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Abstract

:

Nowadays, biochar is being studied to a great degree because of its potential for carbon sequestration, soil improvement, climate change mitigation, catalysis, wastewater treatment, energy storage, and waste management. The present review emphasizes on the utilization of biochar and biochar-based nanocomposites to play a key role in decontaminating dyes from wastewater. Numerous trials are underway to synthesize functionalized, surface engineered biochar-based nanocomposites that can sufficiently remove dye-contaminated wastewater. The removal of dyes from wastewater via natural and modified biochar follows numerous mechanisms such as precipitation, surface complexation, ion exchange, cation–π interactions, and electrostatic attraction. Further, biochar production and modification promote good adsorption capacity for dye removal owing to the properties tailored from the production stage and linked with specific adsorption mechanisms such as hydrophobic and electrostatic interactions. Meanwhile, a framework for artificial neural networking and machine learning to model the dye removal efficiency of biochar from wastewater is proposed even though such studies are still in their infancy stage. The present review article recommends that smart technologies for modelling and forecasting the potential of such modification of biochar should be included for their proper applications.
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1. Introduction


Unprecedented rising globalization, industrialization, urbanization, and anthropogenic human activities have led to a worldwide shortage of clean water [1,2,3]. In this regard, wastewater contaminated by water-soluble dyes is one of the prime environmental issues [4,5,6]. Nowadays, numerous dyes and additives are being utilized enormously in industrial applications such as textile, paper, printing, paint, laundry, cosmetics, carpet, leather, food, and rubber [4]. Globally, more than 10,000 different types of natural and synthetic dyes are produced annually, weighing in the range of 7 × 105–1 × 106 tons [7]. The chemical complexity, stability, and poor biodegradability of these dye-contaminated wastewaters are of prime concern and continue to limit the clean water resources available. The rising demand for dyes is simultaneously leading to the malefactors of inadvertent discharge of dye-contaminated wastewater into water streams; it directly affects the life of aquatic flora and fauna along with the food chain and is indirectly deleterious to human health [8,9,10]. Henceforth, it is highly significant to develop sustainable remediation solutions to remove soluble dyes and other contaminants from water.



It typically costs about $1 billion annually to treat 640 million m3 of textile and dyeing wastewater [11]. Several conventional dye-contaminated wastewater treatment technologies are used for dye removal from effluents, such as chemisorption, electrochemical oxidation, ozonation, ion exchange, membrane filtration, anaerobic lagoons, sedimentation, oxidation ponds, coagulation flocculation, photocatalytic degradation, and gamma irradiation [4,11,12,13]. Among these treatments, adsorption is one of the most sustainable and cost-effective techniques because other technologies require a lot of chemicals, high energy, and are not cost effective. Carbonaceous materials possessing a high specific surface area (SSA) are widely used as adsorbing agents in wastewater treatment for dye removal [14,15]. Inexpensive adsorbents, preferably derived from natural materials and industrial wastes/by-products, such as biochar, cellulose, aerogels, activated charcoal, bentonite, fly ash, and silica, can be utilized for wastewater treatment [16,17,18,19,20].



Biochar (BC) is a highly stable carbonaceous material that is aromatized and amorphous in nature. It is usually formed after thermochemical conversion of organic matter and wastes at temperatures of 350–750 °C under limited oxygen conditions [21,22,23]. Its high SSA, pore volume, hydrophobicity, etc., enable its use as an efficient biomaterial for carbon sequestration, soil improvement, climate change mitigation, catalysis, wastewater treatment, energy storage, and waste management [4]. In addition, it has been well recognized as a potentially highly efficient, low-cost, and eco-friendly adsorbent for the removal of organic and inorganic pollutants, particularly heavy metals and dyes from wastewater.



The physicochemical properties and primary composition of BC are considerably altered according to the biomass feedstock, carbonization procedure, degree of pyrolysis, activation, and functionalization techniques [23]. Indulging in modification techniques, BC depicts multiscale porous structures, extensive surface functional groups, and high surface areas, utilizing various organic feedstocks. In addition, inherent functional sites (hydroquinone, defects, etc.) and minerals (silica, transition metals) add BC as a promising ingredient to tailor heterojunctions/composites. The facile metal impregnation, gas activation, sulfonation, and ionic liquid grafting of BC enable many advantages in catalytic processes owing to enhanced accessibility to active sites, excellent π–π interactions, high active surface area, and enhanced charge transfer [24].



In this review, we focused on surface modification and alteration of BC to enhance the efficiency of dye removal from wastewater. A network visualization of terms associated with biochar and dye with a minimum number of 10 occurrences of 3589 associated keywords is represented in Figure 1 (assessed 30 June 2022). It represents the current trends in research related to the application of biochar in association with dye in the Web of Science. Here, the various colors of the nodes represent different clusters, while the size of each bubble depicts its frequency of occurrence. A literature review of BC reports that thermochemical conversion often exhibits low reactivity and selectivity for dye removal [25]. To eliminate these limitations, BC is tailored via numerous techniques to achieve the desired selectivity and reactivity to enhance surface sites and hydrophobicity for regulating the dye removal kinetics [26,27,28]. Factors affecting BC properties and various post-processing modifications, functionalization, and BC activation for dye removal are included. Literature review reports on surface modification of BC for dye removal are very scarce. The application of smart digital technologies such as machine learning and artificial neural networks (ANN) is also covered to further enhance dye removal via BC.




2. Biochar


2.1. Production of Biochar


Various methods have been employed for BC production, such as combustion, torrefaction, gasification, and pyrolysis (slow and fast types) [29]. Each method results in a different char yield and carbon level. These processes differ based on temperature, char yield, heating rate, feedstock residence time, and carbon content and yield. Earlier, combustion was used to produce charcoal from woody biomass; however, it resulted in low yields and extreme air pollution. With time, the advancement in technology (endothermic and exothermic processes) allows the maximum energy extraction from organic matter. Combustion and gasification generate heat and gas, respectively, by thermally decomposing organic matter in an oxic environment [30]. However, these processes are less effective and satisfactory in decreasing emissions while meeting energy requirements. On the other hand, pyrolysis is the most common, oldest, and the most effective process for meeting energy requirements and reducing emissions. Figure 2 depicts the mechanism of BC formation from cellulose, hemicellulose, and lignin [31]. Pyrolysis leads to the production of BC (solid), bio-oil (liquid), and syngas (gas). The generated by-products can also be utilized as energy substances to meet the energy crisis.



Here, pyrolysis can be classified into slow, intermediate, and fast pyrolysis in accordance with the heating rate, temperature, pressure, and residence time [23]. For high yield of BC, slow pyrolysis should meet heating rate of 0.1–1 °C min−1, whereas fast pyrolysis and high temperature can result in generation of more liquid and syngas. In addition, the mass fraction range of pyrolysis solid increases with increasing temperature. In case of intermediate pyrolysis where the conditions are between slow and fast pyrolysis, there is a balance yield of BC and bio-oil yield, but it is rarely approved from a BC production perspective [32,33]. Further, the properties of BC depend on numerous factors and parameters such as pyrolysis temperature and type of feedstock.



Some conceivable approaches for more efficient BC production are proposed as follows: (i) improving energy efficiency via utilization of batch reactors through continuous feeding pyrolyzers; (ii) enhancing energy efficiency and BC yield using exothermic operation; (iii) tuning the BC properties (texture feature and surface chemistry) by adjusting the operating conditions; (iv) improving process economics and reducing pollutant emissions; (v) exploring new biomass-based feedstocks [34].




2.2. Characteristics of Biochar


2.2.1. Physical Properties


The physical properties of BC are directly dependent on the biomass feedstock and pyrolysis conditions, including biomass pre-treatment and handling. In particular, the attrition, crack formation, and microstructural rearrangement generated under different pyrolysis conditions change the native structure of the biomass feedstock to varying degrees [34]. As the pyrolysis process progresses, the biomass feedstock is reduced, converting macropores into mesopores and micropores. The ideal BC physical structure can be enhanced by increasing the pyrolysis temperatures to the point where deformation occurs [35]. Thermal decomposition of organic materials begins at >120 °C. More specifically, hemicellulose, cellulose, and lignin decompose at 200–260 °C, 240–350 °C, and 280–500 °C, respectively.



Nano and Macroporosity


The pore size distribution is one of the most important physical properties. Macropores (>50 nm), mesopores (2–50 nm), and micropores (<2 nm) constitute the total pore volume of BC. Here, micropores are the prime contributors to the BC surface area and are also responsible for efficient adsorbents, whereas mesopores play a noteworthy role in the liquid–solid adsorption process [24,34]. Further, micropores are amended via prolonging pyrolysis at higher temperatures which simultaneously release the volatile content of the feedstock along with the creation of numerous pores. Slow pyrolysis enhances the porosity of BC via slow decomposition of lignin content. The surface area of BC increases quickly when the pyrolysis temperature exceeds >400 °C, owing to thermal condensation of the biomass feedstock and micropore formation [35]. Biomass possessing aromatic lignin cores, aliphatic alkyl, and ester groups produces a higher surface area when pyrolyzed at higher temperatures.




Particle Size Distribution


BC particle size is determined by biomass rigidity against shrinkage and slow destruction during the pyrolysis process. Usually, the BC particle sizes are smaller compared to the un-pyrolyzed biomass. However, agglomeration may occur during pyrolysis, resulting in BC with a larger particle size [34]. Post-mechanical stresses may also occur, crumbling BC more susceptible than the original biomass. Slow pyrolysis (5–30 °C/min) results in a smaller size of BC. BC particle size has an inverse correlation with reaction temperature. For instance, an increase in reaction temperature (450 °C to 700 °C) results in the formation of smaller size particles [23]. This could be due to the augmented susceptibility to attrition because of the lower biomass/BC tensile strength [36].




Density


Apparent/bulk/solid density can be evaluated relating to determining the physical properties of BC. Usually, there is an antagonistic relationship between bulk density and solid density. In general, the solid density of BC is higher than that of the original biomass as a result of the release of volatile and condensable compounds and the formation of graphitic crystallites [34,36]. In contrast, BC has a lower bulk density compared to wood precursor owing to biomass drying and carbonization.




Mechanical Strength


This property correlates directly with density and inversely with porosity. Few studies have reported the evaluation of mechanical strength of BC [37]. In comparison to the virgin wood, monolithic carbonized wood BC has lower stiffness (37%) and higher strength (28%). Here, both the reduced modulus and hardness of pyrolyzed wood BC incessantly increases with increasing temperature (between 700 and 2000 °C) [38]. A negative effect on these properties follows with a further increase in the pyrolysis temperature. In addition, compared to harder native woods (low ash and high lignin content), fruit stones/pits and nutshells are more appreciated for BC production depicting admirable mechanical properties [34]. Further, it was found that the pyrolytic temperature is more dominant than the residence time in determining the mechanical properties of BC.





2.2.2. Chemical Properties


BC properties depend on the biomass type and pyrolysis temperature. In fact, data on synthesis techniques can be used to predict the properties and functions of BC [39]. In general, with a surge in pyrolysis temperature, BC yield declines exponentially while BC alkalinity (pH) displays a linear rise [34,39]. The increase in pH can be ascribed to thermal decomposition of hydroxyl groups and other weak bonds within the BC structure at high temperatures. In comparison, due to the removal of acidic functional groups, the cation exchange capacity of BC is inversely proportional to the pyrolysis temperature [34,39]. BC derived from biosolids display the highest cation exchange capacity due to the presence of minerals (P, Mg, Ca, Na, and K) in the biosolids, which encourage the generation of oxygen-containing functional groups on the surface of BC [40]. Unlike ash, the volatile matter content of BC decreases linearly with increasing pyrolysis temperature. Ash formation is due to inorganic minerals remaining following the decomposition of H, O, and C of biomass [39]. The destruction of hydroxyl, azanide, and other weakly bonded groups results in the reduction of these elements with increasing temperature. However, the C content gradually declines, resulting in a higher C content in the BC at the enhanced pyrolysis temperatures [39].




2.2.3. Microchemical Characteristics


BC microchemical properties can influence its superficial sorption characteristics. The microchemical properties vary significantly depending on the nature and composition of solid phase, entrapped oils and their arrangement, and indicate the electrochemical properties and functional groups on the BC surface [34,41]. Dried biomass pyrolysis is activated by hemolytic cleavage of covalent bonds to release free radicals and structural O [41]. In the initial phases of pyrolysis, free radicals are generated from low atmospheric O2 levels [34,40,41]. This process proceeds with the formation of carboxyl and carbonyl groups, followed by their cleavage into CO2 and CO. Finally, BC residues are produced from free radical fragments that recombine with the substrate in various ways [41].




2.2.4. Organo-Chemical Characteristics


In general, the H-to-C ratio declines from ∼1.5 to ≤0.5 in lignocellulosic biomass with pyrolysis temperatures of >400 °C. This reduction in the H-to-C ratio could be due to changes in the elemental (N, O, H, and C) content during thermal decomposition of the biomass. O-to-C and H-to-C ratios (displaying the degree of aromaticity and maturation) in BC decrease at higher reaction temperatures [23,34]. Burnt peat displayed an H-to-C ratio of 1.3 when the maximum C content was either associated through a hydroxyl group or directly bonded to a proton. If the H-to-C ratio drops to 0.4–0.6, it indicates that every second to third C is associated with a proton [34].





2.3. Factors Influencing Biochar Sorption Efficiency


BC is a carbonaceous material derived via biomass thermal conversion (pyrolysis, gasification, hydrothermal carbonization, and torrefaction) under oxygen-limited conditions [4]. Typically, cellulose (40–60%), hemicellulose (20–40%), and lignin (10–25%) are included within biomass [5]. Biomass structural building blocks undergo a sequence of reactions during thermal decomposition, such as dehydration, de-polymerization, rearrangement, re-polymerization, condensation, and carbonization at various temperatures, producing BC, bio-oil, and syngas [22]. Based on the feedstock, the desired product and its application vary. Biomass characteristics include elemental composition, size, and ash mineral content, whereas thermal conditions include temperature, heating rate, pressure, and residence time [11,23]. Several parameters affect BC performance during adsorption. BC physisorption isotherm characteristics govern properties such as morphological structure and reactivity depending on pyrolytic conditions.



2.3.1. Temperature


Reaction temperature plays a vital role in the process and reaction rate. Huang et al. [42] suggested that the adsorption is chemical rather than physical when the equilibrium temperature does not significantly affect the adsorption process. Based on the pore size, adsorbent materials of various sizes are grouped into micropores, mesopores, and macropores, which are highly dependent upon the production conditions of BC. BC produced by pyrolysis at high temperatures contains high micropore volumes ranging from 50% to 70% of the total pores. Adsorption of contaminants by BC is an endothermic process and the adsorption capacity increases with increasing temperature.



An experimental study was conducted by Tan et al. [43] on Cu (II) adsorption and textile dye adsorption into food waste BC, and thermodynamics parameters were calculated. In both cases, the heat of reaction was positive and Gibbs’s free energy was negative. According to Ambaye et al. [44], as the reaction temperature increases, the BC surface area increases as the amount of oxygen-containing functional groups on the surface decreases. Wu et al. [45] used litchi peel biomass and increased the activated temperature from 650 °C to 850 °C, which ultimately increased the surface area from 531 m2 g−1 to 1006 m2 g−1 and the pore volume from 0.328 cm−1 g−1 to 0.588 cm−1 g−1.



One experimental setup was carried out by Qambrani et al. [46] to perceive the effect of temperature on BC yield and quality. The yield, total nitrogen and organic carbon content, and cation exchange capacity values were found to decrease with increasing pyrolysis temperature. Therefore, low temperatures are highly recommended for BC production from poultry litter. This condition applies analogously to the condition for BC obtained from vegetative materials.




2.3.2. Solution pH


Solution pH plays a vital role in controlling the surface charge of the adsorbent and the degree of ionization of adsorbate [47]. At high pH, a negative charge exists on the surface with deprotonation of the phenolic and carboxylic groups. At low pH, basic functional groups become protonated and positively charged, promoting adsorption of anions. Adsorption by BC is known to be a function of pH, medium, and deprotonation of functional groups [48]. The pH at the zero-point change is the point at which the net charge on the surface of any adsorbent in solution becomes neutral. At this point, pH highly affects the adsorption efficiency of the BC active surface by providing active functional groups for a charged solution. Therefore, increasing the pH of a solution containing BC leads to a negative potential by increasing the negative charge on the BC surface [49].



Qiu et al. [50] reported that the positive charge on activated carbon at pH 3.0 was higher than at pH 6.5. In contrast, the negative charge on BC was more negative at pH 6.5. Therefore, BC was more efficient than activated carbon at adsorbing dyes from solution. Similarly, the effect of pH on methylene blue dye adsorption was studied at various pH (2–10) [51]. As the pH increases, the number of positively charged sites decreases, increasing methylene blue adsorption. Although the high adsorption of the methylene blue is favorable in alkaline solution, the adsorption did not change when the pH of the solution increased. They observed a maximum dye adsorption (69.07%) at pH 4 [51]. Lin et al. [52] tested the microalgae derivative BC to remove dye and found that the higher the pH of the aqueous solution, the greater the adsorption capacity of positively charged dyes with surface electrostatic attraction due to the negative potential effects. Similarly, Huang et al. [53] studied the removal of organic dye using BC derived from Spirulina platensis algae biomass residue. The maximum adsorption capacity was obtained at the alkaline pH with an adsorbent dosage of 2000 mg/L and an initial dye concentration of 90 mg/L.




2.3.3. Adsorbent Dosage


The adsorbent dosage greatly influences the sorbent-sorbate equilibrium in the adsorption system. Due to the availability of more sorption sites, the removal efficiency of organic and inorganic pollutants increases with increasing adsorbent dosage. When the dosage rate is in excess, the adsorption capacity of BC decreases [48]. The reduction in adsorption may be attributed to the overlap of adsorption sites which ultimately shield the pores [48]. Moreover, at a lower dosage of adsorbent at a given initial dye concentration, the ratio of dye to adsorbent molecules increases, leading to an increase in specific uptake. In contrast, at a higher dosage of adsorbent, the availability of dye ions is insufficient for adsorption to the sites [53].



The effect of adsorbent dosage of BC derived from eucalyptus bark to remove methylene blue dye from aqueous solution was studied [53]. They observed that the dye adsorption decreased from 56.8 to 25.5 (mg/g) as the adsorbent dosage was increased from 0.01 to 0.03 g. According to Zhang et al. [54], Congo red dye removal (82.2–83.6%) increased as the adsorbent dosage was increased from 0.2 to 1 g/100 mL. Green BC composite was used for methylene blue removal with adsorbent doses up to 2 g/L. It was found that the adsorption performance decreases with increasing dosage, reducing the number of methylene blue molecules per unit adsorbent [54].




2.3.4. Initial Dye Concentration


For an efficient and effective adsorption process, the initial concentration of adsorbate plays a vital role. As the initial dye concentration increases, the percentage removal of dye increases. The initial dye concentration provides the driving force to overcome the mass transfer resistance of dye between the aqueous and solid phases [51]. According to Chowdhury et al. [55], at high concentrations, all dye molecules in solution do not interact with the binding sites of the adsorbent because the adsorbent has a limited number of active binding sites that saturate at a certain concentration. Experimental work carried out by Dawood et al. [56] found that the percentage of methylene blue removal decreased from 80.5% to 36.8% as the initial concentration (10–100 mg/L) of the methylene blue dye solution increased. Another experimental work was also carried out in which the percentage removal of methylene blue dye drastically reduced from 85.93% to 41.40% with increasing initial dye concentration (20 to 50 mg/L) [57].




2.3.5. Heating Rate


The heating rate is also one of the major factors affecting BC properties. According to Xu and Chen [58], heating rates of <20 °C s−1 for BC production from pine sawdust permitted the natural porosity of sawdust to be shifted to BC without significant structural variations. In contrast, devolatilization occurred at a heating rate of 500 °C s−1, resulting in deformation of the sawdust cell structure. Finally, lower pyrolysis temperature and lower heating rate along with high residence time led to BC formation. Li et al. [59] produced BC from lignin (heating rate of 10 °C min−1) and the abundance of -OH started to decrease from 350 °C. They concluded that a lower heating rate with long residence time increased the thermal stability of the -OH functional groups on the BC surface. BC carbon content increased from 75.39% to 88.35%, 75.15% to 88.28%, and 77.13% to 89.70% at various heating rates 5, 10, and 15 °C min−1, respectively. Li et al. [59] concluded that the smaller particle size leads to a complete pyrolysis process, and the hydrogen, sulfur, and oxygen content decreases with increasing temperature. With an upsurge in temperature, the H/C and O/C atoms gradually decrease and BC becomes more carbonaceous and aromatic.




2.3.6. Particle Size


The rate of heat and mass transfer of particles and the degree of subordinate reactions are significantly influenced by the particle size of the biomass. The particle size depends on the process being carried out and the feedstock materials. Larger particle sizes (>1.8 mm) have greater temperature gradients and thus provide higher BC in comparison with smaller particle sizes [46]. An experiment was conducted with various particle sizes of wood, and it was observed that maximum BC yield (28%) was attained with particle sizes 0.224–0.425 nm at 500 °C and 223.15 °C min−1 heating rate in an inert environment [60]. Mechanical properties such as mechanical strength, yield stress, and BC density are highly dependent on biomass particle size. As a result of examining the effect of particle size on wood biomass, it was found that wood BC produced from smaller particle sizes showed higher yield stress and density compared to larger ones [61]. The smaller particle size is appropriate for fast pyrolysis due to the uniform and effective heat transfer facilitating the release of volatiles.




2.3.7. Feedstock Composition


Feedstock selections also greatly impact BC properties and elemental composition. It affects various physical properties of BC, such as pH, pore structure, surface area, adsorption efficiency, and other chemical properties [34]. Compared to cellulose, hemicellulose, lignin, and some organic compounds, a feedstock consisting of animal manure results in higher BC nutrients. As the temperature increases, the volatile compounds in the biomass decrease along with a decrease in the quantity of surface functional groups, but the surface area and ash content of BC increase [23,24]. Feedstock materials are oxygen-rich and hydrogen-deprived, for example, sugars are non-graphitizing and create robust cross-linked arrangements that immobilize the structure and tie the crystallites into a stiff mass. The various carbon and nitrogen contents in char produced from plant-derived biomass were found to be increased relative to biomass. However, the use of mineral-rich feedstock (manure) may reduce it [62].





2.4. Mechanisms of Dye Adsorption


The enhanced performance of BC (without activation) can be due to oxygen containing surface functional groups and other inorganic components that play a significant role in dye adsorption instead of only surface area and porosity. BC inorganic elements upsurge the hydrophilicity towards dyes and act as catalysts during the adsorption process [63]. However, BC activation, surface area, and surface alkalinity can also influence adsorption capacity. Figure 3 represents the adsorption process and mechanism for dye removal from wastewater. Specific adsorption mechanisms include (i) physical adsorption, (ii) ion exchange; (iii) electrostatic interactions; (iv) precipitation; and (v) surface complexation [34,35]. However, the pollutant removal process always works in conjunction with numerous mechanisms.



2.4.1. Physical Adsorption


Dye adsorption onto the BC surface primarily occurs via physical interactions such as pore filling, π stacking, and H-bonding. However, BC surface area, porosity, and aromaticity influence the physical adsorption. The enhanced surface area and pore volume favor the diffusion of contaminants [64]. The aromatic structure of BC is promising for forming π-stacking and H-bond interactions with pollutants [65]. The pore filling, π–π interactions, and H bonding between BC and dye can be improved via post-modification of BC. For example, pore filling is an illustrative of physical adsorption and can be accredited to a widespread distribution of pores via BC [66]. Hydroxyl and amine groups can be an advantage for π–π interactions due to electron-deficient functional groups on the surface of cationic dyes [7]. For instance, cationic dyes H-bonding of O and/or N center generated free hydroxyl groups on the surface of sulfur-doped tapioca peel waste BC [67], whereas fly ash and agricultural waste-derived BC alkali-fusing with O-containing surface groups resulted in H-bonding [68]. The generation of H-bonds between acid orange 7 dye and the adsorbent accounts for the adsorption process [69]. Siddiqui et al. reported the H-bonds between methylene blue and MnO2/BC occurs due to the interaction between the -OH groups present in MnO2/BC and the acceptor present in the methylene blue molecules [70]. Likewise, π–π interactions/π-effects/π-interactions (non-covalent) involve the π system, where positively charged molecules interact with negatively charged surfaces, similar to electrostatic interactions [34].




2.4.2. Ion Exchange


Dye adsorption on the BC surface occurs via exchange of metal ions/mineral elements or replacement of BC functional groups [64]. Furthermore, the ion exchange mechanism involves ion exchange between a liquid (dye solution) and a solid phase (adsorbent). Pirbazari et al. suggested that two principal mechanisms are involved in the removal of methylene blue dye on NaOH-treated wheat straw impregnated with Fe3O4, namely, surface complex formation and ion exchange between the dye molecules and adsorption surfaces [71]. According to Zheng et al., the adsorption of anionic dyes such as Congo red and methyl orange on graphene oxide-NiFe layered double hydroxide is achieved by electrostatic attraction and ion exchange phenomena [72].




2.4.3. Electrostatic Attraction


Synthetic dyes are categorized into cationic and anionic dyes. Malachite green, methylene blue, and rhodamine B are examples of cationic dyes [73], and tartrazine, sunset yellow, Congo red, and orange G are examples of anionic dyes [74]. Knowledge of dye classification aid in choosing the accurate adsorbent as a positively charged adsorbent is effective in removing negatively charged dyes due to electrostatic interactions [74]. An electrostatic attraction occurs between the dye and BC surface when the surface charges are opposite [75]. Electrostatic interaction is one of the prime adsorption mechanisms for the adsorption of synthetic dyes on BC and can influence the adsorption rate. For instance, BC derived from litchi peel was assessed for adsorption of anionic and cationic dyes. The adsorption capacity was 404.4 and 2468 mg g−1, respectively [45]. However, other adsorption mechanisms were also involved in the adsorption, and since the dye and BC both have opposite charges, the dye adsorption significantly occurred via electrostatic interactions [45]. Several BCs were designed for cationic and anionic dyes that fit either pseudo-second order or Elovich kinetic models, where both are indicative of electrostatic interactions and chemisorption. Shen and Gondal reported that electrostatic and intermolecular interactions govern the adsorption of rhodamine dye on adsorbent surfaces [76].
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Figure 3. Adsorption process and mechanism for dye removal from wastewater [77]. 
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3. Post-Production Modification of Biochar for Dye Removal


Biomass breaks down thermally in an oxygen-limited environment to generate BCs composed of numerous refractory oxides based on the feedstocks such as CaCO3, Fe2O3, SiO2, Al2O3, and CaSO4 [78]. Moreover, pristine BC surfaces are generally negatively charged and linked with oxygen-bearing functional groups, thus displaying specific adsorption towards cations (e.g., heavy metals ions) [79]. However, adsorption of anionic species (i.e., oxyanion, anionic dyes, and organics) of BC is inadequate [80]. This restricts BC applications in various fields, instigating scientists to introduce novel metal oxides to alter BC for targeted applications [81]. Table 1 enlists few literatures available onto the treatment of dye-contaminated wastewater using BC and its nanocomposites. Table 1 enlist some literature available on the BC utilization for dye removal from wastewater.
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Table 1. Literature summary on modified biochar for dye removal.
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Synthetic Dye

	
Biochar

	
Adsorption Capacity

	
Conditions

Adsorption Mechanism

	
Reference




	
Feedstock

	
Method of Production






	
Congo red

	
Litchi peel BC

	
Hydrothermal carbonization

	
404.4 mg g−1

	
Pore filling effect

π–π interaction

Electrostatic interaction

Hydrogen bonding

	
[45]




	
Orange peel waste

	
Microwave pyrolysis using CO2 and steam activation

	
136 mg g−1

	
Electrostatic interaction

	
[82]




	
Switchgrass

	
Pyrolysis (900 °C)

	
22.6 mg g−1

	
Electrostatic interaction

π–π interaction

	
[83]




	
Acid violet 17

	
Pine tree-derived BC

	
-

	
90%

	
Electrostatic interactions

	
[84]




	
Malachite green

	
Cladodes of cactus

(Opuntia ficus-indica)

	
Pyrolysis at 400 °C followed by NaOH impregnation, pyrolysis at 500 °C and rinsing with HCl

	
1341 mg g−1

	
Π–π EDA interaction

Cation-π interaction

Hydrogen bonding

	
[85]




	
Corn straw

	
HNO3 treatment, followed by washing with distilled water and drying. Then, NaOH activation and drying, followed by pyrolysis at 500 °C and FeCl3 modification by precipitation technique

	
515.8 mg g−1

	
Electrostatic attraction

	
[86]




	
Frass of mealworms (Tenebrio molitor Linnaeus 1758)

	
Pyrolysis at 800 °C

	
1738.6 mg g−1

	
Electrostatic interaction

π–π interaction

Hydrogen bonding

	
[87]




	
Litchi peel BC

	
Hydrothermal carbonization at 850 °C

	
2468 mg g−1

	
Pore filling effect

π–π interaction

Electrostatic interaction

Hydrogen bonding

	
[45]




	
Tapioca peel waste

	
Pyrolysis of feedstock, then mixing with thiourea and followed by pyrolysis at 800 °C to create sulfur-doped BC

	
30.2 mg g−1

	
Electrostatic interaction

Hydrogen bonding

	
[67]




	
Wakame (macroalgae)

	
Chemical activation with KOH followed by pyrolysis at 800 °C

	
4066.9 mg g−1

	
Electrostatic interaction

π–π stacking

Hydrogen bonding

van der Waals force

	
[88]




	
Methylene blue

	
Macroalgae

(Undaria pinnatifida)

	
Chemical activation with KOH followed by pyrolysis at 800 °C

	
841.6 mg g−1

	
Electrostatic interaction

π–π interaction

Hydrogen bonding and van der Waals force

	
[88]




	
Rice straw and fly ash

	
Alkali-fusion pre-treatment of fly ash with NaOH, followed by mixing with rice straw and pyrolysis at 700 °C

	
143.8 mg g−1

	
Electrostatic interaction

π–π interaction

	
[68]




	
Orange G

	
Switchgrass

	
Pyrolysis at 900 °C

	
38.2 mg g−1

	
Electrostatic interaction

π–π interaction

	
[83]




	
Rhodamine B

	
Macroalgae

(Undaria pinnatifida)

	
Chemical activation with KOH followed by pyrolysis at 800 °C

	
533.8 mg g−1

	
Electrostatic interaction

π–π interaction

Hydrogen bonding

van der Waals force

	
[88]




	
Tapioca peel waste

	
Pyrolysis of feedstock, then mixing with thiourea and followed by pyrolysis at 800 °C to create sulfur-doped BC

	
33.1 mg g−1

	
Electrostatic interaction

Hydrogen bonding

	
[67]




	
Sunset yellow/

Tartrazine

	
Corncob

	
Pyrolysis at 400 °C followed by mixing with triethylenetetramine, drying and H2SO4 treatment to achieve a positively charged BC

	
77.1 mg g−1

	
Amine groups on the surface

Electrostatic interaction

	
[74]









Additionally, conventional pyrolysis generates BC with inefficient physicochemical properties such as surface area, surface-oxygenated groups, pore volume, and width. Different feedstock types have different BC production conditions and physicochemical properties [89]. However, the existing -COOH, -OH, and C=O functional groups are crucial in water treatment [90]. The hydrophilic or hydrophobic properties depend on the functional groups (nature and type) present on the BC surface. Various methods such as impregnation, steam activation, and chemical and heat treatments have been utilized to improve the abundant BC properties [91]. In the presence of other catalysts, BC acts as a photocatalyst due to the physicochemical properties (enhanced surface area, active site, charge separation, porous volume, functional groups, catalyzing ability, stability, and recoverability) [92]. However, photocatalyst-based BC production needs to be optimized [93]. For instance, the addition of ZnO to BC improves the nanocomposite adsorption capability and photocatalytic ability [94]. Figure 4 shows various modification and classification of engineered BC for the dye removal from wastewater.



Post-modification can be categorized into the following groups: (i) modifications to surge surface area and porosity; (ii) changes to decrease the positively charged BC surface; (iii) increase surface oxygen-containing functional groups; and (iv) magnetization of BC to enable recovery. Among all categories, any method can improve one or two BC properties simultaneously. For instance, the SSA and oxygen-containing functional groups can be increased by H2SO4 treatment. In the literature, these modifications are classified based on BC physicochemical characteristics or the nature of the process (chemical, physical, or composite) [95,96].



Furthermore, physical (van der Waals forces, electrostatic forces, and hydrophobic interactions) and chemical (surface complexation, ion exchange, π-interactions, co-precipitation, partition, and pore filling) interactions occur during adsorption of organic and inorganic pollutants by BC [97].



3.1. Acid-Base Activation/Decoration


Acid treatment of BC results in enhanced surface area, better porosity, increased sorption capacity, created charged and hydrophilic surface functional groups, and increased colloidal stability and mobility [98]. After BC oxidation, -OH and -COOH functional groups are enhanced to improve hydrophilicity. Acids such as HNO3/H2SO4, HNO3, HF/HNO3, KMnO4, H2O2, oxalic, and citric acids are used for chemical modification of BC [99].



One of the approaches for the modification of BC is HCl treatment resulting in higher adsorption of concomitant organic compounds. This is because functional groups (carboxylic, phenolic, and carbonyl groups) are added to the BC surface after treatment, the ash content is reduced, and the adsorption sites (hydrophobic) are increased [100,101]. However, this method is not well established for BC modification and more studies are needed to be performed [102].



The use of strong bases for BC modification increases functional groups, surface area, surface charge, and porosity [103]. However, the degree of improvement in BC properties varies depending on the base used. Frequently used bases include potassium oxide (KOH) and sodium hydroxide (NaOH) [104,105]. Few studies showed that the BC surface is significantly improved when using NaOH rather than KOH. For instance, Cazetta et al. [106] reported a better improvement in the surface area (49%) of coconut shell-derived BCs when using NaOH. Wakame-derived BC showed a surface area of 69.7 m2 g−1 and 1156 m2 g−1 for non-activated BC and KOH-activated BC, respectively [88]. Similarly, the BC surface area derived from rice husk improved from 132.9 m2 g−1 for non-activated BC to 1818 m2 g−1 for KOH-activated BC [107]. BC activation by KOH and KMnO4 results in large pore volume, pore channels, and percentage of aromatized structures, enhancing the adsorption of methylene blue [108].



In general, modification of BC via acid is carried out in two ways: activation and decoration. BC activation via chemical activating agent increases SSA and porous structure. In contrast, decoration enhances the surface activity of BC via zero-valent iron nanoparticles [109], Fe3O4, and FeOOH [110]. Studies have also shown that decoration using acids and fatty acids increases the hydrophobicity of BC adsorbents [111,112].




3.2. Persulfate Activation


Lately, the activation of BC via persulfate (PS) has been extensively studied [113] owing to the enhanced contaminant removal efficacy from water by the combination of PS radicals with BC-SSA [114]. Studies have shown that the sulfate radical-based advanced oxidation processes (AOP) have higher redox potentials, extended half-life time, and extensive pH flexibility than traditional hydroxyl radical-based AOP. Liu et al. [115] studied food waste digestate-derived BC (FWDB) for peroxydisulfate (PDS) catalyst (radical-based oxidant) for the removal of azo dye (reactive brilliant red X-3B). They observed a 92.21% removal of X-3B within 30 min from solution at an initial content of 1 g/L. The reactive oxygen species SO4•−, •OH, O2•−, and 1O2 were found to be present in the FWDB/PDS system and the generation of reactive oxygen species is due to the presence of graphitized carbon, doped-N, oxygen-containing groups, and the defective sites on the FWDB surface. One-step sol–gel pyrolysis was used to synthesize CuFe2O4@BC composite (CuFe2O4@BC) and assessed for the efficiency, stability, and mechanism of activating PS against malachite green degradation [116]. The malachite green removal efficiency in the CuFe2O4@BC/PS system was observed to be 98.9%, signifying that CuFe2O4@BC has better catalytic activity compared to other catalysts under the optimal conditions.



A composite of stalk BC (SBC) and nanoscale zero-valent iron (nZVI) was biosynthesized to remove dye. The composite displayed a synergetic role in enhancing PS catalytic activity for dye removal [117]. SBC functional groups (-OH and -COOH) stimulated PS and nZVI improved catalytic activity compared to SBC. SBC enhances catalytic activity for PS and electron transfer efficiency by increasing nZVI dispersibility and protecting it from oxidation. Studies have shown that superoxide radicals (O2•−) and hydroxyl radicals (•OH) play an important part in pollutant removal, but they are not primary radicals. The primary radical involved in contaminant removal was sulfate radicals (SO4•−). The SBC-nZVI composite also displayed better reusability, storage stability, and various dye removal applications [117]. One-step pyrolysis of loofah sponge-based BC (LSB) was prepared at various pyrolytic temperatures. LSB was further used to activate PS to remove acid orange 7 (AO7) [118]. The LSB produced at 800 °C showed the best catalytic ability for AO7 degradation, i.e., 96% degradation within 30 min [118]. The enhanced adsorption capability of LSB is due to the high surface area, carbonyl groups, and graphitized structure. The AO7 degradation mechanism in the LSB-800/PS process is owing to free radical SO4•– and non-radical channels (electron transfer).




3.3. Physical Activation


In this process, different gases (air, steam, and CO2) are used to activate the BC surface [119]. In general, physical activation consists of two stages: carbonization (occurs at lower temperatures of 427–877 °C) and activation (occurs at higher temperatures of 627–927 °C) [120]. BC activation can be carried out via steam or gas purging after BC is carbonized. Although this process is simple and cost-effective, it is less efficient than chemical activation approaches. BC physicochemical properties can be enhanced via physical activation by eliminating incomplete combustion by-products and the carbon surface oxidation to enhance BC surface area [121,122].



Pristine BC is activated by steam with improved polarity, surface area, and pore volume [123]. After preliminary pyrolysis, BC was partially vaporized by steam for 0.5 and 3 h [124]. Steam activation improves BC growth and the reachability of internal pores [124]. During steam activation, pore development is primarily associated with water-gas shift reaction, reduction of carbon [125], and elimination of trapped components (aldehydes, ketones, and some acids from biomass) [126].



In the presence of heated steam, BC is activated and displays high adsorption ability owing to improved surface area, oxygen-containing functional groups, and micropore volume. This allows for efficient removal of pollutants from wastewater [127]. The porosity of BC can be improved by physical activation at <250 °C in the presence of air or >750 °C in the presence of CO2, steam, and blends. CO2 and H2O become reactive at high temperatures, allowing chemical reaction with BC [128]. CO2 treatment increases the pore volume and surface area of BC by 1.5-fold and 5.9-fold, respectively [129]. At low temperatures (≈275 °C), the activation process with air increased the sewage sludge-derived BC structure and texture [130]. Furthermore, Sewu et al. [131] observed an increase in BC SSA and porosity via steam activation and significantly improved the crystal violet adsorption capacity by 4.1-fold.




3.4. Biochar-Based Composites


BC-based composites allow for the combined advantages of BC and nanomaterials, resulting in composites with enhanced functional groups, pore size and volume, active surface sites, net surface charge, ease of recovery, and catalytic ability for degradation [132,133]. These composites are divided into three groups according to the synthesis process: (i) nano-metal oxide/hydroxide-BC composites, (ii) magnetic BC composites [80], (iii) clay mineral-based BC [134].



3.4.1. Nano-Metal Oxide/Hydroxide-Biochar Composites


These composites have been synthesized via numerous chemical additives such as H3PO4, NaCl, K2CO3, ZnCl2, KOH, and FeCl3, and can be incorporated prior or later biomass carbonization [89]. According to Zhao et al. [135], the synthesis of nano-metal BC composites can be divided into the following categories: (i) impregnation, categorized by the ease and enormous capacity of the attained composites, (ii) chemical coprecipitation, categorized by inexpensiveness, high purity, homogeneous nanoparticles, but both process causes chemical contamination, (iii) direct pyrolysis, considered as easy process and biomass supplemented with desired heavy metals; however, controlling the nano-metal oxide/BC ratio in the composites is difficult, and (iv) ball milling, simple, cost-effective, no generation of chemical pollutants, and efficient decrease of metal oxide particle size. However, during particle preparation via ball milling, the particles are easily dispersed in water, resulting in the migration of contaminants out of the polluted place, causing a possible hazard to groundwater [135]. Figure 5 represents various pathways for synthesis of nano-metal oxide/hydroxide-BC composites.



Preparation of BC sample via ball milling surges SSA, possibly by revealing pores [136] and enhances carboxyl, lactone, and hydroxyl groups (oxygen-containing functional groups) [137]. Zheng et al. [138] synthesized a dual-function MgO/BC nanocomposite by ball milling to remove both cationic and anionic contaminants and showed an increased (8.4-fold) methylene blue adsorption, probably due to enhanced surface area and pore volume. Synthesis of BC by co-pyrolysis from firwood biomass utilizing non-magnetic goethite mineral proved to be a green method in comparison to the conventionally used FeCl3 [139].



Sludge-derived BC was modified via Fe/Mn by a heterogeneous activator to attain enhanced PS activation to degrade reactive blue 19 (RB19) [140]. Experiments based on scavenger quenching and electron paramagnetic resonance displayed that radical and non-radical mechanisms are involved in the degradation of RB19 by Fe/MnBC combined PS. Sulfate radicals (SO4•−), hydroxyl radicals (OH•), and singlet oxygen (1O2) were found to be involved in the process. It was also postulated that Fe(IV)/Mn(VII) (non-radical) was involved in the degradation process. These results provided a new understanding of the mechanism of PS activated by metal-BC composite. In addition, fixed-bed reactor studies revealed that Fe/MnBC has significant PS activation capability to remove dyes. Further, the authors analyzed degradation process by central composite design-response surface methodology (CCD-RSM) and ANN. Statistical analysis showed that the ANN model was better than the CCD-RSM model [140].



BC derived from pulp sludge was produced via ZnCl2 modification to effectively remove methylene blue (MB) from aqueous solutions [141]. The maximum (590.20 mg/g) adsorption of MB was observed within 24 h at pH 8 when the initial amount of Zn2PT350-700 was 10 mg [141]. The primary mechanism involved in MB adsorption was electrostatic interaction between deprotonated functional groups and MB+, cation exchange, and π-electron interactions followed by physical adsorption.




3.4.2. Magnetized Biochar Composites


Substantial studies have been conducted to enhance BC adsorption capacity. However, the biggest limitation of BC is its removal and reuse after wastewater treatment owing to its small size and low density [59]. Various studies of magnetic BC for successful production have been reported [142], displaying impregnation-pyrolysis, chemical co-precipitation, solvothermal, and reductive co-precipitation processes. It was observed that the composites have a significantly efficient adsorption, easy removal and recycling after application of an external magnetic field [143]. However, the conventional magnetic medium loading process surges the sorbent cost [144]. The primary common processes of magnetic material synthesis include pyrolysis, co-precipitation, and calcination [145]. Figure 6 shows a brief schematic of different magnetic BC preparation.



Further, traditional heating in electric furnaces [146] and microwave heating in modified furnaces have also been studied. Among them, the co-precipitation method is easy because mixing and heating processes are simple. It emphasizes the transition metal ion molar ratios used in mixing to improve magnetic BC characteristics concerning porosity and magnetism [145]. The co-precipitation process is used for BC surface coating with various iron oxides such as Fe3O4, c-Fe2O3, and CoFe2O4 particles to impart magnetic characteristics to the iron oxide active sites for the pollutant removal [147,148]. It was observed that the high decomposition ability of additives such as AlCl3, FeCl2, and MgCl2 displays enhanced porosity, high catalytic and sorption activity, and creation of positively charged adsorption sites [89,149].



Fe-tanned collagen fibers were pyrolyzed to synthesize magnetic BC catalyst (Fe@BC) utilized as a persulfate activator to remove a refractory dye (methylene blue) [150]. Results have shown that within 20 min, methylene blue was completely degraded at a constant rate of 0.2246 min−1, much higher than when using pure BC (0.0497 min−1). The enhanced catalytic activity and exceptional recycling ability of the Fe@BC/PS system can be attributed to the homogeneously dispersed Fe ions, enhanced functional groups (oxygen containing), and deformed carbon matrix. SO4•− was found to be the primary free radical for the degradation of methylene blue. Table 2 enlists literature on surface-modified BC and its nanocomposites for dye removal from wastewater.
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Table 2. Surface-modified biochar and its nanocomposites for dye removal from wastewater.
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S. No.

	
Surface-Modified Biochar and Its Nanocomposites

	
Dye

	
Adsorption Model

	
Maximum Adsorption Capacity (mg/g)

	
Mechanism Involved

	
Reference






	
1.

	
TiO2 supported BC

	
3,4-dimethylaniline

	
Toth adsorption models

	
285.71

	
-

	
[151]




	
2.

	
Layered double-oxide/BC composites

	
Congo red

	
Langmuir

	
344.83,

	
-

	
[152]




	
3.

	
Methyl orange

	
Langmuir

	
588.24

	
-

	
[152]




	
4.

	
CO2 and H2O activator Pine sawdust BC

	
Methylene blue

	
Langmuir

	
160

	
Hydrogen bonding, ion exchange, π–π interaction

	
[153]




	
5.

	
Phosphomolybdate-modified BC

	
Methylene blue

	
Langmuir

	
146.23

	
Hydrogen bonding, electrostatic interactions, and ion exchange

	
[154]




	
6.

	
Banana peel BC/iron oxide composite

	
Methylene blue

	
Langmuir

	
862

	
-

	
[54]




	
7.

	
Mixed municipal discarded material derived BC

	
Methylene blue

	
Langmuir

	
7.2

	
π–π interactions

	
[155]




	
8.

	
KOH modified lychee seed BC

	
Methylene blue

	
Langmuir

	
124.5

	
-

	
[156]




	
9.

	
Triethylenetetramine corncob BC

	
Sunset yellow

	
Langmuir

	
-

	
-

	
[74]




	
10.

	
Fe2O3/TiO2 functionalized wasted tea leaves derived BC

	
Methylene blue

	
-

	
-

	
Reactive radical species

	
[157]




	
11.

	
Rhodamine B

	
-

	
-

	




	
12.

	
Methyl orange

	
-

	
-

	




	
13.

	
Manganese-modified lignin BC

	
Methylene blue

	
Langmuir

	
248.96

	
-

	
[158]




	
14.

	
KOH activated pine BC

	
Methylene blue

	
Freundlich

	
637.5

	
Primary polar and π–π interactions

	
[109]




	
15.

	
KMnO4 activated pine BC

	
Methylene blue

	
Freundlich

	
439.5

	
Primary polar and π–π interactions

	
[109]




	
16.

	
Fe3O4-modified Citrus bergamia peel derived BC

	
Methylene blue

	
Langmuir

	
136.72

	
Electrostatic interaction

	
[26]




	
17.

	
Sulfuric acid modified BC from Pumpkin peel

	
Methylene Blue

	
Langmuir

	
208.3

	
-

	
[159]




	
18.

	
Acid activated Pine needle BC

	
Methylene blue

	
Langmuir

	
153.84

	
Hydrogen bonding, electrostatic interaction

	
[160]




	
19.

	
Laccase immobilized pine needle BC

	
Malachite green

	
-

	
-

	
Enzymatic degradation

	
[161]




	
20.

	
Ozonized saw dust BC

	
Methylene blue

	
Langmuir

	
200

	
Electrostatic interaction and hydrogen bonding

	
[162]




	
21.

	
Sonicated saw dust BC

	
Methylene blue

	
Langmuir

	
526




	
22.

	
Nitric acid-treated Pterospermum acerifolium fruit waste BC

	
Methylene blue

	
Langmuir

	
-

	
-

	
[28]




	
23.

	
SDS-modified nitric acid-treated Pterospermum acerifolium fruit waste BC

	
Methylene blue

	
Langmuir

	
-

	
-

	
[28]




	
24.

	
Cetyl trimethyl ammonium bromide modified magnetic BC from pine nut shells

	
Acid chrome blue K

	
Langmuir

	
-

	
-

	
[27]










3.4.3. Modification via Clay Mineral


Pre-mixing of the feedstock prior to pyrolysis or post-mixing of the generated BC and clay minerals produces a clay-BC composite [95]. Arif et al. [134] studied the clay mineral-BC synthesis process and characteristics including pollutant interactions with the composite. This study displayed that clay-mineral amendment increases BC micropore area (>200%), whereas slight growth was detected in the mesopore area [163]. BC stability can also be enhanced by clay organo-mineral layers and avoid BC decomposition when applied to soil [164].



The interaction of the BC-clay/mineral composites with the pollutants involves various interactions such as ion exchange, precipitation, complexation, electrostatic interactions, hydrogen bonding, partitioning, electron–donor–acceptor interactions, hydrophobic interactions, and pore-filling [165]. Layered porous clay-BC (C-BC) was produced via layered bentonite clay intercalating properties comprising high cation exchange capacity with BC supporting redox-sensitive zero-valent iron (nZVI) nano-trident particles [166]. The synthesized C-BC-nZVI displayed a heterogeneous pore distribution on the C-BC-nZVI surface with dispersed un-oxidized nZVI particles (20–30 nm). Methylene blue was selectively adsorbed (52.1 mg/g) by nano-trident in the dye mixture. Further, pH and dissolved organic matter showed no influence on methylene blue sorption [166].






4. Application of Machine Learning and Artificial Neural Networks into Biochar-Facilitated Wastewater Remediation


The process initiates from BC production. Various techniques are then carried out to ensure the continued use of BC for wastewater treatment until it is landfilled or recycled. Precisely, the produced BCs are characterized as SSA, elemental composition and pH, used as input and aided in implementation [36]. Machine learning (ML) algorithms such as support vector regression, ANN, or random forests (RF) are applied at this stage. The data is processed via algorithm processes and the variables are transformed into files using weights [167,168]. The decision criterion is made from the index to choose BC for wastewater treatment. After BC selection, it is passed on for wastewater treatment, where it is otherwise activated or functionalized by chemical or physical approaches. BC is re-characterized after activation/functionalization, and ML algorithms reprocess the data to determine whether the functionalized BC fulfils the standards required for wastewater treatment [36,169]. Moosavi et al. [170] compared the model performance of activated carbon derived from agricultural waste to remove dyes using gradient boosting, decision tree, and RF models. Model accuracy can be evaluated as correlation coefficient (R), mean squared error (MSE), and root mean squared error (RMSE) according to the following equations:


  R =   1 −     ∑   i = 1  N     (     y l   ˇ  −  y i   )   2      ∑   i − 1  N     (     y l   ˇ  −  y ¯   )   2      ,  



(1)






  M S E =  1 N      ∑   i = 1  N     (     y l   ˇ  −  y ¯   )   2  ,  



(2)






  R M S E =   M S E   .  



(3)




The linear dependences amid any two variables or each attribute and the target variable are calculated by the following equation.


   r  x y   =     ∑   i = 1  n   (   x i  −  x ¯   )      ∑   i = 1  n   (   y i  −  y ¯   )        ∑   i = 1  n     (   x i  −  x ¯   )   2          ∑   i = 1  n     (   y i  −  y ¯   )   2      ,  



(4)




where x or y is the mean of the factors x or y, respectively, and the data for each variable are normalized to a range of 0 and 1 using the equation below.


  y =    (   x i  −  x  m i n    )     (   x  m a x   −  x  m i n    )    ,  



(5)




where y is the normalized value of the initial xi, and xmax and xmin are the maximum and minimum values of xi, respectively.



Conventional modelling and optimization methods, i.e., RSM and statistical analysis, need a varied range of experiments, which are expensive and time consuming. Additionally, they do not precisely elucidate the association amid different factors affecting removal efficacy. ML is more robust and effective compared to statistical models when modelling complex data with possible nonlinearities or partial data [171]. ML offers stage for mapping associations amid input and output parameters during pollutant remediation. It is grounded on computer algorithms that are automatically developed and adjusted to specified conditions, with the ability to forecast the properties of concern via the knowledge and interpretation carried out by machines. It is used to study complex associations amid adsorbent properties (e.g., surface area, total pore volume, average pore diameter, and elemental composition), adsorption conditions, and adsorption performance without empirical assumptions [172]. Moreover, the foremost goal of system modelling and simulation is to obtain data on the progress of the system without conducting experiments. Thus, it is essential to develop a multidimensional nature model that can adapt to each process. Regarding the problem of overlooking variable relationships, ML models have demonstrated beneficial tools for method design, regression models, and response optimization [173].



Non-linear associations between independent and dependent variables can be created by ANN models grounded on a set of test results. Recently, the use of ANN models for modelling dye adsorption has become very common. Based on the ANN model type, dye adsorption can be categorized into the following groups: (i) multilayer feedforward neural networks, (ii) adaptive neuro-fuzzy inference systems, (iii) support vector regression, and (iv) hybrid models. Various ANN models were used to assess dye removal [174]. A three-layer feedforward backpropagation network (FFBPN) was used to study the removal of acid orange from an aqueous medium by powdered activated carbon [175]. In an input layer with three neurons (consisting of initial pH, dye concentration, and contact time) and an output layer with one neuron (dye concentration after time ‘t’), they established FFBPN. As a result of evaluating the model’s performance using the mean relative error (MRE), it was found to be 5.81%. This MRE value signifies that the ANN model had good analytical performance and can be used in place of kinetic studies.




5. Conclusions and Future Perspectives


BC has been considered an efficient adsorbent to treat wastewater owing to the presence of abundant functional groups and large surface area. Few studies assessed expenses during the production of BC-based adsorbents. A cost-effective technique and the reuse of multiple cycles are possible. However, additional investigation of numerous outlooks is obligatory to confirm BC efficiency and inexpensiveness, mainly for pilot-scale implementation in subsequent fields.




	(1)

	
To attain optimum BC efficacy, it is crucial to study the relations amid various parameters, such as production process, modification/functionalization, and handling all in an eco-friendly way.




	(2)

	
Moreover, promising sorbents that are effectively suitable for pilot scale must be inexpensive and resources ought to be widely accessible in huge amounts in nature. Recycling of sorbents on a large scale can reduce costs and energy consumption to provide sustainable products.




	(3)

	
Involvement of software to optimize factors affecting pollutant removal by BC is an innovative and powerful tool in experimental design and analysis. Applications of ANN and ML can be used to predict and reduce explicit computer programming.









Modified clay/BC composites displayed significant benefits compared to modified clays alone, owing to their cost-effective, high adsorption ability, and anionic dye removal effect. However, few studies have been carried out on a pilot scale. The advancement of magnetic BC research with organic pollutant removal is a vital and new research area, and more research in this field should be conducted in the future. However, generation of noxious components during the synthesis of magnetic BC should be careful.



BC delivers a robust interaction between the BC surface and various pollutants existing in water and soil. However, as BC loaded with pollutants may pose serious hazard associated with disposal, a new challenge for researchers concerning the prospects for the transformed environmental movement of these pollutants is to change the context of pollutant hazard valuation in the milieu. Implementation of a sustainable management strategy for contaminant loaded-BC is life threatening. This approach should follow the concept of a circular economy and should allow for an eco-friendly and cost-effective recycling of these BCs in the forthcoming adsorption cycles. In addition, during laboratory scale studies, knowledge of the mechanisms of chemical and physical interaction of BC with pollutants is required. Promising technologies always have a secondary hazard, and the utilization of BC loaded with pollutant for bio-oil production in the future could be a fascinating area that must be explored.



ANN and ML predictive models reduce workload, budget, space requirements, and pollutant remediation time. For instance, ML can be used to develop models to improve pyrolysis process and forecast the yield of BC depending on raw material characteristics and process conditions, which can help develop a sustainable wastewater treatment system. Further, the commencement of more compacted reactors capable of accommodating BC-supported catalysts are required for implementation. Future research should be devoted to the application of BC-based catalysts in large-scale reactors, which can be implemented at the industrial level. It is urgent to further explore the potential of BC in real challenging systems.
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Figure 1. Network visualization of terms associated with biochar and dye. 
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Figure 2. Mechanism of biochar formation from cellulose, hemicellulose, and lignin. 
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Figure 4. Modification and classification of engineered biochar. 
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Figure 5. Various pathways for synthesis of nano-metal oxide/hydroxide-biochar composites. Reprinted with permission from [32]. 
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Figure 6. Brief schematic of different magnetic biochar preparation. Reprinted with permission from [32]. 
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