
 

Journal of Soil, Environment & Agroecology 5, Issue 1 (2025) 1-18 
 

1 
 

 

Journal of Soil, Environment & 

Agroecology      

 

Journal homepage:   
https://karyailham.com.my/index.php/sea/index 

ISSN: 3030-5497 

 

The Potential of Biochar as a Soil Detoxifier: A Review 

 

Ramijur Rahman1,*, Kulendra Nath Das1
  

 
1 Department of Soil Science, Assam Agricultural University, Jorhat, Assam, 785013, India 
  

 

ARTICLE INFO ABSTRACT 

Article history: 
Received 20 February 2025 
Received in revised form 18 March 2025 
Accepted 30 March 2025 
Available online 15 June 2025 

Soil contamination by heavy metals and organic pollutants has become a 
major environmental concern due to industrialization, mining, 
urbanization, and excessive agrochemical use. These contaminants pose 
serious risks to human health through the food chain. Conventional soil 
remediation techniques are often costly and less sustainable, 
necessitating alternative solutions. Biochar, a carbon-rich material 
produced through pyrolysis of organic waste under oxygen-limited 
conditions, has gained attention as a potential soil detoxifier. Its high 
surface area, porosity, cation exchange capacity (CEC), and negative 
surface charge enable pollutant removal through adsorption, 
electrostatic interactions, and redox reactions. Additionally, biochar 
improves soil’s physical, chemical, and biological properties. The 
effectiveness of biochar in soil remediation depends on factors such as 
feedstock type, pyrolysis temperature, and application methods. 
However, concerns remain regarding its long-term stability, aging effects, 
and potential release of toxic compounds like polycyclic aromatic 
hydrocarbons (PAHs) and volatile organic compounds (VOCs). Further 
research is needed to evaluate its impact on microbial communities and 
nutrient dynamics. Future studies should focus on biochar 
functionalization, nanocomposite synthesis, and microbial inoculant 
integration to enhance its remediation potential. Despite certain 
limitations, biochar offers a promising, cost-effective, and sustainable 
strategy for soil detoxification, requiring further interdisciplinary research 
and regulatory frameworks.  
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1. Introduction 
 

Over the past decades, the increasing population has created a high demand of resources 
necessary for the survival of lives. As a results, to meet global food demands, urbanization and 
intensification of agricultural practices also increased. Several anthropogenic activities, such as 
mining, smelting, and sewage sludge application, contribute to heavy metal accumulation in soil. The 
industrial runoff, improper treatment of waste water, municipal and household waste, over 
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application of agrochemicals pose serious risk to ecosystem and human well-being. Contaminated 
soils often contain heavy metals, such as Pb, Cd, Cu, Zn, and As and their mobility and bioavailability 
raise a serious global concern in uptake by plants and then to human through food chain [1]. To 
reduce the effect of contamination, many studies have found that a component made up of bio-
waste through the process of pyrolysis termed as biochar [2]. When organic matter (wood, manure, 
or leaves) is heated in a closed container with little or no available air, charcoal is produced by a 
process called pyrolysis. 

Biochar is a carbon-rich, fine-grained and porous material produced under oxygen-limited 
conditions [3] at temperatures between 350 and 700 C. It can be defined as the solid residue obtained 
from the thermochemical decomposition or pyrolysis of plant and waste feedstocks, and can be 
specifically used for application to soil as part of an agronomic or environmental management plan. 
Its unique properties, such as high surface area, cation exchange capacity, and functional groups, 
enable it to adsorb and immobilize various contaminants like heavy metals, pesticides, and organic 
pollutants. Biochar has high potential for carbon (C) sequestration due to its stable aromatic 
structure, which makes it resistant to microbial degradation. Additionally, biochar improves soil 
structure, nutrient retention, and microbial activity, making it an effective and sustainable solution 
for soil remediation [4]. Several studies suggest that biochar application can create win-win scenario 
by detoxifying soil, enhancing sustainability, and improving crop productivity [4-6]. Healthier the soil.  

Despite its potential, knowledge gaps remain regarding biochar’s long-term stability, interactions 
with soil microbial communities, and field-scale effectiveness. This review aims to evaluate biochar’s 
role in soil detoxification, identify associated risks, and propose future research directions.  

 
2. Methodology  
 

To gather information about the concept of biochar and its application in soil remediation, various 
search engines, including Google Scholar, Elsevier, ScienceDirect, Scopus, and ResearchGate, were 
used. Relevant literature published in the last 15 years (2010–2025) was collected using keywords 
such as biochar, soil remediation, soil contamination, and heavy metal contamination. The primary 
sources of data for this review were peer-reviewed research and review articles, ensuring the 
inclusion of high-quality and credible studies. Priority was given to experimental studies and field 
trials that provided quantitative data on the effectiveness of biochar in improving soil quality and 
mitigating heavy metal contamination. 

Studies that were not peer-reviewed, published before 2010, or focused on biochar applications 
unrelated to soil remediation, such as energy production or water treatment, were excluded. 
Additionally, articles that lacked experimental validation or were purely theoretical discussions were 
also omitted. This selection process ensured that the review remained focused on recent, 
scientifically validated findings that are directly relevant to the remediation of polluted soils using 
biochar.   

    
3. Results and Discussion 
3.1 Properties of Biochar 
 

Biochar, a carbon-rich material produced from biomass pyrolysis, has gained attention for its 
potential benefits in agriculture and environmental management [1]. Physically, biochar is a fine-
grained, porous material with high surface area.  It has a high surface area that make biochar more 
capable to adsorb ions on its surface. Depending on the feedstock types and production methods, 
the properties of biochar varies and its influence on the soil also alter [7]. The chemical properties of 
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biochar include that biochar is alkaline in nature due to high inorganic content and ash content 
ranging its pH from 6.5 to 9 depending on the temperature applied during the pyrolysis process [8]. 
Due to its high cation exchange capacity (CEC), biochar develops both positive and negative surface 
charges, which can reduce the leaching of cationic and anionic contaminants in soil [7]. Biochar differs 
from other organic matter lies in its significantly higher proportion of aromatic carbon structures, 
which contribute to its stability and sorption capacity. Unlike the aromatic structures found in soil 
organic matter, such as lignin, biochar's fused aromatic structures can take various forms. At lower 
pyrolysis temperatures, amorphous carbon predominates, whereas turbostratic carbon forms at 
higher temperatures. It is evident that the nature of these carbon structures is the main reason for 
biochar's high stability [9]. Biochar exhibits key biological properties that enhance soil health and 
productivity. Its porous structure fosters microbial colonization, boosting nutrient cycling and soil 
fertility. It also influences soil enzyme activities essential for nutrient dynamics and affects soil fauna 
by altering habitats [10].  Figure 1 depicts various properties of biochar. 

 

 
Fig. 1. Properties of biochar 

 
3.2 Mechanisms of Biochar in Improving Soil Health 
 

Biochar improves soil health through various mechanisms. Its high surface area and porosity 
enhance water holding capacity (WHC), soil porosity and structure, and aeration, creating an optimal 
habitat for soil microbial populations. The porous structure reduces runoff and increases the 
infiltration of moisture enhancing available water of soil [11]. High porosity of Biochar also 
contributes to water retention and slow discharge that enhances the conservative properties of 
degraded soils. Additionally, biochar raises soil pH due to its base cation composition, which includes 
Na+, K+, Mg2+ and Ca2+. Ashes of biochar also accelerate pH enhancement in the acidic condition by 
the dissolutions of carbonate and hydroxides.  The negatively charged functional groups present in 
the surface of biochar adsorb cations increasing cation exchange capacity (CEC) of soil [12].  It leads 
to immobilization of metal ions that reduces their bioavailability and support soil reclamation in 
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contaminated areas [13]. Biochar is rich in essential nutrients (Ca, Mg, K, P, and N), that are necessary 
for the growth and development of plants. Although, the nutrient content of biochar varies with the 
feedstock used for preparing it, influencing nutrient dynamics and reduces nutrient leaching. Biochar 
also stimulates formation of root nodule and enhances nitrogen immobilization, promoting growth 
of plant [3]. Moreover, biochar improves microbial habitats by enhancing the structure, diversity, and 
activity of microorganisms present in soil. Biochar produced by Low-temperature, support microbial 
growth due to higher nitrogen and dissolved organic carbon (DOC) content. By rectifying the soil 
environment, biochar enhances nutrient cycling, structure of microbial community and Plant – 
Rhizobial interactions, making it a valuable material for the ecological reclamation of contaminated 
soils [14]. Figure 2 illustrates how biochar interacts with soil components, improving water retention, 
nutrient cycling, and microbial diversity while reducing heavy metal mobility.  

 

 
Fig. 2. Processes of biochar after its introduction to soil [75] 

 
3.3 Mechanism of Biochar in Detoxifying Soil 
 

Biochar has emerged as a promising tool in reducing concentration of various contaminants from 
soil due its unique physical, chemical and biological properties [15].  The aforementioned properties 
of biochar play a crucial role in the immobilization of heavy metals in soil which includes adsorption, 
complexation, precipitation, ion exchange, electrostatic interaction and redox potential [16]. The 
physical adsorption mechanism, also known as van der Waals adsorption, occurs due to 
intermolecular forces between the adsorbent and adsorbate molecules. This process is typically 
reversible and is influenced by various factors such as pore volume, surface energy, and the surface 
area of biochar. Biochar produced at high temperature pyrolysis tends to have a larger pore volume 
and higher surface area that provide an extensive binding area for heavy metal ions to be bound. As 
a result, these biochars has enhanced van der Waals adsorption capacity, immobilizing heavy metals 
effectively [17]. Furthermore, the microporous and mesoporous structures of biochar significantly 
influence its ability to bind contaminants, as smaller pore sizes contribute to stronger van der Waals 
interactions [18]. Various studies have shown that biochar derived from lignin and cellulosic biomass 
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have higher adsorption potential due to their well-developed pore structures and high thermal 
stability [19]. Figure 3 illustrates the key processes involved in biochar detoxification, including 
physical adsorption, electrostatic interaction, and precipitation of heavy metals as stable complexes. 

 

 
Fig. 3.  Detoxification of heavy metals by biochar  [76] 

 
Besides physical adsorption capacity of biochar, the highly negative charge on the biochar surface 

enhances electrostatic interactions between metal cations and soil particles, contributing to the 
immobilization of heavy metals through electrostatic attraction. The effectiveness of this interaction 
is largely influenced by factors such as the point of zero charge (PZC) of biochar, the pH of the soil 
solution, and the ionic and valence radii of the metal ions [20,21]. Biochar application increases soil 
pH and cation exchange capacity (CEC), enhancing electrostatic attraction between soil particles and 
metal ions. This process reduces the mobility and bioavailability of heavy metals [22]. Precipitation 
plays a crucial role in remediating soil. Its alkaline nature helps to increase soil pH, promoting the 
hydrolysis of heavy metals and leading to the formation of metal hydroxide precipitates, hence 
reduces their mobility. Studies have shown that biochar amendments, especially those derived from 
wood and manure, increase soil pH and significantly decrease extractable heavy metals like Pb, Zn, 
Cu, and Cd [23,24]. This pH elevation also facilitates the formation of Fe/Al hydroxide precipitates in 
paddy soils, co-precipitating metal ions onto iron plaques on plant roots. Moreover, biochar 
introduces phosphates, carbonates and sulphates, that reacts with metal ions to form stable 
precipitates, such as pyromorphite and hydroxypyromorphite in Pb-contaminated soils [25]. 

The metal immobilization influence differs with the biochar type because manure-based biochars 
are richer in phosphates, and they help to precipitate the metals, while wood-based biochars 
enhance carbonate and oxyhydroxide developments [26]. The aromatic structure of biochar makes 
it more stable, increases adsorption, and enhances interaction with organic and inorganic pollutants. 
The extremely compacted aromatic rings within biochar allow it to remain persistent in the soil for 



Journal of Soil, Environment & Agroecology  

Volume 5, Issue 1 (2025) 1-18 

6 
 

an extended period of time, allowing for a solid matrix for the immobilization of contaminants [27]. 
The structures enhance hydrophobicity and render biochar highly efficient at adsorbing non-polar 
organic pollutants such as pesticides, polycyclic aromatic hydrocarbons (PAHs), and persistent 
organic pollutants (POPs). Xiang et al., [28] reported that interactions of the π-electron in the 
aromatic framework enable the adsorption of heavy metals and organic contaminants that aids in 
detoxification of contaminated soils. As per Palansooriya et al., [29] investigation, the aromatic 
structure of biochar also enhanced its resistance to degradation of microbial population that allow it 
to maintain its remediation potential over a long period. Microbial habitat and nutrient availability 
of soil is improved by application of biochar while immobilizing potentially toxic elements (PTEs) and 
reduces their harmful effects on soil microorganisms. Biochar application also enhances bacterial 
diversity and increases the abundance of beneficial microbial groups like Actinobacteria, 
Proteobacteria, and Firmicutes [9,18]. The decrease in heavy metal toxicity, as well as enhanced 
nitrogen and phosphorus availability, is critical in enhancing microbial populations. Biochar 
amendments have also been associated with greater fungal and actinomycete populations, which 
are responsible for the degradation of contaminants and organic matter [30]. Microorganisms also 
act synergistically with biochar to enhance soil detoxification further. For example, co-inoculation 
with fungal-bacterial and biochar has been identified to minimize heavy metal bioavailability of 
elements like Ni, Mn, and Cr by reducing it through redox reactions [31,32]. 

Analogously, plant growth-promoting bacteria, i.e., Neorhizobium huautlense, have also been 
reported to diminish metal buildup in crops. Combination of biochar with microbial inoculants like 
Bacillus subtilis or Pseudomonas aeruginosa makes the immobilization of heavy metals even more 
efficient compared to single-use biochar. But in some interactions, like that of biochar with 
arbuscular mycorrhizal fungi, the remediation value might not always be substantial. These processes 
all lower the bioavailability of toxic metal, so biochar can be seen as a potential tool in soil 
remediation and stabilization of heavy metal [30].  
 
3.4 Effectiveness of Biochar in Detoxifying soil 
3.4.1 Removal of heavy metals 

 
Heavy metal contamination is a major environmental threat resulting from industrial activities, 

mining, and agricultural practices. It reduces soil fertility and poses health risks through plant uptake 
and groundwater contamination. Traditional remediation methods are costly and time-consuming, 
highlighting the need for sustainable alternatives. Biochar has been found to be very effective in 
immobilizing heavy metals in polluted soils, lowering their bioavailability and inhibiting plant uptake. 
Studies indicate that the addition of 5% biochar from chicken dung reduced Cu uptake in Oenothera 
picensis plants from 66.9 mg/kg to 36.6 mg/kg, while significantly increasing shoot biomass by 3.5 
times and root biomass by 3.1 times [33]. Sulfur-amended rice husk biochar increased Hg²⁺ 
adsorption by 73% to a capacity of 67.11 mg/g and reduced freely available Hg by 95.4%, 97.4%, and 
99.3% at rates of 1%, 2%, and 5%, respectively [34]. In another research, rice hull biochar was superior 
to wheat straw biochar in minimizing Hg accumulation in rice, lowering Hg content below the Chinese 
government's limit of 20 ng/g [35]. In addition, sewage sludge biochar (SSB) lowered methylmercury 
(Me-Hg) and total Hg (THg) accumulation in rice tissues by 73.4% and 81.9%, respectively [36]. 
Casuarina-derived biochar at 4% effectively lowered Cd, Co, Cr, Cu, Ni, Pb, and Zn content in plant 
roots by 25.7%, 52.1%, 12.1%, 32.3%, 31.0%, 85.0%, and 25.2%, respectively [37]. Apart from 
immobilizing metals, biochar enhances soil fertility, structure, and microbial activity, hence 
supporting plant growth and preventing soil erosion. Nonetheless, long-term consequences of the 
use of biochar in metal-polluted soils are to be studied to determine its efficiency and stability over 
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time [38]. The type of biochar produced by different feedstocks affects the removal of heavy metals 
from soil. Table 1 lists the various types of biochar that are used for heavy metal remediation and 
their effectiveness in the polluted soil. Biochars that are derived from various sources such as chicken 
dung, rice husk, wheat straw, and sewage sludge, exhibit varying capacities for adsorption of metal 
and their stabilization. Research has indicated that the use of biochar can minimize heavy metal 
uptake by plants, improve soil quality, and restrict metal mobility. In general, biochar is a cost-
effective and sustainable method for remediating heavy metal-polluted soils and thus is a promising 
agricultural and environmental restoration amendment. 

 
 Table 1 
 Types of biochar that are used for heavy metal remediation and their effectiveness in the polluted soil 
Biochar types Heavy 

metals 
Reduction of heavy 
metal concentration 
in % 

Key observation  Study  

Chicken dung 
biochar 

Cu 45.5 Reduced Cu uptake by plants, 
increasing biomass 

Meier et al., [33] 

Sulfur-modified rice 
husk biochar  

Hg 73 Enhanced Hg adsorption 
capacity, reduced freely 
accessible Hg 

O’Connor et al., [34] 

Sewage sludge 
biochar (SSB) 

Hg 73.4% (MeHg), 81.9% 
(THg) 

Reduced MeHg and THg 
accumulation in rice 

Zhang et al., [36] 

Casuarina biochar Cd, Co, Cr, 
Cu, Ni, Pb, 
Zn 

Greatly reduced 4% Casuarina biochar most 
efficient in reducing heavy metal 
adsorption by roots and shoots 

Ibrahim et al., [37] 

Biochar (straw, 
willow) 

PAHs in 
willow soil 

70.3% (biochar-
straw), 29.3% 
(biochar-willow) 

Different biochars exhibit 
varying reduction levels 

Oleszczuk et al., [39] 

Biochar 
(eucalyptus, wood, 
bamboo, rice husk) 

Al toxicity Varied reduction Alleviating soil Al toxicity Shetty et al., [40] 

Cotton straw 
biochar 

Cd 65-87 Reduction in Cd accumulation in 
plant organs 

Zhu et al., [41] 

Vegetable wastes 
biochar 

Pb 87 Achieved Pb immobilisation of 
87%. 

Igalavithana et al., 
[42] 

Wheat straw Cd, Pb 55-71 (Cd) and 65-
80% (Pb) 

Soil extractable Cd decreased by 
55-71% and Pb by 65 80%. 

Bian et al., [43] 

Agriculture residues Pb, Cd Varied reduction Achieved reduction of 
expendable Pb and Cd by 
28.68% and 85.14%, 
respectively 

Alaboudi et al., [44] 

 
3.4.2 Removal of organic pollutants 

 
Soil pollution with organic contaminants originates from diverse sources such as agricultural 

practices, ineffective waste management, and industrial activities. Most of these contaminants, like 
persistent organic pollutants (POPs) and new emerging organic pollutants, are hazardous to the 
environment and human health because they exhibit mutagenic and carcinogenic effects (WHO). 
Biochar is well researched as a remediation agent because it has a high specific surface area (SSA), 
microporosity, and rich functional groups, which are responsible for the adsorption of organic 
contaminants [45]. The effectiveness of biochar in the adsorption of organic pollutants is influenced 
by a number of factors, such as pyrolysis conditions, type of feedstock, and soil characteristics. 
Experiments have shown that biochar strongly inhibits the bioaccumulation of Polycyclic aromatic 
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hydrocarbons (PAHs) in plants. Ni et al., [46] explored the impact of biochar on PAH absorption in 
Daucus carota L. (carrot) planted in contaminated soil. The research used two different biochars: 
CB300 from corn straw and BB700 from bamboo, both at a concentration of 2%. PAH 
bioaccumulation in carrot roots was significantly minimized after 150 days. The CB300 treatment 
lowered both total and bioavailable PAH amounts, while BB700 boosted total PAHs in the rhizosphere 
but lower bioavailable PAHs using adsorption processes. In addition to this, Oleszczuk et al., [39] 
investigated further the application of biochar and activated carbon (AC) in reducing PAH bio-
accessibility in willow (Salix viminalis). PAH-contaminated soil was treated with 2.5 % wt straw or 
willow-derived biochar. The outcomes indicated a high decrease in the bio accessible fraction (C-
bioacc) of PAHs after 18 months. The concentration of PAH dropped by 70.3% using straw biochar, 
38.0% using AC, and 29.3% using willow biochar. Rajapaksha et al., [47] indicated that sulfamethazine 
(SMT) adsorption by BBC700, a burcucumber (Sicyos angulatus L.) derived biochar. The objective was 
to evaluate SMT accumulation in lettuce (Lactuca sativa L.) cultivated in contaminated soil treated 
with 5% BBC700. The results indicated that biochar application significantly increased SMT 
adsorption, reducing its bioavailability. Compared to untreated soil, lettuce grown in biochar-
amended soil exhibited an 86% reduction in SMT uptake when treated with 5 mg kg⁻¹ SMT and a 63% 
reduction when treated with 50 mg kg⁻¹ SMT. 

Overall, biochar demonstrates significant potential in remediating soil contamination by reducing 
the bioavailability of organic pollutants. High adsorption capacity of biochar and its ability to 
immobilize contaminants make it a crucial tool in remediation of contaminated soil. Though, the long-
term environmental fate of sequestered pollutants remains uncertain, necessitating further research 
to assess the sustainability of biochar-based soil remediation strategies. While biochar has proven to 
be a valuable solution in reducing contamination risks to the human food chain and groundwater, 
future studies should explore its long-term impact on ecosystem health and pollutant degradation 
dynamics [16]. Table 2 provides a comprehensive overview of biochar's influence on the sorption of 
various organic pollutants. 
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Table 2 
Overview of biochar's influence on the sorption of various organic pollutants 
Biochar type Organic pollutants Impact of biochar Study 

Swine manure 
biochar 

Norflurazon and 
fluridone 

Biochar derived from swine manure exhibited 
strong adsorption properties for these herbicides, 
reducing their mobility in soil. 

Rana et al., [48] 

Pine needles biochar 
 

PAHs Higher pyrolysis temperatures enhanced PAH 
retention, minimizing their environmental impact. 

Wang et al., [6] 

Sugarcane residue 
biochar 

Ethinylestradiol Biochar effectively adsorbed steroidal pollutants, 
reducing their bioavailability and slowing 
microbial degradation. 

Lian et al., [49] 

Biochar (hardwood) PAHs Biochar treatment led to a reduction in both total 
and accessible PAHs, improving soil quality. 

Kharel et al., [50] 

Biochar (willow) PAHs Amended biochar decreased PAH exposure to soil 
organisms, reducing ecotoxicity without affecting 
plant health. 

Godszad et al., 
[51] 

Sewage slugde 
biochar 

PAHs PAH accumulation in soil was significantly reduced 
due to biochar’s high adsorption capacity. 

Tedoldi et al., 
[52] 

Biochar (woftwood) Polychlorinated 
biphenyls 

Biochar application restricted PCB availability, 
lowering the risk of groundwater contamination. 

Montagnoli et 
al., [11] 

Maize stover biochar Polychlorinated 
dibenzo-p-dioxins 

Biochar immobilized toxic dioxins, preventing 
their spread through soil and water. 

Lomaglio et al., 
[53] 

Biochar (bamboo) Pentachlorophenol Biochar effectively trapped pentachlorophenol, 
limiting its leaching potential. 

Simiele et al., 
[54] 

Rice straw biochar Petroleum Petroleum hydrocarbons were degraded more 
efficiently in biochar-amended soils. 

Nedjimi [55] 

Biochar (hardwood) Tylosin Higher biochar concentrations enhanced tylosin 
adsorption, reducing its leaching in alkaline soils. 

Katiyar et al., 
[56] 

Olive residue biochar Metalaxyl and 
tebuconazole 

Biochar treatment reduced pesticide degradation 
rates, leading to prolonged retention in soil. 

Liang et al., [57] 

Biochar (hardwood) Simazine Simazine movement was restricted by biochar, 
decreasing groundwater contamination risks. 

Lahori et al., [58] 

Biochar (pinewood) Phenanthrene Phenanthrene adsorption increased in low 
organic-carbon soils treated with biochar. 

Gu et al., [59] 

 
3.5 Efficacy of Biochar in Detoxifying Polluted Soils 

 
Biochar has proved to have a significant potential to adsorb inorganic and organic pollutants in 

the form of various contaminants due to its porous structure and large surface area. Biochar performs 
extremely well to desorb organic contaminants like pesticides, polycyclic aromatic hydrocarbons 
(PAHs), and drug residues [60]. Biochar is also able to immobilize some heavy metals, minimizing 
their bioavailability in soils. Yet, its efficiency depends on the characteristics of the biochar and the 
contaminants in question. While biochar effectively immobilizes metals such as lead and cadmium, 
its efficiency with other contaminants varies. Certain contaminants might not adsorb well, requiring 
the application of other remediation methods [61]. The efficiency of biochar also depends on varying 
soil types. 

In sandy soils, biochar enhances water and nutrient retention, hence increasing soil fertility. In 
contrast, in clay soils where water and nutrient retention is already considerable, the effect of biochar 
might be minimal. The interaction of biochar with different soil minerals can influence its capacity to 
immobilize pollutants, so its effectiveness is not uniform in different soils. 

Soil texture and the presence of organic matter are some of the key factors that determine its 
performance. Long-term efficacy of biochar, over a period of time, can be diminished by aging 
phenomena such as oxidation and microbial attack, which affect its surface properties. With passage 
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of time, pores in biochar can become plugged with soil minerals or organic matter, thereby 
decreasing its adsorption capacity. While biochar in general is stabile in soils, its sorption and 
sequestration properties to bind inorganic contaminants are subject to reduce over time since it will 
also be interacting constantly with the native environment. Its long-term effects can only truly be 
evaluated and assessed through conducting field studies extending for many years. 

The long-term efficacy of biochar can be lost through aging mechanisms such as oxidation and 
microbial processes, which alter its surface properties. With time, the porosity of biochar can be 
clogged by organic residues or soil minerals, reducing its adsorption capacity. Although biochar is 
stable in the soil, its ability to bind and sequester contaminants could decrease as it interacts with 
the environment. Biochar is effective in the treatment of moderately polluted soils by immobilizing 
contaminants and reducing their bioavailability. In cases of extreme pollution with high 
concentrations of heavy metals or persistent organic pollutants, though, the use of biochar alone 
might not be sufficient. It has limited adsorption capacity, and high pollutant loads can fill biochar's 
binding sites to the point of reducing its efficiency. In extremely contaminated sites, biochar is often 
used in combination with other remediation strategies, i.e., phytoremediation or chemical 
amendments, to get maximum benefits. Environmental parameters such as temperature, rainfall, 
and relative humidity are all influence the detoxification function of biochar. Under conditions of high 
rainfall, leaching can lead to the washing away of biochar particles, along with the impurities they 
have adsorbed, from where they were deposited to the groundwater, which could result in 
contamination. Temperature fluctuations may impact microbial activity within the soil, which in turn 
affects the stability of biochar and its capacity to retain contaminants. Furthermore, in cold regions, 
freeze-thaw cycles will alter the porosity and adsorption properties of biochar, which will overall 
reduce its efficiency. These are factors to consider when applying biochar for the remediation of soil 
under diverse environmental conditions. 

 
3.6 Toxicity Associated with Biochar and Its Mitigation Strategies 
 

While biochar has traditionally been considered a safe soil amendment, concerns about its 
toxicity have recently emerged. The pyrolysis process can generate dioxins, heavy metals, PAHs, and 
VOCs, all of which pose risks to plant health, soil microorganisms, and the environment. Organic 
Pollutants of biochar, such as dioxins, PAHs, and VOCs are produced as a result of pyrolysis of the 
biomass feedstock that are toxic to soil microecosystems. The contaminants can be immobilized in 
the biochar and leach in the environment and cause harm to microorganisms and plant growth. The 
existence of these substances poses a problem for the safe utilization of biochar in agriculture [62].  

Production and effect of VOCs in biochar contains VOCs originating from the re-condensation of 
gasses and liquids that were produced during the pyrolysis absorption process, such as syngas and 
bio-oil. Types of feedstock biomass tend to have a major impact on the development of VOC and 
materials with high lignin usually produce higher concentrations [63]. Biochar may contain residual 
VOCs, which can limit its environmental applications. Research has shown that the content of VOC in 
biochar can be anything between 0.34 to 16000 µg /g, and this largely depends on the types of 
feedstocks and the conditions of pyrolysis [64]. Too high amounts of VOCs have the potential to stifle 
plant germination, block soil microbial activity and even disrupt cycling of nutrients [65].   

Polycyclic Aromatic Hydrocarbons (PAHs) in biochar are produced during the process of pyrolysis 
through thermal degradation of lignocellulosic biomass [66]. The concentration of PAHs in biochar 
depends on the temperature and time of the pyrolysis process. There have been some reports of low 
total PAH content, but there is deep concern over the existence of PAHs because of their known 
mutagenic and carcinogenic properties [67]. PAHs that exist in biochar are mobile and can diffuse 
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into the surrounding environment, which causes a change in soil properties and even destroys the 
microbial population [68]. Research has demonstrated that biochar produced at temperatures of 
over 500°C contains less PAH than biochar produced at temperatures below that and with more 
harmful PAH to the environment [69]. 

Heavy metals in biochar heavy metals such as lead (Pb), cadmium (Cd), arsenic (As), and copper 
(Cu) are enriched in biochar through pyrolysis. Their enrichment depends on the original biomass 
material [56]. Animal manure and sewage sludge biochars are more heavily enriched with heavy 
metals compared to plant biochars [70]. While some heavy metals are trapped in stable mineral 
phases, others are present in bioavailable fractions that increase their environmental hazards. 
Application of heavy metal-enriched biochar in soil may result in metal leaching, polluting 
groundwater and inhibiting plant growth [21]. Dioxins in biochar, Polychlorinated dibenzo-p-dioxins 
and dibenzofurans are organochlorinated poisonous substances with acute toxicity produced 
through low-temperature pyrolysis. More dioxins in biochar are found from chlorine feedstocks 
based on studies [48,71]. Few studies, however, have been carried out to provide safe dioxin content 
in biochar. Reduced dioxin content below detection levels is reported by some studies, whereas 
others report their long-term environmental concerns. 

 
3.7 Strategies to Reduce Toxicity Associated with Biochar 

 
Mitigation strategies for biochar toxicity, has five ways which intent to minimize the risks 

associated with biochar toxicity as follows:  
 

i. Using Uncontaminated Biomass as Wood and Agricultural Residues – selection of clean 
Feedstocks as puts forward uncontaminated wood and agricultural residues aims at 
reducing heavy metal and dioxin contamination. 

ii. Retaining and Enhancing Biochar Stability Through Higher Pyrolysis Temperatures – 
optimization of pyrolysis conditions makes use of higher pyrolysis temperature’s range of 
500 – 700 degrees Celsius to reduce PAH and VOC content. 

iii. Composting Biochar –Post treatment methods include washing and composting as 
techniques which further mutes the concentration of PAH, VOC, and heavy metals. 

iv. Improved Biochar Quality Through Contaminant Reduction – Industrial scale production 
as controlled pyrolysis conditions within industrial reactors. 

v. Safe Use In Agriculture Through Better Regulation - Application Guidelines as safe use of 
biochar in agriculture and environment remediation can be achieved through active 
regulation of PAHs, VOCs, and Heavy Metals in a prepared biochar [72].  

 
3.8 Limitations of Biochar 
3.8.1 Variable efficiency depending on feedstock and pyrolysis conditions 

 
The effectiveness of biochar as a soil detoxifier depends significantly on the feedstock source and 

pyrolysis conditions. Different sources of biomass yield biochar of different physical and chemical 
natures, thus varying its capacity and efficiency as an adsorber of contaminants [2]. For instance, 
biochar from pyrolysis at high temperatures might be of high surface area but low in functional 
groups necessary to trap contaminants. 
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3.8.2 Potential nutrient deficiency 
 

Although biochar can enhance soil fertility, it may also cause nutrient imbalances. Biochar has the 
potential to adsorb available nutrients such as nitrogen and phosphorus and therefore lower their 
availability to plants [3]. The carbon content in biochar can also lead to nitrogen immobilization, 
impacting microbial growth and plant development. 

 
3.8.3 Impact on soil microbial communities  
 

Soil biochar application may have indirect impacts on the soil microbial community. Although it 
can stimulate good microbes, it can suppress others, and this will disrupt the ecological balance of 
the soil [9]. There is much to be learned regarding the long-term effects of this microbial change on 
soil structure and contaminant degradation. 

 
3.8.4 Limited use against specific pollutants 
 

Biochar is better at the adsorption of hydrophobic organic pollutants and heavy metals but poorer 
in the removal of very soluble pollutants such as nitrates and certain pesticides [73]. Biochar 
adsorption of contaminants is pH, ionic strength, and soil type dependent, which can reduce its 
effectiveness in real-world applications. 

 
3.8.5 Excessive application and production costs 
 

Mass production and application of biochar are costly, hence making biochar less viable for large-
scale soil detoxification. The use of high-tech machinery and energy-consuming pyrolysis increases 
costs, and the technology is therefore less competitive compared to conventional soil remediation 
technologies [74]. 

 
4. Conclusion 
 

Biochar has proven to be a promising detoxifier for contaminated soil due to its high adsorption 
capacity and structural complexity. It has been observed to stabilize heavy metals such as cadmium 
(Cd), lead (Pb), zinc (Zn) and copper (Cu), thus reducing their bioavailability and plant. In addition, 
biochar adsorbs organic pollutants, including polycyclic aromatic hydrocarbons (PAH) and pesticides, 
effectively and prevent them from entering into groundwater. It has the ability to enhance soil 
structure, increase microbial activity and increase water retention. However, the efficiency depends 
on raw material, pyrolysis temperature and specific soil environments. Its variable efficiency, long-
term stability, and potential toxicity risks must be addressed before large-scale implementation. 

  
4.1 Research Gaps 
 

Although there is a huge extent for the use of biochar in toxic soil, there are some important 
intervals in research to ensure long – lasting effect and environmental protection. Moreover, Biochar 
has shown promising consequences for heavy metal and organically polluting stabilization in the 
laboratory, the lack of studies of the long – standing field limits its endurance and effect under the 
real field state. In addition, environmental risk such as leaching of heavy metals and polycyclic 
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aromatic hydrocarbons (PAH) should be the release of toxic compounds such as liberation and any 
unwanted effects thoroughly examined. 

 
4.2 Future Perspectives 
 

In order to increase the detoxification efficiency of biochar, advanced strategies such as biochar 
composites, functionalization and microbial vision strap should be detected. Including materials such 
as soil, iron oxide or gas can improve adsorption, while chemical modifications (e.g. acid treatment, 
magnetization, nanoparticle doping) increase the selection for specific environmental toxins. 
Microbial integration can speed up the decline in pollution, which can lead to more effective. In 
addition, accurate application strategies can maximize the efficiency of fit soil conditions and 
contaminated types. To ensure secure application of biochar, policies and regulation are necessary 
for development of control, risk assessment and application guidelines. Future research should 
integrate material science, microbiology and environmental technology to continuously optimize the 
therapeutic capacity of biochar.  
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