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Abstract

The increasing agro-demands with the burgeoning population lead to the accumulation of
lignocellulosic residues. The practice of burning agri-residues has consequences viz. release of
soot and smoke, nutrient depletion, loss of soil microbial diversity, air pollution and hazardous
effects on human health. The utilization of agricultural waste as biomass to synthesize biochar
and biofuels, is the pertinent approach for attaining sustainable development goals. Biochar
contributes in the improvement of soil properties, carbon sequestration, reducing greenhouse
gases (GHG) emission, removal of organic and heavy metal pollutants, production of biofuels,
synthesis of useful chemicals and building cementitious materials. The biochar characteristics
including surface area, porosity and functional groups vary with the type of biomass consumed
in pyrolysis and the control of parameters during the process. The major adsorption mechanisms
of biochar involve physical-adsorption, ion-exchange interactions, electrostatic attraction,
surface complexation and precipitation. The recent trend of engineered biochar can enhance its
surface properties, pH buffering capacity and presence of desired functional groups. This review
focuses on the contribution of biochar in attaining sustainable development goals. Hence, it
provides a thorough understanding of biochar’s importance in enhancing soil productivity,
bioremediation of environmental pollutants, carbon negative concretes, mitigation of climate
change and generation of bioenergy that amplifies circular bioeconomy, and concomitantly
facilitates the fulfilment of the United Nation Sustainable Development Goals. The application
of biochar as seen is primarily targeting four important SDGs including clean water and
sanitation (SGD6), affordable and clean energy (SDG7), responsible consumption and

production (SDG12) and climate action (SDG13).
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1. Introduction

Agro-ecosystems can play vital roles, in one way, by ensuring the food security for billions of
people and, on the other hand, being instrumental in efficient utilization of available resources,
mitigating GHGs emissions and climate change (Bhattacharyya et al., 2020). In this context,
overall agro-ecological functioning needs to ensure more sustainable ways of agriculture
practices such as reduced usage of chemical fertilizers for enhancing food production without
compromising the productivity and health of the soil, sustained increase in crop yield, boosting
sequestration of carbon and depleting GHGs emanation (Khan et al., 2021; Bhattacharyya et al.,
2021). The stress of feeding growing population, limited arable land, inefficient consumption of
essential resources and amassing agro-residues has necessitated the need of a sustainable solution
for the management of strained agricultural systems (Dhamodharan et al., 2020). The
conventional way of handling the huge biomass generated from the agriculture sector is the
burning of residues, which leads to the emission of nitrogen oxides (NOx), sulfur (SOx), volatile
organic compounds (VOCs), polycyclic aromatic hydrocarbons (PAHs), particulate matter (PM)
and carbon monoxide (CO). The prolonged exposure of these compounds has serious
implications on environment and human life (Apicella et al., 2021; Xie et al., 2015).

Biochar, a carbonaceous solid product of biomass pyrolysis, has been emerged as an efficient,
environment friendly and cost-effective approach for achieving sustainable development goals.
According to the IPCC report 2018, biochar is considered as the promising negative emission
technology (NET). Biochar recovery from agricultural biomass has numerous advantages over
direct combustion, including long-term carbon storage, biomass decay prevention, fossil energy
offsets, and reduced emissions of harmful green house gases while simultaneously improving

physicochemical and biological properties, soil quality, crop yields, and bioenergy generation
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(Woolf et al., 2010; Luo et al., 2021; He et al., 2021). Biochar is derived from a various sources
such as agricultural crops and remnants, agroforestry, industrial and municipal solid waste, by
pyrolysis (fast/slow) at 300-800°C in anoxic conditions (Yaashikaa et al., 2020), with generation
of bio-oil and syngas in parallel. From the perspective of sustainable agriculture system, agro-
resources such as rice husk, wheat straw, coffee husk, sugarcane bagasse etc., are considered as
the most popular sources for the synthesis of biochar (Chowdhary et al., 2021; Yang et al.,
2019).

The application of biochar is purpose-oriented and context-specific, and is largely governed by
biochar’s physicochemical characteristics, that rely upon thefeedstock type and conditions of
pyrolysis. Biochar possesses useful properties like high surface area, large pore size, stable
structure and presence of functional groups, which makes it suitable for wide range of
applications (Weber and Quicker, 2018). Biochar has been commonly used for soil amendment
and enhancing soil properties for better nutrient availability, increasing soil fertility, buffering
soil pH and enhancing carbon sequestration. In recent studies, biochar is also used as animal
feedstock for efficient nutrient uptake in livestock farming for improving animal health and
enhancing the productivity (Schmidt et al., 2019). Recent trend of developing engineered biochar
is gaining significant attention and numerous reports are available for efficient removal and
mitigation of heavy metals, toxic dyes, contaminants of emerging concerns from municipal
wastewater and industrial effluents (Luo et al. 2021; IBI, 2013; IBI, 2014; Deng et al., 2017,
Zhang et al., 2018; Yaashikaa et al., 2019). Production of biofuels (bio-oil and syngas), along
with biochar during pyrolysis, has been linked with the sustainable consumption of biomass

resources. Recent reports have suggested the application of biochar for assisting and enhancing
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the processes involved in the generation of bioenergy and construction materials, improving the
overall environmental benefits and helping in agro-waste recycling (Arif et al., 2020).

The United Nations has specified 17 ambitious SDGs to be attainable by the year 2030 (Gasior
and Wilhelm, 2017). Strategies focusing on the implementation and implications of sustainable
development have suggested the necessity of efficient consumption of natural resources,
inexpensive and clean energy, potable water and sanitation, and mitigation of climate change
(UN 2016; Smith et al., 2019). With regard to achieving SDGs, biochar has become a promising
and attractive tool because of its cost-effectiveness, and ability of enhancing food production,
efficiently adsorbing contaminants present in wastewater, and transforming bio-waste to
bioenergy (Wang et al., 2021). Biochar can directly contribute in achieving SDGs such as clean
water and sanitation (SDG6), affordable and clean energy (SDG7), responsible consumption and
production (SDG12) and climate change (SDG13). The article aims to produce a detailed insight
and know-how on the importance of biochar-based approaches for the enrichment of agricultural
soil, degradation and removal of pollutants, generation of bioenergy and mitigation of climate
change. Recent reports available on the fabrication of biochar and its composites, along with
their applications, are presented. The role of biochar in boosting circular bio-economy and
achieving SDGs has also been discussed.

2. Engineered biochar and their properties

Engineered biochar or biochar composites are the form of biochar modified with the materials
such as metals, nanomaterials, microorganisms, hydroxides etc., to enhance the characteristics of
raw biochar. They are classified as mineral biochar, metal biochar, microorganism biochar,
carbonaceous nano-composites and layered double hydroxide (LDH) biochar composites (Wang

et al., 2021). Mineral biochar were prepared by the co-pyrolysis, co-precipitation and
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immobilization of minerals such as Montmorillonite, Attapulgite, Struvite, etc. These mineral
based biochar can be used to improve the fertility of the soil and help in gradient release of
fertilizer (Chen et al., 2017; Wang et al., 2021; Hu et al., 2019). Metal doped or fabricated
biochar’s such as iron-oxide biochar, nano zero valent iron (nZVI) biochar and iron-sulphide
biochar are among the popular metal biochar composites, whereas MgO, MnOx, MoS,-coated
biochar composites are also reported. Usually, transition metals are known to facilitate the
catalytic action of biochar (Zhang et al., 2020; Liu et al., 2021; Wang et al., 2021). Metal biochar
is known to have improved adsorption capacity on the removal of pollutant and heavy metals
(Lyu et al., 2020; Wang et al., 2021; Shen et al., 2019; Hamid et al., 2020). Biochar equipped
with microbes such as Bacillus siamensis and Mycobacterium gilvum are called as
microorganism biochar, and they can be used to achieve increased degradation of stubborn
contaminants, decomposition of soil PAHs, soil metal immobilization and nitrogen fixation
(Feng et al., 2020; Kumar et al., 2021; Xiong et al., 2017; Tu et al., 2020; Wei et al., 2020). The
presence of large amount of & electrons in the modified nano composites made them suitable
candidates for adsorption dependent applications. Therefore, multiwalled carbon nanotubes
(MWCNTs) and graphene-based biochar are widely utilized for the adsorption of organic
pollutants such as sulfamethazine, phthalic esters and methylene blue (Wang et al., 2021; Inyang
et al., 2014). LDH-biochar composites consist of anionic clay minerals and biochar, where
minerals provide the metal hydroxide layers (positively charged) and interlayer space consists of
anions, required for the purpose of neutralization. Mg-Fe, Zn-Al, Ca-Al, Ni-Fe and Mg-Alare
commonly used for LDH-biochar composites, leading to improved anion-exchange capacity and
supporting co-precipitation andsurface complexation by providing hydroxyl groups (Ma et al.,

2016; Bolbol et al., 2019; Gaoet al., 2019; Wan et al., 2017).
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The feedstock type (nature of biomass) and operating temperature at which biochar is
synthesized determines the characteristics namely, surface area and porosity of biochar (Suarez-
Hernandez et al., 2017; Weber and Quicker, 2018). For synthesis from agricultural waste
products, with increasing temperature, surface area and overall pore sizeof biochar gets enlarged,
while decreased in particle size (Singh et al., 2019). The pyrolysis temperature is critical for pore
formation; usually 600-700°C 1is the critical temperature range for micropore formation
(Tomczyk et al., 2020). Also, biochar’s cation exchange capacity (CEC) has been found to
increase with an increasing surface area. The surface area and pore size of biochar are considered
as crucial parameters for contaminant remediation (Askeland et al., 2019).

Various methods and instrumental studies have been employed for the in-detail characterization
of biochar. The ultimate composition of biochar,such as carbon (C), nitrogen (N), hydrogen (H),
sulphur (S) and oxygen (O) can be measured using elemental analysis. Biochar’s surface area
and pore size distribution which reflect the morphological and physical properties has been
widely determined by the physio-sorption method. The surface characteristics and existence of
various functional groups are usually studied by performing Spectroscopy and Scanning Electron
Microscope (SEM) and Fourier Transform Infrared (FTIR) (Jechan et al., 2017; Rathnayake et
al., 2021, Ahmad et al., 2021a; Ahmad et al., 2021b). Atomic Absorption Spectrometer (AAS)
and/or Inductively Coupled Plasma Mass Spectrometer (ICP-MS) were used to detect traces of
heavy metals in biochar (Jechan et al., 2017).

Organic material emanating from agriculture and agro-forestry and being suitable as feedstock
for subsequent thermal processing typically includes bagasse, straw, nutshells, husks, bark,
sawdust etc. Biomass is mainly composed of cellulose, hemicelluloses and lignin. Apart from

these, it has been found that starches, proteins, minerals, oils,nucleic acids, and resins are also
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present (Li et al., 2014). In most plant derived biomass, cellulose dominates whereas lignin
dominates in woody biomass. Cellulose in biomass varies in the order of 40-60 wt.%.
Hemicelluloses remain relatively less stable and consists of ~20-40 wt.% of biomass (Brunnet
al., 2011). Lignin, structurally more complex, appears to be highly resistant to the thermal
degradation. Lignin in biomass accounts for 18 to 40 wt.% (Lu et al., 2021). Biomass chemical
composition is vital for biochar production as it affect the process of thermal degradation.
Lignin-rich biomass produces better charcoal with higher calorific value. If the lignin content is
relatively higher in biomass, it imparts higher biochar yield (Li et al., 2021). The biomass with
higher cellulose and hemicelluloses contents gets pyrolyzed relatively faster than the biomass
with higher lignin contents (Ojha et al., 2021).

Pyrolysis differ depending upon reaction conditions like speed of heat transfer to particles of
feedstock, temperature (maximum), and residence time, by the means of slow and fast pyrolysis.
Slow pyrolysis, the most widely used form for charcoal production (i.e., carbonization) generates
biochar at relatively slow heating rates,low temperature ranges (300-600°C), and long residence
time periods (hours-days) (Al Arni et al., 2018). For generation of ~20-40% charcoal/biochar,
slow pyrolysis can be considered if operational conditions ensure reduction of gas and oil.
Generally, under higher temperature, charcoal yield is lower. Production of biochar, highly
functionalized in nature, is driven by low temperature andresidence time.Relatively higher
contents of hydroxyl and carboxyl groups, in a way, are helpful for biochar in imparting
enhanced soil CEC (Khan et al., 2021).

On the other hand, fast pyrolysis is targeted for production of bio-oil. As compared to slow
pyrolysis, fast pyrolysis relies upon faster heating rates coupled with relatively short residence

times. The ideal liquid yield can reach upto ~75% (Armynah et al., 2018). Feedstock, properly
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homogenized, if ground well (~2 mm) and ideally dried (moisture<10%), lead to high yields of
bio-oil (Al Arni et al. 2018). Apart from bio-oil, the fast pyrolysis process also generates ~10-
15% of biochar. Also, as it is conducted at relatively higher temperatures (>500°C), the
aromaticity of biochar is relatively high (Das et al., 2021; Kim et al., 2012). Even for the same
residence time, the atomic ratio of O to C (O/C) is lower in fast as compared to slow pyrolysis.
The O/C ratio, in the order of 0.2 (i.e. highly stable) to 0.6 (i.e. highly functional) reflects biochar
stability and functionality (Jindo et al., 2014).

3. Factors affecting the yield, composition and functionality

The yield of biochar was observed higher in low temperature conditions; however, as the
temperature rises further, the yield gets decreased with increases in ash and C content (Zhang et
al., 2018). The C content is enhanced by higher reaction temperature with H and O contents
decreased (Nwajiakuet al., 2018). The composition of biochar varies with the feedstock type and
temperature of the process. It has been found that element silicon (Si) dominates in biochar
produced from by-products of rice plants (Daiet al., 2018). An increase in the temperature of
pyrolysis increased the concentration of Ca, Mg and K (Mohamed et al., 2021). Moreover,
amounts of volatile compounds decrease with increasing pyrolysis temperature.

Also, pH is one of the vital properties of biochar, which determine its application and usage as a
soil amendment or as a remediation agent (Rehman et al., 2021). The pH of biochar influences
mineral precipitation, mineralization of N and ion exchanges in soil (Fidel et al., 2017; Suliman
et al., 2017). The feedstock type and temperature serve to regulate the pH of biochar with
increasing pH with the increase of temperature (Kour et al., 2019).The pH increase, at relatively
higher temperature, might be attributable to increasing concentrations of inorganic elements that

are not pyrolyzed, coupled with surface-formed basic oxides at higher pyrolysis temperature
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(Rehman et al., 2021). Acidic functional groups detachment during pyrolysis (e.g., hydroxyl,
formyl or carboxyl) might also be one of the valid causes. During pyrolysis, removal of such
functional groups, acidic in nature, change biochar to a more basic condition. Overall, an
increase in pH contributes to greater degree of carbonization (Gwenzi et al., 2015).

The stability and C sequestration potential of biochar is determined by its chemical composition,
structure, aromaticity, aromatic condensation degree and contents of the labile aliphatic
compounds and volatile matter. The stability of the biochar is affected by the presence of
minerals in soil (Yang et al., 2021). In case of low carbonized biochar, the concentration of
volatile matter regulates the CEC. It has been observed that with aging, the capacity of anionic
exchange also decreases (Cao et al., 2019). Hard Lewis acid adsorption takes place through ion
exchange, e.g., via carboxylic functionalities, whereas soft Lewis acid adsorption occurs through
mechanisms of the cation-n bonding (Huang et al., 2021). It was noticed that the sorption
capability is governed by the surface area and aromaticity-porosity. Porosity and surface area
determine the soil’s water holding capacity (Dhamodharan et al., 2020). It was observed that pH,
porosity, surface area, sorption properties and presence/absence of hazardous/beneficial
compounds regulates the biota interactions (Sun et al., 2015; Rwizaet al., 2018).

4. Biochar as tool for environmental sustainability

Biochar, being a recalcitrant C-source, upon soil applications helps in slowing down native soil
organic C (SOC) turnover and enhancing N fertilizer use efficiency, thus, resulting into reduction
in GHGs emissions (Bhattacharyya et al., 2020). Biochar is useful in enriching SOC contents,
enhancing beneficial biological activities, and increasing availability of nutrients (Bhattacharyya
et al., 2021). It has been observed that its application to soil leads to improvement in soil fertility,

improved soil water holding capacity, enhanced crop productivity, long-term betterment of soil

11
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health, soil C sequestration, pest and disease control, bioremediation of heavy metals in soil,
degradation of dyes, and conversion of biowaste. Some of the major aspects are further discussed
below.

4.1. Biochar for soil remediation

The amendments of soil with biochar delivers numerous benefits in terms of improvement in soil
fertility, CEC, reduced nutrient leaching, availability of useful microbes and decreased emissions
of greenhouse gases. Figure 1 presented the various applications of biochar with respect to soil.
The in-detail analysis of biochar’s importance in soil restoration and sustainability of the
environmental (Table 1) is presented below.

4.1.1. Soil property and crop productivity

Excessive application of chemical fertilizers in the agricultural fields leads to nutrient leaching
and loss of nutrients due to run-off (e.g., N and P) to water bodies in close proximity resulting in
eutrophication, soil fertility reduction and soil acidification (Khan et al., 2021; He et al., 2021).
Biochar amendments in soil help to increase SOC contents and facilitate the beneficial microbial
populations and their maintenance in specific niches in soil (Sun et al., 2021; Hua et al., 2021).
Biochar acts as a growth promoter for soil microbes by providing favorable conditions in terms
of aeration, moisture, pH balance and more importantly the organic substrates. Biochar
significantly affects the metabolic activities of the soil microbes and modifies their diversity and
abundance (Palansooriya et al., 2019). Soil modified with biochar exhibits improved physico-
chemical properties such as CEC, reduced leaching of soluble macronutrients, improve soil’s
water holding capacity. It has been observed that weathered tropical soils modified with biochar
possessbetter soil fertility and crop productivity (Morales et al., 2021). A positive crop response

was observed between the incorporation of biochar amended soils and crop production.In case of
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dry land, crops planted to acidic and sandy soils, crop responses were relatively greater to
biochar amendment. Non-irrigated biochar mixed with soil can be utilized for the production of
crops because of its capacity to retain more rainfall water in comparison to unaltered soil (Liu et
al., 2017). Kiln-derived and gasifier-derived biochar of various feedstocks such as coffee and
rice husks, maize cobs, groundnut shells and eucalyptus wood, were compared (Deal et al.,
2012). It was observed that, the soil modified with gasifier-derived biochar possess higher yields
of crops in comparison to the soil amended with kiln-derived biochar (Deal et al., 2012).
Biochar, having high ash contents, helps in reducing soil acidity, increasing contents of some
essential elements (e.g.,Mg, Ca and K) and decreasing availability of Al (Gray et al., 2014). An
improvement in water retention capacity was also noticed due to the enhanced surface area
(Kookana et al., 2011). The addition of biochar in sandy soil drastically enhances the water
holding capacity by increasing the gaps in micropores and providing strong hydrophobicity,
which is beneficial in drought like conditions (Li et al., 2021). The higher specific surface area of
biochar is related to the presence of porous structure, which in turn acts as surplus capillaries,
thereby favouring water retention in soil. When soil acidity decreases, there is an increase in soil
capacity for exchanging ions. The effect of biochar on soil characteristics and plant growth are
regulated by its type, application rate, type of soil-crop andtime lapse after application. It has
been observed that the residence time in soil, its availability and aging process are vital factors.
4.1.2. SOC sequestration and C-use efficiency in agriculture

Biochar’s ability to slowly degrade in soil helps gradual building up of SOC (i.e. gradual rise in
organic C status) over time. The organic C, being tightly bound to soil particles, leads to
relatively lower emission of CO; from soil to atmosphere. Hence, the addition of biochar in

agriculture helps abate GHGs emissions and climate change (Liu et al., 2017).With the
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incorporation of biochar in the soil, it might become C sink for long-term C storage (Domingues
et al., 2017). The soil type and quality also determine biochar’s mean residence time. Biochar
contributes to building up a refractory SOC pool and has positive implications on SOC dynamics
(Wang et al., 2016). Agriculture can act as a net source/sink for GHGs depending on the
management practices (Neogi et al., 2020). Agricultural management practices that can foster
soil C sequestration are, in a way, helpful in mitigating climate change. It has been found that
amendment of soil imparts protection to SOC from utilization (Bhattacharyya et al., 2020). The
biochar’s high surface area and porosity facilitates the reduction in microbial activity and
regulates the stabilization of native SOC. Incorporation of biochar minimizes the CO, emissions
from soil by altering its characteristics and microbial diversity. It can help increase microbial
biomass in soil and increased SOC accumulation with C-use efficiency.

Keenan et al. (2016) has mentioned about the importance of biochar addition to wetland peat
soils in decreasing GHG emissions, while studying the implications of biochar C on wetlands
and emanation of agricultural soil C, in North Carolina, USA. A reduction (45.2-54.9%) in the
emission of CHs was reported in Japan, by the incorporation of biochar C paddyrice wetlands
(Pratiwi and Shinogi, 2016). In a study, biochar modified with mineral ions (Fe/Ca) has
remarkably improved the stability of aggregated soil and its C sequestration ability, present in
coastal wetland area. A shift in the microbial community which prefer labile-C to the microbial
community preferring recalcitrant-C was also noticed in case of soil amended with Fe-modified
biochar (Liu et al. 2020). Overall, the biochar’s application is considered as ‘C negative’,
because of the conversion of C sink to C storage, which could be maintained for an extend period
(Khadem et al., 2021; Brassard et al., 2017).

4.1.3. N leaching and utilization
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Overuse of agricultural N fertilization (mainly urea) in croplands is of grave concern, as it leads
to water quality-related problems and induce emissions of nitrous oxide (N2O) from soil-crop
continuum to atmosphere (Gonzéalez et al., 2015). Low N use efficiency (~30-40%), risk
associated with N leaching, N>O emissions and ammonia volatilization have been challenging
environmental sustainability across the globe (Li et al., 2018a). Therefore, upon fertilizer
application, reduction in N release with enhancement in N utilization by plants is of vital
importance for sustainable agriculture. Biochar’s enhanced surface area and porosity help retain
nutrients (e.g., N) in soil and soil solution as well (Li et al., 2018b). Feedstock types and
pyrolysis temperature govern the N retention capacity of biochar. Biochar amendments with
chemical N fertilizer offers relatively slow N release from the agricultural soil (Wen et al., 2017).
It was observed that the minerals bentonite and sepiolite promote the biochar-urea aggregation
and facilitate the adsorption for enhancement of N retention further. Moreover, biochar produced
from agro-wastes, might be useful as a blending material with urea to develop organo-mineral
combined urea to replace exclusive form of mineral urea, decreasing the usage of N. More
advanced research needs to be performed to have an idea of potential impact of biochar mixed
with urea on the N process in agricultural systems. It has been observed that biochar affected soil
N cycling, the rates of nitrification process, adsorption of ammonia, and increased in storage of
ammonium through improving and enhancing soil CEC (Gupta et al., 2019). Its application helps
to reduce leaching of nitrate and gaseous N losses.

4.1.4. Controlling pests

The process of biotic stress control and maximization the crop production need to be eco-friendly
and sustainable. The incorporation of biochar as an organic soil amendment (OSA) fits with this

context. Biochar’s application enriches beneficial soil microorganisms and triggers the
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suppression against pathogens. Soil suppression inhibits the development of diseases associated
with nematodes, fungi, bacteria and viruses. This is attributable to stimulation of activity of soil
biota, increase in favoured biocontrol agent population and reduction in pathogen inoculum
potential (Chung et al., 2021). Biochar suppresses soil’s pathogenic activities and infection-
causing capabilities (e.g., reducing infectionsfrom plant parasitic nematodes). Also, an increase
in free living nematode population is considered beneficial for soil health (Wu et al., 2020).
Biochar decreases the negative influence of pesticides on the environment via pesticide
absorption and adsorption. It helps reduce pesticide bioavailability attributable to its greater
surface area and higher porosity. It also protects the plant roots in soil from phytotoxic
compounds released by other plant roots, by plant residue decomposition and soil amendment in
form of agro-waste products (Xia et al., 2022).

4.2. Bioremediation of environmental pollutants

Biochar has been widely employed for the elimination of numerous hazardous contaminants such
as heavy metals, toxic azo dyes, and pharmaceuticals and personal care products (PPCPs). A
brief description of the reports available on the role of biochar on the elimination of these
contaminants is discussed below.

4.2.1. Removal of Heavy metals

The heavy metals adsorption and removal has been widely reported by the application of biochar
(Table 2). The adsorption mechanisms of heavy metals on biochar mainly involve physical-
adsorption, ion-exchange interactions, electrostatic attraction, functional groups combination,
surface complexation and precipitation (Li et al., 2019). Each metal has a specific mechanism of
adsorption and the relevant properties of biochar further affect the adsorption characteristics.

Numerous reports available on the basis of characterizations such as SEM, TEM, FTIR and XRD
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analysis have also revealed the high sorption efficiency of biochar for heavy metals (Xiang et al.,
2019; Yaashikaa 2020). The chestnut shell derived biochar for arsenic adsorption was increased
from 17.5 mg/g to 45.8 mg/g by the activation using magnetic gelatine. The modification
enhanced the surface area and improved the magnetic biochar characterization (Zhou et al.,
2017). Xiao et al.(2019) reported the removal of Cr(VI) and Cu(Il) from the aqueous solution
using the chitosan based combination of magnetic loofah biochar (CMLB). In this study, 40%
CMLB showed a maximum adsorption of 30.14 mg/g and 54.68 mg/g for Cr(VI) and Cu(lIl),
respectively. Rice husk ash biochar was applied for the elimination of heavy metals like Pb*",
Cu?*, Co?", Ni**, Zn>" and Cd**with the removal efficiency of 99.09%, 65.95%, 7.98%, 33.93%,
30.48% and 29.02%, respectively (Yu et al., 2018). The biochar colloids-mycelial pellets (BC-
MP) were prepared to study the adsorption of heavy metals. In this study, batch experiments
were performed with the model contaminant Cd(Il). The BC-MP displayed enhanced (57.66%)
removal efficiency in comparison to BC (5.45%) and MP (38.45%) (Bai et al., 2020). In another
study, sewage sludge biochar was reported for the removal of Cu** (99.63%), Zn>* (98.06%), Mn
(79.6%) (Zhou et al., 2017). Biochar delivered a huge potential in the elimination of heavy
metals and thus play important role in the treatment of water pollution by transforming toxic
heavy metals into their simplest form, and hence contributed in the environmental sustainability.
4.2.2. Degradation of dyes

Effluents from dyeing industries into rivers or lakes pose a major environmental risk. Dyes are
considered as contaminants, being categorized as carcinogenic/teratogenic, thus causing damage
to the ecology. The dye-containing wastewater is known to be transformed into toxic elements
such as dioxin (Khan et al., 2021). Biochar is well reported for theadsorption and catalytic

degradation of dyes, because of the availability of abundant functional groups and relatively
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large surface area (Table 2). The treatment of dyes with sulfide-modified biochar can be a viable
and effective solution. Utilizing relatively low-cost, environment friendly and varied biochar
materials from agro-wastes such as rice chaff, corn and bean stalks, have become promising for
minimizing the dye concentration. Also sulfides, along with the biochar, have the capacity to
decompose and transform the oxidizing dyes.

The dye adsorption capacity and efficiency of biochar varied with dye concentrations, pH and
temperature (Ahmad et al., 2020; Han et al., 2021). The adsorption of methylene blue dye
present in wastewater was studied using the biochar modified with nickel and the adsorption
capacity was calculated as 479.49 mg/g at 20°C (Yao et al., 2020). The adsorption was initially
high when the concentration of methylene blue was limited because of the large number of active
sites available for adsorption on the biochar. Ahmad et al. (2020) also studied the adsorption of
methylene blue by the application of biochar derived from rice husk, cow dung and sludge with
the adsorption capacity of 97.0-99.0%, 71.0-99.0% and 73.0-98.9%, respectively. According to
Ganguly et al., 2020, biochar made from rice husk has eliminated 99.98% of the malachite green
dye from wastewater. Similarly, Abd-Elhamid et al. (2020) reported the removal of methylene
blue (94.45%) and crystal violet (92.70%) using rice straw biochar. The highly porous structure
of biochar derived from rice husk and cow dung has efficiently absorbed the 66-99% congo red
dye (Khan et al., 2020). Metal salt modified agro-waste biochar achieved a high adsorption
capacity of 96.8% for congo red dye as compared to native biochar (Nguyen et al., 2021). The
highest sorption of malachite green dye was 3000 mg/L, which was achieved after five repeated
cycles using sugarcane bagasse biochar (Vyavahare et al., 2021).

4.2.3. Removal of pharmaceutical and personal care products (PPCPs)
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Pharmaceuticals and personal care products (PPCPs) are a diverse category of organic pollutants
used in medical and personal care of humans and animals. PPCPs are recognized as emerging
pollutants because of their adverse effects on human and aquatic life and have been widely
reported in domestic/hospital and industrial wastewater (Yang et al., 2017; Chaturvedi et al.,
2021; Keerthanan et al., 2020). The wild plum kernels derived biochar was functionalized with
potassium hydroxide and utilized for the removal of naproxen (NPX), which is an ionizable
pharmaceutical component. It was observed that the interactions such as electrostatic interaction,
electron-donor-acceptor (EDA) and H-bonding, were mainly responsible for achieving maximum
adsorption of 73.14 mg/g (Paunovic et al., 2019). Keerthanan et al. (2020) mentioned that
Gliricidia sepium biochar (GBC) produced at 700°C displayed highest adsorption capacity of
16.26 mg/g for caffeine. They demonstrated that a lower pH range, high aromaticity and larger
surface area, were the important factors for gaining maximum adsorption of caffeine. In a study,
Pinyon Pine Juniper (PJ) wood biochar was utilized to eliminate around 10 contaminants of
emerging concern from treated wastewater and the reclaimed water was further utilized for the
purpose of irrigation. It was observed that among the 10 emerging contaminants,
diphenhydramine (DPH), trimethoprim (TMP) and fluoxetine (FXT) were completely removed
by the action of biochar (Yanala et al., 2020). In a report, a modified manganese oxide composite
(MMB)-based biochar and raw biochar were applied for the elimination of fluoroquinolone
antibiotics, considering norfloxacin, ciprofloxacin and enrofloxacin as the model compounds.
High adsorption capacities of 6.94, 8.37, and 7.19 mg/g of MMB were obtained for the
norfloxacin, ciprofloxacin and enrofloxacin, respectively (Li et al., 2018). In another study, the
magnetic biochar (M-BC) derived from the Astragalus membranaceous residues was utilized for

the efficient and cost-effective removal of ciprofloxacin, with an enhanced adsorption capacity
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of 68.9 mg/g (Kong et al., 2017). Kenaf derived biochar has been reported for the elimination of
90% triclosan with 4 g/L biochar. The biochar possesses enlarged specific surface area and
enhanced aromatic moiety (Cho et al., 2021). The organic waste present in sewage sludge was
consumed for the cost-effective synthesis of engineered biochar. The PPCPs such as diclofenac,
triclosan and naproxen were eliminated with an adsorption capacity of 92.7 mg/g, 113 mg/g and
127 mg/g, respectively. The n—m interactions and H-bonding among the functional groups of
triclosan and biochar were considered for achieving maximum adsorption of PPCPs (Czech et
al., 2021). Similarly, the antibiotics tetracycline and doxycycline were removed by the iron-
based sludge biochar with an adsorption capacity of 104.86 mg/g and 128.98 mg/g (Wei et al.,
2019). Biochar based catalysts were also reported for the catalytic degradation of PPCPs which
includes metal-doped and metal-free biochar (Do Minh et al., 2020). Hence, biochar-based
removal of PPCPs can be considered as a budget friendly, efficient and eco-friendly approach,
desired for achieving sustainable development goals (Table 2) (Zhu et al., 2022).

4.3. Bio-waste to Bio-energy production

The co-production of biofuels (syngas and bio-oil) along with biochar from biomass during
pyrolysis has been extensively studied. However, the amount of biofuels and biochar varied with
the process conditions, e.g., temperature, feedstock type, heating rate, and residence time. The
potential of biochar has been verified for the enhanced synthesis of biofuels and compounds
involved in the generation of bioenergy such as biogas, bio-oil, hydrogen (H2), methane,
electricity, biodiesel and medium-chain carboxylates (Table 2) (Sun et al., 2020, Liu et al.,
2017). Biochar assisted the generation of biofuels by acting as the biocatalyst, providing the
large number of acidic sites, altering the biotic as well as abiotic conditions, facilitating the

growth of acetogenic and methanogenic bacteria and by the formation of biofilms. This section
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reviews biochar’s contribution to provide an affordable and clean energy and promotes
sustainability. Biochar serves as a cost-effective by-product of biorefinery with rich
physiochemical properties, which reduces the dependence on expensive and hazardous chemicals
for the generation of biofuels (Sun et al., 2020). The processing of pyrolysis products bio-oil and
syngas were utilized for the production of bio-diesel and electricity, respectively. A certain
amount of energy and the process heat obtained from the pyrolysis by-products can be consumed
to offset fossil carbon emissions (Woolf et al., 2010).

Functionalized biochar has a considerable potential to be used as direct catalysts or catalyst
supports in biomass upgrading processes (Shukla et al., 2021). A high yield (88%) of biodiesel
was obtained from cooking oil by the catalysis of acid functionalized biochar (Lee et al., 2017a).
The pomelo peel biochar was employed as a carbon catalyst support, which showed a high yield
(>82%) of biodiesel and reusability of 8 cycles (Zhao et al., 2018). The metallo-engineered
biochar such as Mg—Ni—-Mo/MPC (modified pyrochar), WO3/ZrO,/Al,03 and TiO»/ZrO> with
AO3/ZrO, were consumed as catalysts for the synthesis of bio-oil and ester (biodiesel)
(Pirbazari et al., 2019, Lee et al., 2017b, Shukla et al., 2021). The presence of large number of
acids cites (—SOzH groups) on the biochar’s surface are known to be responsible for the high
yield of biodiesel. Therefore, biochar with high porosity and surface areas is suitable for adding
acidic groups (Chen et al., 2017). The synthesis of esters from the processing of free fatty acids
(FFA) catalysed by the active biochar was reported to be consumed as biofuels through
esterification (Shukla et al., 2021).

The composites of biochar were consumed for the storage of energy by the preparation of
electrodes. The high costs of conventional electrode materials such as carbon nanotubes and

graphene led to search an eco-friendly and inexpensive source of C-rich material. Biochar has
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the potential to be considered for the storage of electrochemical energy by the preparation of
electrodes and further applied in fuel cells, Li-ion battery and supercapacitors (Cheng et al.,
2017). A pinecone biochar fabricated with polyoxometalate (POM) possessed high redox activity
and areal capacitance, which was approximately 2.5 times higher in relation to the unmodified
carbon (Genovese et al., 2017). The engineered electrodes such as biochar based activated
carbon (BAC) derived from corn-straw, modified with KOH, were applied in microbial fuel cells
(MFC) for transforming chemical energy into electrical energy (Wang et al., 2017). In a report, a
functionalized carbon cloth (CC) was associated with a varied concentration of biochar in a dual
chambered MFC and the system displayed a high-power density and suitable decrease in
chemical oxygen demand (COD) (Wang et al., 2018; Manya et al., 2021).

The amendment of anaerobic digesters with biochar enhanced the production of hydrogen,
methane and medium chain carboxylates (Sun et al., 2020; Shen et al., 2016; Sharma and
Melkania, 2017). The production of H» was reported to be enhanced by four times with the
addition of biochar in a municipal solid waste based anaerobic digester (Sharma and Melkania,
2017). Biochar aided the modification in the composition as well as synthesis of volatile fatty
acids (VFAs) (Sun et al., 2019). The application of biochar played a significant role in enhancing
H> production by inhibiting ammonia, supporting the formation of biofilm, nutrient supply and
facilitating pH buffering (Zhang et al., 2017). In this way, biochar enhanced the production of H»
by altering the biotic as well as abiotic conditions in anaerobic digesters.

The production of biogas was reported to be enhanced by the addition of white oak (WOBC),
corn stover (CSBC) and pinewood (PWBC)-derived biochar in the anaerobic digesters. The
addition of biochar facilitates the growth of acetogenic and methanogenic bacteria, and easy

removal of CO», H»S and NHjs. The incorporation of biochar derived from pine wood and oak
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wood, enhanced the content of methane in biogas by 92.3% and 79.0%, respectively (Shen et al.,
2017; Shen et al., 2016). An improvement of 31% and 10% in the yield of H> and CH4 was
observed due to the supplementation of biochar in a carbohydrate food waste mediated anaerobic
digester (Sunyoto et al., 2016). The biochar-based enrichment of anaerobic digestion has also
been reported to enhance the synthesis of medium-chain carboxylates (MCC). The MCCs
caprylate (C8) and hexanoate (C6) are considered as important chemicals that can be further
transformed into biofuels. The presence of pine wood-based biochar in the digester, also
increased the production of hexanoate and caprylate by 50% and 100%, respectively (Liu et al.,
2017).

The Acetone-Butanol-Ethanol (ABE) fermentation was also found to be benefited by addition of
biochar. The ABE fermentation can replace petro-chemical pathway for the synthesis of acetone
and butanol. Biobutanol is a popular biofuel with the ability to replace gasoline without making
any making any change in the fuel distribution mechanism and available engines (Brito and
Martins, 2017). Switchgrass (SGBC), red cedar (RCBC), poultry litter (PLBC) and forage
sorghum (FSBC) derived biochar, were added to the medium in place of costlier buffer 4-
morpholineethanesulfonic acid (MES). The study demonstrated that the supplementation of
biochar resulted in 84% decrease in the cost of medium (Sun et al., 2019). An enhanced
production of butanol and hydrogen was investigated by the incorporation of biochar in
Clostridium beijerinckii cultured ABE fermentation. Biochar assisted microbes to form biofilm
and efficiently consumed substrate (Wu et al., 2019). The biochar’s addition in syngas
fermentation has made a huge reduction in the cost of nutrients by avoiding expensive chemicals
(Sun et al., 2020).

4.4. Biochar for Climate Change Mitigation
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4.4.1 GHGs emissions reduction and neutral carbon footprint

Regarding the concentration of C in biochar, a major part is recalcitrant and smaller portion is
labile in nature, affecting the soil C/N ratio. Biochar incorporation stores biogenic C in soil and
offsets C emissions by burning of fossil fuel. Studies reported that the application of biochar has
the capacity to decrease the emissions of CO; from soil to atmosphere; thereby minimizes CHa
and N>O emissions as well, thereby, taking strides towards mitigating green house effect. It was
observed that the soil modified with biochar showed reduction in the emissions of CO,, while in
few other studies, no significant effect on soil CO» efflux was mentioned (Chung et al., 2021).
The incorporation of biochar in paddy soil has decreased the emissions of CO; and CH4 (Yin et
al., 2021). The soil modified with biochar for the purpose of rice cultivation has been reported to
reduce CO; emissions (Bi et al., 2021).

The technique of carbon footprinting has been widely employed for the calculation of GHG
emissions from the agricultural productions (Cooper et al., 2021). The phrase "carbon footprint"
represents the amount of GHG produced by a variety of activities and goods. Carbon footprint
has the potential to be used to analyse and compare the GHG emissions of various agricultural
products, as well as to identify the areas where environmental efficiency may be improved (Xu et
al., 2019). In a study based on Mediterranean wheat, relatively very less emission of CO; and
CH4 was observed because of the action of biochar (Liu et al., 2011). Short-term pilot scale study
on boreal agricultural soil also reported a low CO; flux upon the amendments with the biochar,
whereas an increase of ~96% CH4 uptake rate was observed in case of treated soil in relation to
the untreated soil (Zimmerman 2010). The nitrated production mediated by the nitrifying
bacteria has been facilitated by the incorporation of biochar and synthetic N, which provides the

labile C and ammonium. Denitrifying bacteria transforms nitrate into NoO/N> at intermittent
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aerobic and anaerobic conditions. Thus, numerous studies have reported the suppressive effect of
biochar for the emissions of NoO. The incorporation of biochar in soil also decreases the
intensity of GHGs per unit of agricultural product by decreasing the addition of labile C and N-
fertilizer, while maintaining the productivity (Qian et al., 2014). As reported by Woolf et al.
2010, the proposal of global implementation of biochar can reduce 1.8 Pg CO,-Ce per year of
annual emissions which counts approximately 12% of current anthropogenic CO carbon
equivalent (CO»-Ce) emissions, this made the total net emissions of 130 Pg CO»-Ce in a century.
Another intriguing finding was that potassium-doped biochar enhanced the carbon sequestration
capacity by 45%. This increases the worldwide biochar mediated carbon sequestration capacity
with > 2.6 Gt CO»-Ce per year (Masek et al., 2019). As per the International Biochar Initiative
(IBI), the O/C ratio of biochar played major role in the stability of biochar in soil (Budai et al.,
2013). Also, ~79.6% of biochar C was reported to persist for more than hundred years
(Dharmakeerthi et al., 2015). Recent reports on the application of biochar as an ingredient for
preparation of building materials are gaining attention. Biochar emerges as a carbon negative
source that has been incorporated in suitable proportions with the cement for construction
purpose and acts as a partial replacement of cement. It is reported that biochar enhances the
mechanical strength and thermal properties of the concrete, thereby reducing the CO> emissions
(Mensah et al., 2021).

Biochar offers wide range of potential applications, thus it is also necessary to discuss the
environmental risks associated with it. The biochar’s surface properties such as presence of
various functional groups, variation in pH and oxidation of aromatic C-ring, sometimes resulted
in the synthesis of hazardous components (heavy metals, dioxins, polycyclic aromatic

hydrocarbons (PAHs) and free radicals). The biochar derived from the crop Miscanthus has been
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reported to possess hazardous metals that enters into the environment via leaching (von Gunten
et al. 2017). Hale et al. 2012 has detected the presence of dioxins during the preparation of
biochar from the food wastes, pine wood and milk fertilizer. The concentration of dioxin and
toxicity equivalency quotient (TEQ) are the important factors for determining the risk associated
with the synthesis of dioxins from the biochar. The highly toxic compounds PAHs and their
precursors, especially for plants and microbes, are present in various environmental mediums.
Biochar derived from plants such as hemp are known to contain high mutagen content. A study
conducted on over 50 biochars showed that the concentration of PAHs is higher in biochars
produced with fast pyrolysis process than the slow pyrolysis, and flash evaporation is also
responsible for the enhancement of biochar’s PAH content (Hale et al. 2012). Also, the release of
metals such as Ca, Al and Ba during the process of pyrolysis performed at high temperature,
facilitates the leaching of PAHs. The formation of free radicals (e.g. hydroxyl free radicals and
semiquinone free radicals) during the process of pyrolysis leads to the damage of cells and
organs (Shen et al. 2022).

5. Biochar for Boosting Circular Bio-economy

Crop residues are post-harvest left-over items.For example, rice production at global scale alone
generates ~800 million tons straw annually. Here lies the importance of availability of
scientifically designed rational strategies for effective and fruitful use of nutrient rich enormous
biomass and its proper degradation. Cost-effective and environment friendly utilization of agro-
wastes are accomplished by producing biochar, biogas and concomitant generation of renewable
energy (Khan et al., 2021). From an environmental sustainability point of view, it is crucial that
biomass is utilized in such a way ensuring ultimate zero waste and zero harm to environment

(Bhattacharyya et al., 2020). Biomass can be transformed to functional carbonized product via
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biochar formation. Identifying and optimization of effective biomass, proper technology for
biochar production, dosages and applications in crop fields might ensure significant increment in
soil C contents and its stocks along different soil profiles, curbing GHGs emissions to the
atmosphere from the soil-crop system (Atkinson et al., 2018). Hence, biochar production
technology from biomass waste and its wide applications in agriculture, remediation and
generation of energy, look promising as a valuable approach. Thus, maintaining soil health,
sustainable crop production, renewable energy production, better environment management, in a
way fostering a circular bio-economy in context of climate amelioration (Figure 2) (Ilyas et al.,
2021).

It has been observed that recycling oflarge quantity of bio-wastes and its subsequent applications
in cereal crop fields does not provide a positive economic return on investment. In this context,
functionally enhanced biochar, even in small quantities, might prove to be an effective solution
in terms of low-cost and high efficiency. It is noteworthy to mention here about novel nano-
biochar material that can help in tackling soil metal contaminations (Li et al., 2020; Joseph et al.,
2013). Biochar, in small amounts also, when judiciously blended with chemical nutrients, have
been found to manifest greatly enhanced agronomic use efficiency of nutrients and growth
promoting activities in plants. Transiting from mineral fertilizer usages towards boosting more
and more green agriculture, the application of this biochar-based compound fertilizer (BCF)
technology could be potentially helpful (Qian et al., 2014). Moreover, BCF technology might be
helpful in facilitating a net income rise of farmers via increases in crop yield, reduced usages of
chemical fertilizers and GHGs emissions from the crop-soil system (Zheng et al., 2017; Hu et al.,
2019). As biochar is usually produced from bio-waste, therefore, the waste materials are being

continually reused and utilized. Hence, standardized and optimized biochar production
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technology and application are considered as environmentally sustainable and economically
viable intervention strategy for abating climate change.

6. Biochar Functions towards Attaining SDGs

The waste derived cost-effective synthesis of biochar and its utilization for the enrichment of
soil, treatment of wastewater along with the generation of bioenergy, in one way or the other,
contributed to achieve the sustainable development goals. For achieving SDG 1 (no poverty),
cost reduction and reliance on external resources (e.g., use of biochar from biomass feedstock)
along with rise in crop productivity will be helpful for farmers becoming self-sufficient and have
monetary gain as well. For SDG 2 (zero hunger), to increase the crop yield in degraded soils,
biochar, in form of mineral rich composite as slow-release fertilizers, might play useful role for
wide applications (Gao et al., 2020). Food security will get boosted, attributable to higher yields
and greater resilience of agro-ecosystem. For SDG 3 (good health and well-being), through
biochar application to soil and crop yield increases as well as remediation of soil and
purification of water, nutritional health of people can be accomplished. Biochar with microbial
inoculation and iron-biochar application to soil can be helpful in immobilizing metals and
degrading organic contaminants (Meili et al., 2019). For SDG 6 (clean water and sanitation),
biochar has been instrumental in adsorbing soil pollutants, avoiding leaching andwater pollution.
Efforts have been made for improving sorption of contaminants (Atinafu et al., 2020). For SDG
7 (affordable and clean energy), feedstock biomass pyrolysis acts as source for relatively
cheaper, affordable renewable energy. Biochar composites were utilized for the cost-effective
solution for the generation of bioenergy by replacing expensive chemicals, thus helps in
achieving SDG 7 (Chen et al., 2020). For SDG 8 (decent work and economic growth), achieving

SDGs 1 and 2, is associated with the farmers’ living condition improvement in rural areas.
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Developing cost effective (low-cost) pyrolyzer technologies for use of rural small-holder farmers
(e.g., earth-dug), helps achieve SDG 9 (industry, innovation and infrastructure) (Hamid et al.,
2020). For SDG 10 (reduced inequality), biochar can help small holder farmers in rural areas
becoming self-sufficient and improving women’s health attributable to clean cooking
technology; and will increase income of female, leading to less hunger, poverty, thereby,
minimizing inequalities between rural and urban places. For SDG 11 (sustainable cities and
communities), urban abandoned contaminated land remediation through use of composites of
iron-biochar, clay-biochar might be feasible (Wang et al., 2020). Biochar functions in urban
planting can prove to be helpful in achieving this SDG. Urban plantations help adapt cities facing
future extreme weather events such as heat waves. Also, biochar is reportedly known to
contribute in the sustainable drainage system in an urban area in China (Chen et al., 2021).
Biochar production through biomass pyrolysis can change the consumption of C-rich non-
renewable (SDG 12, responsible consumption and production) and can foster ground based C
storage (SDG 13, climate action) (Kammann et al., 2017). For SDG 12, increasing yields of
crops can be achieved with biochar soil application. Biochar usage in animal husbandry might be
helpful in reducing antibiotics use, resulting into positive impacts on animal and human health
(Shalini et al., 2020). For SDG 13 (climate action), relatively high recalcitrant nature of biochar
organic C, and reducing emissions of N>O, CH4 and CO» from amended soils lead to climate
amelioration (Ahmad et al., 2019). Increasing agro-ecosystems resilience helps in adapting and
mitigating future anticipated climate change effects. Minerals addition during pyrolysis or iron-
biochar composites application can enhance C stability and negative priming effects (Liu et al.,
2020; Hou et al., 2020). For SDG 15 (life on land), biochar addition, through improvement of

soil fertility and decrease in soil-water pollutants, can provide habitats for beneficial soil
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microorganisms, ensuring better soil health. Biochar technologies, its varied applications and
potentials, if revisited and reconciliated through the lens of reducing poverty and concomitant
preservation of environment, turns out to play prominent role in attaining SDGs (Yu et al.,
2020).

7. Socio-economic Impact and Way Forward

Biochar has received global scientific attention as a promising agent for negative emission
technologies (NETs), as well as a potential matter to reduce toxic elements in the environments
for sustainable environmental remediation (Hansson et al., 2021). Biochar applications to soil
have been found to decrease the usage of chemical fertilizer and parallelly increasing the crop
yield. Its application to soil helps curtail GHG emissions to atmosphere via soil C storage for
relatively long-term scale. Even coupled biochar-bioenergy production systems played an
significant role in reducing consumption of fossil fuel energy (Yumin et al., 2021). Various
researchers have emphasised the fact that biochar is a promising economic material for its
applicability towards environment sustainability. Nearly 60% of nitrogen fertilizers are wasted
due to run off, leaching, and vaporization. This lost nitrogen increases the fertilizer cost as well
as cause the serious environmental issue of greenhouse gas emission, eutrophication as well as
oxygen loss (Cen 2021). The biochar based fertilizers have proved to be an effective alternative
over conventional fertilizers. The functionalized biochar provides a nutrient-rich environment to
the soil and subsequently promotes organic farming. The modification in biochar based fertilizer
with polylactic acid has demonstrated 70% crop production efficiency over conventional
nitrogen fertilizers that have 30-40 % efficiency (Cen et al., 2021). The evidence from the field
study indicated that a urine-enriched biochar enriched the crop production yield by 60% in rural

areas of Bangladesh (Sutradhar et al., 2021).
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Praveen et al. (2021) reported that the biochar derived from feed stocks such as coconut shell
(CS), groundnut shell (GS) and rice husk (RH) costs about 0.61 USD, 0.57 USD and 0.57USD
per kg, respectively. The study indicated that these biochar’s can be considered as economic
adsorbents, as their cost for adsorption was as low as 0.061 USD, 0.012 USD, 0.013 USD (CS,
GS, RH) for the elimination of 1g dye from water (Praveen et al., 2021). The production,
application and storage of biochar is considered as aneminently carbon negative, with an approx.
sequestration of 0.3—-2 Gt CO; per year by 2050. The methods such as direct air capture (CO»),
forestation, soil based C sequestration, wooden based building materials and biochar, showed
atmospheric carbon removal costs ranging from 13.78 to 1233.5 USD per ton CO>. In which,
biochar’s cost lies between 71.67 to 180.54 USD per ton CO,. This data demonstrates the need
of large scale production of biochar (Fawzy et al., 2021). It is reported that renewal energy and
C-credits can help in reducing the minimum selling price of biochar and bio-based fuels. Sahoo
et al. (2019) suggested that woodchips briquettes, torrefied woodchips briquettes and biochar, are
economical systems for providing valuable products and contributes in decreasing GHG
emissions and wildfires. Also, the lack of knowledge among farmers regarding the policies and
application biochar in soil enrichment is the major area that needs to be focused and improved to
enhance the economic benefits of biochar. Hence, Biochar has emerged as an economic
alternative over various conventional methods for mitigating toxicity and achieving
environmental sustainability.

8. Conclusion

The need for an economical, environment friendly, highly efficient approach, to manage the huge
solid waste, leads to the development of biochar-based strategies, which offers a wide range of

benefits including enhancing overall status of soil health and productivity, improving
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705  sustainability of agricultural systems for food production and biofuel production.The properties
706  of biochar/ engineered biochar which include high specific surface area, large pore size, easy
707  separation of engineered biochar and abundant functional groups could be customized to gain
708  high adsorption capacities. Sustainable development evolves through continuous transformation
709  and biochar holds a solution place in attaining circular bioeconomy and achieving UNSDGs.

710  Therefore, certain future prospects can be considered for attaining SDGs within the timeframe:

711 e There is a scope of improvement in the search of novel feedstocks and development of
712 more efficient methods involved in their transformation to biochar.

713 e The long-term implications of biochar-based technologies and their impacts on human
714 life require more detailed studies.

715 e Climate amelioration, effect of different biochar production technologies with relation to
716 varied feedstocks needs to be quantified and vetted for devising judicious intervention
717 strategies in line with sustained crop productivity, improving soil health and
718 environmental management, carbon footprint reduction and climate change abatement in
719 food production.

720 e The methods of lifecycle assessment and cost-benefit analysis need to be combined for
721 optimising the design of biochar production systems for its widespread implementation
722 among farming communities.
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