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sequestration, soil processes, and microbial
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Abstract

Biochar application to the soil is an eco-friendly and sustainable nature-based solution for promoting soil carbon
sequestration. It facilitates the reduction in the microbial carbon mineralization rate. Additionally, biochar enhances
soil aggregate formation, neutralizes soil acidity, and increases microbial diversity, composition, and functions. The
method adopted for this qualitative review entails a detailed examination of various research studies published

on the contributions of biochar to soil carbon sequestration, its effect on the microbial community, and its contribu-
tion to greenhouse gas emission suppression, while also examining the various key factors that influence biochar’s
functional potential as well as biochar’s contribution to environmental sustainability. We also put forward areas

that needed further studies. Interestingly, this review emphasizes further the importance of exploring biochar in soil
carbon emission control through a nature-based solution for climate change mitigation and management.

Highlights

- High temperature pyrolyzed biochar promotes soil carbon conservation via induction of a negative priming
effects on microbes.

- It supports increase in microbial diversity for adequate soil ecological function.

- Biochar-organo-mineral interfaces aid the protection of labile carbon from microbial decomposition.
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1 Introduction

An increase in atmospheric temperature that results in
climate warming and its corresponding effects on the
ecosystem breeds the quest for environmental sustain-
ability in controlling greenhouse gas emissions. Green-
house gases, especially methane and carbon dioxide,
originate majorly from microbial degradation of soil
organic matter through carbon mineralization, respira-
tion, and methanogenesis processes. Carbon mineraliza-
tion occurs in the soil (Ray et al. 2020; Tikuye et al. 2025).
The soil is perhaps considered the largest reservoir of
carbon (organic and inorganic) in the biosphere. Most
of these organic carbons originate from plants, which
release approximately 50% of their fixed carbon (pho-
tosynthates) into the soil (Pausch and Kuzyakov 2018;
Prescott 2022). The plant’s root exudates (photosynthates
and sloughed-off tissues) support microbial growth and
metabolism, culminating in carbon dioxide production
via respiration and methane production through metha-
nogenesis. These microbial-mediated processes result in
the loss of soil organic carbon (SOC) (Bossio et al. 2020;
Ciais et al. 2013; Sae-Tun et al. 2022).

Although microbial metabolism leads to carbon loss,
which negatively affects the climate, a nature-based
approach is needed to solve or ameliorate the problem
(Gurau et al. 2025). Nature-based solution approach
entails any management practice that enhances ecosys-
tem function and biodiversity, supports natural ecosys-
tem processes and their adaptive capacity, and exerts
little or no negative effects on the environment, animal
and human lives, and with long-lasting benefits to the
ecosystem (Sowinska-Swierkosz and Garcia 2022). Based
on the fundamental concepts proposed by the Euro-
pean Union (EU), a nature-based solution is defined as
an approach that entails the use of a natural product or
process. This approach must provide societal, environ-
mental, and economic benefits while also supporting
biodiversity (Policy 2021). For instance, biochar applica-
tion to the soil fits well within the EU guidelines. It is a
product of organic matter or biomass waste conversion
into a stable organic carbon through pyrolysis. It has var-
ious attributes ranging from high porosity, stable carbon
structure with high aromaticity, and low bulk density to
high cation exchange capacity (Table 1) and through the
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Table 1 Concise overview of the main properties of biochar
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Biochar properties

General descriptions

4. Stable dark organic carbon

5. High CEC (cation exchange capacity)

6. Moderate to high water retention capacity

Physical 1. High porosity
2.Large surface area
3. Low bulk density

Chemical a. High aromaticity

b. Posses neutral to alkaline pH

c. Contain reactive functional groups such as carbonyl, oxonium, carbonate, carboxyl etc.

d. Contain either recalcitrant or labile carbon composition that is determined
by the pyrolysis temperature used for its production

modification of microhabitat and substrate availability, it
controls the rate of microbial decomposition/degradation
of organic matter, mitigates soil greenhouse gas emis-
sion and supports increase in soil organic carbon con-
tents (Sapkota et al. 2024). Another key contribution of
biochar towards soil carbon accumulation is its ability to
enhance the carbon use efficiency of microbes, promote
aggregate formation, and form biochar-organo-mineral
interfaces for protecting labile carbon from microbial
decomposition (Fig. 1).

Studies have shown that biochar application to the soil
enhances soil properties, increases the accumulation of
necromass carbon, and enhances the accumulation and
stability of soil organic carbon (Aurangzeib et al. 2024;
Bai et al. 2024). It is a good additive for increasing soil
carbon sequestration. Biochar’s contribution to soil car-
bon sequestration is attributed to its carbon content,
which is rich in recalcitrant and aromatic carbon, and
to its ability to induce negative priming effects on soil
microbial metabolism. Negative priming is a phenom-
enon where biochar application reduces microbial min-
eralization of resident or native soil organic carbon by
lowering microbial metabolic quotient, limiting micro-
bial accessibility to soil organic carbon, and stimulating
carbon use efficiency, thereby facilitating an increase
in soil carbon storage and a decrease in soil respiration
(Enebe et al. 2025). It also increases microbial biomass
carbon through promoting carbon use efficiency and
supports carbon assimilation into biomass as opposed
to respiration. Biochar, also improves microbial habitat
through enhanced soil cation exchange capacity, water
holding capacity, aggregate formation, and aeration (Bai
et al. 2024; Brown et al. 2024). Besides promoting soil
carbon sequestration, biochar equally improves soil pro-
ductivity while enhancing agricultural waste recycling
to ensure environmental sustainability. Biochar is per-
haps a suitable organic matter for promoting zero carbon

emission from the soil (Dong et al. 2024). Additionally,
it enhances soil processes, which is a series of actions
involving biological and non-biological activities that
bring about a result. For instance, nutrient biogeochemi-
cal cycling controls the movement and transformation of
nutrients from one form to another. Another example is
soil water content, which is determined by water percola-
tion. In essence, soil processes are influenced by biochar,
temperature, and precipitation (Duniway et al. 2010;
Smercina et al. 2021; Yadav et al. 2023). In fact, microbes
are the key drivers of the biogeochemical cycle, and their
activities are influenced by soil conditions, soil manage-
ment (biochar application), and abiotic conditions (pre-
cipitation, temperature, etc.) (Smercina et al. 2021).

To this end, a critical review of biochar’s impact on
carbon sequestration, soil processes, and microbial com-
munities is required to understand biochar’s contribution
to environmental sustainability. To the best of our knowl-
edge, no study has been done on evaluating the impact
of biochar on soil carbon sequestration, soil processes,
and microbial communities. This review seeks/aims
to critically examine the impact of biochar on carbon
sequestration, soil processes, carbon cycling, and micro-
bial community dynamics. While examining the factors
affecting biochar-mediated carbon sequestration, biochar
influence on the microbial metabolic pathway and its
impact on soil organic carbon sequestration, this review
also suggests ways to maximize biochar’s environmental,
agricultural, and economic benefits in the attainment of
a sustainable environment through minimizing green-
house gas emission from soil.

2 Methodology

This comprehensive review was done using publicly avail-
able information contained in various databases such
as Sciencedirect, Scopus, Web of Science and through
Google search. It discusses the various efforts made by
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Fig. 1 A case study of the conceptual diagram of the formation of protected aggregates from catalytic biochar surfaces over time in a Rhodic
Ferralsol. a Biochar sorbs root-derived carbon (rhizodeposits) onto its surface, protecting the rhizodeposits from immediate microbial consumption.
b, ¢ The rhizodeposits form organic interfaces with biochar, and organo-mineral interfaces with very fine layers of soil minerals that accumulate

on the biochar that protect (b) and retain (c) rhizodeposits within the biochar coating. Over time, microbial necromass also adsorbs to biochar,
which is retained in similar protective interfaces. d New organic and organo-mineral coatings can build on the biochar surface. e The process
repeats to develop new, protected SOC over time. Adapted from Weng et al. (2022) published by Nature Communication with CC BY license

permission

researchers to deepen our understanding of the contri-
butions of biochar to soil processes, carbon sequestra-
tion, and microbial community dynamics. To carry out
the study, we evaluated original articles describing bio-
char and the conditions affecting its potency in carbon
sequestration and greenhouse gas emission control. We
focused primarily on recent publications available in the
public domain. Various biomass materials ranging from
green waste, municipal solid waste, manure to industrial
wastes converted to biochar were reviewed to ascertain
how they contribute to soil carbon sequestration and
greenhouse gas emission control. Therefore, although
many articles were identified, only a limited number
were included in this review. The selected articles were
deemed relevant, provided quantitative data, and clearly
demonstrated how biochar application contributes to soil
carbon sequestration, microbial activity dynamics, and

the modulation of processes within the biogeochemical
cycle.

2.1 Biochar production process

Creating biochar involves sourcing biomass materials
like plant materials, animal manure, agro-wastes, or
municipality solid wastes and sludge. Biomass materials
of large size will undergo mechanical breakdown into
smaller pieces and then be pyrolyzed at very high tem-
peratures without oxygen for a couple of hours. After
conversion into biochar, the formed biochar is crushed
into particles of different sizes (ranging from macro to
nanoparticles). Biochar production could follow either
the traditional method or the pyrolysis-condensation
route. The traditional method involves loading the
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biomass material, optionally mixed with additives or
enhancers such as calcium, iron salts, bentonite, ionic
liquid (1-butyl-2,3-dimethylimidazolium triflate), etc.,
into a heating furnace and heating the biomass with or
without these additives under a nitrogen atmosphere
to limit oxidation. The heating is done at a particular
high temperature for a certain residence time, as pre-
sented in Table 2. After heating the biomass, the kiln
is cooled to room temperature, and the biochar con-
tent is extracted (Selvarajh et al. 2024; Yang et al. 2022).
This method can generate biochar with high aromatic
content and less aliphatic content. It does not require
sophisticated systems for the thermal conversion of
biomass into biochar. Additionally, blending biomass
material with additives enhances the quality, porosity,
yield, and chemical functional groups of the biochar
particles. Another method and technology for biomass
pyrolysis is termed pyro-condensation. In this pro-
cess, the biomass is loaded in a furnace attached to a
condensate chamber to typify pyrolysis coupled with
in situ condensation. The principle behind the opera-
tion of this system is that as the biomass undergoes
heating within the furnace, biomass contents with low
heat of vaporization will form volatile organic carbon
or substances, which will be released from the biomass
and, upon passing through the condensation chamber,
will condense and get recycled back into the heating
chamber, leading to the repolymerization of the vola-
tiles as well as facilitating their binding onto the bio-
char surfaces. After the pyrolysis-condensation cycle,
the reaction system is cooled to about 100 °C and main-
tained for another 4 or 5 h to facilitate evaporation of
the water molecules that might have adsorbed on the
biochar surfaces. After this period, the dried biochar
is extracted from the reactor and is ready for use (Sun
et al. 2024). The major advantages of the pyro-conden-
sation biochar production process are: (1) It leads to an
increase in biochar yield compared to traditional meth-
ods, as the volatiles are recycled back onto the biochar
surfaces and no organic matter is lost; (2) It produces
high-quality biochar at low temperatures (such as at
450 °C) and consumes less energy during the pyroly-
sis process compared with the traditional method; (3)
The biochar produced through this pyro-condensation
process is rich in aliphatic hydrocarbons and could be
applied in diverse uses (such as solid fuel, reductants,
soil conditioners, adsorbents to remove pollutants,
etc.); (4) It has low environmental impacts, as no vola-
tile substances are allowed to escape from the system;
(5) The biochar produced contains easily metabolizable
carbon sources for microbial mineralization and is not
recalcitrant compared with biochar produced via the
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traditional pyrolysis method described above (Sun et al.
2024).

2.2 Biochar contributions to carbon sequestration—a
focus on the mechanism of action
The mechanisms through which biochar contributes to
soil carbon sequestration are diverse and include stabili-
zation of labile organic carbon through sorption, altera-
tions in microbial community structure and composition,
the accumulation of microbial necromass, changes in
organic carbon degradation rates, and improvements
in soil water retention, nutrient retention, and aggre-
gate stability. Some of these categories may also overlap;
for instance, the high aromaticity index of biochar that
causes alteration in microbial community structure and
composition may also play a role in altering microbial
organic carbon degradation rates. Biochar’s recalcitrant
carbon composition has been implicated in an increase
in the soil carbon sequestration capacity of urban greens-
paces amended with biochar (Niu et al. 2024) (Table 3).
The phenolic and aromatic carbon structures in biochar
can induce a negative priming effect on soil microbes,
promoting the selection of K-strategist microbial com-
munities that are adapted to low-nutrient environments
rather than r-strategists that thrive in nutrient-rich con-
ditions (Bai et al. 2024; Yang et al. 2024b). This microbial
shift is further influenced by the surface charge char-
acteristics of biochar, which enable strong binding to
O-alkyl and di-O-alkyl carbon groups found in hemicel-
lulose and cellulose, as well as to carbonyl carbon in labile
organic molecules such as amino acids and glucose—
thereby reducing the availability of these substrates for
microbial decomposition (Fig. 2). The binding of these
carbon molecules to biochar aryl C or aromatic carbon
as well as its interaction with soil minerals, helps stabilize
these organic carbons and prevent them from being min-
eralized or degraded by microbes (Weng et al. 2022).
Additionally, biochar enhances carbon stabilization
by promoting the accumulation of microbial necromass.
About 27% to 80% of soil organic carbon pools originate
from microbial necromass, which is stored in soil and
persists for a very long time (Schmidt et al. 2011; Wang
et al. 2021). Based on this significant contribution of
necromass (dead microbes and their metabolites) to soil
organic carbon, studies have shown that applying biochar
to the soil increases microbial necromass accumulation
(Niu et al. 2024). This study also shows that the aromatic
content of organic matter applied to the soil determines
the necromass carbon contributions from bacteria and
fungi communities to the soil organic carbon. Organic
amendments with high aromatic carbon contents like
biochar enhanced the contribution of fungal necromass
to soil organic carbon. While those containing very little
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Table 3 Contributions of biochar to soil carbon sequestration
Biochar materials Biochar effects on soil carbon sequestration References

Cotton straw, peanut shell, and sawdust

Biochar application to woodland, greenhouse soil and lawn increased the soil organic

Guo et al. (2024)

carbon by 207.2%, 22.3%, and 307.4%, as well as the soil humin content

Waste dander

Soil treatment with biochar significantly increased soil carbon sequestration contents

Jietal (2024)

by 25.63% and reduced soil organic carbon mineralization rate by 0.48 mg CO,/(g-d)

Rice husk and cottonseed hulls

Biochar application to calcareous soil was found to increase significantly the soil

Wang et al. (2024b)

organic carbon by 33%, humic substance by 24%, and 5% increase in the dissolved
organic carbon content of the topsoil. It also increased the subsoil dissolved organic

carbon contents by 162%
Pine wood and pine bark

Soil treatment with biochar pyrolyzed at 500 and 700 °C increased soil organic carbon

Sapkota et al. (2024)

content by 49.2% and 87.7%, corresponding to reduced carbon dioxide emissions

of 66.9% and 72.4%
Corn stover

Biochar treatment of soil with nitrogen fertilization significantly reduced carbon dioxide Zhang et al. (2024)

emission and increased soil organic carbon sequestration in the soil

Rice husk

Soil amendment with biochar under no-tillage and cover cropping systems showed

Dewi et al. (2024)

that biochar significantly increased soil carbon sequestration by reducing soil respira-
tion and carbon emission from the soil

Wheat straw

Introduction of biochar derived from pyrolysis of straw into the soil significantly

Lu etal. (2024)

decreased greenhouse gas emissions from the soil by 8.9%, while increasing soil

organic carbon concentration
Wheat straw

Biochar incorporation into the soil enhanced its organic carbon contents by an increase  Mohan et al. (2024)

of 122% and enhanced the overall soil properties suitable for carbon sequestration

Waste leather dander

It was observed that biochar pyrolyzed at 400 °C gave the highest soil carbon seques-

Tao et al. (2024)

tration level of 18.23% as well as a significant decrease of 0.499 mg CO,/(g-d) in soil

organic carbon mineralization rate

Corn stalk

Application of modified biochar to the soil resulted in a decrease in greenhouse gas

Gong et al. (2024)

emissions from the soil as well as an increase in crop yield

Corn straw

Biochar treatment of saline and alkaline soil exerted 16.7%, 13.1%, and 12.5% reduction

Yang et al. (2024¢)

in carbon dioxide emission at treatment doses of 30, 15, and 45 t/hm™2 However,
biochar efficiency in carbon fixation dosage input at 15 t/hm~2 were 72.8 and 64.1%
greater than biochar treatment at 30 and 45 t/hm~2 doses

aromatic carbon support bacterial necromass, they make
a significant contribution to soil organic carbon content
(Niu et al. 2024).

Strikingly, another mechanism through which biochar
contributes to soil carbon sequestration is by regulat-
ing the activities of microbial carbon cycling enzymes.
Enzymes, as biocatalysts, are responsible for the break-
down of macromolecules into their monomeric units,
which can easily be assimilated or metabolized by
microbes. They are an integral component in the func-
tionality of the ecosystem and catalyze the breakdown
of organic biomass from fauna, animals, microbes, and
plants. Through its ability to adsorb enzymes, biochar
contributes to a decrease in carbon cycling enzyme
activities and carbon mineralization in a soil amended
with biochar (Cheng et al. 2024). Biochar application
has been shown to promote the accumulation of fungal
necromass, particulate organic carbon, and easily oxidiz-
able carbon, which contributes to soil carbon sequestra-
tion. In another study, it was uncovered that microbial
enzyme activities promoted by biochar treated soil were
those (B-N-acetyl-glucosaminidase, p-1, 4-Glucosi-
dase, p-D-cellobiosidase) responsible for promoting the

accumulation of soil mineral associated organic carbon
and equally contribute to biochar enhanced soil car-
bon sequestration (Yang et al. 2024a). The mechanism
involves the decomposition of soil organic carbon into
smaller units that are assimilated into microbial bio-
mass carbon or adsorbed to the mineral surfaces, form-
ing mineral associated organic carbon. Both the carbon
absorbed by microbes that eventually yield necromass
and the unabsorbed ones will eventually bind to the soil
minerals and get stabilized (Yang et al. 2024a). In another
study, the synthetic enzymatic index, enzyme activi-
ties (B-glucosidase and butyrate esterase), and microbial
community structure were significantly improved in a
biochar-treated soil, which contributed to a decrease in
ecoenzymatic C:N ratio, qCO, (carbon dioxide emission
quotient), and an increase in microbial immobilized car-
bon quotient (QMIC) (Massaccesi et al. 2024). All in all,
biochar application to the soil has been proven effective
in soil carbon sequestration as well as in inducing carbon
immobilization by microbes.

Furthermore, biochar application to the soil also con-
tributes to an increase in crop and biomass yield of
plants, as presented in studies by Massaccesi et al. (2024)
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Fig. 2 Chemical mechanisms of biochar contribution to soil carbon sequestration. The exudate carbon released by plants gets adsorbed
on the surface of the biochar as well as decomposed organic carbon from organic matter to form biochar-organo interface and organo-mineral
interface with soil minerals. Biochar also adsorbs and retains microbial necromass, protecting it from decomposition to form an aggregate

and stable organic carbon pool in the soil

and Xing et al. (2024). In these studies, it was found that
soil amended with biochar significantly increased yield
and promoted the overall performance of the plants. It is
important to note that an increase in plant growth, per-
formance, and yield correlates positively with an increase
in carbon influx into the soil via plant enhanced photo-
synthetic process. An increase in photosynthetic car-
bon input in the soil, facilitated by biochar treatment,
indirectly contributes to soil carbon sequestration and
reduction of atmospheric carbon dioxide concentra-
tions. Biochar performs this function by increasing soil
water and nutrient retention capacity, which supports the
growth and productivity of plants (Khadem et al. 2021; Li
and Tasnady 2023). It also promotes soil carbon seques-
tration by promoting stable soil aggregate formation.
Readers interested in understanding the mechanisms
through which biochar contributes to soil aggregate for-
mation and stabilization should refer to a recent review
by Li and Tasnady (2023).

Table 3 clearly shows biochar’s various mechanisms
and contributions in carbon sequestration, ranging
from increased soil humic acid and humin content to
reduced soil respiration and soil organic carbon min-
eralization rate. It is evident from the data presented
in the table that biomass pyrolysis at 700 °C resulted
in the most significant increase in soil organic carbon
(87.7%) and reduction in carbon dioxide emission by
72.4% (Sapkota et al. 2024). Therefore, the ideal biochar
for enhancing soil carbon sequestration should be bio-
mass pyrolyzed at 600 to 700 °C. However, it is worth
noting that the choice of the feedstock to be pyrolyzed
at such a high temperature is a critical consideration
since studies have shown that biochar’s morphology
and physiochemical properties are affected by pyroly-
sis temperature and feedstock type (Antonangelo et al.
2019).
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2.3 Carbon sequestration and microbial responses
to biochar

Majority of research on the impact and/or effects of bio-
char on soil carbon sequestration focused mainly on the
topsoil (0-25 cm depth), ignoring the subsoil (30-100 cm
depth) as a potential reservoir of carbon and how biochar
influences carbon storage in this area. Due to its inher-
ent slow carbon turnover rate, subsoil has the potential to
store organic carbon in the soil. This tendency of subsoil
to accumulate stable soil organic carbon is influenced by
slow microbial processes, rate of supply of fresh carbon,
and soil mineral compositions (Button et al. 2022).

A study by Wang et al. (2018) showed that biochar soil
amendment with straw at both high and small quantities
decreased by 33.26% to 52.61% of the relative abundance
of Methylocaldum. At high straw amendment with bio-
char, Methylosarcina abundance increased by 14.03%. In
contrast, biochar and low straw amendment decreased
the type II methanotrophs population by 14.7% to 40.12%
and increased the Methylobacter population by 21.30%
to 53.13% with high straw input. This Methylobacter
increase was also observed in all straw and biochar treat-
ments in the BH (Binhai) soil (S1, S2, BS1, BS2) (Fig. 3).

Methylosarcina increased in biochar with high straw-
amended soil is facilitated by the biochar’s capacity to
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adsorb methane and/or oxygen, thereby increasing the
methane concentration, which favors Methylosarcina
metabolism. The original soils from Taoyuan and Binhai
have different dominant methanotrophs before receiv-
ing straw and biochar treatments. Methylocystis and
Methylosinus (type II methanotrophs) dominated TY
(Taoyuan paddy soil), while Methylosarcina, Methylocal-
dum, and Methylobacter (type I methanotrophs) domi-
nated BH (Binhai paddy soil) (Fig. 3) (Wang et al. 2018).
The functional role of biochar in regulating the activities
and abundance of methanotrophs and methanogens in
the soil centers on its influence in modulating soil physi-
ochemical properties such as aggregate, water holding
capacity, pH, and soil porosity. These biochar-enhanced
soil properties aid the proliferation of methanogens and,
in some cases, could either enhance or inhibit the abun-
dance and activities of methanotrophs (Razzaghi et al.
2020; Si et al. 2018; Zhao et al. 2021).

Nevertheless, methanogenesis is often reduced in
biochar-amended soil due to the biochar’s sorption of
dissolved organic carbon (Nan et al. 2021b). Therefore,
biochar application reduces methane emissions due to
its influence on the bioavailability of dissolved organic
carbon. Han et al. (2016) noticed that methane emission
suppression of 39.5% was achieved when the soil was

Other
Microbacteriaceae
Methyloparacoccus
Methylomonas
- Methylomicrobium
Bl Veethylomagmim

Bl Candidatus Methylospira type I
[ Memyiococcus
- Methylocaldum
- Methylobacter
-uudax.s' ied Methylococcaceae
ethy! ina
type I

Fig. 3 Taxonomic distributions of pmoA-based methanotrophs at the genus level at day 18 during the seedling stage. Other include the sequences
with a relative abundance of less than 0.9% and the unclassified sequences at the genus level. Mean + SD, n=3.0 d represents the original soil used
in this experiment. (1) SO, no addition of rice straw (control); (2) S1, 0.33% (w:w) rice straw addition (equal to all aboveground biomass return); (3)
$2,0.66% (w:w) rice straw addition; (4) BS1, 0.33% (w:w) rice straw addition plus 2.0% (w:w) biochar (equal to 45 t ha™); and (5) BS2, 0.66% (w:w)

rice straw addition plus 2.0% (w:w) biochar. TY, paddy soil from Taoyuan, and BH, paddy soil from Binhai Southeast China. Adapted from Wang et al.
(2018), published by Frontiers in Microbiology in 2018 with CC BY license permission
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treated with biochar at high CO, and temperatures, due
to its reductive effect on the bioavailability of dissolved
organic carbon.

2.4 Carbon sequestration and soil responses to biochar
application

In this section, we will discuss in detail the influence of

biochar application on soil pH modulation, ecological

processes, physical properties, microbial metabolic path-

ways, and nutrient cycling in the soil.

2.5 Biochar and soil pH
Biochar surfaces are composed of functional groups
such as carbonyls, phosphates, carbonates, carboxyl,
carboxylate, and oxonium ion groups that participate in
soil pH adjustment and neutralization of the acidic con-
tent of the soil (Dai et al. 2017; Das et al. 2021). Soil pH
affects microbial growth and metabolism. Acidic soil
induces stress on non-acidophilic microbes and sup-
presses their growth. However, adding biochar to the
acidic soil will facilitate the neutralization of the soil
acidity, thereby enhancing the proliferation of neutro-
philic and alkaliphilic microbes. In essence, biochar’s
acidic pH neutralization is based on its intrinsic alka-
line or liming nature. Thus, it has liming properties and
can sorb ions like aluminium ions, amongst others (Dai
et al. 2017; Qian and Chen 2013). In addition to neutral-
izing soil pH, it enhances soil water retention, cation
exchange capacity of the soil, dissolved organic carbon,
and reduced soil bulk density. Biochar can efficiently
sorb and immobilize aluminium ions, thereby reducing
its toxicity on plants and soil microbes (Das et al. 2021;
Zhang et al. 2019). It is noteworthy to say that the appli-
cation of biochar is indeed a suitable means for neutral-
izing acidic soil, as evidenced in the study conducted by
(Geng et al. 2022). This study observed that soil treat-
ment with biochar made from peanut shells, fruit tree
branches, and cow dung, which were pyrolyzed at dif-
ferent temperatures—300, 450, and 600 °C significantly
increased soil pH by 8.48-79.25%. It equally reduced
the exchangeable acidity by 56.94—94.95%, exchangeable
aluminum by 34.38-95.66%, and exchangeable hydrogen
by 58.72-93.27%. These soil conditions improved by bio-
char resulted in oxidative stress reduction, plant growth
enhancement, leaf glutathione and malondialdehyde
reduction, as well as increased diversity of the soil micro-
bial communities. This study demonstrates that applying
biochar to acidic soil is an efficient strategy for reducing
soil acidity, increasing crop yield, and sequestering car-
bon (Geng et al. 2022).

To reiterate, with its liming effect, biochar contrib-
utes to the reduction of soil acidity and an increase in
soil alkalinity level. Acidic soil inhibits the activities of
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methanotrophs, and a pH reduction of as little as 0.2 to
0.3 will significantly negatively impact the metabolic
activities of methanotrophs and inhibit methane oxida-
tion (Hiitsch 1998; Nwokolo and Enebe 2024). Neverthe-
less, biochar addition ameliorates it by increasing soil pH.
It indirectly controls soil methane emission by promoting
the availability of potassium ions. An increase in the con-
centration and availability of soil potassium ions will lead
to a corresponding decrease in soil redox potential and a
resultant inhibition of the activities of methanogenic bac-
teria while promoting the proliferation of methanotrophs
(Bi et al. 2019). Biochar application to the soil correlated
positively with soil potassium ion availability, whereas
methane emission equally correlated negatively with
available soil potassium contents (Bi et al. 2019). There-
fore, the application of biochar is a sustainable approach
to environmental conservation, mitigation of greenhouse
gas emissions, and modulation of soil pH.

2.6 Biochar and soil ecological environment

The interaction of biochar with soil biological and
non-biological components affecting hydrological, bio-
logical, chemical, and physical characteristics is a nec-
essary research focus for improving our knowledge of
biochar’s contribution to soil health, plant productivity,
and climate change mitigation. Evidence of biochar’s
contribution to soil ecological environment enhance-
ment, at present, is attracting significant attention. As
a soil ameliorant and stress alleviator, biochar is effi-
cient in soil carbon sequestration, soil structure or
aggregate enhancement, and climate change mitigation.
Due to the intrinsic nature of biochar, especially its
recalcitrant carbon content, its application to soil has
been reported to decrease soil respiration and carbon
dioxide emissions, as the carbon composition of the
char is not an easy-to-use carbon source by microbes
(Fan et al. 2021; Grutzmacher et al. 2018; Lefebvre
et al. 2021). However, although we stated that biochar
decreases soil respiration and reduces carbon emis-
sion, the overall reduction of carbon emission by bio-
char occurs with a progressive increase in time. But at
the initial or onset of the application, biochar exerts a
positive effect in increasing soil respiration and carbon
emissions, which gradually decrease with time and with
a corresponding increase in soil organic carbon content
(Geng et al. 2022). In light of the foregoing, Horel et al.
(2019) observed that biochar application to soil planted
with pepper plants at varying biochar concentrations
exhibited an increase in water-holding capacity. It also
recorded increased carbon dioxide emissions during
the initial few days of the study and decreased with
time. This observation is at par with the one reported
by Liu et al. (2019) (Fig. 4). According to Horel et al.
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Fig. 4 The total C mineralization rate (a, b) during the 64-day
incubation under different treatments. Control, soil without biochar;
BC:, Control with fresh biochar addition; BC,, the soil with biochar
applied in the field (a); C-control, Control with CRM addition; C-BC,
BCr with CRM addition, C-BC,, BC, with CRM addition (b). Error bars
show the standard deviation (n=3). F and A stand for fresh and aged
biochar. CRM means crop residue-derived dissolved organic matter.
Adapted from Liu et al. (2019) published by Global Change Biology
Bioenergy with CC BY license permission

(2019), the effect of biochar is concentration-depend-
ent. The higher the quantity of biochar applied to the
soil, the more the observed effects on the soil’s ecologi-
cal environment.

Figure 4 shows that adding freshly produced biochar
to the soil significantly increased carbon dioxide evo-
lution on the initial days of soil incubation. In Fig. 4a,
it can be seen that soil amended with fresh biochar
without crop residue-derived dissolved organic mat-
ter increased total organic carbon mineralization by
28.9%, whereas soil treated with aged biochar showed
a 38.8% decrease in total organic carbon mineraliza-
tion (Liu et al. 2019). Consequently, in Fig. 4b, fresh
biochar amendment with crop residue-derived dis-
solved organic matter exhibited equally high carbon

Page 11 of 26

400
320 b
240
160

80 4

Net C mineralization (mg C kg soil hr!)

AControl ABC;: ABC,

Fig. 5 The net C mineralization at 64 days of incubation

under different treatments. ABCA, C-BCA minus BCA; ABCF, C-BCF
minus BCF; AControl, C-control minus Control. Error bars show

the standard deviation (n=3). Different letters indicate significant
differences between the treatments at p <0.05. Adapted from Liu
etal. (2019) published by Global Change Biology Bioenergy with CC
BY license permission

mineralization and increased CO, evolution, followed
by the control, and the least was that of the aged bio-
char with crop residue-derived dissolved organic mat-
ter. Cumulatively and surprisingly, biochar amendment
in the study by Liu et al. (2019) resulted in lower net
carbon mineralization (Fig. 5). Specifically, the sub-
traction of the carbon emission value of BC; from
C-BC; and BC, from C-BC, gave a low value for net
carbon mineralization. All in all, biochar application
decreases carbon mineralization rates in the soil. This
biochar effect on carbon cycling could be attributed
to its large surface area to volume ratio, porosity, and
sorption capacity, which binds to organic carbon com-
pounds and prevents microbial decomposition of the
sorbed organic matter (Liu et al. 2019; Smebye et al.
2016; Zimmerman et al. 2011). As another example,
three years after biochar addition to the soil, Chen et al.
(2018) observed that a 12% and 20% reduction in soil
basal respiration was recorded for 20 and 40 t/ha bio-
char treatments.

Comparing soil amendment with straw and biochar,
the former contains easily degradable or labile carbon
and will be quickly decomposed by microbes, leading
to an increased carbon mineralization rate. The latter,
on the other hand, especially fresh biochar with easily
decomposable organic matter, will preferentially undergo
decomposition while the remaining carbon present in the
biochar that is recalcitrant will remain as a stable car-
bon pool in the soil (Ameloot et al. 2014; Yi et al. 2020).
Therefore, biochar reduces the mineralization of labile
organic matter and stimulates negative priming effects
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regardless of the amount of labile organic matter addi-
tion to the amended soil. Methane emissions from soil,
on the other hand, were found to significantly decrease in
a biochar-amended soil even under a high straw amend-
ment rate (Wang et al. 2018). Through an increase in pH
by 0.5 units, biochar amendment facilitated a decrease in
methane emissions despite the presence of high concen-
trations of added straw in acidic soil (Wang et al. 2018).
One may ask why biochar has this negative priming effect
on methane emissions. The answer lies in the intrinsic
properties of biochar, especially those containing electro-
active functional groups (quinone and hydroquinone,
amongst others), which actively participate in redox reac-
tions in the soil by either accepting or donating electrons.
It is believed that these functional groups present in bio-
char particles could compete favorably for electrons with
carbon dioxide molecules and interfere with the metha-
nogenesis process, thereby resulting in decreased meth-
ane emission from biochar-amended soil (Klipfel et al.
2014; Wang et al. 2018). In addition to the competitive
interference of biochar on the substrate for methano-
gen metabolism, it also reduces methanogenic archaea
abundance as well as the methane emissions from bio-
char-amended paddy soil, as reported by Qi et al. (2021).
According to the authors’ report, this methane emissions
reduction following biochar application was within the
ranges of 22.2% to 95.7%. Recall that biochar intrinsic
properties—such as microporosity, high specific surface
area, ability to alter soil bulk density, and its influence on
microbial community— are the main rationale behind
it negative priming effect as well as reduction effects
on methane emissions (Mukherjee and Lal 2013; Wang
et al. 2018, 2019). Another explanation for the observed
decrease in methane emissions following biochar appli-
cation to the soil as reported by Qin et al. (2016) is bio-
char-induced increase in the diversity and abundance of
methanotrophs which metabolise methane in the soil.
In another study, changes in methanogenic archaeal
genes (mcrA) rather than methanotrophic bacterial genes
(pmoA) were found to be the rationale behind changes in
methane emissions (Cai et al. 2018). Further research is
needed in this area to fully ascertain the reason behind
biochar’s negative priming effect on methane emissions
while considering variable that may exert spaciotemporal
variations in the soil ecological environment.
Considering recent discussions regarding climate
change, the three top GHG emissions, CO,, CH,, and
N,O, are the most important factors to consider for agri-
cultural production. Climate change mitigation depends
on actions available to reduce GHGs. The contributions
of biochar to CO, and CH, emission control from the
soil have been described above. Hence, it is necessary to
clarify biochar-mediated control of N,O emissions. In

Page 12 of 26

a study conducted by Case et al. (2012), the application
of biochar to soil followed by wetting at a uniform water
holding capacity of 87% resulted in about 49% suppres-
sion in nitrous oxide emissions from the soil. This nitrous
oxide suppression effects of biochar could be attributed
to its influence on decreasing soil bulk density, increasing
soil aeration, microbial activity and physical immobiliza-
tion of nitrate ions in the soil. Nitrification and denitrifi-
cation are both soil moisture sensitive. An increase in soil
moisture content results in a decrease in soil aeration and
oxygen availability to microbes. Nitrifiers are very sensi-
tive to the oxygen content of the soil and tend to be more
active at soil water holding capacity (WHC) of 60% or
less but beyond the 60% WHC, their activities decrease.
Denitrifiers, on the other hand, thrive well at WHC above
70%, resulting in an increase in N,O emissions from
the soil (Bateman and Baggs 2005; Gillam et al. 2008).
Therefore, soil moisture, temperature, microbial activity,
pH, aeration, and organic matter content strongly affect
nitrous oxide emissions via the denitrification process
(Hofstra and Bouwman 2005). For instance, a study has
shown that the conversion of nitrous oxide to nitrogen
is facilitated by an increase in soil pH following biochar
application (Taghizadeh-Toosi et al. 2011), and biochar
possesses the inherent property of increasing soil pH.
Additionally, a meta-analysis study conducted by Cay-
uela et al. (2014) shows that biochar decreased nitrous
oxide emission by 54% across multiple studies. This effect
of biochar on nitrous oxide emission was found to be
influenced by soil water content, soil pH, organic carbon
content, etc. Additionally, it has been shown in a study
performed by Mechler et al. (2018) that in biochar treated
soils, seasons affect soil NH4*-N, with spring having
the highest amount, followed by summer and autumn.
This is also true for NO;~ N. The authors observed that
nitrous oxide emission was significantly and negatively
correlated to soil moisture and significantly and posi-
tively correlated to soil temperature. The concentration
of NH," in the soil also affects nitrous oxide emissions.
Therefore, soil characteristics influenced by biochar con-
trol nitrous oxide emission from the soil. With respect to
temperature, Mechler et al. (2018) reported that biochar
application contributed to a reduction in soil tempera-
ture. This could be attributed to changes in soil texture,
lower bulk density and reduction in the absorption of
infrared radiation from the sun which causes insulation
effects in the soil during changes in atmospheric tem-
perature (Zhang et al. 2013). Interestingly, soil tillage and
crop canopy development influence soil surface albedo
(i.e. the proportion of the incident light and/or radia-
tion that is reflected by soil or earth surface) variations
in a biochar-treated soil. Therefore, in the absence or
reduced tillage and no canopy development under 30 to
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60 t ha™! biochar application, soil temperature increases
due to a decrease in about 80% of soil surface albedo.
But with tillage and crop canopy development comes
a lower surface albedo and decreased soil temperature
under biochar treatment (Genesio et al. 2012). All in all,
soil temperature may affect soil organic matter decom-
position, soil respiration, and greenhouse gas generation
(N,O, CO,) since it affects microbial activities and soil
water availability (Fang and Moncrieff 2001). Indeed, fur-
ther research is needed to fully understand the influence
of biochar on soil temperature and heat fluxes.
Interestingly, biochar application, in addition to sig-
nificantly affecting the abundance, diversity, and distribu-
tion of soil microbial communities, also exerts a similar
influence on soil processes involved with biogeochemi-
cal cycling and the emission of both carbon and nitrogen
greenhouse gases from the soil. Application of straw bio-
char in a successive approach to the agricultural soil was
found to increase soil carbon sequestration and decrease
nitrous oxide and methane emissions from the soil. Bio-
char application also decreased the net global warming
potential by 0.6—19 folds (Bi et al. 2019). Evidently, bio-
char’s impact in reducing carbon dioxide emissions could
be attributed to its adsorption of dissolved organic carbon
in its pores, binding with other ions needed for micro-
bial growth and metabolism, as well as inducing negative
priming effects on microbes. This will decrease soil car-
bon mineralization, basal soil respiration, and selection
of dominant microbial taxa. Other non-carbon dioxide
greenhouse gases, such as nitrous oxide and methane, are
controlled by soil biochar. The rationale behind biochar
mitigation of nitrous oxide emissions from soil could be
attributed to its ability to bind or adsorb nitrous oxide
gas due to its high surface charge and specific surface
area. It can also indirectly control nitrous oxide emission
by decreasing soil bulk density and promoting soil aera-
tion. An increase in soil aeration will inadvertently retard
the activities of denitrifying bacteria and their reduc-
tase enzymes that catalyze the conversion of nitrite and
nitrates into nitrous oxide in the soil. Thus, it significantly
halts the denitrification processes involved in nitrous
oxide formation while promoting the denitrification pro-
cess and facilitating the conversion of nitrous oxide to
nitrogen molecules. It equally increases microbial nitro-
gen use efficiency as well as the activities of nitrogen fix-
ing bacteria. In an agricultural soil, the increase in plants
uptake of inorganic nitrogen (NH,"/NO;") will result in
a significant decrease in soil inorganic nitrogen pool that
will be available for the production of nitrous oxides by
denitrifying bacteria (Cornelissen et al. 2013; Jiang et al.
2023; Khan et al. 2014; Mooshammer et al. 2014; Van
Zwieten et al. 2010, 2014). Another study supporting
the contributions of biochar in enhancing plant uptake
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of nitrogen from the soil was reported by Saarnio et al.
(2013) and, as a consequence, decreased nitrous oxide
flux from the soil (Fig. 6). It is imperative to note that bio-
char can perform a dual role in inhibiting the activity of
nitrogen fixing bacteria through the processes described
below. It equally could contribute to an increase in plant
nitrogen uptake by improving soil nitrogen retention,
enhancing ammonium retention, promoting the prolif-
eration of beneficial nitrogen cycling microbes as well as
enhancing plant root growth and assimilation of nitro-
gen. Therefore, biochar might suppress the proliferation
and activities of nitrogen fixing bacteria yet promote the
uptake of nitrogen from the soil.

It is imperative to note that the methane emission from
the soil is equally circumvented or mitigated by biochar.
Biochar performs this function through the adsorption of
methane molecules on its surfaces, promoting the abun-
dance of methanotrophs by increasing soil aeration and
decreasing soil bulk density. The presence of oxygen in
the soil inhibits the activities of methanogens and retard
the process of methanogenesis. This biochar-modulated
soil processes result in decreased methane emission from
the soil (Bi et al. 2019; Lehmann and Joseph 2024; Nwok-
olo and Enebe 2024; Sadasivam and Reddy 2015).

Nevertheless, it is noteworthy to mention that the
potential of biochar to influence or mitigate the emis-
sion of greenhouse gases from soil entirely depends on
the biochar pyrolysis temperature, which determines the
chemical composition of the biochar particles. Recall that
biomass pyrolyzed at low temperatures will generate a
biochar characterized by a high percentage of aliphatic
carbon content and the presence of high oxygen-carbon
functional groups, which increases the solubility of the
biochar. Aliphatic carbons enhance microbial minerali-
zation of soil organic carbon and degradation of biochar
particles through inducing positive priming effects on
the microbes. But biomass pyrolyzed at very high tem-
peratures, on the other hand, generates biochar rich in
aromatic carbon with high hydrogen-carbon functional
groups that are inert and resistant to microbial oxidation
or mineralization and, as a consequence, induce negative
priming effects on soil microbes (Bi et al. 2019; Xiao et al.
2014). It is therefore recommended that the application
of biochar pyrolyzed at high temperatures is needed to
achieve maximum impact in the control of greenhouse
gas emissions from soil.

2.7 Biochar influence on metabolic pathway and their
impact on soil organic carbon stabilization
Biochemically, biochars are notorious for affecting the
metabolic activities of microbes as well as impacting soil
organic carbon stabilization. Despite biochars’ positive
contribution to improving soil fertility, metal chelation,
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Fig. 6 Diagrammatic illustration of the impact of biochar in the modulation and regulation of soil processes and metabolic pathways involved
in the carbon cycle. Genes abbreviation and meaning: mcrA (Methyl-coenzyme M reductase), pmoA (particulate methane monooxygenase).

Biochar, through sorption of soil organic carbon, reducing soil bulk density,

increasing soil aeration, decreasing soil basal respiration, inducing

negative priming effect on microbial metabolism, decreasing soil redox potential, and soil liming effect facilitates the modulation and control

of carbon, and methane cycles

and promoting microbial activities, they also negatively
affect the metabolic activities of microbes in the soil
For instance, the application of biochar leachate into a
BD-11 medium containing N,-fixing cyanobacterium—
Nostoc sp. inhibited the photosynthesis, nitrate assimi-
lation, and nitrogen fixation of the organism. Through
biotoxicity and impairment of the cyanobacterial mem-
brane and photosystems functions especially through
damaging the D1 protein of the oxygen evolution com-
plex, and a decrease in the electron transfer activities of
the photosystem II, biochar leachate was able to inhibit
the metabolic functions of the organisms. This inhibition
in the metabolic functions of the cyanobacteria nega-
tively and significantly affected nitrogen fixation, nitrate
assimilation, and photosynthesis (Jiang et al. 2024). Simi-
larly, biochar equally induces a decrease in microbial
absorption of irons, resulting in a decrease in the nitro-
gen fixation efficiency, as iron (a cofactor) needed for
efficient enzyme activities was adsorbed by biochar. The

rationale behind biochar leachate-induced toxicity on
nitrogen fixing cyanobacteria isolated from paddy soil as
described above could be attributed to the presence of
toxic polyaromatic hydrocarbon and long chain saturated
fatty acids (such as 4-Methylquinazoline, Methanesul-
fonamide, 4-Hydroxyquinazoline, 2-phenylquinoxaline,
1,2,3-Propanetriol,1-acetate,  1,3-Dichloro-2-propanol,
2,3-Dichloro-1-propanol, a-Hydroxycyclohexylphenylk-
etone, bis(2-ethylhexyl) cyclohexane-1,2-dicarboxylate,
Ethyl 2-hydroxyacetate, 5-Methyl furfural, 4-Acetami-
dobenzaldehyde, succinic acid, and 2-ring naphthalene)
present in the leachate. These toxic organic molecules
present in biochar leachate possess the tendency to
impair the activities of photosystem II by disturbing its
electron transport chain, decreasing cytochrome bé6f
concentration and ATP production as well as altering
the reaction units in the photosystem II. This negative
effect on the microbes resulted in decreased growth,
nitrogenase activity, and photosynthetic efficiency. This
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drawback corresponds with the adsorption of signal-
ing molecules (flavonoids, nod facts), decreased nitrate
assimilation, and nitrogen fixation (Buss et al. 2015; Jiang
et al. 2024; Tomar et al. 2022).

In fact, studies have also shown that applying biochar
to the soil inhibited the growth potential of Rhizobium
and decreased the soil’s nitrogen content. A decrease in
the activities and metabolic functions of nitrogen fix-
ing bacteria inevitably leads to a proportionate decrease
in crop nitrogen content, especially when there is no
external nitrogen supply. Nitrogen fixing microbes are
perhaps among the key contributors to replenishing soil
nitrogen and could contribute within a single crop grow-
ing season as high as 60 kg N ha™" (Jiang et al. 2023; Khan
et al. 2014).

In a study that examined the impact of biochar on
soil microbial metabolic potential in a saline, alkaline
soil planted with cotton and supplemented with bio-
char, Wang et al. (2024a) noticed that the application of
biochar to the soil influenced the up-regulation in the
metabolism and biosynthesis of multiple compounds,
including 2-hydroxyphenylacetic acid, phenylacetic
Acid, norephedrine, guanosine 3'-m0n0phosphate,
2,3,4,5-tetrahydro-2-pyridinecarboxylic acid, calyste-
gin A3, 3-dehydroshikimate, allysine, 3-hydroxybenzoic
acid, L-Glutamic gamma-semialdehyde, L-asparagine,
O-acetyl serine, 3-dehydroshikimate, and allysine.
Metabolites such as lipids, organic acids, organic hetero-
cyclic compounds, and derivatives of organic acids act as
indicators or signal molecules with benefits in facilitating
plant-microbe interactions. These interactions enable
plants to tolerate saline or abiotic stress under biochar
application (Abedini et al. 2021; Banerjee et al. 2019;
Stringlis et al. 2018). Microbes adapt to abiotic stress by
modulating the metabolic pathways involved with pyrim-
idine and purine metabolism and other important bio-
markers, as presented above (Li et al. 2023; Wang et al.
2024a; Xu et al. 2020).

2.8 Effects of biochar on soil physical properties

Soil physical properties such as porosity, water reten-
tion capacity, and bulk density affect biochar potential
in soil carbon sequestration and vice versa. Site-specific
soil properties, for instance, have proven to be key deter-
minants of long-term soil organic carbon sequestration
following biochar application. This was observed in a
comparative study examining the influence of biochar
application on two different paddy soils (Yellow River
alluvium and a quaternary red clay paddy soils). The
results showed that biochar application increased the
soil organic carbon content in the Yellow River alluvium
paddy soil by 57.6 and 64.5 Mg C ha™! in the quaternary
red clay paddy soil despite receiving the same amount of
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biochar treatment (of 11.3 Mg ha™ per cropping season)
applied for a period of 4 years. Chemically, the quater-
nary red clay paddy soil has high amorphous iron and
clay compositions, protecting soil organic carbon from
mineralization by soil microbes after biochar applica-
tion. This paddy soil decreased the abundance of fungi,
Gram-positive bacteria and actinomycetes community
due to a decrease in the anomeric carbon-hydrogen con-
tents (C—H content) after biochar application compared
with the former, which supports the proliferation of these
microbes due to an increase in the concentrations of
O-alkyl Carbon contents (Bi et al. 2020). Soil properties
that negatively inhibit the proliferation of soil microbial
community, like the presence of aluminum ions in acidic
soil, influence the decrease in microbial biochar minerali-
zation compared with the alkaline soil. Clay particles also
contribute to stabilizing biochar and soil organic carbon
(Fang et al. 2015; Luo et al. 2011). Therefore, regardless
of biochar application, forming iron-organo complexes
in the soil will surely reduce the microbial degradation
of labile organic carbon. Iron-organo complexes often
are formed in soil with high clay contents (Jones and
Edwards 1998). Put another way, regardless of biochar
application, forming iron-organo complexes in the soil
will surely reduce the microbial degradation of labile
organic carbon. Contextually, this highlights the impor-
tance of iron-organo interactions as an independent
mechanism of carbon preservation and protection and
perhaps as a counterpoint or complement to biochar-
related mechanisms. Soil carbon sequestration behavior
of biochar clearly shows that biochar accumulates mainly
in the zones of soil organic matter pools that are not pro-
tected by the soil mineral matrix. By forming organo-
mineral complexes (i.e. through binding with mineral
particles and organic matter), biochar contributes to soil
carbon sequestration and stabilization (Plaza et al. 2016).
In another study involving biochar recovery from a labo-
ratory soil incubation experiment, it was noticed that
high concentrations of recovered biochar were mostly
from areas containing free organic matter fraction,
showing the interactions and/or affinity of biochar with
organic matter. Thus, biochar protects exogenous and
endogenous organic carbon against biological degrada-
tion and chemical oxidation (Fernandez et al. 2014; Ngo
etal. 2013).

In another study, the application of biochar (made from
corn residues) that was produced at 350 °C enhanced a
significant increase in the structural stability and aggre-
gation of the soil compared to the biochars pyrolyzed
at higher temperatures. In fact, an increase in pyrolysis
temperature for biochar production has been shown to
decrease basal soil respiration, soil organic carbon, soil
structural stability indices, and the percent water soluble
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aggregate regardless of the type and rate of feedstock
used (Saffari et al. 2020). A soil is considered structur-
ally stable when it can retain its arrangement against any
stresses. Structural stability of the soil is a good indica-
tor of aggregate stability (Mamedov and Levy 2013; Six
et al. 2002). The contribution of biochar to enhancing or
not soil aggregate stability depends on its solubility and
aromaticity. Biochar with less available oxygen contain-
ing functional groups and high aromatic content has no
significant effect on soil aggregate stability compared
to biochar with low aromaticity and high oxygen func-
tional groups. For instance, organic substances contain-
ing carbohydrate molecules (with high oxygen functional
groups) significantly correlated with soil aggregate sta-
bility. The amount of oxygen bearing functional groups
present in an organic molecule will determine the solu-
bility of the organic substance in the soil (Kavdir et al.
2005), and high pyrolysis temperature converts the car-
bohydrate molecules into aromatic compounds with
decreased solubility and increased stable carbon content.

In other soils, for instance, Madari et al. (2017)
observed that biochar application to sandy clay loam
Haplic Ferralsol soil increased soil pH, and plant-available
water but decreased soil bulk density and AI** concen-
trations linearly with biochar application rates. Similarly,
increased biochar application in clay Rhodic Ferralsol
soil was found to increase soil organic carbon (Carvalho
et al. 2016). Other types of soil, such as Ferralsol in north
Queensland, Australia, that received biochar amendment
yielded a significant nitrous oxide emission reduction, an
increase in soil water contents, soil organic carbon, and
crop yield (Agegnehu et al. 2015). In a Xerofluvent clay
loam soil, Plaza et al. (2016) observed that the application
of 20 t ha™! biochar, both alone and with organic ferti-
lizer, significantly increased soil organic carbon contents.
In Acrisol soil, a mixture of biochar with organic ferti-
lizer reduced soil carbon loss (Ngo et al. 2016). Biochar,
therefore, exerts varying effects on soil, carbon seques-
tration, and greenhouse gas emission across different soil
types. This is largely due to differences in organic matter
contents, pH, microbial community compositions, and
mineral compositions of the soil. In oxisols and ultisols
(acidic soils), biochar liming effects contribute towards
soil pH neutralization, increase base cation and phospho-
rus availability, and decrease aluminum solubility. In ver-
tisols (a type of clay soil), biochar enhances soil structure,
aeration, and cation exchange capacity of the soil. In cal-
careous soils such as alkaline soils, biochar exerts weaker
liming effects and may contribute towards iron, zinc, and
manganese chelation while maintaining soil moisture. In
other soils, such as saline or sodic soils, biochar applica-
tion could reduce sodium ion activities through bind-
ing to the ions. In sandy soils, it also helps increase soil
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water holding capacity, cation exchange capacity, and
nutrient retention. Therefore, soil type strongly influ-
ences biochar’s effectiveness, with the most pronounced
in acidic, sandy, and degraded soils. For instance, in an
experiment investigating the influence of biochar supple-
mented with ammonium sulfate on CO, and N,O emis-
sions from acidic sandy and alkaline clay soils, Wu et al.
(2018) observed that corn biochar addition had no sig-
nificant effects on CO, and N,O emissions in the alkaline
soil, whereas in acidic soil, it significantly decreased CO,
emissions by 11.8% and N,O emissions by 26.9%. There-
fore, biochar’s effects on mitigation of these greenhouse
gas emissions are more pronounced in acidic than alka-
line soils. Additionally, olive biochar applied to alkaline
clay soil was also observed to have no significant effects
on CO, emissions, but it decreased significantly N,O
emissions by 34.3%. Whereas, in acidic soil, it increased
CO, emission and decreased about 68.4% of N,O emis-
sions (Wu et al. 2018).

2.9 Factors affecting biochar-mediated carbon
sequestration and stability

With an increase in the need for controlling the emission
of greenhouse gases and conserving the environment
through promoting the build-up of soil organic carbon,
scientists and environmentalists have proposed that bio-
char application to the soil is a definite and sustainable
avenue for achieving this objective. However, the car-
bon sequestration efficiency of biochar may be affected
by several factors such as soil type, wilting point, soil
organic carbon content, rainfall, ambient temperature,
atmospheric carbon level, pyrolysis technologies, pyroly-
sis temperature, feedstocks, experimental durations, and
soil pH (Rosinger et al. 2023; Wang et al. 2016). Some of
these factors have been described in the previous sec-
tions. Here, we will examine the major factors affecting
biochar-mediated soil carbon sequestration.

2.10 Pyrolysis temperature

The temperature at which a feedstock material is sub-
jected to pyrolysis will determine the conversion of
labile or easily degradable carbon into aromatic carbon
that is recalcitrant and stable. The pyrolysis tempera-
ture will often determine the degree of destruction or
transformation of biomass structure and the develop-
ment of macropores (Geng et al. 2022), as presented in
Fig. 7. Pyrolysis temperature increase results in a corre-
sponding increase in biochar’s aromatic carbon content.
A temperature within 300 degrees will achieve a par-
tial denaturation of biomass material into biochar with
high degradable carbon and low porosity, as shown in
Fig. 7 (Geng et al. 2022). But as the pyrolysis tempera-
ture increases, the biomass material undergoes further
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Fig. 7 Scanning electron microscopic images of different biochar types made from a fruit tree branch (FB), peanut shell (PB), and cow dung (CB)

pyrolyzed at 300, 450, and 600 °C. Adapted from Geng et al. (2022) with minor modification, published by Ecotoxicology and Environmental Safety
with CC BY-NC-ND license permission. The small and unreadable scanning electron microscope dimension contained at the bottom of each panel
is removed to increase the figure’s clarity and quality

structural modification with a reduction in the amount
of easy-to-use carbon (labile carbon) and an increase in
micro-, meso-, and macropores in the biochar (Fig. 7).
Geng et al. (2022) reported that biochar generated from
fruit tree branches, peanut shells, and cow dung pyro-
lyzed at 300, 450, and 600 °C exhibited varying effects
on carbon mineralization and carbon dioxide evolution.
Fruit tree branch biochar pyrolyzed at 300 °C (FB300)
induced the highest cumulative carbon dioxide emissions
from the soil, while the least was observed for cow dung
pyrolyzed at 600 °C (CB600). They further that pyroly-
sis of biomass material at a lower temperature, such as
300 °C, similar to those used in the torrefaction of bio-
mass material (Nwabunwanne et al. 2021), will result
in higher cumulative carbon dioxide emissions from
amended soil compared to the same biomass material
pyrolyzed at a higher temperature like 450 and 600 °C
(Geng et al. 2022). High-temperature pyrolysis yields
biochar with stable carbon molecules that have about

25-50% carbon sequestration potential per feedstock
carbon pyrolyzed. Therefore, it is essential to achieve bio-
char hydrogen to organic carbon ratio of 0.38 to 0.44 at
high pyrolysis temperatures (500 to 550 °C, for instance),
which will have an efficient soil carbon sequestration
potential (Rodrigues et al. 2023). Although this evidence
of high pyrolysis temperature in biochar’s carbon seques-
tration efficiency has been put forward, a comprehensive
understanding of the mechanism and influence of high
pyrolysis temperature on soil carbon sequestration at
varying environmental conditions is not yet fully under-
stood and requires further investigation.

However, we will discuss here the correlation between
pyrolysis temperature and carbon sequestration effi-
ciency and biochar stability. The temperature of pyroly-
sis affects the properties of biochar. It equally influences
the efficiency and stability of its carbon sequestration
potential. In a study examining the effect of biochar
pyrolysis temperature on soil microbial nutrient use



Enebe et al. Biochar (2025) 7:107

efficiency and soil enzymes, Guo et al. (2020) reported
that pyrolysis temperatures of 500 and 700 °C produced
biochar that resulted in a decrease in soil carbon-to-
nitrogen ratio due to a corresponding decrease in dis-
solved organic carbon, increase in pH and increase
in the activities of carbon-to-nitrogen acquiring soil
enzymes. This led to an increase in microbial biomass
nitrogen content and a decrease in microbial biomass
carbon. To illustrate, for instance, a decreased dissolved
carbon-to-nitrogen ratio implies a carbon deficiency
condition with increased nitrogen availability. At this
point, microbes will adjust their nutrient use efficiency
by lowering their nitrogen use efficiency and increasing
their carbon use efficiency, which will result in a corre-
sponding increase in the activities of carbon-to-nitrogen
acquiring enzymes (a-glucosidase, B-glucosidase, p-D-
cellobiosidase and P-xylosidase) activities. But at high
substrate carbon-to-nitrogen ratio implying a condition
of nitrogen deficiency, microbes will lower their carbon
use efficiency and increase the nitrogen use efficiency
as well as the activities of nitrogen acquiring enzymes
(such as N-acetyl-p-glucosaminidase and leucine amin-
opeptidase) (Guo et al. 2020; Mooshammer et al. 2014).
In essence, microbial carbon use efficiency was increased
by the increased pyrolysis temperature of the applied
biochar and a corresponding decrease in nitrogen use
efficiency. Carbon use efficiency measures the partition-
ing or allocation of carbon assimilated by microbes that
are incorporated into microbial biomass, and the one
respired into carbon dioxide. An increase in carbon use
efficiency will increase microbial incorporation of sub-
strate carbon into biomass and less into carbon dioxide
production. Thus, enhancing soil carbon sequestration.
The same applies to nitrogen use efficiency, which meas-
ures the difference in the microbial incorporation of
nitrogen into its biomass versus conversion into inor-
ganic nitrogen. An increase in nitrogen use efficiency will
result in an increased incorporation of nitrogen substrate
into the microbial biomass and a decrease in denitrifica-
tion or nitrogen mineralization rate (Mooshammer et al.
2014). Biochar’s effect on soil carbon sequestration cor-
related positively with pyrolysis temperature. An increase
in pyrolysis temperature causes an imbalance in the
carbon-to-nitrogen ratio, affecting microbial carbon use
efficiency. Lower pyrolysis temperature (350 °C), on the
other hand, increases soil nitrogen availability, soil pH,
and dissolved nitrogen concentrations.

Similarly, another explanation for the increase in bio-
char’s carbon sequestration with increased pyrolysis tem-
perature for biochar production could be attributed to
the structural modification of the biochar particles under
increased pyrolysis temperatures. Biochar produced at a
higher temperature, for instance, at 500, 600, and 700 °C,
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bears high porous spaces within its structure (see Fig. 7).
These pore spaces serve as sites for the adsorption of sol-
uble or dissolved carbon, water, and nutrients. The immo-
bilization of labile carbon within the biochar pore spaces
limits its accessibility to microbes and microbial enzymes
and consequently decreases microbial carbon turnover in
the soil (Luo et al. 2013; Singh and Cowie 2014). Labile
carbon immobilization is not only the mechanism by
which biochar controls microbial processes in the soil;
another approach is soil humification. Biochar enhances
soil humification by promoting the transformation of
protein-like substances present in the soil organic mat-
ter into humus or humic like components. Ordinarily,
the fate of dissolved organic matter in the soil is either
to undergo decomposition or to be transformed into
humus, a process mediated by microbes. Still, the pres-
ence of biochar facilitates this bioconversion process of
soil organic matter into humus and limits its accessibility
to microbes, thereby affecting their activities, processes,
and proliferation (Cotrufo et al. 2013; Huang et al. 2023;
Lipczynska-Kochany 2018).

Additionally, the influence of biochar pyrolysis tem-
perature on the carbon sequestration potential of bio-
char cannot be overemphasized. Following a comparative
study on the effect of pine wood biochars pyrolyzed
at different temperatures (460, 500, 700, and 760 °C),
Sapkota et al. (2024) reported that soil amended with
biochars produced at 500, and 700 °C contributed to
an improved soil organic carbon content by 49.2% and
87.7%, and a cumulative reduction in nitrous oxide
emission by 68.5 and 73.9% as well as a carbon dioxide
emission reduction of 66.9 and 72.4% respectively. This
observation could be explained by the loss of water, tar,
oxygen, and hydrogen functional groups during the high
temperature pyrolysis of the biomass, resulting in the
concentration and conversion of the biomass carbon
into its aromatic forms. With greater aromaticity comes
an increase in the carbon sequestration potential of the
biochar compared with that of low temperature pyro-
lyzed biochar, which has easily accessible carbon and low
aromatic carbon that enhance the metabolic activities of
microbes as well as carbon mineralization (Ippolito et al.
2020).

It is noteworthy to mention that, considering the
high energy consumption involved in high-temperature
pyrolysis, one may wonder whether this technology can
be practically promoted and widely accepted by farm-
ers, despite the aforementioned biochar’s good sorption,
protective properties, and effectiveness in greenhouse
gas emission reduction? Arguably, based on the cost of
the huge amount of energy used in this case (i.e., bio-
mass pyrolysis at 500 to 700 °C), biochar production
and its application may not necessarily be economically
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reasonable. However, the use of heat recovery systems
has shown to be effective in reducing the energy cost
of biochar production. For instance, a study by Nwok-
olo et al. (2020) has shown that a significant amount of
heat can be recovered from a biomass gasifier using a
heat exchanger system installed on the gasifier. This
heat exchanger system uses water as a heat carrier for
trapping waste heat energy generated during pyrolysis
at high temperatures. It has also been proven that bio-
mass pyrolysis, as well as the syngas produced at high
temperature, can generate as much as 665893.07 kcal
quantity of energy. This energy ordinarily could be recov-
ered, but it often gets lost through the surfaces of the
cyclone or from the heating chamber. Hence, recover-
ing this energy with heat exchanger units could allow it
to be further used in electricity generation, biomass dry-
ing, and steaming (Nwokolo et al. 2016). In light of this,
it is plausible to argue that the economic cost of biochar
production at high temperatures is not high and may be
well accounted for. Therefore, it would be appropriate to
evaluate the amount of recoverable energy and consider
using it to prepare organic waste (biomass) for the pyrol-
ysis process. If these conditions are met, this technology
could potentially be a viable technique in the transition
toward sustainability.

2.11 pH

Soil pH is an essential determinant of soil redox poten-
tial. Carbon sequestration, which involves a certain level
of chemical reactions in the soil, is indeed affected by soil
pH. After applying biochar to acidic soil, it was found
that the carbon dioxide released through microbial res-
piration was about 1.5 to 3.5 times higher than that of the
control compared with neutral and alkaline soils (Sheng
et al. 2016). In this acidic soil, indigenous organic car-
bon and biochar carbon were degraded easily to produce
carbon dioxide, and the generated carbon dioxide aided
the progressive degradation of the biochar. Prevalent in
acidic soil were gram-positive bacteria responsible for
biochar breakdown and soil organic carbon mineraliza-
tion (Sheng et al. 2016). The rationale behind acidic soil
promotion of biochar degradation lies in the acid—base
neutralization reaction between the biochar functional
groups and the hydrogen ions present in the soil. The
affinity of carbon dioxide with an alkaline medium facili-
tates its adsorption in alkaline or neutral soil (Blagodats-
kaya and Kuzyakov 2008). Acidic soil induced a positive
priming effect on microbial mineralization of soil organic
carbon as well as an increase in microbial biomass carbon
in the presence of biochar. However, this positive priming
effect was inhibited in soil with increased pH (alkalinity)
(Liu et al. 2016).
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Biochar application to soil indeed significantly affects
the soil microbiota by decreasing their activities through
negative priming, as discussed earlier, or via biotoxicity
effects. However, recall that this effect is often depend-
ent on the pH of the soil. For instance, biochar applica-
tion to soil with slightly acidic pH conditions (pH 5.19)
has been found to induce higher carbon dioxide emis-
sion compared with soil at neutral or slightly alkaline
pH (7.81). The slightly acidic pH soil contributed to an
increase in biochar carbon degradation and a positive
priming effect on the microbes, while the slightly alka-
line soil showed a negative priming effect on microbes
in soil organic carbon mineralization and decreased car-
bon dioxide emission (Sheng and Zhu 2018). Acidic soil,
with its associated positive priming effect, promotes
the dominance of copiotrophic bacterial taxa (Bacte-
roidetes, Gemmatimonadetes, and Actinobacteria) and
a decreased abundance of oligotrophic groups (Acidobac-
teria, Chloroflexi). Other bacterial taxa that are abundant
in both acidic and alkaline soils and are independent of
pH and soil organic carbon priming effects associated
with biochar application are Actinobacteria, and Anaero-
lineae. These bacterial taxa are efficient in the degrada-
tion of aromatic compounds present in biochar and are
not likely affected by the toxicity of biochar’s aromatic
compounds. In alkaline soil, biochar enhances the stabil-
ity of soil organic carbon through sorption, preventing
microbes from accessing it, thus resulting in an increase
in oligotrophic bacteria and a decrease in carbon dioxide
emission (Sheng and Zhu 2018) (Fig. 8).

However, it would be exaggerated to attribute biochar
mineralization solely to soil pH, as microbial mineraliza-
tion may affect biochar degradation to a greater extent
than soil pH. This obscurity requires further studies to
ascertain the complete impact of biotic processes (micro-
bial metabolism) and soil physiochemical properties on
the degradation of biochar in acidic, neutral, and alkaline
soils.

2.12 Feedstock material used

The type of feedstock material used in biochar produc-
tion has a significant effect on its carbon sequestra-
tion potential and its microbial mineralization rate.
When subjected to pyrolysis, agricultural waste such as
manure tends to generate carbonates and high ash con-
tents (Murray et al. 2015). Like crop residues, herbaceous
feedstock material tends to have a surface area of around
2 to 70 m? g~!. Meanwhile, woody feedstock material
will have a higher surface area in the range of 200 to
380 m? g™! (Liao et al. 2018). The surface area of bio-
char is an essential determinant of its sorption capacity
in the soil as well as its charge distributions. Herbaceous
biomass yields biochar with lower carbon contents and
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Fig. 8 Impacts of biochar on soil microbial biodiversity under the influence of soil pH

lower yield per feedstock material pyrolyzed at high tem-
perature (Liao et al. 2018). In another study, it was found
that pyrolysis of coffee hulls, palm oil fiber, and pineapple
stubble at 600 °C yielded biochar with surface area and
pH of 60 m? g! and 9 for biochar from coffee hull and
pineapple stubble feedstocks. Meanwhile, palm oil fiber
yields biochar with a 29 m? g~! surface area. These bio-
mass materials have varying levels of fixed carbon, with
palm oil fiber and coffee hull derived biochar having
about 80% fixed carbon. Biochar derived from these two
feedstocks with 80% fixed carbon content is perhaps the
best material with high carbon sequestration potentials,
as evidenced in the study (Chin-Pampillo et al. 2021).
Suffice it to say that feedstock material can be grouped
as woody and non-woody or herbaceous biomass. For-
est biomass, especially wood and other forest residues,
is regarded as woody biomass. These biomass materials
usually have very low water contents, low ash contents,
high bulk density as well as high calorific values, and
their biochar generally has high fixed carbon contents.
Non-woody biomass (agricultural residues, municipal
solid wastes, sewage sludge, animal dung, etc.), on the

other hand, has high water contents, high ash contents,
low bulk density, and low calorific values. They equally
have low fixed carbon (Jafri et al. 2018; Tomczyk et al.
2020). The composition of woody biomass that contrib-
utes to a high yield of biochar with high fixed carbon is
the presence of lignin, cellulose, and hemicellulose con-
tents compared with non-woody biomass, which has low
fixed carbon and high ash content as a result of low or
moderate levels of lignin composition, cellulose and/or
hemicellulose (Wang et al. 2015).

In a study comparing the carbon sequestration capac-
ity of biochar derived from pigeon pea and maize stalk
biomass, Kumar et al. (2024) reported that biochar
derived from pigeon pea has a carbon sequestration
potential of 84 CO, eq kg™!, while maize-derived biochar
has 55 CO, eq kg™*. This difference in carbon sequestra-
tion potential between these agricultural crop residues
could be attributed to the higher lignin content in pigeon
peas — about 18%, 33% cellulose, and 24% hemicellulose
(Sahoo et al. 2021; Sathish et al. 2024) — as well as a cor-
responding higher hydrogen content than that of maize-
derived biochar (whose biomass has lignin composition
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in the range of 10-15%, cellulose in the range of 40-50%
and hemicellulose 20-30%) (Liang et al. 2023; Mori et al.
2015). Also, the oxygen content of pigeon peas was found
to be higher than that of maize, as maize stalks contain
fewer oxygen-rich compounds relative to pigeon peas
with high oxygen-rich compounds. The oxygen con-
tent of biochar particles (oxygen-containing functional
groups) influences their carbon sequestration potential,
stability, and reactivity (Yang et al. 2016). It is evidenced
that biochar carbon sequestration capacity is influenced
by the feedstock material pyrolyzed; however, further
studies should focus on understanding the surface chem-
istry of biochar and its overall properties, as well as how
these properties enhance or affect carbon sequestration
across diverse environmental conditions and locations.
To reiterate, it is expected that different feedstock
materials will exert different effects in carbon seques-
tration; however, this is not always the case, as what
determines the contributions and influences of different
feedstock materials on carbon sequestration potentials of
biochar is pyrolysis temperature, rather than the type of
biomass feedstock materials types used. Evidently, while
examining the carbon layer planes of biochar produced
from the coniferous tree, broadleaf, and herbs plants, Lu
et al. (2016) observed that the size distribution of car-
bon layer planes in the produced biochar indicated that
the composition and content of the carbon layer plane
are similar among the different plant feedstock materi-
als but differed with an increase in pyrolysis tempera-
ture, which resulted in a 2- and 3-times increase in the
carbon layer plane at pyrolysis temperatures of 600 and
800 °C compared with biochar produced from feedstock
materials pyrolyzed at 400 °C. That’s to say, an increase
in pyrolysis temperature significantly increases the devel-
opment of pore sizes within the biochar material and
would result in increased carbon sequestration regardless
of the feedstock material pyrolyzed. The fibrous nature
and the chemical composition of the feedstock material
subjected to heat treatment (pyrolysis) will determine the
amount of aromatic organic matter present in the result-
ing biochar. The pyrolysis temperature equally influences
it. An examination of the biochar aromatic composi-
tions derived from the pyrolysis of rice straw, pine wood,
pig manure and sewage sludge at 300, 400, 500, 600 and
700 °C, shows that at temperature above 500 °C, pine
wood biochar with the highest stable aromatic carbon
will be the best agent for maximum carbon sequestration
followed by rice straw and pig manure. At high pyroly-
sis temperatures, these organic biomasses tend to gener-
ate biochar with low oxygen to carbon and hydrogen to
carbon ratios. However, at pyrolysis temperatures below
500 °C, the produced biochar has high dissolved organic
carbon, unstable organic-carbon and yield (Wei et al
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2019). Biochar with stable organic carbon contents is a
good agent for soil carbon sequestration, while biochar
with high labile or dissolved organic carbon contributes
to soil respiration and soil processes and supports micro-
bial carbon needs (Beesley et al. 2010; Tang et al. 2016).
In essence, the stability of biochar carbon will influence
its durability in the soil and its overall contribution to
soil carbon sequestration. Pyrolysis temperature influ-
ences the extent of carbonization of the biomass mate-
rial undergoing pyrolysis, and feedstock material equally
contributes to the carbon concentration level of the bio-
char produced. The more cellulose, lignocellulose and
fiber present in the feedstock material, the higher the
carbon content of the biochar produced. An increase in
pyrolysis temperature will increase the carbon content
of the plant-derived biochar (Al-Wabel et al. 2013; Deng
et al. 2021; Wei et al. 2019).

Additionally, the biomass material type and tempera-
ture determine the properties of different feedstock
materials undergoing pyrolysis (Murtaza et al. 2022).
Pyrolysis of different feedstock materials at different tem-
peratures shows that BET (Brunauer—Emmett—Teller)
surface area (a measure of the physical adsorption of gas
molecules on solid surfaces) increased from 3.39-443.79
and 11.61-280.97 m* g™ for sawdust and rice husk bio-
char. An increase in pyrolysis temperature resulted in a
decrease in the biochar values for cation exchange capac-
ity. An increase of 57.20+0.02 and 44.10+0.02 ash con-
tent was observed for paper sludge and poultry litter
biochar. Whereas the biomass with the highest fixed car-
bon content of 55.31 +0.15, 48.47 +0.31, and 58.85+0.22
was reported for sawdust, rice husk, and food waste bio-
char at 650 °C (Pariyar et al. 2020). With an increase in
pyrolysis temperature comes a corresponding decrease
in biochar polarity and an increase in the aromaticity of
the biochar formed, irrespective of the feedstock material
used (Ambaye et al. 2021; Ippolito et al. 2020; Murtaza
et al. 2022). Therefore, rice husk and sawdust biochar
pyrolyzed at high temperature is superior to other bio-
mass feedstocks in carbon sequestration, carbon pool,
and recalcitrant carbon content (Pariyar et al. 2020). Hav-
ing considered the overall benefits, properties, and major
factors influencing biochar’s contribution to soil carbon
sequestration, it will be appropriate to evaluate the eco-
nomic merit of large-scale biochar application.

Pyrolysis temperature used during biochar genera-
tion has been found to influence the surface chemistry
and biochar pore structure. Regardless of the biomass
feedstock material pyrolyzed, higher temperatures
like 650 °C significantly increased biochar net nega-
tive charge and surface area, whereas the 250 °C pyro-
lyzed biochar has the greatest cation exchange capacity
due to its richness in volatile organic matter content.
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Increasing the pyrolysis temperature from 250 °C to
400 °C and above for the same biomass material has
been implicated with being negatively correlated with
biochars’” microporous surface area and the percentage
of volatile organic matter. Therefore, the alteration in
biochar surface functional groups and structure is the
key determinants of their carbon sequestration poten-
tial (Mukherjee et al. 2011; Reeves et al. 2007).

3 Conclusion
Biochar is indeed an effective soil additive for increas-
ing carbon sequestration and reducing agricultural-
associated greenhouse gas emissions. This high-carbon
substance also contributes to increased microbial diver-
sity, soil health, soil pH modulation, and crop yields.
Moreover, further studies are required in the area of
biochar’s impact on microbial enzymes as well as the
physiological properties of the soil microbes especially
through the use of nano-biochar. Additionally, the
influence of mineral ions-supplemented biochar on car-
bon sequestration and microbial processes requires fur-
ther investigation. The effect of biochar on autotrophic
or photosynthetic bacteria also requires extensive study
to promote soil carbon dioxide sink. It is, therefore,
imperative to explore ways to improve the economic
potential of biochar production and utilization and to
promote its carbon sequestration potential through
biochar modifications in soil nutrients enhancement,
crop yvield, and regulating soil carbon emissions.
Nevertheless, the application of biochar to the soil
stimulates an increase in carbon sequestration through
the promotion of soil organic carbon content, reduction
in carbon mineralization rates, and promotion of micro-
bial richness and diversity. It also protects soil organic
carbon by decreasing microbial diversity and microbial
biomass carbon and reducing catabolic enzyme activi-
ties involved in carbon degradation. Finally, to mitigate
climate change through controlling greenhouse gas emis-
sions, applying biochar with high aromaticity and carbon
content on a long-term basis is recommended.
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