org/10.1016/j.ecoenv.2023.115101

[170]1. Liao, Q., Xiao, H., Chen, L., Shen, C., Wang, B., Zhou, W., Fu,
H., Zheng, Z., Huang, B., Xin, ]. and Huang, Y., 2025. Potassium
alters cadmium accumulation and translocation by regulating
root cell wall biosynthesis in Brassica napus. Scientia
Horticulturae, 339, p-113833.
Doi.org/10.1016/j.scienta.2024.113833

[171]. Krzestowska, M., Rabeda, I, Basinska, A., Lewandowski, M.,
Mellerowicz, EJ., Napieralska, A., Samardakiewicz, S. and
Wozny, A., 2016. Pectinous cell wall thickenings formation—A
common defense strategy of plants to cope with Pb.
Environmental Pollution, 214, Pp-354-361.
doi.org/10.1016/j.envpol.2016.04.019

[172]. Butler, M., Haskew, AE. and Young, MM, 1980. Copper
tolerance in the green alga, Chlorella vulgaris. Plant, Cell &
Environment, 3(2), pp-119-126. Doi.org/10.1111/1365-
3040.ep11580913

[173]1.Goyal, D., Yadav, A., Prasad, M., Singh, T.B., Shrivastav, P., Ali,
A, Dantu, PK. and Mishra, S., 2020. Effect of heavy metals on
plant growth: an overview. Contaminants in agriculture:
sources, impacts and management, pp.79-101.
Doi.org/10.1007/978-3-030-41552-5_4

[174]. Martinoia, E., Maeshima, M. and Neuhaus, H.E., 2007. Vacuolar
transporters and their essential role in plant metabolism.
Journal of experimental botany, 58(1), pp.83-102.
Doi.org/10.1093/jxb/erl183

[175].Cheng, Z., Wang, C,, Tang, F., Zhou, Y., Zhu, C. and Ding, Y.,
2025. The cell wall functions in plant heavy metal response.
Ecotoxicology and Environmental Safety, 299, p.118326.
doi.org/10.1016/j.ecoenv.2025.118326

[176]. Choppala, G., Saifullah, Bolan, N., Bibi, S., Igbal, M., Rengel, Z.,
Kunhikrishnan, A., Ashwath, N. and Ok, Y.S., 2014. Cellular
mechanisms in higher plants governing tolerance to cadmium
toxicity. Critical reviews in plant sciences, 33(5), pp.374-391.
Doi.org/10.1080/07352689.2014.903747



224 E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

[1771. Tan, X, Li, K, Wang, Z., Zhu, K, Tan, X. and Cao, J,, 2019. A
review of plant vacuoles: formation, located proteins, and
functions. Plants, 8(9), p.327. doi.org/10.3390/plants8090327

[178]. Peng, ].S. and Gong, ] M., 2014. Vacuolar sequestration capacity
and long-distance metal transport in plants. Frontiers in plant
science, 5, p.19. Doi.org/10.3389/fpls.2014.00019

[179]. Gong, ] M., Lee, D.A. and Schroeder, ]I, 2003. Long-distance
root-to-shoot transport  of phytochelatins and cadmium in
Arabidopsis. Proceedings of the National Academy of
Sciences, 100(17), pp-10118-10123.
Doi.org/10.1073/pnas.1734072100

[1801. Park, J., Song, W.Y., Ko, D., Eom, Y., Hansen, T.H., Schiller, M.,
Lee, T.G., Martinoia, E. and Lee, Y., 2012. The phytochelatin
transporters AtABCCI and AtABCC2 mediate tolerance to
cadmium and mercury. The Plant Journal, 69(2), pp.278-288.
Doi.org/10.1111/j.1365-313X.2011.04789.x

[181]. Zhang, J., Martinoia, E. and Lee, Y., 2018. Vacuolar transporters
for cadmium and arsenic in plants and their applications in
phytoremediation and crop development. Plant and Cell
Physiology, 59(7), pp.1317-1325. doi.org/10.1093/pcp/pcy006

[182]. Cao, Z.Z., Qin, M.L, Lin, X'Y., Zhu, ZW. and Chen, M.X,, 2018.
Sulfur supply reduces cadmium uptake and translocation in rice
grains (Oryza sativa L.) by enhancing iron plaque formation,
cadmium chelation and vacuolar sequestration. Environmental
Pollution, 238, pp.76-84. Doi.org/10.1016/j.envpol.2018.02.083

[183]. Agrawal, A., 2011. Effect of global warming on climate change,
flora and fauna. Journal of Ecophysiology and Occupational
Health, 11(3/4), p161.

[184]. Kumar, S., Chatterjee, U., David Raj, A. and Sooryamol, KR,
2024. Global warming and climate crisis/extreme events. /nz
Climate crisis: Adaptive approaches and sustainability (pp. 3-
18). Cham: Springer Nature Switzerland. doi.org/10.1007/978-3-
031-44397-8_1

[185]. Change, IP.O.C, 200l. Climate change 2007: Impacts,
adaptation and vulnerability. Genebra, Suica.

[186]. Upadhyay, RK., 2020. Markers for global climate change and
its impact on social, biological and ecological systems: A review.
American Journal of Climate Change.
doi.org/10.4236/ajcc.2020.93012

[187]. Cornu, J.Y., Denaix, L., Lacoste, J., Sappin-Didier, V., Nguyen,
C. and Schneider, A, 2016. Impact of temperature on the
dynamics of organic matter and on the soil-to-plant transfer of
Cd, Zn and Pb in a contaminated agricultural soil.
Environmental Science and Pollution Research, 23(4), pp.2997-
3007.

[188]. Hatfield, J.L. and Prueger, J.H., 2015. Temperature extremes:
Effect on plant growth and development. Weather and climate
extremes, 10(Part A), pp.4-10.

[189]. Xiao, W., Zhang, Y., Chen, X,, Sha, A., Xiong, Z., Luo, Y., Peng,
L., Zou, L., Zhao, C. and Li, Q., 2024. The easily overlooked effect
of global warming: diffusion of heavy metals. 7oxics, 12(6),
p-400. doi.org/10.3390/toxics12060400

[190]. Nguyen, T.Q., Nguyen, HX,, Bui, M.Q.,, Pham, D.H., Truong,
HM.,, Nguyen, T.N.,, Hoang, TM. and Truong, M.N, 2025.
Standardized Design Metrics and Policy Integration for
Phytoremediation =~ Systems in  Water = Contaminant
Management. Standards, 5(4), p-25.
doi.org/10.3390/standards5040025

[191]1. Yoshida, M., 2025. Heavy Metals in the Environment-
Contamination, Risk, and Remediation.

[192]. Tan, HW., Pang, Y.L, Lim, S. and Chong, W.C,, 2023. A state-
of-the-art of phytoremediation approach for sustainable
management of heavy metals recovery. Environmental

JMGE |}

Technology & Innovation, 30,
doi.org/10.1016/j.eti.2023.103043

[193]. Kudo, H., Qian, Z, Inoue, C. and Chien, M.F, 2023.
Temperature dependence of metals accumulation and removal
kinetics by Arabidopsis halleri ssp. gemmifera. Plants, 12(4),
p.877. doi.org/10.3390/plants12040877

[194]. Hernandez-Soriano, M.C. and Jimenez-Lopez, ].C., 2012.
Effects of soil water content and organic matter addition on the
speciation and bioavailability of heavy metals. Science of the
Total Environment, 423, pp-55-61.
doi.org/10.1016/j.scitotenv.2012.02.033

[195]. Chen, X, Ren, Y., Li, C, Shang, Y., Ji, R, Yao, D. and He, Y.,
2024. Study on Factors Influencing the Migration of Heavy
Metals from Soil to Vegetables in a Heavy Industry City.
Sustainability, 16(24), p.11084. doi.org/10.3390/sul62411084

[196]. Al-Khashman, O.A., 2012. Assessment of heavy metal
accumulation in urban soil around potash industrial site in the
east of the Dead Sea and their environmental risks. Soi/ and
sediment contamination: an international journal, 21(2), pp.276-
290. doi.org/10.1080/15320383.2011.609358

[197]. Bogati, K. and Walczak, M., 2022. The impact of drought stress
on soil microbial community, enzyme activities and plants.
Agronomy, 12(1), p.189. doi.org/10.3390/agronomy12010189

[198]. Tan, X, He, J., Nie, Y., Ni, X, Ye, Q., Ma, L., Megharaj, M., He,
W. and Shen, W., 2023. Climate and edaphic factors drive soil
enzyme activity dynamics and tolerance to Cd toxicity after
rewetting of dry soil. Science of The Total Environment, 855,
p-158926. doi.org/10.1016/j.scitotenv.2022.158926

[199]. Wang, Z, Shan, ], Liu, C, Wang, K, Teng, H. and Jiang, Q.
2023. Effects of winter warming on the migration characteristics
and pollution risk assessment of Zn, Cu, and Pb in the snow-soil
continuum in seasonal snow cover area. Environmental
Technology & Innovation, 31, p-103159.
doi.org/10.1016/j.eti.2023.103159

[200]. Paltseva, A.A. and Neaman, A, 2020. An emerging frontier:
Metal (loid) soil pollution threat under global climate change.
Environmental Toxicology and Chemistry, 39(9), pp.1653-1654.
doi.org/10.1002/etc.4790

[201]. Leakey, A.D., Ainsworth, E.A,, Bernacchi, CJ., Rogers, A., Long,
S.P. and Ort, DR, 2009. Elevated CO2 effects on plant carbon,
nitrogen, and water relations: six important lessons from FACE.
Journal of experimental botany, 60(10), pp.2859-2876.
doi.org/10.1093/jxb/erp096

[202]. Ekele, J.U., Webster, R., Perez de Heredia, F., Lane, KE., Fadel,
A. and Symonds, R.C,, 2025. Current impacts of elevated CO2
on crop nutritional quality: a review using wheat as a case study.
Stress Biology, 5(1), p.34. doi.org/10.1007/s44154-025-00217-w

[203]. Ainsworth, E.A. and Rogers, A, 2007. The response of
photosynthesis and stomatal conductance to rising [CO21:
mechanisms and environmental interactions. Plant, cell &
environment, 30(3), pp.258-270.  doi.org/10.1111/j.1365-
3040.2007.01641.x

[204]. Johnson, M.P., 2017. Correction: Photosynthesis. Essays in
Biochemistry, 61(4), p429.

[205]. Deori, C., Bhardwaj, S., Sinha, SK.,, Kumar, A, Das, R., Momin,
T.DXK, Gautam, P. and Lal, B., 2025. Carbon—Nitrogen Coupling
in Agroecosystems under Elevated CO, Scenarios: A Review.
International Journal of Plant & Soil Science, 37(9), pp.328-340.

[206]. Seleiman, MLF., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi,
M., Refay, Y., Dindaroglu, T., Abdul-Wajid, HH. and Battaglia,
ML, 2021. Drought stress impacts on plants and different
approaches to alleviate its adverse effects. Plants, 10(2), p.259.
doi.org/10.3390/plants10020259

p103043.



JMGE [

[207]. Mishra, S., Spaccarotella, K, Gido, J., Samanta, I. and
Chowdhary, G., 2023. Effects of heat stress on plant-nutrient
relations: An update on nutrient uptake, transport, and
assimilation. [International Journal of Molecular Sciences,
24(21), p.15670. doi.org/10.3390/ijms242115670

[208]. Riba, I, Bonnail, E. and Passarelli, M., 2022. Integrating causes
and effects in CO2 acidification. In COZ2 Acidification in
Aquatic Ecosystems (pp. 105-125). Elsevier.
doi.org/10.1016/B978-0-12-823552-2.00010-1

[209]. Fordham, M.C,, Harrison-Murray, R.S., Knight, L. and Evered,
CE,, 2001. Effects of leaf wetting and high humidity on stomatal
function in leafy cuttings and intact plants of Corylus maxima.
Physiologia plantarum, 113(2), pp-233-240.
doi.org/10.1034/j.1399-3054.2001.1130211.x

[210]. Arve, LE., Torre, S., Olsen, J.E. and Tanino, KK, 2011. Stomatal
responses to drought stress and air humidity. /n Abiotic stress
in plants-Mechanisms and adaptations. IntechOpen.

[211]. Du, J, Gao, Q., Sun, F, Liu, B, Jiao, Y. and Liu, Q., 2025.
Agricultural soil microbiomes at the climate frontier: Nutrient-
mediated adaptation strategies for sustainable farming.
Ecotoxicology and Environmental Safety, 295, p.118161.
doi.org/10.1016/j.ecoenv.2025.118161

[212]. Oishy, MN., Shemonty, N.A., Fatema, S.I, Mahbub, S., Mim,
E.L, Raisa, M.BH. and Anik, A-H,, 2025. Unravelling the effects
of climate change on the soil-plant-atmosphere interactions: A
critical review. Soil & Environmental Health, p100130.
doi.org/10.1016/j.seh.2025.100130

[213]. Leakey, A.D., Ainsworth, E.A, Bernacchi, C]J., Rogers, A., Long,
S.P. and Ort, D.R,, 2009. Elevated CO2 effects on plant carbon,
nitrogen, and water relations: six important lessons from FACE.
Journal of experimental botany, 60(10), pp.2859-2876.
doi.org/10.1093/jxb/erp096

[214]. Bao, C, Cao, Y., Zhao, L., Li, X, Zhang, ]. and Mao, C., 2025.
Biofuel Production from Phytoremediated Biomass via Various
Conversion Routes: A Review. Energies, 18(4), p.822.
Doi.org/10.3390/en18040822

[215]. Seo, J.Y., Tokmurzin, D., Lee, D., Lee, SH., Seo, M\W. and Park,
YK, 2022. Production of biochar from crop residues and its
application for biofuel production processes—an overview.
Bioresource Technology, 361, p127740.
Doi.org/10.1016/j.biortech.2022.127740

[216]. Song, B., Xu, P., Chen, M., Tang, W., Zeng, G., Gong, J., Zhang,
P. and Ye, S, 2019. Using nanomaterials to facilitate the
phytoremediation of contaminated soil. Critical reviews in
environmental science and technology, 49(9), pp.791-824.
Doi.org/10.1080/10643389.2018.1558891

[217]. Aryal, M., 2024. Phytoremediation strategies for mitigating
environmental toxicants. Heliyon, 10(19).
doi.org/10.1016/j.heliyon.2024.e38683

[218]. Kafle, A., Timilsina, A., Gautam, A., Adhikari, K., Bhattarai, A.
and Aryal, N, 2022. Phytoremediation: Mechanisms, plant
selection and enhancement by natural and synthetic agents.
Environmental Advances, 8, p-100203.
doi.org/10.1016/j.envadv.2022.100203

[219]. Saha, L., Tiwari, J., Bauddh, K. and Ma, Y., 2021. Recent
developments in microbe—plant-based bioremediation for
tackling heavy metal-polluted soils. Frontiers in Microbiology,
12, p.731723. doi.org/10.3389/fmicb.2021.731723

[220]. Bengyella, L., Kuddus, M., Mukherjee, P., Fonmboh, DJ. and
Kaminski, J.E., 2022. Global impact of trace non-essential heavy
metal contaminants in industrial cannabis bioeconomy. Toxin
Reviews, 41(4), pp-1215-1225.
Doi.org/10.1080/15569543.2021.1992444

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228 225

[221]. Zand, A.D., Mikaeili Tabrizi, A. and Vaezi Heir, A., 2020.
Application of titanium dioxide nanoparticles to promote
phytoremediation of Cd-polluted soil: contribution of PGPR
inoculation. Bioremediation Journal, 24(2-3), pp.171-189.
Doi.org/10.1080/10889868.2020.1799929

[222]. Glick, BR, 2010. Using soil bacteria to facilitate
phytoremediation. Biotechnology advances, 28(3), pp.367-374.
Doi.org/10.1016/j.biotechadv.2010.02.001

[223]. Dastyar, W., Raheem, A, He, J. and Zhao, M., 2019. Biofuel
production using thermochemical conversion of heavy metal-
contaminated biomass (HMCB) harvested from
phytoextraction process. Chemical Engineering Journal, 358,
Pp.759-785. Doi.org/10.1016/j.cej.2018.08 111

[224]. Harris, AT., Naidoo, K., Nokes, J., Walker, T. and Orton, F.,
2009. Indicative assessment of the feasibility of Ni and Au
phytomining in Australia. Journal of Cleaner Production, 17(2),
pp.194-200. Doi.org/10.1016/j.jclepro.2008.04.011

[225]. Bani, A, Echevarria, G, Sulge, S. and Morel, JL., 2015.
Improving the agronomy of Alyssum murale for extensive
phytomining: a five-year field study. /nternational Journal of
Phytoremediation, 17(2), pp-117-127.
doi.org/10.1080/15226514.2013.862204

[226].Li, YM,, Chaney, R., Brewer, E., Roseberg, R., Angle, ].S., Baker,
A, Reeves, R. and Nelkin, J., 2003. Development of a technology
for commercial phytoextraction of nickel: economic and
technical considerations. Plant and soil, 249(1), pp.107-115.
doi.org/10.1023/A:1022527330401

[227]. Cao, Z., Wang, S., Wang, T., Chang, Z,, Shen, Z. and Chen, Y.,
2015. Using contaminated plants involved in phytoremediation
for  anaerobic  digestion.  International  journal  of
phytoremediation, 17(3), pp-201-207.
Doi.org/10.1080/15226514.2013.876967

[228]. Mudhoo, A. and Kumar, S., 2013. Effects of heavy metals as
stress factors on anaerobic digestion processes and biogas
production from biomass. International Journal of
Environmental Science and Technology, 10, pp.1383-1398.
Doi.org/10.1007/s13762-012-0167-y

[229]. Guo, Q., Majeed, S., Xu, R., Zhang, K., Kakade, A., Khan, A,
Hafeez, F.Y., Mao, C, Liu, P. and Li, X, 2019. Heavy metals
interact with the microbial community and affect biogas
production in anaerobic digestion: A review. Journal of
environmental management, 240, Pp-266-272.
Doi.org/10.1016/j.jenvman.2019.03.104

[230]Alrawashdeh, K.AB.,, Gul, E,, Yang, Q., Yang, H., Bartocci, P. and
Fantozzi, F., 2020. Effect of heavy metals in the performance of
anaerobic digestion of olive mill waste. Processes, 8(9), p.1146.
Doi.org/10.3390/pr8091146

[231]. Kadam, R., Khanthong, K, Jang, H,, Lee, J. and Park, J., 2022.
Occurrence, fate, and implications of heavy metals during
anaerobic digestion: a review. Energies, 15(22), p.8618.
doi.org/10.3390/en15228618

[232]. Lee, J., Park, K., Cho, ], Kwon, EE. and Kim, J.Y., 2018.
Anaerobic digestion as an alternative disposal for
phytoremediated biomass from heavy metal contaminated sites.
Environmental Pollution, 243, pp-1704-1709.
Doi.org/10.1016/j.envpol.2018.09.108

[233]. Zhang, X, Yang, H., Wei, D., Chen, Z, Wang, Q., Song, Y., Ma,
Y. and Zhang, H,, 2023. Tolerance of anaerobic digestion sludge
to heavy metals: COD removal, biogas production, and
microbial variation. Journal of Water Process Engineering, 55,
p-104157. Doi.org/10.1016/j.jwpe.2023.104157

[234]. Yan, J., Wu, X, Li, T., Fan, W., Abbas, M., Qin, M,, Li, R,, Liu, Z.
and Liu, P., 2023. Effect and mechanism of nano-materials on
plant resistance to cadmium toxicity: A review. Ecotoxicology



226

and Environmental Safety, 266,
doi.org/10.1016/j.ecoenv.2023.115576

[235]. Faizan, M., Alam, P., Rajput, V.D., Faraz, A, Afzal, S., Ahmed,
SM., Yu, FY., Minkina, T. and Hayat, S., 2023. Nanoparticle
mediated plant tolerance to heavy metal stress: what we know?.
Sustainability, 15(2), p.1446. doi.org/10.3390/sul5021446

[236]. Wang, M., Sheng, G.D. and Wang, R, 2021. Progress in
disposal technologies for plants polluted with heavy metals after
phytoextraction.

[237]. Hamdan, AM., Sardi, A., Reksamunandar, R.P., Maulida, Z.,
Arsa, D.A, Lubis, S.S. and Nisah, K., 2024. Green synthesis of
NiO nanoparticles using a Cd hyperaccumulator (Lactuca sativa
L) and its application as a Pb (II) and Cu (II) adsorbent.
Environmental Nanotechnology, Monitoring & Management,
21, p.100910. Doi.org/10.1016/j.enmm.2023.100910

[238]. Simonnot, M.O., Vaughan, ]. and Laubie, B., 2017. Processing
of bio-ore to products. In Agromining: farming for metals:
extracting unconventional resources using plants (pp. 39-51).
Cham: Springer International Publishing. doi.org/10.1007/978-3-
319-61899-9_3

[239]. .§yc, M., Pohotely, M., Kamenikovd, P., Habart, J., Svoboda, K.
and Puncochai, M., 2012. Willow trees from heavy metals
phytoextraction as energy crops. Biomass and bioenergy, 37,
pp-106-113. Doi.org/10.1016/j.biombioe.2011.12.025

[240]. Fang, Y., Paul, M.C, Varjani, S., Li, X, Park, YK. and You, S.,
2021. Concentrated solar thermochemical gasification of
biomass: Principles, applications, and development. Renewable
and  Sustainable  Energy  Reviews, 150, pll1484.
doi.org/10.1016/j.rser.2021.111484

[241]. Vaish, B., Sharma, B., Srivastava, V., Singh, P., Ibrahim, M.H.
and Singh, RP., 2019. Energy recovery potential and
environmental impact of gasification for municipal solid waste.
Biofuels, 10(1), pp-87-100.
doi.org/10.1080/17597269.2017.1368061

[242]. Keller, C., Ludwig, C., Davoli, F. and Wochele, J., 2005. Thermal
treatment of metal-enriched biomass produced from heavy
metal phytoextraction. Environmental science & technology,
39(9), pp-3359-3367. Doi.org/10.1021/es0484101

[243]. Wang, D,, Jiang, P., Zhang, H. and Yuan, W., 2020. Biochar
production and applications in agro and forestry systems: A
review. Science of the Total Environment, 723, p.l37775.
Doi.org/10.1016/j.scitotenv.2020.137775

[244]. Hanchate, N., Ramani, S., Mathpati, C.S. and Dalvi, V.H., 2021.
Biomass gasification using dual fluidized bed gasification
systems: A review. Journal of Cleaner Production, 280, p.123148.
doi.org/10.1016/jjclepro.2020.123148

[245]. Kan, T. and Strezov, V., 2014. Gasification of biomass. Biomass
processing technologies, pp.81-121.

[246]. Singh, DK, Raj, R, Tirkey, J.V,, Jena, P., Parthasarathy, P.,
Mckay, G. and Al-Ansari, T., 2023. Progress and utilization of
biomass gasification for decentralized energy generation: an
outlook & critical review. Environmental Technology Reviews,
12(1), pp1-36. doi.org/101080/21622515.2023 2242014

[247]. Liu, W], Li, WW,, Jiang, H. and Yu, H.Q. 2017. Fates of
chemical elements in biomass during its pyrolysis. Chemical
Reviews, 117(9), Pp.6367-6398.
Doi.org/10.1021/acs.chemrev.6b00647

[248]. Qin F, Zhang C, Zeng G, Huang D, Tan X, Duan A.
Lignocellulosic biomass carbonization for biochar production
and characterization of biochar reactivity. Renewable and
Sustainable  Energy Reviews. 2022 Apr 1;157:112056.
Doi.org/10.1016/j.rser.2021.112056

[249]. Hitzl, M., Corma, A., Pomares, F. and Renz, M., 2015. The

p15576.

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

JMGE |}

hydrothermal carbonization (HTC) plant as a decentral
biorefinery for wet biomass. Catalysis Today, 257, pp.154-159.
doi.org/10.1016/j.cattod.2014.09.024

[250]. Han, Z.,, Guo, Z,, Zhang, Y., Xiao, X, Xu, Z. and Sun, Y., 2018.
Adsorption-pyrolysis technology for recovering heavy metals in
solution using contaminated biomass phytoremediation.
Resources, Conservation and Recycling, 129, pp.20-26.
Doi.org/10.1016/j.resconrec.2017.10.003

[251]. Akinbile, BJ. and Mbohwa, C., 2025. Incorporating
hyperaccumulating plants in phytomining, remediation and
resource recovery: recent trends in the African region—a review.
RSC Sustainability. DOI: 10.1039/D5SU00021A

[252]. Zhang, X., Houzelot, V., Plasari, E., Barbaroux, R., Laubie, B.,
Mercier, G., Blais, J., Bani, A., Echevarria, G., Morel, J.L. and
Simonnot, M.O., 2014. Phytomining: a win-win partnership
between agronomy and chemical engineering to recycle metals
dispersed in soils. [n GPE—4th International Congress on Green
Process Engineering 7-10 April 2014—Sevilla (Spain). Récents
Progres en Génie des Procédés, 106.

[253]. Dusengemungu, L., Kasali, G., Gwanama, C. and Mubemba, B.,
2021. Overview of fungal bioleaching of metals. Environmental
Advances, 5, p.100083. doi.org/10.1016/j.envadv.2021.100083

[254]. Minut, M., Cozma, P., Rosca, M., Vasilachi, 1.C,, Hlihor, RM,,
Diaconu, M. and Gavrilescu, M., 2021, November. Recovery of
valuable heavy metals from polluted soil using Phytomining
process-a new challenge for earning secondary raw materials
and health risk reduction. /n 2021 International Conference on
e-Health and Bioengineering (EHB) (pp. 1-4). IEEE.

[255]. Rasoulnia, P. and Mousavi, S.M., 2016. V and Ni recovery from
a vanadium-rich power plant residual ash using acid producing
fungi: Aspergillus niger and Penicillium simplicissimum. RSC
advances, 6(11), pp.9139-9151.doi.org/10.1039/C5RA24870A

[256]. Krisnayanti, B.D., Anderson, CW., Sukartono, S., Afandi, Y.,
Suheri, H. and Ekawanti, A., 2016. Phytomining for artisanal
gold mine tailings management. Minerals, 6(3), p.84.
Doi.org/10.3390/min6030084

[257]. Laubie, B., Vaughan, J. and Simonnot, M.O., 2021. Processing
of hyperaccumulator plants to nickel products. Agromining:
Farming for Metals: Extracting Unconventional Resources
Using Plants, pp.47-61. Doi.org/10.1007/978-3-030-58904-2_3

[258]Zhang, X., Houzelot, V., Bani, A, Morel, ].L., Echevarria, G. and
Simonnot, M.O., 2014. Selection and combustion of Ni-
hyperaccumulators for the phytomining process. International
Journal  of  Phytoremediation, 16(10),  pp.1058-1072.
doi.org/10.1080/15226514.2013.810585

[259] Grifoni, M., Pedron, F., Barbafieri, M., Rosellini, I, Petruzzelli,
G. and Franchi, E., 2021. Sustainable valorization of biomass:
From assisted phytoremediation to green energy production.
Handbook of assisted and amendment: enhanced sustainable
remediation technology, pp-29-51
doi.org/10.1002/9781119670391.ch2

[260]Cozma, P., Hlihor, RM., Rosca, M., Minut, M., Diaconu, M. and
Gavrilescu, M., 2021, November. Coupling Phytoremediation
with Plant Biomass Valorisation and Metal Recovery: an
Overview. In 2021 International Conference on e-Health and
Bioengineering (EHB) (pp. 1-4). IEEE.

[261] He, J., Kumar, R., Kan, T. and Strezov, V., 2023. A state-of-the-
art review of the fate of heavy metals and product properties
from pyrolysis of heavy-metal (loid)-enriched biomass
harvested from phytoextraction. Environmental Progress &
Sustainable Energy, 42(1), p.e13979. doi.org/10.1002/ep.13979

[262]. Habashi, F, 2017. Prnciples of extractive metallurgy.
Routledge.



JMGE [

[263]. Thakur, P. and Kumar, S., 2020. Metallurgical processes unveil
the unexplored “sleeping mines” e-waste: a review.
Environmental Science and Pollution Research, 27(26),
Pp-32359-32370. doi.org/10.1007/s11356-020-09405-9

[264]. Simonnot, M.O., Vaughan, J. and Laubie, B., 2017. Processing
of bio-ore to products. In Agromining: farming for metals:
extracting unconventional resources using plants (pp. 39-51).
Cham: Springer International Publishing. doi.org/10.1007/978-3-
319-61899-9_3

[265]. Anderson, CW.N,, Brooks, RR., Chiarucci, A., LaCoste, CJ.,
Leblanc, M., Robinson, B.H., Simcock, R. and Stewart, R.B., 1999.
Phytomining for nickel, thallium and gold. Journal of
geochemical exploration, 67(1-3), pp-407-415.
doi.org/10.1016/S0375-6742(99)00055-2

[266]. Boominathan, R., Saha-Chaudhury, N.M., Sahajwalla, V. and
Doran, PM. 2004 Production of nickel bio-ore from
hyperaccumulator plant biomass: Applications in phytomining.
Biotechnology —and  bioengineering, 86(3), pp.243-250.
doi.org/10.1002/bit.10795

[267]. Gupta, CK,, 2006. Chemical metallurgy: principles and
practice. John Wiley & Sons.

[268]. Jain, N. and Sharma, D.K, 2004 Biohydrometallurgy for
nonsulfidic minerals—a review. Geomicrobiology Journal,
21(3), pp.135-144. doi.org/10.1080/01490450490275271

[269]. Schippers, A., Hedrich, S., Vasters, J., Drobe, M., Sand, W. and
Willscher, S., 2013. Biomining: metal recovery from ores with
microorganisms. Geobiotechnology I: Metal-related Issues, pp.1-
47. doi.org/10.1007/10_2013_216

[270]. Johnson, D.B., 2014. Biomining—biotechnologies for extracting
and recovering metals from ores and waste materials. Current
opinion in biotechnology, 30, pp-24-31.
doi.org/10.1016/j.copbio.2014.04.008

[271] Zhang, X, Laubie, B., Houzelot, V., Plasari, E., Echevarria, G. and
Simonnot, M.O., 2016. Increasing purity of ammonium nickel
sulfate hexahydrate and production sustainability in a nickel
phytomining process. Chemical engineering research and
design, 106, pp.26-32. Doi.org/10.1016/j.cherd.2015.12.009

[272]. Jally, B, Frangois, M., Kessler, M., Laubie, B. and Simonnot,
M.O., 2022. Recovery of nickel from strongly acidic bio-ore
leachate using a bispicolylamine-based chelating resin.
Separation and Purification Technology, 293, p.J21126.
Doi.org/10.1016/j.seppur.2022.121126

[273]. Brierley, CL. 2010. Biohydrometallurgical prospects.
Hydrometallurgy, 104(3-4), Pp-324-328.
doi.org/10.1016/j.hydromet.2010.03.021

[274]. Priya, A. and Hait, S., 2018. Toxicity characterization of metals
from various waste printed circuit boards. Process Safety and
Environmental Protection, 116, pp.74-81.
doi.org/10.1016/j.psep.2018.01.018

[275]. Lee, J., Lee, K, Sohn, D., Kim, YM. and Park, KY., 2018b.
Hydrothermal carbonization of lipid extracted algae for
hydrochar production and feasibility of using hydrochar as a
solid fuel Energy, 153, pp-913-920.
Doi.org/10.1016/j.energy.2018.04.112

[276]. Lee, J. and Park, KY. 2021. Conversion of heavy metal-
containing biowaste from phytoremediation site to value-added
solid fuel through hydrothermal carbonization. Environmental
Pollution, 269, p.116127. Doi.org/10.1016/j.envpol. 2020.116127

[277]. Kim, D. Lee, K. and Park, KY. 2014 Hydrothermal
carbonization of anaerobically digested sludge for solid fuel
production and energy recovery. Fuel 130, pp.120-125.
Doi.org/10.1016/j.fuel. 2014.04.030

[278]. DebRoy, T. and Elmer, JJW., 2024. Metals beyond tomorrow:

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228 227

Balancing supply, demand, sustainability, substitution, and
innovations. Materials Today, 80, pp.737-757.
doi.org/10.1016/j.mattod.2024.09.007

[279]. Northey, S., Mohr, S., Mudd, GM.,, Weng, Z. and Giurco, D.,
2014. Modelling future copper ore grade decline based on a
detailed assessment of copper resources and mining. Resources,
Conservation and Recycling, 83, pp-190-201
Doi.org/10.1016/j.resconrec.2013.10.005

[280]. Mudd, G.M,, Jowitt, SM. and Werner, T.T., 2017. The world's
lead-zinc mineral resources: Scarcity, data, issues and
opportunities. Ore Geology Reviews, 80, pp.1160-1190.
Doi.org/10.1016/j.oregeorev.2016.08.010

[281]. Teseletso, LS. and Adachi, T., 2023. Future availability of
mineral resources: ultimate reserves and total material
requirement.  Mineral — Economics, 36(2), pp.189-206.
Doi.org/10.1007/s13563-021-00283-2

[282]. Wellmer, FW., Scholz, RW. and Bastian, D., 2023. Can
ultimate recoverable resources (URRs) be assessed? Does
analyzing declining ore grades help?. Mineral Economics, 36(4),
Pp-599-613. Doi.org/10.1007/s13563-023-00368-0

[283]. Hunt, AJ., Farmer, TJ. and Clark, JH., 2013. Elemental
sustainability and the importance of scarce element recovery.
Doi.org/10.1039/9781849737340-00001

[284]. Balaram, V. and Santosh, M., 2025. New challenges of critical
minerals for energy security: impacts on environment and
human health, and remediation strategies for sustainability.
Gondwana Research. doi.org/10.1016/j.gr.2025.07.001

[285]. Simon, B., Ziemann, S. and Weil, M., 2015. Potential metal
requirement of active materials in lithium-ion battery cells of
electric vehicles and its impact on reserves: Focus on Europe.
Resources, conservation and recycling, 104, pp.300-310.
Doi.org/10.1016/j.resconrec.2015.07.011

[286]. Habib, K., Hansdéttir, S.T. and Habib, H., 2020. Critical metals
for electromobility: Global demand scenarios for passenger
vehicles, 2015-2050. Resources, Conservation and Recycling,
154, p.104603. Doi.org/10.1016/j.resconrec.2019.104603

[287]. Crundwell, FX., Moats, M., Ramachandran, V., Robinson, T.
and Davenport, W.G.,, 2011. Extractive metallurgy of nickel,
cobalt and platinum group metals. Elsevier.

[288]. Coutsouradis, D., Davin, A. and Lamberigts, M., 1987. Cobalt-
based superalloys for applications in gas turbines. Materials
Science and Engineering, 88, pp.1l1-19. doi.org/10.1016/0025-
5416(87)90061-9

[289]. Li, M. and Lu, J., 2020. Cobalt in lithium-ion batteries. Science,
367(6481), pp.979-980. Doi.org/10.1126/science.aba9168

[2901. Nguyen, T.H., Won, S., Ha, M.G., Nguyen, D.D. and Kang, H.Y.,
2021. Bioleaching for environmental remediation of toxic metals
and metalloids: A review on soils, sediments, and mine tailings.
Chemosphere, 282, p-131108.
doi.org/10.1016/j.chemosphere.2021.131108

[291]. Okewale, LA. and Grobler, H., 2023. Assessment of heavy
metals in tailings and their implications on human health.
Geosystems — and  Geoenvironment,  2(4), p.100203.
doi.org/10.1016/j.geoge0.2023.100203

[292]. Aswathanarayana, U., 2003. Mineral resources management
and the environment. CRC Press.
Doi.org/10.1201/9780203971222

[293]. Chandra, R, Sathya, V., Prusty, BAK, Azeez, P.A. and
Mahimairaja, S., 2014, December. The Kolar Gold Mines, India:
present status and prospects for phytomining. /n 2014-
Sustainable Industrial Processing Summit (Vol. 1, pp. 273-282).
Flogen Star Outreach.



228

[294]. Sheoran, V. and Choudhary, RP, 2021

Phytostabilization of mine tailings. /n Phytorestoration of

abandoned mining and oil drilling sites (pp. 307-324). Elsevier.
doi.org/10.1016/B978-0-12-821200-4.00016-9

[295]Karaca, O., Cameselle, C. and Reddy, KR., 2018. Mine tailing
disposal sites: contamination problems, remedial options and
phytocaps for sustainable remediation. Reviews in
Environmental Science and Bio/Technology, 17(1), pp.205-228.
doi.org/10.1007/s11157-017-9453-y

[296]. Ghasemi, Z., Ghaderian, S.M., Rodriguez-Garrido, B., Prieto-
Ferndndez, A. and Kidd, P.S., 2018. Plant species-specificity and
effects of bioinoculants and fertilization on plant performance
for nickel phytomining. Plant and Soil, 425, pp.265-285.

[297]. Bani, A. and Echevarria, G., 2019. Can organic amendments
replace chemical fertilizers in nickel agromining cropping
systems in Albania?. International Journal of Phytoremediation,
21(1), pp43-51. Doi.org/10.1080/15226514.2018.1523871

[298]. Chaney, R.L., Baker, AJ. and Morel, J.L,, 2021. The long road to
developing agromining/phytomining. Agromining: farming for
metals: extracting unconventional resources using plants, pp.l-
22. Doi.org/10.1007/978-3-030-58904-2_1

[299]. Van der Ent, AJM.M]J,, Baker, AJM,, Van Balgooy, M.M/J. and
Tjoa, AMMJ., 2013b. Ultramafic nickel laterites in Indonesia
(Sulawesi, Halmahera): mining, nickel hyperaccumulators and
opportunities for phytomining. Journal of Geochemical
Exploration, 128, pp.72-79. Doi.org/10.1016/j.gexplo.2013.01.009

[300]. Krol-Sinclair, Maria J. and Thomas Hale. 2023. “The United
States Needs to Innovate New Mineral Production
Technologies. Here’s One” Center for Strategic and
International Studies, March 24, 2023.

[301]. Echevarria, G., 2020. Genesis and behaviour of ultramafic soils
and consequences for nickel biogeochemistry. In Agromining:
Farming for metals: Extracting unconventional resources using
plants (pp. 215-238). Cham: Springer International Publishing.
Doi.org/10.1007/978-3-030-58904-2_11

[302]. Nascimento, CW.AD., Lima, LHV,, Silva, YJ.ABD. and
Biondi, CM.,, 2022. Ultramafic soils and nickel phytomining
opportunities: A review. Revista Brasileira de Ciéncia do Solo,
46, p.e0210099. Doi.org/10.36783/18069657rbcs20210099

[303]. Galey, M.L,, van Der Ent, A, Igbal, M.CM. and Rajakaruna, N.,
2017. Ultramafic geoecology of south and Southeast Asia.
Botanical Studies, 58, pp.1-28. Doi.org/10.1186/s40529-017-0167-
9

[304]. Winterhalder, K., 1988, April. Trigger factors initiating natural
revegetation prosesses on barren, acid, metal-toxic soils near
Sudbury, Ontario smelters. /n Mine Drainage and Surface Mine
Reclamation (Vol. 2, pp. 118-124).

[305]. Winterhalder, K., 1996. Environmental degradation and
rehabilitation of the landscape around Sudbury, a major mining
and smelting area. Environmental Reviews, 4(3), pp.185-224.
Doi.org/10.1139/a96-011

[306]. Bagatto, G. and Shorthouse, J.D., 1999. Biotic and abiotic
characteristics of ecosystems on acid metalliferous mine tailings
near Sudbury, Ontario. Canadian Journal of Botany, 77(3),
pp410-425. Doi.org/10.1139/b98-233

[307]. Peters, T.H., 1984. Rehabilitation of mine tailings: A case of
complete ecosystem reconstruction and revegetation of
industrially stressed lands in the Sudbury area, Ontario, Canada.
Effects of Pollutants at the Ecosystem Level. John Wiley & Sons
Ltd, pp.403-421.

[308]. Lowe, DR, 1999. Geologic evolution of the Barberton
Greenstone Belt and vicinity. doi.org/10.1130/0-8137-2329-9.287

[309]. Hofmann, A, Anhaeusser, CR. and Li, XH., 2021. Layered

E. . Oziegbe et al, /Int. J. Min. & Geo-Eng. (IIMGE), 60-2 (2026) 209-228

JMGE |}

ultramafic complexes of the Barberton Greenstone Belt—age
constraints and tectonic implications. South African Journal of
Geology 2021, 124(1), pp.7-16.

[310]. Kumar, A. and Maiti, SK,, 2013. Availability of chromium,
nickel and other associated heavy metals of ultramafic and
serpentine soil/rock and in plants. International Journal of
Emerging Technology and Advanced Engineering, 3(2), pp.256-
268.

[311].Van der Ent, A, Mulligan, D. and Erskine, P., 2013. Newly
discovered nickel hyperaccumulators from Kinabalu Park,
Sabah (Malaysia) with potential for phytomining.

[312]. Anawar, HM., Hossain, M.Z,, Santa-Regina, I, Strezov, V. and
Akter, F., 2019. Phytomining of valuable metals/metalloids from
mining wastes, tailings and contaminated soils. /n Sustainable
and Economic Waste Management (pp. 109-126). CRC Press.

[313]. Asiminicesei, D.M,, Fertu, D.I. and Gavrilescu, M., 2024. Impact
of heavy metal pollution in the environment on the metabolic
profile of medicinal plants and their therapeutic potential.
Plants, 13(6), p.913. Doi.org/10.3390/plants13060913

[314]. Lone, M1, He, ZL, Stoffella, PJ. and Yang, XE., 2008.
Phytoremediation of heavy metal polluted soils and water:
progresses and perspectives. Journal of Zhejiang University
Science B, 9(3), pp.210-220. Doi.org/10.1631/jzus.B0710633

[315].Sotoodehnia-Korani, S., Iranbakhsh, A., Ebadi, M., Majd, A. and
Ardebili, Z.0., 2020. Selenium nanoparticles induced variations
in growth, morphology, anatomy, biochemistry, gene
expression, and epigenetic DNA methylation in Capsicum
annuum; an in vitro study. Environmental Pollution, 265,
p-114727. Doi.org/10.1016/j.envpol.2020.114727

[316].Mirakhorli, T., Ardebili, Z.O. Ladan-Moghadam, A. and
Danaee, E., 2021. Bulk and nanoparticles of zinc oxide exerted
their beneficial effects by conferring modifications in
transcription factors, histone deacetylase, carbon and nitrogen
assimilation, antioxidant biomarkers, and secondary
metabolism in soybean. Plos one, 16(9), p.e0256905.
Doi.org/10.1371/journal. pone.0256905

[317]1.Yang, J., Cao, W. and Rui, Y., 2017. Interactions between
nanoparticles and plants: phytotoxicity and defense
mechanisms. Journal of plant interactions, 12(1), pp.158-169.
doi.org/10.1080/17429145.2017.1310944

[318].Al-Khayri, J.M., Rashmi, R., Surya Ulhas, R, Sudheer, W.N,,
Banadka, A., Nagella, P., Aldaej, M., Rezk, A.A.S., Shehata, W.F.
and Almaghasla, M.I, 2023. The role of nanoparticles in
response of plants to abiotic stress at physiological, biochemical,
and molecular levels. Plants, 12(2), p292.
Doi.org/10.3390/plants12020292

[319]. Khalid, M.F., Igbal Khan, R., Jawaid, M.Z., Shafqat, W., Hussain,
S., Ahmed, T., Rizwan, M., Ercisli, S., Pop, O.L. and Alina Marc,
R., 2022. Nanoparticles: the plant saviour under abiotic stresses.
Nanomaterials, 12(21), p.3915. doi.org/10.3390/nano12213915

[320]. Gallo-Franco, JJ., Sosa, C.C, Ghneim-Herrera, T. and
Quimbaya, M., 2020. Epigenetic control of plant response to
heavy metal stress: a new view on aluminum tolerance. Frontiers
in plant science, 11, p.602625. Doi.org/10.3389/fpls.2020.602625

[321]. Igbal, B,, Ahmad, N, Li, G, Jalal, A, Khan, AR, Zheng, X,
Naeem, M. and Du, D, 2024 Unlocking plant resilience:
Advanced epigenetic strategies against heavy metal and
metalloid stress. Plant Science, p112265.
Doi.org/10.1016/j.plantsci.2024.112265



