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ARTICLE INFO ABSTRACT

Keywords: Our planet has been facing critical challenges since the late 20th century, including climate change, resource
Biochar production shortages, environmental degradation and pollution, demanding urgent and sustainable solutions. Biochar, a
Biochar characfensatlon carbon-rich material produced via biomass pyrolysis, has gained attention for its great potentials in environ-
Carbon neutrality . mental remediation, pollutant removals, carbon neutrality, soil amendment, building materials, and etc. The
Environmental remediation, Soil amendments . . L . . . . . . . .
Pollutant removal performance of biochar in these applications is closely linked to its physicochemical properties, which are in-
Techno-economic analysis fluenced by the feedstock and the preparation/activation methods. This paper reviews a wide range of biochar
produced from various feedstocks, and the associated performance in different applications. Advanced character-
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isations are discussed to unveil the fundamental mechanisms and provide insights for further improvement and
optimization. The techno-economic analysis evaluates the feasibility, challenges, and opportunities for scaling up
and adopting biochar in potential applications. By focusing on biochar’s multifunctionality and sustainability, this
paper provides a reference for future research on developing biochar as a green technology with environmental

and economic benefits.

1. Introduction

Climate change has been one of the major challenges for the past few
decades, affecting ecosystems worldwide. Global temperature reached
a historic high level in 2024, for the first time exceeding the 1.5°C limit
set by the Paris Agreement (CopernicusClimateChangeService, 2024).
The rise in temperature is closely linked to CO, emissions from an-
thropogenic activities, such as fossil fuel combustion and cement pro-
duction (Sun et al., 2019). The emission of CO, is estimated to be
41.6 billion tonnes in 2024, 1 billion tonnes higher than in 2023, in-
dicating an increasing trend (WMO, 2024). This rise is primarily due
to the over-dependence on fossil fuels. The negative consequences of
the global warming have been observed globally, such as hurricanes,
droughts, extreme weathers, and etc., resulting in approximately two
million deaths and $4 trillion in economic losses over the past 50 years
(UnitedNations, 2023).

In addition to global warming, other environmental challenges such
as air and water pollution, soil degradation, and deforestation have
also posed significant threats to both human and ecosystems. Estimated
by World Health Organization (WHO), air pollution leads to 7 million
deaths every year, with 3.8 million and 4.2 million attributed to indoor
and outdoor air pollution, respectively (CleanAir, 2024). Meanwhile,
due to climate change and water pollution, freshwater availability per
person has decreased by 20 % over the past two decades, leaving 2.3
billion people facing water stress (Mishra, 2023). Due to agricultural
expansion and climate change, deforestation has emerged as another
major concern. According to the 2024 Forest Declaration Assessment,
global forest loss approached approximately 6.37 million hectares in
2023, 45 % more than the target set in the Glasgow Leaders’ Declara-
tion, which was signed by over 140 countries committing to terminate
deforestation by 2030 (ForestDeclarationAssessmentPartners, 2024).

Biochar, a carbon-rich material derived from biomass pyrolysis, has
gained increasing attention as a promising sustainable solution to ad-
dress the environmental and resource challenges. As a carbon seques-
tration tool, biochar can retain up to 70 % of the carbon in biomass
from being released as CO,, removing up to 2.62 Gt of CO, per year
globally, rendering it a key technology for achieving net-zero emissions
targets (Werner et al., 2022). As a soil additive, biochar significantly
improves the yields of plants by neutralizing soil acidity, enhancing
nutrient and water retention, and improving soil aeration (Tran et al.,
2023). Moreover, the high porosity makes biochar an effective material
for environmental remediation, such as water treatment and air purifi-
cation, through adsorption and catalytic processes (Cha et al., 2016;
Wang, Tianqi et al., 2021; Yadav et al., 2023). In addition, biochar is
increasingly utilized in building materials to enhance thermal insula-
tion, improve structural strength, and contribute to carbon sequestration
(Senadheera et al., 2023). These wide-ranging applications highlight the
potential of biochar to address environmental, agricultural, and energy
challenges sustainably.

Biochar has been extensively studied in the past decades. However,
significant gaps remain regarding its production, activation, and ap-
plications. While fundamental research primarily focuses on material
properties, characterization techniques, and novel modifications, real-
world implementation prioritizes efficiency, stability, and scalability.
However, these aspects are not contradictory. A better understanding of
fundamental research provides the basis for optimizing large-scale ap-
plications. Bridging this gap requires translating laboratory findings into
practical solutions by identifying key performance metrics, optimizing

production processes for industrial feasibility, and integrating biochar
into existing environmental and agricultural systems. A comprehensive
review connects research innovations with real-world challenges is cru-
cial for advancing biochar toward large-scale deployment. This review
therefore, aims to bridge the gap between fundamental research and
practical applications by systematically analysing biochar production
from various feedstocks, exploring its applications in different fields,
and discussing advanced characterization techniques to unravel its fun-
damental mechanisms. Additionally, a techno-economic assessment is
provided to evaluate the feasibility, challenges, and prospects of biochar
adoption. By addressing these critical aspects, this review not only con-
solidates existing knowledge but also highlights key research priorities
to advance biochar science and its practical applications in achieving
global sustainability goals.

2. Biochar and biomass characterization techniques

Due to the variations in biochar feedstock which can affect the
morphology and chemistry of the biochar product, the physical and
chemical characterization of biochar is essential when considering any
potential environmental applications. By examining the biochar struc-
ture, surface area, and porosity, we can infer for example effectiveness
in soil enhancement and carbon sequestration to specific properties.
Biochar chemical characterization, including elemental analysis and
spectroscopy, reveals elemental content and potential contaminants, as
well as specific functionality that may attribute to biochar efficacy. Ul-
timately, a comprehensive understanding of the biochar chemical and
physical properties helps optimize production processes and tailor the
biochar product for specific uses, and aids in the development of syn-
thesis routes to achieve the best biochar products. A summary of chemi-
cal and physical characterization techniques, as well as characterization
techniques to evaluate environmental stability and contamination, is de-
tailed below.

2.1. Chemical properties

2.1.1. pH of biochar

The pH of biochar generally ranges from 7.1 to 10.5, meaning they
are generally alkaline (Inyang et al., 2010; Lehmann et al., 2011). Other
reports in the literature state that the pH actually ranges from 3.1 to
12.0 (Lehmann et al., 2006), although biochar is accepted as more com-
monly being basic. It is the presence of organic matter and nutrients
in biochar that leads to its alkaline nature, and subsequently, the ad-
dition of biochar to soil increases the soil pH, as well as influencing
other properties, such as electrical conductivity and cation-exchange
capacity (Jyoti et al., 2019). The alkaline constituents and minerals in
biochar include ash containing nitrogen, phosphorus, potassium, and
other trace elements, which provide great agronomic benefits to the
soil. The amended soil generally becomes less acidic if biochar with a
higher pH is added to the soil. The pH of the biochar depends on the
feedstock used and the production conditions, including the duration
and temperature of production (Jyoti et al., 2019). Generally, biochar
derived from wood has a pH of around 2, which is lower than biochar
produced from other sources under similar pyrolysis conditions (Tag, A.
et al., 2016). The reason for non-wood biochar having higher basicity is
due to the presence of salts from carbonates and chlorides of potassium
and calcium in the ash (Montes-Moréan et al., 2004). Other reports have
correlated biochar pH with the contents of cellulose, hemicellulose, or
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lignin (Ma, Z. et al., 2019), as well as oxygen functionalities, such as
those in the carboxylate (COO~) and oxide (O~) groups (Yuan et al.,
2011). Many other studies have also correlated oxygen-rich functional
groups to higher biochar pH, particularly from functional groups such
as y-pyrone-type, chromene, diketone, or quinine groups (Yuan et al.,
2011).

With an increase in pH, soil fertility and quality increase accord-
ingly, which in turn, increases moisture retention capabilities, which
further attracts microbes and fungi. This improves cation exchange and
preserves the nutrients in the soil. The reduction in soil acidity caused
by the increasing pH from the addition of biochar is sometimes referred
to as the limiting effect, which helps nutrient and fertilizer retention
(Lehmann et al., 2006).

Various studies have been completed on producing biochar with dif-
fering pH. A study investigated how using different biochar sources
while keeping the production temperature (300°C) the same produced
biochar with different resulting pHs (Yuan et al., 2011). When corn
straw was used, the resulting biochar demonstrated a pH of 9.4. For
peanuts, the resulting biochar was pH 8.6, and when soybean was used,
the resulting biochar was pH 7.7. In contrast, biochar produced from
canola straw proved to be acidic, with a pH of approximately 6.5. El-
Gamal et al. showed that sugarcane biochar had a pH of 8.6, whilst rice
husk biochar had a pH of 8.9, possibly owing to the sugarcane biochar
having a lower ash content than the rice husk (El-Gamal et al., 2017). It
is thought that the increase in pH values in biochar can be due to the de-
composition of organic matrix and the concentration of non-pyrolyzed
inorganic elements (Garcia-Jaramillo et al., 2015). Researchers also ex-
amine incubation experiments, taking five types of alkaline soils and one
type of biochar with a slightly lower pH than the soils used (Liu et al.,
2012). Incubation was completed for 4 and 11 months, with a control
soil and biochar-amended soils containing 4, 8 and 16 g of biochar/kg
of soil. These samples were then tested, and it was revealed that the
addition of alkaline biochar did not increase the soil pH. In fact, it dis-
played a decreasing trend, particularly magnified with higher biochar
application rates (Liu et al., 2012). Biochar can be derived from sewage
sludge feedstocks, whereby this feedstock also results in biochar with in-
creased pH due to an increase in ash content (Hossain et al., 2011). pH of
biochar is also affected by temperature, where biochar produced at high
temperatures (>400°C) generally has a greater pH than those produced
at temperatures <400°C (Balwant Singh, 2017). There are recommended
procedures for measuring the pH of biochar, as small changes can result
in different pH values being recorded. It was found previously that soil
pH measurements in CaCl and KCl solutions gave lower pH values than
those measured with deionized water (Thomas 1996). The ratio of solid
to solution, shaking time, and position of the pH electrode in relation to
the suspension can also result in different pH values being measured and
recorded. It is now recommended to use a pH meter with glass-calomel
electrodes, deionized water, reciprocating shakers, and standard buffers
of pH 4, 7 and 10.

2.1.2. Functional groups of biochar

Understanding the surface chemistry of biochar is extremely impor-
tant, owing to this being where many biological and chemical reactions
take place. A biochar surface is categorized as either aliphatic or aro-
matic, and then more specific functional groups can be determined. It
is also known that free radicals exist on biochar surfaces (Xiao et al.,
2018). The type and concentration of surface functional groups have
been shown to have a key role in the adsorption capacity and in the re-
moval mechanisms of adsorbates (Tomczyk, A. et al., 2020). It has been
shown that an increase in aromaticity combined with an increase in py-
rolysis temperature can enhance resistance to microbial decomposition
(Xie et al., 2016).

Alongside aliphatic and aromatic groups, other functional groups
on a biochar surface may include hydroxyl, carboxyl, carbonyl, ether,
epoxy, acyl, ester, amido, sulfonic and azyl. These different functional
groups have been typically analysed using methods such as solid-state
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13C NMR, FT-IR, X-ray photoelectron spectroscopy, C-1 s near-edge X-
ray absorption fine structure spectroscopy and more. Precise character-
isation for analysis of all functional groups in biochar materials can still
prove challenging. Therefore, most biochar analyses focus more specifi-
cally on the most abundant functionalities, particularly surface phenolic
-OH, carboxyl, carbonyl, and ester groups. Some research has focused
on combining techniques to quantify functional groups more accurately.
For example, one method proposed to combine FT-IR with a modified
acid/base consuming model to quantitatively identify chemical states,
pKa, and contents of surface functional groups.

More specifically, when heating temperatures between 350-650°C
are used, chemical bonds in the biomass are broken and rearranged,
forming new functional groups such as carboxyl, lactone, lactol, qui-
nine, chromene, anhydride, phenol, ether, pyrone, pyridine, pyridone
and pyrrole (Mia et al., 2017). With biochar produced at 600-700°C,
the biochar is highly hydrophobic in nature and has well-organized C
layers. The contents of H and O are lower due to dehydration and de-
oxygenation of biomass (Uchimiya et al., 2011). Biochar produced at
300-400°C shows more organic character due to the aliphatic and cel-
lulose type structures (Glaser et al., 2002; Novak et al., 2009).

Certain compounds and by-products are produced during pyroly-
sis of biochar, which add to the presence of some functional groups.
For example, when cellulose undergoes pyrolysis, levoglucosan is
formed, alongside levoglucosenone, furfural, 2,3-butanedione and 5-
methylfurfural as by-products. These all result in the production of oxy-
gen functional groups (Tomczyk, A. et al., 2020).

Biochar is also known to have surface free radicals, where one re-
port noted abundant and persistent free radicals particularly in biochar
derived from corn stalks, rice, and wheat straws, and was detected by
electron paramagnetic resonance (EPR) (Liao et al., 2014). EPR can be
used to monitor radical generations and transitions during pyrolysis.

2.1.3. Elemental composition and elemental distribution of biochar

Biochar is a carbon-rich, porous, high surface-area material produced
from the pyrolysis of different biomasses. Biochar is made up of ele-
ments such as carbon, hydrogen, sulphur, oxygen, and nitrogen, and it
additionally contains minerals from the ash fraction. Due to the organic
matter and nutrients, using biochar to improve soil quality can increase
the amount of organic carbon, total nitrogen and available phospho-
rus in the soil, improving soil quality and crop production (Jyoti et al.,
2019). Following the pyrolysis process, alkali salts, including Na and K,
and salts of alkaline elements, including Ca and Mg, generally increase
the pH of biochar (Singh et al., 2010). Different pyrolysis conditions and
different raw materials used will produce biochar with different nutri-
ent levels (Chan et al., 2007). Typically, cellulose, hemicellulose, and
lignin polymers are the main biopolymers found in biomass for biochar
production (Sullivan and Ball, 2012). These components can come from
sources such as tree bark, wood chips, leaves, crop residues, manure,
sewage and paper sludge (Jyoti et al., 2019).

Carbon is the major element found in biochar and combines with
other elements to develop some key functional groups found on the sur-
face of the material. Inorganic carbon is also responsible for contribut-
ing to the generally alkaline nature of biochar. Carbon in biochar is also
responsible for carbon sequestration, for example, in soil amendment
applications (Xiao et al., 2018). Silicon also exists in biochar in several
forms (including polymeric and crystalline forms), is a nutrient element,
protects the organic phase, and can co-precipitate with heavy metals.
Hydrogen is also crucial in biochar for the formation of hydrogen bonds,
as an aromaticity index for biochar (when a H/C ratio is provided) and
is also involved in association and dissociation mechanisms. Similarly to
carbon, oxygen is important in biochar for forming different functional
groups, and an O/C ratio can be presented as an index of the ageing
degree for biochar. Oxygen is also involved in complexation with dif-
ferent metal ions. Nitrogen, another key element in biochar studies, is
another nutrient element that adds to the soil improvement properties
of biochar. It also improves the thermal stability of biochar and provides
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active sites for reaction and modification. Phosphorus is another impor-
tant nutrient element for soil improvement, but it is also a precipitator
of heavy metals. Sulfur is also a nutrient element and solid acid cata-
lyst and is important for increasing the solubility of carbon materials.
Iron can exist in biochar as several different compounds, zero-valent
iron, or in other metal complexes. It can increase the sorption ability
of anions, is involved in graphitizing during pyrolysis, provides mag-
netism, and is involved in catalysis for organic pollutant degradation.
Similarly, magnesium forms various compounds and metal complexes
and is responsible for increasing anion sorption. It is also involved in
CO, capture and is a nutrient element. The metal complexes and com-
pounds of manganese also increase capacity and heavy metal sorption,
whilst the compounds and metal complexes of nickel are involved in
catalysing the production of syngas during biochar gasification. Other
elements can be found within biochar; however, the above are the most
significant.

Typically, elemental analyses are performed on biochar to gain infor-
mation on elemental composition. For example, when an initial biochar
feedstock of sewage sludge is used, which is high in ash, the concentra-
tion of Si has been found to range between 19-58 %, the concentration
of Ca has been found to range between 5.1-7.4 %, and the concentra-
tion of P has been found to range between 3.4-4.9 % (Zieliniska et al.,
2015). Faecal and sewage sludge derived biochar generally have a lower
total carbon concentration compared to cellulose derived biochar, due
to the high ash content in the original feedstock (Nicholas et al., 2022).
Carbon contents for faecal sludge biochar have been reported as rang-
ing from 27.4-34.9 % (Gold et al., 2018), 17.2-34.1 % (Krueger et al.,
2020), 6.5-11.1 % (Koetlisi and Muchaonyerwa, 2017) and 19.5 %
(Woldetsadik et al., 2017).

Scanning Electron Microscopy (SEM) in combination with Energy
Dispersive X-ray (EDX) analysis is a commonly used technique to il-
lustrate the porous biochar structures as well as identify the presence
of certain elements. SEM shows porous biochar structures that have
a resemblance to the cellular structure of the original feedstocks used
(Fuertes et al., 2010). SEM images can show high ash contents, whereas
EDX can then provide numerical confirmation of elements. Typical EDX
for biochar reveals high wt. % of carbon and oxygen, with smaller quan-
tities of elements such as Ca, S, Si, K, Al, Mg, P, and Na. One investigation
examined the differences in elemental composition of the biochar based
on the different feedstocks used. Apple tree branch, oak tree, rice husk
and rice straw were examined, and the percentage compositions for C,
H, N and O were recorded (Jindo et al., 2014). H/C and O/C ratios are
also useful indicators of biochar properties and are often reported. It
was found that the percentages of C and H were significantly higher for
biochar produced at temperatures of 400°C, 500°C, 600°C, 700°C and
800°C for the biochar derived from the apple tree branch and oak tree,
compared to rice husk and rice straw. Another observed trend was that
as the temperature was increased, a larger loss of H and O was observed
compared to C. With increasing temperature, the H/C and O/C ratios
steadily decrease as a result of the loss of easily degradable carbon com-
pounds. A lower C/O ratio at higher temperatures is also indicative of
a structural arrangement of aromatic rings that form very stable crystal
graphite-like structures.

Thermal analysis is another insightful method to examine the com-
position of biochar materials, where in this reported investigation, the
thermal degradation profile showed weight loss proportionally increas-
ing with the increasing pyrolysis temperature. In this particular study,
the clear difference between wood versus non-wood feedstocks and the
resulting weight losses were shown. The biochar produced from apple
tree branch and oak tree biomass feedstocks resulted in 90 % weight
loss, whilst the rice husk and rice straw resulted in 40-50 % loss of the
total weight, reflecting the higher mineral content in the rice materials
compared to wood.

Biochar elemental composition has been found to depend on the
method of analysis used, whereby key conclusions are that the classi-
cal elemental analysis rather than the spectroscopic method is better
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for determining nitrogen, as EDX spectroscopy is insensitive to nitrogen
detection (Nzediegwu et al., 2021). Research has shown that ultimate
analysis, energy dispersive X-ray spectroscopy and X-ray photoelectron
spectroscopy are widely used for composition determination of materi-
als such as biochar; however, the models that describe the relationship
in elemental composition between ultimate and spectroscopic methods
are limited.

The classical method for elemental composition determination of
biochar is ultimate analysis, which involves combusting samples at
>900°C in an elemental analyser. C, H, N and S concentrations are
then estimated from the combusted gases that are released during sam-
ple combustion (these include CO,, N,O, and more). Elemental oxygen
is then estimated from the difference. In contrast, techniques such as
EDX and XPS have advantages over the classical method as they can
simultaneously measure other properties of biochar, such as morphol-
ogy and binding states, which can be advantageous. The disadvantages
surrounding elemental composition determination are how effectively
different spectroscopic methods can be linked and how effective their
models are.

A further technique that may be used to characterise the composi-
tion of biochar is Electron Paramagnetic Resonance (EPR) which can
provide detailed information about the local environment of paramag-
netic centers in biochar, such as the nature of the ligands and includes
the symmetry and geometry of metal complexes formed within biochar
(Prosser and Walsby, 2017). These complexes can influence the biochar
effectiveness in applications like soil conditioning and pollutant remedi-
ation. EPR, often used in conjunction with other, aforementioned, tech-
niques like Fourier Transform Infrared (FTIR) or Raman spectroscopy,
helps in identifying functional groups on the biochar surface (Gao et al.,
2025). These functional groups are important for interactions with metal
ions and other pollutants. In a study by Matos et al., EPR was used in
the characterization of biochar from guava waste (pulp and seeds) to
determine the nature of the Cu®* complexes within the material as a
result of different preparation conditions (Matos et al., 2019).

2.1.4. Surface energy of biochar

The surface energy, a measure of the free energy of a material’s sur-
face, of biochar is another parameter of interest to researchers, where
contact angle is typically used to reflect the wettability of biochar sur-
faces. This is of interest since the contact angle often reflects how differ-
ent biochar will affect soil water retention, transport and aggregation
of particles in the environment, and sorption of environmental pollu-
tants (Yang et al., 2020). The surface energy of a solid can be estimated
by measuring the contact angle using solvents of differing polarity. The
surface energy is then calculated from the contact angle in combination
with Young’s equation, although other variations and theories have been
used, often leading to slight differences in reported surface energy val-
ues. Two methods of obtaining the contact angle of biochar exist: the
sessile drop method, which is more commonly used to measure static
contact angles, and the Washburn method. The sessile drop method in-
volves colloidal biochar being attached to a double-sided adhesive tape
that is attached to a glass microscope slide or using an ultrafiltration
membrane to make a flat film.

For most contact angles recorded of biochar, the angles are larger
than 90°, which infers that the biochar is generally hydrophobic. Other
observed trends include that when biochar ages in soil, the contact angle
generally decreases, and the biochar surface becomes more hydrophilic,
possibly due to the oxidation of surface functional groups. This oxida-
tion can lead to the formation of carboxyl groups, increasing the surface
hydrophilicity and propensity to create surface charge. The recorded
contact angle for biochar is affected by several parameters, including
the pyrolysis process and conditions, feedstock used, and particle shape
and size. Biochar has also been explored as a low-cost adsorbent for
aqueous heavy metal removal, owing to the fact that the porous struc-
ture of biochar results in increased specific surface energy and provides
extra effective sites for the adsorption of heavy metals(Qiu et al., 2021).
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2.2. Physical properties

2.2.1. Phase analysis of biochar

Biochar can typically refer to sections as organic and inorganic
phases. Depending on sorption mechanisms, it can also be distinguished
into an organic-partitioning and a surface adsorption phase. Also, re-
garding their solubility, biochar can be categorized as a dissolved and
undissolved phase. If carbon stability is referred to, it can be further
classified into a labile phase and a stable phase. There are conditions
whereby the different phases increase or decrease. For example, when
the pyrolysis temperature is increased, and the biochar is dehydrated,
the organic components are disrupted, and there is also successive arom-
atization, the aliphatic labile portion and dissolved-phase fraction would
decrease, whilst the aromatic stable portion and the undissolved-phase
would increase (Xiao et al., 2018). Over time, other chemical phases
and states have been proposed. One is a transition phase with preserved
crystalline character of the precursors, another is an amorphous phase
with cracked molecules and aromatic polycondensations, another is a
composite phase with poorly ordered graphene stacks, and a final phase
is a turbostratic phase with disordered graphitic crystallites.

X-ray diffraction (XRD) is a common technique that has been used
to confirm mineral components in biochar. Example mineral phases that
have been commonly found in biochar include quartz, sylvite, calcite,
calcium sulphate, and albite, which form during pyrolysis due to reac-
tions between CO,, alkaline earth metals and alkaline oxyhydroxides
(Nicholas et al., 2022). Differences in mineral composition and phases
can occur due to contamination. X-ray diffraction is also useful in com-
paring amorphous and crystalline regions, whereby crystalline regions
are comprised of very ordered atom arrangements, whilst amorphous
regions arise from disordered atom arrangements.

2.2.2. Surface area of biochar

The specific surface area (SSA) of biochar is a key factor that
determines its ability to interact with other phases and/or chemi-
cal species. It is a critical parameter for any applications that hinges
on fluid-solid interactions: gas/vapour separation, capture and storage
(Dissanayake et al., 2020; Luo et al., 2022), environmental contaminant
remediation (Dai et al., 2019; Qiu et al., 2022), catalysis (Fatnassi et al.,
2022; Lyu et al., 2020) and supercapacitors (Luo et al., 2022; Song et al.,
2019), or microbial growth (Liao et al., 2021; Ren et al., 2020). Surface
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area is often highly correlated with porosity, as discussed in the next
section.

It is generally understood that the increase in pyrolysis temperature
and residence time increases the total surface area of the product biochar
material (Jiang et al., 2019) as hemicellulose, cellulose and lignin de-
compose in the 200-500°C range. Above a certain threshold (around
800-1000°C), a collapse of the structure and a reduction of surface area
and porosity is expected (Sgrmo et al., 2021). Engineered biochar can
start with SSAs below 1 m? g~! and increase to an average range of 8
to 132 m? g~! (Leng et al.), with SSAs over 500 m? g~! attainable with
certain feedstocks and pyrolysis conditions, with an overview shown in
Fig. 2.1 (Leng et al., 2021). Subsequent activation and surface treat-
ments can dramatically increase the surface area to above 1000 m? g~!
(Liu, D. et al., 2016). Different biochar utilization avenues have varying
surface area demands, although most applications benefit from a mod-
erate SSA of a few 100 m? g~1. More in-depth works covering biochar
engineering and measurement of surface area and porosity are found
in previous literature (Ahmed et al., 2016; Sizmur, Tom et al., 2017;
Weber, K. and Quicker, P., 2018).

SSA is typically measured using gas physisorption techniques
(Thommes et al., 2015) as recommended by IUPAC. The procedure re-
lies on determining the number of gas molecules required to completely
cover the material’s surface in a complete layer, or monolayer. Using an
average value for the cross-sectional area of each adsorbed molecule,
the SSA can be determined. Experimentally, this consists in recording a
sorption isotherm of a gas or vapour adsorbent, then applying an appro-
priate model to obtain the sorption mechanism and uptake of a single
layer, like the commonly used multilayer Brunauer-Emmett-Teller (BET)
model or, more rarely the monolayer Langmuir model.

For performing the experiment, it is best practice to select a molecu-
lar adsorbent gas which minimizes any specific interaction with surface
sites. The surface is first cleaned by applying a vacuum and heating.
Then, an isotherm, the amount adsorbed on the surface as a function of
pressure at a constant temperature, can be measured in a temperature
/ partial pressure range where the surface monolayer is formed. Com-
monly recommended adsorbent gases are nitrogen at 77 K (as adapted
from the ASTM D6556-10 carbon black method) and argon at 87 K
(Thommes et al., 2015), with argon being preferred as a spherical, inert
molecule.

Measuring the surface area is known to be particularly challeng-
ing to apply when the surface is part of micropore walls, pores which
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Fig. 2.1. A comprehensive overview of biochar surface area and micro-/meso-porosity from published literature. Adapted from (Leng et al., 2021).
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form a significant percentage of biochar porosity (Leng et al., 2021;
Rouquerol et al., 2007; Thommes et al., 2015). From a technical stand-
point, surface area derived from physisorption in micropores does not
have physical significance, as the adsorbent molecule does not form a
single layer and rather fills the pore completely. Nevertheless, micropore
SSA can be useful as a material fingerprint. Smaller molecules that can
access ultramicropores below 0.5 nm, such as CO, at 273 K have been
used for surface area determination (Kim et al., 2016; Sigmund et al.,
2017) in biochar. Adsorption at higher temperatures also can over-
come any diffusional limitations of sorption. Carbon dioxide’s strong
quadrupolar moment generally means that it has the potential to inter-
act with surface functionalities, invalidating the BET model. For biochar
with low surface areas, krypton sorption at 77 K (Thommes et al.,
2015) and hydrocarbon sorption at ambient temperatures (Ribeiro Car-
rott et al., 2001) may be useful. The latter also has the advantage of
minimizing thermal shock and pore contraction effects associated with
rapid cooling to cryogenic temperatures.

Within the concept of specific surface area, we also include the active
surface area (ASA). The ASA is a fraction of the total biochar SSA rele-
vant to the end application. For example, this could be the SSA covered
by catalytic (Lee et al., 2017) active sites, reactive functional groups or
simply the fraction of sorption sites accessible for the target molecule
or ions (Chi et al., 2021). Very rarely is the active surface area syn-
onymous with the specific surface area, though they can often be inti-
mately correlated. Depending on the relevant ASA, it may be evaluated
using chemisorption techniques such as thermal programmed desorp-
tion, sorption-resorption experiments, or surface area determinations
(Arenillas et al., 2002) with target or analogue molecules (Sato et al.,
2022). A general conclusion is that active or accessible surface area may
be a better metric than SSA as it more closely represents the end require-
ments.

2.2.3. Porosity of biochar

Porosity relates to the volume of voids within biochar (pore volume
- PV) and their sizes (pore size distribution — PSD). As commonly de-
fined (Thommes et al., 2015), porosity spans a wide range of length
scales from microporous (< 2 nm) to mesoporous (between 2 to around
50 nm) to macroporous (between 50 nm to a couple of microns). Void
volume above macropores generally consists of large capillaries or in-
terparticle porosity and is often associated with large structural features
and packing of biochar.

Biochar has been shown to display a hierarchical pore structure cov-
ering the whole porosity range — from ultramicropores in closely packed
graphitic sheets (Keiluweit et al., 2010), mesopores formed though es-
cape of volatiles during pyrolysis and macropores from residual feed-
stock structural features. Microporosity tends to develop exponentially
at higher pyrolysis temperatures (Tan et al., 2018) and disproportion-
ally contributes to the overall pore volume of biochar (Leng et al., 2021),
as exemplified in Fig. 2.2. We similarly direct the reader to other more
specific reviews from existing literature (Brewer et al., 2014; Leng et al.,
2021; Luo et al., 2022; Weber, K. and Quicker, P., 2018).

Total biochar PV similarly affects biochar properties such as the sur-
face area, and indeed, the two properties are related (Weber, K. and
Quicker, P., 2018). More broadly, PV, PSD and tortuosity influence the
transport properties of fluids, ions and microbes through biochar. When
using biochar as an additive to concrete, the exchange of water from
biochar pores with the cement matrix affects moisture regulation and
the resulting curing time (Senadheera et al., 2023). Here, the poros-
ity of biochar, particularly in the macropore region, affects the ulti-
mate strength, breathability and moisture retention of the bulk material
(Senadheera et al., 2023). The porosity of biochar used for soil amend-
ment (Brewer et al., 2014) affects not only the transport of water, oxy-
gen and nutrients but also the migration of microorganisms through the
pore network.

A literature review by Leng et al. (Leng et al., 2021) identified the
common distribution of biochar micro/mesoporosity to around 0.016-
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Fig. 2.2. Evolution of different pore volumes as a function of biochar prepa-
ration temperature. Biochar feedstock is rice wheat straw, with the evaluation
of porosity performed by nitrogen physisorption. Bio adapted from (Tan et al.,
2018).

0.083 cm® g1, with upper values close to 0.25 cm® g~1. Again, further
processing, like alkaline activation, can increase porosity in the range of
conventional microporous carbons (Liu, D. et al., 2016). Interestingly,
microporosity appears to be the dominant contribution to biochar poros-
ity, as observed in Fig. 2.3. No information was available for the contri-
butions of microporosity and large voids.

As the hierarchical porosity of biochar spans a wide range of length
scales, no single method can give a complete characterization of PV and
PSD, with some applicable methods showcased in Fig. 2.. It is, there-
fore, crucial to specify the methodology used during characterization.
Mercury intrusion porosimetry and gas sorption are the most common
methods used to assess the porosity of biochar, as they are widely appli-
cable, mostly sample independent, generally accessible, and can char-
acterize porosity in an extensive range of scales (Denoyel et al., 2004;
Schlumberger and Thommes, 2021). The methods have different appli-
cability ranges and some overlap, with gas sorption typically able to
measure pores from small nanopores (0.5-1 nm) up to the high meso-
pore range (50-100 nm), while mercury intrusion porosimetry is appli-
cable in the mid mesopore (20-40 nm) to the high macropore range.

In sorption methods, isotherms of a relevant adsorbent such as nitro-
gen or argon (Thommes et al., 2015) are collected over a full range of
pressure up to its vapour pressure. In most cases, the increase of adsor-
bent gas uptake as pressure increases corresponds to a sequential fill-
ing of pores of different sizes. The isotherms are then processed with
PSD models that relate a pore’s characteristic size to its filling pressure.
The models use various theory levels, like the Dubinin potential model
for micropores (e.g. Horvath-Kawazoe), Kelvin’s capillary condensation
model for mesopores (e.g. Barett-Joyner-Halenda or Dollimore-Hill), or
kernel fitting applicable to the full pore range (collections of isotherms
obtained through DFT/NLDFT/QSDFT/GCMC etc). The models make
significant assumptions about the shape and accessibility of the pores
and often have limited applicability ranges in temperature, adsorbent
gas and even surface functionalization, so a judicious choice must be
made.

Mercury intrusion is a method to determine biochar porosity that
relies on the low surface wettability of liquid mercury on most surfaces
(Schlumberger and Thommes, 2021). In an experiment, liquid mercury
is forced at high pressure into the biochar pores through hydrostatic
pressure. A capillary filling model then relates increasing fluid pressure
to intrusion within pores of a progressively smaller size. Similarly to gas
sorption, a characteristic pore geometry must be assumed for the calcu-
lation. Another important factor is that high hydrostatic pressure may
damage or crush the fine biochar structures. It is therefore important
to perform multiple cycles of intrusion/extrusion to evaluate any struc-
tural attrition due to the method and evaluate any retention of mercury
inside the porous structure.
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Fig. 2.3. Characterization of porosity at various length
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Macroporosity can also be observed and quantified through imaging
techniques like SEM and TEM (Hassan, M. et al., 2020). These meth-
ods directly observe the sample’s structure to ascertain the size and
shape of the exterior pore openings. To accurately determine the ex-
tent of porosity from microscopic techniques, enough representative
images should be acquired and processed to obtain an accurate eval-
uation. Other methods like positron annihilation lifetime spectroscopy
(PALS(Sato et al., 2022)), small angle X-ray and neutron scattering
(SAXS/(Liu, Y. et al., 2021)SANS), time-domain nuclear magnetic reso-
nance (TD-NMR(Wong et al., 2019)), are advanced options which can
yield a wealth of information on porosity, though uncommonly avail-
able.

2.2.4. Density of biochar

The density of biochar is a physical property closely related to poros-
ity. It determines its specific volume, a crucial parameter that, in prac-
tice, is related to the space utilization in biochar-based applications,
from equipment sizing to the cost of transport.

Due to the porous and finely divided nature of biochar, we can divide
its density into several different components (Fig. 2.4). The skeletal or
true density corresponds to the density of the solid carbon matrix back-
bone, excluding any micro-, meso- or macroporosity. Then, the particle
or envelope density sets the delimiting boundary at the surface of indi-
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Fig. 2.4. Definition of skeletal (a), particle (b) and bulk density (c).
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vidual biochar particles, meaning it includes intraparticle porosity, but
excludes any inter-particle voids. Finally, the bulk or packing density
corresponds to the density of a bed of material. In practical terms, the
lower the density, the lighter the biochar becomes. The limit of 1 g cm~3
is particularly important as any material with a lower density will float
on water (as measured by non-wettable density), which plays a role in its
transport in the environment (Brewer et al., 2014). For other consider-
ations, bulk density is the most relevant design parameter as it pertains
to practical storage and sizing considerations.

As the total porosity of biochar increases, the bulk and envelope
densities necessarily decrease (Weber, K. and Quicker, P., 2018) — a
higher percentage of void volume leads to a lower proportion of solids
per unit volume. Therefore, the opposite trends are observed for den-
sity for PV with respect to pyrolysis temperature, heating rate, sub-
sequent activation, etc. Somewhat counterintuitively, biochar skeletal
density often has an opposite trend (Brewer et al., 2014; Weber, K. and
Quicker, P., 2018). This can be explained as the solid matrix of biochar
condenses throughout volatilization and forms higher-density aromatic
components similar to graphite (Lehmann and Joseph, 2015).

Skeletal density is usually measured using gas pycnometry. The tech-
nique consists of expanding a pressurized gas from a reference volume
to a sample volume containing a known quantity of biochar, both vol-
umes previously calibrated while empty. After expansion, the volume
of the sample is determined through the difference between the sam-
ple volumes as newly calculated and previously known, and density can
be calculated based on the measured sample mass. The gas is generally
prescribed as helium, which closely approaches ideality and avoids ad-
sorption on the sample’s surface. The biochar’s surface should be clean
of adsorbed gases and humidity. Indeed, the gas pycnometric method
is similar to volumetric sorption set-ups used to determine BET surface
area and micro/meso porosity. As these devices often include a helium
expansion as part of the measurement, using a sample cell with pre-
calibrated volume allows the determination of a reasonably accurate
sample density.

Bulk density can be measured using simple graduated cylin-
ders or other calibrated volumes that are significantly larger than
the biochar grains (Schmidt et al.,, 2013). It can vary depend-
ing on the biochar’s packing efficiency and therefore, should be
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evaluated a sufficient number of times to obtain a reproducible
determination.

Envelope density can be one of the most challenging properties as it
must be measured using adsorbents that are large enough not to enter
the porosity but small enough to completely fill all interparticle voids.
Pycnometry using fine solid granules with a well-defined particle size
distribution in the micrometer range (Brewer et al., 2014). A good cov-
erage of the granules on the biochar flakes in the instrument should be
achieved to attain the best accuracy.

Fluid immersion pycnometer is another common technology used for
determining particle density, but this method is discouraged for porous
materials like biochar. This is due to the unknown surface wetting and
pore filling characteristics of the fluid in the porous network of the
biochar — meaning it is unclear whether the density measured is a skele-
tal or envelope density.

2.2.5. Morphology of biochar

The morphology of biochar is commonly understood as its mi-
crostructure, particle shape, and other structural surface features. In
biochar application, surface morphology is known to influence its bio-
compatibility with microbes and bacteria when used for soil amend-
ment (Gul et al., 2015) and its surface compatibility with various sup-
port structures/matrices like electrodes (Song et al., 2019), concretes
(Gupta and Kua, 2019) or resins (Bartoli et al., 2019).

Common observations on biochar morphology demonstrate that it is
often closely derived from and similar to the morphology of its parent
feedstock (Hassan, M. et al.). Plant cell features are still recognizable for
wood, straw, and other similar materials. Increasing temperature leads
to microstructure evolution through graphitization, closer packing, and
vesicle formation from gas volatilization. Fig. 2.5 shows scanning elec-
tron microscope images of pinewood biomass and the derived biochar
produced at pyrolysis temperatures of 300 and 700°C.

Due to its intricacy, the determination of biochar morphology is of-
ten difficult to interpret conclusively. It can be observed directly us-
ing microscopy or microimaging techniques such as scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). This
technique allows for visualizing the biochar’s surface textures and iden-
tifying any structural features that may impact its functional properties
(Ahmad et al., 2012; Liu et al., 2010). An evaluation of the fractal char-
acteristics and roughness of the surface can also be obtained through
scattering techniques, such as SAXS (Rechberger et al., 2017).

The state of the biochar backbone microstructure is a similar indica-
tion of biochar morphology. With increasing pyrolysis temperatures, the
graphitization of biochar carbon will rearrange the amorphous and dis-
ordered chains towards ordered, increasingly aromatic turbostratic and
graphitic structures. The evolution of well-ordered sheets can be fol-
lowed though diffractive methods, most commonly X-rays (XRD). The
observation of well-defined peaks in XRD patterns signifies the presence
of ordered matter, and their intensity, positions, and width can be re-
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lated to the degree of graphitic crystallinity, sheet-to-sheet distance and
particle size, respectively (Amin et al., 2016).

2.2.6. Particle size of biochar

Particle size affects the biochar’s interaction with any matrix it is
embedded in, such as soil or concrete. It generally dominates the flowa-
bility of the grains during production. Moreover, mass transport through
a porous material like biochar is often dominated by the particle’s
size. The decrease in average particle size also impacts specific surface
area through a change in the surface to volume ratio, as well as some
porosity and bulk density through the particle packing characteristics
(He et al., 2018). The optimization of biochar particle size is also im-
perative to mitigate some of the harmful environmental and cytotoxic
effects (Xiang et al., 2021) associated with nanoparticulates, such as air
quality.

Particle size is significantly affected by the pellet/grain sizes of
the original feedstock. This original particle size distribution is modi-
fied through shrinkage and expansion, as well as mechanical attrition
during the pyrolysis process and subsequent grinding (Lehmann and
Joseph, 2015). These changes depend heavily on the process conditions
and starting material, but a few general observations are possible. While
microporosity increases, the bulk grains tend to shrink as the carbon
matrix rearranges. Harsher pyrolysis conditions, especially faster heat-
ing rates, tend to break apart the grains and reduce the average size
(Mendonca et al., 2017; Weber, K. and Quicker, P., 2018).

Sieve analysis, image analysis or diffractive/scattering methods are
employed to quantify the particle size distribution. For larger parti-
cle sizes between 0.5 mm and above 50 mm, sieving using sieves
of progressive mesh sizes is a straightforward recommended method
(Initiative, 2015). The IBI standard suggests a sequence of standard
sieves that can be used in this range, as well as a range-percentage-per-
weight reporting method. Image analysis uses snapshots obtained from
either optical or electron microscopy, obtaining a size distribution by
directly observing the size of individual particles and building a statisti-
cal population. It has the added advantage of giving information about
the particles’ shape and is usually applicable from the micron to the mm
range.

Finally, the particle distribution of submicron biochar dust can be
measured using scattering techniques, like static or dynamic light scat-
tering (SLS and DLS). SLS has an accuracy range from nm to mm. A
refractive index for the material must be known for accurate size deter-
mination (Kim, K.H. et al., 2012; Pituello et al., 2018). Traditionally,
SLS required a stable particle suspension, though recent advances have
made possible measurements in a fluidized bed. DLS measures distri-
butions of biochar particles in suspension from nanoparticle to a few
micron ranges (Fang et al., 2020). It requires a stable suspension of par-
ticles for measurement. It should be noted that particle size methods
may not necessarily provide shape analysis and rather give a critical size
- e.g. preferred orientation when using sieves, hydrodynamic diameter
for DLS, spherical approximation for SLS, etc.

Fig. 2.5. Evolution of pinewood-derived biochar at different pyrolysis temperatures (left) parent material (center) pyrolyzed at 300°C (right) pyrolyzed at 700°C.

Adapted from (Liu et al., 2010).
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2.2.7. Thermal conductivity and heat capacity of biochar

Thermal conductivity is indicative of a material’s ability to transfer
heat, while heat capacity is a measure of the energy exchange required
to change it. In biochar applications, thermal conductivity is immedi-
ately relevant to its use in building materials as it changes the overall
insulation ability and thermal retention potential (Legan et al., 2022) —
with a low thermal conductivity and high heat capacity desirable. Less
obviously, the two properties are important in biochar’s use as a sorbent
and catalytic material. Heat management of a sorbent material ensures
its temperature is optimal throughout the process by allowing excess
heat to be removed or heating to be applied. Heating cycles are often
used to regenerate the original material by removing adsorbed compo-
nents. In these cases, the inverse is true — a high thermal conductivity
and low heat capacity is desirable.

Both properties can vary widely, generally as a function of biochar’s
porosity and implicitly its density. It is noted that the thermal proper-
ties are significantly impacted by any fluid or solid filling the biochar’s
pores. The higher the porosity, the more the bulk thermal properties
are a function of the pore content rather than the matrix itself. Gen-
erally, increasing porosity lowers the thermal conductivity due to the
proportion of empty space relative to the solid skeleton. The thermal
conductivity of raw feedstocks is in the order of 0.2-0.45 W m~! K1,
decreasing to below 0.1 W m~! K~ as the porosity increases (Gupta and
Kua, 2019; Hekimoglu et al., 2021). Thermal conductivity is a prop-
erty that can also vary with the direction of heat transfer, i.e., it can
show anisotropicity. The anisotropic behaviour is more pronounced if
the heterogenous feedstock structure of the biochar grains is maintained
(Weber, K. and Quicker, P., 2018). It was shown that by increasing pyrol-
ysis temperature and thereby homogenizing the biochar structure, the
anisotropy in thermal conductivity is reduced. Heat capacity is reported
on a weight basis, and it is therefore not impacted by density and more
a function of the biochar’s composition (Dupont et al., 2014), like the
proportion of non-volatilized light solids, ash, and graphitized carbon.
Measured values for heat capacity range in the order of 1000-1300 J
kg~1K~! (Weber, K. and Quicker, P., 2018), which are comparable to
other graphitized carbon structures.

Thermal conductivity is measured using steady state or time-domain
techniques such as the hot disk or transient plane source (TPS) method
(Orlova et al., 2016). These evaluate the thermal response and heat dis-
sipation properties of individual biochar grains to a steady or short heat
pulse. Correct set-up of the experimental method is crucial as the mea-
surement is often prone to errors due to challenges in interface condi-
tions, anisotropy, homogeneity, etc. (Palacios et al., 2019).

Heat capacity is commonly evaluated in a differential scanning
calorimeter (DSC) or in an adiabatic calorimeter. Thermal analysis
methods measure the temperature and heat flow to a sample. By heating
in a relevant temperature range, the heat capacity C;, can be determined
at each temperature as the heat flow required to change the biochar’s
temperature. Both methods have been successfully used (Weber, K. and
Quicker, P., 2018), though selecting the method which affords a larger
sample can improve accuracy.

2.3. Environmental stability and contamination

2.3.1. Environmental contamination by biochar

Naturally, the product stream of biochar via the pyrolysis of variable
biomass feedstocks introduces possible risks in the absence of necessary
oversight. Since the feedstocks of biochar are variable, from manure
biochar (MBs) to those produced from plant biomass biochar (BBs), mu-
nicipal solid waste biochar (MSWBs), and coal refuse biochar (CRBs),
there are variations in the chemical and physical properties. Although
biochar is primarily composed of carbon, amongst other elements such
as calcium, magnesium, hydrogen, and nitrogen, some feedstocks can
introduce toxic heavy metals such as Cd, Ni, Pb, and Cr. Feedstocks that
are most likely to contain heavy metals are MBs, MSWBs, and CRBs,
with heavy metals accumulating in the ash fractions during pyrolysis.
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Heavy metals are suspected to arise from the presence of inorganic salts
and hydroxides, which are converted into thermally stable substances
as the pyrolysis temperature increases. The heavy metal concentration
is also enriched via the decomposition of organics during the pyrolysis
procedure. Due to the high surface area of wood-derived biochar, a con-
sequence of its high lignin content, wood-derived biochar often contains
heavier metals, but lower concentrations of metals overall compared to
biochar prepared from other feedstocks (Murtaza et al., 2022).

As such, the heavy metal content of biochar must be tested before
they are introduced to the environment, in applications such as fertilizer,
to prevent heavy metals from leeching into the environment. A number
of ecological risk indicators (ERIs) can be used to describe the impact
of biochar on the environment; these ERIs are detailed in Table 2.1.

In general, a GAI is measured between 0 and 5, with 0 being unpol-
luted and 5 being extremely polluted. Likewise, PERI values follow a
similar trend: 30>PERI — PERI>120, representing low risk — very high
risk.

A study by Kujaska (Kujawska, 2023) observed the heavy metal con-
tents of biochar produced from Biomass (BB), municipal waste (MSWB),
compost (BP), and coal refuse (CRB). Heavy metals were first extracted
with water, and samples were then placed in a microwave digester.
The heavy metal contents, Cr, Ni, Cu, Zn, Pb, As, and Cd, were deter-
mined using ICP-MS. The metal contents of the CRB were found to be
significantly higher than all other biochar samples tested. The distri-
bution of heavy metals in relation to metal concentration followed the
sequence Pb>Cr>Ni>Cu>Zn>As>Cd for BB; Zn>Cr>Cu>Pb>Cd>As for
BP; Zn>Cr>Cu>Pb>Ni>Cd>As for CRB; and Zn>Cr>Ni>Cu>Pb>Cd>As
for MSWB. Overall, the heavy metal contents were found to be below
the threshold levels for environmental contamination. PERI values were
seen to be low to moderate (50-100) for all biochars except CRB, which
had a high PERI above 250.

Wang et al. (Wang, A. et al., 2021) studied the heavy metal contents
of biochar produced from manure species, chicken manure (CMB), and
water-washed swine manure (WSMB), at different pyrolysis tempera-
tures. Samples were pyrolyzed at 200, 350, 500, 650, and 800°C, with
heavy metal analysis undertaken using a CHNOS Elemental analyzer.
Metals under investigation included Zn, Ni, Mn, Cr, As, and Cd. The
concentrations of heavy metals in CMB and WSMB followed decreasing
trends of Mn>Zn>Cu>Cr>Ni>As>Cd and Zn>Mn>Cu>Ni>Cr>As>Cd,
respectively. The concentration of Zn and Cu were found to be an order
of magnitude higher in WSMB than CMB and over the threshold value
for environmental contamination, with WSMB Mn concentrations also
showing almost double that of CMB at 184.40 mg kg~! and 326.29 mg
kg1, respectively. The study concluded that increasing the pyrolysis
temperature of the biochar for both CMB and WSMB decreased the
leaching rates of all metals within the biochar. At higher temperatures
of pyrolysis, it was suggested that higher ash concentrations inhibit the
diffusion of heavy metals out of the biochar structure, leading to lower
leaching rates. For both CMB and WSMB, the PERI was seen to decrease
with increasing pyrolysis temperature from around 45 to below 30.

Oleszczuk et al. (Oleszczuk et al., 2013) also studied the heavy metal
contents of four biochars from plant biomass, along with the presence of
polymeric aromatic hydrocarbons (PAHs). The presence of these PAHs
is assumed to arise from the pyrolysis temperature and the biochar feed-
stock, with most PAHs forming via demethylation and dihydroxylation
of lignin and cellulose species at high temperatures (>700°C), therefore
mitigating the environmental benefit of the possible reduction in heavy
metal leaching with higher pyrolysis temperatures. The study applied
biological tests (bioassays) to study the phytotoxic effect of both heavy
metals and PAHs on seed germination and microbial growth. Heavy met-
als were analyzed using ICP-MS post-microwave digestion, and PAHs
were analyzed using HPLC. The metal content of the biochar was found
to be distinctly tied to the feedstocks, with biochar from silver grass
showing the highest metal content, with Pb content being at similar
concentrations across all biochar samples; significant differences were
observed in Cr (0 - 18 mg/kg) and Zn (30 — 102 mg/kg). Despite the high
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Table 2.1
A summary of ecological risk indicators related to the use of biochar, the equations, and their description.
Ecological risk indicator Equation Description
Geo-accumulation GAI = log, ﬁ A value denoting the accumulation of heavy metals in the environment, where c,, is the
index, GAI ! measured content of heavy metals in plant and other matter, and B, is the background value
of heavy metals.
Pollution Coefficient, c:. cp = iﬁ A value that defines the likelihood of heavy metal pollution, where Cp' is the heavy metal
‘ content in the sample, and Cg! is the background heavy metal content.
Ecological risk, E! El =Tixc} A value that defines ecological risk, where T,! is the toxicity factor of heavy metals
n
Potential Ecological PERI = } E! PERI is the potential ecological risk index of the overall contamination risk of the biochar
i=1

Risk Index, PERI

from multiple heavy metals.

metal content, the concentrations were found to be lower than EU regu-
lated standards. Similarly, the PAH concentrations depended heavily on
the feedstock between 1 — 28.3 mg/kg, with biochar from silver grass
displaying the highest PAH concentration. Looking at the ecotoxicolog-
ical effects, some biochar was seen to inhibit root growth. However,
some biochar was seen to increase root growth. Biochar from wicker
was observed to increase root growth by 12-14 %, with a similar root
stimulation found when introducing coconut biochar. Biochar derived
from silver grass and wheat straw displayed significant root growth in-
hibition above 5 % soil dosage. Overall, the study raised concerns about
PAH levels, causing a potential risk to biological life.

A similar study by Buss et al. (Buss et al., 2015) also looked at
the organic compounds found in biochar and the potential toxic ef-
fects. Particular interest was placed on the contamination of biochar
by re-condensed pyrolysis liquids, which contain large concentrations
of volatile organic compounds (VOCs). Softwood pellets were first py-
rolyzed at 550 C, and then the pyrolysis liquids and gases were rein-
troduced to the biochar to produce the contaminated samples. The con-
centrations of organic species in the pristine and contaminated samples
were measured using GC-MS, UV-Vis, and mass spectrometry. Simi-
lar to the results reported by Oleszczuk et al., the phytotoxic potential
was investigated using seed germination. As expected, pristine biochar
displayed little toxicity, whereas contaminated biochar contained high
VOC content and caused adverse effects on seed growth. In contami-
nated biochar, PAHs were found to be above the soil toxicity level at
>27 ug/g. It was suggested that the more mobile VOCs posed a greater
risk than the PAHs and that VOC content should be checked for biochar
quality control.

In a separate study, Buss et al. (Buss et al., 2016) suggested methods
by which biochar may be synthesized with minimal PAH contamination.
The study involved 46 biochar samples from varied feedstocks, produced
under highly controlled pyrolysis conditions, monitoring temperature
(350 - 750°C), residence time (10 — 40 min), and carrier gas flows (0 —
0.67 L. min~1). For PAH analysis, biochar was ground, followed by Soxh-
let toluene extraction; extracted PAHs were then analyzed using GC-MS.
PAH concentrations were found to vary widely between samples from
1.2 - 1000 mg kg1, with 46 % of biochar found to be higher than
the Index of Biological Integrity (IBI) threshold of 20 mg kg~!. Analy-
sis of temperature on the PAH formation revealed little change between
350 - 650°C but increases in PAH concentration at a temperature of
750°C with the magnitude dependent on the feedstock. Carrier gas flow
rate used during biomass pyrolysis was also found to have a significant
impact on PAH mitigation, with higher flow rates (0.67 L min~!) de-
creasing the biochar PAH contamination irrespective of temperature or
residence time. As shown in previous studies, the PAH concentration
was also strongly dependent on the feedstock, with large differences
found between wood and straw-derived biochar, with woody biochar
producing fewer PAHs. Conclusions were drawn around proper pyrol-
ysis reactor design and higher carrier gas flow rates to minimize PAH
formation, with temperature effects playing a less important role.

(Qiu et al., 2015) also investigated the effect of feedstock and pyrol-
ysis temperatures on the PAH and metal contents of biochar samples.
Biochar were pyrolyzed from both plant residues and animal waste at
300, 400, and 600°C. Extracted metals were analysed using ICP-MS, and
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PAHs were analysed using Accelerated Solvent Extraction and then GC-
MS. Conclusions were drawn that the feedstock of the biochar plays a
significant role in the metal contents, whereas temperature has a small
effect. In contrast, PAHs were found to be affected by the pyrolysis tem-
perature, with biochar pyrolyzed at 450°C containing higher PAH con-
centrations than those pyrolyzed at 300 and 650°C, as well as being
affected by the feedstock. It was suggested that biochar should be syn-
thesized at lower temperatures to be more cost-effective or at higher
temperatures to reduce environmental impact.

Lyu et al. (Lyu, Honghong et al., 2016) looked at the direct role of
pyrolysis temperature on the toxicity of biochar arising from PAH for-
mation, along with polychlorinated dioxins and furans (PCDD/PCDF).
Biochar was produced from sawdust at temperatures between 200 —
700°C. Soxhlet extraction was performed using dichloromethane or
toluene for PAHs and PCDD/PCDF, respectively, and subsequent anal-
ysis was performed by HPLC-MS. Toxicity studies were undertaken by
adding the extracted PAHs to H4IIE-luc cell line assays and Mictrotox
bacteria bioassays. The concentration of PAHs was said to have achieved
a maximum at 400°C (0.86 mg kg~1), falling moderately at higher tem-
peratures to 0.59 mg kg~!. The study attributed this PAH concentration
decrease to a decrease in 5-6-ring PAHs found in biochar pyrolyzed
above temperatures of 400°C. In general, biochar pyrolyzed at lower
temperatures (<400°C) was found to be much more toxic, with EC50
values (effective concentration 50 %) more than seven times lower than
biochar pyrolyzed at 700°C. This conclusion is contradictory to previous
studies and reinforces the point raised by Buss et al. (2016) that the py-
rolysis temperature alone is not a significant contributor to toxicity, but
rather feedstock, the pyrolysis reactor, and pyrolysis experiment design
as a whole are much more important.

Finally, the effects of ageing and the deployment environment were
studied by Zhang et al. (Zhang, Y. et al., 2022) on biochar produced from
pine needles. The environmental pH and organic content (HA and SDBS)
were controlled, along with the suspension (ageing) time. The toxicity
was measured using algae cultivation, cell growth inhibition, and free-
radical detection (EPR). The toxicity of pristine and aged biochar de-
creased with increasing pH by up to 40 %, and it was theorized that a
lower pH adjusts the redox active moieties on the surface of the biochar,
which affects metal leaching. As the pH increases, the net positive charge
on the biochar surface decreases due to the deprotonation of carboxylic
acid and hydroxyl groups. The addition of humic acid (HA) was also
seen to decrease the toxicity of pristine biochar but increase the toxicity
of aged biochar by between 20-40 %. The same effect was observed for
the addition of sodium dodecyl benzene sulfonate (SDBS). It was con-
cluded that the toxicity of biochar arises mainly from the adhesion of
biochar on the cell surface and the oxidative damage caused by adhered
biochar. Fig. 2.6 summarises the impact of contaminated biomass on the
environment.

2.3.2. Stability of biochar

Since the toxicity of biochar is somewhat dependent on the stability,
an examination of the biochar stability in the deployed environment is
required. Biochar is characterized by its aromatic carbon structures, or-
ganized into amorphous and crystalline phases. As such, the stability of
biochar arises predominately from the stability of these carbon struc-
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Fig. 2.6. Feedstock conversion into biochar, followed by
environmental contamination.

\Silyaromatic

hydrocarbons

Heavy metals

Contamination

Biomass Volatile matter (VM)  Fixed carbon (FC)  Ash N C (0] H/C  Tpax
Bark 81.8+0.3 15+1 2.8+0.8 025 45 46 15 400
Corn 71.2+0.6 17+1 11.7+0.7 1 40 43 16 355
Litter 62+5 1+8 38+10 2.1 23 35 15 350
Manure  76+6 1+4 24+6 4.1 34 31 17 340

tures, and the degree of aromaticity provides an indication of biochar
stability. Non-aromatic, functionalized moieties such as C— O and C- N
functional groups on the biochar surface provide points in the biochar
structure with relatively high reactivity (Chen, D. et al., 2016b), which
can lead to structure degradation.

The oxidative stability can be measured by thermal oxidative degra-
dation (temperature-programmed oxidation, TPO) using thermogravi-
metric analysis (TGA) or differential scanning calorimetry (DSC). In a
typical TPO, the sample is heated in an atmosphere containing oxy-
gen, with the mass loss curve used to assess the relative stability of
biochar from various feedstocks. The volatile matter (VM) that leaves
the biochar upon heating is typically assessed using analytical methods
such as GC-MS (Kaal et al., 2012). The peak temperature (the highest
temperature of the pyrolysis method) during material heating is seen to
be the most reliable parameter to characterize material oxidative stabil-
ity.

A study was undertaken by Conti et al. (Conti et al., 2016) on a set of
22 biochar from various feedstocks, pyrolyzed under various conditions,
to assess the effect of feedstock and biomass pyrolysis conditions on
oxidative stability. The stability of biochar was analyzed using Py-GC-
MS at 900°C for 100 s using He as a carrier gas.

The largest differences between samples arose in fixed carbon con-
tent (FC) between corn stalk biochar and mushroom litter biochar, be-
tween corn stalk ash content and bark ash content, and between mush-
room litter volatile matter and bark volatile matter. It was asserted that
a trend was seen between H/C content and T,,,,. Materials with H/C
content between 1.6 and 1.8 tended to have lower T, ,, values and ma-
terials with H/C content lower than 1.5 tended to have higher T«
temperatures. This trend was also observed using corn stalk biochar py-
rolyzed at increasing temperatures between 400 — 650°C over various
times, which changed the H/C ratio and subsequent T,,,, (Table 2.2).
A study by McBeath et al. (McBeath et al., 2015) is suggested for those
who are interested in an in-depth study of feedstock and pyrolysis con-
ditions on the physical properties of biochar. The conclusions drawn in
this study are consistent with those discussed above.

The changes in biochar composition and stability due to the feed-
stock were also investigated by Choudhary et al. (Choudhary et al.,
2019), who looked at sugarcane, rice husk, and farmyard manure-
derived biochar at 350°C. The elemental composition was obtained
by titration (N), the ammonium heptamolybdate-ammonium vanadate
method (P), a flame photometer (K), and atomic absorption spec-
troscopy (heavy metals and micronutrients). Biochar produced from
farmyard manure (FM) was seen to have a higher fixed carbon % and
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lower volatile matter and ash contents than the other two feedstocks. In
all cases, the heavy metal content was negligible, and though sugarcane
(SF) derived biochar had a high nutrient (mineral) content, the content
was not too dissimilar to that of the other feedstocks. FM biochar was
seen to produce biochar of smaller particle size, with rice husk biochar
producing the largest samples; a similar trend was observed with sur-
face area. Given the variation in feedstock and biochar properties, it
is difficult to draw conclusions directly on which feedstocks produce
more stable biochar, as such properties as particle size and aromatic
content can also be manipulated in the pyrolysis stage. Regardless, in
this work, it was concluded that SF biochar displayed higher thermal
stability (thermogravimetric analysis) than SF and RH biochar.

Other factors introduced during the pyrolysis process can influence
the stability of biochar. A study by Manya et al. (Manya et al., 2014) also
looked at the effect of pyrolysis pressure and particle size, in addition
to peak temperature on theoretical particle stability. Biochar was pro-
duced from crushed vine shoots, which were then sieved to obtain three
feedstock particle sizes between 0.98 - 3.01 cm. These vine shoot par-
ticles were then pyrolyzed at pressures between 0.1 and 1.1 MPa and
peak temperatures between 400 — 600°C. The biochar produced from
larger particles tended to contain higher percentages of aromatic content
and lower O/C ratios. A similar trend was also seen with peak tempera-
ture. The effects of pressure on the fixed carbon content and O/C ratio
were seen to be statistically insignificant. Since no actual stability tests
were performed, it is somewhat difficult to draw complete conclusions.
However, given previous studies, it does look like a higher particle size
and peak temperatures do reduce the presence of oxidizable functional
groups in biochar.

In a laboratory, these oxidative pathways can be accelerated via
chemical methods using oxidation agents such as potassium dichromate
used by Knicker et al. (Knicker et al., 2007). The consumption of dichro-
mate was measured spectrophotometrically, with the mass of oxidized
carbon calculated using the mass balance equation (Eq. 2.1):

2K, Cr,0,+3C + 8H,50,= 2K,50,+2Cr, (SO,),+3CO,+8H,0  (Eq. (2.1))

The carbon loss calculated from potassium dichromate oxidization
was seen to be related to the ratio of oxygen/carbon, again indicating
that oxygen-containing functional groups provide points for degrada-
tion in the structure. Another method of accelerating oxidation is via the
use of potassium permanganate, as performed by Calvelo Pereira et al.
(Calvelo Pereira et al., 2011), which also found correlations between
oxidization and H/C and O/C molar ratios; however, oxidized fractions
were observed to be consistently lower than those found for dichromate.
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Further, a study by Naisse et al. (Naisse et al., 2013) looked at two tech-
niques for assessing biochar stability: acid hydrolysis and dichromate.
Tests were applied to biochar with different elemental compositions (in-
duced by differing feedstocks), and it was found that the dichromate test
was better for observing trends between H/C ratio and stability than the
acid hydrolysis test. From the stability tests, it appears that gasification
chars (those chars obtained at higher temperatures >1000°C in the pres-
ence of an oxidizing agent) were more stable under oxidation conditions
compared to those obtained from hydrothermal carbonation. However,
it is likely that the gasification chars have already had moieties unstable
under oxidization conditions removed during the synthesis procedure.
For a full review of biochar accelerated aging methods, this review sug-
gested reading the review led by Leng et al. (2021) which covers a range
of biochar stability assessment methods.

Yang et al. (Yang, Y. et al., 2018) studied the correlation between
mineral content and biochar stability (oxidation resistance). Biochar was
produced from two feedstocks, rice straw (RI) and swine manure (SW),
at temperatures between 250 and 600°C. Portions of the biochar were
de-ashed using an acid solution and centrifugation. Likewise, some of
the biochar samples were iron-doped using a FeCl; solution. Biochar
samples were characterized using elemental analysis (C, H, N, and O),
XPS (surface), XRD (Fe), EDS (sub-surface), and NMR (C!3). The sta-
bility of biochar was performed using both thermal (TGA <900°C) and
chemical (dichromate) oxidation. The H/C and O/C ratios were again
observed to decrease with pyrolysis temperature, with the C!3 indicating
an increase in aromaticity, which further points to increasing stability.
From the XRD studies, the SW biochar was found to contain crystal min-
eral phases, which were absent in RI biochar, indicating an influence of
feedstock on mineral content. After FeCl; treatment, Fe was detected
throughout the biochar sample using SEM-EDS between 2.9-13.9 %.
The presence of this Fe content was observed to influence the biochar
stability, with mixed results based on the chemical oxidant used and the
conditions.

In order to characterize the structure of wood chars, Cao et al.
(Cao et al., 2012) employed solid-state C13 NMR. The idea behind the re-
search stems from the fact that a higher pyrolysis temperature seems to
increase biochar stability, and as such, this work looked at the structures
of biochar pyrolyzed between 300-700°C. As expected, complementary
EDS showed the usual trend of H/C and O/C ratios decreasing with in-
creasing pyrolysis temperature. However, the NMR revealed much more
about the changing structure of the wood biochar. At a pyrolysis temper-
ature of 300°C, the biochar structure was majorly composed of lignocel-
lulosic moieties, carbohydrates containing many CH and CO groups. At
400°C, the frequency of protonated aromatic carbons decreased, becom-
ing non-protonated, and the number of C—O groups decreased. Above
400°C, these non-protonated aromatic structures were seen to cluster
together up to 27 rings observed at 700°C, which will aid oxidative sta-
bility.

In a critical review of biochar environments on stability and sorption,
Lian and Xing (2017) reached many of the same conclusions as those
discussed in this chapter. The pyrolysis temperature or heat treatment
temperature (HTT) was seen as the main factor for increasing stability
by lowering the H/C and O/C ratio. The review also looked at the mi-
crobial decomposition of biochar, the most likely degradation pathway,
and it is suggested that readers review this section if such discussions
are of interest. In summary, biochar was seen to have two degradation
stages, which occur at different rates: one fast stage degrades the volatile
fractions in the biochar, and a slow stage degrades the aromatic rings.

3. Biochar production

Biochar refers to the solid product that results from the pyrolysis of
biomass. Pyrolysis is a thermochemical process that converts organic
materials under oxygen-deprived conditions at high temperatures, and
yields gaseous and liquid by-products (Bridgwater, 1994). Due to its

12

Carbon Capture Science & Technology 16 (2025) 100421

stable molecular structure, characterized by strongly bonded carbon
atoms, biochar can persist in the environment for thousands of years
(Edeh et al., 2020). Biochar has a low density, high stability, and strong
adsorption capacity (Lyu, H et al., 2016). Coupled with its excellent
physical and chemical properties, it can be employed in various indus-
tries, as illustrated in Fig. 3.1 (Deena et al., 2022; Ruan et al., 2019),
including energy (Bhatia et al., 2021; Senthil et al., 2021) and air and
water treatment applications (Kang et al., 2022; Wang, C. et al., 2021).
It is particularly useful in mitigating climate change and improving soil
health (Ciampi et al., 2023; Hou et al., 2023).

Biomass is transformed into biochar by means of various thermo-
chemical processes, such as slow pyrolysis in an inert atmosphere, com-
bustion in an oxygen-lean air or environments, hydrothermal carboniza-
tion (HTC), and gasification. Table 3.1 summarizes the conventional pa-
rameters and characteristics of various production processes. The most
common approach is slow pyrolysis (Qambrani et al., 2017), which typ-
ically yields 35 % biochar (dry biomass weight). The process operates
at a moderate temperature (400-650°C) and requires a longer vapour
residence time (10-20 s). Fast pyrolysis is commonly employed to pro-
duce bio-oil and syngas (Cheah et al., 2016). It is effective with most
fluidised bed reactors due to the high temperatures employed, the rapid
fragmentation, ease of control, and product collection (Yaashikaa, P.
et al., 2020). Flash pyrolysis is a variant of fast pyrolysis, characterized
by a short residence time, a high temperature, and a high heating rate
(Ighalo et al., 2022). Microwave pyrolysis requires fewer process pa-
rameters and occurs at a higher heating rate, with rapid quenching con-
ditions, which minimizes secondary reactions occurring (Foong et al.,
2020). Vacuum pyrolysis involves the thermal degradation of biomass
in a vacuum or low oxygen environment. Despite similar heating condi-
tions and rates to that used with slow pyrolysis, the final products differ
significantly (Tahir et al., 2020). Solar pyrolysis is an environmentally
friendly process that operates without an external heating source such
as electricity or fossil fuel. However, it requires expensive and complex
solar reactors (Zeng et al., 2017). Each pyrolysis method has advantages
and limitations, which means that careful consideration of the process
variables and operating conditions is required in order to achieve the
desired product yield and quality. HTC typically involves hydrother-
mal carbonization of biomass at a temperature of 150-250°C under high
pressure, which results in biochar with a high energy density. With the
flash pyrolysis process, rapid vaporisation occurs at elevated pressure
(1-2 MPa), with biomass being converted into gas and a solid energy
form (Cha et al., 2016). Gasification uses thermochemical processes to
transform carbon-containing materials into syngas, including CO, CO,,
CH,4, and H,, with the reaction temperature playing a key role in syn-
gas formation (Sakhiya et al., 2020). Generally, different heating pro-
cesses and parameters (e.g. heating temperature and residence time) re-
sult in biochar with varying properties, which determines its suitability
for various applications. The production of biochar is not a simple car-
bonization process; rather, it is a complex process that is influenced by
various factors. The chapter explores the technology used for biochar
production, including factors such as selection of the feedstock, reac-
tor design, control of pyrolysis temperature, and the impact of various
additives. Variations in the feedstock used result in differences in the
structure and performance of biochar, which affects its suitability for
use in various application domains. Factors such as pyrolysis temper-
ature, pressure, reactor design, additives and dopants introduce addi-
tional variables to the production process, and this determines the appli-
cations in which biochar can be used. Through an in-depth examination
of these influencing factors, the critical elements of biochar production
have been identified and are discussed in depth, in an attempt to un-
ravel the entire mechanism involved in biochar production. We studied
the scientific principles that underlie the production technology, and
unveil the range of biochar properties, which lays a solid foundation for
extensive applications in the fields of energy, materials, and chemical
engineering.
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Fig. 3.1. Common biochar production methods, influenc-
ing factors, and applications.
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3.1. Effect of feedstock

The type, nature, and source of the feedstock have a strong influ-
ence on the properties of the biochar (Uday et al., 2022). Biomass can
be categorised into five groups, based on the natural or anthropogenic
source, i.e. (Vassilev et al., 2012): herbaceous species (such as straw,
husks, seeds, etc.); woody waste (including tree parts, wood, sawdust,
etc.); industrial waste (such as waste sludge, solid waste, etc.); aquatic
plants like algae (including microalgae and macroalgae); and human
and animal waste (including municipal solid waste such as pig manure).
Biochar produced from different feedstocks exhibits distinct properties.
For example, biochar from wood residues has a microporous structure,
high specific surface area (SSA), low ash content, low moisture content,
and high stability. Biochar from agricultural feedstocks contains more
hydroxyl and carboxyl functional groups, which results in a higher yield
but lower lignin content, and hence lower stability (Tomczyk, A. et al.,
2020). Agricultural feedstocks like rice straw, rice husk, and peanut
shells yield biochar with a higher yield (Pandey et al., 2020). Biochar

derived from fertiliser/sludge exhibits a high pH, increased ash con-
tent, and low stability, due to the presence of unstable carbon struc-
tures (Xu et al., 2018). A comparative study done on biochar produced
from various types of animal manure at 300°C reports biochar yields
ranging from 39.18 % to 80.96 %. Buffalo and chicken manure ex-
hibit the lowest yields (39.18 % and 48.89 %, respectively), while the
highest yields are observed in alpaca and cow manure (73.10 % and
80.96 %, respectively) (Hossain et al., 2021). More recently, commer-
cial grade biomass combustion bottom ash generated at a local biomass
thermal power plant in the UK (i.e. Drax power plant), was effectively
valorised to directly extract unburnt carbonaceous residue (char) from
the bottom ash. The char was then activated and surface modified to
enhance porosity and surface functional groups. The process demon-
strated a viable pathway to produce functional activated porous carbon
suitable for CO, adsorption (Gorbounov et al., 2024; Gorbounov et al.,

2025).

The properties of biochar relate primarily to surface morphology
(SSA and pore volume), stability (carbon content, H/C ratio, O/C ratio,
pH), productivity (elemental content of N, P, Mn, K, conductivity, CEC,
and active sites (functional groups). A thorough analysis of the impact
of different feedstocks on the properties of biochar provides significant
guidance regarding its possible applications. When applying a specific
pyrolysis temperature and duration, variations in the biochar proper-
ties are mainly attributed to differences in the feedstock (Janus et al.,
2015; Windeatt et al., 2014). Different feedstocks exhibit distinct char-
acteristics depending on their chemical composition, including carbon
content, lignin, cellulose, and nutrient levels. (See Table 3.2.) Biochar
produced from different feedstock types can develop different proper-
ties under the same pyrolysis temperature conditions (Weber, K. and
Quicker, P.J.F., 2018). When using the same pyrolysis temperature (be-
low 700°C): biochar produced from walnut shells had a pH of 7.2, SSA

of 222 m?/g, and a carbon content of 91.2 %; while biochar produced
from poultry manure had a pH of 10.3, SSA of 9 m?/g, and a carbon
content of 44.0 % (Yu, O-Y et al., 2017).

3.1.1. Effect on the surface morphology of biochar
The composition of feedstock plays a key role in determining the SSA
and pore structure of biochar. Table 3.2 provides details of the analy-
sis of biochar produced from different types of feedstocks, showing the
variations in SSA and pore structure. Alkali and alkaline earth metals
in the feedstock can act as self-activating agents for pore development
during the pyrolysis process. A study on lotus stems and leaves revealed
that biochar produced from lotus stems had a higher SSA (1610 m?/g)
than biochar produced from lotus leaves (1039 mz/g). This was pri-
marily attributed to differences in the metal ion content, particularly
potassium (Zhang, Y. et al., 2017). Cho et al. (Cho et al., 2019) syn-
thesized a novel biochar composite by means of pyrolysis of redwood
and lignin, which had a higher SSA and pore volume than the pyrolysis
product of lignin. This was attributed to the reducing effect of lignin
decomposition products on iron oxide. One study indicates that biochar
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Table 3.1
Summary of biochar production processes.
Condition Product
Method Feedstock (T', P?, HR? and - - — - Characteristics Ref
RT4) Biochar yield Bio-oil yield Syngas yield
(%) (%) (%)
Slow pyrolysis Wood and algal T: 300-600 °C; 35 30 35 High carbon content; (Gabhane et al.,
biomass; HR: 5-7 °C/min; Good stability; 2020;
Agricultural and RT: 30-180 min. Biomass particle Kaur et al.,
urban waste diameter > 5 mm. 2018)
Intermediate Fruit and T: 400-650 °C; 20 50 30 Controlled chemical (Bridgwater and
pyrolysis vegetable waste; HR: 60-600 °C/min; reaction process; bioenergy, 2012)
Some woody RT: 10-20s; Biomass particle size
biomass 1-5 mm.
Fast pyrolysis Woody biomass, T: 500-1000 °C; 12 75 13 Smaller pore sizes; (Dhyani and
Energy crops HR: 300 °C/s; Higher SSA; Biomass Bhaskar, 2018);
and energy RT: 0.5-10s. particle size < 1 mm; (Yaashikaa, P.
plants et al., 2020)
Flash pyrolysis High cellulose T: 900-1200 °C; 10-30 30-70 5-15 Need optimization of (Al-
content biomass; HR: 1000 °C/s; process parameters, Rumaihi et al.,
Certain crop RT: < 0.5s. handling of pyrolysis 2022);
residues vapours and gases, (Park, H.C.
and ensuring etal., 2019)
consistent biochar
properties; Biomass
particle size <
0.5 mm;
Microwave Apple wood, T: 450-825 °C; 79-97 2-3 3 High quality bio-oil, (Foong et al.,
pyrolysis mango peel, and Microwave biochar. 2020; Zhang, H.
peanut shells frequency: et al,, 2022)
2450 MHz;
Microwave power:
790-2250 W.
Vacuum Date palm tree P: 50-200 KPa; 40-60 20-40 10-20 It can reduce the (Tahir et al.,
pyrolysis waste T: 450-600 °C; secondary 2020)
HR: 300 °C/min. decomposition
reactions and
prevent further
cracking and
re-condensation
reactions.
Solar pyrolysis Wood, straw, T: 150-2000 °C; 10-60 20-70 1-10 Environmentally-
wood chips, HR: 5-450 °C/s. friendly; does not (Parthasarathy et al.,
agricultural require external 2022;
residue, and heating sources; Zeng et al.,
food waste requires a costly, 2017)
complex solar
reactor.
Hydrothermal Rotten apple, T: 220-240 °C; 50-80 5-20 2-5 High carbon yield (Amalina et al.,
carbonization grape P: 2-20 MPa. 2022;
pomace, and Zhang et al.,
apple 2018)
juice pomace
Flash P: 1-2 MPa. 40-60 20-40 10-20 High-temperature, (Cha et al.,
carbonization short-duration 2016)
process; High energy
consumption;
Complex equipment.
Gasification Waste wood and T: 700-1500 °C. 5 10 85 High energy (Sakhiya et al.,
wood residues; consumption and 2020; Yao et al.,
Woody biomass equipment cost. 2018)
Torrefaction Fruit shell, T: 200-300 °C; 80 0 20 Absence of oxygen (Hassan, Ma-
Carbonization hardwood, straw RT: 30 min. and slow heating sud et al., 2020;

and agricultural
residues

rate.

Tumuluru et al.,
2011)

Notes: 1: Temperature; 2: Pressure; 3: Heating Rate; 4. Residence Time.

produced from macroalgae has a larger porous structure than biochar
produced from microalgae, as macroalgae have a higher carbohydrate
content than microalgae (Lee et al., 2020).

The morphological structure of feedstock is closely related to the de-
velopment of pores in biochar and plays a decisive role in determining
the shape of the pores. Because of the original biomass cells, both sugar-
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cane bagasse-based biochar and durian sawdust-based biochar exhibit
a distinct tubular pore structure (Jin et al., 2016). The particle mor-
phology of the feedstock influences the pore structure of biochar. For
example, biochar particles from microalgae are compact and irregular,
with fewer pores (Mubarik et al., 2016), while sludge-derived biochar
has a rough particle structure and a relatively developed pore structure,
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Table 3.2
Factors related to biochar preparation and their physicochemical properties.
Temp.! SSA? Pore size Element analysis CEC® EC* Functional
Biomass (0 (m?/g) (nm) (%) pH (cmol/kg) (dS/m) groups Ref
Wheat straw 350 — — C=57.54; H=4.37 7.56 56.34 1.27 — (Aon et al., 2023)
0=25.27; N=1.29
Rice (Oryza 400 — — C=37.2; N=1.3 6.7 — 0.7 — (Kameyama et al.,
sativa husk) H=1.2; 0=12.4 2016)
Walnut shell 900 227.1 — C=55.3; N=0.47 9.7 33.4 — C=0; C=C (Mukome et al.,
H=0.89; O=1.6 2013)
P=0.64; K=9.32
Wheat straw 450 184 11.3 C=65.2; N=0.9 — — — C-C; C-H (Mohanty et al.,
H=2.3; 0=31.5 2013)
Sugarcane 500 155.41 2.535 C=60.1; H=0.68 7.19 86.96 — -CO-; -OH (Mansee et al., 2023)
bagasse N=0.688; S=0.058 -C-OH
0=23.59; Si=0.563
Pine sawdust 650 1.43 5-550 C=66.35; 0=8.27 7.3 — — -OH; -CHj, (Wang et al., 2023)
-CH,; CO-H
Sawdust 280 7.4265 1.66 C=48.23; 0=28.15 — — — C-O-H; -COOH  (Hassaan et al.,
S$=23.62 C=C 2023)
Cardboard 650 1.74 — C=49.54; H=1.37 7.41 — — — (Zuhara et al., 2023)
N=0.08; S=3.23
Fish scale 600 1131.29 1.98 C=65.95; 0=3.41 5.0 — — C=0; O-H (Chen et al., 2023)
N=0.17 C-S; C=S; C-N
Tobacco stem 400 32.78 — — — — — C=C; C-H; C-N  (Cui et al., 2022)
Sewage sludge 700 97 — C=29.6; H=1.24 — — — — (Krahn et al., 2023)
N=1.13; Ca=21
Mg=5.3; Fe=23
Sludge 700 67.45 — C=7.09; H=0.48 8.57 — — — (Zhang, Xiu-
N=0.52; S=0.32 fang et al.,
0=10.59; Al=7.23 2022)
Fe=6.33; Ca=2.24
Mg=0.92; K=0.91
Ti=0.43; Zn=0.39
Seaweed 800 183.49 3.40 C=69.85; 0=27.75 7.58 — — C=GC; C-C/C-C (Al Masud et al.,
C-0/C-0-C 2023)
Waste tobacco 600 2.74 16.16 C=60.53; H=1.64 — — — H-H; C=0(C-0); (Ma et al., 2023)
stems N=2.12; S=0.46 C-H
0=35.26

Note: 1: Pyrolysis temperature; 2: Specific surface area; 3: Cation exchange capacity; 4: Electrical conductivity.

as a result of its complex composition and relatively high ash content
(Soni and Karmee, 2020). The lignin content in crops is generally pos-
itively correlated to the SSA and pore structure of biochar (Leng et al.;
Leng et al., 2021). A study done by Rodriguez et al. (Rodriguez et al.,
2020) suggests that wood-based feedstock typically results in biochar
with the maximum SSA. The size of the feedstock particles also affects
the physical properties of biochar - rather than the elemental properties
- and controls the rate of heat and mass transfer during the process. For
example, when the particle size of feedstock decreases from 1 mm to
0.053 mm, the SSA of biochar increases from 5.2 to 51.1 m?/g, while
the porosity of biochar decreases slightly as the particle size decreases
from 1 mm to 0.053 mm (Sangani et al., 2020).

3.1.2. Effect on the stability of biochar

Carbon content is a crucial parameter in biochar, ranging from 3 %
to 95 %, depending on the type of material used (Ok et al., 2015). A
higher C and O content in the feedstock is reported to result in a higher
biochar yield and net heating value (Leng and Huang, 2018). For ex-
ample, it was shown that after pyrolysis, the C content of straw ranges
between 40 % and 50 %, while that of shell-based biochar is between
70 % and 90 %. The C content in pig manure biochar is between 40 %
and 60 % (Sarfaraz et al., 2020). The effect of high-temperature pyrol-
ysis on the carbon content of biochar varies with the type of feedstock
used. For example, the increase in C content at a high pyrolysis tem-
perature (> 500°C) is more significant in woody biochar than in corn
straw biochar and almond grass biochar. This suggests that, with the
same energy expenditure, woody biochar can yield a higher C content
than corn straw and almond grass (Zielifiska et al., 2015). Li et al. (Li, L.
et al., 2023) systematically reviewed the impact of pyrolysis tempera-
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ture (175-950°C) on biochar properties (C content, H/C ratio, N content,
pH, SSA, ash content, and pore volume) when using different feedstocks
(corn straw, willow, and wood). The results indicate that woody biochar
consistently exhibits a higher carbon content and a larger SSA, regard-
less of the pyrolysis temperature used, and a lower N and ash content.
The H/C molar ratio in biochar serves as an indicator of its carboniza-
tion degree, stability, and aromaticity (Chen, J. et al., 2021). Carbon
materials are generally hydrophobic owing to the presence of non-polar
carbon-carbon bonds, although this can change depending on the exist-
ing surface functional groups and those introduced upon surface mod-
ification (Gorbounov et al., 2024). The O/C molar ratio, however, can
indicate the degree of hydrophilicity of biochar, which varies with dif-
ferent feedstocks. The reduction in the H/C and O/C ratios in biochar
corresponds to high aromaticity and low polarity, which signifies ro-
bust resistance against microbial decomposition (Liew et al., 2022). The
PH of biochar is highly dependent on the type of feedstock used, with
biochar produced from different materials exhibiting distinct pH values
(Ahmad et al., 2014; Rondon et al., 2007). However, biochar can be pre-
pared from feedstock with almost any pH value in the range of 4 to 12.
Many factors are influenced by pH, including CEC, ash content, nutrient
availability, and more (Ding et al., 2016). Ji et al. (Ji et al., 2022) re-
ported that the pH of woody biochar is lower than that of crop residues
and organic waste.

3.1.3. Effect on biochar productivity

Biochar productivity encompasses parameters such as ash content,
the concentration of elements like N, P, Mn, and K, electrical conductiv-
ity, and CEC. Some studies indicate that feedstock that is rich in lignin
(such as wood) tends to produce biochar with a higher carbon concen-
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tration and lower ash content, whereas those rich in cellulose (such as
agricultural residue) often yield biochar with a lower C content and a
higher ash content (Adeniyi et al., 2021; Zhang, H. et al., 2017). The
N content of biochar is a key factor in terms of its use as fertilizer. A
high concentration of large-molecule amino acids and proteins in feed-
stock results in a higher N content in biochar. Among the crop residues,
woody biomass and organic waste crop residues typically have a higher
N content than woody biomass, but a lower content than organic waste
(Pariyar et al., 2020). The P content in biochar depends on the type
of feedstock used, with the highest to lowest distribution of the P con-
tent being as follows: bio-solid waste > animal waste > green waste >
crop residues (Glaser and Lehr, 2019). Different feedstock types exhibit
a distinct chemical composition (content of elements such as C, H, O,
N), which influences the C content and crystallinity of biochar, which
affects electrical conductivity.

Choudhary et al. (Choudhary et al., 2019) investigated the stabil-
ity and compositional changes of biochar derived from various agri-
cultural residues, including sugarcane filter cake (SF), farmyard ma-
nure (FM) and rice husk (RH). These feedstocks underwent pyrolysis
at 350°C, and yielded biochar with diverse physicochemical properties,
with FM displaying relatively higher electrical conductivity. Further-
more, the electrical conductivity of biochar is strongly affected by the
method used to process the feedstock. Mittal et al. (Mittal et al., 2023)
reported that plasma-treated biochar prepared in a few minutes (elec-
trical conductivity: 58,914.695 uS/cm) exhibited higher conductivity
than biochar obtained by drum kiln processing (electrical conductivity:
3.17534 uS/cm). CEC represents the number of exchangeable cations
(e.g. Ca®*, Mg?*, K+, Na*, NH,*), while biochar’s CEC depends on the
type of feedstock used. In 2020, Rodriguez et al. (Rodriguez et al., 2020)
noted that biochar derived from crop residues, herbaceous plants, and
animal manure/sludge exhibited a higher CEC. When using an oper-
ating temperature of 500°C, biochar produced from pig manure (32.7
cmol/kg) had a lower CEC content than biochar produced from chicken
manure (81.4 cmol/kg) (Cely et al., 2015). However, biochar produced
from paper mill waste (9.0-18.0 cmol/kg) (Van Zwieten et al., 2010)
exhibited significantly lower CEC content than biochar produced from
sugarcane residue (122.0 cmol/kg). These differences are the result
of biomass with a high ash content generating biochar with a higher
CEC (Tag, A.T. et al., 2016; Yang et al., 2015). It has also been re-
ported that reducing the particle size from 0.25 mm to 0.053 mm in-
creases the biochar’s CEC and anion exchange capacity (AEC) (Liao and
Thomas, 2019; Sangani et al., 2020).

3.1.4. Effect on biochar active sites

The surface functional groups in biochar symbolise its active sites.
Table 3.2 summarises the distinct functional groups in biochar obtained
from different types of feedstocks. An abundance of minerals (such as
K, Ca, Na, and Mg) in biochar contributes to the formation of sur-
face functional groups, which leads to a higher CEC value (Liao and
Thomas, 2019). Gezahegn et al. (Gezahegn et al., 2019) conducted py-
rolysis on 19 types of Canadian temperate wood feedstock, using tem-
peratures ranging from 300 to 700°C. The study revealed that the com-
position of functional groups varied with the type of feedstock used,
particularly at pyrolysis temperatures < 500°C. Biochar derived from
coniferous trees had a higher concentration of carboxyl and lactate func-
tional groups than biochar from angiosperms.

3.1.5. Summary

The carbonisation mechanism of different biomass types, such as
lignin, hemicellulose and cellulose, influences the final properties of
biochar. Even with the same biomass type, biochar’s microstructure
is substantially affected by the specific pyrolysis process used. For ex-
ample, variations in microstructure due to pyrolysis methods affect
biochar’s adsorption capacity and mass transfer properties, thereby in-
fluencing its application in energy storage and environmental man-
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agement. In-depth research into the selection of biomass types, the
application of pyrolysis techniques, and related influencing factors
not only advances our comprehensive understanding of biochar for-
mation mechanisms and property control pathways but also signif-
icantly supports the resolution of environmental and energy-related
challenges.

3.2. Influence of pyrolysis temperature

Research indicates that the initial step of the pyrolysis process for
biomass waste is pre-pyrolysis, specifically, the cracking phase. The sub-
sequent step occurs in a temperature range of approximately 400-500°C
and involves the decomposition of biomass components and the forma-
tion of oxygen-rich functional groups (Fawzy et al., 2021); (Wang, Q.
et al., 2020). The pyrolysis temperature predominantly influences the
molecular structure (Singh et al., 2020) and physicochemical properties,
such as the SSA, functional groups, pore structure, and element compo-
sition (Tag, A.T. et al., 2016). Even when using the same feedstock, the
pyrolysis temperature has a significant impact on the resulting biochar.
For example, at 350°C, the SSA of walnut shell biochar is 1.01 m?/g,
whereas at 700°C, its physicochemical properties are markedly differ-
ent (Yu, O. Y. et al., 2017). The literature indicates that a higher py-
rolysis temperature increases pH, SSA, volatile matter and carbon frac-
tion but decreases the quantity of surface functional groups and CEC
(Tomcezyk, M.M. et al., 2020). The relationship between pyrolysis tem-
perature and the properties of biochar is summarised in Table 3.3. The
effect of these properties must be carefully regulated by adjusting the
temperature applied during pyrolysis. This, however, also results in the
release of volatile organic compounds, especially at elevated temper-
atures (Sun et al., 2014). Therefore, selecting an appropriate pyrolysis
temperature involves ensuring a delicate balance between chemical and
surface properties, with the commonly accepted optimal range for pro-
ducing desired biomass char materials being 500-800°C (Wang et al.,
2013).

In this section, choosing the temperature to be used during pyroly-
sis and related matters are discussed thoroughly, including differences
in biochar properties when using different temperatures, e.g. surface
structure (pore structure, SSA), pH, chemical composition and CEC. A
comparative analysis of the experimental results was conducted to bet-
ter understand the crucial role temperature plays during pyrolysis in
adjusting the properties of biochar.

3.2.1. Impact on biochar yield

The biochar yield generally decreases with an increase in the tem-
perature during pyrolysis (Table 3.3), due to enhanced primary decom-
position of organic matter in crop residue. Additionally, secondary de-
composition processes, such as carbonization and detachment of biochar
residue, can contribute to a reduction in biochar yield. In a study, a de-
crease in biochar yield with an increase in temperature during pyrolysis
of straw and corn straw pellets was noted (Yang, C. et al., 2021). Du
etal. (Du et al., 2019) reported a similar trend in the temperature range
of 350-750°C when they investigated the effect of pyrolysis tempera-
ture on the biochar yielded from comfrey, i.e. the biochar yield gradu-
ally decreased as the temperature increased. When producing biochar
from coconut biomass, temperature emerged as a key operational pa-
rameter noticeably affecting biochar yield, characteristics, and stability
profoundly (Ighalo, Joshua O. et al., 2022). Aran et al. (Aran et al.,
2023) investigated the differences in the properties of biochar derived
from poultry litter (PL), maize straw, the macrophyte Juncus imbrica-
tus, and phytoremediation waste after pyrolysis at a temperature of 300
and 600°C. The results indicate that biochar yield decreased with an
increase in temperature, which may be directly correlated with the in-
organic components in the raw materials. The biochar yield from poultry
litter is significantly higher than biochar derived from plant biomass at
both pyrolysis temperatures. This may be due to the relatively lower
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Table 3.3
Properties of biochar produced from different commonly used types of biomass.
Temp' SSA? PV3 CEC* EC® cce Ash BY
Biomass (°Q) (m?/g) (m3/g) pH (cmol/kg) (dS/m) (%) (%) (%) EIC® (%) Ref
Pine 400 83.9 0.012 6.35 27.5 2.44 — 22 55 C=0.517; H=0.0497; (Laghari et al.,
sawdust 0=0.338; 2016)
Ca=0.23; K=0.069.
700 65.2 0.016 9.08 24.9 0.76 — 68 16.7 C=0.736; H=0.0296;
0=0.129; Ca=0.468;
K=0.119.
Oak bark 400 — — — — — — 11.19 — C=57.47; H=3.48; (Saletnik et al.,
N=0.54; Ca=0.023; 2022)
K=0.00023; Mg=0.0008;
P=0.0046; S=0.0006.
450 — — — — — — 12.88 — C=60.96; H=3.05;
N=0.54;
Ca=0.024; K=0.00026.
Mg=0.0014; P=0.0048;
S=0.0005.
500 — — — — — — 12.96 — C=60.99; H=3.07;
N=0.53;
Ca=0.025; K=0.00025;
Mg=0.0016; P=0.0051;
S$=0.0005.
Rice straw 350 2.9 0.024 9.94 — — — — 41.9 C=48.71; H=3.55; (Yang, C. et al.,
N=0.91; 2021)
S=0.0.26.
650 14.33 0.1 11.15 — — — — 8.76 C=39.75; H=1.73;
N=0.71;
S$=0.36.
Symphytum 350 11.54 0.021 10.05 — 13.02 42.92 — C=41.08; H=2.73; 1.87; (Du et al., 2019)
officinale $=0.68; 0=10.72.
L 550 34.48 0.090 10.38 — 13.57 47.83 — C=38.47; H=1.48;
N=1.73;
$=0.7; 0=9.79.
750 273.8 0.243 13.57 — 15.66 55.78 — C=33.56; H=0.93;
N=1.52;
$=0.73; 0=7.48.
Sewage 300 5.11 — 6.43 — — — 83.25 91.05 C=7.53; H=0.78; (Zhang, Xin et al.,
sludge N=1.31; 2022)
0=7.13.
500 15.23 — 6.96 — — — 87.93 85.72 C=5.63; H=0.48;
N=0.76;
0=5.20.
700 13.57 — 10.50 — — — 91.93 81.23 C=3.96; H=0.29;
N=0.46;
0=3.36.
Animal 800 — — — — — — 34 53.1 C=27.78; H=3.98; (Zhou et al.,
dung N=1.67; 2020)
0=20.3.
Dairy cattle 600 225 0.076 8.3 114 2.2 15 23 49.1 C=35.2; H=3.1; N=2.2; (Atienza-
manure 0=33.3; S=0.7. Martinez et al.,
2020)
Magnetic 200 4.71 0.023 — — -OH; -CH2; -CH3; C=0; C-H; — C=61.16; N=3.41; (Zhu et al.,
cattle C-0O; H-Ar; 0=33.39. 2020)
manure 400 18.52 0.064 — — -OH; C=0; C-H; C-0; H-Ar; — C=33; N=2.84; 0=45.8.
600 188.56 0.18 — — -OH; C=0; C-H; C-O; H-Ar; — C=21.29; N=1.96;
0=49.4.
Manure 550 14.033 0.042 10.43 — 4.123 — — 41.64 C=28.46; N=1.58; (Stylianou et al.,
H=0.88; S=0.48. 2020)
Biosolids 3.98 0.022 9.77 — 0.745 — — 18.6 C=39.57; N=5.67;
H=1.17; S=0.38.
Spend 1.53 0.008 9.42 — 2.723 — — 21.23 C=87.38; N=4.28;
coffee H=2.36; S=0.25.
grounds
Swine 600 — — — — — 32.85 57.63 — C=33.03; N=1.85; (Zhou et al.,
manure H=0.62; S=0.38; 2019)
0=6.49.
Dairy cattle — — — — — 41.95 48.95 — C=44.64; N=1.97;
manure H=0.98; S=0.54;
0=2.91.
Beef cattle — — — — — 36.77 52.8 — C=41.53; N=1.69;
manure H=0.89; S=0.40;
0=2.69.
Broiler — — — — — 33.50 56.94 — C=37.47; N=3.17;
litter H=0.91; S=1.18;
0=3.08.
Layer — — — — — 23.74 60.54 — C=33.81; N=1.91;
chicken H=0.71; S=0.70;
litter 0=2.33.
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Table 3.3 (continued)
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EC®
(dS/m)

CEC*
(cmol/kg)

pPV3
(m3/g)

SSA2
(m?/g)

Temp'!

0

Biomass pH

BY’
(%)

cce
(%)

Ash
(%)

EIC8 (%) Ref

Hornbeam 575

wood chips

Swine 450 16.15 0.0178 7.8 2.4

Manure

700 22.9 10.1 309.6 240

Switchgrass
Poultry 9.278 10.2 235.9 9150
litter

Eucalyptus

wood

450 5.3 123.3

550 6.7 97.4

650 410.48 9.7 134.3

750 402.51 9.8 164.6

850 362.90 9.1 161.6

950 224.43 9.2 273.1

14.16 0.36 C=48.86; N=0.10;
H=6.15; §=0.03;
0=44.86.

C=27.6; N=1.9; H=1.5;
0=17.9; $=0.2.
P=0.2; Ca=0.8; K=0.4;
Mg=0.3; Na=0.03;
$=0.04.

P=4; Ca=5; K=8; Mg=2;
Na=3; S=1.

C=74.96; N=1.25;
H=3.76; 0=19.41;
K=0.182; Ca=0.085;
P=0.016; Fe=0.001.
C=79.25; N=1.49;
H=1.00; 0=18.01;
K=0.140; Ca=0.104;
P=0.016; Fe=0.003.
C=87.06; N=0; H=1.60;
0=10.70; K=0.164;
Ca=0.115; P=0.023;
Fe=0.006.

C=87.74; N=1.06;
H=0.87; 0=9.47;
K=0.210; Ca=0.130;
P=0.017; Fe=0.006.
C=88.01; N=1.27;
H=0.89; 0=8.99;
K=0.210; Ca=0.104;
P=0.025; Fe=0.004.
C=86.90; N=1.34;
H=0.90; 0=10.57;
K=0.286; Ca=0.176;
P=0.031; Fe=0.004.

(Ercan et al.,
2023)

11.9 48.9 53 (Wang, K. et al.,
2020)
(Antonangelo et al.,

2019)

31.4 4.4

27.75 45.9

0.60 42.76 (Chaves Fernan-
des et al.,
2020)

0.74 38.00

0.63 34.69
0.84 34.27
0.82

32.44

1.06 33.47

Note: 1: Pyrolysis temperature; 2: Specific surface area; 3: Pore volume; 4: Cation exchange capacity; 5: Electrical conductivity; 6: Carbon content; 7: Biochar yield;

8: Elementary composition.

volatile matter content and higher ash content. This finding aligns with
the finding of Wei et al. (Wei et al., 2019), who concluded that biochar
derived from plant sources has a lower yield than biochar from animal
waste. Careful selection of appropriate pyrolysis conditions, especially
the combination of temperature and raw material type, is crucial to en-
suring the appropriate quality of biochar for use in specific application
domains.

3.2.1.1. Impact on carbon content (CC) and ash fraction of biochar.
Biochar comprises primarily carbon, which constitutes approximately
50-90 % of its weight. One of the most important parameters in biochar
production is the carbon content (CC), which is affected by the temper-
ature of the pyrolysis process and the raw materials used. Carbonisation
occurs at temperatures exceeding 600°C, which eliminates nearly all re-
maining non-carbon atoms and enhances the carbon concentration in
biochar (Lehmann et al., 2006). A meta-analysis done by Zielinska et al.
(Zielinska et al., 2015) reported that the average CC in woody biochar is
notably higher (74.99 %) than in corn straw biochar (62.93 %) and reed
biochar (60.98 %). These differences can be attributed to variations in
the cellulose, hemicellulose, and lignin content of the three raw mate-
rials. Reported studies indicate that the CC of pyrolyzed straw is 40-
50 %, for shell biochar, it is 70-90 %, and for pig manure it is 40-60 %
(Schmidt, 2023); (Gondek and Mierzwa-Hersztek, 2016; Sarfaraz et al.,
2020). Domingues et al. (Domingues et al., 2017) reported a decrease
in CC with increasing temperature for biochar derived from chicken
manure. Jung et al. (Jung et al., 2017) observed a similar trend in
their study. However, the CC is also highly dependent on the type of
biomass. One study reported that an increase in pyrolysis temperature,
resulted in the ash fraction, with the CC of cellulose-derived biochar
also increasing. A higher CC indicates that biochar still carries a cer-
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tain amount of original organic plant residue, such as cellulose (El-
Bassi et al., 2021; Laghari et al., 2021). The ash content of biochar
generally increases with an increase in temperature, and this escala-
tion is attributed to the gradual concentration of inorganic components
and the combustion residue of organic matter (Jin et al., 2016). Rafiq
et al. (Rafiq et al., 2016) reported that an increase in pyrolysis temper-
ature leads to an increase in ash content of 5.7 %-18.7 %. Furthermore,
Domingues et al. reported that the increase in Mg, Ca, K, and P in biochar
produced at a high pyrolysis temperature is due to the increase in ash
content, ranging from 4.0 % to 33.1 %. After carbonization, the min-
eral residues that form the ash persist in the biochar (Domingues et al.,
2017).

3.2.1.2. Influence on the surface structure of biochar. The surface features
of biochar are primarily determined by its SSA and pore structure. In a
study, it was reported that an increase in pyrolysis temperature resulted
in an accelerated decomposition of organic compounds, which, in turn,
increased the release of volatile substances. Consequently, this led to the
creation of larger pores, significantly altering the porosity and SSA of
biochar (Sizirici et al., 2021). However, at extremely high temperatures,
this effect may plateau or decrease because excessive heat can cause
pore collapse or excessive carbonization, leading to a reduction in SSA.
Generally, biochar produced at high-temperature pyrolysis has a higher
SSA than biochar produced at low-temperature pyrolysis. This increase
is particularly pronounced in wood materials that contain lignin and cel-
lulose, primarily due to the augmentation of micropore volume induced
by the release of volatile compounds (Hue, 2020). For willow biochar,
the pore volume surpasses that of straw biochar and wood biochar, re-
gardless of the pyrolysis temperature (Brewer et al., 2014). Ferraro et al.
(Ferraro et al., 2021) revealed a notable effect, particularly at 550°C,
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Fig. 3.2. Scanning electron microscopy (SEM) micrographs of biochar derived from sawdust biomass at different temperatures: a) raw condition; b) 200°C; c¢) 300°C;

d) 400°C; e) 500°C; f) 600°C (Liu, Y. et al., 2016).

with a maximum SSA of 504 m? /g for pine biochar. The impact of tem-
perature on pore structure was also verified in the research conducted
by Liu et al. (Liu, Y. et al., 2016). Their study on biochar derived from
pyrolyzing sawdust at temperatures ranging from 200 to 600°C showed
that no pores were visible at 200°C. However, at 300 and 400°C, sev-
eral pore structures became visible. At 500°C, partial skeletal structures
appeared, which researchers speculated originated from the decompo-
sition of cellulose and hemicellulose. At 600°C, a honeycomb-like pore
structure emerged from the decomposition of wood cellulose (Fig. 3.2).

3.2.1.3. Effect on the pH and electrical conductivity (EC) of biochar. The
pH of biochar is positively correlated with the generation of carbon-
ates and the concentration of inorganic alkalis (Li, L. et al., 2021).
As the pyrolysis temperature increases, the content of carbonates and
alkaline cations rises, which elevates the pH. This phenomenon is at-
tributed to the increase in ash content during the pyrolysis process, the
emergence of basic functional groups, and the disappearance of acidic
functional groups, which provides additional support for the pH in-
crease (Adewuyi et al., 2021; de Souza et al., 2021; Liao et al., 2020;
Tomczyk, M.M. et al., 2020). Additionally, at a high temperature, the
salts that separate from the organic matter contribute to the higher pH
(Luo, D. et al., 2021). Even with the same raw material, using differ-
ent pyrolysis temperatures results in distinct pH values. Singh et al.
(Singhal et al., 2021) concluded that biochar prepared at a higher tem-
perature (> 400°C) generally exhibits a higher pH than biochar from
the same source prepared at a low temperature (< 400°C). Regarding
different feedstock types, Ji et al. (Ji et al., 2022) reported that wood-
derived biochar has a lower pH compared to biochar from crop residue
and organic waste. Crop residue, such as straw biomass, contains a
higher level of alkaline salts. These are separated from the biomass dur-
ing pyrolysis, hence an increase in the pH. Consequently, straw biochar
has a higher pH than wood biochar and willow biochar (Pariyar et al.,
2020). Various biochar properties depend on pH, including CEC, and
ash content (Ding et al., 2016). The EC of biochar generally increases
with an increase in temperature. This increase may be attributed to
a loss of biomass volatiles during carbonisation, an increase in CEC
(due to the presence of exchangeable ions on the biochar surface),
and augmentation of available nutrients (Chandra and Bhattacharya,
2019).

3.2.1.4. Influence on the elemental composition of biochar. Typically, op-
timising the pyrolysis process with a temperature in the range of 200°C
to 800°C has been employed to control the properties of biochar. With
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an increase in pyrolysis temperature, the hydrogen content, oxygen con-
tent, and H/C and O/C ratios decrease mainly due to dehydration and
deoxygenation (Mukome et al., 2013; Weber, K. and Quicker, P., 2018).
The H/C and O/C ratios in biochar impact its stability and aromaticity.
One study indicates that as the pyrolysis temperature rises, the content
of water and oxygen functional groups decreases due to dehydration
and deoxygenation (Zhou, Yuwen et al., 2021). The increase in CC and
decrease in hydrogen content leads to a reduction in H/C. Biochar is
rich in mineral elements such as Na, K, Ca, Fe, and Mg, whose con-
centrations increase with an increase in pyrolysis temperature. Saletnik
et al. reported that the highest P, K, and Mg content was obtained at
500°C (4.3, 9.9, and 2.8 g/kg, respectively), while the highest carbon
and nitrogen content was recorded at 400°C (73.6 % and 1.9 %, respec-
tively) (Saletnik et al., 2022). In general, nutrient elements in biochar
tend to increase with an increase in pyrolysis temperature. However, at
higher pyrolysis temperatures (> 700°C), there may be a loss of P and
K in biochar. Although there is minimal loss of phosphorus content in
biomass during the pyrolysis process, the absorption of phosphorus from
the resulting biochar by plants may slow down as the pyrolysis temper-
ature increases (Laghari et al., 2016). Jindo et al. (Jindo et al., 2020)
explained that the higher content of Ca, Mg, P, and K seen in biochar
prepared at higher pyrolysis temperatures is due to an increase in the
ash content (from approximately 3 % to 32.9 %).

3.2.1.5. Effect on the CEC of biochar. The CEC of biochar is more de-
pendent on the feedstock used than on the temperature applied in
pyrolysis. This may be associated with the loss of some acidic func-
tional groups on the surface of biochar at a higher pyrolysis tem-
perature (Zhao et al., 2013). The CEC of different types of biochar
tends to decrease slightly with an increase in pyrolysis temperature
(Wang, L. et al., 2020; Wang, Z. et al., 2020). According to Agrafioti et al.
(Agrafioti et al., 2013), the K, Na, Ca, Mg, and P in the feedstock promote
the formation of oxygen-containing functional groups on the biochar
surface during pyrolysis, thereby enhancing the value of CEC. Mosharrof
et al. (Mosharrof et al., 2021) suggested that the CEC of biochar depends
on the distribution and nature of surface oxygen-rich functional groups.
The negatively charged sites on the surface of biochar are composed
of phenolic and carboxylic acid groups (Fawzy et al., 2021). Rodriguez
Correa et al. (Rodriguez Correa et al., 2019) suggested that the positive
charge may come from oxygenate groups, while the negative charge can
only come from phenolic and carboxylic acid groups. Indeed, studies
have found that biochar with a higher SSA has higher surface microp-
orosity and CEC (Das et al., 2021; Jalal et al., 2020).
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3.2.1.6. Effect on the surface functional groups of biochar. Differences in
the content and intensity of functional groups in biochar are intricately
linked to the raw materials used, the pyrolysis medium and, particu-
larly, the pyrolysis temperature used, which play a key role in obtaining
the desired functional groups. Common functional groups in biochar (C-
C/C-0/C=C/-OH/CH-/Metal-O-, CHO-/COO-, and carbon skeleton) are
formed on the surface via oxidation, dehydration, and decarboxylation
that occur during pyrolysis (Luo et al., 2015). Breakdown and rearrange-
ment of chemical bonds in biomass occurs at a high pyrolysis tempera-
ture, ranging from 300 to 700°C, which generates numerous functional
groups (Mia et al., 2017; Reshad et al., 2019). Biochar produced at a
lower temperature is predominantly hydrophilic due to a significant
presence of oxygen-containing functional groups (Lian and Xing, 2017).
At higher temperatures, it may contain more aromatic structures and
skeletons (Pignatello et al., 2017). Gezahegn et al. (Gezahegn et al.,
2019) investigated the pyrolysis behaviour of 19 types of raw materials
obtained from Canadian temperate wood at different pyrolysis tempera-
tures ranging from 300 to 700°C. Their study revealed that as the pyrol-
ysis temperature increased, the concentrations of carboxyl and lactate
functional groups decreased while the concentration of phenolic func-
tional groups increased. Zhu et al. (Zhu et al., 2020) studied the effect
of pyrolysis temperature (200, 400, and 600°C) on the structure of iron-
ion-doped magnetic biochar and found that as the pyrolysis temperature
increased, the number of functional groups decreased while the specific
surface area and iron oxide content increased.

3.2.1.7. Effect on the stability of biochar. In terms of the biochar produc-
tion process, pyrolysis temperature stands out as the most important
factor influencing aromaticity, aromatic condensation, and the stabil-
ity of biochar. Numerous studies have indicated that the content of the
stable fused aromatic ring structures increases with an increase in pyrol-
ysis temperature, while the size and quantity of unstable non-aromatic
structures decrease (Suérez-Abelenda et al., 2017). Almost all research
findings indicate that pyrolysis temperature has a strong positive ef-
fect on the stability of biochar (Aller, 2016; Wang, J. et al., 2016).
Other influencing factors, such as the composition and properties of
biomass feedstock, may prove more important than pyrolysis tempera-
ture and result in different levels of stability in the biochar (Masek et al.,
2013).

3.2.2. Optimization of pyrolysis temperature and applications of biochar:
comprehensive assessment and future prospects

In pyrolysis, the heating rate is defined as the rate of temperature
change during the process. A high heating rate (> 10°C/min) increases
volatility and porosity, which promotes the generation of other com-
ponents and reduces the biochar yield. A slow heating rate (below
10°C/min) favours the formation of a stable structure, which increases
the biochar yield (Pandey et al., 2020). In the case of safflower seed py-
rolysis, an increase in reaction temperature from 400 to 600°C at a heat-
ing rate of 10 to 50°C/min, led to a reduction in the SSA of the biomass
char (Angin, 2013). Additionally, a lower heating rate helps to preserve
structural complexity and prevents thermal breakdown within biomass
(Li, Y. et al., 2020). The composition of biochar is also affected by the
heating rate applied in pyrolysis. Li et al. (Li, Shuangjun et al., 2021)
analysed biochar derived predominantly from lignocellulosic feedstock
when employing different pyrolysis heating rates (5, 10, 15, 20°C/min)
and reported variations in element content, even when using a constant
temperature. As the heating rate increased from 5°C/min to 20°C/min,
with a fixed pyrolysis temperature of 700°C, the carbon content de-
creased from 94 % to 85.4 %, and the hydrogen content varied from
1.2 % to 1.5 %. This suggests an increase in the H/C ratio with an in-
crease in the heating rate, indicating reduced stability of the biochar. It
is evident that establishing a clear correlation between the heating rate
and other parameters - such as temperature, catalyst and atmosphere -
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helps to construct more integrated production models, thereby enhanc-
ing the efficiency and controllability of the biochar preparation process.

Biochar has attracted considerable attention for its outstanding ad-
sorption and catalytic ability, which makes it suitable for use as a soil
amendment and treatment product (Azeem et al., 2019; Han et al., 2018;
Kumar et al., 2022; Li, C. et al., 2021). Biochar addition can enhance soil
PH, electrical conductivity and water retention capacity, and increase
both macro and micronutrient elements in plants, including N, C, P,
K, and O (Liu et al., 2019; Qian et al., 2015). The high CEC and large
SSA of biochar provide advantages in terms of pollution remediation
(Berslin et al., 2022). Ahmad et al. (Ahmad et al., 2014) demonstrated
that biochar can adsorb organic pollutants efficiently, including heavy
metals. However, the detailed mechanisms of this adsorption process re-
main unclear, such as adsorption time and the impact of pyrolysis tem-
perature on biochar selection for specific applications and conditions
(Issaka et al., 2022). Biochar composites can be prepared to counter
this obstacle (Blenis et al., 2023). Studies have also shown that biochar
can remove residual pesticides from treated land (Carpio et al., 2021).
It can also remove both organic and inorganic pollutants from wastew-
ater, including inorganic ions through various mechanisms such as sur-
face complexation, precipitation, electrostatic interactions, and ion ex-
change with functional groups (Michalak et al., 2019; Qiu et al., 2022;
Wang, H. et al., 2020). The effectiveness of biochar in pollutants removal
depends on a number of factors such as environmental pH, the concen-
tration level of the pollutants, and contact time between biochar and
pollutants. Investigating these variables and their impact on biodegra-
dation is important in formulating effective biochar-based remediation
strategies (Khan et al., 2021; Lv et al., 2022).

Biochar has also garnered widespread attention in the field of ad-
vanced energy storage and conversion. It can be designed for use as
electrode materials in lithium-ion batteries and supercapacitors or as
a catalyst for the redox reaction or hydrogen storage process. Stud-
ies have demonstrated the potential of using biochar derived from rice
husks and corn cobs as high-performance supercapacitor electrode mate-
rials (Teo et al., 2016; Wang, F. et al., 2021). Algae-derived biochar has
emerged as a potential material for supercapacitors due to its notable
advantages related to specific capacitance and stability. Pourhosseini
et al. (Pourhosseini et al., 2018) designed a high-performance asym-
metric supercapacitor using functional biochar (FBC) as the anode elec-
trode and iron oxide/carbon composite materials (MBC and FCBC) as
the cathode electrode. The results showed that this metal oxide-loaded
supercapacitor exhibited a high energy density (41.5 Wh kg~!) and
power density (900 W kg~1). Norouzi et al. (Norouzi et al., 2021) fur-
ther improved the structure by introducing cobalt nanoparticles into the
3D interconnected architecture of Cladophora glomerata algae-derived
biochar and used this modified biochar in the fabrication of symmet-
rical and asymmetrical supercapacitors. However, despite extensive re-
search efforts, most studies on the applications of biochar and its deriva-
tives remain in the experimental stage and require further investiga-
tion before commercialization. When considering the use of biochar for
soil remediation, careful control of pyrolysis temperature is essential
to ensure efficient and effective use. Future research should focus on
fine-tuning pyrolysis temperature for specific remediation applications,
to allow biochar-treated soil to be temporarily managed by creating a
soil-biochar composite and managing residual chemicals in pesticide-
contaminated soils. Additional research is needed to address com-
mercial barriers related to resource optimisation, scalability, and life-
cycle sustainability assessment, in order to unleash the full potential of
biochar as an efficient environmental biodegradation tool. Application-
oriented research in the field of energy storage could help enhance
and optimise the pore structure, SSA, and surface functional groups
of biochar through pyrolysis temperature adjustment to ensure supe-
rior performance in energy storage applications. Therefore, the poten-
tial application of biochar in the field of energy storage warrants further
exploration.
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3.2.3. Summary

Pyrolysis temperature has varying degrees of influence on key prop-
erties of biochar, such as yield, carbon content, ash content, surface
structure, pH and conductivity, elemental composition, cation exchange
capacity (CEC), surface functional groups, and stability. A comprehen-
sive understanding of the various impacts of pyrolysis temperature on
biochar formation can be attained through an in-depth analysis of these
changes. Optimising pyrolysis temperature is crucial for the application
of biochar in different fields such as soil improvement, remediation of
contaminated soil, water treatment, and energy storage. Future research
should consider the effects under complex environmental conditions,
particularly in diverse scenarios and in alignment with sustainable de-
velopment goals, to ensure its sustainability in environmental gover-
nance, resource utilization and energy fields.

3.3. Effect of additives and doping

Incorporating various additives and dopant elements is a potent
strategy for modifying biochar. This chapter reports on a comprehen-
sive exploration of different types of dopants, including metal oxides,
carbon nanomaterials, and elements such as N, S, and P. Through a de-
tailed analysis of their specific effects on the conductivity and chemical
reactivity of biochar, the unique contributions of various additives and
dopants in enhancing the performance of biochar are unveiled. A com-
prehensive understanding of the application potential of various dopants
in biochar modification is thus provided, and this valuable insight could
guide future research and applications in this field.

3.3.1. Additives

Additives can be integrated into the biochar production process to
enhance the properties and therefore, the efficiency of the final prod-
uct. These substances are introduced to facilitate specific chemical reac-
tions, improve process kinetics, and modify the characteristics of biochar
(Li, H. et al., 2021). During pyrolysis, additives can affect the decom-
position of biomass and facilitate the formation of the desired biochar
properties. It has been reported that additives such as zeolites, transition
metals, alkali metals and alkaline-earth metals are able to increase the
biochar yield, enhance carbon retention, and modify the physical and
chemical properties of biochar (Obidike and Yoro, 2022). In hydrother-
mal carbonisation, additives can expedite reaction kinetics and affect
the properties of hydrochar. Alkaline solutions or alkali metals, for ex-
ample, can improve the carbonisation processes, resulting in hydrochar
with a higher carbon content and stability (Zou et al., 2022). The selec-
tion and concentration of additives may affect the yield, energy content,
and nutrient retention of hydrochar (Deng, C. et al., 2023). The choice
of additives depends on the required properties in the biochar produced,
the raw material characteristics, and the desired product. Therefore, ex-
tensive research and experimentation are necessary to determine the
appropriate additives, optimal dosage and application method.

The primary objective of using chemical additives is to enhance
the adsorption capacity of biochar by increasing its SSA, surface func-
tional groups, and pore volume (Ding et al., 2016; Duan et al., 2019).
During the process of preparing biochar, chemical additives are intro-
duced to inhibit the decomposition of hemicellulose in raw materials
like plant residues and wood chips, which promotes dehydration reac-
tions (Yuan et al., 2019). Researchers (Demirbas, 2004; Wang, M. et al.,
2018) have demonstrated the use of biochar obtained from watermelon
peel and biochar with added MgCl, before calcination to simulate the
removal of Pb (II). The prepared biochar, containing Mg (II), exhibited
enhanced removal capacity for Pb (II), which increased from 181 mg/g
to 558 mg/g (Fig. 3.3a - d). Zhao et al. (Zhao et al., 2020) examined the
efficiency of biochar and sulphur-impregnated biochar obtained from
rice husks in removing mercury from contaminated soil (28.3 mg/kg),
and reported improved efficiency for the modified biochar (Fig. 3.3k).
Biochar prepared by adding H,O, during the production process ex-
hibits a significant amount of oxygen-containing functional groups and
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effectively removes heavy metals such as copper, nickel, and cadmium
from water (Xue et al., 2012). Liquid petroleum coke activated by means
of physical (steam and CO,) and chemical (KOH and H3PO,) activa-
tion methods have also been prepared (Rambabu et al., 2013), with
steam treatment used to produce biochar from tea waste. This resulted in
biochar with an enhanced sulfamethoxazole removal capacity (Fig. 3.3e
and -3.3f). The addition of nanoparticles (Chausali et al., 2021) further
enhances the adsorption capacity and selectivity of nano-composite ma-
terials. For example, graphene oxide enhances the adsorption of organic
molecules, while zero-valent iron nanoparticles promote a reduction in
heavy metals (Noreen and Abd-Elsalam, 2021). Liu et al. (Liu, T. et al.,
2016) studied biochar produced from slow pyrolysis of maple biomass
pre-treated with CNTs and graphene oxide. The treated biochar exhib-
ited improved SSA and an enhanced adsorption capacity for Pb (II) and
Cd (II) in an aqueous solution compared to the original biochar (Liu, T.
et al., 2016). (See Fig. 3.3 g and -3.3h).

3.3.2. Doping elements

Doping with heteroatoms can enhance the properties of biomass
char significantly, such as enriching heteroatom functional groups and
modulating the carbon framework. Heteroatom doping introduces spe-
cific functional groups that promote chemical adsorption, which alters
the spatial structure of biomass char and enhances physical adsorption
(Kaya and Uzun, 2021). Different types of doping elements have differ-
ent effects on the structure and functionality of biomass char. Doping
typically involves the introduction of elements such as N, S, P, which
can alter the electrochemical and surface chemical properties of biomass
char significantly. For example, the addition of N may enhance the gas
adsorption performance of biomass char, as the introduction of N im-
proves the conductivity and electron transfer capacity, and this accel-
erates electron transfer (Wang, H. et al., 2021; Zhou, X. et al., 2021).
In a study, the removal efficiency was increased sevenfold by preparing
graphite N and pyridine N with the addition of urea (Zhou, X. et al.,
2021). Wu et al. reported a non-thermal plasma technique for gener-
ating N-doped biomass char from lotus and lavender seed pods. The
introduction of N in a plasma atmosphere increased the N content ten-
fold. In another study, charge storage showed a significant increase of
approximately 65 % and a capacitance of 342 F/g (Wu et al., 2021)
(Fig. 3.3i and j). In addition to doping with N, S, doping in biomass char
increased the efficiency of persulfate activation (Wan et al., 2021). Bai
et al. (Bai et al., 2023) investigated the process of pre-mixing three phos-
phorus compounds (KH,PO,, Ca(H,PO,),, and NH,H,PO,) with corn
straw to prepare biochar (CSB+K, CSB+Ca, and CSB+N) that showed
enhanced carbon (C) sequestration and slow phosphorus (P) release at
three temperatures (300, 500, and 700°C). The results indicate that the
addition of all phosphorus sources increased C retention significantly
in the order: NH4H,PO, (65.6-83.5 %) > Ca(H,PO,), (60.4-78.2 %)
> KH, PO, (50.1-76.1 %). The original retention rate was 47.8-73.6 %.
Furthermore, the addition of Ca(H,PO,), and KH,PO, led to an increase
in aromatization and graphitisation compared to the original biochar.
(See Fig. 3.4a -3.4c). Boron doping of biomass char is also feasible, with
boric acid being one of the B-doping agents used for biomass char mod-
ification (Gao et al., 2022).

During the preparation of biomass char, metal elements can be doped
to tailor the biochar properties for various applications. Xu et al. (Xu, Y.
et al., 2021) investigated the effects of four Ca-based additives (CaO,
CaCO;, Ca(OH),, and Ca(H,PO,),) on the pyrolysis characteristics of
swine manure (SM) and the properties of biomass char. The results in-
dicated that CaO outperformed other Ca-based additives in improving
gas product composition and biomass char mass (Fig. 3.4d - i). Zhang
et al. (Zeng, M. et al., 2023) co-pyrolyzed sludge using different CaSiO,
ratios (0 %, 3 %, 6 %, 9 %, 12 % and 15 %), various pyrolysis temper-
ature levels (300, 400, 500, 600 and 700°C), and various dwell times
(15, 30, 60 and 120 min) to investigate the stabilisation of heavy met-
als in sludge. The results showed that the application of CaSiO3 pro-
moted the formation of crystals associated with heavy metals, such as
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Fig. 3.3. (a) Synthesis of MgO-coated watermelon rind biochar. (b) Coated Mg content vs Mg/feedstock ratio. (c) BET SSA vs coated Mg content, Pb removal capacity
coated Mg content. (d) BET SSA vs pyrolysis temperature, Pb removal capacity vs pyrolysis temperature (Zhang, J. et al., 2020). (e) Fresh weight of lettuce samples
after the various treatments. (f) Concentration of antibiotic recorded in the lettuce samples after the various treatments (SMT, sulfamethazine) (Rajapaksha et al.,
2014). (g) Sorption kinetics of Pb (II) and Cd (II) (h) on biochar samples (Liu, T. et al., 2016). (i) Biochar preparation process diagram. (j) Specific capacitance
at different charge-discharge current density levels (Wu et al., 2021). (k) Simulated Hg extraction levels for treatments at different years. Note: SRHB 295 treated
soil = 5 % sulphur modified rice husk biochar treated soil; RHB treated soil = 5 ;% rice 296 husk biochar treated soil; soil = control soil with no treatment (Zhao et al.,

2020).

Pb;(C0O3),(0OH), and CuFe,(PO,4),(OH),, but weakened the intensity
of the O-H stretching vibration peaks. This facilitated the formation
of aromatic and epoxy ring structures, which enhances the immobil-
isation of heavy metals (Fig. 3.4j-m). Xu et al. (Xu, Y. et al., 2023)
added five chlorine-based additives (Cl additives (CaCl,, MgCl,, KCl,
NaCl and PVC) during swine manure pyrolysis and studied the effect
on heavy metal volatilisation and the pyrolysis properties of biomass
char. Adding CaCl, increased carbon retention in biomass char signifi-
cantly (up to 13.1 %), possibly due to CO, capture during pyrolysis by
the formation of CaCO3 and physical barriers that prevented the release
of volatiles by newly-generated mineral substances. This study suggests
that co-pyrolysis with CaCl, is a promising strategy for enhancing car-
bon retention, the bio-availability of phosphorus, and reducing the bio-
availability of heavy metals at higher temperatures (Fig. 3.4j - m).

3.3.3. Effect of additives and doping elements on the structure and
applications of biochar

Additives and doping elements can initiate new chemical reactions,
such as redox reactions and acid-base neutralisation, thereby further al-
tering the properties and structure of biochar. For example, metal dop-
ing can enhance the conductivity of biochar. Modulation of electrochem-
ical active sites and surface functional groups can optimise biochar’s
performance in electrocatalysis and energy storage (Xu, X. et al., 2020).
Using molten salts such as ZnCl,/CaCl, as additives can expedite the
conversion of biomass to biochar and can be used with a wide range
of temperatures. Ionic species in the molten state act as microstruc-
ture/pore directors (Egun et al., 2022). Additives and doping can ex-
ert a direct influence on the structure of biochar. In one study, coconut
shell biochar was prepared at 500°C and subjected to heat treatment
at temperatures ranging from 1000 to 1300°C in the presence of Ni.
An ordered graphite structure was observed at 1200°C, with interlayer
spacings ranging from 0.3369 nm to 0.3376 nm (Destyorini et al., 2021)
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(Fig. 3.5a and b). Similarly, iron-catalysed graphitisation has been re-
ported in biochar derived from sugarcane bagasse and chestnut shells
(Gai et al., 2021; Hunter et al., 2020). Schaefer et al. investigated the
effect of heteroatoms on the hydrogen absorption performance of olive
pit carbon. Olive pit biochar was activated using KOH, and O function-
ality was enhanced via ozone oxidation. The hydrogen absorption ten-
dency followed a decreasing order of SSA, average micropore size, sur-
face functionality, and pore size distribution. Nevertheless, the acidic
functional groups generated by ozone treatment led to an increase of ap-
proximately 26 % in hydrogen absorption capacity compared to carbon
without ozone treatment (Schaefer et al., 2020) (Fig. 3.5¢). Ying et al.
(Ying et al., 2022) used rice husks in pyrolysis and hydrothermal carbon-
isation to produce biomass char. They observed a significant reduction
in the initial potential and an increase in current density when biomass
char replaced the anode in the oxygen evolution reaction. Furthermore,
the abundant -OH groups in hydrothermal carbonised biomass char con-
tributed to lowering the initial potential (Fig. 3.5d - e). The porous struc-
ture and larger SSA of pyrolyzed biomass char enhanced its reactivity at
high potentials. The effects of CaSiO; addition, pyrolysis temperature,
and residence time on heavy metal species distribution are shown in
Fig. 3.5f-h.

3.3.4. Summary

Different dopants and additives have a significant impact on the com-
position, pore structure, conductivity, and chemical activity of biochar.
By providing a detailed explanation of these effects, a deeper scientific
understanding of the biochar preparation process is established, offering
strong support for practical applications. For example, in the field of hy-
drogen and energy storage, introducing specific additives into biochar
can notably enhance hydrogen adsorption capacity and improve con-
ductivity, introducing new perspectives for designing hydrogen storage
materials. The in-depth analysis lays the groundwork for future research
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Fig. 3.4. The chemical stability of (a) C in biochar, (b) C oxidized by H,0,, (c) C oxidized K,Cr,0,, and (d) Total C species (Bai et al., 2023). Chemical fractionation
of Cu (d-f) and Zn (g-i) in the resultant biochar (Xu, Y. et al., 2021). The volatilization ratios of heavy metals affected by (j) Cl-additive types and pyrolysis conditions,
(k) pyrolysis temperature, (1) reaction time and (m) amount of CaCl, added) (Xu, Y. et al., 2023).

on biochar structural regulation and its application in the field of energy
storage.

3.4. Effect of pressure

Pressure is an important factor in the production of biochar, as it
plays an indispensable role in reaction conditions and the quality of
the biochar that is produced. This section reports on the role of pres-
sure in biochar formation and its impact on biochar quality. The meth-
ods used to optimise pressure parameters for enhanced production ef-
ficiency are reported to better understand how the variations affect
the use of biochar in fields such as soil improvement, water treat-
ment, and energy storage. The aim of the investigation into the ef-
fect of pressure on biochar was to provide new insight and guidance
for optimising the production of biochar and its broader use in various
fields.
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3.4.1. Effect on biochar yield and fixed carbon content

Biochar is produced under anaerobic or oxygen-limited conditions.
With the exception of hydrothermal pyrolysis, all other types of pyrol-
ysis are conducted in an inert gas environment (Li et al., 2014). Ny
is typically used as the inert gas in the reactor chamber to ensure an
oxygen-deficient condition for feedstock pyrolysis (Park et al., 2014).
The pressure and flow rate of the inert gas affect pyrolysis and biochar
formation significantly. High pressure can extend the residence time
of pyrolysis vapors by reducing their flow rate, promoting more pro-
longed interaction with reactor surfaces and enhancing secondary reac-
tions such as condensation , which increases the decomposition rate
(Li, Y. et al., 2020). It has also been reported that biochar yield in-
creases with pressure. The positive impact on both the yield and quality
of biochar is attributed to a higher temperature under high pressure,
which leads to rapid decomposition of biomass components and, conse-
quently, the generation of an abundance of high-quality char. Pyrolysis
of biomass containing more volatile matter under high pressure has been
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Fig. 3.5. (a) XRD patterns; (b) 20 and d-spacing value of graphitic carbon materials (1000-ANi-GCM, 1100-ANi-GCM, 1200-ANi-GCM, 1300-ANi-GCM)
(Destyorini et al., 2021). (c) Correlation between the amount of oxygen from XPS and the amount of adsorbed hydrogen per unit of surface area (10 MPa, 298 K)
(Schaefer et al., 2020). Variation in current density and hydrogen production with time during BAWE of (d) PB800 and (e) HB200 (Ying et al., 2022). (f) Effect
of adding CaSiO; on the distribution of heavy metal species, (g) Effect of pyrolysis temperature on the distribution of heavy metal species (CaSiO5 addition 9 %,
residence time 60 min). The percentage of metal components not shown in the graph is less than 1 %. (h) Effect of residence time on the distribution of heavy metal
species (CaSiO5 addition 9 %, pyrolysis temperature 600 °C). The percentage of metal components not shown in the graph is less than 1 %, (Zeng, M. et al., 2023).
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shown to increase the biochar yield (Tripathi et al., 2016). Xiao et al.
(Xiao et al., 2015) conducted straw baking pyrolysis under mechani-
cal pressure at 10 MPa using temperatures ranging from 200 to 280°C.
They reported a significant increase in carbon yield when baking under
mechanical pressure (Fig. 3.6a and b). Recent research done by Setkit
et al. (Setkit et al., 2021) suggests that applying mechanical pressure
during the pyrolysis process also has a positive impact on the biochar.
They reported a pre-treatment method involving applying mechanical
pressure (10-70 MPa) at 250°C to investigate its effect on the pyroly-
sis of tulipwood (LC). The results indicated that applying mechanical
pressure during pyrolysis increased the carbon char yield significantly
at 900°C. In the literature, however, different conclusions have been
drawn on the effect of pressure on pyrolysis. Previous studies reported
that the fixed carbon content in biochar increases with a higher pyroly-
sis pressure (Van Wesenbeeck et al., 2016). However, studies have also
found that this enhancement can be achieved by simply increasing the
gas residence time in the pyrolysis reactor (Elyounssi and Halim, 2010).
Therefore, the impact of pressure should be evaluated while keeping the
gas residence time constant. Research revealed that biochar produced
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at 1 MPa pressure had a lower carbon content, H/C, O/C, average pore
size and SSA, and a higher fixed carbon content than that produced at
0.1 MPa pressure (Manya et al., 2016) (Fig. 3.7a-d). Similar conclusions
were drawn by Melligan et al. (Melligan et al., 2011), who reported
that as pressure increased, the content of biochar decreased, when using
biochar obtained from miscanthus pyrolysis. They also reported that as
atmospheric pressure increased from 0.6 to 2.6 MPa, the molar ratio of
0O/C and H/C gradually decreased, the SSA reduced, and the aromatic C
proportion increased. Under high-pressure conditions, the quality of the
biochar improves due to the increased surface-deposited carbon enhanc-
ing its energy density (Anand et al., 2022; Manya et al., 2013). While
high temperature and pressure reduce the biochar yield, they also in-
crease pyrolysis gases, carbon content, and CEC (Ferreira et al., 2019;
Wang, K. et al., 2020). Azuara et al. (Azuara et al., 2016) investigated
the effects of different temperature and pressure levels on corn straw
biochar, and reported that increased pressure reduces the O:C ratio and
increases the fixed carbon content. The impact of pressure on biochar
yield is relatively minor, and further research is needed to assess the
suitability of pressurized pyrolysis systems for optimising reaction con-



L.M. Sun, S.R. McIntyre, P. Iacomi et al.

0441 0375

E(a) 0.322 0200 03160313
: 0.3 0.284 g

O

: 392

. 0.1

E 0.0

- ow OW+A OW+RC
(c) 0.162 0.166

. | 0151

. 0.15

: {0.131

H 0.118

. 0.101
. -~ 0.104

- '

).05 4

0.00

: oW OW+A OW+RC
’

Carbon Capture Science & Technology 16 (2025) 100421

0.226 :

00l (D) :
0.18 0.179

oS 0.137 :
2 0.122 -
_2 0109 g 082 :
0.05 o
0.00
OW OW+A OW+RC -

0.6 (d) -

0.5 .
0.432 :

. - 0407 *

044 0.392 0.394 037 .

O 0.34 -
g 0.3 .
0.2 :

0.14 E

0.0

OW OW+A OW+RC :

Fig. 3.7. Mass yield of (a) char, (b) tar, (c) produced water and (d) gas. The white columns indicate pyrolysis runs at 0.1 MPa; the black columns indicate runs

conducted at 1.0 MPa, (Manya et al., 2016).

ditions and pressure control (Ferreira et al., 2019); (Wang, K. et al.,
2020).

3.4.2. Effect on the surface properties of biochar

During biochar preparation, the pyrolysis pressure conditions also
affect the textural characteristics of the resulting biochar. Increased
pressure leads to a reduction in the SSA and therefore, high pressure
limits the formation of biochar with high SSA and the required poros-
ity (Manya, 2012). Choi et al. (Choi et al., 2017) studied the effect of
temperature (350, 450 and 520°C) and vacuum pressure (0.09, 0.7 and
3 kPa) on the physicochemical properties of biochar obtained from vac-
uum pyrolysis of ash larch. The results indicated that the effect of vac-
uum pressure on product properties depended on the pyrolysis temper-
ature (Fig. 3.8a-d). Xu et al. (Xu and Li, 2017) conducted pressurised
pyrolysis experiments on pine sawdust using a homemade pressure py-
rolysis reactor and studied the effect of pyrolysis pressure (within the
range of 0-5 MPa) on product distribution and characteristics. The re-
sults showed that pressure affected biomass pyrolysis significantly by in-
creasing the yield of gaseous products and biochar (Fig. 3.6¢). In a study
done on pine wood, the SSA exhibited a consistent downward trend as
pressure increased from 1 to 20 bar (Cetin et al., 2005). Melligan et al.
(Melligan et al., 2011) reported similar results, i.e. the SSA decreased
from 161.7 to 0.137 m?/g with the pressure increasing from 1.013 to
26 bar. High pressure may impede the release of volatiles and disrupt
the microporous structure, as large spherical voids are formed, which
is unfavourable for obtaining a high SSA. Therefore, it is recommended
that the appropriate atmospheric pressure is used.

3.4.3. Effect on polycyclic aromatic hydrocarbons in biochar

Polycyclic aromatic hydrocarbons (PAHs) are highly condensed aro-
matic structures that are generated during the biomass pyrolysis pro-
cess, with their final concentration in biochar typically ranging from
less than 0.1 to over 10,000 mg/kg (Wang et al., 2017; Zhang, C. et al.,
2019). These compounds may be present on the surface of biochar. Due
to their persistent existence in the environment and their carcinogenic,
mutagenic and teratogenic effects on human health, PAHs have drawn
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public and scientific attention (Mahler et al., 2012). Among the vari-
ous pyrolysis methods used, slow pyrolysis is preferred when a higher
biochar yield and lower PAH is required (Quilliam et al., 2013). Re-
search has demonstrated that adopting low-temperature slow pyrolysis
(< 500°C) can reduce the total concentration of PAHs in biochar and de-
crease the levels of highly toxic PAH species (Hale et al., 2012). Pyrolysis
temperature and gas residence time are the primary factors affecting the
formation and release of PAHs (Buss et al., 2016; Madej et al., 2016).
Compared to the effect that pyrolysis temperature and gas residence
time has on PAHs, the effect of pressure appears to be relatively minor
(De la Rosa et al., 2008; Fabbri et al., 2013). Greco et al. (Greco et al.,
2021) evaluated the impact of pressure, gas residence time and type of
carrier gas on the pyrolysis behaviour of untreated wood waste and the
properties of the resulting biochar (including its PAHs content). The re-
sults indicated that increasing pressure leads to a significant reduction in
PAHs, possibly due to the higher carrier gas velocity under pressurised
conditions, which inhibits the condensation and aggregation of PAHs.
In one study (Balmuk et al., 2023), two biomass materials (grapevine
shoots - VS and corn stover - CS) were subjected to 60 min of pyrolysis
at different temperature (350 and 500 °C) and pressure levels (0.1 and
0.5 MPa). The research focused on the effect of temperature and pres-
sure on the concentration of PAHs in the resulting products. The study
revealed that temperature and pressure affected the concentration of
PAHs in corn stover biochar but had no impact on biochar produced
from grapevine shoots.

3.4.4. Summary

The impact of pyrolysis pressure on biochar is highly complex.
Firstly, pressure can influence the yield and fixed carbon content of
biochar, which provides some guidance for future production optimisa-
tion. Secondly, increasing pressure contributes to improving the carbon
fixation effect, which lays the foundation for using biochar in various
applications. Pressure also affects the surface properties of biochar, es-
pecially changes in specific surface area, which is crucial for the effec-
tiveness of the application. Additionally, increasing pyrolysis pressure
significantly reduces the concentration of PAHs in biochar, which helps
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Fig. 3.8. (a) Scheme for the vacuum pyrolysis experimental setup. (b) Van Krevelen plot for biochar derived using different pyrolysis conditions. (c) FTIR spectra of
biochar obtained using different pyrolysis conditions. (d) Nitrogen adsorption isotherms of biochar obtained using different pyrolysis conditions (Choi et al., 2017).

to mitigate environmental and human health risks. Therefore, future
research and production should focus on pressure regulation to opti-
mise the properties of biochar and ensure environmental and safety at-
tributes.

3.5. Influence of heating method

Biochar is mainly produced by biomass cracking under heated condi-
tions. Temperature, heating rate and residence time have a strong effect
on the yield and physicochemical properties of biochar. As the tempera-
ture increases, the biochar yield decreases while the carbon composition
and specific surface area in biochar increase. A high heating rate causes
secondary cracking of pyrolysis intermediates in biomass, which reduces
the biochar yield and affects the properties of biochar, e.g. it can accel-
erate the gas release and increase the porosity of biochar. Conversely, a
low heating rate improves biochar yield.

Biochar production is closely related to the pyrolytic heating
method, which depends on the heating rate used to produce the
biomass (Table 3.4). Both slow pyrolysis which has a long his-
tory and fast pyrolysis, which has gradually developed in recent
decades, are traditional techniques. Novel methods are also emerg-
ing, such as flash pyrolysis, vacuum pyrolysis and microwave pyrol-
ysis. Gasification, torrefaction and hydrothermal carbonisation should
also not to be ignored, although these are the less common meth-
ods employed in biochar production. Depending on the type of feed-
stock and its possible use, it is possible to customise the production
of biochar with different properties by selecting a specific heating
method.

3.5.1. Biochar production by pyrolysis

Carbon materials prepared from forestry and agricultural biomass by
slow pyrolysis have widely been used as adsorbents, catalyst carriers,
and fuel (Kumar Mishra et al., 2023). Slow pyrolysis that yields biochar
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as the main product generally takes several hours or even days to com-
plete the decomposition and carbonisation process (Zhu, X. et al., 2018).
Slow pyrolysis typically has a low heating rate (typically less than 10
°C/min), a long residence time (hours to days), and a low pyrolysis tem-
perature (300-600 °C). The relatively long residence time and suitable
temperature mean the biomass pyrolysis vapour has a long residence
time, and this promotes secondary cracking. The main products from
slow pyrolysis are biochar (35-55 %), bio-oil (25-35 %) and syngas
(20-30 %). Pyrolysis temperature and heating rate are key process pa-
rameters that affect the distribution of biomass pyrolysis products. The
biochar yield from biomass is higher when the heating rate is low. In
general, the quality of biochar is related to properties such as carbon
content, pH, specific surface area, porosity and nutrients. Carbon con-
tent is an important parameter, as a low heating rate favours adequate
heat transfer, which facilitates the deposition of the carbon fraction and
thus, increases the biochar yield. Slow pyrolysis combined with a higher
pyrolysis temperature improves the quality of biochar, as more volatiles
are removed from the material, hence, an increase in carbon content.
However, a low heating rate increases the stability of biochar. Wood
vinega is a by-product of slow pyrolysis. It contains mainly acids, esters,
ketones and phenols, which can be extracted and used as value-added
products.

Fast pyrolysis is an efficient thermal conversion method that
usually requires only a few seconds to achieve biomass cracking
(Lakshman et al., 2021). Fast pyrolysis has a very high heating rate of
about 1000 °C/min, a pyrolysis temperature of about 500 °C, and a res-
idence time for the pyrolysis vapour that is typically less than 2 s. With
most types of biomass, a fast pyrolysis temperature of about 500 °C is
appropriate. The advantages of fast pyrolysis are high conversion effi-
ciency and a high product recovery rate. During fast pyrolysis, biomass
particles undergo rapid cracking, with the main product being bio-oil,
rather than biochar (usually less than 20 %). Biochar is a by-product of
the rapid pyrolysis of biomass. The main product, bio-oil, is the condens-
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Biochar production technologies (Rathore et al., 2021; Wang, D. et al., 2020; Yaashikaa, P.R. et al., 2020; Zhou, Y. et al., 2021).

Heating method Temperature ( °C) Heating Rate Residence Time Atmosphere Main Product Biochar Yield ( %)

Slow pyrolysis 300-600 < 10 °C/min Hours to days Oxygen free or Biochar 35-55
limited

Fast pyrolysis 400-600 1000 °C/min 2s Oxygen free or Bio-oil <20
limited

Flash pyrolysis 400-700 1000 °C/s 2s Oxygen free or Bio-oil <30
limited

Vacuum 400-600 < 50 °C/min Min to hours Oxygen free Bio-oil <30

pyrolysis

Microwave 400-600 Up to 330 °C/s Several min Oxygen free or Bio-oil < 40

pyrolysis limited

Gasification 800-1600 1000 °C/min Several - Syngas <25

second

Torrefaction 200-300 < 50 °C/min Min to hours Oxygen free or Torrefied 60-80
limited biochar

Hydrothermal 150-300 < 10 °C/min Min to hours - Biochar > 50

carbonization

able component of the pyrolysis vapour collected in the condenser. Simi-
larly, a high pyrolysis temperature promotes the volatilisation of volatile
components, which also reduces the amount of biochar produced by fast
pyrolysis. Fast pyrolysis has a high heating rate where biomass is heated
rapidly, and the pyrolysis vapours are quickly removed from the reaction
system. The shorter residence time and faster rate of vapour removal
also reduce the carbon deposition reaction, hence reducing the biochar
yield. Although biochar is a by-product of fast pyrolysis of biomass, fast
pyrolysis is suitable for processing large quantities of biomass and there-
fore, the overall amount of biochar generated is not insignificant. The
effect of heating rate on the quality of biochar during fast pyrolysis is
also a complex process. It has been reported that biochar produced at a
high heating rate results in biochar with a more pronounced pore struc-
ture and specific surface area, due to the rapid release of volatile matter.
However, contrary conclusions have also been reported, depending on
the biomass feedstock and pyrolysis conditions used (Chen, D. et al.,
2016a).

Flash pyrolysis is a modified form of fast pyrolysis, with heating
rates in excess of 1000 °C/s (Nzihou et al., 2019). This method has
received much attention due to the high heating rate used. The tem-
perature range for flash pyrolysis is typically 400 to 700 °C, which
means that the target temperature can be reached in less than a sec-
ond. Cracking of biomass in the flash pyrolysis process is accomplished
almost instantly, typically in the range of 0.1 to 0.5 s. Such high heat-
ing rates and reaction temperatures combined with the short vapour
residence time can increase the bio-oil yield significantly, i.e. to about
65-75 wt %. However, this also reduces biochar yield. Furthermore,
the yield of the various products in flash pyrolysis is closely related
to the type of biomass used, and it is also affected by temperature,
the residence time of the vapour in the system and the gas flow rate.
Generally, flash pyrolysis is carried out in fluidised beds or twin-screw
hybrid reactors. Biochar is also a by-product in flash pyrolysis; how-
ever, the yield can be even lower than the biochar yielded via fast
pyrolysis.

Vacuum pyrolysis is the thermal degradation of biomass under vac-
uum or low pressure (Yadav et al., 2016). Generally, vacuum pyrolysis is
carried out at a pressure below 0.05 MPa and a temperature in the range
of 400 to 600 °C. As with conventional pyrolysis, the heating rate ap-
plied in vacuum pyrolysis is low. Although the pyrolysis conditions are
similar to the conditions used for slow pyrolysis, the product distribu-
tion and quality can be quite different. This is due to the rapid release
of vapour during vacuum pyrolysis. In vacuum pyrolysis, the interac-
tion between volatiles and biochar has a significant effect on the bio-oil
fraction. In addition, the vapour generated during pyrolysis is only as-
sociated with vacuum or low pressure, which reduces the transfer of
solid particles such as ash, and this has significant benefits in terms of
biochar quality and yield. Vacuum pyrolysis technology facilitates the
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production of biochar with high porosity, which can be widely used as
an adsorbent and soil conditioner.

Microwave pyrolysis used in the production of biochar is an ad-
vanced technology that has received more attention recently (Lv et al.,
2022). Mari et al. (Selvam S and Paramasivan, 2022) compared the per-
formance of microwave-assisted pyrolysis with that of conventional py-
rolysis in terms of product yield, characteristics and energy consump-
tion, and found that biochar as a “hot spot” in microwave pyrolysis plays
an important role in improving product selectivity and quality. Also,
microwave pyrolysis at low temperatures produces a uniform thermal
gradient, which helps in the production of engineered biochar for use in
gasification, energy storage, etc. Gabriela et al. (Durdn-Jiménez et al.,
2021) demonstrated a simple, fast and flexible microwave processing
method to produce biochar for CO, adsorption thus avoiding the use of
any form of catalyst or chemical activation. Emily et al. (Kostas et al.,
2020) used microwave pyrolysis to recover value-added products from
natural waste resources such as olive pomace, revealing the superiority
of microwave heating in pyrolysis systems and emphasizing that this is
a novel and promising pathway. Microwave heating has excellent ap-
plication prospects due to its fast startup and shutdown, high selectivity
and high energy efficiency. Compared to the traditional heating method,
microwave heating has more advantages in terms of heat transfer. Mi-
crowave heating generates heat energy through dielectric heating, and
the heat source is in direct contact with the reactants, which heats the
raw materials more quickly, hence accelerating the decomposition pro-
cess. The fundamental difference between microwave heating and con-
ventional heating is the difference in the heating mechanism, with mi-
crowave heating causing more hot spots inside the biomass feedstock.
Microwave heating has a higher heating rate. There are also differences
between microwave heating and conventional heating in terms of prod-
uct distribution. Since the heat in microwave heating is generated in-
side the biomass, it is more favourable for cracking the feedstock and
releasing the products. Microwave heating also reduces the sintering
temperature, which improves vapour release. In addition, with conven-
tional pyrolysis, the moisture in biomass will have an unfavourable ef-
fect on the pyrolysis process; however, in microwave pyrolysis, moisture
is favourable, as it improves the efficiency of microwave heating. This is
due to the fact that moisture absorbs microwaves better than biomass. In
addition, microwave absorbers are generally needed during microwave
pyrolysis to enhance the absorption of microwaves and therefore, in-
crease the heating rate. Microwave absorbers can also be combined with
catalysts to further modulate the pathway for generating biomass pyrol-
ysis products. Microwave technology is also attracting attention in the
industrial fields due to its outstanding thermal properties of fast, se-
lective, uniform heating. Biochar produced at lower temperatures via
microwave heating can show similar results or even better performance
than conventionally pyrolyzed biochar.
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3.5.2. Biochar production using other heating methods

Gasification is a technology employed to produce syngas from dif-
ferent carbonaceous materials. Although the main product of biomass
gasification is syngas, the gasification process also results in the gener-
ation of biochar (approximately 10 %). Unlike conventional pyrolysis,
gasification temperatures are typically above 800 °C. At the same time,
depending on the desired syngas composition, gasification agents such
as water vapour or air are introduced into the reaction system. Gasifica-
tion agents facilitate the production of effective components of syngas
(such as hydrogen and CO), and the formation of porous biochar. In
general, the quality and yield of syngas are the main focus of biomass
gasification. While assessing the quality of syngas, attention is also given
to the quality of biochar. The carbon content and yield of biochar are
closely related to the equivalence ratio of the gasification parameters,
feedstock type, gasifier and pressure. Among them, the equivalence ratio
is the most important parameter in gasification. The optimal value of the
equivalence ratio is 0.2-0.4. Increasing the equivalence ratio decreases
the yield and carbon content of the biochar. The higher the equivalence
ratio, the higher the amount of oxygen in the gasifier, which affects the
gasification process. At the same time, an increase in the equivalence
ratio promotes gas yield, which facilitates the formation of micropores
in the biochar, hence increasing the specific surface area. A high equiv-
alence ratio leads to more complete combustion of the biochar, which
reduces its mechanical strength and increases the ash content.

Torrefaction is a special thermochemical process used in the pre-
treatment of feedstock at temperatures typically in the range of 200-300
(Zhu et al., 2021). During torrefaction, an inert atmosphere, and low
heating rate (below 50 °C/min) and long residence time (tens of min-
utes to several hours) are generally employed. Depending on the final
temperature, typically 10-30 % of the volatile components are released.
Torrefaction improves the quality of the biomass and contributes to fur-
ther pyrolysis and combustion processes. The solid product produced af-
ter biomass torrefaction can also be viewed as a special type of biochar.
The product of torrefied biochar is generally a brown solid with better
energy density than biomass. This indicates that torrefied biochar has
a good potential for use as fuel. In addition, torrefied biochar can con-
tinue to be used as a special biomass feedstock in processes such as py-
rolysis and gasification. The physicochemical properties of the biomass
feedstock have an important influence on the quality of the torrefied
biochar and also affect the energy requirements of the torrefaction pro-
cess (Shao et al., 2020). In general, hemicellulose in biomass is the first
to crack and volatilise, while lignin is relatively stable. Torrefaction tem-
perature and residence time are the most important factors in the tor-
refaction process. As the temperature increases, the yield of torrefied
biochar decreases and the carbon content in biochar increases. After the
biomass has been torrefied, most of the moisture is removed, which can
significantly reduce transportation costs and increase storage time. Tor-
refied biochar also has better grindability. Torrefied solids, such as soil
conditioners, can also be used for carbon sequestration, as they have
physicochemical properties similar to biochar.

Hydrothermal carbonisation is an effective treatment for feedstocks
with high moisture content (Zhu, Xiefei et al., 2023). Typical feedstocks
include sewage sludge and animal manure. Generally, during hydrother-
mal carbonisation, water is kept in a state below the critical point.
There is no need to dry the biomass prior to hydrothermal carbonisation,
which can significantly reduce the energy consumed during the overall
process. Reaction temperatures applied in hydrothermal carbonisation
are typically in the range of 150-300 °C where a pressure of about 2—
10 MPa is required. Hydrothermal carbonisation degrades the feedstock
mainly through hydrolysis, which includes dehydration, decarboxyla-
tion or condensation reactions. Firstly, the hemicellulose (T > 180°C),
cellulose (T > 200°C) and lignin (T > 220°C) in the biomass are degraded
via hydrolysis into small fragments, which facilitates decarboxylation
and dehydroxylation. In general, biomass can be hydrolysed to reduce
the H/C and O/C ratios in the solid products. The decarboxylation re-
action removes carboxyl and carbonyl groups, which releases gaseous
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products such as CO, and CO. Dehydration also releases more water in
the reaction medium. In addition, some highly reactive intermediates
are further polymerised through a condensation reaction to form large
polymers. These are the building blocks of hydrothermal solid products,
which are relatively stable. The reactions in hydrothermal carbonisation
do not occur in a certain order.

Similar to pyrolysis, solid products, liquid products and gas prod-
ucts are also obtained through hydrothermal carbonisation. The biochar
product, also known as hydrochar, can be used as fuel to replace con-
ventional coal or for soil improvement purposes. The liquid product is
complex and contains mainly acids, phenols, aldehydes and alcohols,
in addition to significant amounts of water. These high value chemicals
can be upgraded via further separation. Gaseous products mainly con-
tain CO,, CO, CH,4 and H, and etc., with CO, generally accounting for
more than 90 % (Zeng, M. et al., 2023). Organic matter in the feedstock
is mainly dissolved in liquids and retained in solid products. Depending
on the adjustments made to the different reaction conditions, various
carbonaceous materials of different sizes, shapes, surface textures and
functional groups can be prepared. In addition, HTC-produced biochar
retains nutrients such as nitrogen and phosphorus, which contribute to
soil fertility. Improvement of the hydrophobicity and abrasive capac-
ity of biochar is also important. Hydrothermally produced biochar can
also be widely used as an adsorbent or in soil amendment and carbon
sequestration.

3.5.3. Summary

The quantity and quality of biochar produced depends on a num-
ber of factors such as carbonisation temperature, heating rate, pressure
and heating method. The heating method will generally determine the
type of reactor, while the carbonisation temperature, heating rate, and
pressure will be selected according to the actual operation and the type
of biochar required. It is difficult to keep the carbonisation tempera-
ture, heating rate and pressure identical when applying different heating
methods, so it is difficult to evaluate the exact effects of different heat-
ing methods on biochar. Generally, a comparatively favourable heating
method can be opted for according to the required biochar yield and
quality.

3.6. Other factors affecting biochar production

Biochar production has gained global attention due to its use in envi-
ronmental bioremediation and energy storage. The biochar preparation
process is affected by a myriad of factors, including those mentioned pre-
viously, such as feedstock, pyrolysis temperature, pressure, additives,
and dopants. This section reports on the research done on other key
factors, such as feedstock moisture content, pretreatment methods, par-
ticle size, catalysts, heating rate, type of inert gas used, and flow rate
and residence time (Nsamba Hussein Kisiki 2015) (Fig. 3.9). This section
serves to provide a more comprehensive understanding of the biochar
preparation process.

3.6.1. Impact of moisture of feedstock

Moisture plays an important role in the pyrolysis process. The ef-
fect of humidity on product distribution depends on the specific process
and reaction conditions. High humidity can contribute to the forma-
tion of water-based liquid by-products through enhanced hydrolysis or
condensation reactions, while low humidity may reduce these effects
and favour processes such as carbonization or combustion, leading to a
higher yield of solid residues like ash, depending on the feedstock and
operational parameters (Bridgwater et al., 1999). Moisture affects the
energy and temperature required for biochar synthesis (Yaashikaa et al.,
2019). For slow pyrolysis, feedstock with a 40-60 % moisture content
is considered suitable for biochar production, while moisture levels of
10 % or below are preferred for fast pyrolysis (Pandey et al., 2020).
Hydrothermal carbonization (HTC) produces biochar, and using feed-
stock with a high moisture content enables the preparation of biochar
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Yield
Composition
Stability
Surface properties

rich in active functional groups (Mzkeld et al., 2015); Nizamuddin et al.,
(Nizamuddin et al., 2016). The biochar yield also varies with variations
in moisture content (Murtaza et al., 2021; Sun et al., 2018). Eke et al.
(Eke et al., 2020) investigated pyrolysis in a bubbling fluidised bed re-
actor reported at 500°C with 2.69 wt %, 5 wt %, and 10 wt % moisture
content. They concluded that the organic yield varied from 15.2 wt %
to 19.6 wt % and decreased with an increase in moisture content. One
study indicates that, under high-pressure conditions, high-moisture raw
materials (i.e. 40-60 %) result in a higher biomass char yield, while a
moisture level below 10 % is preferred for rapid pyrolysis because the
energy expended in achieving a higher gasification temperature is min-
imised (Daful and Chandraratne, 2020).

3.6.2. Impact of pre-treatment method on feedstock

Pre-treating feedstock before pyrolysis can affect the properties of
biochar (Adeniyi et al., 2022). Different pretreatment methods have dif-
ferent effects. For example, steam pretreatment can increase the density
of sawdust particles (Alizadeh et al., 2022), while hydrothermal pre-
treatment can facilitate easier grinding of sawdust and increase its en-
ergy density (Dai et al., 2018). In one example, magnetic biochar derived
from poplar catkins under FeCl; and ZnCl, pretreatment conditions ex-
hibited a large SSA and excellent magnetic properties via one-step py-
rolysis (Liu et al., 2019). Another study reported that adding H,SO,
and oxalic acid increases the specific surface area of biochar up to 250
times that of non-activated biochar (Vithanage et al., 2015). Alkaline
treatment can increase the hydrophobicity of the feedstock and thus en-
hance the stability of biomass char. Ephraim et al. (Ephraim et al., 2018)
assert that adding KOH alters the pore structure of biomass char, which
increases its adsorption capacity. Upon pre-modification, the material
had an enriched porous structure, especially the microporous structure,
which resulted in a notable increase in SSA. Treatment with potassium
carbonate (K,CO3) has a strong effect on the porosity of biochar, as it
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Fig. 3.9. Schematic representation of additional factors
impacting biochar production.

affects the distribution of internal micropores and mesopores, which, in
a study, led to a fivefold increase in SSA (Zhu, L. et al., 2018).

3.6.3. Impact of raw particle size

Biomass is characterised by poor thermal conductivity, which can
impede the rate of heat flow through the feedstock during co-pyrolysis.
Therefore, particle size is particularly important in terms of variations
in reactor requirements and the effect on biochar yield (Table 3.5). An
increase in particle size is linked to an increase in the distance for heat
to reach the core of the biomass material, which decelerates the rate
of heat flow and increases the solid biochar yield (Akhtar et al., 2012;
Encinar et al., 2000). In the pyrolysis process, as particle size increases
from 17 to 20 mm, water content increases from 40 to 55 %, and the
carbon content of solid biomass char decreases from 78.5 to 75 %.
Larger particles are also associated with higher humidity and a lower
carbon content (Wang et al., 2005). However, some researchers have
found an opposite correlation between particle size and biochar yield
or no significant impact (Ertas and Hakk: Alma, 2010; Yaashikaa, P.R.
et al., 2020). Some studies have assessed the impact of particle shape
on biochar yield and suggest that biomass particles with a cylindrical or
plate shape, yield better biochar than spherical particles (Park et al.,
2010). Additionally, vertically arranged charcoal particles produce a
greater biochar yield. Yorgun and Yildiz (Yorgun and Yildiz, 2015)
analysed the effect that particle size in paulownia wood had on the
biochar production rate. Experiments were conducted using a constant
temperature (773 K) and heating rate (50 K/min) for particles of the
following in sizes (mm): 0.224-0.425, 0.425-1, 1-1.8, >1.8. The high-
est biochar yield was obtained with a particle size of 0.224-0.425 mm.
Septien et al. (Septien et al., 2012) conducted pyrolysis experiments
using wood with a particle size of 0.35-0.8 mm. They noted that a
higher biochar yield was achieved with a particle size of 0.8 mm. Demi-
ral and Sens6z (Demiral and Sensoz, 2006) experimented with hazel-
nut shells, with various particle sizes (from 0.224-0.425 mm to 0.85-
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Table 3.5
Influence of particle size on biochar yield and properties.
Reaction Particle Size Yield Water Content SSA
Feedstock Conditions (mm) (%) (%) (m?/g) Ref
Pine, beech, T: 450-550 °C; 17-20 78.5-75 40-55 — (Wang et al., 2005)
bamboo, RT: 0.25-6s
demolition wood
Dry wood spheres T: 365-606 °C — 31-17 — — (Park et al., 2010)
Paulownia wood T: 350-600 °C; 0.425-1 34.5-25.4; — — (Yorgun and
HR: 29.5-24; Yildiz, 2015)
10-50 K/min
T: 500 °C; 0.224-1.8 27.3-25.9 — —
HR: 50 K/min
T: 500 °C; HR: 0.224-1.8 25.5-22.6 — —
50 K/min;
GFR: 100-
300 mL/min
Wood T: 1200 °C 0.35-0.80 11.8-13.7 — — (Septien et al., 2012)
Hazelnut bagasse T: 350-550 °C; 0.425-0.600 35.09-26.82 — — (Demiral and
HR: 10 °C/min Sensoz, 2006)
T: 350-550 °C; 0.425-0.600 33.59-26.17 — —
HR: 50 °C/min
Rice husk, tea T: 450 °C; HR: 1-0.053 — — 5.2-51.1 (Fazeli Sangani
waste, woodchips 20 °C/min et al., 2020)

Table 3.6
Effect of type of catalyst on biochar yield.

Feedstock Reaction conditions Catalyst Yield ( %) Ref

Hazelnut shell Temperature: 500/650 °C CaCO3 33/25 (Aydinli and
Perlite 33/30 Caglar, 2012)
K,Cr,0, 24/21

Polyethylene CaCO3 1/0
Perlite 9/0
K,Cr,0, 0/4

Polyethylene oxide CaCO3 0/0
Perlite 5/4
K,Cr,0, 3/1

Pine wood/ Temperature: 700 °C Untreated 17/26/18 (Wang et al., 2006)

Cottonstalk/ Fir wood Na,CO,4 34/30/35
NaOH 36/34/32
NaCl 30/31/28
Na,SiO3 31/38/31
TiO, 21/29/23
HZSM-5 23/27/21

Corncob Temperature: 550 °C; Gas flow HZSM-5 23.2-20.1 (Zhang et al., 2009)

rate: 3.4 L/min

1.8 mm), using a temperature of 500°C and a heating rate of 10°C/min.
The highest biochar yield (27.90 %) was achieved with a particle size of
0.425 mm. Particle size typically affects the physical properties (rather
than the element properties of biochar), which control the rate of heat
and mass transfer during the process. For example, one study reported
that when the particle size decreased from 1 mm to 0.053 mm, the SSA
of biochar increased from 5.2 m2/g to 51.1 m2/g, with a slight decrease
in the porosity (Fazeli Sangani et al., 2020). It has also been reported
that the CEC and anion exchange capacity (AEC) of biochar increases
as the particle size decreases from 0.25 mm to 0.053 mm (Liao and
Thomas, 2019).

3.6.4. Impact of catalysts

In science and engineering, catalysts are materials that can reduce
the time required to reach equilibrium conditions (Valle et al., 2018).
Biochar elements, such as ash, can also act as catalysts, but they do
not increase the biochar yield (Samolada et al., 2000). The effect of
the type of catalysts used on biochar is indicated in Table 3.6. Cata-
lysts can increase the biochar yield by accelerating the pyrolysis re-
action, and increase pore density and SSA (Aydinli and Caglar, 2012;
Hwang et al., 2015). Catalysts commonly used in biomass pyrolysis in-
clude alkaline catalysts (e.g. KOH, NaOH, K,COj3, and Na,CO3), metal
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oxides (e.g. Fe,03, Al,03, ZnO, Ca0, and TiO,), and activated carbon
(AC) (Alipour Moghadam Esfahani et al., 2017; Chen, W. et al., 2020).
Wang et al. (Wang et al., 2006) studied the carbon yield using sodium-
based catalysts Na,CO3, NaOH, NaCl, and Na,SiO5. They found that all
the catalysts increased the biochar yield with pine wood and fir wood.
The reduction in carbon yield was attributed to the insolubility of ZSM-
5 in water, which means it is difficult to ensure it disperses uniformly.
When using cotton stalks, all catalysts except Na,SiO5 reduced the car-
bon yield. The choice of catalyst is influenced by the type of raw material
and the properties required in the biochar that is produced. The ZSM-5
catalyst was found to be superior to the aluminium oxide and sodium
carbonate catalysts in terms of biochar yield (Smets et al., 2013). Chat-
topadhyay et al. (Chattopadhyay et al., 2016) found that using catalysts
with a higher cobalt loading during co-pyrolysis reduced the solid char
and coke formation with all mixed materials.

3.6.5. Effect of inert gas type and flow rate

During pyrolysis, the gas flow rate in the reactor chamber affects the
formation of biochar, primary steam generation, and secondary biochar
formation (Beis et al., 2002). The impact of inert gases on biochar is
described in Table 3.7. The common carrier gases are Ar, N,, CO,, and
steam (Araki et al., 2021); however, N, is widely used in commercial
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Table 3.7
Influence of inert gas on biochar.
Reaction
Feedstock conditions Inert gas Yield ( %) FCC ( %) EC (%) Ref
Tropical T: 700 °C; HR: —_ —_ (Araki et al., 2021)
timber 10 °C/min; N,/Ar/He/CO, 38.5/37.6/36.2/41.2
GFR:
100 mL/min
Coffee T: 700 °C; HR: N, —
residue 10 °C/min; 37.6/36.8/40/32/33.3
GFR:
20/100/200/600/
1200/2000 mL/min
Laurel T: 300 °C; HR: N, — — C: (Pathomrotsakun et al.,
(Laurus 50/150/250 74.08/74.82/73.57; 2020)
nobilis L.) °C/min; H:
RT: 30 min 5.60/5.45/5.60;
O:
11.42/11.65/11.69
CO, — — C:
73.73/74.06/74.50;
H:
5.80/5.75/5.74;
O:
13.83/13.29/13.12
Straw T: 500 °C; GFR: N, 28.4-27 — — (Ertas and Hakki
pellet 50/100/200/ Alma, 2010)
300/400 mL/min
Wood T: 650 °C; HR: 5 N, 52.4/48.8/48.4 C: (Crombie and
pellet °C/min; GFR: 62.9/59.3/61.8 73.2/71.4/72.5; Masek, 2015)
0/330/660 mL/min; H:1.2/1.1/1.3;
RT: 40 min 0:3.5/4.6/3.0
48.5/47.5/44.1 C:
91.3/89.4/89.1 90.0/90.2/87.4;
H: 2.0/1.8/1.8;
0:5.9/6.4/9.6
Corncob T: 550 °C; GFR: N, — — (Zhang et al., 2009)
1.2/2.3/3.4/4.5L/min 24.4/23.2/23.2/22.6
Safflower T: 5000 °C; HR: N, — — (Sens6z and
(Charthamus 50 °C/min; GFR: 27.5/25.3/25.0/24.8 Angin, 2008)
tinctorius 50,/100/150/200
L.) seed cm?/min
Sugar cane T: 500 °C; GFR: N, 32/27/24/22.5 — — (Katyal et al., 2003)
bagasse 0/50/350/700
mL/min

pyrolysis operations due to its inert behaviour, easy availability, and
cost-effectiveness. Increasing the gas flow rate can enhance the yield of
stable carbon in biochar (Crombie and Masek, 2015), and many studies
have reported the effect that the carrier gas flow rate has on the final
product distribution. Zhang et al. found that increasing the N,, flow rate
from 1.2 to 4.5 L min-1 resulted in a slight decrease in biochar yield,
i.e. from 24.40 % to 22.60 % (Zhang et al., 2009). Erts and Alma (Ertas
and Hakk: Alma, 2010) reported that increasing the nitrogen flow rate
from 50 to 400 mL min-1 led to a decrease in biochar yield of 28.48 %
- 27.21 %. Choi et al. (Choi et al., 2012) found that the biochar yield
decreases with an increase in the N, flow rate. These results suggest that
reducing the flow rate reduces the biochar yield; however, the effect is
not severe, and the yield only decreases slightly.

The gas flow rate used during the pyrolysis process also affects
the formation of polycyclic aromatic hydrocarbons (PAHs) in biochar.
Madej et al. (Madej et al., 2016) noted that using a relatively high flow
rate for the carrier gas (N,) resulted in biochar with a lower PAH con-
tent (below 1.5 mg kg~!) when using various types of biomass sources.
The gas flow rate used also has an impact on the pore structure and
SSA of biochar. Increasing the gas flow rate helps with the emission of
volatile substances, which promotes pore formation, and this increases
SSA and total pore volume (Liu et al., 2018). However, if the carrier gas
flow rate is too high, it may lower the temperature of the biochar, which
leads to a reduction in the reaction rate and less volatile substances be-
ing released, hence a decrease in SSA and total pore volume (Lua et al.,
2006). Therefore, it is recommended that a moderate gas flow rate (50—
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150 mL/min) is used during pyrolysis in practical operations. It should
also be noted that an extremely high gas flow rate can reduce the biochar
yield and pore volume (Bouchelta et al., 2012); therefore, it is advisable
to maintain a moderate gas flow rate of 150 to 300 mL/min to obtain
optimal characteristics.

3.6.6. Impact of residence time

Residence time refers to the period of time that the feedstock is ex-
posed to a high temperature during the pyrolysis process (Chen et al.,
2022). It is an important operational parameter in the biochar prepara-
tion process. The effect this has on the biochar that is produced is sum-
marised in Table 3.8. This indicates that a balance between pyrolysis
temperature and kiln residence time is necessary to ensure that carbon-
isation and biochar are stable (Cross and Sohi, 2013).

3.6.6.1. Effect of residence time on biochar yield. Residence time affects
the yield of biochar to a certain extent. Liang et al. (Liang et al., 2016)
confirmed this by demonstrating that increasing the residence time at a
lower temperature (300°C) reduces the biochar yield; increasing it at a
temperature exceeding 600°C has almost no effect on the biochar yield.
The temperature employed during pyrolysis is a primary variable that
affects residence time, as a higher temperature generally results in a
shorter residence time. However, other factors can also affect residence
time, such as feedstock type, particle size and heating rate. Due to the
interactions with temperature, it is challenging to draw a specific con-
clusion on the singular impact that residence time has on the biochar
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Table 3.8
Effect of residence time on biochar.
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SSA (m?/g) Fixed C ( %) Ref

Feedstock Reaction conditions Yield ( %)

Pinus pinaster T: 450 °C; RT: 35.3/30.55/32.56
15/30/60 min
T: 750 °C; RT: 16.77/17.87/20.35
15/30/60 min;

Pruning residues T: 300/500 °C 55/36

Rapeseed stem T: 500 °C; HR: 20 29.6-28.6
°C/min;
RT: 10-100 min

Cow manure T: 500 °C; HR: 10 —
°C/min;
RT: 30/60/90 min

Wheat straw T: 300 °C; RT: 58.2-18.8
30/60/120/

Free leaves of 240/480/1440 min; —

apricot tree
Platane wood
Empty fruit bunch T: 442.15 °C; RT:
6/8/10/12 min
T: 300 °C & RT:
0/90/180 min;
T: 500 "C&RT:
0/90/180 min;
T: 700 “C&RT:
10/90/180min
T: 300 “C&RT:
60/180 min;

T: 400 °C&RT:
60/180 min;

T: 500 “C&RT:
60/180 min;

T: 600 "C&RT:
60/180 min;

T: 700 “C&RT:
60/180 min

T: 500 °C; RT:
15-90 min; HR: 10
°C/min

T: 500 °C; RT:
60 min; GFR:
20-200 Sccm

T: 380 °C; RT: 1-5
min

26.67/26.65/25.88/25.47

Radix isatidis

Rubber wood
sawdust

Rice husks 40.58-38.06

39.14-36.09

Saccharina 87-59

japonica

(Fassinou et al.,
2009)

6.1095/174.55

54.88/72.03

(Liang et al., 2016)
(Zhao et al., 2018)

42.22/38.43/41.85 (Guo et al., 2021)

(Sun et al., 2017)
28.3/33.1/38.4/43.4/44.9/45.8

18.3/20.3/22.7/23.9/31.3/33.9

25.4/34.3/43.4/50.5/59.5/62.1
— (Mohamed et al.,
2013)

2.32/3.78/4.45; (Yuan et al., 2014)
3.63/5.89/8.50;

5.57/8.68/11.8

46.67/45.49/45.23;
59.64/62.49/65.94;
66.73/72.37/70.47

1.8/1.9; — (Shaaban et al.,
1.4/2.1; 2014)

2.2/2.0;

2.7/1.9;

2.3/5.5;

64.17/64.9/65.59/66.85 (Abbas et al., 2018)
65.59/64.59/62.28/60.67

(Kim, S.-S. et al.,
2012)

Note: T: temperature. RT: residence time., HR: heating rate., GFR: gas flow rate. SSA: specific surface area.

yield (Anuar Sharuddin et al., 2016). Research indicates that a longer
residence time may lead to a lower concentration of volatile organic
compounds, which results in improved stability and water retention ca-
pacity of biochar (Bi et al., 2022). However, the benefits of increasing
the residence time are limited since, at a certain point, the additional
heating time may not improve the quality of the biochar further and
could even lead to a decrease in quality due to an increase in the ash
content (Guo et al., 2021).

3.6.6.2. Effect of residence time on the surface characteristics of biochar.
Residence time can affect the SSA, micro- and macro-pore distribution,
and morphology of biochar. Extending the residence time up to 2 h dur-
ing the biochar production process has a positive impact on the SSA and
pore volume, while a residence time that exceeds 2 h has an adverse ef-
fect (Kumar et al., 2020). Extending the residence time enhances feed-
stock reactions (Tripathi et al., 2016) and increases the SSA, total pore
volume, and total organic carbon content of biochar (Yavari et al., 2017;
Zhao et al., 2018). However, the yield of biochar prepared at a low tem-
perature may decrease with a prolonged residence time. One study re-
ported that when residence time increased from 1 to 5 min, the biochar
yield produced from Sargassum horneri at 380°C decreased from 87 %
to 59 % (Kim, S.-S. et al., 2012). Overall, the effect of residence time on
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the pyrolysis process is intertwined with biomass quality, pyrolysis tem-
perature, heating rate and other parameters (Rangabhashiyam, 2019).

3.6.7. Summary

The yield and properties of biochar are influenced by multiple fac-
tors, including the moisture content of the feedstock, preprocessing
methods, particle size, catalysts, gas type and flow rate, and residence
time (Uddin et al., 2018). Precise control of moisture content has a
profound impact on the yield and properties of biochar, as well as on
the economic and environmental aspects of overall biomass energy pro-
duction. Different preprocessing methods applied to the feedstock lead
to varying effects, particularly recommending the use of dry biomass
for enhancing biochar yield and conversion rates, especially for wet
biomass. Moreover, the impact of catalyst types on biochar yield varies
with different biomass types and warrants further in-depth investiga-
tion. Literature reports suggest that acidic catalysts generally increase
the biochar yield and reduce tar formation, while alkaline catalysts tend
to decrease the biochar yield (Akhtar et al., 2012). Therefore, optimis-
ing process parameters is essential for achieving optimal biochar yield.
Additionally, the type of inert gas and its flow rate are crucial factors
affecting biochar yield and properties. Although CO, shows promising
results as an alternative gas, a balance is required in gas flow rate to
achieve efficient and environmentally friendly biochar production, con-
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sidering volatile emissions, surface area, and pore volume. Lastly, res-
idence time plays a significant role in the biochar preparation process,
directly impacting pyrolysis progress and biochar properties. Precise
control of residence time allows for process optimisation, resulting in
biochar of superior quality and stability.

3.7. Biochar production mechanisms

Biomass is made up mainly of biopolymers such as lignin, cellu-
lose and hemicellulose. Breaking and reorganizing the various chemical
bonds of these polymers involves complex transformation pathways for
producing biochar. Conversion of biomass to biochar mainly involves
depolymerisation, fragmentation and char formation (Shan Ahamed
et al,, 2021). In general, biomass conversion reactions can be cate-
gorised into primary and secondary reactions. As biomass materials
are heated, the chemical structure of the polymers within their residue
matrix changes. Heating and rearrangement reactions release volatile
compounds. After these primary reactions, some unstable, volatile com-
pounds are further transformed (Collard and Blin, 2014).

The biomass particles are subjected to external heat and subse-
quently undergo several physical and chemical changes (Fig. 3.10). De-
polymerisation of biomass by heat leads to the gradual breakdown of
biomass constituents into smaller independent units. During the heat
treatment, the extent of the polymerisation of biomass decreases, and
some molecules become volatile components. The various monomers of
the polymer are linked by covalent polymeric bonds. The fragmentation
reaction further releases several non-condensable gases and a variety of
small-chain organic compounds.

Biomass undergoes some degree of depolymerisation and bond
breaking that leaves a solid residue known as biochar. The forma-
tion pathway is mainly inter- and intra-molecular reorganisation of the
molecular structure, which results in a residue with a high thermal sta-
bility and filamentary structure (Zhang, B. et al., 2021). Biochar has a
polycyclic aromatic structure, and the formation of benzene rings helps
to stabilise biochar. The interaction between volatile pyrolysis gases and
biochar during the formation of biochar should not be neglected. The
secondary reaction of volatiles contributes to pore formation in biochar.

3.7.1. Primary conversion mechanisms of pyrolysis

Lignin, cellulose, and hemicellulose, commonly known as biopoly-
mers, are the core ingredients in biomass. The conversion reaction of
these compounds presents the foremost characteristics. The three path-
ways that break the various chemical bonds are explained below.

The solid residue left after the thermal heating of biomass is called
char. The char has a polycyclic aromatic structure. The formation path-
way is mainly inter- and intra-molecular reorganisation of the molecu-
lar structure, which results in higher thermal stability and a filamentary
structure in biochar. The formation of benzene rings and the grouping
of the rings are the main mechanisms in this pathway (Zeng, L. et al.,
2023). The rearrangement results in the release of non-condensable
gases and moisture from the biomass material.

The depolymerisation phenomenon in this pathway involves break-
ing the biopolymers (lignin, cellulose, and hemicellulose) down into sep-
arate units called monomers. The degree of polymerisation is reduced
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until the molecules formed become volatile. The molecules condense at
room temperature and form a liquid fraction (Shao, L. et al., 2018). Frag-
mentation involves the polymer covalent bonds (Verziu et al., 2018).
The linkages also occur between various monomers of the polymer. This
pathway is responsible for releasing many incondensable gases and var-
ious small organic compounds that condense at room temperature.

3.7.2. Secondary conversion mechanisms of pyrolysis

Reaction temperature is important in the second conversion mecha-
nism of biomass. When the temperature in the reactor is maintained at
a high temperature, unstable, volatile compounds undergo further sec-
ondary reactions such as cracking or recombination. Cracking breaks
down the volatile compounds further into lower molecular weight com-
pounds. Recombination or condensation is the reverse process of cleav-
age and leads to the formation of higher molecular weight compounds.
The re-formed compounds are difficult to volatilise and cleave again at
normal temperatures, which leads to the production of more char.

3.7.3. Pyrolysis mechanisms of biomass components

Lignocellulosic biomass is the most abundant non-food biomass. It
consists mainly of forestry and agricultural waste, such as wood chips
and rice straw. Lignocellulosic biomass has three main components - cel-
lulose, hemicellulose and lignin plus small amounts of extractives and
ash. These three main components are unevenly distributed in the cell
wall and serve as the skeleton, connecting material and hard solid, re-
spectively.

Cellulose macromolecules regularly aggregate to form tough microfi-
bres, which serve as the skeleton material of the cell wall, while the
internal space is crowded with amorphous hemicellulose and lignin
connecting materials. Cellulose is connected to hemicellulose or lignin
molecules mainly by hydrogen bonding, whereas the connections be-
tween hemicellulose and lignin include both hydrogen and covalent
bonds. Carbohydrates and lignin are tightly linked together in the lignin-
carbohydrate complex, which results in residual carbohydrate or lignin
fragments in the extracted lignin or hemicellulose samples. The content
of cellulose, hemicellulose and lignin in biomass varies greatly depend-
ing on the type of biomass. The content can be as high as 40-60 %
for cellulose, hemicellulose 15-30 % for hemicellulose, 10-25 % for
lignin. Generally, during biomass pyrolysis, when the components of
lignocellulosic materials such as cellulose, hemicellulose and lignin are
heated to a certain temperature, reactions such as depolymerisation,
fragmentation and cross-linking take place, which produce solid, lig-
uid and gaseous products. Bio-oil and biochar are the main products,
while hydrogen, carbon monoxide and carbon dioxide are by-products
in the gaseous state. Some C1-C2 hydrocarbons are also included. Dur-
ing biomass pyrolysis, hemicellulose, cellulose and lignin decompose at
different temperatures. Hemicellulose decomposes between 200°C and
320°C, cellulose decomposes between 320°C and 450°C, and lignin exists
in a wide decomposition range between 150°C and 900°C.

The possible pyrolysis mechanism of cellulose is shown in Fig. 3.11.
The mechanism of cellulose decomposition is determined by two reac-
tions that reduce the degree of polymerisation: 1) Slow pyrolysis, which
consists of the decomposition of cellulose with longer residence times
and lower heating rate, and 2) Levoglucan is produced by fast pyrolysis,
which involves rapid volatilisation at a high heating rate (Zong et al.,
2020). In addition to producing the solid biochar product, levoglucan
undergoes a dehydration process to produce hydroxymethylfurfural,
which can be decomposed to produce liquid and gaseous products such
as bio-oil and syngas. The specific reaction pathway for the formation
of biochar is generally as follows. Cellulose is first depolymerised to
form oligosaccharides, which are then cleaved through glycosidic bonds
to form d-glucose. d-glucose is further rearranged intermolecularly to
form levoglucan, which is dehydrated to form levoglucenone. Finally,
levoglucenone can be re-generated into solid biochar through reactions
such as aromatisation, condensation and polymerisation.
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Fig. 3.11. The cellulose conversion mechanism (Qin et al., 2022).

The possible pyrolysis mechanism of hemicellulose is shown in
Fig. 3.12. The decomposition mechanism of hemicellulose is similar to
that of cellulose. The hemicellulose undergoes depolymerisation to form
oligosaccharides. This can occur through a series of reactions including
decarboxylation, intramolecular rearrangement, depolymerisation and
aromatisation, which produces biochar or compounds that break down
into syngas and bio-oil (Ma, Z. et al., 2019).

Unlike the decomposition mechanism of cellulose and hemicellulose,
the lignin decomposition mechanism is complex. The proposed pyrolysis
mechanism of the lignin model compound is shown in Fig. 3.13. Break-
ing the #-O-4 linkage of lignin generates free radicals (Yuan, J.-M. et al.,
2022), which move to other molecules for chain propagation. These free
radicals capture protons from other species, which results in the forma-
tion of decomposing compounds.

3.8. Influence of reactor

The properties of biochar depend on the type of feedstock and py-
rolysis temperature; however, they are also linked to the type of reactor

used. Typical reactors used in biochar production are shown in Table 3.9
and Fig. 3.14. The reactor selected for biochar production is generally
closely related to the heating method. Although a wide variety of heat-
ing methods exist, as described above, that are capable of producing
high quality biochar, some of these methods are limited because of the
design and manufacture of the reactor and cannot be used to prepare
biochar on a large scale. Small scale biochar producers can be used to
customize high quality biochar by varying the reaction conditions. In
contrast, large-scale, continuous production of biochar is essential for
processing large quantities of biomass and is also necessary to ensure
viable production of biochar.

There are various types of reactors capable of producing biochar,
but pyrolysis reactors are generally used. They can be categorised as
fast and slow pyrolysis reactors based on the rate of heating and the
time the pyrolysis vapour remains in the reactor. The main product of
a slow pyrolysis reactor is biochar, while the main product of a fast py-
rolysis reactor is bio-oil. The by-product of fast pyrolysis is biochar, but
it is not carbonised as thoroughly as biochar produced by slow pyroly-
sis. In addition, fast pyrolysis has certain requirements in terms of the
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Table 3.9
Typical reactors used for biochar production.
Reactor type Temperature range (°C) Capacity Ref
Muffle furnace 500-600 300 g (JanuSevicius et al., 2022)
Vacuum tube furnace 300-600 30g (Yadav et al., 2016)
Programmable batch reactor 200-700 3g (Zhu, X. et al., 2018)
Microwave reactor 250-450 10g (Li, X. et al., 2022)
Gasification reactor 850 10 kg (Dissanayake et al., 2020)
Hydrothermal carbonization reactor 200-300 10g (Zhu, X. et al., 2023)
Auger reactor 425-575 600 g (Lakshman et al., 2021)
Drum kiln 350-500 40 kg (Sangsuk et al., 2020)
Fluidised bed reactor 450-850 400 g (Liu, Y. et al., 2020)
Fixed bed reactor 450-600 100 g (Yue et al., 2016)
Earthen kiln 400-600 1t (Paz-Ferreiro et al., 2017)
Rotary kiln 400-600 600 kg (Khodaei et al., 2024)
Spouted bed reactor 400-600 20g (Niksiar and Nasernejad, 2017)

granularity of the raw material. For example, the diameter of the raw
material particles should be less than 2 mm. With slow pyrolysis, the
shape of the raw material is less important, and larger pieces of wood
can be used.

Slow pyrolysis reactors are generally not able to produce continu-
ously, as the reaction time is very long, which limits the rate at which
biochar is produced. Fast pyrolysis reactors are generally equipped with
a continuous feeder, which allows for continuous pyrolysis of biomass,
so large amounts can be processed. There are various classifications of
biomass pyrolysis, based on different heating mechanisms, such as slow
pyrolysis, fast pyrolysis, microwave pyrolysis and hydrothermal carbon-
isation. Reactors can also be classified as batch reactors or continuous
reactors, depending on the mode of operation. Other classifications are
vacuum reactor, atmospheric reactor and pressurised reactor, if clas-
sified according to the pressure under which the equipment operates.
Stationary and mobile rector categories are also used when classifying
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reactors according to the movability of the reaction bed. Although the
type of pyrolysis reactor and its operating conditions largely determine
the quality of the final target product, the quality of the product is de-
termined by a combination of different conditions.

3.8.1. Muffle and tube furnace

The muffle and tube furnace type of reactor is widely used in labo-
ratories to produce biochar for scientific research due to its simplicity
of operation and programmable temperature increase. However, the ca-
pacity of the muffle and tube furnace is relatively small, usually ranging
from a few grams to several hundred grams. They are typical stationery
and batch reactors with limited biomass capacity. They allow for con-
trolled experimental conditions and good consistency between different
batches of biochar produced, which means that the required quality of
the biochar can be ensured. This facilitates the exploration of biochar
properties and applications. As the capacity of the reactor increases,
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biochar properties gradually become differentiated, even when using
the same conditions, which may be due to the increase in capacity af-
fecting the heat and mass transfer of the biomass feedstock.

3.8.2. Microwave reactor

The heating principle of the microwave reactor is different from that
of the tube furnace. A tube furnace heats its contents primarily through
thermal radiation and convection, while the microwave heat source re-
lies on the interaction between microwaves and the feedstock, such as
Joule heating and induction heating (Suresh et al., 2021). Microwaves
can act directly on the raw material, thus reducing the heat lost dur-
ing the transfer process. However, it is more difficult to regulate the
temperature by modulating the generation of microwaves compared to
temperature regulation in resistance heating. The size of the microwave
reactor is limited by the electrical power available and the microwave
frequency. In pyrolysis, the microwave frequency generally chosen is
2.45 GHz. Although, the frequency can be adjusted, this will increase
the difficulty and cost of manufacturing microwave reactors. Also, elec-
trical power is limited by the installation site of the reactor. Therefore,
the capacity of microwave pyrolysis reactors is also limited, usually to
less than 1 kg (Luo, H. et al., 2021). The specific heating method of the
microwave heating reactor depends on the characteristics of the raw
materials. Wave-absorbing materials can be added to the microwave
pyrolysis reactor to enhance microwave pyrolysis. Although microwave
reactors have widely been used to study biomass pyrolysis, the scale of
microwave reactors is still limited due to the high cost of design and
manufacturing. In general, microwave reactors can accelerate biomass
cracking as microwaves can act directly on biomass particles and so fur-
ther enrich the pore structure of biochar.

3.8.3. Hydrothermal carbonization reactor

With the hydrothermal carbonisation reactor, the cracking reaction
of the feedstock occurs in the liquid phase, which is different from what
happens in a typical gas-solid phase reactor such as a muffle furnace.
Although the heat transfer method also involves feedstock cracking
through heat conduction, the heat exchange between the reactor and
the feedstock inside the reactor is mainly realised through the liquid
medium. In the process of heating, the liquid in the hydrothermal car-
bonisation reactor is heated to produce steam, while the pressure inside
the reactor is further increased due to the gas generated by pyrolysis.
Some of the organic matter is dissolved in the liquid medium, while the
rest exists as solids that form a lignite-like product (Xue et al., 2022).
The capacity of the hydrothermal carbonisation reactor is also small due
to the limited heat transfer capacity. Also, considering the reaction pres-
sure, higher requirements are needed in manufacturing, thus limiting its
larger scale up. The high pressure also helps decompose the feedstock
further. In addition, the lower temperature of hydrothermal carbonisa-
tion compared to conventional pyrolysis results in relatively suppressed
cracking of the feedstock, which results in a better biochar yield. At
the same time, the milder reaction conditions result in richer functional
groups on the surface of biochar. The pore structure of biochar is re-
lated to the reaction temperature and pressure. In general, the pores of
biochar prepared using hydrothermal reactors are smaller than those of
biochar prepared by pyrolysis.

These types of reactors include the gasification reactor, auger re-
actor, fluidised bed reactor, spouted bed, and rotary kiln. They can be
designed to different biochar production capacity requirements, depend-
ing on the application (Porat et al., 2022). In the laboratory, these units
generally have a capacity of several kg, while commercial units can have
a capacity of several tonnes per day. There is a difference in the heat
and mass transfer achieved by reactors of the same type but with differ-
ent capacity levels, even though the structures are similar. Therefore,
the properties and yield of biochar produced by the same type of re-
actor may be different with different capacities. Many different types
of reactors can be used for biochar production, each having a different
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capacity, so maintaining consistency in biochar quality is sometimes dif-
ficult. Furthermore, the physiochemical properties of biochar produced
by different equipment may vary.

3.9. Pilot and large-scale production of biochar

Although biochar is produced using different methods, large-scale
production is still limited by reactor design, fabrication, and invest-
ment. Typical reactors suitable for large-scale biochar production in-
clude fixed beds, earthen kilns, rotary kilns, fluidised beds, auger reac-
tors and spouted beds. (Fig. 3.15 and Fig. 3.16). Different scales of pro-
duction can be achieved by adjusting the capacity of the reactor. The
choice of reactor for large-scale biochar production mainly depends on
the type of biomass and the availability of biomass. Although these re-
actors are used in large-scale biochar production, they are employed in
different scenarios and are associated with different drawbacks.

3.9.1. Earthen kiln

As a traditional biochar production facility, the earthen kiln has a
long history and is still used in some developing countries. There are
three types of earthen Kkilns: vertical, horizontal and improved kilns.
Earthen kilns are simple in structure, have a low level of technical dif-
ficulty and low investment cost, are simple to operate and can be easily
constructed in places where biomass feedstock is abundant. The capacity
of an earthen kiln can be adjusted according to the source of the biomass
used and the biochar required. The produced biochar has a high heating
value and is widely used as a solid fuel to replace coal. The biochar yield
of an earthen kiln is generally 20 % lower since some of the biomass is
burned as fuel to supply thermal energy to the kiln during the process
start-up and throughout the pyrolysis process. Earthen kilns can also re-
lease smoke and some organic matter into the atmosphere. This is why
earthen kilns are gradually being phased out in some regions. Earthen
kilns are generally used to process larger wood chips and are less effec-
tive in carbonising biomass in granular form. In addition, earthen kilns
offer poor control over the carbonisation conditions, and it is difficult to
ensure a consistent quality of biochar across batches. A long residence
time also limits the scale of production offered by earthen kilns.

3.9.2. Fixed bed reactor

The fixed bed reactor is commonly used for the pyrolysis of biomass
and the preparation of biochar due to its simplicity of fabrication, low
cost and ease of operation. It is widely used in laboratories; however,
it is also suitable for small-scale biochar production operations. Never-
theless, fixed bed reactors do have certain limitations, as they can only
be operated in batch mode, which restricts the scale of biochar produc-
tion. These reactors can be categorised into externally heated fixed-bed
pyrolytic carbonisation furnaces and internally combusted fixed-bed py-
rolytic carbonisation furnaces based on the heat source. The externally
heated fixed-bed pyrolysis carbonisation furnace mainly consists of two
parts: the heating furnace and the pyrolysis reactor, and the externally
heated furnace body provides the energy required for cracking to the py-
rolysis reactor. The externally heated fixed-bed pyrolysis carbonisation
furnace can regulate the external heat source, which allows for precise
temperature control and, hence, better control of the quality of biochar.
However, the heat from the furnace is transferred from outside to in-
side, and the temperature in the centre of the reactor is generally lower
than at the reactor wall. This means that the biomass particles may not
be heated uniformly in the reactor. The heat and mass transfer perfor-
mance of the reaction system is also limited, which results in poor en-
ergy efficiency. Internal combustion fixed-bed pyrolytic carbonisation
furnaces rely on the combustion of part of the feedstock to supply heat.
The heat provided via conduction, convection and radiation has a high
thermal efficiency. However, the pyrolysis reaction temperature of the
internal combustion fixed bed is not easy to control.
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3.9.3. Rotary kiln

The design of the rotary kiln has been optimised to serve as a re-
liable reactor type for biochar production (Khodaei et al., 2024). The
residence time of biomass in a reactor can be adjusted by adjusting the
angle and speed of the rotary kiln. The structure of the rotary kiln is
simple: it consists mainly of a round-centre steel tube and a sequence
of radial steel fins. By rotating the drum, biochar and gaseous products
can be discharged by two outlets at the end of the reactor. The rotary
reactor is simple to operate and can be designed for direct and indirect
heating through combustion, but the thermal efficiency needs to be im-
proved further. The required biochar and bio-oil yields can be realised
by adjusting the operating parameters of the rotary kiln. The rotary kiln
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can also be designed to have the requisite capacity to suit large-scale
biochar production.

3.9.4. Fluidized bed reactor

Fluidised bed reactors are commonly used in biomass pyrolysis. This
reactor mainly utilises convection and conduction to achieve heat trans-
fer between the heat carrier (e.g. sand) and the biomass particles. The
fluidised bed reaction system has a high heat transfer rate and gas-solid
uniformity, while the continuous operation of the fluidised bed makes
large-scale processing of biomass and large-scale production of biochar
a reality. The raw material particles in a fluidised bed should gener-
ally be less than 2 mm, to ensure better heat transfer (Darweesh and
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Weis, 2024). Fluidised bed reactors are mainly used for the production
of bio-oil, with yields reaching 65 %. As a by-product of the pyrolysis of
biomass in the fluidised bed, biochar can be entrained by the gas flow
and leave the reaction area; gas-solid separation can then be realised
under the action of a cyclone separator. The biochar yield varies within
10-40 % depending on the feedstock and experimental conditions. In ad-
dition, fluidised beds can be designed as self-heating reactors if needed,
using pyrolysis gas and biochar as fuel for combustion to provide heat
for the entire reaction system. Circulating fluidised beds have been de-
veloped following the design of fluidised bed reactors. The difference
between the circulating fluidised beds and fluidised beds is mainly that
the heat carrier obtained from pyrolysis is fed directly to the bottom of
the fluidised bed reactor together with biochar, then the heat carrier is
heated with the heat from biochar combustion, and the heat carrier is
returned to the fluidised bed to provide the heat required for pyroly-
sis. High temperature flue gas is used as the fluidisation medium; how-
ever, the temperature of this flue gas needs to be controlled to below
600 °C to avoid overheating. Fluidised bed reactors are widely used in
biomass pyrolysis due to their advantages, which include good temper-
ature control, simple gas-solid separation, and continuous production.
They can be designed to have a capacity ranging from tens of kg per
hour to hundreds of tons per day, depending on the supply of raw ma-
terials. Fluidised bed reactors also have some disadvantages, however.
The extensive use of inert gases in these reactors results in dilution of the
combustible gas component of the pyrolysis syngas. A higher gas veloc-
ity leads to the wearing of the heat carrier and biochar, while complex
gas-solid hydrodynamic phenomena are present. In addition, these re-
actors are associated with high investment costs in terms of design and
operation.

3.9.5. Auger reactor

The design of the auger reactor is more complicated than the earthen
kiln; however, it is associated with better heat transfer efficiency. Also,
auger reactors are comparatively easier to operate. Auger reactors gen-
erally have a hopper or feed screw, which gradually feeds the biomass
into the pyrolysis section of the reactor. The products gradually move
out of the reaction area with the rotation of a screw. In an auger reac-
tor, the screw feed rate can be adjusted to control the residence time of
the biochar and pyrolysis vapour in the reactor, enabling both slow and
fast pyrolysis. Heat carriers such as hot sand, steel or ceramic balls can
also be used in the auger reactor to achieve better heat transfer to the
biomass. The heat carriers and biochar are discharged from the reactor
by gravity. Auger reactors are similar to fluidised bed reactors in that
the yield of biochar is typically 10-30 %, depending on the feedstock
and operating conditions. The auger reactor also allows for continuous
production and, therefore, can process a large quantity of biochar.

3.9.6. Spouted bed

Spouted bed reactors are similar to fluidised bed reactors in terms of
structure and layout, boasting a high heat transfer rate and gas-solid con-
tact. The main product of the spouted bed reactor is also bio-oil, while
biochar is only a by-product. Unlike fluidised beds, which require high
granularity of biomass feedstock, spouted beds can handle irregular par-
ticles. With the traditional spouted bed, the central spouted zone and the
annular fluidisation zone can be separated by optimising the structure of
the spouted bed. This prevents mutual interference between the spouted
zone and the fluidisation zone and maintains the stability of the gas and
solid state during the spouted process. By optimising the structure of the
spouted bed, gas-solid slip velocity increases, which increases the gas-
solid time and enhances heat and mass transfer, hence improving the
effect of biomass pyrolysis. It is also easier to control the solid-phase
retention time and increase the carbon conversion rate, which results
in a lower biochar yield. Spouted beds can be further developed into
circulating spouted beds, enabling in-situ heat supply.
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3.9.7. Summary of reactor selection

The selection of a scale-up pyrolysis reactor depends on feedstock,
operating conditions and the process viability. Finding a dedicated sus-
tainable reactor design solution for most scenarios is difficult, as there
is flexibility in terms of selecting a reactor for large-scale production of
biochar. In general, commercial production of biochar demands opti-
mum yield, which can adversely affect the quality of biochar. In addi-
tion, costs and thermal efficiency are key design factors in developing
pyrolysis reactors. These reactors and industrial plants show different
advantages and features. Generally, the most suitable reactor will be se-
lected based on different application scenarios, reaction conditions and
product requirements.

3.10. Conclusion

Biochar has demonstrated unique application potential in various
fields, including environmental management, energy production, and
soil amendment. This article provides a comprehensive analysis of
biochar production technologies, key factors influencing its character-
istics, and its performance under different application contexts, with a
particular focus on the significant role of reactor design in the biochar
production process.

(1) The selection of feedstock is decisive in determining the final proper-
ties of biochar. Different types of biomass feedstock, such as woody
materials, herbaceous plants, agricultural waste, and animal ma-
nure, lead to significant differences in the porosity, SSA, and chem-
ical reactivity of the produced biochar due to their distinct chemi-
cal compositions and structural characteristics. The introduction of
additives and doping elements, such as metal oxides, carbon nano-
materials, and elements like nitrogen, sulphur, and phosphorus, can
further modulate the electrical conductivity and chemical activity of
biochar, enhancing its performance in catalysis and energy storage.
Additionally, the moisture content, particle size, and pre-treatment
methods of the raw materials significantly impact the properties of
the final biochar.
Biochar production is influenced by thermochemical treatment
methods, such as slow pyrolysis, fast pyrolysis, microwave pyrol-
ysis, vacuum pyrolysis, hydrothermal carbonisation and so on. Con-
trolling parameters such as pyrolysis temperature, heating rate, gas
flow rate and reaction time significantly affect the yield, carbon con-
tent, pore structure, and surface chemical properties of biochar. Py-
rolysis temperature is a key factor in adjusting the characteristics of
biochar, directly influencing its stability and adsorption capacity.

(3) Pressure is an important parameter in the pyrolysis process, and it
significantly impacts the yield and fixed carbon content of biochar.
Studies have shown that increasing pressure can enhance the carbon
retention rate and the yield of pyrolysis gases, but it may also lead to
a reduction in the specific surface area of biochar. Furthermore, the
choice of the pyrolysis method is crucial for the yield and character-
istics of biochar, as different methods, with their unique operational
conditions and reaction kinetics, result in variations in the quality
and application potential of biochar products.

(4) The design of the reactor is equally crucial for the quality and yield of
biochar. Different reactor types, such as fixed beds, fluidised beds,
rotary kilns, and screw reactors, have a significant impact on the
physicochemical properties of biochar due to their distinct opera-
tional conditions and reaction kinetics. The design of reactors must
consider the continuous production capacity and scalability require-
ments for biochar, ensuring the consistency and reproducibility of
biochar products.

2

—

In conclusion, as a versatile material, biochar holds broad applica-
tion prospects in various fields. An in-depth exploration of the corre-
lation between the chemical and physical structure of biochar and its
environmental and energy applications, along with the optimisation of
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biochar production conditions to enhance its performance in soil amend-
ment, pollutant removal, and energy storage, is essential. For the com-
mercialisation and large-scale production of biochar, a comprehensive
consideration of cost-effectiveness, sustainability, and potential environ-
mental impact is necessary to support the achievement of sustainable
development goals.

4. Biochar activation

Activation increases the surface area, porosity, and adsorption ca-
pacity, introduces functional groups, improves thermal stability and
durability, and supports beneficial microbial activity, making it a versa-
tile and valuable material. As shown in Fig. 4.1, the process of prepar-
ing porous activated carbon (PAC) from biomass mainly includes three
paths. The first path is that PAC can be prepared through the biomass
one-step pyrolysis activation method. The second path is that biomass is
first carbonized and then activated to prepare PAC through a two-step
process. The third path is biomass conversion to liquid to produce vis-
cous heavy bio-oil containing high carbon content, which is difficult for
direct applications, making it an ideal raw precursor for preparing car-
bon materials. The heavy oil is then used to prepare PAC through one
or two-step methods. Carbon materials can be activated via physical,
chemical and physicochemical techniques.

4.1. Physical activation

Physical activation, also known as gaseous activation, is a tech-
nique used to develop activated biochar by employing oxidizing agents
(Chen et al., 2025). Typical oxidizing agents include steam, CO,, air,
etc. The process involves heating biochar under these gaseous condi-
tions, typically at temperatures exceeding 700°C. These oxidizing agents
infiltrate the internal structure of biochar and gasify the carbon atoms,
leading to the generation and expansion of pores (Dalai and Azargo-
har, 2007). Such activation conditions yield activated biochar with a
high specific surface area and abundant pore volume. The parameters of
activation processes discussed in typical studies are shown in Table 4.1.
These activated biochar products, as prepared, hold significant poten-
tial for a wide range of applications (Jia et al., 2024; Sajjadi et al., 2019;
Yuan et al., 2024).

Physical activation offers a more environmentally friendly method
of activation compared to the commonly used chemical activation tech-
nique (Ajien et al., 2023; Bushra and Remya, 2020; Li, S. et al., 2022).

Activation

Bio-char

Pyrolysis

o.f *

Biomass

Pyrolysis
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The chemical activation method relies on the application of chemical
agents, a topic that will be thoroughly discussed in the next section.
In contrast, physical activation can avoid the environmental challenges
associated with these chemical agents, as evidenced by certain life-
cycle assessments of commercial-scale physical activation production
(Azzi et al., 2019; Wang, Junyao et al., 2023). This advantage is also a
key factor contributing to the considerable research attention that phys-
ical activation is currently receiving.

4.1.1. Role of activation agent

Steam and CO, are frequently employed in the physical activation of
biochar. They are considered the most commonly used activation agents
due to their comparatively lower costs and the ease of controlling the
oxidation process (Contescu et al., 2018). CO, facilitates the formation
of micropores, while steam promotes a wider range of pore sizes, leading
to an increase in both micropores and mesopores (Molina-Sabio, M et al.,
1996; Sun and Chun Jiang, 2010; Yuan, Xiangzhou et al., 2023).

Steam activation uses steam as an activation agent, and the process
typically involves a series of partial gasification processes of carbon-
rich materials (Sajjadi et al., 2019). The chemical reaction of steam
activation was expressed as Eq. 4.1 and 4.2 (Tan et al., 2017). Dur-
ing the partial gasification process, some carbon molecules on the sur-
face of biochar are exposed and react with water molecules, resulting
in the elimination of volatile matter (CxHyOZ) from the structure, to-
gether with the formation of new surface oxides (C(O)) on the surface
of biochar (Tan et al., 2017). At the same time, some carbon molecules
are exposed to steam, converting into CO and H,. In this series of steam
activation reactions, owing to the removal of uncarbonized biomass or
trapped products, a large number of new pores are generated, while
simultaneously enlarging the existing pores (Santos et al., 2015). At
the same time, the number of aromatic compounds increases, accom-
panied by an increase in surface oxygen-containing functional groups
(Sizmur, Tom et al., 2017).

C+H,0 < CO+H,, AH = +117kJ /mol (Eq. (4.1))

CO+H,0 < CO,+H,, AH = +41kJ/mol (Eq. (4.2))

The partial gasification of biochar by CO, gas typically occurs
through the reaction of CO, with the amorphous carbon in the biochar,
producing C(O) chemical moieties and CO gases (Bushra and Re-
mya, 2020). The process follows Boudouard’s reaction, as described in

Physical activation
(H,0, CO,)

Chemical activation
(KOH, NaOH, HCI, HNO;, H;PO,,
ZnCly)

Physical & Chemical
activation (KOH/CO,)

One step pyrolysis activation

A

Porous AC

Physical & Chemical
activation

Activation

Carbon precursors

Fig. 4.1. Three key methods in preparing porous carbon materials from biomass.
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Table 4.1
Physical activation of biochar from various feedstock under different activation conditions.
Precursor Agent Gas flow rate Ramping rate Temperature (°C) Holding time (h) Ref
(mL/min) (°C/min)
a-Cellulose Steam, CO,, 100 5 700, 800 1 (Ming et al., 2023)
steam/CO,
Wood panel CO,/N, 3000 - 750, 850, 950 - (Hachicha et al.,
2023)
Corncobs/Coconut Co, 167 - 800 0.5,1 (Januszewicz et al.,
shells/Walnut 2023)
husks/Pistachio
husks
Sewage sludge Steam, CO, 300 - 650, 800, 950 0.5,1 (Deng, W. et al.,
2023)
Miscanthus straw Co, 100 - 800, 850, 900 1.5 (C et al., 2023)
Steam 15 mg/h - 900 1
Microcrystalline Co, 20 10 600 1,3,16 (Biti et al., 2023)
cellulose
Argan shells CO, 500 15 900 1.5,2,2.5 (Afailal et al., 2023)
Coffee grounds CO, 150-250 5 600-800 1-2 (Mukherjee et al.,
2022)
Palm oil residues Co, 12 10 900 6.5-18.83 (Moliner et al.,
2022)
Mantis shrimp CO, 250 5 600, 650, 700, 750 1 (Ding et al., 2021)
shells
Light yard waste steam - 10 650, 750, 850 1 (Xu, Z. et al., 2021)
CO, - 10 650, 750, 850 1

Eq. 4.3 (Cho et al., 2015). During this process, C(O) will be desorbed
from the porous surface of biochar, enabling further development of the
existing porous structure. This phenomenon is also a primary reason
for the increase in micropores caused by CO, activation. As the process
progresses, CO gas may be absorbed by the carbon active sites on the
surface of biochar, thus slowing down the partial gasification caused by
CO, (Sajjadi et al., 2019).

C + CO, = 2CO, AH = +172.47kJ /mol (Eq. (4.3))

Simultaneously, there has been a common practice of comparing the
activation processes of biochar using steam and CO,. Carbonized cellu-
lose has been subjected to activation using steam, CO,, or a combina-
tion of both. The findings indicate that employing CO, as the activation
agent can result in higher yields. The activation process using steam in-
duces greater weight loss, potentially leading to enhanced efficiency in
oxidizing the aliphatic structures within the activated biochar, thereby
further enhancing the performance of the desired products (Ming et al.,
2023). The physical activation of carbonized sewage sludge was car-
ried out using steam and CO,. Due to the higher diffusion coefficient of
CO,, a higher rate of activation was observed using CO, (Deng, W. et al.,
2023). From the perspective of the performance of obtained activated
biochar, carbons derived from Miscanthus biochar are effective for the
adsorption and separation of NO. In the production of samples using
physical activation processes, steam has been demonstrated to exhibit
stronger reactivity compared to CO, (Diaz-Maroto et al., 2023). Alter-
natively, other oxidizing gases, such as air or ozone, can be used as in
physical activation. These agents are effective in creating surface oxides
on biochar; however, the more complex mechanisms involved require
careful selection in practical applications (Smith, 2011; Suliman et al.,
2016).

It must be acknowledged that existing research has indicated that
physical activation processes using different activation agents may
weaken the stability of activated biochar (Xu, Z. et al., 2021), partic-
ularly in terms of chemical oxidation resistance, thereby potentially im-
pacting its practical performance adversely.

4.1.2. Impact of activation temperature

Activation temperature is an essential parameter in the physical acti-
vation process, directly impacting the properties of the activated biochar
produced. Previous studies have demonstrated the significant role of ac-
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tivation temperature in enhancing the specific surface area and total
volume of the final products (Zhang et al., 2014). At excessively low
activation temperatures, the microspore surface may not be discernible,
as the formation of new pores cannot be completed due to insufficient
activation temperatures. Conversely, excessively high activation tem-
peratures may result in a lower carbon yield, making the development
process less economical. Hence, selecting an appropriate activation tem-
perature is crucial for producing activated biochar tailored to specific
applications.

Consequently, the link between activation temperature and the prop-
erties of the prepared samples has been researched well. In the physical
activation treatment of wood panel-derived biochar, activation temper-
atures as high as 950°C have been employed. Such an optimal activation
temperature facilitated the development of samples with the best tex-
tural properties reported in the study: 866 m?/g specific surface area,
0.411 cm?3/g total pore volume, 0.272 cm3/g micropore volume, and
0.139 cm3/g mesopore volume (Hachicha et al., 2023). In the develop-
ment of activated biochar derived from mantis shrimp shells, various
activation temperatures have been explored. The results demonstrated
that the smallest specific surface area and micropore volume (i.e. 172.4
m?/g and 0.023 cm3/g, respectively) were obtained at the lowest ac-
tivation temperature of 600°C. The optimum values for these two tex-
tural properties (i.e. 484.5 m2/g and 0.291 cm3/g, respectively) were
achieved at an activation temperature of 700°C. In this study, it was
demonstrated that the reaction intensity between the carbon and the
activation agent was slow, while increasing the temperature acceler-
ated the rates of reaction and pyrolysis. Notably, further increasing the
activation temperature (raised to 750°C in this study) did not result in
a further increase in specific surface area. However, both the micropore
volume and proportion could be further enhanced (Ding et al., 2021). In
the optimization of the physical activation process using response sur-
face methodology (RSM), activation temperature is frequently selected
as a key independent variable. Its impact on specific surface area and
carbon yield is deemed essential (Mukherjee et al., 2022). Higher spe-
cific surface area and increased carbon yield are crucial for ensuring the
effectiveness and economic viability of the activated biochar develop-
ment process. Therefore, selecting the appropriate activation tempera-
ture is essential for optimizing the process.

Lower activation temperatures result in higher carbon yields but may
lead to poorer textural properties; conversely, higher activation temper-
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Fig. 4.2. Schematic diagram of mechanism and effect of physical activation method (Sangon et al., 2018).

atures can yield higher specific surface areas and pore volumes but at
the expense of lower yields. Considering these trade-offs, target-driven
process optimization is often relied upon when selecting an appropriate
activation temperature.

4.1.3. Impact of activation time

The application of an appropriate holding time in the activation pro-
cess can affect the overall extent of burn-off. Sufficient holding time
ensures the full reaction between biochar and activation agents un-
der high-temperature conditions. However, excessively long activation
times will inevitably lead to a decrease in carbon yield. Therefore, con-
sidering the varied characteristics of the treated biochar, selecting an
appropriate holding time for activation treatment is also of significant
importance.

In the physical activation treatment of microcrystalline cellulose-
derived biochar, an experimentally determined burn-off condition of
40 % was observed, with the longest holding time of 24 hours. Burn-off
conditions ranging from 10 to 30 % have been achieved, with holding
times ranging from 1 to 16 hours. This represents a relatively long ac-
tivation time, which is not commonly employed in research (Biti et al.,
2023). Palm oil residues have also been converted into biochar, where
the preparation and activation processes of activated biochar involve
the utilization of holding time as a crucial parameter to achieve varying
degrees of burn-off. In this study, activation times of up to 19 hours were
examined. With activation times of 6.5 and 19 hours, the burn-off rates
were measured at 23.13 and 39.57 %, respectively. Moreover, longer ac-
tivation times have been demonstrated to produce samples with higher
specific surface areas and total pore volumes, resulting in enhanced per-
formance in practical applications (as reported in this study, improved
CO, adsorption performance) (Moliner et al., 2022). The more com-
mon activation temperatures typically range between 0.5 and 2.5 hours
(Januszewicz et al., 2023). Within this activation time range, it is typ-
ically ensured that there is sufficient reaction to guarantee the product
possesses a satisfactory specific surface area and total pore volume while
still maintaining a reasonable yield. In the physical activation of argan
shell-derived biochar, three different activation times of 1.5, 2, and 2.5
hours were tested. The sample prepared using the longest activation
time was characterized by the highest specific surface area (up to 1500
m?/g), the largest total pore volume (up to 0.68 cm3/g), and the highest
carbon content (up to 95 wt. %) (Afailal et al., 2023).

It is evident that different biochar may necessitate significantly var-
ied activation times during the physical activation process, underscor-
ing the importance of selecting an appropriate holding time to optimise
samples with desirable textural properties. Furthermore, holding time
is closely linked to carbon yield and therefore, the application of suit-
able holding times is the most practical method of controlling carbon
yield directly. Consequently, in the industrial production of targeted ac-
tivated biochar, a thorough understanding and control of holding time
is deemed critical.

4.1.4. Mechanisms of physical activation

The modification of biochar pore structure through physical activa-
tion is achieved by removing volatile components and eliminating in-
ternal carbon mass, as depicted in Fig. 4.2 (Sangon et al., 2018). As
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mentioned, the changes in pore structure achieved through physical ac-
tivation provide biochar with more contact surface for adsorption. Si-
multaneously, it increases the presence of oxygen-containing functional
groups such as -COOH and -OH on the biochar surface (up to a certain
temperature), thereby enhancing adsorption efficiency (Sakhiya et al.,
2021; Yuan, X. et al., 2022). The activation process involves the penetra-
tion of the activating gas into the sample’s surface openings, followed by
pore diffusion, reaction with the carbonaceous network, and the gener-
ation of additional gas reaction products — a process ultimately shaping
the final porous structure (Biti et al., 2023).

A number of theoretical models describing the process of physical
activation of biochar to activated carbon have also been proposed. Sim-
ple and general models have been developed and validated to describe
the physical activation process. The establishment of these models can
be seen as a comprehensive description of the mechanisms of physical
activation. Several models have been developed to estimate gas yield
and adapted to describe biochar activation. These models include the
volume reaction model (VRM), the shrinking core model (SCM), and
others (Lin et al., 2012; Zhao, S. et al., 2021). A new model has been
proposed with the primary assumption that the activation process deep-
ens but does not widen the pores, successfully predicting both the car-
bon yield and specific surface area of the produced activated biochar.
A possible explanation for this reasonable assumption is as follows: the
pores formed during the initial pyrolysis stage may serve as channels
for the evacuation of hot gases during the physical activation process.
These pores may become obstructed by heavy tars formed in the later
stages of pyrolysis, which are still present at the initial stages of physical
activation. Subsequently, during the activation process, oxidative gases
would preferentially react with these heavy tars, clearing these chan-
nels (Colomba et al., 2022). The principles of the reaction between ox-
idative gases and the carbonaceous components in biochar under high-
temperature conditions are well understood. However, the focus on how
the carbon yield and specific surface area, among other performance in-
dicators of activated biochar, are ultimately determined in this process,
remains a critical component of studying the mechanism of physical ac-
tivation.

Itt is evident that current research primarily focuses on investigating
the effects of key activation conditions such as activating agents, acti-
vation temperature, and activation time on the properties of the final
product. This holds practical significance in guiding the optimisation of
experimental conditions. Moreover, by proposing realistic assumptions
and establishing corresponding models to describe the physical activa-
tion process quantitatively, and subsequently validating these models
with experimental data, the mechanisms of physical activation can be
further realised in more depth.

4.2. Chemical activation

Chemical activation is the activation treatment of pristine biochar to
modify porous network, surface chemistry, primarily surface functional
groups and surface alkalinity. Chemical activation can be done via one-
step or two-step activation. In one-step activation, carbonisation and
activation of biomass occur in situ in the presence of chemical reagents
(Zhang, Ying et al., 2020). However, two-step activation involves car-
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Table 4.2
Characteristics of activated biochar using different chemical activators.

Feedstock Activator Temperature Time (h) Activator/BC Surface area Pore volume Application Ref.

Q] (m*/g) (em®/g)
Pine wood KOH 700 1 6:1 3733 1.41 Energy storage (Lii et al., 2022)
Rice husk NaOH 700 2 1: 4 307.42 N/A Supercapacitor (Ray et al., 2023)
Bio-oil NaOH 800 2 31 2826 1.78 Supercapacitor (Zhu, Y.W. et al., 2022)
Fern H;PO, 400 1 3:1 1212 1.43 Capacitor (Trinh et al., 2020)

Electrode

Spirulina ZnCl, 400 2 1:1 235 0.13 Adsorbent (Moon et al., 2023)
Rice husk HNO, 600 2 — 33.1 0.08 Catalyst (Wang, Y. et al., 2021)
Corn stalk K,CO4 450 2 —_ 57.8 0.081 Adsorbent (Zhu, L. et al., 2018)

600 541.91 0.339

750 814.89 0.478
Poplar chips AlCl, 550 2 20:1 418.14 0.413 Adsorbent (Yin et al., 2018)
Wood residues KOH 900 2 1:1 1700 0.75 Adsorbent (Braghiroli et al., 2019)
Bio-oil CaO 800 2 1:1 1688 1.68 Energy storage (Li, Xiaowen et al., 2020)
Bio-oil MgO 800 2 2:1 1409 1.689 Supercapacitor (Li, J. et al., 2019)
Bio-oil Calcium citrate 800 2 2:1 922 0.182 Adsorbent (Zhang, H.Y. et al., 2022)
Waste phoenix KOH 700 2 2:1 1344.45 0.637 Energy storage (Lv et al., 2024)
leaves ZnCl, 1297.35 0.826

H,PO, 1062.74 1.077
K,CO,4 891.38 0.427

bonisation of the feedstock and subsequent activation of the carbonised
product using chemical reagents or pretreatment of the biomass using
chemical reagents before carbonisation (Cheng, J. et al., 2021).

4.2.1. Impact of activation agent

The type of activating agent used is directly linked to the functional
groups created (Table 4.2). Common chemical activations include acid
activation (Fu et al., 2024), alkali activation (Peter et al., 2021), and
metal and metal oxide activation (Manfrin et al., 2021). Acid treat-
ment of biochar serves two purposes. Firstly, acid treatment can remove
impurities from the biochar surface and enhance its physicochemical
characteristics, such as porosity and available surface area (Jia et al.,
2024). HCl is an effective inorganic acid that has been employed at dif-
ferent stages of biochar activation. Lu et al. found that treating wheat
straw biochar with HCI increased its specific surface area from 4.36 to
43.86 m?/g, as well as the accessible pore space. This led to a 60 % in-
crease in the adsorption capacity of nitrobenzene (Lu et al., 2022). Sec-
ondly, acid activation introduces several oxygen-containing functional
groups (such as amino and carboxyl) to the biochar’s surface. In another
study, HNO; treatment was shown to improve the number of carboxyl,
carbonyl, hydroxyl, and nitro functional groups in biochar, which en-
hanced the removal of Na* from the salt solution (up to 81.92 % re-
moval) (Tan et al., 2023). In addition, HNO; modified biochar retains
more adsorption sites and enhances chemisorption (Liu, C. et al., 2021).
Compared to other acidic chemical activators, H;PO, is less corrosive,
leaves less harmful residue after activation, and is more environmentally
friendly. A possible chemical reaction pathway for H;PO, activation was
first proposed by Yang et al. As is shown in Fig. 4.3, H3PO, preferen-
tially reacts with reactive oxygen-containing groups, followed by fur-
ther reaction with carbon fragments, resulting in the removal of signif-
icant amounts of oxygen and carbon from biomass, while creating new
vacancies. H;PO, then introduces phosphorus and new oxygen moi-
eties into the phosphorus-doped biochar, forming abundant phosphorus-
containing groups (including C-O-P, C-P-O, C3-P-O groups), and simulta-
neously creating a highly developed mesoporous structure (i.e. 1089.33
m?/g) (Yang, H. et al., 2022).

Alkaline activation is achieved by soaking or mixing biochar
or biomass at different alkali concentrations for about 6-24 hours
at 25-100°C, depending on the specific raw material (Panwar and
Pawar, 2020). Commonly used alkaline activators mainly include
sodium hydroxide and potassium hydroxide. Alkaline activation of
biochar enhances surface area and porosity, while generating additional
oxygenated functional groups on the biochar surface (Yuan, X. et al.,
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2022). Chen et al. elucidated the chemical activation process of KOH and
presented a potential reaction pathway between KOH and oxygenated
functional groups. KOH reacted with oxygen-containing groups in the
biomass during pyrolysis, resulting in the formation of multiple vacan-
cies. In addition, KOH interacts with carbon pieces that are more stable
to create empty spaces. The OH™ ions from KOH fill these empty spaces,
forming significant new oxygen-containing functional groups, namely
C=0, -OH, C-0, 0-C=0, and -COOH groups. When KOH reacts with
biomass at elevated temperatures, it produces several gaseous products
and potassium substances (K,COs3, K,0), which form well-developed
pores, resulting in a noticeable increase in specific surface area (from
26.98 to 1351.13 m?/g). The oxygen-containing groups were further
converted into more stable -OH, C-O, and -COOH groups (Chen, W. et al.,
2020). Compared to KOH, NaOH is less corrosive and more economically
viable for carbon activation. Activation of rice husk biochar with NaOH
resulted in a narrow range of pores in the samples with a specific sur-
face area seven times higher than that of the pristine biochar (Ray et al.,
2023). It is worth noting that NaOH has an excellent chemical activation
effect on biochar and also has a positive activation effect on the produc-
tion of activated carbon from heavy components of bio-oil (HCBO). Zhu
et al. employed NaOH as the activating agent and HCBO derived from
rice husk pyrolysis as a carbon source to prepare high-performance hier-
archical porous carbon (PC) via a two-step activation process (pyrolysis
followed by activation) (Zhu, Y.W. et al., 2022). When the mass ratio of
NaOH to heavy bio-oil-derived carbon precursor was 3:1, porous carbon
exhibited the highest specific surface area (2826 m?/g), maximum total
pore volume (1.78 cm3/g), and abundant oxygen-containing functional
groups.

Similarly, the impregnation of biochar with metals/metal oxides
can also enhance oxygen-containing functional groups and pore prop-
erties. It has been reported that impregnating biochar with metal ox-
ides (such as MnO, ZnO, CaO, MgO and FeO) and metal salts (e.g.,
AlCl5, LaCl;, MgCl,, KCl, FeCl, and Calcium citrate) might boost the
adsorption capacity of negative ions (dos Reis et al., 2022; Sizmur, T.
et al., 2017; Wang, S. et al., 2015). Recently, Lee and Shin modified
biochar via acidic and alkaline treatment, and impregnation with man-
ganese oxide (MnO,), and iron oxide (FeOx) (Lee and Shin, 2021).
The results showed that manganese oxide impregnation led to signif-
icant changes in functional groups (e.g. aromatic rings, Mn-O, -OH)
and specific surface area. The biochar prepared by MnO impregnation
showed excellent adsorption capacity for heavy metals (> 9.15 mg/g).
The effect of different metal salts (AlCl;, FeCl;, and MgCl,-6H,0) on
the impregnation of biochar and its ability to capture CO, was investi-
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Fig. 4.3. Possible chemical reaction pathways for H;PO, activation during biomass pyrolysis (Yang, H. et al., 2022).

gated in a study by Gao et al. The metal-biochar composites showed
higher CO, capture capacity compared to pristine biochar (MgO-
biochar: 63.69 mg/g, AIOOH-biochar: 71.05 mg/g, Fe,05-biochar:
66.57 mg/g).

Notably, despite the largest surface area of Fe,05-biochar, AIOOH-
biochar showed the highest adsorption. It is due to the microporous vol-
ume of AIOOH-biochar (0.37 cm®/g) compared to Fe,05-biochar (0.33
cm?3/g), and the higher number of smaller micropores contributing to
CO,, capture (Creamer et al., 2016). Li et al. used CaO to activate HCBO
to prepare PC, and investigated their hydrogen storage performance
(Li, X.W. et al., 2020). At 0.1 MPa and 77 K, the hydrogen adsorption
capacity of PC could reach up to 199.79 cm?/g, surpassing the H, ad-
sorption performance of commercial activated carbon. Li et al. used MgO
and HCBO to prepare PC via a simple and economical one-step activa-
tion method, which were then applied as electrode materials in the field
of energy storage (Choudhary et al., 2019). It is worth noting that PC ob-
tained by activation at 800 °C for 2 hours demonstrated a large specific
surface area (1167-1409 m?/g), well-defined hierarchical porous struc-
ture, and abundant oxygen-containing functional groups. It is clear that
metal oxides have excellent activation properties for the preparation of
porous carbon from heavy oil, while organic salts also display positive
effects. Zhang et al. utilised organic calcium salts (calcium citrate) as
activators to prepare PC via a one-step templating method, which were
then used in adsorbing large molecule dyes (Methylene Blue, MB) from
wastewater (Zhang, H.Y. et al., 2022). When the mass ratio of template
agent to heavy oil was 2:1, the specific surface area and total pore vol-
ume of PC reached their maximum values upon activation at 800 °C,
reaching 922 m?/g and 0.182 cm?3/g, respectively. At pH = 12, PC ex-
hibited the maximum adsorption capacity for MB (411 mg/g), surpass-
ing commercial activated carbon by 28 %.

Yuan et al. compared the environmental impacts of three activa-
tion pathways for producing waste PET plastic-derived porous carbon
(Yuan, X. et al., 2022). Combining the results of life-cycle assessment
(LCA) and techno-economic assessment (TEA) showed that the phys-
ical CO, activation pathway had a lower environmental impact (in
terms of CO, equivalent emitted) and was more economically viable for
industrial-scale applications than the two chemical activation pathways
studied (KOH, KOH/urea).
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4.2.2. Impact of activation temperature

During the chemical activation of biochar, the activation tempera-
ture affects the surface structure of biochar. Deng et al. investigated
the effects of different carbonization and activation temperatures on the
properties of gas and solid products (Deng, L. et al., 2024). The results
showed that the emission of CO, CH,, and H, were significantly affected
by the activation temperature and the degree of carbonization. In addi-
tion, the activation temperature could increase the nanopore size. The
specific surface area of the biochar increased with increasing activa-
tion temperature, with the optimum sample displaying a surface area
of 3567.33 m?/g. Notably, the oxygen concentration decreased with in-
creasing activation temperature, and the oxygen-containing structure
could be constructed by raising the carbonization level.

Also, Patra et al. investigated how activators such as steam and KOH,
temperatures ranging from 700 to 900°C, and activation period between
60 and 120 min, affect the activation of biochar. Among these, the ac-
tivator and activation temperature were realised to have a more pro-
nounced effect on surface area (Patra et al., 2021). Similarly, Wang
et al. found that the self-gasification reaction activity of biochar was
closely related to the activation temperature and atmosphere (Wang, D.
et al., 2019). Oxygen activation at lower temperatures favoured self-
gasification and volatile reforming of biochar.

4.2.3. Impact of activation time

Variation in activation time has a strong effect on the structure of
biomass. An excessive activation time may reduce the overall pore vol-
ume and average pore size, potentially leading to pore collapse. Activa-
tion time is an important parameter that affects the capacity of biochar.
A study by Iberahim et al. showed an increase in the adsorption ca-
pacity of biochar for activation times ranging from 30 to 60 min re-
action time (Iberahim et al., 2019). However, the adsorption capacity
decreased with an activation time of more than 90 min. The study found
that the activation time may severely influence and potentially control
the pore size distribution of biochar adsorbents. Prolonged activation
time can also lead to impaired surfaces (Iberahim et al., 2019). Sim-
ilarly, Genuino et al. examined how varying KOH content, activation
temperature, and activation time impacted the specific surface area of
activated biochar (Genuino et al., 2018). They discovered that initially,
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the activation period did not influence the biochar pore volume. How-
ever, extending the activation time to 90 min resulted in a significant
reduction in pore volume caused by charcoal sintering.

Tan et al. explored the interaction effect of different independent
variables on the efficiency of Nat removal by biochar after HNO; treat-
ment (Tan et al., 2023). The results showed that activation time and
temperature were important parameters affecting the Nat removal ca-
pacity of biochar. The significant interaction effect between HNO; con-
centration and treatment temperature was reflected in the small area
of the contour plot (Fig. 4.4a). Low HNO; concentration and longer ac-
tivation time exhibited higher Na* removal efficiency (Fig. 4.4b). The
optimal interaction between activation temperature and activation time
had a positive effect on the maximum removal efficiency of Nat from
the salt solution (Fig. 4.4c) (Tan et al., 2023).

4.2.4. Effect of chemical loading

Chemical loading can significantly affect biochar activation. In a
study, the surface area and micropores of biochar were seen to initially
increase with the loading of chemicals and reduced upon further in-
crease in loading (Li, S. et al., 2021). Ding and Liu discovered that ex-
cessive activation caused the disintegration of the char wall structure
and a reduction in the specific surface area (Ding and Liu, 2020). As the
ratio of KOH to biomass increased from 1:1 to 1:4, the biochar’s specific
surface area reduced from 60.2 m?/g to 16.4 m?/g, and the total pore
volume decreased from 0.16 cm3/g to 0.07 cm3/g.

Lin et al. created a high-capacitance material from rice husk by ac-
tivating it with KOH. Here, both specific surface area and specific ca-
pacitance were initially improved, but they suffered a reduction as the
KOH ratio increased. The most specific surface area achieved was 3263
m?/g, whereas the highest specific capacitance reached was 330 F/g.
Notably, the activating reaction was accelerated and led to the forma-
tion of more micropores due to the higher ratio of KOH to biochar and
therefore, increasing the specific surface area and specific capacitance.
However, when the ratio of KOH to biochar exceeded 4:1, the activation
process occurred too fast, resulting in severe etching and damage to the
pores that were created (Liu, D. et al., 2016).

4.2.5. Mechanisms of chemical activation

The mechanism of chemical activation of biochar refers to the pro-
cess of introducing a series of activators (e.g. H3PO,, ZnCl,, KOH) to
influence the pyrolysis reaction during the preparation of biochar and
to transform the original carbon material into activated carbon with spe-
cific structure and properties (Sajjadi et al., 2019). The activator plays a
number of key roles in the process (Fig. 4.5): 1. Catalytic effect: The ac-
tivator can reduce the activation energy of the pyrolysis reaction so that
the reaction can be carried out at a lower temperature. It helps gener-
ate more volatile gases, hence enhancing the pore structure and specific
surface area of the biochar. 2. Charcoal structure rearrangement: In the
process of chemical activation, the charcoal structure of biochar will
also be rearranged. This rearrangement can make the carbon structure
of biochar more orderly and improve thermal and chemical stability. 3.
Etching: Some elements in the activator (e.g. P, Zn, K) can react with
the carbon atoms in the biomass to form a new chemical bonding struc-
ture. During the pyrolysis process, these elements will escape from the
biochar, leaving a large number of holes in the carbon matrix, hence
further improving the porosity of the biochar (Lee and Kim, 2023). 4.
Surface modification: Chemical activation can alter the kind and quan-
tity of functional groups present on biochar’s surface. Functional groups
such as carboxyl, hydroxyl, and carbonyl can improve the adsorption
performance of biochar, making it more adsorptive to specific chemical
species (Zhang, C. et al., 2023).

In summary, the chemical activation mechanism of biochar involves
various aspects, including thermal catalysis, carbon structure rearrange-
ment, etching, and surface modification. These processes together de-
termine the performance and end application potential of the produced
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biochar. An in-depth study of these mechanisms can provide theoretical
and technical support for biochar preparation and application.

4.3. Combined physical and chemical activation

The combination of physical and chemical activation methods is
commonly referred to as physicochemical activation, as depicted in
Fig. 4.6. This approach often yields activated biochar with textural and
chemical characteristics that differ from those obtained through the use
of chemical or physical activation methods alone. Based on the discus-
sions in the preceding sections, it is evident that chemical activation
typically requires substantial quantities of toxic and corrosive chemical
activating agents (Yuan, X. et al., 2023), while physical activation may
result in biochar with a lower specific surface area (Zhang, Z. et al.,
2020). Consequently, the employment of a physicochemical activation
method aims to address the shortcomings of both aforementioned acti-
vation techniques. The synergy of these activation methods is believed to
have the capability to produce activated biochar with adjustable poros-
ity and higher yields, making it more versatile and holding significant
promise for practical applications (Nasri et al., 2015).

The most common method for preparing activated biochar through
physicochemical activation involves impregnating biochar with chemi-
cal activating agents, followed by CO, or steam activation (Kong et al.,
2022). During this activation process, both the chemical activating
agents and oxidizing gases are employed simultaneously, thereby influ-
encing the final characteristics of the resulting activated biochar. From a
perspective of sustainability and cost-efficiency, the use of physicochem-
ical activation methods can reduce the consumption of corrosive chemi-
cal activating agents without compromising the micro-porosity of mate-
rials (Adlak et al., 2021). Furthermore, the combination of chemical and
physical activation methods plays a vital role in achieving the desired
specific surface area and pore volume of the prepared activated biochar
(Adlak et al., 2021). This hybrid activation method has extensively been
discussed, and its specific mechanisms have also been reported. Taking
the common sequence of chemical activation followed by physical ac-
tivation as an example, in the chemical activation stage, metallic ions
permeate the char’s matrix, creating a porous network primarily com-
posed of micropores. Subsequently, in the continued use of the physical
activation method, activating gases diffuse within the micropores, en-
larging the micropores into mesopores or even macropores, ultimately
achieving the desired pore characteristics (Alharbi et al., 2022; Yuan, X.
et al., 2023). This preparation process is versatile and can be used with
various precursors, with the resulting activated biochar having potential
applications in different areas (Hu et al., 2003; Yuan, X. et al., 2022).

The process of blending precursors or carbonized products with
chemical activating agents, subjecting them to heat treatment, followed
by cooling to room temperature, cleaning, and drying, and subsequently
undergoing physical activation in an oxidizing gas atmosphere can be
succinctly described as a typical two-step physicochemical activation
process. Table 4.3 summarises some of the works done adopting this ap-
proach. It is noticeable that the temperature remains relatively low dur-
ing the chemical activation step, whereas higher temperatures are fre-
quently applied in the physical activation step. Physicochemical activa-
tion consistently yields samples with a larger proportion of mesopores,
primarily attributed to the subsequent physical activation phase, which
allows the primary pore structure created during chemical activation to
further develop (Prauchner and Rodriguez-Reinoso, 2008). In a study,
peach stones were initially treated with H3PO, during the chemical acti-
vation step, followed by further physical activation at elevated temper-
atures using CO,. The resultant granular activated carbons exhibited a
wide range of pore size distribution, and in comparison to the chemical
activation method, the samples prepared using the two-step physico-
chemical approach demonstrated a higher proportion of mesopores (up
to 1.3 cm3/g) (Molina-Sabio, M. et al., 1996) in research involving seed
hulls as precursors, a chemical activation process employing K,CO5 as
the chemical activating agent was followed by physical activation with
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Fig. 4.5. Chemical activation enhances the properties and
performance of biochar (Rajapaksha et al., 2016).
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Fig. 4.6. Schematic diagram of typical physicochemical activation methods and their relationship with chemical and physical activation methods (Li, W. et al.,

2022).
Table 4.3
List of recent studies on two-step physicochemical activation method.
Precursor Chemical activation Physical activation Application Ref
Agent Mixing mass Ramping  Activating  Holding Agent Ramping  Activating Holding
ratio rate temperature time (h) rate temperature time (h)
(°C/min) ({9} (°C/min) (O]
Peach stones H;PO, 0.66, 0.95, - 450 4 CO, - 825 3-20 - (Molina-Sabio, M.
1.08, 1.14, et al., 1996)
2.88
Olive stones H;PO, 0.66, 0.89, 1 800 2 CO, - 750 - Storage of (Molina-Sabio et al.,
1.11,1.33 methane. 2003)
Coconut shell H;PO, 0.28 1 450 2 Co, 5 750 - Adsorption of (Prauchner and
methane. Rodriguez-
ZnCl, 0.52 500 Reinoso, 2008)
Seed hulls K,CO3 0.5-2 - 600 - CO, - 650-850 0.5-2 Adsorption of (Garba et al., 2015)
malachite green
dye.
Empty fruit H,S0, 0.75, 1, 10 400 1 CO, 10 900 1 Adsorption of (Ooi et al., 2017)
bunch fiber 15,2, 4 urea.

CO,. Characterization results similarly indicated that the produced ac-
tivated biochar was mostly mesoporous, with a substantial specific sur-
face area and high monolayer adsorption capacity (Garba et al., 2015).
Some studies also suggest that after undergoing further physical activa-
tion, the produced activated biochar exhibits an increase in micropore
volume. However, this is accompanied by a decrease in bulk density,
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meaning that performing physical activation at high temperatures can
significantly reduce the yield of the final product (Molina-Sabio et al.,
2003). In the preparation process of activated carbon fibres, a two-step
physicochemical activation method was applied, resulting in materials
with uniform macropores and thick channel walls (Ooi et al., 2017).
Characterisation of the samples and performance comparisons consis-
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Table 4.4
Details in typical research using one-step physicochemical activation method.
Precursor Chemical activation Physical activation Application Ref
Agents Mixing ratio Ramping rate Activating Agent Holding time (h)
(°C/min) temperature (°C)

Coconut shells  ZnCl, 0.25-3 10 800 co, 2-3 - (Hu and

and palm seeds Srinivasan, 2001)

Fir wood KOH 1 10 780 CO, 0, 0.25, 0.5, 1 Adsorption of dyes (Wu and
and phenols from Tseng, 2006)
water.

Coconut husk KOH 0.01, 1, 2.45, 10 698.87, 750, CO, 0.32,1, 2, 3, Removal of (Tan et al., 2008)

3.90, 4.89 825, 900, 3.68 methylene blue from
951.13 aqueous solutions.

Rambutan peel KOH 2.9 - 778 Cco, 1.7 Removal of (Ahmad and
malachite green dye Alrozi, 2011)
from aqueous
solution.

Coffee grounds  KOH 1 5 800 CO, 1 Adsorption of phenol  (Laksaci et al., 2017)
and methylene blue.

Rice husk KOH 2,3, 4 5 600, 700, 800 Co, 0.5,1 Removal of copper. (Cuong et al., 2019)

Coconut shells H3;PO, 0,05,1,2 5,10 800 CO, - Adsorption of
benzene. (Zhang, Zongbo et al.,

2020)
0il palm shells  H;PO, 0.6-3.4 10 601-799 Steam 3 - (Kouotou et al.,
2013)
Neem wood KOH 1 10 800 Steam 1 Adsorption of (Adlak et al., 2021)

methane.

tently provide clear insights into the role of incorporating the physical
activation step. This approach allows for the selection of more suitable
preparation process parameters for practical application scenarios.

In comparison to the two-step method, the one-step physicochemi-
cal activation process is straightforward. The general procedure involves
mixing precursor materials or carbonized products with chemical acti-
vating agents. Initially, the mixture is heated to a specified temperature
in an inert gas atmosphere such as N,. Subsequently, the gas is switched
to the corresponding oxidizing gas, such as CO, or steam. Therefore,
one-step physicochemical activation methods often opt for higher heat-
ing temperatures to align with the conditions required for physical ac-
tivation. General experimental results consistently demonstrate that the
one-step physicochemical activation process can yield activated biochar
samples with a high surface area. It is noteworthy that samples obtained
through this treatment typically exhibit substantial mesopore content.
For example, coconut shell- and palm seed-derived biochar have been
simultaneously activated by ZnCl, and CO,, with both surface area and
pore contents being controlled by adjusting the preparation conditions.
Adsorption experiments involving different-sized adsorbates (including
phenol, methylene blue, and erythrosine red) have been conducted, re-
vealing high capacities for larger adsorbates, confirming the presence of
samples with significant mesopores (up to 1.364 cm3/g) (Hu and Srini-
vasan, 2001). Activated biochar prepared by heating H;PO,-loaded co-
conut shells in a CO, flow has also exhibited superior mesopore volume
(up to 0.929 cm3/g), in addition to a large surface area and pore vol-
ume (Hu et al., 2003). Comparative experiments in this context have
established that both chemical and physical activation contribute to the
development of activated biochar, with the latter playing a more domi-
nant role. The synergistic effect of KOH and CO, activation has also been
observed to substantially enhance the microporosity of the prepared
samples, as documented in existing literature. Specifically, research has
demonstrated that when coffee ground-derived biochar is activated us-
ing KOH in the presence of CO,, there is a noticeable enhancement in the
porous structure, including increased pore volume and specific surface
area. Furthermore, this activation process has been shown to boost mi-
croporosity and augment the adsorption capacity of organic molecules
(Laksaci et al., 2017). Activated biochar prepared from oil palm shells
via physicochemical activation was predominantly found to be microp-
orous and mesoporous, with H3PO, and steam serving as the chemical
and physical activation agents, respectively (Kouotou et al., 2013).
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Further details regarding the utilisation of the one-step physicochem-
ical activation method can be found in Table 4.4. In summary, the poros-
ity characteristics of the resulting samples, including specific surface
area, pore volume, and meso/micropore ratio, can be finely tuned by
controlling key process parameters during the activation process. The
use of one-step physical activation methods provides considerable flexi-
bility in this regard. Notably, it has been reported that activated biochar
derived from rice husks with a high specific surface area and a predom-
inantly mesoporous structure can be achieved by adjusting the KOH
impregnation ratio, activation time, and temperature under a CO, at-
mosphere (Cuong et al., 2019). In similar studies, it has been observed
that CO, activation leads to an increase in both pore volume and surface
area, with the activation time using CO, impacting the surface chem-
istry of the resulting activated biochar samples (Wu and Tseng, 2006).
It has been reported that, compared to activation time, CO, activation
temperature has a more pronounced impact on the yield of activated
biochar (Tan et al., 2008). These findings collectively underscore that
process parameters employed in the CO, activation step significantly
influence the properties of the product in the one-step physicochemical
method. In another study, it was noted that the contribution of CO, ac-
tivation to pore development in samples is greater than that of chemical
activation using H3PO, (Zhang, Zongbo et al., 2020). Consequently, the
use of physicochemical activation methods not only reduces the reliance
on harmful chemical agents but also ensures enhanced sample proper-
ties, potentially resulting in higher specific surface area and porosity
compared to chemical activation alone (Adlak et al., 2021). Physico-
chemical activation is linked to excellent adsorption performance, es-
pecially liquid phase adsorption (Ahmad and Alrozi, 2011; Tan et al.,
2008; Wu and Tseng, 2006; Zhang, Zongbo et al., 2020).

Adoption of physical activation followed by chemical activation to
prepare activated biochar have less commonly been studied. Waste palm
shells were used as the precursor in steam activation at temperatures
ranging from 550 to 600°C. This was then followed by mixing the acti-
vated sample with KOH and heating to complete the chemical activation
step. The results revealed that the activated biochar obtained through
the physicochemical activation method exhibited the highest pore sur-
face area and dichlorination efficiency (Shi et al., 2022). Empty fruit
bunches have also been used as precursors, undergoing physical activa-
tion followed by chemical activation to obtain activated biochar. The
high surface area products obtained were considered valuable for use
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in sustainable environmental remediation (Kong et al., 2022). Steam
activation is generally carried out at lower temperatures compared to
CO, activation, making subsequent chemical activation at higher tem-
peratures more feasible. For this reason, CO, activation is generally less
desirable in physicochemical activation processes.

5. Biochar modification

The properties and cost of biochar determine its ultimate applica-
tions. Original biochar often yields poor performance due to its unsatis-
factory surface morphology and the scarcity of surface functional groups
(Huang et al., 2021). The characteristics of biochar, such as its morphol-
ogy, porosity, and surface chemistry, cannot be effectively controlled
using traditional conversion methods, limiting its widespread applica-
tion (Cheng et al., 2017). Therefore, biochar is often modified to alter its
surface properties, endowing it with varied physicochemical character-
istics and enhancing the activity of specific functional groups within it.
This allows for improved performance in specific applications while re-
ducing costs (Cheng, N. et al., 2021). The primary aim of modification is
to load other elemental functional groups onto biochar. This can be cat-
egorized into three main types: heteroatom doping, heteroatom-metal
co-doping, and metal atom doping. Among these, heteroatom doping,
particularly focusing on the elements N, S, P, and B, has been the most
extensively researched, including scenarios where these elements are co-
doped. Metal atom doping can be subdivided into ordinary metal oxide,
hydroxide biochar materials, and magnetic biochar materials (Son et al.,
2018). Co-doping represents a combination of the two methods above,
where heteroatom-metal co-doping can endow biochar with more active
sites. Oxygen functional groups could be insertion points for doping het-
eroatoms, and metal doping serves as an effective approach to enhance
the functionality of biochar (Li, R. et al., 2019).

5.1. Doping heteroatom

Doping with heteroatoms in biochar can alter its morphology and
physical and chemical properties. The doping of biochar with het-
eroatoms can be categorized into single-atom doping and multi-atom
doping. Research on single-atom doping primarily focuses on four ele-
ments: nitrogen, sulfur, phosphorus, and boron. Similarly, multi-atom
doping research is concentrated on various combinations of these ele-
ments. The forms and uses of typical heteroatoms doped into biochar
are shown in Fig. 5.1.

5.1.1. Doping single heteroatom

5.1.1.1. Nitrogen doping. As a neighbour to carbon in the periodic ta-
ble and possessing a similar atomic size and chemical properties to car-
bon, nitrogen doping is the most extensively studied heteroatom doping
in biochar, which is shown in Fig. 5.1(I) (Ma, X. et al., 2019). Nitro-
gen can form relatively stable chemical bonds with carbon atoms in
biochar (Li et al., 2018), and the chemical bonds formed between ni-
trogen and carbon do not significantly alter the spatial structure of the
original biochar (Yuan et al., 2016). Therefore, N doping can avoid the
side effects caused by excessive deformation of the biochar structure
(Bamdad et al., 2021). Biomass rich in N elements can incorporate N-
containing functional groups into biochar through direct pyrolysis. N-
rich biomass leads to higher nitrogen content in biochar (Wang, Y. et al.,
2023). Amino acids tend to transform into NH;, while protein-N or other
N-containing components can increase the content of N-containing func-
tional groups in biochar (Sun, Z. et al., 2023). Biomass with low nitrogen
content requires introducing an external nitrogen source for N doping
in biochar (Xu, Y. et al., 2023), such as using urea, melamine, and NH;
(Shao, J. et al., 2018). Also, biomass can be impregnated with other
nitrogen-containing substances before pyrolysis, or biochar can be ball-
milled with ammonium hydroxide (Xu et al., 2019). After N doping,
the N-containing functional groups on the biochar surface mainly ex-
ist as five-membered rings, six-membered rings, and heterocycles. Inor-
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ganic N-containing functional groups mainly include NH;—N, NO,—N,
and NO3—N. In contrast, organic N-containing functional groups have
pyridinic-N, pyrrolic-N, quaternary-N, pyridine-N-oxide, graphitic-N,
amine-N, amide-N, nitrile-N, etc. (Chen et al., 2018). These N-containing
functional groups are primarily formed through direct cyclization reac-
tions, dimerization reactions, dehydration, dehydrogenation, and deam-
ination (Chen, W. et al., 2017; Chen et al., 2018).

Several factors can influence the amount of N-containing functional
groups on the biochar surface. As the pyrolysis temperature increases,
the nitrogen content in biochar tends to decrease, leading to a reduction
in the N/C ratio (Chen, J.-M. et al., 2017). This change is accompanied
by increased aromaticity and decreased polarity (Wei et al., 2015), with
unstable nitrogen species transforming into more stable ones (Chen, W.
et al., 2017). For instance, at higher temperatures, the transformation
of pyrrolic-N into pyridinic-N and quaternary-N, as well as the conver-
sion of C=N and C=0 groups into C—N groups, is facilitated through
polymerization and condensation reactions (Yu et al., 2018). This phe-
nomenon becomes more pronounced at higher temperatures (Wang, X.
et al., 2015). Similarly, higher pressure leads to the polymerization and
cyclization of N-containing functional groups, developing more stable
N-containing components. Excessively high pyrolysis pressure can cause
the volatilization of some N-containing functional groups, forming HCN
and NH,, thereby reducing the nitrogen content in biochar (Chen et al.,
2019).

The content and types of N-containing functional groups in biochar
are closely related to its application performance. N doping can en-
hance the performance of biochar in adsorption, catalysis, and as an
electrode material. For example, Wang et al. (Wang, H. et al., 2016)
demonstrated that N-doped carbon quantum dot solar cells prepared by
pyrolysis of different ratios of ammonia and citric acid achieved a higher
power conversion efficiency of 0.79 % under AM 1.5 G full sunlight, the
higher efficiency in carbon quantum dot solar cells to date. He et al.
(He et al., 2023) used urea to introduce abundant nitrogen elements
and N-containing functional groups into biochar, finding that the ad-
sorption capacity for SO, was closely related to quaternary-N, C—N, and
N-H groups (Li et al., 2024). The adsorption capacity for CO, largely
depends on the content of N-containing functional groups. The pres-
ence of amine-N significantly influences the adsorption of heavy metals
and CO,, primarily through electrostatic attraction, hydrogen bonding,
chelation, and collateralization, providing active sites for heavy metal
adsorption (Guo et al., 2023). Ho et al. (Ho et al., 2019) used Spir-
ulina residue extracted from C-phycocyanin (C-CP) as a raw material.
They prepared N-doped biochar through pyrolysis and proved that high-
salt Spirulina residue could be perfectly transformed into a green N-
doped biochar catalyst for PDS activation and SMX oxidation. Guo et al.
(Guo et al., 2016) demonstrated that the specific capacitance of layered
porous N-doped biochar, using ammonia as the nitrogen source, was
significantly higher than that of non-N-doped porous and non-active N-
doped biochar.

5.1.1.2. Sulfur doping. Sulfur doping biochar is gradually gaining atten-
tion in current discussions. However, the sulfur content in biomass itself
is relatively low. S in biomass can be categorized into organic S (organic
compounds with carbon-sulfur bonds such as C-S, -C-S-C-, C=S, thio-
phene, sulfone, sulfoxide, cysteine, and protein) and inorganic S (such
as sulfates, sulfides, bisulfites), and elemental S (Zhang, Zhiming et al.,
2020). These S forms transform into S-functional groups in organisms
and participate in the metabolic activities of life (Johansen et al., 2011).
Consequently, it’s generally not feasible to directly enrich biochar with
sulfur content through biomass pyrolysis. Therefore, S doping is an ef-
fective method to increase the sulfur content and abundance in biochar.
Park et al. (Park, J.-H. et al., 2019) prepared woodchip-based biochar
at 600°C using elemental sulfur as a co-pyrolysis reagent, increasing the
biochar’s sulfur content from 0.02 wt. % to 8.72 wt. %. Another method
involves adding S elements during secondary pyrolysis, incorporating
S-functional groups.
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Fig. 5.1. Diagram of common doped heteroatom forms and expected uses of biochar.

David et al. used rice husk-based biochar as a material and, after
adding elemental S, increased its S content from 0.2 % to 13.4 % fol-
lowing secondary pyrolysis (post-treatment of biochar) (O’Connor et al.,
2018). During pyrolysis, the organic and inorganic S in biomass ex-
hibit different transformation trends. New types of S-impregnation
are often used to prepare metal adsorbents and solid acid catalysts
(Huang et al., 2019). Additionally, plasma methods have been used to
dope S into biochar. In thermal plasma treatment, high reactivity and
temperatures lead to the dissociation of injected plasma gases. Plasma
forms functional groups by disrupting and regenerating molecular bonds
(Zhang, H. et al.,, 2019). The typical forms of sulfur in biochar in-
clude the carbon-sulfur bond (C-S and C=S), carbon-sulfur bridge (C-S-
C), poly-sulfur chain (R-S-S-), sulfonic acid (R-SO3H), sulfoxide (R2—
S$=0), sulfone (R-SO,-R) or oxidized sulfur (R-SOy, x = 2), thiol (R-SH),
thioether group (R-S-S-OR), thiophene (C,H,S), sulfur-metal (S-M), el-
emental sulfur (S), sulfite (S05%7), sulfate (SO,27), and sulfide (S*7),
which is shown in Fig. 5.1(II) (Saha and Kienbaum, 2019). Most sulfur
in biochar exists in the form of stable metal sulfides (inorganic S). Con-
sequently, only a tiny portion of sulfur is released into the gas phase
with low sulfur content (Liu, W.-J. et al., 2017).

Several factors influence the content of S-functional groups in
biochar, such as the type of raw material (Zhang, Zhiming et al., 2020),
the impact of inorganic elements or silicates in biomass (Liu, W.-J.
et al., 2017), and pyrolysis conditions, including pyrolysis temperature
(Cheah et al., 2014), residence time, pyrolysis atmosphere, and heating
rate (Knudsen et al., 2004). S-doping has numerous industrial applica-
tions. Park et al. (Park, J.-H. et al., 2019) reported that wood-based
biochar modified with elemental sulfur increased mercury (Hg2+) ad-
sorption capacity from 57.8 mg/g to 107.5 mg/g in aqueous solutions.
S-doped biochar has also been used to adsorb heavy metal ions like Cd
(Rajendran et al., 2019) and Ni (Higashikawa et al., 2016). S-doped
biochar can produce solid acids and catalysts, and it is widely applied
in various chemical reactions (Hara et al., 2004). Biochar with sulfur
exhibits considerable catalytic performance, and S-doped biochar can
serve as cathodes in lithium-sulfur batteries (Li et al., 2020). Zhang et al.
(Zhang, H. et al., 2019) modified biochar in an H,S plasma environment
to form various S-containing functional groups, including C-S, S=0O, or-
ganic sulfides, thiophenes, and sulfates. The modified biochar showed
3-4 times higher efficiency in removing mercury (Hg?*) than untreated
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biochar. Abd et al. (Abd El-Mageed et al., 2020) found that S-doped
biochar significantly increased the chlorophyll content in chili peppers
and promoted crop growth. The soil organic matter concentration in-
creased proportionally by adding biochar (Wu et al., 2019).

5.1.1.3. Phosphorus doping. Phosphorus doping in biochar is a promis-
ing type of biochar material due to its lower electronegativity and larger
covalent radius compared to N-doped and S-doped biochar (Cheng et al.,
2023). The low electronegativity and sizeable atomic radius of phospho-
rus are conducive to electron transfer and introduce more defect sites
in carbon materials (Suo et al., 2019). Doping with P atoms leads to
lattice distortion in carbon, where defect sites often have higher elec-
tron cloud density, thereby increasing the conductivity (Yang, H. et al.,
2022). These defect sites lower the energy barrier for catalytic reactions.
The pentavalent electrons of P atoms can form strong covalent bonds
with surrounding carbon atoms, endowing them with a solid electron-
donating ability (Yu et al., 2022). This enhances the reactivity of carbon
materials and alters their hydrophobicity, making phosphorus an excel-
lent doping element (Puziy et al., 2020). P covalently binds with carbon
and oxygen in five-membered forms, such as C3—P, C3—PO, C2—PO,H,
C—PO3H,, and C—O-PO3H, which is shown in Fig. 5.1(III) (Su et al.,
2022). These P-containing functional groups endow P-doped biochar
materials with many characteristics.

Compared to biochar materials without heteroatoms, P-doped
biochar materials have a hydrophilic acidic surface, and doping with P
improves the chemical stability of biochar materials. Introducing P into
the biochar structure can be categorized into three main approaches.
The first approach involves the thermal treatment of biomass precursors
mixed or chemically bonded with P-containing compounds. The second
approach includes modifying biochar materials with P-containing com-
pounds, usually at high temperatures. The third method involves the
co-deposition of carbon and P in the gas phase (Cheng et al., 2014).
Other factors influencing the P content include the atmosphere used
during the activation/modification process, biochar reactivity, poros-
ity, surface chemical properties, and the type of activator (Puziy et al.,
2017).

P-doped biochar materials significantly impact electrode materi-
als, catalysis, and pollutant adsorption. Li et al. used potassium phos-
phate (K;PO,) to impregnate soybean straw to prepare P-doped biochar,
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achieving pollutant removal from water and utilizing biofuel (Li, R.
et al., 2023). The resulting biochar demonstrated sufficient adsorption
capacity for sulfamethazine, and its calorific value makes it a viable
coal substitute. Zhou et al. adopted phosphoric acid treatment of fur-
fural residue (FR) and rapid pyrolysis to prepare P-doped biochar ma-
terials with an ultra-high mesopore ratio, narrow pore size distribu-
tion and large specific surface area (Zhou, X. et al., 2022). The ad-
sorption removal rate for methylene blue reached 97.2 %. Huang et al.
(Huang et al., 2023) added KH,PO, to the phosphorus doping process
of biochar, resulting in P-doped biochar that showed highly efficient ac-
tivation of PS and degradation of y-HCH, which was 10.5 times more
effective than biochar without P-doping. Su et al. (Su et al., 2022) cat-
alyzed the co-pyrolysis of Chlorella and waste cooking oil using P-doped
biochar, enhancing the formation of aromatics and hydrogen. The P-
doped biochar catalyst maintained good catalytic performance even af-
ter four cycles of reuse. Liang et al. (Liang et al., 2022) used phosphoric
acid to impregnate rice husk biomass. They prepared P-doped biochar
through a one-step pyrolysis method, which showed high adsorption ef-
ficiency for 2,4-D and other pesticide pollutants in the solution. Zhou
et al. (Zhou, M. et al., 2022) doped biochar with P from H;PO, using
a one-step pyrolysis method to remove elemental mercury (HgO) from
coal combustion flue gas. The P-doped biochar surface generated more
organic functional groups, particularly C—P=0 and C=0 groups, lead-
ing to a much higher mercury removal efficiency. The C—P=0, C=0, and
0O—-C=0 groups can act as electron acceptors, accelerating the electron
transfer process in the oxidation of HgO.

5.1.1.4. Boron doping. Boron doping biochar also has a relatively broad
range of applications, which is shown in Fig. 5.1(II). The element boron
possesses advantages such as being environmentally friendly, safe, and
cost-effective. It has a lower electronegativity and a similar atomic size
to carbon atoms (Gao et al., 2022), facilitating the formation of covalent
bonds with C and O atoms more efficiently during the high-temperature
preparation process (Qu et al., 2022). This makes it easier for B atoms
to be doped into the carbon lattice, enhancing graphitization (Xing, L.
et al., 2022). Different from doping elements like N and S, the elec-
tronegativity of B atoms is lower than that of carbon, leading to the
distribution of positive charges around carbon atoms when B is doped
into biochar (Keru et al., 2015). Unlike n-type dopants such as P, S, and
F, boron is a p-type dopant that can inhibit non-radiative transitions
through the electron absorption effect (Yuan et al., 2020). The forma-
tion of B—C and B—O bonds can introduce new defect edges and active
sites, modulating the electronic structure and chemical stability of the
carbon surface (Gao et al., 2022). B doping generally employs boric acid
as a precursor, incorporating B into biomass via a one-step or distributed
pyrolysis method. Phenylboronic acid is also used due to its relatively
high carbon content, making it an excellent carbon source (Shen and
Xia, 2014).

The most advanced B-doped biochar has been widely applied in mul-
tiple research areas, such as supercapacitors (Balaji et al., 2018), oxy-
gen reduction reactions (ORR), photocatalysis (Wang, Z. et al., 2018),
and electrochemical catalysis (Sawant et al., 2022). B-doped biochar
has potential applications in the field of optical sensors and can also
be used for information encryption and anti-counterfeiting applications
(Fu et al., 2023). Liu et al. (Liu, B. et al., 2020) studied the preparation
of B-doped graphitic porous biochar for activating persulfate to remove
sulfamethoxazole. Introducing B species enhanced the surface affinity
for PDS, increasing the electron transfer rate and resulting in excellent
catalytic capability while providing outstanding long-term durability.
Yang et al. (Yang et al., 2023) synthesized B-doped biochar using a one-
step method with boric acid H3BO5;. B doping optimized the textural
properties of the biochar, enhancing surface electron density and ex-
hibiting excellent adsorption performance for BSM. Pan et al. (Pan et al.,
2023) successfully synthesized B-doped biochar using tea seed shells and
boric acid through a thermal activation method, identifying —O—B—O—
groups as the primary active sites. This greatly influenced the reactivity
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of the biochar catalyst. The B atoms, acting as electron-deficient centres,
significantly changed the electron cloud density around the surround-
ing atoms, serving as adsorption sites and electron transfer channels for
PMS, thus accelerating electron transfer.

5.1.2. Doping two or more heteroatoms

Doping with heteroatoms in biochar isn’t limited to single-atom
doping. It also includes dual-atom or multi-atom doping methods.
Through various combinations, many multi-atom doping methods can
be achieved. Currently, the most extensively studied approach involves
co-doping with N atoms and other atoms, such as N/S and N/P co-
doping, along with many other co-doping forms, which is shown in
Fig. 5.1(IV).

Nitrogen/sulfur (N/S) co-doped biochar is one of the most common
co-doping methods. N has a higher electronegativity than carbon, while
S has a larger valence orbital, which can polarize on the graphite plane.
The coexistence of S and N in the biochar structure has been proven
to significantly alter its physical and chemical properties (Duan et al.,
2015). Computational analyses of the structure of N/S co-doped biochar
have shown that the presence of sulfur near pyridinic-N can enhance
electron transfer along the internal structure of the biochar (Yang, J.
et al., 2021). Moreover, N can also affect the characteristics of S in
biochar. For instance, pyrrolic-N can induce nearby S atoms to pro-
trude from the graphite plane, causing a change in the hybridization
state of sulfur from sp, to sp3 (Chen, L. et al., 2017). Other changes
caused by N/S co-doping may include a decrease in surface area (due
to a significant sulfur component blocking pores) and an increase in de-
fect sites. While an increase in defect sites is beneficial, reducing surface
area could decrease the number of catalytic active sites (Sun, Y. et al.,
2023). Due to the synergistic interaction between N and S, co-doping
with N and S can significantly improve the activation performance of
undoped and singly doped biochar in removing dyes, drugs, and pheno-
lic compounds (Oh et al., 2021). However, excessive S inhibit catalytic
activity. When an excess amount of sulfur is introduced into biochar,
charge density can significantly decrease, leading to the loss of active
sites. Therefore, a balanced amount of S and N is necessary to enhance
the catalytic effect of the biochar (Ding et al., 2020).

Nitrogen/boron (N/B) co-doped biochar has also garnered signifi-
cant attention from researchers. Unlike N with five valence electrons, B
only has three. Co-doping biochar with B and N provides opportunities
to disrupt the electronic structure, creating electron-deficient environ-
ments and active sites. If the coordination between B and N becomes
more robust, the electronegativity difference between these two atoms
could lead to significant polarization of B, resulting in partly positive
B that can act as adsorption sites for various electron-rich molecules
(Choong et al., 2022). The defect level in N/B co-doped biochar in-
creases with rising temperature, and the variation in bond distances
enhances the asymmetry in the electronic distribution of biochar. Hung
et al. (Hung et al., 2022) found that in N/B co-doped biochar, B is doped
in forms such as B0, B,03, BC,0, and B,03. The co-doping of N and B
promotes the reduction of biochar particle size and facilitates graphiti-
zation. This leads to the decomposition of carbonaceous material around
the heteroatoms, with B mainly doped in the form of B—C in biochar.

N/B co-doped biochar also has numerous industrial applications.
Zhang et al. (Zhang, T. et al., 2023) prepared N/B co-doped biochar
using diatomaceous earth, urea, and boric acid, with doped B primar-
ily existing in BC3, BC,0O, and BCO,. They used it to activate PDS in
polluted environments for atrazine removal, finding it highly effective
and versatile. Zheng et al. (Zheng et al., 2022) prepared N/B co-doped
biochar using activated carbon, nitric acid, and boric acid, which can
serve as a promising catalyst in the CTEG process to reduce NA wastew-
ater. Hung et al. (Hung et al., 2023) synthesized N/B co-doped lignin-
based biochar using lignin, urea, and boric acid to activate calcium per-
oxide for enhancing the removal of 4-nonylphenol organic micropol-
lutants from waste-activated sludge. The highest content of BCO, and
N-B-C in the biochar provided sufficient active centres to activate ROS
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production, thereby enhancing the catalytic reaction process for 4-NP
removal. Dou et al. (Dou et al., 2022) prepared N/B co-doped biochar
from wheat straw, urea, and boric acid, using it as a metal-free activa-
tor for persulfate (PDS) to degrade tetracycline, finding that pyridinic-N
and the BCy configuration might be necessary active sites. Yang et al.
(Yang et al., 2023) prepared an N/B co-doped biochar catalyst using
corn straw, urea, and boric acid. It was used under various experimen-
tal conditions for PDS activation and BSM degradation. Graphitic N and
BC3 were proven to be the main active substances for activating PDS
and removing BSM, providing positively charged carbon atoms.

Nitrogen/phosphorus (N/P) co-doped biochar holds excellent poten-
tial for various applications. After co-doping with N and P, the biochar
primarily exhibits bonding in the forms of C-O/C-P and C=0/C=N,
which consumes some oxygen elements to ensure the synergistic effect
of N and p-P (Yang, W. et al., 2018). The increase in the proportion of
C=C double bonds in N/P co-doped biochar suggests that N/P doping en-
hances the content of C=C, promoting the graphitization of the biochar.
Introducing these two elements changes the connectivity between car-
bon atoms in the material, facilitating the transition from amorphous
carbon to a more ordered crystalline carbon, thus improving the ma-
terial’s strength and hardness. Compared to singly doped biochar, N/P
co-doped biochar reduces C=0 content, indicating that N and P bonding
with carbon atoms replaces the original oxygen atoms in the material.
The significant increase in —OH content enhances hydrogen bonding in-
teractions (Zhu, Q. et al., 2022). A rough honeycomb layer, a multi-level
porous microstructure, and irregular and developed porosity character-
ize the surface of N/P co-doped biochar. These layers are thinner and
interconnected. This phenomenon is likely due to replacing some car-
bon atoms with N/P atoms after doping. N atoms are usually smaller
than carbon atoms, and these size differences can cause lattice distor-
tion, promoting the formation of a layered structure.

The introduction of N/P elements leads to an increased interlayer
spacing within the carbon framework, fostering the creation of defects
and active sites during activation. Chen et al. (Chen, A. et al., 2024)
used seaweed, K,CO5 as an activator, and ammonium polyphosphate
as an N/P co-doping agent to synthesize N/P co-doped biochar through
a one-step pyrolysis method, significantly enhancing the adsorption of
dibutyl phthalate by 25.39 %. Yang et al. (Yang, H. et al., 2022) pre-
pared N/P co-doped biochar by co-pyrolyzing bamboo with ammonia
and phosphoric acid, finding that H;PO, activation and NH; modifica-
tion of biomass can produce high N/P content mesoporous biochar with
a mesoporous structure. Zheng et al. (Zheng et al., 2020) prepared N/P
co-doped biochar from shrimp shells using H;PO, as an activator, show-
ing good oxygen reduction reaction performance. Xie et al. (Xie et al.,
2020) obtained N/P co-doped biochar from cellulose using (NH4),HPO,
as a N/P source, with N content of 4.3 at. % and P content of 10.66 at. %,
exhibiting excellent catalytic activity for the reduction of p-nitrophenol.
Bi et al. (Bi et al., 2021) prepared N/P co-doped biochar from rapeseed
cake using melamine and phytic acid as doping agents, combined with
K,COj5 activation, for use as an electrode material with a capacitance of
358 F/g. Chai et al. (Chai et al., 2017)found that the active N/P groups
in N/P co-doped graphene are effective active sites for the oxygen evo-
lution reaction.

In addition, multi-atom doping is mainly focused on nitro-
gen/sulfur/phosphorus (N/S/P) co-doped biochar. Yu et al. (Yu et al.,
2022) prepared N/S/P co-doped biochar by co-pyrolyzing bis(4-
hydroxyphenyl) sulfone and triphenylphosphine (PPh) with waste
shrimp shells. Co-doping enriches the surface catalytic sites of biochar,
enhancing its electron conductivity and enabling rapid activation of
PDS through an electron transfer pathway. This non-free radical path-
way further endows the N/S/P co-doped biochar system with the ability
to degrade pollutants selectively. Other dual heteroatom combinations,
such as P/S, P/B, and B/S, may also cause changes in biochar prop-
erties. However, reports in these areas are not as numerous, possibly
due to the difficulty of developing methods for co-doping biochar with
these elements. Although phosphorus has similar properties to N, it is
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harder to incorporate into the carbon structure due to its larger size.
Co-doping with P and S or B is expected to cause more significant per-
turbation to the biochar structure, thereby synergistically improving its
performance. Performance improvements attributed to P/S co-doping
have been observed in many applications, including catalyzing oxygen
reduction reactions (ORR) (Zhou et al., 2016), catalyzing aerobic oxida-
tion of benzyl alcohol (Patel et al., 2017), supercapacitors (Zhang et al.,
2016), and Na* adsorption. Concurrently, P/B co-doping on biochar can
increase its electronic conductivity. Computational studies on biochar
co-doped with P and B indicate that P dopants can form B—P bonds, in-
creasing the spin density around the dopant and reducing the bandgap
of biochar as a catalyst, potentially imparting higher activation perfor-
mance (Shao et al., 2020). Meanwhile, reports of B/S co-doped biochar
are scarce, possibly because the electronegativity difference between S
and C is relatively small, and its interaction with B is limited. However,
B/S co-doping in biochar can enable each to exert its individual effects
(Guo et al., 2018).

N can also be co-doped with selenium (Se) and silicon (Si) to en-
hance the catalytic activity of carbon catalysts. Due to its sizeable atomic
size and ease of polarization, Se can increase the defect sites of carbon
catalysts. Moreover, doping with Se can improve the electron-donating
properties of biochar, making it more conducive to activation reactions.
Zhang et al. (Zhang, K. et al., 2021) found that Se atoms have a higher
polarization rate and that carbon catalysts co-doped with N/Se exhibit
improved catalytic ORR activity compared to those co-doped with N/S.

5.2. Doping metals

The metal doping of biochar has garnered significant attention from
researchers due to the ability of certain metals to utilize oxygen func-
tionalities as anchoring sites, resulting in stable metal centres on the
surface of biochar (Liu et al., 2022; Rong et al., 2019). The introduction
of metals alters the surface electronegativity, dispersibility, and func-
tional groups of biochar (Zhuang et al., 2021). Metal-modified biochar
improves its application range and performance (such as pollutant ad-
sorption and catalysis), and also makes it easy to separate from the ap-
plication system (Chen, Y. et al., 2020; Chen, Y. et al., 2021). The metal
doping methods of biochar can be divided into single metal doping and
two or more metal doping.

5.2.1. Doping single metal

In terms of doping methods, in-situ reduction, impregnation, func-
tionalization, and ultrasonic dispersion can all enable biochar to con-
tact/react with metal solutions, as shown in Fig. 5.2. Subsequently, car-
bonization is often required to make the metal more effectively doped
on the surface of the carbon. Noble metals such as Ag, transition met-
als such as Fe, Co, Ni, and Cu, and other metals such as Al and Mg,
have been reported for use in the doping process of biochar, as shown
in Table 5.1.

Precious metals are often regarded as high-performance catalysts,
while biochar is often an ideal catalyst support material. Huang et al.
found that the oxygen-containing groups on the surface of biomass-
based carbon can provide the sites (-OH, -COOH, C-O-C) required for
in-situ reduction and stabilization of Ag sites (Jiang et al., 2021). The
Ag@C catalyst was applied to the conversion of 1-alkynes and N-
halosuccinimide (-Cl, -Br and -I) to 1-haloalkynes of diverse structures
with good to excellent yields up to 98 % at room temperature. In ad-
dition, transition metals such as Fe, Co, and Ni have also been widely
studied. Among them, doping of Fe and Co often helps biochar to im-
prove its adsorption/redox ability of heavy metal ions or organic pollu-
tants. Hu et al. (Hu et al., 2024) have prepared FeCl;-modified rice husk
biochar, which has higher surface positive charges, oxygen-containing
functional groups, and persistent free radicals. Therefore, it effectively
enhanced the Cr(VI) removal efficiency by 1.54- to 8.20-fold and the
Cr(VI) reduction efficiency by 1.88-9.29 fold compared to those of pris-
tine biochar. Dong et al. found that Co-doped coffee ground biochar ex-
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Table 5.1

Summary of existing reports on metal doping for biochar.

Raw material

Type of the metal

Doping method

Annealing conditions

Metal content

Application

References

Bamboo Ag In-situ reduction & 800°C; 2 h; N, 6.2-15.5 wt % Catalyst of halogenation (Jiang et al., 2021)
pyrolysis

Tree residue Ag Carbonization & 700°C; N, 0.31 wt% Supercapacitor (Kouchachvili and
impregnation & drying electrodes Entchev, 2017)

Olive pit Ag Impregnation & pyrolysis ~ 400°C; 15 min; 5.0 at% Anti-kinetoplast (Snoussi et al., 2022)

N,/H, (95/5 %)
mixture
Corn straw Fe Impregnation & pyrolysis ~ 600-800°C; 2 h; N, 23.03-40.35 at % Metal-cyanide complexes ~ (Wei et al., 2023)
adsorption

Cotton straw Fe Impregnation - 30.66 wt% Cd(1I) and As(V) (Zeng, L. et al.,

biochar adsorption 2023)

Local yard waste Fe Carbonization & 400-800 °C; 1 h; N, 7.46-9.00 wt % Redox of As(III)/Cr(VI) (Xu et al., 2022)
impregnation &
carbonization

Kapok fiber Co In-situ Co-MOF grafting 600-800 °C; 2 h; Ar 1.30 wt % Electromagnetic wave (Mai et al., 2023)

biochar & carbonization absorption

Rich husk biochar Ni Ni loading & calcination 700°C; 3 h; N, 6.54-8.58 wt % Catalytic gasification for ~ (Farooq et al., 2021)
& reduction H, production

Cellulose Ni Impregnation & 500°C; 1 h; N, - Supercapacitor (Paravannoor, 2018)
annealing

Wheat straw Mn Pyrolysis & impregnation ~ 700°C; 2 h; N, 0.17/0.40 wt % Tetracycline adsorption (Huang et al., 2020)
& pyrolysis/
impregnation & pyrolysis

Sewage sludge Cu Impregnation & pyrolysis ~ 450-750°C; 1.5 h; N,  2.76 at % Oxidative degradation of ~ (Yu et al., 2023)

bisphenol A
Six types of Mg Impregnation & pyrolysis 430 °C; 4 h - Nitrogen and phosphorus  (Jiang et al., 2019)
biomasses adsorption

hibited marked adsorption capacity and catalyst activity of tetracycline
from water (Nguyen et al., 2019). Its maximum adsorption capacity of
tetracycline can reach 370.37 mg g~!. Ni often helps catalyze biomass
gasification for hydrogen production (Yao et al., 2016). Zhang et al.
doped Ni, Fe, or Zn into biochar for wheat straw gasification-catalytic
steam reforming process and found that Ni-doped biochar showed ul-
trahigh carbon conversion efficiency (99.47 %) and high H, produc-
tion efficiency (1: 7.89 g CO,/g H,) (Kong et al., 2023). What’s more,
Mg-doped biochar has a good adsorption effect on phosphorus in water
(Shin et al., 2020).

5.2.2. Doping two or more metals

The bimetallic doping of biochar mainly focuses on the combina-
tion of Fe and other metals, with magnetic modified biochar as a repre-
sentative (as shown in Fig. 5.3), such as Fe-Ni doping (Li et al., 2017;
Wu et al., 2016; Xing, X. et al., 2022), Fe-Mn doping (Gao et al., 2021;
Gao et al., 2021; Xu, L. et al., 2023), Fe-Cu doping (Jin et al., 2023;
Peng et al., 2023; Shen, Y. et al., 2023), Fe-Al doping (Peng et al., 2021;
Tang et al., 2023), etc. Song et al. (Lin et al., 2017) used Fe-Mn mod-
ified biochar for efficient Arsenic removal in an aqueous solution and
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Fig. 5.3. . Common types of two or more metals doping for biochar.

found that Fe oxide had a strong attraction to As(V), while Mn oxide
(Mn30,4, Mn,05) promoted the oxidation of As(III) to As(V). Wang et al.
(Wang et al., 2024) modified biochar by Fe-Ni nanoparticles loading and
amination/hydroxylation, and the maximum adsorption capacity of the
modified carbon for Pb(II)/Cd(Il) is 4.30-4.79 times that of the pristine
biochar. This is due to the introduction of Fe-Ni nanoparticles and O/N-
containing groups, which promote complexation and electrostatic inter-
actions during adsorption. Moreover, Fe-based bimetal doped biochar
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Fig. 5.4. Diagram of the preparation process of biochar co-doped with heteroatoms and metals.

can be used as a bimetallic catalyst (like heterogeneous Fenton-like cat-
alyst) for the degradation of organic pollutants. Zhang et al. used Cu-Fe
doped biochar to remove rhodamine B dye through a Fenton-like reac-
tion and found that Cu(l) facilitated the reduction of Fe(III) to Fe(I),
resulting in a high catalytic oxidation efficiency (Shen, Y. et al., 2023).
In addition to Fe, Mg is often used to dope biochar with other metals, es-
pecially in the form of layered double hydroxides (Li, Shugqi et al., 2021;
Wang et al., 2021f). Gao et al. (Wan et al., 2017) functionalized and
doped biochar with different amounts of Mg-Al and Mg-Fe (3:1) layered
double hydroxides, and found that the composite material containing
40 % Mg-Al LDH had the best adsorption effect on phosphate, achieving
a 95 % phosphate saturation within 1 hour. However, there is currently
not much research on the doping of more metals. Yuan et al. synthe-
sized Fe-Ni—-Ce/biochar biomass pyrolysis volatiles catalytic reforming
syngas (H, + CO) and it showed high catalytic activity (Liu et al., 2023).
Shen et al. used spent lithium-ion battery leachate to modify biochar
by multi-metal doping, and the as-synthesized Ni-Co-Mn doped carbon
catalyst can promote the conversion of large molecular components in
cellulose pyrolysis to small molecular gases (Shen and Chen, 2022).

5.3. Co-doping heteroatoms and metals

Compared to biochar doped solely with metals or heteroatoms,
biochar co-doped with metals or heteroatoms possesses more active sites
and a greater affinity for pollutants. Metals can utilize oxygen func-
tional groups as anchoring points and achieve stable metal centres on the
biochar surface. The introduction of metals alters the surface electroneg-
ativity, dispersibility, and functional groups of biochar. Doping with
heteroatoms, including N, S, or P, effectively enhances biochar func-
tionalities (Li, R. et al., 2019). Metal and heteroatom co-doped biochar
(MHBCs) can be divided into two main categories based on the raw ma-
terials: internal doping and external doping. Internal doping refers to
MHBCs where metals and heteroatoms originate from the biomass waste
itself, with specific biomass containing these elements being relatively
rare (Yu et al., 2019). If any metal elements and heteroatoms on MH-
BCs come from external additives, the resulting MHBCs are considered
externally doped. Exogenous metal nanoparticles/composites and inor-
ganic metal salts typically provide the metal elements in MHBCs. Exter-
nal doping is more common in the manufacture of MHBCs (Pang et al.,
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2011). The two preparation processes of heteroatom and metal co-doped
biochar are shown in Fig. 5.4.

The pretreatment method for preparing metal and heteroatom co-
doped biochar involves treating the biomass with metal or heteroatom
substances, followed by the pyrolysis of the pretreated biomass waste.
Common additives for N doping in MHBCs include inorganics (such as
ammonia and ammonium salts) and organics (such as dicyandiamide,
melamine, urea, and aniline). Compared to various nitrogen additives,
elemental S is mainly provided by thiourea, sulfuric acid, and sul-
fates, while P doping in MHBCs is provided by phosphoric acid and
phosphates. Additionally, nano-composites containing metals and het-
eroatoms, such as FeS and MoS,, can be composite additives for prepar-
ing MHBCs (Liu et al., 2022). They mixed aquatic plants with high ni-
trogen absorption rates in eutrophic water with magnesium chloride so-
lution and rapid pyrolysis to obtain MHBC (MgO/N-biochar). Xu et al.
(Xu, L. et al., 2020) prepared MHBC (Fe/N-biochar) by pyrolyzing a
mixture of sawdust, FeCl;, and dicyandiamide at 800°C for one hour un-
der an N, atmosphere. Besides these methods, heteroatom doping can
be achieved under unique gas atmospheres. For example, Zheng et al.
(Zheng et al., 2021) prepared (Ga,S;/S-modified biochar) by impreg-
nating sugarcane bagasse in gallium nitrate and sulfidizing it at 600°C
with a 20 wt. % H,S/Ar flow rate (30 mL/min) for 3 hours.

The second method involves post-modification of biomass, referring
to further modification of the original biochar. Co-doping of metals and
heteroatoms on biochar is typically achieved by impregnating the origi-
nal biochar with external additives. Some MHBCs preparations may re-
quire additional treatments. For instance, Yang et al. (Yang et al., 2019)
used a homogeneous solution of porous biochar and iron salts for hy-
drothermal treatment to obtain Fe/Mn/S co-doped biochar, where the
porous biochar was produced by pyrolyzing a mixture of corn stalks and
KHCO3. Moreover, co-doping in MHBCs might necessitate a second py-
rolysis of the impregnated mixture, as done by Shang et al. (Shang et al.,
2020), who pyrolyzed a blend of corn-xylan-derived biochar, melamine,
and MgCl,6H,0 at 120°C and 600°C sequentially for 2 hours to produce
MHBC (MgO/N-BC). Tang et al. (Tang et al., 2021) considered physical
ball milling a simple synthesis method for MHBCs by placing biochar
and nano-composites (FeS and FeS,) in a planetary ball mill for several
hours.

The characteristics of MHBCs depend on the manufacturing method,
particularly in particle size and composition. The particle size and dop-
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ing element amount in MHBCs prepared by pretreatment are not easily
controlled. In contrast, MHBCs prepared through post-modification al-
low for easy adjustment of the size, shape, composition, and loading con-
tent of functional active sites on the biochar. Although the relative en-
ergy cost of producing MHBCs via post-modification is higher, its excel-
lent controllability makes it more popular than the pretreatment method
(Miao and Li, 2021). Choosing the best manufacturing method for MH-
BCs is crucial based on their intended use. Compared to the original
biochar, MHBCs exhibit altered surface characteristics, such as surface
morphology, composition, area, graphitization, and functional groups
(Zhu, J. et al., 2022). Fe/S co-doped biochar shows a highly similar
concave structure to the original biochar, dispersed with small spher-
ical Fe,S, particles in the cavities, primarily FeS and Fe3S, particles
(Hu et al., 2021).

The functional groups of MHBCs typically originate from the decom-
position of biomass waste itself and the contribution of special doping
elements (metals and heteroatoms) (He et al., 2022). The metals present
in MHBCs mainly exist as metal nanoparticles or metal oxides (Zhao, C.
et al., 2021), such as Fe—O, Mn-0, and Fe-S bonds (Ma et al., 2020).
Additionally, heteroatoms on MHBCs aid in forming specific functional
groups (Wang and Wang, 2020). Different heteroatoms correspond to
other functional groups on MHBCs (Zhang, Yuting et al., 2020). Metal
and heteroatom co-doped biochar composites (MHBCs) have specific
surfaces with many functional groups and unique redox properties. MH-
BCs demonstrate excellent capability in removing various pollutants
from wastewater. The specific pollutant removal mechanisms on MH-
BCs mainly involve adsorption, redox, and degradation (Xu, L. et al.,
2020). The adsorption affinity of MHBCs for pollutants is higher than
that of biochar doped only with metals or heteroatoms due to the syn-
ergistic effect of co-doping metals and heteroatoms on biochar.

Specific adsorption mechanisms include physical adsorption, ion
exchange, electrostatic interactions, surface complexation, and other
mechanisms (Mandal and Nanduri, 2020). Li et al. (Li, R. et al., 2019)
doped biochar with Mo, Fe, and S, increasing its magnetism and ex-
hibiting excellent stability in acidic and alkaline solutions. MoS,, Fe30,,
and biochar indicate that metal atoms and non-metal heteroatoms form
a stable structure doped in biochar, greatly enhancing the adsorption
performance of humic acid salts and lead ions in water. Li et al. (Li, Xi-
ang et al., 2020) prepared Fe/N co-doped biochar from wheat straw,
urea, and iron salts through pyrolysis for organic pollutant degrada-
tion activated by persulfate. Iron oxide doping introduced magnetism
for easy separation in biochar and affected its catalytic ability for PS
activation. The biochar, loaded with Fe and iron oxides and enlarged in
specific surface area and pore volume by urea, catalyzed the reaction.
Zhuang et al. (Zhuang et al., 2021) prepared sulfurized nano-zero-valent
iron (nZVI) to reduce and adsorb Cr?* ions in polluted water bodies.
Sulfur doping allowed for more uniform dispersion of biomass particles
and doubled the removal rate. S can effectively inhibit aggregation af-
ter loading nZVI particles on biochar, improving biochar’s lifespan and
recycling times. Cao et al. (Cao et al., 2017) found that sulfide modifica-
tion effectively increased the crystallinity of Fe on biochar. Only a small
amount of iron was oxidized when Fe and S were co-doped in biochar,
indicating that surface sulfide modification can enhance the antioxida-
tive properties of Fe embedded in biochar.

Pedino et al. (Penido et al., 2019) prepared P/Mg co-doped biochar
by co-pyrolyzing poultry litter (PL), phosphoric acid, and magnesium
oxide (MgO), where the addition of phosphoric acid and magnesium ox-
ide enabled Mg loading on biochar, with oxygen and phosphorus func-
tional groups on its surface, enhancing its activation properties and ad-
sorption capacity for degrading Cd ions. Xu et al. (Xu, L. et al., 2020)
used a mixture of sawdust, FeCl;, and dicyandiamide for pyrolysis to
produce Fe/N co-doped biochar (Fe/N-BC) for activating PMS, exhibit-
ing excellent catalytic and separation performance. The main reactive
species promoting PMS activation were the presence of graphitic-N,
pyridinic-N, Fe—N,, Fe,03, and FeO. Co-doping of Fe and N led to distor-
tion in the carbon network and created more defects. The abundance of

55

Carbon Capture Science & Technology 16 (2025) 100421

defects in the carbon-based catalysts, caused by zigzag/armchair edges,
vacancies, and functional groups, helped promote the adsorption and
activation of PMS.

6. Biochar applications
6.1. Biochar for carbon capture

Biochar, an environmentally friendly adsorbent derived from natural
biomass or agricultural wastes, has been identified by the Intergovern-
mental Panel on Climate Change (IPCC) as a highly promising solution
to combating climate change owing to its potential for long-term car-
bon sequestration potential and various benefits(Liu et al., 2018). Com-
pared with other CO, adsorbents, biochar is nearly 10 times cheaper
due to its high availability (Gupta and Kua, 2017). The CO, uptake of
biochar, quantified by the amount of CO, adsorbed per unit weight of
biochar could be affected by a variety of factors, including the porous
structures, surface functional groups, alkali and alkali earth metals, hy-
drophobicity, polarity, and aromaticity(Dissanayake et al., 2020). These
physicochemical properties of biochar are closely related to the type of
feedstock used and the thermochemical conditions employed during its
production(Sun et al., 2014; Zhang et al., 2014).

6.1.1. Effects of process conditions on physicochemical properties of
biochar

6.1.1.1. Effect of feedstocks. The physicochemical properties of biochar
are influenced by the type of feedstocks used, and the higher percentage
of surface heteroatoms such as N and S contributing to high CO, adsorp-
tion. Creamer et al. compared biochar produced from the co-pyrolysis of
sugarcane bagasse and hickory wood and found that biochar with larger
surface areas showed a higher CO, adsorption capacity (73.55 mg/g
at 25°C) due to more active sites for CO, adsorption are provided
(Creamer et al., 2016; Creamer et al., 2014). Xu et al. produced biochar
from sewage sludge, pig manure, and wheat straw with CO, adsorption
capacities of 0.41, 0.53, and 0.78 mol/kg, respectively at 25°C (Xu et al.,
2016). Igaravesana et al. used a mixture of food waste and wood waste
in different proportions to produce biochar and found that when wood
wastes occupy the highest proportion, the biochar owned the strongest
CO, adsorption capacity, while a higher proportion of food wastes in
the feedstocks was detrimental to CO, adsorption (Igalavithana et al.,
2020).

6.1.1.2. Effects of thermochemical conditions. Temperature, heating rate,
and residence time are all the parameters that affect the physicochem-
ical properties of biochar (Chatterjee et al., 2020). The effect of tem-
perature on these properties is attributed to the release of volatiles at
high temperatures. It has been reported that high pyrolysis temperature
leads to increased biochar surface areas (Zhang et al., 2015), higher pH
values (Hossain et al., 2011), and higher carbon contents but lower ni-
trogen contents (Zhang et al., 2017), which sequentially results in an
increased CO, adsorption capacity. For example, Chatterjee et al. inves-
tigated the influence of temperature including 500, 600, 700, and 800°C
on the physicochemical properties and the corresponding CO, adsorp-
tion performance of biochar derived from herbaceous (miscanthus and
switchgrass) and agro-industrial (corn stover and sugarcane bagasse)
feedstocks (Chatterjee et al., 2020). It is found that when the tempera-
ture is increased from 500 to 600°C, the CO,, uptake is largely enhanced.
While further increasing the pyrolysis temperature to 800°C resulted in
a decrease of the adsorption capacity due to the decrease of nitrogen
content and the destruction of surface porosity at this higher tempera-
ture around. As a result, choosing an appropriate pyrolysis temperature
involves a trade-off between the surface and chemical properties as de-
scribed.

The heating rate is another parameter that affects the physicochem-
ical properties of biochar. The increase in the heating rate leads to a
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decrease in the yields of biochar. Thus, the low heating rates are usu-
ally preferable in terms of yield and stability of biochar, even though
they take much longer. In addition, When the process is conducted at a
low heating rate, the pyrolysis products and volatile organic matter have
enough time to diffuse from the biochar particles. Low heating rates are
beneficial in retaining structural complexity, whereas high heating rates
result in the loss of structural complexity due to local melting, phase
transformation, and expansion of the structure (Angin, 2013).

Pathomrotsakun et al. investigated the effect of residence time in-
cluding 30, 45, and 60 min on the physicochemical properties of biochar
and found that residence time only slightly affected the physicochemical
properties of biochar. Zhao et al. found that residence time ranging from
10 to 100 min had a minimal effect on biochar derived from rapeseed
stem (Zhao et al., 2018). A near-optimal pyrolysis yield can be obtained
in a short residence time. Yaashikaa et al. demonstrated that high-yield
biochar can be obtained at a low pyrolysis temperature for longer resi-
dence times due to the polymerization and condensation reactions that
occurred between the produced solids and vapours (Yaashikaa et al.,
2019). Thus, the process conditions including feedstocks, temperature,
heating rate, and residence time are closely related to the physicochem-
ical properties of biochar.

6.1.2. Effects of physicochemical properties on CO, adsorption of biochar
6.1.2.1. Porous structures. Several studies have assessed the effects of
the porous structure including specific surface area, pore size, and pore
volume of biochar on its CO, capture capacity (Xu et al., 2016). It is
found that with the increase of specific surface area, the CO, adsorption
capacity of biochar could be largely enhanced due to the generation of
abundant micropores and more active sites (Fig. 6.1a). As for the pore
size, previous studies reported that pores with a diameter of 0.5 nm or
less contributed significantly to CO, adsorption at low partial pressures,
whereas pores with a diameter smaller than 0.8 nm made a higher con-
tribution to CO, uptake at 1 bar (Dissanayake et al., 2020). The CO,
adsorption capacity has a stronger correlation with the micropore sur-
face area (Fig. 6.1b) than the BET surface area (Fig. 6.1a), suggesting
that the micropore structure of the biochar significantly affects the CO,
adsorption capacity (Zhang et al., 2016).

6.1.2.2. Surface functional groups. Surface functional groups includ-
ing nitrogen-containing functional groups (amide, imide, pyridinic,
pyrrolic, and lactam groups) and oxygen-containing functional groups
(ketones, pyrones, and chromenes) play an important role in the CO,
adsorption of biochar through promoting the growth of alkalinity on
the surface of biochar and enhancing the affinity between biochar and
CO, molecules, respectively (Shen and Fan, 2013). For example, Xu
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et al. obtained nitrogen-doped biochar using ammonium hydroxide ball
milling, and the nitrogen functional group species doped onto the sur-
face of the biochar were mainly amine (-NH,) and nitrile (C=N). The
nitrogen-doped biochar showed a 31.6 %—55.2 % higher adsorption ca-
pacity of CO, than pristine biochar, due to the strong pole-pole interac-
tion between the large quadrupole moment of the CO, species and the
polar sites associated with the nitrogen functional (Xu et al., 2019). It
is also believed that the introduction of oxygen atoms into the carbon
surface to form acidic oxygen-containing functional groups facilitates
hydrogen bonding interactions between the carbon surface and CO,
molecules, particularly carboxyl and hydroxyl groups. Carboxyl and hy-
droxyl groups increase the polarity of the adsorbent and facilitate the
adsorption of CO, with the quadrupole moment (Song et al., 2020). Liu
et al. concluded that the oxygen-containing functional groups increased
CO, adsorbed in the microporous structure because the higher electron
density around the oxygen-containing functional groups attracts more
CO, (Liu and Wilcox, 2012).

6.1.2.3. Alkaline and alkaline earth metals. The presence of alkali met-
als (e.g., K, Na, etc.) and alkaline earth metals (e.g., Ca, Mg, etc.) can
enhance the formation of basic sites with a strong affinity for CO, and
sequentially enhance the CO, adsorption capacity of biochar (Xu et al.,
2016). Xu et al investigated the influence of alkali metals and alkaline
earth metals on the CO, adsorption of biochar produced from pig ma-
nure, sewage sludge, and wheat straw. It is found pig manure-derived
biochar possesses the highest mineral content, including K, Na, Ca, and
Mg, which could largely enhance the CO, capture capacity (Xu et al.,
2016). In addition, Lahijani et al. found that inducing Mg, Al, Fe, Ni, and
Ca onto the biochar led to the enhancement of CO, capture capacity due
to the basic properties of these metals (Lahijani et al., 2018).

6.1.3. Current challenges facing the practical application of biochar-based
adsorbents

Although the investigation on biochar for CO, capture has attracted
considerable attention, there are still great challenges facing the practi-
cal application, and more efforts are required as follows:

(1) Compared to the commercial CO, adsorbents, the CO, adsorption
capacity of biochar is still very low and needs to be further im-
proved and optimized. The promising strategies include optimiz-
ing the synthesis conditions, selecting suitable feedstocks, creating
porous structures, especially micropores, introducing surface func-
tion groups, or loading alkali and alkaline earth metals.

(2) Currently, the research on the biochar for CO, capture mainly fo-
cuses on the simulated gas which is pure CO, or a mixture of CO,
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Fig. 6.1. Relationship between CO, adsorption capacity and physicochemical properties: (a) SBET and (b) Smic.
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and N,. How about the competitive adsorption of CO, compared to
other gases? In addition, how about the influence of other contain-
ments such as SO, and H,0?

There are four main mechanisms of biochar for CO, capture: microp-
ore filling, hydrogen bonding, van der Waals attractions, and Lewis
acid-base interactions. To have a better understanding of biochar
for CO, capture and design efficient physicochemical structures of
biochar, it is of great help to have a deep understanding of biochar
for CO, capture especially the utilization of operando techniques.

3

6.2. Biochar for energy production through combustion

Biochar, a carbon-rich material derived from the carbonization of
biomass wastes, has gained significant attention in recent years for its
potential applications in various fields (He et al., 2022; Yuan et al.,
2023). With its unique properties such as porous structure, high spe-
cific surface area, and high thermal stability, biochar has emerged as
a versatile material that can be utilized as a high-performance catalyst
for thermal catalysis processes, including hydrothermal, slow pyrolysis,
fast pyrolysis, and gasification reactions. Various biochar-based cata-
lysts, such as solid acid, metal-free, and metal loaded catalysts have
been developed in recent years. Additionally, biochar is considered a
carbon negative material, making it an environmentally friendly option
for sustainable energy production and environmental benefits.

Biochar-based solid acid catalyst (BSAC) has been widely used in
the hydrolysis of biomass and its derivatives, facilitating the conver-
sion of these renewable substrates into valuable platform chemicals and
biofuels through mild hydrothermal reactions. The preparation process
typically involves the introduction of sulfonic groups (-SO3H) onto the
biochar surface by using a sulfonating agent (Bhatia et al., 2020; Yue
et al., 2020). Bhatia et al. synthesized acidic biochar catalysts by using
concentrated H,SO, to attach strong acidic functional groups on the car-
bon surface (Bhatia et al., 2020). Following acidic treatment, the spe-
cific surface area of the biochar decreased from 447 m?/g to 179 m?/g,
possibly due to the oxidation reaction between carbon and sulfonic
molecules, leading to the pores filled with -SO3H functional groups. The
prepared catalysts exhibited high catalytic activity in the production
of renewable biodiesel from waste cooking oil through a transesterifi-
cation reaction. Gonzalez et al. proposed microwave-assisted heating
to strengthen sulfonation and increase the -SO3;H content on the cata-
lyst surface (Gonzélez et al., 2017). When the sulfonation temperature
increases, the corresponding acid density of the catalyst also shows a
significant increase, from 3.74 (BS100) to 7.00meq/g (BS140). Conse-
quently, BS140 demonstrated higher yields of biodiesel (90 %) from
waste cooking oil at 140°C within a short reaction time (15 min), un-
derscoring the substantial influence of total acidity on the esterification
and transesterification of fatty acid methyl ester to produce high-quality
biodiesel.

Metal-free biochar catalysts, particularly those that are nitrogen-
doped, have shown remarkable catalytic performance. Biochar, a sub-
stance obtained through the pyrolysis of biomass, undergoes a complex
process where acid intermediates and carbonyl species are produced.
These compounds can interact with N species to enable the formation
of heteroatom N within the carbon matrix and optimize the electronic
structures of the catalysts, ultimately enhancing their efficiency and ef-
fectiveness in various chemical processes. Chen et al. prepared N-doped
biochar catalysts from bamboo fast pyrolysis at 600°C with flowing NH3
(Chen, W. et al., 2020). This catalyst has demonstrated the ability to
enhance the production of aromatics from bamboo wastes through in
situ catalytic pyrolysis. Detailed characterization provides evidence for
the formation of N-doped carbon in diverse configurations: pyridinic-
N, pyrrolic-N, quaternary-N, and pyridone-N-oxide, exhibiting nitrogen
content reaching 3.42 %. The alkaline N-containing groups adsorbed
pyrolytic intermediates and then catalyzed them to phenols and aro-
matics, in which 4-vinyl phenol is the main product with 31 % content,
thus greatly improving the quality of bio-oil.
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Phosphorus-doped carbon materials also show promise as metal-free
catalysts for energy generation through oxidation reactions. The elec-
tronegativity of P atoms is lower than that of C atoms, which makes P
atoms have a high electron-donating ability and serve as the main ac-
tive site (Hu, X. et al., 2019). N-, P-, and N, P co-doped carbon catalysts
were developed by pyrolyzing pre-treated soluble starch along with urea
or/and phosphoric acid. Notably, the P-doped carbon catalyst exhibits
high catalytic performance in the aerobic oxidation of benzyl alcohol
(at 120 °C with 10 bar O, for 24 h), with a high conversion of 89.8 %
and an exceptional selectivity of 99 %. The active sites for the oxidation
reaction could be attributed to the formation of P-O-C species and the
abundant defects induced by P-O doping.

Additionally, boronated carbonaceous catalysts were developed
to facilitate the selective conversion of biomass into valuable
biomass-derived chemical building blocks, such as furfural and 5-
hydroxymethylfurfural (HMF) (Ofrasio et al., 2020). Boron (B), possess-
ing a charge density of 3+, demonstrates a higher ionization potential
compared to conventional Lewis acid catalysts such as Al- and Si-based
catalysts. The introduction of electron-deficient boron will affect the re-
activity of the catalyst, and it can act as a Lewis acid catalyst in various
chemical reactions (Liu, W. et al., 2023; Zhou et al., 2022). For B-doped
catalyst preparation, boric acid was used as the B precursor, combined
with biochar and subjected to calcination at 320°C under an N, atmo-
sphere for 5 h (Ofrasio et al., 2020). This study explored the synergistic
effects of Lewis acid and Brgnsted acid sites generated by boron oxide
on the catalyst surface. FTIR spectra revealed B-O stretching vibrations
attributed to the formation of either B(OH)3 or B,03, confirming the
formation of additional Brgnsted acid sites for catalytic reactions. No-
tably, the catalyst demonstrated high furfural and HMF yields of up to
32 % and 40 %, respectively. Moreover, this catalyst exhibited enhanced
recyclability with almost no activity loss after four cycle runs.

Biochar-based catalysts can exhibit significantly improved catalytic
performance through the incorporation of noble (Pt, Pd, and Ru) and
non-noble metals (Fe, Co, Ni, and Cu) (Maneechakr and Karnjanakom,
2021). Noble metals have demonstrated high efficiency in various re-
actions such as hydrogenolysis, hydrogenation, and oxidation, partic-
ularly in the upgradation of liquid biofuel through mild hydrothermal
reactions. A recent study demonstrated the synthesis of glucose-derived
biochar with adjustable textural properties through CO, activation to
support ruthenium (Ru) nanoparticles for converting cellulose to sor-
bitol, a valuable chemical building block (Rey-Raap et al., 2019). By
physically activating the carbon supports derived from glucose, the spe-
cific surface area can reach up to 1200 m?/g, which means a greater
direct contact area between metal and carbon supports, thereby cre-
ating more active sites. This study underscores the importance of Ru
loading, surface area, and acidity of the biochar catalysts in the con-
version of cellulose to sorbitol. Ding et al. investigated a N,P-co-doped
char (Ru@NP-Char) for the reductive depolymerization of lignin into
phenolic monomers (Ding et al., 2022). Melamine (N source) and urea
phosphate (N and P sources) were used to modify wood-derived char.
The fast electron transfer from Ru particles to the N, P-co-doped char can
promote the activation of H, and hydrogenate lignin to form monomers,
dimers, and oligomers with higher yields. A study comparing the effects
of Pd- and Pt -doping on porous carbon derived from Sorghum was con-
ducted in the selective hydrogenation of furfural from biomass to alco-
hol products (Hu, D. et al., 2019). Different reaction mechanisms were
proposed for Pt/C and Pd/C catalysts, with Pd/C showing a preference
for transforming the carbonyl group of furfurals into furfuryl alcohol,
while Pt/C catalysts acted on the furan ring to produce tetrahydrofur-
furyl alcohol.

Non-noble metal-modified biochar catalysts have shown signifi-
cant potential in enhancing the yield of liquid products during high-
temperature pyrolysis reactions. Yuan et al. employed a seaweed char-
based support with a high specific surface area (1227.74 m2/g) to
anchor Cu species for the production of high-grade biofuels through
the pyrolysis of waste clay oil (Yuan et al., 2021). The Cu-modified
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catalysts with 15 % Cu loading were found to promote the decar-
boxylation of cracked products during catalytic pyrolysis, resulting in
the production of high-quality liquid products with a higher heating
value up to 48,402 kJ/kg. The catalytic performance of biochar cata-
lysts modified with various metals (Cu, Ni, Zn, or Mg) was systemati-
cally studied (Wang et al., 2018). The palm kernel shell (PKS) biochar-
based supports were prepared at various temperatures and with differ-
ent durations of steam activation to optimize their porous structures.
Among those catalysts, Mg-biochar exhibited enhanced catalytic perfor-
mance in the production of aromatics from the mixed PKS/microalgae
biomass substrates. Unlike transition metals (Fe, Co, Ni, and Cu), al-
kaline or alkaline earth metals (Mg and Ca) primarily exist in an ox-
idized state, offering an abundance of alkaline sites that facilitate the
desired reactions (Chen, S.S. et al., 2020; di Bitonto et al., 2020). Wang
et al. explored Ni/biochar to further enhance the hydrogenation activ-
ity through the optimization of hydrophilicity/hydrophobicity of the
catalysts (Wang, Y. et al., 2021). Surface properties play a crucial role
in the adsorption/activation of reactants. A two-step treatment of rice
husk biochar involving HNO; oxidation and subsequent pyrolysis was
explored to tailor its overall hydrophobicity. The treated Ni/biochar
catalysts predominantly featuring hydrophilic sites favour the adsorp-
tion of less polar functionalities such as C=0 and C=C bonds in vanillin
and eugenol, thereby positively influencing their hydrogenation over
the Ni sites. Through systematic research and optimization of catalyst
performance, biochar as a carrier supporting various metal species paves
the way for the advancement of biofuel production and other catalytic
processes.

6.3. Syngas production from biochar reforming

6.3.1. Syngas production from biomass decoupling gasification

Thermochemical conversion is one of the main technical approaches
to the utilization of biomass energy (Dayton, 2002), including the pyrol-
ysis of biomass macro molecules, gasification of pyrolysis biochar, steam
conversion of gaseous products, secondary cracking of liquid products,
oxidation reaction of gas-solid combustible products during gasification.
The intermediate and final products are completely mixed under the
promotion or inhibition effect of chemical reactions, and it is so dif-
ficult to regulate for a single stage of reaction to optimize the overall
conversion.
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Fig. 6.2. Schematic diagram of DDLG facility (Xiao et al.,
2017).

— Hydrogen—rich gas

Xu et al. (Xu et al., 2009) and Zhang et al. (Zhang et al., 2010; Zhang
et al., 2013) proposed that decoupling ideas could be applied to the field
of thermochemical conversion, separating the interrelated chemical re-
actions through isolation or grading patterns, thereby promoting the
improvement of technical effects. The decoupling reaction refers to the
pyrolysis of biomass, the reduction of biochar with H,O0/CO,, and the
combustion reaction of gasification biochar, which takes place in dif-
ferent regions. Based on this, many scholars have studied the new ther-
mochemical conversion technology of biomass. Xiao et al. (Xiao et al.,
2017) described pine sawdust steam gasification in a novel decoupled
dual loop gasification system, as shown in Fig. 6.2. In the system, fuel
pyrolysis/gasification, tar cracking/reforming and char combustion are
decoupled into three reactors correspondingly, i.e. fuel reactor, reformer
Fig. 6.2 and combustor. It has been indicated that the configuration
of the system provides an effective way to strengthen the tar crack-
ing/reforming reaction for efficient tar removal. Specifically, a product
gas with an H, concentration of 40.8 vol. %, dry gas yield of 1.0 Nm3/kg
is obtained at the fuel reactor temperature of 800 °C, reformer temper-
ature of 850 °C, steam to carbon mass ratio at 1.2 and circulation ratio
of 10.

Zhang and Pan (Zhang and Pang, 2017) investigated the correlation
between the devolatilization stage and the gasification stage in a 100 kW
dual fluidized bed gasifier, as shown in Fig. 6.3(a). The result shows that
reaction temperature has a significant impact on the yield and composi-
tion of the producer gas from the gasification. With the increase in the
reaction temperature, the steam-char reaction is enhanced. At reaction
temperatures of up to 750 °C, with an increase in CO concentration,
more CO, could be generated. However, at the higher reaction temper-
ature of 800 °C, the equilibrium of water-gas is shifted to the CO side,
and thus, CO, is consumed, and its yield is reduced.

Combined with the previous studies of biomass cyclone gasification
(Sun et al., 2009; Zhao et al., 2012), a composite gasification technol-
ogy of cyclone pyrolysis-suspension combustion emerged (Zhao et al.,
2017). The gasification system mainly consisted of two parts, namely
the upper cyclone pyrolysis zone and the lower suspension combustion
zone (biochar reduction and combustion), as shown in Fig. 6.3(b). With
a secondary air rate (0.20) and bottom air rate (0.50), the gasification
efficiency was best, with a gas heating value of 5.15 MJ/Nm?3, carbon
conversion rate of 71.50 %, gasification efficiency of 50.80 % and syngas
yield of 1.29 Nm?3/kg. Addition of the tar cracking device with biochar
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Fig. 6.3. (a) Schematic diagram of dual fluidized bed steam gasifier (Saw et al., 2012; Saw and Pang, 2012); (b) Schematic diagram of cyclone pyrolysis-suspended

combustion gasification system (Zhao et al., 2017).

catalyst at the gasifier outlet effectively reduced tar content in syngas,
with a minimum value of 1.02 g/Nm?3

6.3.2. Catalytic mechanism for biochar gasification

Gasification, with H,0/CO, as the gasifier agent, is one of the effec-
tive thermochemical conversion processes for syngas production (Guan
et al., 2016), especially for catalytic gasification (Chun-Zhu and Li,
2006), along with lower emissions of CO, and other gaseous pollutants.
In previous investigations (Eom et al., 2012; Jiang et al., 2015; Kajita
et al., 2010; Lahijani et al., 2013; Yu et al., 2015), it can be seen that
the alkali and alkaline earth metallic (AAEM) species, no matter inher-
ent or ion-exchanged in biomass, played a significant catalytic role in
producing syngas. According to Shadman et al. (Shadman et al., 1987),
the catalytic role of AAEM species would be reflected in three important
processes: (i) AAEM redistribution on biochar surface by migration, (ii)
loss of AAEM species by vaporization, and (iii) change of biochar struc-
ture due to carbon conversion.

The detailed catalytic mechanisms of ion-exchanging AAEMs on
biochar during H,0/CO, gasification continue to be developed. Walker
and De Lecea (Lecea et al.,, 1990; Walker et al., 1983) pointed out
that the catalytic abilities of AAEM species were different during the
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gasification of biochar with H,O and CO,, due to the various mecha-
nisms between H,0/CO, and biochar. While Meijer et al. (Meijer et al.,
1994) observed the result that the effect of K on the H,O gasification
is similar to that on CO, one. The AAEM species organically linked to
the biomass through ion exchange would promote the biochar gasifi-
cation to form the gas-liquid-solid products. It can be described that
the ion-exchanging AAEM species could enhance the secondary reform-
ing/cracking of macromolecular compounds of volatiles produced from
the pyrolysis of biomass and promote their polymerization reactions
to form biochar samples with more active physicochemical structures.
According to Lang et al. (Lang and Neavel, 1982), K would be mo-
bile and distribute itself during the gasification, and Ca could also be
well-dispersed in the sample and transferred to acid sites by ion ex-
change. Zolin et al. indicated that the AAEM species in wheat straw
would volatilize into the gas-phase products and participate in the H,O
gasification reactions of biochar (Zolin et al., 2001). According to Jiang
etal. (Jiang et al., 2015), Ca would have a strong effect on the water-gas-
shift reaction (CO + H,0 < CO, + H,) of biochar than K. The production
of syngas is shown in Fig. 6.4.

According to Perander et al. (Perander et al., 2015), during the CO,
gasification of biochar, the catalytic effect of Ca was higher than that of
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K at the early stage of gasification, but the decrease of catalytic ability
of Ca would also faster than that of K. The biochar reactivity would be
influenced by the ion-exchanging AAEM species, while the differences of
biochar initial structures would play an important role during H,O/CO,
gasification (Feng et al., 2017). Feng et al. (Feng et al., 2018) obtained
more detailed conclusions by loading AAEMs before and after biomass
pyrolysis. The results show that the stronger catalytic properties of K
and Ca species in the H,O atmosphere are obtained than those in CO,.
The specific mechanism is shown in Fig. 6.5. The effect of K is mainly on
the formation of O-containing functional groups and the transformation
from small ring systems to larger ones, while the catalytic effect of Ca
is only to increase the proportion of large aromatic ring structures. A
better distribution of active sites on biochar surfaces would result in
high specific reactivity of biochar during gasification.
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6.3.3. Syngas production from biochar as a catalyst for tar reforming

Biomass gasification is gaining attention as a route for the use of
biomass energy, but syngas produced by this process usually contain
unacceptable levels of tar. Tar control and conversion are key issues
for syngas production (Li and Suzuki, 2009). Tar elimination by effi-
cient catalytic conversion by inert carbon-based catalysts an attractive
method for commercializing this technique. Feng et al. (Feng et al.,
2016) studied the different selectivity of active sites on biochar, the
transformation mechanism of biochar structures and the reaction route
of tar catalytic reforming. On catalytic reforming of naphthalene and
toluene with biochar, in a 15 % H,O atmosphere, the effect of K is about
10 % greater than that of Ca, while in a pure CO, atmosphere, the effect
of K is approximately 5 % greater than that of Ca. The specific mecha-
nism is shown in Fig. 6.6.
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The biochar surface has a good dispersion of O-containing functional
groups and Alkali and alkaline-earth metal species (AAEMs), which
makes it excellent for the reforming and removal of tar (Feng et al.,
2018; Liu et al., 2020; Stasi et al., 2021; Wang et al., 2022; Zhang, Y.
et al., 2022). Wang et al. (Wang et al., 2022) evaluated the role of Ni
loading on the biochar surface for the biomass pyrolysis tar reforming.
They found that optimum syngas production was obtained with 10 wt. %
Ni loaded biochar catalyzing at 650 °C. The addition of 0.3 ml/min of
water further improved the hydrogen production. Guo et al. (Guo et al.,
2019) explored the effect of different activators on the tar conversion ca-
pacity of biochar by employing KOH/ H3PO,/ZnCl, as activators. They
summarized that KOH activated biochar had the best catalytic perfor-
mance for tar removal because of its high surface area and the abun-
dance of metal sites. Chen et al. (Chen et al., 2012) explored the gas-
liquid-solid three-phase product characteristics of corn straw pyrolysis
with increasing pyrolysis temperature using a packed bed reactor. The
hydrogen yield began to increase significantly when the pyrolysis tem-
perature was raised above 600°C. Sun et al. (Sun et al., 2023b) used a
two-stage reaction system to investigate the biochar catalytic reforming
of corn straw pyrolysis tar. Results show that with some parameter set-
tings, tar is almost completely removed, and the H, yield reaches the
highest 0.197 L/g. The addition of steam also promotes the reforming
of methane steam and the water-gas shift reaction. The H, yield is sig-
nificantly increased. The gas yield data graph is shown in Fig. 6.7.

During the tar reforming, coke inevitably builds up, coating the reac-
tive sites and plugging the pore structure, leading to a degradation of the
biochar’s catalytic efficiency (Bracciale et al., 2019). The administration
of a certain amount of oxygen during tar reforming can help to facili-
tate the conversion of tar while inhibiting the formation of coke. Many
scholars have investigated the effect of oxidation regulation. Lind et al.
(Lind et al., 2011) conducted research on the continuous catalytic re-
forming of biomass gasification tar with FeTiO5 catalysts accompanied
by oxidation regeneration at 800°C. They found that the coke deposi-
tion can be continuously decomposed by oxidation, thus maintaining
the catalyst’s activity. Yu et al. (Yu et al., 2016) experimentally stud-
ied the partial oxidation’s effect on sewage sludge char-catalyzed pine
pyrolysis tar reforming. They found that the highest yields of CO and
H, could be achieved after catalytic reforming at an oxygen equivalent
ratio of 0.05, while the tar removal efficiency could reach 98.34 %. Sun
et al. (Sun et al., 2023a) investigated the regulation of partial oxidation
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Fig. 6.6. Reforming mechanism of model tar compounds
with H-form/K-loaded/Ca-loaded chars under H,0/CO,
atmosphere at 800 °C.(Feng et al., 2016).

in biochar catalyzed gasification tar reforming. The results reveal that
partial oxidation regulation (0.2 %-0.4 % O,) can potentially maintain
the biochar’s catalytic efficiency and facilitate the production of hydro-
gen in gas (Fig. 6.8). The H, yield is also increased to a maximum of
0.523 L/g. When the O, concentration is further enhanced (~0.6 %),
more H, is consumed by oxygen, the H, yield is reduced, and the tar
conversion capacity of biochar is significantly weakened.

6.4. Biochar for soil amendments

As a typical negative carbon technology, the application of biochar
to soil would effectively improve the soil environment and promote crop
growth. The regulated pore structure and abundant surface functional
groups make it functional in improving soil aggregate structure and re-
taining water and fertilizer. According to the effect of biochar, its ap-
plication can be divided into the following four parts: soil characteristic
regulation, microbial community improvement, greenhouse gas emis-
sion reduction and nutrient increase.

6.4.1. Soil characteristic regulation

The nutrient transport and crop growth of soil are directly affected
by its physical and chemical characteristics, and long-term continuous
cropping and irrigation will lead to soil compaction, organic matter
loss, water retention decline, and other problems. Due to the abun-
dant pore structure and surface functional groups, the application of
biochar to soil can effectively improve soil permeability and water re-
tention and enhance soil water absorption capacity and infiltration per-
formance, which is of great significance for water management under
agricultural drought conditions. Santos et al. (Aratijo Santos et al., 2022)
investigated the effect of different biochar on the water-holding capac-
ity (WHC) of sandy soil and found that sugarcane and green coconut
biochar would improve the water retention and nutrient transport in
the sandy soil by increasing the soil porosity and water transmission.
Previous research proved that biochar would present hydrophobic or
hydrophilic depending on the presence of different surface functional
groups, such as hydroxyl (OH) and alkyl aliphatic (CH) groups (Kamali
et al., 2022). The soil environment can be effectively regulated by the
addition of biochar, which is conducive to formulating regulatory strate-
gies for the growth environment required by different crop growth cy-
cles. Mao et al. (Mao et al., 2019) compared the effect of biochar with
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Maintaining the porosity

0.4% O,

different feedstocks and pyrolysis temperatures to investigate the inter-
nal relations of surface functional group distribution characteristics and
WHC of biochar and found that increasing the pyrolysis temperature
would reduce the content of oxygen functional groups and total organic
carbon, which had an obvious effect on barren soil. Xing et al. (Xing
et al., 2021) investigated the effect of different biochar percentages on
soil water-holding capacity and proposed a multi-objective optimization
model to reveal the mechanism. The results illustrated that the addition
of biochar would reduce the soil cumulative infiltration and increase
the irrigation efficiency. Thus, exploring the mechanism of biochar on
soil WHC regulation would improve the soil environment and realize
real-time control.

Besides, the application of biochar would influence the soil pH value
and salinization with the presence of mineral constituents and pore
structure. The exchange of alkali metals and mineral salts with H* and
AI3* would reduce the ion concentration in the soil, helping to neutralize
the acidity of the soil and providing a more suitable growth environment
for plants. Shi et al. (Shi et al., 2018) investigated the effect of biochar
in increasing the pH buffering capacity of soil and found that the de-
crease in soil pH and aluminum toxicity was inhibited with the addition
of biochar. The main mechanism for the increased pH buffering capacity
was the carboxyl protonation. The surface negative charge and microp-
orous structures of biochar ensure the cation adsorption capacity (such
as K*, Ca®* and Mg?*) in the saline-alkali soil treatment. The application
of biochar can increase the organic carbon content and ion exchange ca-
pacity, reduce the pH and alkalinity degree by adsorbing Cl~ and CO5%~
in the saline-alkali soil, and enhance the nutrient retaining ability. Zhao
etal. (Zhao, W. et al., 2020) established a biochar-alkali soil-corn system
model and investigated the effectiveness of biochar in improving soil

Preserving the Ocon!anng structure

Regulation by partial oxidation
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Fig. 6.8. The regulatory mechanism of partial oxidation
for biochar-catalyzed biomass gasification tar reforming.

V by 27%
yngas rich in H,

nutrient availability, and found that the application of biochar would
promote the formation of soil aggregates and reduce crop salt stress by
reducing Na* content. Furthermore, the removal of excess Nat on soil
aggregates would activate the unused phosphorus, iron, calcium and
other elements in saline-alkali soil, which plays a positive role in reduc-
ing the physiological deficiency of plants (Li and Li, 2022; Zhang, P.
et al., 2022).

6.4.2. Microbial community improvement

The soil microbial community not only affects plant growth and hu-
man health but is also the main source of soil carbon emissions. The
addition of biochar can change the soil properties and affect the di-
versity and activity of soil microorganisms (Xu et al., 2023). Previous
research showed that the pore structure of biochar provided shelter for
microorganisms, affecting soil ventilation and water retention through
macropores and promoting the transport of nutrient molecules through
mesoporous and micropores (Yang et al., 2022). This can promote the
activity of beneficial microorganisms, such as azotobacter and phos-
phorolytic bacteria, which can indirectly promote the growth and de-
velopment of plants (Fig. 6.9). Xu et al. used structural equation mod-
elling to analyze the effect of biochar on microbial community structure
and function and found that biochar can improve the stability of the
microbial community and the increasing pyrolysis temperature would
enhance the effect. Besides, the shelter of biochar to microorganisms
can avoid the toxicity of soil pollutants and increase the abundance
of microorganisms (Bamminger et al., 2014). Yan et al. (Yan et al.,
2021) investigated the effect of biochar on microbial community struc-
ture with a 24-month field experiment and found that the addition of
biochar increased the complexity of the microbial community. Li et al.
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Fig. 6.9. The effects of biochar on soil microbial community improvement.

(Li et al., 2019) studied the effect of biochar on alleviating the toxicity
stress of microorganisms caused by polycyclic aromatic hydrocarbons
and found the addition of biochar would modulate the total organic
carbon and N contents and insulate contaminant contact.

Furthermore, the insoluble organic and inorganic matter of biochar
will be adsorbed by microorganisms and promote the proliferation of
microbial communities. With the increasing abundance of microbial
communities, the aromatic ring carbon structure will be further decom-
posed, providing a continuous carbon and nitrogen source for microbial
reproduction (Li et al., 2022). Quan et al. studied the organic product
emission characteristics during biotic ageing and found that biochar had
a positive influence on microbial population size, and the organic com-
ponents like humic acid leaching increased during ageing. Pei et al. (Pei
et al., 2021) investigated the long-term effects of biochar on soil or-
ganic carbon and microbial activity through the H,80-DNA incorpora-
tion method. The results illustrated that biochar ageing would increase
microbial carbon use efficiency and promote the microbial carbon uti-
lization cycle due to the increasing pH value of soil during ageing. Then,
the contents of soluble carbon black and alkali metal are different in dif-
ferent biochar, such as the dissolved organic matter (DOM) of bamboo
at 300 °C (32.33 mg/g) was much higher than coconut (18.47 mg/g),
and the content continuously decreased with the increasing pyrolysis
temperature (Cao et al., 2022). Exploring the biomass pyrolysis process
can customize the physicochemical properties of biochar for different
soil needs.

6.4.3. Greenhouse gas emission reduction

The application of biochar to soil will indirectly affect the release
rate of greenhouse gases such as CO,, N,O and CH, in the soil (Tao
et al., 2023). Regulating the physicochemical properties of biochar can
sequester organic carbon and regulate soil greenhouse gas emissions. As
for CO,, the emission of soil consists of the respiration of soil plants, an-
imals and soil. The addition of biochar can improve the water-holding
capacity and fertility of soil because of the large surface area and ex-
cellent pore structure. The increasing content of carbon and nitrogen
creates an environment suitable for the growth and reproduction of mi-
croorganisms, thereby improving the activity and respiratory capacity
and increasing soil CO, emission. Then, due to the high carbon con-
tent of biochar, its oxidation effect will increase CO, emissions dur-
ing ageing. Wang et al. (Wang, Lin et al., 2021) investigated the effect
of biochar on soil CO, emission during ageing and found that the soil
minerals would accumulate on the surface of biochar, and the CO, and
N,O emission would be continuously inhibited during ageing. In addi-
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tion, soil pH value increases due to the application of biochar, which
will change the microbial community structure in the soil and increase
the ratio of bacteria to fungi, thus accelerating the release of soil CO,.
Sheng et al. (Sheng and Zhu, 2018) studied soil CO, emission under dif-
ferent pH levels and found that the addition of biochar would increase
the DOM utilization and microbial activity, and the increased pH value
would enhance the effectiveness of biochar in promoting CO, emission.
From the perspective of the long-term application of biochar, the soil
carbon emission will be effectively reduced because of the decreasing
DOM content of biochar in the later period of application; the utilized
components will decrease and soil carbon mineralization will be reduced
(Hawthorne et al., 2017).

6.4.4. Nutrients increasing

The application of biochar can reduce fertilizer utilization and im-
prove nutrient-absorbed efficiency. Carbon-based fertilizers can absorb
heavy metals and pesticide residues in soil, which has a positive effect
on promoting crop growth and improving crop yield and quality. Liu
et al. (Liu, L. et al., 2019) investigated the migration transformation
mechanism of nutrient elements and found that the addition of biochar
to soil would promote the conversion and absorption of nutrients and
supply material conditions for microorganism growth. Due to the char-
acteristics of biochar’s easy doping modification, modified biochar can
be customized according to different needs. Zhao et al. (Zhao et al.,
2024) compared the effect of different biochar on the N, P transforma-
tion mechanism and found that plenty of inorganic minerals contained
in pig manure and straw co-pyrolysis biochar, the application would
increase the total N, P content and promote the conversion to rapidly
available minerals. Besides, the surface functional groups and structure
will collapse and decompose because of biochar ageing during the long-
term application, resulting in the slow release of the internal substances
in the soil. The slow-release fertilizer designed based on this mechanism
can effectively the absorption efficiency of plants and maintain the soil
nutrient content (Fig. 6.10). An et al. (An et al., 2021) developed a new
slow-release fertilizer through integrated co-pyrolysis and coating and
found that the biochar-based fertilizer would increase the cumulative
release concentration of P from 1.68 % for 30 days to 1.14 g/L for 60
days, promote seedling development by 32 %. Fachini et al. (Fachini
et al., 2022) evaluated the release of potassium (K) from biochar-based
fertilizer enriched with K ions in different forms and found that the slow-
release fertilizer would reduce the release rate by up to 77 % compared
to pure KCl mineral fertilizer, the release rate would be affected by the
particle size and the water content.
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6.5. Biochar for contaminant adsorption

In recent years, with the rapid development of industrialization and
urbanization, a large amount of wastewater containing heavy metal ions
(such as Hg, Cr, Pb, Cd, etc.) has been discharged into nature without
complete treatment, seriously affecting the ecology and human health.
Excessive intake of heavy metal elements may lead to osteoporosis, skin
disease, cardiovascular and cerebrovascular diseases, and even cancer
(Asere et al., 2019; Hu et al., 2016; Sherlala et al., 2019). Biochar, as an
economic, green and simple adsorbent material, has been widely used
in the treatment of heavy metal ions.

6.5.1. Hg removal

Hg is a highly mobile and potent neurotoxic substance, and the Mi-
namata disease incident in Japan in 1956 was caused by Hg poisoning
(McNutt, 2013). In order to improve the adsorption capacity of biochar,
numerous research has been carried out, and chemical modification is
one of the most common methods. Research has shown that the chem-
ical reaction between sulfur and the surface of activated carbon can
promote the formation of thiophene, sulfoxide, sulfone, and disulfide
groups, which have a higher affinity for mercury (Hadi et al., 2015).
Huang et al. (Huang et al., 2019) prepared sulfurized biochar from sub-
limed sulfur and corn stalks as raw material by co-heating method to
remove Hg2+. The result showed that the main forms of sulfur on the sul-
furized biochar were alkyl thioether, sulfonyl, thiophene, and inorganic
sulfur. Among them, the complexation of C=S and sulfoxide groups with
Hg?* to form stable Hg-S and Hg-O bonds is the main reason for the im-
proved adsorption capacity of biochar by sulfurization. The maximum
adsorption capacity of biochar for Hg?* increased from 117.7 mg/g be-
fore sulfuration to 268.5 mg/g. Park et al. (Park et al., 2019) prepared
sulfurized wood biochar (SWB) by directly impregnating elemental sul-
fur. Compared to the original wood biochar (WB), the higher adsorption
capacity of SWB for Hg2* is not only related to the original Hg-Cz bond
but also to the interaction between C-SO,-C and thiophene groups gen-
erated by sulfurization. Benefited by the abundant functional groups,
the adsorption performance also improved from the original 57.8 mg/g
to 107.5 mg/g. Subsequently, Jeon et al. (Jeon et al., 2020) prepared
sulfur-modified pine needle biochar by impregnation method, which
further confirmed the promoting effect of thiophene groups generated
by sulfurization on Hg?* adsorption. In addition to using elemental sul-
fur as a sulfur source, organic and inorganic compounds of sulfur can
also be used for the sulfurization of biochar. Huang et al. (Huang et al.,
2023) used 3-mercaptopropyltrimethoxysilane (3-MPTS) as a thiolation
agent to impart more surface S, Si, O, and N elements, as well as more
surface negative charges, and more surface defects. This improved the
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chemical binding process of Hg at the biochar interface, thereby enhanc-
ing the adsorption rate and capacity of the adsorbent. Furthermore, the
presence of thiol groups can combined with Hg?* and CH;Hg™ to pro-
mote monolayer adsorption. The results of the performance test showed
that thiol modification increased the adsorption capacity for Hg?+ and
CH3;Hg* by 14 times and 19 times, respectively. The surface functional
groups of biochar modified with different sulfur sources are shown in
Fig. 6.11.

The combining of biochar with magnetic materials is one of the most
commonly used methods to improve the recovery efficiency of adsor-
bents. Li et al. (Li, R.H. et al., 2020) immersed wheat straw in FeCl,
and FeCl; solutions, followed by calcination and ball milling to obtain
magnetized biochar. The adsorbent exhibited excellent adsorption per-
formance (127.4 mg/g) and recovery capacity for HgZ*. Lim et al. (Lim
et al., 2023) prepared rice straw-derived biochar by soaking it in iron
chloride and ferrous chloride solutions. Unlike the method used by Li
et al. (Li, R.H. et al., 2020), the subsequent magnetic adsorbent was pre-
pared by co-precipitation of sodium hydroxide with the mixed solution.
The advantage of this scheme is that no heating operation is required
during the preparation process. Similarly, combining magnetic mate-
rials can also be used to improve recovery efficiency. Mahmoud et al.
(Mahmoud et al., 2021) combined magnetic manganese ferrite nanopar-
ticles (MnFe,0,4) with grape stalk biochar (AGB) to obtain an adsorbent
with nanometer particle size. The material exhibited a high removal rate
of 94.6 % for trace Hg* (10 mg/L).

6.5.2. Cr removal

Cr has a significant impact on human health, and studies have found
that concentrations of Cr in the human body reaching 0.1 mg/g of body
weight can cause extreme physical damage or even death (Welling et al.,
2015). However, the emission of Cr ions in factories is very high, and
it is crucial to reduce treatment costs and enhance the economic ad-
vantages of biochar. China’s liquor industry generates a large amount
of distiller’s grains waste every year. Utilizing these waste materials to
prepare biochar, achieving the effect of "treating waste with waste," can
serve as a new approach to green production. Dong et al. (Dong et al.,
2023) used distiller’s grains as the raw material for biochar and alkaline
solutions (KOH, NaOH, K,COs, etc.) as activators to prepare low-cost,
high-adsorption-performance adsorbents with a maximum adsorption
capacity of 144.5 mg/g. The team then explored the effect of different
proportions of KOH as an activator on the adsorption performance of
biochar. The prepared biochar adsorbent was applied to treat wastew-
ater discharged from actual wet-process phosphoric acid production,
achieving an adsorption capacity of 426.0 mg/g (Su et al., 2024). Murad
et al. (Murad et al., 2022) used peanut shells from household waste as
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the raw material and cetyltrimethylammonium bromide (CTAB) as the
activator to prepare engineered biochar that achieved a Cr(VI) removal
rate of 79.35 %.

Moreover, the adsorption performance of biochar for Cr is closely
related to the activating agent. Truong et al. (Truong et al., 2024) be-
lieve that KHCO3, as a weak alkaline salt, has lower corrosivity com-
pared to other activators such as KOH and NaOH, and has the poten-
tial for safer and larger-scale applications. The activated biochar has
a higher specific surface area and richer binding sites, increasing its
adsorption performance from 18.2 to 153.8 mg/g. In addition to alka-
line substances, acidic materials can also serve as activators. Lu et al.
(Lu et al., 2021) used phosphoric acid to activate biochar, followed by
ammonia modification treatment, which resulted in a certain degree of
increase in specific surface area and pore volume. The -NHCO-, P=0,
and C=N functional groups generated during the modification process
were all involved in the removal of Cr(VI). The removal rate of Cr(VI) by
the acidified biochar was 76.73 %, while it increased to 85.67 % after
ammonia modification.

6.5.3. Pb removal

Due to its significant health hazards to humans, especially infants
and young children, lead is classified as the second most toxic metal in
the world and is included in the priority list of hazardous substances.
Plenty of cases of mental retardation in children are caused by exces-
sive Pb intake (Bellinger et al., 2017). Study shows that the pyrolysis
temperature used during the preparation of biochar has a significant
impact on Pb adsorption performance. Xu et al. (Xu et al., 2021) pre-
pared phosphorus-containing biochar (BCP) by co-pyrolysis of poplar
sawdust and potassium dihydrogen phosphate at 300, 500, and 700 °C.
The study found that the higher the pyrolysis temperature, the larger
the specific surface area and pore volume of the biochar. However, the
adsorption performance did not increase with the temperature due to
the higher complexation ability of the (PO3~), chain generated at 300
°C with Pb%* compared to the P-O-C and C-P bonds formed at 500 and
700 °C. Yun et al. (Yun et al., 2022) pyrolyzed corn stalks at 200 and
600 °C to prepare biochar, and the results also showed higher adsorp-
tion performance for Pb* at the relatively lower pyrolysis temperature
of 200 °C. However, the reason for this was different from Xu et al.’s
study. This study found that the higher the temperature, the lower the
O content in the biochar. The O content is related to the number of
oxygen-containing functional groups, and the more oxygen-containing
functional groups, the stronger the complexation ability with Pb2+ and
the better the adsorption performance. In another study, Zhang et al.
(Zhang et al., 2020) explored the pyrolysis process of MgO-coated wa-
termelon peels at different temperatures. The specific surface area of the
prepared biochar decreased from 293 m?/g at 600 °C to 59.8 m2/g at
700 and 800 °C. The adsorption capacity for Pb2+ also varied with the
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temperature, increasing from 81.7 mg/g at 400 °C to 558 mg/g at 600
°C and then decreasing to 368 mg/g at 800 °C.

Moreover, the selection of modification methods and materials also
affects the adsorption capacity of biochar for Pb. Ahmed et al. (Ahmed
et al., 2021) used H,0, as a green modifier to oxidize and modify
biochar prepared from watermelon seeds (HP-BC). The modified biochar
had more oxygen-containing functional groups compared to the un-
modified biochar, increasing its adsorption capacity from the original
44.32 mg/g to 60.87 mg/g. Similarly, Li et al. (Li, S.H. et al., 2023)
prepared biochar from rice straw modified with calcium mercaptoac-
etate (SRBC). Unlike using H,0, as a modifier, this method resulted in
an adsorbent surface with not only oxygen-containing functional groups
but also sulfur-containing functional groups, calcium oxalate, and cal-
cium carbonate. The modified biochar had nearly double the adsorption
capacity for Pb2+ compared to the original biochar, with a maximum ad-
sorption capacity of 124.92 mg/g. The adsorption mechanisms of Pb%*
by the two modified biochar are shown in Fig. 6.12. In addition to mod-
ifying the prepared biochar, it is also possible to modify the biochar
by preprocessing the raw material. Shen et al. (Shen et al., 2021) first
immersed bamboo powder in ammonium persulfate solution, followed
by drying and roasting to obtain biochar containing N and O functional
groups. This adsorbent had an adsorption capacity for Pb2* of up to
175.22 mg/g.

6.5.4. Cd removal

Cd is one of the most common pollutants in industrial wastewater,
which causes significant harm to human kidneys and bones and has been
listed as a priority pollutant by the United States Environmental Protec-
tion Agency (Sharififard et al., 2018; Yin et al., 2021). The treatment of
Cd by biochar is affected by many factors, such as raw materials, pyroly-
sis temperature, and modification methods. Lyu et al. (Lyu et al., 2023)
conducted a detailed study on LDH-based magnetic biochar (LMBC) pre-
pared under different influencing factors, including layered double hy-
droxide (LDH) loading rate (LLR), pyrolysis temperature, and biomass
source. This study found that biochar obtained at higher pyrolysis tem-
peratures had a higher specific surface area, and the number of metal/O
groups increased with the increase in LLR. The LMBC produced at a 2:1
LLR and 800 °C pyrolysis temperature exhibited the maximum adsorp-
tion capacity, which was more than twice that of the LMBC produced
at a 0.5:1 LLR and 400 °C pyrolysis temperature. Additionally, LMBC
extracted from bamboo showed superior adsorption performance com-
pared to LMBC derived from sewage sludge and garlic. Wu et al. (Wu
et al., 2022) found that with the pyrolysis temperature increased, the
inherent minerals of the biochar gradually enriched, surface functional
groups decomposed, and more structural defects formed at the edges
of the graphite-like structure. Biochar prepared at higher temperatures
had more significant advantages in complexation and ion exchange with
cd2+.
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Yang et al. (Yang et al., 2021) used Fe/Zn metal materials as modi-
fiers to optimize Robinia pseudoacacia biochar (RBC) and Durio zibethi-
nus shell biochar (DBC). The resulting CO52", Fe-O, Zn-O, and oxygen-
containing functional groups could complex with Cd**. The maximum
adsorption capacity of Fe/Zn-RBC and Fe/Zn-DBC for Cd?* increased by
5 times and 3 times, respectively, compared to the unmodified biochar.
In another study, calcium silicate was used as an inorganic modifier
for biochar modification. Modified wood biochar (MSiWB) was able to
chemically react with Cd?* to form Si-Cd compound precipitates. Some
Cd?* was removed through cation exchange with Ca?* or complexation
with surface functional groups (Si-O, Si-C). The adsorption efficiency
significantly increased from the original 23 % to 57 % after modifica-
tion (Liu, L.A. et al., 2023). The adsorption mechanisms of Cd** by the
two inorganic material-modified biochar are shown in Fig. 6.13.

6.6. Biochar for other pollutants removal (e.g. dye, mercury and
dioxins)-Biochar for pollutant removal in water

Biochar for water treatment through adsorption and catalysis has
emerged as a highly active and influential research area, as demon-
strated by over 7000 publications in the past 15 years (up to May 2024,
Fig. 6.14, Web of Science). These studies have garnered an average of
more than 30 citations each, underscoring the significant attention and
impact this field has achieved within the scientific community.

66

14004
12001
10004
800
6004
400
200+

Publications

2009
2010
2011
20121
20131
20141
20151
20161
20171
20181
20191
2020
20211
20221
20231
2024+

Fig. 6.14. The number of publications from 2009 to 2024 based on a Web of
Science search using the terms “Biochar” and “Water treatment”.

6.6.1. Usages of biochar as absorbers

Lignocellulosic biomass, such as agricultural and forestry wastes
(e.g., hardwood), which contain cellulose (25-50 wt. %), hemicellu-
lose (15—40 wt. %), lignin (10—40 wt. %), and inorganic minerals, were
widely used to create biochar for water treatment (Minh et al., 2020;
Wan, Z.H. et al., 2021). Lignocellulosic biomass materials are preferred
for water treatment because they develop specific pore structures during
pyrolysis. The expansion of cellulose, hemicellulose, and lignin results in
the formation of numerous micropores, creating a low-density, porous
structure suitable for adsorption (Cheng et al., 2022). The porosity of
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steam at high temperatures can increase porosity and surface area, im-
proving its catalytic and adsorptive properties. High-temperature treat-
ment can enhance the graphitization of biochar, improving its struc-
tural stability and electronic properties. Additionally, grafting specific
functional groups (e.g., carboxyl, hydroxyl, sulfonic groups) onto the
biochar surface can enhance its interaction with pollutants and improve
catalytic performance. Coating biochar with polymers, silica, or other
materials can provide additional catalytic sites, improve stability, and
tailor surface properties for specific applications. Combining biochar
with other materials such as activated carbon, carbon nanotubes, or
graphene can enhance its structural and catalytic properties. These com-
posites can provide synergistic effects, leading to improved performance
in AOPs.

6.6.3. Future outlook on biochar application in water treatment

The application of biochar in water treatment presents a promis-
ing future, driven by the necessity for sustainable, efficient, and cost-
effective solutions to address water pollution. Key areas poised for sig-
nificant advancements include:

Enhanced Catalytic Performance: Current limitations, such as the
consumption of oxygen-containing functional groups on biochar sur-
faces, pore clogging, and metal ion dissolution, restrict the reutiliza-
tion rate of transition metal-based biochar catalysts. Future research
will likely focus on incorporating various heteroatoms and transi-
tion metals to optimize catalytic performance. Understanding the roles
of different biomass components and the formation of active sites
will enable the design of highly efficient biochar catalysts. Innova-
tions in synthesis techniques, such as controlled pyrolysis and func-
tionalization processes, will further enhance biochar’s reactivity and
durability.

Scalability and Industrial Application: The transition from research
to industrial-scale application of biochar catalysts faces challenges, in-
cluding metal dissolution and toxicological concerns. Developing stan-
dardized production methods and quality control measures will ensure
consistent performance on a large scale. Addressing metal leaching, sec-
ondary pollution, and energy consumption during biochar production
will be crucial for industrial viability.

Integration with Existing Treatment Systems: Integrating biochar
catalysts with existing water treatment systems can enhance efficiency
and reduce operational costs. Hybrid systems that combine biochar with
other treatment technologies, such as membrane filtration or biological
processes, can offer synergistic benefits and improved pollutant removal
capabilities.

Environmental and Economic Sustainability: Ensuring the sustain-
ability of biochar applications is essential. Utilizing waste biomass
for biochar production can reduce waste and provide a low-cost
feedstock. Life-cycle assessments and techno-economic analyses will
help evaluate the long-term benefits and feasibility of biochar-based
treatments.

Targeted Pollutant Removal: The activity of biochar catalysts is sig-
nificantly affected by the biomass composition. The relationship be-
tween persistent free radical formation and the presence of carbohy-
drates, cellulose, and lignin in biochar needs further study. Addition-
ally, customizing biochar to target specific pollutants, such as heavy
metals, pharmaceuticals, and emerging contaminants, will enhance its
effectiveness in diverse water treatment scenarios.

Regulatory and Safety Considerations: Addressing regulatory and
safety concerns, particularly regarding the potential toxicity of biochar
and its by-products, will be important for widespread adoption. Estab-
lishing guidelines and standards for biochar use in water treatment will
ensure safe and effective applications.

In conclusion, the future of biochar application in water treatment
holds substantial potential for transforming the field. Continued re-
search and innovation will drive the development of advanced biochar
catalysts, paving the way for sustainable, efficient, and scalable solu-
tions to meet global water treatment challenges.
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6.7. Biochar in building materials

6.7.1. Decarbonization of biochar as binder or aggregate in cementitious
materials

Cement and concrete stand as pivotal elements extensively utilized
in the construction sector, which is responsible for 5 %-8 % of global
anthropogenic CO, emissions (Monteiro et al., 2017; Shah et al., 2022).
Due to the nature of cement clinker production, the decomposition of
calcium carbonates will inevitably generate considerable CO, during
heating up to 1450 °C (Habert et al., 2020). The replacement of par-
tial clinker or aggregate by some mineral admixtures or industrial by-
products during concrete production will reduce the overall CO, emis-
sions by up to 1.3 Gt (~2.8 % of anthropogenic CO, emissions) (Shah
et al., 2022), giving to the possibility to achieve the carbon neutrality
of construction industry (Miller and Moore, 2020).

To accomplish this objective, integrating carbon-negative materials
into concrete could be explored to counterbalance the remaining carbon
emissions. Among these materials, biomass-derived biochar can play
a pivotal role due to its multifunctional and carbon-negative nature.
The first carbon-negative concrete using biochar as fine aggregate was
achieved by replacing 30 wt. % of sand (Chen et al., 2022b), resulting
in approximately -60 kg CO, emissions per tonne of concrete produced,
particularly when supplemented with a significant quantity of mineral
admixtures.

A comprehensive life-cycle assessment (LCA) of biochar-enhanced
cementitious materials was recently performed based on a series of
binder types, using biochar as both aggregate and powder (binder phase)
(Labianca et al., 2024). Achieving carbon-neutral emissions is estimated
to be feasible with the utilization of at least around 20 wt. % biochar
(Labianca et al., 2024), though this pursuit entails a trade-off with
mechanical properties, representing an ambitious goal. One way to
compensate for this sacrifice is to incorporate ultra-fine powder-based
biochar as the filler in the cementitious composites, which can reach
60 wt. % replacement ratios, giving approximately -700 kg CO, emis-
sions per tonne of concrete products (specified used as 3D printing ink
in this case due to its rheological alternations) (Labianca et al., 2024).

6.7.2. Porous biochar serves as the lightweight aggregate or channels in
concrete

Due to its porous nature, biochar shows a very low bulk density,
which can reduce the volume of the cement paste or aggregate in the
matrix. The addition of porous materials naturally will reduce the av-
erage density of the final product, giving it the lightweight function of
being able to be used in some non-load-bearing structures (such as inte-
rior walls, infill walls, partition walls, or curtain walls). Recently, Chen
et al. tried to develop lightweight concrete whilst maintaining its high
strength by using 20 wt. % food waste digested (FWD) biochar aggre-
gate (Chen et al., 2024). The designed concrete meets the criteria for
high-strength lightweight aggregate concrete, demonstrating both low
density (< 2 g/cm?) and high compressive strength (> 40 MPa at 28-d).
However, it should be noted that the fineness modulus of biochar par-
ticles is only 1.9, which is much smaller than that of normal sand (nor-
mally 2.3 - 3.1 according to ASTM C33). Therefore, the amount of binder
(i.e., cement paste) used in this concrete product is still high. The higher
amount of biochar will inevitably decrease the compressive strength of
concrete products, but it is worth trying the high-pressure compression
method to produce particleboards, as demonstrated by Chen et al. (Chen
et al., 2022a). Attempts were also made to use engineered biochar as
part of the binder (similar particle size to Portland cement) to prepare
lightweight foamed mortar (Gupta, S. et al., 2022). The findings suggest
that the addition of biochar shows a positive effect on the rheological
of foamed concrete, giving a 23 %-28 % reduction in its yield stress. Re-
cent trials also confirm that the inclusion of corn husk biochar (CHBC)
in the base mix accelerates the formation of flocculation, leading to a
reduction in interparticle distance and consequently increasing the yield
stress (Xiong et al., 2024).
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Importantly, the presence of biochar will further fascinate the car-
bonation of foamed concrete, giving higher chances to sequestrate CO,,
in the filed application. It is widely found that the addition of biochar
will benefit the diffusion of CO,, and thus, the sequestering amount of
CO, during curing will be accelerated (Gupta, 2021; Praneeth et al.,
2020). Normally, the accelerated carbonation will give 8 %-10 % in-
crease in the mechanical properties of concrete products (Gupta, 2021),
which will be further boosted by using an internal carbonation strategy
(i.e., using CO,-saturated biochar), giving up to 30 % increment in com-
pressive strength (Gupta, 2021). It should also be mentioned that the
addition of biochar can also facilitate CO, curing in not only Portland
cement but also magnesia-based cement, giving an additional option for
low-carbon construction (Wang, Lei et al., 2021).

Other than being used as an aggregate or a binder, biochar was
also used to make lightweight aggregates, which can further be used
in concrete, achieving a lightweight foundation. Liu et al. developed a
novel CASSAs (cold-bonded artificial steel slag aggregates) with sawdust
biochar, which enables the aggregate to stabilize CO, even under very
low concentrations (Liu, J. et al., 2023), indicating a very high potential
to use biochar as the channel to enhance the carbonation effect of steel
slag. Further, Wyrzykowski developed the carbon-rich lightweight ag-
gregated (C-LWA) by using the cold bonded method, giving a very high
C-sink potential, about —1.05 kg CO,/kg of C-LWA (Wyrzykowski et al.,
2024).

As biochar is a porous material, it can also provide a channel for
the moving of internal moisture, giving the internal curing effect to en-
hance the cement hydration (Chen et al., 2022b) or reduce the shrinkage
(Maljaee et al., 2021; Mo et al., 2019), especially in alkali-activated slag
system (Prabahar et al., 2021), which typically show a larger shrinkage
compared to normal concrete (Zhu et al., 2022; Zhu et al., 2018). In
addition, the porous structure will also minimize the wetting-drying cy-
cles of external solution attack, which is believed to be one of the major
durability concerns of coastal infrastructures (Li et al., 2021; Li, Q. et al.,
2023). Biochar can provide sufficient channels for crystallisation expan-
sion during wetting-drying cycles, as demonstrated by recent work done
by Han et al. (Han et al., 2022). The use of biochar to stabilize the coral
sand using alkali-activated binder, where the biochar serves as the chan-
nel for releasing the crystallisation pressure due to sulphate attack at the
coastal area.

6.7.3. Interactions and degradation of biochar in cementitious
environments

In any composite material, the interactions between its constituent
phases play a crucial role in determining its durability. For instance,
the interfacial transition zone (ITZ) between sand and the cement paste
matrix is widely recognized as the weakest point in concrete (Scrivener,
2004). Similar interactions will also happen between biochar (carbon-
rich materials) and the cement matrix. As shown in Fig. 6.15 (modified
from (Zhu et al., 2023)), the brighter region stands for the unreacted
clinker in Portland cement, whereas the black parts are the biochar or
the defects within the matrix and the grey parts are the hydration prod-
ucts as the results from the reaction. It is evident that from the distribu-
tion of grey values of these slices (Fig. 6.15b-d) the hydration degree of
these clinkers increased significantly in the region of ITZ.

Two major interactions, i.e., via calcium-rich layer or C-S-H gel lay-
ers, are also illustrated using backscattered electron microscopy-energy
dispersive X-ray analysis (BSEM-EDX) and X-ray computed tomogra-
phy (X-CT) for analysing the biochar-cement composites (Zhu et al.,
2023). The calcium-rich layer contains mostly calcium hydroxide and
some aluminium/calcium-based layered double hydroxides, indicating
the concentrated calcium and aluminium will present in the ITZ of
biochar-cement. A similar effect was also found in the carbon fibre mod-
ified cement, where the oxidised carbon fibre preferred to connect with
the cement matrix via Ca-OOC chemical bonds or Al-O bonds (Sugama
et al., 1989).
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Further, as it is in high alkali condition, the durability of biochar
in cementitious materials will also be a critical issue before its real ap-
plication. The comprehensive study found that environmental exposure
diminished Young’s modulus and hardness of biochar, attributed to the
partial damage of its pore structure and the disruption of its cross-linked
network structure by the saponification reaction (Xu et al., 2024). How-
ever, the deformation of biochar and its elastic recovery improved in
seawater due to salt crystal deposition on its surface or pores (Xu et al.,
2024).

6.7.4. Other challenges and future directions

A major challenge in utilizing biochar lies in the need to regulate its
properties, given the diverse sources of biomass used as the raw mate-
rials for pyrolysis. Even among wood wastes, the resulting biochar ex-
hibits significant variability in performance. Hence, it is crucial to cate-
gorize or classify biochar according to its suitability for various functions
in construction materials. Secondly, the balance between sacrifice in me-
chanical properties and carbon sequestration should be systematically
evaluated before its real application. Although the LCA predict that car-
bon emissions will be greatly reduced due to the addition of biochar, the
requirements for its mechanical properties are not very high (Labianca
et al., 2024). Secondly, the use of high amounts of carbon will gener-
ate concerns about fire safety, which will be an important issue to be
systematically evaluated. Thirdly, biochar introduces more pores, which
will also serve as the channel for external chemicals to ingress, although
existing data show the positive effect of the pores under wetting-drying
attack (Han et al., 2022). Other conditions, such as full immersion or
partial immersion in solutions, should also be considered.

Nevertheless, carbon-negative biochar is a suitable and promis-
ing material to offset the carbon emissions from the construction in-
dustry, making the buildings the carbon sink (Wyrzykowski et al.,
2024). The future direction of biochar-cement composites sheds light
on the following aspects: (i) fresh properties (for 3D printing), additive
cargo functions of biochar, high-performance concrete, smart monitor-
ing for construction (electrical properties), durability concerns, and field
application.

7. Techno-economic analysis of biochar system
7.1. TEA for biochar-based CO, capture and energy use

As a potentially renewable solid material, biochar has diverse appli-
cations that can replace conventional alternatives, while also providing
carbon sequestration benefits. The limited understanding of biochar’s
economic viability has impeded its practical implementation. Conduct-
ing a techno-economic assessment (TEA) is crucial to accelerate the de-
velopment of innovative technologies using biochar for carbon capture
and energy use.

Mukherjee et al. (Mukherjee et al., 2022) investigated the potential
of spent coffee grounds as precursors for activated carbon (AC) pro-
duction via a detailed techno-economic and sensitivity analysis. The
results indicate that the price of pristine AC and functionalized AC
were lower than the commercially available activated carbon (USD
$0.45/kg). Shaheen et al. (Shaheen et al., 2022) evaluated the per-
formance, environmental impacts, and economic considerations of date
palm biochar and woody biomass activated carbon. Date palm biochar
demonstrated a GHG emission of 1.53 kg CO,eq/kg, which was less
than the 8.96 kg CO,eq/kg linked to woody biomass activated carbon
and other activated carbons derived from different feedstocks found
in the literature. The economic analysis revealed that the average
production costs for date palm waste biochar and activated carbon
were $1.06 per kg and $1.34 per kg, respectively. Haeldermans et al.
(Haeldermans et al., 2020) conducted a comparative techno-economic
assessment and Monte Carlo risk analysis on large-scale (3 tonne/h)
biochar production plants using conventional and microwave pyroly-
sis, and found that minimum selling prices for conventional biochar



L.M. Sun, S.R. McIntyre, P. Iacomi et al.

50um 50 um

> 100 um

Carbon Capture Science & Technology 16 (2025) 100421

(b) 1st Layer (0-50 pm)
T T

2000 ™ T T
1500 | Hydration ! |
Z N I products !
g 1000 4 Pores or defects | : Usreacted |
o —_—
500 [ ! ]
|
0 50 100 150 200 250
©20dL o ll.lOGre{ scale
¢) 2nd Layer (50- m
2000 Sl . ; .
1500 4 | Hydration ! ]
g ) I products !
£ 1000- Pores or defects | : Unreacted ]
&) _—
500 4 ] 1
0 T r T T r
0 50 100 150 200 250
Grey scale
5000 (d) Outer I'ayer — - . ]
4000 ! ! 1
@ I |l—
= 3000 -—_— j 1
2 Pores or defects ! Unreacted
o 2000 | | J
1000 4 Hydration i
0 products
0 50 100 150 200 250
Grey scale

Fig. 6.15. Interfacial transition zone (ITZ) between biochar and the cement matrix: (a) the segment of ITZ; (b-d) the grey values distribution of cement matrix

adjective to biochar.

production plants are between €436/tonne and €863/tonne, compared
that of €564/tonne and €979/tonne for microwave biochar production.
Ganguly et al. (Ganguly et al., 2022) evaluated the economic and en-
vironmental performance of conventional fast pyrolysis (FP) and au-
tothermal pyrolysis (ATP) technologies with and without pretreatment
of three kinds of biomass to produce sugars, phenolic oil, and biochar
as end products while achieving carbon negative emissions. The assess-
ment indicated that the pyrolytic systems are competitive to direct air
capture in terms of both net carbon dioxide (CO,) removal per unit of
energy consumption and cost of removing CO, which falls between $30
to —$139 per ton CO, removed.

Fawzy et al. (Fawzy et al., 2022) conducted a techno-economic-
environmental study of atmospheric carbon removal via industrial
biochar systems. Using the Puro. Earth methodology, it was realised
that 2.68 tCO,e are permanently removed per tonne of biochar pro-
duced (dry basis), considering the entire process’s carbon footprint. This
equates to 3.26 tCO,e removed per hour and approximately 24,450 car-
bon removal certificates (CORCs) issued annually, based on 7500 hours
of operation. The economic assessment shows profitability with a CORC
price of 110 EUR and biochar price of 350 EUR/tonne, yielding a net
present value (NPV) of 3002,358 EUR, an internal rate of return (IRR)
of 22.35 %, and a payback period of 8 years.

Huang et al. (Huang et al., 2015) investigated the technical and
economic performance of biochar production together with electric-
ity and/or heat from poultry litter waste, demonstrating a break-even
biochar selling price (BESP) of around £218/tonne. If the sale of elec-
tricity and heat produced is considered to be around £60/MWhe and
£5/MWhth, the BESP will decrease to £178/tonne.

It is important to note that the characteristics of biochar are affected
by feedstocks and processing conditions, which also determine the re-
spective environmental and economic performances. Current TEA and
LCA have lots of uncertainties in terms of process configurations, data
sources, assumptions of parameters, and modelling methodologies and
therefore, a comprehensive understanding of emerging biochar systems
for CO, capture and energy use is seen to be critical.
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7.2. TEA for biochar soil amendment

As illustrated above, the addition of biochar to soil has been proven
to improve soil properties, nutrition availability and water retention,
hence promoting crop productivity (Yadav et al., 2019; Yang, K. et al.,
2022). With a close long-term economic return for cotton production in
northern Benin, biochar amendment is believed to have a greater envi-
ronmental benefit than mineral fertilizer (Tovihoudji et al., 2022). In a
case study of growing pod pepper, Zhang et al. found the net proceeds
of biochar-based fertilizers were $543 ha~! in 2018 and $1106 ha~! in
2019, more than those of fertilizers without biochar (Tovihoudji et al.,
2022). Moreover, the emission of greenhouse gases can also be offset.
However, the cost of biochar is another barrier to its widespread use as
soil amendment, hence the importance of assessing the economic via-
bility (Mohammadi et al., 2020). According to a six-year experimental
research on paddy field, biochar application may leave adverse impacts
on the net ecosystem economic benefit (NEEB), since the high cost of
biochar overweighs the income from increased rice production and soil
organic carbon storage (Chen, Z. et al., 2024). It should be noted that
the duration of the effective lifetime is critical for the profit due to the
diluted annual cost of biochar, though the initial investment is still ex-
pensive for small-scale farms and low-income countries (Robb et al.,
2020).

Basically, the net proceeds generated through biochar soil amend-
ment are predominantly driven by the gross income of harvest and the
cost of the biochar, where the gross income is based on the fresh weight
in the unit area and the unit price of the fresh crop. The input value of
the additive is calculated by the product of biochar price and the feed
weight of biochar in the unit area. Since the field output, crop price
and the promotion productivity from biochar deployment depend on
crop type, the viability of soil amendment should be evaluated under
specific conditions. According to a comparison study between biochar
amendment for rice and wheat production, although the net economic
proceeds by biochar for the two crops were somewhat comparable, i.e.
41-78 % for rice and 34-77 % for wheat, the gross outcomes per unit
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area for rice ($899 ha~! on average) were higher than that for wheat
($600 ha~! on average). This means the return of biochar investment
would have a longer period for wheat production (Wang, L. et al., 2018).
Environmental factors such as climate and soil properties are also crit-
ical for biochar deployment (Keske et al., 2020; Shen, J. et al., 2023;
Struhs et al., 2020). Considering water capacity, Kroeger et al. claimed
that soil and biochar qualities are both important for the realised wa-
ter holding capacity benefits from biochar soil amendment., pinpointing
specific locations in United States for higher performance (Kroeger et al.,
2021). Bi et al. evaluated the feasibility of straw biochar amendment
with six kinds of soils. Among different fields, the total gains varied
widely. The biochar doses applied also led to different impacts on NEEB
values (Bi et al., 2019). An interesting application for biochar amend-
ment is to remediate contaminated soil, where the profit is higher than
the common cultivation if the harvested crop can meet the standard of
livestock feed after the treatment (Wang and Delavar, 2023; Wei et al.,
2021). With regard to the dose of biochar, the production may improve
quickly at first and then gradually stabilise. The cost, however, rises lin-
early by a small margin, with a sharp drop in revenue. Latawiec et al.
analysed the consumption rate of sunflower husk biochar for soybean
production in Poland, where the breakeven prices of biochar were calcu-
lated to be $39.22, $38.29 and $23.53 corresponding to doses of 40, 60
and 80 t/ha, and the payback period were 3.19 and 3.26 years for doses
of 40 and 60 t/ha, respectively (Latawiec et al., 2021). With an optimum
biochar application rate, it is possible to gain both economic benefits for
farmers and environmental benefits for the public (Aller et al., 2018;
Li, Y. et al., 2023).

Owning to carbon sequestration potentials, if environmental bene-
fits associated with the large-scale application of biochar can lead to the
generation of economic revenue through ecological subsidy policies, the
expensive cost of biochar can potentially be compensated (Keske et al.,
2020; Wang, L. et al., 2018). For a tea plantation ecosystem, Lin et al.
compared the effect of an optimistic condition with $160 t~1 CO,-eq
to a business-as-usual scenario with the carbon price of $8 t~! CO,-
eq in China, where the NEEB increased 17 % ($14,945 ha—! yr1)
(Lin et al., 2023). At a carbon price of $35/t in Brazil, biochar lacks
competitiveness, as it is 617 % more expensive than common fertilizer
(Latawiec et al., 2019). Therefore, a market-regulated carbon price rein-
forced by appropriate ecological compensation is critical to effectively
encourage biochar soil amendment (Robb et al., 2020).

In conclusion, soil amendment is a promising application for biochar
utilisation from both economic and environmental perspectives, while
the return on investment over a long period is still a challenge for users.
The income will be further promoted when the biochar amendment is
used on high-value crops, and carbon credit can be factored in. In order
to optimise the high cost of biochar production, a number of factors need
to be carefully taken into account while considering different scenarios
and the uncertainty in prices and crop production in order to achieve
meaningful techno-economic analysis.

7.3. TEA for H,-rich syngas production from biomass

Hydrogen, with a calorific value of around 120 - 140 MJ kg™, is
widely recognised as clean future energy with a broad range of applica-
tions in industries including transportation, electricity, heat and power
generation, as well as chemicals (Ghodke et al., 2023). Hydrogen can
be produced from syngas via water-gas shift (WGS) reaction (Pal et al.,
2018):

CO + H,0 < CO, + Hy AH’ = — 41.09 kJ/mol

Syngas is a mixture of CO and H,, which can be used in the syn-
thesis of fuels (e.g. diesel fuel, dimethyether) and value-added chemi-
cals (e.g. methanol) (Rostrup-Nielsen, 2002). The ratio of H, to CO in
syngas can vary between 3 and 1.2 (Samiran et al., 2016). Syngas is
typically produced via gasification (Aydin et al., 2018), catalytic pyrol-
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ysis (Wang et al., 2022) and catalytic steam reforming (Chen, G. et al.,
2016).

Despite the presence of a number of techno-economic analyses
(TEAs) studies on H, production, there has been little research on
TEAs associated with Hy-rich syngas produced from biomass. Techno-
economic assessments could be reflected in the cost, including the cap-
ital investments (CAPEX) and/or the operational costs (OPEX), as well
as the final cost of the end product. Generally, the CAPEX is composed
of direct costs (cost of land, equipment, etc.) and indirect investment
(cost of operation, handling, etc.) (Liu, Y. et al., 2017; Wang, Y. et al.,
2019). OPEX includes costs associated with maintenance, labour, prop-
erty taxes, insurance, and administrative expenses, as well as the cost of
raw materials used in the process, as well as process utilities (Liu, Y.
et al., 2017). It should also be noted that the investment costs usu-
ally have an uncertainty ranging from +50 % to —30 % (Brown, 2016).
Ahmed AlNouss et al. reported the techno-economic analysis for four
different cases of yielding H,-rich syngas via raw material blending
(AlNouss et al., 2020). Oxygen- and oxygen/steam-based gasification
with an air separation unit (ASU) was linked to capital costs of around
$60 million and operating costs of around $18 million, whereas steam-
only gasification was demonstrated with an estimated capital expendi-
ture of approximately $7 million. The operating cost of the steam-based
gasification was calculated to be approximately $2 million. It was re-
alised that CAPEX contributed to a bigger share of the overall process
costs.

In addition, the technology readiness level (TRL), the size of the
plants, and some external factors (i.e. the energy supply and policies)
are also critical factors in TEA (Klein-Marcuschamer and Blanch, 2015).
The syngas composition is determined by the steam-to-biomass ratio,
temperature, and technology employed. Thibaut Lepage et al. have com-
pared the economic aspects of three thermochemical methods, includ-
ing gasification, partial oxidation, and steam reforming, to produce H,
from biomass in terms of cost (Lepage et al., 2021). Mature technolo-
gies, steam methane reforming and coal gasification (with a CAPEX of
170.95 - 240.20 M€), were found to be most economical with a cost
of 0.77 $/kg H, (TRL 9) and low feedstock cost. Table 7.1 summarises
different technologies for H, production using biomass together with
their respective CAPEX based on the production capacity. The gasifica-
tion process requires higher CAPEX and OPEX due to higher operating
temperatures (Kannah et al., 2021).

The World Bank Group have reported three benchmarks to gauge
process efficiency for biomass processing, including a net present value
(NPV), the internal rate of return (IRR) over 10 % and a payback pe-
riod (PBP) of less than 10 years (Cardoso et al., 2021). Ajay Sharma and
Ratnadeep Nath conducted the techno-economic analysis applied to an
Indian gasification plant (with syngas production at 500 m3/day and
the capacity of waste processing at 2000 kg/day), designed for the pro-
duction of H,-rich syngas using eucalyptus wood sawdust. Based on the
life span of 20 years, the results showed that the plant needed a payback
period of around 5 years and reflected a minimum of 142 % profit mar-
gin (assuming a sale price of 43 INR per kg of hydrogen) (Sharma and
Nath, 2023).

J. R. Copa et al. studied the techno-economic analysis of a 15 kWe
downdraft gasifier set up in decentralized communities using biomass
fuels (Acacia Residues in Portugal and Eucalyptus in Brazil) and its mu-
nicipal solid waste (MSW) for electricity generation in Portugal and
Brazil. The research compared the NPV, IRR and the PBP of the investi-
gated projects. The NPV of acacia was shown to be 29.32 k€ for biomass
and 18.99 k€ for MSW, while that of eucalyptus was calculated to be
28.45 k€ and 31.65 k€ for biomass and MSW, respectively. The IRR of
acacia was 19.34 % for biomass and 16.88 % for MSW, while that of eu-
calyptus was 19.28 % and 20.09 % for biomass and MSW, respectively.
In terms of PBP, acacia demonstrated a period of 9.2 years and 12.61
years for the MSW, while the eucalyptus project showed 9.38 years for
biomass and 8.67 years for MSW. Comparatively, Brazil demonstrated
better economic performance due to the higher selling price of elec-
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Table 7.1
Cost of different processes of H, production using biomass (Lepage et al., 2021).
Production scale Methods CAPEX Reference
1 2.2 t day~! Gasification 11 M€ 14
2 2.2 tday~! Steam Reforming 9 M€ 14
3 2000 t day~! Gasification 215M$ 15
4 2000 t day~! Pyrolysis 210 M$ 16

tricity (Copa et al., 2020). It was assumed that from the 1st year, the
process could produce approximately 36,000 kWh/year of electricity,
which leads to an annual profit of 10,500 € on average.

Despite all the efforts, the production of hydrogen-rich syngas is still
facing challenges associated with CO, emissions (Ayodele et al., 2019).
The addition of a carbon capture to the process will affect TEA out-
comes. Yaser Khojasteh Salkuyeh et al. have compared the selling price
of H, with and without carbon capture (Salkuyeh et al., 2018). Produc-
tion of hydrogen via biomass in a fluidized bed without carbon capture
was linked to 3.1 US$/kg of hydrogen, while the H, price for the en-
trained flow process without carbon capture was approximated to be
12 % higher at $3.4 per kg of H,. With the incorporation of a carbon
capture and liquefaction system, hydrogen selling price increased by 3 %
in the entrained flow process ($3.8 per kg) and by 11 % in the fluidized
bed ($3.5 per kg).

Ahmed AlNouss et al. compared the environmental assessment of
four processes using biomass gasification with oxygen/steam and indi-
rect/direct heating to produce H,-rich syngas, ranging from 0.9 to 1.5 kg
of CO,-e per kg of Hy (AlNouss et al., 2020). Steam-based gasification
with the direct heat source demonstrated the best environmental perfor-
mance, with 0.9 kg of CO,-e per kg of H,. The source of energy could
be an important factor affecting the quality of syngas.

In conclusion, the capital cost, NPV, IRR and PBP must be consid-
ered to depict an accurate picture of Hy-rich syngas technologies. The
influence of the quality of syngas and the coupling and/or addition of a
carbon capture system should also be assessed in detail.

7.4. TEA for biochar-based wastewater treatment

A considerable amount of wastewater released by industrial opera-
tions is insufficiently treated and requires a cost-effective and techno-
logically sophisticated treatment solution (Paritosh and Hackula, 2024).
Investigating the advancement and application of biochar-based mate-
rials for wastewater treatment is crucial for environmental protection
(El-Shafie et al., 2024; Kang et al., 2023). To assess the technical fea-
sibility, it is essential to examine the adsorption efficiency of contam-
inants present in wastewater, as well as the regeneration and recycla-
bility of biochar-based materials. The techno-economic analysis should
also include a comparison of the capital and operational costs associated
with the use of biochar against those of traditional wastewater treatment
methods (Kumi et al., 2020; Mian et al., 2024; Tian et al., 2020).

Kumi et al. utilized the pyrolysis process of sewage sludge to produce
biochar (BC) adsorbent, which was subsequently modified with eggshell
waste, resulting in the creation of eggshell-modified biochar (EMBC).
This adsorbent material was applied for the extraction of monoethy-
lene glycol (MEG) from aqueous solutions under a range of adsorption
conditions (Kumi et al., 2020). A techno-economic feasibility analysis
reveals that the capital costs for producing BC and EMBC adsorbents to
treat 1 m? of wastewater containing ethylene glycol would amount to
US $4.80 and $6.50, respectively. The commercialization of these ad-
sorbents, coupled with the economic benefits associated with tertiary
treated water, showed promising annual profitability. The payback pe-
riods are estimated to be 12.97 years for the BC option and 6.79 years
for the EMBC scenario. Consequently, this study successfully developed
effective and cost-efficient adsorbents suitable for the tertiary treatment
of petrochemical industrial wastewater that contains hazardous environ-
mental pollutants. In a recent study, Zhang et al. developed a new type of
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magnetized biochar, referred to as magnetic functionalized carbon mi-
crosphere (MF-CMS), through the combined processes of hydrothermal
carbonization and pyrolysis activation of starch-rich rice waste, which
was utilized for the treatment of wastewater containing tetracycline an-
tibiotics (TCs) (Zhang, F. et al., 2023). The projected expense for the
preparation of MF-CMS is approximately US $5.91 per kg. To produce
1 kg of MF-CMS, it is necessary to utilize 8 kg of waste rice, which can ef-
fectively treat around 0.55 tons of TCs wastewater. This estimated cost is
on par with the prices of commercial adsorbents and other documented
adsorbents used for wastewater treatment. In comparison to most com-
mercial adsorbents, the MF-CMS developed in this study demonstrates
both efficiency and environmental sustainability for the removal of var-
ious TCs, particularly regarding its adsorption capacity and reusability.

The large-scale treatment of polluted wastewater effluents requires
the creation of highly efficient and economically viable adsorbents. El-
Shafie et al. synthesized a biochar-based adsorbent derived from man-
darin peels (MRBC) for the treatment of wastewater effluents containing
binary dyes, specifically methylene blue (MB) and basic fuchsin (BF),
conducted at both laboratory and large-scale levels (El-Shafie et al.,
2024). Large-scale economic analysis demonstrates that the estimated
overall cost of MRBC is 3.96 US$/kg, which is greater than that of other
biochar varieties, primarily due to the higher expenses associated with
unit energy. The total expense for wastewater treatment has been cal-
culated at 10.6 US$/m> of wastewater effluent over a ten-year lifespan
of an adsorption unit with a capacity of 10 m3. Future research may
reduce this cost by exploring innovative methods to enhance the ad-
sorption capacity of MRBC and lower its production expenses. Taslakyan
et al. investigated the techno-economic analysis (TEA) of a tertiary water
treatment process that employs a large-scale biochar-integrated reactive
filtration (RF) system for the removal and recovery of micropollutants
through catalytic oxidation (Taslakyan et al., 2023). This advanced sys-
tem integrates the use of biochar (BC) either alongside or separately
from iron-ozone catalytic oxidation (CatOx). The technology achieves
total phosphorus removal rates ranging from 90 % to 99 %, facilitates
the adsorption of phosphorus onto biochar for recovery purposes, and
ensures over 90 % destructive elimination of identified micropollutants.
TEA of the biochar catalytic oxidation reactive filtration process indi-
cates an anticipated carbon-neutral process cost of approximately US
$0.11/m3 + 0.01. This estimation pertains to a facility with a capac-
ity of 3780 m3/day (1 MGD), with the cost of biochar contributing
US $0.03/m3 to the overall expense. The large-scale implementation
of biochar-integrated wastewater treatment technologies offers a sig-
nificant opportunity for the decarbonization of the water sector, while
simultaneously enhancing the efficiency of pollutant removal and re-
source recovery. These findings indicate that achieving carbon negativ-
ity could establish a performance benchmark for water treatment that
is as crucial and achievable as the removal of pollutants and pathogens.

8. Conclusion

This review has provided a systematic analysis of biochar character-
ization, production, activation, modification, applications, and techno-
economic analysis. Biochar characterization is essential for understand-
ing its properties, including elemental composition and distribution,
pH, surface area, surface energy, porosity, density, particle size, mor-
phology, functional groups, thermal conductivity, and heat capacity.
Advanced analytical methods provide valuable data for enhancing
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biochar’s effectiveness and developing tailored biochar products for spe-
cific applications.

A variety of thermochemical processes for biochar production from
biomass, including slow pyrolysis, combustion, hydrothermal carboni-
sation, and gasification, have been discussed in this work. Each produc-
tion method is influenced by factors like feedstock type, reactor design,
pyrolysis temperature, and the presence of additives, all of which signif-
icantly affect biochar’s yield and quality. Scaling up biochar production
remains challenging, particularly in achieving cost-effective and envi-
ronmentally sustainable production. Research should focus on optimiz-
ing these processes and exploring novel production methods to improve
biochar yield and quality while reducing energy requirements.

Biochar activation and modification are important steps for improv-
ing the physical and chemical properties of biochar, enhancing its ef-
fectiveness across a range of applications, particularly in carbon cap-
ture, energy production, soil amendment, heavy metals and pollutants
adsorption, and as a binder or aggregate in cementitious materials.
Porous activated carbon can be produced through physical, chemical,
and physicochemical activation. For specific applications and improved
biochar performance, additional functional groups can be incorporated
via heteroatom doping, heteroatom-metal co-doping, and metal atom
doping. However, the costs, energy requirements, chemical use, and po-
tential environmental impacts of these processes must be balanced with
the goal of enhancing biochar’s properties for effective environmental
and industrial applications.

Limited work has been reported on the techno-economic analysis and
life-cycle analysis of the entire chain of biochar production, activation,
modification, and application. Such analysis is crucial for understand-
ing biochar’s economic and environmental potential before large-scale
deployment. To address this gap, future research should focus on com-
prehensive assessments that integrate cost, energy use, environmental
impact, and scalability to guide sustainable biochar production and ap-
plication strategies.

Overarching perspectives

The authors propose the following recommendations to guide the re-
search community in advancing biochar science and commercialisation,
aiming to unlock new opportunities and address current challenges in
the field:

(1) Advanced and standardized characterization techniques. Developing
and standardizing advanced analytical methods for comprehensive
biochar characterization will enhance our understanding of its prop-
erties and performance across various applications. Machine learn-
ing and computational modelling could accelerate the discovery and
customization of biochar for various applications.

Sustainable and energy-efficient biochar production. Biochar pro-
duction methods should aim to minimize environmental impact,
reduce energy consumption, and utilize renewable feedstocks. Ad-
vanced reactor design and optimisation of process parameters, such
as temperature and residence time, can improve energy efficiency
and carbon retention. Additionally, implementing closed-loop sys-
tems to capture and reuse by-products (e.g., syngas, bio-oil) can
further enhance sustainability and reduce the carbon footprint of
biochar production.

Explore novel activation and modification methods. Investigating in-
novative activation and modification techniques, such as chemical or
thermal activation, can enhance the physical and chemical proper-
ties of biochar, broadening its utility. Novel approaches like surface
functionalization, nanoparticle doping, or impregnation with metal
oxides can improve biochar’s adsorption capacity, catalytic activity,
and conductivity, making it suitable for applications in carbon cap-
ture, water purification, catalysis, and energy storage.

Tailored biochar products development. Designing biochar products
customized for specific applications, such as carbon capture, soil

(2)

3

(€]
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remediation, pollutant adsorption, or energy storage, can improve
both efficacy and commercial appeal. Tailoring biochar’s porosity,
surface area, and functional groups to match the needs of various
industries enables its targeted application, fostering greater indus-
try adoption and versatility across sectors.

Comprehensive techno-economic and environmental analyses. Con-
ducting thorough techno-economic and environmental assessments
is essential to evaluate the commercial viability and sustainability
of biochar production methods. Analyses should account for the cost
of feedstocks, production efficiency, scalability, and environmental
impacts, including carbon footprint and potential pollutants. These
insights can guide the development of eco-friendly, economically
feasible biochar solutions that align with sustainable development
goals.

Cross-disciplinary research collaboration. Promoting collaboration
across diverse fields, such as materials science, environmental engi-
neering, agriculture, and economics, can address complex challenges
in biochar research. Cross-disciplinary efforts can enhance biochar’s
applications through shared expertise, driving innovation and fos-
tering more holistic approaches to production, characterization, and
commercialization. Collaborative projects may accelerate biochar’s
role in sustainability and contribute to advances in environmental
management and clean energy.
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