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Abstract 

 The increasing urbanization and industrialisation worldwide are deteriorating ground and 

surface water quality. Biochar is derived from the pyrolysis of agro-residues, forestry residues, 

sewage sludge, fruit peels, poultry manure, and algal biomass. It has emerged as an efficient 

adsorbent for wastewater treatment. Modified biochar, treated with chemicals like ZnCl₂, KOH, 

and ZnO/ZnS, demonstrates enhanced performance over pristine biochar. Biochar derived from 

waste biomass stands out as a sustainable and efficient option. This review explores biochar 

production techniques, pre-treatment methods, and key characteristics that affect its 

effectiveness, with a focus on studies published over the past decade. Pollutant removal 

primarily depends on impurity types, with significant contaminants including nitrate, fluoride, 

phosphorus, ammonia, and heavy metals like Cd, As, Pb, and Cu. Key mechanisms include ion 

exchange, surface complexation, and physical adsorption, enabled by biochar multi-functional 

groups, high adsorption capacity, and large surface area. Pyrolytic process conditions, such as 

temperature and residence time, shape the quality of biochar. Engineered biochar, modified with 
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doped ions, steam/CO₂ activation, or magnetic properties, achieves up to 95% pollutant removal 

efficiency, combining effectiveness, cost-efficiency, and environmental sustainability. This 

article offers a thorough summary of the most recent developments in the production of biochar, 

its uses in wastewater, and the adsorption processes for the removal of pollutants and heavy 

metals over the previous ten years. Additionally, techno-economic and regeneration studies 

highlight biochar feasibility. Future research perspectives and challenges emphasise the role of 

biochar in sustainable waste management practices, offering optimised solutions for 

environmental remediation. 

Keywords: Adsorption; Wastewater; Biochar; Sustainability; Activation; Techno-economic 

analysis. 

1. Introduction 

 Water pollution, an equally critical issue alongside global warming, primarily arises from 

industrial activities involving the release of a variety of chemicals, including nitrates, 

phosphorous, and a range of heavy metals, such as cadmium, arsenic, mercury, lead, and 

chromium [1], dyes, and cyanides [2], biomedical waste, petroleum and oil spills [3], open 

defecation [4], marine dumping [5], sewage effluents and agricultural residues [6], into water 

bodies. Over the years, increased surface water pollution has augmented the dependence on 

groundwater. However, scanty rainfall and rapid consumption of groundwater have triggered 

water scarcity issues. In addition, contaminants from surface water gradually percolate through 

the soil and adversely affect the groundwater quality. In India, major rivers, like Ganga and 

Yamuna, are polluted due to heavy industrial discharge and other anthropogenic activities, 

resulting in the scarcity of clean drinking water. The major effects of water contamination are an 

increase in toxicity and a reduction in dissolved oxygen, rendering loss of terrestrial and aquatic 

life. It may cause genetic disorders, cholera, typhoid, infant mortality, and respiratory ailments in 

humans. Moreover, prolonged consumption of crops, fruits, and vegetables grown using polluted 

water may have adverse impacts on the health of humans and animals. The polluted water causes 

chronic diseases in humans, including kidney and liver malfunctioning and cancer. For instance, 

the presence of lead and cadmium results in memory loss, aggression in children, pregnancy 

issues in women, and affects the brain and kidneys adversely [7]. To overcome the challenges 

associated with water contamination, depending on the nature of the pollutant, various effective 

chemical, physical, and biological treatment techniques have been reported in the last few 
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decades [8–10]. Among these ion-exchange [11], adsorption [12], membrane filtration [13], 

reverse osmosis [14], flotation [15], coagulation-flocculation [16], precipitation, solvent 

extraction, and electrochemical treatments are most widely adopted. However, reuse and 

recycling challenges [17], the complex nature of industrial effluents, and the financial estimation 

of operations are some of the shortcomings of current wastewater management systems. 

Commercially available technologies include vacuum membrane distillation, multi-effect 

evaporation [18], free-flowing biodegradable technology [19], crystallisation [20], chemical 

precipitation [21] for phosphorous removal implemented by industries such as United 

Phosphorous Limited (UPL). Another promising, scalable, cost-effective and environment-

friendly advanced oxidation process includes sonolysis, in which ultrasound is utilised to 

eliminate the pollutants in sludge pretreatment technology in wastewater treatment plants  [22] 

and production of green hydrogen [23]. Sonolysis has also been used for the degradation of 

emerging pollutants [24] and the elimination of antibiotics from wastewater [24] that cannot be 

destroyed using conventional methods. 

 In developing and under-developed countries, adsorption is adopted because of its 

feasibility and good pollutant removal efficiency. Various traditional adsorbents, such as silica 

gel, activated carbon, fuller earth, molecular sieves, zeolites, and ion-exchange resins, are 

employed for the elimination of organic (dyes, surfactants, phenolic structures) and inorganic 

pollutants (arsenic, fluoride, iron, nitrate, and heavy metals) [25]. Biochar as an adsorbent is 

sustainable and eco-friendly [26]. It is produced by thermal decomposition of agricultural 

residues or forestry biomass in oxygen-deprived conditions at elevated temperature ranges (300-

900℃) [27]. Biochar and post-treated biochar possess critical properties for wastewater 

treatment, but their performance is often inconsistent and application-specific. High surface area 

(10-500 m
2
/g), carbon content (50-90%), porosity (0.1 to 0.5 cm³/g) and rich oxygen-containing 

groups (e.g., hydroxyl, carboxyl) enable pollutant adsorption [28]. Still, these attributes are 

highly dependent on feedstock and pyrolysis conditions, leading to variability. Post-treatments 

like chemical activation enhance adsorption capacity and add complexity and cost, potentially 

undermining biochar’s economic viability. Functional group modification improves pollutant 

selectivity but may reduce biochar’s stability and reusability. Furthermore, regeneration remains 

a challenge, often leading to diminished adsorption efficiency over cycles [29]. A more 

standardised approach is needed to optimise biochar properties for large-scale, sustainable 
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wastewater applications reliably. As of December 6, 2024, data from the Scopus database reveals 

a significant increase in the number of publications on "biochar for water treatment" over the 

past decade (Fig. 1). The increase in publications on biochar for water treatment from 2014 to 

2024 can be attributed to growing environmental concerns, the need for sustainable solutions, 

and advancements in biochar production technology. As awareness of water pollution and 

contamination escalated, biochar emerged as an effective, low-cost alternative to conventional 

adsorbents for removing pollutants like heavy metals, organic compounds, and dyes. 

Additionally, the rising emphasis on circular economy principles and waste valorization has 

driven research into utilising biochar. Research in material science and environmental 

engineering has further expanded its potential applications, prompting increased academic 

interest and publications.  

Modification is recommended to improve biochar efficiency and selectivity further. 

Previous reviews have not undertaken a comprehensive approach that combines critical analysis 

of conventional water treatment methods, performance of unmodified and modified char for 

higher removal efficiency, cost analysis, and regeneration and reuse strategies within a single 

study. This review has covered various adsorbents and highlighted the potential of biochar and 

adsorption mechanisms. The authors have focused on utilising biochar to remove various 

inorganic and organic pollutants, such as nitrate, phosphorus, ammonia, and heavy metals. 

Moreover, particular focus is directed towards biochar modification techniques and the targeted 

pollutant, aiming to enhance surface properties and overall performance. In a comparative study 

of techno-economic analysis (TEA), the scalability of biochar as an adsorbent specifically for the 

treatment of wastewater has been emphasised. The uniqueness of this paper lies in its focus on 

studies published in the last 10 years, with limited exceptions, offering a fresh perspective 

compared to existing literature. 
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Fig. 1. Number of articles published on biochar from water treatment from 2014-2024 (source: 

data was obtained from Scopus on 6 December 2024 at 12.39 PM). 

 

2. Biochar production technologies 

2.1. Biochar Pre-treatment Technologies 

 The first stage in producing biochar from different raw materials or biomass/agro 

residues is pre-treatment. The purpose of biochar pre-treatment technologies incorporates 

improvement in the adsorptive properties of biochar prior to pyrolysis (in the form of biomass), 

resulting in cost-effective removal of volatile organic compounds, heavy metals [30] and other 

pollutants by enhancing functional groups, surface area and porosity. These techniques can be 

broadly divided into three groups: chemical, biological, and physical pre-treatment technologies. 

The biomass feedstock is usually subjected to physical pre-treatment procedures such as 

crushing, screening, drying, and washing. Feedstock abundant in lignocellulosic materials is 

generally ground into smaller particles with a hammer mill and dried to a consistent weight at 

105°C. Adding chemical precursors or functional agents to biomass feedstock by treating it with 

chemicals or functional materials is a popular method of chemical pre-treatment. For instance, 

pre-treatment with metal ion solutions such as AlCl3, FeCl3, and MgCl2 allows the biomass to be 

converted into biochar-based nanocomposites with metal oxyhydroxide nanoparticles (e.g., 

MgO, AlOOH, and Fe3O4) stabilised on the carbon surface within pores of the engineered 
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biochar and utilised for removal of heavy metals [31]. Furthermore, biomass can be pre-treated 

with synthetic nanoparticles and natural colloids like carbon nanotubes, graphene, and clay to 

create biochar-based nanocomposites effectively (Inyang et al., 2016).Additionally, pre-treating 

biomass with corrosive substances like acids, alkalis, and oxidants produces tailored biochar with 

an enhanced surface area, distinct pore structure, and surface functional groups for the removal 

of metals Ag (II) and Pb (II) [33]. Anaerobic digestion has been used to break down a variety of 

biomass products, such as animal dung, bagasse, sugar beet tailings, and sludge, into biochar 

through slow pyrolysis [34]. Applicability of using biological pre-treatment leftovers for biochar 

formation includes environmentally friendly bioenergy production and lower waste disposal 

costs [38]. Further transformed a heavy metal hyperaccumulating plant into biochar, suggesting 

that this approach generates value-added biochar nanocomposites in addition to a safe way to 

dispose of hyperaccumulators [35]. 

2.2. Thermal carbonization technologies  

 The thermal methods of pyrolysis, gasification, hydrothermal carbonisation, and 

microwave-assisted pyrolysis are used to convert biomass into biochar [36]. These carbonization 

technologies are compared and summarised in Table A. A thermochemical process called 

pyrolysis that decomposes biomass in anoxic or hypoxic conditions [37]. Slow pyrolysis uses a 

slow heating rate to produce biochar, biogas, and bio-oil at a low temperature of 10°C/min. Fast 

pyrolysis decomposes the biomass at elevated temperatures (300-700°C) with a heating rate of 

10-200°C/s. The highest temperature range of pyrolysis is flash pyrolysis, operated in the range 

of 900-1300°C with a higher heating rate of about 1000°C/s [37]. Longer residence time leads to 

more complete biomass decomposition. Still, it reduces biochar yield and allows for a more 

thorough thermal decomposition of biomass, resulting in greater conversion of the biomass into 

gases and liquids, which in turn reduces the overall yield of solid biochar. This is due to the 

extended exposure to high temperatures breaking down more of the biomass components into 

volatile substances [38].  

 Microwave-assisted pyrolysis (MAP) is regarded as a sustainable approach for generating 

bio-energy products such as bio-oil, biochar and biogas [39]. When compared to conventional 

techniques, MAP provides more efficient heat transfer, better selective heating, reduced energy 

requirements, and shorter processing times [40]. Without the requirement for pre-drying, 

hydrothermal carbonisation (HTC) transforms wet feedstock into biochar at temperatures 
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between 120 and 260°C [36]. As the temperature rises, hydrochar exhibits an abundance of 

acidic functional groups on its surface, enhancing its contaminant adsorption capacity [41]. 

Elevating the holding temperature and duration enhances the porous structure of hydrochar, 

thereby augmenting its potential application as an adsorbent [42]. Gasification is the process of 

utilising gasification agents to convert biomass into gas fuel. The temperature during gasification 

is usually higher than 800-1000°C [43].  
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Table A. An overview of popular thermal carbonisation techniques [38,42–49] 

Thermal 

conversion 

techniques 

Key parameters Temperature/power 

range 

Residence 

time 

Desired 

product 

Advantages 

Pyrolysis Temperature, heating rate; 

residence time 

300-850 
o
C 1-3 h Biochar Easy to use, reliable, and affordable; 

suitable for farm-based and small-scale 

biochar production. 

Intermediate 

pyrolysis 

temperature; 

heating rate; 

residence time 

450-700 
o
C 10-30 min Biochar and 

bio-oil 

Simple, cost-effective, and small-scale 

production 

Fast pyrolysis temperature; 

heating rate; 

residence time 

500-800 
o
C 2-5 s Bio-oil More complicated, sophisticated, and 

applicable for small and large scales. 

Microwave-

assisted 

pyrolysis 

microwave power; 

microwave 

irradiation time 

400-500 W 1-10 min Biochar and 

biofuel 

Efficient, precise, rapid, and volumetric 

heating 

Hydrothermal 

carbonization 

temperature; 

residence time; 

pressure; water-to-biomass 

ratio 

120-260 
o
C 1-16 h Hydrochar More appropriate and versatile for 

feedstock with high moisture content 

Gasification temperature, residence time, >800  10-20 s Syngas Although the gasification yield of 
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pressure, particle size, and 

gasification agent/biomass 

ratio 

Syngas biochar is lower than that of pyrolysis, 

the biochar has a high concentration of 

alkali salts (Ca, K, Si, Mg, etc.). 
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2.3. Post-treatment technologies 

The biochar undergoes post-pyrolysis treatment through physical or chemical 

modification techniques to enhance its specific surface area (SSA), pore volume, surface 

chemistry, negative zeta potential, adsorption capacity, and incorporation of surface 

functional groups (SFG) and composite nanoparticles [37,50]. This review focuses on three 

post-treatment techniques: magnetic, ball milling, and corrosive treatments (such as acid, 

alkali, or oxidation). Magnetisation is the process of loading magnetic iron oxides, such as 

Fe3O4, γ-Fe2O3, or CoFe2O4, to biochar to make it magnetic and is utilised for the removal of 

heavy metals [51]. For instance, the removal rate of Cr
6+

 is higher in magnetic zero-valent 

iron biochar derived from peanut hulls at 800°C due to its high SSA, pore volume, and 

reductive iron [52] The production of "biologically activated" biochar with improved 

characteristics has been demonstrated by bacterial treatments, especially anaerobic digestion 

or biofuel processes [53]. Using the kinetic energy of moving balls, ball milling is a simple 

and effective technique that breaks chemical bonds, modifies particle form, and produces 

nanoscale particles. The ball milling technique is an efficient way to generate unique biochar 

that has been developed and has improved physicochemical and adsorptive qualities, making 

it suitable for a range of environmental applications. Chemical modification techniques are 

often used in corrosive treatments, such as acid, alkali, and oxidation treatments, to modify 

the surface chemistry of biochar and are widely applicable for the removal of dyes from 

aqueous solutions [54]. These processes entail altering biochar for various uses by adding 

corrosive substances such as HCl, HNO3, KOH, NaOH, KMnO4, and H2O2 [70]. H2O2-

modified manure biochar is widely applicable in wastewater treatment. It has higher oxygen 

and carboxyl group concentration, which effectively removes heavy metals [55] 

3. Biochar properties 

     The kind of feedstock and process operating parameters, such as temperature, solid 

residence time, and particle size, determine the properties of the biochar and its surface 

characteristics. 

3.1. Effect of pyrolysis temperature 

 Given the adsorption performance of biochar, optimum preparation temperature is the key 

parameter, and it varies with different feed materials. The removal rate and adsorption 

capacity rise with preparation temperature and reach a maximum value when the temperature 

[56]. However, a further rise in pyrolysis temperature resulted in a low adsorption capacity 

and removal rate. This trend may be attributed to enhancing pore geometry and surface 

functional groups on effective heating, demonstrated in Table 1a. With the rise in pyrolysis 
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temperature, Cd
2+

 adsorption potential was noted to increase [57], as shown in Fig. 2 (a). 

Methylene blue was removed by ZnCl2-modified biochar produced at various pyrolysis 

temperatures [58], Fig. 2 (b). High pyrolysis temperatures will lead to the collapse of pore 

structure and the decrease of surface functional groups; furthermore, the process of 

transforming amorphous carbon structure into graphite microcrystalline structure may lead to 

the decrease of specific surface area.  The ecological risk index values or leaching rates 

significantly decreased after pyrolysis. The studies revealed that the dissolved organic matter 

(DOM) contents varied with pyrolysis temperatures during pyrolysis is 700°C [59].  

The pyrolysis temperature and adsorption capacity are linked to the changes in the 

physicochemical properties of materials during pyrolysis. Higher pyrolysis temperature leads 

to the formation of more porous structures and higher surface area in carbon materials. 

Moreover, at elevated temperatures, micropores and mesopores enhance the ability of 

material, increase functional groups, improving adsorption capacity. The more reactive 

surface that develops at higher temperatures increases the adsorption capacity, especially for 

specific types of adsorbates. The source material's impurities and volatile organic 

components are removed as the temperature rises, highlighting a pure form of carbon because 

impurities can inhibit the number of adsorption sites, which makes the adsorbent more 

effective. With the increase in pyrolysis temperature, the degree of carbonisation increases, 

resulting in a more graphite-like and stable structure.  
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Fig. 2. Effect of pyrolysis temperature on adsorption capacity of (a) rice straw and swine 

manure biochar (300-700 ℃) [57] (b) ZnCl
2
 modified pulp sludge derived biochar (400-

900 ℃) [58]  

This results in a graphitic-like structure that has an enhanced ability to adsorb different types 

of molecules due to its more ordered and rigid structure. Pyrolysis at higher temperatures can 

activate carbon materials, particularly in the presence of activating agents like CO2 or steam. 

The structural changes that occur during pyrolysis at higher temperatures make the material 

more effective at interacting with and adsorbing molecules.
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Table 1a. Effect of pyrolysis temperature on the adsorption process. 

Adsorbent Pyrolysis 

type/ Temp 

Adsorbate/Pollutants Adsorption 

capacity 

Specific findings References 

Corn straw 

biochar 

Slow 

pyrolysis- 

400℃ 

Ammonium, nitrate. 15.45 mg/g Adsorption of NH4 +-N was predominantly affected by 

the cationic exchange capacity of biochar. 

[60] 

 Modified 

cornstalk char 

 Magnetic 

char 

Slow 

pyrolysis- 

400-600℃ 

 Mercury 

 β-estradiol 

269.40 mg/g 

98.80 mg/g 

The downside of impregnating metal on both the inner 

and outer surfaces is the possible reduction in surface 

area and pore volume, as metal particles may obstruct the 

pores within the biochar structure. 

[61] 

Sugarcane 

bagasse-derived 

biochar 

Slow 

pyrolysis 

300-600℃ 

Nitrate 70% removal 

efficiency 

Biochars' adsorption behaviour resembled that of 

mesoporous materials more, and the hysteresis effect 

grew as the pyrolysis temperature rose. 

[62] 
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3.2. Effect of pH 

             There is a decrease in positively charged sites as pH rises, thereby promoting 

adsorption while simultaneously increasing negatively charged sites due to electrostatic 

repulsion. The nitrate and Cr (VI) adsorption on granular materials treated with cationic 

polymers AC was reported at different pHs (3 to 8) [63], shown in Fig. 3 (a). pH plays a vital 

role in governing the adsorption capacity of methylene blue dyes (MB) by mustard stalk-

activated carbon, and Fig. 3 (b) depicted that with an increase in pH, the removal efficiency 

increased from 75 to 97.40% [64]. Species of As (III) adsorption on manganese-modified 

biochar (MnBC-As (III) and MnBC-As(V)) was influenced negatively by higher anionic 

surface charge at higher pH values (9<pH<10) shown in Fig. 3 (c), followed by unfavourable 

electrostatic repulsion [65].  

 

Fig. 3. pH's impact on adsorption of (a) Cr (VI) and nitrate onto cationic polymer modified 

granular AC [63], (b) MB dye onto Mustard stalk char [64] and (c) As (III) and As (V) onto 

FeMnBC and MnBC [65]. 

3.3 Effect of Surface Functional Group 

 Surface functions are essential to the adsorption process, depending on the chemistry 

and nature of the adsorbate-adsorbent combination. The adsorption performance of carbon-

based adsorbents for heavy metals, nitrate, phosphorous, and ammonium includes functional 

groups based on oxygen, nitrogen, sulphur, carbonyl, and carboxyl. The carboxyl and 

hydroxy groups were found to be most suitable for the removal of heavy metals (Cr (VI), Cd 

(II), Ni (II), Hg (II), and Pb (II)) onto carbon-based adsorbents. Oxygen-containing functional 
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groups have an impact on the hydrophilicity, catalytic attributes, and surface character and 

reactivity of carbon [66]. Several other functional groups (-C=N-OH, -CH2, -P-O-C, -C=C, -

O-CH3) can also be introduced onto an adsorbent to promote adsorption. Sulfuric functional 

groups significantly enhance heavy metals performance (Cu and Cd ions) adsorption by 

deposition of elemental sulphur on carbon surfaces by forming hydrogen sulphide (-H2S), 

sulphates, and thiophenes.  

3.4 Effect of competing ions and ionic strength 

 The adsorption efficiency of unmodified biochar was low in the case of Pb
2+

 removal. 

It emphasises the importance of electrostatic interactions of Pb
2+

 onto char, having little 

effect on both pH and ionic strength on the removal of lead. This may be due to the influence 

of the precipitation mechanism [67]. The effect of competing ions in the case of sodium 

(Na
+
), magnesium (Mg

2+
), calcium (Ca

2+
), potassium (K

+
), and using KCl, MgCl2. CaCl2 and 

NaCl solutions on adsorption of NH
4+

 onto biochar. These ions are commonly found in 

industrial and municipal wastewater and compete for Cu (II) and Zn (II) to be available at 

adsorption sites [68,69]. The effect of competing ions focused mainly on sulphate, phosphate, 

and chloride, with no effect on the carbonate group. Anions with a greater tendency to 

maintain ion exchange interactions (sulphate and chloride) [70] with active sites of 

ammonium groups on activated carbon demonstrated a remarkable inhibitory impact, 

according to the removal efficiencies of nitrate and Cr (VI). Competing cations and anions 

play a vital role in adsorption, as shown in Fig. 4. 

 

 

Fig. 4. Effect of competing cations and anions on adsorption of biogenic hydroxyapatite and 

commercial exchange resins, respectively. 

3.5 Effect of adsorbent dosage 

 The dosage of adsorbent should be optimised for good adsorption results. It was 

observed that an excessive dosage of adsorbent (Zn2PT350-700) may result in low removal 
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efficiency, and a minimum dose of adsorbent may lead to poor removal performance [58]. 

Studies demonstrated that for both unmodified and activated biochar, removal rates of Pb
2+

 

increased with adsorbent dosage [67]. Unmodified biochar and activated biochar dosage was 

increased to 20 g/L and 2 g/L, respectively, to achieve similar lead removal efficiency. This 

concludes that activated biochar is better than raw biochar [87]. The removal efficiency of 

nitrate rose linearly when the sorbent dosage was increased up to 5 g/L; however, beyond 

that, the removal efficiency increased, but capacity decreased (due to unsaturated adsorption 

sites). Table 1b lists the effect of different adsorbent dosages on the removal of pollutants.
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Table 1b. The impact of the adsorbent doses on biochar's adsorption capabilities. 

Adsorbent Adsorbent 

dose 

Adsorbate/Pollutants Adsorption 

capacity 

Specific findings References 

Calcium-rich crab 

shell biochar 

0.50 g/L Malchite green   

Congo red dye 

12502 mg/g 

20317 mg/g 

The adsorbent's distinct multi-layered structure, high 

ID/IG ratio, high zeta potential, and low C/N ratio may 

make it easier for dyes to bind to it. 

[71] 

Cellulose-based 

adsorbent 

biocomposite film 

30 g/L Methylene blue 

dye 

146.81 mg/g Because of the rough surface, the SEM image would 

function as an adsorption site and robustly transport 

dye molecules, it could improve the ability of 

biocomposite films to adsorb substances. 

[72] 

Date palm fronds 

biochar 

2-20 mg/L Methyl orange dye 

Methylene blue 

Eriochrome black-T 

Crystal violet 

163.13 mg/g 

934.57 mg/g 

309.59 mg/g 

206.61 mg/g 

The pH-independent adsorption of cationic dyes 

suggests the participation of π-π and chemical 

interactions. 

[73] 
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3.6 Effect of the impregnation ratio 

       The impregnation ratio is the most crucial parameter in the chemical modification 

technique. With an increase in impregnation ratios, the shapes of isotherms could change 

systematically, indicating a significant amount of mesopores in the carbon sample followed 

by a rise in the hysteresis loop [74]. In a recent study, a detailed analysis of functional groups 

and FTIR spectra revealed that surface chemical modification of MH-500 (mustard husk 

procured at 500 ℃) with ZnCl2 impregnation ratios (ZnCl2: char) of 1:1 and 2:1 is reported. 

Studies revealed that MH-500 (2:1) with acidic functional groups and -C=O moieties are 

responsible for nitrate adsorption with an efficiency of 45% in 5 h [75]. Table 1c lists the 

impact of the impregnation ratio on biochar's adsorption capabilities. 



Jo
urnal P

re-proof

Journal Pre-proof

Table 1c. Effect of impregnation ratio on adsorption performance of biochar. 

Adsorbent Impregnation 

concentrations/ratio 

Adsorbate/Pollutants Adsorption 

capacity/ Removal 

efficiency 

Specific findings References 

        . [76] 

Cucumis-

derived 

activated 

carbon 

H3PO
4-

 1.50 to 2.50 

mol/L 

Methylene blue 

Acid orange 07 

dye 

99.40 % (MB) 

94.20% (AO7) 

These low values de CV clearly show that 

the difference between the experimental 

and predicted values is slight and confirms 

the reliability of the models developed. 

[77] 

MgO-modified 

rice husk 

biochar 

composite 

0.6:20 

(MgO: biochar) 

Cd (II) Unmodified-6.36 

mg/g, Modified-

18.10 mg/g 

When the MgO-BCR composite merged 

with water, the MgO on its surface likely 

underwent hydroxylation. 

[78] 
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3.7 Effect of Initial Concentration 

 The increase in adsorption potential with initial nitrate concentration ranging from 

(2.20 to 25.60 mg/g) using modified grape seed biochar. A higher driving force or gradient 

overcomes mass transfer resistance between solid and liquid phases, which may be achieved 

by using higher nitrate concentrations [79]. Adsorption removal efficiency (53 to 19%) 

decreases with a significant increase in initial ammonium concentration. An increase in 

removal efficiency relates to the saturation of the adsorption active sites of the bentonite 

surface area. In addition, at very high initial concentrations, the removal capacity remains 

constant [80]. Table 1d lists the Impact of initial adsorbate concentration on biochar 

adsorption efficiency. 

3.8 Effect of Contact Time and Flow Rate 

The quantity of 1-butyl-3-methyl-imidazolium chloride that has been adsorbed 

([BMIM][Cl]) increases swiftly with time at the primary phase of adsorption, which forwards 

the mechanism with available sites on the adsorbent surface [81]. For recovery and retentions 

of the ions Co (II), Mn (II), Ni (II), Cr (III), Cd (II), and Pb (II)) In a recent study, the effect 

of flow rate on immobilised multi-walled P. aeruginosa biosorbent was examined. All the 

analytes were retained between the 1-6 mL/min flow rate range [100]. An alternative method 

for eliminating the neurotoxic Pb (II) (heavy metal) from a flow-through system was 

examined in a different investigation [82]. The flow rate of 2 and 4 mL/min is maintained; 

further increase in breakthrough time was shortened due to the flow rate and increased 

adsorbed rate (Pb) on the unit bed height, which further enhances the mass transfer 

coefficient, resulting in fast saturation. When the flow rate is increased, the contact time 

between the adsorbent in the column and the Pb (II) ions is inadequate, resulting in a much 

lower maximum and equilibrium capacity (32.18 mg/g) compared to the higher capacity 

(88.86 mg/g) observed with a reduced flow rate [82]. 
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Table 1d. Impact of initial adsorbate concentration on biochar adsorption efficiency 

Adsorbent Initial adsorbate 

concentration 

   

Adsorbate/Pollutants 

Adsorption 

capacity/ Removal 

efficiency 

Specific findings References 

Wood derived 

biochar 

50 and 75 µg/L β-endosulfan 223.10 mg/g The rise in inlet concentration led to a reduction 

in pesticide adsorption. This method can be 

scaled up from a laboratory setting to an 

industrial level. 

[83] 

Rice straw 

biochar 

0-20 mg/L Cd (II) Pristine biochar-

12.17 mg/g 

KOH Modified-

41.90 mg/g  

The process involves the formation of insoluble 

cadmium compounds under alkaline conditions, 

which leads to surface precipitation. 

[84] 

MgO-modified 

rice husk biochar 

composite 

20-160 mg/L Cd (II) Unmodified-6.36 

mg/g 

Modified-18.10 

mg/g 

The fitting results showed that the MgO-BCR 

acceptor site normally accepts one Cd (II) ion 

at different temperatures, with the number of 

ions per site ranging from 0.97 to 1.09. 

[78] 
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3.9 Specific surface area (SSA) 

       Shaddock peel-derived biochar was chemically modified with ZnCl2 (2:1 ratio) and was 

tested to remove methylene blue dyes. Modified biochar showed pore size (3.05 nm) and the 

highest specific surface area (2398 m
2
/g) with the highest adsorption capacity (869 mg/g) to 

MB [85]. The specific surface area and porosity have been enhanced by zinc chloride 

modification. The presence of inorganics and metal compounds in water can interfere with 

the discharge of volatile materials during the biochar-producing process of pyrolysis. The 

biochar's specific surface area and active site count may both drop because of this interaction. 

This interference can result in a reduction of active sites and a decrease in the specific surface 

area of the biochar. This is important because active sites and specific surface areas are key 

factors that contribute to the effectiveness of biochar [103]. For supercapacitors, organised 

graphene aerogel sheets were incorporated into porous carbon foam to maximise the specific 

surface area. Comprehensive examinations of the morphology, structure, and electrochemical 

characteristics verified that the specific surface area (682.80 m
2
/g) is successfully increased 

by the addition of graphene aerogels, shown in Fig 5 [86]. 

 

Fig. 5. SEM images of porous graphene aerogel sheets [86]. 

4. Perspective towards existing and advances in water treatment technologies 

 Approaches for water treatment technologies have been instrumental in meeting the 

growing demand for clean water and addressing the elimination of several contaminants. One 

significant advancement is in membrane filtration technologies. Reverse osmosis (RO) uses 

semipermeable membranes to remove ions, molecules, and larger particles, making it highly 

effective in desalination and contaminant removal [87]. Nanofiltration (NF) provides a finer 
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filtration process compared to RO, selectively removing multivalent ions and organic 

molecules, often used for softening water and removing specific contaminants. 

       Electrocoagulation uses electric currents to coagulate contaminants into larger 

particles that can be easily filtered out. Electrodialysis (ED) employs electric potential to 

move ions through selective membranes, making it useful for desalination and ion removal 

from water. These methods are gaining attention for their efficiency and effectiveness in 

various water treatment applications [88]. Biological treatment technologies continue to 

evolve, offering sustainable solutions for water treatment. Constructed wetlands mimic 

natural wetlands to treat wastewater through microbial degradation, plant uptake, and natural 

filtration processes.  Nano adsorbents, such as carbon nanotubes and graphene, have high 

surface areas and reactivity, making them highly effective in adsorbing contaminants. Hybrid 

systems integrate multiple treatment processes to enhance overall efficiency and adaptability. 

Integrated treatment systems combine various methods, such as AOPs, biological treatment, 

and membrane filtration, to provide comprehensive water treatment solutions that can adapt 

to varying water quality needs. Overall, the treatment technologies of water encompass a 

broad range of innovative methods, from membrane filtration and advanced oxidation 

processes to electrochemical methods, biological treatments, nanotechnology, hybrid 

systems, and biochar-based technologies, Fig. 6, and Table 2 (a, b and c) lists the various 

technologies available to treat waste and wastewater. Soluble contaminants (organics and 

metals), nutrients, organic matter, and colloids are removed from effluents through these 

treatments [3].  

An assessment of several existing water treatment technologies indicates that much 

research is needed to improve the efficiency and sustainability of existing technologies and 

address the challenges in water quality. With futuristic perspectives, there is a need to bridge 

a gap between existing and emerging water treatment technologies. Advanced techniques that 

combine green nano remediation, improved remediation using integrated methods, UV photo-

Fenton processes, advanced phytoremediation, and biocatalysts have achieved significant 

success in removing polycyclic aromatic hydrocarbons (PAHs) from solid waste and 

leachates, which have overcome the currently available methods of treatment such as 

extraction, chemical oxidation, bioremediation, and photocatalytic degradation. Remediation 

methods can involve integrated chemical-physical (e.g., chemical oxidation, solvent 

extraction), biological-physical (e.g., bioremediation, solvent extraction), and biological-

chemical (e.g., bioremediation, chemical oxidation) processes. Therefore, through the 

synthesis of nano-oxidizers for PAH oxidation, green nano remediation should be researched 
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and merged with well-established techniques like chemical oxidation and the Fenton process, 

developing the potential for commercialisation. Currently, technologies for treating Acid 

mine drainage (AMD) are categorised into source prevention and final treatment [112]. 

Advances in physical and physicochemical techniques offer several advantages such as 

compatibility with various dyes, straightforward design, ease of operation, compatibility with 

various dyes, minimal chemical usage, and no inhibitory effect in the presence of toxic or 

harmful compounds with limitations such as the production of hazardous byproducts. 

Adsorption has always achieved attention when compared with conventional water treatment 

processes because of its least initial investment, recovery and recycling of adsorbents, high 

efficacy, and simplicity of operation. However, challenges persist in additional research due 

to industrial scale uses, such as evaluating the operating lifespan and the capacity to 

regenerate adsorbent materials. For handling dye-containing wastewater, the biological 

microbiological method makes use of bacteria, fungi, algae, and yeast outperforms physical, 

physicochemical, and chemical approaches. It is generally recognised, economical, and 

ecologically acceptable, even if it calls for longer hydraulic retention periods (HRT) [89]. 

Further research into optimising various combinations of biological-chemical or biological-

physicochemical technologies could yield significant future benefits, enhancing treatment 

efficiency, reducing operational costs, and minimising environmental impact. To improve the 

efficiency of existing treatment processes, these technologies utilise novel physio-chemical, 

biological, and modified oxidation processes [90]. However, future research could integrate 

fluorescent spectrometry since no technique can currently remove pharmaceutical 

contaminants from wastewater successfully., Recent advances in anaerobic processes include 

the construction of unconventional bioreactors, such as bio-electrochemical systems (BES), 

and the integration of pre-and post-treatment methods with chemical and biological additives 

to enhance bioreactor performance. Treatment of wastewater, which is more sustainable and 

efficient, results from integrating these advancements with conventional anaerobic 

bioreactors. Also, research is explored on reverse osmosis (RO) processes integrated with 

pressure retarded osmosis for capturing energy from waste. Technological advancements in 

membrane-based desalination and water treatment have improved the sustainability of these 

systems [91]. 

       Probable advances in physical treatment technologies are proposed:  innovation in 

optimising electrocoagulation techniques by combining them with plasma technology to 

enhance the scalability of the process for broader applications [92]. A recent study has 

addressed the advances in the application of low-temperature plasma technology integrated 
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with the oxidation process for wastewater treatment [93]. On critical assessment, a few 

suggestions to overcome these gaps for future research in this direction can be: Considering 

reactor geometry, residence time and kinetics, fluid dynamics, and operational controls Thus, 

there is a need for the implementation of these strategies tailored to specific operating 

parameters to achieve a uniform reaction mechanism. 

 

 

Fig. 6. Classification of potential pollutant removal technologies.
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Table 2a. Physical treatment technologies for the removal of pollutants. 

Treatment 

methods 

Pollutants Findings Limitations References 

Nano 

membrane 

technology 

Chromium 

 

 The nano-zero valent ion lowered the pH 

and redox potential of the prepared 

solution.  

 High removal efficiency with low waste 

production. 

 The bandgap dependency and 

interfacial charge transfer would 

limit the removal effectiveness of 

Cr (VI). 

[13] 

Phosphorous  Hybrid nanotechnology results in low 

cost and high recovery efficiency up to 

75%. 

 Limited phosphorus selectivity 

because wastewater contains 

competing anions, primarily 

sulphates. 

 The economic feasibility of 

regeneration is limited by the high 

chemical requirements and the low 

potential for solution valorization. 

 Lacks in designing the area.  

[11] 

Vacuum 

membrane 

distillation 

Hypersaline water  A superhydrophobic membrane based on 

polydopamine nanoparticles has excellent 

anti-pollution and resistant properties, 

making the membrane more abrasive. 

 The feed solution contains 

numerous impurities that may 

precipitate on the membrane 

surface and cause membrane 

[94] 
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 The hydrophobic PDMS layer increases 

the membrane's hydrophobicity and 

secures the nanoparticles in place. 

wetting. 

 The method for coating 

nanoparticles entails intricate multi-

step procedures and difficult 

process control, as well as an 

unstable bond between surface 

particles and the membrane 

substrate. 

Heavy metals (Zn, Cu, Ni, 

and Ca) 

  VMD process resulted in good acid 

resistance (pH >0). 

 Calcium and EDTA influenced the 

performance of VMD. 

 Calcium and EDTA content need to 

be controlled.  

 

[18] 

Reverse 

osmosis 

Nicosulfuron, naphthalene 

trisulfonic acid, and 

naphthalene disulfonic 

acid (Micropollutants). 

 Neutral chemicals' transit was inversely 

related to their size. In contrast to neutral 

hydrophilic MPs, this association was 

weaker for neutral hydrophobic MPs. 

 One-way analysis of variance (ANOVA) 

evaluated their passage of the relationship 

between the physical and chemical 

properties of MPs. 

 By increasing the average passage of 

 It has been established that 

determining the MP removal rate is 

a high-priority issue when it comes 

to contaminated drinking water. 

 The passage varied for several 

molecules with molecular weight 

less than 140 Da. 

[95] 
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MPs by 6.5%, water temperature rises 

from 5 to 19 °C. 

 Cr (III)  Pollution-free, high removal 

efficiency, and lower energy 

consumption. 

 [13] 

Evaporation Organic dyes  The porous network structure of the 

rGCPP (Reduced graphene composite 

solar steam generator offers more active 

catalytic sites for photocatalysis and 

water evaporation with high efficiency 

for dye degradation. 

 The rGCPP-based interfacial solar-driven 

steam production system achieves a high 

evaporation rate of 1.87 kg m
2
/h and a 

solar-to-vapour efficiency of 81.07% 

under 1 sun irradiation by merging 

photocatalysis and solar steam 

generation. 

  Complicated manufacturing 

methods in addition to the 

material's efficiency. 

[96] 

 Pb-Ag alloy  No chemicals added 

 Simple assembly with convenient 

 High energy (Pumping energy to 

convert the liquid to vapors)  

[97] 
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operations  Waste disposal and scale 

formations. 

 Requirements of large space. 
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4.1. The perspective towards physical water treatment technologies 

          Conventional physical methods have always been prioritised before the recent 

technological advancements were implemented. Our vision and knowledge about the removal 

of emerging contaminants in conventionally treated wastewater have enhanced expeditiously 

in the past few decades. One of these technologies, nanomembrane filtration, can be merged 

with reverse osmosis, a physical adsorption process, with other technologies like ion exchange 

and flocculation process for a hybrid water treatment approach. The vacuum membrane 

distillation technique is widely used in heavy metal removal at low energy consumption. Still, 

due to issues such as possible failure in operating semi-solids and solid extracts, it is necessary 

to equip the process with a tool that deals with solids (Table 2a). 

4.2 The perspectives towards chemical water treatment technologies 

        The selection of an appropriate treatment method relies on the level of contamination 

of wastewater (Table 2b). Ozonation [98], Fenton’s process [99], H2O2/pyridine/Cu system, 

ultrasonic irradiation, and photocatalysis are some of the advanced oxidation processes (AOP) 

(physiochemical methods). Various constraints include cost management, feasibility, 

reliability, efficiency, practical approaches, environmental impact, sludge and scale formation, 

operational management, pre-treatment necessities, and formation of highly toxic by-products 

[3]. However, AOP is an excellent technique for degrading colours from wastewater because 

of its affordability, efficiency, reduced pollutant load, and higher water reusability [89]. AOPs 

are based on the hydroxyl axis and other radicals that oxidise non-biodegradable and toxic by-

products. They are costly due to the chemical costs but are economically feasible. UV/H2O2 

process can readily destroy the Cu-EDTA and has been proven to be more effective than direct 

photolysis [100]. Still, many hybrid and individual chemical treatment technologies lack 

applicability in industrial wastewater treatments. 

Research indicates that adsorption technology has addressed some of the drawbacks, 

like lower removal efficiency of metal ions at low concentrations, operational difficulties, 

disposal problems, high sludge formation, high cost, and energy use associated with the 

conventional treatment processes. More importantly, more insights regarding the 

transformation processes occurring in conventional wastewater treatment are needed to 

understand the potential of different techniques in the removal of various contaminants. The 

assessment of treatments such as coagulation, flocculation, chlorination, and other AOPs 

indicated stability issues when a part of a hybrid system; therefore, before full-scale treatment 

plant stabilisation, it is essential to gain a proper understanding of the system by working in 

laboratory scale. 
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4.3 The perspectives towards biological water treatment technologies 

Biological treatment technologies mainly include membrane bioreactors, biosorption, 

biodegradation, and microbial fuel cell technology. A summary of a few studies is reported in 

Table 2c. To increase the effectiveness of microorganisms in the biodegradation method, 

there is a need to optimise various key factors. i) Regular monitoring to ensure temperature, 

pH levels, and nutrient availability, which supports the efficiency and growth of the microbial 

community, ii) optimisation of reactor’s hydraulic retention time (HRT) by increasing the 

contact time between the microbes and contaminants and (iii) adjusting the flow rate to 

promote and fasten the microbial activities. Moreover, these strategies may enhance the 

overall efficiency of the biodegradation process, and much research is needed to explore new 

microbial strains or pathways for enhancements in these promising technologies and examine 

the sensitivity of contaminants and operational complexities for the biological treatment 

processes. In several biological and chemical methods, slow kinetics, low biodegradability of 

dye molecules, and poor decolourisation reduce its applicability. High dependence on pH, 

low throughput, formation of by-products, energy-intensive and high-pressurised conditions, 

and excess quantity of concentrated sludge produced limits these processes.  
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Table 2b. Chemical wastewater treatment processes. 

Treating methods Pollutants Findings Limitations References 

 

Ion-exchange 

 

Pb and Cd 

 

 Mg-modified biochar has a higher affinity 

for removal than unmodified biochar. 

 Qe for Pb
2+

/Cd
2+

 is 50 times that of 

unmodified biochar. 

 Economic constraints initial cost, 

regeneration time-consuming.  

[25] 

Phosphorous  Hybrid ion-exchange nanotechnology 

results in low cost and high recovery 

efficiency up to 75%. 

 High environmental risk during 

regeneration of ion-exchange bed.  

[11] 

Coagulation/ 

flocculation 

Cu, Hg, and Cr.  Cu, Hg, and Cr were removed by 60%, 50-

80, and 87% respectively.  

 Non-reusable coagulants, flocculants, 

and chemicals are required. 

 Increased sludge/waste volume 

generation  

 Treatment and operating costs are 

high. 

[16] 

 Natural organic 

matter residuals 

  The efficiency of organic matter increased to 

37.40% following the addition of 

polyelectrolyte under a cold environment. 

 The PACl dose had a significant negative 

influence on the NOM concentration when the 

 (MACs) are found on average. 

 Furthermore, for iron and turbidity, 

the highest reported readings were 

about five times higher than the 

MACs. 

[101] 
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mixing circumstances were optimal, and the 

coagulant aid was present. 

 The change in coagulant dosage had a 

considerable effect on the amount of residual 

aluminium in the water when it was cold. 

 Coagulation-flocculation tests conducted in 

less-than-ideal mixing circumstances had an 

efficiency similar to coagulation trials 

conducted without coagulant help, according 

to principal component analysis. 

Electrochemical 

treatment 

Cr   Simple, productive, and easy to operate for 

removal of Cr. 

 Efficiency with the electrochemical treating 

process is 3 times higher than the chemical 

coagulation. 

 High initial equipment and 

maintenance costs (anodes and 

cathodes). 

 Sludge deposition on the 

electrodes inhibits the electrolytic 

process in continuous operation. 

 Increase in anode passivation 

[13] 

Chemical 

precipitation 

Zn (II) and Cu 

(II) 

 The precipitating agent soda ash can be a 

reasonably priced solution for Cu (II) and 

Zn (II) in the cable industry's industrial 

effluent. 

 Chemical precipitation generates 

precipitates that must be removed in 

a subsequent treatment step. 

 Possibility of metals precipitating or 

[102] 
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 Copper has higher removal efficiency than 

zinc. 

binding to solid particles during the 

co-precipitation process with calcite 

formation at high pH and low 

solubility. 

 

Table 2c. Biological wastewater treatment processes. 

Treating 

methods 

Pollutants Findings Limitations References 

 

Biosorption 

 

As (V) and As 

(III) 

 

 Eggshell and java plum seeds have the best 

capacity to extract As species from drinking water 

polluted with As, according to a pilot-scale study. 

 Using biosorbents is a more cost-effective choice 

than activated carbon (U $1500/ton), as their 

production costs might vary and go up to U 

$386/ton. 

 Fast kinetics with developing an affordable, long-

lasting, and efficient filtering system. 

 Negatively charged biosorbent, 

which causes its sorption to 

decrease as pH rises (8-10). 

[103] 

Cu and Pb  The concentrations of the electrolytes in the 

solution affect the adsorption of both metal ions. 

 Wood biochar is considered the most promising 

low-cost and effective biosorbent for treating 

 Requires management and 

maintenance of physiochemical 

pretreatments.  

[104] 
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these toxic elements. 

Membrane 

bioreactors 

Phosphorous  The total P-removal rate in batch-moving bed 

membrane bioreactors was approximately 84%. 

 P-removal using granular sludge in a single 

system under anaerobic-anoxic conditions. 

 Lack of achievement of high 

efficiency with minimal use of 

chemicals and energy sources. 

[105] 

Sewage sludge   Second-stage microbes participate in the efficient 

removal of contaminants. 

 Membrane bioreactors permit oxygen to permeate 

into the biofilm and promote the growth of 

organisms that dissolve organic and inorganic 

matter. 

 Operation cost is high.  

Biodegradation Organic 

contaminant 

 Biodegradation of microorganisms is simple, cost-

effective, and widely applicable. 

 Microbial organisms transform organic matter 

through metabolic processes. 

 Low biodegradability 

 Excess generation of biological 

waste/sludge and degraded 

products.  

[3] 
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5. Adsorption-Burgeoning technology 

              Factors that affect the sorption process incorporate (i) initial adsorbate concentration 

and its nature (ii) solution pH, (iii) specific surface area of solid (SSA), (iv) Dose and nature 

of adsorbent, (v) temperature and other operating conditions [57]. To remove heavy metals 

and other contaminants, initial sorption capacity was enhanced significantly after oxidation 

with Alkali-HNO3, NaOH, KMnO4, NaClO, and numerous other chemical solutions.  

5.1. Adsorbents 

       Adsorbents are extensively utilised to eliminate nutrients, hazardous metals, and 

organic contaminants from wastewater [106]. An adsorbent is a substance that binds and 

holds molecules of gases, liquids, or dissolved solids on its surface. It is widely used in 

environmental cleanup, purification, and separation due to its high surface area and ability to 

selectively remove contaminants or impurities [106]. In general, adsorbents are categorised 

into the following types. 

5.1.1. Biochar 

 Biodegradable organic waste materials such as agro-residues, fruit peels, straw, husk, 

wood pulp, bagasse, seaweed, manures [107,108], kitchen waste [109], jackfruit, rice husk, 

maize cob, hazelnut shell [13] and organic MSW [110] were used as feedstock for producing 

biochar. Biochar is an environment-friendly (biodegradable), effective, stable, biocompatible, 

highly aromatic, and low-cost adsorbent with high surface area and significant surface 

functional groups highlighted in (Table 3) [111]. Chemical modification of biochar may 

improve its sorption ability compared to unmodified biochar. In general, activation can be 

achieved by controlling pyrolytic operating conditions and physiochemical modification 

[112]. So far, several studies have been carried out to compare unmodified and modified char 

obtained from agro-residues, which hindered commercial application as an adsorbent along 

with activated carbon [113]. Biochar yield is maximum in slow pyrolysis configuring heating 

rate of 20-30℃, residence time for many hours [107]. Activation methods for engineered 

biochar concerning their adsorption phenomena are alkali-treated biochar and gas/steam-

activated biochar, which cover pristine biochar to engineered ones on chemical modification 

[143]. Engineered biochar has a higher surface area, adsorption capacity, and high quantity of 

surface functional groups (SFG) than pristine and unmodified biochar [106]. In a recent study 

by Jang and Kan, the authors used alfalfa hay-derived biochar to extract tetracycline (TC) 

from water [114]. For effective and economical phosphate (PO4
3-

) removal, biochar can be 

modified magnetically by slow pyrolysis [145]. An abundant amount of oxygen 

functionalities leads to good adsorption. Eggshell biowaste-based sorbent is used to remove 
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nitrate from groundwater. The results showed the highest nitrate removal capacity (8.25 

mg/g) with 1500 mg/L of initial nitrate concentration in both batch and column studies at a 

drying temperature of 45℃ and particle size between 90 and 710 μm [9]. 

5.1.2. Activated carbon 

 Activated carbon (AC) is a carbon-rich adsorbent material with an extensive 

adsorption capacity range and effective removal rate [147]. To date, thousands of articles 

have reported research in adsorption using biochar and activated carbon (synthesised and 

commercial) as adsorbents. It was observed that at a higher pH range, the adsorption capacity 

for AC is better, and for a lower pH range, biochar proved better in glyphosate adsorption 

(temperature above 40-50 ℃). Biosorption for heavy metals removal is a promising process 

with significant benefits like low cost and excellent efficacy. Sources of biosorbents are (1) 

microbial biomass (fungi, yeast, and bacteria), (2) algal feedstock, and (3) non-living biomass 

such as eggshell, lignin, shrimp, bark, etc [115].  Bacteria includes Escherichia coli, 

Pseudomonas aeruginosa, Bacillus cereus [89]. Biomass of Rhizopus nigricans, Oscillatoria 

anguistissima, Streptomyces sp, Aspergillus niger, Penicillium chrysogenum, and Bacillus 

firmus. have reported the highest metal (Ni, Cr, Cd, Pb, Zn, Cu) adsorption capacity in range 

500-600 mg/g. Table 3 demonstrates that research has explored the potential of biochar as an 

adsorbent for a variety of pollutants found in wastewater. Though biochar is seen as an 

alternative to conventional activated carbon, it needs to be further explored for numerous 

pollutants. In addition, from the studies reported for using chemically modified biochar in 

water treatment, it can be inferred that using activation agents such as H3PO4, ZnCl2, KOH, 

Al, and NaOH could result in high sorption capacity because of the existence of oxygen and -

OH functional group. 

Saturated AC regeneration is essential for reducing product waste and operating 

expenses. Because the separation and recovery steps of powdered AC are costly, time-

consuming, and inefficient, they are not appropriate for industrial applications, which makes 

the reusability of synthesised AC after regeneration extremely difficult [116]. The service life 

of the ACs is also short when it is bonded or filled with contaminants [117]. ACF has better 

adsorption rates and more porosity than other types of ACs. The type of reactor to be used 

determines whether one of the two AC formulations, powder (PAC) or granular (GAC), is 

most suitable. Despite being suitable for column (fixed-bed) and stirred-tank reactors, GAC is 

employed to remove organic compounds from water and wastewater. Future research needs 

to be focussed on identifying routes to produce carbon-based adsorbents cost-effectively. 
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Table 3. Significant contributions highlight the application of biochar as an adsorbent to remove nitrogen, phosphorous, heavy metals and other 

pollutants from aqueous solutions.  

Adsorbate 
Adsorbent Operating Conditions Specific findings References 

Nitrogen, 

Phosphorous, and 

heavy metals 

Agricultural 

residue-derived 

biochar 

Pyrolysis temp – 450 ℃ 

Dose (biochar)- 1 g/L 

Initial adsorbate concentration- 

100 mg/L 

Engineered biochar has a significant surface area, 

adsorption capacity of 435.70 mg/g, and carboxyl 

and oxygen-containing Surface functional groups 

(SFG). 

[106] 

 

Humic acid, fulvic 

acid, and tyrosine-

like substances 

Wetland biomass-

derived biochar 

 

Temperature- 20 ℃ 

Biochar dose- 1 gm 

Extraction fluid- 20 mL, 150 

rpm, Muffle furnace temp- 500-

700 ℃ 

At moderate pyrolysis temperatures (300-500 °C), 

larger DOM was liberated from biochars than at 

elevated pyrolysis temperatures (600-700 °C). 

[59] 

Copper, Zinc, Lead, 

Arsenic, Chromium, 

etc. 

Waste adsorbent 

 

Specific UV adsorption- 254 

nm, Adsorption capacity- 

79.90- Initial adsorbate 

concentration -148.00 mg/L  

Surface area- 1150.00 m
2
/g 

Time of adsorption- 0.50-48 h 

Membrane filter- 0.45 µm 

Due to the constant availability of raw materials, 

blending different waste materials for absorption 

purposes may be more appealing for industrial uses. 

[118] 
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Manganese (Mn) Bio waste derived 

biochar 

Adsorption condition  

pH- 6  

Temp. -298 K  

Contact time - 3 h 

A tessellated carbon surface is seen in crater-like 

structures. 

 

[119] 

 

Cr (VI) 

 

Enteromorpha 

prolifera-derived 

biochar 

 

Langmuir model- 88.17 mg/g 

Removal efficiency -97.71%, 

Initial adsorbate concentration -

100 mg/L 

Muffle furnace temp.-400 or 

600 °C 

Rate - 10 °C min
-1

, 2 h.  

Room temperature - 25 °C 

The surface of the modified biochar was less porous 

and included numerous γ-Fe2O3 particles. The 

Langmuir model yielded a maximum adsorption 

capacity and was best fitted among other isotherm 

models. 

[120] 

 

Cadmium (Cd), lead 

(Pb), and dibutyl 

phthalate (DBP). 

Bamboo- and pig-

derived biochars. 

Methanol solution- 200 mL  

DBP - 900 mg of every 3 kg of 

soil. 

Initial concentration - 300 mg 

DBP with Soil- 1 kg 

Incubation temp- (25 ±1℃) 

Given that Pb has a larger specific surface area, 

surface alkalinity, pH, and mineral content than BB. 

It may be more effective than BB for minimizing the 

leaching of DBP, Cd, and Pb in the LOC soil. 

[121] 

  pH ranging from 6.2-6.8, 

Solubility (water) ∼34 mg/L 

 [122] 

Food waste Wood waste  Rpm- 900 rpm (2 h) Pyrolysis- The surface chemistry of the catalyst had an impact [123] 
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biochar 400-700 °C for 2 h,  

Energy consumption (Ball mill) 

- 0.50 kWh, Annealed at 500, 

750, 900 °C under N2, 1000 °C. 

 Heating rate (Argon 

atmosphere)-10 °C/min 

on how Sn interacted with the carbonaceous 

supports. SnO2 was visible following annealing at 

500 °C, and at elevated temperatures, it changed into 

metallic Sn. 

 

Heavy metals (Cu 

and Zn).  

Swine manure 

biochar 

Muffle furnace- 550 °C 

Heating rate -10 °C/min, 2h 

(anaerobic),  

Shaking -170 rpm- 24 h, 

Temperature- 400 °C, Gas 

Flow rate (Desolvation)- 600 

L/h; Flow speed of cone gas: 50 

L/h 

Mn-BC was highly effective in removing Zn and Cu. 

Using Mn-BC, it was possible to observe removal 

efficiencies of 83.98%, 83.76%, and 77.34% for 

arsenic, sulfadimidine, and tylosin, respectively. 

 

[124] 

 

Cadmium (II) Mango peel 

waste-derived 

biochar 

Initial adsorbate conc. - 10–300 

mg /L 

Contact time- 2880 min,  

pH range- 2–8  

Biochar dosage-1–20 g /L 

Adsorption capacity-13.28 

mg/g, adsorption efficiency- 

There was a drop in the molar ratios of H/C, O/C, 

and (O + N)/C. This study employed batch 

adsorption tests for Cd (II) adsorption. Pseudo-

second-order kinetics and the Langmuir isotherm 

models fit the data better than other alternative 

models. 

[125]  
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67.70%. 
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6. Mechanism of heavy metals/ pollutants removal 

         Depending on the aqueous solution's ionic phenomena, pH, adsorbate type, 

heterogeneity, chemistry, and reaction mechanism on the carbon surface, the intermolecular 

interactions between heavy metals and functionalities are complex [126]. The processes of 

ion exchange, physical adsorption, surface complexions, and precipitation are involved in the 

adsorption of heavy metals on carbon sorbents [66]. The mechanism for the removal of 

emerging contaminants is highlighted in Fig. 7 (a) and (b). Using an in-situ sorption-

reduction-precipitation technique, specific high-valent metal ions, such as Cr (VI), can be 

reduced to low-valent metals, such as Cr (III), and precipitate on biochar. It is possible to 

ascertain the precise mechanism of the binding activity by comparing the surface functional 

groups of biochar before and after the adsorption of metal ions. A nano-magnetite-modified 

biochar material system was developed via microwave in-situ rapid synthesis, achieving an 

elevated Cr (VI) sorption capacity of 9.92 mg/g, significantly surpassing the original 

biochar's capacity of 8.03 mg/g [127]. In another study, the authors examined cations such as 

Ca and Mg released from the biochar into the solution, and the sorption of Cr (III) was linked 

to cations. This suggests that the cation exchange process was the primary mechanism for 

sorption. Also, the surface complexation mechanism was dominant in Hg sorption from water 

by hickory chips and bagasse-derived biochar [128]. 
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Fig. 7 (a) and (b): Schematic illustration of the processes used by biochar to remove 

emerging contaminants (EC) (heavy metals, nitrate, phosphorous, ammonia, and organics). 

6.1. Ion-exchange 

 Ion exchange is the mechanism by which dissolved metals are exchanged for ionised 

cations and protons on the surface of biochar. This exchange depends significantly on the 

functional groups of the metal's size and the biochar. During this process, positively charged 

ions on the biochar surface are replaced by the target metals. Essential factors in this 

exchange include bond characteristics, charge differences, and ionic radii [129]. Biochar's 

potential to extract ions from soil, including heavy metals, is determined by its cation 

exchange capacity (CEC), which is impacted by surface functional groups [171]. At 

temperatures exceeding 350 °C, biochar exhibits a lower cation exchange capacity (CEC) 

compared to biochar produced at 300-350 °C, which has higher CEC values. Ion exchange 

significantly enhanced the increase in cadmium (Cd) adsorption from 20 to 40 mg/g through 

the exchange of Cd for exchangeable calcium ions in biochar made from municipal sludge 

[130]. One of the primary processes for the adsorption of heavy metals such as Zn (II), Hg 

(II), Cd (II), Cu (II), Pb (II), and As (III) is ion-exchange [131]. 

The mechanism is explained as follows- 

COOH  M
2+

  COOM
+
  H

+
                                                                              (1) 

OH  M
2+

  OM
+
  H

+
                                                                                         (2) 

2COOH  M
2+

  COOMOOC 2H                                                                   (3) 

2OH  M
2+

  OMO- +2H
+
                                                                                   (4) 

Solution pH is a crucial factor that affects ion exchange. In acidic conditions, more protons 
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(H+) are available to occupy metal binding sites, and their release from sorbents where 

metals are adsorbed can change the pH of the solution [66,132]. 

6.2 Surface complexation 

          GO-Zr-P (graphene oxide-zirconium-phosphate) nanocomposite material (NCMs) 

exhibits adsorptive ability for divalent zinc (II), copper (II), and lead (II). The surface 

functionalities and morphology of GO-Zr-P were investigated through XRD, XPS, SEM, 

TEM, and zeta-potential analysis [176]. High concentrations of carboxylic, oxygen-related 

groups, -C=O stretching and -C-C vibrations (aromatic), and carbonyl (-C=O) functional 

groups in mustard husk-derived modified biochar favoured nitrate adsorption [75]. Metal 

complexation involves forming multi-atom complexes through interactions with specific 

metal ligands. Oxygen-containing functional groups, such as carboxyl, phenolic, and lactonic 

groups, exhibit excellent binding effectiveness to heavy metals in low-temperature biochar 

[129]. Animal-based biochar, particularly that obtained from dairy manure and chicken litter, 

helps lead bind to phosphate ligands to form complexes like pyromorphite. The high 

adsorption capabilities of cadmium (Cd) (1.76 mmol/g) and copper (Cu) (1.63 mmol/g) with 

N-doped biochar were shown to be caused by complexation and cation-π bonding [133]. The 

maximum adsorption of Cd (101.00 mg/g) and Cu (64.90 mg/g) with ferromanganese binary 

oxide-biochar (FMBC) were demonstrated by X-ray photoelectron spectroscopy (XPS) and 

Fourier transform infrared spectroscopy (FTIR) analysis [134,135]. These results were 

attributed to surface complexation and ion-exchange. 

7. Modified sorbents 

 Orange peel powder was pyrolyzed at 600°C to prepare a methanol-modified 

magnetic biochar (CH3OH-OP-char/Fe3O4). The modified biochar was used to eliminate the 

drugs ibuprofen and sulfamethoxazole from wastewater. The highest adsorption capacities of 

SMX (sulfamethoxazole) and IBP (ibuprofen) on CH₃OHOP-char/Fe₃O₄ were 60.90 mg/g 

and 58.12 mg/g, respectively. This represents an increase of roughly 102.72% to 163.18% in 

comparison to the untreated biochar (OP-char) [136]. In-situ generation of Fe2O3-produced 

super magnetic modified char is effective in recycling plastic char from water by separating 

composites of magnetic plastic waste and metal oxide from the reaction solution. The 

findings indicated that the low-cost, reusable Fe2O3/plastic char can remove antibiotics from 

water efficiently and quickly. Char is associated with the possibility of removing metal ions 

from wastewater through its high sorption ability. Strong inner-sphere surface complexes are 

formed when the surface functional groups come together in the presence of metal ions. 

Certain varieties of modified plastic char can start the formation of solidification on the char 
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because of the reduction of high valent metal ions to low valent metal ions [137]. Another 

study examined the removal of As (V) and Sb (II) from contaminated neutral drainage (CND) 

via column testing, utilising two-Fe-loaded biochar by precipitation (P-product) and 

evaporation (E-product)  [138]. It was critically analysed that both Fe-loaded biochar showed 

efficient Sb (III) removal but for batch testing only. However, it is recommended that 

additional studies be conducted to examine the possibilities for As stability, sorbent recovery, 

and reuse. On modification SSA, reaction activity, negative zeta potential, pore volume, and 

oxygen-based functional groups are enhanced, which further results in high adsorption 

potential of heavy metals, nitrate, ammonia, phosphorous, and other organic and inorganic 

pollutants, with environmental and economic aspects. Fig. 8 summarises the modification 

compounds of various char with the adsorption potential of adsorbates at different pyrolysis 

temperatures. On ZnCl2 modification, different modified activated carbons processed from 

lignite granules, tamarind wood, mustard stalk and tomato solid wastes were utilised for the 

removal of nitrate, methylene blue, metal yellow dye and chromium at different pyrolysis 

temperatures and adsorption capacities as mentioned in the figure [139–143]. Contaminants 

such as cadmium, tetracycline, nitrate and phosphorous at around 300-600℃ of pyrolysis 

temperature were removed by modifying biochar, phragmites, montmorillonite, sesame straw 

and potassium-rich biochar composites with KOH, MgCl2.6H2O, MgO, ZnCl2-KOH, K2SO4, 

K2SiO3  [144–149]. The soybean and peanut shell waste, biochar-based nanocomposites, and 

industrial waste biochar were employed for the removal of ammonium, nitrate, cadmium, 

phosphorous, chromium, cadmium, and phosphate on Mg-Al, polyethene, phosphate, Mg-Fe, 

Fe2SO4 and NaOH modification [150–156]. On modification with ZnO/ZnS, HNO3, humic 

acid, H3PO4/ZnCl2, KMnO4-KOH, the heavy metals (Pb, Cu, lead and nickel) and methylene 

and Congo dyes were removed by biochar  [157–161]
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Fig. 8. Review of adsorption capacities of various chemically modified char for removal of nitrate, phosphorous, heavy metals, dyes, and other 

organics at different pyrolysis temperatures. 
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8. Application of biochar in water treatment technologies 

         Wastewater generation due to numerous commercial, agricultural, industrial, and 

domestic practices has been a global concern. This section incorporates the potential 

applications of biochar by providing future directions in each sector. 

8.1. Groundwater treatment 

            In a recent study, a new inorganic/hybrid fibrous polymer with hydrated ferric oxide 

(HFO) was used as an adsorbent to remove natural toxic species As (V) and As (III) removal 

(Table 4). A recent study reported the treatment of groundwater from the Jhunjhunu district 

of Rajasthan containing non-carcinogenic species (nitrate approx. 10.22-520.64 ppm and 

fluoride 6 ppm) that had numerous concerns related to human health [162]. About 86% and 

54% of nitrate and fluoride exceeded the BIS and EPA permissible limits. Biochar was 

noticed as a potential sorbent for nitrate adsorption in the reported literature. Coagulation, 

sand filtration, and sedimentation are the steps in a specific drinking water treatment process 

that are crucial for eliminating particulate matter [90]. Freshwater scarcity, industrial water 

utilisation, and agricultural requirements have made access to pure water challenging. Using 

seas and oceans for low-cost freshwater recovery is a solution, but it must be environmentally 

sustainable [91]. Date palm biochar's impact on the modified bio-sand filter (MBSF) versus 

BSF was investigated to remove total coliform, turbidity, colour, and Cu, Zn, Fe, Mn, NH
4+

, 

PO4
3-

, NO3
2-

, SO4
2-

, Cl
-
, Na, Mg, K from synthetic groundwater (mainly utilised for drinking 

purpose). By placing biochar at the bottom of the filter media in MBSF(D), Mn and Fe were 

effectively removed. The pilot-scale MBSF(D) encountered earlier clogging (43 days) and 

exhibited reduced contaminant treatment efficiency compared to the lab-scale MBSF(D), 

except for total coliform removal (100%). Following regeneration, the pilot-scale MBSF(D) 

was operational for 32 days and the lab-scale MBSF(D) for 82 days, both of which met WHO 

drinking water criteria [163]. The activated biochar produced in the presence of H3PO4, 

KOH, and (CO2/Steam) at elevated temperature (900°C) resulted in an improvement in 

porosity, aromaticity, and optimum pH, which enhances the adsorption efficiency of organic 

pollutants [164]. 

 

Table 4. Contaminants from groundwater and their adverse effects. 

Pollutants Sources Harmful effects References 

Fecal waste Open defection 

to drinking 

Water-borne diseases like diarrhea by 

ingesting polluted water 

[4] 
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water 

    

Arsenic Groundwater  An overview of real-time 

monitoring techniques that can be 

combined with biochar for 

upscaling and evaluating 

adsorption studies is given. 

 SIP (spectral Induced parameter) 

provides high-resolution spatial and 

temporal imaging, with its 

sensitivity to arsenic (As) sorption. 

[165] 

Trichloroethylene 

(TCE) 

Groundwater  Examined the organic degradation 

efficiency to elucidate possible 

synergistic interactions between 

nanoscale zero-valent ion (nZVI) 

and biochar. 

[166] 

Fluoride, nitrate, 

lead, iron, and 

boron. 

Groundwater  Analysis indicates that Pb and NO3 

are high energy-intensive and low 

energy-intensive parameters, 

respectively. 

 Lowers energy costs and suggests a 

scientific method for reducing 

energy depletion that incorporates a 

renewable energy product in 

relation to the water-energy nexus. 

[167] 

. 

8.2 Industrial wastewater treatment 

 In India, 13,500 million litres of industrial wastewater per day was generated and 

disposed of into water sources (rivers, lakes, ponds, etc.) without any suitable treatment, 

leading to environmental deterioration. Moreover, high adsorbent costs may impact the 

circular economy and commercialisation of the techniques. Industrial wastewater sources 

include smelting, chemical industries, dyes, leather and battery manufacturing, 
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pharmaceutical industries, mining, and others. The two primary contaminants found in 

industrial effluent are organic chemicals and heavy metals (Table 5). Insoluble chromate 

compound Cr (VI) was recovered from the wastewater of Hindustan Motor Limited (HML), 

located in Hooghly, West Bengal, India. Thus, biochar has wide applications in treating 

industrial wastewater, but it needs to be tested on a large scale. Nitrate adsorption onto 

biochar was discussed in these outlines [167]. Dyes, pharmaceuticals, and heavy metals are 

the primary hazardous pollutants in industrial water, which have been treated by adsorption 

and photocatalytic degradation utilising biochar-based nanocomposites; further, biochar 

achieved elevated photocatalytic and adsorption efficiency, improved reusability, and more 

straightforward recovery [168]. 

 

Table 5. Contaminants from industrial wastewater and their adverse effects 

Pollutants Sources Harmful effects References 

Organic matter and 

heavy metals 

Industrial 

wastewater 

 Metal ions or metal oxide 

modification improves the 

adsorption, magnetic, and 

catalytic capacity. 

 Conversion of sewage sludge 

to biochar can yield high 

adsorption efficiency by 

modifying it with 

carbonaceous materials 

(nanotubes, graphene). 

[169] 

Lead (Pb), Mercury 

(Hg), Copper (Cu), 

Nickel (Ni), Cadmium 

(Cd), and Chromium 

(III). 

Oil refineries, 

metal piping, and 

mining industries. 

 Water pollution and scarcity. 

 Adversely affecting the 

health of animals, plants, and 

humans.  

[104] 

 Dyeing, petroleum, 

electroplating, and 

paint industries. 

 Toxic for microorganisms, 

plants, humans, and 

animals.[170] 

 Human toxicity includes 

[171] 
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liver, kidney, lung, and 

gastric cancer. 

 Hazardous impact on the 

environment. 

Inorganic and organic 

contaminants 

Industrial 

wastewater  

 Industrial dyes exhibited 

strong adsorption on biochar, 

up to 80%. 

 Examined the process by 

which photocatalytic 

materials accompanied by 

biochar break down organic 

pollutants in wastewater. 

[172] 

. 

   More pesticides and hazardous heavy metals are released onto land because of the 

accelerated development in agricultural industrialisation sectors [106] (Table 6). Fertilisers 

(NPK- Nitrogen, phosphorous, and potassium) result in agricultural contamination and are 

resolved by modified biochar forms. Studies reported the removal of a common pesticide 

(atrazine) in agriculture derived from dairy-manure residue. The biochar produced via low-

temperature pyrolysis was noticed to be six times more effective in atrazine and lead 

adsorption. Soybean and corn straw-derived biochar showed that atrazine removal capacity 

depends mainly on pore volume, biomass utilised, and pH of char [122]. Adsorption 

mechanisms using agricultural waste-derived biochar included cationic-π bonding, ion 

exchange, intermolecular and electrostatic interactions, π- π bonding, and surface 

complexation. 

 

Table 6. Contaminants from agricultural wastewater and their adverse effects 

Pollutants Sources Harmful effects References 

Antibiotics (tetracycline, 

quinolines, macrolides 

and sulfonamides) 

Agricultural and 

animal husbandry 

(medicines). 

 Alters microbial 

ecological functions and 

causes bacterial resistance. 

 Reduces human immunity 

causing hormonal 

[173] 
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imbalance and interfering 

physiological functions.  

 Carcinogenic and 

teratogenic in nature.  

Phosphate Agricultural 

waste- Fertilizers. 

 Affects the aquatic 

ecosystem. 

 Excess phosphate causes 

digestive problems.  

[174] 

Pentachlorophenol and 

atrazine 

Agriculture 

waste- pesticides. 

 Low fetal weight during 

pregnancy, urinary, heart, 

and limb defects. 

 Carcinogenic and causes 

liver cancer in humans and 

animals. 

 Breathing, chest and 

abdomen pain and 

weakness in humans.  

[106] 

. 

 8.4 Municipal wastewater treatment 

        The pyrolysis of digested sludge at 450 °C was used to produce biochar, which was then 

utilised as an adsorbent to remove ammonium from municipal wastewater. Besides 

chemisorption, the biochar's increased surface area and higher density of functional groups 

were observed to contribute to its maximum removal capacity. Biochar produced from 

municipal solid waste had a high porosity and many active sites on the surface, acting as a 

biofilter. Remarkable removal of COD, TP, TSS, and TKN from wastewater was noticed 

passing through biofilter (biochar) [110]. Municipal wastewater underwent treatment with 

biochar during the biofiltration stage. Using standard techniques, changes in pH, total 

suspended solids (TSS), total Kjeldahl nitrogen (TKN), total phosphates (TP), and chemical 

oxygen demand (COD) were determined before and after biochar treatment [110]. Digested 

sludge was pyrolyzed to improve ammonium adsorption capacity [34]. Batch reactors and 

fixed-bed columns employed pristine biochar to remove Cu
2+

, Fe
2+

, Ni
2+

and Zn
2+

 derived 

from heating date palms at 500°C [175]. Another study demonstrated that engineered biochar 

has great potential in treating municipal wastewater, as it can reduce phosphorus levels in 
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discharge, benefiting the environment. Additionally, it can reclaim phosphorus for use as an 

agricultural fertiliser, enhancing phosphorus biogeochemical cycling and sustainability [176]. 

9. Regeneration and recyclability of adsorbents with cost analysis approach 

            The regeneration and disposal of spent sorbent safely and eco-friendly, focusing on 

the significant gaps and future research directions, should be emphasised. Moreover, this area 

has been of interest in the past few decades to reduce the potential risk associated with the 

disposal of waste adsorbent. Regeneration solution for adsorbents incorporates NaNO3, HCl, 

NaOH, H2SO4, CH3COONa, and NaHCO3, which addresses the adsorption-

desorption/recyclability cycles. Surprisingly, very few studies reported the recovery of 

desorbed and adsorbed metals from regenerated and saturated sorbents. It summarised the 

suitable recovery techniques of heavy metals and contaminants from both desorbing solvents 

and used sorbents. The study of feasible reuse of desorbing agents and their recyclability 

ratios (Table 7) contributes to the same [17]. Activated carbon, calcium-enhanced bentonite 

clay, and βcyclodextrin were combined to create a hybrid composite adsorbent (βCD-AC-CA 

Bent) through chemical synthesis. Activated carbon, βcyclodextrin, and calcium-enhanced 

bentonite clay were combined to generate a hybrid composite adsorbent (βCD-AC-CA Bent) 

through chemical synthesis. Adsorbents reported a significant efficiency for Pb removal after 

regeneration, indicating an assured potential in a sustainable approach. Capacities at 1.00 g/L 

of dosage showed 174.50 mg/g, and at 0.25 g/L, there were 434.70 mg/g Pb removal 

efficiencies in 1 h [177]. Several of the latest versions of the adsorbents and resins have been 

developed. Nano-structured and biologically regenerated materials (nano-zeolites and nano-

synthetic materials) are widely used as cationic adsorbents. In most chemical regeneration 

techniques, a major concern is the toxicity of the by-products generated. High pressure is 

required for supercritical regeneration extraction, which raises expenses. While biological 

regeneration holds promise for the restoration of depleted adsorbents, its restricted rate of 

regeneration mainly limits its usage in dye treatments. Furthermore, specific adsorbents 

require reagents, such as cationic surfactants, to enhance their exchange capabilities; 

however, these reagents are not appropriate for biological regeneration since they might be 

detrimental to bacteria. A single technique is insufficient to maintain or increase the 

adsorption effectiveness of all adsorbents successfully. Therefore, a combination of multiple 

methods might be necessary to stimulate used adsorbents effectively [89]. The rising concern 

about recyclable water necessitated the need to use cost-effective technologies, such as 

biowaste-derived sorbents for water treatment, which will have a resistive impact soon. 

Adapting the biosorbents as an ultimate cost-effective, optimum, and feasible solution is 
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needed. However, it is at the primary stage in Indian industries. Fixing the pilot plant of bio-

sorbents in CETP's is required as a cost-effective, viable option with suitable technological 

upgrades, which are financially assisted by state and central governments [178]. The most 

important factors that affect the feasibility and economy of the adsorption process are 

removal efficiency (adsorption capacity) and spent adsorbent cost. Numerous adsorbents, 

such as fly ash, scrap metal, carbon-based adsorbents, biosorbents, activated carbon, etc., are 

available, and their recyclability can be established based on their cost comparison shown in 

(Table 8). Studies reported in the literature have reviewed the cost and applicability of 

numerous adsorbents for treating wastewater. Additionally, variation in the cost performance 

of adsorbents is demonstrated in 3 ranges (between 1 and 200 $/g (optimum cost), <1$/g 

(cheap adsorbents) and >200 $/g (costly)). Hence, the investigation of these studies will help 

determine the exact cost estimation and relevance in the areas of their applicability [178]. Fly 

ash is available in power plants for free, and the primary cost for transportation, laying, and 

rolling is added. Waste slag can be used to produce fly ash at $ 0.002/kg, and the final 

product costs around $0.009/kg, including the expenses associated with transportation, 

electrical energy, chemicals, etc., involved in the process. The cost of activated carbon 

exceeds $3 due to two parameters: a) original cost of adsorbent. b) adsorption efficiency. 

Blast furnaces, industrial scrap metal waste, and fertilisers cost approximately <$0.10/kg 

[115]. 

 

Table 7. Desorption efficiency of various adsorbents with regeneration cycles. 

Adsorbent 

used 

Adsorbat

e 

Removal 

Efficiency/desorptio

n Capacity 

Recyclability/Regeneratio

n cycles (n) 

Reference

s 

Immobilized 

Biomass 

(Garcinia 

cambogia) 

As (III) 95% (0.20 M NaOH) n=5 [179] 

Magnetized 

wheat straw 

As(III), 

As(V), 

24.14 mg/g Fe3O4 

80 % (NaOH) 
n=10 [180] 

Nano-zero 

valent iron 

(Activated 

As (III) 
100% (0.10 M 

NaOH) 
n=8 [181] 
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carbon) 

Nanoparticle

s of TiO2 

Zn(II), 

Pb(II), 

and 

Cu(II) 

92% (EDTA) n=4 [182] 

Maghemite 

(ꝩ-Fe2O3) 
Cr(VI) 

87.7% (0.01 M 

NaOH) 
n=6 [183] 

. 

Table 8: Cost-analysis of various adsorbents 

Targeted 

contaminants/Adsorbate 

Adsorbent used Adsorption 

efficiency 

(mg/g) 

Cost ($/g) Authors 

Cadmium and lead, Cherry kernels 

biochar 

92.42 and 94.48 0.041 [184] 

Zinc Rice straw biochar 35.71 0.002 [185] 

Copper Alkali-activated steel 

slag 

161.29 0.0001 [186] 

Nickel Cation-exchange 

resin 

63.00 0.0000006 [187] 

Nitrophenol Nano-zeolite 156.60 0.030 [188] 

Phosphorous Chitosan-calcite 21.36 0.264 [20] 

Malachite green Gasification waste-

based activated 

carbon 

226.06 0.0002 [189] 

Acid blue -92 Tomato seeds 36.23 0.118 [190] 

. 

10. Techno-economic analysis (TEA) of biochar as an adsorbent in water treatment 

 A technique for assessing a project's, process's, or investment's technological and 

financial viability is techno-economic analysis (TEA). A techno-economic analysis (TEA) of 
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biochar as an adsorbent in water treatment evaluates the financial feasibility and technical 

performance of biochar-based systems. The analysis typically compares biochar’s cost-

effectiveness, adsorption capacity, and regeneration potential with conventional materials like 

activated carbon or post-treated biochar. While biochar offers significant cost savings due to 

lower production expenses, its adsorption capacity can vary depending on feedstock and 

activation methods. Critical challenges include optimising biochar production processes and 

ensuring consistency in quality. Although biochar presents a promising alternative, further 

research is needed to refine its scalability and long-term economic viability for widespread 

industrial applications. To ascertain the feasibility and possible return on investment (ROI) of 

a project, a thorough analysis that considers both technical and economic factors is 

performed. Key components of TEA include technical, economical, cost-benefit analysis, and 

risk assessment. Research findings and several case studies offer insightful information about 

the techno-economic viability of using biochar as an adsorbent (Table 9). These 

investigations provide insightful information about the performance and economic feasibility 

of biochar-based adsorption systems for wastewater treatment, emphasising their potential as 

affordable and environmentally friendly approaches to problems with water quality [191]. A 

comprehensive summary of techno-economic analysis (TEA) research on biochar as a 

sorbent for the treatment of wastewater is included in Table 10. Studies emphasise the 

potential economic and environmental benefits of biochar, but they also point out specific 

difficulties, such as feedstock unpredictability, scalability, and adsorption capacity 

optimisation. The study of Techno-economic assessment of swine manure biochar production 

in large-scale piggeries in China evaluated the rise in the selling price of biochar from 154 to 

193 USD/ton which summarised the profitable large-scale production of biochar with high 

demand highlights the economic viability and potential large scale biochar production with a 

highest benefit-cost ratio of 1.476 at 8 ton/ha biochar application rate [192,193]. Certain 

studies highlight the advantages that biochar has over conventional adsorbents and highlight 

its application in the treatment of industrial and decentralised wastewater [194]. Biochar will 

become known as a reliable and affordable option for solving problems with water quality 

worldwide. The global biochar market size was valued at $184.90 million in 2022 and is 

projected to grow from $204.69 million in 2023 to $450.58 million by 2030. The study 

addressed the perspective on barriers and opportunities of scaling up biochar production. 

Challenges such as economic difficulties resulting in expenses, financing, and market 

stability; governance concerns including policy and permits; technological obstacles 

involving tools and techniques; and the need for more research and the problem of biochar's 
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supply and demand are faced [195]. However, very few studies have been reported on 

biochar scale-up to an industrial level. A few literature studies of TEA, which conducted a 

comparative analysis and evaluated the economic viability and adsorption performance with a 

life cycle cost analysis for wastewater treatment, are highlighted in Table 10.
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Table 9. TEA of biochar in the water treatment process. 

Biochar Adsorbate Operating Condition Economic Evaluation/operating parameters-cost References 

Orange peel waste biochar Crystal 

violet dye 

Pyrolysis 

temperature- 550 ℃ 

(2 h) 

Stirring rate-400 rpm 

(30 min) 

Adsorption 

temperature- 25 ℃ 

Electricity- 155 USD/month 

Chemical consumption- 85 USD/month 

Water consumption- 60 USD/month 

Cost (operator salary- 45 USD/month) 

Biochar feedstock- 26 USD/month 

Other- 25 USD/month 

[191] 

Biosorbents 

 Coconut shell (CS) 

 Groundnut shell (GS) 

 Rice husk (RH) 

Basic Red 

09 dye 

Pyrolysis 

temperature- 500 ℃ 

Stirring rate-400 rpm 

(6 h) 

Adsorption 

temperature- 25-50 

℃ 

Feedstock cost + feedstock transport + drying cost + 

pyrolysis + grinding cost (Rs.) CS- 37.84, GS- 35.44, 

RH- 35.64 

Chemicals (Rs.) - CS-7.56, GS-7.00, RH-7.12 

Total Cost (Rs.) - CS-45.40, GS-42.52, RH-42.76 

[196] 

Biochar-based char slurry (CS) 

with Rice straw (RS) 

- Pyrolysis 

temperature- 700-

1000 ℃ 

Electricity- A$ 0.28/kWh 

Natural gas- A$ 15.80/GJ 

Operator costs- A$100,000/year 

RS feedstock- A$ 40/tonne 

[197] 

. 
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Table 10. A literature review of TEA of biochar in water treatment process. 

Description   Specific findings Remarks Case 

Study 

Conducted a comparative 

examination of activated carbon 

and biochar for heavy metal 

removal in industrial wastewater 

treatment processes. 

Evaluated the economic 

viability and adsorption 

performance of engineered and 

pristine biochar and activated 

carbon adsorbents. 

The economic viability of biochar adsorption: Biochar 

exhibited heavy metal removal efficiencies similar to activated 

carbon but at a significantly lower cost, making it a cost-

effective alternative for heavy metal remediation in industrial 

water treatment plants. The study emphasised the potential of 

biochar-based adsorption technologies to reduce treatment 

costs and improve the sustainability of wastewater treatment 

operations in industrial settings. 

[198] 

Conducted a life cycle cost 

analysis of biochar adsorption for 

nutrient removal in agricultural 

runoff treatment. 

Assessed the economic and 

environmental impacts of 

biochar-based treatment 

compared to conventional 

methods. 

Life cycle cost analysis: Biochar adsorption achieved a 30% 

reduction in overall treatment costs and reduced nutrient runoff 

from agricultural fields. The study emphasized the potential for 

biochar-based adsorption technologies to mitigate nutrient 

pollution in water bodies and improve the sustainability of 

agricultural practices, promoting environmental stewardship 

and resource conservation. 

[67] 

Conducted a techno-economic 

assessment of biochar adsorption 

for pharmaceutical pollutant 

Evaluated the cost-effectiveness 

and environmental benefits of 

biochar adsorption compared to 

Cost-effectiveness of biochar adsorption: Biochar-based 

treatment led to a 30% reduction in treatment costs and a 

smaller environmental footprint in wastewater treatment 

[120] 
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removal in municipal wastewater 

treatment plants. 

conventional treatment 

methods. 

operations. The study highlighted the significance of 

optimising biochar production processes and adsorption 

parameters to improve treatment efficiency and lower overall 

operational costs in municipal wastewater treatment facilities. 

Examined the techno-economic 

feasibility of large-scale biochar 

production for wastewater 

treatment applications. 

Investigated the cost-

effectiveness and scalability of 

biochar production and 

adsorption technology 

deployment. 

Scalability of biochar production: Large-scale biochar 

production facilities achieved economies of scale, reducing 

production costs by 25% and enabling cost-competitive 

wastewater treatment solutions. The study highlighted the 

potential for biochar-based adsorption technologies to address 

emerging water quality challenges and meet stringent 

regulatory requirements in municipal and industrial wastewater 

treatment sectors. 

[199] 

Investigated the techno-economic 

feasibility of using biochar for the 

removal of organic pollutants in 

municipal wastewater treatment. 

Evaluated the economic 

viability and adsorption 

efficiency of biochar compared 

to conventional treatment 

methods. 

Economic feasibility of biochar adsorption: Biochar-based 

treatment demonstrated a 25% reduction in operational costs 

and achieved efficient organic pollutants removal from 

wastewater. The study highlighted the potential for biochar 

utilisation in improving water quality and reducing treatment 

costs in municipal wastewater treatment plants, contributing to 

sustainable urban water management practices. 

[200] 

Techno-economic analysis of 

biochar production from 

Demonstrated potential cost-

effectiveness of biochar 

Cost-effectiveness of portable slow pyrolysis system: Initial 

investment cost was reduced by 30%, and operational costs 

[201] 
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agricultural waste using portable 

slow pyrolysis system. 

production compared to 

traditional activated carbon 

methods. 

decreased by 20%. Moreover, the study highlighted the 

potential of utilising waste biomass from agricultural activities, 

such as crop residues and animal manure, as feedstock for 

biochar production, promoting circular economy principles and 

waste valorization. 

Examined the use of biochar as a 

sustainable alternative for water 

filtration in developing countries. 

Biochar filtration systems 

demonstrated cost-effective and 

efficient removal of pathogens 

and contaminants from water 

sources. 

Cost-effectiveness and efficiency of biochar-based water 

filtration systems: Biochar filters reduced water treatment costs 

by 50% and removed 95% of bacterial contaminants. The study 

also emphasised the importance of considering local context, 

socio-economic factors, and community engagement in 

implementing biochar-based water treatment technologies, 

promoting equity, inclusivity, and sustainability in addressing 

water quality challenges in resource-constrained settings. 

[202] 

Investigated the feasibility of 

biochar-based adsorption for 

wastewater treatment in industrial 

settings. 

Analysed the economic viability 

and performance of biochar 

adsorption compared to 

conventional treatment 

methods. 

The economic viability of biochar adsorption: Biochar-based 

treatment demonstrated a 20% reduction in operational costs 

and achieved comparable pollutant removal efficiencies to 

traditional methods. The study highlighted the potential for 

biochar utilization in decentralized wastewater treatment 

systems, offering cost-effective and sustainable solutions for 

industrial wastewater management. 

[203] 
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11. Conclusion and future recommendation 

 Biochar is a promising, efficient adsorbent and holds great potential for applications 

in water treatment research. Among various wastewater treatment technologies, adsorption 

stands out for its ability to produce high-quality treated effluent, flexibility in operation, and 

recyclability due to the reversible nature of adsorbent regeneration. The pH of the aqueous 

solution significantly influences the removal of heavy metals through ion exchange. In 

contrast, the removal of nitrates, owing to their strong solubility and stability in aqueous 

media, is particularly challenging. Functional groups such as carbonyl (-C=O), carboxyl, and 

hydroxy groups in carbon-based sorbents have been found effective in removing heavy 

metals like Cr(VI), Cd(II), Ni(II), Hg(II), Pb(II), and nitrates. Modified biochar, achieved 

through chemical or thermal enhancements, significantly outperforms unmodified biochar in 

adsorption efficiency, though the latter remains a more cost-effective option. The adsorption 

capacity is influenced by factors such as the choice of feedstock, its chemical and physical 

properties, pyrolysis conditions, and chemical composition, including hemicellulose, lignin, 

proteins, and lipids. Groundwater treatment for removing nitrate, fluoride, and arsenic 

highlights the need to develop effective and environmentally sustainable adsorbents. Cost 

analysis reveals a wide range of sorbent costs, from $1/g to $200/g, with nano-resins offering 

a cost-effective solution for metal removal. However, the choice of adsorbent depends on the 

specific adsorption process, targeted pollutants, and economic feasibility. Despite its 

potential, the biochar market in India faces challenges, including limited market knowledge, 

difficulty in securing long-term agreements, and the financial constraints of Indian farmers. 

Biochar's primary applications, such as removing pollutants from municipal sewage, 

agricultural waste, industrial wastewater, and groundwater, underscore the need for research 

to address gaps in production techniques and operational strategies to optimise its 

performance and disposal. 

Although this area has been applied, considerable research activities are ongoing to 

bring out further innovations and improvements in cost, efficiency, and more. Hence, to 

contribute, this review suggests some efforts to be made in this direction. Novelty in this area 

lies in compiling studies on sorbent types (modified and unmodified), their mechanisms, 

applications, cost-effectiveness, and regeneration solutions. Additionally, the review 

highlights the progress in water treatment technologies aimed at resolving the significant 

challenge of water contamination, with a focus on areas that still need to be fully 

investigated. The pragmatic shift towards developing economically viable adsorbents 

underscores the importance of ongoing research and innovation in addressing the global 
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challenge of water contamination. Through collaborative efforts and interdisciplinary 

approaches, advancements in waste material management and water treatment can lead to 

tangible solutions that benefit both the environment and society at large. 

Data availability 

The datasets generated during the current study are not publicly available but are available 

from the corresponding author upon reasonable request.  

Conflict of interest  

The authors declare that they have no known competing financial and non-financial interests 

or personal relationships that could have appeared to influence the work reported in this 

paper.  

References 

[1] J.H. Park, J.J. Yun, S.W. Kang, S.H. Kim, J.S. Cho, J.J. Wang, D.C. Seo, Removal of 

potentially toxic metal by biochar derived from rendered solid residue with high 

content of protein and bone tissue, Ecotoxicol Environ Saf 208 (2021). 

https://doi.org/10.1016/j.ecoenv.2020.111690. 

[2] G. Crini, E. Lichtfouse, Wastewater treatment: an overview, Environmental Chemistry 

for a Sustainable World 18 (2018) 1–22. https://doi.org/10.1007/978-3-319-92111-

2_1ï. 

[3] G. Crini, E. Lichtfouse, Advantages and disadvantages of techniques used for 

wastewater treatment, Environ Chem Lett 17 (2019) 145–155. 

https://doi.org/10.1007/s10311-018-0785-9ï. 

[4] A. Mukherjee, S. Duttagupta, S. Chattopadhyay, S.N. Bhanja, A. Bhattacharya, S. 

Chakraborty, S. Sarkar, T. Ghosh, J. Bhattacharya, S. Sahu, Impact of sanitation and 

socio-economy on groundwater fecal pollution and human health towards achieving 

sustainable development goals across India from ground-observations and satellite-

derived nightlight, Sci Rep 9 (2019). https://doi.org/10.1038/s41598-019-50875-w. 

[5] J. Yoo, P. Jeon, D.C.W. Tsang, E.E. Kwon, K. Baek, Ferric-enhanced chemical 

remediation of dredged marine sediment contaminated by metals and petroleum 

hydrocarbons, Environmental Pollution 243 (2018) 87–93. 

https://doi.org/10.1016/j.envpol.2018.08.044. 

[6] S. Bhuvaneshwari, H. Hettiarachchi, J.N. Meegoda, Crop residue burning in India: 

Policy challenges and potential solutions, Int J Environ Res Public Health 16 (2019). 

https://doi.org/10.3390/ijerph16050832. 

[7] R. Deng, D. Huang, J. Wan, W. Xue, X. Wen, X. Liu, S. Chen, L. Lei, Q. Zhang, 

Recent advances of biochar materials for typical potentially toxic elements 

management in aquatic environments: A review, J Clean Prod 255 (2020). 

https://doi.org/10.1016/j.jclepro.2019.119523. 

[8] S.R.O. Akech, O. Harrison, A. Saha, Removal of a potentially hazardous chemical, 

tetrakis (hydroxymethyl) phosphonium chloride from water using biochar as a medium 

of adsorption, Environ Technol Innov 12 (2018) 196–210. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

https://doi.org/10.1016/j.eti.2018.09.002. 

[9] A.H. Jendia, S. Hamzah, A.A. Abuhabib, N.M. El-Ashgar, Removal of nitrate from 

groundwater by eggshell biowaste, Water Sci Technol Water Supply 20 (2020) 2514–

2529. https://doi.org/10.2166/ws.2020.151. 

[10] M.T. Amin, A.A. Alazba, U. Manzoor, A review of removal of pollutants from 

water/wastewater using different types of nanomaterials, Advances in Materials 

Science and Engineering 2014 (2014). https://doi.org/10.1155/2014/825910. 

[11] M. Ownby, D.A. Desrosiers, C. Vaneeckhaute, Phosphorus removal and recovery from 

wastewater via hybrid ion exchange nanotechnology: a study on sustainable 

regeneration chemistries, NPJ Clean Water 4 (2021). https://doi.org/10.1038/s41545-

020-00097-9. 

[12] A. Saravanakumar, M.R. Sudha, W.H. Chen, V. Pradeshwaran, A review on green 

adsorbent from plastic waste-derived char for wastewater treatment: Production, 

aqueous contaminants adsorption, and applications, J Taiwan Inst Chem Eng (2024) 

105437. https://doi.org/10.1016/j.jtice.2024.105437. 

[13] H. Peng, J. Guo, Removal of chromium from wastewater by membrane filtration, 

chemical precipitation, ion exchange, adsorption electrocoagulation, electrochemical 

reduction, electrodialysis, electrodeionization, photocatalysis and nanotechnology: a 

review, Environ Chem Lett 18 (2020) 2055–2068. https://doi.org/10.1007/s10311-020-

01058-x. 

[14] S. Sharma, A. Bahuguna, S.K. Singh, A. Bahuguna, B.K. Dadarwal, Physical method 

of Wastewater treatment-A review, Quest Journals Journal of Research in 

Environmental and Earth Sciences 7 (2021) 29–36. 

[15] H.M. Zwain, M. Vakili, I. Dahlan, Waste material adsorbents for zinc removal from 

wastewater: A comprehensive review, International Journal of Chemical Engineering 

2014 (2014). https://doi.org/10.1155/2014/347912. 

[16] L. Lugo, A. Martín, J. Diaz, A. Pérez-Flórez, C. Celis, Implementation of modified 

acacia tannin by mannich reaction for removal of heavy metals (Cu, Cr and Hg), Water 

(Switzerland) 12 (2020). https://doi.org/10.3390/w12020352. 

[17] S. Lata, P.K. Singh, S.R. Samadder, Regeneration of adsorbents and recovery of heavy 

metals: a review, International Journal of Environmental Science and Technology 12 

(2015) 1461–1478. https://doi.org/10.1007/s13762-014-0714-9. 

[18] Z. Ji, Treatment of heavy-metal wastewater by vacuum membrane distillation: Effect 

of wastewater properties, in: IOP Conf Ser Earth Environ Sci, Institute of Physics 

Publishing, 2018. https://doi.org/10.1088/1755-1315/108/4/042019. 

[19] A. Samir, F.H. Ashour, A.A.A. Hakim, M. Bassyouni, Recent advances in 

biodegradable polymers for sustainable applications, Npj Mater Degrad 6 (2022). 

https://doi.org/10.1038/s41529-022-00277-7. 

[20] S. Pap, C. Kirk, B. Bremner, M. Turk Sekulic, L. Shearer, S.W. Gibb, M.A. Taggart, 

Low-cost chitosan-calcite adsorbent development for potential phosphate removal and 

recovery from wastewater effluent, Water Res 173 (2020). 

https://doi.org/10.1016/j.watres.2020.115573. 

[21] Y. Cantu, A. Remes, A. Reyna, D. Martinez, J. Villarreal, S. Trevino, C. Tamez, A. 

Martinez, T. Eubanks, J.G. Parsons, NIH Public Access, (2015) 374–383. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

https://doi.org/10.1016/j.cej.2014.05.110.Thermodynamics. 

[22] B. Savun-Hekimoğlu, A Review on Sonochemistry and Its Environmental 

Applications, Acoustics 2 (2020) 766–775. https://doi.org/10.3390/acoustics2040042. 

[23] P. Domenighini, F. Costantino, P.L. Gentili, A. Donnadio, M. Nocchetti, A. 

Macchioni, F. Rossi, F. Cotana, Future perspectives in green hydrogen production by 

catalyzed sono-photolysis of water, Sustain Energy Fuels (2024). 

[24] M. Pirsaheb, N. Moradi, H. Hossini, Sonochemical processes for antibiotics removal 

from water and wastewater: A systematic review, Chemical Engineering Research and 

Design 189 (2023) 401–439. 

https://doi.org/https://doi.org/10.1016/j.cherd.2022.11.019. 

[25] J. Wu, T. Wang, J. Wang, Y. Zhang, W.P. Pan, A novel modified method for the 

efficient removal of Pb and Cd from wastewater by biochar: Enhanced the ion 

exchange and precipitation capacity, Science of the Total Environment 754 (2021). 

https://doi.org/10.1016/j.scitotenv.2020.142150. 

[26] M.Z. Rahman, T. Edvinsson, P. Kwong, Biochar for electrochemical applications, Curr 

Opin Green Sustain Chem 23 (2020) 25–30. 

https://doi.org/10.1016/j.cogsc.2020.04.007. 

[27] R. Kumar Mishra, Pyrolysis of low-value waste switchgrass: Physicochemical 

characterization, kinetic investigation, and online characterization of hot pyrolysis 

vapours, Bioresour Technol 347 (2022) 126720. 

https://doi.org/10.1016/j.biortech.2022.126720. 

[28] R.A. Hameed Adeel; Khan Ismail; Balooch Sidra; Iqbal Babar; Nazir Muhammad 

Mudassir; Tariq Muhammad; Noreen Sibgha; Akbar Rasheed; Li Guanlin, Biochar-

assisted remediation of contaminated soils under changing climate, in: Biochar-

Assisted Remediation of Contaminated Soils Under Changing Climate, 2024: pp. 377–

420. https://doi.org/10.1016/b978-0-443-21562-9.00015-3. 

[29] M. Rizwan, S. Ali, M.F. Qayyum, M. Ibrahim, M. Zia-ur-Rehman, T. Abbas, Y.S. Ok, 

Mechanisms of biochar-mediated alleviation of toxicity of trace elements in plants: a 

critical review, Environmental Science and Pollution Research 23 (2016) 2230–2248. 

[30] S. Wang, J.-H. Kwak, M.S. Islam, M.A. Naeth, M. Gamal El-Din, S.X. Chang, 

Biochar surface complexation and Ni(II), Cu(II), and Cd(II) adsorption in aqueous 

solutions depend on feedstock type, Science of The Total Environment 712 (2020) 

136538. https://doi.org/https://doi.org/10.1016/j.scitotenv.2020.136538. 

[31] E.-B. Son, K.-M. Poo, J.-S. Chang, K.-J. Chae, Heavy metal removal from aqueous 

solutions using engineered magnetic biochars derived from waste marine macro-algal 

biomass, Science of the Total Environment 615 (2018) 161–168. 

[32] M.I. Inyang, B. Gao, Y. Yao, Y. Xue, A. Zimmerman, A. Mosa, P. Pullammanappallil, 

Y.S. Ok, X. Cao, A review of biochar as a low-cost adsorbent for aqueous heavy metal 

removal, Crit Rev Environ Sci Technol 46 (2016) 406–433. 

[33] T. Zhao, Y. Yao, D. Li, F. Wu, C. Zhang, B. Gao, Facile low-temperature one-step 

synthesis of pomelo peel biochar under air atmosphere and its adsorption behaviors for 

Ag (I) and Pb (II), Science of the Total Environment 640 (2018) 73–79. 

[34] Y. Tang, M.S. Alam, K.O. Konhauser, D.S. Alessi, S. Xu, W.J. Tian, Y. Liu, Influence 

of pyrolysis temperature on production of digested sludge biochar and its application 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

for ammonium removal from municipal wastewater, J Clean Prod 209 (2019) 927–

936. https://doi.org/10.1016/j.jclepro.2018.10.268. 

[35] B. Wang, B. Gao, J. Fang, Recent advances in engineered biochar productions and 

applications, Crit Rev Environ Sci Technol 47 (2017) 2158–2207. 

[36] J. Fang, L. Zhan, Y.S. Ok, B. Gao, Minireview of potential applications of hydrochar 

derived from hydrothermal carbonization of biomass, Journal of Industrial and 

Engineering Chemistry 57 (2018) 15–21. 

[37] R.K. Mishra, K. Mohanty, A review of the next-generation biochar production from 

waste biomass for material applications, Science of The Total Environment (2023) 

167171. 

[38] B.A. Mohamed, C.S. Kim, N. Ellis, X. Bi, Microwave-assisted catalytic pyrolysis of 

switchgrass for improving bio-oil and biochar properties, Bioresour Technol 201 

(2016) 121–132. 

[39] S. Mutsengerere, C.H. Chihobo, D. Musademba, I. Nhapi, A review of operating 

parameters affecting bio-oil yield in microwave pyrolysis of lignocellulosic biomass, 

Renewable and Sustainable Energy Reviews 104 (2019) 328–336. 

[40] G. Durán-Jiménez, V. Hernández-Montoya, M.A. Montes-Morán, S.W. Kingman, T. 

Monti, E.R. Binner, Microwave pyrolysis of pecan nut shell and thermogravimetric, 

textural and spectroscopic characterization of carbonaceous products, J Anal Appl 

Pyrolysis 135 (2018) 160–168. 

[41] N. Saha, A. Saba, M.T. Reza, Effect of hydrothermal carbonization temperature on pH, 

dissociation constants, and acidic functional groups on hydrochar from cellulose and 

wood, J Anal Appl Pyrolysis 137 (2019) 138–145. 

[42] S.S. Sahoo, V.K. Vijay, R. Chandra, H. Kumar, Production and characterization of 

biochar produced from slow pyrolysis of pigeon pea stalk and bamboo, Clean Eng 

Technol 3 (2021) 100101. 

[43] S. You, Y.S. Ok, S.S. Chen, D.C.W. Tsang, E.E. Kwon, J. Lee, C.-H. Wang, A critical 

review on sustainable biochar system through gasification: Energy and environmental 

applications, Bioresour Technol 246 (2017) 242–253. 

[44] C. Gan, Y. Liu, X. Tan, S. Wang, G. Zeng, B. Zheng, T. Li, Z. Jiang, W. Liu, Effect of 

porous zinc-biochar nanocomposites on Cr(VI) adsorption from aqueous solution, RSC 

Adv 5 (2015) 35107–35115. https://doi.org/10.1039/c5ra04416b. 

[45] X. fei Tan, Y. guo Liu, Y. ling Gu, Y. Xu, G. ming Zeng, X. jiang Hu, S. bo Liu, X. 

Wang, S. mian Liu, J. Li, Biochar-based nano-composites for the decontamination of 

wastewater: A review, Bioresour Technol 212 (2016) 318–333. 

https://doi.org/10.1016/j.biortech.2016.04.093. 

[46] A. Tomczyk, Z. Sokołowska, P. Boguta, Biochar physicochemical properties: 

pyrolysis temperature and feedstock kind effects, Rev Environ Sci Biotechnol 19 

(2020) 191–215. 

[47] M. Tripathi, J.N. Sahu, P. Ganesan, Effect of process parameters on production of 

biochar from biomass waste through pyrolysis: A review, Renewable and Sustainable 

Energy Reviews 55 (2016) 467–481. 

[48] T. Xie, K.R. Reddy, C. Wang, E. Yargicoglu, K. Spokas, Characteristics and 

applications of biochar for environmental remediation: a review, Crit Rev Environ Sci 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Technol 45 (2015) 939–969. 

[49] J. Zhang, X. Ma, L. Yuan, D. Zhou, Comparison of adsorption behavior studies of 

Cd2+ by vermicompost biochar and KMnO4-modified vermicompost biochar, J 

Environ Manage 256 (2020). https://doi.org/10.1016/j.jenvman.2019.109959. 

[50] R.K. Mishra, M. Misra, A.K. Mohanty, Value-added bio-carbon production through 

the slow pyrolysis of waste bio-oil: fundamental studies on their structure–property–

processing co-relation, ACS Omega 7 (2022) 1612–1627. 

[51] L. Wang, Y. Wang, F. Ma, V. Tankpa, S. Bai, X. Guo, X. Wang, Mechanisms and 

reutilization of modified biochar used for removal of heavy metals from wastewater: A 

review, Science of the Total Environment 668 (2019) 1298–1309. 

https://doi.org/10.1016/j.scitotenv.2019.03.011. 

[52] Y. Liu, S.P. Sohi, S. Liu, J. Guan, J. Zhou, J. Chen, Adsorption and reductive 

degradation of Cr (VI) and TCE by a simply synthesized zero valent iron magnetic 

biochar, J Environ Manage 235 (2019) 276–281. 

[53] Y. Ying, G. Bin, W. Feng, Z. Cunzhong, Y. Liuyan, Engineered biochar from biofuel 

residue: characterization and its silver removal potential, (2015). 

[54] Y. Zheng, Y. Yang, Y. Zhang, W. Zou, Y. Luo, L. Dong, B. Gao, Facile one-step 

synthesis of graphitic carbon nitride-modified biochar for the removal of reactive red 

120 through adsorption and photocatalytic degradation, Biochar 1 (2019) 89–96. 

[55] Y. Wang, R. Liu, H2O2 treatment enhanced the heavy metals removal by manure 

biochar in aqueous solutions, Science of the Total Environment 628 (2018) 1139–

1148. 

[56] L. Pustahija, W. Kern, Surface Functionalization of ( Pyrolytic ) Carbon — An 

Overview, (2023). 

[57] Y. Deng, S. Huang, D.A. Laird, X. Wang, C. Dong, Quantitative mechanisms of 

cadmium adsorption on rice straw- and swine manure-derived biochars, Environmental 

Science and Pollution Research 25 (2018) 32418–32432. 

https://doi.org/10.1007/s11356-018-2991-1. 

[58] F. Zhao, R. Shan, W. Li, Y. Zhang, H. Yuan, Y. Chen, Synthesis, Characterization, 

and Dye Removal of ZnCl2-Modified Biochar Derived from Pulp and Paper Sludge, 

ACS Omega 6 (2021) 34712–34723. https://doi.org/10.1021/acsomega.1c05142. 

[59] H. Wu, Y. Qi, L. Dong, X. Zhao, H. Liu, Revealing the impact of pyrolysis 

temperature on dissolved organic matter released from the biochar prepared from 

Typha orientalis, Chemosphere 228 (2019) 264–270. 

https://doi.org/10.1016/j.chemosphere.2019.04.143. 

[60] X. Gai, H. Wang, J. Liu, L. Zhai, S. Liu, T. Ren, H. Liu, Effects of feedstock and 

pyrolysis temperature on biochar adsorption of ammonium and nitrate, PLoS One 9 

(2014) 1–19. https://doi.org/10.1371/journal.pone.0113888. 

[61] D. Akhil, D. Lakshmi, A. Kartik, D.V.N. Vo, J. Arun, K.P. Gopinath, Production, 

characterization, activation and environmental applications of engineered biochar: a 

review, Springer International Publishing, 2021. https://doi.org/10.1007/s10311-020-

01167-7. 

[62] F. Moradi-Choghamarani, A.A. Moosavi, A.R. Sepaskhah, M. Baghernejad, Physico-

hydraulic properties of sugarcane bagasse-derived biochar: the role of pyrolysis 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

temperature, Cellulose 26 (2019) 7125–7143. https://doi.org/10.1007/s10570-019-

02607-6. 

[63] D.W. Cho, C.M. Chon, Y. Kim, B.H. Jeon, F.W. Schwartz, E.S. Lee, H. Song, 

Adsorption of nitrate and Cr(VI) by cationic polymer-modified granular activated 

carbon, Chemical Engineering Journal 175 (2011) 298–305. 

https://doi.org/10.1016/j.cej.2011.09.108. 

[64] K. PATIDAR, M. VASHISHTHA, Activated carbon from mustard stalk biomass: 

Synthesis, characterization and application in wastewater treatment, Journal of the 

Serbian Chemical Society 86 (2021) 429–444. 

https://doi.org/10.2298/JSC201103010P. 

[65] K. Zoroufchi Benis, J. Soltan, K.N. McPhedran, A novel method for fabrication of a 

binary oxide biochar composite for oxidative adsorption of arsenite: Characterization, 

adsorption mechanism and mass transfer modeling, J Clean Prod 356 (2022) 131832. 

https://doi.org/10.1016/j.jclepro.2022.131832. 

[66] X. Yang, Y. Wan, Y. Zheng, F. He, Z. Yu, J. Huang, H. Wang, Y.S. Ok, Y. Jiang, B. 

Gao, Surface functional groups of carbon-based adsorbents and their roles in the 

removal of heavy metals from aqueous solutions: A critical review, Chemical 

Engineering Journal 366 (2019) 608–621. https://doi.org/10.1016/j.cej.2019.02.119. 

[67] H. Wang, B. Gao, J. Fang, Y.S. Ok, Y. Xue, K. Yang, X. Cao, Engineered biochar 

derived from eggshell-treated biomass for removal of aqueous lead, Ecol Eng 121 

(2018) 124–129. https://doi.org/10.1016/j.ecoleng.2017.06.029. 

[68] K. Mazurek, S. Drużyński, U. Kiełkowska, A. Bielicka, J. Gluzińska, Application of 

sulphate and magnesium enriched waste rapeseed cake biochar for recovery of Cu(II) 

and Zn(II) from industrial wastewater generated in sulphuric acid plants, 

Hydrometallurgy 216 (2023) 106014. 

https://doi.org/https://doi.org/10.1016/j.hydromet.2022.106014. 

[69] K. Mazurek, S. Drużyński, U. Kiełkowska, E. Szłyk, New Separation Material 

Obtained from Waste Rapeseed Cake for Copper(II) and Zinc(II) Removal from the 

Industrial Wastewater, Materials 14 (2021). https://doi.org/10.3390/ma14102566. 

[70] L.L. Wei, G.Z. Wang, J.Q. Jiang, G. Li, X.L. Zhang, Q.L. Zhao, F.Y. Cui, Co-removal 

of phosphorus and nitrogen with commercial 201 × 7 anion exchange resin during 

tertiary treatment of WWTP effluent and phosphate recovery, Desalination Water 

Treat 56 (2015) 1633–1647. https://doi.org/10.1080/19443994.2014.951966. 

[71] L. Dai, W. Zhu, L. He, F. Tan, N. Zhu, Q. Zhou, M. He, G. Hu, Calcium-rich biochar 

from crab shell: An unexpected super adsorbent for dye removal, 2018. 

https://doi.org/10.1016/j.biortech.2018.07.090. 

[72] N. Somsesta, C. Piyamawadee, V. Sricharoenchaikul, D. Aht-Ong, Adsorption 

isotherms and kinetics for the removal of cationic dye by Cellulose-based adsorbent 

biocomposite films, Korean Journal of Chemical Engineering 37 (2020) 1999–2010. 

https://doi.org/10.1007/s11814-020-0602-6. 

[73] M. Zubair, N.D. Mu’azu, N. Jarrah, N.I. Blaisi, H.A. Aziz, M. A. Al-Harthi, 

Adsorption Behavior and Mechanism of Methylene Blue, Crystal Violet, Eriochrome 

Black T, and Methyl Orange Dyes onto Biochar-Derived Date Palm Fronds Waste 

Produced at Different Pyrolysis Conditions, Water Air Soil Pollut 231 (2020). 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

https://doi.org/10.1007/s11270-020-04595-x. 

[74] Z. Zhang, X. Luo, Y. Liu, P. Zhou, G. Ma, Z. Lei, L. Lei, A low cost and highly 

efficient adsorbent (activated carbon) prepared from waste potato residue, J Taiwan 

Inst Chem Eng 49 (2015) 206–211. https://doi.org/10.1016/j.jtice.2014.11.024. 

[75] Y. Trivedi, M. Sharma, A. Sharma, Surface modification of mustard husk char to 

enhance its adsorption properties, Mater Today Proc (2022). 

https://doi.org/10.1016/j.matpr.2022.08.391. 

[76] A. Bhatnagar, E. Kumar, M. Sillanpää, Nitrate removal from water by nano-alumina: 

Characterization and sorption studies, Chemical Engineering Journal 163 (2010) 317–

323. https://doi.org/10.1016/j.cej.2010.08.008. 

[77] A. El Kassimi, Y. Achour, M. El Himri, M.R. Laamari, M. El Haddad, Process 

optimization of high surface area activated carbon prepared from cucumis melo by 

h3po4 activation for the removal of cationic and anionic dyes using full factorial 

design, Biointerface Res Appl Chem 11 (2021) 12662–12679. 

https://doi.org/10.33263/BRIAC115.1266212679. 

[78] J. Xiang, Q. Lin, S. Cheng, J. Guo, X. Yao, Q. Liu, G. Yin, D. Liu, Enhanced 

adsorption of Cd(II) from aqueous solution by a magnesium oxide–rice husk biochar 

composite, Environmental Science and Pollution Research 25 (2018) 14032–14042. 

https://doi.org/10.1007/s11356-018-1594-1. 

[79] M. Stjepanović, N. Velić, M. Habuda-Stanić, Modified grape seeds: A promising 

alternative for nitrate removal from water, Materials 14 (2021). 

https://doi.org/10.3390/ma14174791. 

[80] Y. Angar, N.E. Djelali, S. Kebbouche-Gana, Investigation of ammonium adsorption on 

Algerian natural bentonite, Environmental Science and Pollution Research 24 (2017) 

11078–11089. https://doi.org/10.1007/s11356-016-6500-0. 

[81] F. Yu, Y. Zhou, B. Gao, H. Qiao, Y. Li, E. Wang, L. Pang, C. Bao, Effective removal 

of ionic liquid using modified biochar and its biological effects, J Taiwan Inst Chem 

Eng 67 (2016) 318–324. https://doi.org/10.1016/j.jtice.2016.07.038. 

[82] P. Kumkum, S. Kumar, Evaluation of lead (Pb (II)) removal potential of biochar in a 

fixed-bed continuous flow adsorption system, J Health Pollut 10 (2020) 201210. 

[83] S. Khan, R. Ullah, M. Adil, A. Waheed, K.A. Khan, H.A. Ghramh, H.F. Alharby, 

Y.M. Alzahrani, S.A. Alghamdi, Adsorption of Pesticides Using Wood-Derived 

Biochar and Granular Activated Carbon in a Fixed-Bed Column System, (2022). 

[84] S. Bashir, J. Zhu, Q. Fu, H. Hu, Comparing the adsorption mechanism of Cd by rice 

straw pristine and KOH-modified biochar, Environmental Science and Pollution 

Research 25 (2018) 11875–11883. https://doi.org/10.1007/s11356-018-1292-z. 

[85] H. Zhao, H. Zhong, Y. Jiang, H. Li, P. Tang, D. Li, Y. Feng, Porous ZnCl2-Activated 

Carbon from Shaddock Peel: Methylene Blue Adsorption Behavior, Materials 15 

(2022). https://doi.org/10.3390/ma15030895. 

[86] Z. Xin, W. Li, W. Fang, X. He, L. Zhao, H. Chen, W. Zhang, Z. Sun, Enhanced 

specific surface area by hierarchical porous graphene aerogel/carbon foam for 

supercapacitor, Journal of Nanoparticle Research 19 (2017) 1–11. 

[87] S.P. Bera, M. Godhaniya, C. Kothari, Emerging and advanced membrane technology 

for wastewater treatment: A review, J Basic Microbiol 62 (2022) 245–259. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

[88] N. Gray, Water technology, CRC Press, 2017. 

[89] M.D. Khan, A. Singh, M.Z. Khan, S. Tabraiz, J. Sheikh, Current perspectives, recent 

advancements, and efficiencies of various dye-containing wastewater treatment 

technologies, Journal of Water Process Engineering 53 (2023) 103579. 

https://doi.org/10.1016/j.jwpe.2023.103579. 

[90] X.T. Bui, C. Chiemchaisri, T. Fujioka, S. Varjani, Introduction to Recent Advances in 

Water and Wastewater Treatment Technologies, Energy, Environment, and 

Sustainability (2019) 3–12. https://doi.org/10.1007/978-981-13-3259-3_1. 

[91] A. Yusuf, A. Sodiq, A. Giwa, J. Eke, O. Pikuda, G. De Luca, J.L. Di Salvo, S. 

Chakraborty, A review of emerging trends in membrane science and technology for 

sustainable water treatment, J Clean Prod 266 (2020) 121867. 

https://doi.org/10.1016/j.jclepro.2020.121867. 

[92] N. Nippatla, L. Philip, Electrocoagulation-floatation assisted pulsed power plasma 

technology for the complete mineralization of potentially toxic dyes and real textile 

wastewater, Process Safety and Environmental Protection 125 (2019) 143–156. 

https://doi.org/10.1016/j.psep.2019.03.012. 

[93] Z. Du, X. Lin, Research Progress in Application of Low Temperature Plasma 

Technology for Wastewater Treatment, in: IOP Conf Ser Earth Environ Sci, Institute 

of Physics Publishing, 2020. https://doi.org/10.1088/1755-1315/512/1/012031. 

[94] C. Li, W. Liu, J. Mao, L. Hu, Y. Yun, B. Li, Superhydrophobic PVDF membrane 

modified by dopamine self-polymerized nanoparticles for vacuum membrane 

distillation, Sep Purif Technol 304 (2023) 122182. 

[95] S. Ebrahimzadeh, B. Wols, A. Azzellino, B.J. Martijn, J.P. van der Hoek, 

Quantification and modelling of organic micropollutant removal by reverse osmosis 

(RO) drinking water treatment, Journal of Water Process Engineering 42 (2021) 

102164. 

[96] H. Zhang, L. Li, L. Geng, X. Tan, Y. Hu, P. Mu, J. Li, Reduced graphene oxide/carbon 

nitride composite sponge for interfacial solar water evaporation and wastewater 

treatment, Chemosphere 311 (2023) 137163. 

[97] Y. You, J. Xu, L. Kong, B. Xu, B. Yang, Kinetics study of Pb evaporation from pure 

Pb and Pb–Ag alloy in vacuum evaporation process, Journal of Materials Research and 

Technology 15 (2021) 7012–7021. https://doi.org/10.1016/j.jmrt.2021.11.140. 

[98] K.N. Palansooriya, Y. Yang, Y.F. Tsang, B. Sarkar, D. Hou, X. Cao, E. Meers, J. 

Rinklebe, K.H. Kim, Y.S. Ok, Occurrence of contaminants in drinking water sources 

and the potential of biochar for water quality improvement: A review, Crit Rev 

Environ Sci Technol 50 (2020) 549–611. 

https://doi.org/10.1080/10643389.2019.1629803. 

[99] M.B. Ahmed, J.L. Zhou, H.H. Ngo, W. Guo, N.S. Thomaidis, J. Xu, Progress in the 

biological and chemical treatment technologies for emerging contaminant removal 

from wastewater: A critical review, J Hazard Mater 323 (2017) 274–298. 

https://doi.org/10.1016/j.jhazmat.2016.04.045. 

[100] Z. Xu, Q. Zhang, X. Li, X. Huang, A critical review on chemical analysis of heavy 

metal complexes in water / wastewater and the mechanism of treatment methods, 

Chemical Engineering Journal 429 (2022) 131688. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

https://doi.org/10.1016/j.cej.2021.131688. 

[101] C.P. Mustereț, I. Morosanu, R. Ciobanu, O. Plavan, A. Gherghel, M. Al-Refai, I. 

Roman, C. Teodosiu, Assessment of coagulation–flocculation process efficiency for 

the natural organic matter removal in drinking water treatment, Water (Basel) 13 

(2021) 3073. 

[102] M.C. Benalia, L. Youcef, M.G. Bouaziz, S. Achour, H. Menasra, Removal of heavy 

metals from industrial wastewater by chemical precipitation: mechanisms and sludge 

characterization, Arab J Sci Eng 47 (2022) 5587–5599. 

[103] M.B. Shakoor, N.K. Niazi, I. Bibi, M. Shahid, Z.A. Saqib, M.F. Nawaz, S.M. Shaheen, 

H. Wang, D.C.W. Tsang, J. Bundschuh, Exploring the arsenic removal potential of 

various biosorbents from water, Environ Int 123 (2019) 567–579. 

[104] S.M. Shaheen, N.K. Niazi, N.E.E. Hassan, I. Bibi, H. Wang, D.C.W. Tsang, Y.S. Ok, 

N. Bolan, J. Rinklebe, Wood-based biochar for the removal of potentially toxic 

elements in water and wastewater: a critical review, International Materials Reviews 

64 (2019) 216–247. https://doi.org/10.1080/09506608.2018.1473096. 

[105] J.T. Bunce, E. Ndam, I.D. Ofiteru, A. Moore, D.W. Graham, A review of phosphorus 

removal technologies and their applicability to small-scale domestic wastewater 

treatment systems, Front Environ Sci 6 (2018). 

https://doi.org/10.3389/fenvs.2018.00008. 

[106] W. Xiang, X. Zhang, J. Chen, W. Zou, F. He, X. Hu, D.C.W. Tsang, Y.S. Ok, B. Gao, 

Biochar technology in wastewater treatment: A critical review, Chemosphere 252 

(2020). https://doi.org/10.1016/j.chemosphere.2020.126539. 

[107] X. Shen, J. Zeng, D. Zhang, F. Wang, Y. Li, W. Yi, Effect of pyrolysis temperature on 

characteristics, chemical speciation and environmental risk of Cr, Mn, Cu, and Zn in 

biochars derived from pig manure, Science of the Total Environment 704 (2020). 

https://doi.org/10.1016/j.scitotenv.2019.135283. 

[108] J. Meng, S. Liang, M. Tao, X. Liu, P.C. Brookes, J. Xu, Chemical speciation and risk 

assessment of Cu and Zn in biochars derived from co-pyrolysis of pig manure with rice 

straw, Chemosphere 200 (2018) 344–350. 

https://doi.org/10.1016/j.chemosphere.2018.02.138. 

[109] M. Bhatt, A.G. Chakinala, J.B. Joshi, A. Sharma, K.K. Pant, K. Shah, A. Sharma, 

Valorization of solid waste using advanced thermo-chemical process: A review, J 

Environ Chem Eng 9 (2021). https://doi.org/10.1016/j.jece.2021.105434. 

[110] M.M. Manyuchi, C. Mbohwa, E. Muzenda, Potential to use municipal waste bio char 

in wastewater treatment for nutrients recovery, Physics and Chemistry of the Earth 107 

(2018) 92–95. https://doi.org/10.1016/j.pce.2018.07.002. 

[111] P. Kuang, Y. Cui, Z. Zhang, K. Ma, W. Zhang, K. Zhao, X. Zhang, Increasing Surface 

Functionalities of FeCl3-Modified Reed Waste Biochar for Enhanced Nitrate 

Adsorption Property, Processes 11 (2023). https://doi.org/10.3390/pr11061740. 

[112] A.R.A. Usman, M. Ahmad, M. El-Mahrouky, A. Al-Omran, Y.S. Ok, A.S. Sallam, 

A.H. El-Naggar, M.I. Al-Wabel, Chemically modified biochar produced from 

conocarpus waste increases NO3 removal from aqueous solutions, Environ Geochem 

Health 38 (2016) 511–521. https://doi.org/10.1007/s10653-015-9736-6. 

[113] Y. Sun, F. Yu, C. Han, C. Houda, M. Hao, Q. Wang, Research Progress on Adsorption 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

of Arsenic from Water by Modified Biochar and Its Mechanism: A Review, Water 

(Basel) 14 (2022) 1691. https://doi.org/10.3390/w14111691. 

[114] H.M. Jang, E. Kan, Engineered biochar from agricultural waste for removal of 

tetracycline in water, Bioresour Technol 284 (2019) 437–447. 

https://doi.org/10.1016/j.biortech.2019.03.131. 

[115] F. Younas, A. Mustafa, Z.U.R. Farooqi, X. Wang, S. Younas, W. Mohy-Ud-din, M.A. 

Hameed, M.M. Abrar, A.A. Maitlo, S. Noreen, M.M. Hussain, Current and emerging 

adsorbent technologies for wastewater treatment: Trends, limitations, and 

environmental implications, Water (Switzerland) 13 (2021). 

https://doi.org/10.3390/w13020215. 

[116] S. Moosavi, C.W. Lai, S. Gan, G. Zamiri, O. Akbarzadeh Pivehzhani, M.R. Johan, 

Application of efficient magnetic particles and activated carbon for dye removal from 

wastewater, ACS Omega 5 (2020) 20684–20697. 

https://doi.org/10.1021/acsomega.0c01905. 

[117] M.S. Reza, C.S. Yun, S. Afroze, N. Radenahmad, M.S.A. Bakar, R. Saidur, J. 

Taweekun, A.K. Azad, Preparation of activated carbon from biomass and its’ 

applications in water and gas purification, a review, Arab J Basic Appl Sci 27 (2020) 

208–238. https://doi.org/10.1080/25765299.2020.1766799. 

[118] N. Hossain, M.A. Bhuiyan, B.K. Pramanik, S. Nizamuddin, G. Griffin, Waste 

materials for wastewater treatment and waste adsorbents for biofuel and cement 

supplement applications: A critical review, J Clean Prod 255 (2020). 

https://doi.org/10.1016/j.jclepro.2020.120261. 

[119] M. Idrees, S. Batool, H. Ullah, Q. Hussain, M.I. Al-Wabel, M. Ahmad, A. Hussain, M. 

Riaz, Y.S. Ok, J. Kong, Adsorption and thermodynamic mechanisms of manganese 

removal from aqueous media by biowaste-derived biochars, J Mol Liq 266 (2018) 

373–380. https://doi.org/10.1016/j.molliq.2018.06.049. 

[120] Y. Chen, B. Wang, J. Xin, P. Sun, D. Wu, Adsorption behavior and mechanism of 

Cr(VI) by modified biochar derived from Enteromorpha prolifera, Ecotoxicol Environ 

Saf 164 (2018) 440–447. https://doi.org/10.1016/j.ecoenv.2018.08.024. 

[121] P. Qin, H. Wang, X. Yang, L. He, K. Müller, S.M. Shaheen, S. Xu, J. Rinklebe, 

D.C.W. Tsang, Y.S. Ok, N. Bolan, Z. Song, L. Che, X. Xu, Bamboo- and pig-derived 

biochars reduce leaching losses of dibutyl phthalate, cadmium, and lead from co-

contaminated soils, Chemosphere 198 (2018) 450–459. 

https://doi.org/10.1016/j.chemosphere.2018.01.162. 

[122] X. Cao, L. Ma, B. Gao, W. Harris, Dairy-manure derived biochar effectively sorbs 

lead and atrazine, Environ Sci Technol 43 (2009) 3285–3291. 

https://doi.org/10.1021/es803092k. 

[123] X. Yang, I.K.M. Yu, D.C.W. Tsang, V.L. Budarin, J.H. Clark, K.C.W. Wu, A.C.K. 

Yip, B. Gao, S.S. Lam, Y.S. Ok, Ball-milled, solvent-free Sn-functionalisation of 

wood waste biochar for sugar conversion in food waste valorisation, J Clean Prod 268 

(2020). https://doi.org/10.1016/j.jclepro.2020.122300. 

[124] B. Jiang, Y. Lin, J.C. Mbog, Biochar derived from swine manure digestate and applied 

on the removals of heavy metals and antibiotics, Bioresour Technol 270 (2018) 603–

611. https://doi.org/10.1016/j.biortech.2018.08.022. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

[125] L. Zhang, Y. Ren, Y. Xue, Z. Cui, Q. Wei, C. Han, J. He, Preparation of biochar by 

mango peel and its adsorption characteristics of Cd(ii) in solution, RSC Adv 10 (2020) 

35878–35888. https://doi.org/10.1039/d0ra06586b. 

[126] N.A.A. Qasem, R.H. Mohammed, D.U. Lawal, Removal of heavy metal ions from 

wastewater: a comprehensive and critical review, NPJ Clean Water 4 (2021). 

https://doi.org/10.1038/s41545-021-00127-0. 

[127] Z. Liu, Z. Xu, L. Xu, F. Buyong, T.C. Chay, Z. Li, Y. Cai, B. Hu, Y. Zhu, X. Wang, 

Modified biochar: synthesis and mechanism for removal of environmental heavy 

metals, Carbon Research 1 (2022) 1–21. https://doi.org/10.1007/s44246-022-00007-3. 

[128] E. Singh, A. Kumar, R. Mishra, S. You, L. Singh, S. Kumar, R. Kumar, Pyrolysis of 

waste biomass and plastics for production of biochar and its use for removal of heavy 

metals from aqueous solution, Bioresour Technol 320 (2021) 124278. 

https://doi.org/10.1016/j.biortech.2020.124278. 

[129] Z. Abbas, S. Ali, M. Rizwan, I.E. Zaheer, A. Malik, M.A. Riaz, M.R. Shahid, M.Z. ur 

Rehman, M.I. Al-Wabel, A critical review of mechanisms involved in the adsorption 

of organic and inorganic contaminants through biochar, Arabian Journal of 

Geosciences 11 (2018) 1–23. 

[130] T. Chen, Z. Zhou, S. Xu, H. Wang, W. Lu, Adsorption behavior comparison of 

trivalent and hexavalent chromium on biochar derived from municipal sludge, 

Bioresour Technol 190 (2015) 388–394. 

[131] Z. Meng, T. Xu, S. Huang, H. Ge, W. Mu, Z. Lin, Effects of competitive adsorption 

with Ni(II) and Cu(II) on the adsorption of Cd(II) by modified biochar co-aged with 

acidic soil, Chemosphere 293 (2022) 133621. 

https://doi.org/https://doi.org/10.1016/j.chemosphere.2022.133621. 

[132] H. Wang, B. Gao, S. Wang, J. Fang, Y. Xue, K. Yang, Removal of Pb(II), Cu(II), and 

Cd(II) from aqueous solutions by biochar derived from KMnO4 treated hickory wood, 

Bioresour Technol 197 (2015) 356–362. 

https://doi.org/10.1016/j.biortech.2015.08.132. 

[133] W. Yu, F. Lian, G. Cui, Z. Liu, N-doping effectively enhances the adsorption capacity 

of biochar for heavy metal ions from aqueous solution, Chemosphere 193 (2018) 8–16. 

[134] L. Zhou, C. Richard, C. Ferronato, J.-M. Chovelon, M. Sleiman, Investigating the 

performance of biomass-derived biochars for the removal of gaseous ozone, adsorbed 

nitrate and aqueous bisphenol A, Chemical Engineering Journal 334 (2018) 2098–

2104. 

[135] Z. Zhou, Z. Xu, Q. Feng, D. Yao, J. Yu, D. Wang, S. Lv, Y. Liu, N. Zhou, M. Zhong, 

Effect of pyrolysis condition on the adsorption mechanism of lead, cadmium and 

copper on tobacco stem biochar, J Clean Prod 187 (2018) 996–1005. 

[136] T. Ai, X. Jiang, Z. Zhong, D. Li, S. Dai, Methanol-modified ultra-fine magnetic orange 

peel powder biochar as an effective adsorbent for removal of ibuprofen and 

sulfamethoxazole from water, Adsorption Science & Technology 38 (2020) 304–321. 

[137] A. Saravanakumar, M.R. Sudha, W.H. Chen, V. Pradeshwaran, A review on green 

adsorbent from plastic waste-derived char for wastewater treatment: Production, 

aqueous contaminants adsorption, and applications, J Taiwan Inst Chem Eng (2024) 

105437. https://doi.org/10.1016/j.jtice.2024.105437. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

[138] I.L. Calugaru, C.M. Neculita, T. Genty, G.J. Zagury, Removal efficiency of As(V) and 

Sb(III) in contaminated neutral drainage by Fe-loaded biochar, Environmental Science 

and Pollution Research 26 (2019) 9322–9332. https://doi.org/10.1007/s11356-019-

04381-1. 

[139] M.A. Khan, Y.T. Ahn, M. Kumar, W. Lee, B. Min, G. Kim, D.W. Cho, W.B. Park, 

B.H. Jeon, Adsorption Studies for the Removal of Nitrate Using Modified Lignite 

Granular Activated Carbon, Sep Sci Technol 46 (2011) 2575–2584. 

https://doi.org/10.1080/01496395.2011.601782. 

[140] A. Bhatnagar, M. Ji, Y.H. Choi, W. Jung, S.H. Lee, S.J. Kim, G. Lee, H. Suk, H.S. 

Kim, B. Min, S.H. Kim, B.H. Jeon, J.W. Kang, Removal of nitrate from water by 

adsorption onto zinc chloride treated activated carbon, Sep Sci Technol 43 (2008) 

886–907. https://doi.org/10.1080/01496390701787461. 

[141] H. Sayğili, F. Güzel, High surface area mesoporous activated carbon from tomato 

processing solid waste by zinc chloride activation: Process optimization, 

characterization and dyes adsorption, J Clean Prod 113 (2016) 995–1004. 

https://doi.org/10.1016/j.jclepro.2015.12.055. 

[142] K. Patidar, M. Vashishtha, CHEMBIOEN-2020 Special Issue Characterization and 

isotherm study of activated carbon production from mustard stalk by ZnCl 2 

activation, 2020. 

[143] J. Acharya, J.N. Sahu, B.K. Sahoo, C.R. Mohanty, B.C. Meikap, Removal of 

chromium(VI) from wastewater by activated carbon developed from Tamarind wood 

activated with zinc chloride, Chemical Engineering Journal 150 (2009) 25–39. 

https://doi.org/10.1016/j.cej.2008.11.035. 

[144] Z. Ahmad, B. Gao, A. Mosa, H. Yu, X. Yin, A. Bashir, H. Ghoveisi, S. Wang, 

Removal of Cu(II), Cd(II) and Pb(II) ions from aqueous solutions by biochars derived 

from potassium-rich biomass, J Clean Prod 180 (2018) 437–449. 

https://doi.org/10.1016/j.jclepro.2018.01.133. 

[145] H. Huang, J. Tang, K. Gao, R. He, H. Zhao, D. Werner, Characterization of KOH 

modified biochars from different pyrolysis temperatures and enhanced adsorption of 

antibiotics, RSC Adv 7 (2017) 14640–14648. https://doi.org/10.1039/c6ra27881g. 

[146] G. V. Nunell, M.E. Fernández, P.R. Bonelli, A.L. Cukierman, Conversion of biomass 

from an invasive species into activated carbons for removal of nitrate from wastewater, 

Biomass Bioenergy 44 (2012) 87–95. https://doi.org/10.1016/j.biombioe.2012.05.001. 

[147] Y.P. Gong, Z.Y. Ni, Z.Z. Xiong, L.H. Cheng, X.H. Xu, Phosphate and ammonium 

adsorption of the modified biochar based on Phragmites australis after 

phytoremediation, Environmental Science and Pollution Research 24 (2017) 8326–

8335. https://doi.org/10.1007/s11356-017-8499-2. 

[148] J.H. Park, Y.S. Ok, S.H. Kim, J.S. Cho, J.S. Heo, R.D. Delaune, D.C. Seo, Evaluation 

of phosphorus adsorption capacity of sesame straw biochar on aqueous solution: 

influence of activation methods and pyrolysis temperatures, Environ Geochem Health 

37 (2015) 969–983. https://doi.org/10.1007/s10653-015-9709-9. 

[149] Z. Guo, X. Bian, J. Zhang, H. Liu, C. Cheng, C. Zhang, J. Wang, Activated carbons 

with well-developed microporosity prepared from Phragmites australis by potassium 

silicate activation, J Taiwan Inst Chem Eng 45 (2014) 2801–2804. 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

https://doi.org/10.1016/j.jtice.2014.07.017. 

[150] L. Chen, X.L. Chen, C.H. Zhou, H.M. Yang, S.F. Ji, D.S. Tong, Z.K. Zhong, W.H. 

Yu, M.Q. Chu, Environmental-friendly montmorillonite-biochar composites: Facile 

production and tunable adsorption-release of ammonium and phosphate, J Clean Prod 

156 (2017) 648–659. https://doi.org/10.1016/j.jclepro.2017.04.050. 

[151] Q. Yin, R. Wang, Z. Zhao, Application of Mg–Al-modified biochar for simultaneous 

removal of ammonium, nitrate, and phosphate from eutrophic water, J Clean Prod 176 

(2018) 230–240. https://doi.org/10.1016/j.jclepro.2017.12.117. 

[152] Y. Ma, W.J. Liu, N. Zhang, Y.S. Li, H. Jiang, G.P. Sheng, Polyethylenimine modified 

biochar adsorbent for hexavalent chromium removal from the aqueous solution, 

Bioresour Technol 169 (2014) 403–408. 

https://doi.org/10.1016/j.biortech.2014.07.014. 

[153] S. Zhang, H. Zhang, J. Cai, X. Zhang, J. Zhang, J. Shao, Evaluation and Prediction of 

Cadmium Removal from Aqueous Solution by Phosphate-Modified Activated Bamboo 

Biochar, Energy and Fuels 32 (2018) 4469–4477. 

https://doi.org/10.1021/acs.energyfuels.7b03159. 

[154] L. Xue, B. Gao, Y. Wan, J. Fang, S. Wang, Y. Li, R. Muñoz-Carpena, L. Yang, High 

efficiency and selectivity of MgFe-LDH modified wheat-straw biochar in the removal 

of nitrate from aqueous solutions, J Taiwan Inst Chem Eng 63 (2016) 312–317. 

https://doi.org/10.1016/j.jtice.2016.03.021. 

[155] Z. Ajmal, A. Muhmood, R. Dong, S. Wu, Probing the efficiency of magnetically 

modified biomass-derived biochar for effective phosphate removal, J Environ Manage 

253 (2020). https://doi.org/10.1016/j.jenvman.2019.109730. 

[156] Z. Liu, Y. Xue, F. Gao, X. Cheng, K. Yang, Removal of ammonium from aqueous 

solutions using alkali-modified biochars, Chemical Speciation and Bioavailability 28 

(2016) 26–32. https://doi.org/10.1080/09542299.2016.1142833. 

[157] C. Li, L. Zhang, Y. Gao, A. Li, Facile synthesis of nano ZnO/ZnS modified biochar by 

directly pyrolyzing of zinc contaminated corn stover for Pb(II), Cu(II) and Cr(VI) 

removals, Waste Management 79 (2018) 625–637. 

https://doi.org/10.1016/j.wasman.2018.08.035. 

[158] T. Xu, L. Xiaoqin, Peanut Shell Activated Carbon: Characterization, Surface 

Modification and Adsorption of Pb 2+ from Aqueous Solution, 2008. 

[159] Z. Guo, X. Zhang, Y. Kang, J. Zhang, Biomass-Derived Carbon Sorbents for Cd(II) 

Removal: Activation and Adsorption Mechanism, ACS Sustain Chem Eng 5 (2017) 

4103–4109. https://doi.org/10.1021/acssuschemeng.7b00061. 

[160] M.H.M. Zubir, M.A.A. Zaini, Twigs-derived activated carbons via H3PO4/ZnCl2 

composite activation for methylene blue and congo red dyes removal, Sci Rep 10 

(2020). https://doi.org/10.1038/s41598-020-71034-6. 

[161] Q. An, Y.-Q. Jiang, H.-Y. Nan, Y. Yu, J.-N. Jiang, Unraveling sorption of nickel from 

aqueous solution by KMnO4 and KOH-modified peanut shell biochar: Implicit 

mechanism, Chemosphere 214 (2019) 846–854. 

[162] A. Jandu, A. Malik, S.B. Dhull, Fluoride and nitrate in groundwater of rural 

habitations of semiarid region of northern Rajasthan, India: a hydrogeochemical, 

multivariate statistical, and human health risk assessment perspective, Environ 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Geochem Health 43 (2021) 3997–4026. https://doi.org/10.1007/s10653-021-00882-6. 

[163] J.O. Eniola, B. Sizirici, Investigation of biochar- modified biosand filter performance 

for groundwater treatment for drinking water purposes: A laboratory and pilot scale 

study, Journal of Water Process Engineering 53 (2023) 103914. 

https://doi.org/10.1016/j.jwpe.2023.103914. 

[164] F.L. Braghiroli, H. Bouafif, C.M. Neculita, A. Koubaa, Activated Biochar as an 

Effective Sorbent for Organic and Inorganic Contaminants in Water, Water Air Soil 

Pollut 229 (2018). https://doi.org/10.1007/s11270-018-3889-8. 

[165] O.M. Siddiq, B.S. Tawabini, P. Soupios, D. Ntarlagiannis, Removal of arsenic from 

contaminated groundwater using biochar: a technical review, International Journal of 

Environmental Science and Technology 19 (2022) 651–664. 

https://doi.org/10.1007/s13762-020-03116-x. 

[166] Z. Li, Y. Sun, Y. Yang, Y. Han, T. Wang, J. Chen, D.C.W. Tsang, Biochar-supported 

nanoscale zero-valent iron as an efficient catalyst for organic degradation in 

groundwater, J Hazard Mater 383 (2020) 121240. 

https://doi.org/10.1016/j.jhazmat.2019.121240. 

[167] P. Yapoicoioǧlu, M.I. Yeşilnacar, Energy cost optimization of groundwater treatment 

using biochar adsorption process: An experimental approach, Water Supply 23 (2023) 

14–33. https://doi.org/10.2166/ws.2022.392. 

[168] E. Amdeha, Biochar-based nanocomposites for industrial wastewater treatment via 

adsorption and photocatalytic degradation and the parameters affecting these 

processes, Biomass Convers Biorefin (2023). https://doi.org/10.1007/s13399-023-

04512-2. 

[169] A.G. Kumi, M.G. Ibrahim, M. Nasr, M. Fujii, Biochar synthesis for industrial 

wastewater treatment: A critical review, Materials Science Forum 1008 MSF (2020) 

202–212. https://doi.org/10.4028/www.scientific.net/MSF.1008.202. 

[170] F.P. Dad, W.-D. Khan, F. Sharif, A.S. Nizami, Adsorption of trace heavy metals 

through organic compounds enriched biochar using isotherm adsorption and kinetic 

models, Environ Res 241 (2024) 117702. 

https://doi.org/https://doi.org/10.1016/j.envres.2023.117702. 

[171] V. Sarin, K.K. Pant, Removal of chromium from industrial waste by using eucalyptus 

bark, Bioresour Technol 97 (2006) 15–20. 

https://doi.org/10.1016/j.biortech.2005.02.010. 

[172] T.G. Ambaye, M. Vaccari, E.D. van Hullebusch, A. Amrane, S. Rtimi, Mechanisms 

and adsorption capacities of biochar for the removal of organic and inorganic 

pollutants from industrial wastewater, International Journal of Environmental Science 

and Technology (2021) 1–22. 

[173] L. Yan, Y. Liu, Y. Zhang, S. Liu, C. Wang, W. Chen, C. Liu, Z. Chen, Y. Zhang, 

ZnCl2 modified biochar derived from aerobic granular sludge for developed 

microporosity and enhanced adsorption to tetracycline, Bioresour Technol 297 (2020). 

https://doi.org/10.1016/j.biortech.2019.122381. 

[174] Y. Yao, B. Gao, J. Chen, M. Zhang, M. Inyang, Y. Li, A. Alva, L. Yang, Engineered 

carbon (biochar) prepared by direct pyrolysis of Mg-accumulated tomato tissues: 

Characterization and phosphate removal potential, Bioresour Technol 138 (2013) 8–



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

13. https://doi.org/10.1016/j.biortech.2013.03.057. 

[175] Y. Haile, F. Id, B. Sizirici, I. Yildiz, C. Yavuz, Pristine biochar performance 

investigation to remove metals in primary and secondary treated municipal wastewater 

for groundwater recharge application, (2022) 1–25. 

https://doi.org/10.1371/journal.pone.0278315. 

[176] Y. Zheng, B. Wang, A.E. Wester, J. Chen, F. He, H. Chen, B. Gao, Reclaiming 

phosphorus from secondary treated municipal wastewater with engineered biochar, 

Chemical Engineering Journal 362 (2019) 460–468. 

https://doi.org/10.1016/j.cej.2019.01.036. 

[177] M.S. Samuel, M. Shang, S. Klimchuk, J. Niu, Novel Regenerative Hybrid Composite 

Adsorbent with Improved Removal Capacity for Lead Ions in Water, Ind Eng Chem 

Res 60 (2021) 5124–5132. https://doi.org/10.1021/acs.iecr.0c06277. 

[178] J.O. Ighalo, F.O. Omoarukhe, V.E. Ojukwu, K.O. Iwuozor, C.A. Igwegbe, Cost of 

adsorbent preparation and usage in wastewater treatment: A review, Cleaner Chemical 

Engineering 3 (2022) 100042. https://doi.org/10.1016/j.clce.2022.100042. 

[179] C.T. Kamala, K.H. Chu, N.S. Chary, P.K. Pandey, S.L. Ramesh, A.R.K. Sastry, K.C. 

Sekhar, Removal of arsenic(III) from aqueous solutions using fresh and immobilized 

plant biomass, Water Res 39 (2005) 2815–2826. 

https://doi.org/10.1016/j.watres.2005.04.059. 

[180] Y. Tian, M. Wu, X. Lin, P. Huang, Y. Huang, Synthesis of magnetic wheat straw for 

arsenic adsorption, J Hazard Mater 193 (2011) 10–16. 

https://doi.org/10.1016/j.jhazmat.2011.04.093. 

[181] H. Zhu, Y. Jia, X. Wu, H. Wang, Removal of arsenic from water by supported nano 

zero-valent iron on activated carbon, J Hazard Mater 172 (2009) 1591–1596. 

https://doi.org/10.1016/j.jhazmat.2009.08.031. 

[182] J. Hu, H.J. Shipley, Evaluation of desorption of Pb (II), Cu (II) and Zn (II) from 

titanium dioxide nanoparticles, Science of the Total Environment 431 (2012) 209–220. 

https://doi.org/10.1016/j.scitotenv.2012.05.039. 

[183] J. Hu, G. Chen, I.M.C. Lo, Removal and recovery of Cr(VI) from wastewater by 

maghemite nanoparticles, Water Res 39 (2005) 4528–4536. 

https://doi.org/10.1016/j.watres.2005.05.051. 

[184] D. Vukelic, N. Boskovic, B. Agarski, J. Radonic, I. Budak, S. Pap, M. Turk Sekulic, 

Eco-design of a low-cost adsorbent produced from waste cherry kernels, J Clean Prod 

174 (2018) 1620–1628. https://doi.org/10.1016/j.jclepro.2017.11.098. 

[185] A.K. Sakhiya, P. Baghel, A. Anand, V.K. Vijay, P. Kaushal, A comparative study of 

physical and chemical activation of rice straw derived biochar to enhance Zn+2 

adsorption, Bioresour Technol Rep 15 (2021). 

https://doi.org/10.1016/j.biteb.2021.100774. 

[186] I. Nikolić, D. Đurović, M. Tadić, V. V. Radmilović, V.R. Radmilović, Adsorption 

kinetics, equilibrium, and thermodynamics of Cu2+ on pristine and alkali activated 

steel slag, Chem Eng Commun 207 (2020) 1278–1297. 

https://doi.org/10.1080/00986445.2019.1685986. 

[187] T. Li, K. Xiao, B. Yang, G. Peng, F. Liu, L. Tao, S. Chen, H. Wei, G. Yu, S. Deng, 

Recovery of Ni(II) from real electroplating wastewater using fixed-bed resin 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

adsorption and subsequent electrodeposition, Front Environ Sci Eng 13 (2019). 

https://doi.org/10.1007/s11783-019-1175-7. 

[188] T.H. Pham, B.K. Lee, J. Kim, Improved adsorption properties of a nano zeolite 

adsorbent toward toxic nitrophenols, Process Safety and Environmental Protection 104 

(2016) 314–322. https://doi.org/10.1016/j.psep.2016.08.018. 

[189] A.A. Ahmad, M.A. Ahmad, N.K.E.M. Yahaya, A.T. Mohd Din, A.R. Wan Yaakub, 

Honeycomb-like porous-activated carbon derived from gasification waste for 

malachite green adsorption: Equilibrium, kinetic, thermodynamic and fixed-bed 

column analysis, Desalination Water Treat 196 (2020) 329–347. 

https://doi.org/10.5004/dwt.2020.26067. 

[190] H. Najafi, E. Pajootan, A. Ebrahimi, M. Arami, The potential application of tomato 

seeds as low-cost industrial waste in the adsorption of organic dye molecules from 

colored effluents, Desalination Water Treat 57 (2016) 15026–15036. 

https://doi.org/10.1080/19443994.2015.1072060. 

[191] R.B. Kalengyo, M.G. Ibrahim, M. Fujii, M. Nasr, Utilizing orange peel waste biomass 

in textile wastewater treatment and its recyclability for dual biogas and biochar 

production: a techno-economic sustainable approach, Biomass Convers Biorefin 

(2023). https://doi.org/10.1007/s13399-023-04111-1. 

[192] M. Hu, K. Guo, H. Zhou, W. Zhu, L. Deng, L. Dai, Techno-economic assessment of 

swine manure biochar production in large-scale piggeries in China, Energy 308 (2024) 

133037. https://doi.org/https://doi.org/10.1016/j.energy.2024.133037. 

[193] M.R. Patel, N.L. Panwar, Evaluating the agronomic and economic viability of biochar 

in sustainable crop production, Biomass Bioenergy 188 (2024) 107328. 

https://doi.org/https://doi.org/10.1016/j.biombioe.2024.107328. 

[194] J. Jjagwe, P.W. Olupot, E. Menya, H.M. Kalibbala, Synthesis and Application of 

Granular Activated Carbon from Biomass Waste Materials for Water Treatment: A 

Review, Journal of Bioresources and Bioproducts 6 (2021) 292–322. 

https://doi.org/10.1016/j.jobab.2021.03.003. 

[195] D. Pierson, N. Anderson, J. Brewen, N. Clark, M.C. Hardy, D. McCollum, F.H. 

McCormick, J. Morisette, T. Nicosia, D. Page-Dumroese, C. Rodriguez-Franco, J. 

Tirocke, Beyond the basics: a perspective on barriers and opportunities for scaling up 

biochar production from forest slash, Biochar 6 (2024) 1. 

https://doi.org/10.1007/s42773-023-00290-2. 

[196] S. Praveen, R. Gokulan, T.B. Pushpa, J. Jegan, Techno-economic feasibility of biochar 

as biosorbent for basic dye sequestration, Journal of the Indian Chemical Society 98 

(2021) 100107. https://doi.org/10.1016/j.jics.2021.100107. 

[197] L.C. Zepeda, I. Al-Waili, G. Griffin, K. Shah, S. Bhargava, R. Parthasarathy, Techno-

economic assessment (TEA) and sensitivity analysis for a biochar-based slurry fuel 

plant, Energy Convers Manag 306 (2024) 118297. 

https://doi.org/10.1016/j.enconman.2024.118297. 

[198] D. Danaci, P.A. Webley, C. Petit, Guidelines for techno-economic analysis of 

adsorption processes, Frontiers in Chemical Engineering 2 (2021) 602430. 

[199] X. Li, C. Wang, J. Zhang, J. Liu, B. Liu, G. Chen, Preparation and application of 

magnetic biochar in water treatment: A critical review, Science of the Total 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Environment 711 (2020). https://doi.org/10.1016/j.scitotenv.2019.134847. 

[200] N. Mpongwana, S. Rathilal, A review of the techno-economic feasibility of 

nanoparticle application for wastewater treatment, Water (Basel) 14 (2022) 1550. 

[201] Z. Wang, S. Bakshi, C. Li, S.J. Parikh, H.S. Hsieh, J.J. Pignatello, Modification of 

pyrogenic carbons for phosphate sorption through binding of a cationic polymer, J 

Colloid Interface Sci 579 (2020) 258–268. https://doi.org/10.1016/j.jcis.2020.06.054. 

[202] N. Vela-Garcia, D. Bolonio, A.M. Mosquera, M.F. Ortega, M.-J. Garcia-Martinez, L. 

Canoira, Techno-economic and life cycle assessment of triisobutane production and its 

suitability as biojet fuel, Appl Energy 268 (2020) 114897. 

[203] H. Almohamadi, M. Alamoudi, U. Ahmed, R. Shamsuddin, K. Smith, Producing 

hydrocarbon fuel from the plastic waste: Techno-economic analysis, Korean Journal of 

Chemical Engineering 38 (2021) 2208–2216. 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Graphical abstract 

 

  



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

 

Highlights 

 Higher surface area and removal efficiency can be seen with engineered biochar. 

 Biochar for the removal of pollutants from wastewater may lead to 

sustainability. 

 Comparative analysis of treated char and their mechanism in water treatment. 

 Cost analysis of adsorbents for removal of targeted pollutants. 


