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Abstract
Biochar, produced from biodegradable waste through advanced thermochemical processes like pyrolysis, offers sub-
stantial environmental benefits due to its carbon-rich composition and versatile applications. This review delves into 
the transformative potential of biochar derived from diverse agricultural and municipal solid wastes. With its unique 
properties-including a high surface area, porosity, and functional groups such as –COOH, –OH, and –NH2 biochar stands 
out as a highly effective adsorbent for heavy metals and organic pollutants. Factors like feedstock type, pyrolysis tem-
perature, and residence time critically shape biochar’s characteristics and yield. Moreover, pretreatment methods and 
activation techniques further amplify its adsorption capacity. Biochar’s environmental applications are vast, spanning 
soil remediation, water purification, carbon sequestration, and waste management, all promoting ecological sustain-
ability. Its remarkable stability and efficacy in pollutant removal highlight its potential as a catalyst and a vital component 
in improving soil health. Despite its many advantages, a thorough assessment of biochar’s environmental impact and 
long-term stability is crucial for its sustainable use. This review highlights recent biochar production, characterization, 
and application advances, emphasizing the need to balance economic growth with environmental development. By 
strategically integrating biochar into various sectors, we can pave the way for a greener, more sustainable future.
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1 Introduction

Biodegradable waste has a remarkable ability to produce biochar and is the key constituent of feedstock. Several studies 
have established that biomass is a rich and powerful source for obtaining renewable energy and mineral resources [1]. 
Various forms of waste material, such as algal biomass, agricultural waste, animal waste, urban activated sludge, agri-
residue are to be considered as primary resources of biomass. Different validated methodologies such as, thermochemi-
cal, physical as well as biochemical may be implemented to convert biomass into products with high-values [2, 3]. Biochar 
can be obtained with the help of thermochemical conversions of biomass with carbon base at high range of temperature 
(300–900 °C) in the absence or limited oxygen, various methodologies such as gasification, pyrolysis, torrefaction and 
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hydrothermal carbonization [4]. Biochar posses multiple physical, chemical and thermochemical properties and these 
properties may fluctuate according to the application of raw material and method administered [5, 6].

Application of Biochar is widespread in the arena of waste handling, originating from various sources such as plant 
waste, animal waste and agri waste [7]. The production of biochar from different waste material are low cost and highly 
efficient, on the other hand, the administration of biochar must be taken care in the condition where char has been 
obtained from sewage, urban waste and with heavy metal content [2]. Many authors mentioned that conversion of bio-
mass into biochar is one of the finest and most effective methods for carbon sequestering to control the environmental 
toxicity due to different heavy metals and emerging toxicants [8]. Further, several authors emphasized about the benefits 
of biochar production through the process of pyrolysis and obtain bioenergy, which may be utilized as a substitute of 
fossil fuel with the added advantage of lower carbon do oxide emission [9]. Multiple methodologies have been emerged 
to enhance the functional capacity of Biochar to mitigate the toxicants and emerging toxicants [4].

Various methodologies have been approved by different research attempts for the production of biochar from differ-
ent sources of biomass, these methods such as gasification is based on the vaporization mechanism, whereas pyrolysis 
works on transmutation of biomass, torrefaction method is based on drying or roasting of waste and hydrothermal 
carbonization works on aqueous carbonization at high pressure and temperature for conversion [10]. The most often 
used methodology for the production of biochar is pyrolysis, i.e., the heating of a biomass. The organic compounds (mol-
ecules that contain carbon in biomass) degrade at a temperature range of 300–900 °C [4] in an anaerobic environment. 
The factors that affect pyrolysis products include heating, thermal efficiency, biomass quality and residence time [11]. 
The basic factor influencing the properties/possession of biochar is temperature and the functional groups attached at 
the surface of biochar molecules [12]. Consequently, in many sectors, the roles of potency and biochar rely on organic 
matter to produce it [1].

Various waste sources and Agricultural waste materials may be converted into different chemical resources through 
thermochemical process. Furthermore, pyrolysis is a thermochemical method to convert the Plant and animal waste into 
bio-oil, biochar and syn-gas at the temperature range of 300–900 °C [4] (Fig. 1).In the process of pyrolysis, the content 
proportion of biochar, bio-oil and syn-gas depends upon the reaction parameters such as temperature, presence of 
oxygen and residual time [13].

Biochar derived from different waste sources possess various functional groups at the surface to bind with toxi-
cants, heavy metals and other contaminants through the process of adsorption [5]. Some of the unique mechanical and 

Fig. 1  Diverse raw materials for biochar, bio-oil and syngas production
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elemental characteristics, such as functional sets (–COOH, –OH, and –NH4), superficial area, high porosity and cation 
exchange capacity (CEC), are absolutely linked to the adsorptive efficiency of biochar [14]. To modify the surface area, 
biochar is treated with acid, and for this purpose, nitric acid and sulfuric acid are most frequently used. To increase the 
understanding of different aspects of biochar potency, the assessment and specification of comprehensive information 
on biochar characteristic features and approaches would be easy. Because of its many advantages and environmentally 
safe nature, including pollutant absorption, composting, soil remediation, catalysis, decreased greenhouse gas emissions, 
and energy production, a pyrogenic black carbon is successfully used to resolve diverse ecological issues. The affinities 
for nonpolar groups and high surface-to-volume ratios are the basis for the adsorption potential of biochar for carbon-
rich and metallic contaminants [15, 16].

Hemi-cellulose, cellulose and lignin, a class of complex organic polymers, are significant components of the biological 
waste used for biochar production. During the thermal decomposition process (pyrolysis), these elements are thermally 
degraded at different temperatures, and the mechanism of degradation (thermolysis) has been thoroughly investigated. 
The following reports concentrate on a complete analysis and evaluation of precarious contaminant elimination, the 
advantages as well as the consequences of the process parameters, remarkable pressure, heating rate, temperature, 
residence time, type of biomass, etc. [17]. The synthesis of biochar is accomplished through different thermochemical 
processes, including pyrolysis, flash carbonization, hydrothermal gasification and torrefaction. Most essentially, the cur-
rent advances in biochar stability and comprehensibility predominantly/significantly illuminate the use of biochar in 
several applications, including the immobilization of organic and inorganic pollutants as a catalyst and carbon seques-
tration. Correspondingly, this subject also includes discussion regarding advancing/developing economic sustainability 
to create a balance between economic growth and environmental development [18, 19].

1.1  Different biochar production methods

The conversion of organic matter to biochar was the outcome of the high demand for organic matter. The most important 
method to produce biochar is thermochemical conversion. Some precedents of these reactions include pyrolysis, HTC, 
gasification and torrefaction. To obtain the maximum output of biochar because of these reactions, the approach used 
should be combined with the type of organic matter being used.

1.2  Pyrolysis

In chemistry, the term pyrolysis refers to the type of chemical reaction in which heat-based decomposition of carbon-
based compounds occurs under anaerobic conditions at temperatures ranging between 482° and 520 °F [20]. It is a 
distinctive method to obtain syngas and bio-oil along with biochar from biomass (Fig. 2). At the temperature range of 
300–450 °C [21] lignocellulosic substances, specifically cellulose, hemi-cellulose and lignin, undergo various reaction 
pathways comprising depolymerization, fragmentation and linkage related to a new variety of product phases, such 
as solid, liquid and gas phases. The aeriform/vapor phase outcomes include (CO +  H2) syngas or synthesis gas  (C1–C2 
hydrocarbons), carbon dioxide  (CO2), carbon monoxide (CO), and bio-oil in the aqueous state, while biochar is in solid 
phase [22]. A variety of bioreactors can be used for biochar production, such as agitated sand spinning boilers, pad-
dle furnaces, bubbling fluidized bed reactors and wagon reactors. The type and composition of the raw material used, 
pyrolysis environment and temperature determine the amount of biochar obtained as a product during pyrolysis. The 
quality of the product is dependent on the temperature that is kept during the process. An increase in temperature 
during this process increases the yield of syngas, decreasing biochar production [23].

On the basis of the operating conditions (heating rate, residence time and pressure) in the reactor, pyrolysis can be 
categorized into three categories:

The process of fast pyrolysis is a rapid, efficient thermochemical pathway for deliquescing carbon-based compounds 
to an immense amount of energy, yielding aqueous bio-oil. It is adjusted by the following factors: (i) average pyrolysis 
temperature 300–900 °C [4], (ii) instantaneous heating of biomass particles (below 200 °C/min) [24] and (iii) small heat-
ing duration of the configuration along with pyrolysis vapors (1/2–2 s) [25], at increased degrees. Reducing the fume 
residence duration in the heated zone to extract standard bio-oil is a crucial differentiating characteristic of fast pyroly-
sis [26]. For the records, fast pyrolysis produces a greater quantity of bio-oil. This could be achieved by confirming that 
the gas swiftly doused or condensed. In contrast to fast pyrolysis, slow pyrolysis occurs at a comparatively low heating 
rate, ~ 410–440 °F [27, 28]. The residence time is more than 60 min. The amount of char produced during slow pyrolysis 
is greater than that produced during other pyrolysis or carbonization reactions. Most of the raw materials used in the 
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process consist of cellulose, hemi-cellulose and lignin. Different reaction parameters are used along with different reac-
tion pathways to convert these organic molecules into biochar.

1.3  Hydrothermal carbonization (HTC)

Because biochar is directed at temperatures varying/extending from 180 °C to 250 °C, HTC is a cost-effective practice for 
manufacturing biochar [29]. The outcome manufactured by arid techniques such as gasification and pyrolysis are the 
byproduct generated by hydrothermal synthesis for differentiation and is referred to as hydrochar. During the formation 
of biochar, biomass and organic matter are liquefied in  H2O and sediment inside a sealed furnace. A moderate increase 
in temperature leads to sustained solidity. The products produced by HTC at distinct temperatures/degrees could be 
similar: below 250 °C, biochar is produced; when the temperature ranges between 250 °C and 400 °C, and the product 
formed by hydrothermal liquefaction is bio-oil; and when the reaction temperature exceeds 400 °C, gases such as carbon 
monoxide, carbon dioxide, methane, and methylene are formed by hydrothermal gasification [30].

The resulting hydrochar was obtained via chemical processes (polymerization), intramolecular dehydration and liq-
uefaction/condensation [31]. The mechanism is intricate because of the high molecular mass and composite structure 
of lignin. The breakdown of lignin begins with chemical reactions such as alkylation and base hydrolysis of esters that 
generate carbolic acids such assyringols and phenols, along with catechol. Char is produced by the breakdown of poly-
mers and interstrand crosslinks (ICLs). During pyrolysis, complex organic polymers (lignin) that are unblended under 
liquefiable conditions are transferred to hydrochar [24].

1.4  Gasification

Gasification is a technological process in which organic or fossil-based carbon-rich raw materials are thermochemi-
cally converted into vaporized compounds, such as the synthesis gases carbon monoxide, carbon dioxide, methane, 
and hydrogen, at high temperature and traces of other hydrocarbons in the presence of gasification agents such as 
air, oxygen or stream to increase the heating value of the producer gas. Notably, the reaction temperature (700 °C to 
1300 °C) is a necessary factor affecting the production of syngas (CO +  H2). The formation of the syngas components 
CO and  H2increased with increasing temperature, while the formation of other components, such as carbon dioxide, 

Fig. 2  Biochar production using various raw materials through hydro-thermal carbonization
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hydrocarbons and methane, decreased. The immediate outcome of the operation is syngas, while the solid product 
called char is regarded as a resultant product with a lower yield [32] (Fig. 3).

The multiple steps involved in the whole gasification process are as follows:

1.4.1  Drying

By vaporization, the amount of water in the biological residue is eliminated at the time of drying, and the solid fuel is 
dried without energy recovery. Depending on environmental factors and other parameters, the amount of moisture varies 
among different biomass materials. The process of drying is carried out independently of gasification and is considered 
complete when a biomass temperature of 150 °C is achieved [33].

1.4.2  Oxidation/combustion

For the mechanism of gasification, the oxidation/burning actions of suitable agents constitute the principal energy 
source. These suitable gasification media collaborate with gasifier particles capable of burning to yield  CO2, CO and 
water [34].

1.5  Torrefaction and flash carbonization

For charcoal formation, torrefaction is a comparatively modern approach. The methodology is referred to as median 
pyrolysis since it is conducted at a lagging heating rate. Under anaerobic conditions at a heating rate < 122 °F/min, a 
residence time of less than half an hour and a temperature increase from 300 °C to 500 °C [31], torrefaction is a form of 
fast pyrolysis. The running mechanism of torrefaction is divided into several steps: heating, dehydrating, torrefy and 
condensing [35] (Fig. 4).

The method of torrefaction can be conducted as follows:
(i) Steam torrefaction: This approach involves vapor utilization for raw material conversion with a residence duration 

of ~ 600 s and a temperature exceeding the upper limit of 260 °C [36].

Fig. 3  Biochar production using various raw materials through gasification
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(ii) Wet torrefaction: A temperature range between 180 and 260 °C is set up for residence durations between 5 and 
240 min, and the organic matter is kept exposed to water. Wet torrefaction is also called hydrothermal carbonization 
(HTC). In this technique, thermal energy is liberated during combustion by the application of gaseous oxidants. This 
energy is used to increase the temperature to a certain extent [31].

Under anaerobic conditions at a heating rate < 122°F/min, a residence time of less than half an hour and a temperature 
increase from 200 °C to 300 °C, torrefaction is a form of incompetent/deficient pyrolysis. Heating, dehydrating, torrefac-
tion and cooling are the phases into which dry torrefaction is split. Furthermore, this process can be classified into two 
stages: pre-drying and post drying [37].

1.6  Factors affecting biochar properties

To produce biochar from biomass by thermochemical conversion pyrolysis, certain associated criteria need to be met. 
The raw material (feedstock), particle proportions, reaction temperature and heating rate significantly control and deter-
mine the characteristic features of the biochar produced [38]. Additionally, the caliber of biochar produced is directly 
dependent on these parameters. Not only the quality but also the quantity of biochar produced is also under the control 
of these factors. To use biochar in a suitable way, it is necessary to have comprehensive knowledge of its properties. The 
type of raw material needed for biochar production is not limited to one source but rather to any organic waste, such as 
ecological waste, farming waste, timber, and solid remnants. However, in comparison to biomass from trees, agricultural 
land, etc., solid junk and animal excreta produce greater amounts of biochar [39].

1.7  Feedstock

Biomass derived from natural and synthetic components is a complex substance that consists of biotic, animate, or 
inanimate elements. Raw matter has two forms, either ligneous or non-ligneous. Ligneous biomass refers to the form 
derived from tree and woodland waste. It has an elevated heating value (the amount of heat released during burning), 
a decreased thickness, a low content of decaying matter, a decreased volume and a low water content (Table 1). On the 
other hand, non-ligneous materials include animal excreta, farmland and factory-based organic residue [40].

Fig. 4  Biochar production using torrefaction process
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1.8  Temperature

Temperature is the most fundamental property that significantly influences other parameters. A thermochemical decom-
position process that produces biochar from organic and inorganic biomass is known as pyrolysis. The physicochemical 
qualities and structures of biochar, including its functional groups, surface area, pore structure, and elemental composi-
tion, are strongly influenced by its pyrolysis temperature [41].The elimination of different particles (C, H and O) in the 
form of fumes and evaporates consequently reduces the H/C and O/C atomic fractions and accordingly increases the 
aromatic property and amount of carbon, which ultimately boosts the solidity of the biochar. With increasing reaction 
temperature, this feature is enhanced [42]. The highly acquiescent nature of biochar for biocontamination eradication is a 
consequence of its enhanced water repelling nature, surface area and micropore capacity due to an increase in pyrolysis 
temperature. Although a lower reaction temperature (below 500 °C) subsequently yielded biochar with reduced pore 
dimensions, a lower superficial dimension and more O2-rich functional sets were concluded to be more competent in 
the removal of inorganic/metallic pollutants. An increase in pyrolysis temperature also elevates the pH of the yield due 
to the presence of ashes [43].

1.9  Retention time

The duration of the HTL reaction at a certain temperature, excluding the time spent heating and cooling, is known as 
the retention time [44]. The length of retention may have an impact on the production of bio-oil since a shorter period 
leads in partial degradation, while a longer period causes the polymerization reaction to reach an intermediate stage, 
which eventually reduces the yield of bio-crude oil, for example. Furthermore, a later increase in retention time has a 
detrimental influence on the yield of bio-oil due to breaking and polymerization. Reaction time changed the amount 
of residue (solid) produced; in the HTL, biochar was reported to drop from 16.2% after 40 min to 14.5% at 70 min [45]. 
Additionally, the output of gas increased as the residence duration increased (28.4% for 130 min). These results showed 
that the bio-crude oil output nearly reached its maximum level at different reaction temperatures and time intervals [46].

1.10  Pretreatment

The properties of biochar are influenced by the pretreatment of the raw supply before pyrolysis. The process of biochar 
formation from biomass is the most common step. Overall, these prior operation techniques can be corporal, actinic or 
physiological. Reducing the proportions of constituents and dissolving/submerging noncomplex elements in liquids 
are common pathways for conducting pretreatment [47]. The yield of biochar significantly increased as the amount of 
biomass molecules decreased. The organic mass of the pine timber was soaked in a nonconcentrated acidic mixture, for 
instance, as a pretreatment. The manufacturing and maintenance of biochar are affected by nitrogen and metal doping. 
The fundamental formation and properties of biochar are likely impacted by pretreatment approaches such as steaming 

Table 1  Summary of results 
comparing biochar properties 
derived from different raw 
materials

Raw material Production condi-
tion (°C)

Biochar C (weight 
%)

Half-life (y) References

Wheat straw 530 51.2 2.4 [67]
Sugarcane bagasse 580 61.2 11.2 [68]
Corn 360 70.3 3.5 [69]
Oak 650 78.4 8.5 [65]
Grass 650 67.8 12.6 [41]
Oak wood 600 93.7 8.6 [30]
Corn residue 500 83.3 4.7 [70]
Maize 350 73.6 12.5 [71]
Pine sapwood 250 65.3 – [21]
Corn (slow pyrolysis) 350 69.2 6.4 [43]
Rye straw 350 67.4 13.6 [27]
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and submergence. To produce orchestrated biochar with a distinct orifice anatomy, enhanced functional groups on the 
exterior of the particles, increased surface area, etc., for pretreatment, caustic chemicals such as acid, alkali and oxidizing 
agents have also been used.

1.11  Biochar properties and characterization

1.11.1  Functional groups

The important functional groups that are found to attach superficially to biochar to enhance the adsorptive tendency of 
its particles are organic acid (COOH), hydroxyl (OH), amine  (NH4), amide  (CONH4) and lactone groups. The temperature 
of the thermochemical conversion and the type of raw material used determine the functional groups on the surface 
of biochar. Furthermore, these attached groups could be lessened due to increases in parameters such as permeability, 
surface area and pH [48]. Pretreatment of the raw material before conversion and posttreatment of the product could 
significantly influence the characteristics of the biochar [49].

1.11.2  Surface area and porosity

Ordinarily, the ability of biochar to adsorb is directly proportional to the surface area and permeability, i.e., the greater 
both given parameters are, the greater the adsorption [50]. As the process of pyrolysis progresses, during the drying 
step, continuous loss of moisture from the biomass results in increased porosity of the surface. The pores of biochar 
are classified into three groups depending on their presize: microspores (2 µm), mesopores (2–5 0 µm), or macrospores 
(> 50 µm) [41]. Regardless of their polarity or charge, biochar particles with reduced pore sizes are inefficient for pesti-
cide adsorption [51]. The pore size of biochar particles might increase with increasing temperature in biochar tests [52]. 
Moreover, the production of extremely eligible sweet scents in biochar therefore of an increase in the crystallinity of the 
mineral portion with increasing pyrolysis temperature is also possible.

Since the sorption and ion exchange properties of biochar are directly related to its surface area and bulk, the surface 
area of biochar particles is a necessary factor for pollutant eradication in the bulk land and water ecosphere. In two dif-
ferent approaches, the surface area is characterized by (i) the intrinsic and extrinsic surface areas and (ii) the dimension 
and approachability of the pores. The lateral surface area of biochar is characterized by prominent, deep cracks along 
with pores (macropores and mesopores). In contrast, the internal surface area consists entirely of a surface of intellec-
tual depth and few unenclosed cracks and space/pores/cavities (microspores). Considering that the contributions of 
macropores and mesopores were noticeably less than average to the entire permeable structure of black carbon (bio-
char), mainly with respect to its adsorption capability, such as its ability to act as a groove for adsorbable substances to 
achieve micropores), the inner surface dimensions of black carbon [41] are well documented.

Although unrefined specimens are set side by side to the alternative form of biochar, a substantial increase in the 
Brunauer‒Emmett‒Teller (BET) surface area occurs during subsequent pyrolysis. During pyrolysis, char was formed with 
new nanopores, as organic biomasses are deficient in very fine pores (physical micropores). The development of a high 
permeability along with a countless pore composition and a low volume of biochar is caused by the excretion of numer-
ous volatile matter [53]. The surface area of the raw material that was used in the experiment might be distinguishable 
from that of the material that was not used in the experiment. The functional properties of economically obtainable 
biochar include its prominent surface area. In the absence of activation, biochar has a restricted surface area with few 
pores. Consequently, biochar activation is utilized throughout the synthesis of biochar to increase its surface area and 
increase its porosity. Both chemical and physical activation are needed during biochar treatment [54].

1.11.3  Biochar stability

Several investigations to determine biochar stability have been performed [27, 30]. Techniques for investigating the 
stability of biochar can be divided into three groups: (a) straight or devious calibration (b) quantitative and qualitative 
determination and (c) determination of biochar growth [55]. The latter approach is a biological method for evaluating 
biochar stability and serves as the foundation of the other two techniques. The yield of the first two methods may be 
collated to estimate the indirect stability produced utilizing gestation and portrayal techniques [56].
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1.11.4  Biochar and environment

To reduce any undesirable outcomes, despite its various uses, the effects of biochar on nature should be studied. Stabil-
ity is the principal element that should be considered before use. Biochar consists of carbon arrangements. Therefore, it 
could be concluded that the durability of carbon structures determines biochar stability. The foremost indices of carbon 
arrangement are the aromaticity and aromatic condensation of biochar. The effective levels of solidity, flexibility and 
aromaticity are affected by the fused organic matter of biochar. The carbon content of water increases when industry-
based liquid waste is treated with biochar due to the elements liberated by the biochar. The biochar produced from 
waste material rich in heavy metals might be collected from bioremediation systems, causing heavy metal pollution [57].

As a result, the stability of biochar continuously decreases because it is frequently utilized as a reaction impetus (cata-
lyst). The conformational degeneration of biochar particles causes a negative change (decline) in stability. Hence, it could 
be concluded that with regard to nature’s interest, the solidity of biochar is crucial. In addition, the toxicity of biochar to 
land dwellers must be investigated before its utilization. Furthermore, meticulous determination of the perilous effect of 
biochar on the circumambient environment is needed because its physical and chemical behavior changes with the type 
of raw material used. For instance, bacteria, algae or fish can be utilized to perform certain toxicity tests. The heat-based 
chemical decomposition of natural formations under anaerobic conditions and their comprehensive use in farmlands 
to assist in alleviating ecological issues are crucial. The evolution of biochar was reported to enhance the loam porosity, 
water amount, acidity, and variable carbon and nitrogen reserve proportions, affecting  CO2 discharge from the land. The 
advancement of biochar could be an applicable tool for alleviating ecological fluctuations accompanied by reduced  CO2 
discharge and escalated drought problems.

1.11.5  Application of biochar

Due to its environmentally safe nature, ample reserves, easy availability of media and uncomplicated process of forma-
tion from a variety of raw materials with the assistance of heat-based chemical conversion, biochar is a popular subject 
of exploration and experimentation because of its ability to perform a broad range of ecological functions Table 2.

Based on the kind of raw material used and the temperature of pyrolysis, biochar has a significant role in eliminating 
adulterants and impurities from polluted water. The potential of organic biochar produced at increased temperatures by 
pyrolysis to remove bio pollutants from water is attributed to its amplified characteristic features, such as pore size, sur-
face area, raw material used, acidity, decreased fused carbon amount and water repellent nature. Similarly, for inorganic 
pollutant elimination, biochar produced at decreased temperatures has oxygen as a functional set, low permeability and 
a greater amount of fused carbon. The degree of adsorption is also dependent on supplemental factors such as potential 
hydrogen (pH) and residence duration. In countering these ecological concerns, biochar has extensive capability and 
could be used as a stimulus to achieve sustainable development goals (SDGs) for ecological legitimacy. Overall, biochar 
can be used as a driving force for polluted water remediation, carbon absorption, composting, soil modification and 
energy production [58].

1.12  Water and wastewater decontamination

Biochar, a byproduct of pyrolysis, can have extensive application in the removal of different pollutants from wastewater. 
The bioactive components of pollutants and the type of biochar used are the parameters that determine the ability of 
biochar to adsorb organic contaminants and heavy metals present in greater concentrations inside water. For example, 
biochar extracted from wood dust may exterminate 20.3 mg/L of sulfamethoxazole by using a 20 mg/L absorbent dose; 
on the other hand, the elimination capacity of sulfamethoxazole is significantly lower, 20 to 30%, by biochar generated 
from wood at room temperature (37 °C). Sulfamethoxazole sorption (< 6%) is extremely inadequate for biochar pro-
duced from sustainable agriculture and natural farms [50]. Any change in pyrolysis temperature resulted in a change in 
the tetracycline removal efficiency of the biochar generated from rice hulls (i.e., the protective covering of grain).When 
the inceptive amount of tetracycline was 0.2 g/L and the pyrolysis temperature (thermal decomposition temperature) 
was ~ 1472°F, the sorption capacity of tetracycline was ~ 20–60% [59]. For tetracycline, when the initial concentration 
was 5 mg/L and the pyrolysis temperature was 932°F, the removal efficiency was ~ 90%, as demonstrated by additional 
investigations [55]. Consequently, biochar’s adsorption capability is significantly influenced by the pyrolysis temperature. 
Parameters other than pyrolysis temperature, such as pyrolysis time, can remarkably affect the physical and chemical 
properties of biochar, therefore influencing its adsorptive efficiency.
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Quick attention is required for heavy metal pollutants that cause significant environmental threats. Adsorption is a 
remarkably efficient methodology for the extraction of hazardous heavy metals from aquatic ecosystems. The kinds 
of heavy metals and adsorptive substances utilized are basic characteristics required for the exclusion of hazardous 
compounds by biochar in the case of organic pollutants [46]. For  Cd2+ and  As5+, biochar derived from biomass has more 
inadequate removal potential than biochar derived from other heavy metals, such as  Pb2+. Adsorption capability is 
influenced mainly by the temperature at which thermal decomposition (pyrolysis) of biochar occurs. For instance, bio-
char generated from corn residue presented a variable adsorption capability for  Cu2+ [57]. To remove 1 mM  Cu2+, 1 g/L 
biochar was added at a pyrolysis temperature of 1472 °F. At a pyrolytic temperature of 752 °F, 20 g/L biochar was needed 
for the elimination of 2 mg/L  Cu2+. It is often found that biochar generated from Eichhornia crassipes (water hyacinths) 
has a variety of removal potentials for  Cd2+ and  Pd2+ depending upon the heavy metal targeted, and the elimination rate 
of biochar differs accordingly [60]. It should be emphasized that when functional groups alter biochar, the adsorption 
energy is strongly impacted by the functional groups on the biochar surface. For example, the amino-modified surface 
of biochar has an enhanced cupric ion adsorption capability due to vigorous chelation.

Together with organic and heavy metals, an evaluative analysis inferred that biochar extracted from sludge is efficient 
at entirely extracting ammonium through monolayer chemisorption, a form of adsorption in which the adsorbed mate-
rial is held together by chemical bonds. These results suggest that extremely competitive biosorption occurs quickly 
when organic pollutants and heavy metals are eliminated in the presence of ammonium, where biochar is utilized as 
an adsorbent.

Biochar has many important roles other than adsorption, and biochar can promote microbial growth, so accelerating 
the rate of biodegradable waste elimination. Biochar derived from fruitwood has a remarkable fraction of Archaebacte-
ria, fruitwood-derived biochar reduces acid and ammonia stress on flourishing biological microbes, thereby increasing 
microbial activity [61]. In addition to the redox-active moieties, the authorization of tetrabromobisphenol A is enhanced 
by the incorporation of biochar, which speeds up the conversion of adsorbed tetrabromobisphenol A. It should be con-
sidered and emphasized that biochar is utilized for the treatment of environmental pollutants, refining and, furthermore, 
reuse. Biochar can be recycled due to magnetic modification [62]. A remarkable increase in the magnetic properties of 
biochar derived from corn stalks was seen upon the addition of a mixture of  FeCl2 and  ZnCl2 [63]. Following ongoing 
research analysis, to eliminate specific pollutants, massive evaluations are being performed on biochar. However, in reality, 
numerous pollutants reside in drinking water after treatment, making it unfit for consumption. However, in certain cases, 
competitive adsorption may occur, which leads to findings that vary from those observed in the laboratory. In addition, 
the real flow state may increase the ability of biochar to adsorb impurities. Thus, to simulate real-world conditions, sup-
plemental investigations need to be conducted to determine the potential of biochar for eliminating contaminants.

1.13  Catalyst and catalyst support

In the execution of different types of reactions, in domains such as farming, environment and energy, biochar acts as a 
reaction catalyst. The properties of biochar make it a catalyst with desirable capabilities. For the stimulant applications of 
biochar, its broad surface area is crucial since it accommodates a variety of functional sets. In particular, the carboxyl and 
hydroxyl groups are optimal for the adsorption of ammonium ions, and for norfloxacin sorption, the OAH group is opti-
mal. More importantly, the triggered and operationalized biochar can attain greater surface area and plentiful functional 
sets, hence showing a notable role as a catalyst or catalyst for different chemical conversions and surface assimilation/
adsorption and absorption/enhancement of less contaminant water flows. Biochar can be utilized in biorefineries for the 
manufacturing of upgraded commodities in addition to being used as a stimulant or stimulant for the decomposition of 
biowaste. The functions of biochar include organic fuel (biodiesel) production, pollutant reduction, energy production, 
tar elimination, organic fuel gas production, terminal fuel cells and actinic formations [64].

1.14  Waste management

A wide variety of synthetic organic substances that are manufactured in research centers strongly protect against bio-
degradation and are not responsive to biological treatments. These artificially produced products could cause cancer in 
humans, microbes, plants and higher animals. With the anticipated technique of the catalytic ozonation process (COP), 
these bio-resistant chemicals could be degraded. To eliminate a resistant organic compound, a reactive colorant red 198 
dye, COP is used, and this reaction is catalyzed by a cost-friendly biochar produced from a biomass with a permeable 
conformation and phenol  (C6H5OH) and hydroxyl (OH) functional groups [65].



Vol:.(1234567890)

Review Discover Applied Sciences           (2024) 6:408  | https://doi.org/10.1007/s42452-024-06125-4

1.15  Control of air pollutants

In addition to low-temperature catalysts, selective catalytic reduction of biochar has been highly studied. Experiments 
on organic matter such as rice chaff and biosolids were conducted to generate biochar and temperature catalysts in 
combination with ammonia as a useful solvent. The fear of being switched on biochemically or physically along with 
the effectiveness of the treatment, accompanied by unfastening, was regulated. In comparison with physical activa-
tion, physical activation was also more efficacious at separating pollutants. This shows that chemical attributes, such 
as adsorption sites and functional groups, play a remarkable role in regulating removal capability. Charcoal catalysis 
was applied for sulfate and free radical transfer. The oxygen-rich surface of biochar accommodates complex catalytic 
activity via diverse processes. As a result of biochar, amalgamation enhanced the catalytic activity of the stimulus [66].

1.16  Biochar: an ideal approach for regenerative economic sustainability

The approach liable for manufacturing biochar from organic matter is through the use of thermochemical materi-
als, largely in the hinterland, to assist in flourishing a certain region along with small and medium-sized enterprises 
to fabricate adequate power to enhance agriculturalist conclusions for horticulture waste minimization. This grant 
considers the relation of minor-scale construction techniques to wide-reaching techniques, therefore setting up 
a hermetic system replica in which waste from a particular citation can be utilized as an insert for more, following 
companionability, which is profitable and has an environmental impact on restoring economic security. Comparable 
interconnections in the middle of diverse biochar manufacturing and waste recycling innovation are essential for the 
expansion of new plans. By using waste, particularly for agro-refining factories, to illuminate toxic waste matter and 
embody the consequent sustainable economic growth, a soil application method has been developed, allowing for 
the latest products and process growth and the emergence of the latest collection. The strategy which affects stabil-
ity amid the ease of energy saving, operation and awkward discharge, conceivably amalgamated into the regional 
network to authorize the attainable creation of biochar, considering both mechanical and commercial deliberation, 
along with heat emission and recovery of the biochar (black carbon).

2  Conclusion

These days, the presence of toxicants in the environment due to human activity has steadily grown to be a serious 
worldwide environmental problem that not only threatens human health but also the health of ecosystems and 
agricultural output. Biochar posses large surface area with attached functional groups and higher dimensions to 
ensnare organic contaminants and toxicants are described as promising contrivances. Biochar may be used through 
a variety of processes, including adsorption and other physicochemical reactions, to reduce the bioavailability of 
toxins. The characteristics of biochar, such as the kind of feedstock materials, pyrolysis temperature, and retention 
period, have a significant impact on its efficiency. With recent studies revealing new avenues for its application, the 
scientific community has begun to administer the biochar with serious consideration. Thus, by employing multipur-
pose biochar components, the utility of biochar efforts may be increased.
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