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Introduction
The rapid industrialization and intensification 
of agriculture over the  past decades have led to 
the accumulation of potentially toxic elements (PTEs), 
including cadmium (Cd), lead (Pb), arsenic (As), 
and mercury (Hg) in  soils and aquatic environments 
(Alloway, 2013). These contaminants pose serious 
risks to ecosystems, food safety, and human health 
due to their persistence, bioaccumulation, and 
toxicity even at low concentrations (Tchounwou et al., 

2012). Conventional remediation methods, including 
excavation, soil washing, and chemical stabilization, 
are often expensive, energy-intensive, and may cause 
secondary pollution (Mulligan et al., 2001). 
Phytoremediation has emerged as a  promising, 
environmentally sustainable technology that leverages 
plants‘ natural ability to extract, stabilize, degrade, 
or volatilize pollutants from the  environment (Ali et 
al., 2013). Its advantages include low cost, minimal 
disturbance to ecosystems, and the  potential 
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for  aesthetic and ecological restoration of degraded 
landscapes. Phytoremediation efficiency depends 
on interactions among plants, soil properties, 
and rhizosphere microorganisms, as well as on 
physiological and biochemical traits that determine 
plant tolerance and metal accumulation capacity (Ma 
et al., 2011; Pilon-Smits, 2005).
In recent years, increasing attention has been paid 
to selecting efficient plant species and optimizing 
environmental and physiological conditions to enhance 
remediation efficiency (Yan et al., 2020). Moreover, 
differences between C3 and C4 plants provide valuable 
insights into plant adaptation to stress conditions such 
as drought, salinity, and PTE exposure (Sage et al., 
2011).

This review aims to synthesize current evidence 
on plant-based strategies for reducing the  mobility, 
bioavailability, and ecological risk of PTEs 
in contaminated soils and aquatic environments, with 

an emphasis on phytoextraction, phytostabilization, 
phytovolatilization, bioenergy crops, and post-harvest 
management of contaminated biomass.

Plant-based remediation strategies
Among the  technologies used to restore metal-
contaminated soils, phytoremediation is generally low-
cost, causes limited site disturbance, and can support 
ecological restoration. Because of its relatively simple 
application at a  large scale and low impact on local 
ecology, interest in this method has grown over the past 
15 years. Additionally, by capturing PTEs, the method 
helps reduce soil erosion and metal leaching through 
contaminant stabilization, thereby reducing the  risk 
of contaminant spread. Moreover, phytoremediation 
enhances soil fertility by increasing organic matter 
accumulation (Wuana, 2011; Jacob et al., 2018).

Plants can absorb dissolved ions from the  soil 
solution, even at low concentrations. Plant roots can 

Figure 1	 Schematic representation of PTE uptake and translocation in plants during phytoremediation. Potentially toxic 
elements are taken up by roots from the  soil solution, depending on soil physicochemical conditions and root 
membrane properties. After root uptake, PTEs may be transported upward through the xylem from roots to shoots 
and leaves, where they can be immobilized, accumulated, or sequestered in plant biomass. This pathway illustrates 
the main physiological basis of phytoextraction and aboveground accumulation of contaminants
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extend throughout large portions of the  soil profile. 
Subsequently, rhizosphere interactions develop that 
can influence PTE accumulation and bioavailability, 
thereby contributing to soil restoration and improved 
soil stability (Jacob et al., 2018). Phytoremediation has 
been shown to remove or immobilize Cd, As, Ni, Pb, and 
Cu (Velasco-Arroyo et al., 2024). The general pathway 
of PTE uptake, xylem-mediated translocation, and 
subsequent immobilization in  aboveground tissues is 
schematically presented in Figure 1. 

Plants interact with contaminants through root uptake, 
translocation, transformation, sequestration, and 
volatilization. For organic pollutants, phytodegradation 
and rhizodegradation may contribute to contaminant 
breakdown. In contrast, inorganic PTEs are not degraded; 
instead, phytoremediation alters their speciation, 
mobility, bioavailability, compartmentalization, or 
transfer among environmental compartments.

Plant establishment on PTE-contaminated soils may 
be constrained by high metal bioavailability, low 
organic matter content, acidity, salinity, and nutrient 
imbalance. Biochar is used as a  soil amendment 
in some phytoremediation systems because its alkaline 
functional groups, porous structure, and cation-
exchange properties can decrease the  soluble fraction 
of several cationic PTEs and improve conditions for 
plant growth (Beesley et al., 2011; Ahmad et al., 2014; 
Saletnik et al., 2019). However, the  effects of biochar 
are not universal: immobilization efficiency depends on 
feedstock, pyrolysis temperature, ash content, pH, soil 
texture, contaminant speciation, and application rate. 
Therefore, biochar is better regarded as a  site-specific 
amendment that may support phytostabilization or plant 
establishment, rather than as a standalone remediation 
method. In mine wastes and acidic substrates, alkaline 
biochars can reduce metal mobility and improve 
rhizosphere conditions, but field validation and 
monitoring of contaminant redistribution remain 
necessary (Drzewiecka et al., 2021). 

Phytoremediation includes several major processes, 
among which phytostabilization and phytoextraction 
are particularly important for PTE-contaminated 
soils. Phytostabilization immobilizes contaminants 
in  the  rhizosphere or root tissues, whereas 
phytoextraction involves contaminant uptake from 
soil and subsequent translocation to harvestable 
aboveground biomass. For phytoextraction to be 
effective, plants must accumulate significant amounts 
of PTEs, tolerate contaminated soil, and produce large 
quantities of biomass under unfavorable conditions 
(McGrath et al., 2002). Until recently, phytoremediation 

research has focused on identifying species with 
high metal-accumulation capacity, although practical 
application is often limited by low biomass production 
(Luo et al., 2005; Shumaker and Begonia, 2005).

Phytostabilization of PTEs primarily reduces 
contaminant mobility and bioavailability through root 
retention, rhizosphere immobilization, adsorption to 
amendments, and erosion control. Rhizodegradation 
and phytohydraulics are more relevant to organic 
contaminants and are therefore best treated as 
complementary mechanisms (Hong et al., 2001; 
Bakshe, 2023). 

In situations involving widespread contamination 
or soils with high concentrations of PTEs, 
phytostabilization is often the  most economical and 
environmentally sustainable remediation approach. 
This is largely because phytoextraction is typically too 
slow for highly contaminated sites (Wong, 2003; Dary 
et al., 2010).

Plant selection plays a critical role in the effectiveness 
of metal phytostabilization strategies. Ideally, suitable 
plants should be able to develop a robust root system 
and produce substantial biomass, even in environments 
with high PTE concentrations. At the  same time, 
suitable species should minimize metal translocation 
from roots to shoots. For a plant to function effectively 
in  phytostabilization, it must absorb only limited 
amounts of PTEs, thereby reducing the  risk of these 
contaminants entering the wildlife food chain (Alkorta 
et al., 2010).

To enhance the effectiveness of phytostabilization, most 
approaches incorporate soil amendments. In addition 
to organic materials, commonly used amendments 
include liming agents, phosphorus compounds, 
aluminosilicates, and metal oxyhydroxides. These 
substances improve soil conditions, thereby supporting 
plant establishment and growth. The  combined 
use of stabilizing plants and soil amendments, such 
as compost, calcium oxide (CaO), and zeolites, for 
remediation is referred to as chemophytostabilization, 
assisted natural remediation, and aided 
phytostabilization (Alvarenga et al., 2008). In such 
strategies, the amendments act as immobilizing agents, 
reducing the  bioavailable fraction of PTEs in  the  soil. 
Reduced metal bioavailability facilitates revegetation 
and promotes ecosystem recovery in  contaminated 
areas. Additionally, vegetation helps limit the  spread 
of pollutants by minimizing wind and water erosion. 
It may further aid in  metal immobilization through 
biological activity and the production of organic matter 
(Bouwman et al., 2004; Ruttens et al., 2006).
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In this context, Bidar and colleagues examined 
the  potential of Lolium perenne and Trifolium 
repens to stabilize PTEs at a  contaminated site near 
a  decommissioned lead (Pb) smelter. Their findings 
showed that PTEs were predominantly retained 
in  the  roots rather than translocated to the  shoots. 
The  most accumulated metal was Cd, followed by Zn 
and Pb (Bidar et al., 2007). Lei and Duan investigated 
the  phytostabilization potential of ten pioneer plant 
species for remediating lead-zinc (Pb-Zn) mine tailings. 
The species examined included Artemisia roxburghiana, 
Clematis tangutica, Carex inanis, Cyperaceae hebecarpus, 
Plantago depressa, Cynoglossum lanceolatum, Potentilla 
saundesiana, Coriaria sinica, Oxyria sinensis, and 
Miscanthus nepalensis. Their study revealed that 
PTEs were primarily accumulated in  the  root tissues 
of these plants. Among the  ten species, Artemisia 
roxburghiana demonstrated the  highest potential for 
phytostabilization. This was attributed not only to 
its metal retention capacity but also to its significant 
enhancement of rhizosphere soil fertility, including 

increased levels of available organic matter and 
macroelements (Lei and Duang, 2008).

An additional investigation assessed the effectiveness 
of pig manure and conventional fertilizer as soil 
amendments for remediating lead (Pb)-contaminated 
substrates. Within this framework, Vetiveria 
zizanioides and Thysanolaena maxima demonstrated 
considerable potential for chemophytostabilization 
in  Pb-mining environments. The  study reported 
minimal Pb translocation to aerial tissues, with shoot 
concentrations ranging from 8.3 to 179 mg·kg-1. In 
contrast, root tissues accumulated substantially higher 
Pb levels, ranging from 107 to 911 mg·kg-1, indicating 
a  strong capacity for metal immobilization in  roots 
(Rotkittikhun et al., 2007).

Plant uptake of PTEs is primarily governed by their 
bioavailability in the soil matrix (Glick, 2010). According 
to Lebeau et al. (2008), several soil characteristics 
influence metal bioavailability, including particle 
size, nutrient levels, pH, redox potential, organic 

Figure 2	 Rhizosphere-mediated uptake and root-to-shoot transport of potentially toxic elements (PTEs) in plants. PTEs 
present in  the  soil solution can interact with plant roots and rhizosphere microorganisms before entering 
root tissues. Microbial activity in  the  rhizosphere may modify PTE bioavailability by releasing organic acids, 
siderophores, biosurfactants, and other metabolites that influence metal mobility and uptake. After absorption 
by the  root system, PTEs may be transported upward through the  xylem, contributing to their accumulation, 
immobilization, or sequestration in plant tissues
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matter content, and the  presence of competing 
ions. Rhizosphere microorganisms can enhance 
the  phytoavailability of PTEs by releasing chelating 
compounds (e.g., siderophores, biosurfactants, and 
organic acids), promoting soil acidification, engaging 
in  redox reactions, and facilitating phosphate 
solubilization (Lebeau et al., 2008). The role of the root 
system and rhizosphere microorganisms in  PTE 
mobilization, uptake, and subsequent xylem-mediated 
transport is schematically shown in Figure 2. 

Phytovolatilization refers to the  uptake of selected 
contaminants by plants, their biochemical conversion 
into volatile forms, and subsequent release from aerial 
tissues to the atmosphere. Among PTEs, this mechanism 
is most relevant for elements that can form volatile 
species, particularly Se and Hg, and, in  some cases, 
arsenic-containing compounds (Terry et al., 2000; Yan 
et al., 2020; Bhat et al., 2022). Unlike phytoextraction, 
phytovolatilization does not concentrate contaminants 
in  harvestable biomass; instead, it transfers 
contaminants from soil or water into the atmospheric 
compartment. For this reason, it should be evaluated 
together with atmospheric transport, redeposition, 
and risk-transfer considerations.

For selenium, plants can assimilate inorganic Se 
into organic selenoamino acids and subsequently 
transform part of the  absorbed Se into volatile 
methylated compounds such as dimethylselenide or 
dimethyldiselenide. These forms are generally less 
toxic than many inorganic selenium species, but their 
release still represents transfer of the  element from 
soil or water into the atmosphere (Terry et al., 2000). 
For mercury, engineered or naturally tolerant plant-
microbe systems may reduce Hg²⁺ to elemental Hg⁰, 
which is more volatile than ionic mercury and may be 
emitted from plant tissues (Bizily et al., 2000; Awa and 
Hadibarata, 2020). However, Hg⁰ can be transported by 
the atmosphere and later redeposited; under suitable 
anaerobic conditions, it may contribute indirectly to 
methylmercury formation after redeposition (Chibuike 
and Obiora, 2014).

Accordingly, phytovolatilization is best described 
as a  contaminant-transformation and risk-
redistribution process rather than a  complete 
remediation endpoint. It may be useful when 
volatilized products are demonstrably less toxic and 
when emissions are monitored, but it is less suitable 
where atmospheric release could create secondary 
exposure pathways. Any discussion of this mechanism 
should therefore  include both its potential benefits 
and its limitations as a possible source of atmospheric 

contamination and redeposition (Vangronsveld et al., 
2009).

Phytomining is a  bio-based metal recovery strategy 
that employs metal-hyperaccumulating plant species 
to extract economically valuable elements from 
substrates such as low-grade ores, mine tailings, 
and  contaminated soils. The  harvested biomass, 
enriched in target PTEs, is subsequently processed into 
a  “bio-ore” suitable for metallurgical recovery (Kikis 
et al., 2024). This approach capitalizes on the natural 
capacity of specific plant taxa to accumulate elevated 
concentrations of PTEs, including nickel, cobalt, zinc, 
rare-earth elements, and gold, in  their aerial tissues 
(Sheoran et al., 2009; Dinh et al., 2022). Empirical 
evidence from both field and controlled-environment 
studies has demonstrated the  potential of these 
species to extract measurable quantities of PTEs when 
cultivated on metal-enriched substrates (Li et al., 
2020). Phytomining presents several advantages over 
conventional mining practices. It offers the  potential 
to reduce environmental degradation, facilitate 
t remediation of contaminated sites, and enable 
resource recovery from substrates that are otherwise 
uneconomical to exploit through traditional methods.

Recent studies highlight the  promise of nickel 
phytomining and the  selective recovery of rare-earth 
elements, particularly in  geochemically favorable 
environments such as serpentine soils and mine 
residues (van der Ent et al., 2015). Nonetheless, 
achieving commercial viability at scale necessitates 
further advancements in plant productivity, processing 
efficiency, and system integration. Current research 
focuses on improving agronomic performance through 
the  application of soil amendments (e.g., biochar, 
fertilizers, microbial inoculants), the  selection and 
breeding of superior hyperaccumulator genotypes, 
and the development of integrated systems that couple 
phytomining with bioenergy production to improve 
overall economic returns.

Studies have demonstrated that particular plant species 
can accumulate measurable quantities of gold (Au) 
when grown in Au-enriched soils or treated substrates. 
For instance, conifer species growing naturally in gold 
ore regions of Canada were reported to accumulate up 
to 0.02 mg Au·kg-1 dry weight (DW), approximately 100 
times higher than typical background concentrations 
in  vegetation (Corzo Remigio et al., 2020). Similarly, 
when soils containing 0.6 mg Au·kg-1 were treated with 
sodium cyanide, Brassica juncea accumulated up to 
63 mg Au·kg-1 DW, suggesting that a viable phytomining 
yield of 1 kg Au·ha-1 could be achieved if plants reached 
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a biomass of approximately 10,000 kg·ha-1 with tissue 
concentrations around 100 mg Au·kg-1 (Wilson-Corral 
et al., 2012).

Further experiments have demonstrated comparable 
effects in  other plant species. Daucus carota (carrot) 
accumulated 0.779 mg Au·ha-1 when treated with 
ammonium thiocyanate and 1.45 mg Au·ha-1 when 
treated with thiosulfate under growth conditions 
containing 3.8 mg Au·kg-1 substrate (Msuya et al., 2000). 
More recently, Helichrysum arenarium was investigated 
for its gold uptake potential, showing translocation 
and bioaccumulation factors (TF = 2.04, BAF = 0.59), 
indicating efficient metal transport and storage within 
plant tissues. The study concluded that increasing gold 
bioavailability through soil amendments such as NaCN, 
SCN⁻, and thiosulfates could enhance the efficiency of 
this species for phytomining applications (Vural and 
Safari, 2022).

Cadmium hyperaccumulation has been most 
consistently documented in  metal-tolerant 
Brassicaceae, particularly species historically referred 
to as Thlaspi L. and now often treated within Noccaea 
Moench. Noccaea caerulescens (J. Presl & C. Presl) F.K. 
Mey. and related taxa can accumulate unusually high 
Cd concentrations in shoots, but reported values vary 
strongly with genotype, substrate chemistry, exposure 
duration, soil pH, competing ions, and whether 
experiments are conducted in  soil or hydroponic 
systems (Küpper and Leitenmaier, 2012). For this 
reason, Cd accumulation data should be interpreted 
in  relation to both biomass production and field 
applicability, rather than by tissue concentration alone.

Extreme Cd concentrations reported for hairy roots 
or hydroponic systems are useful for understanding 
uptake and sequestration mechanisms, but they 
should not be generalized directly to field-scale 
phytoextraction. For example, the high Cd accumulation 
reported for hairy roots of Thlaspi caerulescens under 
controlled nutrient-solution conditions (Nedelkoska 
and Doran, 2000) demonstrates physiological capacity 
under artificial exposure, whereas field remediation 
also depends on root access to bioavailable Cd, 
shoot biomass, harvest frequency, and safe disposal 
or processing of contaminated biomass. Therefore, 
Cd-hyperaccumulators are valuable mechanistic 
models and potential remediation tools, but their 
practical performance must be assessed under site-
specific soil conditions. 

Role of c3 and C4 photosynthetic pathways 
in phytoremediation potential 
Three systems of carbon fixation exist in  nature: C3, 
C4, and CAM. The  C3 pathway is the  most common 
mechanism of carbon fixation among terrestrial plants. 
Carbon dioxide enters leaf mesophyll cells and is directly 
fixed by ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco). Rubisco catalyzes the addition of 
CO₂ to ribulose-1,5-bisphosphate (RuBP), producing 
two molecules of 3-phosphoglycerate. C4 species often 
show higher water-use efficiency, photosynthetic 
performance, and biomass production under high 
temperature, high light, and drought conditions. 
However, their phytoremediation efficiency remains 
species-, contaminant-, and site-specific. This 
advantage is partly due to their distinct leaf anatomy: 
C4 plants typically possess Kranz anatomy, in  which 
photosynthetically active bundle sheath cells surround 
the vascular bundles. C3 plants also have bundle sheath 
cells, but these cells are generally less specialized for CO₂ 
concentration. The  main anatomical and biochemical 
differences between C3 and C4 photosynthesis, which 
influence plant productivity and stress tolerance under 
phytoremediation conditions, are schematically shown 
in Figure 3. 

In C4 plants, phosphoenolpyruvate carboxylase 
catalyzes the initial fixation of bicarbonate in mesophyll 
cells, producing four-carbon acids. Depending on 
the C4 subtype, decarboxylation in bundle sheath cells 
may involve NADP-malic enzyme, NAD-malic enzyme, 
or phosphoenolpyruvate carboxykinase. Nonetheless, 
several C3 plants have also been identified as effective 
candidates for metal remediation and biomass 
production.

C4 species were more prevalent and better adapted 
to the  contaminated site, whereas C3 species were 
less represented, with only three C3 plants recorded. 
C4 photosynthesis reduces photorespiration by 
concentrating CO₂ around Rubisco in  bundle sheath 
cells, thereby improving carbon fixation efficiency 
under warm, dry conditions. The  study also 
demonstrated that the combined presence of four PTEs 
(Mn, Co, Cd, and Zn) negatively affected antioxidant 
stress responses in several biomass crops, even though 
these species are typically considered tolerant to PTEs 
(Sonowal et al., 2018).

The responses of C3 and C4 plants to environmental 
extremes should not be interpreted in  isolation, 
because plant performance under both favorable and 
stressful conditions reflects the combined influence of 
the stressor and the prevailing environmental factors. 
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For example, C3 species generally perform poorly 
under warmer conditions, while C4 species respond 
more positively; the opposite may occur under cooler 
conditions. Such patterns are also supported by studies 
of intermediate C3-C4 species like Phragmites australis 
and Eleocharis vivipara (Zheng et al., 2000; Ueno, 
2001).

Environmental variability, including changes 
in  weather, soil properties, water availability, and 
nutrient status, makes in situ experiments challenging. 
These variations complicate the interpretation of plant 
responses and make it difficult to identify the specific 
factor responsible for a  given outcome. For instance, 
plants growing on mine tailings often show reduced 
growth, typically attributed to toxic metal exposure, 
yet the  influence of surrounding environmental 
conditions is frequently overlooked. Overall, ecological 
stresses modify plant metabolic processes, including 
photosynthesis (Srivastava et al., 2012).

Switchgrass (Panicum virgatum L.) is a  perennial C4 
grass widely studied as a lignocellulosic bioenergy crop 
and as a candidate for phytoremediation on marginal or 
moderately contaminated land. Its relevance is linked to 
perennial growth, deep rooting, high seasonal biomass 
production, and relatively low input requirements 
compared with many annual crops (McLaughlin and 

Kszos, 2005; Wright and Turhollow, 2010). These traits 
may support contaminant stabilization, erosion control, 
and partial metal uptake, but they do not by themselves 
make switchgrass a universal phytoextractor.

Evidence for switchgrass phytoremediation is 
contaminant- and site-specific. Experimental work 
indicates that switchgrass can tolerate and accumulate 
selected metals, including Cd, Cr, Pb, and Zn, under 
controlled or amended conditions (Li et al., 2011; 
Chen et al., 2012; Balsamo et al., 2015; Johnson et al., 
2015). However, metal uptake is strongly influenced 
by soil amendments, pH, organic matter, contaminant 
bioavailability, and biomass yield. In poorly amended 
or highly toxic substrates, plant growth may be 
reduced enough to limit total removal even when tissue 
concentrations are measurable (Shrestha et al., 2019). 
Thus, switchgrass should be discussed as a  robust 
biomass crop with potential for phytostabilization and 
assisted phytoextraction, not as an intrinsically high-
performing metal-removal species under all conditions.

Related Panicum species, such as Panicum maximum, 
have also been investigated for metal uptake, but 
these results should not be used interchangeably with 
P. virgatum unless species identity and experimental 
conditions are clearly stated. Data from P. maximum 
studies can be retained as evidence that the  genus 

Figure 3	 Schematic comparison of C3 and C4 photosynthetic pathways relevant to phytoremediation potential. In C3 plants, 
atmospheric CO₂ enters the  mesophyll cells and is directly fixed by Rubisco in  the  Calvin cycle, resulting 
in  carbohydrate formation. In C4 plants, CO₂ is initially converted to bicarbonate and fixed in  mesophyll cells 
into four-carbon compounds, such as oxaloacetate and malate. These compounds are then transported to bundle 
sheath cells, where CO₂ is released and refixed by Rubisco in the Calvin cycle. This CO₂-concentrating mechanism 
improves photosynthetic efficiency, reduces photorespiration, and can enhance biomass production and stress 
tolerance under high temperature, drought, and contaminated-soil conditions
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includes metal-tolerant grasses, while conclusions 
about switchgrass should rely primarily on P. virgatum-
specific studies.

Over the  28‑day study, soil concentrations of Pb, 
Cr, and Cd generally declined, while their levels 
increased in different tissues of P. maximum. The roots 
accumulated the  highest amounts, with tissue 
concentrations decreasing in  the  order Cr > Pb > Cd. 
In control plants (grown in  unspiked soils), metal 
concentrations (µg·g-1) measured at 7, 14, 21, and 
28 days were 0.28–0.24 in  soils, 0.08–0.06 in  roots, 
0.06–0.04 in  stems, and 0.02–0.01 in  foliage. Soil Cr 
levels are known to depend on factors such as pH, 
electrical conductivity, dissolved organic carbon, and 
amendments (Hattab et al., 2013). In Pb‑treated soils, 
Pb concentrations decreased from 1.40 to 1.05 µg·g-1 
(20 ppm treatment) and from 1.57 to 1.30 µg·g-1 
(120 ppm treatment) over four weeks. Meanwhile, Pb 
uptake by P. maximum increased, reaching 0.38 µg·g-1 
in roots, 0.30 µg·g-1 in stems, and 0.18 µg·g-1 in foliage. 
Bioaccumulation factors (BAF) ranged from 0.21–0.45 
in  roots, 0.17–0.35 in  stems, and 0.08–0.21 in  foliage 
at 20 ppm Pb, corresponding to 13–45% of soil 
concentrations. At 120 ppm Pb, tissue concentrations 
rose further (0.64–0.74 µg·g-1 in roots, 0.53–0.63 µg·g-1 
in  stems, and 0.21–0.34 µg·g-1 in  foliage), with BAF 
values of 0.50–2.26 in  roots, 0.41–1.94 in  stems, and 
0.03–1.00 in foliage (Olatunji et al., 2014).

Paulownia Siebold. & Zucc. is a genus of woody plants 
comprising approximately 17 species. It originates 
from East Asia and is widespread in China and Europe. 
It blooms in  early spring with bell-shaped flowers. 
Paulownia trees can reach approximately 30 m 
in height and have large heart-shaped leaves 10–20 cm 
wide and 15–30 cm long. The edge of the  leaf can be 
serrated, lobed, or entire. Available experimental 
evidence suggests that Paulownia extracts exhibit 
low acute toxicity under the  tested conditions. Chen 
and colleagues conducted a  study in  which they 
administered a  high concentration of 50 mg·mL-1 
of paulownia flower extract three times a  day, with 
a maximum dose of 0.4 mL·10 g-1 of body weight. Based 
on the observations, the animals were in a satisfactory 
mental state, moved freely, ate regularly, did not show 
abnormal salivation or sweating, and had respiratory 
rates within normal limits. Paulownia is characterized 
by exceptionally fast growth among woody plants: it 
can reach commercial maturity within approximately 
10  years. The  wood is characterized as strong and 
light; its physical and mechanical properties make it 
promising for planting and cultivation in Central Europe 
(Huber et al., 2023). Currently, the  best conditions 

for growing paulownia  for timber production are 
in the Middle East and Southern Europe (Jakubowski, 
2022).

New plant hybrids are being developed through 
selective breeding. One example is the  cross 
between Paulownia fortunei (Seem.) Hemsl. and 
Paulownia tomentosa (Thunb.) Steud., which resulted 
in  the  creation of Paulownia Shan Tong. This hybrid 
is notable for its rapid growth, making it suitable for 
industrial-scale cultivation. Among the  most widely 
used hybrids are Paulownia Clone in Vitro 112, Cotevisa 
2, and Paulownia Shan Tong. These varieties are 
typically produced through microclonal propagation 
techniques. Paulownia cultivation may alter soil 
nutrient composition and microbial communities. 
A  possible solution to this problem is the  use of 
fertilizers derived from woody biomass, such as pine 
bark and ash. Such amendments may help maintain 
microbial activity (Jakubowski, 2022).

Paulownia is a  C3 plant species that fixes carbon 
dioxide through the  Calvin cycle using ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco). In 
C3 plants, Rubisco can bind both CO₂ and O₂, which 
may increase photorespiration under warm and dry 
conditions. In contrast, C4 photosynthesis concentrates 
CO₂ around Rubisco in  bundle sheath cells, thereby 
reducing photorespiration and improving carbon 
fixation efficiency, water-use efficiency, and stress 
tolerance under high temperature and drought 
conditions (Icka et al., 2016).

Like many cultivated woody species, Paulownia can be 
affected by diseases. One of the most widely reported 
diseases is witches’ broom. The  disease is caused by 
a phytoplasma infection that spreads among paulownia 
trees. Disease development is associated with changes 
in plant gene expression in the presence of phytoplasma 
(Cao et al., 2021). Genetic resistance to phytoplasma 
infection has been suggested in P. tomentosa × P. fortunei 
hybrids. In addition, the plant may also be affected by 
Phytophthora spp. (Aloi et al., 2021).

The phytochemical profile of Paulownia tomentosa 
includes compounds with antioxidant, antibacterial, 
and cytotoxic activities (Schneiderová et al., 2014). 
The leaves of Paulownia Clone in Vitro 112 are a valuable 
source of compounds with anticoagulant properties 
that inhibit platelet activation at various levels (Adach 
et al., 2021); triterpenoids have the  highest activity 
among all other compounds present (Stochmal et  al., 
2022).
Soil contamination with PTEs is a  persistent 
environmental problem because many metal(loid)s are 
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not degraded like organic pollutants and can remain 
in  soils for long periods. Their risk depends not only 
on total concentration but also on chemical form, soil 
pH, organic matter, clay minerals, redox conditions, 
and interactions with plant roots and microorganisms 
(Doumett et al., 2008; Antoniadis et al., 2017). Some 
trace elements are essential micronutrients at low 
concentrations, whereas others, including Cd, Pb, As, 
and Hg, have no known beneficial function in plants and 
may impair physiological and biochemical processes 
when bioavailable concentrations increase (Clemens, 
2006). These elements can enter food webs through 
plant uptake, dust, water movement, or soil ingestion; 
therefore, phytoremediation studies should evaluate 
both contaminant reduction and the  risk of transfer 
into edible or ecological receptors. 
In the  context of phytoremediation, Paulownia has 
considerable potential due to its ability to tolerate high 
soil metal concentrations and accumulate them in  its 
biomass. Thus, this fast-growing plant may contribute 
to the  restoration of metal-contaminated soils under 
suitable conditions. Varieties such as P. tomentosa × 
P. fortunei-TF01 and P. elongata × P. fortunei-EF02 are 
used because they produce large amounts of plant 
biomass. Although the plant can be cultivated in soils 
containing PTEs, metal accumulation reduces growth 
and photosynthetic efficiency. The  effect of Pb on 
the development of P. fortunei was stimulatory at low 
concentrations and inhibitory at high concentrations. 
The  plant can tolerate lead concentrations up to 
400 mg·L-1, but concentrations above that cause toxicity. 
Paulownia fortunei seedlings, through physiological 
responses, contribute to environmental restoration 
under metal pollution. Fungal residues can enhance 
the  phytoremediation potential of Paulownia fortunei 
(Han, 2020).
Jerusalem artichoke (Helianthus tuberosus L.), also 
known as topinambur, is a  perennial high-biomass 
crop belonging to the  Asteraceae family. Although it 
uses the C3 photosynthetic pathway, it is characterized 
by strong adaptability to marginal soils, tolerance to 
abiotic stress, and the  ability to produce substantial 
aboveground and belowground biomass. These traits 
make it relevant to phytoremediation strategies that 
combine contaminant removal or stabilization with 
biomass production and post-harvest utilization.

Experimental studies have demonstrated that 
H.  tuberosus can tolerate and accumulate several 
potentially toxic elements. In experiments conducted 
under different soil pH values and PTE concentrations, 
Willscher et al. (2017) reported that plant growth 
and remediation efficiency were strongly controlled 

by soil pH and metal load. The authors observed high 
accumulation of Fe, Mn, and Zn in roots, while shoots 
accumulated substantial amounts of Ni, Mn, and Zn, 
suggesting that H. tuberosus can be considered suitable 
for the phytoextraction of Fe, Mn, Zn, Cd, and Ni under 
appropriate site conditions (Willscher et al., 2017). 
Similar findings were reported for cadmium, where 
two Jerusalem artichoke cultivars exposed to Cd stress 
showed relatively high tolerance and Cd accumulation 
capacity, with roots accumulating more Cd than stems 
and leaves. The cultivar N5 showed stronger tolerance 
and higher accumulation than N2, indicating genotype-
dependent differences in phytoremediation efficiency 
(Chen et al., 2011).

The remediation potential of H. tuberosus is not limited 
to Cd-contaminated soils. Lv et al. assessed its tolerance 
and phytoremediation capacity in  Hg-contaminated 
soil and described it as a non-food energy crop suitable 
for the  management of contaminated land (Lv et al., 
2018). This is relevant because the  use of non-food 
crops reduces the risk of introducing accumulated PTEs 
into the  food chain. Therefore, Jerusalem artichoke 
may serve as a  dual-purpose species: it can reduce 
environmental risks associated with contaminated 
soils while producing biomass that can be directed 
toward controlled industrial applications or bioenergy 
production pathways rather than food or feed use.

Biofuel from phytoremediation biomass
Biofuels are energy sources obtained from biological 
materials. Organic waste, plants, and algae are major 
feedstocks for biofuel production. Typical examples 
of biofuels include bioethanol, biodiesel, and biogas. 
A  major advantage of biofuels is their potential to 
partially or fully replace fossil fuels in transportation, 
heating, or electricity generation (Demirbas, 2007). In 
addition, the ability of biofuel feedstocks to regenerate 
and the resulting lower net greenhouse gas emissions 
compared to conventional petroleum-based fuels 
are considered beneficial (Nigam and Singh, 2011). 
The  widespread availability of biomass supports 
biofuel production, is compatible with existing fuel 
systems, and reduces reliance on non-renewable 
energy sources (Naik et al., 2010).

The combination of different techniques for creating 
a  sustainable production pipeline, including 
phytoremediation and biofuel production, has 
emerged. Many plant species characterized by 
hyperaccumulation and fast growth, which are used to 
remove PTEs, often retain substantial lignocellulosic 
or lipid content suitable for producing biodiesel or 
bioethanol after harvesting. Using contaminated-
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site biomass for energy prevents these plants from 
entering the  food chain and creates a circular system 
where land restoration and energy production occur 
simultaneously (Pandey et al., 2016). Although 
challenges remain due to metal contamination 
in residues, integrating phytoremediation with biofuel 
production is considered a  promising sustainable 
strategy (Vangronsveld et al., 2009). The  possible 
post-harvest utilization pathways of phytoremediation 
biomass, including thermochemical conversion, 
composting, and bioethanol production, are 
summarized in Figure 4. 

Bioethanol is a  renewable transport fuel produced 
by fermenting carbohydrate-rich biomass such as 
sugarcane, corn, and lignocellulosic residues through 
microbial fermentation of simple sugars into ethanol 
(Hahn-Hägerdal et al., 2006). The  process generally 
involves pretreatment and enzymatic hydrolysis to 
release fermentable monosaccharides from cellulose 
and hemicellulose, followed by fermentation with 
organisms such as Saccharomyces cerevisiae (Kumar et 
al., 2009). Lignocellulosic feedstocks, while harder to 
process, are sustainable because they are abundant and 
do not compete directly with food crops (Sun and Cheng, 
2002). Advances in enzyme engineering, consolidated 
bioprocessing, and improved pretreatment methods 
have further enhanced ethanol yields and reduced 
production costs, positioning bioethanol as a  key 

component of low-carbon energy systems (Balat et al., 
2008).

Switchgrass can link phytoremediation with bioenergy 
production by directing harvested biomass to controlled 
lignocellulosic conversion pathways rather than to 
food or feed use. In the  United States, P. virgatum L. 
has been widely evaluated as a model perennial energy 
crop because it can produce substantial biomass on 
some marginal lands and has established agronomic 
information for planting, harvesting, storage, and 
transport (McLaughlin and Kszos, 2005; Wright, 2007; 
Wright and Turhollow, 2010). These bioenergy traits 
are useful in remediation planning because economic 
value from biomass can partly offset the  long time 
frames typical of plant-based remediation.

The remediation performance of switchgrass should 
nevertheless be presented cautiously. Models 
relating biomass yield to metal content have shown 
measurable Cd, Cr, and Zn uptake in switchgrass under 
experimental conditions, with uptake depending on 
both tissue concentration and dry biomass (Chen et 
al., 2012). Chromium-focused studies also indicate 
that roots may contribute substantially to Cr retention 
and uptake (Li et al., 2011). These findings support 
the  use of switchgrass in  selected phytostabilization 
or assisted phytoextraction systems, particularly 
on marginal land, but they do not justify describing 
the crop as universally effective for contaminated soils. 

Figure 4	 Integrated utilization pathways of biomass obtained after phytoremediation of PTE-contaminated soils. Plants 
used for phytoremediation can accumulate potentially toxic elements in  aboveground biomass through root 
uptake and xylem-mediated translocation. After harvesting, this biomass may be directed to controlled post-
harvest processing pathways, including thermochemical conversion for biochar production, composting under 
regulated conditions, or biochemical conversion into bioethanol and other biofuels. Such integrated systems can 
combine soil remediation with biomass valorization; however, the fate of accumulated PTEs in residues and final 
products must be carefully controlled to prevent secondary contamination
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Site screening, contaminant speciation, amendment 
choice, and post-harvest biomass handling remain 
necessary before field implementation.

Biochar is produced by thermal conversion of biomass 
under oxygen-limited conditions and contains relatively 
stable aromatic carbon, ash, minerals, pores, and surface 
functional groups. These properties can increase pH, 
cation exchange capacity, water retention, and sorption 
of selected contaminants, although the magnitude and 
direction of these effects depend on feedstock type, 
pyrolysis conditions, soil properties, and contaminant 
chemistry (Beesley et al., 2011; Ahmad et al., 2014; 
Saletnik et al., 2019). In phytoremediation systems, 
biochar is therefore most appropriately described as 
an amendment that can support plant establishment 
and promote immobilization of some PTEs, rather than 
as a universal removal technology.

Evidence from amended-soil studies indicates that 
biochar can reduce the plant-available fraction of Cd, Pb, 
Zn, Cu, and other cationic elements in some contaminated 
soils, while improving biomass production under 
stressful substrate conditions (Beesley et al., 2010; 
Houben et al., 2013; Drzewiecka et al., 2021). However, 
immobilization may also reduce phytoextraction 
efficiency when the  remediation goal is contaminant 
removal through harvestable biomass. The  choice 
between biochar-assisted phytostabilization and 
phytoextraction should therefore be based on the target 
contaminant, the regulatory endpoint, the plant species, 
and post-harvest management options.

Compost is an organic amendment formed through 
aerobic decomposition of plant- and animal-derived 
residues. Mature compost supplies organic matter 
and nutrients, improves soil aggregation and water 
retention, and stimulates microbial activity (Insam and 
de Bertoldi, 2007; Bernal et al., 2009). In contaminated 
soils, compost can improve plant establishment and 
may reduce the  bioavailability of some PTEs through 
complexation with organic matter, pH modification, 
and improved soil structure (Tejada et al., 2006). 
Because compost can also contain salts, nutrients, or 
trace contaminants depending on its source material, 
its use in  phytoremediation should be preceded by 
quality testing and matched to specific remediation 
objectives.

Impact and remediation of potentially 
toxic elements
PTE-induced phytotoxicity results from a combination 
of direct metal interference with cellular targets and 
indirect disruption of nutrient balance, photosynthesis, 

water relations, and redox homeostasis. Excessive 
production of reactive oxygen species can damage 
lipids, proteins, nucleic acids, and photosynthetic 
structures, leading to chlorosis, necrosis, reduced 
biomass, inhibited root growth, and lower 
photosynthetic efficiency (Clemens, 2006; Pospíšil 
and Yamamoto, 2017). The severity of these responses 
depends on plant species, developmental stage, 
exposure duration, contaminant speciation, and soil 
properties. The  main visible and cellular symptoms 
of PTE-induced phytotoxicity, including oxidative 
stress, chlorosis, necrotic spots, and leaf blight, are 
summarized schematically in Figure 5. 

Arsenic is taken up primarily as arsenate As(V) and 
arsenite As(III). Arsenate may enter plant roots through 
phosphate transport pathways, whereas arsenite may 
be transported through aquaporin-related channels; 
once inside the plant, As may be reduced, complexed 
with thiol-rich compounds, sequestered in  vacuoles, 
or transported to shoots depending on species and 
exposure conditions (Zhao et al., 2008). Arsenic 
toxicity commonly affects root growth, photosynthesis, 
nutrient homeostasis, respiration, and antioxidant 
metabolism (Finnegan and Chen, 2012).

Mercury is retained primarily in  roots, with limited 
movement to shoots in  many terrestrial plants. Its 
bioavailability is controlled by soil pH, organic matter, 
clay minerals, and binding to sulfur- and nitrogen-
containing ligands (Greger et al., 2005). Hg exposure 
may inhibit root elongation, disrupt photosynthetic 
electron transport, and increase oxidative stress; 
plants respond by upregulating antioxidant enzymes, 
glutathione, phytochelatins, and compartmentalization 
mechanisms, although these defenses can be 
overwhelmed at high exposure levels (Sahu et al., 2011; 
Alcantara et al., 2013).

Cadmium is of particular concern because it is 
mobile in many agricultural soils and can enter crops 
even when present at relatively low concentrations. 
Anthropogenic inputs include mining and smelting 
activities, industrial emissions, sewage sludge, 
phosphate fertilizers, landfill leakage, batteries, and 
atmospheric deposition (Bigalke et al., 2017; Khan 
et al., 2017; Kubier et al., 2019). Cd can impair water 
relations, stomatal conductance, nutrient uptake, and 
chlorophyll formation; visible symptoms often include 
chlorosis, growth retardation, and necrotic injury 
under high exposure (Hermans et al., 2011). It can also 
disturb the uptake or distribution of mineral nutrients 
such as Fe, Zn, Ca, Mg, K, and Mn, thereby intensifying 
physiological stress (Xu et al., 2017).
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Cadmium contamination may arise from localized 
sources, such as mines, smelters, and industrial waste 
deposits, or from diffuse sources, including fertilizer 
use, atmospheric deposition, wastewater reuse, and 
agro-industrial activities (Cloquet et al., 2006; Bigalke 
et al., 2017; Kubier et al., 2019). Because Cd behavior is 
strongly controlled by soil pH, organic matter, competing 
ions, and redox conditions, remediation strategies 
should focus on the  bioavailable fraction and plant-
transfer risk rather than total Cd concentration alone.

In the  context of cadmium remediation, Jerusalem 
artichoke deserves particular attention because it 
combines Cd tolerance with high biomass production. 
Chen et al. showed that H. tuberosus cultivars 
exposed to increasing Cd concentrations maintained 
growth at relatively high Cd loads and accumulated 
more Cd in  roots than in  aboveground tissues. This 

root-dominant accumulation pattern suggests that 
Jerusalem artichoke may be useful not only for 
phytoextraction under selected conditions but also for 
phytostabilization-oriented strategies where limiting 
Cd transfer to harvestable or edible organs is important 
(Chen et al., 2011). 

Conclusions
Phytoremediation is a sustainable plant-based strategy 
for reducing the mobility, bioavailability, and ecological 
risks of PTEs in  contaminated environments. Its 
effectiveness depends on contaminant chemistry, 
soil properties, plant functional traits, rhizosphere 
interactions, and post-harvest biomass management. 
C4 species often exhibit advantages under drought, 
heat, and high-light conditions because of their high 
water-use efficiency and biomass productivity, whereas 

Figure 5	 Major phytotoxic effects induced by potentially toxic elements in plants. Accumulation of PTEs in the root zone can 
disturb plant physiological and biochemical processes, leading to excessive production of reactive oxygen 
species (ROS) and oxidative stress. These stress responses may result in  visible injury symptoms, including 
chlorosis, necrotic leaf spots, blight, reduced photosynthetic activity, and overall growth inhibition. The  figure 
illustrates the connection between PTE accumulation and both cellular-level oxidative damage and aboveground 
morphological symptoms
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selected C3 species, including Helianthus tuberosus, 
may be valuable for integrated phytoremediation–
bioenergy systems. However, contaminated biomass 
management remains a  critical limitation. Future 
research should prioritize field-scale validation, 
standardized phytoremediation performance 
indicators, contaminant-specific plant selection, and 
safe post-harvest conversion pathways that prevent 
secondary pollution.
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