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Abstract  Heavy metal (HM) contamination in agri-
cultural soils poses a critical threat to food safety, 
particularly in vegetable production systems where 
direct human exposure occurs through consumption. 
Vegetables grown in contaminated soils often accu-
mulate elevated levels of toxic metals such as lead, 
cadmium, chromium, and arsenic, as well as exces-
sive zinc, increasing dietary and public health risks. 
Conventional remediation methods are frequently 
costly, inefficient, or environmentally unsustainable. 
Biochar has emerged as a promising, sustainable 
amendment for reducing HM bioavailability; how-
ever, its effectiveness and mechanisms in vegetable-
growing soils remain insufficiently understood. This 
review critically evaluates biochar’s remediation 
potential, associated risks, and practical challenges, 
and outlines future research and policy priorities for 

safe and sustainable vegetable production. While 
biochar’s physicochemical traits—such as high sur-
face area, alkalinity, and cation exchange capacity—
facilitate metal immobilization through adsorption, 
ion exchange, and precipitation, remediation out-
comes vary widely with production conditions and 
application rates. Potential drawbacks include nutri-
ent immobilization or the remobilization of elements 
such as arsenic and chromium (VI). Broader adoption 
is further limited by variability in biochar quality, 
scarce long-term field data, high production costs, and 
weak policy support. Strengthening biochar govern-
ance through quality standards, financial incentives, 
and integration into soil health and carbon sequestra-
tion programs is essential to enhance feasibility and 
farmer adoption. By linking scientific evidence with 
policy and practice, biochar can serve as a scalable 
solution for safer vegetable production, improved soil 
resilience, and climate change mitigation.

Keywords  Agricultural residues · Biochar · Heavy 
metal immobilization · Soil remediation · Sustainable 
agriculture · Environmental management

1  Introduction

Heavy metal (HM) contamination in agricultural 
soils has emerged as a pressing global issue (Angon 
et al., 2024), particularly in vegetable production sys-
tems (Brahma et al., 2025)— “vegetable” referring to 
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edible plant parts such as leaves, stems, roots, tubers, 
bulbs, and fruits grown for human consumption — 
posing direct risks to food safety and human health. 
Non-degradable metals such as lead (Pb), cadmium 
(Cd), arsenic (As), and chromium (Cr) can persist in 
soils for decades (Das et  al., 2023), posing serious 
risks through bioaccumulation in edible plant tis-
sues (Bibi et al., 2024). Leafy and root vegetables are 
especially vulnerable to HM uptake due to their shal-
low rooting systems and high rates of metal translo-
cation, making them critical vectors for dietary expo-
sure (Kaur et  al., 2025; Zhou et al., 2016). Elevated 
metal concentrations in vegetables not only compro-
mise food quality but also pose chronic health threats, 
including kidney dysfunction, neurological disorders, 
and carcinogenic effects (Blenis et al., 2023).

HM contamination in agricultural soils represents 
a critical entry point for toxic elements into the food 
chain, particularly through the uptake of these ele-
ments by vegetable crops (Rai et al., 2019). Contami-
nated soils, often resulting from industrial activities, 
mining, sewage sludge application, and the overuse of 
agrochemicals, serve as persistent reservoirs of non-
degradable metals such as Pb, Cd, As, and Cr (Wuana 
& Okieimen, 2011). Moreover, the bioavailability of 
metals in soil is influenced by soil texture, organic mat-
ter content, cation exchange capacity, and pH, with 
acidic and low-buffered soils typically enhancing metal 
solubility and plant absorption (Olaniran et al., 2013). 
These metals can be readily taken up by plant roots and 
translocated to aboveground tissues, especially leaves, 
which are the primary edible parts of many vegetables. 
The presence of HMs in soil can disrupt key soil prop-
erties and functions—such as microbial activity, nutri-
ent cycling, and pH buffering—thereby degrading soil 
quality and reducing productivity (Mohammad et  al., 
2025; Vasilachi et al., 2023). Soils contaminated with 
HMs often exhibit low microbial biomass, acidic pH, 
poor nutrient retention, and altered redox potential, all 
of which further exacerbate metal mobility and plant 
uptake (Angon et al., 2024; Zheng et al., 2024). This 
complex interplay between soil contamination and 
plant physiology highlights the urgent need for effec-
tive remediation strategies to reduce metal accumula-
tion in edible plant parts and ensure food safety in veg-
etable production systems.

Soil contamination arises from both natural and 
anthropogenic sources (Ali et  al., 2019). In many 
countries, elevated levels of Cu, Pb, and Cd in 

agricultural soils are largely attributed to industrial 
activities, while other metals such as As, Hg, Cr, 
and Ni stem from a combination of natural mineral 
weathering and human inputs (Cao et  al., 2024). 
Major anthropogenic contributors include mining, 
wastewater irrigation, sewage sludge, manure, and 
excessive use of chemical fertilizers and pesticides 
(Arunakumara et  al., 2013). Among these, mining 
and wastewater irrigation are particularly influential, 
and the prolonged use of fertilizers and pesticides fur-
ther exacerbates HM accumulation in cultivated soils 
(Zakaria et al., 2021).

Although a variety of remediation techniques have 
been developed to address HM contamination, most 
conventional methods present significant limitations. 
Soil washing and electrokinetic extraction are effec-
tive, but are cost-intensive and may lead to nutrient 
loss and secondary pollution (Blenis et  al., 2023). 
Phytoremediation, though conceptually attractive and 
environmentally compatible, remains limited in large-
scale application due to slow remediation rates, strong 
dependence on climatic and site-specific factors, and 
the low metal tolerance of many plant species (Cozma 
et al., 2025). Chemical immobilization using lime or 
phosphate offers temporary benefits, but lacks long-
term stability in field conditions (Cheng et al., 2020). 
These shortcomings have driven the search for more 
sustainable and cost-effective alternatives.

Amid these challenges, biochar (BC) has attracted 
growing interest as a sustainable, low-cost soil 
amendment capable of mitigating HM contamina-
tion while simultaneously improving soil fertil-
ity and structure (Mohan et  al., 2024). Its desirable 
properties—including high cation exchange capacity 
(CEC), large specific surface area, alkaline pH, and 
chemically stable structure—enable it to adsorb or 
co-precipitate HMs, reducing their mobility and bio-
availability (Subramanian et  al., 2024). BC applica-
tions have been shown to enhance soil organic car-
bon, buffer soil pH, increase moisture retention, and 
stimulate beneficial microbial populations (Blenis 
et  al., 2023; Cheng et  al., 2020). Additionally, BC 
can be modified (e.g., doped with minerals or func-
tionalized chemically) to increase its sorption affinity 
for specific contaminants (Chen et  al., 2022; Liang 
et al., 2021). Its production from agricultural residues 
aligns with circular economy principles, converting 
waste biomass into a value-added product for envi-
ronmental remediation (Díaz et al., 2024).
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Globally, an estimated 14–17% of croplands are 
contaminated with toxic metals, potentially exposing 
0.9–1.4 billion people to heightened environmental 
and health risks (Hou et  al., 2025). Vegetable crops 
are particularly susceptible, as they readily absorb 
and accumulate HMs from contaminated soil, water, 
and air, posing serious food safety concerns (Zhou 
et  al., 2016). Conventional remediation methods are 
often costly and unsustainable, underscoring the need 
for alternative, nature-based solutions. Biochar has 
gained increasing attention as a low-cost and eco-
friendly amendment capable of immobilizing HMs, 
improving soil properties, and enhancing crop safety 
(Sarraf et  al., 2024). However, uncertainties persist 
regarding its long-term effectiveness, variability in 
performance across feedstocks and production con-
ditions, and potential adverse impacts. This study is 
presented as a critical review, going beyond a simple 
summary of existing literature to evaluate, interpret, 
and integrate current knowledge on BC use for HM 
remediation in vegetable production. It provides a 
comprehensive assessment of how BC properties—
such as feedstock type, production conditions, and 
physicochemical characteristics—influence metal 
immobilization in soils and accumulation in veg-
etable crops. The review also analyzes inconsisten-
cies among studies, identifies key research gaps, and 
highlights environmental trade-offs and management 
challenges. In addition, it discusses adverse effects, 
microbial responses, and the technical and economic 
feasibility of large-scale applications. Specifically, 
this paper aims to: (1) provide an overview of HM 
contamination sources and impacts in agricultural 
soils; (2) examine the critical links between BC 
production, its physicochemical properties, and the 
mechanisms of metal immobilization; ̣(3) critically 
evaluate the evidence for BC’s effectiveness in reduc-
ing HM uptake in common vegetable crops; and (4) 
identify the key challenges, risks, and future research 
priorities necessary to translate this promising tech-
nology into a safe, effective, and scalable practice for 
sustainable agriculture.

2 � Methodology

This review employed a structured narrative synthe-
sis approach to comprehensively capture and ana-
lyze existing research on BC for HM remediation in 

vegetable-growing soils. The literature search tar-
geted peer-reviewed studies and authoritative sources 
published between 1993 and 2025, utilizing aca-
demic databases such as Scopus, Google Scholar, and 
ResearchGate. Keyword combinations such as bio-
char, heavy metals, soil remediation, vegetable culti-
vation, and specific vegetable species (Lactuca sativa, 
Brassica juncea, Amaranthus) were used in conjunc-
tion with Boolean operators (AND, OR) to maximize 
the relevance and breadth of results. In addition to 
academic sources, selected grey literature and insti-
tutional databases were used to supplement empirical 
findings with contextual data. This included statistics 
on agricultural residue generation and biomass avail-
ability from the FAOSTAT (the FAO’s global agri-
cultural statistics database, 2003–2023), the Interna-
tional BC Initiative (IBI), and UNIDO. These sources 
provided valuable perspectives on practical applica-
tions, ongoing BC projects, and policy developments 
relevant to low- and middle-income countries.

Rather than conducting a statistical meta-analysis, 
a qualitative narrative synthesis was undertaken due 
to the diverse methodologies and data types across 
the studies. The reviewed literature was categorized 
thematically to draw meaningful comparisons and 
synthesize trends. Key themes included: HM con-
tamination in agricultural soils, BC as a tool for HM 
remediation in vegetable-growing soils, effects of 
BC on HM uptake in vegetables, scientific and tech-
nical challenges in BC applications, and Economic 
and environmental challenges and future perspectives 
for global adoption. A total of 199 references were 
selected for inclusion in the review (Table  1). The 
vast majority (183 of 199) were published in journals 
indexed in the Web of Science, reflecting the predom-
inance of high-quality, peer-reviewed literature in this 
field. The number of relevant publications has grown 
rapidly, particularly after 2010, with over 98 studies 
published between 2021 and 2025 alone. This growth 
indicates an increasing global interest in sustainable, 
bio-based solutions for soil remediation, particularly 
in relation to food safety and vegetable systems.

3 � Heavy Metal Contamination in Agricultural 
Soils

HM contamination of agricultural soils remains 
a persistent environmental issue due to the 
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non-degradable nature and high toxicity of elements 
such as Pb, Cd, As, Cr, Ni, Zn, Cu, and Hg. Unlike 
organic pollutants, these metals cannot be broken 
down biologically or chemically, allowing them to 
accumulate in soils over time. This persistence not 
only threatens soil fertility and microbial function 
but also facilitates metal transfer to crops, thereby 
posing substantial risks to food safety and human 
health (Chauhan et al., 2018; Srivastava et al., 2017).

3.1 � Sources and Pathways of Contamination in 
Vegetable‑Growing Soils

HMs in agricultural soils originate from both natu-
ral (geogenic) and anthropogenic sources. While 
weathering of parent materials can release trace met-
als into the environment, elevated concentrations in 
intensively cultivated soils are primarily attributed 
to human activities. Key contributors include indus-
trial emissions, mining, and wastewater irrigation, 
which introduce metal particulates and residues into 
farming systems. Additionally, the use of agrochemi-
cals—especially phosphate fertilizers containing cad-
mium and certain pesticides—further exacerbates 
metal accumulation (Khan et  al., 2009; Mishra & 
Kumari, 2021; Zahra et al., 2017). In vegetable pro-
duction systems, where crops are directly consumed 
and often grown in proximity to urban centers, the 
risks are particularly acute. Repeated application of 
untreated wastewater or organic amendments such as 
sewage sludge and manure can lead to elevated levels 
of Pb, Zn, and Cd in surface soils. The accumulation 

of these metals not only impairs plant growth but also 
creates a pathway for their entry into the food chain, 
with direct impacts for public health and ecological 
stability (Oves et al., 2012; Zhyrgalova et al., 2024).

3.2 � Regional Contamination Trends in Asia and 
Vietnam

HM contamination in agricultural soils varies sig-
nificantly across Asian countries, reflecting differ-
ences in emission sources, agricultural intensity, and 
regulatory enforcement (Table 2). For instance, soils 
in Malaysia have reported As and Cd levels exceed-
ing 50  mg kg⁻1, far above natural background con-
centrations (Zarcinas et al., 2004a). In industrialized 
agricultural zones in China, Zn levels often exceed 
several hundred mg kg⁻1, while Cr levels approach 
300–360 mg kg⁻1 (Zhou et al., 2014). One of the most 
severe historical cases occurred in Toyama, Japan, 
where Cd levels of 400–600  mg kg⁻1 in rice fields 
led to the “itai-itai” disease outbreak (Herawati et al., 
2000). In contrast, countries such as South Korea 
generally report much lower levels of Pb, As, and Cd 
in agricultural soils (Jo & Koh, 2004), which could 
be due to several reasons such as with stringent emis-
sion controls, advanced industrial waste management, 
and limited local emission sources. These lower 
concentrations are not solely due to reduced atmos-
pheric deposition but also reflect effective regulatory 
enforcement and the spatial attenuation of deposition 
from point sources with increasing distance. Long-
range atmospheric transport may still contribute to 
low background levels of some metals across East 
Asia, depending on prevailing wind directions and 
regional emission patterns. It is worth noting, how-
ever, that in some regions of Asia, naturally metal-
rich parent materials can also result in elevated base-
line concentrations, independent of anthropogenic 
influence.

In Vietnam, contamination patterns are highly 
heterogeneous (Supplementary Table  S1). While 
some areas remain relatively unaffected, others—
particularly those near industrial, urban, or mining 
zones—have experienced extreme accumulation of 
HM. For example, peri-urban vegetable-growing 
areas near Hanoi have reported Pb concentrations 
of ~ 132.5  mg  kg⁻1 and Cd ~ 4.1  mg  kg⁻1, while rice 
paddies in the Red River Delta show As concentra-
tions of around 20  mg  kg⁻1 (Hoang et  al., 2021; 

Table 1   Number of reviewed articles by indexing category 
across publication periods

The “ISI-Indexed” category includes all articles published in 
journals currently indexed in the Web of Science Core Collec-
tion (including SCI/SCIE/SSCI). “Scopus-Indexed Only” cov-
ers articles in journals indexed by Scopus but not by Web of 
Science. “Other” refers to references not indexed in either data-
base (e.g., book chapters, Reports or regional journals

Publication period ISI-
indexed 
(WoS)

Scopus-
indexed 
only

Other (not 
indexed)

Total

 < 2010 17 0 1 18
2010–2015 22 1 2 25
2016–2020 46 1 1 48
2021–2025 98 9 1 108
Total 183 11 5 199
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Huong et al., 2010), all of which exceed the national 
permissible limits for agricultural soils (70  mg  kg⁻1 
for Pb, 2  mg  kg⁻1 for Cd, and 2  mg  kg⁻1 for As) 
(Ministry of Science and Technology, 2002). Nota-
bly, areas affected by mining activities display 
exceedingly high metal concentrations. For exam-
ple, soils near mines in Thai Nguyen Province have 
accumulated As levels around 3,468  mg  kg⁻1 (Anh 
et al., 2011) and Pb concentrations of approximately 
3,476  mg  kg⁻1 (Nguyen et  al., 2024). Similarly, in 
the lead–zinc mining regions of Bac Kan Province, 
Pb and Zn concentrations were as high as ~ 6,209 
and ~ 14,030 mg kg⁻1, respectively (Ha et al., 2011). 
These values drastically exceed the national agricul-
tural soil quality standards, indicating strong anthro-
pogenic contamination from mining operations. Con-
versely, in agricultural regions distant from heavy 
industries, HM concentrations typically align with 
natural geogenic backgrounds. For example, paddy 
soils in Ha Giang Province show negligible As con-
tent and only approximately 0.05  mg  kg⁻1 of Cd, 
consistent with natural geochemical baselines (Tra & 
Egashira, 2001). Similarly, rice cultivation areas in 
the Mekong Delta generally have HM concentrations 
below hazardous thresholds and close to natural back-
ground values (Chu et al., 2010).

3.3 � Toward Remediation: Need for Sustainable 
Solutions

Addressing HM contamination in vegetable produc-
tion requires comprehensive and proactive strategies. 
Key measures include regular monitoring of soil and 
crop metal concentrations alongside the enforcement 
of stringent regulations to control industrial emissions 
and ensure the safe disposal of agro-industrial wastes. 
In instances of contamination, remediation tech-
niques must be employed to immobilize or remove 
metals from the soil. Among these techniques, the 
application of organic soil amendments such as com-
post and BC has garnered attention for their poten-
tial to sequester metals and restore soil health (Ibra-
him et  al., 2023; Medyńska-Juraszek et  al., 2022). 
BC, produced from agricultural waste via pyrolysis, 
offers a promising, low-cost, locally available solu-
tion aligned with circular economy principles. The 
next sections of this review will explore the produc-
tion and characteristics of BC, its mechanisms for 

immobilizing metals in soil, and its effects on reduc-
ing HM uptake in vegetable crops.

4 � Biochar as a Tool for HM Remediation 
in Vegetable‑Growing Soils

BC is a carbon-rich material produced through the 
thermal decomposition (pyrolysis) of organic biomass 
under oxygen-limited conditions. It has attracted con-
siderable attention as a sustainable solution for reme-
diating soils contaminated with HMs, particularly in 
regions where vegetable growth is a concern, such as 
in the food industry (Blenis et al., 2023; Lehmann & 
Joseph, 2015). The effectiveness of BC in immobiliz-
ing HMs is attributed to its advantageous physico-
chemical properties, including a high carbon content, 
extensive surface area, high cation exchange capacity 
(CEC), alkaline pH, and persistent aromatic structure 
(Sachdeva et al., 2023). These properties facilitate the 
sorption and retention of metal ions while simultane-
ously enhancing soil quality (Ahmad et  al., 2014a; 
He et al., 2019). These properties are not static; they 
are significantly influenced by the choice of feedstock 
and the conditions under which BC is produced. By 
selecting suitable biomass sources and optimizing 
production parameters, BC can be tailored to enhance 
the immobilization of HMs to specific contaminants 
or soil conditions. Consequently, BC has proven to be 
a versatile tool for soil remediation, with applications 
ranging from industrialized nations to local farms in 
developing countries, such as Vietnam.

4.1 � Biomass Availability and BC Production 
Potential

Supplementary Table  S2, which summarizes global 
and regional agricultural productivity and biomass 
residue potential for major crops (2003–2023) based 
on FAOSTAT data, shows that global agriculture 
generates approximately 5.5 billion tonnes (Gt) of 
crop residues annually, with an estimated BC yield 
of ~ 21%, translating to a theoretical global BC poten-
tial of 1.16 Gt per year. Cereal crops, particularly 
rice and maize, contribute the bulk of this biomass. 
Southeast Asia alone produces 520 million tonnes 
(Mt) of agricultural residues each year—about 10% 
of the global total—offering a regional BC poten-
tial of 109 Mt. Rice farming dominates, accounting 
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for 271 Mt of residues or one-quarter of global rice-
derived biomass. Vietnam contributes 88–160 Mt, 
primarily from rice, followed by maize, sugarcane, 
and industrial crops such as coffee and cashew. How-
ever, current practices like open field burning result 
in significant feedstock losses and environmental 
harm (Bhattacharyya et  al., 2021). Harnessing these 
residues for BC production represents a major oppor-
tunity for waste valorization, pollution reduction, and 
soil remediation within circular bioeconomy frame-
works (Lentini et al., 2025).

The abundant availability of biomass residues all 
over the world presents considerable opportunities 
for the advancement of sustainable agriculture and 
environmental management. The transformation of 
agricultural waste into BC offers dual advantages: it 
valorizes waste, thereby mitigating open burning or 
landfilling, and it produces a stable soil amendment 
that enhances soil health. The diverse array of availa-
ble feedstocks, each characterized by unique chemical 
compositions, plays a crucial role in determining the 
properties and remediation effectiveness of the result-
ant BC. Biomass with elevated cellulose and hemi-
cellulose contents, such as rice straw and corn stalks, 
generally produces BC with a highly porous structure 
after pyrolysis. This porosity enhances the surface 
area and adsorption capacity for contaminants (Deng 
et al., 2016; Marrugo et al., 2016). For instance, BC 
derived from rice straw, which typically contains sig-
nificant ash content and functional groups, has been 
demonstrated to effectively reduce the bioavailabil-
ity of Cd, Pb, and Zn in contaminated paddy soils by 
increasing the soil pH and adsorbing metals onto its 
surface (Dang et  al., 2018). In contrast, feedstocks 
rich in lignin, such as woody materials or coconut 
shells, yield BCs with greater aromatic carbon stabil-
ity and carbon content but often exhibit fewer surface 
functional groups, potentially limiting their capacity 
for certain types of chemical adsorption (Volpe et al., 
2018; Zhang et al., 2015). Feedstocks with a high ash 
content, such as rice husks, can produce BC with an 
elevated mineral content that facilitates the precipita-
tion of metals as insoluble compounds (Wang et al., 
2017). Recognizing these variations, researchers have 
explored modified BCs, such as those produced with 
chemical additives or post-treatment, to enhance their 
performance. Notably, BC produced from cotton 
stalks pre-treated with MgCl2 demonstrated a phos-
phate removal capacity of approximately 130 mg g⁻1, 

while pepper stem BC achieved approximately 
131  mg  g⁻1 Pb adsorption, both significantly higher 
than their unmodified counterparts (Park et al., 2016; 
Yu et  al., 2016). These modifications illustrate the 
potential to tailor BC properties, such as by enriching 
it with specific functional groups or minerals, for tar-
geted remediation of particular pollutants.

4.2 � Production Processes and Properties of BC

BC can be synthesized through various thermo-
chemical processes, including pyrolysis, gasifica-
tion, and hydrothermal carbonization (HTC). Pyroly-
sis is the predominant method for producing BC for 
soil amendment. In a typical slow pyrolysis process, 
biomass is subjected to temperatures ranging from 
300 °C to 900 °C in an oxygen-limited environment, 
resulting in the formation of BC along with co-prod-
ucts such as syngas and bio-oil (Lehmann & Joseph, 
2015). Gasification occurs at higher temperatures 
with increased oxygen availability, which favors the 
production of gaseous fuels and yields lower quanti-
ties of BC. HTC involves the reaction of biomass in 
hot compressed water (200–300 °C) to produce coal-
like char and is particularly suitable for wet feed-
stocks such as manure or bagasse (Funke & Ziegler, 
2010). Thus, the selection of a production technique 
is often aligned with feedstock characteristics: mois-
ture-rich residues common in tropical regions may 
be processed via lower-temperature or hydrothermal 
routes, whereas dry lignin-rich residues (e.g., woody 
wastes or coconut shells) can be efficiently converted 
at higher pyrolysis temperatures to produce BCs with 
greater carbon stability. The conditions under which 
the BC is produced significantly influence its proper-
ties. Slow pyrolysis at moderate temperatures is often 
chosen to maximize the BC yield and preserve the 
nutrient content, which is beneficial for soil reme-
diation applications (Babu et  al., 2023). Conversely, 
fast pyrolysis or very high temperatures may enhance 
the surface area but result in reduced char yield and 
potentially degrade some functional groups.

The key production parameters include the temper-
ature, heating rate, and residence time. Low pyroly-
sis temperatures (e.g., 300–400  °C) typically yield 
BCs with a higher concentration of surface functional 
groups, such as carboxyl (–COOH) and hydroxyl 
(–OH) groups, and an increased volatile matter con-
tent, which can enhance the CEC and chemical 
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adsorption capacity (Parthasarathy et  al., 2023; 
Şensöz & Can, 2002). For example, the retention of 
oxygen-containing functional groups at lower tem-
peratures augments the capacity of BC to bind metal 
cations via surface complexation. Conversely, high 
pyrolysis temperatures (500–900  °C) result in more 
complete carbonization of the biomass, producing 
BCs with increased surface areas and porosities but 
reduced quantities of functional groups. Surface areas 
can increase significantly at elevated temperatures; 
for instance, a durian-wood BC produced at 650  °C 
exhibited a surface area of approximately 221 m2 g⁻1 
(Chowdhury et  al., 2016; Weber & Quicker, 2018). 
Employing activation techniques, such as physical 
activation with steam or CO2 or chemical activation 
with KOH, can further enhance the surface area to the 
thousands of m2 g⁻1 (Bashir et al., 2018; Kumar et al., 
2020), which is beneficial for pollutant adsorption. 
However, highly porous BCs may possess reduced 
nutrient content and fewer functional groups, indicat-
ing a trade-off between the surface area and chemi-
cal functionality. Prolonged residence times during 
pyrolysis can increase the aromatic carbon fraction 
and enhance the stability of BC, thereby increasing 
its persistence in soils. Thus, the optimal production 
parameters are contingent upon the intended appli-
cation. For HM immobilization, a balance must be 
achieved to ensure sufficient adsorption sites (surface 
area and functional groups) and adequate alkalinity 
and CEC.

The physicochemical properties of BC play a cru-
cial role in its interactions with HMs. The key prop-
erties include (i) pH, as BCs generally exhibit an 
alkaline pH due to ash content, which can neutral-
ize acidic soils; (ii) CEC, which refers to the ability 
to exchange cations such as Ca2+ and K+ with metal 
ions in the soil solution; (iii) surface area and poros-
ity, which are related to the capacity for physical 
adsorption of metal ions or complexes; (iv) surface 
functional groups, which provide binding sites for 
metals through complexation; and (v) mineral con-
tent, which can result in the precipitation of metals as 
minerals. For instance, typical BCs have a pH ranging 
from approximately 6 to 12, depending on the feed-
stock and temperature, often imparting alkalinity that 
can precipitate metals as hydroxides or carbonates 
(Ahmad et  al., 2014a; Zhang et  al., 2013). BC also 
commonly exhibits significant CEC due to negative 
surface charges, enabling it to sequester metal cations 

by exchanging with benign cations such as Ca2+ or 
Mg2+ originally present on the BC (Shakoor et  al., 
2020; Zhang et  al., 2020). The point of zero charge 
(PZC) of a BC, which is the pH at which the net sur-
face charge is zero, determines whether its surface is 
negatively or positively charged at a given soil pH, 
thereby influencing its attraction or repulsion between 
metal cations and anions (Munera-Echeverri et  al., 
2018). By carefully controlling the feedstock choice 
and production conditions, it is possible to produce 
BCs optimized for high CEC, appropriate pore struc-
ture, and abundant functional groups, thereby facili-
tating the trapping of HMs.

4.3 � Physicochemical Mechanisms of BC

BC mitigates the bioavailability of HMs in soil 
through a series of interconnected physicochemi-
cal mechanisms. The principal mechanisms encom-
pass adsorption (both physical and chemical), ion 
exchange, surface complexation, and precipitation of 
metals into stable mineral forms (Fig. 1, Supplemen-
tary Table S3). These processes often operate syner-
gistically when BC is introduced into contaminated 
soils (Guo et  al., 2020). Following BC amendment, 
the soil pH generally increases, particularly in acidic 
soils, owing to the alkaline nature of many BCs. This 
elevation in pH can significantly reduce the solubility 
of numerous metal cations by facilitating the forma-
tion of insoluble hydroxides, carbonates, or phosphate 
minerals (Zhang et  al., 2013). BC surfaces, which 
contain various oxygen-bearing functional groups 
(such as carboxyl, hydroxyl, and carbonyl groups), 
can bind metal ions through coordination bonds, a 
process referred to as surface complexation. Met-
als such as Cu2+ and Zn2+ readily form complexes 
with these functional groups, and low-temperature 
BCs with a greater abundance of such groups tend 
to exhibit higher capacities for this mechanism (Pan 
et al., 2022; Uchimiya et al., 2012; Zhu et al., 2018).

BC is characterized by high CEC levels, which 
enable it to carry exchangeable cations, such as Ca2+, 
Mg2+, and K+, on its surface. These cations can be 
exchanged with HM ions present in the soil solution 
(Fahmi et  al., 2018; Shakoor et  al., 2020). This ion 
exchange process not only facilitates the removal of 
metals from the soil solution but also immobilizes 
them in less bioavailable forms within the BC matrix. 
Additionally, physical adsorption plays a significant 
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Fig. 1   The pathway of biochar from plant biomass and its 
impacts and mechanisms on remediating heavy metal-contam-
inated soil used for vegetable cultivation. Note that red arrows 

are pathways, and green arrows are the potential impacts or 
mechanisms related to biochar
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role. The porous structure of BC offers extensive sur-
faces and pore spaces where metal ions or metal-bear-
ing molecules, such as organometallic complexes, can 
adhere through van der Waals forces or electrostatic 
attraction (Fan et  al., 2023a; Qi et  al., 2017). The 
increased porosity and surface area at higher pyroly-
sis temperatures further enhance the physical trapping 
of metals. Furthermore, the mineral constituents of 
BC derived from the original biomass ash can react 
with metals to form compounds with low solubility. 
For example, BCs containing silica, carbonates, or 
phosphates can induce the precipitation of metals, 
such as silicates, carbonates, or phosphate minerals 
(Alozie et al., 2018; Wang et al., 2017).

The mechanisms described collectively diminish 
the proportion of exchangeable or dissolved HMs, 
which are readily absorbed by plants, and enhance 
the proportion that is bound or fixed within the soil 
matrix. It is important to note that metals do not 
respond uniformly to BC amendment. Typically, the 
efficacy of immobilization is most pronounced for Pb, 
which exhibits strong adsorption and precipitation, 
followed by Zn and Cd, with a somewhat reduced 
effect observed for Cu (Namgay et  al., 2010; Yang 
et  al., 2021). This hierarchy is attributed to the dis-
tinct chemical properties of each metal; for instance, 
Cu2+ often demonstrates a higher affinity for organic 
matter and may persist in organo-complex forms even 
after BC application. Additionally, it is crucial to con-
sider that while cationic metals become less bioavail-
able under more alkaline conditions induced by BC 
application, anionic species such as arsenate (As(V)) 
or chromate (Cr(VI)) may exhibit increased mobility 
if the soil pH increases because of diminished adsorp-
tion or competition with other anions for binding sites 
(Guo et al., 2020; Lebrun et al., 2018).

5 � Effects of BC on HM Uptake in Vegetables

The application of BC as a soil amendment has gar-
nered growing attention for its potential to reduce the 
bioavailability of HMs in contaminated agricultural 
soils, particularly in vegetable production systems 
(Wu et al., 2025). Vegetables are among the most sen-
sitive crops to HM uptake due to their rapid growth, 
high water content, and frequent consumption in 
fresh form, thereby posing significant risks to food 
safety and human health (Shetty et al., 2025). BC can 

mitigate these risks by altering soil properties and 
immobilizing HMs through multiple mechanisms, 
including surface adsorption, ion exchange, com-
plexation with functional groups, and pH-induced 
precipitation (Chen et al., 2024a). Numerous studies 
have demonstrated that BC amendments can signifi-
cantly reduce the accumulation of Cd, Pb, As, and 
other toxic metals in edible plant tissues (Irshad et al., 
2022). The extent of metal uptake reduction depends 
on several factors, including BC feedstock, pyrolysis 
temperature, application rate, and the type of vegeta-
ble grown (Lahori et al., 2017). This section critically 
reviews experimental evidence on BC’s effectiveness 
in lowering HM concentrations in commonly culti-
vated vegetables, with a focus on leafy greens, root 
crops, and fruiting vegetables. Special attention is 
given to the underlying mechanisms, crop-specific 
responses, and contextual variables that influence BC 
performance in real-world agricultural settings.

5.1 � Metal Uptake Mechanisms in Vegetable Plants

Vegetable plants possess sophisticated biochemi-
cal systems that evolved over millions of years to 
acquire HMs from contaminated soils (Manegabe 
et al., 2025). Although these mechanisms evolved to 
regulate the uptake of essential micronutrients such 
as Fe and Zn, they can inadvertently transport toxic 
metals like Cd, Pb, and Hg into plant tissues (Mathur 
& Chauhan, 2020), thereby introducing them into the 
food chain. This process occurs through three primary 
phases: root uptake, intracellular processing, and sys-
temic transport to aerial tissues (Zhang et al., 2024). 
Understanding these mechanisms is crucial not only 
for food safety assessment but also for developing 
phytoremediation technologies that utilize plants to 
decontaminate polluted soils.

The root system serves as the primary interface 
for HM acquisition and represents the most critical 
control point in the entire uptake process (Jia et al., 
2022). Specialized membrane transport proteins 
function as selective channels for metal entry, with 
the Zinc-Regulated Transporter/Iron-Regulated 
Transporter (ZIP/IRT) family serving as the pre-
dominant pathway for metal influx from soil solu-
tion into root cells (Ajeesh Krishna et  al., 2020). 
These transporters operate through electrochemi-
cal gradients and exhibit broad substrate specific-
ity, simultaneously transporting essential metals 
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such as iron alongside toxic metals such as Cd and 
Pb (Williams et al., 2000; Zhao et al., 2022). Under 
iron-deficient conditions, plants upregulate these 
transporters, inadvertently increasing HM uptake 
capacity (Morrissey & Guerinot, 2009). Addition-
ally, root systems actively modify the rhizosphere 
chemistry through secretion of low-molecular-
weight organic acids including citrate, malate, and 
oxalate, which function to solubilize soil-bound 
metals and enhance their bioavailability (Oburger 
et  al., 2009). The root cell wall matrix, particu-
larly pectin components rich in galacturonic acid 
residues, provides initial metal-binding sites that 
sequester metal cations through electrostatic inter-
actions before they reach cellular transport systems.

Upon metal entry into root cells, plants immedi-
ately activate sophisticated detoxification cascades 
to mitigate cellular damage and facilitate safe metal 
handling (Hasan et  al., 2017). The primary defense 
mechanism involves the synthesis of phytochelatins, 
small peptides with the general structure (γ-glutamyl-
cysteine)n-glycine, which are produced from glu-
tathione by the enzyme phytochelatin synthase in 
response to direct exposure to HMs (Faizan et  al., 
2024). These peptides coordinate with metal ions 
through sulfur-metal bonds, forming stable complexes 
that neutralize metal toxicity while preparing metals 
for compartmentalization (Seregin & Kozhevnikova, 
2023). Following chelation, metal-phytochelatin 
complexes are actively transported into the vacuolar 
compartment through specialized tonoplast trans-
porters, including ATP-binding Cassette (ABCC) 
proteins and HM ATPases, where metals are main-
tained in chemically inert forms isolated from meta-
bolically active cellular compartments (Park et  al., 
2012). Subsequently, HM translocation from roots to 
shoots occurs primarily through the xylem transport 
system, driven by transpiration-induced mass flow, 
with xylem loading representing a critical regulatory 
checkpoint mediated by HM ATPases HMA2 and 
HMA4 that actively pump metals into xylem vessels 
against concentration gradients (Ceasar et  al., 2020; 
Wong et al., 2009). During transport, metals are typi-
cally complexed with organic ligands such as citrate, 
histidine, or nicotianamine to maintain solubility, 
while the Yellow Stripe-Like (YSL) transporter fam-
ily facilitates the movement of nicotianamine-metal 
complexes through both xylem and phloem systems 
(Curie et al., 2009). This integrated transport system 

results in leafy vegetables generally exhibiting higher 
metal concentrations than root or fruit vegetables due 
to their extensive transpiring leaf surface areas and 
direct exposure to xylem-transported metals (Zhou 
et  al., 2016), with significant implications for food 
safety and dietary exposure risks.

5.2 � Mechanistic Interactions Between BC and 
Vegetable Metal Uptake Processes

The effectiveness of BC in remediating HMs contam-
inated soils depends fundamentally on complex inter-
actions between BC’s physical and chemical modi-
fications to soil environments and the sophisticated 
physiological and molecular processes of vegetables 
to absorb HMs. These interactions create intricate 
feedback mechanisms that can either synergistically 
enhance or antagonistically reduce remediation effi-
ciency, extending far beyond simple additive effects.

5.2.1 � BC Modulation of Soil Chemical Environments 
and Plant Metal Transport Systems

BC application creates cascading changes in soil 
chemistry that directly interact with plant metal trans-
port mechanisms at the molecular level. The alkaline 
nature of most BCs increases soil pH, which simul-
taneously decreases HM solubility and modifies the 
expression patterns of metal transport proteins in 
plant roots (Chen et al., 2023; Majewska & Hanaka, 
2025).  This pH-mediated mechanism operates 
through multiple pathways: elevated pH shifts metal 
speciation toward less bioavailable forms while con-
currently down-regulating the expression of broad-
spectrum metal transporters such as ZIP (Zinc-Reg-
ulated Transporter/Iron-Regulated Transporter) and 
NRAMP (Natural Resistance-Associated Macrophage 
Protein) families (Khan et al., 2025; Sun et al., 2023). 
Studies demonstrate that BC amendment can reduce 
bioavailable concentrations of Cd, Pb, Cu, and Zn 
while simultaneously suppressing the expression of 
metal uptake genes, creating a dual protective mecha-
nism (Chen et al., 2018; Haider et al., 2024).

The high cation exchange capacity of BC creates 
nutrient competition effects that exploit the non-
specific nature of plant metal transporters. Essential 
nutrients like Zn and Fe compete with toxic met-
als such as Cd and Pb for the same transport pro-
teins, with increased availability of beneficial metals 
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reducing toxic metal uptake through competitive inhi-
bition (Ghassemi-Golezani et al., 2025). This mecha-
nism proves particularly effective when BC derived 
from nutrient-rich feedstocks (such as manure) pro-
vides sustained release of competing cations  (Chen 
et al., 2018). Simultaneously, BC’s surface functional 
groups, including carboxyl, hydroxyl, and aromatic 
structures, directly adsorb metal ions through compl-
exation, electrostatic attraction, and π-electron inter-
actions, reducing the pool of metals available for 
plant uptake (Manikandan et al., 2023).

5.2.2 � Rhizosphere Microbiome Interactions 
and Metal Bioavailability

The addition of BC fundamentally alters rhizosphere 
microbial communities in ways that create complex 
feedback loops affecting metal bioavailability. BC 
increases bacterial diversity and modifies commu-
nity structure by providing colonization sites, nutri-
ent sources, and pH buffering  (Wang et  al., 2022; 
Yan et  al., 2022).  These microbial changes interact 
with plant metal uptake through multiple mecha-
nisms: BC-stimulated bacteria can immobilize met-
als through biosorption and biomineralization pro-
cesses, while also producing organic acids that may 
either increase or decrease metal solubility depend-
ing on environmental conditions  (Fan et al., 2023b). 
The interaction between BC and root exudates cre-
ates particularly complex dynamics. While plants 
naturally secrete low-molecular-weight organic acids 
(LMWOAs) such as citrate and malate to mobilize 
nutrients, BC can buffer the pH changes caused by 
these acids, potentially reducing their metal-mobi-
lizing effects (Alozie et al., 2018). However, BC also 
provides electron transfer support between microor-
ganisms and root exudates, enhancing the efficiency 
of microbial metal reduction and immobilization 
processes (Fan et al., 2023b). This creates a feedback 
system where BC simultaneously reduces the plant’s 
need to exude organic acids while enhancing the effi-
ciency of beneficial microbial processes.

5.2.3 � Molecular‑Level Interactions with Plant 
Detoxification Systems

At the cellular level, BC influences plant metal detox-
ification through complex interactions with phyto-
chelatin synthesis and vacuolar sequestration systems. 

While BC reduces external metal exposure, it may 
also affect the expression of genes encoding phyto-
chelatin synthase and ABC transporters responsi-
ble for vacuolar metal sequestration  (Cobbett, 2000; 
Mendoza-Cózatl et  al., 2011).  Studies indicate that 
BC amendment can reduce the expression of HM 
transporter genes while maintaining or enhancing 
the plant’s internal detoxification capacity  (Haider 
et al., 2024; Khan et al., 2025). This suggests that BC 
allows plants to maintain their detoxification machin-
ery while reducing the burden on these systems 
through external metal immobilization. Moreover, the 
tonoplast transporters, particularly ABCC-type trans-
porters and HM ATPases (HMA), play crucial roles 
in vacuolar metal sequestration (Mendoza-Cózatl 
et al., 2011; Sharma et al., 2016). BC application may 
influence the efficiency of these transporters through 
changes in root cell ion concentrations and membrane 
properties, though the specific mechanisms remain 
under investigation  (Sharma et  al., 2016). The inter-
action between BC-mediated external metal reduction 
and internal cellular transport systems represents a 
critical area for optimizing remediation strategies.

5.3 � Effects and Influencing Factors of BC on HM 
Behavior in Soil and Uptake by Vegetables

5.3.1 � Introduction

Vegetables primarily absorb HMs from the soil 
through their root systems, with a lesser extent of 
absorption occurring via foliar deposition of airborne 
particles (Xu et al., 2022). Vegetables, such as lettuce 
(Lactuca sativa), spinach (Spinacia oleracea), ama-
ranth (Amaranthus spp.), and Brassica species (e.g., 
mustard greens, Brassica juncea, and cabbage), are 
particularly susceptible to HM accumulation, due to 
their extensive root systems and large leaf surfaces 
that can intercept metal-containing dust (Xu et  al., 
2022; Zhou et al., 2016). Empirical evidence suggests 
that HM concentrations generally follow the trend 
of leafy vegetables > root/tuber vegetables > fruit-
ing vegetables (e.g., tomatoes and peppers) in the 
same contaminated soil (Zhou et  al., 2016). Conse-
quently, reducing HM uptake in leafy vegetables is 
a priority to ensure food safety. In this context, BC 
has emerged as an effective soil amendment that 
mitigates HM accumulation in vegetables by decreas-
ing metal bioavailability, improving soil chemical 
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properties, and modifying soil–plant interactions. For 
example, in one study, chicken-manure-derived BC 
applied at 10% (w/w) to a highly Pb-contaminated 
soil (1,000  mg  kg⁻1 Pb) reduced the Pb concentra-
tion in mustard green shoots to as low as ~ 2 mg kg⁻1, 
whereas in untreated soil, the shoots contained toxic 
levels of Pb (Park et al., 2011).

5.3.2 � Mechanistic Pathways of Biochar Influencing 
HM Uptake

Reduction of Metal Bioavailability in Soil  One 
of the primary mechanistic pathways by which BC 
reduces HM uptake in vegetables is through decreas-
ing metal bioavailability in soil. BC applications typi-
cally increase soil pH (Nguyen et al., 2021a), promot-
ing the precipitation of metals such as Cd and Pb as 
carbonates and hydroxides, thus limiting their solu-
bility and plant availability (Hasan et al., 2024). The 
surface of BC contains abundant functional groups 
(–COOH, –OH) that facilitate physical sorption and 
surface complexation, forming stable metal–ligand 
bonds that immobilize metals (Hasan et  al., 2024). 
Furthermore, the porous structure of BC provides a 
large surface area for electrostatic interactions and ion 
exchange, particularly between metal cations (e.g., 
Cd2⁺, Pb2⁺, Zn2⁺) and exchangeable base cations 
on BC surfaces (e.g., Mg2⁺, K⁺) (Qian et al., 2024). 
BC also alters the soil redox potential (Eh), leading 
to the reduction of mobile and toxic species such as 
As(V) and Cr(VI) into less bioavailable forms (Chop-
pala et  al., 2016). Collectively, these physicochemi-
cal processes—sorption, ion exchange, and precipi-
tation—act synergistically to reduce HM mobility 
in soil, thereby decreasing their uptake by vegetable 
roots (Fig. 1).

Immobilization via Mineral and Organic 
Phases  BC also immobilizes HMs through inter-
actions with its mineral and organic components. 
BCs derived from mineral-rich feedstocks—such as 
rice husk, poultry manure, or sewage sludge—con-
tain oxides and carbonates of Ca, Mg, Fe, and Al 
that facilitate surface precipitation and metal–min-
eral complexation (Wu et al., 2019a). These minerals 
promote the formation of metal–phosphate, metal–
carbonate, and metal–oxide compounds, which are 
highly insoluble under most agricultural soil con-
ditions (Basta & McGowen, 2004). Concurrently, 

organic functional groups on BC surfaces contribute 
to electrostatic binding and surface complexation with 
dissolved metal ions. For example, poultry-manure-
derived BC exhibits strong metal–mineral interac-
tions, effectively immobilizing Cd and Pb through 
co-precipitation and coordination with phosphate and 
carbonate phases (Nguyen et  al., 2021a). Similarly, 
rice husk BC, enriched in silica and alkali metals, 
provides multiple binding sites for physical sorption 
and surface precipitation, enhancing long-term stabi-
lization of HMs (Huang et al., 2020). Together, these 
mineral–organic mechanisms contribute to sustained 
reductions in HM mobility and plant uptake in veg-
etable systems.

Modification of Rhizosphere Chemistry  BC 
modifies rhizosphere chemistry in ways that further 
restrict HM availability and root absorption. Through 
its buffering effect, BC stabilizes soil pH and redox 
potential, influencing metal speciation and promot-
ing the conversion of toxic soluble forms into more 
stable, adsorbed states (Teng et al., 2025). The pres-
ence of BC stimulates microbial activity and diver-
sity, enhancing microbially mediated transformations 
such as As(V) ↔ As(III) reduction–oxidation cycling 
and Fe/Mn oxide formation (Wu et al., 2019b), which 
favor metal immobilization through surface complex-
ation and precipitation. BC also influences root exu-
dation patterns (Gu et al., 2022), where organic acids 
and ligands interact with BC surfaces to form stable 
metal–organic complexes, further reducing metal 
uptake (Fan et  al., 2023b). Additionally, the release 
of base cations (Ca2⁺, K⁺, Mg2⁺) from BC competes 
with toxic metal ions (e.g., Cd2⁺, Pb2⁺) for adsorp-
tion and root binding sites via electrostatic interac-
tions and ion exchange. These coupled biogeochemi-
cal processes in the rhizosphere significantly mitigate 
HM mobility and limit their translocation from soil to 
plant tissues.

Effects on Plant Physiology and Root 
Uptake  Beyond soil interactions, BC affects HM 
uptake by influencing plant physiology and root pro-
cesses (Wan et al., 2023). By improving soil structure, 
aeration, and moisture retention (Abbas et al., 2024), 
BC reduces oxidative stress and enhances root health 
(Chen et al., 2021), which strengthens the root barrier 
function and limits passive metal entry. The enhanced 
soil environment promotes root exudation of organic 
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ligands and silicon release, which can bind or co-pre-
cipitate with metals at the root–soil interface, forming 
a protective barrier through surface complexation and 
metal interaction. Moreover, BC-induced improve-
ments in nutrient status and microbial symbiosis lead 
to increased biomass (Feng et  al., 2021), generat-
ing a dilution effect that lowers HM concentrations 
in edible tissues. Variations in BC effects are often 
observed between leafy and root vegetables, largely 
due to differences in metal uptake pathways and root 
morphology. Overall, the combination of electrostatic 
stabilization, ion exchange, and surface precipita-
tion (Anbuganesan et al., 2024a) at the root interface 
explains BC’s effectiveness in reducing metal accu-
mulation in vegetables while simultaneously improv-
ing plant growth and soil health.

5.3.3 � Biochar Influencing Transfer Factors

The influence of BC on HM uptake by vegetables 
essentially reflects its impact on the crop’s transfer 
factor (TF), which indicates the efficiency of metal 
transfer from soil to plant tissues. Transfer factors 
(TFs), defined as the ratio of HM concentration in 
plant tissue to that in soil, provide a vital measure 
of metal mobility and the risk of entry into the food 
chain. BC influences TFs by altering key soil–plant 
processes: by reducing metal bioavailability, modi-
fying root-zone chemistry, and altering plant uptake 
pathways (as discussed above), BC can significantly 
lower the proportion of metals translocated into veg-
etables. For example, specific studies report that BC-
based amendments significantly reduced the transfer 
factors of Pb and Cd, with the extent of reduction 
generally increasing with applied BC rates (Antonan-
gelo & Zhang, 2019). A meta-analysis found that BC 
application reduced HM concentrations in plant tis-
sues by approximately 17–39% compared to untreated 
soils (Joseph et al., 2021). The TFs also vary among 
elements, with Pb typically exhibiting higher TF val-
ues than Cd (Letey et al., 2025). BC application has 
been shown to substantially reduce the uptake of 
both metals in lettuce, highlighting its effectiveness 
in limiting their translocation from soil to plant tis-
sues (Letey et al., 2025). In lettuce cultivated in soil 
contaminated with Cd and Pb, the addition of an 
appropriate BC resulted in a 57% reduction in shoot 
Cd concentration, a 75% reduction in Zn, and a 63% 
reduction in Pb, with concomitant decreases in metal 

levels in the roots as well (Zheng et al., 2017). None-
theless, considerable variability exists, as TF reduc-
tions are influenced by BC feedstock type, pyrolysis 
temperature, application rate, soil properties, and 
application duration. For instance, the effectiveness of 
BC in reducing HM uptake declines over successive 
harvests due to surface protonation and metal desorp-
tion, with weaker effects observed for Cu, Zn, and Pb 
than for Ni and Cd (Qin et al., 2022). Consequently, 
understanding how BC alters TFs across metals and 
crop systems is essential for designing effective reme-
diation strategies.

5.3.4 � Factors Influencing BC Performance

BC effectiveness in reducing HM uptake is strongly 
influenced by several interrelated factors (Table  3, 
Supplementary Table  S3) and feedstock types and 
pyrolysis conditions among the important factors 
determining BC performance (Zhao et  al., 2020). 
Feedstock type determines key BC properties such as 
mineral composition and surface functional groups. 
For example, wood-based biochar has higher sur-
face area, enhancing soil physical structure while 
crop- and grass-based BCs improve nutrient reten-
tion via greater cation exchange capacity (Ippolito 
et  al., 2020). The second factor can be involved in 
pyrolysis temperature, which further shapes BC struc-
ture. High-temperature BCs exhibit larger surface 
area, greater microporosity, and higher aromaticity, 
which improve adsorption through surface complexa-
tion and pore filling (Ahmad et al., 2014b); whereas 
low-temperature BCs retain abundant oxygen-con-
taining functional groups that facilitate metal bind-
ing via electrostatic attraction, ion exchange, and 
precipitation (Ahmad et al., 2014b; Hu et al., 2022). 
A meta-analysis shows BC produced at moderate 
temperatures (400–550  °C) achieved higher adsorp-
tion for Cd, Pb and Cu (Ghorbani & Amirahmadi, 
2025). Among seven tested BCs (from cotton stalks, 
rice straw, poultry manure, lawn grass, vegetable 
peels, maize straw, and rice husks), rice husk, poul-
try manure, and maize straw BCs most effectively 
reduced Cd (by 33–34%), Pb (by 41–51%), and Ni 
(by 63%) concentrations in wheat grain, while rice 
straw BC enhanced plant P and K uptake (Amin et al., 
2023). Garden waste-derived BC produced at a higher 
pyrolysis temperature (600  °C) resulted in lower 
concentrations of Cd, Pb, Zn, and Cu in the shoots 
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of mustard greens compared with BC produced at a 
lower temperature (400 °C) (Table 3). Moreover, BCs 
derived from crop residues and produced at moderate 
pyrolysis temperatures often provide an optimal bal-
ance between surface functionality and structural sta-
bility, thereby enhancing their effectiveness in immo-
bilizing and adsorbing a broad range of HMs.

Application rate is also an important factor deter-
mining the effectiveness of BC in remediating HMs 
in soil and reducing their uptake by vegetables. 
Beyond a certain application rate, the incremental 
benefit of additional BC often diminishes as metal 
uptake reduction plateaus (Antonangelo et al., 2023), 
likely because the bioavailable metal pool becomes 
largely depleted or other growth-limiting factors 
emerge. Excessive BC can even lead to nutrient 
imbalances, such as nitrogen immobilization, which 
may stress plants (Nguyen et al., 2023) and indirectly 
affect metal uptake. For instance, in one experiment, 
adding more than 5% BC did not further reduce veg-
etable metal concentrations; instead, it led to signs of 
nutrient deficiency in plants (Rees et al., 2015).

Metal characteristics influence outcomes and 
BC amendments generally exert the most signifi-
cant effect on reducing Pb uptake in vegetables, fol-
lowed by Cd and Zn, whereas Cu sometimes exhibits 
smaller reductions or even slight increases in plant 
tissue under specific conditions. The pronounced 
efficacy of Pb is attributed to robust sorption and pre-
cipitation mechanisms, whereas the complex behav-
ior of Cu may be due to the influence of BC on soil 
organic matter dynamics (Rees et al., 2015). Finally, 
plant variety is also significant: cultivars bred for high 
HM uptake, such as those used in phytoremediation, 
may accumulate more metals even with the addition 
of BC. This is evidenced in metal-hyperaccumulating 
Brassica cultivars, which absorb more Zn and Cd 
when BC is present, possibly because BC mitigates 
toxicity, allowing the plant to grow more and con-
tinue accumulating (Nehnevajova et  al., 2007). In 
contrast, common cultivars of lettuce can exhibit a 
wide range of responses to BC, with some showing a 
strong reduction in metal uptake and others showing 
less so (Lamb et al., 2010).

5.3.5 � Indirect and Secondary Effects

BC amendments can influence plant growth and qual-
ity, which in turn can indirectly affect metal uptake Ta
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(Wang et  al., 2020). Enhancements in soil fertility 
and structure, such as improved water retention, aera-
tion, and nutrient supply resulting from BC, often 
lead to increased plant biomass (Kang et  al., 2022). 
This growth can lead to a dilution effect on contami-
nants within plant tissues, as there is more biomass 
per unit of metal absorbed. For example, BC has been 
reported to significantly increase the yield of certain 
vegetables; one study documented a 116% increase 
in Swiss chard biomass with BC application (Rivelli 
& Libutti, 2022). In many instances, plants cultivated 
in BC-amended soils not only contain less HMs per 
gram but also produce more edible biomass, thereby 
amplifying the benefit.

5.3.6 � BC Co‑Application with other Soil 
Amendments

Co-application of BC with complementary amend-
ments often outperforms single-agent treatments for 
immobilizing HMs and protecting vegetable safety. 
Co-application of BC with compost has shown strong 
synergistic effects—while compost enriches soil 
organic matter and nutrients, BC’s porous structure 
and high cation exchange capacity help retain these 
nutrients and immobilize HMs (Chafik et al., 2025). 
The application of BC combined with compost 
reduced Pb uptake in Brassica napus while simulta-
neously enhancing its growth, yield, and oil content 
by improving soil properties and plant physiological 
and biochemical functions (Jiang et al., 2024). Add-
ing alkaline minerals (lime, ash, crushed rock) to BC 
raises pH and promotes metal precipitation as carbon-
ates/hydroxides, substantially strengthening immo-
bilization of Pb and Cd and inhibit it uptake be veg-
etables in Acidic red soil of the Oxisol type (Huang 
et  al., 2024). Targeted BC modifications or blends 
(Fe-impregnated BC) markedly improve retention 
of As and Cd cations by promoting the formation of 
iron plaque in paddy fields (Wei et al., 2024). A meta-
analysis shows that the combinations of BC with 
zeolites can further lock metals into insoluble phases 
and reduce the availability of Cd, Cu, Pb, and Zn in 
soils by 32.6%, 54.3%, 35.4%, and 18.3%, respec-
tively (Viana et al., 2025). Potential trade-offs include 
nutrient imbalance, salinity from low-quality com-
posts/BCs, and pH overcorrection, so co-amendment 
design must consider contaminant speciation, vegeta-
ble species, and local soil properties.

5.3.7 � The Potential Adverse Impacts of BCs

Despite its benefits in HM immobilization, BC can 
unintentionally increase soil HM load or impair veg-
etable safety if feedstock and production conditions 
are not carefully managed. For example, BC derived 
from sewage sludge contains elevated concentrations 
of Cd, Cr, Ni, and Cu, which may become further 
concentrated during the pyrolysis process as organic 
mass is lost and ash content rises (Kujawska et  al., 
2024). Similarly, studies report that sludge-based bio-
chars may enrich soil with trace metals upon applica-
tion (Kujawska et al., 2024; Vali et al., 2025), posing 
risks to plant and human health. Feedstocks such as 
animal manure, biogas digester residues, and munici-
pal biosolids tend to contain higher HM loads than 
clean lignocellulosic materials (e.g., wood chips or 
crop residues), making BC from waste streams more 
hazardous without proper treatment. In another green-
house study, rabbit-manure-derived BC combined 
with compost reduced Cd and Pb uptake in lettuce 
and spinach but unexpectedly increased Cr uptake in 
some vegetables (Medyńska-Juraszek et  al., 2022), 
implicating BC ash constituents in converting Cr 
into more plant-available forms. This underscores the 
importance of selecting uncontaminated feedstocks, 
applying rigorous pretreatment or co-pyrolysis strate-
gies (e.g., biomass and sludge blends) to reduce HM 
content, and adhering to certification standards for 
BC use in vegetable production systems (Mohamed 
et al., 2023).

In addition, several studies have shown that, under 
certain environmental conditions, BC can increase the 
availability of specific metals and metalloids in soil, 
although BC is generally recognized for its ability to 
immobilize HMs. When BC—especially high-ash or 
alkaline types derived from waste feedstocks—raises 
soil pH or alters redox conditions, it may trigger the 
desorption or re-solubilization of HMs such as As 
and Cd. For example, a meta-analysis found that cer-
tain BCs at high application rates increased As avail-
ability under field conditions (Mandal et  al., 2024). 
The effectiveness of biochar in reducing HM uptake 
tends to decline after several cropping cycles due to 
gradual surface protonation, which leads to the des-
orption of previously adsorbed metals. Research indi-
cates that this weakening effect is more pronounced 
for Cu, Zn, and Pb than for Ni and Cd, suggesting 
that over time, metals once immobilized by biochar 
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may be remobilized, thereby increasing their bioavail-
able concentrations in soil (Qin et al., 2022). Biochar 
application effectively reduces the mobility of As and 
Cd in paddy soils; however, in upland conditions, it 
may increase As availability (Wei et al., 2024), pos-
sibly due to higher soil aeration and oxidative conver-
sion of As(III) to the more mobile As(V) form. These 
cases highlight the dynamic nature of BC–metal 
interactions as they age in soil and illustrate the risk 
that BC may inadvertently enhance HM mobility 
under fluctuating conditions (e.g., pH shifts, moisture 
changes, redox swings).

6 � Scientific and Technical Challenges in BC 
Applications

6.1 � Biochar‑Based Circular of Vegetable Production

Overall, Fig.  1 illustrates the conversion of agricul-
tural biomass into BC through pyrolysis and its sub-
sequent application as a soil amendment for HM-con-
taminated agricultural systems. The BC intervention 
strategy demonstrates how this carbon-rich mate-
rial effectively immobilizes HMs in soil through 
multiple physicochemical mechanisms including 
surface adsorption, cation exchange reactions, and 
metal–organic surface complexation. By reducing 
metal mobility and bioavailability in the rhizosphere, 
BC application significantly limits HM uptake by 
plant roots and subsequent translocation to edible 
tissues. This remediation approach simultaneously 
improves soil physicochemical properties while creat-
ing safer growing conditions for vegetable production 
in contaminated environments.

6.2 � Variability of BC Properties

Although BC exhibits considerable potential in miti-
gating the uptake of HMs by crops, several practical 
challenges and limitations warrant attention. A pri-
mary challenge is the inherent variability of BC mate-
rials. Given that BC can be produced from a diverse 
array of feedstocks under varying pyrolysis condi-
tions, its properties are inconsistent. These BCs may 
exhibit substantial differences in pH, surface area, 
nutrient content, and sorption capacity for contami-
nants. This variability complicates standardization 
efforts and can result in inconsistent outcomes in field 

applications (Almutairi et al., 2023; Gezahegn et al., 
2019). For instance, a farmer utilizing BC derived 
from rice husks at 350  °C may experience different 
effects than those using hardwood BC at 700  °C. 
This variability complicates efforts to standardize 
BC products, hindering the establishment of uni-
form quality criteria and predictable performance in 
reducing HM bioavailability. Developing standard-
ized protocols, potentially through organizations like 
the International BC Initiative, could help ensure that 
BCs meet minimum safety and efficacy standards for 
agricultural use.

6.3 � Environmental and Agronomic Considerations

BC’s high adsorption capacity, while beneficial for 
immobilizing HMs, can also lead to unintended con-
sequences, such as the immobilization of essential 
nutrients, potentially causing deficiencies in crops 
(Buss et  al., 2018). For example, BC can adsorb 
nitrogen in the form of ammonium or nitrate, thereby 
reducing its immediate availability to plants, which 
may necessitate adjustments in fertilization practices. 
Some studies have reported initial reductions in crop 
yield when BC is applied without adequate nutrient 
management, although yields often improve in subse-
quent seasons as the system reaches equilibrium (Bie-
derman & Harpole, 2013). Another environmental 
consideration is the potential for BC dust or particu-
late matter to contribute to air quality issues during 
application or be lost through erosion if not ade-
quately incorporated into the soil. Appropriate han-
dling techniques, such as moistening the BC before 
field application, can help mitigate this risk.

6.4 � Long‑Term Stability and Persistence

A significant challenge is the long-term stability 
and persistence of BC effects under field conditions. 
Although BC is generally considered stable, it is not 
inert; over extended periods, it can undergo gradual 
oxidation, altering its surface properties. Field experi-
ments have shown that the benefits of BC, includ-
ing its reduced metal bioavailability, may diminish 
over time. Sui et al. (Sui et al., 2018) found that in a 
three-year trial, during wetter periods, the uptake of 
Cd and Pb by wheat increased despite the presence 
of BC, suggesting that fluctuating conditions, such as 
wet-dry cycles, can influence BC performance. These 
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findings suggest that the capacity of BC to immobi-
lize metals may decline as it weathers and that peri-
odic reapplication or complementary measures may 
be necessary to maintain its long-term effectiveness. 
More long-term field data, beyond the 1–3 year exper-
iments, are needed, particularly in tropical climates 
where high temperatures and moisture could acceler-
ate BC aging. The lack of long-term data in regions 
such as southeast Asia creates uncertainty about how 
often BC needs to be reapplied to sustain its benefits 
(Hagemann et al., 2017; Nguyen et al., 2021b).

6.5 � Soil Microbial Communities and Long‑Term Soil 
Health

Soil microbial communities play a fundamental role 
in regulating nutrient cycling, contaminant transfor-
mation, and soil resilience (Chen et al., 2024b), espe-
cially in vegetable systems where HM contamination 
suppresses microbial activity and reduces soil fertility 
(Manegabe et  al., 2025). BC has been widely recog-
nized for improving microbial abundance, diversity, 
and enzymatic activity in HM-contaminated soils 
through enhanced habitat structure, pH buffering, and 
the provision of labile carbon substrates (Anbugane-
san et  al., 2024b). For example, Moradi and Karimi 
(Moradi & Karimi, 2021) reports that raw biochar 
and Fe-modified biochar increased microbial biomass 
carbon by 40.5–75.1% and dehydrogenase activity by 
25.5–102.1% in Cd-contaminated soil, while Zhu et al. 
(Zhu et  al., 2022) found that biochar treatment sig-
nificantly enhanced microbial diversity and network 
complexity—particularly among rare and abundant 
taxa—thereby strengthening soil microbial commu-
nity resilience to Cd stress. Over the long term, these 
positive shifts may improve soil structure, organic 
carbon sequestration, aggregation, and resilience, 
contributing to healthier soil ecosystems. Neverthe-
less, it is essential to acknowledge that excessive BC 
application can lead to ecological imbalances. While 
moderate BC levels promote beneficial biota, very 
high rates may alter soil pH and disrupt native micro-
bial communities. Jia et al. (Jia et al., 2024) observed 
reduced AMF root colonization at BC rates exceed-
ing 5%, potentially negating some plant benefits. Such 
outcomes underscore the need to balance BC’s metal-
immobilizing capacity with its biological effects.

Despite these advances, challenges remain: many 
studies are short-term, and the aging of BC in soil, 

potential for metal remobilization, and long-term 
dynamics of microbial succession are poorly under-
stood. For example, after decades, soil charcoal 
effects on microbial communities may be overridden 
by land-use changes. Other major knowledge gaps 
remain regarding BC’s long-term effects on micro-
bial succession, enzyme dynamics, and the linkages 
between microbial processes and HM uptake in veg-
etables. Addressing these uncertainties is essential 
to ensure that BC amendments not only immobi-
lize metals but also sustain long-term soil microbial 
health and vegetable productivity and quality.

7 � Economic and Environmental Challenges 
and Future Perspectives for Global Adoption

7.1 � Economic Feasibility for Global Adoption

Despite its demonstrated potential, the large-scale 
adoption of BC in vegetable production remains 
constrained by economic, logistical, and policy-
related challenges, requiring context-specific strat-
egies to enhance feasibility and sustainability. Bio-
char production costs vary widely with feedstock, 
reactor type, scale, and energy recovery; recent 
analyses report typical production costs from about 
USD 116–197 per tonne for optimized systems 
(Saharudin et  al., 2024). Logistical constraints—
including the labor-intensive transport and field 
application of BC—further restrict its widespread 
use (Bergman et  al., 2022). The agronomic co-
benefits (increased crop yield by 14.45%, water use 
efficiency by 14.28% and nitrogen use efficiency by 
13.97% (Han et  al., 2023)) and reduced fertilizer 
needs can offset initial investment over several sea-
sons, improving the return on investment particu-
larly when biomass residues are locally available. 
Developing decentralized pyrolysis systems for 
on-site conversion of local crop residues, as dem-
onstrated in UNIDO pilot projects, can substantially 
reduce costs and promote community participation 
(Koumpakis et  al., 2025). However, the scalability 
of these systems depends on initial capital invest-
ment, technical capacity building, and local infra-
structure. Strong policy integration is also crucial, 
particularly through the inclusion of BC within 
national soil health programs, carbon sequestra-
tion initiatives, and sustainable agriculture policies, 
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which can incentivize adoption and align BC use 
with climate mitigation goals. Financial instruments 
such as subsidies, low-interest credit, and carbon 
credit schemes could further improve economic via-
bility (Pourhashem et al., 2019). Establishing inter-
national quality and safety standards—for example, 
those modeled after the European Biochar Certifi-
cate—would ensure consistency and foster confi-
dence among users and investors. Major barriers 
remain: high upfront capital, variability in biochar 
quality and price, limited access to affordable pyrol-
ysis technology for smallholders, and insufficient 
policy recognition—issues that must be addressed 
for scalable deployment in vegetable production.

7.2 � Life‑Cycle Environmental Impacts

From a life-cycle perspective, BC production and 
application offer both environmental benefits and 
potential trade-offs. During pyrolysis, BC systems 
emit CO₂ and trace CH₄ but sequester carbon in a 
stable form, achieving a net greenhouse gas (GHG) 
reduction potential of − 1.12 to − 1.2 t CO₂-eq per 
tonne of BC produced (Gamaralalage et  al., 2025). 
This balance depends on feedstock, technology, 
and energy efficiency. Co-production of bioenergy 
(syngas, bio-oil) enhances energy recovery and 
can displace fossil fuel use (Shoudho et  al., 2024), 
improving the environmental return of BC systems. 
Feedstock sourcing plays a critical role in overall 
sustainability. Using agricultural and forestry resi-
dues avoids land-use change and supports circular 
bioeconomy principles (Samuel et  al., 2024), while 
various organic wastes—such as animal manures, 
sewage sludge, and food-processing residues—can 
also be utilized for biochar production (Jagadeesh 
& Sundaram, 2023), thereby reducing environmen-
tal pollution pressure and contributing to sustainable 
waste management. However, pollution risks persist: 
volatile organics (PAHs, NOₓ) and trace metals may 
be released from low-quality feedstocks such as sew-
age sludge or manure (Dong et al., 2025). Over time, 
BC contributes to soil carbon accumulation, micro-
bial diversity, and nutrient retention. Nonetheless, 
aging processes may alter surface chemistry, leading 
to metal remobilization and potential secondary con-
tamination under fluctuating pH or redox conditions 
(Qin et  al., 2022). Thus, long-term field monitoring 

and life-cycle assessments are essential to balance 
BC’s carbon sequestration benefits with possible eco-
logical trade-offs.

8 � Conclusions

This review underscores the urgent need to address 
heavy metal (HM) contamination in agricultural 
soils, particularly in vegetable production systems 
where dietary exposure poses immediate public 
health risks. Leafy and root vegetables are especially 
vulnerable, as they tend to accumulate metals such 
as cadmium (Cd), lead (Pb), and zinc (Zn) at levels 
that often exceed food safety thresholds. These chal-
lenges are exacerbated in regions where wastewa-
ter irrigation, agrochemical overuse, and industrial 
activities are prevalent. Biochar (BC) has emerged 
as a promising remediation strategy to mitigate 
these threats. Through mechanisms such as adsorp-
tion, ion exchange, and precipitation, BC can effec-
tively immobilize HMs in soils, thereby reducing 
their uptake by vegetables and enhancing soil qual-
ity. Its remediation performance is strongly influ-
enced by feedstock type, pyrolysis conditions, and 
resultant properties such as pH, surface area, and 
functional groups. Experimental evidence shows 
that BC amendments can reduce metal concentra-
tions in edible plant parts, while improving soil pH, 
microbial activity, and nutrient retention. However, 
translating these benefits into field-scale vegetable 
systems requires overcoming several challenges. The 
variability of BC materials, risks of nutrient immo-
bilization, uncertain long-term stability, and high 
production and logistics costs remain key barriers. 
Inconsistent results across studies also point to the 
need for crop-specific and soil-specific application 
strategies. To realize BC’s full potential for safer veg-
etable production, future efforts should focus on long-
term field trials, development of BCs tailored to veg-
etable systems, and integration with complementary 
practices such as balanced fertilization and microbial 
inoculants. Policy support, economic incentives, and 
quality certification standards will be crucial for ena-
bling adoption, particularly in low-resource settings. 
With coordinated scientific, technical, and institu-
tional efforts, BC can play a pivotal role in transform-
ing contaminated lands into productive and food-safe 
vegetable farming systems.
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