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Abstract
The pursuit of environmental sustainability and the harnessing of renewable energy sources pose significant challenges, 
compelling researchers to explore innovative solutions. Carbon materials have emerged as crucial players in both energy, 
environmental, and agricultural applications, owing to their exceptional properties. Biomass waste, abundant and often 
overlooked, has captured attention as a promising precursor for the development of carbon-based products. This is particularly 
evident in the creation of biochar and hydrochar, whose characteristics are intricately shaped by production methods, source 
materials, and process conditions. These variables collectively influence their suitability for diverse purposes, ranging from 
energy storage and conversion to soil and water restoration, making them invaluable tools in sustainable agriculture and 
environmental conservation, as well as in the capture of greenhouse gases. The versatility of biomass-based activated carbon 
is further enhanced by the diverse array of feedstocks and activation pathways employed. This adaptability renders it suitable 
for a multitude of applications, creating a symbiotic relationship between resource abundance and functional efficacy. This 
comprehensive review aims to evaluate contemporary thermochemical methods for converting organic waste into high-value 
carbon materials. Moreover, it delves into strategies that augment the functionality of these materials, including activation 
processes and surface modifications. The review also illuminates recent advancements in the realms of energy, agriculture, 
and environmental research. It consolidates existing literature on physicochemical characteristics and techno-economic 
assessments of engineered carbon materials, providing a nuanced understanding of their potential impact. While exploring 
challenges, prospects, and future research directions, this review outlines the synthesis of carbon compounds from biomass. 
It emphasises the capacity to produce distinct chars with unique properties through various production methods, tailoring 
them to the specific requirements of diverse environmental applications.
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Introduction

Organic waste as renewable material has an immense 
potential for energy recovery and various environmental 
applications. Organic waste is composed of discarded plant 
and animal residues including food waste, yard waste, 
agricultural waste, forest residue, animal manure, sludge, 
and processed organic waste from industries. Valorisation 
of organic waste into sustainable by-products through 
chemical, thermal, and biological processes has been 
greatly emphasised in the recent years (He et al. 2022). 
Apart from the conventional processes of composting and 
anaerobic digestion (AD), advanced biochemical conversion 
techniques specific to each type of organic waste which helps 
in the recovery of novel bio-based assets including pectin, 
enzymes, biopolymers, oligosaccharides, and relatively 
high intermediates like lactic and furfural acid are also 
being carried out. However, longer residence times, high 
waste processing costs, and limited flexibility in the process-
products are some of the major constraints for adopting them 
on a commercial scale (Li et al. 2022).

Thermochemical conversion processes of organic waste 
which includes pyrolysis, gasification, combustion, and 
hydrothermal techniques are commended for their flexibility 
in process conditions for the recovery of by-products 
specific to variable applications (Yang et al. 2016). While 

pyrolysis is thermal degradation of waste in the absence of 
air at temperatures around 300–800 °C, gasification occurs 
at much higher temperature (700–1200 °C). A maximum 
temperature of 300 °C is required for the gradual heating 
process known as torrefaction to occur in an inert or 
oxygen-deficient atmosphere. Furthermore, hydrothermal 
conversion of biomass involves treating biomass with 
high-temperature water or steam at elevated pressures. The 
process is conducted under conditions typically ranging 
from 180 to 300 °C, utilising both temperature and pressure 
to facilitate the efficient conversion of biomass into desired 
end products (Sharma et al. 2020; Funke and Ziegler 2010). 
Hydrothermal processes utilise pressure (using steam) 
along with temperature the degradation of the material. 
The major by-products of all these thermal degradation 
processes are solid carbon materials, liquid oil, and syngas, 
whose composition and properties vary with respect to the 
technique and associated process parameters adopted (Tag 
et al. 2016).

As a major by-product, biochar is the traditional name 
given to solid by-product of slow/fast pyrolysis, torrefaction, 
and gasification (Yu et al. 2017; Zhou et al. 2018). Like-
wise, the solid carbon material derived from hydrothermal 
carbonisation of waste is referred to as hydrochar. Despite 
the fact that some research misinterprets the terms "biochar" 
and "hydrochar", under a blanket name of biochar (Liu et al. 
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2019), in the current review article we have adopted the 
widely accepted individual literature conventions for bio-/
hydrochar definitions as stated above. The carbonisation 
mechanism, composition, and the surface characteristics 
of chars are influenced by the feedstock's inherent charac-
teristics along with the process parameters including tem-
perature, holding time, heating rate, reaction catalyst, etc., 
(Tag et al. 2016). For hydrothermal carbonisation, pressure 
and water-feed ratio are other determining factors. The 
major defining factors of the chars include their carbona-
ceous skeletal structure, surface area, surface functionality 
along with some nutrient content which drive their applica-
bility in energy and environment related fields. Moreover, 
the physicochemical properties of chars can be engineered 
through process modifications or post-processing tech-
niques to advance their utility in varied applications (Panahi 
et al. 2020a; b). A brief overview of the focussing areas of 
selected review articles on biochar and hydrochar is pre-
sented in Table 1.

Several publications have recently been published on 
storing energy of carbon materials obtained from biomass, 
mitigation of increasing contaminants, and their use in 
industrial applications (Zhu and Xu 2020) and application 
of chars as supercapacitors (Cuong et al. 2021; Rashidi 
et al. 2022). However, critical reviews encapsulating all the 
engineered carbon materials derived from organic wastes for 
energy and environmental applications are limited. Hence, 

the chief objective of this review paper is to accumulate 
the knowledge on engineered carbon materials derived from 
thermochemical conversion of organic wastes its further 
application in the field of energy and the environment. 
The article highlights the key advances in production 
and modification techniques of these carbon materials 
for specific applications. The article critically focusses 
on the advancements in the energy and environmental 
related applications of these carbonaceous materials and 
identifies potential research gaps. The sustainability of the 
char industry along with the main challenges towards the 
wide applications of chars in water, energy, and agricultural 
sectors has been deeply investigated. Finally, the article also 
summarises the available literature on techno-economic 
assessment of these materials and briefly discusses the 
challenges, opportunities, and future research needs in the 
industry.

Biochar and hydrochar: production 
and mechanism

Biochar is a highly permeable carbonaceous granular by-
product majorly derived from the pyrolysis of organic mate-
rials. Pyrolysis for biochar production can be categorised 
as slow, fast, or flash pyrolysis (Ighalo et al. 2022) pro-
cess depending on the heating rate, pyrolysis temperature, 

Table 1  A quick summary of selected review articles with the focus on chars

References
Char production 

and mechanism

Composite 

char 

Char 

Modification

Techno-economic 

and sustainability 

assessment

Application of Chars

Contaminant 

removal

Catalyst/Catalyst 

support

Soil 

amendment

Electrode

material

This Review

(Shukla et al., 2021)

(Zhang et al., 2020)

(Panahi et al., 2020)

(Wang et al., 2017)

(Premarathna et al., 2019)

(Rajapaksha et al., 2016)

(Vijayaraghavan, 2019)

(Li et al., 2020)

(Li et al., 2020)

(Wang and Wang, 2019a)

(Xia et al., 2021)

(Hasan et al., 2021)

(Foong et al., 2020)

(Kumar et al., 2020)

Not discussed

Brief discussion

Extensive discussion
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pressure, and retention time. Specific methods of pyrolysis 
with their process parameters, and product compositions 
are presented in Table 2. The most common feedstocks 
for carbonisation are rice husk, rice straw, shells, fruit and 
vegetable waste, animal manure, sludge, woodchips, resi-
due of crops, and sugarcane waste (Miandad et al. 2016). 
The primary components of biomass are cellulose, hemi-
cellulose, and lignin, which are subjected to pyrolysis's 
depolymerisation, fragmentation, and cross-linking reac-
tions (Lehmann et al. 2021). Cellulose is initially broken 
down into oligosaccharides through depolymerisation, after 
which D-glucopyranose is generated (Li et al. 2001). This 
D-glucopyranose then experiences an intramolecular rear-
rangement, resulting in the formation of levoglucosan. Levo-
glucosan is involved in the production of levoglucosenone 
via a dehydration step. This levoglucosenone can then follow 
several pathways, including dehydration, decarboxylation, 
aromatisation, and intramolecular condensation, to eventu-
ally yield a biochar product (Li et al. 2001). Levoglucosan 
can undergo a sequence of rearrangements and dehydration 
processes to give rise to hydroxymethyl furfural (HMF). 
This HMF can be either decomposed into bio-oil and syn-
gas or undergo a series of polymerisation, aromatisation, 
and intramolecular condensation reactions to generate 
biochar. The specific pathways for cellulose decomposi-
tion during pyrolysis are depicted in Fig. 1a. The pyrolysis 
mechanism of hemicellulose is akin to that of cellulose. It 
begins with depolymerisation into oligosaccharides, fol-
lowed by the breaking of glycosidic linkages in the xylan 
chain and rearrangement of the depolymerised molecules to 
yield 1,4-anhydro-D-xylopyranose (Shen et al. 2010). This 
1,4-anhydro-D-xylopyranose can then undergo various reac-
tions, including dehydration, decarboxylation, aromatisation, 
and intramolecular condensation, resulting in the production 

of biochar or its decomposition into lower molecular weight 
compounds like bio-oil and syngas (Liu et al. 2015a, b). The 
specific pathways for hemicellulose decomposition during 
pyrolysis are outlined in Fig. 1b.

Lignin decomposition majorly involves the breakage of 
β-O-4 lignin linkage resulting in the generation of several 
free radicals (Vanapalli et al. 2021a). The formation of 
decomposed compounds (majorly biochar) occurs through 
free radical interactions with protons from other species. 
Free radicals are created through the rupture of the β-O-4 
lignin linkage. These free radicals have the ability to seize 
protons from other species possessing weak C–H or O–H 
bonds, leading to the creation of decomposed compounds 
(Yu et al. 2017). These radicals can be transferred to other 
molecules, initiating and propagating chain reactions. The 
chain reactions ultimately conclude when two radicals 
collide and combine to create stable compounds. However, 
it is important to note that observing these radicals during 
pyrolysis is a challenging task, making it difficult to 
determine the exact mechanism of lignin pyrolysis. The 
specific pathways for lignin decomposition during pyrolysis 
are illustrated in Fig. 1c.

Thermal degradation initiates during the drying stage, 
where the moisture in the biomass is evaporated, and only 
physical changes occur in the material, while the chemical 
composition is almost unchanged. The thermal response 
of the materials is evident at the pre-heating stage, and the 
chemical composition starts to transform. Hemicellulose, 
one of the unstable components of biomass, breaks down 
into carbon dioxide, carbon monoxide, a minute proportion 
of acetic acid, etc. The phase of solid dissociation occurs 
under the condition of hypoxia to produce carbon-rich 
biochar, and the liquid products produced contain acetic 
acid, wood tar, and methanol (Lin et al. 2022). The gaseous 
products contain  CO2, CO,  CH4,  H2, etc.

The process of hydrochar formation differs slightly 
from that of pyrolysis biochar. Hydrothermal conversion of 
biomass (preferably wet biomass) for the recovery of solid 
hydrochar has been emerging as a noticeable technology 
for municipal organic waste management (He et al. 2022). 
Hydrothermal conversion process utilises distilled or 
deionised water as a stimulant under low temperature to 
convert feedstock within a range of residence time (few 
minutes to several hours) (Varsha et al. 2022). The difference 
between pyrolysis and hydrothermal carbonisation is 
presented in Table 3. The exact mechanism of hydrothermal 
carbonisation is still unknown and is very complicated. 
The literature suggests that factors including pH, process 
temperature, type of feedstock, residence time, pressure, and 
phenolic compounds majorly affect the quality, yield, and 
stability of hydrochar (Li et al. 2022). Numerous researchers 
reported that hydrothermal carbonisation is a multi-step 
chemical process. The first and foremost step is hydrolysis 

Table 2  Types of Pyrolysis (Data taken from Panchasara and Ash-
wath 2021; Jahirul et al. 2012; Zhang et al. 2019a, b, c, d, e)

Pyrolysis Operating conditions Product yield details

Slow pyrolysis Temperature: 300–700 °C Bio-oil: ∼30%wt
Vapour residence time: 

10–100 min
Biochar: ∼35%wt

Heating rate: 0.1–1 °C/s Gases: ∼35%wt
Feedstock size: 5–50 mm

Fast pyrolysis Temperature: 400–800 °C Bio-oil: ∼50%wt
Vapour residence time: 

0.5–5 s
Biochar: ∼20%wt

Heating rate: 10–200 °C/s Gases: ∼30%wt
Feedstock size: 3 mm

Flash pyrolysis Temperature: 800–1000 °C Bio-oil: ∼75%wt
Vapour residence time: 0.5 s Biochar: ∼12%wt
Heating rate: 1000 °C/s Gases: ∼13%wt
Feedstock size: 0.2 mm
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where water followed by dehydration, decarboxylation, 
polymerisation, and aromatisation (Cai et al. 2016a, b; Lyu 
et al. 2018). Hydrolysis is the first and foremost reaction 
where the larger component of the biomass reacts with water 
and convert into smaller components which in turn produces 
hydrochar. Usually, the components present in the biomass, 
viz., hemicelluloses, glucose, fats, and lipids, are partially 
stable and easily hydrolysed under lower temperature 
(150–180 °C) in comparison, high temperature (250 °C) is 
required to hydrolyse cellulose content in the biomass.

The mechanisms governing hydrochar formation from 
cellulose are presented in Fig. 2a. The extended cellulose 
chains undergo degradation into smaller molecules, spe-
cifically oligomers. These oligomers are subsequently con-
verted into glucose, and a portion of the glucose undergoes 
isomerisation to form fructose. The products of hydrolysis 
then undergo a sequence of isomerisation, dehydration, and 
fragmentation reactions, giving rise to important interme-
diates such as 5-HMF or furfural, as well as the products 
derived from them (Promdej and Matsumura 2011). These 

intermediates engage in additional polymerisation and con-
densation reactions, along with reverse aldol condensation 
and intermolecular dehydration. This process results in the 
formation of hydrochar. Hydrochar derived from cellulose 
exhibits a polyaromatic structure characterised by poly-
furanic rings. It features a hydrophobic core and a hydro-
philic shell. Similar to cellulose, hemicellulose (xylan) 
initially undergoes hydrolysis into its monomers (xylose), 
followed by the generation of another crucial intermedi-
ate, furfural (Fig. 2b), as reported by several researchers. 
Furfural serves as the precursor for char formation through 
the process of polymerisation. The SEM (scanning electron 
microscope) spectra revealed that the surface of hydrochar 
derived from D-xylose was covered with microspheres, each 
having diameters ranging from 1 to 5 µm (Kang et al. 2012).

Most of the lignin fragments are challenging to dissolve 
and distribute within the aqueous phase when the hydrother-
mal carbonisation (HTC) temperature is not sufficiently high 
(for instance, below 377 °C at a water density of 954 kg/m3). 
However, a portion of the lignin can be dissolved in water at 

Fig. 1  Biochar formation mechanism from pyrolysis of cellulose (a), hemicellulose (b), and lignin (c) (Zhang et al. 2019a, b, c, d, e)
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Table 3  Difference between pyrolysis and hydrothermal carbonisation

Parameters Pyrolysis Hydrothermal carbonisation

Pre-treatment
Sorting of waste ✓ –
Maceration ✓ ✓
Desiccation ✓ ✓
Hydrolysis  × ✓
Process conditions
Pyrolysis temperature (°C) 400–900 180–350
Content of moisture  < 20% Very high
Retention time Seconds top minutes 2–5 h
Catalyst Not compulsory Not compulsory
Final products and application
End products High-quality syngas, oxygenated oils, biochar Energy-dense hydrochar, condensate, 

process water, gases
Material utilisation Biofuel, soil conditioners Soil revitalisation, fuel, energy production
Product yields
Liquid (wt %) 30–80 60–75
Solid (wt %) 12–60 8–20
Gas (wt %) 6–35 5–10
Reference Malav et al. (2020), Munir et al. (2018), Patel et al. (2016)

Fig. 2  Hydrochar formation mechanism from hydrothermal carbonisation of Cellulose (a), hemicellulose (b), and lignin (c) (Zhang et al. 2019a, 
b, c, d, e)
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200 °C (Kang et al. 2012). Because of its intricate structure 
and high molecular weight, the reaction mechanisms involving 
lignin are quite complex.

Figure 2c illustrates a streamlined process for the formation 
of hydrochar from lignin. In the first stage, the dissolved lignin 
experiences decomposition via hydrolysis and dealkylation in a 
uniform reaction. This process leads to the creation of phenolic 
products like syringols, guaiacols, catechols, and phenols 
(Wang et al. 2018a, b, c). Subsequently, these intermediates 
engage in a cross-linking reaction and re-polymerise to form 
phenolic char. Finally, most of lignin, which could not be 
dissolved in water, is converted into polyaromatic hydrochar 
(PH) via solid formation mechanisms similar to pyrolysis.

A comparative review of biochar and hydrochar 
in terms of physicochemical properties

Due to a lower level of dehydration in the hydrothermal 
carbonisation (HTC) process, hydrochar frequently exhibits 
a lower carbon content compared to biochar produced under 
conventional temperature ranges (Bargmann et al. 2013), 
especially when utilising crop residues as the feedstock 
biomass. In contrast to biochar, hydrochar demonstrates a 
notable reduction in ash content (Fang et al. 2018). Unlike 
biochar, which retains all the ash from the feedstock during 
HTC, hydrochar retains only a portion of it (Parshetti and 
Balasubramanian 2014). While all the ash in the feedstock is 
retained by biochar during HTC, only some of it is retained 
by hydrochar (Parshetti and Balasubramanian 2014). As 
a result, biochar is perhaps more alkaline than hydrochar. 
Biochar has a wider pore capacity and a higher surface area 
than hydrochar because of its higher production temperatures 
and the possibility of gas flow (in some situations) (Lehmann 
2012). Because the breakdown products remain persistent on 
the hydrochar, it is less porous (has a smaller surface area). The 
qualities of hydrochar versus biochar could differ depending 
on the applications. For instance, it is preferable for most 
forms of hydrochar to have a reasonably low ash concentration 
when being utilised as fuel. The reduced ash percentage of 
hydrochar suggests that it may be a more acceptable precursor 
for activated carbon, even though large surface area and pore 
volumes are associated with increased sorption ability. Table 4 
briefly depicts the comparison of physicochemical properties 
between biochar and hydrochar.

Engineering carbon materials from biochar 
and hydrochar

In regards of their several specific properties, like 
low cost, high performance, and lesser environmental 
burden, chars (biochar and hydrochar) have developed 
keen interest as effective alternatives to conventional Ta
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carbon-rich materials (Li et  al. 2019a, b; Liang et  al. 
2019; Mao et al. 2019; Zhang et al. 2019a, b, c, d, e). 
Typically, chars can be characterised by their surface 
properties such as negative surface functional groups 
and a porous skeletal structure. However, the surface 
area and surface functionalisation of pristine chars do 
not match up to the performance of commercial activated 
carbon materials (Jung et al. 2019; Luo et al. 2019). For 
instance, pristine biochar was observed to have very 
low contaminant adsorption capability from highly 
concentrated wastewater. Furthermore, it was very hard 
to segregate from water because of its small particle size 
and low density, which severely restricts its application 
(Tan et al. 2016). Similarly, the low porosity of hydrochar 
due to the deposition of persistent decomposition 
products on its surface needs to be compensated through 
further modifications to be efficient carbon materials in 
environmental remediation (Fang et al. 2018).

Given that specific surface area is a key parameter gov-
erning the overall performance of carbonaceous materials, 
chars need to be further enhanced to compensate for their 
lower surface area and exhibit comparable reactivity to 
conventional carbonaceous materials. Engineering carbon 
materials from these chars involve techniques including 
surface grafting of oxygen-containing functional groups, 
doping with hetero-atoms, physical, chemical, and bio-
chemical activation, and incorporation into composites 
which is popularly referred to as char engineering (Sik 
et al. 2015; Zhang et al. 2020a, b, c). Figure 3 shows the 
different production and modification methods of engi-
neered char materials.

Engineered char is a derivative of pristine char that 
has been modified physically, chemically, or biologically 
to improve its physicochemical, and biological properties 
(e.g. specific surface area, porosity, cation exchange capacity 
(CEC), surface functional group, pH, etc.) and its adsorption 

capacity compared to pristine char (Mohamed et al. 2016; 
Rajapaksha et al. 2016; Yao et al. 2013).

Figure 4 depicts the impact of different modification 
methods on physicochemical properties of engineered char 
materials. Char engineering allows for the modification of 
properties that are optimal for specific applications and/
or conditions. This would result in harnessing the benefi-
cial properties of char and increasing its efficiency while 
minimising the existing trade-offs. While activated carbon 
derived from biomass is one of the types, the definition of 
engineered char is much broader. Majority of char engineer-
ing methods are either more convenient or less expensive 
than traditional carbon activation processes. The proper-
ties of chars for adsorbing inorganic and organic ions (i.e. 
particle size and specific surface area) could be engineered 
through physical ball milling (Cai et al. 2016a, b; Lyu et al. 
2018). Through an optimised planetary ball mill process, 
for example, the surface area of a corn-stover-based bio-
char could be increased by more than 3.2 times, reaching 
194  m2/g (Peterson et al. 2012). In addition to micropores 
and surface area, the functional groups within the char could 
be modified during ball milling in the presence of an appro-
priate chemical, a process known as chemical ball milling 
and is represented in Fig. 5. Through ball milling, nano-
sized char with organic and inorganic contaminants removal 
performance comparable to carbon nanotubes and activated 
carbon could be produced (Shan et al. 2016).

The positive properties of char could be nearly doubled 
by activating it with gas/steam, such as air,  CO2, water 
vapour, and others. In terms of agriculture, this method 
produces chars with higher nutrient retention, which plants 
may absorb (Borchard et al. 2012). This activation method 
also removes incomplete combustion products and other 
impurities from char. Overall, gas/steam activation could 
be used as a preliminary treatment to increase the surface 
area of char before moving on to a second technique aimed 

Fig. 3  Typical char engineering techniques using thermochemical techniques
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at positively modifying char functional groups. The use of 
microwave pyrolysis is a relatively new method of speeding 
up the process. Furthermore, microwave irradiation 
pyrolysis eliminates the need for biomass shredding and 
drying. When compared to conventional biochar, microwave 
pyrolysis-derived biochar would have a larger surface area 
(Brunauer–Emmett–Teller, BET, of up to 450–800  m2/g) 
and more functional groups (Wang et al. 2018a, b, c). If this 
engineered char material is used as an agent in sustainable 
environmental management, it has the potential to improve 
soil water retention and cation exchange capacity. The 
functional groups in char are enriched through this strategy, 
which improves its adsorption selectivity and capacity 
to desired chemical species (i.e. heavy metals). Some 
functional groups containing coordinate atoms (e.g. N, O, 
or S) that can chelate with metal ions are amino and amide, 
carboxyl, hydroxyl, sulfhydryl, and sulfonyl (Zhou et al. 
2018). Because of ion exchange, electrostatic interaction 

(between the positively charged metal cation and negatively 
charged carboxyl anion), and complexation, the carboxyl 
group has a strong affinity to coordinate with metal ions 
(Yu et al. 2017; Zhou et al. 2018). Chemical-based methods 
involve activating biomass/char in the presence of chemicals 
and inert gas. More specifically, acids or bases could be 
used to oxidise char, improving micropores, surface area, 
cation exchange capacity, and the availability of functional 
groups in chars. Masoumi and Dalai (2020) found that the 
chemical activation of algal hydrochar using  K2CO3 or KOH 
resulted in the increase of specific surface area from 4 to 
2100  m2/g which was used as catalysts/catalyst support. 
Chemical modification in the presence of an appropriate 
oxidant effectively increases char's sorption capacity and 
heavy metals uptake. More specifically, acid treatment 
results in more carboxyl groups on char, which is suitable 
for better Cu, Pb, and Zn adsorption (Uchimiya et al. 2012a), 
sulfamethazine (Vithanage and Rajapaksha 2015), Cd and 
oxytetracycline (Aghababaei et al. 2017). Alkaline treatment, 
on the other hand, increases surface graphite C and/or 
aromatic functional groups (e.g. hydroxyl groups) while 
decreasing surface electrostatic attraction, p-p interaction, 
surface precipitation, and/or surface complexation, which 
is better for As, Cd, tannic acid, and chloramphenicol. 
The use of oxygen plasma to activate char is a more recent 
technique for achieving rapid and cost-effective activation 
at temperatures lower than 150 °C. Gupta et  al. (2015) 
found that 5-min oxygen plasma activation improved the 
supercapacitor characteristics (171.4 F/g) of yellow pine 
biochar. Capacitance improvements of 185 per cent and 72.3 
per cent were observed when pristine and conventional base 
activated biochar’s were compared.

Fig. 4  Summary of the effects of different modification methods on physicochemical properties of engineered char

Fig. 5  A model of porous engineered biochar containing different 
functional groups (Lee et al. 2017)
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Table 5 summarises the impact of physical modification 
techniques on the properties of engineered char materi-
als. Acidic functionalisation of hydrochar with the intro-
duction of  SO3OH or –COOH functional groups into the 
hydrochar matrix is one of the most common techniques 
of modification making it suitable as a solid acid catalyst 
for cellulose hydrolysis or biodiesel production (Masoumi 
et al. 2021). For instance, Huang et al. (2016) reported 
the highest biodiesel yield of 95.4% from oleic acid trans-
esterification using catalysts obtained from carbonising 
lignin in supercritical ethanol sulfonated with  H2SO4. The 
surface area of char could also be increased by incorporat-
ing different nanoparticles or metal oxides onto its surface 
using various chemical impregnation/coating techniques 
at various thermochemical processing steps (i.e. in-situ or 
post-modifications). Takaya et al. (2016b) used the versa-
tility of the clay-coating technique to recover phosphate 
from wastewaters using Mg impregnated biochar. As a 
result, the phosphate adsorption capacity of biochar made 
from oak wood increased by 31.6–33.5 times, reaching 
70.3%. Synthesis of magnetic carbon composites generally 
involves impregnation of chars with iron salts followed 
by chemical co-precipitation of iron oxide nano particles 
(IONPs) (Reynel-Ávila et al. 2021). Their affinity for spe-
cific substances helps in the separation/purification of 

targeted contaminants and their magnetic properties can 
be advantageous for easy recovery from fluids using mag-
netic decantation (Franzreb 2020). For instance, Patiño 
et al. (2021) have synthesised a novel magnetic hydrochar 
with super paramagnetic properties (saturation magnetisa-
tion of 55.21 emu/g) which has a potential application in 
environmental remediation.

Microbial digestion of char materials, on the other 
hand, can alter the redox potential and pH values of the 
feedstock biomass, which creates a digested char with 
relatively higher pH, surface area, CEC, anion exchange 
capacity (AEC), and hydrophobicity, along with a negative 
surface charge as compared to pristine char (Inyang et al. 
2010). The improvement of CEC and AEC suggests 
that biologically activated char could be used as ion 
exchangers, sequestering both positively and negatively 
charged ions from water.

Table 5  Effects of some physical modification techniques on char properties (Panahi et al. 2020a, b)

Technique Enhanced properties Negative effects/disadvantages References

Ball milling modification Particle size
Specific surface area

Increased dispersibility in water
Vulnerability to surface run off
Contaminating ground water upon 

biochar erosion

Lyu et al. (2018), Peterson et al. 
(2012)

Gas/steam activation Porosity
Surface area
Nutrient retention
Char purity

Reduced availability of surface 
functional groups

Formation of less polar biochar
Lowered metal remediation 

efficiency

Borchard et al. (2012), Chang et al. 
(2000)

Microwave modification Char production yield
Char production rate
Surface area
Functional groups availability
Cation exchange capacity

Low process reproducibility due 
to difficulty of controlling power 
and temperature

Wan et al. (2009), Zhao et al. 
(2010)

Magnetic Char Separation characteristics
Cation exchange and metal 

binding capacities

Diminished sorption of phenol
Often requires coupling reagent
Loss in char surface area and 

partial blockage of pores by 
magnetic medium

Vítková et al. (2016), Zhou et al. 
(2018)

Chemical Ball milling Nano-sized char High energy consumption Wang et al. (2018a, b, c)
Chemical activation  K2CO3 or 

KOH
Increases concentrations of soil 

organic matter
KOH activation may reduce the 

level of exchangeable cations in 
biochar

Masoumi and Dalai (2020)

Oxygen plasma activation Enhanced supercapacitor 
characteristics

Reduced particle size; surface 
erosion

Gupta et al. (2015)

Acid treatment by  H2SO4/HNO3 More carboxyl groups on char Loss of carbon content; release 
of gases

Uchimiya et al. (2012a)
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Energy and environmental applications 
of pristine and engineered carbon materials

Application in composting

Compost, just like biochar/hydrochar, uses biodegradable 
organic wastes as feedstock for recycling carbon and nutri-
ents in the soil. While high moisture content (60–70%) 
and low lignin content feedstocks such as food waste 
were considered ideal for composting, low moisture con-
tent (15–25%) and high lignin content feedstocks such as 
agricultural residues, and lignocellulosic biomasses are 
usually preferred for biochar production (Gajalakshmi 
and Abbasi 2008; Pang and Mujumdar 2010). In contrast, 
hydrothermal carbonisation prefers feedstocks with high 
moisture content and lignin content.

The addition of char-based materials as co-substrates 
in composting has recently gained prominence as their 
mutual interactions depicted the potential to maximise 
the benefits of both the materials (Wu et al. 2017). The 
possible chemical processes of adding char during com-
posting are represented in Fig. 6. Addition of char dur-
ing composting was reported to improve aeration, accel-
erate compost development, reduce odour, greenhouse 
gas emissions  (CH4 and  N2O), promote nutrient reten-
tion, immobilise heavy metals, and improve the overall 

quality of compost itself (Abujabhah et al. 2016; Fischer 
and Glaser 2012). Moreover, its positive priming effect 
in stimulating microbial activity and its negative prim-
ing effect of stabilising labile organic matter were also 
reported (Fischer and Glaser 2012). These synergistic 
effects could be majorly attributed to the char’s porous 
nature, large surface area, and high water holding capac-
ity. Moreover, Dias et al. (2010) reported addition of bio-
char as a bulking agent resulted in 70% degradation of the 
organic matter and intense humification of the material, 
thereby producing mature composts with a high fertiliser 
value. This could be attributed to the recalcitrance, nega-
tive surface charge, and cation exchange capacity of chars 
itself help in charging its surface with the supply of nutri-
ents from the compost and thereby increase its nutrient 
retentivity and loading of the final compost (Fischer and 
Glaser 2012). This further leads to increase in the overall 
reactivity of biochar surfaces with composting (Fischer 
and Glaser 2012; Lehmann 2012). This in turn increases 
its chemical adsorption potential, which was reported to 
reduce bioavailable HMs and remediate contaminants in 
the soil matrix (Borchard et al. 2012). Although hydrochar 
can also be a source of labile carbon and support nutrient 
retention, its relatively low stability can be a limiting fac-
tor for long-term C sequestration (Busch and Glaser 2015). 
Moreover, hydrochar was found to enhance  N2O and  CO2 
emissions possibly due to the enhanced microbial activity 

Fig. 6  The possible chemical processes of adding chars during composting (Adapted with modifications from (Godlewska et al. 2017))
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and lower stability in the soil (Kammann et al. 2012). So, 
the potential environmental risks of hydrochar co-com-
posting must be carefully evaluated before application.

So, engineered chars with enhanced surface 
microstructure, greater ion exchange capacity promoted 
by more surface functional groups can further promote 
composting efficiency. For instance, Ye et  al. (2019) 
demonstrated that co-composting of contaminated soil with 
activated biochar addition showed efficient performance 
for decontamination and detoxification of soil polluted 
with metals and PAHs in tidal wetlands. Similarly, Chen 
et al. (2022a, b, c) reported decrease in the concentration of 
diethylenetriamine pentaacetic acid extractable heavy metals 
during composting with  H3PO4 modified biochar by 15.15% 
(Cu), and 36.50% (Zn) as compared to 12.04% (Cu), and 
26.91% (Zn) in the pristine biochar. Further, the effects of 
10%  H2O2 modified cornstalk biochar to reduce ammonia 
emissions from compost (by 61.69%) by increasing the 
number of ammonia-oxidising bacteria and decreasing 
urease activity were also depicted by Zhou et al. (2021). 
However, all these effects are also highly dependent on the 
proportion of chars in the mixture. At very low rates of 
application, chars probably cannot induce any significant 
changes in the properties; an excessive dosage, on the 
other hand, could interfere with the biodegradation of the 
composting material. This necessitates future research on 
dose optimisation for improved synergism between both 
the materials. Moreover, the surface functionality and 
morphological changes of conventional biochar during 
composting have been depicted by some previous studies 
(Wu et al. 2016, 2017), understanding the mechanisms of 
interactions affecting the physicochemical characteristics 
and abiotic/biotic oxidation of different engineered chars 
during composting need to be further research.

Application in soil amendment

Earliest scientific evidence on improved properties of soil 
with the application of carbon-derived organic materials 
can be associated with fertile terra preta soils of the central 
amazon (Lehmann 2012). Although direct application of 
organic feedstocks was reported to improve the overall 
quality of soil (Li et al. 2019a, b; Soon and Lupwayi 2012; 
Surekha et al. 2003), their rapid decomposition in soil limits 
their utility for long-term amendment.

Engineered carbon substances such as biochar/hydrochar 
due to their porous surface morphology and superior phys-
icochemical characteristics are reported to promote carbon 
sequestration, nutrient retention, reduced bioavailability of 
contaminants, improved water holding capacity, and cre-
ate suitable habitat creation for microbial population when 
applied as a soil amendment (Islam et al. 2021; Lehmann 
2012) (Fig. 7). Notably, these substances are reported to 

have a significant influence on the biochemical and bio-
physical mechanisms governing interactions among soil 
microorganisms, mesofauna, and macrofauna, which in turn 
has profound effects on both aboveground and belowground 
soil ecosystem (Ameloot et al. 2013; Lehmann et al. 2011). 
However, the extent of these effects is contingent upon vari-
able factors including soil type, feedstock, hydrology, rate 
of application, and climatic conditions (Islam et al. 2021; 
Mukherjee and Lal 2013).

Porosity, surface morphology, oxygen-containing 
functional groups, cation exchange capacity, and nutrient 
content of chars are important factors governing their soil 
amending properties (Awasthi 2022). The porous surface 
structure of chars aids in reduced hydraulic conductivity of 
soil, thereby relatively increasing its water holding capacity 
(Devereux et al. 2012). Especially, the capillary action of 
micropores promote water retentivity with longer retention 
times in chars than macropores (larger than 10–20 µm) 
(Lehmann 2012). Moreover, the effects of secondary 
parameters such as zeta potential and cation exchange 
capacity are associated with adsorption of hydrated ions 
on the surface (Batista et  al. 2018). The microporous 
structure of the chars serves as a conducive environment 
for the microbial community, serving as a stable source 
of nutrients and facilitating their prosperity (Joseph et al. 
2013; Quilliam et  al. 2013). However, the presence of 
volatile organic carbons, environmentally persistent free 
radicals and phytotoxic compounds could turn out lethal 
to the survival of microbes (Lehmann et al. 2011). For 
instance, George et al. (2012) attributed the presence of 
phytotoxic compounds including organic acids and phenols 

Fig. 7  Versatility of chars in soil amendment
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for the negative effects of hydrochar on the abundance of 
arbuscular mycorrhiza fungal root colonisation. Moreover, 
char’s positive influence over the physicochemical properties 
of soil like pH, nutrient content, aeration, carbon recycling, 
etc., also seemed to improve the soil quality (Islam et al. 
2021; Quilliam et al. 2013). The strong adsorptive capacity 
of chars for ionic solutes significantly contributes to nutrient 
retention in soil. Field and column studies reported char’s 
ability in soil to reduce the leaching of soluble nutrients such 
as ammonium (Takaya et al. 2016a; Yao et al. 2012), nitrate 
(Yao et al. 2012), sulphate (Zhao et al. 2019), phosphate 
(Trazzi et al. 2016), etc. Further, the same phenomena aids 
in bioremediation that helps to reduce the bioavailability 
and phyto-availability of several heavy metals and organic 
pollutants in a contaminated soil (Ogbonnaya and Semple 
2013; Qin et al. 2013; Sun et al. 2018).

So, engineering chars to enhance these surface and phys-
icochemical characteristics is necessary to further enhance 
their soil amending properties. These engineered char 
amendments should consequently assume a multifaceted 
role, contributing to carbon sequestration, water conserva-
tion, nutrient retention, microbial growth, and the immo-
bilisation of heavy metals in soil (Khan et al. 2023). The 
carbon sequestration potential of char depends on its yield 
and recalcitrance when added to soil. Studies suggest that 
with increase in pyrolysis temperature, the easily mineralis-
able aliphatic carbons transform into aromatic compounds 
which oxidise relatively slowly (Mimmo et al. 2014; Zim-
merman 2010). Zimmerman (2010) estimated half-lives of 
biochar ranging from 102 to 107 years with carbon losses of 
3–26% in 100 years. Moreover, this is true even in the case 
of hydrochar, which has a significantly higher proportion 
of labile carbon, thereby having relatively low stability in 
the soil (Dicke et al. 2014). De Jager et al. (2022) depicted 
greater interaction and association between hydrochar car-
bon and soil organic matter in hydrochar produced at higher 
temperatures. However, the study emphasised that this kind 
of C stabilisation may not be enough to counteract or bal-
ance the losses observed in hydrochar amended soils due to 
initial positive priming effect, leading to loss of labile carbon 
fraction. While pristine biochar, as a carbon-negative tech-
nology, has garnered considerable attention, there remains 
a gap in the comprehensive study of the long-term stability 
of various engineered chars in soil. This gap is particularly 
significant due to conflicting findings in some studies, where 
an increase in thermal stability is observed alongside lower 
chemical stability in soil, as seen in the case of biochar-
based fertilisers produced from co-pyrolysis of  H3PO4, 
MgO, coffee husk, and poultry litter (Carneiro et al. 2018). 
So, there is a crucial need for long-term research focussing 
on understanding the intricate interactive effects of differ-
ent engineered chars with soil organic matter across various 
soil types.

The improvement in soil quality and plant growth 
with char amendments can be a factor of improved water 
holding capacity, nutrient supply, and nutrient retentivity. 
Cation exchange capacity, surface negative charge, and 
covalent interaction are the most influential reasons for 
the nutrient absorbability of the chars (Clough et al. 2013; 
Gao and DeLuca 2016; Takaya et al. 2016a; Van Zwieten 
et al. 2010). Nutrient retentivity can moreover be a factor 
of porosity, bulk density, water holding capacity of the 
char (Sun and Lu 2014). Although some of the studies 
have indicated no signficant effects of hydrochars on water 
holding capacities in soil (Kalderis et al. 2019), hydrochar 
produced using feedstocks of small-sized particles and 
low reaction temperatures (≈180 °C) favour higher water 
retention capacities (Eibisch et al. 2015). Since chars are 
not sustainable sole source of nutrient supply, production 
of nutrient-enriched biochars—which are engineered 
biochar-inorganic/organic fertiliser complexes—have 
become prominent in the recent years (Sim et al. 2021). 
For instance, a meta-analysis by Melo et al. (2022) on the 
effects of biochar-based fertiliser (BBF) on crop productivity 
depicted an average increase by 10% with low application 
rates (mean of 0.9 t  ha−1) compared with fertilised controls 
and 186% compared with non-fertilised controls. Further, 
Zhang et al. (2022) also successfully depicted the potential 
of poly(acrylic acid)-grafted chitosan and biochar composite 
amendment for improved nitrogen cycling. The study 
depicted the potential of this engineered biochar composite 
in significantly promoting soil ammonium retention, and 
reduction in nitrate accumulation, nitrous oxide emission, 
and ammonia volatilisation during the rice cultivation. 
The effect of adding biochar along with mineral fertilisers 
also proved to reduce their leaching and hence lower the 
associated problems of eutrophication and hypoxia of both 
inland and coastal waters (Yao et al. 2012).

The bioremediation potential of metal–biochar (nano)
composites in contaminated soils remediation was well 
documented through pot culture and field experiments. 
Metal sorption in char amendments occurs through 
precipitation, electrostatic interactions, complexation, 
chemical reduction, and cation exchange (Li et al. 2017). 
The successful application of metal-modified biochar 
composites in immobilisation of various heavy metals, such 
as Fe–Mn modified biochar composite (As), Fe-biochar 
(As, Cd), sulphur, and sulphur-iron modified biochar (Cd), 
MgO-coated biochar (Pb), and MnO-modified biochar (As), 
depicts the efficacy in contaminated soils remediation. The 
mechanisms followed in organic pollutants adsorption are 
hydrogen bonding, hydrophobicity, electrostatic interactions, 
and π–π interaction (Inyang et al. 2014; Qiu et al. 2009). 
Application of engineered chars functionalised by steam/
CO2 activation, ball milling, oxidising, iron materials, LDH, 
organic surfactants, and bacteria loading for the remediation 
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of various organic pollutants (e.g. pesticides, antibiotics, 
plasticiser, PAHs, and phenols) in soil has been successfully 
depicted (Chen et al. 2022a, b, c).

The effects of biochar composites were also highly 
dependent on the type and intrinsic properties of the soil. 
The differences in the water retentivity of sandy and clayey 
soils were reported to affect the effectiveness of char water 
holding capacity (WHC). While Yu et al. (2013) reported 
doubling of WHC of sandy loam soil with 9% (w/w) biochar 
addition, research on the effects of chars on clayey soil 
depicted mixed results (Castellini et al. 2015; Devereux et al. 
2012; Tryon 1948). Further, Vijay et al. (2021) depicted 
better performance of char amendments in tropical over 
temperate regions to improve overall soil quality and crop 
yield. Meta-analyses conducted by Jeffery et al. (2017) 
and Thomas and Gale (2015) also revealed significantly 
higher effects of char amendments on crop yield and tree 
growth in tropical regions relative to temperate zones. The 
liming effect, enhanced nutrient availability, and WHC 
following char addition were attributed as the reasons for 
the yield increase in tropical soils with inherently poor soil 
quality characteristics (Vijay et al. 2021). Similarly, field 
study-based char amendments depicted soil CEC increase 
in Indonesian tropical soils (Islami et al. 2011), while in 
Australian subtropical ferralsols (highly weathered acidic 
soil), no significant effects were observed (Slavich et al. 
2013). Moreover, in temperate zones, research indicated 
a positive CEC response to char amendments in non-
calcareous soils (Yamato et al. 2006; Laird et al. 2010; Peng 
et al. 2011). Conversely, in calcareous soils, no discernible 
effect of biochar on CEC was observed (Van Zwieten et al. 
2010; Kumari et al. 2014).

However, these effects can exhibit variability contingent 
upon factors such as the char's feedstock, modifications, 
inherent characteristics, and the application rate which 
might provide diverse effects in different soil types. Along 
with engineering char for different types of soil conditions, 
research should also be focussed on optimisation of 
the process parameters in char application for variable 
conditions (Vanapalli et al. 2021a, b). Consequently, this 
data can enable engineering char amendment strategies 
specific to climatic conditions, soil types, pH levels, nutrient 
content, and char properties to specific crops and their 
yields, accounting for variations in these parameters.

Application as an electrode material

Use of carbon materials such as carbon nanotubes, graphene, 
activated carbon, and graphite granule as electrodes is well 
established (Li et  al. 2011). Char is a low-cost carbon 
material with appreciable nitrogen as ammonia, rich carbon 
percentage, large specific surface area, excellent cycling 
stability and high power density has the potential to replace 

the conventional electrode materials successfully (Rizwan 
et al. 2016). However, intrinsic properties of chars determine 
their potential for electrode application. For example, chars 
with high electrical conductivity, porosity, and stability at 
lower temperatures are preferred as electrode material in 
microbial fuel cells (Huggins et al. 2014). Chars containing 
relatively high bound oxygen groups are preferred in direct 
carbon fuel cells (Kacprzak et al. 2014). Char with high 
porosity and structural bound nitrogen groups is preferred 
in the development of supercapacitors (Titirici et al. 2012).

The ideal electrode materials require rich porous struc-
ture and high surface area in order to provide enough active 
sites for electrochemical oxidation (Wang and Wang 2019b). 
Various porous carbons derived from biomass have been 
developed through physical, chemical, acid/alkali modifi-
cations, microwave-assisted pre-treatment (Panahi et al. 
2020a; b; Rajapaksha et al. 2016; Wang et al. 2018a, b, c). 
Figure 8 depicts the modifications executed for developing 
the electrochemical properties of char materials. Recently, 
Cheng (2021) produced porous carbon materials from corn 
glue meal waste followed by KOH activation at 700 °C. The 
material exhibited a high specific surface area of 3353  m2/g 
along with a good energy-storage capacity of 488 F/g at 
0.5 A/g and excellent cycling stability. Hydrochar-based 
porous carbons for supercapacitors were created by (Ding 
et al. 2013), utilising  H3PO4, NaOH, and KOH activation. 
This resulted in augmented BET surface areas ranging from 
1355 to 3322  m2/g and increased pore volumes ranging from 
1.45 to 2.53  cm3/g. The highest specific capacitance of 179.4 
F/g with a current density of 6.25 A/g was observed with 
KOH activated hydrochar, which depicted promising elec-
trode material prospects for supercapacitors.

Sun et al. (2021) synthesised a porous sheet-like graphitic 
carbon via a simultaneous activation–graphitisation route 
from coconut shell. In the synthesis process, the activating 
agent  (ZnCl2) and graphitic catalyst precursor  (FeCl3) 
were firstly introduced into the skeleton of the coconut 
shell through coordination of the metal precursor with the 
functional groups in the coconut shell. Then, the  Zn2+/
Fe2+ loaded coconut shell was heat treated under an inert 
atmosphere. During the pyrolytic process, the  ZnCl2 can act 
as an activating agent to produce porous structure, while 
the iron can catalyse the formation of the graphene-like 
structure. The results showed that the porous sheet-like 
graphitic carbon possesses high specific surface area (SSA) 
(1874  m2g−1), large pore volume (1.21  cm3g−1), and good 
electrical conductivity due to the high graphitic degree. 
When used as a supercapacitor electrode, the as-synthesised 
carbon material exhibits a high specific capacitance of 268 
 Fg−1at 1  Ag−1, which is much higher than that of activated 
carbon (210  Fg−1) fabricated by only activation with  ZnCl2 
and graphitic carbon  (117Fg−1) by only graphitisation with 
 FeCl3.
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He and Chen (2015) tested the prospects of flexible 
carbon cloth coated with  MnO2 nanosheets  (MnO2/CFC) 
as supercapacitor electrode, and observed that it exhibited 
a high specific capacitance of 683.7  Fg−1 at 2  Ag−1and still 
retained 269  Fg−1at 300  Ag−1, which is much high than that 
of bare CFC (0.56  Fg−1at 5  Ag−1). Moreover, the  MnO2/
CFC electrode showed relatively high stability with 94% 
capacitance retention after 1000 cycles. Also, Thines et al. 
(2016) demonstrated that the synthesised magnetic biochar 
composite developed a highest specific capacitance of 615 
F/g at 10 mV/s and energy density of 76.88 Wh/kg than 
original biochar composite. Similarly, Arenas Esteban et al. 
(2020) demonstrated the utility of carbon/gold nano grapes 
(C/Au NGs) prepared from hydrothermal polymerisation 
of glucose-stabilised gold nanoparticles as supercapacitors 
with high volumetric capacitance.

It is well known that the low carbonisation temperature 
of biomass to produce biochar/hydrochar brings in high 
yield, high density, and abundant functional groups (Liu 
et al. 2015a, b). This helps in the char materials to become 
promising supercapacitor electrode materials with high 
volumetric specific capacitance, whereas the inherent poor 
conductivity hinders its further development. These porous 
carbons possess large specific surface area but generally 
low specific capacitance of less than 300 F/g, due to the 
dominant electrical double layer capacitance (EDLC) 
contribution. Thus, exploring conductive char materials 

is required to develop high electrochemical performance 
supercapacitor electrode materials. Hetero atoms (N, S, 
P, B, etc.) doping is an important approach to enhance the 
specific capacitance of porous carbon. N doping can not 
only provide large pseudo-capacitance but also improve the 
conductivity and wettability of porous carbon materials, 
which makes it the most promising choice to optimise the 
electrochemical performance for carbon materials (Dong 
et al. 2021). N-doped porous carbons derived from biomass 
are generally prepared through two approaches. One is to 
treat N-containing biomass precursors (such as corn gluten 
meal waste (Cheng et al. 2021), poplar catkins (Su et al. 
2017), puffed rice (Hou et  al. 2017), chitosan (Huang 
et al. 2021), water hyacinth (Zheng et al. 2017), silkworm 
excrement (Lei et al. 2018), coconut shell and sewage sludge 
(Peng et al. 2018), platanus fruit (Tan et al. 2021), tofu (Liu 
et al. 2015a, b), dried distillers grains (Jin et al. 2015) with 
carbonisation and chemical activation (KOH,  ZnCl2, Ni 
 (NO3)2, etc.) process.

The other is to introduce N-containing molecule (such 
as polyacrylonitrile, urea, acetyl trimethyl ammonium 
bromide,  CN2H4S, trithiocyanuric acid, etc.) into N-free 
biomass materials such as apricot shell (Shu et al. 2017), 
dandelion fluff (Zhao et al. 2021), rice straw (Liu et al. 
2018), corncob sponge (Materials et al. 2018), pomelo peels 
(Wang et al. 2018a, b, c), bagasse (Zou et al. 2018), (Tang 
et al. 2018; Wang et al. 2016a, b) etc. followed by chemical 

Fig. 8  Modifications executed for developing the electrochemical properties of chars
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activation. The reported N-doped porous carbons show 
greatly enhanced gravimetric specific capacitance. However, 
the preparation process usually requires high activation 
temperature, leading to limited N-doped content, large 
energy consumption, and environmental pollution (Peng 
et al. 2018). In addition, these N-doped porous carbons 
usually present low volumetric specific capacitance, due 
to their low density (generally less than 0.6 g/cm3) (Long 
et al. 2015; Wang et al. 2021; Wang 2016). The study also 
showed that nitrogen enriched graphite polymers employed 
as high-performance supercapacitor electrodes. The 
prepared single-electrode exhibits remarkable gravimetric 
specific capacitance, ultrahigh volumetric capacitance 
(950 F/cm3 at 1 A/g), and excellent cycling stability in 
1 M  H2SO4 electrolyte. Furthermore, a superior volumetric 
energy density of 42.8 Wh/L is achieved for the assembled 
symmetric supercapacitor with 1 M  Na2SO4 electrolyte. 
The excellent electrochemical performance of synthesised 
material demonstrates that the designed strategy provides 
an effective approach to prepare high-performance 
N-enriched conductive char-based materials from biomass 
for sustainable energy-storage devices (Zhang et al. 2019a, 
b, c, d, e).

Application as a catalyst

Catalysts are highly utilised to convert not only carbonaceous 
precursors like petroleum, coal, and natural gas, but also 
renewable materials (biomass) into value-added products 
such as chemicals and fuels. Over decades carbon materials 
are used in reactions of heterogeneous catalysis due to their 
capable qualities for catalyst support and the same act as 
direct catalysts in many industrial applications (Rodriguez-
reinoso 1998). Apart from the usage of synthesised char 
materials, scientists have recently discovered several 
modification methods to prolong their activation (Qian 
et al. 2015; Sik et al. 2015). Char-based catalysts have been 
successful in different reaction processes as the removal of 
tar in bio-oil and syngas, production of biodiesel, syngas 
production, deNOx, and biomass hydrolysis. The catalytic 
properties of the char materials depend on its properties 
including SSA, porous nature, surface functional groups and 
acidic nature which are factors of feedstock properties, and 
pre-/post-modifications.

To enhance and optimise catalytic characteristics of char 
for specific processes, more efforts should be kept to control 
feedstock type, operating conditions, and post-treatment 
conditions. For instance, the potential of sulfonated 
biochar in achieving highest yield of biodiesel products 
(88%) from cooking oil has been depicted (Li et al. 2014). 
Also, when the catalyst of 3wt% was used then the yield 
of methyl esters was achieved as 99% at 65 °C. However, 
after several reuses, both catalysts tended to deactivate. 

During transesterification, the base catalyst was poisoned 
by undesirable by-products produced by reactions between 
CaO and the feed (Kouzu et al. 2008; Liu et al. 2008). Also, 
to use char materials as a biodiesel catalyst, the stability of 
the catalyst material must be improved to avoid the post-
separation steps for removing S or Ca. Similarly, study by 
(Quevedo-Amador et al. 2022) used KOH-functionalised 
hydrochar-based catalysts for biodiesel production through 
oil transesterification. The study reported the highest fatty 
acid methyl esters yields of 98.7% where transesterification 
was endothermic and chemically controlled with an 
activation energy of 47.9 kJ/mol.

Biochar-supported base metal (e.g. Ni and Fe) catalysts, 
on the other hand, performed better tar removal compared to 
conventional mineral catalysts (e.g. olivine and dolomite) in 
the biomass gasification process (Kastner et al. 2015; Shen 
et al. 2014; Wang et al. 2011). A catalyst made of a physical 
mixture of NiO and wood-biochar, for example, removed 
97% of the real tars produced during sawdust gasification, 
resulting in an increase in syngas production due to catalytic 
reforming of the tars (Wang et al. 2011). Study by Gai et al. 
(2017) also observed excellent catalytic performance of 
hydrochar-supported Ni nanoparticles composite during the 
catalytic gasification of sewage sludge. The study reported 
72.5% selectivity for hydrogen and 78.7 g  H2yield per kg of 
hydrochar, with minimal tar formation, even at moderately 
low temperatures (700–800 °C). Similarly, Ni–Fe bimetallic 
catalysts supported on rice husk biochar produced seven 
times less tars than raw biochar and monometallic catalysts 
during biomass pyrolysis (Shen et  al. 2014). The NiO/
biochar catalyst mixture was stable for 8 h on-stream. The 
addition of Fe to biochar reduced the activation energy 
 (Ea) of toluene decomposition from 90.6 to 48.4 kJ mol/L 
(Kastner et al. 2015; Mani et al. 2013; Shen et al. 2014; 
Wang et al. 2011). According to the experimental results, 
biochar is a promising alternative for removing tar in 
gasification processes. The reaction temperature is one of 
the drawbacks of biochar and metal/biochar catalysts for tar 
removal, as its removal occurs only at temperatures above 
700 °C. Tar removal, on the other hand, can be initiated at 
lower temperatures (e.g. 560 °C) using the conventional Ni 
catalyst (Libs et al. 2007; Mani et al. 2013) while biochar 
(as a catalyst) is not yet effective at the low temperatures 
(Mani et al. 2013). As a result, future efforts must focus on 
overcoming these limitations and broadening the application 
of biochar as a catalyst.

Ren et al. (2014) also claimed that using a biochar 
catalyst increased syngas yield from biomass pyrolysis. 
Because biochar has properties similar to activated 
carbon, a few studies have reported its use as a catalyst 
to support deNOx reactions (Cha et  al. 2010; Shen 
et  al. 2015; Singh et  al. 2013). The MnOx/rice straw 
biochar demonstrated high NOx removal efficiency at 
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250 °C (85%). Furthermore, even at 50 °C, the MnOx/
rice straw biochar had an 84% NOx removal efficiency. 
Zhuang et al. (2022) synthesised hydrochar-supported 
catalysts from glucose and analysed its catalytic activity 
towards the production of functional amines. The study 
reported 93.7% conversion efficiency of benzaldehyde to 
benzylamine under the optimal reaction conditions with 
catalysts prepared from impregnation method.

Aside from these, further research into the catalytic 
properties of chars will be required to design active, 
selective, and stable char-based catalysts. Furthermore, 
for char materials to be viable substitutes for industrial 
heterogeneous catalysts, an industrial-scale biochar/
hydrochar production systems are highly desirable. 
Furthermore, securing stable sources of supply for 
raw char materials is difficult to maintain consistent 
properties for large-scale production. This could help 
to replace expensive and non-environmentally benign 
catalysts that have been used in the past for a variety of 
purposes.

Promoting direct interspecies electron transfer

Biogas produced from AD of organic waste is a renewable 
energy source. In last few decades, the research on theory 
and fundamental aspects of AD has been investigated deeply. 

The major disadvantage of AD process is the longer diges-
tion period (45–75 days). The longer digestion period is due 
to the slow growing microorganisms; further, the energy 
gain during the metabolism must be divided to hydrolytic 
bacteria, acidogenic bacteria, acetogenic bacteria, and meth-
anogenic bacteria. Syntrophic interaction between bacteria 
and methanogens is the foundation to make AD process effi-
cient. The transfer of electron for energy between bacteria 
and methanogens is usually carried by interspecies electron 
transfer (by acetate,  H2, format, humic substances, quinones, 
or phenazines) or direct interspecies electron transfer (by 
cellular structure or conductive material) represented in 
Fig. 9.

The interspecies electron transfer is one of 
the constrictions in AD process as it depends on 
thermodynamics and microbial community of AD 
process. In recent decades, a novel pathway for electron 
transfer called direct interspecies electron transfer (DIET) 
was discovered as a potential substitute to interspecies 
electron transfer through conductive materials (nanowires, 
biochar, hydrochar, graphite rods/plates/pillars, carbon 
cloth, carbon nanotube, and carbon fabric coated with 
nanoparticles). The direct transfer of electron would 
enhance production of methane by the reduction of  CO2 
without any electron shuttle. In recent studies, it was found 
that DIET has the potential to resist acidic shock load. The 

Fig. 9  Interspecies electron transfer mechanisms in anaerobic digestion process by soluble chemical compounds (a); extracellular chemical com-
pounds (b); conductive pilli (c) and chars (d)
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transfer of electron from electron-donating and electron-
accepting microbes by DIET reduces the load on anaerobic 
microbes which ultimately results in improvement of 
AD process. The conductive material such as chars 
promotes DIET in AD process through the conduction-
based mechanism, wherein electrons transferred through 
char from electron-donating and electron-accepting 
microbes. Interestingly, it was found that char materials 
can indemnify the pili of microbes and soluble chemical 
compounds involved in electron transfer.

The electron transfer through char was 106 times faster 
than the conventional interspecies electron transfer which 
results in degradation of organic substances at a faster rate 
(Cruz Viggi et al. 2015). In the study of Chen et al. (2014), 
it was observed that biochar can degrade the ethanol to 
methane equivalent to the theoretical value calculated by 
using stoichiometry. Biochar derived from saw dust at a 
dosage of 15 g/L mitigated volatile fatty acids accumulation 
and improved microbial activities of Tepidimicrobium 
spp. and Methanothermobacter spp. These two types of 
microbes may be able to transmit electrons outside of cells. 
The presence of biochar enabled DIET by substituting 
Thermincola spp. and Methanothermobacter spp. on 
anode and cathode, respectively. The study ascertained 
the capability of biochar to uphold DIET in a way like that 
previously reported for granular activated carbon. However, 
biochar investigated by the authors was found thousand 
times less conductive than granular activated carbon. The 
authors stimulated direct interspecies electron transfer by 
using ethanol as an electron donor with consortium of G. 
metallireducens with G. sulfurreducens or M. barkeri. The 
study reported that biochar can stimulate direct interspecies 
electron transfer as an imperative factor while modifying 
soils with biochar.

The study conducted by Wang et al. (2022) confirmed the 
exact function of biochar and its primary role in the digestion 
process. Results indicated that the total pore volume and 
adsorption capacity of biochar played significant role. 
Comparably, direct interspecies electron transfer was not 
found dominant due to the insufficient electrical conductivity 
and electron-donating and accepting capacities of chars. 
Additionally, the microbial analysis further ascertained 
that mediated interspecies electron transfer remained the 
primary mechanism rather than direct interspecies electron 
transfer. Ren et al. (2020) also found evidence for DIET in 
hydrochar facilitated anaerobic digestion mediated through 
surface oxygen-containing functional groups. The study 
reported an enhanced production of methane by 37% from 
hydrogenotrophic methanogenesis possibly due to DIET 
mechanism by converting  H+,  e−, and  CO2 to methane.

Despite evidence for improved biogas production, the 
research on occurrence of DIET in char-mediated AD 
system requires further microbial analysis. Future research 

should focus on specific strains involved in DIET. There 
is a significant research gap on direction of electron 
transfer Geobacter sp. and Methanogenic archaea, and 
micromechanism of electrons absorption by methanogens 
archaea. The production of biochar/hydrochar requires 
energy and material; hence, it is necessary to investigate 
the environmental benefits of char-mediated AD process by 
life-cycle assessment.

Application in the removal of contaminants 
from wastewater

Use of carbon materials such as graphene oxide, carbon 
nanotubes, and activated carbon as adsorbents for 
wastewater treatment has been extensively popular in the 
recent past. Biochar and hydrochar have gained popularity 
lately for being low-cost carbonaceous materials with 
large surface area, high porosity, catalytic activity, and 
cation exchange capacity which helps in the removal of 
a range of contaminants (Gupta et al. 2020). The affinity 
of chars to adsorb inorganic (heavy metals) and organic 
pollutants (phenols, pharmaceutical compounds, pesticides, 
dyes, and nitrogen/phosphorus-based organics) in the 
wastewater has been demonstrated by previous studies 
(Hu et al. 2020; Kapoor et al. 2021; Karić et al. 2022). The 
adsorption mechanism of char-based materials for different 
contaminants and their removal efficiencies might vary 
depending on the properties and interrelationships between 
the contaminant and the char material.

Heavy metal removal

The major heavy metal absorption mechanisms include 
physical adsorption, ion exchange, electrostatic adsorption, 
precipitation, complexation, and reduction reactions. These 
mechanisms can act independently or in conjunction with 
each other which can help in decontamination of wastewater.

Physical adsorption is the phenomenon where the 
heavy metal ions may either bind to the surface of the 
char or diffuse into pores using Vander Waals forces. The 
high surface area and porous skeletal structure of the char 
particles greatly expand the physical adsorption ability of 
heavy metals in water and their fixation and passivation 
in solution. For instance, heavy metal ions, including As, 
Cd, and Zn, were physically immobilised on the surface of 
biochar via adsorption, according to research conducted 
by (Beesley et al. 2014) which decreased the mobility and 
availability of these metal ions. Successful removal of Cu 
and Ur from water through physical adsorption through 
biochar made from pine (700 °C) and switch grass (300 °C) 
was also reported (Liu et al. 2010).

Ion exchange and surface complexation are a result of 
the columbic forces between the negatively charged surface 
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groups on chars and the positively charged heavy metal ions. 
This mechanism has a limited adsorption capacity and is a 
non-specific adsorption process. The presence of oxygen-
containing functional groups like hydroxyl, carbonyl, and 
carboxyl groups on the char’s surface results in the formation 
of stable complexes that immobilise the heavy metal ions. In 
a study on  Cd2+ and  K+ biochar-sorption analysis in water, 
Harvey et al. (2011) reported that  K+ was largely adsorbed 
on deprotonated functional groups via ion exchange with 
the adsorption molar temperatures, while cation-bonding 
processes led to  Cd2+ adsorption. Similarly, Tong et al. 
(2011) reported the predominance of surface complexation 
mechanism in the removal of  Cu2+using biochar made from 
different types of agricultural straw charcoal. Similar effects 
of ion exchange and surface complexation mechanism were 
depicted on Cr (VI) removal by Eucalyptus globulus bark 
biochar (Choudhary and Paul 2018),  Pb2+ removal by 
magnesium oxide coated watermelon rind biochar (Zhang 
et al. 2020a, b, c), As (III) and As (V) using Tectona and 
Lagerstroemia speciosa leaves litter biochar (Verma and 
Singh 2019) where the respective highest adsorption 
capacities of 21.3  mg/g, 558  mg/g, 666.7  μg/g, and 
1250 μg/g were reported in aqueous media.

Electrostatic interactions between the negative surface 
charges on chars and positively charged heavy metals could 
lead to decontamination of water (Uchimiya et al. 2012b). 
The pH of the solution (Dong et al. 2011), valence state of 
the heavy metals, ionic radius, and zero potential of chars 
(Mukherjee et al. 2011) are all strongly correlated with the 
strength of electrostatic interactions. The predominance of 
electrostatic interaction during the adsorption of  Cu2+ (Park 
et al. 2016),  Pb2+ (Qiu et al. 2008), and  Cr6+ (Hsu et al. 
2009) was reported. Especially, Hsu et al. (2009) reported 
that  Cr6+ was initially adsorbed on the surface of the biochar 
under the influence of electrostatic forces, then reduced to 
 Cr3+ by elemental carbon on the surface of the biochar or 
 H+ in solution, and finally complexed with functional groups 
on the surface of the biochar. This depicts the complexity 
of multiple mechanisms formulated by char media acting 
simultaneously in the removal of heavy metals from water.

The presence of soluble mineral ions in char materials can 
form precipitable compounds with the heavy metals in the 
water which helps in their removal. For instance,  PO4

3− and 
 CO3

2− can co-precipitate with lead and cadmium and other 
heavy metal ions to create relatively stable minerals (such as 
lead and cadmium carbonate etc.) in water (Han et al. 2017). 
For instance, in a study by Cairns et al. (2021) biochar 
co-amended with wood ash was found to be immobilise 
metal ions (lead, copper, zinc, and cadmium) and precipitate 
on the surface of biochar. Similarly, Kong et al. (2011) who 
studied Hg sorption using biochar made from soybean 
stalks, suggested that  Hg2+ was reduced to  Hg2Cl2 in the 
presence of Cl, which was then precipitated on the surface 

of the biochar, in addition to cation exchange, complexation, 
and Hg(OH)2 precipitation. The heavy metal adsorption 
mechanisms of chars along with the removal efficiencies of 
different heavy metals as reported by previous studies are 
listed in Table 6.

Organic pollutant removal

Positive effects of char-based carbon materials in the 
removal of various organic contaminants, such as phenols, 
textile dyes, antibiotics, pesticides, and herbicides, have 
been reported by previous literature as depicted in Table 7. 
The mechanisms of adsorption could be chemical or physi-
cal but specifically they depend on variety of intrinsic factors 
including the aromatic content, the presence of functional 
groups and polarity of both the organic pollutant and char 
material. The chemical adsorption mainly depends on the 
formation of bonds such as hydrogen bonds, π bonds, and 
coordination bonds, while physical adsorption depends on 
the strength of electrostatic force and the nature of inter-
molecular gravitation between the contaminant and the 
char (Tan et al. 2021). The most frequent organic pollutant 
adsorption methods onto biochar may involve hydrophobic 
interaction, pore-filling, partitioning, electron donor and 
acceptor (EDA) interaction, and electrostatic attraction (Hu 
et al. 2020). The variable adsorption mechanisms of organic 
and inorganic contaminants in aqueous media using char 
materials are depicted in Fig. 10.

The pore-filling mechanism, which depends on the 
microporous and microporous nature of the char, makes 
it possible to adsorb a lot of polar and nonpolar organic 
pollutants. For instance, the sorption of catechol by 
gamma grass, oak, and loblolly pine biochar was caused 
by a dominant micropore-filling process (Kasozi et  al. 
2010). Similarly, the sorption of 1,2,4-trichlorobenzene 
and 1,4-dichlorobenzene was attributed to the low 
molecular diameter of pitch pine pores through a pore-
filling mechanism (Nguyen et al. 2007). Especially in chars 
with little volatile matter content, the pore-filling process 
promotes the sorption of organic molecules even at a low 
concentration of solute (Kasozi et al. 2010).

In the partitioning mechanism, the properties of the car-
bonised (graphene and crystalline-like fractions) and non-
carbonised (organic carbon, non-crystalline, amorphous) 
fractions of char determine how well organic pollutants 
are absorbed. The first step in partitioning is the diffusion 
of sorbates into the pores or into the organic matter of the 
char's non-carbonised fraction. Afterwards, to improve the 
sorption, these organic components solubilised within the 
char's organic matter matrix during partition. Organic com-
pounds in char partition onto the carbon amorphous phase, 
which contains aliphatic and polyaromatic chemicals like 
ketones, sugars, phenols, etc. (Keiluweit et al. 2010). For 
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instance, dairy and swine char generated at 200 °C and 
350 °C, respectively, are found to be suitable for the sorp-
tion of atrazine by sorbate partitioning on organic carbon 
fractions of biochar (Fruehwirth et al. 2020). The sorption of 
norflurazon and fluoridone was also enhanced by the organic 
carbon fractions of wood and grass biochar through parti-
tioning (Sun et al. 2011).

The primary mechanism for the adsorption of sev-
eral organic pollutants on the graphene structure of char 

particles was hydrophobic interactions (Ersan et al. 2016). 
By employing both hydrophobic interaction and partitioning 
mechanisms, hydrophobic biochar was found to be effec-
tive in the sorption of both neutral and hydrophobic organic 
molecules. For instance, (Li et al. 2018) depicted the pre-
dominance of hydrophobic interactions in the adsorption of 
ionisable organic pollutants such as p-chlorobenzoic acid, 
o-chlorobenzoic acid, and benzoic acid. Similar observa-
tions of hydrophobic interaction predominance was made 

Table 6  Adsorption capacities of different chars for inorganic contaminants from wastewater

Biochar feedstock Pyrolysis 
temperature 
(°C)

Heavy metal Adsorption capacity Removal mechanism References

Colloid-like magnetic 
biochar

120 Cd2+ 169.68mg/g π interaction, 
complexation, 
ion exchange, and 
precipitation

Yang et al. (2021)

Eucalyptus globulus bark 
biochar

500 Cr (VI) 21.3 mg/g Complexation ion 
exchange

Choudhary and Paul 
(2018)

MgO-coated watermelon 
rind biochar

600 Pb 558mg/g Precipitation and 
cation-π adsorption

Zhang et al. (2020a, b, c)

Cassia fistula biochar 300 As (III); As (V) 1.04 mg/g (As (III)) 1.40 
mg/g (As(V))

Surface complexation, 
H-bonding and redox 
reactions

Shaikh et al. (2020)

Magnetic-watermelon 
rinds biochar

500 U(VI) 323.56 mg/g Ion exchange and surface 
complexation

Lingamdinne et al. (2022)

Municipal solid waste-
derived biochar

300 Cu (II) 4–5 mg/g Surface complexation, 
precipitation

Hoslett et al. (2019)

Ascophyllum nodosum 
seaweed-derived 
biochar

700 Copper (II) 223 mg/g Cationic and anionic 
electrostatic attractions, 
surface precipitation, 
and pore depositions

Katiyar et al. (2021)

Sunflower biochar 600 Zn2+ and  Mn2 Zn2+ (138.3 mg/g)  Mn2+ 
(45.4mg/g)

Surface precipitation Yankovych et al. (2021)

Wood ash-amended 
biochar

485–530 Pb, Cu, Zn, and Cd 61.5 mg/g, 38.9 mg/g, 
12.1 mg/g, and 10.2 
mg/g for Pb, Cu, Zn, 
and Cd, respectively)

Precipitation and ion 
exchange dominate 
metal immobilisation

Cairns et al. (2020)

Conocarpus Erectus 
leaves-derived 
magnetic biochar

360 Co (II) 400mg/g Surface precipitation Qasim et al. (2022)

Silicate-modified oil tea 
camellia shell-derived 
biochar

500 Cd2+ 211.49 mg/g Ion exchange, surface 
precipitation, 
coordination with 
π electrons, and 
complexation with 
carboxyl and C–Si–O 
groups

Cai et al. (2021)

Rice straw-derived 
biochar (acid modified)

800 Cd2+ 93.2mg/g Ion exchange, surface 
precipitation

Zhang et al. (2018)

Rice husk biochar 700 Pb 26.7 mg/g Ion exchange, surface 
precipitation

Shi et al. (2019)

Tectona leaves-derived 
biochar

800 As (III) and As(V) As (III) 666.7 μg/g; 
As(V) 1250 μg/g

Ion exchange, surface 
precipitation

Verma and Singh (2019)

Lagerstroemia speciosa 
leaves-derived biochar

800 As (III) and As(V) As (III) 454.54 μg/g 
As(V) 714.28 μg/g

Ion exchange, surface 
precipitation

Verma and Singh (2019)
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in the sorption of perfluorooctane sulfonate with biochar 
made from willow and maize straw (Militao et al. 2021). 
The absorbability due to hydrophobic interactions is directly 
proportional to hydrophobicity of the organic pollutants.

The sorption of ionisable and ionic organic molecules 
occurs mostly by electrostatic interactions (Kah et al. 2017). 
The cationic sorbates often combine with the negatively 
charged surface of char particles, whereas anionic sorbates 
typically bond with the positively charged surface. The fate 
of attracting and repellent electrostatic forces in the sorption 
of the organic pollutants is determined by ionic strength and 
pH (Patra et al. 2020). The net charge on the surface of the 
char is regulated by pH. At low pH, the char surface main-
tains a positive charge, but at high pH, the surface acquires 
a net negative charge (Uchimiya et al. 2017). Increased ionic 
strength of the sorbate solution eventually improves the 
sorption during the repulsive electrostatic contact between 
sorbates and sorbent; however, when there is an attractive 
electrostatic relationship, it is likely to reduce the sorption 
of organic sorbate. The electrostatic interaction process was 

also implicated in the sorption of methyl violet and methyl-
ene blue dyes through charcoal (Patra et al. 2020).

The aromatic nature of the char system functions as an 
electron acceptor or a donor which also helps in the sorption 
of aromatic chemicals (Han et al. 2017). For instance, stud-
ies on the removal of antibiotics such as tetracycline, cipro-
floxacin, ofloxacin, and delafloxacin using biochar in their 
aqueous phase mainly depicted the dominance of hydrogen 
bonding, π–π electron transition, and cationic interactions in 
the adsorption mechanisms (Akhtar et al. 2021). The study 
conducted by Vyavahare et al. (2019) revealed electrostatic 
attraction as a predominant adsorption mechanism in the 
study of methyl violet adsorption capacity of biochar, espe-
cially on its surface hydrophilic and –COO-sites. Similarly, 
electrostatic interaction mechanism was reported to be pre-
dominant in the adsorption of tetracycline (Wei et al. 2019) 
and three fluoroquinolones (Dang et al. 2022) as reported by 
other studies. The maximum biochar adsorption capacities 
of 593.84 mg/g (tetracycline), 399.6 μg/g (ciprofloxacin), 

Table 7  Adsorption capacities of different biochar for organic contaminants from wastewater

Biochar feedstock Pyrolysis 
temperature 
(°C)

Organic contaminant Adsorption capacity Concentration References

Mango leaves biochar 
(MLBC)

800 Crystal violet (CV) 99.85% 2500 mg/L Vyavahare et al. (2019)

Sugarcane bagasse biochar 
(SCB)

800 Malachite green 99.99% 3000 mg/L Vyavahare et al. (2018)

Tapioca peel waste biochar 800 Malachite Green and 
Rhodamine B

30.18 mg/g for MG 
33.10mg/g for RhB

25 mg/L Vigneshwaran et al. (2021)

Musca acuminata plant 
stem-derived biochar

450 Congo red (CR) and 
Brilliant Blue (BB)

175.57 mg/g for BB 
135.15 mg/g for CR

240 mg/L Jadhav and Thorat (2022)

Corn straw, corncob, and 
corn starch biochar

300 Triazine pesticides 79.6 mg/g – Suo et al. (2019)

Sugarcane biochar 380 Thiamethoxam pesticide 10.17 mg/g – Fernandes et al. (2021)
Collagen fibres-derived 

biochar
800 Tetracycline 593.84 mg/g – Wei et al. (2019)

Alfalfa-derived biochar 650 Bisphenol A and 
sulfamethoxazole

63.3 mg/g for bisphenol 
A and 99 mg/g for 
sulfamethoxazole

– Choi and Kan (2019)

Cliviaminiata-derived 
biochar

700 Malachite green (MG) 2622.9 mg/g – Gao (2022)

Magnetic palm kernel 
biochar

– Phenol 10.84 mg/g 10 mg/L Hairuddin et al. (2019)

Eucalyptus wood pyrolytic 
biochar (EPBC)

800 Phenolic compounds 308.9 mg/g – Singh et al. (2021)

Corncob-derived biochar 600 Ciprofloxacin (CFX), 
ofloxacin (OFX), and 
delafloxacin (DLX)

93.9 μg/g for DLX, 399.6 
μg/g for CFX, and 306 
μg/g for OFX

– Dang et al. (2022)

Palm kernel shell-derived 
biochar

350 Crystal violet 24.45 mg/g – Kyi et al. (2020)

Corn cob biochar 600 2,4-dichlorophenoxyacetic 
acid (2,4-D)
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306 μg/g (ofloxacin), and 93.9 μg/g (delafloxacin) were 
reported by these studies.

Techno‑economic assessment of char 
production systems

Techno-economic assessment is a technical and economic 
evaluation of a system which typically includes design 
engineering, process modelling, energy balance, and 
economic evaluation (Kumar et  al. 2020). With the 
perspective of char production technologies, energy balance 
is an important parameter to evaluate the economic viability 
of the process, which also provides a detail reference for 

economic investments and commercial possibilities. The 
net energy of the system can either be positive or negative 
depending on the operating parameters and feedstock. For 
instance, Boateng et al. (2010) reported 90% energy recovery 
in a soybean straw-based biochar system with simultaneous 
energy output from all the by-products in the system 
including steam, bio-oil, biochar, and non-condensable 
gases. Roberts et al. (2010) also reported positive net energy 
for biochar production which ranged from 3044 to 4899 MJ/t 
depending on the feedstock. Another study by Zhai et al. 
(2017) who evaluated the energy balance of hydrothermal 
carbonisation (HTC), reported an energy recovery rate 
of 47–71.6% from different biomasses, and suggested a 
carbonisation temperature greater than 260 °C for maximum 

Fig. 10  Char adsorption mechanisms for organic and inorganic contaminants
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energy efficiency of the process. Similarly, Reza et al. (2016) 
also reported a net positive energy recovery with HTC of 
pulp waste at 220 °C for 30 min which was sufficient to 
supply energy requirements for this process at relatively low 
running costs.

Techno-economic analysis is crucial to recognise the 
cost competitiveness of the char production process at 
large scale. This includes detailed evaluation of all the cost 
parameters of the process including overall capital cost, 
operational cost including feedstock collection, labour cost, 
equipment, manufacturing costs, etc., (Kumar et al. 2020). 
Various researchers have reported the economic assessment 
of char-based treatment systems for their performance, 
suitability, and economical sustainability (Khan et al. 2021; 
Maroušek and Trakal 2022; Zhang et al. 2021). For instance, 
in a techno-economic study by Kung et al. (2013), the value 
of biochar varied by 10.98 $/t and 2.85 $/t using slow and 
fast pyrolysis techniques. Further, the study depicted a 
net loss of 21$/t and 27$/t of feedstock for slow and fast 
pyrolysis process, respectively. It might be attributed to 
higher electricity production costs and lesser economic and 
environmental profits for fast pyrolysis process. In another 
study by Campbell et al. (2018), the financial viability of 
biochar and biofuel production from forest residues as 
a substrate was evaluated. The results revealed that the 
coproduction cost (biochar and biofuel) scenario showed 
revenue of − 24.2 million $ at the average historic market 
biofuel price. In a waste management scenario, the total 
revenue was also − 5.5 million $. On the other end, the net 
revenue from hearth-based biochar was 45.1 million $ at the 
waste management scenario and decreased to 27.3 million 
$ at 80 $/t feedstock cost. A techno-economic assessment 
study by Sahoo et al. (2021), on the other hand, also revealed 
that economically feasibility of portable systems which 
can be technologically improved there by reducing the 
production cost of biochar by 470 $/oven-dry metric ton.

In the case of hydrochar, Saqib et al. (2019) depicted 
that the current production technology of hydrochar can-
not compete with fossil fuel derived carbon materials unless 
integrated with the anaerobic digestion of process water for 
biogas production and additional costs of mitigated green-
house gas have not been considered. Cao et al. (2019) also 
suggested the process of microwave-assisted hydrothermal 
treatment to be economically viable (net revenue of 1015 
$) only when co-recovery of levulinic acid and hydrochar 
is done. Shabangu et al. (2014) also depicted the economic 
viability of the system with the co-recovery of methanol and 
biochar from the process. The sensitivity analysis revealed 
a breakeven price of 220–280 $/t of biochar. Zeymer et al. 
(2017) also estimated the minimum cost of hydrochar 
derived from sewage sludge to be 169.5 $/t without pel-
letisation. The study suggested cost reductions through heat 

recovery from waste fractions and recycling back into the 
system.

Optimisation of plant capacity, feedstock choice, logistic 
supply, and other process parameters (such as temperature, 
residence time, and pressure), marketability of products, 
play a significant role in improving the economic efficiency 
of the char production technologies. Similarly, the economic 
efficacy and recyclability of char-based systems in water 
treatment varies according to the type of biomass or 
feedstocks, process conditions, type of contaminant and its 
concentration, degree of water treatment required or carbon 
credits reflecting the social value for mitigating greenhouse 
gas mitigation (Sahoo et al. 2021). However, since most of 
these studies were based on laboratory and small-scale pilot 
plants, industrialisation and large-scale application of char 
production technologies may incur many other practical 
challenges, and further research is necessitated in this area.

Biochar/hydrochar industry and sustainable 
development goals (SDGs)

Production of char from biomass results in the sequestration 
of roughly 50% of the initial carbon, in contrast to the 
little amounts of carbon retained after burning (3%) and 
biological breakdown (less than 10–20% after 5–10 years). 
Thus, the introduction of chars to agricultural soil can 
mitigate the climate change by stabilising carbon storage 
and lowering GHG emissions up to 4 Gt of carbon/year 
which is equivalent to the current carbon flux emitted 
from burning of all fossil fuels (Kong et al. 2014) which 
contribute into the achievement of the 13th sustainable 
development goal (SDG) stated by the United Nations in 
2015. The high specific surface area and high porosity of 
numerous chars can enhance crops growth via enhancing 
chemical and physical properties of soil, such as nutrient 
retention, water retention, cation exchange, and pH. 
However, the impact of char as soil amendment is strongly 
dependent on soil fertility and fertiliser control. Some chars 
reported promising results in ammonium adsorption and 
lowering leaching of the major nutrients such as nitrate and 
phosphates from soil, subsequently increase the crops yields 
and quality as well as keep the soil from deterioration (Kong 
et al. 2014) which has a significant contribution to SDG 
2, i.e. no hunger. The use of biochar/hydrochar developed 
from biomass in the adsorption and removal of several 
organic and inorganic contaminants in water and soil has 
a positive impact on SDG6 (clean water and sanitation), 
SDG14 (life below water) and SDG15 (life on land), where 
the toxic contaminants entering the food cycle through water 
pollution or landfilling will be restricted. Moreover, the 
phosphate attached to the surface of the biochar is slowly 
release to the plants and hence minimise the intensive use 
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of fertilisers which are considered one of the major sources 
of contamination in agricultural sector (Shyam et al. 2022).

Challenges, opportunities, and research 
directions

Production and application of engineered carbon materials 
encounter numerous challenges including type and 
characteristics of the feedstock, logistical and economic 
factors, and public and market acceptance. The following 
sections will highlight all these challenges.

Technical challenges

Although laboratory and pilot scale-based studies depict 
positive results, production of chars incurs huge challenges 
when applied at large commercial scale. The initial 
characteristics of biomass such as high moisture content, 
along with seasonal variations and ecosystem functions 
also act as technical constraints for char production (Kong 
et  al. 2014). Homogeneity of the feedstock is another 
challenge where the different biomass used to develop 
biochar or hydrochar are varied in composition depending on 
agricultural conditions such as soil, climate, and region (Seo 
et al. 2022). Prolonged storage time has negative impact on 
biomass quality and quantity owning to the moisture content 
which may results in natural decay via bacterial or fungi 
actions. Hence, storage time should be shortened (Kong 
et al. 2014). Efficient storage of the biomass is a technical 
challenge that needs to be faced for ensuring the continuous 
supply of the biomass to the processing plants. In this 
concern, some innovative solutions like mobile reactors 
recorded promising results as cost-effective solutions for 
the char production (Rajpoot et al. 2022).

Assessments of materials, energy balance, optimising 
energy conservation, and recovery should be evaluated to 
boost the large-scale applications of biochar/hydrochar. 
Optimisation of the process conditions has significant 
effect on the properties and yield of the final product. 
The yields of the biochar for gasification, fast pyrolysis, 
moderate pyrolysis, slow pyrolysis (Gargiulo et al. 2018), 
hydrothermal carbonisation, and torrefaction and pyrolysis 
are estimated as 10, 12, 25, 35, 50–80, and 80%. Hence, it 
is preferable to improve the processes with low yield. On 
the other hand, integration of the above-mentioned thermal 
processes results in economic and environmental merits 
(Hoang et al. 2022).

Different reactor configurations have been used for 
biochar production such as fixed, ablative, auger, and 
fluidised bed reactors. However, circulating fixed bed 
and dual fluidised bed are superior to others since the 
sustainability of the thermal treatment is guaranteed (Seo 

et al. 2022). Thermochemical conversion techniques are 
endothermic processes; hence, they require high energy, 
and future studies on heat transfer, energy enhancement 
are required. Introduction of renewable energy systems 
such as solar system would be an economic and sustainable 
option (Rajpoot et al. 2022). Additionally, the recycling of 
pyrolysis gas and process water from HTC enhances the 
overall process efficiency and promotes resource recovery. 
Hence, further studies are required for developing of the 
current reactors and developing new one to increase the 
energy enhancement, and to control dust, wastewater and 
other pollutants (Seo et al. 2022). Production of chars from 
industrial wastes such as de-oiled cakes of soybean and 
cotton seeds need to be explored (Rajpoot et al. 2022).

On the other hand, scaling-up the energy production 
from biochar requires improvement of catalyst efficiency, 
understanding the mechanism of the catalyst, and catalyst 
deactivation. Therefore, future research on material design 
and process optimisation is still needed (Seo et al. 2022). 
Such variations affect the yields and physical and chemical 
properties of the products even in similar reaction conditions 
and treatments. However, further studies should investigate 
the kinetics and mechanism involved in the development 
of biochar/hydrochar from numerous biomasses (Shyam 
et al. 2022). Much more studies are still required for reusing 
the sorbent/catalyst for multiple cycles in order to estimate 
their lifetimes. The reusability studies are important to 
minimise the need for fresh sorbents/catalysts which is 
subsequently lowering the overall cost. The management 
of the exhausted sorbents/catalysts after their applications 
should be discussed in term of toxicity. One of the major 
driving forces to overcome the above-mentioned challenges 
is the cost-effectiveness of biochar and hydrochar production 
from biomass which is estimated to varied from range 
$0.3–3.1  kg−1 and $0.1–0.2  kg−1, for biochar and hydrochar, 
respectively, compared to porous metal oxides ($3–6  kg−1 
and hybrid ion exchange resins ($15–20  kg−1) (Shyam et al. 
2022).

Economic challenges

Although char production mostly adopts residues and 
waste materials which are of low-cost and very little value, 
the high production costs involved in thermal treatment, 
transportation, labour, and other pre- and post-processing 
steps increase the end cost of the product (Issaka et al. 2022). 
Especially, some of these biomasses need pre-treatment 
such as drying, size reduction (chopping, shredding, and 
grinding), and steam sterilisation which increase the overall 
cost of treatment (Kong et al. 2014). Although it is possible 
to make agreements for short-term deliveries, it is highly 
challenging to make long-term plans to guarantee supply at 
a fair price (Kong et al. 2014).
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Additional costs incurred in collection and transportation 
of these wastes from cultivated areas to char production 
plants need extra machinery operations and labour which 
will increase the overall cost. Therefore, more economically 
viable strategies for biomass processing should be enhanced 
in the future (Seo et al. 2022). For instance, promoting 
char regeneration in contaminant removal via adsorption 
applications can be a cost-effective strategy for reducing the 
overall cost of material requirement. For instance, biochar 
used in the adsorption of trichloro ethylene was reused for 
up to eight cycles which made the treatment process more 
economic (Issaka et al. 2022).

Environmental challenges

Excessive utilisation of agricultural residue in char 
production can negatively impact the nutrient cycles, soil 
organic carbon, and organic matter balance in the soil which 
decrease the crop production. Hence, proper management 
of these residues is necessary (Seo et al. 2022). Life-cycle 
assessment of chars is important to detect and mitigate the 
environmental impacts. For example, developing biochar 
from forestry wastes could lower the  CO2-eq emissions to 
2.74 kg/kg (Hoang et al. 2022). Recently, biochar is reused 
in modern technologies as bio-fertiliser. However, risk and 
toxicological studies of char used as soil amendment should 
be carried out to assess the impact on human health on the 
long run with special focus after loading with different 
contaminants from water and soil (Issaka et  al. 2022). 
Improper storage could lead to self-decomposition of the 
biomass resulting in  CH4,  N2O,  H2S, and  CO2 which cause 
environmental problems. Further studies need to be focused 
on life-cycle assessment of thermochemical processes, 
environmental effects, and carbon cycle, which is currently 
very limited in the literature.

Social challenges

Enhancing the demand and acceptability of biochar/
hydrochar in the local market is crucial, as highlighted 
by (Rajpoot et al. 2022). Despite its potential benefits in 
soil fertility, water holding capacity, water and wastewater 
treatment, and energy production, several challenges hinder 
its widespread adoption. Addressing these challenges is not 
only essential for market acceptance but also requires farmer 
acceptance.

Key challenges include the lack of quantitative knowledge 
regarding the effects of biochar on various aspects, such as 
soil fertility and water holding capacity (Kong et al. 2014). 
Additionally, social challenges play a significant role in 
shaping the acceptability of biochar. These challenges 
encompass awareness and education, cultural beliefs and 
practices, perceived risks and unknowns, limited access 

to technology, economic considerations, community 
engagement, policy and regulation, demonstration 
projects, social perceptions of novel technologies, and 
local engagement and participation. Leach et al. (2014) 
claimed that awareness of the economic benefits of biochar 
application for soil amendment can make the farmers 
winners in the market. Promoting the application of biochar 
involves considering social criteria like public perception, 
social acceptance, and job creation potential, as outlined in 
studies (Khalaj et al. 2020). Highlighting positive impact 
biochar on specific applications, such as odour control in 
landfills and wastewater treatment plants, can bolster its 
social acceptability (Kamalai et al. 2022). Limited studies, 
like the successful use of peanut shell-derived biochar for 
odour control (Wong et al. 2017), indicate the potential of 
biochar to address such social challenges.

Lack of awareness poses a significant obstacle, 
emphasising the need for educating communities and 
farmers about the positive environmental and agricultural 
impacts of biochar. Addressing concerns about safety and 
unknowns associated with biochar through transparent 
communication is vital for overcoming scepticism. Limited 
access to technology for production and application, coupled 
with economic feasibility concerns, can be barriers that need 
to be addressed to ensure widespread adoption.

Future research directions

Future scientific research and technical development should 
focus on developing innovating technologies at low capital 
cost which depend on utilisation and management co-prod-
ucts, by-products and wastes generated from agricultural 
and industrial sectors (Kong et al. 2014). According to the 
principle of the circular economy, the co-products (syngas 
and bio-oil) from the pyrolysis process (process water and 
syngas) from HTC should be included in the life-cycle-
assessment of chars. Sustainable co-recovery of chars along 
with other by-products can maximise the economic values 
of biomass while mitigating the environmental burdens of 
biochar production (Zhu et al. 2022). The economic viabil-
ity, renewability, and regeneration are strongly required to 
be studied for the commercialisation of char products. The 
development of new polices and legislative law is required 
for encouragement of the production and industrial utilisa-
tion of biochar and hydrochar. Extensive research should 
focus on integrating different techniques for production and 
utilisation of biochar and hydrochar to maximise the overall 
efficiency of the production process and minimise the energy 
consumption during production and application. Much more 
techno-economic analyses should be carried out to evaluate 
the cost of the final product; hence, pilot scale studies are of 
high priority (Shyam et al. 2022).
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Conclusion

In this review, we thoroughly examined recent progress 
in carbonaceous materials derived from organic waste, 
aiming to establish a connection between organic waste 
and applications in the environmental, energy, and 
agricultural sectors. The study extensively compared the 
thermochemical transformations of two common chars, 
biochar and hydrochar both produced from organic waste. 
The paper explored the diverse potential applications 
of biomass-derived carbon materials, particularly 
highlighting the recognition of biomass-based activated 
carbons. These activated carbons, known for their excellent 
physical properties and cost-effectiveness, are increasingly 
acknowledged for their role in air and wastewater pollutant 
removal, as well as carbon sequestration. Given the inherent 
limitations of organic waste-derived materials, such as 
low pore volume and limited functional groups on their 
surfaces, activation treatment and/or surface modification 
become essential. These processes are crucial for producing 
porous carbons with abundant surface functional groups, 
enabling their utilisation in energy storage, conversion, and 
environmental conservation. The resulting porous carbons, 
post-activation, and surface functionalisation, offer versatile 
applications in wastewater treatment, soil improvement, 
gas capture, and serve as promising materials for fuel cell 
electrodes, batteries, supercapacitors, catalysts, and catalyst 
supports. The transformation of organic waste into value-
added products with potential applications plays a pivotal 
role in establishing a sustainable society and circular 
economy. The review emphasises the significance of carbon 
materials, particularly engineered char, as a soil conditioner, 
electrode material, catalyst, and wastewater treatment agent 
for various pollutant sources (organic/inorganic). While 
current research has extensively covered the theory and 
development of engineered carbon materials at laboratory 
and bench scales, future investigations should focus on 
understanding the mechanisms and effects of engineered 
chars on the environment.
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