


Biochar Production, Activation and Characterization Methods/techniques: An Integrated Review
Abstract 
The review paper focuses on bio-char, a carbon-rich material derived from biomass through low-temperature pyrolysis in limited oxygen conditions. It discusses the unique properties of bio-char, such as high carbon content, large surface area, cation exchange capacity, and nutrient retention, which contribute to its growing importance in environmental and industrial applications. The paper systematically reviews various feed stocks, production methods, and factors influencing yield and quality. It also highlights activation techniques that enhance bio-char’s effectiveness in removing contaminants. Applications such as soil amendment, water and air purification, carbon sequestration, and catalytic processes are explored in detail.  Additionally, the review emphasizes the potential of closed-loop production systems and identifies key research gaps that must be addressed to scale up the use of bio-char, particularly for toxic pollutant treatment.
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1.	Introduction 
	In India, biomass has always been an important energy source. More than 70% of the population of the country relies on biomass for its energy needs, and it still accounts for about 32% of the nation's overall primary energy use. In developing countries such as India, bio-char production from biomass is still in its early stages of development, also there is a lack of infrastructure and technical expertise. The Ministry of New and Renewable Energy has launched a number of programmes to promote effective technologies for using biomass energy in various sectors of the economy. This is because the ministry has recognised the potential and importance of biomass energy in the Indian context. Bio-char production from biomass is gaining increasing attention as a sustainable solution for waste management and soil improvement. According to a recent study funded by MNRE, India currently has access to around 750 million metric tonnes of biomass annually. According to the study, agricultural leftovers have an estimated surplus biomass availability of roughly 230 million metric tonnes per year, or a potential of about 28 GW [9].
[bookmark: _Hlk133101881]Bio-char is a carbon-rich material derived from biomass sources using a thermal combustion process with a limited supply of oxygen (O2) and a relatively low temperature (<700 °C). Pyrolysis of biomass produces a range of products, including bio-char (solids), bio-oil (liquids), and syngas (gases). Bio-char is unique in that it has a wide surface area, functional groups, a high porosity, a high cation exchange capacity, and stability, all of which make it useful for a variety of uses. A few benefits of bio-char are its quick and simple preparation, eco-friendliness, reusability, and cost effectiveness [72, 73]. The main benefit of pyrolysis was its flexibility with feedstock and ability to be optimised according to desired results [82]. A few parameters like temperature, residence duration, heating rate, type of biomass, pressure, gas flow rate, and biomass composition were directly involved in the production of bio-char [97, 2]. The primary factor that affects the characterization of bio-char is temperature [58,33,64]. A few of the main thermochemical processes used to produce bio-char were pyrolysis (slow, intermediate, and fast), gasification, flash carbonization, hydrothermal carbonization, and torrefaction [97, 80]. Pyrolysis is the technique that produces bio-char most frequently out of all the others [97]. The primary sources of raw materials considered for the production of bio-char are agricultural and forestry wastes, municipal solid wastes, industrial bio-wastes, energy crops, animal manure, marine and aquatic organisms, etc. [101]. However, the method for creating bio-char by pyrolyzing agricultural waste has several advantages and potential, including enormous amounts, a variety of sources, and a wide range of application industries [95]. The generated bio-char can be used in a variety of applications, such as water and wastewater treatment, soil remediation, carbon sequestration [15], as a catalyst for syngas cleaning, biofuel production, the control of air pollutants, super capacitors, fuel cells, etc. [71]. High heating rates (> 100 C/min) and brief residence durations (0.5-2 s) at high temperatures (> 5000C) are characteristics of fast pyrolysis; temperatures for moderate pyrolysis range from 300 to 6000C. While slower pyrolysis is characterised by extended residence times of more than an hour and low temperatures (300 0C), the rate of heating is relatively low (about 5-7 0C/ min) [97]. In order to improve the performance of bio-char during environmental remediation, a variety of activation technologies are now available, including physical activation, chemical activation, and impregnation approaches [84]. Bio-char's surface features, such as surface area and pore characteristics, can be improved by activating it. The physical and chemical activation of bio-char can produce activated carbon. Heating the precursor in an oxidising environment between 700 - 900 °C will result in the physical activation of char. Then impregnated with chemicals like ZnCl2, H3PO4, H2SO4, NaOH, KOH, HNO3, H2O2, HCL [101], etc. Following this, the chemical is removed from the surface by carbonising the impregnated material at a high temperature in an inert atmosphere [80].
Typically, bio-char is used as a soil amendment to enhance the physical, chemical, and biological characteristics of the soil. According to research, adding bio-char to soil has the effect of enhancing its structure and physical characteristics, such as its ability to store water, amount of organic matter, pH value, cationic exchange capacity (CEC), and the formation of soil aggregates [19, 13,24,14,20]. Microwave radiation technology has significant benefits over traditional pyrolysis and has emerged as a potential method for pyrolyzing biomass. Because heating occurs inside the material body and less energy is lost during bulk heating, microwave energy is effective for a selected feedstock. Microwave pyrolysis can generate more solids at a given temperature than traditional pyrolysis [39]. Moreover, microwave pyrolysis produces bio-char with superior surface qualities compared to traditional pyrolysis. The elemental composition, surface functional groups, stability, and structure of bio-char can be determined through characterization. Numerous contemporary techniques are used for bio-char characterization, such as scanning electron microscopy (SEM), fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), X-ray diffraction (XRD), brunauer emmett teller (BET), nuclear magnetic resonance (NMR), Raman spectroscopy, etc. [50, 78]. The aforementioned characterization techniques were used to identify various bio-char properties, such as SEM for morphology and FTIR for detecting functional groups, etc. [29, 27].


2. Production of bio-char from various feed stocks
	Bio-char production from biomass rich in cellulose, hemicellulose, lignin, and other organic materials has gained popularity among researchers worldwide as bio-char plays an increasingly significant role in soil remediation, composting, absorbing contaminants, and reducing greenhouse gas (GHG) emissions, among other things [97]. The effective production of bio-char from lignocellulosic biomass using various thermochemical conversion methods is followed by the use of an activation procedure to produce activated bio-char [66]. The feedstock, preparation condition, and preparation technique all have an effect on the physical (pH, surface area, electrical conductivity, and pore size), chemical (functional groups, cation exchange capacity, and nutrition), and biological properties of bio-char. The bio-char yield and quality were directly dependent on the type of feedstock used. Bio-char produced through low-temperature pyrolysis enhanced the physico-chemical characteristics, microbial diversity, and plant development after being added to the soil [38, 25]. The precursor materials for the production of inexpensive activated bio-char should be plentiful, diverse, renewable, environmentally safe, and cost as little as possible economical. As we previously stated, lignocellulosic biomass should have a higher proportion of fixed carbon together with a minimum ash level in order to achieve the desirable surface, textural, and structural features of activated bio-char [77]. There are a variety of effective and intriguing sources, including woody biomass, herbaceous waste, agricultural and forest residues, and industrial biomass wastes. Among these, various crop sections, such as the shell, stem fibres, seed, husk, and stones, among others, are the primary factors that must be taken into account while choosing predecessors for the development [66]. The moisture content in the biomass is a crucial factor because higher biomass moisture levels majorly can notably inhibit the formation of bio-char and also significantly increase the amount of energy required to reach the pyrolysis temperature [63]. In order to generate bio-char, biomass with a low moisture content is preferred since it requires both less heat energy and time to pyrolyze the material and takes less time to do so. So, the process is economically feasible when compared to biomass with a high moisture content [97]. Shows the figure 1 is a different methods of conversion of biomass into bio-char.
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Fig. 1: Conversion of biomass into bio-char
2.1 Conventional methods of bio-char production
2.1.1 Pyrolysis
	Pyrolysis is the term for the thermal combustion of organic and inorganic compounds at temperatures between 250 - 900 0C in an oxygen-free environment [45]. This method is an alternative method for turning waste biomass into products with added value like bio-char, syngas, and bio-oil. Pyrolysis, which entails heating the biomass feedstock at ideal temperature conditions for a set residence time, was used to make bio-char. The lignocellulosic ingredients, such as cellulose, hemicellulose, and lignin, go through reaction processes like depolymerization, fragmentation, and cross-linking at particular temperatures during the process, producing a variety of products in the form of solids, liquids, and gases. Char and bio-oil are the products that are solid and liquid, while carbon dioxide, carbon monoxide, hydrogen, and syngas are the products that are gaseous. For the generation of bio-char, a variety of reactor designs are utilised, including agitated sand rotating kilns, waggon reactors, bubbling fluidized beds, and paddle kilns. The generation of bio-char yield during the pyrolysis process directly depends on the type of feedstock used. The temperature is the main operating parameter that determines the efficiency of a product [44]. In general, as the temperature is raised during the pyrolysis process, the output of bio-char drops and the production of syngas rises. Pyrolysis can be classified as a fast, slow and intermediate pyrolysis process depending on the heating rate, temperature, residence duration, pressure and gas flow rate, etc. [97].
2.1.1.1 Slow pyrolysis
	Slow pyrolysis occurs at temperatures between 300 to 600 °C with a slower heating rate of 5–7 0C/ per minute and a prolonged residence time of approximately one hour [89]. Due to its higher production of bio-char products and capacity to be handled and operation on a small scale basis, slow pyrolysis is a type of pyrolysis method that has gained popularity over the years [36,62]. Slow pyrolysis is performed at a low temperature with a prolonged residence time [80]. Peak temperature and carrier gas are the two elements that have an impact on the process. A peak temperature of 600 °C aided in the production of bio-char with a high potential for carbon sequestration and increased the overall gas yield. Carrier gases (hydrogen or carbon dioxide) must be very pure and kept at a constant flow rate [62, 94]. Temperature has an inverse relationship with bio-char yield. Maximum yield is achieved at lower temperatures, but as the temperature rises, secondary cracking processes take place, further reducing the weight of the bio-char products and resulting in a decreased yield. A maximum output of 75.76% was achieved by gently pyrolyzing vegetable waste at 200 °C [62, 98]. Typically, 1 kilogramme of wood will provide 30–35% bio-char, 45–50% bio-oil, and 20–25% producer gas when heated slowly at a low heating rate at a temperature between 400 and 500 °C [46]. The carrier gas used was very important in slow pyrolysis, other than temperature, heating rate, and residence duration. Flue gas, which is produced during combustion, can be used during pyrolysis as a carrier gas. Comparing this to the use of other inert gases, it has proven to be more cost and energy-efficient [6]. Bio-char typically has 70–80% fixed carbon. When compared to other pyrolysis and carbonization techniques, the slow pyrolysis innovation produces more char.
2.1.1.2 Fast pyrolysis
	A short residence time, inert surroundings, and a high heating rate all influence fast pyrolysis. Fast pyrolysis has a number of benefits, one of which is that it is incredibly quick and highly effective [22, 55]. A catalyst can also be used to perform quick pyrolysis, specifically on zeolite-based materials. Compared to thermal decomposition without the use of a catalyst, this mode helps to increase the quality of bio-char [22]. Fast pyrolysis is considered a direct thermochemical process with a significant potential for use in the production of liquid bio-oil from solid biomass. All characteristics of fast pyrolysis are described by: 1) fast warming rates of biomass particles (>100 0C/min), 2) short joining times of biomass particles and pyrolysis fumes (0.5-2 s) at high temperatures, and 3) moderate pyrolysis treatment temperatures (400–600 0C). The requirement to Keeping the fume residence time in the hot zone to a minimum in order to achieve for excellent bio-oil quality is a significant distinctive feature of fast pyrolysis innovation. This can be done by making sure that the vapours are quickly put out of commission or cooled [55]. Fast pyrolysis is commonly performed in a fluidized bed reactor with a quartz sand substrate. The procedure is run at a moderate 400–600 °C temperature range. The density of the char particles rises as the temperature rises, with a decline of aromatic output. Liquid and gas yields improve as the heating rate is increased [22]. Three events, namely the reactions of fragmentation, condensation, and polymerization, result in the production of aromatic compounds during fast pyrolysis [26].
2.1.1.3 Intermediate pyrolysis
	The pyrolysis that falls between fast pyrolysis and slow pyrolysis is referred to as intermediate pyrolysis. The co-production of bio-char, bio-oil, and gas can be accomplished using intermediate pyrolysis because of its good product dispersion [40]. The three process variables that affect intermediate pyrolysis are the pyrolysis temperature, vapour residence time, and feedstock residence time. Typically, intermediate pyrolysis is carried out under moderate temperature controls, and feed stocks can be completely converted to charcoal at temperatures between 450 and 550 °C. The performance of intermediate pyrolysis as a whole is comparable to other traditional pyrolysis techniques. The intermediate pyrolysis process is carried out in a pyrolysis reactor [5, 57].
3.2	Hydrothermal carbonization
	Hydrothermal carbonization is regarded as a cost-effective way to produce bio-char, given that the process may be carried out at a low temperature of between 180 and 250 0C [43]. To distinguish the result from those produced by dry processes like pyrolysis and gasification, the hydrothermal process' output is referred to as "hydrochar" [42]. This HTC technique does not require drying the biomass prior to processing; instead, a wet biomass mixture is heated to temperatures between 180 and 250 °C in a high pressure (2–10 MPa) reactor for a number of hours. Rotary drums, kilns, and furnaces are used to run the HTC process. The majority of organic materials used in HTC procedures are either dissolved or turned into brown coal [54]. A variety of carbonaceous materials with varying sizes, shapes, surfaces, and functional groups can be produced using the HTC method. The majority of the initial carbon is still present, though, in the soluble form [37]. The retention of nutrients like N and P, which is beneficial for soil fertility, is one of HTC-produced bio-char's key properties. In comparison to torrefaction or pyrolysis, the HTC process produces bio-char with a significantly lower O/C ratio, a higher calorific value, greater grindability, and increased hydrophobicity [30]. For stability, the temperature is gradually raised. The following items are produced at various temperatures: 1) hydrothermal carbonization, which produces bio-char below 250 0C [69]; 2) hydrothermal liquefaction, which produces biooil between 250 and 400 0C; and 3) hydrothermal gasification, which produces gaseous products such as CO, CO2, H2, and CH4 above 400 0C. The hydrothermal carbonization process is shown in Fig. 2 [60]. The intermediate product, 5-hydroxymethylfurfural, and its derivatives are produced through a sequence of processes involving the hydrolyzed product, including dehydration, fragmentation, and isomerization. In order to form the hydrochar, the reaction also involves condensation, polymerization, and intramolecular dehydration [59].
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Picture 1 : Gasification which converts carbonaceous material into syngas
3.3 Gasification
Gasification is a thermochemical process that converts carbonaceous material into syngas, which contains CO, CO2, CH4, H2, and minute amounts of hydrocarbons, at high temperatures and in the presence of gasification agents like oxygen, air, steam, etc [21]. Bio-char is produced as a by-product of the efficient thermochemical conversion of biomass into energy fuel known as gasification [32]. It is mentioned that the reaction temperature is the most important component in determining the production of syngas in the gasification process, which is a common method for synthesising syngas from various solid fuel resources. Gasification produces more syngas volume and lower levelized emissions than other typical processes like pyrolysis, combustion, and fermentation. The main by-product of gasification is hydrogen. The production of carbon monoxide and hydrogen increased with rising temperatures, but methane, carbon dioxide, and hydrocarbons decreased [21]. Syngas is the main end product of this process, and char is considered a by-product with a lower yield.
3.4 Microwave modification pyrolysis
In comparison to a traditional pyrolysis procedure, microwave-assisted pyrolysis is a promising method. In comparison to classical pyrolysis, microwave pyrolysis has a number of benefits, including a quick heating rate, volumetric heating, no physical contact with the heat source, selective space heating, ease of operation, high safety, and automation [100]. Microwave radiation is a type of fundamental electromagnetic radiation that operates effectively and is simple to control at frequencies between 0.03 and 300 GHz and wavelengths between 0.01 and 1 m. The yield of bio-char can be greater than 60% by weight, and microwave pyrolysis can be performed at low temperatures of 400–600 °C in the reaction [47, 65]. They conducted more research on bio-char quality and discovered that microwave pyrolysis-produced bio-char had a higher calorific value than conventional bio-char. Microwave use in pyrolysis is a relatively new technique for accelerating the process. Moreover, the procedure of shredding the biomass and drying it is not necessary for pyrolysis using microwave irradiation [12]. By using this technique, a consistent amount of thermal energy may be internally transmitted within the biomass and directed towards the functional groups of the reactants. Compared to conventional pyrolysis, microwave modification has a lower production cost and may require less time to produce the desired products. This offers powerful support for the microwave pyrolysis technology used to convert biomass into bio-char.
1. Factors affecting bio-char production
4.1 Temperature
	In comparison to residence time, particle size, and heating rate, the reaction temperature is a critical factor that regulates the yield and attributes of bio-char. The yield of bio-char is negatively impacted by an increase in pyrolysis temperature because thermal cracking of heavy hydrocarbons occurs at high temperatures, which results in an increase in liquid and gas output and a decrease in solid product. In the event of low temperatures during pyrolysis, the bio-char generated a smoother external structure and exposed fewer active functional groups on its surface [67].
Three steps can be distinguished in the creation of bio-char: pre-pyrolysis, main-pyrolysis, and carbonaceous product formation [52]. The ambient temperature in the first stage must not be more than 200 0C. Moisture and light volatiles begin to evaporate at this time. Chemical bonds are broken as a result of moisture content evaporation, creating hydroperoxide with the -CO and -COOH groups [16]. The temperature range for the second stage is 200 to 500 0C, Hemicellulose and cellulose are rapidly devolatilizing and decomposing during this time. The final stage begins when the temperature exceeds 500 0C. The final stage involved the degradation of lignin and other organic compounds with stronger chemical bonds [16]. So, it can be concluded that producing bio-char is best accomplished at a low temperature [65]. Even though a number of researchers are looking at how temperature affects bio-char yield, determining the ideal temperature for bio-char production is difficult since it relies on the type, content, and other characteristics of the biomass.
4.2 Residence time
	It is observed that prolonged residence times (90 to 150 min) increased the pH and ash contents of the bio-char but decreased the carbon, nitrogen, and hydrogen contents. The bio-char surface areas increase during the course of 30 to 90 minutes [92]. It is generally advised to use a residence period of a few minutes to a few hours to get the best bio-char production possible while pyrolyzing biomass. The yield of bio-char improves with long residence times due to an increase in heat transfer and reaction time on the surface of the particles. To achieve high biomass conversion and yield, the residence time must be shorter than the residence time for biomass decomposition [81].
4.3 Influence of initial pH 
	This pH refers to the pH of a medium rather than the pH of bio-char. Another crucial quality of bio-char is pH. By examining its pH level, bio-char can be classified as acidic or basic. The pH range for bio-char is typically 4.0 to 12.0. Due to an increase in volatilization, the char pH rises with increasing temperature, moving towards a highly basic pH [6]. The pH of the wastewater at the beginning of the wastewater treatment process affects how the bio-char works. Because it significantly affects both the surface charge of the adsorbent and the metal morphology during the bio-char adsorption process, the pH value is one of the characteristics that must be discussed. Understanding the binding process of mixing various metal ions with activated bio-char is also made easier by studying pH values [85]. The molecular structure of heavy substances, the surface charge of bio-char, the ionic state of surface functional groups, and the active centre of modified activated bio-char are all significantly influenced by the initial pH value of the solution, which has an impact on the effectiveness of adsorption. The adsorption of phosphorus on Mg/Al-modified bio-char was shown to be significantly pH-dependent. From 3 to 11, the adsorption capacity gradually declines as the pH value rises. Hence, pH 3 was optimal for this investigation and was helpful to absorb contaminants [53].
4.4 Particle sizes 
	The particular surface area of bio-char is mostly influenced by particle size. The pyrolysis product yield is significantly influenced by the biomass particle size. Because biomass is a poor heat conductor, the rate at which heat is transferred during the pyrolysis process is constrained [86]. The particle residence time inside the reactor is frequently determined by the impact of particle size on the distribution of the pyrolysis product. In general, the specific surface area of bio-char increases with decreasing particle size. Bio-char has significant adsorption qualities due to its enormous specific surface area. A higher specific surface area is the main factor in the adsorption capacity of activated bio-char [101]. The quality of bio-char of shredded cotton stalk obtained at 500 C temperature and 240min is best out of the all experimental levels of variables of temperature and residence time [102].
2. Characterization of bio-char
	The characterization of bio-char is crucial to its potential use in energy and environmental applications, especially to find out if anything can eliminate pollutants or be used for other things [66, 97]. Also, it is essential to examine the properties of bio-char in terms of its morphology and chemical makeup once the bio-char has been activated, and predicting how bio-char will affect the environment is also made easier with the use of structural and elemental analyses [66, 97]. Currently, numerous contemporary characterizations of bio-char are performed using methods such as scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR), Brunauer-Emmett-Teller (BET), proximate and ultimate analysis, Raman spectroscopy, etc. [97]. Fourier transform infrared spectroscopy(FTIR) is used to identify the surface functional groups. The surface functional groups of the bio-char produced at various temperatures differed significantly from one another. In addition to FTIR, NMR (Nuclear Magnetic Resonance) can also be used to identify surface functional groups in bio-char [97]. Shows the figure 2 is a physicochemical, surface and structural characterization of bio-char. Three main products of pyrolysis of shredded cotton stalk biomass were determined in terms of bio-char, bio-oil and pyro-gas yield. Calorific value of cotton stalk biomass was found as 3685.3 cal/g [103].
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Fig.2: Physicochemical, surface and structural characterization of bio-char
5.1. Scanning electron microscopy (SEM)
	SEM analysis, which commonly relies on the interaction of bio-char samples with electron beams, can be used to observe the surface morphologies [66] and also to identify the surface structures of bio-char. Moreover, the expansion of temperature during bio-char test upgrades may result in a significant improvement in the pore characteristics of bio-char [28]. SEM images provide a precise description of the distribution of micro- and mesoporous materials as well as the pore organisation in the bio-char. SEM may be used to anticipate the surface morphology before and after the adsorption process. The main drawback is that SEM-EDX is not suitable for organic contaminants [97]. S.S. Sahoo et al. [79] In comparison to bio-char made from pigeon pea stalks, the bio-char made from bamboo biomass at various pyrolysis temperatures had a substantially smoother surface. SEM scans clearly showed that, in contrast to the same biomass materials, bio-char made from bamboo and pigeon pea stalks at 400 and 500 0C had a honeycomb-like pore structure with well-defined pores. The pores in the 500 0C bamboo bio-char were precisely defined and had recently developed small pores. The pores in the bio-char that was created at 600 0C crumbled to form a channel-like structure as a result of the development of an aromatic structure. In comparison to bio-char made at 400 0C, 500 0C bio-char from pigeon pea stems has a disordered and broken surface.
5.2. Fourier transform infrared spectroscopy (FTIR)
	To distinguish between the many functional groups, present on the surface of bio-char, FTIR peaks are frequently employed. The peaks in the spectrometry at various places show the presence of various functional groups. Huge modifications were made to the bio-char in the mixture and auxiliary arrangements while the temperature was raised. A non-destructive FTIR instrument could effectively observe these developments. The FTIR analysis revealed that as the pyrolysis temperature rises, the polar and acidic functional groups from bio-char are significantly removed. The peaks in the spectrometry at various positions indicate the presence of several functional groups: The characteristic bands at 3650 and 3250 cm-1 (O-H stretching vibrations of hydrogen-bonded hydroxyl groups and water), 2920 cm-1 (CH2 stretching vibrations for aliphatic groups), and 1250–1050 cm-1 (C-O-C stretching for cellulose and hemicellulose) indicate the peaks that vanished during the pyrolysis process in both bamboo and pigeon pea stalk-derived bio-char [79, 1, 90].
5.3. X-ray diffraction (XRD)
	The intensity and angle of diffracted beams are measured using the XRD technique to determine the size of carbon crystallites and the structure of bio-char. Graphitized and non-graphitized carbon are the two categories into which carbon crystallites and bio-char structure are most frequently divided. Whereas a broad reflection pattern denotes non-graphitized carbon, a sharp and narrow reflection pattern is recognised as graphitized carbon [99]. A stepping motor, monochromator, and radiation source are included in the computerised XRD's setup. The generated nanocrystal’s crystalline structure is similar to the distinct and potent XRD peaks. The particle diameter increases with passing time. In order to produce high-quality, quick, and non-destructive bio-char with a high sorption efficiency, XRD patterns are helpful [3]. At the same pyrolysis temperature, bamboo-derived bio-char contained more inorganic components than pigeon pea stalk bio-char, including sylvite, calcite, quartz, and silicates of Ca, Mg, and Mn, according to XRD analysis [79].
5.4. Thermo-gravimetric analysis (TGA)
	Thermal analysis (TGA) is used to observe the material's physical and chemical characteristics as they change with temperature. Thermogravimetric analysis (TGA) has frequently been used to illustrate and consider the warm behaviour of numerous instances. This investigation aimed to use thermogravimetric analysis to look at the igniting characteristics of bio-char and biomass/bio-char mixtures. During this process, the bio-char is heated, starting at ambient temperature and increasing to 1000 0C. Many studies have been conducted at various temperatures, including 10 and 20 °C per minute, 10 K/min, and less than 1000 0C [96].
3. Modification methods for bio-char activation
            The major goals of the activation process are to improve the porosity, pore volume, and surface area of the resulting activated carbon, or bio-char. The two most widely used methods for creating activated bio-char are physical and chemical activation [51]. These treatments have an impact on the physical characteristics, such as the shape and size of the final product [7]. Activated bio-char has been used as a catalyst, adsorbent, and carbon electrode in catalytic processes and water adsorption because it possesses more oxygenated surface functional groups (phenolic, carboxylic, and carbonyl) than biomass and fixed carbon [4]. The antecedent will be pyrolyzed or carbonised (at a temperature of around 800 °C) before being activated with steam or CO2 in the physical activation process [41]. It signifies that carbonization and activation are the two key phases in physical activation. Steam and gas purging are the key components of physical alteration. Chemical activation, also known as wet oxidation [68], occurs before precursors or bio-char are heated in a furnace under inert conditions to the desired working temperature by being impregnated with chemical activating agents [34, 31]. Acid treatment, oxidising agent modification, alkalinity treatment, metal salt impregnation, and carbonaceous material modification comprise the chemical activation process [66].
6.1 Physical activation
            The bio-char sample was physically activated at a high temperature of up to 900 °C during the course of a 60-min rest period under steam, while partial pressure was maintained at up to 53 kPa [11]. Physical activation is another name for gas activation. There are two steps in the physical activation process. In the first phase, the interior surface area is increased by selectively degrading the unstructured portions of the carbonised material while opening tiny pores enclosed in the carbon structure. In the subsequent stage, activation reactions deplete crystalloid carbon containing carbonised material or carbon with small pores, creating bigger pores. The physical activation's process of pore formation is directly tied to how reactions deplete carbon [17]. The primary goals of bio-char steam modification are to improve surface area, pore volume, and surface shape while lowering aromaticity and polarity. The corrosion of the activated bio-char surface and the subsequent emission of more syngas primarily in the form of hydrogen, are what cause the consequent increase in the surface area of steam-modified bio-char [87]. Also, the removal of trapped particles or volatile gases during steam modification results in an increase in pore volume and the formation of interior pores on the surface of the modified bio-char [66].
Different modification durations and temperatures are utilised for the activation procedure in order to optimise these qualities. However, compared to acid or alkaline alteration, steam-modified bio-char offers a lesser surface area. Nevertheless, the steam modification method has been widely used by numerous researchers to enhance the textural qualities of bio-char. As a result, Rajapaksha et al. [75] and Chakraborty et al. [18] used steam modification to increase the textural qualities of aegle shell-based bio-char and the invasive plant Sicyos angulatus L. from 4.40 to 308 m2/g and 2.31 to 7.10 m2/g, respectively. Reinoso et al. [76] employed CO2 and steam as the activating gases in a study of the carbonization of olive seed to produce activated carbon and compared the outcomes. Pure steam-produced activated carbon exhibited a smaller micropore volume than carbon dioxide-produced activated carbon (CO2-activated carbon). Yet, when employed at high temperatures, diluted steam acquired a microporosity resembling that of CO2-activated carbon. Moreover, they claimed that meso- and macro-porosity were developed more effectively by steam activation than by CO2-activation, resulting in larger pores. According to Sewu et al. [83], steam-activated bio-char had outstanding textural qualities, and the resulting bio-char could work as an effective and promising adsorbent for waste water treatment. Moreover, because prepared bio-char is hydrophilic by nature [93], the steam-modified bio-char has a lower O/C molar ratio. Koltowaski researched the impact of activated bio-char on reducing soil toxicity while preparing activated bio-char in a fluidized bed reactor (at a heating rate of 10 °C/min and a temperature of 800 °C). In CO2, the specific surface area and pore volume rise from 11.4 to 512 m2/g and 0.002-0.169 cm3/g, respectively, and in steam, they rise to 11.4–840 m2/g and 0.002-0.225 cm3/g. Moreover, it has been found that an increase in surface area reduces the toxicity of water leachates [48]. However, the majority of the time, physical activation using oxygen or air is not advised because the reaction happens quickly and the carbonaceous material burns off irrepressibly as a result. Uncontrolled burning of the substance causes random development of the material's surface area and porosity as well as the formation of a significant amount of surface oxide [49].
6.2 Chemical activation
            The chemical activation method is the most frequently used to activate bio-char. Bio-char can be activated by either treating the precursor substance or the char that results from pyrolysis [6]. First-step and second-step activation procedures are both used in the chemical modification. In a first-step modification process, a chemical agent is used to simultaneously carbonise and activate biomass, whereas in a second-step modification process, the raw material is first carbonised, then the carbonised end product is chemically activated while chemical agents are present, or occasionally, biomass is pre-treated by mixing with chemical agents prior to carbonization [70]. In chemical activation, char is doped with a chemical agent, and the oxidation and dehydration that follow cause the formation of micropores. Chemical corrosion, however, makes equipment vulnerable to chemical activation. At very high temperatures, this chemical agent can be extremely corrosive [86]. Yet, these substances are inhibiting the production of tar and eliminating particulate carbon from the structure of bio-char and volatile compounds [10].
The most frequent methods of chemical activation include acid treatment, alkaline treatment, metal salts, or oxidising agent treatment. These treatments are also applied to bio-char to improve its physicochemical qualities [80]. In order to remove metallic impurities, acidic functional groups are primarily used to modify bio-char, which significantly changes its physicochemical properties. HCl, ZnCl2, MgCl3, HNO3, H2SO4, and H3PO4 are examples of commonly used acidic agents [74]. Sulfuric and oxalic acids have been demonstrated to boost sulfamethazine retention and preserve soil pH when used as bio-char modification agents, making them an appropriate technique for soil amendment [88]. To increase the surface area and oxygen-containing functional groups on the resulting modified bio-char, alkaline activation of bio-char is used. KOH, NAOH, and K2CO3 are the three most commonly used alkali activating substances. At room temperature (20–22°C), alkaline agents in various concentrations were soaked into the carbonization process's bio-char. Depending on the type of precursor material used for alkaline activation, the soaking and stirring could take up to 24 hours. Bio-char is first washed and dried before being further pyrolyzed in a reactor at a temperature of 300 to 700°C for one to two hours while being exposed to a nitrogen environment. This will make it easier to get the final product and functionalized modified bio-char [61]. The metallic potassium (K) intercalation caused by the KOH activation of bio-char expands the carbon lattice, increasing its surface area and porosity [56]. Overall, the effectiveness of chemical activation is greater than that of physical activation. The physical properties of the activated bio-char structure are, in turn, affected by the activation temperature, type, and concentration of the activation agent, feedstock kinds, etc. [80], which are sensitive to the efficiency of chemical activation. However, the type of chemical used, the amount of mixing, the temperature, and the length of time between subsequent activations all affect the outcome of chemical activation [35].Average length and diameter of 15 pieces of randomly selected whole cotton plant stalks were measured using Vernier Calliper [104].
Dehkhoda et al. [23] investigated how the surface area, pore size distribution, porosity, and electrosorption capacity of woody bio-char were affected by the KOH activation temperatures (675 and 1000 °C). Physical characteristics were seen to be enhanced by KOH activation at 675 °C, including surface area (1.66–990 m2/g), pore size (1.28–3.22 nm), and pore volume (0.3–0.9 cm3/g). As a result of the burn-off effect, KOH activation at 1000 °C, on the other hand, led to a decrease in surface area, pore volume, and pore size; it also caused the micropores in the bio-char matrix to collapse and encouraged the growth of the graphite-like structure in the material. In order to investigate the effects of the activation temperature and impregnation ratio on the properties of the char and its adsorption of methylene blue dye, Angn et al. [8] activated the bio-char made from the pyrolysis of safflower seed press cake using ZnCl2 as the activating agent. In that investigation, the activated charcoal's porosity, surface area, and adsorption capacity all increased as the activation temperature (600–900 °C) and impregnation ratio (1:1–4:1) were raised. By creating composites, impregnation of bio-char improves the physicochemical characteristics of the resultant bio-char, which may boost the mass yield and the sorption behaviour of modified bio-char. The adsorption, magnetism, and catalytic properties of bio-char can be improved by impregnating it with metal oxides or salts. Recently, some intriguing modified bio-char made from biomass that was impregnated with metal oxides like MnO, ZnO, CaO, FeO, etc. and metal salts like AlCl3, LaCl3, MgCl2, FeCl3, etc. was activated with the intention of increasing the capacity for negative ion adsorption [91].
Conclusion 
	The conversion of organic biomass into biochar through thermochemical processes provides a sustainable approach to waste management, environmental protection, and soil improvement. The properties of bio-char, influenced by feed stock type and pyrolysis conditions, make it suitable for uses such as water and air purification, soil improvement, carbon sequestration, and catalysis. Activation techniques, especially chemical methods, can enhance its surface area and functionality, increasing its effectiveness. With its potential to transform agricultural waste into valuable products, bio-char also supports rural development. A deeper understanding of its physicochemical properties is essential to maximize its impact across various environmental sectors.
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