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Abstract

This paper reviews plants and microorganisms removal of heavy metals from contaminated sites through bioaccumula-
tion. Increased industrial activities have led to the uncontrolled release of metals into the environment, resulting in a
global increase in metal pollution. Heavy metals are also consumed from the surface of glasses over a prolonged period
of use. Heavy metal pollution is a serious problem that can have wide-ranging and long-lasting impacts on human health
and the environment. Therefore, effective removal and remediation of heavy metal pollution are crucial to protect human
and ecological health. Traditional methods of heavy metal removal, such as chemical treatment and physical removal,
can be costly and can also have negative impacts on the environment. The utilization of plants and microorganisms for
bioremediation of metal-polluted environments has proven effective for removing metals through accumulation and/
or detoxification. This method is effective, economical, versatile, and environmentally friendly. Bioaccumulation utilizes
plants and microorganisms to absorb and remove heavy metals from contaminated sites. This method is not only cost-
effective but also helps to minimize the environmental impact of heavy metal pollution. Additionally, bioaccumulation
can be used in combination with other techniques, such as phytostabilization and phytodegradation, to further improve
the efficiency of heavy metal removal. The paper also discusses the use of plants and microorganisms in the removal of
heavy metals from water and soil through biomagnification and bioconcentration. Techniques such as phytoaccumula-
tion, phytostimulation, phytodegradation, phytovolatilization, phytostabilization, and phytofiltration are also discussed
as effective ways of remediation of heavy metal contaminated sites.
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1 Introduction

Heavy Metal pollution has become a growing global
problem for the environment and public health [1].
Heavy metal accumulation has been reported in the
atmosphere, the marine environment, and the soil while
impacting drinking water sources and raising the haz-
ardous concentration of metal pollutants in foods [2].
The increase in industrialization and urbanization has
accelerated the emission and pollution of metal from
anthropogenic operations. Mining, smelting and metal
treatment, oil and gas, wastewater, road traffic, and
waste dumping sites have contributed to metal pollu-
tion, deteriorating the environment and human health
[3]. In 1963, local people near Minamata Bay, Japan,
consumed mercury-contaminated shellfish. The mer-
cury exposure resulted from chemicals released and
discharged from a chemical industry near the bay [2]. A
high mercury concentrated wastewater dumped into the
sea affected marine food chains, including shellfish and
other seafood, which built up high mercury quantity that
became harmful to people who ate these marine foods
[4]. The exponential increase in the various commercial,
domestic, agricultural, and technical uses of metal have
dramatically increased human exposure [5].

Glasses are employed in a variety of applications and
might be regarded as a major source of exposure to
heavy metals in the environment. Metal oxides includ-
ing B,05-Ag;P0,-Zn0-Na,0 [6], Cr,05 [7], BaO [8] have
been synthesized from radiation shielding glasses. An
experiment on 72 new and used drinking glasses, includ-
ing tumblers, wine and beer glasses, and jars, found
cadmium and lead present on the glass surfaces and, in
some instances, on the rims, with concentration levels of
lead sometimes 1000 times higher than the acceptable
level [9, 10]. While simulating persistent use, paint flakes
frequently came away from the glass, showing that the
heavy metals may be consumed over a prolonged period
of use.

Heavy metals have also been found in the aquatic
environment; they are very soluble in marine environ-
ments and are readily consumed by living organisms
[11]. They have been reported in the gills, liver, and mus-
cle tissues of different fish species in polluted marine
ecosystems [12]. Metals are present in factory waste-
water, through which they get to the soil, accumulates
over time in soil along wastewater channels and in the
organisms that inhabit such channels [13]. Once in the
food chain, metals can end up in the human body. Expo-
sure to metals can be through inhaling polluted aerosols
and dust particles and the consumption of polluted food
and water [11]. There is currently an increase in global
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concerns about their potential adverse health effects
and long-term impacts on biosystems. However, a small
quantity of these metals are prevalent in our surround-
ings, and dietary, when consumed at very low concen-
tration by the living organism, are not harmful because
some are essential for good health, including cobalt,
iron, copper, and zinc but at higher amount becomes
toxic to the ecosystem and to humans [14].

Heavy metals are a class of elements with a high den-
sity and are toxic at low concentrations [15]. Metals, once
absorbed, can accumulate in the body of a living organ-
ism to levels sufficient to become toxic. Because of their
toxicity, metals seriously threaten species exposed to such
pollutants [16]. Bioaccumulation is the accumulation of
pollutants by organisms from dietary sources (trophic
transfer) and the abiotic environment (i.e., air, water, soil).
As a result, this mechanism involves the sorption of toxins
in species quicker than their removal [17]. Bioaccumula-
tion with plants and microorganisms can be harnessed
for bioremediation of sites polluted with metals pollut-
ants [16]. Bioaccumulation is in two stages: the metal
ion adsorption onto cell surface known as biosorption
method, and the metal species active transport within
the cells [18].

Metals can be taken up into the intracellular space by
microorganisms via importer complexes that form a lipid
bilayer translocation route (i.e., import system).In addi-
tion, proteins and peptide ligands can sequester metals
inside the intracellular space [19]. The ability of microor-
ganisms to accumulate, use and eliminate pollutants is
determined by the environmental conditions’ suitability
for their metabolism and growth, such as pH, moisture
and temperature [20]. The accumulation and concentra-
tion of pollutants from a polluted environment by plant
roots are known as phytoaccumulation. The contaminants
are subsequently translocated and deposited in the aerial
parts of the plant (leaves and shoots). Pollutant absorption
by plant roots, accompanied by translocation and accu-
mulation in shoots and leaves, is referred to as phytoab-
sorption, phytosequestration, or phytoaccumulation [21].
Plants’ aerial portions (shoots and leaves) can be harvested
and burnt for energy, with metals reclaimed from the ash
as recycling. This approach has been widely used for phy-
toremediation and elimination of metals such as lead, zinc,
copper, nickel, and cadmium utilizing plants such as sun-
flower and Thlaspi caerulescens [22].

Bioremediation is progressively becoming the normal
approach for restoring heavy-metal-polluted soils since it
is much more environmentally friendly and cost-effective
than traditional physical and chemical treatments, which
are typically very expensive and unsuccessful when the
concentrations of the metal pollutants are low, as well
as producing considerable levels of toxic sludge [16, 23].
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The impacts of metals on the environment are discussed
in this paper, and how metal pollution can be effectively
remediated through bioaccumulation by microorganisms
and plants. The advantages, potential, and limitations of
bioaccumulation are also highlighted.

2 Heavy metals

Heavy Metals are elements that occur naturally with a high
atomic mass and a density at least five times that of water
[24]. Metals have gained much attention in the recent dec-
ade as potential environmental pollutants. Lead, cadmium,
vanadium, cobalt, chromium, copper, iron, arsenic, nickel,
manganese, tin, zinc, and mercury are some examples that
have been reported in various literature [25, 26]. Heavy
Metals such as chromium, cadmium, mercury, lead, nickel,
and thorium can be dangerous in elemental or combined
form [11]. The toxicity levels of several selected metals for
humans are as follows: Cobalt < Aluminium < Chromium <
Lead < Nickel < Zinc < Copper < Cadmium < Mercury [27].
Metals toxicity in humans is determined by their concen-
tration, emission rate, and duration of exposure. Mercury,
Cadmium, and Lead are three metals which have attracted
increased attention in recent decades.

Most of these metals pollutants are easily stored in
plants, through which they enter the food chain, and are
passed to humans, causing catastrophic illnesses and dis-
eases [28]. High concentrations of metals may interchange
essential ions via antagonism in enzymes and/or chloro-
phyll, resulting in oxidative stress. The major indications
of metal toxicity are reduced plant growth and a decrease
in photosynthetic activity [29]. Some metals have been
confirmed to be mutagenic, carcinogenic, teratogenic,
allergenic, or endocrine disrupting. They have also been
reported to be hepatotoxic and/or nephrotoxic and its
detrimental impacts on the immune system can lead to
heart rhythm problems, neurological and behavioural
changes, particularly in children, as well as damage to the
bone marrow, central nervous system, and causing osteo-
porosis [24].

3 Sources of heavy metals

Geogenic, mining, agricultural, chemical, domestic efflu-
ents, and atmospheric sources have all been identified as
sources of different metals in the environment [30]. Point
sources of emissions, including mining, foundries, smelt-
ers, as well as other metal-based manufacturing activities,
are particularly polluted with metals. Heavy metal pollu-
tion can also be caused by rapidly developing industrial
areas, high metal waste disposal, mine tailings, leaded

gasoline and paints, application of fertilizer, pesticides,
sewage sludge, animal manures, wastewater drainage,
combustion of coal residues, atmospheric deposition and
petrochemical spillage [31]. Scientists classified metal
sources into natural and anthropogenic categories (Fig. 1).

4 Conventional methods for removal
of heavy metal

The advancement of technologies for eliminating metals
from the environment has been a focus for many years.
Ultra-filtration, chemical precipitation, solvent extraction,
reverse osmosis, electrodeposition, ion exchange elec-
trowinning, and adsorption have been the most com-
monly used procedures for eliminating metals [32, 33].

Techniques such as electrocoagulation, coagulation/
flocculation, electro-deposition, and electro-floatation
have also been employed to remove metals from pol-
luted water resources in addition to these traditional
methods [17, 34]. However, systems as mentioned above
have drawbacks such as sludge production, inadequate
metal removal, high reagent and energy needs, membrane
fouling and aggregation of metal precipitates. There have
been issues of efficacy with these methods when faced
with low metal concentrations, low metal selectivity, and
high operating or start-up costs. These procedures may
be costly or ineffective, especially where metal ions are in
solutions containing between 1 and 100 mg of dissolved
metal ions per liter [35].

5 Bioremediation

Since the beginning of the 21st century, there has been a
growing awareness of the need to safeguard the natural
environment. Biotechnological methods, which rely on the
inherent characteristics of microbes and plants to absorb
and accumulate metals, have proven viable alternative to
physicochemical methods [36]. Bioremediation, particu-
larly phytoremediation procedures, is used as a simple and
appealing alternative technology due to its low energy,
low cost, and high efficiency [21].

Bioremediation is a process that detoxifies pollutants in
soil and other environments primarily by using microbes,
plants, or microbial or plant enzymes. It employs biologi-
cal mechanisms inherent in plants and microorganisms to
eliminate harmful pollutants and return the environment
to its natural or original state [37]. Microbes mobilize the
metals from the polluted environment through chela-
tion, leaching, redox transformation of harmful metals,
and methylation. Eliminating these metal ions cannot be
absolute; rather, the activity changes the oxidation state
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Fig. 1 Sources of metal pol-
lution
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and makes it less harmful [38]. Plants play an essential
function in the biological process of phytoremediation
because they break down, reduce, degrade, and elimi-
nate pollutants through various plant parts, including the
leaves, root, stomata, shoot, and cell wall [39]. Bioreme-
diation efficiency depends on some parameters, including
shortage of essential nutrients like nitrogen and phospho-
rus [40], temperature, pH, contact time of biomass, age of
biomass [41], the type of organisms used, environmental
conditions at the polluted site and the concentration of
the pollutant [42].

The key principles of bioremediation are to lower the
solubility of pollutants in the environment by altering pH,
redox processes, and pollutant adsorption from a pol-
luted environment [43]. Redox processes involve chemical
transformation of hazardous pollutants to less hazardous,
more stable, less mobile, or inactive substances [44, 45].
The pH values are an important characteristic that affect
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pollutant adsorption, with adsorptive capacity increasing
with decreasing pH [16].

Metals can be captured and accumulated from an aque-
ous solution by all microbial species. Metal absorption is
linked to a microbial mechanism that allows for the uptake
of components essential for growth and metabolic func-
tions. The ability of biomass to bind and accumulate toxic
metals can be used in the development of efficient and
cheap technology for removing environmental pollutants
[36]. Summarily, Plants and Microbes can be employed in
the biological methods for the removal of metals (Fig. 2).

6 Bioaccumulation
The procedure by which living organisms absorb pol-

lutants can either be through direct contact with pol-
luted media or indirectly through the ingestion of food
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Fig.2 Biological methods for
removal of metals

Metals in the
environment

Microorganisms

Plant

Biosorption

Bioaccumulation

Phytoremediation

containing the pollutant [46]. Bioaccumulation occurs
when the amount of pollutant absorption surpasses
the pollutant removal rate. As a result, the pollutant
becomes trapped inside the organism and accumu-
lates [47]. Heavy metal bioaccumulation is the process
through which toxic metals or chemical compounds
become bonded inside a cell structure. The bioaccu-
mulation of metal is influenced by several exposure
routes (diet and solution) and geochemical impacts
on bioavailability. Bioaccumulation of metals is par-
ticularly useful as an exposure indicator since metals
are not metabolized.

On the other hand, bioaccumulation is a helpful
integrative indicator of organisms’ exposure to chemi-
cal exposure in polluted environments [48]. The bioac-
tivity of biomass is vital in the process of bioaccumula-
tion. Cells must be alive to absorb pollutants through
metabolic processes [47]. During bioaccumulation,
metal ions are absorbed by the entire cell. Metals enter
the cells of living organisms via the same pathways as
nutrients do. Unicellular organisms absorb metals and
the essential nutrients they need to survive, such as
calcium and magnesium.

There are two stages of bioaccumulation. In the
first stage, metal ions are attached to the cell surface.
This first stage is metabolically inactive. Metal ions
are then carried into the cell. This procedure’s second
stage is only achievable when the cells are metaboli-
cally active. The amount of biomass increases if opti-
mal conditions for organism growth are maintained

Phytoaccumulation or
Phytoextraction

Phytostimulation

Phytodegradation

Phytovolatilization

Phytofiltration

Phytostabilization

in the second stage. This enables the binding of more
significant amounts of metal ions [36].

7 Biomagnification

Biomagnification is a condition in which the concentration
of the pollutant in an organism surpasses the concentration
of its food when the organism’s diet is the primary expo-
sure route. Food web biomagnification is the progressive
increase in pollutant concentrations with growing animal
trophic status and is used to explain the trophic accumula-
tion of pollutants within food webs [49]. Contaminants enter
the food web through bioaccumulation, which occurs when
they accumulate in an organism. In contrast, biomagnifica-
tion occurs when they are transferred from a trophic level
to another (and thus increase concentration) in a food web.

8 Bioconcentration

Bioconcentration is an organism’s ability to concentrate
a chemical from its surroundings [50]; it is the aggre-
gation of a material due to passing from one phase to
another [51]. Bioconcentration occurs when the amount
of a chemical within an organism exceeds that of its
environment (air or water). In contrast, biomagnifica-
tion occurs when the chemical or pollutant concentra-
tion increases as it advances through one trophic level
to another.
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9 Microbial bioaccumulation of heavy
metals

Microbial bioaccumulation of metal is an active process.
Various microorganisms, including bacteria, algae, and
fungi, have been used to bioaccumulate metals from
polluted environments [52]. Microorganisms used for
bioaccumulation should be tolerant to one or more
pollutants at increasing levels. Furthermore, they may
possess biotransformational abilities, converting the
harmful chemical to a less toxic or nontoxic form, allow-
ing the organism to minimize the pollutants toxicity and
keeping it contained [19]. Many environmental microbial
species exhibit high metal accumulation levels in cell
walls or the areas bounded by cytoplasm. This deposit
might account for up to 6% of the cell dry mass, and
when examined in the context of the water or soil envi-
ronment, this event can result in a temporary decrease
in the concentrations of metal ions [53].

Zolgharnein et al. [54] demonstrated the uptake of
metal ions - copper, zinc, cadmium, and lead by Pseu-
domonas aeruginosa. They also stated that metal uptake
by bacteria is a combination of surface phenomena and
diffusion. Pseudomonas putida accumulated cadmium
intracellularly and periplasmically, indicating the pres-
ence of metal binding and/or efflux systems within the
cells that mediate resistance to toxicity of metals [55].
Metal ion buildup in the cytoplasm [56] and periplasm
[57] has been described in E. coli because of metallothio-
neins expression. Bacillus can accumulate lead (Pb) with
an efficiency of 57% [58]. Tsukamurella paurometabola,
Cupriavidus taiwanensis, and Pseudomonas aeruginosa
have been used in the bioaccumulation of Cd and Zn.
Limcharoensuk [59] experiment showed that Zn?* and
Cd** were adsorbed on these bacteria cell walls. Accord-
ing to Aslam et al. [60], indigenous bacterial strains (Kleb-
siella pneumoniae, Stenotrophomonas sp., and Staphy-
lococcus sp.) have the potential to accumulate metals
(Chromium, Nickel, Lead) in the remediation of a pol-
luted environment. These bacteria were able to toler-
ate 700-1000 pg/ml of Nickel, 500-1000 pg/ml of Chro-
mium, and 1000-1600 pg/ml of Lead. The metal binding
ability of the E. coli cell wall has also been demonstrated
[61,62].

Different fungal species (Aspergillus tereus, Fusarium
oxysporum, Cladosporium cladosporioides, Penicillium
spp., Gliocladium roseum, Trichoderma koningii, and
Talaromyces helices) have been studied for their metal
bioaccumulation potentials [63]. Paecilomyces marquan-
dii has shown a more significant influence on growing
and eliminate zinc. During growth medium incuba-
tion, the zinc level of P. marquandii mycelium reached
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10-20 mg/g dry weight. Fusarium flocciferum fungus can
absorb copper, cadmium, and nickel. Living mycelium
pellets of Phanerochaete chrysosporium fungi adsorb
copper cation (ll) in aqueous solutions [63]. The strain of
Trichoderma atroviride isolated from sewage sludge can
tolerate metals, including copper, cadmium and zinc and
ingest these elements. This fungus can survive at high
metal concentrations, which appears to be due to the
natural selection of resistant cells [64].

10 Heavy metal toxicity to microorganisms

Heavy Metals can alter the biochemical and physiological
characteristics of microorganisms, chromium and cad-
mium can cause denaturation and oxidative damage in
microbes, as well as reduce the ability of microorganisms
to absorb and eliminate metals [52]. Heavy metals can be
toxic to microorganisms, causing DNA structural destruc-
tion and damage to the cell membrane. Heavy metals
displacements from their native binding sites or ligand
interactions cause this toxicity to microbes [65]. Chang-
ing the structure of the nucleic acid, producing functional
disruption altering cell membranes limiting the activity
of enzymes and oxidative phosphorylation all impact the
morphology, metabolism and development of microor-
ganisms [66]. Copper has been reported to damage DNA
lipids, cytoplasmic molecules, and other proteins [67]. Alu-
minum (Al) can stabilize superoxide radicals, which dam-
ages the DNA[68]. Metals may disrupt critical enzymatic
processes by causing configurational changes in enzymes
through competitive or non-competitive substrates inter-
actions [69]. Metals can also produce ion imbalance by
sticking to the surface of cells and gaining entrance into
cells through transmembrane carriers or ion channels [70].

11 Phytoaccumulation

Phytoaccumulation is a phytoremediation technique that
have been used in the treatment of heavy metal contami-
nated sites by different researchers [31, 71-73]. Phytoac-
cumulation is of important scientific study because of its
utilization in phytoprospection (metal ores are detected
through the local flora investigation), phytostabilization
(minimizing the concentration of soil pollutants by root
sequestration), phytoremediation (metal removal from soil
pollutants), or phytomining (application of plant to mine
relevant beneficial metals from polluted soil [74]. Phytoac-
cumulation involves using plants to absorb pollutants
from water or the soil, then translocate and accumulate
these pollutants in the aboveground plant biomass [75].
The phytoaccumulation of metals involves several steps:
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(i) metal mobilization in the rhizosphere, (ii) uptake of
metal by plant roots, (iii) translocation of metal ion from
roots to the aerial parts of the plant, and (iv) sequestration
and compartmentation of metal ion in plant tissues [76].
Phytoaccumulation has been the most popular phytore-
mediation approach for removing metals and metalloids
pollutants from soil in recent years [77]. Several factors
influence phytoaccumulation efficiency, including (a)
plant type used, (b) the level of plant tolerance to high
metal concentrations, and (c) the ability of plants to rap-
idly absorb and move metals from roots to the exposed
surfaces above the root [16].

Paulo et al. [71] commented on the potential of phy-
toaccumulation for high efficiency and potential economic
benefit in the recovery of metal and energy production.
Continuous phytoextraction and Induced phytoextraction
are the two approaches used in phytoaccumulation. Con-
tinuous phytoextraction takes advantage of indigenous
plants that can naturally collect high levels of metals
(hyper-accumulators). Induced phytoextraction increases
the accumulation of metals by plants using chemical com-
pounds such as chelates to improve metal bioavailability
and root uptake [28]. Chelating agents including amino-
carboxylic acids and synthetic carboxylic and their salts are
used [78]. Soil-applied sorbent materials promote partial
immobilization of metal ions in the environment. Antonk-
iewicza and Para [78] revealed that applying dihydrazone
to a heavy metal-polluted soil increased plant absorption
of Cd, Cu, Pb, and Zn, implying that this compound might
be used in the phytoremediation of these metal pollutants
from the soil.

Plants employed in phytoaccumulation should gener-
ally have the following characteristics: tolerance to high
metal concentrations, rapid growth, a high biomass yield, a
root system that is extensive, easy to cultivate and harvest,
high extraction ability with high metal accumulation in
aerial tissues, very resistant to pests and infections, and
be unattractive to herbivores (so as to prevent metals
from entering the food chain) [76, 79, 80]. For phytoreme-
diation, preference is given to trees ahead of crop plants
because they are not edible, which implies that metals are
less likely to enter the food chain [81].

Over 450 species of plants from at least 45 angiosperm
families, from annual herbs to perennial trees and shrubs,
have been identified as metal hyperaccumulators, includ-
ing Fabaceae, Brassicaceae, Asterraceae, Euphorbiaceae,
and Lamiaceae [82]. Phytoaccumulation potential of some
plants has been demonstrated as follows: Yang et al. [83]
showed the potential of three Napier grass cultivars (Penni-
setum purpureum) in the absorption of cadmium and zinc
in field experiments. Ghazaryan et al. [84] examined Melilo-
tus officinalis and Amaranthus retroflexus ability to remedi-
ate copper and molybdenum polluted soils. Their findings

revealed that A. retroflexus accumulate copper and molyb-
denum in the shoots, whereas M. officinalis prefers zinc
storage in the roots. After 2 months before transplantation
in field settings, Jacobs et al. [75] discovered zinc concen-
trations in the leaves of Noccaea caerulescensis exceeding
300 g Cadmium ha™1. Khalid et al. [85] used pot tests to
investigate Alternanthera bettzickiana’s phytoaccumulation
capacity to Nickel and Copper, finding that after 8 weeks
of treatment, A. bettzickiana accumulated two times more
copper in shoots than the control. Fourati et al. [86] found
that nickel was deposited at higher concentrations in the
aboveground section of Sesuvium portulacastrum. Trifolium
alexandrinum was used as a promising option for phytoex-
traction of cadmium, lead, copper, and zinc due to its rapid
growth, high biomass, resilience to pollution, and several
harvests in one single growing season [87]. The success-
ful outcome and effectiveness of phytoremediation rely
on the plant’s root and shoot structures, the root plant’s
accumulation rate, the existence of root activity facilitat-
ing various operation and microbial synthesis groups,
and interactivities in the rhizosphere [88]. Thus, study on
phytoremediation methods has drawn more attention
to other areas on selection, root and shoot biomass, soil
management and advancement of bioavailability, uptake
of pollutants and degradation potentiality, conventional
breeding, genetic engineering to multiple pollutant toler-
ance, and genetic engineering of microbes [88].

12 Limitations of phytoaccumulation

A plant’s capacity to tolerate high metal concentrations
may result in metal accumulation in the harvestable part;
this is a problem because of the possible pollution of the
food chain [89]. If pollutant concentrations are too high,
plants may die. When harvested plants contain large quan-
tities of metals, disposal can be a challenge [90].

Most plant hyperaccumulators are slow growers with
little plant biomass, which decreases the efficiency of the
metal accumulation [82]. Thus, to boost the efficiency of
phytoaccumulation, plants with high growth rates and
biomass (e.g., maize, sorghum, and alfalfa) are occasionally
utilized in soil remediation exercises with metal-chelating
compounds [91].

Chelating compounds limit precipitation and metal
sorption by forming metal chelate complexes, increas-
ing metals’ bioavailability. One significant limitation of
employing chelates in phytoaccumulation is the possi-
bility of metal leakage into groundwater. This is because
the application of chelates increases metals availability in
the soil solution. Furthermore, chelates can be harmful to
plants and soil microorganisms when employed in high
amounts [91].
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In most situations, plants absorb metals readily avail-
able in soil solutions. Although some metals are soluble
in plant absorption forms, others are insoluble and hence
not available for plant uptake [92]. Treatment is limited
due to the depth of the pollutants. Plant root depth deter-
mines the treatment zone. It usually only affects shallow
soils, groundwater and streams. However, researchers dis-
covered that using trees (instead of smaller plants) allows
them to remediate more profound pollution since the
roots of trees can reach more soil depth [90].

Depending on the location, phytoaccumulation suc-
cess may be seasonal. Other climatic factors will have an
impact on its efficacy. As a result, phytoremediation is
often restricted to areas with a low concentration of pol-
lutants and areas with pollution in shallow soils, ground-
water, and streams [90].

In general, the solubility/availability of metals for plant
absorption and the suitability of a location for phytoaccu-
mulation are additional elements to consider (along with
plant suitability) before adopting phytoaccumulation for
soil remediation [93].

13 Phytostimulation

Phytostimulation is the degradation of the soil’s con-
taminants with the increased activity of microorganisms
in the plant’s rhizosphere [94]. This technique may also
improve biodegradation in the rhizosphere. The root sys-
tem is associated with symbiotic soil plants and microbes
in phytostimulation for the degradation of contaminants.
Rhizodegradation is another term for phytostimulation.
Microbial activity in the root system has been stimulated
in several ways. Roots containing indigenous microbial
species exude compounds such as acetates, amino acids,
carbohydrates and enzymes [95]. Oxygen is carried to the
rhizosphere by the root system for aerobic transformation
[96]. Mycorrhizal fungi, due to unique enzymatic pathways
degrade organic contaminants that bacteria cannot trans-
form [97]. The availability of organic carbon is increased
by root biomass [98], and plants improve the habitat and
activity of microbial populations.

14 Phytodegradation

In phytodegradation, plants store, absorb, and degrade con-
taminants within their tissues [99]. Phytodegradation, also
referred to as phytotransformation, is a phytoremediation
process where contaminants are degraded within plants
by the metabolic processes that occur in plants [100]. A
few organic pollutants are beneficial to plant growth. Such
organic pollutants are first reduced into simpler forms before
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being incorporated into plant tissues, thereby increasing
plant growth [101].

15 Phytovolatilization

In phytovolatilization, plants adsorb pollutants from the
growth matrix and volatilize the contaminants into the
atmosphere in volatile form via transpiration [102]. Phy-
tovolatilization occurs when plants absorb water and
organic pollutants. Water travels through the plants vascu-
lar system from the plant roots to the leaves, the pollutants
are changed and modified along this path. Phytovolatiliza-
tion has been used to remove toxic mercury by converting
it into a less toxic elemental mercury [102]. It has also been
used to remove Arsenic from polluted soils [103].

16 Phytostabilization

Phytostabilization essentially reduces the mobility of
pollutants in the soil and their bioavailability to the food
chain [104]. Soil amendments such as alkalizing agents,
biosolids, organic matter, and phosphates are used to
reduce metal solubility in the soil and their leaching to
groundwater [105], as well as to prevent their transport.
In phytostabilization, plants can change the pollutant
factor’s form into non-resoluble or non-transportable in
water. Phytostabilization has been employed to remove
cadmium and mercury [106].

17 Phytofiltration

Phytofiltration is precipitating or adsorbing pollutants into
the roots constituting the root system [107]. The mecha-
nism of phytofiltration is related to the synthesis of some
chemicals within the root system, which cause pollutant
to be adsorbed since plants may contain phytochelatins to
enhance the adsorption affinity of pollutants such as metal
ions [108]. Phytofiltration is also known as rhizofilteration.
Plant roots are used to degrade contaminants by storing
or taking pollutants from an aqueous growth matrix or
filtering pollutants from wastewater, surface water and
groundwater through roots [109]. This method allows for
the use of both aquatic and terrestrial plants. Aside from
the natural environment, phytofiltration is also employed
in ponds, tanks and basins [110, 111].

18 Conclusion

Bioremediation processes involving the bioaccumulation
of metals by plants and microorganisms have gained sig-
nificant attention in recent years due to their potential in
cleaning and recovering metals. However, it is essential
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to thoroughly investigate the potential of these organ-
isms and conduct comprehensive studies to fully utilize
their ability to alleviate heavy-metal pollution. Various
physicochemical parameters such as temperature, pH,
biomass contact time, and concentration should be taken
into account when using plants and microorganisms for
bioremediation. It is essential to determine the fate of pol-
lutants collected in tree leaves and wood, and to ensure
that plant droppings and products do not introduce toxic
compounds to the food chain and cause any negative
impact on human or animal health.

Additionally, it is important to consider the impact of
bioremediation on the ecosystem and wildlife. Plants and
microorganisms used for bioremediation should be non-
invasive and native to the area. The risk of transferring pol-
lutants from the contaminated site to a non-contaminated
area should also be avoided.

Overall, more research is needed to fully understand
and optimize the use of plants and microorganisms in
bioremediation. This includes identifying the most effec-
tive organisms and conditions for bioremediation, as well
as developing safe and sustainable methods for manag-
ing and disposing of pollutants collected by plants and
microorganisms.
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