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The excessive dependency on fossil fuel resources could be curtailed by the efficient
conversion of lignocellulosic biomass. Biochar, a porous carbonaceous product
synthesized exploiting thermochemical conversion pathway, could be an environment-
friendly replacement of fossil fuel resources. Slow pyrolysis, a sub-class among various
thermochemical conversion techniques, has gained immense popularity owing to its
potential to convert biomass to biochar. Furthermore, biochar obtained as the by-
product of slow pyrolysis has attracted enormous popularity due to its proven role and
application in the multidisciplinary areas of engineering and environmental remediation
applications. The physicochemical quality of biochar and its performance is significantly
dependent on the feedstock type and pyrolysis process parameters. Therefore, further
experimental research and investigations in terms of lignocellulose biomass type and
pyrolytic process parameters (temperature, heating rate and reaction time) are essential to
produce biochar with desired physicochemical features for effective utilization. This review
presents an updated report on slow pyrolysis of lignocellulosic biomass, impact of different
pyrolysis parameters and degradation pathway involved in the evolution properties of
biomass. The influence of the feedstock type and lignocellulosic composition on the
biochar properties are also discussed meticulously. The co-relationship between biochar
yield at different pyrolysis temperatures and the development of textural properties
provides valuable information for their effective utilization as a functional carbon
material. Additionally, an extensive study was undertaken to collate and discuss the
excellent physicochemical characteristics of biochar and summarizes the benefits of
biochar application for diverse industrial purposes. Biochar is acknowledged for its
excellent physicochemical properties owing to the thermal treatment and as a result its
prospective diverse industrial applications such as for soil treatment, carbon
sequestration, adsorbent (wastewater treatment or CO, capture), producing activated
carbon for gold recovery, energy storage and supercapacitor are summarized
systematically in this review paper. For instance, biochar when applied in soil have
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shown improvement in soil respiration by 1.9 times. Furthermore, biochar when used to
capture CO, from flue gas stream under post-combustion scenario has demonstrated
superior capture performance (2.8 mmol/g) compared to commercial activated carbon.
This paper identified the knowledge gaps and outlooks in the field of the advancements of
biochar from slow pyrolysis for targeted engineering applications mainly in the field of
environmental remediation and energy harvesting.

Keywords: lignocellulose, biomass, slow pyrolysis, biochar, soil nutrition, energy storage

HIGHLIGHTS

e Lignocellulose pyrolysis is viable due to its low carbon
footprint at the commercial level.

e Efficient valorization of lignocellulosic biomass to biochar
via slow pyrolysis.

e Parameters influencing slow pyrolysis of lignocellulosic
biomass were highlighted.

e The influential pyrolytic process parameters are
temperature, residence time and heating rate.

¢ Biochar with excellent physicochemical properties becomes
suitable for diverse industrial applications

1 INTRODUCTION

With the growing global population and rapid urbanization, the
demand for energy is increasing substantially, leading to a scarcity
of conventional energy sources and raising the major concern of
searching for new renewable and sustainable ways of energy
supply (Gordon et al., 2011; Primaz et al., 2018; Mukherjee
et al, 2019). Currently, fossil fuel is dominating the global
energy market and is responsible for supplying a gigantic
share of the worldwide energy demand (Okolie et al., 2020).
The usage of fossil fuels also causes the emission of recalcitrant
carbon dioxide (CO,) with the consequent influence on global
warming and climate change (Lee et al, 2017). Increasing
environmental concerns over the significant emission of
greenhouse gases (GHGs), climate change, exhaustion of fossil
fuel resources (coal, petroleum and natural gas) and rising fossil
fuel prices have driven the search to develop sustainable
renewable sources of energy as an alternative to non-
renewable conventional fuels (Shalini et al, 2017; Wang H.
et al., 2018). The optimal use of renewable energy resources
and sustainable technologies can be an optional solution since it
would significantly contribute to reducing the negative
environmental impacts and simultaneously reduce the
dependence on the use of fossil fuels (Halder et al., 2019;
Mukherjee et al.,, 2021b). During the last 3 decades, more than
half of the global research has focused on the usage of biomass as a
popular sustainable energy source and has become a prominent
topic. Biomass has proved to have a stimulus towards economic
growth attributed to its abundant availability ease of conversion
and has been projected to meet the global renewable energy
demand by 40% (Anupam et al, 2016). So, the search for
alternative bio-renewable sources may meet the market

demand as well to reduce the damage caused by global
warming. This opens new opportunities to explore the high
potential and low-cost materials such as lignocellulosic
biomass as alternatives for developing a carbonaceous product
called biochar alongside the production of value-added
biomaterials under a controlled environment.

Biochar is basically a pyrogenic carbonaceous solid material
with a high degree of aromatization derived from shells, stalks,
husks or grasses through suitable thermochemical and
biochemical conversion methods conducted under inert
atmosphere or limited presence of air (Wang K. et al., 2015;
Mandal et al., 2017). It is synthesized with the intent to
deliberately apply for various applications such as fuel and
adsorbents in agronomic and industrial sectors owing to rich
carbon and mineral content, large surface area and high energy
content (Mohan et al.,, 2014; Daful and Chandraratne, 2020).
Biochar produced under identical preparing conditions but from
different precursors may have different physical and chemical
properties owing to variant feedstock composition. So, the
availability of low-cost, abundant source materials gives an
opportunity to synthesize a wide variety of effective biochar in
absorbing environmental contaminants and waste management
(Yargicoglu et al., 2015).

This study has focused on summarizing the recent advances in
the fundamentals of various thermochemical conversion
techniques and slow pyrolysis of lignocellulose-based biomass
to synthesize biochar for diverse industrial and engineering
applications. Furthermore, the relationship between the
influence of pyrolytic process parameters on biochar vyield,
physicochemical properties, and structure is also revealed
based on the profound understanding of the changes in
physicochemical properties of lignocellulose biomass and
through an extensive literature review of different analytical
techniques discussed in literatures. In this regard, a
momentous investigation had been executed to propose a
more effective control of biochar synthesis with its
corresponding properties for targeted industrial applications.
Extensive review to highlight the process parameters affecting
the physicochemical properties of lignocellulose-based biochar
for diverse industrial applications are imperative. Currently, there
are insufficient data in the literature to draw conclusions
concerning physicochemical properties of biochar and its
usage in soil conditioning and treatment, carbon sequestration,
contaminant removal from wastewater, carbon dioxide
adsorption from flue gas stream, synthesis of activated carbon
for gold recovery, energy harvesting in terms of energy storage
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FIGURE 1 | Types of lignocellulosic biomass and their characteristics.

and supercapacitor applications. Thus, it has been emphasized
systematically throughout this review paper and discusses the
major engineering and industrial applications of biochar. This
review paper has highlighted the synergy between the synthesis
procedure and applications to fill the voids and make efficient
usage of biochar and to propose a strategy where it can substitute
costly carbon-based adsorbents like activated carbon for
environmental remediation and energy harvesting.

1.1 Lignocellulose Biomass and

Lignocellulosic Composition

The lignocellulosic biomass refers to a biogenic compound
containing organic and inorganic fractions that have been
considered as a potential renewable source of valorization to
produce value added products (Rangabhashiyam and
Balasubramanian, 2019). Lignocellulose biomass comprises a
complex structure due to the inherent macromolecular
components like lignocellulose with smaller amounts of
extractives (hydrocarbons or lipids) and ash (the inorganic
component in the form of oxides and carbonates). Hence, the
lignocellulose biomass type influences the pyrolytic degradation
pathway and products in several ways. Firstly, it is categorized
into two main classes: woody and non-woody waste biomasses
(Jafri et al., 2018), and it covers a broad range of materials from
the following sectors: herbaceous and agricultural residues
(energy crops, crop residues or starch energy crops), forest
residues (dedicated forestry or forestry by-products) and
industrial wastes (agro-industrial residues, wood industry
residues) (Biswas et al., 2017; Wang H. et al,, 2018; Primaz
et al,, 2018; Pattanaik et al., 2019). Other biomass ressources
include aquatic plants, animal and human biomass residues,
waste from food processing industries and municipal solid
wastes (Anca-Couce, 2016; Kim D. et al, 2016). The
lignocellulosic biomass exhibits different characteristics
depending on the nature and source of the feedstock and the
different characteristics of lignocellulosic biomass mainly in
terms of moisture content, ash content, calorific value, bulk
density and voidage is illustrated in Figure 1. Additionally, a
list of various types of lignocellulosic biomass available from
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different sectors as the potential source of valorization to produce
biochar is summarized in Table 1. The primary advantage of
lignocellulosic biomass resources is their low sulphur (S) and
nitrogen (N) content and no net emissions of atmospheric CO,.
Therefore, lignocellulosic biomass, encompassing primarily
carbon derived from agricultural residues, forest debris or
industrial waste, is gaining interest due to the abundant
availability and low cost. It is also found to be an opportune
resource for conversion into value-added products (biochar) and
the generation of renewable energy. Secondly, as stated earlier, the
hazard of climate change can be minimized due to no net
emission of CO, into the atmosphere while undergoing
thermal conversion of lignocellulose biomass. No release of
elevated greenhouse gases (GHGs) into the atmosphere during
conversion or utilization is considered as the main driving force
behind utilizing these only renewable resources for the generation
of energy (Jafri et al., 2018).

Lignocellulosic components in biomass are classified into
three major components: hemicellulose (19-25%), cellulose
(32-45%) and lignin (14-26%) (Anca-Couce, 2016). As can be
seen in Figure 2, the proportions of lignocellulosic components
in lignocellulosic biomass vary significantly along with their
connection and crystallinity. Along the cell wall, the
lignocellulosic components combining element and rigid solids
are scattered in a haphazard way. The lignocellulosic complex
comprises cellulose as the main building block that forms a
skeletal framework along the cell wall. Additionally, the
internal voids are filled with the binding compounds, matrix
(hemicellulose) and encrusting (lignin). Through hydrogen
bonding, hemicellulose and lignin are connected to each other
in the cell wall whilst lignin, and hemicellulose components are
connected by both hydrogen and covalent bonds. The
connections among the lignocellulosic components such as
hydrogen and covalent bond have shown considerable impact
on the pyrolysis characteristics and pyrolysis product distribution
owing to their variation in the extent of thermal degradation
during the pyrolysis process. The interest in using lignocellulosic
biomass to produce biochar comes from numerous explanations.
Previous research has carried on in-depth studies about the
properties of biochar in terms of lignocellulosic composition
derived from various biomass feedstocks such as white pine
and wood residues (Wang Y. et al.,, 2018), palm kernel shell,
empty fruit bunch, palm oil sludge (Lee et al., 2017), sugarcane
straw (Halder et al., 2019), corn cob (Shariff et al., 2016), flax
straw, wheat straw and saw dust (Azargohar et al., 2013), corncob,
sawdust, cornstalk (Liu et al., 2014), palm kernel shell (Ma et al.,
2015) as presented in Table 2. Lee et al. (2017) summarized the
proximate composition (fixed carbon and moisture content),
HHYVs, and yields of biochar from pyrolysis of palm kernel
shell (PKS) and empty fruit bunch (EFB). They reported that
pyrolysis had a significant contribution in enhancing the biofuel
properties of PKS and EFB derived biochar. The PKS and EFB
derived biochar exhibited enhanced HHV in the range of
26.18-27.50 MJ kg™' and fixed carbon content in the range of
53.78-59.92%, and decreased moisture content ranging from 1.03
to 2.26%. The findings reported in terms of enhancement in the
physicochemical properties and improved biofuel properties after
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TABLE 1 | Lignocellulose biomass available for valorization (Cai et al., 2017).

Supply Sector Type Biomass feedstock
Agriculture Lignocellulose energy crops Switchgrass, Reed, Miscanthus, Bamboo
Crop residues Rice straw, Wheat straw, cotton talk
Sugar and starch energy crops Corn stalk, Sugarcane
Forest Dedicated forestry Willow, poplar, eucalyptus
Forestry by-products Barks, wood chips, logs
Industry Agro-industrial residues Rice husk, corn cob
Wood industry residues Sawdust, industrial waste wood

Lignocellulosic composition

Aryl-ether-bond

B Cellulose HHemicellulose BLignin

Hydrogen bond

U PentoseO Hexﬂse. Glucose

FIGURE 2 | Structural representation of lignocellulosic biomass with hemicellulose, cellulose, and lignin.

TABLE 2 | Lignocellulosic composition of different residual biomass feedstock.

Biomass Feedstock Lignocellulosic components Ref
Hemicellulose (wt%) Cellulose (wt%) Lignin (wt%)

White pine (softwood) 2411 42.26 26.69 Wang Y. et al. (2018)

Palm kernel shell (PKS) 14.20 = 0.44 27.51 £ 0.39 58.30 + 0.5 Lee et al. (2017)

Empty fruit bunch (EFB) 38.46 + 0.83 2423 £ 1.28 37.32 +1.14

Palm oil sludge (POS) 34.70 + 2.77 35.27 + 3.03 30.04 + 0.58

Sugarcane straw (SCS) 21.3+1.9 415 +23 32+ 1.7 Halder et al. (2019)

Walnut shell 20.40 23.30 53.50 de Caprariis et al. (2017)

Corn cob (CC) 39.4 45.88 11.32 Shariff et al. (2016)

Palm kernel shell (PKS) 23.82 33.03 45.59 Ma et al. (2015)

Coconut coir 44.20 32.80 22.10 Subhedar et al. (2015)

Hybrid poplar 25 17 52 Kim H. et al. (2016)

Bamboo leaves 14.80 13.20 14 Huang et al. (2016)

Groundnut shell 18.70 37 28 Subhedar et al. (2018)

Miscanthus 20.5 47.3 28.8 Elmay et al. (2015)

Corncob (CC) 39.3 28.7 19.6 Liu et al. (2014)

Sawdust (SD) 22.3 43.7 28.8

Cornstalk (CS) 28.1 34.2 21.7

Flax straw 27503 323 +0.2 20.1 £ 0.3 Azargohar et al. (2013)

Wheat straw 29.7 £+ 0.3 354 +0.2 20.8 + 0.3

Saw dust 314 +£0.3 37.7+02 159+ 03

undergoing slow pyrolysis implied the candidacy of PKSand EFB on the vyield and nature of feedstock impacting the
for biochar synthesis for diverse industrial applications. Similarly, ~ physiochemical features of the biochar (Azargohar et al., 2013;
previous studies have shown the influence of different feedstocks ~ Liu et al., 2014). Hence, selecting the suitable lignocellulosic
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FIGURE 3 | Lignocellulosic biomass degradation during pyrolysis (adapted and redrawn from Zhang et al., 2019).

biomass would depend on the understanding of the final
utilization of biochar as the feedstock type influences the
physicochemical properties of biochar, such as textural
properties, surface functional moieties and heterogeneous
structure significantly.

1.2 Lignocellulose Biomass Degradation

The thermal degradation pathways and mechanism of
lignocellulosic components (hemicellulose, cellulose, and
lignin) to produce biochar is different due to differences in
their composition and structure. In the pyrolysis process,
cellulose undergoes depolymerization followed by several
degradation pathways, including intramolecular
rearrangement, dehydration, decarboxylation, aromatization,
and intermolecular condensation between 315 and 400°C to
produce biochar. Correspondingly, the degradation
mechanism of hemicellulose follows the similar degradation
pathway of cellulose. The thermal degradation of
hemicellulose produces biochar and decomposes to low-
molecular weight compounds (bio-oil and synthetic-gas) in
the temperature ranging from 220 to 315°C. However, the
lignin has a highly aromatic structure, and its decomposition is
a complex mechanism (160-900°C) unlike hemicellulose and
cellulose. In this regard, the degradation pathway is mainly
dominated by the free radical reaction pathway (Zhang et al.,
2019). Cellulose and hemicellulose contribute towards the
synthesis of volatile products during the pyrolysis process.
Whereas lignin is the major biochar precursor, which
contributes towards the enhanced biochar yield and
produces biochar with different physicochemical properties
during the pyrolysis process. For instance, biochar yield
obtained from woody biomass is 19 wt. % (900°C and 64
min) (Solar et al., 2016), whereas the biochar yield obtained
from lignin reached up to 45.69% (Farrokh et al., 2018). To
generate  biochar  with  enhanced  physicochemical
characteristics such as high fixed carbon content (FC),

surface area (Sgpr) and fine aromatic structure that are
essential for diverse applications, residual biomass
feedstock containing high lignin content is highly desirable
for thermochemical conversion process like pyrolysis (Wang
et al, 2020). A schematic pattern representing the
lignocellulosic and organic extractives degradation
pathway and generation of desired and by-products during
the pyrolysis process is shown in Figure 3. Figure 3 clearly
illustrates that every component in lignocellulose biomass
degrades independently at various range of temperatures and
generate desired products and by-products. The selection of a
particular biomass feedstock may have a momentous impact
on the total yield of biochar, physicochemical properties of
biochar along with on the overall economic feasibility and
viability of the pyrolysis process.

2 PREPARATION OF BIOCHAR

In the past few years, many biomass conversion processing
facilities and valorization pathways have been proposed and
developed. The biomass conversion can occur through several
alternative technologies such as: thermochemical conversion
techniques (torrefaction, pyrolysis, hydrothermal liquefaction,
hydrothermal combustion or gasification), biochemical
conversion methods using bacteria or enzymes (anaerobic
digestion, aerobic digestion or sugar fermentation) and
physicochemical method such as lipid extraction (Anca-
Couce, 2016; Wang H. et al, 2018). As a significant
thermochemical conversion pathway, pyrolysis has gained
immense attention from the scientific community and
policymakers owing to its ease in valorizing residual
biomass from environmental and economical perspective.
Biochar can be derived as a low cost, carbon-rich efficient
solid residue with excellent porous and heterogeneous
structure by adopting slow pyrolysis as one of the
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FIGURE 4 | Thermochemical conversion techniques and desired
products.

significant thermochemical conversion strategies and hence is
considered for the study in this review paper.

2.1 Thermochemical Conversion of

Lignocellulosic Biomass

Valorization of lignocellulosic biomass through various
thermochemical conversion techniques include torrefaction,
hydrothermal liquefaction (HTL), hydrothermal carbonization
(HTC), pyrolysis and gasification. Thermochemical conversion
techniques uses heat (temperature of various range), pressure
(atmospheric to high) and chemical processes under inert
ambience or limited supply of oxygen to thermally breakdown
the bonds of residual biomass to generate biochar and other
value-added intermediates (liquid, gases and aqueous phase)
through various degradation pathway as discussed earlier in
section 1.2 (Kambo and Dutta 2015; Pattnaik et al, 2021;
Patra et al, 2022). The desired products obtained in various
phases (solid, liquid, and gas) from different categories of
thermochemical conversion techniques at varying range of
temperatures is highlighted in Figure 4.

An irreversible change in the physical state and chemical
composition of the lignocellulosic components occurs after the
thermochemical conversion in the residual biomass owing to the
changes in the structural building blocks and binding compounds
of biomass (lignocellulosic components). Thermochemical
conversion pathway is referred to as a carbon-neutral pathway
because the amount of CO, emitted during the conversion
process and the amount of CO, consumed by the biomass
during its growth period are same (Jafri et al., 2018). Amidst
the variant thermochemical techniques available, slow pyrolysis
has emanated as a front line research and grabbed attention for
the generation of biochar with desired properties from
lignocellulosic biomass. It can act as a sustainable waste-
management strategy that would find way to explore the usage
of residual biomass as the potential precursor, which are generally
managed improperly, discarded in landfills and are unsuitable for
any conventional usage. Pyrolysis decomposes thermally weak
lignocellulosic constituents of biomass, and produce solid
(biochar) as the desired product, a pyrolytic liquid (bio-oil),

Biochar for Industrial and Energy Applications

and non-condensable gas fraction (synthetic gas) under heat
and inert atmospheric conditions as depicted in the following
Eq. 1:

Lignocellulose Biomass + Heat — Char + Pyrolytic liquid

+ Gaseous fraction (1)

2.2 Pyrolysis

Pyrolysis of lignocellulosic biomass is a complex endothermic
degradation process, which includes the thermal degradation of
organic matter of the biomass mostly into solids and liquids when
heated in an unsusceptible environment, i.e., in the absence of air/
oxygen and atmospheric pressure condition. In case of
lignocellulosic biomass, the long-chain hydrocarbons present in it
are decomposed into smaller compounds under suitable pyrolysis
conditions. Furthermore, the rate of thermal degradation and degree
of decomposition of residual biomass is dependent significantly on
the nature and composition of the feedstock and the pyrolytic
process parameters mainly temperature (‘C/K), residence time (s
or min) and heating rate ("C s ' or ‘Cmin"). Based on the range of
operating pyrolytic parameters mainly heating rate (‘C s~ or
*Cmin™"). and residence time (s or min), the biomass pyrolysis
process can be subdivided into the following subclasses: slow
(conventional), intermediate, and fast pyrolysis techniques. The
thermal degradation of biomass during pyrolysis can be described
by three pathways: char formation, depolymerization reactions and
fragmentation of the lignocellulosic components (Daful and
Chandraratne, 2020). The yield of pyrolysis products (biochar,
bio-oil, and synthetic gas) will depend on pyrolysis conditions
and parameters chosen. The operating conditions (temperature,
heating rate and residence time) of each category of pyrolysis is
highlighted in Table 3. Correspondingly, the associated product
distribution due to the thermal degradation of lignocellulosic content
from each category of pyrolysis is illustrated in Figure 5. It shows the
degradation of lignocellulosic components (hemicellulose, cellulose,
and lignin), organic extractives and ash to produce product of
different distribution.

2.2.1 Slow Pyrolysis

Slow pyrolysis of lignocellulosic biomass feedstock is usually
categorized by the slow heating rate in the range of <0.01-2°C s
at a relatively moderate temperature (300°C-700 C) in absence of the
oxygen atmosphere and have longer-vapor residence time (minutes-
days) (Qambrani et al., 2017). Owing to moderate temperature and
longer residence time, secondary cracking level of biomass feedstock
increases. The product distribution in slow pyrolysis is approximately
equal in composition as shown in Figure 5 (Zhang et al, 2019).
Biochar is obtained as the main product from this process and its
yield and quality is significantly affected mainly by the temperature
(°C) maintained during the pyrolysis process. In this process, the
longer residence time (minutes to days) results in a wholly pyrolyzed
biochar product with highly stable and recalcitrance form of the
Carbon (C) which does not undergo microbial degradation for a
longer duration. According to Bruun et al. (2012), biochar
synthesized through slow pyrolysis has considerably shown to
contain high carbon (69.6 wt%) compared to that obtained from
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TABLE 3 | Thermochemical conversion technique (pyrolysis) and products (desired and by-products) (Wang et al., 2020; Kazawadi et al., 2021).

Thermochemical conversion Temperature, range (°c) Reaction time Heating rate Desired product By-product

techniques

Slow pyrolysis 300-700 minutes-days <2Cs™! Biochar Bio-oil
Synthetic gas

Intermediate pyrolysis 450-550 Seconds >10 C min™’ Bio-ail Synthetic gas

Biochar

Fast pyrolysis 500-1000 Seconds >2Cs™! Bio-oil Biochar

Synthetic gas
Non-
< Woody > Woody

4

FIGURE 5 | Product distribution from different categories of pyrolysis (adapted and redrawn from Meyer et al., 2011; Qambrani et al., 2017).
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the fast pyrolysis technique (49.3%) from the similar starting
material. In slow pyrolysis, the heating rate is low, and biomass
feedstocks undergo endothermic degradation at a slower rate
with no heat and mass transfer limitations and consequently gives
higher yield of biochar and lower yield of bio-o0il and synthetic
gas. It also generates heat during the thermal degradation of
lignocellulosic components, which could be further recycled
within the conversion unit to produce electricity or generate
energy. Additionally, large particle size, high lignin and ash
content in lignocellulosic biomass favors the relatively high
yield of biochar during slow pyrolysis (Mohanty et al., 2013).
Thus, biochar production potential and chemical compositions
are affected by the feedstock composition, reaction environment
and operating parameters during the pyrolysis of biomass.
Compared to fast and intermediate pyrolysis techniques, slow
pyrolysis has been reported to be a flexible thermochemical
conversion technique mainly in terms of obtaining biochar as
the main product with enhanced physicochemical properties.
Accordingly, the slow pyrolysis technology is currently the most
used commercial technology and a sustainable route for
valorization of lignocellulosic biomass from environmental
perspective to synthesize biochar owing to its higher biochar
yield and fewer associated technological drawbacks. The product
distribution (solid, liquid, and gaseous fraction) from three
different pyrolysis processes is demonstrated in Figure 5 and
the parameters affecting the product distribution synthesized
from slow pyrolysis is emphasized further in section 3.0.

2.2.2 Intermediate Pyrolysis

The intermediate pyrolysis is the pyrolysis technique that lies
between fast and slow pyrolysis process in terms of residence time
and heating rate as shown in Table 3. In intermediate mode of
pyrolysis, the rate of decomposition is faster compared to the slow
pyrolysis technique but slower than the fast pyrolysis and could
be attributed to the intermediate heating rate and moderate
residence time. From Figure 5, it can be observed that
intermediate pyrolysis has a good range of product
distribution and hence can be used in the co-production of
biochar, bio-oil, and syngas. However, the biochar yield from
intermediate pyrolysis is less compared to slow pyrolysis
technique as can be seen from the product distribution in
Figure 5. The lower yield of biochar from intermediate
pyrolysis compared to slow pyrolysis could be attributed to
the higher heating rate maintained at the temperature range of
450-550°C. As intermediate pyrolysis occurs at controlled heating
rate the generation of high molecular weight tar is inhibited with
the formation of bio-oil and synthetic gas. In intermediate
pyrolysis process the particle size and shape of the precursor
has least impact compared to that in the fast pyrolysis technique.

2.2.3 Fast Pyrolysis

Fast pyrolysis is mainly characterized by thermal degradation at a
very high heating rate of more than 2°Cs™', shorter residence
times (<2 s) at a moderate to a higher temperature in the range of
500-1000°C, and consequently experience rapid decomposition
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of lignocellulosic constituents and organic matter during the
thermal treatment. The conversion provides high bio-oil yield
followed by a low yield of syngas and biochar. The desired
product obtained from the fast pyrolysis is bio-oil, that could
be used as the energy carrier in the industrial sectors.
Furthermore, the biochar obtained from fast pyrolysis process
consists of recalcitrant conjugated aromatic structures. Mohanty
etal. (2013) compared and reported the effects of heating rate and
residence time in terms of the production and quality of biochar
exploring slow and fast pyrolysis techniques. They observed that
at a slower heating rate of less than 10°C min~' and minimum
residence time of 30 min, the biochar yield was high and was in
the range of 41-44 wt% as well as bio-oil yield was in the range of
18-24 wt%. Whereas in fast pyrolysis process with a very high
heating rate of 450°C min~"' and minimum residence time of 30 s,
the biochar yield reduced to almost half compared to that
obtained during the slow pyrolysis, and the yield reported was
in the range of 21-24 wt%. In fast pyrolysis, to suppress the gas
production and maximize the liquid product yield, the residence
time is controlled, and rapid cooling is employed for secondary
cracking. In general, liquid product (bio-oil) is obtained as the
desired product from the fast pyrolysis process, whereas biochar
and synthetic gas are obtained as the by-products as summarized
in Table 3.

3 EFFECTS OF PYROLYTIC PROCESS
PARAMETERS ON BIOCHAR YIELD

The feedstock composition and the process parameters during
the thermochemical conversion process significantly impacts the
total yield of biochar, physicochemical properties and finally
affects its end applications. Although, a considerable amount
of research is imperative to establish a co-relationship between
the thermochemical operating parameters with the total yield of
biochar, its physicochemical properties, and final diverse
applications. Hence, it led to considerable amount of research
in recent times in terms of optimizing the thermochemical
conversion process to maximize the biochar yield and enhance
the physicochemical properties of biochar that can further be
explored for various engineering applications (Chen et al., 2015;
Gonzalez et al., 2017; Tomcezyk et al., 2020). The dominant factors
that influence the product distribution and heterogeneous
structure of the engineered biochar obtained from slow
pyrolysis mainly include the pyrolysis temperature (°C),
residence time (min) and heating rate (°C min™'). All the
parameters significantly influencing the performance, product
distribution mainly biochar and physicochemical properties of
biochar generated from the slow pyrolysis process is highlighted
in the following sections.

3.1 Effects of Pyrolysis Temperature

The temperature has a momentous impact on the product
distribution and properties of biochar derived from slow
pyrolysis. In general, the peak-concentration of the biochar is
obtained at the lower range of pyrolysis temperature (400-500°C)
and then declines with increasing the peak temperature owing to
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the further secondary cracking and other parallel reactions that
produces more intermediate products from pyrolysis (bio-oil and
synthetic gas). The physicochemical characteristics such as
textural properties, calorific value, carbon content and
aromatic structure depends on the pyrolysis temperature and
biochar synthesized from different lignocellulosic biomass have
been investigated in the past. The recalcitrant carbon content and
the aromatic content enhances with increasing the pyrolysis
temperature owing to the release of volatiles and aliphatic
constituents. In case of slow pyrolysis, the feedstock properties
and pyrolysis temperatures have a momentous impact on the
total yield of biochar. Vieira et al. (2020)., investigated the impact
of different pyrolytic process parameters on biochar yield
undergoing slow pyrolysis of rice husk. They investigated the
impact of different parameters and their interactions on the total
biochar yield using Taguchi’s method and from the ANOVA
results they revealed that temperature was the most important
parameter influencing the yield of biochar. They obtained highest
biochar yield of 37.71 wt% at 300°C. Ferjani et al. (2019).,
investigated the effect of pyrolysis temperatures, ranging from
300 °C to 700 C on exhausted grape marc (EGM) on the biochar
yield and physicochemical changes after undergoing the thermal
conversion process. They found that at 300 °C and 400°C, the
biochar yield obtained were highest and were in the range of 65.8
%-59.1%, respectively. However, they also reported the declining
trend of biochar yield with increasing temperature from 500°C to
700 C. The biochar yield at that higher range of temperature were
relatively less (33.8-30.9 wt%). Similarly, regarding the influence
of both pyrolysis temperatures as well as heating rates on the
pyrolysis products yield (biochar, bio-oil, and gas), Aysu and
Kiiciik, (2014) investigated the effects of pyrolysis temperatures in
the range of 300-600°C (with and without catalyst) at three
different heating rates (15, 30, 50 C min™"). They reported that
among the two parameters investigated, pyrolysis temperature is
a crucial factor influencing the conversion of F. orientalis L.
Among all the parameters examined, pyrolysis temperature has
more pronounced effects on the bio-char yield and a decreasing
trend is observed with increasing the temperature from 300 to
600 C. The range of biochar yield reported is between 40.26 and
23.38%. Also, the increasing heating rate had a detrimental
impact on the biochar yield and was observed that the highest
yield was obtained at 15°C min’. Biswas et al. (2017) studied the
impact of pyrolysis temperatures on different conventional
agricultural residues namely wheat straw, corncob, rice straw
and rice husk. They investigated the impact of different feedstock
type on the total yield of biochar and other intermediate by-
products at different pyrolysis temperatures ranging from
300-450°C at 50°C interval. The maximum biochar yield
obtained from different agricultural residues were in the range
of 33.0-43.3 wt%, respectively. They observed that irrespective of
the agricultural residues, the biochar yield showed a decreasing
trend as the temperature increased from 300 to 450°C. In this
regard, Shalini et al. (2017)., compared the total biochar yield
obtained from Coccus nucifera shells (CNS) and Prosopis
glandulosa hard wood (PGH) by undergoing slow pyrolysis at
400-450°C. They also reported a similar observation of declining
trend with increasing temperature, although the observation was

Frontiers in Materials | www.frontiersin.org

June 2022 | Volume 9 | Article 870184


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Mukherjee et al.

not as pronounced as the previously reported values owing to the
lower range of temperature under investigation. In this regard,
they reported that the biochar yield reduced slightly from 28 wt%
to 25 wt%. In general, the phenomena of declining biochar yield,
and increasing bio-oil or synthetic gas yield with increasing
pyrolysis temperature could be attributed to the destruction of
lignocellulosic components mainly hemicellulose and cellulose
followed by organic extractives (Figure 3) that are combusted at
higher pyrolysis temperatures. Correspondingly, the primary
decomposition is also more pronounced at higher
temperatures. However, increasing the intensity of pyrolysis
temperature during the pyrolysis process is necessary for
improving the physicochemical properties of biochar since
more volatile compounds are released from biochar, increasing
its recalcitrant carbon (C) content and it also simultaneously
enhances the textural properties of biochar as more porous
network is formed at higher temperature due to the release of
tars from the pores. In this regard, Al-Wabel et al. (2013),,
reported biochar derived from conocarpus wastes synthesized
at higher temperature (800 C) demonstrated increased carbon
stability compared to that obtained at lower pyrolysis
temperature (200°C). Similarly, Anupam et al. (2016) reported
a sharp increment in surface area from 2.567 to 220.989 m*/g with
increasing the temperature to 550°C from 350°C. Additionally,
the pH in solution, calorific value (HHV), textural properties
mainly specific surface area (BET) porosity and basic functional
groups are also positively correlated with the elevated pyrolysis
temperature and this enhancement in physicochemical properties
are essential especially from diverse industrial applications
perspective (Uroi¢ Stefanko and Leszczynska, 2020).

3.2 Effects of Residence Time

In case of slow pyrolysis technique, the residence time range
from few minutes to days. Along with the influence of biomass
nature and pyrolysis temperature, the influence of residence
time on biochar yield has also been confirmed as significant
through several investigations (Xu et al., 2015). During slow
pyrolysis, the prolonged residence time at moderate to higher
ranging peak temperature plays a vital role in the pyrolysis
efficiency, particularly when the heat transfer limit at this
point of elevated thermal conditions is significant. Higher
biochar vyield obtained at maintaining moderate to
prolonged residence time owing to the series of
polymerization and secondary reactions that can take place
for the constituents of biomass (Patra et al., 2021c).
Furthermore, the prolonged residence time also has an
enormous effect on the textural characteristics of biochar
mainly in terms of specific surface area and pores-
distribution and it could be attributed to the structural
melting sintering and shrinkage of char that occurs during
time of thermochemical conversion process. However, the
residence time needs to be investigated for feedstock to
reveal the optimized biochar production conditions.
Anupam et al. (2016)., studied and reported the impact of
pyrolysis process parameters in terms of temperature and
processing time using five level central composite design
(CCD) and numerical techniques on biochar yield and
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FIGURE 6 | Favorable pyrolysis conditions to obtain highest biochar
yield through slow pyrolysis.

physicochemical  properties  derived from  Leucenaena
leucocephala bark. The optimum biochar yield of 47.29% was
obtained at 367.47°C and at 13538 min. They reported the
existence of strong interaction between the pyrolytic process
parameters. Although, pyrolysis temperature was more influential
(0.91) compared to pyrolysis time (0.63) in terms of desirability. In a
similar study, Liu et al. (2014), reported the effect of pyrolytic
parameters on the biochar yield and physicochemical properties of
corn cob derived biochar and compared with corn stalk and sawdust.
They revealed that the biochar yield decreased with increasing
residence time from 30 to 90min at the same pyrolysis
temperature ranging from 400-600°C. The vyield reduces
significantly when the pyrolysis temperature increased to 600 C
and residence time to 90 min. Consequently, a moderate length of
residence time is essential to optimize the biochar production
condition both in perspective of yield and physicochemical
properties.

3.3 Effects of Heating Rate

The biochar yield, release of volatile compounds and the
characteristic of biochar is affected by the rate of change of
heat during slow pyrolysis of biomass. Maintaining the
pyrolysis heating rate to lower range reduces the chances of
secondary pyrolysis reactions and further thermal cracking and
considerably contributing to higher yield of biochar. When the
heating rate of the biochar is maintained below 10°C min™", the
volatile compound formation is inhibited followed by slight
rearrangement reactions of the polymer structure giving rise to
stable carbon matrix. Additionally, the extent of heating rate also
influences the textural properties of biochar through heat and
mass transfer limitations (Mukherjee et al., 2021a). Wang H. et al.
(2018) reported that under identical conditions of slow pyrolysis
of white pines but at different heating rates have an impact on the
product distribution. They observed that raising the heating rate
from 2.3°Cmin'-9.2°Cmin~" the yield of char showed a
decreasing trend (from 31.09% to 27.37%). Increment in
biochar yield can also be made by reducing the heating rate
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FIGURE 7 | (A-C): Effect of pyrolysis temperature, residence time and heating rate on biochar yield (wt%) derived from food wastes (redrawn with permission from
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which is a means to provide sufficient heat conduction and
retainment of more volatile compounds in the fixed carbon
structure are fixed and retained as the biochar (Russell et al,
2017; Wang et al., 2020). Moreover, increasing heating rate led to
a decrease in biochar yield and the effect is more pronounced at
higher pyrolysis temperature compared to the lower pyrolysis
temperature. Furthermore, change in heating rate affects the
elemental constituent of biochar and a similar finding was
reported by Mohanty et al. (2013). They examined two
different heating rates (2 and 450°C min 1) and observed that

biochar synthesized at the lower heating rate presented higher
alkaline concentration compared to higher heating rates owing to
the retainment of minerals at lower heating rate. Figure 6
recommends the favorable pyrolytic conditions in terms of the
highest biochar yield. Consequently, to have a balance between
the total yield of biochar and the physicochemical properties,
maintaining a moderate range of temperature, moderate to
prolonged residence time and slower heating rate during the
pyrolysis process is essential to ultimately exploit the excellent
properties of biochar for diverse industrial applications.
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3.4 Effects of Pyrolysis Process Conditions

on Biochar Yield Derived From Food-Waste
Figures 7A-C shows the impact of pyrolytic parameters namely
temperature, reaction time and heating rate on the biochar yield
derived from food waste (Patra et al., 2021a). Patra et al. (2021a)
used different kinds of food waste for slow pyrolysis and
investigated process parameters like temperature, heating rate
and residence time to enhance the biochar yield and quality. The
authors used a mixture of waste fruits and vegetables such as
carrot peel, pumpkin seeds, bell pepper, potato and onion peel,
orange peel, watermelon shell celery head and leave, and pistachio
shells. Authors enlightened the effects of process parameters
(Figures 7A-C) on biochar yield and found the temperature
as a key parameter with maximum influence, followed by heating
rate and residence time. The biochar yield was massively reduced
from 52.4wt% to 31 wt% with the rise in the intensity of
temperature from 300 to 600°C (Figure 7A). The probable
reason behind the decrease in food waste biochar yield with
increasing temperature is that higher temperature allows the
thermal cracking of heavy hydrocarbon materials, which leads
to the increase in liquid and gaseous products.

The residence time is also considered as a key factor, which affects
the yield and chemical structure of the produced product in the
pyrolytic conversion of biomass to biochar. As compared to the
process temperature, the overall impact of the reaction time is
considerably lower, but it still affects the percent yield of the
biochar to some extent. In this experimental study, it was
observed that the high quantity of biochar was produced at a low
residence time that was 30 min and higher temperature that was
600°C. The biochar production was decreased from 29.9 to 28.3%
product by increasing reaction time from 30 to 60 min, which was
reflected in Figure 7B. In this study, the highest biochar yield of
52 wt% was achieved at lower pyrolysis temperature (300 C), slower
heating rate (5 Cmin') and moderate residence time of 30 min,
however the biochar possessed lower carbon content, calorific value
(HHV) and surface area. However, the optimum conditions for
biochar production with high carbon content of 60.7 wt%, calorific
value of 23 MJ kg™' was obtained at 600°C, 5°C min™" and 60 min
and the corresponding biochar yield recorded was 28 wt%.

Figure 7C demonstrates the overall impact of heating rate on the
biochar yield derived from food waste. From the study, it was found
that at a low heating rate ranging from 5-20°C min™", the biochar
yield was maximum, whereas the temperature and residence time
was maintained at 600 C and 60 min, respectively. At a lower heating
rate, secondary pyrolysis reactions get reduced while in higher
heating rate, it backs the biomass fragmentation, which increases
the bio-oil and gaseous product yield by limiting the formation of
biochar. At a higher heating rate, it is likely to improve the
depolymerization of biomass into volatile primary components,
which at the end retards the biochar yield.

4 ANALYTICAL METHODS

The physicochemical properties of biochar can vary with
feedstock type and synthesis conditions. Simultaneously, it
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is challenging to utilize optimized biochar for soil
conditioning, carbon sequestration, adsorption, and energy
storage applications. In terms of the potential industrial
applications as well as to examine the impact of pyrolytic
parameters on the physiochemical changes in biochar,
characterization of the physicochemical properties of
engineered biochar is momentous (Zhao et al., 2013; Wilk
and Magdziarz 2017). Numerous complimentary analytical
techniques can be employed to examine changes in the
physicochemical features of biochar obtained as the desired
product of slow pyrolysis and is illustrated in Figure 8.
Figure 8 highlights the complimentary analytical techniques
that can be utilized to investigate the change in
physicochemical characteristics of biochar and the
transition occurred in the starting material through the
thermal degradation pathway. The physicochemical
properties and structural features in terms of proximate and
ultimate analysis, pH analysis, HHV, specific surface area and
SEM of biochar produced from both lignocellulosic biochar are
discussed in the following section. The utilization of the
analytical techniques also depends on the final application
of the biochar (Amin et al., 2016). However, there are
limitations with all the techniques currently available, and
none can explain the transitions of biochar adequately. The
investigation of the change in physicochemical properties of
biochar is essential in terms of diverse applications.

4.1 Proximate Analysis, Ultimate Analysis
and pH Analysis

The proximate and ultimate analyses of various lignocellulosic
biomass is shown in Table 4. It is essential to investigate the
proximate and ultimate composition before undergoing slow
pyrolysis because high carbon (C) and low ash content is highly
desirable for such high temperature conversion processes. The
high C content is the characteristic of biochar produced from
lignocellulosic biomass. In slow pyrolysis, increasing both
pyrolysis reaction time and temperature and decreasing the
heating rate increases the concentration of carbon (% C) in the
biochar and decreases both the oxygen (% O) and hydrogen (%
H) owing to the loss of moisture and other volatile components
during the process. The loss in O and H reduces the surface
hydrophilicity in biochar which is essential for transportation
and long-term storage perspective. During the thermal
treatment, the chemical environment of carbon in biochar is
altered to produce recalcitrant aromatic structure that are
highly resistant to biological (microbial) degradation.
Mukherjee et al. (2021a) showed that with increasing the
pyrolysis temperature to 600°C, the carbon content (C%)
increases and oxygen content (O%) decreases, as result, the
extent of aromatization enhanced but polarity reduces. The
stability of lignocellulosic biochar is relatively high owing to
the developed of aromatic structure and recalcitrant C.
Residual biomass containing higher ash content influences
the biochar yield and is positively correlated with the
generation. The plot of H/C and O/C atomic ratios are now
widely used to characterize the fuel properties of biochar and is
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TABLE 4 | Proximate and ultimate analysis of lignocellulosic biomass feedstock.
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Biomass Proximate analysis (wt%) Ultimate analysis (wt%) Atomic Ref
Feedstock ratios
Moisture Volatile Ash Fixed C H N o* S H/C O/C
matter carbon*
Spent coffee grounds 8.1 82.0 1.7 16.3 54.5 71 24 342 0.1 1.5 05 LiX etal (2014)
Corn cob 12.77 91.16 6.54 2.30 4210 590 0.50 0.48 1.66 Biswas et al. (2017)
Wheat straw 12.81 83.08 10.29 6.63 38.34 547 0.60 0.37 1.69
Rice straw 11.69 78.07 6.93 15.00 36.07 520 0.64 026 1.71
Rice husk 10.89 73.41 11.44 15.14 4192 6.34 1.85 0.47 1.80
Leucaena leucocephala bark (LLB) 4.90 69.80 18.10 7.20 45,78 1067 1.77 32.08 0.09 2.77 0.53 Anupam et al. (2016)
Corn brakes 8.58 73.94 1.48 16.00 4797 6.87 0.66 42.89 - Manic et al. (2019)
Wheat straw 11.63 65.32 7.88 1517 4412  6.34 0.63 39.99 --
Hazelnut shell 9.27 68.08 1.67 20.97 50.12 6.66 0.86 40.53 --
Miscanthus (Miscanthus x giganteus) - - - - 42.8 5.5 0.2 48.9 -- Elmay et al. (2015)
straw
Ferula orientalis L. Components 5.66 -- -- -- 4440 6.7 1.3 47.53 -- 1.82 0.81 Aysu and Kicuk,
(2014)
Palm kernel shell (PKS) 12.69 75.14 22.05 2.81 5156 6.31 0.7 4133 041 Ma et al. (2015)
White pines 11.98 81.01 6.06 0.95 4944 633 0.38 4385 -- Wang Y. et al. (2018)
Sawdust 9.49 7713 12.42 0.96 38.34 617 0.37 4458 0.09 Zhao et al. (2016)
Corn cob 714 87.76 11.19 1.05 43.81 6.54 0.77 4819 0.06 Shariff et al. (2016)
White pine 7.6 74.2 17.4 0.8 4546 532 0.18 4060 0.05 0.12 0.89 Chiodo et al. (2016)
Coffee husk 9.06 77.09 19.36 3.55 46.41 6.33 266 4451 0.09 0.14 0.96 Setter et al. (2020)
Conocarpus wastes -- -- 3.18 -- 4496 541 062 281 0.20 1.01 Al-Wabel et al. (2013)
Sugarcane straw 8.3 711 6.0 14.6 42.6 529 0.51 43.4 0.14 Halder et al. (2019)
Olive stone 8.83 72.21 0.58 27.21 4260 6.46 0.08 5026 0.01 Saldarriaga et al.

*Calculated by difference (O): 100- (C + H + N + S+ ash) % and *Calculated by difference (fixed carbon):

defined as the Van-Krevelen diagram, and to estimate the
enhancement in fuel properties compared to coal. The
atomic ratio reduces at elevated temperature that also
indicates the improvement in aromatic characteristics,
hydrophobicity, or polarity in biochar. Examining pH in
aqueous solution of biochar is essential especially when its
end application is for soil treatment. The pH of biochar derived
from lignocellulose-biomass ranges in the alkaline range
typically ranging from 8-9.6 (Yu et al,, 2019). The pH of
biochar derived from lignocellulose-biomass ranges in the
alkaline range. According to a study by Liu et al. (2014), the
enhancement of pH in biochar is associated to the reduction of
organic oxygenated acidic functional moieties at elevated
thermal conditions, such as carboxylic functional (-COOH)
and hydroxyl functional (-OH) groups from the biochar
matrix mainly during the pyrolysis.

4.2 Higher Heating Value

When lignocellulose biomass undergoes complete combustion, it
releases heat and the amount of heat released during this period is
defined as the higher heating value (HHV) of the tested sample.
The sample upon complete combustion produces water (H,O)
and carbon dioxide (CO,). The latent heat of water and water
vapor is given off upon condensation and HHV includes latent
heat as the heating value. The HHYV is influenced by the carbon
content and ash content in the sample under test. The calorific
values of the sample are positively correlated with the carbon
content, whereas negatively correlated with the ash content. In
general, lignocellulosic biochar has higher HHV, owing to a lower

(2015)

100- (Moisture + Volatile matter + ash.

ash content in biomass feedstock. In this regard, Patra et al.
(2021a) reported that the HHV of food waste was 17.0 MJ kg’1
and that improved for the biochar with the highest value of
23 MJ kg™ obtained at the optimized pyrolysis conditions (600°C,
5°C min~! and 60 min). Enhancement in HHYV is beneficial from
energy perspective as it will allow to substitute coal and be
explored as the renewable source of energy and clean fuel.

4.3 Textural Characteristics and Surface
Morphology

In general, the surface area of lignocellulosic biomass is low with
undeveloped porosity and very low pore-volume. However, with
treating at elevated temperature during slow pyrolysis, secondary
reactions like thermal cracking, devolatilization, aromatization,
decarboxylation, dehydration and polymerization reactions
results in biochar’s surface disintegration, fragmentation, and
development of porous network and structure. The surface area
of the biochar is also strongly dependent mainly on the feedstock
type and pyrolysis temperature. Liu et al. (2014) studied the
change in textural properties of corncob derived biochar at
different pyrolysis temperatures and further compared its
characteristics with sawdust and corn stalk. They reported the
improvement in the specific surface area (Sggr) of corncob-
derived biochar with increase in temperature from 300 to
500°C increased from 61.8 to 212.6 m*/g. However, the specific
surface area reduced slightly to 192.9 m*/g at 600°C.

A plausible explanation to this observation can be attributed to
secondary polymerization reaction, that can destroy the
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FIGURE 9 | (A-C). SEM image of food waste biochar derived from different pyrolysis temperature (used with permission from Patra et al., 2021a).

micropores due to excessive pore-widening in the resulting
biochar. Although, the specific surface area of corncob
synthesized at 500°C (CC500) was lower than that of sawdust
synthesized at the same pyrolysis temperature (SD500), and it can
also be attributed to the high ash content in corncob resisting the
formation of microporous structure. Hence, the development of
textural properties is also influenced by the feedstock type and
composition. Figures 9A-C illustrates the SEM image of the
biomass (food waste) and the derived biochar generated at the
extreme conditions of temperature (300 and 600 C), respectively
(Patra et al., 2021a). It is clear from Figures 9A,B that food waste
biomass as well as the biochar derived at 300 C got undeveloped
porosity as a result lower surface area (0.85 m?/g, 300°C-30 min)
owing to not high enough thermal condition that could
contribute towards the development of porous structure.
However, with rising pyrolysis temperature to 600°C,
secondary reactions like thermal cracking, devolatilization,
aromatization, decarboxylation, dehydration results in
biochar’s  surface  disintegration, fragmentation, and
development of porous structure as can be clearly seen from
Figure 9C.

5 BIOCHAR FOR DIVERSE INDUSTRIAL
APPLICATIONS

Due to its unique physical and chemical characteristics, biochar is
often used in soil amendment (Zhang et al, 2019), carbon
sequestration (Taskin et al., 2019), removal of pollutant from
waste water (Nanda et al., 2016), carbon dioxide adsorption
(Mukherjee et al., 2021b), energy storage (Bader et al., 2018)
and supercapacitor (Lu and Zhao, 2017) as summarized in the
following section. One of the most popular applications of
biochar is in the field of soil amendment by improving its
productivity and fertility followed by its ability to sequester
carbon by enhancing soil organic carbon (SOC), purification
technologies, energy storage and supercapacitor and finally as the
precursor to be converted to activated carbon. Considering the
excellent properties like large specific surface area, well-developed

porous structure, availability of rich and variant surface
functional groups, and mineral content also make biochar a
potential alternative source material for environment cleanup
and a potential candidate for energy harvesting. For instance,
biochar’s performance and efficacy in removing organic or
inorganic contaminants from wastewater or removing CO,
from waste flue gas stream emitted from the large point
stationary sources are influenced by the enhanced porous
structure and well-developed micro-porosity, improved
hydrophobicity, which are dependent on the feedstock
compositions, degradation pathway and can be controlled by
the pyrolysis conditions. The various applications of biochar in
different industrial sectors like for soil remediation, carbon
dioxide sequestration, adsorbent, precursor to synthesize
activated carbon, energy storage and supercapacitor is
summarized in the following section through extensive
literature review.

5.1 Biochar for Soil Remediation

The advantageous effects of biochar utilization for development
of physical properties of soil have been comprehensively
evaluated, for instance, the incorporation of biochar into soil
can induce the net surface area of the soil and improve soil bulk-
density and porosity (Devereux et al., 2012). Moreover, biochar
addition to soil enhances the soil-water correlation by increasing
water infiltration and water holding capacity (Qian et al,, 2015).
The alterations on the physical properties of soil are mainly
ascribed to biochar’s low bulk density and large surface area. In
addition, biochar added soil can modify its pH value as shown in
Figure 10. The low pH in soil can result in plant toxicity due to
the presence of heavy metals. Thus, the application of biochar is
beneficial, especially for acid contaminated soils due to the release
of alkaline substances contracting soil acidification. The
properties and characteristics of the soil are substantially
modified over the mid- and long-terms, which indicates a
stout CO, sink (Palansooriya et al, 2019). Presence of
carboxyl groups in pyrolyzed biochar increases cation
exchange capacity of soil, which efficiently limits cationic
nutrient leaching and enhances water retention capacity.
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FIGURE 10 | Features of biochar influencing the soil properties (adapted
and redrawn from Wang et al., 2020).

Cationic nutrient helps in enhancing seed germination and plant
growth resulting in high crop yield (Ferreira et al, 2019).
Contamination of soil with heavy metals affects soil
productivity and have adverse health effects on crop
consumers. Biochar has been known for its phenomenal
sorption capacity in removing heavy metals and other
contaminants from the soil. The effective adsorption of heavy
metals requires high surface area, which biochar lacks. However,
biochar surface comprises several oxygenated functional groups
like phenolic, carboxyl, and hydroxyl, which acts as binding sites
for soil pollutants (Qian et al., 2015).

5.2 Biochar for Soil Nutrition and Fertility
Incorporated biochar in soil can significantly aid as a source or sink
for accessible nutrients, as biochar itself acts as source of nutrients
derived from lignocellulosic biomass (Palansooriya et al., 2019). The
physical, chemical, and microbial properties of the soil also get
improved using biochar and its integration into soil substantiates to
be an efficient technique for augmenting nutrient cycling, affecting
overall plant performance (El-Naggar et al., 2019). Biochar can also
implicitly alter the soil’s nutrient content and its obtainability for the
crops and when surplus nutrients are overloaded on biochar, it
slowly releases vital fertilizer for delivering nutrients to the crop
(Zhou et al, 2015). Biochar can also absorb feedstock derived
nutrients (N, P, K, Ca, Mg, S, Fe, and Mn) along with both
macro and micro-nutrients.

The reason behind such aspect of the biochar is solely due the
presence of large surface area and porous microstructure in
biochar, thus nutrients associated with biochar, releases in a
slow manner (Clough et al, 2013). Biochar has potential to
alter soil biological properties, which involves amelioration of
soil, enhancement of nutrient cycles, alteration of mineral
composition. Such alteration improves the microbial
community composition in soil and results in enhancement of
soil organic matter, which promotes plant growth and high crop
productivity. Moreover, biochar enhances soil fertility by limiting
the emissions of N,O and NO (Ding et al., 2016).

5.3 Biochar for Carbon Sequestration
The process of up adsorbing and storing atmospheric CO, is
defined as the carbon sequestration. If added to soil, biochar can
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be a potential carbon sequestration tool and could contribute to
enhance the soil-carbon sink. Adding biochar to the soil could
eventually have a positive impact on the environment, reducing
the net CO, emission in the atmosphere. In this regard, for
instance, since ages the charred organic matter in the carbon-rich
Terra Preta soil located in the Amazon basin is sequestering
carbon (Xiao et al., 2016). Thus, biochar has been widely accepted
as a promising carbon sequestration tool by implementing it in
soil as depicted in Figure 11. Figure 11 highlights the carbon-
cycle and how implementing biochar in soil can help achieve a
negative carbon-loop. The performance of biochar as soil-carbon
sink can be attributed to resistance to biological and chemical
degradation, as well as porous structure. The enhanced
recalcitrant carbon content and developed aromatic structure
contribute towards the high level of resistance towards biological
or chemical degradation for a prolonged period. Through slow
pyrolysis at elevated temperature conditions, the recalcitrance
and stability of the carbon increases in biochar as also mentioned
in section 4.1. Additionally, with progress of reaction time and
temperature, the condensed aromatic content enhances along
with the loss of aliphatic constituents in biochar and hence
contribute towards enhanced chemical stability. Hence,
applying biochar in soil potentially sequesters soil carbon
for a prolonged period in the range of hundreds or
thousands of years. Masto et al. (2013) reported that
converting Eichornia biomass to biochar was a sustainable
strategy and beneficial from the perspective of enhanced soil
fertility. They also observed changes in the soil carbon
sequestration as assessed by the improvement in soil
respiration by 1.9 times after applying biochar in soil.
Additionally, adding biochar to soil can also reduce
emission of toxic gas such methane (CH4) from cultivated
soils (Gomez et al., 2016).

5.4 Biochar as Adsorbent for Wastewater

Treatment

The wide availability of biochar, its low cost, and environmental
sustainability along with relatively high adsorption capacity make
them a promising alternative for the removal of a broad range of
pollutants namely heavy metals, pesticides, synthetic dyes, and
antibiotics. The source of wastewater is generally associated with
domestic and industrial activities, which includes organic and
inorganic pollutants, pathogenic microorganisms, plastics, heavy
metals, oil, hydrocarbons, dyes, pharmaceutical wastes,
pesticides, toxic pollutants in wastewater. All such
contaminants have immediate antagonistic effect on the
metabolism of the living creatures (flora and fauna) and
natural habitat (Sun et al, 2019; Elgarahy et al, 2021). The
contaminated water from different sources when discharged to
the freshwater bodies causes deterioration of the water. Domestic
and industrial wastewater undergo different types of treatment
processes like physical, biological, chemical before discharging to
the environment. However, in some cases, these processes are
found to be ineffective and costlier. The techniques often used for
treatment of wastewater are found to be incompetent and lack in
the efficient removal of toxic compounds from water. Therefore,
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FIGURE 11 | Impact of biochar production on the carbon cycle (adapted from Mevyer et al., 2011).

advance, and specific treatments are required for wastewater
before discharging it into natural water resources. Biochar
with high organic carbon content has immense potential in
eliminating contaminants and recent
advancements in biochar application in wastewater treatment
validates its proficient applicability in removing contaminants
(Xiang et al., 2020). Different kinds of interaction like electrostatic
attraction, H-bonding and co-precipitation plays significant role
in removing contaminants from the wastewater.

Industrial wastewater contains heavy metals, which, even at
very low concentrations, has adverse effects on human health
causing cancer, pulmonary disorders, and cardiovascular (Patra
et al., 2021b). Discharge of heavy metals into water bodies also
threatens aquatic life. Biochar is considered as good absorbents,
which can remove containments such as heavy metals like Al, Pb,
Hg, Ni, U, As, Cd, Cr, Cu and Zn. Biochar is considered as cost-
effective treatment material with well-developed textural
properties (high specific surface area, porous structure) and
developed surface functional moieties (mainly oxygenated),
making it effective adsorbent for the removal of heavy metals
from waste water. The adsorption capability of biochar depends
upon the biomass feedstock as well as on the conversion
technology and the processing conditions used for the
synthesis of biochar. It also depends on the conversion
technology and its process condition for the synthesis of
biochar. Mainly pyrolysis and gasification derived biochar have
been utilized as an adsorbent for water decontamination (Mohan
et al,, 2014; Cha et al,, 2016; Patra et al.,, 2021b). Zhao J. et al.
(2019) studied performances of different biochar derived from
poplar, corn, Brassica napus, and sewage sludge via pyrolysis for
the adsorption of mixture of heavy metals like Pb (II), Cr(III),
Cu(Il), and Cd(II). The research highlighted complexation,
porous structure, and cation exchange (most significant) as the
foremost mechanisms for the adsorption of multiple heavy metals
from the aqueous solution. In another study, Zamani et al. (2017)
reported the removal of zinc using biochar derived from oil palm
empty fruit bunches. Authors achieved zinc adsorption capacity
of biochar as 15.2 mg/g with a yield of 25.5 wt%. Elwakeel et al.

from wastewater,

(2015) studied the removal of Fe (II) and Mn (II) from water by
using sugarcane bagasse derived activated carbon. The biochar
was chemically activated at 500 C after impregnation with H;PO,
and showed surface area of 671.54 m*/g. At room temperature
25 C the activated carbon showed high adsorption capacity of
7.01 and 5.40 mg/g, respectively, for Fe (II) and Mn (II). The
author reported that the acidity of the medium supported the
better efficiency of the adsorbent in adsorbing the contaminants.

The wastewater from dye industries poses threats to the
ecosystem as the effluent includes acids, bases, and other
impurities with a coloring agent. Typical textile dyes often
withstand aerobic digestion because of its stability to oxidizing
agents, making its removal challenging (Patra et al., 2021b). Many
studies have investigated the elimination of dyes using biochar
derived from bamboo, rice husk, palm bark, weed, eucalyptus,
sludge, and cow dung. Adsorption of malachite green using rice
husk derived biochar was reported by Leng et al. (2015). The
study reported that the liquefaction biochar obtained from rice
husk using ethanol solvent was found to be effective in malachite
green adsorption with a capacity between 32.5 and 67.6 mg ™. In
another study, the sugarcane bagasse derived biochar prepared at
pyrolysis temperature of 800 C was found to be effective for
malachite green adsorption over biochar derived from paper
waste, cotton waste, rice husk, and ground nutshell biomass
(Vyavahare et al, 2018). Sun et al. (2013) used biochar
derived from various lignocellulosic precursors for the
adsorption of methylene blue dye and have reported the
efficacy of biochar. Biomass such as eucalyptus, municipal
solid waste, and palm bark were carbonized at 400 C and the
resulted biochar were investigated for the adsorption
performance. The efficiency of biochar derived from municipal
solid waste, palm bark, and eucalyptus in removing methylene
blue were found at 99.5, 99.3 and 86.1% respectively, at 40°C,
concentration 5 mg/L and pH 7.

The disposal of pharmaceutical sludge is difficult and
associated with several hazards. In order to reduce such waste,
Wu et al. (2022) adopted an approach to produce biochar from
pharmaceutical sludge via pyrolysis for adsorption of
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fluoroquinolone antibiotics from wastewater. The biochar
produced at optimum conditions of temperature 800 C and
reaction time of 90 min and further modified with ZnCl,
showed surface area of 543m?/g. The biochar showed
promising result for adsorption of the contaminant with high
adsorption capacity of 159.26 mg/g. Biochar shows high sorption
efficiency for pharmaceutical wastes and Essandoh et al. (2015)
showed effective removal of pharmaceutical compounds such as
salicylic acid and ibuprofen from aqueous solution using biochar
derived from pine wood. The adsorption capacity of biochar for
salicylic acid and ibuprofen was found to be 22.7 and 10.7 mg/g,
respectively.

Petroleum wastes also possess a significant threat for the
environment and need proper treatment before disposal.
Singh et al. (2020) used agro-residue like rice straw, energy
crop like bagasse, woody biomass like eucalyptus wood
derived biochar for the remediation of naphthenic acids
rich petroleum wastewater. The biochar was pyrolyzed at
500 C for 2h and then treated with acids like HCI and
HNO;. The rice straw biochar treated with HCl showed
surface area of 49.01 m*/g and showed better efficacy for
adsorption of benzoic acid with adsorptive capacity of
7.97 mg/g in column mode and 8.66 mg/g in batch mode.
In another study Singh et al. (2021) reported adsorption of
phenol from petroleum wastewater using eucalyptus biomass
derived biochar. The biochar activated with KOH showed
high surface area of 2048 m*/g with phenol adsorption
capacity of 308.9 mg/g.

5.5 Biochar for Carbon Dioxide Adsorption
Biochar has been acknowledged for its unique physicochemical
properties and have shown superior performance compared to
other carbonaceous materials like activated carbon in many
instances like sequestering carbon dioxide (CO,) from flue gas
stream. This could be attributed to the presence of variant basic
surface functional moieties as well as developed textural
properties of biochar. A similar finding on an enhanced
performance of biochar compared to commercial activated
carbon was reported by Mukherjee et al. (2021a). They
reported that biochar prepared from spent coffee grounds
(SCG) by slow pyrolysis exhibited enhanced textural and
physicochemical properties which were used to investigate the
CO, capture performance in a typical post-combustion scenario
(30°C and 30 volume% of CO, balanced by N,). They reported
that biochar prepared at 600°C (SCG-600) showed comparatively
better performance (2.8 mmol g’l) than commercial activated
carbon (AC). Owing to the well-developed textural properties,
aromatic structure and availability of basic functional moieties
enhanced the CO, capture performance under a typical post-
combustion scenario. A similar finding was reported by
Igalavithana et al. (2020) where they have compared the CO,
adsorption performance at 25°C of biochar derived from pine
sawdust and paper mill sludge. They observed that compare to
paper mill sludge derived biochar, pine saw dust derived biochar
performed better (0.67 mmolg™") owing to the higher surface
area and well-developed microporous structure. In addition, Xu
et al. (2019) studied the influence of N-doped (ammonium
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hydroxide) biochar derived from bagasse (BG) and hickory
chips (HC) by ball milling for carbon dioxide capture. They
observed and reported that the biochar derived from BG and HC
synthesized at 450 C were doped with more N containing species
(amine and nitrile) than the biochar that synthesized at 600 C.
Additionally, they reported that to the increment of N containing
groups the CO, capture performance was enhanced owing to the
improved acid-base interactions. For instance, the CO,
adsorption performance of N-doped and ball milled hickory
chips biochar synthesized at 450 C (BMHC450-N) showed an
improvement of 31.6-55.2% higher than the pristine and ball
milled biochar. The enhanced performance of biochar compared
to highly developed carbonaceous materials like activated carbon
can be attributed to the retainment of essential surface
functionalities mainly N-containing species in the adsorbent
which are essential to create a bond between the adsorbate
(CO,) which is Lewis acid in nature with slight toxicity
(Shewchuk et al, 2021). Considering the wide availability of
cheap lignocellulose biomass for biochar production, the use
of biochar could be a cheaper remediation alternative for
adsorption of variant contaminants like CO, from flue gas
stream emitted from large point stationary sources than
synthesizing activated carbon. The reason could be attributed
to the involvement of lot of cost owing to higher thermal
treatment conditions, involvement of sophisticated and costly
equipment and chemicals for surface modification. However,
thermal treatment like activating the biochar at higher
temperature conditions in presence of suitable activating
agents or post-treatment of biochar with appropriate
functionalizing agents are essential in an aim to produce
carbon material with improved textural properties in terms of
higher specific surface area, distribution of micropore volume and
surface chemistry that could enhance CO, adsorption capacity
and selectivity under a typical post-combustion scenario.

5.6 Biochar-Based Activated Carbon for
Gold Recovery

Biochar can also be explored as the starting material to synthesize
activated carbon via two-step physical activation technique
(Mukherjee et al., 2019). Activated carbon is synthesized via two
modes, physical and chemical activation. Generally, in physical
activation, activated carbon is synthesized via two-step process
where  biomass-based  biochar is produced first via
thermochemical conversion process like slow pyrolysis. Further
the biochar is activated in presence of variant oxidizing agents
and the most popular as well as commercially used physical
activating agents include steam, CO,, or air. The activated carbon
produced via two steps physical activation technique is an
environmentally friendly strategy compared to one step chemical
activation. Also, in chemical activation technique, the biomass
feedstock is thermally treated in one step where it undergoes
simultaneous pyrolysis and activation process.

Biochar based activated carbon is used for numerous
industrial applications including gold recovery. Various
agricultural residues based activated carbon samples are used
for the efficient recovery of gold from the ore owing to their large
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specific surface area, strong micro-porous structure, high
mechanical strength and loading capacity (Poinern et al., 2011;
Khosravi et al, 2017). The granular shape activated carbon
derived from high quality coal, coconut shell by high
temperature steam activation process is used as an adsorbent
in the gold processing industry to recover gold owing to unique
advantages, such as large specific area, large pore volume, strong
adsorption capacity, high mechanical hardness, good chemical
stability, easy regeneration, and durability. To recover gold, first
of all, the ore is finely ground and the gold is soluble in cyanide
compound such as calcium cyanide, sodium cyanide, or
potassium cyanide and water are added to ore to form slurry.
The gold particle leaches out and mixes with the cyanide into a
solution. The activated carbon is added to the leached slurry to
adsorb the gold from the slurry solution and then removed from
the slurry by coarse screening.

The activated carbons with uniform particle size (5-10,
8-30, 30-60 mesh), strong adsorption capacity, strong
adsorption rate, and high wear resistance are most
appropriate for gold extraction. Gold (Au) is a precious
metal that exists in its natural state. Cyanide is a chemical
compound of carbon-nitrogen (C=N) that reacts with gold.
Activated carbon is basically uncharged, and its huge inner
surface area is neutral, so it can adsorb only neutral
substances. The mechanism of physical adsorption onto
the activated carbon is achieved by the formation of
chemical bond with two opposite charges. An ion-pair is
created due to electrostatic attraction of calcium positive
ion and the gold cyanide negative ion by an ionic bond.
The physical adsorption causes from the van der Waals
interactions between calcium-gold cyanide ion-pairs and
molecule of activated carbon. The porous structure
combined with the attractive force enables activated carbon
to capture material components and hold them for recycling.
The formation of gold cyanide ion is described in the
following Eqgs. 2-4 (Rogans, 2012):

At first the gold is leached with sodium cyanide, water and
oxygen. The mechanism of the extraction of gold is not easy;
however, the formation of chemical reaction and the dissolution
of gold from the ore in water and the gold cyanide ion approached
as follows:

0, + 2H,0 + 4Au + 8NaCN~ — 4Na[Au (CN);] + 4NaOH

)
Gold + Cyanide — Gold Cyanide ion

Au+2CN™ - (CN), 3)

Gold cyanide ions in water prefer neutrals, so the negative
charge is offset by any positive ions like Na*, K*, Ca**, Mg**, H",
etc. In case of calcium, gold cyanide ions combine with calcium
ion to make a calcium gold cyanide ion-pair. The ability of
adsorption of gold depends on the type of cation. H" > Ca** >
Mg®* > K" > Na*

A neutral new chemical species is formed in combination of
calcium positive ion and gold cyanide negative ion together called
‘ion-pair’. Hence to form a neutral species, the ions of the two
opposite charges balance each other without changing. In case of
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calcium, gold cyanide ions combine with calcium ion and makes
calcium gold cyanide ion-pair.

2Au(CN"); + Ca™ & Ca(Au(CN;)), (ion pair) (4)

Hence, chemical reaction does not take place in between the
surface molecules of the carbon material and gold cyanide ion-
pair. The adsorption of ‘Au’ ions on the surface of activated
carbon can take place as follows:

Ca(Au(CN)) < Ca(Au(CN)) (5)

Since the activated carbon is inert and does not carry any
charge, so it absorbs only the neutral species. Hence the base
metal cyanide adsorbed as neutral species. The stability of the
formation of ion pair’s strongly dependent on the type of the
anion charge. A greater probability of adsorption of gold
performed by the inert activated carbon owing to the stable
ion pair that is positively influenced by the lower anion
charge.

Some influencing factors such as particle size of carbon, types
of activated carbon, temperature, pH, cyanide concentration,
mixing efficiency, pulp density, organic poisons, inorganic
poisons, ionic strength, gold tenor, contact time, etc. are to be
considered for both kinetic and equilibrium adsorption of gold.

5.7 Biochar for Energy Storage Application
In new advancements, biochar has been applied as modern source
materials for energy storage, like hydrogen storage, oxygen
electrocatalysts, and leading fuel cell technologies. The most
used electrode materials are activated carbon, carbon
nanotubes, and graphene, etc (Tan et al., 2018). Though some
of these materials have high specific capacitance, but the
production cost is relatively expensive. The profusion of
activated biochar with its potential characteristics of physical
and chemical properties (e.g., plentiful oxygen containing
functional groups, huge surface area), and its simple
processing methods make biochar an economical, ecofriendly
materials for energy storage.

5.7.1 Biochar-Based Activated Carbon for Hydrogen

Storage

Hydrogen is the lightest element. It is a non-toxic energy carrier
and has a high energy value of 142 MJ/kg (Moller, et al., 2017).
Hydrogen is considered as an ideal replacement for fossil fuels.
Hydrogen has the highest energy density of any other fuel. The
adsorption ability of hydrogen in biomass-derived activated
carbon depends on its pore geometry, pore size distributions,
surface porosity, micro-porous volume, surface functionality,
heteroatoms’ content as well the storage pressure and
temperature. The recent studies show that the synthesized
activated carbon under the ultrasonic wave technique has been
found the highest uptake of H, because of having high surface
area. The capacity of hydrogen storage increased in the activated
carbon derived from without and with ultrasonic were 0.38,
0.43 g/g, respectively at 77 K and 80 bar (Dogan, et al., 2018).
The uptake of hydrogen under the low pressure, generally
dominated by pores in the scale of sub-nanometer size of
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porous materials. Hydrogen storage capacity can be increased
either by increasing pressure or lowering the temperature. The
interaction between the hydrogen molecules is weak Van der
Waals force. The Van der Waals interaction between the
adsorbent and hydrogen to be increased if temperature is
lowered at 77 K or at higher pressures (Atkinson, et al., 2001;
Darkrim, et al., 2002). For the standard activated carbon, high
adsorption capacity (0.04 ~ 0.06 kg/kg) of hydrogen has been
found at very low cryogenic temperatures. The constant increase
in the adsorption isotherms can be obtained in the near-
mesoporous region of the activated carbon samples at high
pressure.

The properties reducing the pore size, the interaction
between the hydrogen and carbon adsorbents can be
enhanced (Czakkel, et al., 2019). As the size of the pore
decreases, then the absolute value of the heat of adsorption
increases, which ultimately increases the interaction between
hydrogen and the carbon molecule. For the smaller pores, the
van der Waals potentials favor stronger physisorption due to
the atoms of the adjacent walls (Bader, et al., 2018). Adsorption
of hydrogen and methane are typically taking place in
micropores range. A pore size in the range of 0.7-1.5nm
favors maximum uptake of hydrogen. The adsorption
performance of H, mainly depends on the pore dimensions,
pore surface area, pore distributions, structure, bulk density,
and adsorption conditions (temperature and pressure) (Takagi
et al., 2004; Panella et al., 2005).

The activated carbon as prepared (Wang et al., 2009) by the
KOH activation agent has very high surface area and narrow
pores, and high hydrogen adsorption was observed at 7.08 wt%
at 77K and 2MPa (Wang et al., 2009). About 10 wt%
improvement in hydrogen storage capacity was observed
after nitrogen doping with metal (Pt)- supported activated
carbon composites at room temperature, provided the Pt
composition in the composites remained the same (Zhao
W. et al,, 2019). The hydrogen storage capacity of activated
carbon at room temperature remains challenging. Though a
substantial amount of work has been done to exhibit the
potential use of activated carbon for hydrogen storage
capacity, but still some important studies, like role of
surface  morphology, surface functionality, physical
conditions, thermodynamic properties, etc., are to be
investigated for its profound uses.

5.8 Biochar as an Electrode Material for

Supercapacitor

Since 1990, researchers and scientists have made significant
progress in improving energy storage performance, specifically
in respect of energy density and power capability. Most available
electrochemical capacitors are electric double-layer capacitors. In
this device, activated carbons are used in both the electrodes and
propylene carbonate or acetonitrile as electrolyte solvent.
Necessarily, factors such as, pore structure, pore surface area,
structural defects, heteroatoms attachment and electrode design,
etc,, should be considered, thus, to determine the optimal
electrochemical performance of porous activated carbons for
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supercapacitors. Although a great attention has been made by
many researchers to produce the potential biochar for new uses,
but still further research is needed to overcome the remaining
challenges of using these products from the applications point
of view.

Due to increasing demand and uses of numerous battery-
operated electronic devices, more electrical energy is needed. It is
thus cost effective high-efficient storage of energy is needed from
renewable sources. Supercapacitor technology is one of the most
promising and proficient technologies of energy storage devices
for the next generation. Supercapacitor’s are getting popular
owing to their capability of fast charging and discharging
rates, high power density, high power capacity and long
durable life cycle (Zhang and Zhao, 2009; Wang G. et al., 2012).

In general, biomass is structurally porous, bountiful, more
sustainable, and less expensive in comparison to non-renewable
fossil-fuel based carbon sources (Zhang et al., 2015). Biomass
sources tend to be rich in heteroatoms like nitrogen (N), sulphur
(S), phosphorus (P) and oxygen (O). The application of surface
heteroatoms into the carbon framework accelerates the electrical
transport properties, wettability, and the capacitive properties of
biomass derived carbon materials (Jin et al., 2018). Heteroatoms
cause to change the properties of the surface heterogeneity of the
carbon materials and regulate their chemical properties. Due to
the benefit of heteroatoms, carbonaceous precursor materials
doped with heteroatoms can be transformed into activated
carbon materials by activation processes. The role of
N-heteroatoms has been studied to increase the
electrochemical properties of the carbon materials. The
presence of N atoms in carbonaceous materials could provide
more effective acelectroactive sites because of having electron-
donor properties. Due to the change of valence electron in the
energy levels of closest interconnected carbon atoms, defects are
created thus to increase the electrical conduction mechanism, the
surface polarity of molecules and wettability behaviors (Luo et al.,
2021).

Thus, to produce low-cost, environmentally friendly
supercapacitors, electrode materials can be made from various
biomasses derived carbon electrodes. In view of low cost, plentiful
sources, outstanding physicochemical properties and rich carbon
content and low inorganic matrix lignocellulose-based materials
may have great potential to achieve higher efficiency of
supercapacitor electrodes. Biochar derived activated carbon has
the characteristics of renewable, sustainable, economic,
outstanding chemical and thermal stability, and large surface
area green material resource energy for the production of efficient
electrode materials for supercapacitor (Inagaki et al., 2010; Lu and
Zhao, 2017).

As an efficient conductor in the supercapacitor, carbon
electrodes have been considered due to carrying of plenty of
free electrons in the carbon for transfer of charges in electrolysis
process. The carbon materials have high melting point, so it can
facilitate a wide range of different reactions. The carbon-based
nanostructured materials are basically hierarchical porous
structure with well-adjusted distribution of interconnected
micropores, mesopores and macropores. The macropores (over
50 nm) serve as the ion-buffering pools, mesopores (2-50 nm) act

Frontiers in Materials | www.frontiersin.org

June 2022 | Volume 9 | Article 870184


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Mukherjee et al.

as the transport channels of electrolyte ions and micropores help
as the storage sites of charges (Simon and Gogotsi, 2008). In
addition, some other salient features of the carbon materials are
pore dimension, pore shape, pore distributions, electrical
conductivity and surface functionality, etc. These parameters
have a great influence on the electrochemical performance of a
capacitor. Because of low cost, abundant sources, eco-
friendliness, excellent physicochemical stability, lignocellulose-
based activated carbon may have great potential to increase the
performance of supercapacitor electrodes due to their high
carbon content and low inorganic matrix. A well-developed
structure with the combination of micropores, mesopores and
macropores derived from the different precursor source materials
have been investigated as carbon electrode for supercapacitor
(Frackowiak, 2007; Li et al., 2007).

Most available electrochemical capacitors use activated carbon
as the electrodes and electrolyte solvent (acetonitrile/propylene
carbonate) to manufacture double-layered electrochemical
capacitors. The porous activated carbon as an electrode used
in supercapacitors influence the electrochemical performance
because of large surface area, well-built porous structure,
surface functionalities in terms of available heteroatoms,
structural defects, and electrode structure.

Nowadays, almost all manufacturers of supercapacitors use
coconut shell for producing activated carbon as the active
electrode material (Yang et al, 2010). Also a number of
biomass precursors have been carbonized and transformed
into activated carbons by chemical treatment for
supercapacitors such as the cherry stone (Olivares-Marin et al.,
2009), fish scale (Chen et al., 2010), waste paper (Kalpana et al.,
2009), water bamboo (Li and Wu, 2015), yeast cells (Sun et al.,
2013), pine-cone (Karthikeyan et al., 2014), willow catkins (Wang
S. et al.,, 2015), celtuce leaves (Wang R. et al., 2012), waste tea
leaves (Peng et al., 2013), sunflower seed shell (Li et al., 2011),
ginkgo shells (Jiang et al., 2013), cow dung (Bhattacharjya and Yu,
2014), human hair (Qian et al., 2014) and sewage sludge (Feng
et al, 2015). These materials have potential applications in
electrochemical performance because of their large surface
area, pore size, pore distribution (Cartula et al., 1991). As a
result, they have a bigger area for storing more charge.

6 FUTURE RESEARCH DIRECTIONS AND
CHALLENGES

Biochar can be tagged as a renewable source of carbon-based
material. However, further investigations are essential to fill the
gaps of the production and valorization of lignocellulose-based
biomass in terms of selecting the appropriate lignocellulosic
biomass as the precursor or optimizing the production
conditions for diverse industrial applications of engineered
biochar.

¢ Extensive investigation is necessary to establish a correlation
between the feedstock nature, biochar yield and its
structural features and its properties. To reveal the
change in biochar structure, in depth qualitative and
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quantitative investigations using appropriate analytical
tools are essential to characterize biochar.

e Production of biochar with optimized physicochemical
features for suitable industrial applications is needed. The
biochar properties are highly influenced by the pyrolytic
operating parameters mainly pyrolysis temperatures (°C),
residence time (s or min) and heating rate (°C st or
‘Cmin~"). The influence of the pyrolytic parameters is
necessary to be revealed individually along with their
interactions should also be considered using statistical
tools and numerical techniques like Taguchi’s method or
Box-Behnken design (BBD) of response surface
methodology (RSM) to properly design the pyrolysis
reactor and optimize the desired product distribution.

e Post-treatment of biochar to increase its demand in larger
scale. Different post-treatment methods, such as
activation, can  also  enhance the  biochar
physicochemical properties mainly in terms of textural
properties via formation of more porous network. Also,
the selective functionalization of different functional
groups or heteroatoms into biochar matrix could
improve its surface functionalities via further surface
modification. Besides, synthesis of renewable biochar
composites with high specific surface area, well
developed porosity and varying surface functionalities
can be proposed as a promising strategy.

e To produce biochar with desirable properties, the synthesis and
post-treatment of biochar should be synchronised. However, it
is also imperative to consider the usage of green functional
groups or dopants to treat the biochar surface to reduce the
environmental impact. The regeneration of biochar is also
needed to be considered from commercial perspective. Various
incentives and schemes are necessary to attract market value of
the pyrolysis products and to make it a viable renewable
technology.

7 CONCLUSION

Slow pyrolysis is a potential thermochemical conversion technology
that could be explored in converting lignocellulosic biomass into
useful products mainly biochar. The yield of biochar and their
physiochemical characteristics vary substantially and are dependent
on numerous factors such as, biomass type, composition and
characteristics, pyrolysis operating conditions namely pyrolysis
temperature, heating rate and residence time. To obtain maximum
amount of biochar, then maintaining the pyrolysis temperature at a
moderate range, moderate to prolonged residence time and slower
heating rate is preferable. With increasing the pyrolysis temperature,
the content of stable carbon in the biochar matrix enhances along with
the aromatic content which provides resistance to degradation for a
considerable period. Beneficial impacts of biochar include in diverse
industrial sectors namely, such as in soil amendment, carbon dioxide
sequestration, adsorbent for carbon dioxide capture and wastewater
treatment, energy storage and utilization as supercapacitors owing to
its superior textural characteristics and appropriate surface
functionalities. Several research are on track for the development
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of slow-pyrolysis technology to maximize their efficiency and
economic benefits in terms of biochar yield and biochar
properties. However, extensive investigations are essential
to elucidate the relationship between the biochar
production technology and biochar performance in various
industrial applications.
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