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Tobacco, being a globally cultivated crop, holds signifcant social and economic importance. Tobacco plants are susceptible to the adverse
efects of heavy metals (HMs), particularly cadmium (Cd), which hinders root development, disrupts water balance, and impedes
nutrient absorption. Higher concentrations of HMs, especially Cd, naturally accumulate in tobacco leaves due to complex interactions
within the plant–soil continuum. Te uptake of Cd by plants from the soil is infuenced by several factors, including soil type, pH,
irrigation water quality, and the chemical composition of the metal involved. Diferent techniques, such as bioremediation, phytor-
emediation, and mycoremediation, have been employed to tackle the issue of HMs. Te use of biochar ofers a practical solution to
mitigate this problem.With its large surface area and porous nature, biochar can efectively alleviate HMs contamination. Under biochar
application,metal adsorption primarily occurs through physical adsorption, wheremetal ions are trappedwithin the pores of the biochar.
Additionally, electrostatic attraction, in which negatively charged biochar surfaces attract positively charged metal ions, is another major
mechanism of metal remediation facilitated by biochar. In this review, we documented, compiled, and interpreted novel and recent
information on HMs stress on tobacco plants and explored biochar’s role in alleviating HMs toxicity. By providing a comprehensive
review of the persistent threat posed byCd to tobacco crops and exploring biochar’s potential as a remediationmeasure, this work aims to
enhance our understanding of HMs stress in tobacco and contribute to the development of sustainable agricultural practices.
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1. Introduction

Tobacco (Nicotiana tabacum L.) holds signifcant com-
mercial and agricultural importance globally [1]. As
a member of the Solanaceae family, tobacco plants are

prone to contamination through the absorption of heavy
metals [2]. However, they are particularly vulnerable to the
adverse efects of heavy metals, such as Cd, which can
inhibit root growth, disrupt water balance, and impede
nutrient absorption. Te accumulation of high
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concentrations of heavy metals, particularly Cd, in tobacco
leaves is a consequence of intricate interactions between the
soil and plant systems [3]. Te uptake of Cd by plants from
the soil is infuenced by numerous factors such as soil type,
pH, irrigation water quality, and the chemical composition
of the metal itself.

Te increasing accumulation of heavy metals in tobacco
plants raises severe concerns for both agricultural productivity
and human health [4]. Extensive eforts have been made to
detect andmitigate the adverse efects of thesemetals on plants.
Traditional techniques have been employed to detect heavy
metals, helping to identify potential threats to plant health.
However, heavy metals, particularly Cd, tend to accumulate
spontaneously and reach elevated concentrations in tobacco
leaves. According to Regassa and Chandravanshi [5], tobacco
holds signifcant agricultural importance globally, with notable
social and economic value.While Cd is not naturally present in
plants or humans, tobacco plants tend to accumulate it due to
its toxicity. Smoking cigarettes exposes individuals to Cd [6].
Te accumulation of heavymetals in tobacco plants arises from
complex interactions between the plants and their soil envi-
ronment. Tobacco plants absorbmetals from the soil to varying
degrees, depending on factors such as soil type, pH, irrigation
water quality, chemical composition of the metal, and plant
variety [7]. Te distribution and accumulation of these metals
in tobacco leaves refect themineral composition of the soil and
surrounding environment.

As a result, the metal content of tobacco can vary sig-
nifcantly depending on various factors such as geographical
origin, the type of fertilizers used, and specifc characteristics
like irrigation water quality [8]. Previous studies have ex-
amined tobacco leaves to evaluate heavy metal accumulation
resulting from the prolonged use of copper fungicides and
phosphate fertilizers on farms. Various approaches are uti-
lized to detect heavy metal accumulation in crop plants.
Atomic absorption and fame emission spectrophotometry
are commonly used to assess levels of Cd, zinc (Zn), man-
ganese (Mn), cobalt (Co), nickel (Ni), and lead (Pb). Similarly,
fame emission and atomic absorption spectrophotometry
(AAS) are recommended for determining Pb levels [9].

Te application of phosphate fertilizer is a widespread
practice aimed at boosting agricultural productivity [10, 11].
However, in tobacco crops, the application of phosphorus
fertilizer has been shown to increase the levels of heavy
metals in the plants [7]. Tis increase, however, depends on
soil type, time, and application rate of this fertilizer [12].
Previous studies have extensively documented the high
absorption and transportation of heavy metals such as ar-
senic (As), mercury (Hg), and Cd in tobacco plants resulting
from the use of chemical fertilizers [13].

Soil, a complex mixture of minerals, microorganisms, and
organic matter, plays a signifcant role in the earth’s chemical
cycles. Studies show that soil contains four times more carbon
than plant biomass, contributing to its high-water retention
capacity. Moreover, soil ofers numerous essential nutrients
that support plant growth, development, and yield. However,
the composition of soil is constantly changing due to both
natural environmental processes and anthropogenic activities
[14]. Soil is characterized by its intricate chemical and elemental

makeup, comprising minerals, air, water, organic matter, and
fossils. It also plays a crucial role in the carbon cycle, as it can
store about three times more carbon than the atmosphere and
four times more than plant biomass. Numerous studies have
demonstrated a strong correlation between soil carbon content
and soil fertility,making the quantifcation of carbon content in
feld soils in the context of the carbon cycle and global
warming [15].

In addition, soil provides essential nutrients, such as N,
P, K, Si, Ca, Mg, and S, along with trace elements (e.g., Fe,
Cu, Mo, and Ni) for optimal plant functions [14]. However,
the uptake of these essential nutrients by plants can be
afected by the heavy metal content in soils [16]. In the
current era, rapid industrialization has contributed to en-
vironmental and soil pollution, with signifcant amounts of
non-degradable artifcial materials andmetals, including Cd,
Cu, and Zn, being released (Figure 1). Te uptake of these
substances by plants adversely impacts their growth and
development. Terefore, assessing the elemental concen-
trations of heavy metals, minerals, and trace elements in the
soil is crucial to supporting sustainable agriculture. Among
feld crops, tobacco plants are particularly known for ab-
sorbing and accumulating high dose of heavy metals, mainly
Cd and Hg, in their leaves [13]. Addressing this issue is
essential for enhancing the performance of tobacco plants.
Various techniques, such as phytoremediation [18] and
phytoextraction [19, 20], have been used to tackle this
problem [21]. However, some downsides of these techniques
have also been reported. On the other hand, the application
of biochar, a carbon-rich material derived from pyrolysis,
has emerged as a win-win strategy to alleviate heavy metal
stress in crop plants. Te soil application of biochar can
restrain metal(loid)s, reduce their toxic efects, improve soil
conditions, and decrease greenhouse gas emissions by al-
tering soil properties [22–24]. Biochar absorbs heavy metals
mainly through physical adsorption, ion exchange, elec-
trostatic adsorption, precipitation, complexation, and the
combination of these mechanisms [25–27]. However, the
efcacy of biochar in heavy metal adsorption depends on its
type and the specifc metal contaminations in the rhizo-
sphere. For example, Lu et al. [28] studied the mechanism of
lead (Pb2+) adsorption by biochar produced from sludge and
reported that surface precipitation, ion exchange, and
surface complexation of functional groups were involved in
this process. Some studies have also reported that the ad-
dition of biochar in the soil regulates its physicochemical
properties, such as pH, redox potential, cation exchange
capacity (CEC), and organic composition [29, 30]. Addi-
tionally, biochar reduces the bioavailability of metal(loid)s
in the soil, their uptake by plants, and their potential hazards
to agricultural ecosystems [31]. Numerous recently pub-
lished reports mainly focus on biochar-based phytor-
emediation in various feld crops [32–34]. However, only
a few studies have focused on the potential of biochar in
metal remediation in tobacco crops. In this review-based
study, we comprehensively evaluated the toxic efects of
heavy metals on tobacco plants at physiological, bio-
chemical, and molecular levels. We also discussed and
compared numerous techniques used for the remediation of
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heavy metals in tobacco plants, with particularly attention to
the potential of biochar application for remediating heavy
metal-contaminated soils.

2. Search Strategy

Tis review-based study involved a comprehensive search of
published studies conducted across various electronic data-
bases, including PubMed, Scopus, Web of Science, Google
Scholar, and others. Te search employed specifc keywords
and corresponding terms in titles and/or abstracts: “biochar”
AND “metal toxicity” AND “remediation” OR “heavy metal
stresses.” Te search results were screened by evaluating the
titles, abstracts, and full texts of the papers. An initial screening
phase eliminated duplicates, followed by the selection of unique
articles based on title, abstract, and full-text assessment.

3. Heavy Metals in Tobacco Plants

Heavy metals such as cadmium, lead, and mercury pose
a signifcant threat to plant growth, development, and the
ecological environment [35, 36]. Currently, heavy metal pol-
lution has become the main focus of academic research due to
its detrimental efects on the plant–soil system [37]. Studies
have shown that plantsmay react abnormally when they absorb
heavy metals, subsequently, afecting animals and humans
indirectly [38]. Prolonged exposure to these metals through
crop plants can impact their normal functioning and overall
health, posing a serious risk to the environment, animals, and
humans. Controlling heavy metal pollution has become a sig-
nifcant concern in academic circles, particularly regarding
environmental health and food security. According to Asaari
et al. [38], plants subjected to heavy metal stress may exhibit
various responses, such as dysplasia, wilt, and vegetation
branching. Tese adverse reactions primarily lead to internal
structure abnormalities, defoliation, withering, and even plant
mortality, afecting overall morphogenetic processes [39].
Heavy metals are elements exhibiting metallic features with an
atomic mass > 20 and specifc gravity > 5 [40]. It is well
documented that HMs, including transitional elements and
metalloids, pose serious harm to humans, animals, and plants
[41]. Tese elements, known for their toxicity even at low

concentrations, are common examples of harmfulHMs [41]. In
nature, there are 53 elements classifed as HMs, which are
typically not involved in plant metabolism [42].

HMs have long been utilized by humans in the pro-
duction of alloys, metals, cement, rubber, paper, and other
materials [43]. Additionally, certain HMs, such as iron (Fe),
copper (Cu), cobalt (Co), zinc (Zn), and molybdenum (Mo),
serve as essential micronutrients in metabolic reactions [44].
However, their behavior is considered hazardous to plant
development when their concentrations exceed the
threshold, as outlined in Table 1. Density is the primary
criterion used to categorize heavy metals [55, 56]. Other
metallic elements, including aluminum (Al), antimony (Sb),
mercury (Hg), and nickel (Ni), have also been investigated
for their adverse efects on plants at elevated concentrations.
Tis is especially true for toxic elements such as arsenic (As),
cadmium (Cd), lead (Pb), and chromium (Cr) [56].

Aluminum toxicity in plants, for instance, is associatedwith
the global increase in acidic soils (40% of the world’s arable
land). Te most toxic form of aluminum, Al3+, becomes
available at acidic pH levels [57]. Previously, it has been re-
ported that interactions of HMs with sulfhydryl groups can
lead to impaired protein function and the upregulation of
oxidative stress in crop plants [58]. In tobacco plants, soil Cd is
primarily absorbed through the roots and translocated to the
branches, resulting in substantial Cd accumulation in cigarette
shoots [59]. At the cellular and molecular levels, heavy metal
contamination causes various physiological disruptions, in-
cluding the inactivation and denaturation of enzymes and
proteins, as well as the blocking of functional groups in
metabolically important molecules. Additionally, heavy metals
can displace or replace essential metal ions in biological
molecules and cellular structures, causing conformational
changes and disrupting membrane integrity [60]. Tese
changes ultimately lead to alterations in plant metabolic
processes, including inhibited photosynthesis, respiration, and
the activities of numerous essential enzymes [61, 62]. More-
over, these metals disrupt redox homeostasis by provoking the
formation of free radicals and reactive oxygen species (ROS).
Some recent studies have also reported increased production of
cytotoxic compounds such as methylglyoxal under heavymetal
stresses [63]. Te elevated production of these cytotoxic
compounds facilitates ROS accumulation in plant cells by
interfering with physiological and metabolic events, including
impaired antioxidative defense mechanisms, reduced photo-
synthesis, and respiration [64]. Te excessive accumulation of
ROS and high production ofmethylglyoxal in cells also result in
lipid peroxidation, degradation of biological macromolecules,
membrane dismantlement, ion leakage, and DNA strand
cleavage, ultimately leading to plant death (Figure 2). In
conclusion, while some HMs at low concentrations can be
benefcial to plants, most are toxic to tobacco plants, causing
numerous disorders in plant functioning.

4. Health Hazards of HMs Containing Tobacco
and Its Impact on the Environment

According to the World Health Organization (WHO),
global cigarette consumption has increased signifcantly in
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Figure 1: Heavy metals concentrations in tobacco plant collected
from various countries [17].
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recent years. Due to this prevalence of smoking, tobacco and
its products contribute substantially to morbidity and
mortality rates. Te leading cause of mortality and primary
cause of illness is the high concentration of carcinogenic
HMs in soil and tobacco plants. Chromium, As, Cd, Pb, and
Ni are some of the carcinogens found in cigarettes with their
concentrations varying based on factors such as the use of
organic and inorganic fertilizers, cultivation methods, the
cultivars used, and geographical location [65]. Te use of
tobacco and its products containing carcinogenic heavy
metals increases the risk of cancer, stroke, lung and heart
diseases in smokers, as well as second-hand and third-hand
smokers, while also contributing to the environmental
pollution [66]. Te continuous release of various tobacco
smoke pollutants contaminates the air annually, with indoor
air being particularly afected by health-hazardous tobacco
emissions [67].

5. Techniques Used to Detect HMs

Due to their pervasive presence as environmental pollutants,
heavy metals pose growing ecological, nutritional, and en-
vironmental concerns. As a result, biomonitoring tech-
niques are gaining popularity for their ability to predict,
identify, and mitigate potential environmental risks caused
by heavy metal pollution [68]. Many analytical techniques
are widely used to detect HMs in plants, including atomic
spectroscopy, fuorescence spectroscopy, atomic emission
spectroscopy, neutron activation analysis, and anodic
stripping voltammetry [69]. For instance, a study in Ghana
utilized AAS to detect Fe, Cd, Pb, and Zn in various

medicinal plants [69]. Tese biomonitoring approaches play
a crucial role in predicting, recognizing, and reducing po-
tential environmental concerns associated with heavy metal
contamination (Table 2).

Furthermore, the heavy metal concentrations obtained
from a feld portable x-ray fuorescence (XRF) spectrometer
were validated through inductively coupled plasma-mass
spectrometer [80].

5.1. Flame Atomic Absorption Spectrometers (FAAS).
Copper and manganese levels in herbs can be efectively
measured using FAAS [81]. Moreover, another study used
FAAS to measure Pb levels in a Chinese herb, achieving
enhanced precision after sample separation and enrichment
[82]. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) is an advanced technique for detecting
HMs and other compounds in plant materials. Recently,
ICP-OES was used to detect HMs in some desert plants,
yielding signifcant fndings [45].

In FAAS, the fame serves as the energy source, typically
utilizing an air-acetylene mixture for phytochemical analysis
and heavy metal detection [71]. For example, FAAS was used
to analyze four parts of a herbal plant for HM bio-
accumulation. Te fndings revealed signifcant levels of Rb,
Mn, Sb, and Sc in various parts of the plant. However, toxic
HMs, including As and Hg were detected in concentrations
exceeding 1mg/g, while Cd and Pb were found at levels of
5mg/g and 10mg/g, respectively [83].

On the other hand, GFAAS is used to assess the bio-
accumulation of HMs in solid plant samples. Tis method
ofers a time- and labor-saving alternative to traditional acid

Figure 2: Sources of heavy metal contamination and its efect on aquatic, animal, and tobacco plants disturb human health.
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digestion techniques, due to its enhanced analytical sensi-
tivity and graphite furnace electrothermal evaporation in-
jection [84]. Researchers have successfully applied GFAAS to
medicinal plants, yielding positive results. Heavy metals
such as Hg, Pb, and Cd were analyzed in herbs like Bombax
ceiba and Zingiber ofcinale Roscoe [72, 85].

5.2. Te XRF Spectrometry. In the late 1990s, researchers
utilized XRF spectroscopy to examine natural specimens,
drawing signifcant conclusions about their composition
[86]. XRF provides comprehensive information on sub-
stance composition, which is benefcial for population
health surveys. Te technique enables multi-element
analysis with excellent sensitivity, particularly in soil ele-
ment characterization, and produces highly accurate re-
sults [87]. XRF spectroscopy has become a standard
method for detecting heavy metals in plants. It has proven
efective in rapidly determining concentrations of Fe, Ti,
and Mn in soil, as well as identifying the distribution of
chemical elements in diferent parts of the plant [88]. XRF
spectrometry is employed without destroying the natural
specimens [86]. One of the key advantages of XRF is its
nondestructive nature, which preserves the integrity of
natural specimens. Tis method is widely used to measure
heavy metals such as Fe, Ti, Mn, Cr, Cu, and Ba in plants
and soils, ofering precision, accuracy, and sensitivity. XRF
can also detect the allocation of elements in various sec-
tions of the plant, including the rhizome, stem, leaves, and
fowers [88].

5.3. InductivelyCoupledPlasmaMassSpectrometry (ICP-MS).
In addition to the promising detecting technologies men-
tioned earlier, one of the latest techniques involves using
ICP-MS to analyze the absorption of HMs and other bi-
ological macromolecules. Tis method, utilizing ICP-MS for
the absorption of HMs and other biological macromolecules,
is among the most recent analytical approaches, com-
plementing the array of excellent methods available [45].
ICP-MS spectroscopy is considered the gold standard for
determining the metal content of medicinal plants, due to its
ability to rapidly detect minor variations, simultaneously
measure multiple elements, and ofer high accuracy.
Moreover, ICP-MS can be employed for multielement trace
and isotope analyses, making it a powerful tool for elemental
analysis [89]. It is often combined with other analytical
techniques to improve the detection of heavy metals in
medicinal plants. In a previous study, a researcher utilized
ICP-MS and electrospray ionization mass spectrometry to
examine the elements in dried Lycium barbarum. Te de-
tection limits for the analyzed elements were as follows: Mn,
0.42 g/L; Cu, 0.22 g/L; and Zn, 1.6 g/L [90]. Several authors
have proposed various methods to monitor the concen-
trations of heavy metals in plants, among which AAS and
atomic fuorescence spectrum (AFS) being commonly used.
However, these technologies have limitations such as low
efciency and high price. Terefore, some researchers have
suggested ICP-OES, XRFS, and other methods for heavy
metals detection in plants. However, these techniques

require a chemical laboratory and expensive equipment as
well and are often time-consuming, complex, and costly
[50, 91].

6. Removal and Remediation
Techniques of HMs

World’s food supply has been threatened by heavy metal
stress in plants, rising signifcant concerns among scientists
globally. Experts are increasingly aware of the dangers posed
by heavy metal stress and have taken immediate steps to
mitigate its efects on plant health [92]. Since their density
exceeds 5 g/cm3, 53 of the 90 naturally occurring elements
are classifed as HMs [93]. Plants require 17 metals to thrive,
which are classifed as micronutrients. However, when
present in excess, these micronutrients can negatively afect
plant growth and survival [74]. Another group of elements,
including Hg, Ag, Cd, Pb, Cr, and aluminum (Al), can elicit
HM toxicity when absorbed by the plant’s metabolism, as
they provide no nutritional value [94]. In recent decades,
rapid industrialization, modern farming methods, and in-
creased anthropogenic activities have all contributed to
a dramatic increase in the accumulation of HMs. Tese
modern farming techniques and industrial processes have
signifcantly enhanced the buildup of HMs in the envi-
ronment [95], especially in tobacco plants, which are the
most used plants worldwide [96]. HMs enter plants through
their roots, adversely afecting processes such as photo-
synthesis, mineral uptake, and water absorption [97]. Te
accumulation of HMs in tobacco plants has reached
alarming levels, making it crucial to address this issue to
protect both tobacco plants and human health from the toxic
efects of HMs. Various biological and chemical techniques
have been employed to reduce the toxicity of HMs in
contaminated soil, water, and plants. For instance, cemen-
tation, adsorption [98], ion exchange, fltration [99], solvent
extraction, soil washing [100], stabilization, excavation, and
other methods can be utilized for remediating HMs [101].
Chemical precipitation is also among the useful techniques
in this regard [101].

For instance, recent research has highlighted auxin’s
ability to enhance plant stress resistance by reducing ab-
sorption, increasing chelation and vacuolar sequestration,
and minimizing stress-induced oxidative damage. Addi-
tionally, auxin interacts with other biomolecules such as NO,
CO, ethylene, and abscisic acid, thereby protecting plants
from oxidative stress induced by various challenging con-
ditions. Auxin might contribute to plant resilience to stress
through mechanisms such as decreased absorption, in-
creased chelation and sequestration in plant organelles, and
reduced oxidative lesions associated with stress [102]. In the
context of heavy metal removal, biological techniques tar-
geting key environmental components such as soil, air,
water, and plants can be employed. Both active (metabolic
and energy-dependent) and passive bioremediation pro-
cedures can utilize either dead or living organisms/biomass.
In positive (metabolic and energy-dependent) or negative
bioremediation techniques, it is feasible to use either de-
ceased or living wage organisms/biomass. Microorganisms
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can be directly applied to contaminated areas or utilized in
bioreactors optimized for cleanup purposes. Phytor-
emediation involves the use of plants to cleanup polluted
areas, either by growing them on contaminated soil or
utilizing wetland biomass. Tis chapter introduces the usage
of plants in biological heavy metal remediation. Microor-
ganisms employ various techniques such as biosorption,
biotransformation, bioaccumulation, bioleaching, and bio-
mineralization during bioremediation [103]. Although
bioremediation is reported to be a highly eco-friendly and
cost-efective approach for metal remediation, some studies
have also discussed its downsides. Since the process of
microbial degradation is slower, bioremediation can take
longer than other remediation approaches [104]. Moreover,
this method is not efective for all types of pollutants. An-
other strategy for HM removal in plants involves “genetic
engineering techniques,” which enhance plant tolerance and
toxic metal accumulation, greatly aiding phytoremediation.
Recent studies have utilized omics methods such as pro-
teomics and metabolomics to gain a better understanding of
the genetic determinants and pathways associated with HM
stress tolerance in plants. HMs and metalloids such as Hg,
Cd, Se, and As are being removed from the environment by
plants using biotechnological methods. Currently, three
major biotechnological methods are being employed to
engineer plants for heavy metal and metalloid phytor-
emediation. Using biotechnological techniques, plants
remove HMs andmetalloids from the soil, including Hg, Cd,
Pb, Se, and As. Tese three biotechnological methods are
extensively utilized for modifying plants to enhance their
capacity for heavy metal and metalloid phytoremediation
[105].

Auxin, a plant hormone crucial for development and
growth, plays a pivotal role in regulating the plant’s response
to environmental stresses by overseeing biosynthesis, con-
jugation, and degradation processes [106, 107]. It is in-
ternationally recognized for its role in modulating both
normal and stressed root growth in plants. Given that roots
are the primary organs responsible for detecting heavy metal
stress, understanding the interplay between heavy metal
stress and auxin homeostasis is of paramount importance. In
addition to its well-known role in regulating healthy and
stressed root growth in plants, auxin has gained in-
ternational recognition as a key player among other phy-
tohormones. Understanding how HM stress stimuli interact
with auxin homeostasis is crucial, given that roots are the
primary organs responsible for detecting HM stress [108].
HMs alter auxin homeostasis by infuencing auxin con-
centration and distribution within the plant. Several studies
have observed variations in endogenous auxin levels in root
and shoot tissues following exposure to HM stress. Addi-
tionally, a complex relationship exists between auxin con-
centrations and heavy metal toxicity, which can be both
positive and negative [109].

Phytoremediation is a process that uses plants to miti-
gate heavy metal toxicity in contaminated environments,
addressing both organic and inorganic pollutants. Organic
pollutants can be remediated through techniques such as
rhizoremediation and degradation, while inorganic

pollutants are typically addressed using extraction methods
[110]. Phytoremediation is recognized as a feasible and cost-
efective approach for environmental cleanup. Te efec-
tiveness of phytoremediation relies on various factors, in-
cluding the root structure of the plant (tap or fbrous), its
ability to survive and adapt to the ecological conditions, its
growth rate at the specifc site, and its resistance to pests and
diseases. Certain plants, known as hyperaccumulators, have
the capability to absorb metals, transport them through the
xylem, and accumulate them in their shoots, thereby re-
ducing pollution [111]. During phytoremediation, metals are
not entirely eliminated but rather transferred from one
system to another. In phytostabilization, metals are absorbed
and stored in the root system, reducing soil contamination.
Tis process prevents hazardous metals from leaching into
the soil and water supply, thus protecting the food web [112].
Despite the efectiveness of phytoremediation, there are
several limitations in removing heavy metals from plants.
Tis approach is often considered a slow process, requiring
multiple growing seasons to achieve signifcant contaminant
reduction. Additionally, since plant roots typically develop
in the upper soil layers, phytoremediation is reported to be
less efective for deeply contaminated sites [50]. Further-
more, factors such as plant health, growth rate, and envi-
ronmental conditions—like soil fertility, pH, and
climate—can signifcantly infuence the efectiveness of
phytoremediation [113]. Terefore, developing novel tech-
niques for the remediation of heavy metals in plants is
warranted (Figure 3).

7. Biochar as Remediation Strategy for the
Removal of HMs in Plant

Biochar possesses unique physicochemical properties, in-
cluding a porous structure, a signifcant exposed surface
area, and an abundance of surface functional groups, making
it promising environmental amendment. It is produced as
a carbonaceous byproduct when biomass undergoes py-
rolysis in an oxygen-limited or oxygen-free environment
[114]. Te aromatic C structure of chars, including biochar,
comprises both an amorphous phase with disorganized
aromatic rings and a crystalline phase with condensed
polyaromatic sheets. Tis distinction in aromatic carbon
structure diferentiates chars, such as biochar [115]. Reports
indicate that biochar usage can immobilize environmental
heavy metals, thereby reducing their toxicity to organisms.
Te utilization of biochar has been shown to immobilize
environmental HMs, thereby reducing their toxicity to living
organisms [116]. For example, metals such as Cd and Pb can
be immobilized in biochar through complexation, as
demonstrated by Xu et al. who found that bamboo biochar
has the ability to immobilize Cd and Pb [117]. Tis suggests
that biochar has the potential to decrease the levels of Cd and
Pb in soil by immobilizing these metals through complex-
ation and ion conversion [117]. Biochar has the capability to
modify the behavior of HMs in contaminated sites even in
the absence of plants [118]. In a feld experiment, the bio-
availability of Cd, Cu, Pb, and Hg was investigated using pak
choi as the test plant. Te incorporation of biochar into the
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soil signifcantly increased crop yield. Application of biochar
at various rates (ranging from 0 to 1.5 to 2.25 to 3.0 t·ha−1)
resulted in a reduction in the bioavailability of HMs to plant
roots. Specifcally, the bioavailability of HMs in plant roots
decreased with increasing rates of biochar application. Tis
study suggests that sugarcane bagasse biochar has the po-
tential to remediate polluted soils, thereby enhancing both
crop yield and quality [118]. Te cultivation of heavy metals
has led to the accumulation of numerous contaminants that
must be addressed for soil remediation. HMs in soil and
plants may exhibit diferent behaviors following interactions
with biochar, plants, and microorganisms. Heavy metal
accumulation has led to the accumulation of a wide range of
toxins that require remediation from the environment.
Interaction with biochar, plants, and microbes can elicit
varied responses from heavy metals in both the environment
and plants. Te ability of biochar to enhance plant growth
and microbial activity could potentially enhance the efec-
tiveness of phytoremediation [119]. However, there has been
limited research on the impact of biochar on heavy metal
behavior, plant toxicity, and microbial activity in sediments
where plants thrive. To address this gap, the functions of
biochar derived from tea waste were investigated by growing
seedlings of Boehmeria nivea (L.). Tea waste, as a form of
biomass, poses disposal challenges, but it ofers a practical
and cost-efective approach for environmental contaminant
removal ([120]; Figure 4).

7.1. Biochar–Plant–Soil Interactions for Metals Remediation.
Biochar, also referred to as biocharcoal or biocoal, is pro-
duced through the gradual thermal decomposition of bio-
mass at high temperatures and low oxygen levels. Tis
process yields a type of black carbon with several benefcial

properties, including high stability and adsorption capacity,
signifcant aromatization, and high porosity. Biochar is
characterized by its high carbon content, which remains
thermally and biochemically stable over time [33]. Te
application of biochar ofers advantages in both carbon
sequestration and soil conservation. In a previous study, the
potential of biochar to enhance tobacco plant growth was
investigated through a 3-year feld experiment. Various
levels of biochar were applied, and their efects on the growth
indices of tobacco plants were assessed. Troughout the
growth period, root development, chlorophyll content, and
leaf-area parameters remained consistent. Compared to
control plants, those treated with biochar exhibited a notable
increase in root vitality, up to 177.8%. Moreover, biochar
application led to a signifcant enhancement in root area
(+91.35%) and the number of root tips number (+100.9%).
Additionally, biochar-treated tobacco plants showed a sub-
stantial increase in net photosynthetic rate, up to 77.3%
higher than control plants [33].

In addition to improving soil fertility, the use of biochar
as a soil conditioner can potentially alter the bioavailability
of HMs, which may have signifcant implications for the
environment. Previous research conducted a 2-year feld
experiment in southwestern China, using tobacco plants in
yellow-brown soil (pH 5.32), to investigate the efects of
biochar on HM bioavailability in soils. Te results revealed
signifcant increases in Cd levels in acidic soil when biochar
was applied at a rate of 40Mg·ha−1, whereas only a slight
increase was observed in neutral yellow soil at a rate of
15Mg·ha−1. However, the addition of biochar did not lead to
a signifcant increase in Cd content or accumulation in
crops. Te duration after biochar application and soil
pH also infuenced the decline in accessible Cu, Ni, and Pb.
Furthermore, increasing the biochar application rate
resulted in a decrease in the amount of Cu, Ni, and Pb in
tobacco plants. While the high Cd content in biochar
contributed to increases in soil-available Cd, the decreases in
soil-available Cu, Ni, and Pb levels could be attributed to
their immobilization through processes such as ion ex-
change and complexation ([34]; Table 3).

In a previous study, the efciency of tobacco plants in
absorbing Cd was examined using biochar derived from
corn cobs and rice husks [125].Te fndings revealed that the
concentration of Cd absorbed by tobacco plants, especially
in the shoots, increased with higher Cd dosages (p< 0.01).
Interestingly, despite the overall increase in Cd levels and
contents, treatments involving corn cob biochar produced at
various pyrolysis temperatures led to decreased shoot Cd
levels (p< 0.01). Conversely, treatments with rice husk
biochar did not exhibit the same efect. Te study concluded
that tobacco plants benefted more from treatments with
corn cob biochar than those with rice husk biochar, par-
ticularly in terms of reducing Cd uptake [126].

7.2. Mechanisms of Biochar Interaction With Cadmium and
Other HeavyMetals. In recent years, extensive research into
biochar’s potential as a soil amendment has revealed its
numerous positive efects when applied to agricultural soils.

Heavy metals
detection

techniques

Atomic
spectroscopy 

Fluorescence
spectroscopy 

Neutron
activation
analysis 

X-ray
spectroscopy 

Atomic
emission

spectroscopy 

Mass
spectrometry 

Figure 3: Te techniques used in heavy metals detection in veg-
etation plants and soil.
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For example, biochar has been shown to reduce soil bulk
density, increase soil nitrogen levels, and enhance soil or-
ganic carbon levels [127]. Additionally, studies have dem-
onstrated its efcacy in remediating HMs and plant growth
[34, 128]. However, the exact mechanism behind the fxation
of metal ions by biochar is not fully understood. Some recent
studies however reported heavy metal fxation by biochar
application through ionic exchange, coprecipitation, cation
π-electron interaction, and complexation [34, 129]. How-
ever, the adsorption capacity of biochar is highly dependent
on its properties and pyrolysis conditions. According to Cui
et al. [130]; mineral precipitation and ion exchange mainly
occurred during metal remediations under biochar appli-
cation. At plant level, biochar application has been reported
to improve growth, development, physiology, yield, and
overall productivity of tobacco crop. Adsorption, the major
mechanism through which biochar interacts withmetal ions,
primarily occurs through complex interactions between the
metal ions and the biochar surface [131]. Te highly porous
structure, with micro- and macropores, and the large surface
area of biochar provide numerous sites for the adsorption of
metal ions [132].Tese sites also reduce the bioavailability of
metal ions in the environment. Additionally, electrostatic
adsorption onto the biochar surface is another important
phenomenon in metal remediation. Several studies have
reported that biochar surfaces often possess a higher neg-
ative charge, which attracts positively charged metal ions
[133]. Pyrolysis conditions, including temperature and en-
vironmental pH, can infuence these electrostatic in-
teractions. It is commonly believed that higher pyrolysis
temperatures and pH conditions enhance the negative
charge, thereby increasing the metal adsorption capacity.
Furthermore, metal remediation through biochar is also

mediated by physical adsorption [134]. Van derWaals forces
contribute to the physical adsorption of metal ions on the
biochar surface; however, physical adsorption is generally
considered less efective than chemical adsorption.

7.2.1. Physical and Chemical Properties of Biochar Afecting
Its Remediation Capability. Biochar’s surface area and po-
rosity are the major physical properties that afect its efec-
tiveness in the remediation of metal-contaminated sites [135].
Biochar is largely characterized by its highly porous structure,
which develops during the pyrolysis process. Various pub-
lished reports have documented that a large surface area
provides more adsorption sites for metal ion interactions
[136]. Moreover, the adsorption capacity of biochar is directly
infuenced by its porous structure, with the porosity being
essential for trapping metal ions [137]. For physical ad-
sorption, micropores ofer high surface areas, whereas mes-
opores and macropores play crucial roles in the difusion and
movement of metal ions. Some studies have also noted that
the pore size distribution can afect the metal adsorption rates
[137]. In addition to surface area and particle size, the
structural stability and durability of biochar infuence its long-
term efectiveness in metal ion remediation. Due to its high
carbon content, biochar is reported to be more stable than
other substances used in remediation [138]. Moreover, its
high resistance to microbial degradation makes it a more
suitable and sustainable option for remediation.

Furthermore, some chemical properties of biochar also
infuence its efectiveness in metal remediation. Te chemical
properties, including the presence of surface functional groups,
are crucial in determining the metal adsorption capacity of
biochar [139]. During the pyrolysis process, functional groups

Figure 4: Te use of biochar for the reduction of heavy metals in plants to improve soil fertility and plant growth and production by
alleviating heavy metals stress.

10 Scientifca



Ta
bl

e
3:

T
e
in
te
ra
ct
io
n
of

he
av
y
m
et
al
s
(H

M
s)

an
d
bi
oc
ha
r
fo
r
th
e
re
m
ov
al

of
th
es
e
m
et
al
s.

M
et
al
/s

Bi
oc
ha

r
so
ur
ce

Ef
ec
t

R
ef
er
en

ce

C
ad
m
iu
m

an
d
co
pp

er
D
ai
ry

m
an
ur
e

C
ad
m
iu
m

is
pr
on

e
to

an
ab
so
rp
tio

n
pr
oc
es
s
th
ro
ug
h
ca
tio

n
ex
ch
an
ge
,w

hi
ch

in
cr
ea
se
s
w
ith

ri
sin

g
pH

le
ve
ls

X
u
et

al
.[
12
1]

Le
ad

Sl
ud

ge
-d
er
iv
ed

bi
oc
ha
r

Le
ad

is
pr
im

ar
ily

ab
so
rb
ed

th
ro
ug
h
pr
ec
ip
ita

tio
n.
In
cr
ea
sin

g
te
m
pe
ra
tu
re

pr
om

ot
es

th
e
so
rp
tio

n
of

th
is
m
et
al
,w

hi
ch

is
m
ai
nl
y
as
so
ci
at
ed

w
ith

th
e
m
in
er
al
co
m
po

sit
io
n

of
th
e
bi
oc
ha
r
us
ed

Lu
et

al
.[
28
]

M
er
cu
ry

So
yb
ea
n
st
al
k-
ba
se
d
bi
oc
ha
r

T
e
m
aj
or

m
ec
ha
ni
sm

s
fo
r
th
e
so
rp
tio

n
of

th
is
m
et
al

ar
e
io
n
ex
ch
an
ge
,

co
m
pl
ex
at
io
n,

an
d
pr
ec
ip
ita

tio
n.
H
ow

ev
er
,t
he
se

m
ec
ha
ni
sm

sa
re

hi
gh

ly
in
fu

en
ce
d

by
bi
oc
ha
r
ch
ar
ac
te
ri
st
ic
s
an
d
py
ro
ly
sis

co
nd

iti
on

s
K
on

g
et

al
.[
12
2]

A
rs
en
ic

(A
s(
II
I)

an
d
A
s(
V
))

Em
pt
y
fr
ui
t
bu

nc
h
an
d
ri
ce

hu
sk

T
e
co
m
pl
ex
at
io
n
an
d
ch
em

ic
al
re
du

ct
io
n
ar
em

ai
n
m
ec
ha
ni
sm

sf
or

th
e
so
rp
tio

n
of

ar
se
ni
c

Sa
m
su
ri
et

al
.[
12
3]

C
hr
om

iu
m

—
W
he
n
bi
oc
ha
r
in
te
ra
ct
s
w
ith

C
r,
it
su
pp

or
ts

th
e
tr
an
sf
or
m
at
io
n
fr
om

C
r(
V
I)

to
C
r(
II
I)
.I
n
th
is
pr
oc
es
s,
bi
oc
ha
r
of

er
s
a
su
ita

bl
e
nu

m
be
r
of

fu
nc
tio

na
lg

ro
up

s
th
at

ca
n
be

ob
ta
in
ed

w
ith

su
ita

bl
e
fe
ed
st
oc
k
an
d
slo

w
py
ro
ly
sis

Li
et

al
.[
12
4]

Scientifca 11



such as negatively charged carboxyl (-COOH), hydroxyl
(-OH), phenolic, and carbonyl (-C�O) provide numerous
active sites for metal attachment through mechanisms such as
complexation, ion exchange, and electrostatic attraction. In
addition to these groups, the CEC and pH bufering capacity of
biochar also determine its ability to provide charges on its
surface for metal ion adsorption [140]. High CEC values are
typically attributed to the high presence of negatively charged
functional groups, enhancing the adsorption of positively
chargedmetal ions such as Cd2+, Pb2+, and Zn2+.Moreover, the
environmental pH is crucial in determining biochar’s ad-
sorption capacity. It is well established that biochar produced
under high pyrolysis temperature conditions tends to be more
alkaline due to the presence of ash and inorganic minerals
[141].Tis alkaline nature helps neutralize acidic soils, raise the
pH, and increase the precipitation of metal hydroxides. Higher
pH is also reported to boost the adsorption of heavy metals
[136]. Overall, biochar has emerged as a promising solution for
the remediation of contaminated sites. Its efectiveness inmetal
adsorption is signifcantly infuenced by factors such as high
surface area, porous structure, and the presence of functional
groups such as carboxyl (-COOH) and hydroxyl (-OH). Under
biochar application,metal adsorption primarily occurs through
physical adsorption, where metal ions are trapped in the pores
of the biochar. Additionally, electrostatic attraction and ion
exchange are commonly reported mechanisms of metal re-
mediation facilitated by biochar.

8. Conclusions

Tis review study summarizes the efects of HMs on tobacco
plants, noting that HMs primarily accumulate in the roots,
followed by stems, barks, and leaves. Various analytical
techniques, including AAS, FAAS, GFAAS, CVAAS, ICP-
OES, and ICP-MS, are utilized to detect HM bio-
accumulation in plants. Studies have revealed signifcant
efects of HMs on plants, such as reduced growth, increased
oxidative stress, and inhibited seed germination, necessi-
tating efective solutions. To address HM-related risks in
plants, various methods have been employed, with biochar
emerging as a promising solution due to its distinct phys-
icochemical properties, such as a large surface area and
numerous surface functional groups. Corn cob biochar
treatments, in particular, show promise in mitigating HM
toxicity in plants. Integrating biochar with advanced tech-
nologies and understanding the plant-soil-microbe nexus
opens new avenues for sustainable agriculture and envi-
ronmental remediation. Tis review article advocates for
further research in this feld to unlock the potential of
biochar as a game-changer in addressing metal stress and
promoting the resilient cultivation of tobacco plants. With
biochar as the compass, the journey into tobacco’s heavy
metal voyage aims for sustainable agricultural crescendos.
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